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ABSTRACT: The ease with which enzymes can be adapted from their native
roles and engineered to function specifically for industrial or commercial
applications is crucial to enabling enzyme technology to advance beyond its
current state. Directed evolution is a powerful tool for engineering enzymes with
improved physical and catalytic properties and can be used to evolve enzymes
where lack of structural information may thwart the use of rational design. In this
study, we take the versatile and diverse α/β hydrolase fold framework, in the form
of dienelactone hydrolase, and evolve it over three unique sequential evolutions
with a total of 14 rounds of screening to generate a series of enzyme variants. The
native enzyme has a low level of promiscuous activity toward p-nitrophenyl
acetate but almost undetectable activity toward larger p-nitrophenyl esters. Using p-nitrophenyl acetate as an evolutionary
intermediate, we have generated variants with altered specificity and catalytic activity up to 3 orders of magnitude higher than the
native enzyme toward the larger nonphysiological p-nitrophenyl ester substrates. Several variants also possess increased stability
resulting from the multidimensional approach to screening. Crystal structure analysis and substrate docking show how the
enzyme active site changes over the course of the evolutions as either a direct or an indirect result of mutations.

Although enzymes are remarkable catalysts, their use in
many practical applications is limited by the availability

of large quantities of stable enzyme with appropriate catalytic
properties. Directed evolution can be usefully employed to
enhance enzyme stability and alter substrate specificity to
engineer tailored biocatalysts.1−4 Mutations are introduced at
the genetic level yielding a library of variant enzymes that are
screened for a desired trait. It is extremely difficult to evolve an
enzyme to have a completely new catalytic function; rather an
existing and weak promiscuous activity can be exploited and
greatly enhanced. Here we report the multistep process by
which the substrate specificity of the enzyme dienelactone
hydrolase (DLH) has been altered so that it can act upon ester
and lipase substrates with long alkyl chains (C4−C12), while
turnover of these substrates by the native enzyme is virtually
undetectable.
DLH is one of the many hydrolytic enzymes that has an α/β

hydrolase fold. While these enzymes do not necessarily share
any significant sequence similarity, they do share remarkably
similar tertiary structures and a preserved arrangement of
catalytic residues, suggesting possible evolution from a common
ancestor.5,6 The catalytic residues include a highly conserved
triad, consisting of a nucleophile (serine, cysteine, or aspartic
acid), an acid, and a histidine. The most significant variations
among these enzymes are in the residues responsible for
substrate binding. As well as hydrolases, enzymes exhibiting this
characteristic fold can include proteases, esterases, peroxidases,
lipases, and dehalogenases.7 It appears as if nature has taken an

effective catalytic core and altered the substrate binding domain
to cater to a variety of substrates. We have set out to do the
same with DLH from Pseudomonas knackmussii one of the
simplest of known α/β hydrolase fold enzymes.8−10

DLH is 25.5 kDa monomeric protein and is the third of
four enzymes that constitute the chlorocatechol branch of the
β-ketoadipate pathway.11−14 It consists of 236 amino acids that
form eight strands of β-sheet in the core of the enzyme with
one buried α-helix and six others on the solvent accessible
surface.9 The catalytic triad consists of a cysteine (C123), an
aspartic acid (D171), and a histidine (H202).15 Previous
studies have shown that mutation of the nucleophile to a serine
(C123S) gives an enzyme with altered isomerase activity
toward the physiological substrate.16,17 The DLH C123S
variant was the starting point for the present study, referred
to as native DLH in the remainder of this report, since unlike
the native cysteine, serine is not prone to oxidation. It has
low but detectable activity toward simple substrates like p-
nitrophenyl acetate and α-naphthyl acetate but almost
nonexistent activity toward p-nitrophenyl butyrate and longer
chain p-nitrophenyl esters, too low to detect in crude lysates
during library screening.
We set out to generate DLH variants that have good activity

toward long chain p-nitrophenyl esters and in doing so alter the
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activity of the enzyme from a simple hydrolase to an esterase or
lipase. These are the most highly utilized biocatalysts where
they are commonly found in cleaning products and have appli-
cations in industries such as food processing and pharmaceu-
tics.18,19 Our intention was to first increase the activity toward
p-nitrophenyl acetate with the understanding that this would
also give increased activity toward esters with longer chains
so that large libraries could then be screened for activity toward
p-nitrophenyl butyrate. At various stages in this process, we
monitored DLH expression and solubility. These latter
experiments were done because we were aware that increased
activity in crude lysates could be achieved through improve-
ments in expression or solubility. Additionally, we were aware
that active site mutations could compromise the overall stability
of the protein and thus hinder attempts to evolve for further
increases in activity; thus we also monitored changes in
stability.

■ RESULTS AND DISCUSSION
Overview. Three sequential directed evolution experiments

were carried out, each consisting of multiple rounds of
mutagenesis and screening (Figure 1). The method of library

screening was different for each evolution, reflecting the aims of
the experiment. The first evolution selected for improvements
in activity toward p-nitrophenyl acetate, a small ester substrate
to which the native enzyme possesses a low level of pro-
miscuous activity. Although only one property was targeted,
due to the nature of the screens, improvements in other
physical properties would also give rise to improvements in the
targeted property, termed coselectable properties. For example,
when we select for improved activity, a mutation improving
protein expression, even a silent mutation, would manifest as a
positive variant since the presence of more enzyme would increase
substrate turnover rate. Hence, improvements in expression,
solubility, or stability would provide positive results under the
screening conditions for improved enzymatic activity (see
Methods). Over the course of this evolution, especially during
the later rounds, several surface mutations were accumulated.
These mutations were assumed to be stabilizing since SDS-
PAGE analysis (Supporting Figure S1, Supporting Information)

showed no significant changes in expression or solubility, although
SDS-PAGE gives only a gross estimate of these properties so
slight changes may have occurred.
It is widely acknowledged that a more stable protein has a

greater capacity to evolve.20−22 The additional stability confers
the ability to accommodate the often destabilizing mutations
that are required for the acquisition of new and improved
enzyme functions. Given that stabilizing mutations were
acquired during the first set of evolution experiments and the
proven importance of protein stability on evolvability, a second
set of evolution experiments were conducted to produce a
variant with increased thermal stability. This variant was then
used as the starting point for the third and final set of evolution
experiments to increase the activity and specificity of DLH
toward longer chain p-nitrophenyl esters. At this point, the level
of activity toward the longer chain esters was adequate for high-
throughput library screening.
Like the first evolution, the second and third also had

coselectable properties that gave rise to improved variants
under the primary selection pressure. The stability of mutants
during the second evolution was determined based on residual
activity after incubation at an elevated temperature; therefore
more active variants could also be identified under this screen.
The coselectable traits for the third evolution toward p-
nitrophenyl butyrate were the same as the p-nitrophenyl acetate
evolution. As with the first evolution, there appeared to be
minimal change to expression or solubility based on SDS-
PAGE analysis (Supporting Figures S2 and S3, Supporting
Information). To summarize, the following study presents a
three-dimensional search along three consecutive evolutionary
trajectories to evolve DLH for improved activity, substrate
specificity, and stability.

Directed Evolution toward an Evolutionary Inter-
mediate. Six rounds of directed evolution were carried out to
improve the activity of DLH toward p-nitrophenyl acetate
(Supporting Table S1, Supporting Information). Random
mutagenesis in the form of error-prone PCR was used to
generate genetic diversity, and libraries of 5000 variants were
screened. Library and screening details for all three evolutions
are given in Table 1. Three important active site mutations,
Q35H, F38L, and Y145C, were found individually in genera-
tion one and combined through shuffling in generation two
(Figure 2). The combined mutations in the generation two
variant (A-2) gave a 16-fold improvement in catalytic activity
compared with the native enzyme but reduced the stability of
the enzyme as shown by the 5.0 ± 0.4 °C decrease in melting
temperature. Melting temperature was determined from the
residual activity of the enzymes following heat treatment; Sup-
porting Figure S4, Supporting Information, shows the residual
activity plots, and Figure 3 shows the melting temperatures
determined by analysis based upon a Hill type equation (see
Methods).
Mutations and kinetic constants for the characterized variants

from this and following evolutions are shown in Tables 2 and 3.
The kcat of the best variants from generations 2, 4, and 6 (A-2,
A-4, and A-6) increased steadily, but absence of the F38L
mutation in the A-4 variant caused an increase in Km and
consequential drop in kcat/Km. The F38L mutation returned in
the A-6 variant, alongside the E199G and S208G mutations, all
of which were fully conserved in the final generation. Residues
199 and 208 are on the loop containing H202 of the catalytic
triad, and mutation of these residues to glycine gives improved
activity. Over the subsequent generations, stabilizing surface

Figure 1. Strategy for the directed evolution of DLH.
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mutations compensated for the loss of stability introduced by
the active site changes enabling the enzyme to accommodate
and combine the activity enhancing mutations, which were fully
conserved in the final round of evolution. Several mutations
(S7T, A24V, G17D, D53N, A65G, and Q110L) thought to
provide neutral or stabilizing effects appeared multiple times
over the generations, of these the only one to be fully con-
served was Q110L. The best variant after six generations (A-6)
of evolution had a 45-fold increase in kcat/Km for the hydrolysis
of p-nitrophenyl acetate. It also showed improved activity
toward the larger p-nitrophenyl butyrate substrate with an

85-fold improvement in kcat/Km. Modest increases in substrate
specificity were indicated for both substrates with Km values
of 34 ± 2 and 146 ± 16 μM for p-nitrophenyl acetate and
butyrate compared with 40 ± 2 and 175 ± 4 μM for the native
enzyme.
Site saturation mutagenesis (SSM) was conducted on the A-6

variant at sites 38 and 145 individually and at sites 85 and 88
jointly. It was suspected that alternative residues could better
fill the role of the F38L and Y145C mutations obtained during
evolution one. Residues Y85 and W88 were chosen because
they are involved in substrate binding. None of these sites
yielded beneficial mutations; a scarce number of neutral
mutations were found, but most were detrimental (data not
shown).

Improving the Thermostability and Evolvability of
DLH. Three rounds of evolution were carried out to improve
the stability of DLH before we attempted to evolve activity
toward larger substrates (Supporting Table S2, Supporting
Information). The A-6 variant from the p-nitrophenyl acetate
evolution (Tm = 51.5 ± 0.2 °C) was used as a template for
library generation. Libraries with sizes in excess of 10000
variants were screened for each round with an average of 1−2
amino acid mutations per variant. The best variants from the
second and third generations (S-2 and S-3) had improved
thermal stability and improved activity toward both substrates.
These variants both contained the mutations Y137C, N154D,
and G211D. The latter mutation is to the loop containing the
histidine of the catalytic triad and contributed to the increased

Figure 2. Location of mutations accumulated over three sequential evolutions shown (A) in 3-D and (B) as a 2-D schematic.

Figure 3. Melting temperature of native and evolved DLH variants
calculated from residual activity.

Table 1. Experimental Details for Library Generation and Screening

mutation rate

number
of rounds

base
pairs

amino
acids

theoretical
library size primary screen method

primary
screen
sizea secondary screen method

secondary
screen size

evolution one 6 2 1 1400 activity assay (96-well plates) 5000 activity assay (96-well plates) 250
evolution two 3 3 1−2 3500 activity after heat treatment

(filter paper)
10000 residual activity after heat

treatment (96-well plates)
350

evolution three 5 stage 1: rounds 1−3 4 2 8500 activity assay (filter paper) 24000 activity assay (96-well plates) 350
stage 2: rounds 4−5 2 1 1400 activity assay (96-well plates) 5000 activity assay (96-well plates) 250

aTriple the theoretical library size should be screened in order the achieve 95% library coverage.
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activity. The only difference between the S-2 and S-3 variants
was the addition of a single mutation K234N at the C-terminus
of the S-3 variant. From crude lysate assays during screening, it
appeared the S-3 variant had approximately 2 °C higher melting
temperature than the S-2 variant (data not shown). This turned
out not to be the case when melting temperature was measured
more accurately using purified protein; the melting temper-
atures were in fact very similar and within error. The melting
temperatures determined from residual activity after 15 min
heat exposure using purified protein were 55.1 ± 0.5 and
55.5 ± 0.4 °C giving improvements of 3.6 ± 0.7 and 4.0 ±
0.6 °C, respectively (Figure 3).
Residues K234, K235, and P236 are highly flexible and as a

result have always been disordered in crystal structures;
therefore determination of their influence on the properties
of the enzyme is difficult.9,23,24 In response to the K234N muta-
tion that initially appeared to give increased activity, a variant
was engineered with these terminal residues deleted (S-Δ).
Characterization of this enzyme showed it had greater stability
(Tm 56.5 ± 0.2 °C) and solubility (Supporting Figure S2,
Supporting Information) than the full-length enzyme while
retaining similar kinetic properties.

Altering Substrate Specificity. Screening for improved
activity toward p-nitrophenyl butyrate was done in two stages
(Supporting Table S3, Supporting Information). Variants from
generations one and four were characterized. The generation
one variant (B-1) contained a single mutation additional to the
mutations conserved from the S-2 variant that was used as a
template for this evolution. The Y64H mutation was fully
conserved throughout five rounds of directed evolution; it is
located in the core of the enzyme separated from the active site
by residues of the oxyanion hole (A34, Q35(H), E36, and I37).
The B-1 variant had improved substrate specificity toward
p-nitrophenyl butyrate with a Km of 59 ± 2 μM compared with
175 ± 4 μM for the native enzyme. The Y64H mutation gave
an increase in kcat for both substrates, but the increase was more
significant for the hydrolysis of p-nitrophenyl butyrate with a
kcat/Km value of (2.1 ± 0.1) × 104 M−1 s−1, which is 3 orders of
magnitude greater than the native rate of 21 ± 1 M−1 s−1.
The best variant from the fourth generation (B-4) contained

the additional mutations Q76L, A141V, and S233G and
incorporation of glutamine (237Q) at the C-terminus replacing
the first of two stop codons in the DNA sequence. These
mutations were thought to be primarily stabilizing; however
they also caused a change in the kinetic profile of the enzyme.
The Q76L mutation was thought to be responsible for this since
it is solvent exposed at the opening of the active sight. It caused
a slight decrease in substrate specificity but a 20% increase in kcat
for the hydrolysis of p-nitrophenyl butyrate compared with the
B-1 variant and an overall 400-fold increase compared with
the native enzyme. These mutations were conserved in the fifth
generation where the evolution appeared to converge.
Addition of 237Q to the C-terminus of the enzyme was

unexpected since the terminal three residues are highly flexible
and do not form part of any secondary or tertiary structural
elements. It is likely that these residues are the consequence
of a nucleotide sequence necessary for the translation of
the following enzyme in the operon. The genes (clcA, clcB,
clcD, and clcE) encoding the four enzymes of the modified
ortho-cleavage branch of the β-ketoadipate pathway are located
together in an operon (Supporting Figure S5, Supporting
Information). The clcE gene encoding maleylacetate reductase
is immediately after the clcD gene encoding DLH; consequentlyT
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there is a ribosome binding site and suspected proteolytic
cleavage site at the end of the DLH gene.25 We suspected that
the nucleotides encoding the three C-terminal DLH residues
are inconsequential to the function of DLH but are necessary
for translation of maleylacetate reductase. Deletion of the three
C-terminal residues, as in the S-Δ variant, did in fact improve
the stability and solubility (Supporting Figure S2, Supporting
Information) of the enzyme lending credence to this
hypothesis.
Enzymatic Activity toward Longer Acyl Chain p-

Nitrophenyl Esters. The native enzyme has low activity
toward both p-nitrophenyl acetate and butyrate with kcat/Km
values of 320 ± 10 and 21 ± 1 M−1 s−1, respectively (Figure 4).
All characterized variants have improved activity compared
with the native enzyme for these two substrates. The activity
of the native enzyme along with B-1 and B-4 variants
from the third evolution were measured toward the larger
p-nitrophenyl hexanoate (C6), octanoate (C8), decanoate
(C10), and dodecanoate (C12) substrates (Table 3b). This
was done in the presence of 0.2% Triton X-100 and 4%
dimethyl sulfoxide (DMSO) to bolster substrate solubility.
Kinetic parameters of the enzymes with the smaller C2 and
C4 substrates were measured in both buffer compositions for
consistency.
The addition of Triton X-100 and DMSO to the assay buffer

changed the Km values for the smaller substrates quite
drastically, especially in the case of p-nitrophenyl butyrate. In
aqueous buffer, the Km values for the native, B-1, and B-4
variants were 175 ± 4, 59 ± 2, and 80 ± 3 μM, while in the
presence of the detergent and organic solvent, the Km values
increased to 530 ± 90, 227 ± 16, and 402 ± 24 μM,
respectively. The native enzyme had the best activity toward
p-nitrophenyl acetate and almost negligible activity toward the
larger p-nitrophenyl ester substrates (C6−C12). The B-1 and
B-4 variants had good enzymatic activity toward all substrates
tested. The B-1 variant had kcat/Km of (1.3 ± 0.1) × 103 M−1 s−1

for the hydrolysis of p-nitrophenyl dodecanoate, a 2205-fold
improvement for this substrate and a 3.8-fold improvement
compared with the activity of the native enzyme toward its
favored p-nitrophenyl acetate substrate.
Structural Changes to the DLH Active Site over

Multiple Evolutions. The mutations Q35H, F38L, Y64H,
E199G, S208G, and G211D are either in or immediately
surrounding the enzyme active site. Singularly the Q35H
mutation gave the largest improvement in activity. In the native

enzyme Q35 hydrogen bonds with the backbone of E36 and
L63, these hydrogen bonds make the local structure more rigid
and stabilize the active site. The mutation of glutamine to
histidine is subtle in relation to size so the packing and
hydrophobic interactions of the surrounding residues remain
undisturbed. However, even with the crystal structures and
substrate docking simulations (see Methods), it was hard to
decipher the exact role played by the Q35H mutation in
facilitating the observed increased activity.
Mutations F38L and Y145C enlarge the enzyme active site in

favor of the larger nonphysiological substrates rather than the
smaller and more polar dienelactones. The substitution of
phenylalanine to leucine at position 38 is not drastic because
both residues are hydrophobic, but leucine is smaller so the
change increased the size of the active site. The substitution of
tyrosine to cysteine at position 145 was also exchanging a large
residue for a smaller one, thereby increasing the size of the
active site. Site-saturation mutagenesis (SSM) was performed at
this position with the belief that other residues such as serine or
alanine could fill this role better than cysteine, especially since
in the A-6 variant it was oxidized. However, SSM yielded no
variants with activity equal to or better than the cysteine found
in the first evolution (data not shown). Interestingly during
evolution two, the G211D mutation appeared, and in the
crystal structure of this variant and all subsequent variants, the
cysteine was not oxidized (Figure 5a). Mutation of glycine to
aspartic acid at position 211 caused the amide nitrogen of S203
to flip in order to avoid a clash between the carboxylic acid of
G211D and the backbone carbonyl oxygen of H202. The new
position of the H202 carbonyl oxygen would cause a clash with
the oxidized cysteine at position 145 and therefore prevents
oxidation.
Other mutations important in enhancing the activity of DLH

are the mutations to loop 14 (residues 198−212) containing
H202 of the catalytic triad (Figure 5a). Loop 14 functions as a
cover for the active site, and mobility of this loop is important
to facilitate substrate binding and subsequent release of product
but more importantly to allow the crucial accessibility of H202
during catalysis. The proposed mechanism for the DLH
catalyzed hydrolysis of the native dienelactone substrates sees
the enolate−enzyme intermediate deprotonate the water
molecule itself to generate the nucleophile needed for release
of the product and regeneration of free enzyme.26 The
mechanism for the hydrolysis of p-nitrophenyl esters is thought
to follow that of the serine proteases whereby the catalytic

Figure 4. Specific activity toward two substrates over three evolutions and the ratio of kcat/Km for p-nitrophenyl butyrate to p-nitrophenyl acetate.
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histidine is responsible for generation of the hydroxide
nucleophile during the catalysis and not the substrate itself.27

This difference in mechanism explains the accumulation of
mutations on loop 14 and the evolution of increased flexibility
allowing H202 more freedom where it was not required before.
The mutations E199G and S208G see the replacement of

larger residues for smaller and more flexible glycine residues,
with one either side of H202. The substitution of two glycine
residues into the loop increased its flexibility and subsequently
made the histidine more accessible during catalysis. The
normalized B-values for the H202 side chain of 0.77 and 1.01
for the native and generation A-6 variant represent a 30%
increase in relative thermal motion in the crystallographic
environment, which is consistent with increased mobility.
The mutation of tyrosine to histidine at position 64 gave

improved activity toward both substrates but an overall loss in
specific activity toward p-nitrophenyl acetate due to an increase
in Km. However, for the larger substrate, the Km decreased with
an improved kcat giving 3 orders of magnitude improvement in

kcat/Km for the hydrolysis of p-nitrophenyl butyrate. Residue 64
is separated from the active site by the residues of the oxyanion
hole. Both the original tyrosine and substituted histidine form
hydrogen bonds with the carbonyl oxygen of residue I37.
During catalysis, the enzyme−acyl tetrahedral intermediate is
stabilized by the backbone amide of I37 and L124 in the
oxyanion hole.26 In the crystal structures, the I37 side chain
protrudes into the active side in a decidedly similar position for
the native and evolved enzymes. Substrate docking experiments
showed that the substrate is prevented from binding tightly in
this pocket due to the position of this side chain. Mutation of
tyrosine to histidine at position 64 in the B-1 variant creates
space behind residue 37 enabling the side chain to rotate upon
substrate binding (Figure 5b). This rotation opens the active
site creating more space for the bulkier nonphysiological
p-nitrophenyl ester substrates allowing the carbonyl oxygen of
the substrate to hydrogen bond with residues I37 and L124 in
the oxyanion hole. The proximity of the polar part of the
substrate to the oxyanion hole will aid in stabilization of the

Figure 5. Evolution of the DLH active site showing (A) changes in the flexibility of the active site loop and (B) change in substrate positioning
caused by the Y64H mutation.
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enzyme−substrate intermediate during catalysis and facilitate
release of products and regeneration of free enzyme thereby
increasing the catalytic rate. Although this mutation gave the
B-1 variant an increased kcat for all tested substrates, the
specificity is lowered for the smaller p-nitrophenyl acetate
substrate but significantly increased for the larger p-nitrophenyl
butyrate substrate.
Overall Structural Changes. The overall structure of

native DLH and the evolved variants for which crystal
structures were obtained are decidedly similar. The RMS
displacements for the superposition of variant structures with
the native are 0.84, 0.86, 0.81, 0.81, and 0.84 Å for the A-6, S-2,
S-3, B-1, and B-4 variants. When the superposition was limited
to main-chain atoms, the RMS displacements were 0.40, 0.41,
0.40, 0.41, and 0.39 Å respectively. The RMS displacement plot
for residues of the native enzyme superimposed with the B-4
variant highlights structural regions with the most variation
(Figure 6). Unsurprisingly the most significant change to the
protein backbone occurs at loop 14 where the previously
discussed mutations (E199G, S208G, and G211D) around the
catalytic H202 alter the local structure and increase the
flexibility. Other regions showing slight change in structure
include the oxyanion hole where mutations Q35H and F38L
occur and loop 8 and 9 featuring mutations Q110L and Y137C.

■ CONCLUSIONS

Three consecutive sets of directed evolution experiments have
been used to successfully improve and alter the specificity of
DLH. The low level of promiscuous activity exhibited toward
p-nitrophenyl acetate has been increased such that the kcat/Km
of evolved variants approaches values typically observed in
enzymes, with the best variant showing a 175-fold improvement
over native DLH. The target substrate of the third evolution
can be hydrolyzed by variants at a rate 3 orders of magnitude
greater than the native enzyme. Additionally the evolved
variants have significant activity toward a range of larger
p-nitrophenyl esters, while the native enzyme has virtually
undetectable levels of activity toward substrates with acyl chains
longer than C4. The kcat and kcat/Km of the best variants from
evolution three (B-1 and B-4) toward the C10 and C12
substrates were in excess of 2000-fold greater than the native
enzyme, with the best being a 2370-fold improvement in
kcat/Km for the hydrolysis of p-nitrophenyl decanoate (C10) by
the B-4 DLH variant.
The combination of seven active site mutations gave rise to

the changes in kinetic parameters. The mutations Q35H, F38L,
and Y145C gave improved activity toward all p-nitrophenyl

ester substrates, while the Y64H mutation was specific for larger
p-nitrophenyl esters. These mutations are in or around the
oxyanion hole, which is responsible for stabilization of the
enzyme−substrate intermediate complex. It is clear from the
magnitude of the observed increase in catalytic rate and
the position of these mutations that the oxyanion hole is better
able to serve its purpose in the evolved enzymes. Three
important mutations were accumulated in the loop containing
the histidine of the catalytic triad, E199G, S208G, and G211D.
These mutations increase the flexibility of the loop resulting in
increased movability of H202 and therefore improved
accessibility during catalysis for its role in generation of the
nucleophile leading to release of the second product and
regeneration of free enzyme. Although most of the esterases
and lipases of the α/β hydrolase fold family have rather
elaborate substrate binding domains,6 DLH has a minimal
stretch of peptide responsible for substrate binding. Stretches of
helix B (Figure 2) and sections of loop 14 are involved in
substrate binding in DLH while in acetylcholinesterase a large
domain serves the same purpose.28 We have evolved DLH to
be capable of hydrolyzing esterase and lipase substrates even
though the residues responsible for substrate binding are
minimal. This may account for the evolved broad substrate
specificity.
Additional to the significant activity improvements and

altered specificity of the evolved variants, the stability was
maintained throughout the three evolutions allowing the rapid
accumulation of active site mutations. Furthermore, the three
C-terminal residues have been shown to be superfluous to the
structure and function of DLH and are actually a source of
instability and most likely contribute to the initiation of protein
unfolding. Deletion of these residues increased not only the
stability but also the solubility of the enzyme.
The ease with which enzymes can be modified is crucial to

see the continued use of enzyme technology in roles outside
of those nature intended. This study confirms the position
of directed evolution as a premier approach to engineering
enzymes tailored for specific industrial or commercial appli-
cations. The use of DLH, a simple and well-characterized
enzyme, has enabled a thorough structural and mechanistic
investigation of the mutations accumulated over three
sequential evolutions. This multidirectional approach has
displayed the rapid evolution of improved and altered catalytic
properties while maintaining a stable and evolvable protein.
This work presents the evolutionary pathway of an enzyme
under multiple selection pressures, activity, stability, and
specificity, and is of value to our global understanding of
evolutionary biology as well as setting a benchmark for the

Figure 6. RMS displacement plot for the superimposition of the native and B-4 DLH variant for both main-chain and side-chain atoms.
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future evolution of more complex and less well characterized
enzymes.

■ METHODS
Library Generation. Error-prone PCR with the addition of

manganese (0.1−0.2 mM) was used to introduce mutations into the
DLH gene (Supporting Table S5, Supporting Information). The PCR
product was digested at NdeI and EcoRI restriction sites and cloned
into the constitutive expression vector pCY7629 and then transformed
into electrocompetent DH5a Escherichia coli cells. DNA sequencing
was performed to test the mutation rate during library construction
and following screening for selected individual variants. This was done
on an AB 3730xI DNA analyzer (Applied Biosystems) at the ACRF
Biomolecular Resource Facility, JCSMR, at the Australian National
University.
Screening for Improved p-Nitrophenyl Acetate Activity. The

transformed cells carrying the library of DLH variants were diluted
with ampicillin supplemented LB media and distributed into 96-well
plates with 2−3 colony forming units (CFU) per well and grown for
24 h. The mutation rate of this library was one to two base changes per
gene leading to an average of one amino acid change per enzyme. For
the primary screen, cells were lysed using BugBuster (Novagen)
and then assayed for p-nitrophenyl acetate activity with monitoring at
405 nm. The top 3−4% of wells from the primary screen were streaked
onto ampicillin supplemented LB agar plates and grown overnight to
isolate the individual variants comprising the wells. Six single colonies
from each streaked well were inoculated into 96-well plates and
subjected to a similar secondary screen. The variants with the highest
activity from the secondary screen were isolated, and the DNA was
sequenced and used as template for the subsequent round.
Screening for Improved Thermal Stability. The transformed

cells were plated on ampicillin supplemented agar plates with
approximately 200 colonies per plate and grown overnight at 37 °C.
Colonies were blotted onto filter paper (Whatman) and incubated at
elevated temperature for 30 min, while the original agar plates were
returned to 37 °C incubation. Following heat treatment, the filter
paper with blotted cells was sprayed with a solution containing
0.25% (w/v) Fast Blue BB, 2% acetonitrile, 2 mM α-naphthyl acetate,
1 mM ethylenediaminetetraacetic acid (EDTA), and 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.0.
Variants with greater activity stained the fasted, and the corresponding
colonies were selected from the original plates, inoculated into 96-well
plates, and grown overnight before being subjected to a secondary
screen. The overnight cultures were assayed twice for p-nitrophenyl
acetate activity, once with prior heat treatment and once with no heat
treatment as described above. Heat treatment consisted of 15 min
incubation at elevated temperature followed by 15 min on ice allowing
time for the enzyme to refold before measurement of residual activity.
Two aspects were considered when selecting the best variants, those
with the greatest residual activity after the heat treatment, providing
they also had equal or greater activity at ambient temperature
compared with the parent enzyme. DNA from these selected variants
was sequenced then used as template for the following round. Three
rounds were carried out in this manner with the temperature of heat
treatment increased for each round (52, 53, and 55 °C).
Screening for Improved p-Nitrophenyl Butyrate Activity.

Screening of variant libraries for improved activity toward p-
nitrophenyl butyrate was carried out in two stages (rounds 1−3 and
rounds 4−5). Rounds 1−3 were done in a similar manner to the
thermal stability screening. The amino acid mutation rate of the library
was increased from an average of one mutation per enzyme used in the
previous evolution to an average of two amino acid changes.
Consequently, to achieve 95% library coverage when screening, the
target number of colonies per agar plate was increased to 400 with a
total library size of approximately 24000. Blotted colonies were
sprayed with the same solution as before only with α-naphthyl
butyrate as substrate and the addition of 2% methanol. The best
variants were assayed for p-nitrophenyl butyrate activity in a secondary
screen, the best 10−20 variants were isolated, and the DNA was

sequenced and used as template for subsequent rounds. The libraries
for rounds 4 and 5 were screened using the same method as the
p-nitrophenyl acetate screening only with the larger substrate.

Enzyme Expression and Purification. An identical method of
expression and purification was used for the native and variant
enzymes closely resembling a method previously described.23 Consult
the Supporting Information for further detail.

Stability Assays. Enzyme melting temperature was determined by
measuring the residual activity of purified protein after 15 min incuba-
tion at elevated temperature followed by 15 min at 4 °C. Enzyme
samples were heated using the gradient function on a C1000 thermal
cycler (Bio-Rad); 18 data points were collected in triplicate between
30 and 70 °C for each sample. The melting temperature was
determined by fitting the following equation,30 derived from the Hill
equation, to the data:

= − +a a a T T T( )/( )0 0
h

1/2
h h

Kinetic Characterization. Enzyme kinetics was done using two
sets of conditions due to differing solubility of p-nitrophenyl ester
substrates. The DLH catalyzed hydrolysis of the substrates in both
cases was measured by monitoring the release of p-nitrophenolate at
405 nm. The substrate concentration was varied, while the enzyme
concentration remained constant throughout. Activity toward the
more water-soluble p-nitrophenyl acetate (C2) and butyrate (C4)
substrates was measured in cuvettes (1 mL) using a Cary1E spectro-
photometer (Varian) equipped with thermal control at 25 °C.
Substrates were dissolved in acetonitrile and used at 1% (v/v) in the
final assay buffer containing 20 mM HEPES and 1 mM EDTA at
pH 7.5. Activity toward the larger more hydrophobic p-nitrophenyl
hexanoate (C6), octanoate (C8), decanoate (C10), and dodecanoate
(C12) substrates was measured in a 96-well microtiter plate using a
SpectraMax M2e plate reader (Molecular Devices) at 25 °C.
Substrates were dissolved in a 1:4 ratio of acetonitrile to DMSO
such that the final assay buffer consisted of 1% (v/v) acetonitrile and
4% (v/v) DMSO in addition to 0.2% (v/v) TritonX-100, 20 mM
HEPES, and 1 mM EDTA at pH 7.5. For consistency, kinetics for the
C2 and C4 substrates were also measured in this manner. Extinction
coefficients used were 12790 and 11869 M−1 cm−1, respectively with a
path length of 0.55 cm when the reactions were done in 96-well plates.
Kinetic constants Vmax and Km were obtained by fitting the
experimental data to the Michaelis−Menten equation.31 All kinetic
data was obtained in triplicate; the errors are the standard deviation of
the data sets but could be underestimated since the data was from the
same sample preparation.

Crystallization. Crystallization of native DLH was done using
conditions already reported.24 The variants crystallized under similar
conditions, although some required microseeding or slightly altered
precipitant concentration (0.8−1.2 M ammonium sulfate).

Data Collection and Processing. Diffraction data was collected
using Cu Kα radiation at a temperature of 100 K. Data were recorded
as a contiguous sequence of half-degree rotations using a MAR345
image plate detector mounted on a rotating anode Rigaku RA Micro 7
HFM X-ray generator with cooling supplied by an Oxford Cryostream
700 series. Between 225 and 480 frames were collected for each crystal
with 180 s exposure time per frame for all except the S-3 and B-4
variant crystals, which required 300 s exposure time per frame. Data
collection statistics are listed in Table S6, Supporting Information.

Structure Determination and Refinement. The native structure
was determined by refining it against a known DLH structure (PDB
entry 1ZI6).23 All variant structures were first subjected to a rigid body
cycle, followed by a cyclical manual inspection of electron density maps
using COOT,32 and then further refined using REFMAC533 in the
CCP4 suite of programs.34 The average error in the native coordinates
was found to be 0.09 Å as determined by the diffraction-component
precision index (DPI) value for the model, while the corresponding
errors for the A-6, S-2, S-3, B-1, and B-4 variant structures are 0.13, 0.08,
0.09, 0.10, and 0.12 Å respectively.35 Structures were superimposed
using SUPERPOSE.36
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Substrate Docking. The crystal structures of the native and
variant enzymes were first relaxed using the ROSETTA 3.5 relax
application to minimize internal clashes and further refine the
structure.37 Twenty structures were generated for each enzyme,
and the lowest total scoring structure was used as input into the
docking protocol. Rotamers were generated for p-nitrophenyl acetate
and p-nitrophenyl butyrate using balloon version 1.4.1.1068.38 The
ligands were constrained in the active site with distance and angle
restraints. Substrate docking was done using Rosettascripts 3.5 and
ligand_dock.xml file with commands -no_optH, -ex1, -ex1aro, and
-ex2.39 Five hundred structures were generated from the docking
protocol, and the structures were filtered by ligand RMSD and
interface energy. The top 10% of lowest scoring structures were
analyzed visually using PyMol.40
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