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ABSTRACT: In this study, to explore the plasticity of the R/β-hydrolase fold family, we converted
bromoperoxidase A2 (BPO-A2) from Streptomyces aureofaciens to a lipase by structure comparison with
lipase A (LipA) from Bacillus subtilis. These two enzymes have similar structures (2.1 Å rmsd) and a very low
level of sequence identity (∼18%). A variant BL1 was constructed by deleting the caplike domain of BPO-A2
and further fine-tuning the newly formed substrate binding site. The lipase activity was successfully
transplanted on BL1, while the halogenation activity was totally lost. BL1 also showed higher hydrolytic
activities toward long chain p-nitrophenyl esters, such as p-nitrophenyl caprylate (3.7-fold) and p-nitrophenyl
palmitate (7.0-fold), while its activity toward a short chain ester (p-nitrophenyl acetate) decreased
dramatically, to only 1.2% of that of BPO-A2. After two rounds of directed evolution and site-directed
mutagenesis on selected residues, several mutants with both improved hydrolytic activities and substrate
preferences toward long chain substrates were obtained. The highest hydrolytic activity toward p-nitrophenyl
palmitate of the best mutant BL1-2-E8-plusI was improved by 40-fold compared with that of BL1. These
results demonstrate the possibility of manipulating the caplike domain of R/β-hydrolase fold enzymes and
provide further understanding of the structure-function relationship of the R/β-hydrolase fold enzymes. The
design strategy used in this study could serve as a useful approach for constructing variants with targeted
catalytic properties using the R/β-hydrolase fold.

Creating tailor-made enzymes by de novo design has always
been a dream of protein engineers. However, because of the
limited understanding of the sequence-structure-function re-
lationship of proteins, enzyme design through rational ap-
proaches or directed evolution using existing scaffolds of
natural enzymes is more practical (1-5). In particular, in recent
years, successful alterations of the catalytic characteristics of one
enzyme (scaffold protein) to that of another with a similar
scaffold (template protein) have been reported for members of
the Rβ/βR-metallohydrolase fold (6), R/β-hydrolase fold (7, 8),
and (βR)8-barrel fold (9) families and several others (10). The
strategy involved manipulation of the scaffold protein guided by
sequence or structure comparison between the scaffold and the
template proteins. For many of these alterations, only a few key
residues of the scaffold proteinweremutated (3, 10), while limited
other cases involved insertion, deletion, or substitution of func-
tional secondary structure elements of the scaffold protein to
mimic the structure of the template protein (6-8).

Among the protein folds with successful alterations between
members, the R/β-hydrolase fold represents a functionally versa-
tile protein architecture and a number of enzymes in this fold

have important applications in biocatalysis. This fold can tolerate
large insertions that form lids and caps that play important roles
in defining substrate-binding pockets and regulating the accessi-
bility of active sites. Therefore, it is useful to improve our
understanding of the plasticity of this protein fold for enzyme
design (11, 12).

In this study, we explore the possibility of converting a heme-
free haloperoxidase to a lipase by manipulating the secondary
structure elements and residues in and around the substrate
binding site. Both enzymes belong to the R/β-hydrolase fold
family. The scaffold protein bromoperoxidaseA2 (BPO-A2)1 is a
thermostable heme-free haloperoxidase from Streptomyces
aureofaciens with a funnel-shaped substrate binding pocket (13)
and a promiscuous esterase activity toward short chain fatty acid
esters (14), such as p-nitrophenyl acetate (pNPA). Its scaffold
contains a central eight-stranded β-sheet flanked by two helices
on one side and three helices on the other side. Between strands
β6 and β7, a large caplike insertion is formed by five additional
helices, labeled D1

0-D4
0 and D (Figures 1A and 2) (13). The

template enzyme for structure comparison is lipase A from
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Bacillus subtilis (LipA), which is one of the smallest R/β-
hydrolase fold enzymes without a lid. The active site of LipA is
solvent-exposed, and its substrate binding site looks like a
shallow cleft (15). The two enzymes have the same catalytic
residues (catalytic triads), similar structures (2.1 Å rmsd), but a
very low level of sequence identity (∼18%). By removing the
caplike domain of BPO-A2 and fine-tuning the residues in the
substrate binding site, followed by random and site-directed
mutagenesis, we obtained several mutants with improved activity
toward long chain fatty acid esters. The plasticity of the BPO-A2
scaffold and the effect of mutations were discussed.

MATERIALS AND METHODS

Reagents. Substrates p-nitrophenyl acetate (pNPA), p-nitro-
phenyl caprylate (pNPC), p-nitrophenyl palmitate (pNPP), and

2-chloro-5,5-dimethyl-1,3-cyclohexanedione [monochlorodi-
medon (MCD)] were from Sigma-Aldrich (St. Louis, MO).
Isopropyl β-thiogalactopyranoside (IPTG) was from Amresco
(Solon, OH). Sodium deoxycholate was from Inalco (San Luis
Obispo, CA). Olive oil was from a local supermarket. All the
other reagents were of analytical grade. Kits for plasmid extrac-
tion andDNApurification were purchased either fromQIAGEN
(Hilden, Germany) or from TIANGEN (Beijing, China). Taq
polymerase and DNaseI were obtained from Takara (Dalian,
China). Restriction enzymes and T4 DNA ligase were from New
England Biolabs (Ipswich, MA). Lysozyme was from Dingguo
(Beijing, China). Standard DNA and proteins were purchased
from TIANGEN. Oligonucleotides were synthesized by Takara.
Cloning and Expression. The whole-length genes of BPO-

A2 and the designed variant BL1 were synthesized and inserted

FIGURE 1: (A) Superimposition of the structures of BPO-A2 (yellow) and LipA (green) in a cartoon representation rendered by PyMOL. (B)
Distance between the respective CR atoms of residues F128 and D208 of BPO-A2. (C) Substrate binding site residues of BPO-A2. Oxygen and
nitrogen atomsare colored red anddeepblue, respectively. The residues located in the caplike domainhavebeenomitted for the sakeof clarity. (D)
Substrate binding site residues ofLipAdockedwith tributyrin (orange). (E) Substrate binding site residues ofBPO-A2-del dockedwith tributyrin.
(F) Substrate binding site residues of BL1. For the sake of clarity, the docking of tributyrin is not shown.
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into plasmid pET30a using NdeI and HindIII restriction sites by
GENEART (Regensburg, Germany). Both genes were linked
with aHis6 tag at the C-terminus for purification.Escherichia coli
strain BL21(DE3) was utilized as a host for cloning and expres-
sion. Recombinant strains were routinely cultivated at 37 �C in
Luria-Bertani (LB) broth supplemented with kanamycin (Kan,
50 μg/mL). When the optical density at 600 nm (OD600) reached
0.4-0.6, 0.2 mM IPTG were added to the cultures. After
induction for 6 h at 30 �C, the cells were harvested by centrifu-
gation.
Comparative Modeling. The three-dimensional (3D) coor-

dinates of BPO-A2-del were constructed by MODELLER ver-
sion 9.1 (16) using the BPO-A2 structure [Protein Data Bank
(PDB) entry 1bro (13)] as the template. Tenmodels were created,
and the one with the lowest value of MODELLER objective
function was chosen as the final model. The quality of the model
was then examined by PROCHECK (17). The 3D coordinates of
BL1 and its mutants were built by using themutagenesis function
in PyMOL version 0.99 (18).
Substrate Docking. To identify the possible residues com-

prising the substrate binding sites of BPO-A2-del and LipA,
FlexX2.1 (BioSolveIT, Sankt Augustin, Germany) was utilized
to perform covalent docking with tributyrin as the substrate.
Atoms Oγ and Cβ of the catalytic residue serine were mapped to
the corresponding oxygen and carbon atoms of tributyrin,
mimicking the transition state when the hydrolysis reaction takes
place. The residues, 15 Å fromOγ of the catalytic residue serines,
were defined as the pockets of the proteins. The atom types of
the conserved histidines of the catalytic triads were assigned
to HISþ.
MD Simulation. Molecular dynamics (MD) simulations of

BPO-A2 andBL1were performed on the BioCORTEX cluster at
University Stuttgart using the Amber10 program package (19).
The FF99SB force field and a TI3P water molecule box, with a
shortest distance of 10 Å between the wall of the box and the
atoms in the solute, were applied. Naþ was used to neutralize the
unit. A total of 5000 steps of energyminimizationwas performed,
with the first 2000 steps being the steepest descent and the rest
being the conjugate gradient. To heat and equilibrate the protein
and solvent systems, three stages of MD simulation were

performed at a constant temperature of 310 K and a constant
pressure of 1 bar, with the following constraint forces at each
stage: (1) for all atoms, 10.0 kcal mol-1 Å-2; (2) for the backbone
R-carbon, nitrogen, and oxygen atoms only, 5.0 kcal mol-1 Å-2;
(3) for the backbone R-carbon, nitrogen, and oxygen atoms only,
1.0 kcal mol-1 Å-2. The nonbonded cutoff was set to 8 Å. The
length of each step in every stage was 0.001 ps, and the total
length of each stage was 100, 200, and 200 ps, respectively. The
SHAKEalgorithmwas applied to fix all bond lengths involving a
hydrogen atom. Then a 10 ns MD simulation at 310 K without
any constraint for each protein was conducted with the same
parameters as shown above. For each protein, the simulationwas
run three times with different random number generator
seeds (IG) for different initial velocity distributions. The root-
mean-square deviations (rmsd) of all backbone atoms of the
simulated conformations relative to the initial conformation, as
well as the root-mean-square fluctuations (rmsf) of residues (the
average deviation over time between the conformations of a
particular residue at each step, 0.001 ps in this study, and its time-
averaged conformation) within the last 4 ns of each simulation,
were calculated.
Enzyme Purification. Enzyme-producing cells were har-

vested, centrifuged, resuspended in buffer A [20 mM sodium
phosphate buffer (pH 7.4) containing 500 mMNaCl and 30 mM
imidazole], and sonicated. The supernatant was filtered through a
0.2 μmAcrodisc Syringe Filter (Pall, AnnArbor,MI) and loaded
on a Ni2þ-charged 5 mL HiTrap Chelating HP column
(Amersham Biosciences, Sunnyvale, CA) pre-equilibrated with
cold buffer A on an €AKTA Explorer station (Amersham
Pharmacia Biotech, Uppsala, Sweden). The proteins were eluted
with a mixture of cold buffer A and buffer B [20 mM sodium
phosphate buffer (pH7.4) containing 500mMNaCl and 500mM
imidazole] (volume ratio 2:3). The fractions containing target
enzymes were changed into lysis buffer [50 mM Tris-HCl buffer
(pH 7.2) containing 50 mM NaCl and 5% (v/v) glycerol] with a
10KAmicon Ultra-4 centrifugal filter (Millipore, Billerica, MA).
The purities of the enzymes were more than 95% as estimated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (12% acrylamide resolving gel and 5% acryl-
amide stacking gel). The concentrations of the purified enzymes

FIGURE 2: Structure-based sequence alignment of BPO-A2, BPO-A2-del, BL1, and LipA assigned with secondary structures (R-helix with a red
background, 310-helixwith a purple background, andβ-strandwith a yellowbackground). Themanipulated secondary structure elements and the
three mutated residues are indicated by green arrows. The catalytic triads and oxyanion holes (green hollow triangles), other proposed substrate
binding site residues (blue hollow rectangules), andmutated residues obtained in the directed evolutions (orange hollow circles) are also indicated.
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were determined by measuring the absorbances at 280 nm using
extinction coefficients (Table S1 of the Supporting Information)
calculated by the ProtParam tool of ExPASy (20) according to
the composition of amino acids (21).
Enzyme Assay. The hydrolytic activity against olive oil was

qualitatively tested by dropping 12 nmol of enzymes onto circular
areas (∼0.7 mm in diameter) of an olive oil/Rhodamine B
agar plate (LB/agar plates containing 0.01 mg/mL Rhodamine
B and 0.03 mL/mL olive oil) (22). The plate was incubated at
37 �C for 10 h and then observed under UV radiation.

The hydrolytic activities were determined by measuring the
amount of p-nitrophenolate released during enzymatic hydrolysis
of different p-nitrophenyl esters (23), which were monitored at
400 nm with a SpectroMAX M2e multidetection microplate
reader (Molecular Devices, Sunnyvale, CA) at 37 �C. The
reaction buffer contained 50 mM sodium phosphate buffer
(pH 8.0), 2.07mg/mL sodiumdeoxycholate, and 1mg/mL arabic
gum. Substrate (pNPA, pNPC, or pNPP) was first dissolved in
2-propanol and then mixed with reaction buffer by vortexing.
Unless otherwise indicated, the final concentrations of ester
substrates were all 1.43 mM. The reaction was started by mixing
190 μL of reaction buffer containing substrate with 10 μL of
enzyme solution. One unit of hydrolytic activity was defined as
the amount of enzyme releasing 1 μmol of p-nitrophenolate from
p-nitrophenyl esters per minute. Measurements were corrected
for background hydrolysis in the absence of enzyme. The
extinction coefficient of p-nitorphenol is 15030 M-1 cm-1 at
400 nm measured under the standard assay conditions.

The halogenation activity was determined by following the
bromination ofMCD (24). The decrease in absorbance at 290 nm
was monitored with a SpectroMAX M2e multidetection micro-
plate reader at 37 �C. The reaction mixture contained 50 μM
MCD, 100 mM NaBr, and 50 mM H2O2 in 100 mM sodium
acetate buffer (pH 4.1 and 6.0). The reaction was started by
addition of 10 μL of an enzyme solution to 190 μL of reaction
solution. One unit of halogenation activity was defined as the
amount of enzyme catalyzing the consumption of 1 μmol
of MCD per minute. The extinction coefficient of MCD is
19900 M-1 cm-1 (24).

Although the thermostability of BL1 decreased greatly, the
activities of BL1 and its mutants decreased only 5% after
incubation at 40 �C for 30 min. Both the hydrolytic activity
and halogenation activity assays were performed at 37 �C for
10 min, and only the initial 5 min was taken for calculation of the
specific activities, during which the enzymes should remain
intact.
Construction and Screening of a Random Mutant

Library. Random mutations were introduced into template
genes by error-prone PCR (25) with 0.25 mM Mn2þ and each
primer at 0.3 μM (BL-FOR, 50-ctt taa gaa gga gat ata cat atg-30;
dI-REV, 50-gag tgc ggc cgc aag ctt tta-30). An average of two to
three point mutations and one to two amino acid changes per
gene were generated, corresponding to a theoretical library size of
2.8 � 106 to 2.2 � 109 (26). The amplified DNA fragments were
digested with NdeI and HindIII restriction enzymes and ligated
by T4 DNA ligase into the similarly digested pET30a vector
backbone. The ligation products were transformed into E. coli
BL21(DE3), and the transformants were plated onto LB agar
plates containing 50 μg/mL Kan and incubated at 37 �C over-
night. For the two rounds of evolution, 35000 and 50000 single
colonies were obtained, respectively, of which ∼10% were
actually screened in each round. Single colonies were randomly

picked with toothpicks and inoculated into 200 μL of LB/Kan
medium in 96-well microtiter plates and simultaneously onto LB/
Kan agar plates as replications. The parent strains and BL21-
(DE3) with only pET30a were used as positive and negative
controls, respectively. The cultures were incubated for 15 h at 37
�C. Twenty microliters of overnight culture in each well was
inoculated into 1 mL of LB/Kan medium in 96-deepwell plates.
These deepwell plates were incubated at 37 �C for 1.5 h, and the
expression of enzymes was induced with IPTG at a final
concentration of 0.2 mM at 30 �C. Cells were harvested after
6 h, and the medium in each well was removed by centrifugation.
The cells were resuspended with 100 μL of lysis buffer containing
0.5 mg/mL lysozyme and 4 units/mL DNaseI, frozen with liquid
nitrogen for 2 min, and then thawed at 37 �C for 1 h. After
recentrifugation, 20 μL of supernatant from each well was mixed
with 180 μL of reaction buffer containing pNPC as the substrate
for the hydrolytic activity assay. The reaction temperature was
set at 30 �Cbecause the standard deviationwould be smaller than
37 �C according to previous tests (data not shown). The activity
was normalized against the OD600 value for each well. The
improved mutants were confirmed by growing the cells in tubes
and assayed using identical procedures at 37 �C.
Thermostability. Purified enzymes were incubated in tripli-

cate for 30 min at different temperatures in a PCR thermocycler
for precise temperature control. The residual activities were
measured with pNPA as the substrate under the standard
conditions described above to yield the thermostability pro-
files. Th values (temperature at which half of the protein was
denatured) were calculated from the temperature-residual
activity curves via linear interpolation.
Site-Directed Mutagenesis. Overlapping PCR was used to

introduce specific single mutations/insertion or create saturation
mutagenesis of a single site. An isoleucine was inserted afterH178
inBL1, BL1-2-E8, andBL1-2-E8(F97Y) via overlapping PCRby
using two pairs of primers: BL-FOR (see above) and plusI-Rev
(50-ggt cca cag cag acc aat atg cgg cgc acc ttc-30) and plusI-For
(50-gaa ggt gcg ccg cat att ggt ctg ctg tgg acc-30) and PB-R (50-ggg
gtt atg cta gtt att gct-30). The PCR prodcuts were digested with
NdeI and HindIII, cloned into similarly digested pET30a, and
transformed into E. coli BL21(DE3).

Libraries of saturation mutagenesis at position 97 for BL1-
plusI and BL1-2-E8 were constructed via overlapping PCR by
using these two pairs of primers: BL-FOR and F97mut-Rev
(50-gcc ggt gcc cat gct nnn gcc aac cag cac cgc atc ctg cag a-30) and
F97mut-For (50-gcg gtg ctg gtt ggc nnn agc atg ggc acc ggc gaa
gt-30) and PB-R.

RESULTS

Structure Comparison. A structure-based sequence align-
ment of BPO-A2 and LipA [PDB entries 1bro (13) and 1r50 (27)]
was performed through superimposition of the corresponding
catalytic triads, and the backbone atoms of the oxyanion holes
(F32 and M99 in BPO-A2 and I12 and M78 in LipA), using
Swiss-PdbViewer (28), and was visualized in PyMOL. The super-
imposition results and the structure-based sequence alignment
are shown in Figure 2. The catalytic triads of both enzymes
superimposed quite well with a rmsd of 0.481 Å, but the shapes of
the substrate binding sites were quite different. In BPO-A2, the
catalytic triadwas composed of S98,D228, andH257 and located
at the end of a 10.0-15.0 Å deep funnel-like pocket (13). The
hydrophobic fatty acid binding pocket is located inside the
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enzyme and formed by residues L129, F163, and W205 from the
caplike domain on the top and residues F32, M99, L125, T230,
and L231 at the bottom. Its length is less than 8 Å, which restricts
the substrate specificity of BPO-A2 to short chain esters. The size
of the alcohol binding pocket of BPO-A2 is very small, which is
underestimated as it is derived from a substrate-free struc-
ture (29). While in LipA, the corresponding catalytic residues
were S77, D133, and H156 and located at the bottom of the
substrate binding cleft. The fatty acid binding groove is lined by
residues I12, M78, A105, L108, I135, and L140, and the alcohol
binding groove is formed by residues 12-18 and residues
157-161 (15, 27). The major structural difference between the
two enzymes is the caplike domain of BPO-A2, an insert of 79
amino acids between strands β6 and β7, which is lacking in LipA.

The engineering of BPO-A2 for lipase activity was performed
in three steps: (1) removal of the cap region of BPO-A2 and fine-
tuning of the substrate binding site by site-directed mutagenesis,
(2) improvement of the catalytic activity by two rounds of
directed evolution, and (3) saturation mutagenesis and combina-
tion of mutations.
Step 1: Removal of the Cap Region and Fine-Tuning of

the Substrate Binding Site. In the first step, the cap domain
[residues 129-207 (Figures 1A and 2)] was removed. Residues
F128 and D208 in two spatially adjacent loop regions were
connected directly, as the distance between the respective CR
atomswas only 4.65 Å, whichwas suitable for formation of a new
peptide bond between them (Figure 1B). Amodel of BPO-A2-del
was constructed; more than 99% of the residues were in the
favorable (Φ, Ψ)-region, while only the nucleophile (S98) had
unfavorable main chain torsion angles which is common for
nucleophiles in R/β-hydrolase fold enzymes (30). To identify
substrate-interacting residues, the conformation of the side chain
of the nucleophile serine was changed to its active state by
rotating the side chain (31) and a tributyrin substrate molecule
was docked to the active site with the sn-1 moiety binding to the
acid binding pocket and the sn-2,3-diglyceride to the alcohol
binding pocket. Fourteen residues were inferred to constitute the
substrate binding sites in BPO-A2-del and LipA (Figure 1D,E).
Residue S98 in BPO-A2 (corresponding to S77 in LipA) and
H178 (H156) are part of the catalytic triad. The backbone
nitrogen atoms of F32 (I12) and M99 (M78) form the oxyanion
hole. Residues G31/G11, L125/A105, L152/V136, L181/L160,
and W182/Y161 bind to the substrate and either are identical in
both enzymes or have similar physicochemical properties and
therefore were not changed in BPO-A2-del. Residue F97 (H76) is
located before the nucleophile serine S98 (S77). To avoid a
possible deleterious effect on the catalytic triad of BPO-A2-del,
F97 in BPO-A2-del was not altered either. For the same reason,
residue G179 (I157) located after the catalytic residue histidine
H178 (H156) was also not changed, although an insertion of an
isoleucine between H178 and G179 gives a better mimic of this
substrate binding region of LipA from the point of view of
sequence identity (Figure 2). The other significant differences lie
in three pairs (L34/G14, S38/N18, and T151/I135) that differed
either in side chain size or in hydrophobicity. Thus, three residues
were mutated in BPO-A2-del (L34G, S38N, and T151I), and the
model structure of the construct BL1 was created.

To investigate the possible effect of the deletion of the cap
domain (corresponding to 30% of the total residues in BPO-A2)
on the stability of BL1, three 10 ns MD simulations of BL1 and
BPO-A2 with different initial velocities and the calculation of the
possible number of salt bridges on the surface of proteins were

conducted. The rmsd plot of the 10 ns MD simulations showed
that the conformation of BL1 gradually changed and no sig-
nificant unfolding occurred (Figure 3B). However, the backbone
root-mean-square deviation between the final and initial struc-
ture of BL1 was slightly larger than that between the final and
initial structures of BPO-A2. The analysis of the root-mean-
square fluctuation of the backbone atoms (Figure 3) demon-
strated that the flexibility of three loops increased as compared to
the corresponding loops in BPO-A2: loop L1 (between strand β1
and β2), L5 (between strand β4 and helix RB), and L12 (between
strand β7 and helix RE). In BPO-A2, these three loops interact
with the cap domain: loop L5 interacts with loops L1 and L9
(between helix RD4

0 and RD); loop L12 interacts with helix RD2
0.

The deletion of the cap domain in BL1 seems to liberate these
loops, increase the flexibility, and thus might reduce the stability
of the protein. As calculated by VMD (32) (the nitrogen-oxygen
distance cutoff was set to 4.5 Å, the upper limit for salt bridges),
the numbers of possible salt bridges on the surface of BPO-A2
and BL1 are 19 and 14, respectively. There is no new salt bridge
forming on the newly exposed surface.
Expression and Characterization of BL1. The genes of

BPO-A2 and BL1 were synthesized and linked with His6 tags at
the C-terminus for purification. SDS-PAGE of purified BL1
showed that it could be expressed under the standard cultivation
conditions (Figure 4). The purified BL1 had a tendency to
aggregate and precipitate in solution under slightly alkaline
conditions (pH 7.2 in lysis buffer and pH 7.4 in a mixture of
bufferA and buffer B; also seeMaterials andMethods), similar to
LipA (33). The purified BPO-A2 and BL1 were tested for their

FIGURE 3: (A) rmsd and rmsf plots of 10 nsMDsimulations of BPO-
A2. (B) rmsd and rmsf plots of 10 ns MD simulations of BL1. For
each protein, three simulations with different initial velocities were
conducted, and the curves are colored with red, blue, and green. Red,
yellow, and purple boxes stand for R-helix, β-strand, and 310-helix,
respectively. The unit is angstroms.

FIGURE 4: SDS-PAGE of purified BPO-A2 and BL1.
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lipase activities on olive oil/Rhodamine B agar plates. For BL1,
but not for BPO-A2, a very weak fluorescence under UV
radiation was observed (Figure 5A), which demonstrated that
BL1 exhibited a weak lipase activity toward triglycerides. How-
ever, this activity was too low to be measured by titration (34)
(data not shown).

The specific hydrolytic activities of BL1 and BPO-A2 were
measured against p-nitrophenyl esters containing different
numbers of carbon atoms in the fatty acid chains under stan-
dard conditions: pNPA (C2), pNPC (C8), and pNPP (C16).

The results showed that BL1 had higher activities toward pNPC
(3.7-fold) and pNPP (7.3-fold) than BPO-A2, but the activity
toward pNPA decreased greatly, only 1.2% of that for BPO-A2
(Table 1 and Figure 5B). The ratios of the activity toward pNPC
or pNPP to that of pNPA (Figure 5C and Table S2 of the
Supporting Information) (SApNPC/pNPA or SApNPP/pNPA, re-
spectively) were calculated to evaluate the substrate preferences
of the enzymes. For BPO-A2, these values were 4.1 � 10-4 and
6.2 � 10-5, respectively, while for BL1, these values were 1.2 �
10-1 and 3.6 � 10-2, respectively. Therefore, there was an
increase of ∼300-600-fold in terms of substrate preferences
for long chain esters (pNPC or pNPP) for BL1, compared to
BPO-A2.

We wish to mention that while the preferred parameters for
comparing the substrate specificities would be the values of kcat/
KM for the tested substrates and enzymes, the measurements of
these parameters in this studywere hampered by the low activities
of the evolved enzymes and the low substrate solubility of pNPP
(see Table S3 of the Supporting Information). Thus, as an
alternative, we used the ratios of specific activities at a fixed
concentration for all substrates as indicators for substrate pre-
ferences, which are used widely for mapping substrate specificity
of lipases or esterases toward p-nitrophenyl esters (35-38) (also
see Note 1 of the Supporting Information).

The specific halogenation activities of BPO-A2 and BL1 were
first measured at pH 4.5, which was the optimal pH of BPO-
A2 (39). However, BL1 formed a white precipitation in the pH
range from 4.5 to 5.5. Reaction mixtures at pH 4.1 and 6.0 were
thus chosen for the halogenation activity assay. BPO-A2 showed
an activity of 23( 2 units/μmol of enzyme at pH 4.1 and 2.7( 0.1
units/μmol of enzyme at pH 6.0. BL1 showed no detectable
halogenation activity under both pH conditions (Table 1).

The thermostability of BL1 decreased dramatically compared
to that of BPO-A2, which is consistent with the MD simulation
results. TheTh value of BPO-A2 is 81.9 �C,while theTh of BL1 is
only 45.1 �C.
Step 2: Directed Evolution of BL1. Directed evolution via

error-prone PCR was conducted on BL1 to increase the hydro-
lytic activity. In the first round, a total of 3518 mutants were
screened in 96-well microtiter plates and confirmed in tubes with
pNPC as the substrate. Eight mutants with increased activities
were sequenced (Table S4 of the Supporting Information) and
purified. The specific activities of these mutants toward different

FIGURE 5: (A) Lipase activity detected on an olive oil/Rhodamine B
plate. (B) Relative specific activities and (C) substrate preferences of
BPO-A2, BL1, and the best mutants in each round of directed
evolution and site-directed mutagenesis toward pNPA, pNPC, and
pNPP.

Table 1: Specific Activities and Substrate Preferences of Selected Enzymes

specific activity (units/μmol of enzyme)

pNPAa pNPCa pNPPa MCDb

BPO-A2 106 ( 02 0.043 ( 0.003 0.0066 ( 0.0004 23 ( 2

LipA (1.04 ( 0.06) � 103 (3.0 ( 0.3)� 103 (1.3 ( 0.2)� 103 ;c

BL1 1.31 ( 0.03 0.161( 0.004 0.048( 0.001 NDd

BL1-1-E3 6.89 ( 0.09 0.99( 0.06 0.252( 0.003 NDd

BL1-2-E8 16.7 ( 0.4 4.16( 0.08 1.48( 0.02 NDd

BL1-plusI 0.82 ( 0.02 0.21( 0.02 0.094 ( 0.002 ;c

BL1-plusI(F97Y) 1.01 ( 0.09 0.58( 0.02 0.181( 0.005 ;c

BL1-2-E8-plusI 5.1 ( 0.4 3.85( 0.09 1.95( 0.07 ;c

BL1-2-E8(F97Y) 26 ( 1 6.3( 0.2 1.10( 0.04 ;c

BL1-2-E8-plusI(F97Y) 8.4 ( 0.4 5.7( 0.2 1.75 ( 0.02 ;c

BL1-2-E8-plusI(F97I) NDd 0.61( 0.06 1.57( 0.04 ;c

aOne unit of hydrolytic activity was defined as the amount of enzyme releasing 1 μmol of p-nitrophenolate from p-nitrophenyl esters per minute. bOne unit
of halogenation activity was defined as the amount of enzyme catalyzing the consumption of 1 μmol ofMCDperminute.Measured at pH4.1. cDid not take the
measurement. dNot detectable.
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lengths of fatty acid chain esters were measured under standard
conditions, and the substrate preference improvements were
calculated (Table 1, Figure 5, and Table S2 of the Supporting
Information). Among thesemutants,mutant BL1-1-E3 exhibited
the highest activities toward pNPCand pNPP,∼6.1- and 5.3-fold
higher than that of BL1, respectively. However, the substrate
preference remained unchanged. On the other hand, mutant
BL1-1-G9 showed a 2.5-fold increase in substrate preference
(measured as the ratio of the specific activities toward pNPP and
pNPA, SApNPP/pNPA), as compared to BL1; however, its activity
was much lower than that of BL1-1-E3. Mutant BL1-1-D7
showed a decrease in substrate preference for long chain sub-
strates.

The second round of evolution was conducted with BL1-1-E3
as the template. Seven of 5400 mutants screened were isolated,
sequenced (Table S4 of the Supporting Information), and
purified. The most active mutant, BL1-2-E8, showed 4.2- and
5.9-fold higher specific activities toward pNPC and pNPP,
respectively (Table 1). Its substrate preferences were also im-
proved to ∼1.7-fold (SApNPC/pNPA) and 2.4-fold (SApNPP/pNPA)
higher than that of BL1-1-E3 (Figure 5C and Table S2 of the
Supporting Information). Other mutants also showed improved
substrate preferences; for example, the less active mutant BL1-
2-D10 showed the greatest improvement, 2.6-fold for SApNPC/

pNPA and 3.2-fold for SApNPP/pNPA (Table S2 of the Supporting
Information). The substrate preferences of these improved
mutants were only 1 order of magnitude lower than that of LipA
(Figure 5C and Table S2 of the Supporting Information).

The fluorescence produced by BL1-1-E3 and BL1-2-E8 on
Rhodamine B/olive oil plates under UV radiation was much
stronger than that of BL1 (Figure 5A), which means the activities
toward triglycerides are also improved, but the exact activities
were still too low to be determined by the standard titration assay.

For the halogenation activity measurements, mutants BL1-
1-E3 and BL1-2-E8 again formed white precipitation at pH
4.5-5.5, and at pH 4.1 and 6.0, no halogenation activity was
detected (Table 1).

Sequence analysis of the mutants showed that 50% of the
mutations occur at the substrate binding sites or have direct
contact with the substrate binding site residues. For several
positions (H37, N38, F61, Y73, L152, and F161), mutations
occurred more than once (Table S4 of the Supporting Infor-
mation).
Step 3: Insertion of an Isoleucine after H178 Coupled

with Saturated Mutagenesis at F97. In the first round of
evolution, mutant BL1-1-D7 with mutation F97Y showed a
1.9-fold activity toward pNPC compared to BL1. This result
suggested that themutations adjacent to the catalytic triad would
also be beneficial to the catalytic activity. To judge the effect of
this mutation on BL1-2-E8, saturation mutagenesis at this
position in BL1-2-E8 was conducted and screened in 96-well
microtiter plates with pNPC as the substrate. Four improved
BL1-2-E8 mutants were isolated from a library of ∼150. Strik-
ingly, sequencing revealed that all these mutants have the same
F97Ymutation. The specific activities of the purified enzymewere
slightly higher toward pNPC (1.5-fold) as well as pNPA (1.6-fold),
but lower toward pNPP (74%).As a result, the SApNPC/pNPA value
remained unchanged, and the SApNPP/pNPA value was lowered to
0.042 (Table S2 of the Supporting Information).

We were also prompted to take a second look at G179. G179
is the C-terminal neighbor of H178 and is located before short
R-helixRF of BL1which contains two substrate binding residues.

Its corresponding residue in LipA, I156, is part of a short 310-
helix (Figure 2). To bettermimic LipA in this region for substrate
binding, an isoleucine was inserted between H178 and G179 in
BL1 and its variant BL1-2-E8, yielding BL1-plusI and BL1-2-E8-
plusI, respectively. Both of the purified enzymes were found to
exhibit higher activities toward pNPP (2.0- and 1.3-fold) and
lower activities toward pNPA (63 and 31%), resulting in a greater
substrate preference toward long chain substrates than their
parent enzymes (Table 1 and Table S2 of the Supporting
Information). The values of SApNPC/pNPA and SApNPP/pNPA of
BL1-2-E8-plusI were increased to 0.75 and 0.38, respectively, and
were∼30%of those of LipA (Figure 5C). However, the insertion
of an isoleucine reduced the expression level of BL1-2-E8-plusI
by more than 50% (data not shown).

Saturation mutagenesis at position 97 was also conducted in
BL1-plusI, and two improved BL1-plusI mutants were isolated.
Once again, sequencing showed that these two mutants carried
the same F97Y mutation. Purified BL1-plusI(F97Y) exhibited
higher specific activities toward pNPC (2.8-fold), pNPP (1.9-
fold), and pNPA (1.2-fold) as compared to BL1-plusI. As a
result, SApNPC/pNPA and SApNPP/pNPA were increased to 0.57 and
0.18, respectively (Table 1 and Table S2 of the Supporting
Information). Mutant BL1-2-E8-plusI(F97Y) was further con-
structed by introduction of the isoleucine between position 178
and 179 in BL1-2-E8(F97Y) through overlapping PCR. The
purified BL1-2-E8-plusI(F97Y) showed higher activities against
pNPC (1.4-fold) and pNPP (1.2-fold), and lower activity against
pNPA (50%) (Table 1), resulting in higher SApNPC/pNPA (2.8-
fold) and SApNPP/pNPA (2.4-fold) versus those of BL1-2-E8
(Table S2 of the Supporting Information).

It was very interesting that an unexpected mutant BL1-2-E8-
plusI(F97I) carrying the F97I mutation was found. This mutant
totally lost the activity toward pNPA and exhibited 9.4-fold
lower activity toward pNPC than the parent, while maintaining
the activity toward pNPP (Table 1). The substrate preference
of this mutant toward pNPP and pNPC was inverted, and
SApNPP/pNPC was increased from 0.51 for BL1-2-E8-plusI to
2.6, much higher than that of LipA (0.43) (Table S2 of the
Supporting Information). However, the specific activity was still
820-fold lower than that of LipA, and this mutant exhibited a
very low solubility (data not shown).

DISCUSSION

By combining rational design and directed evolution, we
redesigned BPO-A2 into a LipA-like enzyme. Lipase activity
was successfully introduced as demonstrated by the shift of
substrate preferences toward long chain esters (pNPCand pNPP)
and by the olive oil/Rhodamine B plate test, accompanied by the
total loss of its halogenation activity. In fact, the substrate
preferences for pNPP and pNPC as compared to pNPA for the
best mutant BL1-2-E8-plusI reach ∼30% of those for LipA.
While the hydrolytic activity of the best mutant BL1-2-E8-plusI
toward pNPP is still 660-fold lower than that of LipA, which is
comparable to other similar studies where manipulation of large
segments of a template protein is involved (6, 8, 40-42). For
example, the best mutant obtained by Park and co-workers is∼3
orders of magnitude lower than that of the target human IMP-1
metallo-β-lactamase (IMP-1) (6).

The fact that BL1 can be functionally overexpressed suggests
that the folding processes of the caplike domain and the core
scaffold of BPO-A2 are independent. Similar phenomena have
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also been observed when the lid of a lipase was removed (40, 43)
or two lipases exchanged their lids with different sizes (41, 44). It
also suggests that the lid, cap, or caplike domains of other
enzymes in the R/β-hydrolase fold family can also be deleted,
inserted, or substituted without disturbing the folding of the core
R/β-hydrolase fold domains, which would be very useful for
enzyme redesign, especially in constructing a hybrid enzyme for a
new activity or substrate profile.

However, the thermostability of BPO-A2 is substantially
affected by removal of the caplike domain. Its removal increases
the flexibility of BL1, especially the loops that originally have
interactions with the caplike domain and cause a reduction in the
number of salt bridges from 19 to 14, thereby disrupting
electrostatic interactions on the interface (45).

Because of the limitations of the rational approach, in many
cases for a redesigned protein scaffold, a much lower or even
undetectable activity has been obtained as compared to the
template protein (6, 8, 40-42), and the geometry of an
active site transplanted onto a foreign scaffold often needs further
optimization. Park and co-workers (6) introduced the
β-lactamase activity onto the human glyoxalase II scaffold by
mimicking the active site of human IMP-1 metallo-β-lactamase
(IMP-1) followed by seven rounds of evolution starting from 13
variants with undetectable β-lactamase activity. R€othlisberger
and co-workers (4, 46) created enzymes with Kemp elimination
activity by matching de novo-designed active sites with existing
scaffolds in nature and improved the activity of one design to the
level of a benchmark catalytic antibody 34E4 after seven rounds
of evolution. In this study, although BL1 shows detectable lipase
activity and a 2 order of magnitude of improvement in the
substrate preference toward long chain esters over short chain
esters, the hydrolytic activity of BL1 is still much lower compared
to that of LipA [∼104-fold lower (Table 1)]. After two rounds of
directed evolution, the hydrolytic activities toward pNPP and
pNPC of the best mutant BL1-2-E8 were improved by ∼25-
30-fold as compared to that of the initially designed enzyme BL1.
While the overall activity could be significantly improved by
directed evolution, the improvements in the substrate preference
(SApNPC/pNPA and SApNPP/pNPA) were mainly obtained by ra-
tional design of BL1 and site-directed mutagenesis of BL1-2-E8-
plusI and did not change considerably upon directed evolution.

By analysis of the crystal structures bound with inhibitors of
LipA (27) and the results of docking tributyrin to LipA andBPO-
A2-del, the role of the mutated residues was analyzed. Alcohol
moieties and the fatty acid moieties of the esters and triglycerides
are bound to the so-called alcohol binding sites and fatty
acid binding sites of the substrate binding clefts, respectively
(Figure 6). Among the 15 improved BL1 mutants from directed
evolution (Table S4 of the Supporting Information), 12 contain
mutations within 3.5 Å of the substrate binding site. While the
molecular basis of these mutations for the increased specific
activity and the shift of substrate preference is not always evident,
two conclusions might be drawn.

The mutations near the fatty acid binding site should affect
substrate preference. Y73F inmutant BL1-1-G9 is in direct contact
with oxyanion hole residue M99 and proposed substrate binding
site residue Leu152. Because this position is far from catalytic
residue S98, it can be inferred that this mutation will affect the
binding of the fatty acid chain of pNPC and pNPP but not that of
pNPA, leading to enhanced preferences toward pNPC and pNPP.

Moreover, it is interesting to note that those at the proposed
alcohol binding site and its spatially adjacent neighbors in BL1

variants clearly also affect the preference for the fatty acid chain
length of the esters. For instance,mutationN38D inmutant BL1-
2-A5 decreases its preferences toward pNPP and pNPC when
compared to those of BL1-1-E3. Insertion of an isoleucine
between positions 178 and 179 in BL1-plusI, BL1-2-E8-plusI,
and BL1-2-E8-plusI(F97Y) also produces mutants with greater
preferences toward pNPP and pNPC.Most prominently, mutant
BL1-2-E8-plusI(F97I) loses its activity toward pNPA, a 85%
reduction in the activity toward pNPC compared to that of BL1-
2-E8-plusI, but maintains the same level of activity toward pNPP
as BL1-2-E8-plusI. As isoluecine is smaller than phenylalanine, a
F97I mutation might reduce the affinity for the nitrophenyl
group, and thus, the binding of substrate becomes largely
dependent on the fatty acid chain moiety, which in turn explains
the activity loss for pNPAand the reduced activity for pNPCwith
a C8 fatty acid chain.

It is noteworthy that the two residues in LipA (N18 and I157)
corresponding to the aforementioned N38 and the inserted
isoleucine at position 179 in BL1 variants also play important
roles in the enantioselectivity (7) and stereoselectivity of
LipA (47). In particular, I157 in LipA, together with the
neighboring catalytic residue H156, forms the so-called His gap
motif, which is a determinant of stereoselectivity for many
microbial lipases toward triacylglycerols (47).

In summary, we have successfully transplanted the lipase
activity onto the scaffold of BPO-A2 by a combination of
rational design under the guidance of structure comparison with
LipA and directed evolution. These results suggest the strategy
used in this study is helpful for engineering other R/β-hydrolase
fold enzymes.
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FIGURE 6: Sketch of the substrate binding site of BL1 and a spatially
adjacent residue, Y73. The arrow denotes the insertion of an iso-
leucine between H178 and G179.
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