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Abstract

To enhance the enantioselectivity of a hyperthermophilic esterase from archaepyrum pernix K1 (APE1547), a directed evolution approach
is employed to generate mutant library from the native enzyme. A mutation (TBC26) is identified after one round of epPCR. The enantioselectivity
of TBC26 is increased up to 2.6-fold compared to that of wild type enzyme. TBC26 contains five amino acid substitutions (R11G, L36P, V223A,
I551L, A564T). The five mutation sites are spatially distant to the catalytic center. According to the published crystal structure of WT anehgonsideri
the changes of secondary and tertiary structure, here we try to explain the change of enantioselectivity of the TBC26. The results suggest that t
change of enantioselectivity of enzyme has a close relationship to the configuration of the enzyme.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction mostable esterase. Their activity is in the range of 500
[2]. The hyperthermophilic esterase with high enantiose-
Enantioselective enzymes, especially for those that catalyzectivity is more desirable for wide range of applications
hydrolysis reaction, are useful catalysts in production of purd3].
enantiomers for pharmaceutical, agrochemical and bioactive Directed evolution has been used to improve enantioselectiv-
materials[1]. Esterases are among the group of enzymes cority for many enzymef4]. In this study, theac-2-octanol acetate
sidered as potential catalysts in industrial process. Their enamvhich was a byproduct in our work was used as a substrate.
tioselectivity is one of the most important characteristics. Within order to resolve theac-2-octanol acetate, which was not
expanding applications of esterase in stereo-specific hydrolysiaccepted as substrate by the hyperthermophilic esterase (WT),
transesterfication, and ester syntheses, its application in bioteca-directed evolution of this esterase was performed. A major
nology is increasing rapidly. obstacle for this approach was lack of sensitive selection method
Hyperthermophilic esterase from archaecdrwropyrum  because the hydrolysis reaction of this substrate could not be
pernix K1 has been shown to be one of the most ther-easily detected. The hydrolytic reactionaé-2-octanol acetate
was therefore monitored by pH indicatf#]. A mutant with
higher enantioselectivity was selected from library of mutated
T areations: BTB. bromothymol biue: APE1647, W Mutant enzyme enzymes. The relationship b.etwe@tva'llue a}nd structure of this
TBC26: epPCR, error_émne polymerase chain reaction ' enzyme was detected by Circular dichroism and Fluorescence

* Corresponding author. Tel.: +86 431 8924281; fax: +86 431 8987975. spe_ctroscopy._These results might facilitate further study of cat-
E-mail address: sgcao@jlu.edu.cn (S. Cao). alytic mechanism.
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2. Materials and methods at 85°C for 30 min. After centrifuging at 3000 rpm for 20 min at
4°C, the supernatant was collected and the crude esterase was
2.1. Materials extracted.

Escherichia coli BL21 Codon-Plus (DE3) and vector pET15b 2.5. Screening enantioselectivity of the variants library by
were obtained from Novagen (Madison, WI). Taq DNA poly- PH-indicator
merase was purchased from New England Biolabs. Restric- o
tion enzymes were purchased from Promega and Toyobo We used 96-well and pH-indicator (BTB) to screen the
(Osaka, Japan), ultrapure deoxynucleotide solution (dNTP ariants library. The reaction system includes pH-indicator
was purchased from Pharmacia Biotech (Sweden). Isgpoj- 0.0016 mol/ml), phosphate buffer (20 mmol/L pH 7.3), crude
thiogalactopyranoside (IPTG):nitro-phenyl acetate (pNPC2) estergse (300 U/ml) anehc-2-octaol acetate_ (0.01v/v). The
and p-nitro-phenyl caprylate (pNPC8) were purchased fromreaction was stopped when the color of reaction system changed

Sigma. Theac-2-octanol acetate was synthesized by our lab. to yellow. The wells were selected based on the color change
from blue to yellow in 24 h.

2.2. Construction of the error-prone PCR mutant library
2.6. Enzyme assay

The gene APE1547 with lipase motif was chosen from the
genome ofA. pernix K1. The mutant library was obtained ~ The esterase from the positive variants was purified By-Ni
by epPCR. The epPCR was performed using upper primefolumn pre-equilibrated with charge buffer (100 um NiSAH
CTTACGAGTATCTCATATGCGCATTATAATGCCTGT (Nde  8-0)- The fractions were collected and the esterase activity was
| cutting site as underlined), lower primer: TTGGAGGCCCC- analyzed. The time course of the esterase-catalyzed hydrolysis
TCCCGGCGGTGGATCCTATCTCCT (Bam HI cutting site of pPNPC8 or pNPC2 was followed by monitoring the produc-
as underlined), 0.2 mM dNTP, Taq DNA polymerase and MgCl tion of p-nitrophenyl at 405 nm in 1 cm path-length cells with a
The mutational rate was controlled by different concentration oflouble-beam HTACHI 557 ultraviolet-visible spectrophotome-
MgCl,. The epPCR program was 3 min at @, followed by ter equipped with atemperature controller. The substrate pNPC8
35 cycles of 1 min at 94C, 2 min at 48C, 3min at 72C, and  Of pNPC2 was dissolved in 10 mM acetonitfi®. For the stan-
finished by 10 min at 72C. The purification of the PCR product dardassay, 20 ul of 10 mM pNPC8 or pNPC2 solution was added
was inserted in pET 15b. The pET 15b was transformef. to 0 50 mM phosphate buffer (pH 8.0) in the reaction system incu-
coli BL21 codon-plus (DE3}2]. bated at 50 and 7QC, respectively.

2.3. Initially screening system and expression of positive 2.7. Gas chromatography (GC)

variants esterase . . .
Enzymatic hydrolysis ofac-2-octanol acetate was monitored

We used minimal media agar plate to screen the mutaby GC. The reaction system was comprised of phosphate buffer
tion library. The agar plate was supplemented with ampicillinsolution (20 mM, pH 8.0); substrate (0.01 w/v) and the enzyme
(100 ug/ml), 0.1% (w/v) 2-octanol acetate, and had no the othegolution (300 U/ml). The conversion rate of substrate hydrolysis
carbon source. The agar plates were incubated &E37 was determined by GC after 40 h. Shimadzu gas chromatograph

A single-mutant (positive clone) was selected from the agafGC-14B) with a flame ionization detector at temperature pro-
plate and inoculated to 96-well (A) plate. Positive clones weregdramming between 110 and 210 was used to determine the
grown in 2YT medium (1% yeast extract, 1.6% tryptone, andconcentration of 2-octandb]. (S)-2-octanol or g)-2-octanol
0.5% NaCl) containing ampicillin (100 ug/ml). After the 96- Was derived fromR (+)-1-phenylethyl isocyanate. The deriva-
well (A) plate was incubated with shaking at3Z until thedggy  tions were determined by gas chromatography after three hours
reached 0.6-1.0, we transferred the single-mutant to another 96519 1). The distinction of? from S enantiomers was achieved
well (B) plate used for obtaining the crude esterase. The 96-weWith temperature programming between 110 and“Z22The
(A) plate was stored at20°C, after adding 50% glycerol. The €nantiomeric excess was determined by calculating the peak
96-well (B) plate was incubated with shaking at&7until the ~ areas of two derivatives. The temperatures of the injector and
Agoo reached 0.6-1.0, the induction was carried out by addinghe detector were 200 and 290, respectively. Nitrogen was
IPTG at a final concentration of 1 mM and shaking for 4h at

37°C. The induced cells were collected by centrifugation and R (]3H3 F‘i1 |‘4 (|3H3
stored at-20°C. H—(]D*—OH + H—CZN=C=0 — H—CF—OOC*N*CLH
Ro F12

2.4. Purification of positive variants esterase

The positive variants esterase cells were frozen and melter g A (R.R)-
three times, each time for 30 min. After the cells were mixed < (5.A)-
with 50 mM Tris—HCI buffer (pH 8.0),the cell suspension wasrig. 1. (s)-2-octanol or §)-2-octanol was derived from (+)-1-phenylethyl
centrifuged at 3000 rpm for 20 min. The supernatant was heatasbcyanate.
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used as the carrier gas at a flow rate of 60 ml/min. The enanticzonnecting the mutant genes were transferred into the host
selectivity of hydrolysis ofac-2-octanol acetate was calculated E. coli BL21 Codon-Plus (DE3) and incubated overnight in
using the method of Chen et al. witFee/(eg+egq) and  minimal media agar plates withzc-2-octanol acetate as the

E=[In[1—c(1+eg))/[In[1 —]](1 —eq)] [7]. only carbon source. The bacteria without genes of hyperther-
mophilis esterase could not grow on this plate. The WT colonies
2.8. Circular dichroism grow slower and smaller than the mutants on the plate. The

mutants, with improved ability to metabolizeic-2-octanol

The circular dichroism (CD) spectra of APE1547 and TBC26;cetate, form bigger and faster growing colonies were pref-
were measured by Jasco-810 spectropolarimeter (Japan). TBgentially selected. The colony diameter of a positive mutant
enzyme (0.1 mg/ml) was incubated in phosphate buffer (20 mMis more than 1 mm. When the mutant library was incubated
pH 8.0). CD measurement (200-300 nm) was done @€30ith  overnight in 2YT agar plates; there were about 5000 colonies
a slit width of 1 nm. The kinetic process of ellipticity of the perplate. When the same mutant library was incubated overnight
enzyme at 208 nm was recorded from 20 to'8Qusing a solu-  jn minimal media agar plates wittuc-2-octanol acetate as the
tion containing protein (0.1 mg/ml) in phosphate buffer (20 MM, only carbon source, there were only about 190 colonies per

pH 8.0). The cell path length was 0.5 mm. plate. This screening method increased the work efficiency about
26 folds.
2.9. Fluorescence spectroscopy Further selection was done by using pH indicator (BTB),

| ded according to the color change of the concentration of [Hi]
Fluorescence spectra was recorded on a RF-5301Pc Spgge oqction proces8,9]. The enantioselectivity of hydroly-

trofluorophotometer. The purified enzyme (0.1 mg/ml) was incus- is was to compare the reactivity (in this case color change)

bated in phosphate buffer (20mM, pH 8.0) in a sealed optic f an enantiomer to the racemic mixture and thus estimate its

cell for 20 min. Intrinsic fluorescence spectra of the recomb"enantioselectivity. For example, if the color of the racemic mix-

nant enzyme at 300-400 nm were obtained with an excitatiog . changed much faster than that of ti-isomer, it was

wavelength of 280 nm at 5T. attributed to the faster hydrolysis of th&){isomer present in
' the racemic mixture, meaning the mutation was in favosyf (
2.10. Molecular modeling isomer. During in the reaction process, the color of the reaction

system changed from blue to yellow.

All computations were performed with Insightll package, — Thirty-five variants with increasing enantioselectivity and
version 2000 (Accelrys, San Diego, CA). The BIOPOLYMER activity for 2-octanol acetate were obtained by this screen-
module was used to create substrate molecular structures, eneigy (agar and pH indicator) methods. The enantioselectivity of
minimizations were performed with the DISCOVER module esterase variant which hydrolyzed 2-octanol acetate was mea-
using the consistent valence force field. The A.8+ystallo-  gyred by GC Fig. 2. We selected one of the best variant
graphic structure of APE1547 was used for the starting coordirrgc26) from mutant library. When TBC26 was with WT by
nates for calculations (Protein Data Bank, Brookhaven Nationadequences analysis, it was found that it contained five amino
Laboratory, code 1VE6 [PDB]). Hydrogen atoms were addedhcid changes, namely: R11G, L36P, V223A, 15511 and A564T.
at the normal ionization state of the amino acids at pH 7.0.
The atomic potentials were fixed according to the consistent
valence force field atom types recommended by the manufac- &
ture. Substrates were manually docked into the binding site of
the enzymes, and was orientated with the oxyanion towards the (%)
oxyanion hole residues and the protonatgefHisact embed- °T @ TBC11
ded between the Qand the QsterOf the substrate. Residues
contained in a simulation area within A5from atom of N ry .
of Hisact were allowed to move with the remainder of the pro- Lt d b
tein being fixed. A layer of B of explicit water was added to
the surface of the assembly, and a nonbonded cutoff & 20
was fixed to reduce the time of calculation. Each structure was v 4t g . ., +
energy-minimized by applying 100 steps of steepest descents ,
followed by a conjugateagradient minimization until conver- i*) *
gence of 0.001 kcal mol A~ WT

E value
*
*

3. Results and discussion

3.1. Construction and screening of the mutant library 0 10 20 30 40
Mutant number

The mutant library of the hyperthermophilic esterase fromgig 2. mutations were selected from mutant librac:  TBC26 (R11G, L36P,
A. pernix K1 was constructed by ep-PCR. The vector pET15bv223A, I1551L and A564T) and TBC11 (V1M, 120L, S42N, VO2M).
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Fig. 3. Effect of temperature on activity of WT and TBC26. ) )
Fig. 4. Time course of hydrolyzeghc-2-octaol acetate at €. TBC26: @)

e, (#) conversion; WT: () e, (¢) conversion. All assays were performed
At 70°C, the esterase activity of the TBC26 was 45% higheithree times and average values were taken.

than that of WT Fig. 3). The expression amount of TBC26 was

o i
84% higher than that of WT. 8-23) extends from thp -propeller domain and forms part of

the hydrolase domaji0]. The N-terminal was important for the
catalytic activity. It connected with C-terminal structure region.
) o . _ If the N-terminal 1-22 amino acid were deleted, the stability
The enantioselectivities of TBC26 and WT in the hydrolysis ¢ enzyme reduced and conformational flexibility of enzyme
2-octanol acetate were detected at60The conversion ratios increased11].

and eg of TBC26 were showed iRig. 4 TheE-value of TBC26 Comparing the selectivity of WT and TBC26, it showed that

and WT hydrolyzed 2-octanol acetate were in favor of 8)e ( {he£-value of TBC 26 was enhanced. The mutant site R11G was
enantiomer. The-value of TBC26 was 2.6-fold that of WT. |qcated within the N-terminal 1-22 amino acid residues. The

WT showed low enantioselectivity in favor of th€{enanomer Arg11 and Asp15 formed a hydrogen bond by the software of

at50°C. SPDBV. For the Gly substituted the Arg, the hydrogen bond was
eliminated Fig. 5. These affected the enzymic configuration
3.3. Relationship between mutant site and E-value and changed enantioselectivji2,15]
If the 1-320 residues of WT were chopped off, the remaining
According to the crystal structure, WT was composed ofsegment would lose activifyL 1]. The sites L36P,V223A of the
two domains, th@-propeller of N-terminal and/g hydrolyase = mutant TBC26 were located in this section. The enantiosecletiv-
region at C-terminal. A shout-helix at the N-terminal (residues ity of the mutant TBC26 had changed. The substitute might have

3.2. Determination of enantioselectivity

Arg11

Asp15

Aspi5

(A) (B)

Fig. 5. (A) Crystal structure of WT showed the hydrogen bond between Argll and Aspl5. (B) Crystal structure of TBC26 showed the hydrogen bond betwe
Gly11 and Asp15.
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Fig. 6. After docking the substrate into the active site of the esteé&sectanol acetate and the Ser-445 formed a hydrogen bond-8nattanol acetate and the
Ser-445 did not form a hydrogen bond.
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Fig. 7. Chemical mechanism of APE1547 analysis ester.

resulted in the change of tigepropeller and micro-environment mutant distance.

in the catalytic reaction, and the Pro might cauBesheet stop. It has been reported that the mutations far from the active
These changes were likely to affect the enantiosecletivity of theite of enzyme might affect the enzymatic enantioselectivity
enzyme. [1,14,13]

It has been shown that Ser-445, Asp-524 and His-556 were
located in the active site of WT and were required for the enzyme.4. Relationship of the structure and enantioselectivity
activity [10]. We had docked the substrate into the active site of
the esterase. The s-substrate and the Ser-445 formed a hydro-The E-value of TBC26 increased to 2.6-fold compared with
gen bond and the r-substrate could not form the hydrogen bortthat of WT. Furthermore, the structural changes of enzyme were
(Fig. 6). This accorded chemical mechanism of APE1547 analdetected by CD and fluorescence. We monitored WT and TBC26
ysis against esteF(g. 7). The conformation of enzyme was in before addingac-2-octanol acetate by fluorescence spectra at
favor of (§)-substrate. 50°C. In the reaction system, thianax of fluorescence was
The mutant TBC26 of active sites was unchanged by deteat 348 nm before adding substrate. The intrinsic fluorophores
tion sequence. The 1551 of WT stood at 8.93, 7.12 andA 2 intensity of the TBC26 was higher than WT. The fluorescence
the active sites 556, 445 and substrate, respectively. Similarlyntensity of the TBC26 at 348 and 303nm was significantly
A564 was located at 9.49 and 7.&7o the active site 556 and higher than that of WT at 50C. These results suggested that
substrate. After mutation the L551 of TBC26 stood at 6.71, 6.6The enzymatic enantioselectivity was relative to the intrinsic flu-
and 7.84A to the active sites 556, 445 and substrate, respectivelyrescence value. The tryptophan and tyrosine residues led to
Similarly, T564 was located at 9.38 and 688 the active site  the intrinsic fluorescence value. The hyperthermophilic esterase
556 and substraté-{g. 8). From these results, we deduced that(WT) and mutant (TBC26) have the same tryptophan and tyro-
the increment of enantioselectivity resulted from the shorten o$ine residuef®]. One of the possible reasons was that the change
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TBC26 APE1547

Fig. 8. The structure of WT contains three active sites (Ser-445, Asp-524 and His-556). The I551L and A564T amino acids are mutant residuedtrstanesd t
distance of the I551L and A564T from active site and substrate, respectively.
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