
Journal of Molecular Catalysis B: Enzymatic 38 (2006) 148–153

Study on the relationship between structure and enantioselectivity
of a hyperthermophilic esterase from archaeon

Aeropyrum pernix K1

Guirong Zhanga,b, Renjun Gaoa, Liangyu Zhenga, Aijun Zhanga, Yuanhong Wanga,c,
Qiuyan Wanga, Yan Fenga, Shugui Caoa,∗

a Key Laboratory for Molecular Enzymology and Engineering of Ministry of Education,
Jilin University, Changchun 130023, PR China

b Changchun Institute of Education, Changchun 130061, PR China
c Northeast Normal University, Changchun 130021, PR China

Received 18 August 2005; received in revised form 20 October 2005; accepted 10 November 2005
Available online 30 January 2006

A

ch
i selectivity
o P, V223A,
I onsideri
t gest that the
c
©

K

1

h
e
m
s
t
e
t
n

p

T

0
ose-
ons

ctiv-
e
trate.
ot
(WT),
ajor

ethod
ot be
e

ated
is
ence

f cat-

1
d

bstract

To enhance the enantioselectivity of a hyperthermophilic esterase from archaeonAeropyrum pernix K1 (APE1547), a directed evolution approa
s employed to generate mutant library from the native enzyme. A mutation (TBC26) is identified after one round of epPCR. The enantio
f TBC26 is increased up to 2.6-fold compared to that of wild type enzyme. TBC26 contains five amino acid substitutions (R11G, L36

551L, A564T). The five mutation sites are spatially distant to the catalytic center. According to the published crystal structure of WT and cng
he changes of secondary and tertiary structure, here we try to explain the change of enantioselectivity of the TBC26. The results sug
hange 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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. Introduction

Enantioselective enzymes, especially for those that catalyze
ydrolysis reaction, are useful catalysts in production of pure
nantiomers for pharmaceutical, agrochemical and bioactive
aterials[1]. Esterases are among the group of enzymes con-

idered as potential catalysts in industrial process. Their enan-
ioselectivity is one of the most important characteristics. With
xpanding applications of esterase in stereo-specific hydrolysis,
ransesterfication, and ester syntheses, its application in biotech-
ology is increasing rapidly.

Hyperthermophilic esterase from archaeonAeropyrum
ernix K1 has been shown to be one of the most ther-

Abbreviations: BTB, bromothymol blue; APE1547, WT; Mutant enzyme,
BC26; epPCR, error-prone polymerase chain reaction
∗ Corresponding author. Tel.: +86 431 8924281; fax: +86 431 8987975.
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mostable esterase. Their activity is in the range of 50–9◦C
[2]. The hyperthermophilic esterase with high enanti
lectivity is more desirable for wide range of applicati
[3].

Directed evolution has been used to improve enantiosele
ity for many enzymes[4]. In this study, therac-2-octanol acetat
which was a byproduct in our work was used as a subs
In order to resolve therac-2-octanol acetate, which was n
accepted as substrate by the hyperthermophilic esterase
a directed evolution of this esterase was performed. A m
obstacle for this approach was lack of sensitive selection m
because the hydrolysis reaction of this substrate could n
easily detected. The hydrolytic reaction ofrac-2-octanol acetat
was therefore monitored by pH indicator[5]. A mutant with
higher enantioselectivity was selected from library of mut
enzymes. The relationship betweenE-value and structure of th
enzyme was detected by Circular dichroism and Fluoresc
spectroscopy. These results might facilitate further study o
alytic mechanism.

381-1177/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Materials

Escherichia coli BL21 Codon-Plus (DE3) and vector pET15b
were obtained from Novagen (Madison, WI). Taq DNA poly-
merase was purchased from New England Biolabs. Restric-
tion enzymes were purchased from Promega and Toyobo
(Osaka, Japan), ultrapure deoxynucleotide solution (dNTPs)
was purchased from Pharmacia Biotech (Sweden). Isopryl-�-d-
thiogalactopyranoside (IPTG),p-nitro-phenyl acetate (pNPC2)
and p-nitro-phenyl caprylate (pNPC8) were purchased from
Sigma. Therac-2-octanol acetate was synthesized by our lab.

2.2. Construction of the error-prone PCR mutant library

The gene APE1547 with lipase motif was chosen from the
genome ofA. pernix K1. The mutant library was obtained
by epPCR. The epPCR was performed using upper primer:
CTTACGAGTATCTCATATGCGCATTATAATGCCTGT (Nde
I cutting site as underlined), lower primer: TTGGAGGCCCC-
TCCCGGCGGTGGATCCCTATCTCCT (Bam HI cutting site
as underlined), 0.2 mM dNTP, Taq DNA polymerase and MgCl2.
The mutational rate was controlled by different concentration of
MgCl2. The epPCR program was 3 min at 94◦C, followed by
35 cycles of 1 min at 94◦C, 2 min at 48◦C, 3min at 72◦C, and
fi ct
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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
extracted.

2.5. Screening enantioselectivity of the variants library by
PH-indicator

We used 96-well and pH-indicator (BTB) to screen the
variants library. The reaction system includes pH-indicator
(0.0016 mol/ml), phosphate buffer (20 mmol/L pH 7.3), crude
esterase (300 U/ml) andrac-2-octaol acetate (0.01 v/v). The
reaction was stopped when the color of reaction system changed
to yellow. The wells were selected based on the color change
from blue to yellow in 24 h.

2.6. Enzyme assay

The esterase from the positive variants was purified by Ni2+-
column pre-equilibrated with charge buffer (100 um NiSO4, pH
8.0). The fractions were collected and the esterase activity was
analyzed. The time course of the esterase-catalyzed hydrolysis
of pNPC8 or pNPC2 was followed by monitoring the produc-
tion of p-nitrophenyl at 405 nm in 1 cm path-length cells with a
double-beam HTACHI 557 ultraviolet–visible spectrophotome-
ter equipped with a temperature controller. The substrate pNPC8
or pNPC2 was dissolved in 10 mM acetonitrile[2]. For the stan-
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nished by 10 min at 72◦C. The purification of the PCR produ
as inserted in pET 15b. The pET 15b was transformedE.

oli BL21 codon-plus (DE3)[2].

.3. Initially screening system and expression of positive
ariants esterase

We used minimal media agar plate to screen the m
ion library. The agar plate was supplemented with ampic
100 ug/ml), 0.1% (w/v) 2-octanol acetate, and had no the
arbon source. The agar plates were incubated at 37◦C.

A single-mutant (positive clone) was selected from the
late and inoculated to 96-well (A) plate. Positive clones w
rown in 2YT medium (1% yeast extract, 1.6% tryptone,
.5% NaCl) containing ampicillin (100 ug/ml). After the 9
ell (A) plate was incubated with shaking at 37◦C until theA600

eached 0.6–1.0, we transferred the single-mutant to anoth
ell (B) plate used for obtaining the crude esterase. The 96

A) plate was stored at−20◦C, after adding 50% glycerol. Th
6-well (B) plate was incubated with shaking at 37◦C until the
600 reached 0.6–1.0, the induction was carried out by ad

PTG at a final concentration of 1 mM and shaking for 4
7◦C. The induced cells were collected by centrifugation
tored at−20◦C.

.4. Purification of positive variants esterase

The positive variants esterase cells were frozen and m
hree times, each time for 30 min. After the cells were m
ith 50 mM Tris–HCl buffer (pH 8.0),the cell suspension w
entrifuged at 3000 rpm for 20 min. The supernatant was h
-

r
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ard assay, 20 ul of 10 mM pNPC8 or pNPC2 solution was a
o 50 mM phosphate buffer (pH 8.0) in the reaction system i
ated at 50 and 70◦C, respectively.

.7. Gas chromatography (GC)

Enzymatic hydrolysis ofrac-2-octanol acetate was monitor
y GC. The reaction system was comprised of phosphate b
olution (20 mM, pH 8.0); substrate (0.01 w/v) and the enz
olution (300 U/ml). The conversion rate of substrate hydro
as determined by GC after 40 h. Shimadzu gas chromato

GC-14B) with a flame ionization detector at temperature
ramming between 110 and 210◦C was used to determine t
oncentration of 2-octanol[6]. (S)-2-octanol or (R)-2-octano
as derived fromR (+)-1-phenylethyl isocyanate. The deriv

ions were determined by gas chromatography after three
Fig. 1). The distinction ofR from S enantiomers was achiev
ith temperature programming between 110 and 222◦C. The
nantiomeric excess was determined by calculating the
reas of two derivatives. The temperatures of the injecto

he detector were 200 and 290◦C, respectively. Nitrogen wa

ig. 1. (S)-2-octanol or (R)-2-octanol was derived fromR (+)-1-phenylethy
socyanate.
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used as the carrier gas at a flow rate of 60 ml/min. The enantio-
selectivity of hydrolysis ofrac-2-octanol acetate was calculated
using the method of Chen et al. withc = ees/(ees + eep) and
E = [ln [1 − c(1 + eep)]/[ln [1 − c]](1 − eep)] [7].

2.8. Circular dichroism

The circular dichroism (CD) spectra of APE1547 and TBC26
were measured by Jasco-810 spectropolarimeter (Japan). The
enzyme (0.1 mg/ml) was incubated in phosphate buffer (20 mM,
pH 8.0). CD measurement (200–300 nm) was done at 50◦C with
a slit width of 1 nm. The kinetic process of ellipticity of the
enzyme at 208 nm was recorded from 20 to 80◦C, using a solu-
tion containing protein (0.1 mg/ml) in phosphate buffer (20 mM,
pH 8.0). The cell path length was 0.5 mm.

2.9. Fluorescence spectroscopy

Fluorescence spectra was recorded on a RF-5301Pc spec-
trofluorophotometer. The purified enzyme (0.1 mg/ml) was incu-
bated in phosphate buffer (20 mM, pH 8.0) in a sealed optical
cell for 20 min. Intrinsic fluorescence spectra of the recombi-
nant enzyme at 300–400 nm were obtained with an excitation
wavelength of 280 nm at 50◦C.

2.10. Molecular modeling
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connecting the mutant genes were transferred into the host
E. coli BL21 Codon-Plus (DE3) and incubated overnight in
minimal media agar plates withrac-2-octanol acetate as the
only carbon source. The bacteria without genes of hyperther-
mophilis esterase could not grow on this plate. The WT colonies
grow slower and smaller than the mutants on the plate. The
mutants, with improved ability to metabolizerac-2-octanol
acetate, form bigger and faster growing colonies were pref-
erentially selected. The colony diameter of a positive mutant
is more than 1 mm. When the mutant library was incubated
overnight in 2YT agar plates; there were about 5000 colonies
per plate. When the same mutant library was incubated overnight
in minimal media agar plates withrac-2-octanol acetate as the
only carbon source, there were only about 190 colonies per
plate. This screening method increased the work efficiency about
26 folds.

Further selection was done by using pH indicator (BTB),
according to the color change of the concentration of [H]+ in
the reaction process[8,9]. The enantioselectivity of hydroly-
sis was to compare the reactivity (in this case color change)
of an enantiomer to the racemic mixture and thus estimate its
enantioselectivity. For example, if the color of the racemic mix-
ture changed much faster than that of the (R)-isomer, it was
attributed to the faster hydrolysis of the (S)-isomer present in
the racemic mixture, meaning the mutation was in favor of (S)-
isomer. During in the reaction process, the color of the reaction
s
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a een-
i ty of
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All computations were performed with InsightII packa
ersion 2000 (Accelrys, San Diego, CA). The BIOPOLYM
odule was used to create substrate molecular structures, e
inimizations were performed with the DISCOVER mod
sing the consistent valence force field. The 1.8-Å crystallo-
raphic structure of APE1547 was used for the starting co
ates for calculations (Protein Data Bank, Brookhaven Nat
aboratory, code 1VE6 [PDB]). Hydrogen atoms were ad
t the normal ionization state of the amino acids at pH
he atomic potentials were fixed according to the consi
alence force field atom types recommended by the man
ure. Substrates were manually docked into the binding s
he enzymes, and was orientated with the oxyanion toward
xyanion hole residues and the protonated N� of Hisact embed
ed between the O� and the Oester of the substrate. Residu
ontained in a simulation area within 15Å from atom of N�

f Hisact were allowed to move with the remainder of the p
ein being fixed. A layer of 5̊A of explicit water was added
he surface of the assembly, and a nonbonded cutoff of̊A
as fixed to reduce the time of calculation. Each structure
nergy-minimized by applying 100 steps of steepest des

ollowed by a conjugate gradient minimization until conv
ence of 0.001 kcal mol−1 Å−1.

. Results and discussion

.1. Construction and screening of the mutant library

The mutant library of the hyperthermophilic esterase f
. pernix K1 was constructed by ep-PCR. The vector pET
gy
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ystem changed from blue to yellow.
Thirty-five variants with increasing enantioselectivity a

ctivity for 2-octanol acetate were obtained by this scr
ng (agar and pH indicator) methods. The enantioselectivi
sterase variant which hydrolyzed 2-octanol acetate was
ured by GC (Fig. 2). We selected one of the best vari
TBC26) from mutant library. When TBC26 was with WT
equences analysis, it was found that it contained five a
cid changes, namely: R11G, L36P, V223A, I551L and A5

ig. 2. Mutations were selected from mutant library. () TBC26 (R11G, L36P
223A, I551L and A564T) and TBC11 (V1M, I20L, S42N, V92M).
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Fig. 3. Effect of temperature on activity of WT and TBC26.

At 70◦C, the esterase activity of the TBC26 was 45% higher
than that of WT (Fig. 3). The expression amount of TBC26 was
84% higher than that of WT.

3.2. Determination of enantioselectivity

The enantioselectivities of TBC26 and WT in the hydrolysis
2-octanol acetate were detected at 50◦C. The conversion ratios
and eep of TBC26 were showed inFig. 4. TheE-value of TBC26
and WT hydrolyzed 2-octanol acetate were in favor of the (S)-
enantiomer. TheE-value of TBC26 was 2.6-fold that of WT.
WT showed low enantioselectivity in favor of the (S)-enanomer
at 50◦C.

3.3. Relationship between mutant site and E-value

According to the crystal structure, WT was composed of
two domains, the�-propeller of N-terminal and�/� hydrolyase
region at C-terminal. A short�-helix at the N-terminal (residues

Fig. 4. Time course of hydrolyzedrac-2-octaol acetate at 50◦C. TBC26: (�)
eep, (�) conversion; WT: (©) eep, (♦) conversion. All assays were performed
three times and average values were taken.

8–23) extends from the� -propeller domain and forms part of
the hydrolase domain[10]. The N-terminal was important for the
catalytic activity. It connected with C-terminal structure region.
If the N-terminal 1–22 amino acid were deleted, the stability
of enzyme reduced and conformational flexibility of enzyme
increased[11].

Comparing the selectivity of WT and TBC26, it showed that
theE-value of TBC 26 was enhanced. The mutant site R11G was
located within the N-terminal 1–22 amino acid residues. The
Arg11 and Asp15 formed a hydrogen bond by the software of
SPDBV. For the Gly substituted the Arg, the hydrogen bond was
eliminated (Fig. 5). These affected the enzymic configuration
and changed enantioselectivity[12,15].

If the 1–320 residues of WT were chopped off, the remaining
segment would lose activity[11]. The sites L36P,V223A of the
mutant TBC26 were located in this section. The enantiosecletiv-
ity of the mutant TBC26 had changed. The substitute might have

F Arg1 nd between
G

ig. 5. (A) Crystal structure of WT showed the hydrogen bond between
ly11 and Asp15.
1 and Asp15. (B) Crystal structure of TBC26 showed the hydrogen bo



152 G. Zhang et al. / Journal of Molecular Catalysis B: Enzymatic 38 (2006) 148–153

Fig. 6. After docking the substrate into the active site of the esteraseS-2-octanol acetate and the Ser-445 formed a hydrogen bond, andR-2-octanol acetate and the
Ser-445 did not form a hydrogen bond.

Fig. 7. Chemical mechanism of APE1547 analysis ester.

resulted in the change of the�-propeller and micro-environment
in the catalytic reaction, and the Pro might caused�-sheet stop.
These changes were likely to affect the enantiosecletivity of the
enzyme.

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
activity [10]. We had docked the substrate into the active site of
the esterase. The s-substrate and the Ser-445 formed a hydro-
gen bond and the r-substrate could not form the hydrogen bond
(Fig. 6). This accorded chemical mechanism of APE1547 anal-
ysis against ester (Fig. 7). The conformation of enzyme was in
favor of (S)-substrate.

The mutant TBC26 of active sites was unchanged by detec-
tion sequence. The I551 of WT stood at 8.93, 7.12 and 9.12Å to
the active sites 556, 445 and substrate, respectively. Similarly,
A564 was located at 9.49 and 7.37Å to the active site 556 and
substrate. After mutation the L551 of TBC26 stood at 6.71, 6.67
and 7.84Å to the active sites 556, 445 and substrate, respectively.
Similarly, T564 was located at 9.38 and 6.88Å to the active site
556 and substrate (Fig. 8). From these results, we deduced that
the increment of enantioselectivity resulted from the shorten of

mutant distance.
It has been reported that the mutations far from the active

site of enzyme might affect the enzymatic enantioselectivity
[1,14,13].

3.4. Relationship of the structure and enantioselectivity

TheE-value of TBC26 increased to 2.6-fold compared with
that of WT. Furthermore, the structural changes of enzyme were
detected by CD and fluorescence. We monitored WT and TBC26
before addingrac-2-octanol acetate by fluorescence spectra at
50◦C. In the reaction system, theλmax of fluorescence was
at 348 nm before adding substrate. The intrinsic fluorophores
intensity of the TBC26 was higher than WT. The fluorescence
intensity of the TBC26 at 348 and 303 nm was significantly
higher than that of WT at 50◦C. These results suggested that
the enzymatic enantioselectivity was relative to the intrinsic flu-
orescence value. The tryptophan and tyrosine residues led to
the intrinsic fluorescence value. The hyperthermophilic esterase
(WT) and mutant (TBC26) have the same tryptophan and tyro-
sine residues[9]. One of the possible reasons was that the change
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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 residues. It showed the nearest
distance of the I551L and A564T from active site and substrate, respectively.

Table 1
The change ofE-value has a relationship with the content of�-helix, �-sheet,
�-turn and random

Esterase �-Helix �-Sheet �-Turn Random

Wild-type 23.4 30.5 12.4 33.7
TBC26 26.5 27.2 12.2 34.0

of amino effect on the enzymeatic polarity and the alteration of
the micro-environment of TBC26 caused the change of the enan-
tioselectivity.

The result obtained from CD spectra during heat treatment
showed a decrease in negative signals at wavelengths in the range
205 nm to 225 nm. The ellipticity of WT compared to TBC26 at
215 nm and 222 nm showed a remarkable decrease in negative
signals. TheE-value of TBC26 was 2.6-folds that of WT. Con-
cerning the changes of the ellipticties of those related to�-helix
and�-sheet (208, 215 and 222 nm), the data obtained suggest
that the protein configuration including the secondary structure
undergoes a structural rearrangement. These changes could be
the cause of TBC26 tendency in favor of (S)-2-octanol acetate.

The CD data were calculated using the Jasco-810 spectropo-
larimeter software. The date show that the change ofE-value is
related with the content of�-helix, �-sheet,�-turn and random
[10,15,16](Table 1).

The changes of the fluorescence and CD showed that the
tertiary structure of the enzymes (WT, TBC26) had significantly
changed, compared to the secondary[17].

Based on the above analysis, it suggests that theE-value of
the enzyme has relationship with conformational rigidity and
flexibility of enzyme. In addition, it is possible that the enantiose-
lectivity of the enzyme was correlated with microenvironment in
catalytic reaction[18] and the mutations far from the active site
may affect the enantioselectivity of enzyme. In summary, we had
o nce
b iose
l This
s ty.
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