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Abstract A codon-optimized 2-deoxyribose-5-phosphate

aldolase (DERA) gene was newly synthesized and

expressed in Escherichia coli to investigate its biochemical

properties and applications in synthesis of statin interme-

diates. The expressed DERA was purified and character-

ized using 2-deoxyribose-5-phosphate as the substrate. The

specific activity of recombinant DERA was 1.8 U/mg. The

optimum pH and temperature for DERA activity were pH

7.0 and 35 �C, respectively. The recombinant DERA was

stable at pH 4.0–7.0 and at temperatures below 50 �C. The

enzyme activity was inhibited by 1 mM of Ni2?, Ba2? and

Fe2?. The apparent Km and Vmax values of purified enzyme

for 2-deoxyribose-5-phosphate were 0.038 mM and

2.9 lmol min-1 mg-1, for 2-deoxyribose were 0.033 mM

and 2.59 lmol min-1 mg-1, respectively, which revealed

that the enzyme had similar catalytic efficiency towards

phosphorylated and non-phosphorylated substrates. To

synthesize statin intermediates, the bioconversion process

for production of (3R, 5S)-6-chloro-2,4,6-trideoxyhexose

from chloroacetaldehyde and acetaldehyde by the recom-

binant DERA was developed and a conversion of 94.4 %

was achieved. This recombinant DERA could be a

potential candidate for application in production of (3R,

5S)-6-chloro-2,4,6-trideoxyhexose.
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Introduction

Biocatalysts are playing an important role in the chemical

industry, especially in the production of chiral substances

because of their attractive features including regio-,

chemo-, and enantio-selectivity [30, 36]. The use of

aldolases to catalyze asymmetric synthesis of complex

carbohydrates is an area of great utility [4]. The enzyme,

2-deoxyribose-5-phosphate aldolase (DERA, EC 4.1.2.4),

belongs to the class I aldolases and catalyzes the reversible

aldol condensation reaction without any cofactors [28]. The

catalytic process of its natural substrates is shown in

Fig. 1a. The DERA is unique among aldolases for the

acceptance of two or three aldehydes in the sequential

reactions. Besides acetaldehyde, propanal, acetone and

fluoroacetone are also accepted as substrates [2, 11]. The

DERA has the ability to generate new chiral centers from

simple materials. By using chloroacetaldehyde and acet-

aldehyde as substrates, DERA catalyzes the sequential

aldol condensation that produces (3R, 5S)-6-chloro-2,4,6-

trideoxyhexose (Fig. 1b). The chiral products obtained are

important building blocks for the side chain of cholesterol-

lowering drugs, such as atorvastatin and rosuvastatin etc.,

which are inhibitors of the 3-hydroxy-3-methyglutaryl-

coenzyme A (HMG-CoA) reductase [5].

In the past few decades, a number of DERAs have been

reported and characterized from different microorganisms
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including Paenibacillus sp. EA001 [20], Hyperthermus

butylicus [42], Yersinia sp. EA015 [19], Pyrobaculum

aerophilum, Thermotoga maritime [34], Thermus thermo-

philus HB8 [27], Streptococcus mutans GS-5 [14],

Aeropyrum pernix [33], Thermococcus kodakaraensis

KOD1[31] and Escherichia coli K12 [16], and some of

their crystal structures also have been solved [16, 27, 33].

However, most of the wild type enzymes show low affinity

and stability to acetaldehyde, which limits their applica-

tions. To meet with the demands of industrial applications,

site-directed mutagenesis and directed evolution have been

employed to improve the properties of DERA [8, 18]. The

mutant enzyme S238D generated from E.coli DERA shows

a 2.5-fold improvement in activity against the wild-type

enzyme, and exhibits a larger substrate range [8, 24].

Isolation and identification of novel enzymes from the

metagenome have attracted much more attention in recent

years [10, 21]. A novel DERA has been identified from

environmental DNA libraries by using a high-throughput

screening method [13]. In addition, an aldolase-catalyzed

process for enantioselective synthesis of (3R, 5S)-6-chloro-

2,4,6-trideoxyhexose utilizing this enzyme has been con-

structed [13]. However, the biochemical properties and

three-dimensional (3D) structure of this DERA have not

been reported. To elaborate the biochemical properties of

this enzyme for the purpose of further understanding its

functions in the aldol reaction, the DERA gene was syn-

thesized after codons optimization and then successfully

expressed in E. coli BL21 (DE3). After purification using

nickel column, the catalytic properties of the recombinant

DERA and its applications for synthesis of statin inter-

mediates were investigated.

Materials and methods

Bacterial strain, plasmid and growth conditions

E. coli BL21 (DE3) and plasmid pET-28b were used for

overexpression of the recombinant protein. Cells were

grown in standard Luria–Bertani (LB) medium composed

of (g/L): yeast extract (5), peptone (10) and NaCl (10) [35].

If necessary, kanamycin (Kan) with a concentration of

50 lg/mL was supplemented into the medium. Incubations

were carried out at 37 �C on a rotary shaker at 150 rpm.

Synthesis and cloning of DERA gene

The amino acid sequence of DERA was obtained from the

previous report [13]. The nucleotide sequence encoding

this enzyme was optimized for improved expression in

E. coli by software [40]. To purify the protein, we intro-

duced a 6 9 his-tag into the C-terminus of the enzyme.

The optimized nucleotide sequence was deposited in the

GenBank database under accession number JX124232. The

complete sequence was synthesized by the PCR assembly

Fig. 1 Aldol-reactions

catalyzed by DERA. a the

reversible aldol condensation

reaction between acetaldehyde,

D-glyceraldehyde-3-phosphate

and 2-deoxyribose-5-phosphate,

and the steps that correspond

to the coupled assay:

D-glyceraldehyde-3-phosphate

is converted into

dihydroxyacetone phosphate by

TPI, and then converted into

glycerol-3-phosphate by GDP;

b sequential aldol condensations

of synthesis of (3R, 5S)-

6-substituted-2, 4,

6-trideoxyhexose
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method [32], and cloned into the pET-28b vector. Subse-

quently, the recombinant plasmid, designated pET-28b-

DERA, was transformed into E. coli BL21 (DE3) competent

cells using the heatshock method [3].

Expression and purification of recombinant DERA

E. coli BL21 (DE3) harboring the plasmid pET-28b-DERA

were cultivated in LB medium with Kan at 37 �C on a

rotary shaker (150 rpm). The expression of DERA was

induced when the optical density reached 0.6–0.8 at 600 nm

by the addition of isopropyl b-D-1-thiogalactopyranoside

(IPTG) to a final concentration of 0.1 mM for 8 h at 28 �C.

Cells were collected by centrifugation at 4 �C, 8,0009g for

10 min, subsequently washed with 50 mM phosphate buf-

fer (pH 7.4) twice, and then stored at -80 �C.

The purification procedure was performed on the

ÄKTATM explorer system (Amersham Biosciences Corp.,

Uppsala, Sweden) with a 16 mmD/100 mmL POROS MC

20 lm column (Applied Biosystems Co., USA). The cell

pellet was solubilized in 50 mM NaH2PO4 buffer with

0.5 mM imidazole (pH 8.0), then disrupted by sonication

for a period of 10 min on ice. After centrifuging at 4 �C,

16,0009g for 20 min, the supernatant was filtered by a

0.45 lm filter, and loaded onto the column (chelated with

Ni2?). Approximately two column volumes (CVs) of

50 mM NaH2PO4 buffer containing 50 mM imidazole and

500 mM NaCl were run to wash out any proteins that were

bound nonspecifically to the column [25]. The recombinant

DERA was eluted with a linear gradient of 50–500 mM

imidazole in 50 mM phosphate buffer (pH 8.0) containing

500 mM NaCl. The samples were dialyzed overnight

against deionized water and then freeze-dried. The purified

recombinant protein was analyzed by sodium dodecyl

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)

[22].

SDS-PAGE electrophoresis

The purity and molecular mass of the recombinant DERA

were determined by SDS-PAGE. The SDS-PAGE was

performed on a 5 % (w/v) acrylamide stacking gel and

12 % (w/v) separating gel using a Mini-gel system (Bio-

Rad) as described by Laemmli [22]. The gels were cast

with 0.75 mm spacers (Bio-Rad). The samples were mixed

with an equal volume of 2 9 loading buffer and heated at

100 �C for 10 min before electrophoresis. The gels were

stained with dye solution (0.1 % Coomassie brilliant blue

R-250 in 45 % ethanol and 10 % acetic acid) and destained

with solution containing 10 % ethanol and 10 % acetic

acid. A wide molecular range (10–170 kDa) protein stan-

dard (Fermentas International Inc., Shenzhen, China) was

used as molecular mass marker.

Enzyme activity and protein concentration

The DERA activity was determined by a coupled enzy-

matic system which contained 20 mM Na2HPO4-citric acid

buffer (pH 7.0), 1 mM substrate (2-deoxyribose-5-phos-

phate (DRP) or 2-deoxyribose (DR)), 0.5 mM NADH, 6 U

triose-phosphate isomerase (EC 5.3.1.1, TPI), 2 U glycer-

ophosphate dehydrogenase (EC 1.1.1.8, GDP) and 10 lL

diluted DERA in a 200 lL total volume. The reaction was

carried out at 35 �C for 30 min. In this reaction DRP is

converted into glycerol-3-phosphate by DERA, TPI and

GDP (Fig. 1a). The decrease in absorbance due to the

consumption of NADH was measured at 340 nm using a

universal microplate spectrophotometer (Spectramax

plus,Molecular Devices, USA). The consumption of one

molecule of NADH was corresponded to the decomposi-

tion of one molecule of DRP. One enzyme unit (U) is

defined as the amount of enzyme catalyzing the cleavage of

1 lmol of substrate per minute under the assay conditions.

All activity measurements were performed in triplicate.

The protein concentration was quantified by using the

bicinchoninic acid (BCA) protein assay kit (Nanjing Key-

gen Biotechnology Co., China) based on the reported

method [38]. The assay was carried out according to the

manufacturer’s instructions.

Effects of pH and temperature on activities

and stabilities of DERA

The effects of pH on DERA activities were measured using

DRP as substrate in the pH range of 3.0–11.0. The reac-

tions at each pH were conducted at 28 �C and the relative

activities were tested. The following buffers were used

with a concentration of 20 mM: Citric acid-sodium citrate

buffer (pH 3.0–5.0), Na2HPO4-citric acid buffer (pH

5.0–7.0), Tris–HCl buffer (pH 7.0–9.0) and K2HPO4–KOH

buffer (pH 9.0–11.0). The pH stabilities of DERA were

examined by incubating the enzyme at 25 �C in buffers at

pH values ranging from 3.0–10.0 for 5 h. The residual

activities were determined under the standard conditions as

described above. The non-incubated enzyme was taken as a

control.

The effects of temperature on DERA activities were

investigated from 20 to 60 �C. The reactions were carried

out at various temperatures in 200 lL solution containing

Na2HPO4-citric acid buffer (20 mM, pH 7.0), 1 mM of DRP

and diluted DERA. After 30 min DERA was removed by

centrifugation using a centrifugal filter device (Millipore,

USA). Then the coupled enzymatic reaction was carried out

by adding NADH, TPI and GDP at 35 �C. The thermal

stabilities were measured by incubating the enzyme at

temperatures ranging from 20 to 70 �C for 10 min and the

remaining activities were determined under the standard
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conditions as described above. The non-incubated enzyme

was taken as a control.

Circular dichorism (CD) spectroscopy

CD analysis was performed using a JASCO J-815 Spec-

tropolarimeter (Jasco Inc., Japan) and quartz suprasil cuv-

ettes of 10 mm path length. The DERA was analyzed at a

concentration of 0.1 mg/mL in 20 mM Tris–HCl (pH 8.0).

The spectra for DERA were collected in triplicate at

wavelengths from 190 to 300 nm with a scan speed of

20 nm/min. Spectra manager 228 software was used for

data acquisition.

Effects of metal ions on enzyme activities

The effects of metal ions on enzyme activities were studied

by pre-incubating the enzyme with different metal ions

including Ag?, Li?, Cu2?, Ni2?, Mn2?, Ca2?, Mg2?,

Zn2?, Ba2?, Co2? and Fe2? with a final concentration of

1 mM at 25 �C for 30 min. The residual activities were

measured under the standard conditions using DRP as the

substrate. The activity in the absence of metal ions was

recorded as 100 %.

Kinetic analysis

Kinetic parameters were calculated from the initial rates of

reactions catalyzed by the purified enzymes under standard

assay conditions. The DRP and DR were used as substrates

with concentrations ranging from 0.01 to 1 mM. The initial

rates obtained were fitted to the equation: V = Vmax�[S]/

(Km ? [S]), where Vmax is the maximum rate, [S] is the

substrate concentration, and Km is the Michaelis constant.

Application of the recombinant DERA in synthesis

of statin intermediates

Biotransformation was performed at 35 �C using the

purified DERA in a 50-mL conical flask. The reaction

mixture consisted of 25 mg of DERA, 10 mL of 100 mM

Na2HPO4-citric acid buffer (pH 7.0), 240 mM acetalde-

hyde or 80 mM chloroacetaldehyde and 160 mM acetal-

dehyde as substrates. Samples were withdrawn at regular

intervals, and measured by gas chromatography (Agilent

7890A system) equipped with a flame ionization detector

and a HP-5 capillary column (30 m 9 0.32 mm, 0.25 lm

film thickness, 5 % Phenyl/95 % dimethylpolysiloxane).

Nitrogen was used as carrier gas at a flow rate of 1.0 mL/

min. The column temperature was held for 4 min at 80 �C,

elevated at 20 �C/min to 220 �C, and held for 4 min at

220 �C. Temperatures of both inlet and detector were set at

250 �C. The conversion was calculated using the following

formula: conversion (%) = Mc/Ms 9 100 %, where Mc is

the mole of acetaldehyde consumed and Ms is the mole of

acetaldehyde supplied.

Modeling and molecular docking

Build Homology Models (MODELER) module in Dis-

covery Studio (DS) 2.1 (Accelrys, Inc., USA) was used for

predicting the 3D structure of DERA. The crystal structures

of DERAs from Entamoeba histolytica (PDB accession

NO. 3NGJ) and Thermotoga maritima (PDB accession NO.

3R12) were used as templates. Pairwise alignment of

DERA and template sequences were done using the pro-

gram ClustalX [39], and the picture of the sequence

alignment was made by the program ESPRIPT [12]. The

generated structures were improved by subsequent refine-

ment of the loop conformations by assessing the compati-

bility of an amino acid sequence to the known PDB

structures using the Protein Health module in DS 2.1.

Molecular docking was performed using Autodock 4.0.1

software [29]. Protein structure and ligand–protein inter-

action diagrams were prepared with PyMOL [7] and Lig-

plot [23].

Results

Expression and purification of recombinant DERA

Based on the reported amino acid sequence of DERA [13],

the DERA gene was synthesized after codons optimization.

The total length of the synthesized gene is 681 bp,

encoding a 23.9-kDa protein. The gene was inserted into

the pET-28b vector between the NcoI and SalI sites to

construct recombinant plasmid pET-28b-DERA, and then

the recombinant plasmid was transformed into E.coli BL21

(DE3). Colonies were picked up and the recombinant

plasmids were extracted and further sequenced to verify the

existence of the DERA gene.

The E. coli BL21 (DE3) harboring pET-28b-DERA was

incubated in LB medium and induced by the addition of

0.1 mM IPTG at OD600 of 0.6–0.8. The recombinant

DERA was expressed with 6 9 his-tag at the C-terminus

which led to a simplified method for purification of the

protein using immobilized metal-chelating affinity chro-

matography (IMAC) in one-step. Table 1 summarizes the

results of the purification process. The recombinant DERA

was purified 2.3 times with a yield of 56.3 %. The specific

activity of purified enzyme towards DRP was 1.8 U/mg.

The purified DERA appeared as a single protein band on

SDS-PAGE gel with a molecular mass of approximately

24 kDa (Fig. S1 in the supplementary material).
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Optimal pH for activity and pH stability

The pH-activity profiles of the purified DERA were

determined. The specific pH was controlled by different

buffer systems. The enzyme was optimally active at pH 7.0

in 20 mM Na2HPO4-citric acid buffer (Fig. 2a), and it

showed high relative activities (above 90 %) in a pH range

of 6.0–8.0 in Na2HPO4-citric acid or Tris–HCl buffer. The

pH stability showed that the enzyme was stable over a

broad pH range of 4.0–7.0 with more than 80 % residual

activities after incubation for 5 h (Fig. 2b).

Optimal temperature for activity and thermostability

To evaluate the effects of temperature on enzyme activi-

ties, the enzymes were incubated at various temperatures.

The purified DERA was active between 20 and 60 �C with

an optimum around 35 �C, and the activity decreased

sharply above 50 �C (Fig. 3a). The DERA thermostability

was investigated by analyzing the residual activities after

incubation at different temperatures. It was fairly stable up

to 50 �C and showed 63 % of initial activity after 10 min

incubation at 55 �C (Fig. 3b).

It is known that CD spectroscopy is a useful tool not

only in the determination of protein secondary structures,

but also in the investigation of enzyme thermostability

[41]. Minor structural alterations can be described by CD

spectroscopy, not necessarily involving large enthalpy

changes. We recorded the CD spectra of DERA at different

temperatures (Fig. 3c). The spectra showed little changes

at temperatures between 10 to 50 �C, indicating that no

substantial changes were occurring in the secondary

structure of protein at these temperatures. The spectrum at

55 �C was changed as associated with the conformational

changes of protein. There were observable changes in the

CD spectra at 60, 65 and 70 �C. This result is consistent

with enzyme activity that decreased rapidly after incuba-

tion at temperatures higher than 55 �C.

Effects of metal ions on the activities of recombinant

DERA

The effects of different metal ions on the activities of

purified DERA were tested by incubating the enzyme in the

presence of reagents at 25 �C for 30 min. The residual

activities were assayed according to the standard method.

As shown in Table 2, the majority of metal ions did not

significantly affect the activities of purified DERA except

Ni2?, Ba2? and Fe2?, which slightly inhibited the enzyme

activities. The metal chelator EDTA also did not inhibit the

enzyme activity, indicating that this enzyme is not a

metalloenzyme.

Table 1 Summary of the

purification of recombinant

DERA

Purification step Total protein

(mg)

Total activity

(U)

Specific activity

(U/mg)

Purification

(fold)

Yield

(%)

Crude enzyme 312.0 249.6 0.8 1.0 100

Ni–NTA affinity

chromatography

78.1 140.5 1.8 2.3 56.3
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Fig. 2 Effects of pH on the activities (a) and stabilities (b) of the

recombinant DERA. Optimal pH for activity was determined by

measuring cleavage of the DRP in buffers of various pH values at

28 �C for 30 min. The enzyme activity obtained in 20 mM Na2HPO4-

citric acid buffer (pH 7.0) was taken as 100 %. The pH stability was

assessed under optimal conditions after the enzyme had been

incubated in various buffers for 5 h. The non-incubated enzyme

was taken as a control
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Determination of kinetic parameters

The kinetic behaviors of DERA towards DRP and DR can

be reasonably well described by the Michaelis–Menten

model. The results show the typical Michaelis–Menten type

kinetics for enzyme activities with increasing DRP and DR

concentrations (Fig. S2 in the supplementary material). The

Km and Vmax values of purified enzyme for DRP were

0.038 mM and 2.9 lmol min-1 mg-1, for DR they were

0.033 mM and 2.59 lmol min-1 mg-1, respectively.

Time course of synthesis of statin intermediates

The biosynthesis of statin intermediates was executed by

the recombinant DERA using different substrates. The time

courses of reactions under optimum conditions were mea-

sured. As shown in Fig. 4a, when acetaldehyde and chlo-

roacetaldehyde were used as substrates the conversion

reached 94.4 %, which was higher than that of the reaction

using acetaldehyde only. This indicated that DERA can

catalyze the sequential aldol condensation between the

same aldehydes, and the introduction of some aldehydes

derivatives will promote the reaction.

Sequence analysis, homology modeling and molecular

docking

The Basic Local Alignment Search Tool (BLAST) was

executed in the Genbank database for the identification of

the DERA amino acid sequence in this study. It showed

90.9, 76.0 and 73.3 % identities to the DERAs from

Geobacillus thermodenitrificans NG80-2 (Genbank acces-

sion No. ABO67780) [9], Anoxybacillus flavithermus WK1

(Genbank accession No. YP_002317118) [37] and Bacillus

cereus Rock3-44 (Genbank accession No. ZP_04219039),
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Fig. 3 Effects of temperature on the recombinant DERA. a activity;

b thermostability; c circular dichroism analysis. Optimal temperature

for activity was determined by measuring cleavage of the DRP in

20 mM Na2HPO4-citric acid buffer (pH 7.0) at various temperatures

for 30 min. The value obtained at 35 �C was taken as 100 %.

Thermostability was assayed under optimal conditions after the

enzyme had been incubated at various temperatures for 10 min. The

non-incubated enzyme was taken as control. The CD spectra of

DERA were collected in triplicate at wavelengths from 190 to 300 nm

with a scan speed of 20 nm/min (color figure online)

Table 2 Effects of metal ions and EDTA on the activities of

recombinant DERA

Metal

ions

Relative activity

(%)a
Metal

ions

Relative activity

(%)a

Control 100 ± 3.1 Mg2? 95 ± 2.7

Ag? 102 ± 7.2 Zn2? 95 ± 0.5

Li? 91 ± 3.1 Ba2? 83 ± 0.3

Cu2? 93 ± 0.3 Co2? 99 ± 2.1

Ni2? 84 ± 5.0 Fe2? 74 ± 7.9

Mn2? 96 ± 0.3 EDTA 102 ± 3.0

Ca2? 92 ± 1.5

a The enzyme activity was measured under the standard conditions

using DRP as substrate after incubating the enzyme with different

metal ions with a final concentration of 1 mM at 25 �C for 30 min.

The activity in the absence of metal ions was recorded as 100 %
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respectively. An alignment of these amino acid sequences

is shown in Fig. 5. The residues in active sites including

Lys152, Thr155, Ser183, Gly184, Gly185, Gly204, Thr205

and Ser206 are very conservative.

The secondary and 3D structures of DERA were gener-

ated using experimentally determined protein structures as

templates that had high sequence identity with the DERA

obtained in this study. A BLAST search in the Protein Data

Bank showed that this DERA was quite similar to the

DERAs from Entamoeba histolytica (58.7 % identity; PDB

accession no. 3NGJ, resolution 1.70 Å) and Thermotoga

maritima (54.3 % identity; PDB accession no. 3R12, reso-

lution 1.75 Å). According to the homology analysis, this

DERA is consisted of ten a-helices and eight b-sheets. It is

the same conclusion with CD spectra (data not shown) that

showed the purified DERA appeared to be richer in a-helix

than in b-sheet. Figure 6a displays the best quality model of

this DERA. It contains a TIM (a/b)8 barrel fold, which is the

typical structure of class I aldolases [16]. Molecular dock-

ing was further carried out to deeply understand the inter-

actions between substrates and residues in the active site.

The results showed that DRP and DR were successfully

docked into the active site of the enzyme (Fig. 6b, c) with

different docked energy, -1.55 and -1.45 kcal/mol,

respectively. In addition, for predicting the best substrate

for the production of statin intermediates, acetaldehyde,

chloroacetaldehyde, fluoacetaldehyde, bromoacetaldehyde,

propionaldehyde and 3-azidopropinaldehyde were also

investigated in molecular docking and their docked energies

were -2.16, -1.95, -1.57, -2.43, -2.3 and -2.73 kJ/mol,

respectively. Moreover, the distance between the carbonyl

of 3-azidopropinaldehyde and the catalytic residue Lys152

was shortest (data not shown).

Discussion

The 2-deoxyribose-5-phosphate aldolase has received

considerable attention due to its ability to form carbon–

carbon bonds and generate new chiral centers using simple

materials. A DERA with high ability to synthesize

(3R, 5S)-6-chloro-2,4,6-trideoxyhexose, the chiral building

block for side chain of statins, was isolated from environ-

mental DNA libraries [13]. However, the properties of this

enzyme have not been well studied. In the present study,

we focused on the information on the bio-characteristics

and catalytic mechanism of this enzyme to explore its new

applications.
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Fig. 4 a the time course of

aldol reaction using DERA. The

reaction was performed at 35 �C

using the purified DERA. 25 mg

of DERA was incubated with

10 mL of 100 mM Na2HPO4-

citric acid buffer (pH 7.0),

240 mM acetaldehyde or

80 mM chloroacetaldehyde and

160 mM acetaldehyde; b the

catalytic mechanism of DERA

to catalyze sequential aldol

condensation between

acetaldehyde and

chloroacetaldehyde
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The DERA gene was optimized and synthesized, placed

under the control of the bacteriophage T7 RNA polymerase

promoter and expressed in E. coli. After purification, the

biochemical properties of this DERA were investigated and

compared with that of various DERAs from a number of

different microorganisms (Table 3). The pH is known to

affect activities, stabilities and biotransformation perfor-

mances of enzymes. In comparison, the optimum pH of this

recombinant DERA (pH 7.0) is higher than DERAs from

other sources except the enzyme from E. coli that shows

the highest activity at pH 7.5. Otherwise, the DERA in this

study is more active over a broader pH range (above 90 %

relative activity in pH range of 6.0–8.0) than other reported

enzymes. It is reported that DERA from Yersinia sp.

EA015 displayed optimal activity at 6.0, retained about

60 % of its maximum activity at pH 7.0 and completely

lost its activity at pH 5.0 [19]. The optimum temperature of

the recombinant DERA (35 �C) is lower than that of

DERAs from other known microorganisms, which display

maximum activity at temperatures between 50 and 95 �C.

It means that the biotransformation using this recombinant

DERA can be occurring under milder conditions (neutral

pH, lower temperature) which are expected in industrial

applications. In addition, the Km value of this DERA for

DRP (0.038 mM) is lower than those of most DERAs from

other sources, which range from 0.02 to 145 mM. The

similar Km values and docked energies of this DERA

towards DRP and DR indicate that this enzyme has almost

the same affinity with phosphorylated and non-phosphor-

ylated substrates.

Compared with other wild-type DERAs, the DERA

obtained in this study shows a greater catalytic efficiency in

Fig. 5 Multiple sequence alignment of DERA with proteins from

different sources: sequences of Geobacillus thermodenitrificans
NG80-2 (ABO67780), Anoxybacillus flavithermus WK1 (YP_

002317118), Bacillus cereus Rock3-44 (ZP_04219039), Entamoeba
histolytica (3NGJ) and Thermotoga maritime (3R12). Conserved

residues are shaded in red background. Residues in the active site are

shown in green triangles. The catalytic residue is shown in blue star.

The schematic diagram of secondary structure of DERA is shown on

the top of sequence. The a-helices are displayed as squiggles,

b-sheets as arrows, strict b turns as TT letters and strict a turns as

TTT (color figure online)
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aldol reactions. This DERA needed only 4 h to complete

the aldol reactions (94.4 % of conversion) with an alde-

hyde group concentration of 240 mM, while the DERAs

from P. aerophilum, T. maritima and E. coli needed at least

20 h [34]. This DERA also shows certain advantages even

compared with mutant S238D and DERAVar9, which

afforded a yield of 35–43 % and a conversion of 86 %,

respectively, in the sequential aldol condensation [18, 24].

The distinguishing characteristics and performances in the

sequential aldol condensation taken together suggest that

the DERA in the present study may have potential in the

production of statin intermediates. However, to meet with

the requirements for its upscale applications, the specific

activity of this DERA is still needing to be improved by

protein engineering techniques such as structure-based

mutagenesis [17], by which the mutant S238D with 2.5

fold higher activity was constructed [8]. Based on the

investigation of structure modeling and molecular docking,

site-directed mutagenesis at specific sites of the recombi-

nant DERA, such as Ser206 which corresponds to Ser238

of E. coli DERA, may improve the properties of the

enzyme. In addition, other protein engineering techniques

such as error-prone PCR, DNA shuffling [26] can also be

used to promote the enzyme properties.

Computerized protein modeling and molecular docking

analysis can provide the relationship between structure and

function of an enzyme [1]. In this study, we found that

Lys152 of this DERA was the catalytic residue consistent

with Lys167 of E. coli DERA [15]. The catalytic mecha-

nism of DERA to catalyze the sequential aldol condensa-

tion between acetaldehyde and chloroacetaldehyde can be

proposed as follows (Fig. 4b): the catalytic residue Lys152

attacks the carbonyl of acetaldehyde to form a carbinol-

amine. The carbinolamine subsequently collapses to a

Schiff base and tautomerizes to an enamine group and then

attacks the carbonyl of chloroacetaldehyde. After hydro-

lysis and release of the enzyme, the (S)-4-chloro-3-hydro-

xybutanal is formed. Another acetaldehyde goes through

the same process, the product (3R, 5S)-6-chloro-2, 4,

6-trideoxyhexose is formed finally [6, 16]. It is reported

that the R groups (Fig. 1b) of aldehydes have a great

influence on the aldol reaction [24]. In this study, the dif-

ference in docked energies between chloroacetaldehyde

and acetaldehyde could contribute to a better understanding

of the phenomenon that it was more efficient when chlo-

roacetaldehyde was involved in the reaction. Otherwise,

3-azidopropinaldehyde showed the lowest docked energy

and shortest distance between its carbonyl and Lys152 in

Fig. 6 Homology modeling and molecular docking. a Homology

protein model of DERA. b DRP docking into the active site of the

enzyme. c DR docking into the active site of the enzyme

b
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all aldehydes tested. Therefore, we deduce that 3-azido-

propinaldehyde may be the best substrate for the sequential

aldol condensation of synthesis of statin intermediates.

In conclusion, this work describes the recombinant

expression, purification and characterization of a novel

DERA. The 3D structure and catalytic mechanism of this

DERA are also described. This fundamental research has

laid a foundation for applications of this enzyme. Further

work will focus on the modification of the enzyme by

rational or irrational protein design methods, which is

ongoing in our lab.
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