Appl Biochem Biotechnol (2010) 160:868-878
DOI 10.1007/s12010-009-8528-9

Improved Production of (R)-1-phenyl-1,2-ethanediol
by a Codon-optimized R-specific Carbonyl Reductase
from Candida parapsilosis in Escherichia coli

Rongzhen Zhang - Yan Xu - Yawei Geng *
Shanshan Wang - Ying Sun - Rong Xiao

Received: 27 October 2008 / Accepted: 14 January 2009 /
Published online: 10 February 2009
© Humana Press 2009

Abstract An R-specific carbonyl reductase from Candida parapsilosis (CprCR) catalyzes
the transformation of (R)-1-phenyl-1,2-ethanediol from 2-hydroxyacetophenone. The gene
rer coding CprCR contains a few codons rarely used by Escherichia coli. In order to
improve chiral alcohol production, three codon variants A24, aRCR, and mRCR of CprCR
were designed through truncation of 4-27 bp disorder sequence at the 5'-terminus or/and
adaption of nine rare codons. The effects of codon optimization on enzyme activity, protein
production, and biotransformation were studied. Among these three types, the disorder
sequence-truncated and rare codon-adapted variant mRCR presents the highest enzyme
activity. When compared with CprCR, mRCR showed an increase of 35.6% in the total
activity of cell-free extracts. The specific activity of mRCR presented similar increase in the
cell-free extract with purified protein, which suggested that the codon optimization caused
positive effect on protein productivity of variant enzyme. When microbial cells
concentration was 30% (w/v), the molar conversion yield and enantiomeric excess of the
mRCR variant reached 86.4% and 93.6%, which were increased 36.5% and 15.8% than
those of wild-type at a high substrate concentration of 5 g/L.. The work will supply a new
method for improving chiral alcohol preparation with codon engineered microorganisms.

Keywords (R)-1-phenyl-1,2-ethanediol - 2-ethanediol - Carbonyl reductase -
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ADHs  alcohol dehydrogenases

CprCR  R-specific carbonyl reductase from Candida parapsilosis
e.c. enantiomeric excess

MDRs  medium-chain dehydrogenases/reductases
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NAD(H) nicotinamide adenine dinucleotide
PED 1-phenyl-1, 2-ethanediol

rer R-specific carbonyl reductase gene
SCR S-specific carbonyl reductase

WT wild-type

Introduction

The optically active (R)-1-phenyl-1, 2-ethanediol (PED) is a versatile chiral building block
for the synthesis of pharmaceuticals, agrochemicals, pheromones, liquid crystals, etc. [1-4]
although the chiral alcohol can be produced by fermentation with natural selected
organisms including bacteria [5], yeasts [6], plants [7], tissues from several mammalian
species [8], and recombinant organisms. The medium-chain carbonyl reductase from
Candida parapsilosis (CprCR) has a high potential of biotechnological application in
catalyzing the reversible reduction of 2-hydroxyacetophenone to (R)-PED with high yield
and purity [9]. Given the importance of CprCR in organic synthesis, CprCR was purified
from the primary organism and the gene rcr has been cloned from C. parapsilosis. A
review on the properties of this enzyme has become recently available [10, 11]. Recently
gene recombination technique offers a new choice to increase CprCR expression for
improving (R)-PED productivity. The production of (R)-PED using recombinant Escher-
ichia coli has been studied by several groups [11-14]. It was found that the CprCR
expression level and (R)-PED productivity were still low. and the yield and optical purity of
(R)-PED reached only about 61% and 81% using genetic engineered E. coli, respectively
[11, 15].

It has been shown that each kind of microorganisms has their own favorable codons
[16]. Synonymous replacement of rare codons with those used at higher frequency can
improve target protein yields in host cells [17, 18] or increase the specific enzyme activity
[19]. Tt is clear that a few codons are underrepresented. In particular, Arg codons (AGA,
CGA), Ile codon (AUA), Leu codon (CUA), Gly codon (GGA), and Pro codon (CCC) are
rarely used by E. coli. The excessive rare codon usage in the target protein has been
implicated as a cause for low expression level [16, 20]. The effect seems to be most severe
when multiple rare codons occur near the amino start and terminus [16, 21]. Several
laboratories have shown that the yield of protein whose coding genes contain rare codons
can be improved when the cognate transfer RNA is increased within the host [20, 22]. For
example, in the human codon-optimized variant, codon engineering had a positive impact
on the expression level and production cell lines [18]. Liu reported that optimization of rare
codons use results in enhanced recombinant quinate 5-dehydrogenase expression [17, 23].
Disordered protein sequences may also affect on the protein folding, and their function in
some cases mechanically uncouples structured domains, making their dynamics less
constrained [24].

Based on a complete compilation of codon usage in the GenBank database (http:/www.
kazusa.or.jp/codon/) [25], there are six rare codons (AGA/CGA) in the rcr gene (1,008 bp,
336 codons) from C. parapsilosis (about 2% frequencies) and three successive AGAs near
the amino terminus. This work reported the improved (R)-PED production by a codon
optimized CprCR whose coding gene rcr was engineered by truncating its disorder
sequence of 427 bp at 5'-terminus and adaption of codon usage bias in E. coli. It will
provide a new method to establish an effective expression system for improving chiral
alcohol productivity by codon optimization.
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Materials and Methods
Materials and Microorganisms

C. parapsilosis CCTCC M203011 was obtained from the American Type Culture
Collection (ATCC, USA).The organisms were cultivated as described previously [10, 26].
The enzyme and cofactors were purchased from the Sigma—Aldrich Chemical Co. Inc. The
protein marker was purchased from SIBAS Biotechnology Co., Shanghai Institute of
Biochemistry (Lot No. 0301). The substrate (3-hydroxyacetophenone was prepared using
the method described by Liese et al. [27]. The recombinant plasmids and bacterial strains
containing different antibiotic resistances used in this study are listed in Table 1.

Construction of the Expression Vectors

The disorder sequence in secondary structure was predicted with the program GlobPlot
(http://www.expasy.org/). In order to improve the chiral alcohol production, three codon
optimized variants (A24, aRCR, and mRCR) were designed. For the variant A24, its
disorder sequence of 4-27 bp at the 5'-terminus was truncated; for aRCR, its nine out of 11
rare codons were adapted according to the codon bias in E. coli [28]; for mRCR, its disorder
sequence of 4-27 bp at the 5'-terminus was truncated and nine out of 11 rare codons were
adapted.

The genes were generated using the oligonucleotide primers (with restriction sites
underlined) in Table 1 using the overlap polymerase chain reaction (PCR) method [29]. The
primers RCR-F and RCR-R were used for rcr, RCR-F1 and RCR-R for A24, RCR-F, F2,
F3, F4 and RCR-R1, R2, R3, R4 for aRCR, RCR-F1, F2, F3, F4 and RCR-R1, R2, R3, R4
for mRCR. The pETRCR plasmid [15] was used as a template to synthesize the genes rcr,
A24, aRCR, and mRCR. The Small-HindIII sites of the purified rcr gene (GenBank ID:
DQ295067) and its modified sequences were inserted into the corresponding sites of
pQE30a, respectively. The recombinant plasmids pQERCR, pQEA24, pQEaRCR, and
PQEmMRCR were confirmed by colony PCR and digestion with restriction enzymes Smal 1/
HindIIl. All the recombinant plasmids were then transformted into the competent E. coli
BL21 (AI™) cells.

Expression of CprCR and its Variants

The positive transformants were grown at 37 °C in 500-ml baffled shake flasks containing
100 ml LB liquid medium. The protein expression was induced with addition of 0.1 mM
isopropyl-3-D-thiogalactopyranoside (IPTG) and 50 mmol/L ZnCl, [30-32] when the
ODggg value of culture reached 0.6-0.8. After continuous cultivation for 8 h at 37 °C, the
cells were harvested by centrifugation at 10,000xg for 15 min for further protein sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis, purification of
recombinant enzyme, and enzyme activity assay.

Purification of Recombinant Proteins
The recombinant proteins were expressed as Hisg-tagged proteins in E. coli strain BL21
(AI™) and purified first by affinity chromatography on Ni**-Sepharose column (His-Trap

Kit, Pharmacia). The pooled fractions as further loaded on a Resource Q column (11 cm)
equilibrated with the buffer (20 mM Tris-HCl, pH 8.5) with an AKTA Protein Purifier
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Table 1 Plasmids, bacterial strains, and primers used in this study.
Plasmids or strains Discription Sources
or primers
Plasmids
pETRCR 6.5 kb, pET21c containing rcr, Amp" This
laboratory
pQE30a 3.4 kb, Amp" Novagen
pQERCR 4.5 kb, pQE30a containing rcr, Amp" This work
pQEA24 4.5 kb, pQE30a containing disorder sequence-truncated This work
rer, Amp”
pQEaRCR 4.5 kb, pQE30a containing rare codon-optimized This work
rer, Amp"
pQEmRCR 4.5 kb, pQE30a containing disorder sequence-truncated This work
and rare codon-optimized rcr, Amp"
Strains
E. coli DH5« F-mcrA A(mrr-hsdRMS-merBC) j80 lacZAMISA lacA This
74 recAl deoR araD139A(ara-leu)7697 galU galK laboratory
rpsL (StrR) endA1 nupG
E. coli BL21-AI™ F-ompT gal dem lon hsdSg(rgmy ) araB:T7RNAP-tetA Novagen
E. coli Al/ pQE30 E. coli with plasmid pQE30a This work
E. coli AT/pQERCR E. coli with recombinant plasmid pQERCR This work
E. coli AI/pQEA24 E. coli with recombinant plasmid pQEA24 This work
E. coli A/pQEaRCR E. coli with recombinant plasmid pQEaRCR This work
E. coli AU/ E. coli with recombinant plasmid pQEmRCR This work
pQEmRCR
Primers
RCR-F 5'-ATCGATCGCCCGGGATGTCAATTCCATCAAGC This work
CAG-3' (Small)
RCR-R 5'-TGATAAGCTTCTATGGATTAAAAACA This work
ACTC-3' (HindIIl)
RCR-F1 5'-ATCGATCGCCCGGGATGTTCGTATTCAATA This work
AGCAATCAGGACTTAAGTTGCGTAAT-3' (Small)
RCR-R1 5'-CAATCCAACAGCATCAACTTTCAACAACAA This work
TTGACCCGCTTTAGGCTT-3'
RCR-F2 5'-GCTGTTGGATTGTGTCATTCTGAT-3' This work
RCR-R2 5'-ATTAAACGATAAATTAGGAGCACCGAGTCCCACA This work
GGCAT-3'
RCR-F3 5-TTTAATTTGGGAGATTTGGCATTGCGTGAAATTCGT This work
ATCTTG-3'
RCR-R3 5'-ACTTCTCACAACGGGTTTAACTTTACC-3' This work
RCR-F4 5'-AAACCCGTTGTGAGAAGTGCCAAATTG-3' This work
RCR-R4 5-TGATAAGCTTCTATGGATTAAAAACAACTCTAC This work

CTTCATAAGCATTGTTTCTCAA-3' (HindllI)

system (Pharmacia, Uppsala, Sweden). It was followed by a Superdex 200 (HiLoad 26/60,
preparation grade) chromatography in a buffer containing 20 mM Tris-HCI (pH 8.5) and
150 mM NaCl. Molecular mass of CprCR was calculated by comparing its elution volume
with that of appropriate standard proteins. All mutant enzymes were purified to
homogeneity as judged by Coomassie Brilliant Blue staining of SDS-PAGE gels. The
extinction coefficient of 1.9 AU/M was used for all CprCR variants.
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Analytical Ultracentrifugation

CprCR at a concentration of 0.5—1.0 mg/ml was used for the analytical ultracentrifugation
(AUC) analysis with a buffer of 20 mM Tris-HCl (pH 8.5) and 150 mM NaCl.
Sedimentation experiments were performed using an XL-A analytical ultracentrifuge
(Beckman Coulter) equipped with a four-cell An-60 Ti rotor at 20 °C. Sedimentation
velocity analysis was performed at 65,000 rpm. Data were analyzed with the SEDFIT
program [33].

Enzyme Assay

The enzyme assay mixture in 220 mL comprised 0.2 M potassium phosphate buffer
(pH 6.0), 1 mM NADH, 0.1 mM 2-hydroxyacetophenone, 2 mM ZnSO,, and an
appropriate amount of purified enzymes. The decrease in the concentration of NADH
was recorded spectrophotometrically at 340 nm. One unit of enzyme activity is defined as
the amount of enzyme catalyzing the reduction/oxidation of 1 mM of NAD(H)/min under
the assay conditions. The protein concentration was determined using Bradford reagents
(Bio-Rad) with bovine serum albumin as a standard [34]. The reported values represent the
average of at least three independent measurements.

Biotransformation

For asymmetric reaction with the recombinant E. coli cells, the reaction mixture in 1 mL
comprised 0.1 M potassium phosphate buffer (pH 6.5), 1 mg 2-hydroxyacetophenone,
2 mM ZnSOy, and 0.1 g washed cells of the E. coli transformant. The product (R)-PED was
extracted with ethyl acetate and the organic layer was used for analysis. The optical purity
and yield of (R)-PED was determined by HPLC on a Chiralcel OB-H column (Daicel
Chemical Ind. Ltd., Japan), as described previously [26].

Results

Based on codon usage bias in E. coli (http://www.kazusa.or.jp/codon/) [25] and disorder
sequence in secondary structure predicted with the program GlobPlot (http://www.expasy.
org/), three variants A24, aRCR, and mRCR of CprCR were designed to improve chiral
alcohol production. The mutations were designed in their coding genes A24, aRCR and
mRCR as follows: in A24, the 4-27 bp disorder sequence at the 5'-terminus was truncated,
in aRCR, nine out of 11 rare codons were replaced with the synonymous ones used at the
highest frequency which was determined by codon usage tabulated from the international
DNA sequence databases [17, 35], in details, six AGA/CGAs and three CCCs in rcr were
substituted by CGTs and CCTs, respectively (Fig. 1); in mRCR, the 4-27 bp disorder
sequence at the S5'-terminus was truncated and six AGA/CGAs and three CCCs were
substituted by CGTs and CCTs. The mutated genes were generated using the primers in
Table 1 and recombinant plasmid pETRCR as template by SOE-PCR method [29].
Expression plasmids construction of CprCR and its variants were performed as described in
the “Materials and Methods,” as shown in Fig. 2. The four recombinant expression
plasmids pQERCR, pQEA24, pQEaRCR, and pQEmRCR obtained were transformed into
the competent E. coli BL21 (AI™) cells. Then, the positive clones E. coli Al/pQERCR, E.
coli Al/pQEA24, E. coli Al/pQEaRCR, and E. coli AI/pQEmRCR were achieved after
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e 1 ge‘;‘i";‘e;‘zﬁzea“gg;ﬁg“ atg[tca att cca tca agc cag tac ggalttc gta ttc aat
sequences are shown for cach of ~ @ag caa tca gga ctt aag ttg AGA aat gat ttg cct
the three codon variants that. were gtc cac aag CCC...... CCC gtg gga cte ggt gct
Zf‘f fjeisssoeri'ercgjﬁesnzzlzﬁ;"bi(;x cct aat tta tcg ttt aat ttg gga gat ttg gcattg AGA
was truncated, rare codons gaa att CGA atc ttg ggt agt ttt tgg gga act act
underlined was adapted based on gt gat ttg gat gat gtt ttg aaa ttg gtt agt gaa ggt
the codon bias in the E. coli

database, in details, AGAC/OC[GAS aaa gtt aaa —CCC gtt gtg L‘GA agt gcc aaa ttg
and CCCs were substituted to aag gaa ttg cca gag tat att gaa aaa ttg AGA aac

COTs and CCTS, respectively aat gct tat gaa ggt AGA gtt gtt ttt aat cca tag

verified by sequencing. All these genes are following lac operon for expression and under
control of T5, a powerful phage promoter.

The cultivation and inducing conditions of the recombinant strains were carried out as
described by Nie et al. [11], except that 50 mmol/L ZnCl, was added to the culture for
inducing protein expression together with 1 mmol/L IPTG when the ODgq value reached

RCR

PT7

pET-RCR

DNA template
PCR products treated with  gma/| HindIll
Smal | and HindIll | J

Ligation

RCR

pQE-RCR PT5

Fig. 2 The sketch map of the recombinant plasmid pQEmRCR construction. The recombinant vector
pQEmRCR harbored the optimized gene mrcr (987 bp) in which the 4-27 bp of disorder sequence was
truncated and rare codons were adapted based on codon preference in E. coli. The Smal 1 site in the 5’-end
and Hind 111 site in the 3’-end were created to facilitate cloning. The construction of pQERCR, pQEA24, and
pQEaRCR was the same as pQEmRCR except that the inserted fragments were different
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Fig. 3 a SDS-PAGE of crude extracts of E. coli cells transformed with pQERCR, pQEA24, pQEaRCR, and
pQEmRCR plasmids. Crude extract of E. coli BL21 (AI™) before IPTG induction; 2 cell-free extract of E.
coli AI/pQERCR; 3 E. coli A/pQEaRCR; 4 E. coli Al/pQEA24; 5 E. coli AI/pQEmRCR; M low molecular
weight protein markers (rabbit phosphorylase B: 97.4 kDa; calf albumin: 66.2 kDa; rabbit actin: 43 kDa;
carbonic anhydrase: 31 kDa; trypsin inhibitor: 20 kDa; egg white lysozyme: 14.4 kDa); b SDS-PAGE of
purified enzymes. Lanes: I RCR; 2 aRCR; 3 A24; 4 mRCR; M low molecular weight protein markers. The
target proteins were marked with /ines. Proteins were visualized with Coomassie Brilliant Blue R-250 and
destained in a 50% (v/v) methanol/10% (v/v) acetic acid solution

0.6~0.8. The protein expression was checked by SDS—PAGE analysis. The results (Fig. 3a)
showed that the protein CprCR and its codon variants were all expressed in E. coli Al
strains, and they had the molecular weights of about 36 or 37 kDa (including the additional
N-terminal Hise-tag) which were consistent with their theoretical masses. The codon
variants A24, aRCR, and mRCR were expressed at the higher levels than the wild-type
(WT) in E. coli. And among the four types, the variant mRCR was expressed at the highest
level obviously (Fig. 3a).

Because the recombinant proteins were extended with N-terminal Hise-tag, they were
purified to homogeneity with a three-step procedure including the first Ni-affinity
chromatography as described in “Materials and Methods.” During purification, samples
were analyzed for enzymatic activity by measuring the decrease in NADH fluorescence
with 2-hydroxyacetophenon as substrate. After purification, one single peak of the active
dehydrogenase was found on Superdex™ 200 (10/300 GL) chromatography. SDS-PAGE
analysis showed that the purified CprCR and variant proteins were around 36 and 37 kDa
(Fig. 3b), in agreement with their calculated molecular weights. The molecular weight
distribution of all the recombinant proteins showed a single dimer peak (~72 or ~74 kDa)
by AUC analysis (Fig. 4). The results suggested that the recombinant proteins were purified
to homogeneity and all mutations caused no any changes in protein oligomerizations.

Using the cell-free extracts and purified proteins of wild-type and variants the specific 2-
hydroxyacetophenone-reducing activity was detected. The reductive activity identification
indicated all codon variants had been functionally expressed in E. coli. The variants A24,
aRCR, and mRCR showed the higher enzyme activity (302.44, 346.52, 376.98 U) in the
cell-free extracts, which were increase to 108.8%, 124.7%, and 135.6% of WT (Table 2).
Their specific activities of cell-free extract presented increase of 5.8%, 15.4%, and 26.9%,
which were similar to those of the purified enzymes (5.6%, 14.5%, and 24.3%), as shown
in Table 2. The data suggested the enzyme activities of the variants were improved as well
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Fig. 4 Analytical ultracentrifugation analysis of purified WT CprCR and its variant enzymes. The top three
panels suggest the sedimentation velocity data and the systematic noise decomposition. The next panel is the
transformation to molar mass distributions from the sedimentation velocity profile: 74 kDa for WT and aRCR

and 72 kDa for A24 and mRCR in a buffer containing 20 mM Tris (pH 8.5) and 150 mM NaCl

as their protein productions by codon optimization. And the variant mRCR showed the
higher total activity and specific activity than others.

The biotransformation identification was performed using the whole cells as catalysts.
When microbial cells concentration was 30% (w/v), the (R)-PED preparation from

Table 2 The enzyme assay of CprCR and its variant enzymes.

Samples Cell-free extracts Purified protein

Total activity (U) Protein (mg) Specific activity (U/mg) Specific activity (U/mg)

pQE30a 0 0 0 0

pQERCR 277.95 534.5 0.52 14.92
pQEA24 302.44 549.9 0.55 15.75
pQEaRCR 346.52 587.3 0.59 17.08
pQEmRCR 376.98 571.2 0.66 18.54
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2-hydroxyacetophenone was examined. The results showed that three variants A24, aRCR,
and mRCR presented the higher molar conversion yield and enantiomeric excess than WT
(Table 3). When 2-hydroxyacetophenone concentration was 5 g/L, they showed the high
molar conversion yields of 68.3%, 78.5%, and 86.4% with increase of 8.1%, 24.0%, and
36.5% than WT, respectively. The higher enantiomeric excess (e.e.) of 85.3~93.6% for (R)-
PED was also obtained by the variants than WT CprCR (80.8%), as shown in Table 3.
Among the four types, the variant mRCR possessed the highest stereoselectivity of
bioconversion. The chiral alcohol production was improved by the codon-optimized
variants.

Discussion

It was reported that codon usage difference between the target protein source and
expression host affects on the protein translation rate, which is frequently the case for low
level of the recombinant protein expression [22, 28, 36, 37]. Beier et al. and Chen et al.
reported that the high-level expression and specific enzyme activity of alcohol
dehydrogenases were achieved by synonymous substitution of codon bias [19, 23, 38].
The other elements such as the splice signals, secondary structure, GC content, codon
contexting, and regulatory sequence can also regulate translation rate and protein
expression levels. Secondary structure may have physical implications on gene transcript
that can impede the progression on the translation machinery. For example, disordered
protein sequences make their dynamics less constrained [24]. So codon engineering could
change these components, regulate the translation frequency, and improve the protein
production [23, 39] and enzyme activity [19].

Previously, CprCR expressions in E. coli were attempted by Nie et al. [11]. Yet, the
challenges were still presented to produce recombinant CprCR at an acceptable level. So,
the high CprCR production with full activity has been a major problem and needs to be
solved urgently. By analysis of total codon usages in the rcr gene, there are 11 rare codons
and three of them are consecutive AGA’s near the 3'-terminus, and the latter may more
seriously interfere the protein translation rate. The crystal structure of (S)-specific carbonyl
reductase (also known as S-specific alcohol dehydrogenase) from C. parapsilosis was
determined (PDB ID: 3CTM) by our labs [40]. It was found that the truncation of
N-terminal 31-residue would not affect the enzyme activity [40]. This work reported
positive effects of protein expression and enzyme activity by truncation of disorder
sequence or codon usage adaptation.

The variant aRCR presented the higher specific enzyme activity than the wild-type
although they had the same amino acid sequence, which may be due to the more quick and
correct protein-folding in the variant aRCR than WT. The variant mRCR was designed that
4-27 bp disorder sequence at the 5'-terminus was truncated and six AGAs /CGAs and three

Table 3 Comparison on

stereospecific reduction of Samples Molar yield (%) Enantiomeric excess (%)
2-hydroxyacetophenone between
CprCR and its variants. pQE30a 0 0
pQERCR 63.3 80.8
pQEA24 68.3 85.3
pQEaRCR 78.5 89.2
pQEmRCR 86.4 93.6
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CCCs were adapted to CGTs and CCTs. The variant mRCR presented an increase of 35.6%
in total activity of cell-free extract as compared to WT and showed similar increase in the
specific activity between their cell-free extracts and purified proteins. This suggested codon
optimization played an important role in a high protein production as reported by other
groups [16, 17, 19, 23]. Furthermore, the codon variants showed higher bioconversion of
(R)-PED than WT with {3-hydroxyacetophenone as substrate. When microbial cells
concentration was 30% (w/v), the molar conversion yield and e.e. of the mRCR variant
reached 86.4% and 93.6%, which were increased 36.5% and 15.8% than those of WT at a
high substrate concentration of 5 g/L. The high bioconversion ability may stem of the initial
reaction rate for its high protein production and enzyme activity of the mRCR variant. The
enhanced protein expression and enzyme activity by codon optimization may not only
facilitate further studies of CprCR in the near future but can also allow possible production
of pure (R)-PED in industry.
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