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Abstract 

Background: A NAD(P)H-dependent enoate reductase (OYE2p) from Saccharomyces cerevisiae YJM1341 was discov-
ered by genome data mining for asymmetric reduction of (E/Z)-citral to (R)-citronellal with high enantioselectivity.

Methods: This enzyme was heterologously expressed in E. coli and characterized for its biocatalytic properties. 
OYE2p was identified with reduction activities toward a diverse range of ɑ,β-unsaturated compounds bearing conju-
gated aldehyde, ketone, imide, carboxylic acid and ester.

Results: OYE2p showed the highest specific activity at 40 °C and a pH optimum at 7.0–8.0. The stability of OYE2p 
was rather pH-independent, and the half-life time values of the enzyme at pH 6.0–8.0 were more than 257 h. With 
regard to the reduction of (E)-citral and (Z)-citral, OYE2p exhibited different selectivity patterns. (E)-citral was exclu-
sively reduced to (R)-citronellal by OYE2p in ≥ 99% ee, which was independent on pH. OYE2p produced both enan-
tiomers of citronellal from (Z)-citral, but showed (R)-citronellal formation tendency, and the ee value of (R)-citronellal 
was affected by pH in the reaction system. Accordingly, the ee values for (R)-citronellal formation increased with the 
increasing levels of E-isomer in the (E/Z)-citral mixture as well as the increase of pH. Under the reaction conditions 
(30 °C and pH 8.6), using purified OYE2p as catalyst, 200 mM (E/Z)-citral (an approximately 10:9 mixture of geometric 
E-isomer and Z-isomer) was efficiently converted to (R)-citronellal with 88.8% ee and 87.2% yield.

Conclusion: All these positive features demonstrate high potential of OYE2p for practical synthesis of (R)-citronellal 
and in asymmetric reduction of activated alkenes.
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Background
Citronellal, i.e., 3,7-dimethyl-6-octenal, contains a chiral 
carbon atom and thus has both (R)- and (S)-configura-
tions. Citronellal has a strong aroma of green citrus and 
a mild smell of woody, which is widely used in fragrance 
industry (Lenardao et al. 2007). Comparing to (S)-enanti-
omer, (R)-citronellal is more valuable, and it is a particu-
larly useful intermediate for the synthesis of l-menthol, 

one of the world’s largest flavoring chemicals (Trasarti 
et al. 2004).

At present, chemocatalysis was the main method for 
the production of (R)-citronellal, such as chiral (S)-
BINAP-Rh complex-catalyzed enantioselective isomeri-
zation of geranylamine to (R)-citronellal in the Takasago 
process (Tani 1985; Akutagawa 1997), and enantioselec-
tive reduction of (E)-citral presented by BASF (Bergner 
et al. 2010). For the former method, the catalyst is quite 
harsh to prepare and difficult to recover. Prior rectifica-
tion of (E/Z)-citral (a mixture of trans- and cis-isomer) 
to obtain high-purity (E)-citral is needed in the BASF 
process. Indeed, enantioselective hydrogenation of the 
low-cost (E/Z)-citral provided a straightforward and 
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economically attractive process for the synthesis of (R)-
citronellal. A dual-catalyst system comprising enantio-
pure 2-diarylmethylpyrrolidines and heterogeneous Pd/
BaSO4 was developed for the asymmetric hydrogenation 
of citral to afford (R)-citronellal. However, the enantiose-
lectivity was insufficient (89% ee) (Maeda et al. 2012). So 
far, there is no organocatalyst to yield only (R)-citronellal 
from crude 3:2 mixture of (E)- and (Z)-citral. Due to the 
presence of multiple C=C and C=O double bonds, the 
asymmetric reduction of citral in a chemo-, regio- and 
stereoselective fashion has been a daunting challenge.

Enoate reductase-mediated catalysis is therefore 
a promising alternative to classical organic catalysis 
(Moore et al. 2007; Hollmann et al. 2011; Winkler et al. 
2011). Enoate reductases from the old yellow enzyme 
(OYE) family have been characterized in considerable 
detail and become practical catalysts for the stereose-
lective trans-hydrogenation of conjugated C=C double 
bond (Stuermer et  al. 2007; Amato and Stewart 2015). 
Although several enoate reductases for the asymmetric 
reduction of the crude (E/Z)-citral have been reported, 
most of them showed insufficient enantioselectivity and 
activity. Also, more enoate reductases preferably pro-
duced the (S)-citronellal from (E/Z)-citral. YqjG from 
Bacillus stubtilis (Hall et  al. 2008), NCR from Zymo-
monas mobilis (Hall et  al. 2010), YersER from Yersinia 
bercovieri (Yanto et  al. 2011), and GYE1 from Glucono-
bacter oxydans (Richter et  al. 2011) even reduced both 
citral isomers exclusively to (S)-citronellal. With regard 
to the synthesis of (R)-citronellal via citral reduction, only 
XenA from Pseudomonas putida and its mutant XenA-
C25G were reported to yield exclusive (R)-citronellal 
(99.5% ee) from 5 mM (E/Z)-citral with conversion of 8.1 
and 33.5%, respectively (Yanto et al. 2010). Unexpectedly, 
in our repetitive trials, they produced only (S)-citronellal 
from 5  mM (E)-citral, (Z)-citral or E/Z mixture of cit-
ral (an approximately 10:9) with conversion of 8–34.2% 
and  ≥  99.5% ee. Relatively few enoate reductases pro-
duced mainly (R)-citronellal from both citral isomers, 
including OYE2.6 from Pichia stipites (Bougioukou et al. 
2010), KYE1 from Kluyveromyces lactis (Yanto et  al. 
2011), OYE1 from Saccharomyces pastorianus, and OYE2 
and OYE3 from S. cerevisiae (Müller et  al. 2007). These 
enzymes preferably produced (R)-citronellal from (E)-cit-
ral but both enantiomers from (Z)-citral. Among them, 
OYE2 and OYE2.6 were quite specific in reduction of (E)-
citral to (R)-citronellal with high ee values (≥ 98%). With 
almost pure (E)-citral, OYE2.6 predominantly produced 
(R)-citronellal, but more (S)-citronellal was formed 
for OYE2 (Bougioukou et  al. 2010; Müller et  al. 2007). 
Accordingly, 50 mM citral (approximately 3:2 mixture of 
both isomers) was reduced by OYE2.6 to (R)-citronellal 
with about 90% ee. However, if with geometrically pure 

(E)-citral (≥  98%) as substrate, up to 150 mM substrate 
could be reduced to (R)-citronellal by OYE2.6 with high 
ee value of 98% and high conversion of 95% (Bougioukou 
et  al. 2010). In that way, to maximize enantioselectivity, 
prior separation of E- and Z-isomer of citral becomes an 
energetic issue, but it is cost-prohibitive. Therefore, there 
is still highly desirable to develop more robust enoate 
reductases with high enantioselectivity toward citral for 
the synthesis of (R)-citronellal.

Herein, we described a newly discovered enoate reduc-
tase (OYE2p) from S. cerevisiae YJM1341 capable of effi-
ciently reducing (E/Z)-citral to (R)-citronellal with high 
enantioselectivity. The present study provided some in-
depth characterization of this enzyme, and detailed that 
enantioselectivity was influenced by the citral isomer 
ratio and by the reaction pH.

Results and discussion
Screening of enoate reductases
A genome mining approach was used to search for 
enoate reductase that might be able to asymmetrically 
reduce (E/Z)-citral to (R)-citronellal. According to the 
reports that OYE1-3 family proteins were the (R)-selec-
tive enzymes under proper conditions (Müller et al. 2007; 
Hall et al. 2010), 11 OYE1 proteins, 26 OYE2p proteins, 
13 OYE3p proteins as well as 19 hypothetical proteins 
owning  ≥  30% identities of amino acid sequence with 
functionally known enoate reductase KYE1 from K. 
lactis (Genbank Accession Number: L37452.1) which 
showed relatively high enantioselectivity (86% ee of (R)-
cirtonellal) (Yanto et  al. 2011) were selected from the 
NCBI database and overexpressed in E. coli BL21 (DE3). 
After testing their activities toward citral (10:9 mixture of 
E-isomer and Z-isomer), five enoate reductases produced 
mainly (R)-citronellal (Table  1). Among them, OYE2p 
from S. cerevisiae YJM1341 (GenBank Accession Num-
ber: AJV32222.1) showed relatively higher activity and 
higher enantioselectivity. Therefore, OYE2p was chosen 
for further studies.

A multiple sequence alignment revealed that the amino 
acid sequence of OYE2p from S. cerevisiae YJM1341 
shared the identity of 99.3, 91.8, 81.3, 71.3, and 38.6% 
with the reported OYE2 from S. cerevisiae (GenBank 
Accession Number: Q03558.3), OYE1 from Saccha-
romyces carlsbergensis (GenBank Accession Number: 
Q02899.3), OYE3 from S. cerevisiae (GenBank Accession 
Number: CAA97878), KYE1 from K. lactis (Genbank 
Accession Number: L37452.1) and OYE2.6 from P. stip-
ites (NCBI Accession Number: xp_001384055) (Fig.  1). 
OYE1, OYE2 and OYE3 could use both NADH and 
NADPH as the coenzymes. OYE1 and OYE3 preferably 
produced (S)-citronellal from (E/Z)-citral with the supply 
of NADH or NADPH, while OYE2 preferably produced 
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(R)-citronellal with very low enantioselectivity (≤  20% 
ee) (Hall et al. 2010). OYE2p also accepted both NADH 
and NADPH with equal efficiency. The specific activities 
of the purified OYE2p toward (E)-citral were 0.317 U/mg 
with NADH as the cofactor and 0.309 U/mg in the pres-
ence of NADPH. Different from OYE1 and OYE3, OYE2p 
produced mainly (R)-citronellal with 84.5% ee with the 
supply of NADH in the reaction system (Table 1).

Characterization of OYE2p
OYE2p containing a C-terminal  His6-tag was puri-
fied to homogeneity by nickel-affinity chromatography. 
The SDS-PAGE analysis of the soluble protein fractions 
showed a single band with an apparent molecular size of 
about 44  kDa (Fig.  2, lane 5), which was in accordance 
with the calculated molecular mass based on the deduced 
amino acid sequence. The specific activity of purified 
enzyme was 0.28 U/mg toward (Z)-citral and 0.31  U/
mg toward (E)-citral under standard conditions, indicat-
ing that OYE2p has a slight preference for (E)-citral over 
(Z)-citral.

The purified OYE2p exhibited an optimal activity at 
40  °C, while the enzyme activity dropped rapidly over 
45  °C with only 52% residual activity at 50  °C (Fig.  3a). 
OYE2p showed a pH optimum at 7.0–8.0 in PBS and 
more than 70% activity was retained between pH 6.6 and 
9.6, indicating that OYE2p had a relatively broad catalytic 
pH (Fig.  3b). However, the enzyme activity decreased 
sharply below pH 6.0 and completely lost activity at pH 
4.6. Furthermore, compared with in acidic conditions, 
neutral to the slight alkaline conditions gave higher activ-
ity. The thermal stability of OYE2p was decreased with 
increasing temperature. The enzyme was stable at 4, 
30 °C but labile at 40, 50 °C, giving the half-life time val-
ues of 291, 257, 11 and 2.6 h at 4, 30, 40 and 50 °C, respec-
tively (Fig.  3c), suggesting that OYE2p was quite stable 
under mild reaction conditions, albeit high temperatures 
resulted in a rapid loss of enzyme activity. To investigate 
the pH stability, OYE2p was incubated at pHs ranging 
from 5.0 to 9.0 at 4 °C. As shown in Fig. 3d, the enzyme 
was active at pH 6.0–8.0 and more than 50% activity was 
retained after 257-h incubation. As expected, exposed to 

high acidity or alkaline conditions, OYE2p became unsta-
ble. The half-life time values of OYE2p at pH 5.0 and 9.0 
were 101 and 169 h, respectively. Nevertheless, the stabil-
ity of OYE2p was rather pH-independent.

23 ɑ,β-Unsaturated compounds bearing a aldehyde, 
ketone, imide, carboxylic acid and ester as electron-with-
drawing group were selected to evaluate the substrate 
spectrum of OYE2p. As shown in Table  2, maleim-
ide 1a, N-phenylmaleimide 2a and ketoisophorone 4a, 
both bearing two activated carbonyl groups next to 
C=C bond, were preferred substrates for OYE2p, while 
the highest specific activity was observed toward 1a. 
Compared to 1a–3a, OYE2p showed lower activities 
toward ɑ,β-unsaturated ketones and aldehydes bear-
ing a carbonyl group next to C=C bond (3a, 5a–7a, 
9a–17a). The position of the methyl substituent at the 
C=C bond turned out to be crucial: OYE2p showed a 
marked higher activity for 2-cyclopentenone 3a than 
carvone (5a, 6a). Similar phenomenon was observed 
for 2-pentenal 9a and 2-methyl-2-pentenal 12a. OYE2p 
displayed higher activity for (S)-(−)-perillyl aldehyde 7a 
and olefin aldehydes (9a–12a, 16a, 17a). OYE2p showed 
higher activity for aryl olefinic aldehydes compared 
with alkyl enals and gave the highest activity toward 
16a. The specific activity decreased in following order 
9a > 12a > 10a > 11a with the increase of chain length. It 
was found that catalytic activity decreased in the follow-
ing order 9a > 12a, 10a > 13a, 11a > 15a > 14a, indicat-
ing ɑ- or β-substituent possibly playing important roles 
in enzyme–substrate affinity. Both increasing the chain 
length and β-substituent probably resulted in that (Z)-
citral (14a) and (E)-citral (15a) were rather modest sub-
strates for OYE2p with 0.28 and 0.31 U/mg, respectively. 
Like other enoate reductases, the existence of hydroxyl 
group on the substrates had negative influence on the 
activity of OYE2p, and quite low activities were detected 
for (S)-(−)-perillyl alcohol (8a) and cinnamyl alcohol 
(18a). In the presence of an additional electron-with-
drawing group, ɑ,β-unsaturated dicarboxylic acid (19a), 
ɑ,β-unsaturated dicarboxylic diester (20a), fumaramide 
(21a), fumaric dinitrile (22a) and 2-butenenitrile (23a) 
were well accepted by OYE2p.

Table 1 Screening of enoate reductases for citral reduction

Reaction conditions: 5 mM (E/Z)-citral, 40 g/L resting cells and 0.2 mM  NAD+ were mixed in 1 mL PBS (200 mM, pH 7.4). The reactions were incubated at 30 °C and 
300 rpm for 10 h

Enzyme Sources of strains Conversions (%) ee (%)

OYE2p Saccharomyces cerevisiae YJM1341 97.2 84.5 (R)

OYE3p Saccharomyces cerevisiae YJM1133 95.8 41.3 (R)

Hypothetical protein Vanderwaltozyma polyspora DSM 70294 46.4 67.8 (R)

HYE2 Ogataea polymorpha 97.6 25.5 (R)

MgER Meyerozyma guilliermondii 93.5 11.7 (R)
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Fig. 1 Multiple sequence alignment of OYE2p with OYE family enzymes with reductive activities toward citral
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The enantioselectivity of OYE2p was measured against 
some substrates. As shown in Table  2, Ketoisophorone 
(4a) was a good substrate for OYE2p, but yielding the 
product (R)-levodione with a very low enantioselectivity 
of 25%. (S)-carvone (6a) was reduced to (2R,5S)-dihydro-
carvone by OYE2p with high enantioselectivity of 98% de, 
while the reduction of (R)-carvone (5a) resulted in the 
(2R,5R)-dihydrocarvone with low enantioselectivity (74% 
de). OYE2p exhibited different enantioselectivity toward 
(E)-citral (15a) and (Z)-citral (14a), excellent enantiose-
lectivity (98.9% ee, for R-isomer) was obtained toward 
(E)-citral, while low ee values of 26.5% toward (Z)-citral. 
For substrate 16a, OYE2p exhibited poor enantioselectiv-
ity (20% ee, for R-isomer).

Influence factor on enantioselectivity of OYE2p 
toward citral
To develop more efficient synthetic process of (R)-cit-
ronellal, the low cost of citral (crude mixture of cis- and 
trans-isomer) makes it an attractive precursor. Accord-
ing to the literatures, the characterized enoate reductases 
exhibit varied selectivity patterns for E- and Z-isomer 
with regard to the citral reduction. Accordingly, different 
ee values of product may be obtained (Winkler et al. 2011; 
Hall et  al. 2008, 2010; Bougioukou et  al. 2010; Frysz-
kowska et al. 2009). There is no doubt enoate reductases 
with R-specific activity toward both E- and Z-citrals are 
preferred. Based on the aforementioned results, OYE2p 
preferably produced (R)-citronellal from (E/Z)-citral 
(10:9 mixture of both isomers). A more detailed profile 

of citral isomer ratio on enantioselectivity of OYE2p was 
also investigated. As shown in Fig. 4, more (R)-citronel-
lal was formed with increasing levels of (E)-citral in the 
substrate mixture. In general for (E)-citral and (Z)-citral, 
more (R)-citronellal was formed by OYE2p. At an E/Z 
ratio of approximate 2/98, a racemate was obtained with 
ee value for (R)-citronellal of 25.3%. It was quite differ-
ent from OYE2 from S. cerevisiae which produced equi-
molar concentrations of citronellal enantiomers (Müller 
et  al. 2007), albeit shared 99.3% identity of amino acid 
sequence with OYE2p. Three amino acid residues are 
different between OYE2p and OYE2, which are Lys108, 
Ile289, Glu311 in OYE2p and Asn108, Val289, Lys311 in 
OYE2. Based on the simulated structure of OYE1 from S. 
carlsbergensis (PDB ID: 3TX9) which shared 91.8% iden-
tity of amino acid sequence with OYE2p, ESPript online 
server (Robert and Gouet 2014) was used to draw the 
protein structure of OYE2p, and residues Lys108, Ile289 
and Glu311 in OYE2p were found far away from the cata-
lytic active center. With almost pure (E)-citral (E/Z ratio 
of approximate 98/2), only (R)-citronellal was produced 
by OYE2p with excellent entioselectivity (>  99.5% ee), 
indicating that OYE2p was quite R-specific in the reduc-
tion of (E)-citral.

pH is often an important influence factor in biocataly-
sis, which can affect the structure of enzymes, binding 
of enzyme to substrate, as well as activity and stability of 
enzymes. Figure 3 shows that the activity of OYE2p was 
pH-dependent. Herein, the effect of pH on substrate con-
version and enantioselectivity for the OYE2p-catalyzed 
reduction of pure (E)-citral or (Z)-citral was investigated. 
As shown in Fig. 5a, for both citral isomers, the effect of 
pH on substrate conversion was quite similar. pH signifi-
cantly affected citral bioconversion, and the highest con-
version was obtained at pH 7.6. Compared with in acidic 
conditions, neutral to the slight alkaline conditions gave 
higher conversion. Furthermore, at pH values < 7.0, sub-
strate conversion decreased sharply, probably due to the 
decreased stability of OYE2p in acidic condition (Fig. 3d). 
These phenomena were identical to pH profile for activ-
ity of OYE2p (Fig. 3b). In general, OYE2p showed slightly 
higher conversion with (E)-citral at pH 5.0–10.0 than 
with (Z)-citral. With pure (E)-citral, ee values of (R)-cit-
ronellal reached to 99% and were not affected by pH. In 
contrast, with (Z)-citral, the ee values of (R)-citronellal 
increased from 12.3 to 85.9% with the increase of pH 
from 5.0 to 10.0, but this trend was slight at pH 8.6–10.0. 
Considering that OYE2p was rather specific in reduction 
of (E)-citral to (R)-citronellal, one approach to achieve 
maximum ee value for (R)-citronellal production with 
OYE2p would be the use of geometrically pure (E)-citral. 
When using (E/Z)-citral (10:9 mixture of E- and Z-iso-
mer) as substrate, the ee values of (R)-citronellal were 

Fig. 2 SDS-PAGE analysis of the purified OYE2p. Lane 1, molecular 
weight maker; lane 2, whole-cell suspension of E. coli BL21 (DE3)/
pET21d-OYE2p; lane 3, the soluble fraction of E. coli BL21 (DE3)/
pET21d-OYE2p lysate; lane 4, the precipitate fraction of E. coli BL21 
(DE3)/pET21d-OYE2p lysate; lane 5, purified OYE2p
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increased from 21.4 to 92.6% with the increase of pH 
from 5.0 to 10.0, while the increasing trend from 83.4% at 
pH 7.0 to 92.6% at pH 10.0 was not remarkable (Fig. 5b). 
It was also found that some citral isomerization occurred 
in alkaline conditions. When pH was changed from 7.0 
(in PBS buffer) to 10.0 (in Gly–NaOH buffer), 9–17% 
of added (Z)-citral was isomerized to (E)-citral in the 
absence of NADH and enzymes. Moreover, the isomeri-
zation remained constant after 6 h. Under alkaline condi-
tions in Gly–NaOH buffer (pH 9.0–10.0), an equilibrium 
ratio between E/Z-isomers was reached an approximate 
ratio of 3:2. Isomerization of citral could be explained 
by Wolken et  al. (2010). In the presence of glycine, and 
especially under alkaline conditions, the isomeriza-
tion was probably catalyzed via transient Schiff’s base 
formation between the aldehyde and glycine. The tran-
sient intermediate would be converted back into either 
(E)-citral or (Z)-citral, resulting in isomerization. In our 
results (Fig. 6), the isomerization of (Z)-citral to (E)-citral 
occurred with less 9% at pH 7.0 and 14.2% at pH 8.0 in 
PBS buffer, despite lack of amino acids or amino-groups 
of enzymes used as the catalyst. However, its mechanism 
has not yet been clear.

Biotransformation of (E/Z)‑citral to (R)‑citronellal
To demonstrate the utility of OYE2p for practical appli-
cations, the asymmetric reduction of (E/Z)-citral on 
a gram scale was performed using the recombinant 
OYE2p coupled with glucose dehydrogenase (BsGDH) 
from Bacillus megaterium that was used to regenerate 
NADH. From Fig. 5b, we concluded that the optimal pH 
of OYE2p was 8.6, at which the high substrate conver-
sion and relatively high ee value for (R)-citronellal could 
be achieved. The time course of the bioreduction of cit-
ral to citronellal is shown in Fig.  7. With the decrease 
of (E)-citral and (Z)-citral, the concentration of (R)-cit-
ronellal increased rapidly during the first 28 h, and then, 
at a steadily rising velocity until 52 h. During the reac-
tion, the concentration of (S)-citronellal also increased 
at steady but slow velocity. And at the end of reaction, 
the amount of (S)-citronellal in the reaction system was 
approximately 10.35 mM. At the initial 8 h of reaction, 
(E)-citral decreased significantly faster compared with 
(Z)-citral. Then, the consumptions of (E)-citral and (Z)-
citral were almost the same until 28  h. (E)-citral was 
almost totally converted in 48 h. After the reaction time 
of 52  h, the reaction was almost completed with 98.4% 

Fig. 3 Effects of temperature and pH on OYE2p activity and stability. a Activity–temperature profile. b Activity–pH profile. 200 mM sodium citrate 
(pH 5.0–6.6), 200 mM potassium phosphate (pH 6.6–8.6) and 200 mM glycine–NaOH (pH 8.6–10.0) were used. c Thermal stability of OYE2p. OYE2p 
was incubated in PBS buffer (200 mM, pH 7.4) at various temperatures. 4 °C (filled square), 30 °C (filled circle), 40 °C (filled triangle) and 50 °C 
(inverted filled triangle). d pH stability. OYE2p was incubated at 4 °C in different pH buffer. pH 5 (filled square), pH 6 (filled circle), pH 7 (filled trian-
gle), pH 8 (inverted filled triangle) and pH 9 (filled rhombus)
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Table 2 Substrate spectrum of OYE2p

Substrate Structure No. Specific activity (U/mg) ee (%)/config.

Maleimide

N
H

O O

1a 6.0 –

N-Phenylmaleimide

N

O

O 2a 4.24 –

2-Cyclopentenone O 3a 2.49 –

Ketoisophorone

O O

4a 3.05 25(R)

(R)-Carvone

O

5a 0.54 74(2R,5R)

(S)-Carvone

O

6a 0.7 98(2R,5S)

(S)-(−)-Perilla aldehyde O 7a 2.71 nd

(S)-(−)-Perillyl alcohol HO 8a 0.18 nd

2-Pentenal O 9a 2.04 –

Trans-2-hexenal O 10a 1.58 –

2-Octenal O 11a 1.1 –

2-Methyl-2-pentenal

O
12a 1.61 nd

2-Isopropyl-5-methyl-2-hexenal

O

13a 0.98 nd

Neral

O

14a 0.28 26.5(R)

Geranial

O

15a 0.31 98.9(R)

α-Methylcinnamaldehyde

O

16a 2.96 20(R)

Cinnamaldehyde

O

17a 2.53 –
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conversion, giving (R)-citronellal (174.3  mM) in 87.2% 
yield and 88.8% ee. To date, there are relatively few 
examples of employing enoate reductases for synthesis 
of optically (R)-citronellal on a gram scale, due to the 
shortage of (R)-enantioselective enoate reductases with 
high activity toward crude citral mixture. Bougioukou 
et  al. developed the enzymatic strategy to produce 
gram-scale quantities of (R)-citronellal from pure (E)-
citral, the substrate concentration reached to 150  mM 
(Bougioukou et al. 2010). Although KYE1 from K. lactis 
could produce (R)-citronellal with 86% ee from (E/Z)-
citral, the substrate concentration was only 10 mM and 
conversion of 68% was very low (Yanto et  al. 2011). By 
contrast, our work presented an efficient biocatalyst for 
the asymmetric reduction of E/Z-citral mixture to afford 
(R)-citronellal in high enantiopurity at relatively high 
substrate concentration.

Table 2 continued

Substrate Structure No. Specific activity (U/mg) ee (%)/config.

Cinnamylalcohol

OH

18a 0.2 –

Fumaric acid

HO

O

O

OH

19a 1.1 –

Dimethyl maleate OO

O O

20a 3.8 –

Fumaramide

H2N

O

O

NH2

21a 0.88 –

Fumaric dinitrile N N
22a 1.76 –

2-Butenenitrile N 23a 1.07 –

Specific activities were determined at 30 °C using 5 mM substrate and 0.2 mM NADH in 200 mM PBS (pH 7.4)

nd not determined

Fig. 4 Effect of citral isomer ratio on enantioselectivity of OYE2p

Fig. 5 Effect of pH on conversion and enantioselectivity of OYE2p. 
a With pure (Z)-citral or (E)-citral as substrate. b With (E/Z)-citral as 
substrate
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Conclusions
A NAD(P)H-dependent enoate reductase (OYE2p) 
from S. cerevisiae YJM1341 was identified with rela-
tively higher enantioselectivity on (E/Z)-citral mixture. 
This enzyme showed significant preference toward ɑ,β-
unsaturated aldehydes and ketones especially bearing two 
activating carbonyl groups next to C=C bonds. OYE2p 
exhibited some eximious properties, such as a wide range 
of pH optimum and stability, as well as thermostability, 
made it very attractive for industrial applications. The 
selectivity pattern with regard to the (E/Z)-citral reduc-
tion by OYE2p was also studied in detail. The ee values 
for (R)-citronellal formation increased with the increas-
ing levels of E-isomer in the (E/Z)-citral mixture as well 

as the increase of pH. From this, an enzymatic strategy 
using OYE2p to produce gram-scale quantities of (R)-cit-
ronellal was developed, and as much as 200 mM of (E/Z)-
citral (E/Z ratio = 10/9) could be asymmetrically reduced 
to (R)-citronellal in 88.8% ee and 87.2% yield. Further 
studies to design the desired complete R-selectivity for 
(E/Z)-citral by protein engineering are now in progress.

Methods
Chemicals
Citral (an approximately 10:9 mixture of E-isomer and 
Z-isomer), nerol, geraniol, (R)-citronellal and (S)-cit-
ronellal were purchased from Sigma-Aldrich (Shanghai, 
China). NADPH, NADH,  NADP+ and  NAD+ were pur-
chased from Aladdin (Shanghai, China). All the other 
chemicals were ordered from Sinopharm Chemical Rea-
gent Co., Ltd. (Z)-citral (neral) and (E)-citral (geranial) 
were obtained from Zhejiang NHU Co., Ltd (Zhejiang, 
China).

Cloning and expression of enoate reductases
Enoate reductase genes used for screening were selected 
from NCBI (https://www.ncbi.nlm.nih.gov/). Extrac-
tion and purification of genomic DNA were performed 
with TIANamp Bacteria DNA Kit (TIANGEN, Bei-
jing, China). Plasmid DNA was extracted and purified 
using AxyPrep Plasmid Miniprep Kit 250-prep (AXY-
GEN, Jiangsu, China). The enoate reductase genes were 
amplified via PCR and ligated into the vector pET 21d 
(Novagen, Shanghai, China). All genes were sequenced 
to confirm the fidelity. The resultant plasmids were then 
introduced into the host E. coli BL21 (DE3) (TIANGEN, 
Beijing, China). The culture was started in a 5 mL Luria–
Bertani (LB) medium containing 50  μg/mL ampicillin. 
After shaking overnight at 37  °C and 300  rpm, the pre-
culture was inoculated into 200  mL LB culture. When 
optical density at 600 nm reached to 0.6, isopropyl-β-d-
thiogalactoside (IPTG) was added to the culture (final 
concentration of 0.2 mM) to induce the expression of the 
enzymes at 20 °C and 175 rpm for 20 h. Cells were har-
vested by centrifugation at 8000g, 4  °C for 10  min, and 
washed with 20 mM phosphate buffer (PBS, pH 7.4).

Screening of enoate reductases
With probe enoate reductase KYE1 from K. lactis, 
BLASTp was carried out in NCBI database (http://www.
ncbi.nlm.nih.gov), and proteins owning  ≥  30% identity 
of amino acid sequence were selected from different 
microorganisms. From these selected proteins, totally 11 
OYE1 proteins, 26 OYE2p proteins, 13 OYE3p proteins 
as well as 19 hypothetical proteins were then selected 
according to the amino acid sequence of (R)-selective 
OYE1-3 in OYE family members. After heterogeneously 

Fig. 6 Effect of pH on citral isomerization

Fig. 7 Asymmetric reduction of (E/Z)-citral using purified OYE2p. 
Geranial (filled square), neral (filled circle), (R)-citronellal (filled trian-
gle) and (S)-citronellal (filled inverted triangle)

https://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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overexpressed in E. coli BL21 (DE3), the activity and 
enantioselectivity toward (E/Z)-citral were determined.

The reaction system (1  mL) contained 200  mM PBS 
(pH 7.4), 5 mM (E/Z)-citral, 40 g/L wet cells and 0.2 mM 
 NAD+. After incubation at 30  °C and 300 rpm for 10 h, 
2 mL ethyl acetate was added to the reaction mixture and 
the extracts were then determined by gas chromatograph 
(GC) to analyze conversions and ee values.

Purification of the recombinant OYE2p
The cell pellet was suspended in buffer A (20 mM PBS, 
500 mM sodium chloride, 25 mM imidazole, pH 7.4) and 
disrupted by an ultrasonic oscillator (JY92-II, Scientz 
Biotech. Ningbo, China). The cell debris was removed 
by centrifugation at 12,000g, 4 °C for 30 min. The super-
natant was loaded onto a HisTrap HP 5-mL column (GE 
Healthcare, Beijing, China) pre-equilibration with buffer 
A. The target protein was eluted with an increasing gradi-
ent from 25 to 500 mM of imidazole in PBS. The fractions 
containing the target protein were collected and dialyzed 
against 20  mM PBS (pH 7.4) for desalting. The sample 
was concentrated and stored at 4 °C, and SDS-PAGE was 
conducted to verify the expression and purification of 
OYE2p. The protein concentration was estimated with 
bicinchoninic acid (BCA) protein assay kit.

Enzyme assay and characterization of OYE2p
Enzyme activity was assayed at 30  °C by monitoring 
the decrease in the absorbance of NADH at 340 nm on 
an ultraviolet (UV)/visible spectrophotometer (BioTek 
Instruments, Inc. Vermont, USA). The molar extinction 
coefficient of 6.22  mM−1  cm−1 for NADH was used for 
the calculation (Filling et  al. 2002). Standard assay mix-
ture (200  μL) was composed of 200  mM PBS (pH 7.4), 
5  mM alkene substrate, 0.2  mM NADH, and an appro-
priate amount of purified enzyme. Reactions were per-
formed in 96-well plates and initiated by addition of 
NADH and monitored for 2  min. All the assays were 
conducted in triplicates. One unit of enzyme activity was 
defined as the amount of enzyme catalyzing the oxida-
tion of 1 μmol NADH per minute after removal of back-
ground absorption.

The optimum temperature of OYE2p toward (E)-citral 
was determined under standard assay at different tem-
peratures in a range of 25–60  °C with 5  °C intervals. 
The optimum pH was determined within a pH range of 
5.0–10.0 using various buffer systems at 200 mM as fol-
lows: sodium citrate buffer for pH 5.0–6.6, PBS for pH 
6.6–8.0, Gly–NaOH for pH 8.0–10.0. For thermal sta-
bility determination, the enzyme was pre-incubated in 
PBS buffer (200 mM, pH 7.4) at varying temperatures of 
4, 30, 40 and 50 °C, and the residual activity was assayed 
under standard condition. The pH stability of OYE2p was 

evaluated by pre-incubating the purified enzyme in dif-
ferent pH buffers (200 mM, 5.0–9.0) at 4 °C for a varied 
period of time. Samples were taken for residual activity 
assay, with the non-incubated OYE2p as the control. To 
investigate the substrate spectrum, the specific activi-
ties of OYE2p toward a series of structurally diverse 
ɑ,β-unsaturated compounds bearing a ketone, aldehyde, 
cyclic imide, and carboxylic ester were determined under 
standard conditions.

Effects on enantioselectivity of OYE2p toward citral
To test the effect of citral isomer ratio on enantioselec-
tivity of OYE2p, (E)-citral and (Z)-citral were mixed in 
varied proportions (98% Z + 2% E, 90% Z + 10% E, 80% 
Z + 20% E, 70% Z + 30% E, 60% Z + 40% E, 50% Z + 50% 
E, 30% Z + 70% E, 10% Z + 90% E, 98% E + 2% Z). The 
reduction reaction was performed in 1  mL PBS buffer 
(200  mM, pH 7.6) supplemented with 5  mM different 
ratio citral, 5.1  mM NADH and 0.2  U purified OYE2p, 
at 30 °C, 300 rpm for 6 h. Samples were withdrawn, and 
enantiomer excess and conversion of substrate were 
determined by chiral GC analysis. To test the effect of 
pH on enantioselectivity of OYE2p, the reduction reac-
tion was performed in different PBS buffer (200 mM, pH 
5.0–10.0) supplemented with 5  mM pure (E)-citral or 
(Z)-citral, 5.1  mM NADH and 0.2  U purified OYE2p at 
30 °C, 300 rpm for 4 h.

To further investigate the isomerization between E- 
and Z-isomers of citral, trials were conducted in 1  mL 
mixture containing 10 mM citral (10:9 mixture of E- and 
Z-isomer) and 200  mM buffers (pH 5.0–10.0) at 30  °C, 
300  rpm for 6  h. The thermodynamically isomerization 
under different pH was calculated by GC analysis.

Enantioselective bioreduction of citral using purified 
OYE2p under appropriate pH
The bioreduction of citral was carried out in 100 mL PBS 
buffer (200 mM, pH 8.6) containing 200 mM citral, 40 U 
purified OYE2p, 35 U glucose dehydrogenase from Bacil-
lus subtilis (BsGDH), 0.2  mM  NAD+ and 240  mM glu-
cose. The mixture was incubated at 30 °C with stirring at 
300  rpm. The pH value of the mixture during the reac-
tion was monitored and adjusted to 8.0–9.0 using 1  M 
 Na2CO3 by a pH automatic regulator (CPA-1A, Chroma, 
Changsha, China). Samples were collected at intervals 
and extracted twice with ethyl acetate. The combined 
organic layers were then analyzed by GC.

Analytical methods
The conversion of citronellal, nerol, neral (14a), 
geraniol and geranial (15a) was performed on GC 
system (GC, 7820A, Agilent) using HP-5 column 
(30 m × 0.32 mm × 0.25 μm, Aglient). Sample was 1 μL 
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with  N2 as carrier gas (1 mL/min) and a split ratio of 10:1. 
The injection and detector temperatures were 220 and 
250  °C, respectively. The temperature program involved 
100  °C for 2  min followed by a 10  °C/min increase to 
150  °C for 4 min. Under these conditions, the retention 
times of citronellal, nerol, neral, geraniol and geranial 
were 3.62, 4.53, 4.69, 4.86 and 5.01 min, respectively.

The conversion and ee values of (R)-carvone (5a) and 
(S)-carvone (6a) were determined by GC using DB-5 
column (30 m × 0.32 mm × 0.25 μm, Aglient). The tem-
perature program involved 90 °C for 2 min followed by a 
10 °C/min increase to 200 °C for 2 min. Under these con-
ditions, the retention times of (R)-carvone, (2R,5R)-dihy-
drocarvone and (2S,5R)-dihydrocarvone were 7.9, 7.3 and 
7.4 min, respectively.

The ee value of citronellal was determined by GC using 
Beta DEX 225 column (30  m  ×  0.25  mm  ×  0.25  μm, 
Supelco) with split injection of 100:1. The tempera-
ture programs involved 95  °C for 35  min followed by a 
5 °C/min increase to 160 °C for 2 min, then a 10 °C/min 
increase to 200  °C for 5  min. Under these conditions, 
the retention times of (S)- and (R)-citronellal were 24.9 
and 25.1 min, respectively. The ee of levodione (4b) was 
determined by GC using a CP-ChiraSil-DEX CB column 
(25  m ×  0.25  mm ×  0.25  μm, Varian) with split injec-
tion of 10:1. The temperature programs involved 95  °C 
for 2 min followed by a 5  °C/min increase to 110  °C for 
1  min, then a 10  °C/min increase to 180  °C for 2  min. 
Under these conditions, the retention times of ketoiso-
phorone (4a) and (S)- and (R)-levodione were 5.9, 6.7 and 
6.5 min, respectively. The ee of 2-methyl-hydrocinnamal-
dehyde (16b) was determined by HPLC using a Chiral-
cel OJ-H column (250 mm × 4.6 mm, 5 μm, Daicel) with 
n-hexane/2-propanol (99:1 v/v) as eluting solvent; the 
retention times of (R)- and (S)-2-methyl-hydrocinnamal-
dehyde and α-methylcinnamaldehyde (16a) were 12.2, 
13.9 and 15.6 min, respectively.
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