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Aromatic  �-amino  ketones/alcohols  such  as  adrenalone  play an  important  role in some  stereoselec-
tive  synthesis  of  pharmaceuticals.  Unfortunately,  the  transformation  of  aromatic  �-amino  ketones  to
their  chiral  alcohols  has  been  carried  out  chemically  as  no  corresponding  biocatalyst  has  been  available.
Here,  a novel  carbonyl  reductase  responsible  for  the  reduction  of adrenalone  to  (R)-(−)-epinephrine
was  identified  and  characterized  from  Kocuria  rhizophila.  This  enzyme  was  purified  to  homogeneity
by  ammonium  sulfate  precipitation  followed  by ion-exchange  column  chromatography,  hydrophobic
chromatography  and  gel  chromatography.  The  purified  enzyme  yielded  pure  (R)-enantiomer  product
with  high  activity  and  utilized  NADH  as the cofactor.  The  enzyme  had  special  significance  by  showing
selectivity  for  many  aromatic  �-amino  ketones/alcohols  such  as 2-amino-acetophenone,  2-amino-4′-
urification hydroxyacetophenone,  isoproterenol  and  ephedrine.  The  maximum  reaction  rate  (Vmax) and  apparent
Michaelis–Menten  constant  (Km) for  adrenalone  and  NADH  were  14.62  �mol/(min  mg)  protein  and
0.189  mM,  11.66  �mol/(min  mg)  protein  and 0.204  mM  respectively.  These  properties  ensure  the  enzyme
a  promising  future  for  industrial  application  as  a replacement  of chemical  synthesis  of  aromatic  �-amino
chiral  alcohols.

© 2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

The therapeutically non-active isomer in a racemate should be
egarded as an impurity (50% or more) which lead to a waste
f resources and may  have side effect on patients and additional
etabolic burden to viscera [1]. Therefore, the problem of stereo-

elective synthesis of optically active compounds is an extremely
mportant and pressing one. As a result of the ongoing progress
n pharmacy industry, an increasing number of novel methods for
ynthesis of pure chiral compounds are now accessible, among
hich biocatalytic transformation using isolated enzymes or whole

ell systems has gained popularity due to its advantages such as
igh stereoselectivity, few by-products, mild reaction conditions,
o residual metals in the products and avoidance of protection and
eprotection of functional groups during the bioreaction [2,3].

Chiral alcohols with �-amino functional group, called 1,2-
mino alcohol, often participate in some important stereoselective
Please cite this article in press as: He S, et al. Purification and characte
of aromatic �-amino ketones/alcohols. Process Biochem (2014), http:

ynthesis and reactions [4]. Among the numerous 1,2-amino alco-
ols, aryl amino alcohols, such as ephedrine, pseudoephedrine
nd norephedrine are of particular interest due to their versatile

∗ Corresponding author. Tel.: +86 13067237982.
E-mail addresses: comhsb@163.com, xu@fzu.edu.cn (X. Xu).

ttp://dx.doi.org/10.1016/j.procbio.2014.03.023
359-5113/© 2014 Elsevier Ltd. All rights reserved.
application in pharmaceuticals [5]. For instance, adrenomimetic
drugs are widely used in injectable solutions for acute treat-
ment of hypotension, anaphylactic shocks, and as vasoconstrictive
additives in local anesthetic formulations to prolong the anal-
gesic effect [6]. Unfortunately, most of alcohol dehydrogenases
reported showed catalytic activity to substrates limited to aromatic
ketones, long chain fatty ketones and some more simple ketones,
but showed no catalytic activity to aryl amino ketones/alcohols.
For instance, yeast dehydrogenase showed catalytic activity to
aldehydes and methyl ketone [7]; reductase from Bacillus showed
activity to acetophenone [2]; Thermoanaerobacter brockii alcohol
dehydrogenase catalyzed aliphatic methyl ketone and ethyl ketone
to their alcohols [8]; dehydrogenase from horse liver showed activ-
ity to monocyclic/bicyclic ketones, and lactic dehydrogenase was
used for biological asymmetric transformation of alpha keto acid
[9]. However, reported methods for the reduction of aromatic �-
amino ketones are limited in contrast to the ubiquitous biocatalytic
reduction of keto esters, though amides and esters are similar
groups [10].

Previously, our research group had isolated a stain named Kocu-
rization of a novel carbonyl reductase involved in oxidoreduction
//dx.doi.org/10.1016/j.procbio.2014.03.023

ria rhizophila (16S rDNA accession number EF138624) capable of
catalyzing adrenalone to (R)-(−)-epinephrine, and the method has
been patent protected [11–14]. In the current study, we report
the purification and characterization of a carbonyl reductase from

dx.doi.org/10.1016/j.procbio.2014.03.023
dx.doi.org/10.1016/j.procbio.2014.03.023
http://www.sciencedirect.com/science/journal/13595113
http://www.elsevier.com/locate/procbio
mailto:comhsb@163.com
mailto:xu@fzu.edu.cn
dx.doi.org/10.1016/j.procbio.2014.03.023
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. rhizophila,  which could catalyze the asymmetric reduction of
drenalone to (R)-(−)-epinephrine with an enantiomeric excess
e.e value) of more than 99%. It was named (R)-(−)-epinephrine
ehydrogenase (EPID). Moreover, this enzyme shows great selec-
ivity for aromatic �-amino ketones/alcohols, and very poor or
lmost no affinity for aliphatic ketones or amino acids.

. Materials and methods

.1. Chemicals

(R)-epinephrine and adrenalone were purchased from Sigma (USA). Coenzymes
NADH, NADPH) were purchased from ROCHE (Germany). DEAE Sepharose F. F, Butyl
ephroseTM 4 Fast Flow and SephacrylTM S-200 High Resolution were purchased
rom Amersham Biosciences (GE, USA). Standard proteins for gel filtration and SDS-
el electrophoresis were purchased from Sangon (ShangHai, PRC). All other reagents
ere of analytical grade.

.2. Production of (R)-epinephrine dehydrogenase

K. rhizophila was  cultured as described previously to obtain mycelia [11].

.2.1. Freeze/thaw
Air-dried mycelia (1 g) were suspended in buffer A (5 ml). The mixture were

rozen at −196 ◦C for 1 min  and then thawed at 37 ◦C for 1 min. The freeze/thaw
rocesses were repeated for three cycles. Finally, the mixture was centrifuged at
2,000 × g for 20 min  and the supernatants were recovered as crude enzymatic
xtracts.

.2.2. Ammonium sulfate fractionation precipitation
The ammonium sulphate was added to the samples (20 ml)  to give a saturation

oncentration of 40%, and the resulting precipitate was removed by centrifugation
12,000 × g for 20 min  at 4 ◦C). Then, the ammonium sulphate concentration was
ncreased stepwise to 60% saturation, and precipitate was  collected by centrifuga-
ion.

.2.3. DEAE-sepharose fast flow (ion-exchange column chromatography)
The DEAE-sepharose FF column (1.6 cm × 50 cm)  was equilibrated with 20 mM

ris–HCl buffer at pH 7.2 and eluted with a linear gradient of sodium chloride
0–0.5 M,  pH 7.0) in the equilibrating buffer. The fractions showing activity were
ollected and used for the next step.

.2.4. Butyl-sepharose 4 fast flow (hydrophobic chromatography)
The butyl-sepharose 4 fast flow column (1.6 cm × 50 cm) was equilibrated and

luted by 50 mM potassium phosphate buffer (pH 7.0).

.2.5. Sephacryl S-200 HR (gel chromatography)
Sephacryl S-200 HR column (1.6 cm × 50 cm)  was  equilibrated and eluted with

0  mM potassium phosphate buffer (pH 7.0), containing 0.15 M NaCl. The active
ractions were pooled and dialyzed against buffer E. The enzyme purity was assessed
y  SDS–PAGE.

.3. Determination of enzymatic activities

The determination of enzyme activity was described in Vallee and Hoch method
15]: coenzymes NAD(P)H absorbs at 340 nm while oxidized form NAD(P)+ does
ot. Thus, coenzymes’ oxidation or reduction would cause absorbance rise or fall
t  340 nm respectively. Enzyme activity, therefore, could be measured through the
etermination of absorbance changes at 340 nm in the reaction process.

.4. Protein assay and electrophoresis

Protein concentration was determined by the Lowry method using bovine serum
lbumin as the standard [16]. Protein concentration in fractions derived by column
hromatography was estimated by measurements of absorbance at 280 nm.

The  purity and molecular mass of the separated proteins were determined by
odium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) according
o  the method of Laemmli [17].

.5. Native molecular weight determination of the purified enzyme

The native molecular weight of the purified enzyme was  determined using
Please cite this article in press as: He S, et al. Purification and characte
of aromatic �-amino ketones/alcohols. Process Biochem (2014), http:

ephadex G-100 column pre-equilibrated with 50 mM sodium phosphate buffer
pH 7.0). The elution rate was  0.3 ml/min with the same buffer. Gel filtration
hromatography was performed at room temperature and a gelfiltration protein
arker comprising myoglobin (17.8 kDa), ovalbumin (45 kDa), bovine serum albu-
in  (66 kDa) and ovalbumin-dimer (90 kDa) was used.
 PRESS
try xxx (2014) xxx–xxx

2.6. Enzyme characterization

2.6.1. Cofactor specificity and enzymatic enantioselectivity
Cofactor specificity was detected on the basis of the standard enzyme activity

determination. When the dehydrogenase catalyzed a reduction reaction, NADH or
NADPH was  selected as the cofactor and adrenalone was  the substrate in the reac-
tion  system. Analogously, NAD+ or NADP+ was the cofactor and (R)-(−)-epinephrine
was the corresponding substrate when it was a oxidation reaction. The reactions
were carried out at 40 ◦C for 2 min, and then each system’s enzymatic activity was
examined.

Separation of enantiomers was performed on an automated P/ACETM MDQ
CE  system (Beckman Instruments, Fullerton, CA, USA) equipped with fused-silica
capillaries (I.D. 75 �m, efficient length 50 cm). Separation solutions were prepared
by  dissolving methylol-�-cyclodextrin (20 mM)  as the chiral selector in the back-
ground electrolyte (55 mM Tris–H3PO4, pH 3.0). The capillaries were conditioned
according to the following procedure before every run: UP (ultra pure) water for
5  min; 0.1 M NaOH for 5 min; UP water for 5 min. Separations were then started
thermostated at 25 ◦C using 10 kV, and UV absorbance was monitored at 214 nm.

The reaction system, which was used to determine enzymatic enantioselectivity,
comprising 2.5 mM substrates (adrenalone), 1 mM coenzyme NADH (or NADPH),
and  0.5 ml  pure enzyme solution. 50 mM phosphate buffer was then added to the
system above to obtain a final volume of 1 ml.  The enzymatic reaction was  carried out
at  40 ◦C for 30 min, and then reaction products were detected with high performance
capillary electrophoresis (HPCE).

2.6.2. Effects of pH and temperature on enzyme activity
The effect of pH on activity of (R)-epinephrine dehydrogenase was estimated

on  the basis of standard activity assays carried out at 45 ◦C and over pH range
between 3.0 and 10.0 buffers of Different pH values were used. The pH stability of the
purified enzymes was determined by measuring residual activity after protein pre-
incubation (for 4 h at 45 ◦C) in same buffers with various pH values. The optimum
temperature of (R)-epinephrine dehydrogenase was determined by measuring rela-
tive  activity in 100 mM phosphate buffer (pH 6.0) over a temperature range between
20  and 70 ◦C. Thermostability of purified enzymes was evaluated by their incubation
for  60 min  at temperature varying from 20 to 60 ◦C in 100 mM phosphate buffer (pH
6.0)  followed by residual activity assays under standard conditions.

2.6.3. Effects of various compounds on enzyme activity
The effect of various metals ions (Ag2+, Ca2+, Co2+, Cu2+, Fe2+, Hg2+, Mg2+, Mn2+,

Pb2+, Zn2+, NH4
+) and EDTA on the activity of (R)-epinephrine dehydrogenase was

investigated by their pre-incubation with these compounds for 30 min at 37 ◦C fol-
lowed by measuring residual activity under standard conditions.

2.6.4. Substrate specificity and enzyme kinetics
For determination of substrate specificity of the purified enzyme, vari-

ous substrates such as norepinephrine, isoproterenol, ephedrine, phenylephrine,
acetaldehyde, acetone, 2-amino-acetophenone, l-tyrosine, ethanol, acetanilide and
other chemicals were used. Kinetic constants (Km and Vmax) for (R)-epinephrine,
adrenalone, NADH and NAD+ were determined by measurement of initial velocities
at  various concentrations of one substrate at fixed concentrations of other substrates
under the standard assay condition. The data was plotted on a Lineweaver–Burk
double-reciprocal plot. Reactions were then performed at the optimal pH and tem-
perature of the dehydrogenase. All experiments were done in triplicates and the
average data were used to calculate the KM and Vmax.

3. Results and discussion

3.1. Purification of enzymes

As shown in Fig. 1C, only one protein peak (fractions from 29
to 36) containing (R)-epinephrine dehydrogenase activities was
eluted from DEAE-sepharose column, while butyl-sepharose 4 fast
flow gave one main peak of proteins that displayed (R)-epinephrine
dehydrogenase activities (Fig. 1A). The third step of purification
gave one main peak of proteins that displayed (R)-epinephrine
dehydrogenase activity (Fig. 1B). Results of the three-step purifi-
cation procedure are summarized in Table 1. (R)-epinephrine
dehydrogenase was purified 226-fold with 32% recovery of its activ-
ity. The specific activity of (R)-epinephrine dehydrogenase was
190 U/mg.

The purified enzyme showed a single peak in Sephadex G-100
rization of a novel carbonyl reductase involved in oxidoreduction
//dx.doi.org/10.1016/j.procbio.2014.03.023

gel filtration chromatography, and the molecular mass was  esti-
mated to be 67 kDa in comparison with the elution volume of
standard proteins. The purified enzyme migrated as a single band
with a size of about 33 kDa on SDS–PAGE (Fig. 2). The results of gel

dx.doi.org/10.1016/j.procbio.2014.03.023
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ig. 1. Purification of (R)-(−)-epinephrine dehydrogenase. (C) Chromatogram of D
luting  buffer. (A) Chromatogram of butyl-sepharose 4 fast flow. (B) Chromatogram
t  280 nm (—) and (R)-(−)-epinephrine dehydrogenase activity assay was followed 

ltration chromatography together with SDS–PAGE suggested that
his enzyme is a homodimeric enzyme. Dehydrogenases or reduc-
ases generally have low molecular weight and homomeric subunit.

any reported carbonyl reductases or dehydrogenases were low
olecular and monomeric enzyme [18,19]. However, the result of

his purified enzyme was homodimeric, which was coincident with
lcohol dehydrogenase from Rhodococcus ruber DSM 44541 [20].

.2. Properties of (R)-epinephrine dehydrogenase

.2.1. Cofactor specificity and enzymatic enantioselectivity
The results showed that (R)-epinephrine dehydrogenase dis-

layed activity with NADH (1.151 U/mg) or NAD+ (0.368 U/mg), but
o activity for the NADPH or NADP+. It illustrated that the enzyme
as a NAD (H)-dependent dehydrogenase.

The analysis of HPCE found that this NAD(H)-dependent dehy-
rogenase could catalyze the asymmetric reduction of adrenalone
corticosterone) to (R)-epinephrine, with an enantiomeric excess
e.e value) of more than 99% (Fig. 3).

.2.2. Effects of pH and temperature on enzyme activity
The effect of pH on the enzyme activity was studied in different

uffer systems (100 mM)  in the pH range of 3.0–9.0 (Fig. 4). The
igher enzyme activity was observed in phosphate buffer at the
Please cite this article in press as: He S, et al. Purification and characte
of aromatic �-amino ketones/alcohols. Process Biochem (2014), http:

ame pH values (data not shown), compared to activity in acetate
nd glycine–NaOH. The results indicated that (R)-epinephrine
ehydrogenase was optimally active at pH 6.0 and more than 80%
f the peak activity was displayed in the pH range of 5.5–6.5.

able 1
urification of (R)-epinephrine dehydrogenase.

Step Total activity
(U)

Total pro
(mg)

Crude extract 36.400 43.300 

40–60% ammonium sulfate precipitation 30.100 8.690 

DEAE-sepharose F.F 25.200 2.180 

Butyl-sepharose 4 F.F 19.900 0.706 

Sephacryl S-200 HR 11.600 0.061 
pharose fast flow. The bolder line ( ) indicates NaCl concentration of the
hacryl S-200 HR. In each step of chromatography, elution of proteins was  followed

 nm (-----).

Below pH 4.5 (or above pH 7.0) the activity decreased rapidly. The
enzyme retained 80% of its original activity over a broad range of
pH 4.5–7.0 at 45 ◦C for 24 h, showing that it was  relative stable at
acidic pH.

The effect of temperature on the enzyme activity revealed that
(R)-epinephrine dehydrogenase was  optimally active at 45 ◦C and
exhibited more than 80% of the maximum activity between 40 and
55 ◦C. However, when exposed to a temperature of over 60 ◦C, the
enzyme activity decreased sharply. The enzyme was  stable over a
temperature range of 20–40 ◦C. Purified (R)-epinephrine dehydro-
genase could retain almost 40% of its peak activity when incubated
at 55 ◦C for 60 min. However, it lost almost all of its initial activity
after incubation at 60 ◦C. Details are shown in Fig. 5.

3.2.3. Effects of various compounds on enzyme activity
The effects of metal ions and EDTA on the enzyme activity were

summarized in Table 2. The enzyme activities were found to be
enhanced by the addition of Ca2+, Mg2+, Mn2+, and NH4

+, but to
be inhibited notably by the addition of Fe2+, Al3+, Co2+, and Pb2+,
and to be inactive by the addition of Ag+, Hg2+ and Cu2+ ions even
at much lower concentrations. Simultaneously, the enzyme could
also lose activity with EDTA at relative high concentration. Carbonyl
reductases are generally known to be thiol enzymes and therefore
activity was found to be severely inhibited by thiol specific metal
rization of a novel carbonyl reductase involved in oxidoreduction
//dx.doi.org/10.1016/j.procbio.2014.03.023

ions such as Cu2+, Ag+ [21]. It was in good accordance with the
results above. In addition, it was a well known fact that Zn2+ was
essential to maintain activities of most dehydrogenases or carbonyl
reductases as cofactors, but in this study Zn2+ displayed no effect on

tein Specific activity
(U/mg)

Purification
degree [fold]

Yield (%)

0.841 1.000 100.000
3.464 4.119 82.692

11.560 13.745 69.231
28.187 33.516 54.670

190.164 226.116 31.868

dx.doi.org/10.1016/j.procbio.2014.03.023
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Fig. 2. SDS-polyacrylamide gel (12%) electrophoresis of purified (R)-(−)-
epinephrine dehydrogenase. Lane 1: phosphorylase (94 kDa), bovine serum albumin
(67  kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa) and �-lactalbumin
(14.4 kDa); lane 2: cell extract by freeze/thaw; lane 3: ammonium sulfate fraction
precipitation; lane 4: DEAE sepharose F.F; lane 5: butyl sepharose 4 fast flow; lane
6:  sephacryl S-200 HR. Gel was  stained with 0.1% Coomassie Blue R-250.

Fig. 4. Effect of pH on the activity (�) and stability (�) of (R)-epinephrine dehy-
drogenase. Enzyme assay was  performed using standard assay procedure: 20 mM
phosphate buffer, 4 mM NADH, 0.1 M corticosterone, and appropriate quantity
of enzyme in different buffers (100 mM)  from 3.5 to 9.0 in total 1 ml  at 45 ◦C.
Buffers used: 100 mM sodium acetate; 100 mM potassium phosphate; 100 mM

Fig. 3. (A) Capillary electropherogram of enzymatic reaction samples. The reaction system
2.5  mM substrates (adrenalone), 1 mM coenzyme NADH, 0.5 ml pure enzyme solution an
racemic  adrenaline.
glycine–NaOH. The maximum activity in tested buffers was taken as 100% and used
as  control. Relative activity of other pHs was expressed as a percentage of control.
Results shown are means ± SD of triplicate samples.

the native dehydrogenase at 0.1 mM,  and even inhibition at 1 mM.
This demonstrated that (R)-epinephrine dehydrogenase was not a
zinc metalloenzyme.
rization of a novel carbonyl reductase involved in oxidoreduction
//dx.doi.org/10.1016/j.procbio.2014.03.023

3.2.4. Substrate specificity and enzyme kinetics
To determine the substrate specificity of the enzyme, various

substrates were used. As shown in Table 3, the enzyme could
scarcely catalyze the reduction of aliphatic ketones, aldehydes

 (1 ml), which was used to determinate enzymatic enantioselectivity, comprising
d 50 mM phosphate buffer. (B) Electropherogram of standard (R)-adrenaline and

dx.doi.org/10.1016/j.procbio.2014.03.023
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Fig. 5. Effect of temperature on the activity (�) and stability (©) of (R)-epinephrine
dehydrogenase. Enzyme assay was performed using standard assay procedure:
20  mM phosphate buffer, 4 mM NADH, 0.1 M corticosterone, and appropriate quan-
tity  of enzyme at various temperatures from 20 to 70 ◦C in phosphate buffer
(
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Table 4
Kinetic parameters of different substrates for (R)-adrenaline dehydrogenase.

Substrates Km (mM)  Vmax (�mol min−1 mg−1)

Adrenalone 0.189 14.62
(R)-Adrenaline 0.455 9.38

T
S

100 mM,  pH 6.0) in total 1 ml.  The maximum activity in tested buffers was taken
s 100% and used as control, and relative activity of other pHs was expressed as a
ercentage of control. Results shown are means ± SD of triplicate samples.
Please cite this article in press as: He S, et al. Purification and characte
of aromatic �-amino ketones/alcohols. Process Biochem (2014), http:

nd alcohols. In contrast, it presented different degrees of activity
oward many aromatic ketones, aldehydes and alcohols. (R)-(−)-
pinephrine dehydrogenase showed low activity for aromatic
etones, but high activity when aromatic ketones contained

able 2
ffects of various compounds on enzyme activity.

Chemicals Concentration
(mmol/l)

Relative
activity (%)

— 0.0 100.0
EDTA 1.0 0.0
EDTA 0.1 99.3
AlCl3 1.0 73.1
CaCl2 1.0 109.6
CuSO4 1.0 0.0
MgSO4 1.0 118.6
MnSO4 1.0 117.6
FeSO4 1.0 17.7
ZnSO4 1.0 88.5
ZnSO4 0.1 100.0
CoCl2 1.0 70.1
AgNO3 1.0 0.0
Pb(CH3COO)2 1.0 54.9
HgNO3 1.0 0.0
(NH4)2SO4 1.0 106.5

able 3
ubstrate specificity of (R)-epinephrine dehydrogenase.

Substrates Relative activity (%) 

Aldehydes and ketones 

Acetaldehyde 1.00 

Formaldehyde 1.00 

Acetone 1.40 

Acetophenone 4.10 

Benzoylformic acid 7.00 

Adenosterone 100.00 

2-Amino-acetophenone 67.00 

2-Amino-4′-hydroxyacetophenone 81.00 

2-Amino-4′-aminoacetophenone 21.00
2-Amino-3′ ,4′-dihydroxycetophenone 48.00 

�-Bromoacetophenone <1.00 

Amino acids 

l-Tyrosine 0.00
Tryptophane 0.00
l-Phenylalanine 3.20
NADH 0.204 11.66
NAD+ 0.284 8.54

exposed amino groups. For the oxidation of alcohols compounds,
the optimum substrates for this enzyme were some adrenomimetic
agents such as norepinephrine, isoproterenol, ephedrine and
phenylephrine, which had the same core structure of phenyl �-
amino alcohol. In addition, this enzyme rarely participated in the
catalytic reduction of amino acids except for l-phenylalanine.

It is of great significance that such enzyme catalyzing com-
pounds with core structure of phenyl �-amino ketones/alcohols
was obtained. It was supposed that (R)-(−)-epinephrine dehydro-
genase contain a negatively charged active center composed of
negatively charged amino acids under physiological pH condition,
which is consistent with the results that electrophilic substituents
such as –NO2, –Cl and –Br promoted the asymmetric transforma-
tion of aromatic ketone by alcohol dehydrogenase from Rhodotorula
sp., and vice versa [22]. If this is the case, we may  further analyze
the active center of (R)-epinephrine dehydrogenase to obtain con-
served amino acid sequences responsible for catalysis of phenyl
�-amino ketones/alcohols. Such sequence may be developed into
gene probes for isolation of relevant enzymes with more merits as
it’s a rare event to screen a microorganism strain fit for such cat-
alytic reactions. Additionally, the purified enzyme may  be further
applied in organic solvent reaction system and ionic liquid reaction
system to improve its catalytic characteristics such as increasing
the substrate solubility, increasing the conversion rate, improve the
stereoselectivity, enhance the thermostability, increase the rate of
reaction and improve the enzyme utilization.

The kinetic constants of the purified enzyme were calculated
by fitting data by linear regression to a Lineweaver–Burk double-
reciprocal plot (plot not shown). All the kinetic constants for
(R)-epinephrine, adrenalone, NADH and NAD+ were presented in
Table 4. As can be seen, the Km value for (R)-epinephrine was
0.455 mM and the corresponding Vmax was 9.38 �mol  mg−1 min−1.
In contrast, the Km value for adrenalone was  0.189 mM and corre-
sponding higher Vmax 14.62 �mol  mg−1 min−1. Assume that the Km

can be approximately considered as a measure of binding affinity
rization of a novel carbonyl reductase involved in oxidoreduction
//dx.doi.org/10.1016/j.procbio.2014.03.023

between the enzyme and its substrate, and the smaller Km meant
the stronger affinity. Adrenalone was therefore more preferred
than (R)-epinephrine for the dehydrogenase, which illustrated the

Substrates Relative activity (%)

Alcohols
Phenylephrine 41.00
Ephedrine 35.00
Isoproterenol 33.00
Norepinephrine 46.00
Epinephrine 90.00
2-Phenethyl alcohol 3.30
Phenylmethanol 4.00
Ethanol <1.00
Methanol <1.00

Others
Acetanilide 0.00
Ethylacetoacetate 0.00

dx.doi.org/10.1016/j.procbio.2014.03.023
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atalytic transformation of corticosterone to (R)-epinephrine in
ractical by (R)-epinephrine dehydrogenase was  achievable and
ad potential industrial application value.

. Conclusions

A novel carbonyl reductase from K. rhizophila capable of
atalyzing adrenalone to (R)-(−)-epinephrine was purified and
haracterized. The purified enzyme preferred the inexpensive
ofactor NADH as specific electron donor. The results of gel fil-
ration chromatography together with SDS–PAGE suggested that
his enzyme is a homodimeric enzyme with 67 kD by gel filtra-
ion and 33 kD by SDS–polyacrylamide gel electrophoresis, and
t exhibited broad substrate specificity for many adrenomimetic
gents. The enzyme activity was perfect under pH 6.0 and 45 ◦C,
nd was enhanced by Ca2+, Mg2+, Mn2+ and NH4

+, while inhibited
y Fe2+, Al3+, Co2+ and Pb2+. The maximum reaction rate (Vmax)
nd apparent Michaelis–Menten constant (Km) for adrenalone
nd NADH were 14.62 �mol  min−1 mg−1 protein and 0.189 mM,
1.66 �mol  min−1 mg−1 protein and 0.204 mM,  respectively. These
roperties ensure the enzyme a promising future for industrial
pplication as a replacement of chemical synthesis of aromatic �-
mino chiral alcohols. Further molecular analysis of the enzyme
s needed to pave the road of isolating more relevant versatile
nzymes by DNA probe detection methods.
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