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Abstract:



The gene encoding a (2R,3R)-2,3-butanediol dehydrogenase from Rhodococcus erythropolis WZ010 (ReBDH) was over-expressed in Escherichia coli and the resulting recombinant ReBDH was successfully purified by Ni-affinity chromatography. The purified ReBDH in the native form was found to exist as a monomer with a calculated subunit size of 37180, belonging to the family of the zinc-containing alcohol dehydrogenases. The enzyme was NAD(H)-specific and its optimal activity for acetoin reduction was observed at pH 6.5 and 55 °C. The optimal pH and temperature for 2,3-butanediol oxidation were pH 10 and 45 °C, respectively. The enzyme activity was inhibited by ethylenediaminetetraacetic acid (EDTA) or metal ions Al3+, Zn2+, Fe2+, Cu2+ and Ag+, while the addition of 10% (v/v) dimethyl sulfoxide (DMSO) in the reaction mixture increased the activity by 161.2%. Kinetic parameters of the enzyme showed lower Km values and higher catalytic efficiency for diacetyl and NADH in comparison to those for (2R,3R)-2,3-butanediol and NAD+. The activity of acetoin reduction was 7.7 times higher than that of (2R,3R)-2,3-butanediol oxidation when ReBDH was assayed at pH 7.0, suggesting that ReBDH-catalyzed reaction in vivo might favor (2R,3R)-2,3-butanediol formation rather than (2R,3R)-2,3-butanediol oxidation. The enzyme displayed absolute stereospecificity in the reduction of diacetyl to (2R,3R)-2,3-butanediol via (R)-acetoin, demonstrating its potential application on the synthesis of (R)-chiral alcohols.
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1. Introduction


As a key enzyme in the microbial production of 2,3-butanediol, 2,3-butanediol dehydrogenase (also known as acetoin/diacetyl reductase) can reduce diacetyl to acetoin and then to 2,3-butanediol that has three stereoisomeric forms: meso-2,3-butanediol, (2R,3R)-2,3-butanediol, and (2S,3S)-2,3-butanediol [1,2]. Optically pure 2,3-butanediol can be used as valuable building block in asymmetric synthesis of chiral compounds containing two vicinal stereogenic centers [3]. However, native microorganisms are usually unable to produce optically pure 2,3-butanediol stereoisomer [4], which is partially attributed to the in vivo coincidence of both (2R,3R)-2,3-butanediol dehydrogenase and (2S,3S)-2,3-butanediol dehydrogenase. The pair of genes encoding of (2R,3R)-2,3-butanediol dehydrogenase and (2S,3S)-2,3-butanediol dehydrogenase have been confirmed in various strains, e.g., Raoultella terrigena, Klebsiella pneumoniae, Bacillus cereus, Paenibacillus polymyxa, Pseudomonas putida, and Corynebacterium glutamicum [5]. (2R,3R)-2,3-butanediol dehydrogenases usually belong to the family of zinc-containing alcohol dehydrogenases [5,6,7,8], whereas (2S,3S)-2,3-butanediol dehydrogenases are commonly clustered in the family of short-chain dehydrogenases/reductases [1,3,9,10,11,12]. Strategies have been developed to overcome the difficulties in the direct fermentation of pure 2,3-butanediol stereoisomer, e.g., constructing the whole cell biocatalysts over-expressing stereospecific 2,3-butanediol dehydrogenase, and constructing metabolic pathways using the emerging synthetic biology tools [13]. Although the application of the novel processes have resulted in high-level production of 2,3-butanediol stereoisomers, the optically pure enantiomers of 100% purity is still difficult to be obtained [14,15,16]. Thus, the discovery and characterization of absolutely stereospecific 2,3-butanediol dehydrogenase would be fundamental for its application on the production of pure 2,3-butanediol stereoisomer.



The Rhodococcus erythropolis strains have been proved to be a versatile biocatalyst for stereoselective reduction of ketones to chiral alcohols including d-(−)-pantoyl lactone, (S)-3-quinuclidinol and (S)-1-phenylethanol [17,18,19]. R. erythropolis also serves as a good resource of chiral alcohol dehydrogenases. Up to date, a large set of (S)-stereospecific alcohol dehydrogenases have been characterized from R. erythropolis, e.g., amino alcohol dehydrogenases from R. erythropolis MAK154 and R. erythropolis BCRC 10909, (2S,3S)-2,3-butanediol dehydrogenase from R. erythropolis WZ010, L-pantoyl lactone dehydrogenase from R. erythropolis AKU2103, secondary alcohol dehydrogenases from R. erythropolis DSM 43297 and R. erythropolis DSM 44534 [1,20,21,22,23,24,25]. The medium-chain alcohol dehydrogenase characterized from R. erythropolis ATCC 4277 was the only enzyme displaying (R)-enantioselectivity in asymmetric reduction of ketones [26].



We previously reported the characterization of a (S)-stereospecific acetoin/diacetyl reductase from R. erythropolis WZ010 and its application on the production of (2S,3S)-2,3-butanediol [1]. This study describes heterologous expression and characterization of a (2R,3R)-2,3-butanediol dehydrogenase from R. erythropolis WZ010 (ReBDH). The NAD+-specific enzyme was strictly (R)-enantioselective in ketone reduction and its physiological role was proposed to be involved in the formation of (2R,3R)-2,3-butanediol.




2. Results and Discussion


2.1. Over-Expression and Purification of ReBDH


The strain R. erythropolis WZ010 was able to produce (2S,3S)-2,3-butanediol in its alcoholic fermentation [1]. However, trance amounts of (2R,3R)-2,3-butanediol (around 0.2 mM) were also detected when diacetyl was supplemented as the precursor into the fermentation medium, indicating the possible presence of a gene encoding a (2R,3R)-2,3-butanediol dehydrogenase in the genome of R. erythropolis WZ010. According to the genome sequence of R. erythropolis PR4 [27], the gene rebdh encoding a putative medium-chain (2R,3R)-2,3-butanediol dehydrogenase was PCR-amplified from the genomic DNA of R. erythropolis WZ010. The gene rebdh was subsequently over-expressed in Escherichia coli cells using the pEASY-E1 expression vector and the resulting recombinant ReBDH with the N-terminal His-tag was purified to homogeneity by nickel affinity chromatography. The 1056-bp PCR product encoded 351 amino acid residues with a deduced molecular mass of 37180, whereas the purified enzyme migrated as a single band with a size of 44 ± 1 kDa on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 1). To determine the effect of the N-terminal His-tag, the recombinant ReBDH without the N-terminal his-tag was also successfully over-expressed and then purified using a two-step purification procedure: DEAE-sepharose ion-exchange chromatography and phenyl-sepharose hydrophobic chromatography. The subunit size of ReBDH without the N-terminal his-tag was also 44 ± 1 kDa on SDS-PAGE, indicating the discrepancy between the apparent molecular mass and the deduced molecular mass was due to ReBDH itself but not the N-terminal His-tag. When the NADH absorbance at 340 nm was measured at pH 6.5 and 55 °C, the specific activity of ReBDH with the His-tag was 11.3 U/mg in the acetoin reduction, which was nearly identical to that of ReBDH without the His-tag. For the convenience of enzyme preparation, ReBDH with N-terminal His-tag was used for further characterization. Size exclusion chromatography showed that the native molecular mass of ReBDH was 45 ± 2 kDa and thus ReBDH in the native form was presumably a monomer. The monomeric structure of BeBDH was unusual since (2R,3R)-2,3-butanediol dehydrogenases typically form either dimers or tetramers [7].


Figure 1. SDS-PAGE analysis of the purified ReBDH with or without N-terminal His-tag. Lane 1, the purified ReBDH without N-terminal His-tag; lane 2, molecular weight marker (from top to bottom: 120, 85, 50, 35, 25, and 20 kDa); lane 3, the purified ReBDH with N-terminal His-tag.
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2.2. Sequence and Structure Analysis of ReBDH


The nucleotide sequence and the deduced amino acid sequence of ReBDH showed 98.4% and 100% identity with its homologue in R. erythropolis PR4 (GenBank accession No. BAH34736, [27]), respectively. A BLAST-P analysis disclosed many putative (2R,3R)-2,3-butanediol dehydrogenases from the genera Rhodococcus, e.g., BDHs from Rhodococcus wratislaviensis (88% identity; GAF42845), Rhodococcus opacus B4 (87% identity; BAH49578), Rhodococcus jostii RHA1 (87% identity; ABG93446), and Rhodococcus imtechensis RKJ300 (87% identity; EID74253). The enzyme ReBDH showed high sequence homology to two NAD+-dependent alcohol dehydrogenases with known three-dimensional structure [28,29], and the structure-related sequence alignment revealed that the enzyme was a member of the superfamily of the zinc-containing medium-chain alcohol dehydrogenases (Figure 2). The inductively coupled plasma atomic emission spectrometry (ICP-AES) analyses showed that the purified ReBDH without N-terminal His-tag contained 1.94 ± 0.03 g-atoms of zinc per subunit. Therefore, the enzyme could contain 2 g-atoms of zinc per subunit in contrast with (2R,3R)-2,3-butanediol dehydrogenase from Thermococcus guaymasensis containing 1 g-atom of zinc per subunit [8]. Consistent with the zinc content of ReBDH, the enzyme had all conserved residues for the binding of catalytic and structural zinc ions. The structural zinc binding site was made up of four closely spaced cysteines (Cys101, Cys104, Cys107, and Cys115), while the residues (Cys37 and His71) were critical for the coordination of the catalytic zinc. In addition, the motif of NAD(P)+-binding was also identified to be G179XG181XXG184 [30].


Figure 2. Structure-related sequence alignment between ReBDH and two homologous proteins with known three-dimensional structure. PDB codes for the sequences are as follows: 2XAA, alcohol dehydrogenase from Rhodococcus ruber DSM 44541 [28]; 1RJW, alcohol dehydrogenase from Bacillus stearothermophilus [29]. Shown above the alignments are elements of the secondary structure of 2XAA. The numbering shown is from 2XAA. Blue triangles, putative catalytic residues; red stars, putative coenzyme binding motif; pink triangles, the residues for the coordination of structural zinc. Strictly conserved residues are highlighted with red boxes.
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2.3. Catalytic Properties of ReBDH


The known (2R,3R)-2,3-butanediol dehydrogenases use NAD(H) and/or NADP(H) as coenzymes [7,8]. With respect to the coenzyme usage, the enzyme ReBDH was strictly NAD+-dependent. The enzyme activity was not detectable when NADP(H) was used as coenzyme. The effect of temperature on ReBDH activity was investigated for alcohol oxidation and ketone reduction. Although R. erythropolis WZ010 is a mesophilic microorganism, the enzyme in the 2,3-butanediol oxidation was active within a broad temperature range, from 10 to 75 °C. The optimal temperatures of the enzyme were found to be 45 °C for the oxidation of 2,3-butanediol and 55 °C for the reduction of diacetyl (Figure 3). The thermostability of the purified ReBDH was investigated by determining its residual activities when the enzyme samples were incubated at 45 °C (Figure 4). After 6 h incubation at 45 °C, the remaining activities for acetoin reduction and 2,3-butanediol oxidation were 49.7% and 43.5%, respectively. The thermoactivity and thermostability of ReBDH were similar to the properties of alcohol dehydrogenase from Yokenella sp. WZY002 that is relatively stable at moderate temperatures and has activity optima at higher temperatures [31].


Figure 3. Effect of temperature on the activities of ReBDH. The relative activity of 100% represents 11.3 U/mg for acetoin reduction at 55 °C and pH 6.5. Solid symbols, ketone reduction; empty symbols, alcohol oxidation.
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Figure 4. Thermostability of ReBDH. The relative activity of 100% in the alcohol oxidation represents 5.7 U/mg for the oxidation of 2,3-butanediol at 45 °C and pH 10.0. The relative activity of 100% in the ketone reduction represents 11.1 U/mg for acetoin reduction at 55 °C and pH 6.5. Solid symbols, ketone reduction; empty symbols, alcohol oxidation.
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To determine the optimal pHs for both acetoin reduction and 2,3-butanediol reduction, the activity was measured in a pH range of 6.1 to 11.0 (Figure 5). In the alcohol oxidation, the enzyme exhibited the highest activity at pH 10.0. For the reduction of acetoin, >85% of its maximal activity was in the pH range of 6.5 to 7.0, with an optimal pH at 6.5. Similar to the observations on other alcohol dehydrogenases [1,8,31], alcohol oxidation was favored by higher pH since the reaction resulted in the formation of NADH and H+. On the other hand, the activity of acetoin reduction was 7.7 times higher than that of (2R,3R)-2,3-butanediol oxidation when ReBDH was assayed at pH 7.0, revealing that it is more likely to serve as reductase in vivo.


Figure 5. Effect of pH on the activities of ReBDH. The relative activity of 100% represents 11.3 U/mg for acetoin reduction at 55 °C and pH 6.5. Solid symbols, ketone reduction; empty symbols, alcohol oxidation. Buffers used: squares, piperazine-N,N'-bis(ethanesulfonic acid) (PIPES); circles, Tris-HCl; down-pointing triangles, N-cyclohexyl-2-hydroxyl-3-aminopropanesulfonic acid (CAPSO); up-pointing triangles, 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS).
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The substrate specificity of ReBDH was tested using a set of alcohols, aldehydes, and ketones (Table 1). In the oxidation reaction, the enzyme could oxidize 2,3-butanediol but not acetoin, which is a general property of 2,3-butanediol dehydrogenases [1,8]. Among the tested alcohols, the enzyme exhibited the highest activity for 2,3-butanediol as substrate. Also, the enzyme catalyzed various secondary alcohols including 1-phenyl-1,2-ethanediol, 1,3-butanediol, ethyl 4-chloro-3-hydroxybutyrate, and sodium lactate. In addition, some activity was also observed for 1-butanol, indicating that BeBDH was a primary-secondary alcohol dehydrogenase. In the reductive direction, the activity of ReBDH was found to be the highest on acetoin. Among other tested ketones or aldehydes, diacetyl showed a relatively high activity (69.3%).



Table 1. Substrate specificity of ReBDH.







	
Alcohols

	
Relative Activity (100%)

	
Ketones

	
Relative Activity (100%)






	
2,3-Butanediol a

	
100 b ± 2.7

	
Acetoin

	
100 c ± 4.3




	
Acetoin

	
0

	
Diacetyl

	
69.3 ± 5.7




	
(2R,3R)-2,3-Butanediol

	
69.5 ± 5.9

	
2,2,2-Trifluoroacetophenone

	
28.0 ± 1.8




	
(2S,3S)-2,3-Butanediol

	
0

	
3-Methyl-2-butenal

	
16.7 ± 1.3




	
(R)-1-Phenyl-1,2-ethanediol

	
32.2 ± 2.6

	
2-Octanone

	
9.3 ± 1.0




	
(S)-1-Phenyl-1,2-ethanediol

	
0

	
2-Hydroxyacetophenone

	
8.7 ± 0.4




	
Glycerol

	
16.3 ± 0.5

	
Acetophenone

	
2.5 ± 0.2




	
1,3-Butanediol

	
14.7 ± 1.0

	
4-Hydroxy-2-butanone

	
0.9 ± 0.2




	
Ethyl 4-chloro-3-hydroxybutyrate

	
12.2 ± 0.6

	

	




	
Sodium lactate

	
10.2 ± 1.1

	

	




	
2-Butanol

	
5.1 ± 0.3

	

	




	
Ethyl lactate

	
4.6 ± 0.3

	

	




	
Isopropanol

	
3.6 ± 0.4

	

	




	
1-Butanol

	
3.1 ± 0.3

	

	




	
Cyclohexanol

	
1.5 ± 0.2

	

	




	
2-Pentanol

	
1.5 ± 0.2

	

	




	
2-Octanol

	
0.5 ± 0.1

	

	








a It consisted of 5.5% (2S,3S)-2,3-butanediol, 12.9% (2R,3R)-2,3-butanediol, and 81.9% meso-2,3-butanediol; b The relative activity of 100% represents 5.9 U/mg for 2,3-butanediol oxidation at 45 °C and pH 10.0; c The relative activity of 100% represents 11.3 U/mg for acetoin reduction at 55 °C and pH 6.5.








Based on the structure analysis, ReBDH belonged to the family of zinc-containing alcohol dehydrogenases. The relative activity in the presence of 1 mM EDTA was reduced to 9.9% (Table 2), indicating that zinc might not be tightly bound to the ReBDH. The cation K+ (10 mM) increased the activity by 138.9%, whereas 10 mM cations Na+ and Mg2+ caused no significant inhibition or activation of ReBDH. The cations (1 mM) including Ca2+, Ba2+, Mn2+ and Co2+ decreased the activity by 79.5% to 89.3%. In addition, the cations Al3+ and Zn2+ decreased the activity to 21.6% and 3.4% of the control enzyme activity, respectively, and the enzyme activity was thoroughly inhibited by Ag+, Cu2+ and Fe2+. ReBDH was not the only case, in which the activity of a zinc-containing enzyme was inhibited by exogenous zinc ion. Similar cases were also observed for the zinc-containing medium-chain alcohol dehydrogenases from T. guaymasensis, Yokenella sp. strain WZY002, Acinetobacter sp. strain M-1 and Acinetobacter baylyi ADP1 [8,31,32,33]. The inhibition of the enzyme activity by the mentioned metal ions suggested that sulfhydryl groups of ReBDH might be critical for the enzyme activity [32,33].



Table 2. Effect of metal ions and EDTA on the activity of ReBDH.







	
Compounds

	
Concentrations (mM)

	
Relative activity a (%)






	
Control

	
0

	
100 b ± 4.3




	
KCl

	
10

	
138.9 ± 5.5




	
NaCl

	
10

	
102.2 ± 1.8




	
MgCl2

	
10

	
97.0 ± 4.9




	
CaCl2

	
1

	
89.3 ± 5.3




	
BaCl2

	
1

	
85.8 ± 2.2




	
MnCl2

	
1

	
81.1 ± 1.6




	
CoCl2

	
1

	
79.5 ± 3.1




	
AlCl3

	
1

	
21.6 ± 3.4




	
EDTA

	
1

	
9.9 ± 0.8




	
ZnCl2

	
1

	
3.4 ± 0.3




	
FeCl2

	
1

	
0




	
CuSO4

	
1

	
0




	
AgNO3

	
1

	
0








a The experiments were carried out in triple replicates; b The relative activity of 100% represents 11.1 U/mg for acetoin reduction at 55 °C and pH 6.5.












Enzymes resistant to organic solvents are of great interest for the purpose of practical biocatalysis. When organic solvent such as methanol, ethanol, acetone, or acetonitrile was added into the assay mixture at a final concentration of 10% (v/v), the residual activity remained at 2.4%–38.3% of the control enzyme activity (Table 3). Remarkably, when DMSO at a final concentration of 10% or 20% (v/v) was added into the assay mixture, the activity was increased up to 161% and 122% of the control enzyme activity, respectively. The activity of ReBDH at 30% (v/v) DMSO still remained 83.8% of the control enzyme activity. Owing to the DMSO tolerance of ReBDH, the use of aqueous solvent such as DMSO would provide the advantages to solubilize more hydrophobic substrates in biocatalysis [34].



Table 3. Effect of organic solvents on the activity of ReBDH.







	
Organic Solvents

	
Concentrations (%)

	
Relative Activity (100%)






	
Control

	
0

	
100 a ± 4.3




	
DMSO

	
10

	
161.2 ± 2.8




	
20

	
122.5 ± 3.4




	
30

	
83.8 ± 3.1




	
40

	
8.4 ± 0.3




	
Acetone

	
10

	
38.3 ± 1.1




	
Methanol

	
10

	
14.0 ± 0.3




	
Ethanol

	
10

	
3.7 ± 0.2




	
Acetonitrile

	
10

	
2.4 ± 0.2








a The relative activity of 100% represents 11.3 U/mg for acetoin reduction at 55 °C and pH 6.5.











2.4. Kinetic Parameters of ReBDH


Kinetic parameters of ReBDH in the (2R,3R)-2,3-butanediol oxidation were determined at pH 6.5 and 55 °C, while the assay conditions determining kinetic parameters of ReBDH in the diacetyl reduction were pH 10.0 and 45 °C. The Km value for diacetyl (0.1 mM) was 5.8-fold lower than that for (2R,3R)-2,3-butanediol (0.58 mM). The specificity constant Kcat/Km for diacetyl (61100 s−1·M−1) was 8.37 times higher than that for (2R,3R)-2,3-butanediol (7379 s−1·M−1). The apparent Km value for the coenzyme NADH was 13 times lower than that for the coenzyme NAD+ (Table 4). The specificity constant Kcat/Km for NADH as an electron donor in the diacetyl reduction (71625 s−1·M−1) was 7.25 times higher than that of the electron acceptor NAD+ in the oxidation of corresponding alcohol (9875 s−1·M−1).



Table 4. Kinetic parameters of ReBDH.







	
Substrate

	
Cosubstrate (mM)

	
Apparent Km (mM)

	
Vmax (U/mg)

	
Kcat (s−1)

	
Kcat/Km (s−1·M−1)






	
(2 R,3R)-2,3-Butanediol

	
NAD+ (0.64)

	
0.58 ± 0.05

	
6.65 ± 0.18

	
4.28 ± 0.12

	
7379 ± 860




	
NAD+

	
(2 R,3R)-2,3-butanediol (50)

	
1.04 ± 0.11

	
15.96 ± 1.07

	
10.27 ± 0.69

	
9875 ± 1777




	
Diacetyl

	
NADH (0.4)

	
0.1 ± 0.01

	
9.49 ± 0.22

	
6.11 ± 0.14

	
61100 ± 7650




	
NADH

	
Diacetyl (50)

	
0.08 ± 0.01

	
8.92 ± 0.12

	
5.73 ± 0.08

	
71625 ± 10078













2.5. Stereoselectivity of ReBDH


In the alcohol oxidation, ReBDH demonstrated activities on meso-2,3-butanediol, (2R,3R)-2,3-butanediol and (R)-1-phenyl-1,2-ethanediol, but not (2S,3S)-2,3-butanediol and (R)-1-phenyl-1,2-ethanediol, suggesting that the enzyme stereoselectively functioned on the (R)-hydroxyl group of 2,3-butanediol and 1-phenyl-1,2-ethanediol as substrate (Table 1). The stereoselectivity of ReBDH in the oxidation of 2,3-butanediol stereoisomers was superior to that of (2R,3R)-2,3-butanediol dehydrogenase from T. guaymasensis, which could function on (2S,3S)-2,3-butanediol [8]. To further approve the stereoselectivity of ReBDH, the ketone reduction and its products were further investigated. In the reduction reaction coupled with formate dehydrogenase-catalyzed coenzyme regeneration, the ReBDH-catalyzed reduction of diacetyl led to optically pure (R)-acetoin and (2R,3R)-2,3-butanediol with 35.7% and 34.2% yields, respectively (Table 5). In the coupled reaction, the concentration of NAD+ used was only 0.25 mM and its total turnover number (TTN) was calculated to be 167.6, indicating that the coenzyme regeneration was highly efficient. Moreover, the reduction of racemic (R/S)-acetoin formed (2R,3R)-2,3-butanediol and meso-2,3-butanediol, which were presumably originated from (R)-acetoin and (S)-acetoin, respectively, indicating that the reduction of acetoin was also (R)-stereoselective.



Table 5. Asymmetric reduction of ketones catalyzed by ReBDH.







	
Substrate (mM)

	
Conversion (%)

	
Products

	
Yield (%)

	
e.e. a (%)






	
Diacetyl (60)

	
73.6 ± 4.0

	
( R)-acetoin

	
35.7 ± 2.2

	
100 b




	
(2 R,3R)-2,3-butanediol

	
34.2 ± 1.7

	
100 b




	
Racemic acetoin (60)

	
42.6 ± 3.6

	
(2 R,3R)-2,3-butanediol

	
24.7 ± 2.4

	
100 c




	
meso-2,3-butanediol

	
14 ± 1.1

	
100 c








ae.e., enantiomeric excess value; b 100% e.e. means the amounts of (S)-acetoin, meso-2,3-butanediol and (2S,3S)-2,3-butanediol were not detectable; c 100% e.e. means that the amount of (2S,3S)-2,3-butanediol was not detectable.












3. Experimental Section


3.1. Materials Used


All chemicals were purchased from J&K Chemical Ltd. (Shanghai, China) or Shanghai Jingchun Reagent Co., Ltd. (Shanghai, China). Restriction enzymes were purchased from TaKaRa Bio Inc. (Dalian, China). TransStartTM Taq DNA Polymerase for polymerase chain reaction (PCR) amplification, pEASY-E1 and pEASY-E2 expression vectors were purchased from TransGen Biotech Co., Ltd. (Beijing, China).




3.2. Microorganisms and Growth Conditions


The E. coli DH5α strain was used as the host for the cloning vectors, and E. coli BL21(DE3) was used for the purpose of over-expression. R. erythropolis WZ010 used as the donor of the rebdh gene had been deposited in the China Center for Type Culture Collection (CCTCC M 2011336). The Luria–Bertani (LB) medium with a NaCl concentration of 5 g/L was routinely used for culturing recombinant E. coli and preparing seed inocula of R. erythropolis WZ010. All bacteria were cultured at 30 °C, 200 rpm for 24 h, unless stated otherwise. The alcoholic fermentation of R. erythropolis WZ010 was carried out in a previously described fermentation medium containing 110 mM glucose [35]. After 12 h of alcoholic fermentation, 2 mM diacetyl was supplemented into the fermentation medium. The end products such as acetoin and 2,3-butanediol were determined using a chiral gas chromatography (GC) method as previously described [1].




3.3. Construction of the Expression Plasmids pEASY-E1-rebdh and pEASY-E2-rebdh


The gene of R. erythropolis WZ010 encoding the putative ReBDH, named as rebdh, was amplified from the genomic DNA using forward and reverse primers rebdhF1 (5'-ATGAAGGCAGCACGGTTC-3') and rebdhR1 (5'-TCACGACCTGACGAGAATCT-3'). The rebdh gene was PCR-amplified with the conditions as follows: 94 °C for 4 min for initial denaturalization; 30 cycles of 94 °C for 30 s, 57 °C for 1 min, and 72 °C for 50 s; and 72 °C for 10 min for the final extension. The PCR products were purified and then ligated with the expression vector through the AT ligation strategy, according to the instruction of the pEASY-E1 expression kit (TransGen Biotech Co., Ltd., Beijing, China). The ligated product was subsequently transformed into E. coli DH5α competent cells. The recombinant plasmid harboring the rebdh gene, designated as pEASY-E1-rebdh, was isolated from positive transformers screened through colony PCRs and further verified by DNA sequencing (Sangon Biotech, Shanghai, China). Following the same procedure, the plasmid pEASY-E2-rebdh was constructed using the vector pEASY-E2 instead of pEASY-E1.




3.4. Expression and Purification of ReBDH with or without N-terminal His-tag


Chemically competent cells E. coli BL21(DE3) were transformed with the resulting plasmid pEASY-E1-rebdh or pEASY-E2-rebdh. The recombinant cells containing pEASY-E1-rebdh or pEASY-E2-rebdh were grown at 37 °C in the LB medium until the OD600 reached up to 0.5, and subsequently induced by adding 1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG). After 16 h of growth 28 °C, E. coli cells were harvested by centrifugation and resuspended in 50 mM Tris-HCl buffer (pH 8.0). The cells were disrupted through ultrasonication for 8 min, and the cell lysate was then centrifuged to remove the cell debris, resulting in a clear cell extract. The crude cell extracts were used for the purification of recombinant ReBDHs.



To purify the recombinant ReBDH with N-terminal His-tag from the transformant E. coli BL21(DE3)/pEASY-E1-rebdh, the obtained supernatant from the crude extract was applied to a Ni-NTA chelating affinity column (Bio-Rad Laboratories, Hercules, CA, USA) equilibrated with the binding buffer (5 mM imidazole and 300 mM NaCl dissolved in 50 mM Tris-HCl, pH 8.0). Unbound proteins were removed by washing with the binding buffer, and the recombinant ReBDH was eluted by applying a stepwise gradient of imidazole concentrations from 10 to 250 mM. Fractions containing ReBDH were eluted with 100 mM imidazole, desalted with 50 mM Tris-HCl (pH 8.0) by ultrafiltration, and then stored at −20 °C for further characterization.



In the purification of the recombinant ReBDH without N-terminal His-tag from the transformant E. coli BL21(DE3)/pEASY-E2-rebdh, the cell extract was applied to a 20-ml DEAE-sepharose column, and the enzyme ReBDH was eluted using a linear gradient of 0 to 1 M NaCl in 50 mM Tris-HCl buffer (pH 8.0). The fractions containing ReBDH activity were pooled and applied to a phenyl-sepharose column equilibrated with 50 mM Tris-HCl buffer (pH 8.0) containing 0.8 M (NH4)2SO4. Proteins were eluted with a linear gradient of 0.8 to 0 M (NH4)2SO4. In the phenyl-sepharose hydrophobic chromatography, the recombinant ReBDH without N-terminal His-tag was not eluted out using 50 mM Tris-HCl buffer (pH 8.0) but ultrapure water. After purification, the samples of ReBDH without N-terminal His-tag were washed with 50 mM Tris-HCl (pH 8.0) by ultrafiltration and then stored at −20 °C for further use.




3.5. Size Exclusion Chromatography and Structural Analysis


The purity of the purified ReBDHs was verified using SDS-PAGE as described previously [36]. The molecular mass of the enzyme in the native form was determined by a high-performance liquid chromatography on a size-exclusion column WAT011535 (Waters Corporation, Milford, MA, USA). The mobile phase was 50 mM phosphate buffer containing 150 mM NaCl (pH 6.8), and the proteins used for calibration were thyroglobulin (670 kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 (1.35 kDa). The homologues of ReBDH were identified by performing BLAST-P searches [37]. The alignment of ReBDH and its close homologues were carried out using the program ClustalW and subsequently visualized using ESPript 3.0 [38,39].




3.6. Determination of Zinc Content in ReBDH


The zinc content of ReBDH was determined using ICP-AES (IRIS Intrepid ICP-AES at the Ocean College, Zhejiang University of Technology). The purified ReBDH without N-terminal His-tag was pretreated to wash off nonbinding metals using ultrapure water. The washing procedure was carried out using YM-10 Amicon centrifuge tubes, including five repeats of centrifugation (concentration and refilling of washing buffer). The passthrough solution from the last washing was collected as the control. 100 μL concentrated protein sample containing 0.88 mg ReBDH or the control solution was mixed with 1 mL nitric acid and then digested at 90 °C for 4 h. Prior to ICP-AES analyses, the digested samples were diluted to a final volume of 10 mL using ultrapure water.




3.7. Activity Assays of ReBDH


The catalytic activity of ReBDH was measured by following either the reduction of NAD+ or the oxidation of NADH at 340 nm (ε340 = 6.3 mM−1·cm−1). Unless otherwise specified, the enzyme assay was carried out in duplicate using the assay mixture (2.5 mL) for alcohol oxidation containing 50 mM 2,3-butanediol and 0.64 mM NAD+ at 45 °C in the 50 mM CAPS buffer (pH 10.0). The assay mixture (2.5 mL) for the reduction of ketone/aldehyde contained 50 mM diacetyl and 0.4 mM NADH at 55 °C in the 50 mM PIPES buffer (pH 6.5). The reaction was initiated by the addition of 40 μg of the purified enzyme. One unit of the activity was defined as the amount of enzyme that oxidized or reduced 1 μmol NADH or NAD+ per minute. The protein concentrations of all samples were determined using the Bradford reagent (Bio-Rad) with bovine serum albumin as the standard protein [40].




3.8. Catalytic Properties of ReBDH


The effect of temperature on the enzyme activity was examined (ranged from 15 to 75 °C) using the 50 mM PIPES (pH 6.5) or the 50 mM CAPS (pH 10.0). To investigate the thermostability of ReBDH, the residual activity was measured by the standard assays for acetoin reduction and 2,3-butanediol oxidation with incubation at 45 °C for appropriate time intervals. The effect of pH on the enzyme activity was determined over a range of pH 6.1 to 11.0 at 45 °C (oxidation) or 55 °C (reduction). The buffers (50 mM) used were PIPES (pH 6.1 to 7.5), Tris-HCl (pH 7.5 to 9.0), CAPSO (pH 9.0 to 10.0), and CAPS (pH 10.0 to 11.0). All the pH values of the buffers used were determined at 25 °C using a Mettler Toledo FE20 FiveEasy pH Meter. With regard to substrate specificity, the activity of ReBDH was tested on various substrates, including primary and secondary alcohols, diols, polyols, and aromatic alcohols or aldehydes and ketones under standard assay conditions.



The effect of cations, EDTA, and organic solvents on enzyme activity was examined by adding each compound at a final concentration of 1 mM (metal ions and EDTA) or 10% (v/v) (organic solvents) unless stated otherwise. The residual enzyme activity was determined by measuring the reduction of diacetyl in the 50 mM PIPES (pH 6.5), and the control enzyme activity was assayed in the absence of any test compound.



Enzyme kinetic parameters were determined using different substrates and coenzymes (NAD+ or NADH). Various substrate concentrations were used for determining the corresponding activities at the appropriate temperature (55 °C for ketone reduction and 45 °C for alcohol oxidation) when concentrations of corresponding coenzymes were kept constant. Substrates and coenzymes used were NAD+ (0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 mM), (2R,3R)-2,3-butanediol (0, 0.45, 2.3, 5.8, 11.6, 23.2, 34.8, 46.4, 58, and 116 mM), NADH (0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mM), diacetyl (0, 0.45, 2.3, 5.8, 11.6, 23.2, 34.8, 46.4, and 92.8 mM). Apparent values of Km and Vmax were calculated by a computer-aided direct fit to the Michaelis–Menten equation using SigmaPlot (Systat Software Inc., San Jose, CA, USA). All the reactions followed Michaelis–Menten-type kinetics.




3.9. Asymmetric Reduction of Diacetyl and Acetoin Catalyzed by ReBDH


The enzyme used for in situ regeneration of NADH during asymmetric synthesis was the mutant of formate dehydrogenase from Candida boidinii ATCC32195 with two amino acid replacements of Csy23Ser and Cys262Ala [41]. The gene encoding the mutant of formate dehydrogenase from Candida boidinii ATCC32195 was synthesized and then inserted into Nde I and Xho I restriction sites of the plasmid pET-30a. The resulting expression plasmid pET-30a-cbfdh was transformed into chemically competent cells E. coli BL21(DE3). The expression and purification of formate dehydrogenase from Candida boidinii ATCC32195 were carried out following the procedures for expression and purification of ReBDH with N-terminal His-tag in Section 3.4.



To determine the stereoselectivity of ReBDH, the asymmetric reduction of diacetyl/acetoin was carried out using formate dehydrogenase-catalyzed coenzyme regeneration. The reduction mixture (2 mL) containing 60 mM diacetyl or racemic acetoin, 120 mM sodium formate as cosubstrate, 0.25 mM NAD+, 5 U recombinant formate dehydrogenase from Candida boidinii ATCC32195 and 2.5 U ReBDH in the 50 mM PIPES buffer (pH 7.0). The reaction was carried out at 30 °C for 48 h under static condition, unless otherwise specified. The reactants were determined with a Shimadzu GC-2014 gas chromatograph (Shimadzu Corporation, Kyoto, Japan) equipped with a chiral GC column (Varian CP7502, 25 m × 0.25 mm × 0.39 mm) as previously described [1]. The 2 mL reaction mixture was extracted with 1 mL 1-butanol under strong vibration. The reaction mixture after extraction was dehydrated with anhydrous sodium sulfate and then 1 μL dehydrated sample was directly applied onto the injector (250 °C) for GC analyses. The peak areas were quantitated using specific external standards. Retention times of the reactants were listed as follows: 3.25 min for diacetyl, 6.30 min for (R)-acetoin, 6.60 min for (S)-acetoin, 9.16 min for (2S,3S)-2,3-butanediol, 9.25 min for (2R,3R)-2, 3-butanediol, and 9.42 min for meso-2,3-butanediol.




3.10. Nucleotide Sequence Accession Number


The nucleotide sequence of ReBDH has been submitted to the GenBank database under the accession number of KP868656.





4. Conclusions


The strain R. erythropolis WZ010 had the capacity to produce both (2S,3S)-2,3-butanediol and (2R,3R)-2,3-butanediol, revealing the presence of the gene encoding (2R,3R)-2,3-butanediol dehydrogenase in its genome. The enzyme ReBDH with monomeric structure shared common structural characteristics with other homologues in the family of medium-chain zinc-containing alcohol dehydrogenases. ReBDH catalyzed the oxidation of 2,3-butanediol to acetoin and the reduction of diacetyl/acetoin to (2R,3R)-2,3-butanediol. ReBDH had higher catalytic efficiency on NADH and diacetyl (determined at pH 6.5 and 55 °C) than that on NAD+ and (2R,3R)-2,3-butanediol (determined at pH 10.0 and 45 °C). When the assay pH (e.g., pH 7.0) was close to the physiological pH, the activity of ReBDH for acetoin reduction was much higher than that for (2R,3R)-2,3-butanediol oxidation, clearly indicating that the preference for ReBDH-catalyzed (2R,3R)-2,3-butanediol oxidation or acetoin reduction was a pH-driven process. Taken together, the results suggested that the physiological role of ReBDH was very likely to be associated with the formation of (2R,3R)-2,3-butanediol rather than the oxidation of (2R,3R)-2,3-butanediol.



The enzyme was active within broad ranges of pH and temperature and had remarkable activity in the presence of higher concentration of DMSO, offering greater flexibility in practical biocatalysis. Furthermore, both the oxidation of 2,3-butanediol/1-phenyl-1,2-ethanediol and the reduction of diacetyl/acetoin catalyzed by ReBDH were strictly (R)-enantioselective. Besides (2R,3R)-2,3-butanediol, chiral alcohols such as (R)-1-phenyl-1,2-ethanediol have served as valuable intermediates for synthesis of biologically or pharmacologically active compounds [42,43]. In addition, the NADH regeneration system catalyzed by formate dehydrogenase was confirmed to be effective since the asymmetric reduction of diacetyl led to production of 21.4 mM (R)-acetoin and 20.5 mM (2R,3R)-2,3-butanediol from 60 mM diacetyl with the use of only 0.25 mM NAD+. In total, ReBDH could serve as a potential versatile biocatalyst for the synthesis of (R)-stereospecific chiral alcohols.







Acknowledgments


This work was supported by the National Natural Science Fund of China (No. 21405140), the Natural Science Fund of Zhejiang Province, China (No. LY12B06011 and LQ14B050003), and Zhejiang Provincial Top Key Discipline of Biology.




Author Contributions


M.Y., J.S. and X.Y. designed and directed the study. M.H., Q.S. and M.Y. performed the experiments and collected the data. M.Y. and X.Y. analyzed the data and wrote the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Wang, Z.; Song, Q.; Yu, M.; Wang, Y.; Xiong, B.; Zhang, Y.; Zheng, J.; Ying, X. Characterization of a stereospecific acetoin(diacetyl) reductase from Rhodococcus erythropolis WZ010 and its application for the synthesis of (2S,3S)-2,3-butanediol. Appl. Microbiol. Biotechnol. 2014, 98, 641–650. [Google Scholar] [CrossRef] [PubMed]

	2. 
Zeng, A.; Sabra, W. Microbial production of diols as platform chemicals: recent progresses. Curr. Opin. Biotechnol. 2011, 22, 749–757. [Google Scholar] [CrossRef] [PubMed]

	3. 
Li, L.; Wang, Y.; Zhang, L.; Ma, C.; Wang, A.; Tao, F.; Xu, P. Biocatalytic production of (2S,3S)-2,3-butanediol from diacetyl using whole cells of engineered Escherichia coli. Bioresour. Technol. 2012, 115, 111–116. [Google Scholar] [CrossRef] [PubMed]

	4. 
Yan, Y.; Lee, C.; Liao, J.C. Enantioselective synthesis of pure (R,R)-2,3-butanediol in Escherichia coli with stereospecific secondary alcohol dehydrogenases. Org. Biomol. Chem. 2009, 7, 3914–3917. [Google Scholar] [CrossRef] [PubMed]

	5. 
Takeda, M.; Muranushi, T.; Inagaki, S.; Nakao, T.; Motomatsu, S.; Suzuki, I.; Koizumi, J. Identification and characterization of a mycobacterial (2R,3R)-2,3-butanediol dehydrogenase. Biosci. Biotechnol. Biochem. 2011, 75, 2384–2389. [Google Scholar] [CrossRef] [PubMed]

	6. 
González, E.; Fernández, M.R.; Larroy, C.; Solà, L.; Pericàs, M.A.; Parés, X.; Biosca, J.A. Characterization of a (2R,3R)-2,3-butanediol dehydrogenase as the Saccharomyces cerevisiae YAL060W gene product. J. Biol. Chem. 2000, 275, 35876–35885. [Google Scholar] [CrossRef] [PubMed]

	7. 
Raedts, J.; Siemerink, M.A.J.; Levisson, M.; van der Oost, J.; Kengen, S.W.M. Molecular characterization of an NADPH-dependent acetoin reductase/2,3-butanediol dehydrogenase from Clostridium beijerinckii NCIMB 8052. Appl. Environ. Microbiol. 2014, 80, 2011–2020. [Google Scholar] [CrossRef] [PubMed]

	8. 
Ying, X.; Ma, K. Characterization of a zinc-containing alcohol dehydrogenase with stereoselectivity from the hyperthermophilic archaeon Thermococcus guaymasensis. J. Bacteriol. 2011, 193, 3009–3019. [Google Scholar] [CrossRef] [PubMed]

	9. 
Giovannini, P.P.; Medici, A.; Bergamini, C.M.; Rippa, M. Properties of diacetyl(acetoin) reductases from Bacillus stearothermophilus. Bioorg. Med. Chem. 1996, 4, 1197–1201. [Google Scholar] [CrossRef] [PubMed]

	10. 
Park, J.M.; Hong, W.K.; Lee, S.M.; Heo, S.Y.; Jung, Y.R.; Kang, I.Y.; Oh, B.R.; Seo, J.W.; Kim, C.H. Identification and characterization of a short-chain acyl dehydrogenase from Klebsiella pneumoniae and its application for high-level production of l-2,3-butanediol. J. Ind. Microbiol. Biotechnol. 2014, 41, 1425–1433. [Google Scholar] [CrossRef] [PubMed]

	11. 
Ui, S.; Okajima, Y.; Minura, A.; Kanai, H.; Kobayashi, T.; Kudo, T. Sequence analysis of the gene for and characterization of d-acetoin forming meso-2,3-butanediol dehydrogenase of Klebsiella pneumoniae expressed in Escherichia coli. J. Ferment. Bioeng. 1997, 83, 32–37. [Google Scholar] [CrossRef]

	12. 
Ui, S.; Okajima, Y.; Mimura, A.; Dohmae, N.; Takio, K.; Ohkuma, M.; Kudo, T. Cloning, expression and nucleotide sequence of the L-2,3-butanediol dehydrogenase gene from Brevibacterium saccharolyticum C-1012. J. Ferment. Bioeng. 1998, 86, 290–295. [Google Scholar] [CrossRef]

	13. 
Shen, M.; Ji, X.; Nie, Z.; Xia, Z.; Yang, H.; Huang, H. Biotechnological production of 2,3-butanediol stereoisomers: synthetic mechanism and realized methods. Chin. J. Catal. 2013, 34, 351–360. [Google Scholar]

	14. 
Qi, G.; Kang, Y.; Li, L.; Xiao, A.; Zhang, S.; Wen, Z.; Xu, D.; Chen, S. Deletion of meso-2,3-butanediol dehydrogenase gene budC for enhanced d-2,3-butanediol production in Bacillus licheniformis. Biotechnol. Biofuels 2014, 7, 16. [Google Scholar] [CrossRef] [PubMed]

	15. 
Wang, Y.; Li, L.; Ma, C.; Gao, C.; Tao, F.; Xu, P. Engineering of cofactor regeneration enhances (2S,3S)-2,3-butanediol production from diacetyl. Sci. Rep. 2013, 3, 2643. [Google Scholar] [PubMed]

	16. 
Xu, Y.; Chu, H.; Gao, C.; Tao, F.; Zhou, Z.; Li, K.; Li, L.; Ma, C.; Xu, P. Systematic metabolic engineering of Escherichia coli for high-yield production of fuel bio-chemical 2,3-butanediol. Metab. Eng. 2014, 23, 22–33. [Google Scholar] [CrossRef] [PubMed]

	17. 
Shimizu, S.; Hattori, S.; Hata, H.; Yamada, H. One-step microbial conversion of a racemic mixture of pantoyl lactone to optically active d-(−)-pantoyl lactone. Appl. Environ. Microbiol. 1987, 53, 519–522. [Google Scholar] [PubMed]

	18. 
Wang, Y.; Li, J.; Wu, Q.; Zhu, D. Microbial stereospecific reduction of 3-quinuclidinone with newly isolated Nocardia sp. and Rhodococcus erythropolis. J. Mol. Catal. B Enzym. 2012, 88, 14–19. [Google Scholar] [CrossRef]

	19. 
Yang, C.; Ying, X.; Yu, M.; Zhang, Y.; Xiong, B.; Song, Q.; Wang, Z. Towards the discovery of alcohol dehydrogenases: NAD(P)H fluorescence-based screening and characterization of the newly isolated Rhodococcus erythropolis WZ010 in the preparation of chiral aryl secondary alcohols. J. Ind. Microbiol. Biotechnol. 2012, 39, 1431–1443. [Google Scholar] [CrossRef] [PubMed]

	20. 
Abokitse, K.; Hummel, W. Cloning, sequence analysis, and heterologous expression of the gene encoding a (S)-specific alcohol dehydrogenase from Rhodococcus erythropolis DSM 43297. Appl. Microbiol. Biotechnol. 2003, 62, 380–386. [Google Scholar] [CrossRef] [PubMed]

	21. 
Hummel, W.; Abokitse, K.; Drauz, K.; Rollmann, C.; Gröger, H. Towards a large-scale asymmetric reduction process with isolated enzymes: expression of an (S)-alcohol dehydrogenase in E. coli and studies on the synthetic potential of this biocatalyst. Adv. Synth. Catal. 2003, 345, 153–159. [Google Scholar] [CrossRef]

	22. 
Kataoka, M.; Nakamura, Y.; Urano, N.; Ishige, T.; Shi, G.; Kita, S.; Sakamoto, K.; Shimizu, S. A novel NADP+-dependent L-1-amino-2-propanol dehydrogenase from Rhodococcus erythropolis MAK154: A promising enzyme for the production of double chiral aminoalcohols. Lett. Appl. Microbiol. 2006, 43, 430–435. [Google Scholar] [CrossRef] [PubMed]

	23. 
Lin, W.; Chen, C.; Chen, H.; Hsu, W. Enantioselective synthesis of (S)-phenylephrine by whole cells of recombinant Escherichia coli expressing the amino alcohol dehydrogenase gene from Rhodococcus erythropolis BCRC 10909. Process Biochem. 2010, 45, 1529–1536. [Google Scholar] [CrossRef]

	24. 
Martinez-Rojas, E.; Kurt, T.; Schmidt, U.; Meyer, V.; Garbe, L. A bifunctional enzyme from Rhodococcus erythropolis exhibiting secondary alcohol dehydrogenase-catalase activities. Appl. Microbiol. Biotechnol. 2014, 98, 9249–9258. [Google Scholar] [CrossRef] [PubMed]

	25. 
Si, D.; Urano, N.; Nozaki, S.; Honda, K.; Shimizu, S.; Kataoka, M. L-Pantoyl lactone dehydrogenase from Rhodococcus erythropolis: genetic analyses and application to the stereospecific oxidation of l-pantoyl lactone. Appl. Microbiol. Biotechnol. 2012, 95, 431–440. [Google Scholar] [CrossRef] [PubMed]

	26. 
Zhu, Q.; Jia, H.; Li, Y.; Jia, L.; Ma, Y.; Wei, P. Cloning, expression and characterization of chiral alcohol dehydrogenase from Rhodococcus erythropolis ATCC 4277. Acta Microbiol. Sin. 2012, 52, 83–89. [Google Scholar]

	27. 
Sekine, M.; Tanikawa, S.; Omata, S.; Saito, M.; Fujisawa, T.; Tsukatani, N.; Tajima, T.; Sekigawa, T.; Kosugi, H.; Matsuo, Y.; et al. Sequence analysis of three plasmids harboured in Rhodococcus erythropolis strain PR4. Environ. Microbiol. 2006, 8, 334–346. [Google Scholar] [CrossRef] [PubMed]

	28. 
Karabec, M.; Łyskowski, A.; Tauber, K.C.; Steinkellner, G.; Kroutil, W.; Grogan, G.; Gruber, K. Structural insights into substrate specificity and solvent tolerance in alcohol dehydrogenase ADH-“A” from Rhodococcus ruber DSM 44541. Chem. Commun. 2010, 46, 6314–6316. [Google Scholar] [CrossRef]

	29. 
Ceccarelli, C.; Liang, Z.X.; Strickler, M.; Prehna, G.; Goldstein, B.M.; Klinman, J.P.; Bahnson, B.J. Crystal structure and amide H/D exchange of binary complexes of alcohol dehydrogenase from Bacillus stearothermophilus: Insight into thermostability and cofactor binding. Biochemistry 2004, 43, 5266–5277. [Google Scholar] [CrossRef] [PubMed]

	30. 
Korkhin, Y.; Kalb(Gilboa), A.J.; Peretz, M.; Bogin, O.; Burstein, Y.; Frolow, F. NADP-dependent bacterial alcohol dehydrogenases:crystal structure, cofactor-binding and cofactor specificity of the ADHs of Clostridium beijerinckii and Thermoanaerobacter brockii. J. Mol. Biol. 1998, 278, 967–981. [Google Scholar] [CrossRef] [PubMed]

	31. 
Ying, X.; Wang, Y.; Xiong, B.; Wu, T.; Xie, P.; Yu, M.; Wang, Z. Characterization of an allylic/benzyl alcohol dehydrogenase from Yokenella sp. strain WZY002, an organism potentially useful for the synthesis of α,β-unsaturated alcohols from allylic aldehydes and ketones. Appl. Environ. Microbiol. 2014, 80, 2399–2409. [Google Scholar] [CrossRef] [PubMed]

	32. 
Tani, A.; Sakai, Y.; Ishige, T.; Kato, N. Thermostable NADP+-dependent medium-chain alcohol dehydrogenase from Acinetobacter sp. strain M-1: Purification and characterization and gene expression in Escherichia coli. Appl. Environ. Microbiol. 2000, 66, 5231–5235. [Google Scholar] [CrossRef] [PubMed]

	33. 
Uthoff, S.; Steinbüchel, A. Purification and characterization of an NAD+-dependent XylB-like aryl alcohol dehydrogenase identified in Acinetobacter baylyi ADP1. Appl. Environ. Microbiol. 2012, 78, 8743–8752. [Google Scholar] [CrossRef] [PubMed]

	34. 
Lavandera, I.; Kern, A.; Schaffenberger, M.; Gross, J.; Glieder, A.; de Wildeman, S.; Kroutil, W. An exceptionally DMSO tolerant alcohol dehydrogenase for the stereoselective reduction of ketones. ChemSusChem 2008, 1, 431–436. [Google Scholar] [CrossRef] [PubMed]

	35. 
Jung, M.; Ng, C.Y.; Song, H.; Lee, J.; Oh, M. Deletion of lactate dehydrogenase in Enterobacter aerogenes to enhance 2,3-butanediol production. Appl. Microbiol. Biotechnol. 2012, 95, 461–469. [Google Scholar] [CrossRef] [PubMed]

	36. 
Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685. [Google Scholar] [CrossRef] [PubMed]

	37. 
Altschul, S.F.; Madden, T.L.; Schäffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and PSI-BLAST: A new generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389–3402. [Google Scholar] [CrossRef] [PubMed]

	38. 
Gouet, P.; Courcelle, E.; Stuart, D.I.; Metoz, F. ESPript: Analysis of multiple sequence alignments in PostScript. Bioinformatics 1999, 15, 305–308. [Google Scholar] [CrossRef] [PubMed]

	39. 
Thompson, J.D.; Higgins, D.G.; Gibson, T.J. CLUSTALW: Improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 1994, 22, 4673–4680. [Google Scholar] [CrossRef] [PubMed]

	40. 
Bradford, M.M. A rapid and sensitive for the quantitation of microgram quantities of protein utilizing the principle of protein dye binding. Anal. Biochem. 1976, 72, 248–254. [Google Scholar] [CrossRef] [PubMed]

	41. 
Slusarczyk, H.; Felber, S.; Kula, M.; Pohl, M. Stabilization of NAD-dependent formate dehydrogenase from Candida boidinii by site-directed mutagenesis of cysteine residues. Eur. J. Biochem. 2000, 267, 1280–1289. [Google Scholar] [CrossRef] [PubMed]

	42. 
Matsuyama, A.; Yamamoto, H.; Kawada, N.; Kobayashi, Y. Industrial production of (R)-1,3-butanediol by new biocatalysts. J. Mol. Catal. B Enzym. 2001, 11, 513–521. [Google Scholar] [CrossRef]

	43. 
Nie, Y.; Xu, Y.; Mu, X.Q.; Wang, H.Y.; Yang, M.; Xiao, R. Purification, characterization, gene cloning, and expression of a novel alcohol dehydrogenase with anti-Prelog stereospecificity from Candida parapsilosis. Appl. Environ. Microbiol. 2007, 73, 3759–3764. [Google Scholar] [CrossRef] [PubMed]






	
Sample Availability: Samples of the compounds in miligram amounts are available from the authors.







© 2015 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  molecules-20-07156


  
    		
      molecules-20-07156
    


  




  





media/file8.jpg
100

40

30
20

10

-

— T
60 65 74

0

T
75

T T T
80 85 9.0 0.
pH

T
X

T
10.0

T
10.5

T
110





media/file6.jpg





media/file1.png
3 3 B F






media/file7.png
120 -

100 -

(%) A1ADdE dANR[Y

20

Time (h)





media/file9.png
100

2 — N — Y — B~
- e W T e

(2%) A1AndE JANERY

9.5 10.0 10.5 11.0

9.0

65 7.0 75 8.0 85

6.0

pH





media/file10.png





media/file5.png
100 -

80

(%) K1ADO8 dAnR[Y

20 -

80

70

60

50

40

30

20

Temperature(’C)





media/file3.png
B1 ol

1 10 20 30 40 50 60
2XAA OYTEIGSEPVVVDIPTEHTPGPEEILLKV|IT2AA[ELEH S I|FVMDMPAAQYAYG . &« v v v v v v . . LiELITL
1RJW VVEQFKEPLK|IKEVEKIFAT IS YEEVILVR I|KAC[EV[SH TP L HAAHG .DWNPVKPK . « « v+ v v« . . LI P
ReBDH RFHGQKD . IR|[IEE I|PE|JELRP[ETVKILKVIAWC[YI[&G|ITPLHEYLEGP IFISAPGHPHPLSHEN]R)FVITM

A

BZ B3 o2 Nl o3 B4
2XAA s TT e— 2000 200 02000 p—

70 80 90 100 110 120
2xaa [ vEa T\ AR LER[EVANG F cielDlaNa VY GelWe .PcalEHAMAREREN Y TR2AAD[LIEI TPPGLGSPEsMAI|YM
1RJW e3:81G V[e] I \WE A Vel P [eA'ANH 1. K\ A DIRMG|I|P W L|Y|S A[eG H[e|D Y[® 1. S[elo E T L&EHQKN|a[&YS . . . . . vDlecYadyC
ReBDH [ed:83F S[e| TWEIA VI E[AAYD vV EVEENWVIV|. EP|YF VNE[MAPKA[ENYHIL®TKMGF|I[ELAG. . . . GGlEGLSIKV

AdAA A A AA A A A A
n2 PBs o4 a3 n3 B6 b

2XAA =P QQQ=dp TT Q000000000 Q00000000 Q0Q TT =——mj 20000Q00QQQQQ —

130 140 150 160 170 180 190

2XAA IVDSARHLVPIGDLDPVAARNPILTDAGLTPYHE\ISRVLP LILIGP[ES TAVV|I|[E
1RJW RAAADYVVKIPDNLSFEEARNPIIIFCAGVTTYKELILKVTG. .|AKPEEWVATIY|E
L

V(G LEHVIGIIQ I|L RAVISIAJARV
TEGLEHVIAVIQ YAKAMGLIN . [V
AlelP T[&T,|L/VIA|A VIL K|G|L|G[V|T T|T

ReBDH V[VDRRWIHKIGN..IPLDEERA|LIEPLSVAHHE\WVRSG. .[AEs[ENV[aIVG[E
* Kk K
B7 o7 B8 ol B9 o9 B10

2xAA =P 000000000 —- R0QQ0000Q0Q — 000000000 Q———ly-

200 210 220 230 240 250 260
2XAA I|AVDLDDDRI|ALAREVGEWARVIKSG . AGRIADAIRPL T[EEQGI\TRAIVFDFVGAQSTID[TAIQQV[VIAVD[EHEI SV
1RJW AVDIGDE[KLELAKELGELV VNP LKEDRAAKFMKIAK Ve VHE\AVIVTAVS . . KPAFQ[SAIYNS|I|RRG[ACVL
ReBDH V|[TELSEARKAKRALISSGVESYVIDPTTEDVKARV/LIMLS[EHEIGED|IGFECAGVNAVLD|TMLD T|VIRPA[EVVVN

B11 B12 10 B13 all

2XAA TT =P TT TT = 200000000000 —-

270 280 0 300 310 320 330

29
2XAA VG[IlHAGAHARVGFFMI|PFGRIsVvTPYWG TRISELMEVVALRRAERLDIHTETF TLDEGP AR YRRLRE G SR
1RJW \€GILPPEEMPIPIFDTVILNG|IKIIIIGSIVGTIKDLQEALQFAA KVKTITEVQPLEKINE[VEDRMLKGQpIN
& ID|L

E
ReBDH |YS[IWGKPATIDMQKL|VILKE RGTIAYV).DHEAVIKMVIQDEVVDLAPFITGRIQLEE|LISEGETTLRE

I

B1
2XaA =
340

2XAA GRGVV[VP .. ...
1RJW GRVV|ILITLEDK. .

ReBDH HNDTERA[VKILVRS





media/file4.jpg
100

el

20

30

40

50

Temperature('C)

60

70

80





media/file0.jpg
2= .-_..-_.o .





media/file2.jpg





