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CHAPTER 1 

General Introduction 

1. 1 Asymmetric Synthesis 

Most of natural products have one or more asymmetric carbon centers in their 

molecules. Synthesis of optically active cornpounds has become one of the most important 

goal in the fields of organic chemistry and biochemistry. In recent years, there have been 

dramatic development in the asymmetric synthesis of organic compounds.1) Since optically 

active alcohols are versatile and convenient chiral building blocks in the syntheses of 

bioactive compounds, such as pheromones,2) macrolides,3) antibiotics,4) and so on, the 

asymmetric synthesis of chiral alcohols has been investigated quite extensively.S) 

There are two methodologies in asymm1etric synthesis of various organic compounds. 

One of them is a chemical method and the other is a biochemical method. 

In the asymmetric synthesis by means of the chemical method, various reactions which 

utilize a chiral source from natural products have been developed. For example, Noyori et 

al. 6) reported an efficient lAH reagent for an asymmetric hydrogenation (Scheme 1.1). 
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Sharpless et al. 7) succeeded in highly stereoselective and catalytic epoxidation of allyl 

alcohols (Scheme 1. 2). Fuji et al. 8) and Sharpless et al. 9,10) have developed a catalytic 

asymmetric dihydroxylation of olcfins (Scheme 1. 3). 

Scheme 1. 1. 

o (i'R + L 

Scheme 1. 2. 

Scheme 1. 3. 

ligand 

Ti(OiPr)4' tBuOOH 
• 

CH2C12, -20°C 

chiral ligand 

OR 

OH orR 
60 - 80 % yields, 
95 - 100 % e.e. 

ligand 

On the other hand, biochemical methods also have been developed extensively. 

Biological reactions proceed smoothly precisely and selectively under mild conditions and 

are catalyzed by the corresponding enzymes. In particular, it is worth noting that 
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enzymatic reactions are stereospecific and substrate-specific. The reaction by use of an 

enzyme as catalyst is one of the useful methods for the asymmetric synthesis. · Biochemical 

method is divided into two categories. One of them is the microbial biotransformation and 

the other is the reaction by an enzyme itself within microorganism. 

In the former case, for example, Mod et al. ll ) reported that the bakers' yeast reduction 

of ethyl acetoacetate gave the corresponding (S)-hydroxy ester (Scheme 1. 4). 

Wipf et a1. 12) succeeded in obtaining another enantiomer of this alcohol with Geotricum 

candidum catalyzed reduction (Scheme 1. 4). 

Scheme 1. 4. 

OH 0 

~OEt 
~ 90 % e.e. 

Geotricum 
~ 

calldidum 

o 0 

~OEt 
Bakers' 

----~ 

Yeast 

OH 0 

~OEt 
85 ~90 % e.e. 

On the other hand, as the latter case, for example, Kim et al.13) reported that the 

reduction of a-keto acid with L-lactate dehydrogenase gave the (L)-a-hydroxy acid 

(Scheme 1. 5). Casy et a1. 14 ) succeeded in the stereoselective reduction of 2,4-dioxo acid 

catalyzed by (R)- and (S) - lactate dehydrogenase (Scheme 1. 6). 

Scheme 1. 5. 

L-LDH 

Formate dehydrogenase 

~ 
CO 2 HC02H 
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Scheme 1. 6. 

0 0 0 OH 

~C02H 
R-LDH 

~C02H ,... 

96 ~ 99 % e.e. 

0 0 0 OH 

~C02H 
S-LDH 

~C02H ,... 

99 % e.e. 

1. 2 Comparison of Chemical and Biochemical Procedures 

Biochemical procedure has several advantages in comparison with the usual chemical 

methods. That is; 

(1) biocatalytic reactions proceed under mild conditions, such as at room temperature 

in water under aerobic atmosphere: 

(2) biocatalyst is harmless compared with a transition metal catalyst. 

Biocatalyst has also disadvantages: 

(1) enzymes are inactivated by organic reagents and organic solvents: 

(2) enzymes such as oxidoreductases require the corresponding coenzyme. 

These demerits are the most considerable problems to be solved. 

Furthermore, a microbe has several advantages over an enzyme. That is; 

(1) microbe is easily available and inexpensive: 

(2) microbe has relatively wide substrate specificity: 

(3) mjcrobe does not require an extra coenzyme. 

Disadvantage in microbe reaction is serious side reaction, such as decomposition of 

substrates or products. 
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1. 4 Coenzyme Regeneration 

A number of synthetically useful enzymes require cofactors such as adenosine 

triphosphate (A TP), nicotinamide adenine dinucleotide (NAD) and its 2'-phosphate (NADP). 

However, these cofactors are too expensive to be used as stoichiometric reagents. IS) 

Accordingly, when coenzyme-dependent enzymes are employed, the corresponding 

coenzymes are used in catalytic amounts in conjunction with an efficient and inexpensive 

system for their regeneration ill situ. 

The nicotinamide co factors are involved in enzymatic oxidoreductions. The non-

enzymatic method of regenerating NADH from NAD+ is the reduction using a reducing 

reagent such as sodium dithionite (Na2S204).16) 

On the other hand, enzymatic methods for NADH- or NADPH-recyc1ing have been 

shown to be much more efficient; nowadays these represent the methods of choice. They 

may be conveniently subdivided into coupled-substrate (Scheme 1. 7) and coupled-enzyme 

types (Scheme 1. 8). 

Scheme 1. 7. Coupled-Substrate Type 

Substrate ~ Product(Reduced) 

NAD(P)(,ing~AD(P)+ 
\ E~Ymc ) 

Auxiliary ...... I----~ _ ___::: __ ~O::::"-____ _ 

Substrate 
Auxiliary 
Substrate-H2 

In the former process, the cofactor required for the transformation of the main substrate 

is constantly regenerated by addition of ' a second auxiliary substrate which is transformed 

by the same enzyme. For example, isopropanol / l1lermoanaerobiwn brocldi alcohol 

dehydrogenase system is useful for regeneration of NADPH from NADP+ .17) 
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Scheme 1. 8. Coupled-Enzyme Type 

Enzyme A 
Substrate -r'\ ... Product(Reduced) 

NAD(P)H NAD(P)+ 

Auxiliary ~ ... _~~/..::::::..-_ 
Substrate Enzyme B 

Auxiliary 
Substrate-H2 

In the latter process, the two parallel redox reactions - conversion of the main substrate 

and cofactor-recycling - arc catalyzed by two different enzymes. For example, glucose / 

glucose dehydrogenase18) for regeneration of NAD(P)H from NAD(P)+ and formate / 

formate dehydrogenase19) for regeneration of NADH from NAD+ are available systems. 

1. 5 Bakers' Yeast Reduction 

Bakers' yeast (Saccharomyces cerevisiae) is an easily available, inexpensive, and 

harmless chiral catalyst for organic syntheses. This catalyst mediates the reduction of 

ketones with various kinds of functional groups and provides optically active secondary 

alcohols. The bakers' yeast contains various sorts of oxidoreductases. Consequently, this 

biological catalyst has a wide range of substrate specificity as well as a possibility to both 

(R)- and (S)-enantiomers provided the activities of various oxidoreductases in this catalyst 

are properly controlled. For example, Nakamura et al. 20) have developed the stereochemical 

control method in the reduction of fJ-keto esters by addition of a third reagent to the 

reduction system (Scheme 1. 9). 
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Scheme 1. 9. 
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OH 0 
CI , II 
~OEt 

(S)-enantiomer 

On the other hand, the modification of the substrate is available method for controlling 

the stereochemistry of products. For example, Zhou et al. 21) succeeded in obtaining both 

(R)- and (S)-enantiomers from the reduction of alkyl 4-chloro-3-oxobutanoate by modifying 

the size of the ester group with bakers' yeast (Scheme 1. 10). 

Scheme 1. 10. 
Bakers' Yeast 
-----~ 

n=l 

Bakers' Yeast 

n=8 

OH 0 

CIJJO(CH 2)n H 

OH 0 

CI~O(CH2)nH 

~ 70 % e.e. 

~ 100 % e.e. 

Levene et al. 22,23) and Kagan et al. 24) reported the bakers' yeast catalyzed reduction of 

a-hydroxy ketones to the corresponding (R)-diols (Scheme 1. 11). 

Scheme 1. 11. 

o 
)l OR' R "-./' 

OH Bakers' Yeast Bakers' Yeast 
':" OAe 
R~ 

R'=H R'=Ac 

~98 % e.e. 95 ~99 % e.e. 

.. 

In contrast, Utaka et al. 25) and Santaniello et al. 26) reported that a-acetoxy ketones 

were conyerted to the corresponding alcohols with antipodal (S)-configuration by the 

bakers' yeast reduction (Scheme 1. 11). 

However, a remaining problem therein is somewhat low yield of the products. This 

problem is probably due to the hydrolysis of a portion of the substrate to a-hydroxy 
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ketone followed by reduction to (R)-diol before the reduction of this substrate to the (S)

a-acetoxy alcohols (Scheme 1. 12). 

Scheme 1. 12 

path A 

bakers' 
yeast 

glucose 

path B 

QH hydrolysis QH 

R~OAC ----~ R~OH 

(S) 

reduction OH 
---~~ R~OH 

(R) 

Thus, the bakers' yeast (whole cell suspension) catalyzed reduction involves undesirable 

side reaction. So, a new methodology in the bakers' yeast reduction has been required 

and awaited. 

In Chapter 2, the bakers' yeast cell-free extract was found to have reducing activity 

toward l-acetoxy-2-alkanones. Further, the regeneration of NADPH from NADP+ was 

caused by addition of glucose or glucose-6-phosphate as hydride source without addition 

of any enzyme for the cofactor regeneration ill situ. 

Chapter 3 describes the asymmetric reduction of a-acetoxy ketones (aliphatic and 

aromatic) to a-acetoxy alcohols by use of the bakers' yeast cell-free extract. The products 

were obtained in high yield and >95% ee using a catalytic amount of NADPH with 

glucose as hydride source without addition of any enzyme for the cofactor regeneration. 

Further, the cell-free extract was also found to have high total turnover number (exceeds 

1000) for the regeneration of NADPH. 

In Chapter 4, application of the bakers' yeast cell-free extract to a membrane bioreactor 

is described. The bioreactor process was carried out successfully, enabling repetitive use 

of the cell-free extract. 
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Chapter 5 concerns with the isolation and purification of the enzyme, a-acetoxy ketone 

reductase, from the cells of bakers' yeast (Saccharomyces cerevisiae) for investigation of 

the mechanism of the enzymatic reduction. 

Finally, Chapter 6 discloses the relationships between a-acetoxy ketone reductase and 

other carbonyl reductases, and the role of n-acetoxy ketone reductase in the bakers' yeast 

whole cells. 

The author believes that the bakers' yeast cell-free extract is a novel biocatalyst and an 

excellent reagent for asymmetric reduction. Therefore, the author believes that the reduction 

using the cell-free extract is classified into the third category in the reduction by means of 

the biochemical procedure. 
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CHAPTER 2 

Characterization of 
Bakers' Yeast Cell-Free Extract 

Summary 

Bakers' yeast cell-free extract had the reducing activity toward 1-acetoxy-2-alkanones, 

but no activity for 1-chloro- and 1-hydroxy-2-alkanones. The regeneration of NADPH from 

NADP+ was caused by addition of glucose or glucose 6-phosphate as hydride source 

without addition of any enzyme for the cofactor regeneration. The enzyme in the cell-free 

extract was stable below 35°C at pH 6.0. However, use of organic solvents caused 

deactivation of both of the reducing and regenerating enzymes. 
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2. 1 Introduction 

The cell-free extract is rather easily prepared by homogenization of microbe cells, 

followed by centrifugation to separate insoluble materials. Isolation of enzymes from the 

extract is time-consuming and susceptible to loss of enzymes. Therefore, it is better to 

use the enzyme as it is in the extract for synthetic biotransformation. In this chapter, 

characterization of the bakers' yeast cell··free extract is described in view of the 

asymmetric reduction of a-acetoxy ketones to optically active a-acetoxy alcohols. 
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Results and Discussion 

2. 2 Reducing Activity 

The bakers' yeast cell-free extract had the reducing activity toward 1-acetoxy-2-

alkanones, showing the highest activity when 1-acetoxy-2-propanone was used as a 

substrate as shown in Table 2. 1. Further, the cell-free extract had the activity toward 

ethyl 4-chloroacetoacetate, as expected by the fact that ,B-keto ester reductases were 

isolated and purified from bakers' yeast.1-3) 1-Hydroxy-2-alkanones were converted to the 

corresponding (R)-1,2-alkanediols with the pressed bakers' yeast,4-8) while the bakers' 

yeast cell-free extract had no activity toward 1-hydroxy-2-alkanones. The enzyme that 

catalyzes the reduction of 1-hydroxy-2-alkanones is probably very unstable or a membrane

associated enzyme. However, the extract had the activity toward hydroxy acetone in the 

presence of NADH. Interestingly, 1-chloro-2-alkanones was also reduced to the 

corresponding alcohols with pressed yeast,9) while the extract showed no activity toward 

1-chloro-2-alkanones. These results indicate that 1-acetoxy-2-alkanone reducing enzyme is 

different from the enzymes catalyzing the reduction of 1-chloro- and I-hydroxy-2-

alkanones. 

2. 3 Coenzyme Regeneration Syst1em 

Many enzymatic methods for coenzyme regeneration have been reported.1 0) For 

example, formate / formate dehydrogenasell -14) and glucose / glucose dehydrogenase1S) 

are available methods for regeneration of NADH from NAD+. For regeneration of 

NADPH from NADP+, glucose / glucose dehydrogenase16) and 2-propanol / TBADH 

(DLermoallaerobium brokeii alcohol dehydrogenase)17,18) are considered the most useful 
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Table 2. 1. Relative Activity of Bakers' Yeast Cell-Free Extract 
Catalyzed Reduction toward Various Ketones 

substrate reI. rate St 

o 
~OAC 100 

o 
~OAC 88 

o 
~OAC 80 

o 
~OAC 69 

o 
~OAC 57 

o 0 

CI~OEt 82 

o 0 

~OEt 12 

substrate reI. rate a 

o 
~OH Slb 

o 
~OH a 

o 
~OH a 

o 
~OH 0 

o 
~CI 0 

o 
~CI 0 

o 
~CI 0 

a Relative rate was determined by arbitrarily setting the rate of the reduction 

for 1-acetoxy-2-propanone to be 100. 

b This value was measured in the presence of NADH. 
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systems. The coenzyme regeneration system such as the latter is needed for the yeast cell

free extract because the reducing enzyme toward l-acetoxy-2-alkanones is depend on 

NADPH as coenzyme and the coenzyme could not be regenerated in the extract. Enzymes 

for coenzyme regeneration is often expensive and the handling is difficult. So, 

investigation of a simple method for the coenzyme (NADPH) regeneration in the yeast 

cell-free reduction system ill situ was undertaken. Since most soluble yeast's enzymes 

remain in the yeast cell-free extract, NADPH is expected to be regenerated if hydride 

source was added to the system. As shown in Table 2. 2, l-acetoxy-2-heptanone was 

reduced by using the cell-free extract in the presence of various hydroxy compounds as 

hydride sources. I-Propanol, 2-propanol and ethanol were able to regenerate the 

coenzyme, but they were not so efficient to be used preparatively. Cyc1opentanol was 

unable to regenerate NADPH at all. In contrast, the use of glucose was found to be 

effective for the regeneration. It is noteworthy that the present method does not need 

addition of any enzyme for the regeneration. 

The enzyme for NADPH regeneration has not been isolated, although it is probable 

that glucose 6-phosphate dehydrogenase is responsible for the regeneration when glucose is 

used as hydride source. Since glucose 6-phosphate is involved in hexose-P-pentose-P 

pathways, the NADPH regeneration can be brought about in the two consecutive steps: 

glucose 6-phosphate -. glucono-b-lactone 6-phosphate and 6-phosphonogluconate -. 

ribulose 5-phosphate + C02 (Fig. 2. 1). TI1e fact that vigorous evolution of a gas was 

observed indicates occurrence of the second step in the cell-free extract. It can also be 

said that glucose is converted to glucose 6-phosphate by the aid of a hexokinase in the 

cell-free extract. Indeed, the regeneration of NADPH from NADP+ was caused by 

addition of not only glucose but also glucose 6-phosphate in the bakers' yeast cell-free 

extract as ' shown in Table 2. 3. Yamada et a1. 19) reported that the regeneration of NADPH 

from NADP+ occured by use of both glucose and ATP in the yeast cell-free extract. It is 

probable that since their yeast extract was dialyzed, ATP was removed from 
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Table 2. 2. Reduction of l-Acetoxy-2-heptanone to l-Acetoxy-2-heptanol with Hydroxy 

Compounds in Bakers' Yeast Cell-Free Extract a 

0 Bakers' Yeast OH 

~OAC Cell-Free Extract ~OAC • 
(1) (2) 

hydroxy compounds NADPH time (1) (2) 
entry 

(mmol) ( ~mol) (h) % recovered % yield 

1 I-propanol 0.6 5 24 45 25 
2 1.5 5 14 0 46 
3 5.0 5 2 85 0 

~ 4 2-propanol 0.6 5 24 13 40 
.......:J 

5 1.5 5 14 0 46 
6 5.0 5 2 67 13 

7 ethanol 0.6 5 24 68 13 
8 1.5 5 14 56 15 
9 5.0 5 2 44 15 

10 cyc1opentanol 0.6 5 24 76 0 
11 1.5 5 14 80 0 
12 5.0 5 2 82 0 

13 glucose 1.5 5 7 0 75 
14 1.5 0 7 89 4 

a l-acetoxy-2-heptanone 0.5 mmol, bakers' yeast cell-free extract 30 mL, 1 mol% NADPH, 

hyd~oxy compound, 35 °e. 
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Table 2. 3. Coenzyme Regeneration ill Bakers' Yeast Cell-Free Extract 

hydride source coenzyme activity reI. rate a 
(units/ml extract) 

glucose NADP+ 0.649 100 

glucose-6-phosphate NADP+ 0.694 124 

glucose NAD+ 0 0 

glucose-6-phosphate NAD+ 0 0 

a Relative rate was determined by arbitrarily setting the rate of conversion from 

NADcP) + to NAD(P)H. 

the extract. Thus, it is suggested that the required amount of desired ATP for the 

hexokinase-catalyzed phosphorylation of glucose is also regenerated in our cell-free system. 

To the best of authors' knowledge, such an NADPH regenerating system using glucose 

has never been reported. 

2. 4 Effects of Temperature and pH on Activity and Stability 

As shown in Fig. 2. 2, the optimum teITlperature for the reducing enzyme was 50°C 

and the enzyme was stable below 40 °C for 1 h. As shown in Figs. 2. 3 and 4, the 

optimum temperatures for the coenzyme regenerating enzymes using glucose and glucose 6-

phosphate as substrates were 30 and 40°C, respectively. The stability (residual activity) of 

the enzyme toward glucose-6-phosphate was more than 90% below 35°C for 1 h, but that 

toward glucose was lower, that is, more than 80% below 30°C for 1 h. 

The optimum pH for the reducing enzylne was 6, and the enzyme was quite stable 

from pH 5.5 to pH 7.5 (Fig. 2.5). As shown in Figs. 2. 6 and 7, the optimum pH 

values for the coenzyme regenerating enzynlles using glucose and glucose 6-phosphate as 
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Fig. 2. 2. Effects of Temperature on Reducing Activity (Relative Activity) 
and Stability (Residual Activity) of Bakers' Yeast Cell-Free Extract 
Using l-Acetoxy-2-propanone as Substrate. 

Residual activity was measured in the presence of l-acetoxy-2-propanone 
after incubation for 60 min at various temperatures. 
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Fig. 2. 3. Effects of Temperature on Coenzyme Regenerating Activity 
(Relative Activity) and Stability (Residual Activity) of Bakers' 
Yeast Cell-Free Extract Using Glucose as Hydride Source. 

Residual activity was measured in the presence of glucose after 
incubation for 60 min at various temperatures. 
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Fig. 2. 4. Effects of Temperature on Coenzyme Regenerating Activity 
(Relative Activity) and Stability (Residual Activity) of Bakers' 
Yeast Cell-Free Extract Using Glucose-6-phosphate as 
Hydride Source. 

Residual activity was measured in the presence of glucose-6-phosphate 
after incubation for 60 min at various temperatures. 
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, Fig. 2. 5. Effects of pH on Reducing Activity (Relative Activity) and 
Stability (Residual Activity) of Bakers' Yeast Cell-Free Extract 
Using 1-Acetoxy-2-propanone as Hydride Source. 

Residual activity was measured in the presence of 1-acetoxy-2-propanone 
after incubation for 60 min at 30 DC. 
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Fig. 2. 6. Effects of pH on Coenzyme Regenerating Activity (Relative 
Activity) and Stability (Residual Activity) of Bakers' Yeast 
Cell-Free Extract Using Glucose as Hydide Source. 

Residual activity was measured in the presence of glucose after 
incubation for 60 min at 30 DC. 
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Fig. 2. 7. Effects of pH on Coenzyme Regenerating Activity (Relative 
Activity) and Stability (Residual Activity) of Bakers' Yeast 
Cell-Free Extract Using Glucose-6-phosphate as Hydride Source. 

Residual activity was measured in the presence of glucose-6-phosphate 
after incubation for 60 min at 30 DC. 
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substrates were 7.5 and 8.0, respectively. The stability of both of the enzymes was 

satisfactory between pH 7.0 and 7.5. 

These results indicate that the reducing enzyme is more stable than the coenzyme 

regenerating enzyme and that the reduction rnust be carried out near 30 - 35 DC at pH 6.0. 

2. 5 Effects of Organic Solvents on Stability 

Effects of various organic solvents on enzyme stability were examined. As shown in 

Fig. 2. 8, use of any organic solvents caused deactivation of both of the reducing and 

coenzyme regenerating enzymes. These enzymes were found to be especially vulnerable to 

2-propanol and acetonitrile. It can be said that a minimum quantity of organic solvents 

must be added to the cell-free extract. 
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Fig. 2. 8. Effects of Organic Solvents on Stability of Bakers' Yeast 
Cell-Free Extract 

Various organic solvents were added to the extract by setting the concentration 
to be 10% and then the mixture was incubated for 30 min at 30 0c. 
Control: 0.1 M - MES buffer (PH 6.0) instead of organic solvent was added. 
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2. 6 Experimental Section 

Instruments. 

UV spectra were obtained on a Beckmann DU -64 spectrophotometer. Preparation of a 

bakers' yeast cell-free extract was perfonne:d by using a Vibrogen Vi4 cell mill and a 

Hitachi HlMAC SCR20B centrifuge. 

Materials. 

Bakers' yeast and glucose 6-phosphate were purchased from Oriental Yeast Co. 2-

Morpholinoethanesulfonic acid (MES) and 2-hydroxy-3-morpholinopropanesulfonic acid 

(MOPSO) were purchased from Dojin ChenUcal Laboratory Co. Diisopropyl 

fluorophosphate (DFP) was purchased fronl Wako Pure Chemical Industries, Ltd. 1-

Chloro-2-propanone and acetol (hydroxy acetone) were purchased from Nacalai Tesque Co. 

Other reagents used were of analytical grade. 

l-Acetoxy-2-alkanones were prepared by the reaction of the corresponding l-chloro-2-

alkanones with potassium acetate and tetrabutylammonium bromide in benzene-water (20:1) 

under reflux for 6 h as described in Chapter 3. 

Preparation of Bakers' Yeast Cell-Free Extract. 

In 30 mL of 0.1 M - MES buffer (PH 6.0) containing 0.5 mM DFP, 15 g of pressed 

bakers' yeast was suspended and homogenized with 30 mL of glass beads (0.5 mm ill 

diameter) using a Vibrogen cell nUll at 4°C. The homogenate was centrifuged at 12,000 

rpm for 30 min at 4 °C. The supernatant (30 ml) was collected as an enzyme solution 

and used without further purification. Activity of the cell-free extract was detennined to be 

14 units / 30 mL at 37°C for the reduction of l-acetoxy-2-propanone by following the 

decrease in absorbance at 340 run for NADPH. 
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Enzyme Assay. 

A 50 !-lL aliquot of the cell-free extract was added to 850!-lL of a solution of 0.1 M 

MES buffer (pH 6.0) that contained 1-acetoxy-2-propanone (0.25 mM) and NADPH (0.3 

mM). The rate of reaction was determined spectrophotometrically at 37 DC by following the 

decrease in the absorbance of NAD(P)H at 340 nm. One unit of enzyme activity was 

defined as the amount of enzyme that catalyzed the oxidation or the reduction of 1 !-lmol 

of NAD(P)H or NAD(P)+ per minute at 37 DC. 

Effects of Temperature on Activity and Stability 

Relative activity was determined by the following method: reaction mixtures of 50!-lL 

of the cell-free extract, 850!-lL of 0.1 M .MES buffer (pH6.0), and 50!-lL of 5 mM 

NADPH were incubated for 5 min at various temperatures and then the activity was 

measured in the presence of 50!-lL of 6 mM 1-acetoxy-2-propanone. When glucose or 

glucose 6-phosphate was used as a substrate, NADP+ was added instead of NADPH. 

Residual activity was determined by the following method: reaction mixtures of 50!-lL 

of the cell-free extract, 850 J.tL of 0.1 MMES buffer (pH6.0), and 50!-lL of 5 mM 

NADPH were incubated for 60 min at various temperatures and then the activity was 

measured in the presence of 50!-lL of 6 mM 1-acetoxy-2-propanone. When glucose or 

glucose 6-phosphate was used as a substrate, NADP+ was added instead of NADPH. 

Effects of pH on Activity and Stability 

Relative activity was determined by the following method: reaction mixtures of 50 J.tL of 

the cell-free extract, 850 J.!L of 0.1 M buffer (PH 4.0 - 5.5: acetate buffer, pH 5.5 - 7.0: 

MES buffer, pH 7.0 - 7.5 : imidazole / HCl buffer, pH 7 .5 - 9.0: Tris / HCl buffer), and 50 

~L of 5 mM NADPH were incubated for 5 min at 30 DC and then the activity was 

measured in the presence of 50 ~L of 6 mM 1-acetoxy-2-propanone. When glucose or 

glucose-6-phosphate was used as a substrate, NADP+ was added instead of NADPH. 

Residual activity was determined by the following method: reaction mixtures with 50 J.tL 

of the cell-free extract, 850!-lL of 0.1 M buffer (PH 4.0 - 5.5: acetate buffer, pH 5 .5 - 7.0: 
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MES buffer, pH 7.0 - 7.5: imidazole / HCI buffer, pH 7.5 - 9.0: Tris / HCl buffer), and 50 

~L of 5 rnM NADPH were incubated for 60 min at 30°C and then the activity was 

measured in the presence of 50 ~L of 6 nrlM l-acetoxy-2-propanone. When glucose or 

glucose 6-phosphate was used as a substrate:, NADP+ was added instead of NADPH. 
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CHAPTER 3 

Asymltnetric Reduction 
of a -Acetoxy Ketones Using 

Bakers' Yeast Cell-Free Extract 

Summary 

Bakers' yeast cell-free extract was found to reduce a-acetoxy ketones (aliphatic and 

aromatic) to a-acetoxy alcohols in 59 - 88%, yield and 95 - >99% ee using a catalytic 

amount of NADPH with glucose as a hydride source without addition of any enzyme for 

the cofactor regeneration. Hydrolysis of a-acetoxy group in the substrates and their 

products were not detected, although it occurs in the case of the yeast whole cells and 

leads to 1,2-diols with low ee. The reduction system using the bakers' yeast cell-free 

extract \vas also found to have high total turnover number (exceeded 1000) for the 

regeneration of NAD PH. 
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3. 1 Introduction 

Optically active diols are versatile chiral building blocks in organic synthesis. 1,2) Chiral 

diols have been prepared by various methods.3-9) Among these, the bakers' yeast 

reduction of I-hydroxy-2-alkanones is useful for obtaining (R)-1,2-alkanediols.S,6) 

Santaniello et al. reported that I-benzyloxy-2-propanone could be reduced by fermenting 

bakers' yeast to the corresponding protected (S)-diols in 76% yield with 90% ee. 9) To 

control the stereoselectivity of the reduction, Utaka et al. 3) investigated the bakers' yeast 

reduction of I-substituted-2-alkanones. Therein, use of 2-oxoalkyl benzoates la (R = CH3) 

and Ib (R = C2Hs) was rewarding to give (S)-alcohols with 99% and 98% ee, 

respectively, while the higher homologs (1 c- f: R = Il-C3H7 ~ Il-C6H13) showed low 

enantioselectivity (15 - 63% ee) and, noteworthily, the configuration was changed to R at 

Id (R = fl-C4H9) (Scheme 3. 1).3) 

Scheme 3. 1. 

bakers' yeast 
~ 

QH 
R~OCOPh 

(S)-2 

R = a; CH3, b; CzHs, c; Il-C3H7, d; Il-C4H9, 

e; fl-CsHll' f; n-C6H13, 

Further, Utaka et al. 7) succeeded in the bakers' yeast catalyzed reduction of l-acetoxy-

2-alkanones (3a-f) to l-acetoxy-2-alkanols (4a-f) with high enantiomeric excesses (>95% 

ee) in the antipodal (S)-configuration for all the substrates having short to long alkyl 

groups (Scheme 3. 2). Although the products, (S)-a-acetoxy alcohols (4), had high optical 

purities, however, remaining problems therein were low yields of the products and 

contaminant formation of 1,2-alkanediols with low % ee (S). 
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Scheme 3. 2. 

o 
R~OAC 

3 

bakers' yeast 
,.... 

QH 
R~OAC + 

(S)-4 

QH 
R~OH 

(S)-5 

R = a; CH3, b; ~Hs, C; n-C3H7' d; Il-C4H9, e; n-CSHll' 
f; Il -C6H13 , g; n-C7H1S , h; Ph-, i; PhCH2CH2 -

This phenomenon is probably due to the hydrolysis of a portion of substrate (3) to 1-

hydroxy-2-alkanone (6) followed by reduction to (R)-diol (5) before the reduction from 3 

to (S)-4 (Scheme 3. 3). 

Scheme 3. 3. 

path A 

o bakers' 

R~OAC _......;y_e_as_t--< 
glucose 

3 

path B 

9H hydrolysis 9H 

R/~OAC ~ R~OH 

(t~-4 (S)-5 

o reduction OH 

R)~OH ~ R~OH 

6 (R)-5 

To increase the stereoselectivity of the hydrolyzed 1,2-diol (5), it is necessary to 

suppress path B or hydrolysis of 3. 

In Chapter 2, it was found that the bakers' yeast cell-free extract have no reducing 

activity toward 1-hydroxy-2-alkanones and that NADPH was regenerated ill situ with 

glucose as, a hydride source. 

Therefore, an asymmetric reduction of a-acetoxy ketones using the bakers' yeast cell-

free extract with regenerating NAD PH was considered hopeful. 
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Results and Discussion 

3. 2 Reduction of a-Acetoxy Ketones Using Bakers' Yeast Cell-Free 

Extract 

The reduction of a-acetoxy ketones (aliphatic and aromatic) (3a-i) (1 mmol) was carried 

out using the bakers' yeast cell-free extract (60 mL) with a catalytic amount of NADPH 

(1 mol%, 1 /-lmol) and glucose (3 mmol) at 30 °C. 1-Acetoxy-2-alkanones (3a-g) were 

converted to 1-acetoxy-2-alkanols (4a-g) with high stereoselectivity (95 - > 99% ee) and 

high chemical yields (59 - 88%) with the (S)-configuration for all the substrates having 

short to long alkyl groups (Table 3. 1).8) 

Table 3. 1. Asymmetric Reduction of 1-Acetoxy-2-alkanones (3) 
to 1-Acetoxy-2-alkanols (4) Using Bakers' Yeast 
Cell-Free Extract 

o 
~OAC 

3 

R 

Bakers' Yeast QH 
Cell-Free Extract . _____ --.~ ~OAC 

(S)-4 

time/h %/yielda %/ee (RlS) 

6 

8 

8 

9 

10 

10 

14 

59 

62 

78 

82 

83 

88 

83 

> 99 (S) 

> 99 (S) 

99 (S) 

95 (S) 

99 (S) 

99 (S) 

> 99 (S) 

( 

9AC ) 
. OH 
~ 

(S)-7 

[a]D(c,CHCb) 

+20.0 (1.65) 

+ 11.3 (1.67) 

+ 7.34 (1.88) 

+7.08 (1.55) 

+6.74 (1.78) 

+4.89 (1.62) 

+3.94 (1.88) 

a TIle yields include the yields of migrated products, 2-acetoxy-1-alkanols 

(7a-l): 7a, 15%; 7b, 10%; 7c,9%; 7d,6%; 7e,8%; 7f,9%; 7g,5%. 
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In these reductions, the hydrolysis of a-acetoxy group in the substrates and their 

products was not detected, although it occured in the case of the yeast whole cells and 

leads to 1,2-diols with low % ee. The yields of a-acetoxy alcohols (4a-g) include the 

yields of 1,2-migrated products, 2-acetoxy-1-alkanols (7 a -g) (5 - 15 %). The configuration 

of these migrated products was found to be S and the enantiomeric excesses of the 2-

acetoxy-1-aLkanols were as same as those of the corresponding 1-acetoxy-2-alkanols. There 

is no need to separate the 2-acetoxy alcohol flom the mixtures if both of the acetoxy 

alcohols (1-acetoxy and 2-acetoxy alcohols) arc converted to the corresponding optically 

active (S)-1,2-diols. Thus, the reduction of 1-acetoxy-2-aLkanones was accomplished with 

high chemical yields and high stereoselectivity by using the bakers' yeast cell-free extract. 

The bakers' yeast cell-free extract was also effective for the reduction of a-acetoxy 

aromatic ketones. The bakers' yeast catalyzed reduction of phenacyl acetate (3 i)9) and 1-

acetoxy-4-phenyl-2-butanone (3h) gave the corresponding acetoxy alcohols (4h-i) with 55 -

79% yields in 84 - 99% eels (S), accompanied by hydrolyzed 1,2-diols (Sh-i) in 19 - 34% 

yields with 78 - 92% eels (S) as by-products (fable 3. 2). 

In contrast to these results, the reduction of a-acetoxy aromatic ketones (3 h, i) using 

the bakers' yeast cell-free extract afforded the corresponding a-acetoxy alcohols (4h,i) in 

high stereoselectivity, not accompanied by the 1,2-diols (Sh,i) (fable 3. 3). 

On the other hand, 1-hydroxy-2-heptanone (6e) was not reduced and was recovered in 

the reduction using the bakers' yeast cell-free extract. 

Thus, the reduction system using the bakers' yeast cell-free extract had realized 

significant improvements for the reduction of a-acetoxy aliphatic and aromatic ketones. It 

is worthy of remark that the bakers' yeast cell-free extract catalyzed reduction prevented 

not only the reduction of a-hydroxy ketones but also the hydrolysis of a-acetoxy group 

in the substrates and products. 

Table 3. 4 shows the effect of diisopropyl fluorophosphate (DFP: serine-protease 

inhibitor) on the formation of diol (Se,i) in the reduction using the cell-free extract and 
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Table 3. 2. Bakers' Yeast Catalyzed Reduction of a-Acetoxy Aromatic Ketones 

acetoxy alcohol (4h,i) 1,2-diol (Sh,i) 
R time/h ----------------------------------- -------------------

%/yielda %/eeb RlS [a]o( c,CHCl3) %/yield %/ee RlS 

3h Ph(CH~2- 6 55 99 S - 4.64 (1.51) 34 92 S 

3i Ph- 6 79 84 S - 38.8 (1.70) 19 78 S 

a The yields include the yields of 1,2-migrated products, 2-acetoxy alcohols: Ph (7h), 14%~ Ph(CHV2 (71), 11 %. 

b Determined by .soo WIz IH-NNfR spectra of MTPA esters. 

Table 3. 3. Reduction of a-Acetoxy Aromatic Ketones Using Bakers' Yeast Cell-Free Extract 

acetoxy alcohol (4h,i) 1,2-diol (5h,i) 
R time/h ----------------------------------- -------------------

%/yielda %/eeb RlS [a]o(c,CHCl3) %/yield %/ee RlS 

3h Ph(CH2h- 12 81 >99 S - 5.14 (1.05) 0 

3i Ph- 12 73 % S - 46.1 (1.28) 0 

a The yields include the yields of 1,2-migrated products, 2-acetoxy alcohols: Ph (7h), 1O%~ Ph(CH2h (71),9%. 

b Determined by .soo WIz IH-NMR spectra of MTPA esters. 
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Table 3. 4. Asymmetric Reduction of a-Acetoxy Ketones (3) to a-Acetoxy Alcohols (4) 
using Bakers' Yeast Suspension and Its Cell-Free Extract 

cell-free extract a, yield/% b 

substrate 0.5 mM DFP d none 

4e,i 

n-CSH l1 COCH20Ac (3e) 83 
C6HsCOCH20Ac(3i) 73 

5e,i 

o 
o 

4e,i 

65 
77 

5e,i 

15 
8 

whole cell suspension c, yield/% b 

0.5 mM DFP d none 

4e,i 

55 
75 

5e,i 

28 
17 

4e,i 

51 
79 

5e,i 

31 
19 

a Substrate 1 mmol, glucose 3 mmo!., bakers' yeast cell-free extract 60 ml (30 g of pressed yeast), 30"C. 
b The yields for 4 include the yields (- 10 %) of 1,2-migrated acetates. 
c Substrate 1 mmol, glucose 3 mmo!., bakers' yeast 30 g, 30"C. d DFP : Diisopropyl fluorophosphate. 



whole cell suspension. DFP was pnmary added to the media in a concentration of 0.5 

mM in order to avoid proteolysis of reductases by proteases. However, the formation of 

1,2-diol (Se,i) was completely inhibited by DFP in the cell-free extract but hardly in the 

whole cell suspension. DFP contributed not only to the stabilization of reductases but also 

to the inhibition of hydrolysis. This result indicates that the hydrolysis of a-acetoxy gioup 

proceeds by enzymatic catalysis. Even the cell-free extract itself, without the inhibitor, 

afforded the hydrolyzed product 5 in lower yields of 8 - 15%, as compared with 19 - 31 % 

for the whole cell suspension. It is probable that a hydrolase exists in the water-insoluble 

fraction (the precipitate, debris of the cell wall and membrane and organelle) separated 

from the yeast-cell homogenate. The cell-free system with DFP will be effective for the 

reduction of a substrate which hydrolyzes enzymatically. Moreover, it is suggested that the 

cell-free extract system will be effective for the reduction of substrates having cytotoxicity 

or bulky groups. 

3. 3 Efficiency of Reduction U sing Bakers' Yeast Cell-Free Extract 

To enhance the effectiveness of the reduction, it is necessary to increase the substrate 

concentration and the total turnover number for the coenzyme regeneration as high as 

possible. 

Substrate concentration 

The reaction rate was measured by GLC analysis at varying substrate concentrations 

from 25 mM to 100 mM (Fig. 3. 1). The reduction was finished within 3 hours when the 

concentration is below 50 mM. However, the reduction proceeded only to 70% conversion 
, 

at 75 mM and to 40% at 100 mM. This indicates that 1 mmol of the substrate was 

reduced even by using 20 mL of the cell-free extract, that is, the reducing efficiency was 

3 times greater than the preceeding method using 60 mL of the cell-free extract. On the 
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other hand, the conversion reached a plateau at 100 mM. Tills tendency can be attributed 

to the inhibition due to the substrate and product. The detailed mechanism of the 

inlllbition remains to be explored. 

Total Turnover Number (TTN) for Coenzyme Regeneration 

In the preceeding section (3. 2), 10 !-lmol of NADPH was added to the reaction 

system against 1 mmol of substrate, and hence the TIN for coenzyme regeneration was 

flxed arbitrarily at 100 when the substrate was reduced completely. To increase the TIN, 

the amount of NADPH was decreased as shown in Fig. 3. 2. When 1 f.,lmol of NADPH 

was used, the rate of reduction was not decreased and the conversion reached at 100 % 

after 2 hours. In this case, the TIN was calculated to be 1000. However, the conversion 

was decreased by decreasing the amount of NADPH to less than 1 / 1800 equiv. against 

the substrate. These results suggest that NADPH decomposes before the substrate is 

reduced completely. Use of NADP+ instead of NADPH gave the same results as those of 

NADPH (described in Chapter 2). The use of N,ADP+ halves the operational cost of the 

reaction compared with the use of NADPH. 
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Fig. 3. 1. Time course of the substrate concentration vs. conversion 
in the reduction of 3a using bakers' yeast cell-free extract. 

Conversion of 3a to 4a at 30 ·C was monitored by GLC analysis. 
0.5 (25 mM), 1.0 (50 mM), 1.5 (75 mM), and 2.0 mmol (100 mM) of 3a, 10 J.1mol 
of NADPH, and 3 equiv. glucose in 20 mL of the cell-free extract. 
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Fig. 3. 2. Relationship between the amount of NADPH and the conversion. 
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3. 4 Experimental Section 

Materials. 

Bakers' yeast was purchased from Oriental Yeast Co. 2-(N -Morpholine)ethanesulfonic 

acid (MES) was purchased from Dojin Chemical Laboratory Co. Diisopropyl 

fluorophosphate (DFP) was purchased from \Vako Pure Chemical Industries, Ud. 1-

Chloro-2-propanone and phenacyl chloride were purchased from Nacalai Tesque Co. 

Column chromatography was carried out by use of a silica gel (Merck silica gel 60). IR 

spectra were recorded with a Jasco A-I02 spectrometer. IH NMR spectra were measured 

at 60 MHz on a lEOL PMX 60 S1 spectrometer and at 500 MHz on a Varian VXR 500 

spectrometer. Gas chromatograms were recorded on a Hitachi G-163 F (PEG - 20 M, 3m) 

gas chromatograph. Other reagents used were of analytical grade. 

Preparation of a-Acetoxy Ketones (3a-i) .. 

a-Acetoxy ketones were prepared by the reaction of the corresponding a-chloro ketones 

(15 mmol) with potassium acetate (15 mmol) in benzene (30 ml) - water (0.75 ml) in the 

presence of tetrabutylammonium bromide (0.75 mmol) under reflux for 6 h as described in 

the previous paper. 3) Yields after purification by column chromatography (Merck, silica gel 

60, hexane: ethyl acetate = 20:1) were as follows: 3a, 75%; 3b, 79%; 3c, 83%; 3d, 

88%; 3e, 93%; 3f, 95%; 3g, 93%, 3h, 95%; 3i, 95%. Spectral and analytical data for 

the new compound 3 c are as follows. 

l-Acetoxy-2-pentanone (3c) : IR (neat) 1755, 1735 em-1; 1H NMR (CCI4) [) 0.94 

(3 H, t, J = 6.5 Hz), 1.62 (2 H, tq, J = 6.5, 6.5 Hz), 2.07 (3 H, s), 2.34 (2 H, t, J = 7 

Hz), 4.4i (2 H, s). Anal. Calcd. for C7H1203: C, 58.32; H, 8.38. Found: C, 58.39j H, 

8.11. Those for 3a,b and 3d-i are consistent with those reported.9,13,14) 
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Preparation of Bakers' Yeast Cell-Free Extract. 

In 60 mL of 0.1 M morphorinoethanesulfonate buffer (pH 6.0) contmning 0.5 mM 

diisopropyl fluoprophosphate, 30g of pressed bakers' yeast were suspended and 

homogenized with 60 mL of glass beads (0.5 mnl in diameter) using a Vibrogen cell mill 

at 4 DC. The homogenate was centrifuged at 12,000 rpm for 30 min at 4 DC. The 

supernatant (60 mL) was collected and used without further purification. Activity of the 

cell-free extract was determined to be 15 units / 60 mL at 37 DC for the reduction of 1-

acetoxy-2-heptanone (3e) by following the decrease in absorbance at 340 nm for NADPH. 

One unit was defined as the amount of enzyme required to convert 1 !-lmol of substrate 

per min. 

General Procedure for Bakers' Yeast Cell-Free Extract Reduction of u-

Acetoxy Ketones. 

To a mixture of the substrate (3a-i) (1 mrnol) and NADPH (10 !-lmol) were added 

glucose (3 mmol) and bakers' yeast cell-free extract (60 mL, corresponding to 30 g of 

yeast) with stirring at 35 DC. The reaction was monitored by TLC. When the spot of 

substrate disappeared, 15 g of Hyflo-Super-Ccl was added. The mixture was magnetically 

stirred for 5 min in ice bath and filtrated. The aqueous layer was extracted with 300 mL 

of ethyl acetate. The solid collected was washed with 50 mL of ethyl acetate. The 

combined the ethyl acetate extracts were washed (brine), dried (MgS04), and concentrated 

under reduced pressure. The crude product was fractionated by column chromatography 

(hexane: ethyl acetate = 15 - 5 : 1). The yields, % ee (S), and optical rotations were listed 

in Table 3.1 [for (S)-4a-g ] and Table 3.2 [for (S)-4h,i]. IH-NMR and IR data are 

as follows: 

l-Acetoxy-2-propanol (4a) : IR (neat) 3350, 1715 em-I; IH NMR (CCI4) () 1.19 (3 

H, d, J = 6.2 Hz), 2.08 (3 H, s), 2.13 (1 H, br s), 3.91 (1 H, dd, J = 7.4, 11.2 Hz), 

4.02 (1 H, m), 4.08 ( 1 H, dd, J = 3.1, 11.2 Hz), Anal. Ca1cd. for CSR1003: C, 

50.84; H, 8.53. Found: C, 50.91; H, 8.48. Minor signals due to 7a, () 1.22 (3 H, dd, 



J = 6.3 Hz), 2.06 (3 H, s), 3.59 (1 H, dd, J = 6.4, 12.1 Hz), 3.65 (1 H, dd, J = 3.5 , 

12.1 Hz), 4.97 (1 H, m) [4a: 7a = 85: 15 (based on the signal intensity)]. 

l-Acetoxy-2-butanol (4b): IR (neat) 3400, 1720 em-I; IH NMR (CC14) [) 0.97 (3 

H, t, J = 7.5 Hz), 1.51 (2 H, m), 2.08 (3 H, s), 3.74 (1 H, m), 3.94 (1 H, dd, J = 7.4, 

11.4 Hz), 4.13 (1 H, dd, J = 3.2, 11.5 Hz). Anal. Calcd. for C6H120:3: C, 54.53; H, 

9.15. Found: C, 54.60; H, 8.87. Minor signals due to 7b, [) 0.91 (3 H, d, J = 7.5 Hz), 

1.06 (2 H, m), 2.07 (3 H, s), 3.61 (1 H, dd, J = 6.3, 12.1 Hz), 3.69 (1 H, dd, J = 3.4, 

12.1 Hz), 4.82 (1 H, m) [3b : 7b = 90: 10 (based on the signal intensity)]. 

l-Acetoxy-2-pentanol (4c): IR (neat) 3450" 1730 em-I; IH NMR (CCI4) [) 0.92 (3 

H, t, J = 7.0 Hz), 1.32 - 1.51 (4 H, m), 2.07 (3 H, s), 3.83 (1 H, m), 3.93 (1 H, dd, J 

= 7.5, 11.5 Hz), 4.11 (1 H, dd, J = 2.8, 11.5 Hz). Anal. CaLcd. for C7H1403: C, 57.51; 

H, 9.65. Found: C, 54.44; H, 9.19. 

l-Acetoxy-2-hexanol (4d): IR (neat) 3450,1730 em-I; IH NMR (CCI4) [) 0.88 (3 

H, t, J = 7.0 Hz), 1.27 - 1.49 (6 H, m), 2.07 (3 H, s), 3.81 (1 H, m), 3.92 (1 H, dd, J 

= 7.5, 11.5 Hz), 4.11 (1 H, dd, J = 2.8, 11.0 Hz). Anal. Calcd. for CSH1603: C, 

59.98; H, 10.07. Found: C, 57.63; H, 9.58. 

l-Acetoxy-2-heptanol (4e): IR (neat) 3450, 1730 em-I; I H NMR (CCI4) [) 0.88 (3 

H, t, J = 7.0 Hz), 1.21 - 1.51 (8 H, m), 2.08 (3 H, s), 3.82 (1 H, m), 3.94 (1 H, dd, J 

= 7.5, 11.5 Hz), 4.13 (1 H, dd, J = 3.0, 11.5 Hz). Anal. Calcd. for C9H1S03: C, 

62.04; H, 10.41. Found: C, 60.23; H, 10.06. 

l-Acetoxy-2-octanol (4f): IR (neat) 3450, 1730 em-I; IH NMR (CC14) [) 0.87 (3 H, 

t, J = 7.0 Hz), 1.22 - 1.51 (10 H, m), 2.08 (3 H, s), 3.82 (1 H, m), 3.93 (1 H, dd, J = 

7.5, 11.0 Hz), 4.13 (1 H, dd, J = 3.0, 11.5 Hz). Anal. CaLcd. for CloH200:3: C, 63.80; 

H, 10.71. Found: C, 62.53; H, 10.56. 

l-Acetoxy-2-nonanol (4g): IR (neat) 3450, 1730 em-I; I H NMR (CC14) [) 0.87 (3 

H, t, J = 7.0 Hz), 1.21 - 1.51 (12 H, m), 2.07 (3 H, s), 3.81 (1 H, m), 3.94 (1 H, dd, 
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J = 7.5, 11.5 Hz), 4.14 (1 H, dd, J = 3.0, 11.5 Hz). Anal. Calcd. for CllH220:3: C, 

6.45; H, 6.45; 0, 6.45. Found: C, 6.45; H, 6.45. 

l-Acetoxy-4-phenyl-2-butanol (4h): IR (neat) 3450, 1730 em-I; IH NMR (CCI4) [) 

1.81 (2 H, m), 2.09 (3 H, s), 2.72 (1 H, m), 2.83 (1 H, m), 3.85 (1 H, m), 3.99 (1 H, 

dd, J = 7.5, 11.5 Hz), 4.15 (1 H, dd, J = 3.0, 11.5 Hz), 7.21 - 7.28 (5 H, m). Anal. 

Calcd for CI2HI6DJ: C, 6.45; H, 6.45; 0, 6.45. Found: C, 6.45; H, 6.45. Minor 

signals due to 7h, [) 1.93 (2 H, m), 2.06 (3 H, s), 2.64 (2 H, m), 3.65 (1 H, dd, J = 

6.0, 12.0 Hz), 3.73 (1 H, dd, J = 3.5, 12.5 Hz), 4.95 (1 H, m), 7.21 - 7.28 (5 H, m) 

[ 4 h : 7 h = 84: 16 (based on the signal intensity)]. 

l-Acetoxy-2-phenylethanol (4i): IR (neat) 3450, 1730 em-I; IH NMR (CCI4) [) 

1.97 (3 H, s), 3.55 (1 H, br s), 4.05-4.25 (2 H, m), 4.85 (1 H, q, J = 4 Hz), 7.30 (5 H, 

s). minor signals due to 7i, [) = 2.12 (3 H, s), 3.78 (1 H, dd, J = 4.0, 12.0 Hz), 3.84 

(1 H, dd, J = 6.5, 12.5 Hz), 5.82 (1 H, m), 7.33 - 7.41 (5 H, m) [4i: 7i = 93: 7 

(based on the signal intensity)]. 

Pressed Bakers' Yeast Reduction of a-A.cetoxy Aromatic Ketones (3h,i). 

To a slurry of fermenting bakers' yeast (15 g of yeast, 6 g of glucose, 120 mL of 

deionized water) was added substrate (3h or 3i) (2 mmol). The mixture was stirred at 30 

DC for 6 hr, then filtrated through a Celjte pad, and extracted with ethyl acetate (4 x 100 

mL). The extracts were dried over magnesium sulfate and evaporated at reduced pressure, 

leaving a residue, which was purified by a silica gel column chromatography (hexane / 

acetone, from 15 : 1 to 2 : 1). 

Determination of Absolute Configuration and % E.e. of a-Acetoxy Alcohols 

(4a-i). 

The configurations of a-acetoxy alcohols, 4a-i were dctermined by optical rotation 

values.8,9) Acetate 4i was hydrolyzed in aq. Ba(0H)2 then the configuration was 

determined by [a]D value the 1,2-diol.ll) The % e.c. was determined by SOO-MHz IH-

NMR analysis of their MfP A esters, which werc prepared follows. A solution of pyridine 



(0.16 mL) in benzene (0.5 mL) was added to a solution of 4a-i (0.1 mmol) and (R)-(+)

a-methoxy-a-(trifluoromethyl)phenylacetyl chloride (56 mg, 0.22 mmol) in benzene (1 mL) 

at room temperature. After being stirred for 18 h at the same temperature, the mixture was 

treated in a usual manner. Purification by a silica gel column chromatography (hexane: 

ethyl acetate = 20 : 1) gave the corresponding MllPA esters in 85 - 93% yields. 

Determination of Absolute Configuration and % E.e. of 2-Acetoxy Alcohols 

(7a-i). 

The 1,2-migrated products (7 c-g) were hydrolyzed in ag. Ba(OH)2 to give 1,2-diols, 

which were further converted to bis-MTP A esters as described above. The diols 

(7 a, b, h, i) were hydrolyzed and then converted to bis-MTP A esters without separation of 

4a,b,h,i. The % e.e. were determined by SOD-MHz IH-NMR spectra data of the bis

MTP A esters. The configurations of 1,2-migrated products were determined by use of 

[o.]D values of hydrolyzed 1,2-diols which were consistent with those reported.5,11) 
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CHAPTER 4 

Summary 

Application of 
Bakers' Yeast Cell-Free Extract 
to a Membrane Bioreactor 

The effective production and extraction of protected (S)-1,2-propanediol has been 

achieved using the bakers' yeast cell-free extract in a membrane reactor. l-Acetoxy-2-

propanone was reduced to (S)-1-acetoxy-2-propanol with high optical purity (> 99% ee). 

This systeJIl requires no isolated enzymes for both the reduction and the cofactor 

regeneration. Total turnover number (coenzyme regeneration) for each cycle of the reaction 

was more than 1000. 
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4. 1 Introduction 

Biotechnology offers a great potential ' to synthesis of chiral diols. It is known that the 

bakers' yeast reduction of l-hydroxy-2-alkanones gives (R)-1,2-alkanediols l -5) in high 

optical purities. To control the stereochemistry of the bakers' yeast reduction for the 

preparation of (S)-diols, the reduction of l-acetoxy-2-alkanones was conducted by use of 

the bakers' yeast cell-free extract with glucose as a hydride source for the coenzyme 

regeneration as described in Chapter 3. It was found that the reduction gave antipodal (S)

l-acetoxy-2-alkanols in high enantiomeric excesses with high chemical yields. 

In order to increase the efficiency of both the regeneration of coenzyme and the use of 

the bakers' yeast cell-free extract, the reaction conditions of this system have been 

investigated. 

This chapter describes the efficient production of (S)-1-acetoxy-2-propanol using the 

bakers' yeast cell-free extract in a membrane reactor.6-9) 
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Results and Discussion 

4. 2 Immobilization of Enzymes in Bakers' Yeast Cell-Free Extract 

Repetitive use of the bakers' yeast cell-free extract as enzyme source was investigated. 

In the experiment described in Chapter 3, the bakers' yeast cell-free extract was used only 

once in a batchwise operation. To enhance the productivity, the cell-free extract was 

entrapped in calcium alginate gels. However, the reduction proceeded very slowly, the 

conversion of the substrate to the product being only 4% after 4 h as checked by gas 

chromatography. It seems probable that the enzyme in the extract was deactivated by 

calcium ion during the immobilization step. Next the cell-free extract was reused with the 

aid of an ultrafiltration membrane. This method has advantages of no deactivation of the 

enzymes and the ease of separation of products from the enzymes. 

c 

substrate 

0

1 

ultrafiltration 
y membrane 

.. ""." " c T'.. ,'""" ... 

o 

product-t-

step 1 

filing 

step 2 

reaction 

buffer 
solution 

enzymes 

pressure 

U 

step 3 
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Fig. 4. 1. Principle of repetiltive batch technique 

] 

The reaction system components of the reactor included a vat coupled to a membrane 

module.6-8) Fig 4. 1 shows the principle of this technique, which is described in 

experimental section. 
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4. 3 Reduction Using Bakers' Yeast Cell-Free Extract in a Membrane 

Reactor 

NADP+ was used instead of NADPH as an additional coenzyme to reduce the 

operational cost. Glucose-6-phosphate was used instead of glucose as a hydride source 

because NADPH was not regenerated by addition of glucose after dialysis of the cell-free 

extract in the ultrafiltration cell. The result of the reduction of l-acetoxy-2-propanone using 

bakers' yeast cell-free extract in a membrane reactor was shown in Table 4. 1 and Fig. 4. 

2. The reduction was started with 30 mL of the cell-free extract, 1 mmol of 1-acetoxy-2-

propanone, 3 mmol of glucose 6-phosphate, and 1 IJ,mol of NADP+ in the ultrafiltration 

cell at 30°C. The reaction was monitored by GLC analysis. When the conversion was 

reached at more than 95%, the reaction was worked up by pressurizing the ultrafiltration 

cell with an inert gas to separate the reduction product. Then, the fresh buffer, substrate, 

glucose 6-phosphate, and NADP+ were added to the remaining solution and treated as the 

first batch. 

The reaction rate was neither decreased nor influenced during the reuse of the extract. 

In fact, in each batch fraction, l-acetoxy-2-propanone was reduced to l-acetoxy-2-propanol 

in the conversion of more than 95% and the product had high yields of 66 - 71 % in spite 

of its high volatility and high solubility in water.. Further, the alcohol produced in every 

batch reaction had high enentiomeric excesses (> 95% e.e.) every batch reaction. The 

yields of product included the yields of 1,2-migrated products, (S)-2-acetoxy-l-propanol 

(10 - 12%). These migrated product was also identical with l-acetoxy-2-propanol with 

respect to the configuration and enantiomeric excess. 

After five batch reactions, the activities toward the reduction and coenzyme regeneration 

remained 82% and 79%, respectively. The remaining extract will be reused 3 ~ 4 times 
, 

more at least. In contrast, the residual activity for reduction was 56% after incubation of 

the extract for 18 h at 30°C. These results suggest that the enzymes in the cell-free 

extract were stabilized by concentration of the solution during the filtration step after the 
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Table 4. 1. Enzymatic Conversion of 1-Acetoxy-2-propanone to 
1-Acctoxy-2-propanol in a Membrane Reactor 

1-acetoxy-2-propanol 
batch -------------------------------------------------------------

1 
2 
3 
4 
5 

yield/%a ce/%b RiSe [a]D(c;CHC13) 

66(12) 
72(11) 
74(10) 
73(10) 
75(11) 

>99 
>99 
>99 
>99 
>99 

s 
s 
s 
s 
s 

+ 19.9( c,1.56) 
+20.0(c,1.63) 
+ 19 .8( c, 1.55) 
+20.1( c,1.41) 
+20.0(c,1.52) 

a The yields include the yields of 1,2-migrated products, (S)-2-acetoxy-l-propanol 

(10 - 12%). 2-Acetoxy-l -propanol was identical with l-acetoxy-2-propanol with 

respect to the configuration and enantiomcric excess. 

b Determined by using 500 MHz NMR spectra of MTPA esters. 

C Determined by use of [a]o values. 

Fig. 4. 2. Enzymatic Conversion of l-Acetoxy-2-propanone 
to l-Acetoxy-2-propanol in a Membrane Reactor 
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reduction of the substrate. This system also had an advantage of recovering the produced 

alcohol. Indeed, the extraction of product is very easy because of simple separation of the 

product from biomaterials of high molecular weights. 

The efficiency with respect to the use of the extract was five times greater than the 

single use of the extract. 

Thus, the effective production and extraction of (S)-1-acetoxy-2-propanol was acheived 

using this system. 
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4. 4 Experimental Section 

Instruments. 

The system components of the reactor included a 50 mL vat coupled to a membrane 

module (Amicon, Model 8050, equipped with an ultrafiltration membrane, Diaflo PM 10, 

cutoff 10,000). IH-NMR spectra were recorded in CDCb at 500 MHz on a Varian VXR-

500. Gas chromatography spectra were taken on a Hitachi 163 gas chromatography 

equipped with a 3 m x 3 nun Ld. stainless colUITIn coated with PEG 20M. 

Materials. 

Bakers' yeast (Saccharomyces cerevisiae) , NADPH, NADP+, and glucose 6-phosphate 

were purchased from Oriental Yeast Co. 2-~10rpholinoethanesulfonic acid (MES) was 

purchased from Dojin Chemical Laboratory Co. Diisopropyl fluorophosphate (DFP) and 

sodium alginate were purchased from Wako Pure Chemical Industries, Ltd. 1-Acetoxy-2-

propanone was prepared by the reaction of the corresponding 1-chloro-2-alkanones whh 

potassium acetate in benzene-water (20:1) in the presence of tetrabutylammonium bromide 

under reflux for 6 h as described in Chapter 3. 

Enzyme Assay. 

A 10 flL aliquot of enzyme solution was added to 890 ~L of a solution of 0.1 M MES 

buffer (PH 6.0) that also contained 1-acetoxy-2-·propanone (0.25 mM) and NADPH (0.3 

mM). The rate of reaction was determined spectrophotometrically at 37°C by following 

the decrease in the absorbance of NADPH at 340 nm. One unit of enzyme activity was 

defmed as the amount of enzyme that catalyzed the oxidation of 1 flmol of NADPH per 

minute at 37°C. 

Preparation of Bakers' Yeast Cell-Free Extract. 

In 30 mL of 0.1 M - MES buffer (PH 6.0) containing 0.5 mM DFP, 15 g of pressed 

bakers' yeast was suspended and homogenized with 30 mL of glass beads (0.5 nun in 
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diameter) using a Vibrogen cell mill at 4 DC. The homogenate was centrifuged at 12,000 

rpm for 30 min at 4 DC. The supernatant (30 lnL) was collected as an enzyme solution 

and used without further purification. Activity of the cell-free extract was determined to be 

14 units / 30 mL at 37 DC for the reduction of 1-acetoxy-2-propanone by following the 

decrease in absorbance at 340 run for NADPH. 

Reduction Using Ca2 + -Alg Immobilized Bakers' Yeast Cell-Free Extract. 

Na-alginate dissolved in bakers' yeast cell-free extract was dropped out and gelled in a 

ea2+ solution. 1 0) In 80 mL deionized water, 46 g of immobilized extract (contains 20 rnL 

of the cell-free extract), 1 mrnol of l-acetoxy-2-propanone, 3 mmol of glucose, and 9 mg 

of NADPH (10 !-lmol) were added. The reaction was monitored by GLC (PEG-20 M, 3 m) 

analysis. 

Repetitive Batch Reduction of l-Acetoxy-2-propanone in a Membrane 

Reactor. 

A 30 rnL aliquot of bakers' yeast cell-free extract, 1 mrnol of l-acetoxy-2-propanone, 3 

mrnol of glucose 6-phosphate, and 100 ilL of 101 mM NADP+ were placed into the stirred 

ultrafiltration cell at 30 DC. The reaction was monitored by GLC analysis (PEG-20M, 3 m). 

When the conversion was reached at more than 95%, the reaction was finished. By 

pressurizing the ultrafiltration cell with argon gas (1.5 kg / cm2) the solution containing the 

product is separated from the enzymes. The retenate was concentrated to 5 mL. Then, 20 

rnL of fresh 0.1 M - MES buffer (PH 6.0), 1 rrunol of substrate, 3 mmol of glucose 6-

phosphate, and 100 f.!L of 10 mM NADP+ were added to the remaining solution in the 

filtration cell and treated as the fust batch. Five batches were performed yielding 105 mL 

of products solution. Each of the separate batches was acidified to pH 2 with 10% HCl 

and extracted with diethyl ether and dichloromethane. The extracts were dried over 

magnesium sulfate and evaporated at reduced pressure (below 30 DC), leaving a residue, 

which was purified by silica gel column chromatography (hexane / acetone, from 15: 1 to 

2 : 1). The enantiomeric excess of the products was determined by using 500 MHz IH-
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NMR spectra of MfP A esters. Absolute configuration of the products were detennined by 

use of [a]D values. 
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CHAPTER 5 

Summary 

Purification and Characterization 
of a-A(~etoxy Ketone Reductase 

from Bakers' Yeast 

An a-acetoxy ketone reducing enzyme has been purified and characterized from the 

cell-free extract of bakers' yeast (Saccharomyces cerevisiae). Only one NADPH-dependent 

dehydrogenase that catalyzed the reduction of a-acetoxy ketone was found in bakers' 

yeast. The molecular weight of the enzyme was estimated to be 36 kDa by SDS

polyacrylamide gel electrophoresis. The enzyme was composed of a single polypeptide 

chain. The enzyme had reducing activity for both aliphatic and aromatic a-acetoxy ketones, 

although no reducing activity was found toward a-chIoro ketones and a-hydroxy ketones. 

The enzyme catalyzed the reduction of not only a-acetoxy ketones, but also fJ-keto esters. 
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5. 1 Introduction 

In Chapter 3 and 4, it was clearly demonstrated that the reduction of a-acetoxy 

ketones using the bakers' yeast cell-free extract was useful for the preparation of (S)-l

acetoxy-2-alkanols with high enantiomeric excess (> 95 % e.e.) and high chemical yield for 

all the substrates having short to long alkyl groups.l) 

To gain insight into the mechanism of enzymatic reduction, the a-acetoxy ketone 

reductase was isolated from the cells of pressed bakers' yeast (Saccharomyces cerevisiae). 

In this chapter, the author describes the purification and characterization of a-acetoxy 

ketone reductase (a-acetoxy ketone reducing enzyme) from bakers' yeast. 
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Results and Discussion 

5. 2 Purification of a-Acetoxy Ketone! Reductase 

The a-acetoxy ketone reductase (AcKR) has been isolated from a bakers' yeast cell-free 

extract by hydrophobic interaction chromatography. The enzyme was further purified in 

short steps by chromatographic methods, which included anion-exchange column 

chromatography and gel filtration chromatography. The enzyme activities of the enzyme 

purification steps were summarized in Table 5. 1. In each of the purification stages, . no 

other enzyme proteins having the a-acetoxy ketone reducing activity were found. The 

enzyme utilized NADPH as a sole coenzyme. The enzyme was purified 3061-fold over a 

crude extract. The specific activity of the purified AcKR was 150 units / mg protein. The 

molecular weight of the enzyme was estimated to be 36 kDa by SOS-PAGE (Fig. 5. 1) 

and was 39 kDa by Superdex 75 gel filtration. The results showed that the enzyme 

protein was composed of a single polypeptide chain. 

5. 3 Stereospecificity of AcKR 

To clarify the stereoselectivity of the produced alcohol reduced by AcKR, a-acetoxy 

ketones (1-acetoxy-2-pentanone and 1-acetoxy-2-heptanone) were reduced by purified 

AcKR. The yields of the products were 71 and 79% (1-acetoxy-2-pentanol and 1-acetoxy-

2-heptanol, respectively). The eels of both products were more than 99%, which was 

identical with that obtained using the bakers' yeast whole cell suspensions2) (Table 5. 2). 

This result supports that a-acetoxy ketones are reduced by a single enzyme (a-acetoxy 

ketone reductase) in bakers' yeast. 
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Table 5. 1. Purification Steps of the Enzyme 

Total Activity Total Total Specific Yield 
Steps volume activity proteins activity Fold 

(ml) (U/ml) (U) (mg) (U/mg) (%) 

U\ 
Cell-Free Extract 724 0.632 458 9340 0.0490 100 1 

\0 

50%(NH4hS04fraction 795 0.539 429 7750 0.0533 94 2 

Butyl-Toyopearl 60 4.53 272 726 0.375 59 8 

Phenyl-Superose 37 5.11 189 68.6 2.76 41 56 

MonoQ 10 8.21 82.1 16.3 5.03 18 144 

Superdex 75 4 17.5 70.1 0.467 150 15 3061 



A B C kDa 

l - 94 - I~ 67 
I~ 43 

I -- 30 

I ............ 20 l 

Fig. 5. 1. SDS-PAGE of the Purified Enzyme 

SDS-gel electrophoresis using 12.5% polyacrylamide was performed by the 

method of Laemmli3) in the presence of 0.1 % SDS; A : 10 !lg of the cell

free extract; B: 10 !lg of the purified enzyme; C: 10 !lg of molecular weight 

standards; phosphorylase b (94,000), bovine serum albumin (67,000), 

ovalbumin (43,000), carbonic anhydrase (30,000), soybean trypsin inhibitor 

(20,000) 

Table 5. 2. Enzymatic and Microbial Reductions of 1-Acetoxy-2-alkanones 

Purified AcKR a Bakers' Yeast b 

Substrate 
Yield/% E.e./% R/S Yield/% E.e./% R/S 

0 
~OAc 71 >99 S 55 99 S 

0 
~OAc 79 >99 S 51 99 S 

a AcKR refers to a-acetoxy ketone reductase. b Data taken from ref. 2. 

60 



5. 4 Substrate Specificity of AcKR 

The relative activities of the enzyme toward various a-hydroxy ketones, a-acyloxy 

ketones, a-chloro ketones, fJ-keto esters, and at keto acid were examined with a view of 

gaining some infonnation concerning the identity of its substrate specificity. 1-Acetoxy-2-

propanone was used as a standard (Tables 5. 3 and 5.4). 

Table 5. 3. Relative Activity of AcKR Catalyzed Reduction 
of Various Ketones 

compound reI. ratea compound reI. rate 

o o 
~OAc 100 Ph~CI 0 

o o 
~OAc 79 ~OH 0 

o 
~OAc 56 

o 
~OH 0 

o o 
Ph~OAc 2 Ph~OH 0 

o 0 
~OAc 20 

o 0 
CI~OEt 85 

o 0 
Ph~OAc 12 

o 0 
~OMe 5 

o 0 
o 
~CI 0 YOEI 1 

o 
~C02H 0 

o 
~CI 0 

a Relative rates were determined as described in the 

experimental section. 
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AcKR showed reducing activity for both aUphatic and aromatic a-acetoxy ketones. It 

is probable that AcKR is related to the hlghly enantiosclective reduction of phenacyl 

acetate by bakers' yeast as reported by Santaruello et. al. 4) 

AcKR also indicated reducing activity toward various ,B-keto esters such as ethyl 4-

chloro-3-oxobutanoate, methyl 3-oxobutanoate, and ethyl 2-methyl-3-oxobutanoate. Thus, 

AcKR catalyzed the reduction not only of a-acetoxy ketones, but also of ,B-keto esters. 

However, AcKR had no reducing activity toward a-chloro ketones (aliphatic and 

aromatic), a-hydroxy ketones (aliphatic and aromatic), and 4-oxononanoic acid. 

Table 5. 4. Relative Activity of AcKR Catalyzed Reduction 
of a-Acyloxy Ketones and Derivatives 

compound reI. ratea 

o 
~Oy 100 

o 

o 
~o~ 110 

o 

o 
~O~ 124 

o 

compound 

o 
~SMe 

reI. rate 

107 

15 

167 

27 

a Relative rates were determined as described in the 

experimental section . 

Further, the substrate specificity with ketones having other acyloxy groups were 

investigated (fable 5. 4) . The enzyme had wide substrate specificities at the acy loxy 
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groups; a formyloxy, an acetoxy, a propionyloxy, a butyryloxy, a benzoyloxy, an 

acetylthio, and a methylthio groups served as substrates. The carbonyl group in the 

acyloxy groups is necessary for the high reducing activity of AcKR, since the enzyme 

had no reducing activity toward a-hydroxy ke1tones. It is suggested that the high reducing 

activity of 1-acetylthio-2-propanone can be attributed to steric and electronic effects of the 

sulfur atom. The AcKR had a low activity toward 1-methylthio-2-propanone, apparently 

because of the lack of a second carbonyl group in the substituent. 

5. 5 Kinetic Parameters 

The kinetic parameters, Km (Michaelis constant) and kcat, of purified AcKR on 1-

acetoxy-2-propanone and ethyl 4-chloro-3-oxobutanoate were measured in order to gain an 

insight into the velocity of enzymatic reductions of the substrates (fable 5. 5). The Km 

and kcat values of 1-acetoxy-2-propanone were measured to be 0.21 (mM) and 5.04 (s-l), 

respectively. Their values of ethyl 4-chloro-3-oxobutanoate were 0.22 (mM) and 5.01 (5-1). 

The kcat / Km ratios of both substrates (the former : the latter = 100 : 90) reflect their 

relative activity (100 : 85). The kinetic · pararneters of AcKR had similar values as those 

of f3-keto ester reductase purified by Nakamura et ai. 5) 

Table 5. 5. Kinetic Constants of Reduction 
Ca tal yzed by AcKR 

Substrate 

o 
~OAc 

o 0 
CIJJ-.OEt 

Km/mM 

0.21 5.04 

0.22 5.01 
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5. 6 Proposed Active Site Model 

To study the mechanism of AcKR reduction, an active site model of AcKR was 

proposed as shown in Fig. 5. 2. The carbon chain site is made up by a small pocket, 

because the activity for aliphatic a-acetoxy ketones decreases as the alkyl chain becomes 

longer. The acyloxy group site is made up by a large pocket with hydrophobic property, 

since the activity for 1-acetoxy-2-propanone (relative activity was 100) was comparable to 

that for 1-benzoyloxy-2-propanone (the activity was 107). For the a-position site, AcKR 

has a small pocket, as judged by low activities toward 3-acetoxy-2-butanone (relative 

activity 15) and ethyl 2-methylacetoacetate (relative activity 1). 

carbonyl group 
reduced 

carbon chain site 
a-position site 

large and 
hydrophobic 

acyloxy group site 

Fig. 5. 2. Proposed Active Site Model of AcKR 
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5. 7 Experimental Section 

Instruments. 

UV spectra were obtained on a Beckmann DU-64 spectrophotometer. Preparation of a 

bakers' yeast cell-free extract was performed by using a Vibrogen Vi4 cell mill and a 

Hitachi RIMAC SCR20B centrifuge. Preparative chromatography for enzyme purification 

was perfonned on a Pharmacia FPLC system. 

Materials. 

Bakers' yeast and MW-Maker (a mixture of cytochrome c, 12.4 kDa; adenylate kinase, 

32 kDa; enolase, 67 kDa; lactate dehydrogenase, 142 kDa; glutamate dehydrogenase, 290 

kDa) were purchased from Oriental Yeast Co. Butyl-Toyopearl was purchased from Tosoh 

Co. Glucose 6-phosphate dehydrogenase, acetyl-CoA, and acetoacetyl-CoA were purchased 

from SIGMA. The Phenyl-Superose column, Mono Q column, and Superdex 75 column 

were purchased from Pharmacia Fine Chemicals. CentriCell centrifugal ultrafilters (10,000 

NMWL) were purchased from Polysciences, Inc. 

Centricon-3 microconcentrators (3,000 MW cutoff) were purchased from Amicon Grace 

Co. 2-Morpholinoethanesulfonic acid (MES) and 2-hydroxy-3-morpholinopropanesulfonic 

acid (MOPSO) were purchased from Dojin Chemical Laboratory Co. Diisopropyl 

fluorophosphate (DFP) was purchased from Wako Pure Cherrlical Industries, Ud. 1-

Chloro-2-propanone, phenacyl chloride, and acetol (hydroxy acetone) were purchased from 

Nacalai Tesque Co. Ethyl 4-chloro-3-oxobutanoate, methyl 3-oxobutanoate, and ethyl 2-

methyl-3-oxobutanoate were purchased from Tokyo Kasei Organic Chemicals. Other 

reagents used were of analytical grade. 1-.Acetoxy-2-alkanones were prepared by . the 

method as described in Chapter 3. 
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Enzyme Assay. 

A 10 !--lL aliquot of chromatographic fraction (vide infra) was added to 890!--l1 of a 

solution of 0.1 M MES buffer (PH 6.0) that also contained 1-acetoxy-2-propanone (0.25 

mM) and NADPH (0.3 mM). The rate of reaction was detennined spectrophotometrically 

at 37 DC by following the decrease in the absorbance of NADPH at 340 nm. One unit of 

enzyme activity was defined as the amount of enzyme that catalyzed the oxidation of 1 

!--lmol of · NADPH per minute at 37 DC. Specific activity was expressed as units per 

milligram of protein. The relative activity was detemflined by arbitrarily setting the rate of 

reduction for 1-acetoxy-2-propanone to be 100. 

Protein Determination. 

Protein was measured by the method of Bradford (Bio-Rad Co.)6) with crystalline 

bovine serum albumin as a standard. 

Purification of the a-Acetoxy Ketone Redu.~tase. 

The enzyme was isolated, purified, and stored at 4 DC. For prolonged storage, the 

enzyme was frozen in 10% aqueous glycerol. Thus, raw pressed bakers' yeast (350 g) 

was suspended in 700 mL of 0.1 M MES buffer (PH 6.0) containing 0.5 mM DFP and 1 

mM 2-mercaptoethanol. The suspended cells were homogenized with 700 mL of glass 

beads (0;5 mm in diameter) using a Vibrogen cell mill at 4 DC. The homogenate was 

centrifuged at 10,000 x g for 30 min. To a supernatant liquid (725 mL) was added 

(NH4)2S04 .solid (211 g, 50% saturation) and stirred for 10 h at 4 DC, and then 

centrifuged at 10,000 x g for 60 min. The supernatant solution (796 mL) was applied to a 

44 mm x 110 mm column packed with Butyl-Toyopearl 650 M equilibrated with 50 mM 

MES buffer (PH 6.0) containing 1 M (NH4)2S04. The protein was eluted with 1 to 0 M 

linear gradient of (NH4)2S04 dissolved in 50 mM MES buffer (500 mL). The active 

fractions were collected and concentrated to 7.2 mL by a ultrafiltration membrane 

(CentriCell). The enzyme solution was applied to a Phenyl-Superose column equilibrated 

with 50 mM MES buffer (PH 6.0) containing 1 M (NH4)2S04. The column was eluted 
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with a linear gradient concentration of 1 to 0 M (NH4)2S04 dissolved in the same buffer. 

The fractions that showed activity were combined and concentrated to 4.2 mL and the 

buffer was exchanged with 20 mM MOPSO (pH 7.0) on CentriCeI1. The concentrated 

solution of enzyme was applied to Mono Q colunln equilibrated with 20 mM MOPSO 

buffer (PH 7.0). The protein was eluted with a linear gradient concentration of 0 to 0.5 

M KCI dissolved in the same buffer. The active fractions were combined and concentrated 

to 0.9 mL by a ultrafiltration membrane (Centricon-3). 

Estimation of the Molecular Weight of AcK~R. 

A solution of enzyme or MW-Marker was applied to a Superdex 75 gel filtration 

column equilibrated with 20 mM MOPSO buffer (pH 6.0) containing 0.1 M KCl. After 

elution with the same buffer (flow rate of 0.8 mL / Inin), the activity of each fraction was 

assayed as described previously. A portion of the purified enzyme was subjected to SDS

polyacrylamide gel (12.5%) electrophoresis.4) 

Determination of Km and kcat Value of Enzyme. 

The Km and kcat values of the enzyme were calculated from the initial rates of the 

reaction in an appropriate range of the substrate concentration using at least five points by 

a [S]/v-[S] plot. 

Enzymatic Reduction of l-Acetoxy-2-alkanone. 

In a glass reaction vessel were placed a concentrated solution of the enzyme (5 units), 

NADPH (10 mg), G6PDH (glucose 6-phosphate dehydrogenase, 25 units, 0.15 mg), G6P 

(glucose 6-phosphate, 300 mg), 1-acetoxy-2-alkanone (0.5 mmol), and 0.1 M MES buffer 

(PH 6.0, 10 mL). The reaction vessel was shielded from light. The mixture was 

magnetically stirred for 12 h at 35 °e. Hyflo-Super-Cel and ether were added. The mixture 

was filtrated. The solid collected was washed with ether. The combined washings and 

filtrate were washed (brine), dried (MgS04), and concentrated under reduced pressure. The 

residue was purified by preparative silica-gel chromatography to give the corresponding 
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alcohols. The enantiomeric excesses of the products were detennined by using 500 MHz 

IH-NMR spectra of MTPA esters. 
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CHAPTER 6 

Identification of 
a-Acetoxy Ketone Reductase 

Summary 

a-Acetoxy ketone reductase (AcKR) was compared with {3-keto ester reductases from 

bakers' yeast. AcKR was defmed as YKER-VI (formary named as L-enzyme-2), one of 

the L-selective {3-keto ester reductases [K. Nakamura et. aI., 1. Org. Chern. , 56, 4778-

4783 (1991)] considering the chromatographic behavior and enzymological properties 

including molecular weight, stereoselectivity, substrate specificity, and kinetic parameters. It 

was dearly demonstrated that AcKR (or YKER-VI) catalyzed the reduction both of {3-keto 

esters and a-acetoxy ketones, while YKER-I (formary named L-enzyme-1) could not 

catalyze the reduction of a-acetoxy ketone. Further, the enzyme had activity toward 

acetoacetyl-CoA, but no activity toward acetyl-CoA.. It is suggested that the natural 

substrate of the enzyme is acetoacetyl-CoA, and that the enzyme is defmed as L-3-

hydroxyacyl-CoA dehydrogenase, which uses NADPH as the coenzyme in the' yeast whole 

cell. 
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6. 1 Introduction 

Enantioselcctive reduction of carbonyl compounds by means of oxido-reductases from 

microorganism such as bakers' yeast has been widely studied for syntheses of versatile 

chiral building blocks that can be converted into useful natural products, antibiotics, 

pharmaceuticals, and other desired functional materials. Some enzyme proteins catalyzed the 

enantioselective reduction of unnatural substrates such as f:1-keto esters. 

Until now seven kinds of the f:1-keto ester redlJlctases have been found and purified 

from the cell-free extract of bakers' yeast (Sacchromyces cerevisiae).1-3) Nakamura et. al. l ) 

have isolated four enzymes of f:1 -keto ester reductases (L-enzyme-l, L-enzyme-2, D-

enzyme-I, D-enzyme-2) from bakers' yeast (Oriental Yeast). Sih et. al. 2,3) isolated also 

three enzymes of f:1 -keto ester reductases (L-cnzyme 1, L-enzyme 2, D-enzyme) from 

bakers' yeast (Red star). However, relationships among isolated enzymes and the natural 

substrate of these enzymes have not yet been elucidated. 

Further, no information about the natural substrate for AcKR has been known. 

In this chapter, the author discusses the relationships between a-acetoxy ketone 

reductase and fJ-keto ester reductase, and the role of a-acetoxy ketone reductase (AcKR) 

in the bakers' yeast cells. 
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Results and DisclUssion 

6. 2 N-Terminal Amino Acid Sequence and Homology Search 

of a-Acetoxy Ketone Reductase 

To investigate the protein structure, the N-tenninal amino acid sequence of the purified 

AcKR was analyzed by a protein sequencer. 4) The N-tenninal amino acid sequence of the 

flISt 16 residues of the enzyme was ITAPLVVLGNPLLDFQA---. The homology of the 

amino acid sequences in the N-tenninal region of the enzyme and other enzymes was 

investigated by a computer search of the NBRF protein sequence data bank.5) 

Consequently, no enzyme proteins had a significant sequence similarity to AcKR. 

6. 3 Relationship between a-Acetoxy Ketone Reductase and 

fJ -Keto Ester Reductase 

The enzymes, designated YKER-r6)" " (fonnaly named L-enzyme-1) and YKER-VI6) 

(formaly named L-enzyme-2), were separated to horrlOgeneity (Fig. 6. 1) from a cell extract 

of S. cerevisiae according to Nakamura's method. I ) They had the same molecular weight 

(36,000 by SDS-polyacrylamidegel electrophoresis), but they had different chromatographic 

behavior; YKER-I passed through the column without binding to the resin during DEAE

ion exchange chromatography, but YKER-VI bound to the resin and was eluted by a 

buffer containing 0.2 M KCl. Both enzymes catalyzed exclusively the reduction of fJ-keto 

esters such as ethyl 4-chloroacetoacetate in the presence of NADPH. I
) 

In Chapter 5, a-acetoxy ketone reductase (AcKR) was purified from the cell-free extract 

of S. cerevisiae. The enzyme catalyzed the enantioselective reduction of l-acetoxy-2-

alkanones to 1-acetoxy-2-alkanols in the presence of NADPH. 7,8) 
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Chromatography on a Mono Q anion-exchange column in a SMART system (Pharmacia) 

9) was done to fmd if this enzyme was .. the same as YKER-I or -VI, because only these 

two enzymes have been isolated from such extracts. I) a-Acetoxy ketone reductase activity 

for a-acetoxy ketones and YKER-VI activity for ,B-keto esters eluted in the same 

fractions (Fig. 6. 2). The molecular weight (36,000 to 39,000) and N -terminal amino acid 

sequence of purified a-acetoxy ketone reductase were identical to those of YKER-VI. a-

Acetoxy ketones did not act as substrates for YKBR-I. Therefore, a-acetoxy ketone 

reductase was the same as YKER-VI has wide substrate specificity 

YKER-I protein differed from YKER-VI and YKER-VI was the same as a-acetoxy 

ketone reductase. 
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Figure 6. 2. Chromatographic Separation of the Two Reductases from 
the Cell-Free Extract of S. cerevisiae. 
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6. 4 Role of a-Acetoxy Ketone Reductase in Bakers' Yeast 

Whole Cells 

AcKR was active toward a-acyloxy ketones and had high activity toward substrate 

having hydrophobic and bulky groups in the acyl group as indicated by 1-benzoyloxy-2-

propanone (fable 6. 1). Further screening of active substrates revealed that AcKR showed 

activity toward tert-butyl acetoacetate and acetoacetyl-CoA, but no activity toward acetyl-

CoA. 

Table 6. 1. Relative Rate of AcKR Catalyzed Reduction 
of Various Ketones 

compound 

o 0 

~O~ 

o 0 1/ 
~O~ 

Acetyl-GoA 

Acetoacetyl-GoA 

reI. rate a 

100 

8 

10 

a 

5 

a) Relative rates were determined by arbitrarily setting the rate of 
reduction for 1-acetoxy-2-propanone to be 100. 

Previously, Sih et. al. 2) reported that mitocondrial fractions of bakers' yeast reduced 

acetoacetyl-CoA. Although, only a trace of reductase activity was detectable using a fi-keto 

ester as a substrate. However, they didn't describe the natural substrate of isolated 
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enzyme from yeast and the role of the enzyme in the whole cells. We found that AcKR 

had low but distinct reducing activity toward acetoacetyl-CoA. It is possible that the low 

activity for acetoacetyl-CoA depends on the low value of Km and Vmax. Previously, 

Madan et al. reported that L-3-hydroxybutyryl-CoA dehydrogenase from Clostridium 

kluyveri had low Km value (50 f.lM) against acetoacetyl-CoA.10) Lynen also reported that 

fatty acid synthease from yeast had a low specific activity (0.775 U / mg).l1) Considering 

these results, L-3-hydroxyacyl-CoA dehydrogenase rnay have a low reducing activity for 

acetoacetyl-CoA in the cell of yeast. It is suggested that the natural substrate of AcKR is 

acetoacetyl-CoA, and the enzyme being defmed as L-3-hydroxyacyl-CoA dehydrogenase, 

which uses NADPH as the coenzyme in the yeast whole cell. 
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6. 4 Experimental Section 

Instruments. 

UV spectra were obtained on a Beckmann D1O-64 spectrophotometer. Preparation of 

bakers' yeast cell-free extract was performed by using a Vibrogen Vi4 cell mill and a 

Hitachi IllMAC SCR20B centrifuge. Anion-exchange chromatography for enzyme 

separation was done on a Pharmacia SMART TN system.8) 

Materials. 

Bakers' yeast and NADPH were purchased from Oriental Yeast Co. The Mono Q 

column was purchased from Pharmacia Fine Chemicals. 2-(N -Morpholino )ethanesulfonic 

acid (.MES) and 3-(N -morpholino )-2-hydroxypropanesulfonic acid (MOPSO) were purchased 

from Dojin Chemical Laboratory Co. Diisopropyl fluorophosphate (DFP) was purchased 

from Wako Pure Chemical Industries, Ud . Acetyl-'CoA and acetoacetyl-CoA were obtained 

from SIGMA, USA. l-Acetoxy-2-propanone and I-benzyloxy-2-propanone were prepared 

by the method as described in Chapter 3. tert-Butyl acetoacetate, ehtyl 4-chloroacetoacetate 

and ethyl acetoacetate were purchased . from TCl (Tokyo Kasei Organic Chemicals). All 

other reagents used were of analytical grade. 

Computer Analysis for Protein Sequence Flomology. 

A search of the National Biomedical Research Foundation (NBRF) protein sequence 

data bank for sequence homology was carried out using an NEC PC-9801RS computer 

with DNASlS software.5) 

N-Terminal Sequence Analysis. 

The purified enzyme (500 pmol) was used directly for automated Edman degradation 

with an Applied Biosystems 476A gas-liquid phase protein sequencer.4) 
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Enzyme Assay. 

A 30 !-lL aliquot of chromatographic fraction (vide infra) was added to 870!-lL of a 

solution of 0.1 M MES buffer (PH 6.0) that also contained 1-acetoxy-2-propanone or ethyl 

4-chIoroacetoacetate (0.25 mM) and NADPH (0.3 mM). The rate of reaction was 

determined spectrophotometrically at 37°C by following the decrease m absorbance of 

NADPH at 340 nm. One unit of enzyme activity \¥as dermed as the amount of enzyme 

that catalyzed the oxidation of 1 !-lmol of NADPH per minute at 37°C. Relative activities 

were determined by arbitrarily setting the rate of reduction for 1-acetoxy-2-propanone to be 

100. 

Preparation of Bakers' Yeast Cell-Free Extract. 

In 20 mL of 0.1 M - MES buffer (PH 6.0) CDntaining 0.5 mM OFP, 10 g of pressed 

bakers' yeast was suspended and homogenized with 20 mL of glass beads (0.5 mm in 

diameter) using a Vibrogen cell mill at 4°C. The homogenate was centrifuged at 12,000 

rpm for 30 min at 4 DC. The supernatant (20 mL) was collected as an enzyme solution 

and used without further purification . .. 

Chromatographic Separation of the Reductases from Bakers' Yeast. 

The cell-free extract (20 mL, corresponding to 10 g of yeast) of S. cerevisiae was 

analyzed by SMART system8) equipped on Mono Q column. Anion exchange 

chromatography was performed on a Mono Q PC 1.6/5 (1.6 mm x 5 cm) column with a 

linear gradient of 0 to 0.5 M KCl in MOPSO buffer (PH 7.0) at a flow rate of 0.2 mL / 

min at 4°C. 
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