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SUMMARY 

Whole cells and cell-free extracts of Acinetobacter calcoaceticus containing benzoylformate decarboxylase efficiently condensed benzoylformate and 
acetaldehyde to produce the acyloin compound S-(-)-2-hydroxypropiophenone. Optimal concentrations of acetaldehyde cosubstrate for this reaction were 
found to be 1600 and 800 mM when whole ceils and cell-free extracts were used respectively as biocatalysts. In both cases, optimal benzoylformate concentration 
was 100 mM. Temperature and pH optima for the biotransformation reaction were 30 ~ and 6.0 respectively. Under optimised conditions, maximum 
production of 2-hydroxypropiophenone, amounting to 8.4 g L -1, occurred after a 2-h incubation. Product formation equivalent to 6.95 g in 1 h corresponded 
to a productivity of 267 mg acyloin per g dry cells per h. 

INTRODUCTION 

Enzymes are attractive reagents in bioorganic synthesis, 
especially of bioactive molecules where enzyme stereospec- 
ificity can be exploited to produce the appropriate enantio- 
meric molecular form [7,17]. Enantiospecific production 
of L-phenylacetyl carbinol involving carbon-carbon bond 
formation, catalysed by pyruvate decarboxylase present in 
whole yeast cells, was one of the first industrial biocatalytic 
reaction processes to be commercialised [9]. While enzymes 
catalysing asymmetric carbon-carbon bond formation are of 
great interest, very few of these biocatalytic reactions are 
currently known [16]. 

The ability of pyruvate decarboxylase to produce acyloin 
compounds in the presence of an aldehyde cosubstrate led 
us to explore whether related enzymes, that is other 
non-oxidative a-ketoacid decarboxylases requiring thiamine 
pyrophosphate, could also catalyse these condensation reac- 
tions. One such enzyme, benzoylformate decarboxylase, 
participates in the catabolism of aromatic compounds as part 
of the mandelate pathway in bacteria such as Acinetobacter 
calcoaceticus and Pseudomonas putida that normally convert 
benzoylformate to benzaldehyde [1,2,5,6]. Benzoylformate 
decarboxylase manifests similarities with pyruvate decarboxy- 
lase in that it is a tetramer having similar subunit molecular 
weights. We have demonstrated the capacity of the ben- 
zoylformate decarboxylases from P. putida and A. calcoacet- 
icus to produce 2-hydroxypropiophenone (HPP) when incu- 
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bated with benzoylformate and acetaldehyde [15,19]. A 
comparison of the acyloin forming condensations catalysed 
by pyruvate decarboxylase and benzoylformate decarboxylase 
is illustrated in Fig. 1. The normal product of benzoylformate 
decarboxylase and trace amounts of benzyl alcohol are 
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Fig. 1. Comparison of acyloin-forming condensation reactions cata- 
lysed by (A) pyruvate decarboxylase (El) and (B) benzoyl formate 

decarboxylase (E2). 
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produced as byproducts in this reaction. In the case of whole 
cell biocatalytic reactions involving P. putida, the optical 
purity of the HPP product was found to be 91-92%. In 
contrast, whole cell condensations using A. calcoaceticus 
produced S-(-)-2-hydroxypropiophenone,  having an optical 
purity of >98%. The high enantioselectivity of this reaction 
makes a whole cell biocatalytic'system involving A. calcoacet- 
icus a potentially important system for use in enantioselective 
production of novel acyloin products. In this paper we 
describe factors affecting product formation using this 
reaction. 

MATERIALS AND METHODS 

Cultivation of Acinetobacter calcoaceticus 
A. calcoaceticus NCIB 8250 was maintained on nutrient 

agar plates. Plates were incubated at 30 ~ for 48 h and 
stored at 4 ~ for up to one month. The liquid culture 
medium used for benzoylformate decarboxylase induction 
was a modification of the medium described by Barrowman 
and coworkers [1,2] and contained (g L- l ) :  KHzPO4, 4; 
(NH4)2S04, 2; L-glutamic acid, 0.9; MgSO4.7H20, 0.4; yeast 
extract, 3; and Dr-mandelic acid (Sigma, St Louis, MO, 
USA), 3. This medium, 50 ml, contained in a 250-ml 
Erlenmeyer flask, was inoculated by loop from the agar 
stock cultures and incubated at 30 ~ on an orbital shaker 
set at 200 r.p.m, for 16-20 h. This culture was serially 
transferred as a 10% inoeulum through two further flasks 
containing the same medium and, in each case, was incubated 
under the same conditions. A 10% inoculum from the last 
culture was used to seed flask cultures for production of 
cells for synthesis. Flasks were incubated for 12 h at which 
point the cells exhibited maximum acyloin-forming activity. 

phosphate, 200; pH 6.0, benzoylformate, 100; acetaldehyde, 
200; thiamine pyrophosphate, 1.5; magnesium chloride, 2.5 
and 0.015 g (dry weight) cells m1-1 or the equivalent as cell- 
free extract or purified enzyme. Reactions were carried out 
at 30 ~ and the activity was terminated by boiling for 5 min. 
Product formation was determined by gas chromatography. 

Determination of 2-hydroxypropiophenone by GC analysis 
For GC determination, 2 ml of rection mixture was thrice 

extracted with 2-ml volumes of glass-distilled ether. The 
ether extracts were pooled and concentrated under nitrogen 
to 1 ml. An internal standard of 0.5 ml of cyclohexanone 
was added to 2 ml of reaction mixture. This extract was 
analyzed in a Shimadzu GF, Model 14A equipped with an 
FID detector and a chromatopac C-R6A integrator. The GC 
contained a fused silica megabore column, 30 m x 0.52 mm 
(ID) coated with 1-/xm thickness of 25% cyanopropyl, 
25% phenyl, 50% methyl polysiloxane (Durabon 225, 
Chromatographic Specialities, Brockville, Ont.,  Canada). 
Operating conditions were: column and injector tempera- 
tures, 150 ~ detector temperature, 200 ~ with helium as 
carrier gas. Chemically-synthesised racemie 2-hydroxypropi- 
ophenone [14,19] was used as standard. 

Biomass dry weight analysis 
A known wet weight of cells was washed with distilled 

water on a preweighed 0.45-/zm pore size MF Millipore 
filter paper (Bedford, Maine, USA). The cell sample was 
then dried on an aluminium foil dish in a 65 ~ oven to 
constant weight. A 1-g quantity of cell wet weight was equal 
to 0.29 g cell dry weight. 

RESULTS 

Cell recovery and homogenisation 
Bacterial cells were harvested by centrifugation at 

5000 • g for 10 min at 4 ~ The cells were washed with 
50 mM potassium phosphate buffer, pH 7.0, recentrifuged 
and the pellets stored, frozen, until required. 

To prepare cell-free extracts, centrifuged cells were 
resuspended in 100 mM sodium phosphate buffer, pH 
6.0, containing 1.1 mM dithiothreitol, 0.1 mM thiamine 
pyrophosphate, 2 mM MgSO4 and 1 mM EDTA to a final 
concentration of 0.3 g wet weight of cells per ml. Cells were 
sonicated with a Braun-sonic 2000 (B. Braun Biotech, 
Allentown, PA, USA) for 15 rain, in 30-s bursts, separated 
by 30-s rests wherein the suspension was cooled by incubation 
in ice. The crude extract was .recovered following removal 
of cell debris by centrifugation at 10 000 x g for 1 h at 4 ~ 

Protein determination 
Protein concentration was measured using the method of 

Bradford [3] with bovine serum albumen (Sigma, St Louis, 
MO, USA) as standard. 

Enzyme reaction conditions 
Unless otherwise stated, concentrations of constituents 

in the enzyme reactions in millimoles per litre were: sodium 

The effect of A. calcoaceticus cell concentration on the 
production of 2-hydroxypropiophenone from benzoylformate 
(15 mg m1-1, 100 raM) and acetaldehyde (8.8 mg m1-1, 
200 mM) was investigated in a 1-h reaction (Fig. 2). HPP 
production increased in an approximately linear manner 
with cell concentration in the range 0q9.09 g wet weight per 
ml. For studies on the effects of other parameters on the 
reaction, a cell concentration of 0.06 g wet weight per ml 
of whole cells or the equivalent amount of cell-free extract 
were used. 

The time courses of HPP formation by whole cells and 
cell-free extract are illustrated in Fig. 3. Patterns of product 
formation were very similar for whole cells and cell-free 
extract. Maximum yield of product occurred in both systems 
after an incubation time of 150 min with higher yields in 
the presence of whole cells. The differences in product yields 
observed in Fig. 2 (cell concentration 0.6 g L -1) and Fig. 3 
after 1 h may be attributed to variations in the different cell 
batches used in these experiments. 

The effect of temperature and pH on the reaction was 
determined by use of cell-free extracts. As illustrated in 
Figs 4 and 5, the reaction had an optimum temperature and 
pH of 30 ~ and 6.0 respectively. 

To determine the effects of substrate and cosubstrate 
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Fig. 2. Effect of whole cell concentration of HPP formation during 
biotransformation with benzoylformate 15 mg ml 1 (100 mM), and 

acetaldehyde 8.8 mg ml -~ (200 mM). Reaction time, 1 h. 
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Fig. 3. Comparison of HPP formation with time between equivalent 
amounts of whole cells and cell-free extract. -E]-, whole cells; 
--~-, cell-free extract. Cell concentration, 0.06g wet wt m1-1 
reaction mixture. Benzoylformate and acetaldehyde concentrations 
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Fig. 4. Effect of temperature on HPP formation using a cell-free 
extract. Extract concentration equivalent, 0.06 g cell wet wt m1-1. 
Benzoylformate and acetaldehyde concentrations and reaction time 

as in Fig. 2. 
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Fig. 5. Effect of pH on HPP formation using a cell-flee extract. 
Extract concentration equivalent, 0.06 g cell wet wt m1-1. Ben- 
zoylformate and acetaldehyde concentrations and reaction time as 

in Fig. 2. 

concentrations on HPP production, the whole cell extract 
and whole cells were incubated with varying amounts of 
benzoylformate and acetaldehyde. With a cell-flee extract, 
when benzoylformate concentration was varied in the range 
0-112.5 mg m1-1 (0-750 raM), optimal HPP production was 
observed at a concentration of 15 mg m1-1 (100 mM) (Fig. 6). 
The effect of acetaldehyde concentration on HPP production 
by cell-free extract was investigated using a benzoylformate 
concentration of 100 raM. HPP formation increased with 
acetaldehyde concentration up to 35.2 mg m1-1 (800 mM) 
(Fig. 7). When the benzoylformate and acetaldehyde concen- 
trations were varied in whole cell condensation reactions, 

an optimal benzoylformate concentration of 15 mg m1-1 
(100 mM) was again observed (Fig. 8) while a higher 
acetaldehyde concentration of 70.4 mg m1-1 (1600 raM) pro- 
duced maximum HPP production under the same conditions 
(Fig. 9). At high concentration, acetaldehyde can be expected 
to have an enzyme-denaturing effect. The higher acetalde- 
hyde concentration observed to promote maximum biocon- 
version with whole cells compared to isolated enzymes may 
be attributed to the cells having a protective effect on 
enzyme activity. 

The optimised results, with respect to concentration of 
whole cells (0.09 g wet weight per ml reaction mixture), 
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Fig. 6. Effect of benzoylformate concentration on HPP formation 
with a cell-free extract. Extract concentration equivalent, 0.06 g 
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Fig. 8. Effect of benzoylformate concentration on HPP formation 
with whole cells. Cell concentration, 0.06 g ml-L Acetaldehyde 

concentration and reaction time as in Fig. 2. 
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Fig. 7. Effect of acetaldehyde concentration on HPP formation with 
a cell-free extract. Extract concentration equivalent, 0.06 g cell wet 
wt m1-1. Benzoylformate concentration and reaction time as in 

Fig. 2, 

Fig. 9. Effect of acetaldehyde concentration on HPP formation 
with whole cells. Cell concentration, 0.06 g ml 1. Benzoylformate 

concentration and reaction time as in Fig. 2. 

DISCUSSION 

benzoylformate 15 mg m1-1 (100 mM) and acetaldehyde 
70.4 mg m1-1 (1600 raM), were combined with a view to 
producing optimal reaction conditions. A time course for 
HPP production using these conditions is illustrated in 
Fig. 10. Maximum HPP formation occurred at 120 rain and 
resulted in production of 8,4 g L -1 2-hydroxypropiophenone 
with 56% conversion of benzoylformate to HPP. 

Reaction conditions have been optimised for enantioselec- 
tive production of 2-hydroxypropiophenone resulting in 
formation of 8.4 g L - I  of product in a 2-h incubation, with 
56% conversion of benzoylformate to product. A n  optimal 
yield of 6.95 g of product per  titre per hour  was observed 
which corresponds to a productivity of 267 mg of acyloin 
product per  gram dry weight of cells per hour. The latter 
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value was much higher than the optimum productivity 
observed in the less enantiospecific reaction of benzoylfor- 
mate to HPP by P. putida [18]. This productivity compares 
very favourably with yields of the acyloin product of yeast 
pyruvate decarboxylase where optimal product formation in 
1-h incubation periods amounted to 0.2 g per gram dry 
weight of yeast [11,12]. 

Pyruvate decarboxylase manifests relatively high specificity 
towards the natural and unnatural a-keto acid substrate and 
other nonoxidative thiamine pyrophosphate-linked decar- 
boxylases also appear to exhibit this high substrate specificity 
[1,4,8]. However, in the conversion of pyruvate and benzal- 
dehyde to L-phenylacetyl carbinol, commercial and highly 
purified preparations of pyruvate decarboxylase accept a 
variety of related aromatic cosubstrates in place of benzal- 
dehyde to form a family of corresponding acyloin products 
[10,13]. Benzoylformate decarboxylase and pyruvate decar- 
boxylase may complement each other as catalysts for 
bioorganic synthesis. Pyruvate decarboxylase may be used 
to produce acyloin compounds containing a fixed methyl 
group and a variable aromatic group whereas benzoylformate 
decarboxylase may product acyloin compounds having a 
fixed aromatic group and variable aliphatic moieties. 
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