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Conversion of meso-2,3-Butanediol into 2-Butanol by Lactobacilli.
Stereochemical and Enzymatic Aspects
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A number of strains of Lactobacillus spp. from foods were screened for their ability to convert meso-
2,3-butanediol into 2-butanol. Only three strains of L. brevis transformed the meso-diol into the
secondary alcohol. These strains as well as the others unable to metabolize meso-2,3-butanediol
exhibited the capacity to hydrogenate 2-butanone to 2-butanol. In both types of lactobacilli, an
inverse relationship was observed between the diol or ketone concentration and the abundance of
the R form of 2-butanol. This fact has been interpreted in terms of a co-occurrence of two
dehydrogenases, both acting on the ketone with different Kinetic parameters and opposite
enantioselectivities. These results represent a further support to the assumption that 2-butanol
present in distillates originates from the enzymatic activity of lactobacilli growing on mashes and
give the most likely explanation of the enantiomeric excess of (R)-2-butanol generally found in

distillates.
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INTRODUCTION

2-Butanol is a typical constituent of certain spirits
such as Italian grappa, where its concentration ranges
from 20 to 300 mg/100 mL of pure ethanol, French marc
(1—100 mg), and German tresterbrandwein (30—50 mg)
(Postel and Adam, 1989). All of these distillates are
obtained from the fermented residues of the grape-
pressing procedure in the wine-making process. By
contrast, 2-butanol normally occurs in much smaller
amounts in wine (<6 mg/L) (Hieke, 1972; Versini et al.,
1983) and in wine brandies (0—60 mg/L) (Nyk&nen and
Suomalainen, 1983; Tandoi et al., 1984).

It is generally assumed that this secondary alcohol,
which is present in fermented beverages and particu-
larly abundant also in fruit brandies (Postel and Adam,
1989), originates from meso-2,3-butanediol (1) by the
action of lactic acid bacteria on the mashes (Usseglio-
Tomasset, 1971; Hieke, 1972; Hieke and Vollbrecht,
1974a; Manitto et al., 1994). Thus, high concentrations
of 2-butanol in fermented grape beverages could be
indicative of bacterial spoilage in the wines or in the
lees and pomaces used for distillation (Postel and Adam,
1985, 1989) . It must be pointed out, however, that an
inverse correlation between the level of 2-butanol and
the quality of a commercial product is still considered
questionable (Bertrand and Suzuta, 1976; Postel, 1982).

The fact that lactic acid bacteria are responsible for
the appearance of 2-butanol in wines and pomaces is
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supported by the following observations: (i) its produc-
tion increases during storage of the grape marc after
fermentation and is pronounced especially near the
bottom of the tanks, where living conditions are more
satisfactory for lactobacilli (Usseglio Tomasset, 1971;
Postel, 1984); (ii) certain strains of Lactobacillus brevis
originally isolated from spoiled wine were found to be
able to transform meso-2,3-butanediol (1) into 2-butanol
(3) (Hieke and Vollbrecht, 1974a,b, 1980; Bertrand and
Suzuta, 1976; Radler and Zorg, 1986); (iii) an enzyme
catalyzing the dehydration of meso-2,3-butanediol (1) to
2-butanone (2) was obtained and characterized from
cell-free extracts of one of the above strains (Radler and
Zorg, 1986); (iv) some cryptostereochemical features of
the conversion of stereospecifically 2H-labeled meso-2,3-
butanediol into 2-butanol by L. brevis were well ex-
plained in terms of a Bi,-dependent diol dehydratase
reaction followed by hydrogenation of the resulting
2-butanone (2) (Speranza et al., 1996). Thus, the two-
step process summarized in Scheme 1 appears to be the
most likely origin of 2-butanol occurring in wines and
distillates.

Regarding the source of meso-2,3-butanediol, it can
be pointed out that the pathway pyruvate—a-acetyllac-
tate (or diacetyl)—acetoin, which is common among
Saccharomyces spp. (Tittel and Radler, 1979; Hagenauer-
Hener et al., 1990; Heidlas and Tressl, 1990), has also
been demonstrated to occur in heterofermentative lactic
acid bacteria (Axelsson, 1993; Kandler, 1983).

Recently we found that the R form of 2-butanol (3a)
is largely predominant in distillates of different origin,
while the S stereoisomer (3b) is the product of hydro-
genation of 2 by Saccharomyces cerevisiae and Saccha-
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romyces bayanus both in water and in freshly prepared
must (Manitto et al., 1994). These results could repre-
sent conclusive evidence that 2-butanol is produced
mostly, if not completely, by enzymatic activities of
lactobacilli, provided the absolute configuration and the
enantiomeric excess (ee) of the alcohol, which is recov-
ered from these bacteria fed with meso-2,3-butanediol
(1) or 2-butanone (2), are in agreement with the corre-
sponding properties exhibited by 2-butanol in distillates.
This consideration prompted us to investigate the
stereoselectivity in lactobacilli-mediated transforma-
tions of meso-2,3-butanediol and 2-butanone into 2-bu-
tanol. In addition, we examined the possibility that
meso-2,3-butanediol comes from diacetyl and/or acetoin
in these microorganisms.

MATERIALS AND METHODS

Chemicals. d-, I-, and meso-2,3-butanediol, d,l-acetoin, and
diacetyl were purchased from Aldrich Chimica (Milano, Italy);
L-lactic acid dehydrogenase from Lactobacillus leichmannii,
L-lactic acid dehydrogenase from Bacillus stearothermophilus,
and NADH were obtained from Sigma-Aldrich (Milano, Italy).
All chemicals and solvents were of analytical grade.

Microorganisms, Culture Conditions, and Fermenta-
tions. The screening was performed with strains of Lactoba-
cillus fermentum, Lactobacillus buchneri, and Lactobacillus
brevis. About half of these strains were freshly isolated from
foods, while the others were from the Centre National de
Recherches Zootechniques (Jouy En Josas, France). All strains
were identified according to Bergey's Manual (Sneath et al.,
1986) and mantained in the collection of the Dipartimento di
Scienze e Tecnologie Alimentari e Microbiologiche (University
of Milan) as freeze-dried cells. Each inoculum was grown in
MRS (Difco, Detroit, Ml) liquid medium tubes for 24 h at 30
°C.

Fermentation experiments (1% inoculum) were carried out
at 30 °C for 7 days, unless otherwise stated, in a modified
synthetic medium SM2 (Radler and Zorg, 1986) containing
meso-2,3-butanediol, 2-butanone, diacetyl, or d,l-acetoin in the
range 0.05—4 g/L. Anaerobic conditions were obtained in jars
(BBL gas pack system, Italian BBL, Milano, Italy).

Ethanol (95—96%, 30 mL) was added to the liquid cultures
(200 mL) and the resulting mixture distilled. Fractions in the
range 78—85 °C were collected and analyzed by gas chroma-
tography (GC) for the 2-butanol content. The remaining
solution was extracted continuously with ethyl ether (100 mL)
for 15 h to recover the isomeric 2,3-butanediols. The ether
extract was dried with Na,SO, and analyzed by GC.

Chromatographic and Spectroscopic Methods. The
GC analyses of 2-butanone (Rt = 4.2 min), diacetyl (Rt = 5.5
min), 2-butanol (R = 6.8 min), d,l-acetoin (R; = 12.5 min),
meso-2,3-butanediol (R, = 18.5 min), and d,I-2,3-butanediol (R,
= 17.6 min) were carried out by injecting samples prepared
as above on a DANI 3800 gas chromatograph equipped with
a FID using a homemade glass column (2 m x 2 mm i.d.)
packed with 20% Carbowax 20M on Chromosorb W (60—80
mesh). The GC parameters were as follows: carrier gas, N;
at 30 mL/min; injector temperature, 210 °C; detector temper-
ature, 220 °C; the oven temperature was held at 60 °C for 4
min, then increased to 150 °C at 10 °C/min, and held at 150
°C for 8 min. For quantitative analyses n-amyl alcohol (R; =
10.5 min) was used as internal standard. The ee of 2-butanol
was determined by bidimensional GC as previously reported
(Manitto et al., 1994). The ratio between (R,R)-I- and (S,S)-
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Table 1. Strains of Obligatory Heterofermentative
Lactobacilli Tested for Conversion of
meso-2,3-Butanediol into 2-Butanol

strain source

L. fermentum LF-1 crackers sponge
LF-2 crackers sponge
LF-3 white flour
LF-88 white flour

L. buchneri LH-1 CNRZ 562
LH-6 CNRZ 2142

L. brevis LB-1 panettone sour dough
LB-2 bread sour dough
LB-5° crackers sponge
LB-6 sauerkraut
LB-8 sauerkraut
LB-9 minced meat
LB-10 bread sour dough
LB-14 CNRZ 7412
LB-15 CNRZ 2152
LB-16 CNRZ 2342
LB-17 CNRZ 4232
LB-18° CNRZ 7342
LB-19° CNRZ 7352
T1 white flour
T, white flour

a Centre National de Recherches Zootechniques, Jouy en Josas
(France). Strains isolated from different French cheeses. ? 2-
Butanol-producing strains.

Table 2. Conversion of meso-2,3-Butanediol (1) (4 g/L)
into 2-Butanol (3) by Strains of L. brevis

predominant
2-butanol conversion  enantioform R/S
formed (g/L) yields? (%) R (3a)or S (3b) ratio

expt L. brevis
no. strain

1 LB-5 0.26 97 R 3.11
2 LB-18 0.29 97 S 0.73
3 LB-19 0.41 97 R 1.54

a Chromatographic yields based on the consumed meso-2,3-
butanediol.

d-2,3-butanediol was measured by chromatographic separation
performed on a Mega dimethylpentyl-3-cyclodextrin (30%)—
OV 1701 (70%) capillary column (25 m x 0.25 mm i.d., 0.25
um film thickness) (Mega, Legnano, Italy). The oven temper-
ature was programmed from 40 to 90 °C with a gradient of 2
°C/min; injector and FID temperatures were 250 °C; R; values
of d-, I-, and meso-2,3-butanediol were 16.2, 17.5, and 18.5 min,
respectively.

Tests for 2-Butanone Reduction by Lactic Acid De-
hydrogenase. Enzymatic assays were carried out according
to literature procedures (Bergmeyer et al., 1983) using a
Hewlett-Packard 8452A diode array spectrophotometer. Phos-
phate buffer (pH 7.2, 50 mM) solutions of NADH (0.2 mM, 0.8
mL), of the substrate (0.01 M, 0.16 mL), and of the enzyme
(165 units/L, 0.03 mL) were combined in a 2-mL cuvette at 30
°C. A decrease of absorbance at 339 nm was found with both
pD- and L-lactic acid dehydrogenase with pyruvate as the
substrate. On the contrary, no change in absorbance was
observed when 2-butanone was used in parallel experiments.

RESULTS

Conversion of meso-2,3-Butanediol (1) into 2-Bu-
tanol (3) by Lactobacilli. Among 15 strains of L.
brevis, 4 strains of L. fermentum, and 2 strains of L.
buchneri, only 3 strains of L. brevis were found to be
able to transform meso-2,3-butanediol (1) into 2-butanol
(3) (Table 1). The conversion yield, the predominant
enantiomeric form of 3, and its R/S ratio were deter-
mined gas chromatographically for each experiment
performed with a strain capable of metabolizing 1 (Table
2). In parallel experiments no biotransformation of
either (S,S)-4 or (R,R)-2,3-butanediol (5) was observed,
as previously reported (Radler and Zorg, 1986).
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Table 3. Enantiomeric Excess of (R)-2-Butanol (3a) with
Respect to the meso-2,3-Butanediol (1) Concentration in
Experiments Carried out with L. brevis (LB-5) Strain

meso-2,3-butanediol 2-butanol ee (%) of
concentration (g/L) formed (g/L) (R)-2-butanol
0.05 0.01 84.3
0.5 0.05 80.2
1 0.08 81.5
2 0.12 69.1
42 0.26 51.4

a3 Entry 1 of Table 2.

Table 4. Reduction of 2-Butanone (2) to 2-Butanol (3) by
L. brevis Strains?

predominant

expt L. brevis yield® enantioform R/S

no. strain (%) R (3a) or S (3b) ratio
Able To Metabolize meso-2,3-Butanediol
1 LB-5 100 R 2.49
2 LB-18 100 S 0.59
3 LB-19 75 S 0.87
Unable To Metabolize meso-2,3-Butanediol
4 LB-15 92 S 0.03
5 LB-16 53 R 1.12
6 LB-17 96 R 5.60

a Substrate concentration, 0.8 g/L. P Determined by GC.

Table 5. Effect of 2-Butanone (2) Concentration on
Enantiomeric Excess of (R)-2-Butanol (3a)

L. brevis 2-butanone ee? (%) of
strain concentration (g/L) (Ao) (R)-2-butanol
LB-5P 0.05 93.7

0.1 89.2
0.2 86.1
0.4 65.9
0.8 42.8
LB-17¢ 0.1 89.6
0.2 82.3
0.4 80.4
0.8 69.7
1.2 61.4

a Measured at complete conversion of the substrate. ? Able to
metabolize meso-2,3-butanediol. ¢ Unable to metabolize meso-2,3-
butanediol.

The dependence of the ee of (R)-2-butanol on the
concentration of the substrate, when tested for the LB-5
strain of L. brevis, is shown in Table 3.

Reduction of 2-Butanone (2) to 2-Butanol (3) by
Lactobacilli. Under the same experimental conditions
as for the conversion of meso-2,3-butanediol (1) into
2-butanol, 2-butanone (2) was subjected to reduction by
the action of a number of strains of L. brevis. Experi-
ments were carried out using strains both able and
unable to metabolize meso-2,3-butanediol. All of them
exhibited a great capability to hydrogenate the carbonyl
group of the ketone, even if a large variation in enan-
tioselectivity was apparent (Table 4). Considering that
two or more competing dehydrogenases with opposite
stereochemical preferences could concur in the reduction
of 2-butanone, two sets of experiments were then
performed to reveal a possible connection of the product
ee’s with the substrate concentration (Chen et al., 1984).
In fact, a coherent relationship between the two param-
eters was observed with both a meso-2,3-butanediol-
metabolizing strain (LB-5) and a strain (LB-17) unable
to transform the diol (Table 5).

Reduction of Diacetyl (6) and d,lI-Acetoin (7) by
Lactobacilli. L. brevis (LB-19) was shown to be able
to reduce both d,l-acetoin (7) and diacetyl (6) completely

Speranza et al.

Table 6. Transformation of d,I-Acetoin (7) and Diacetyl
(6) by L. brevis (LB-19) Strain

product,® mg
(S,S)-BD (R,R)-BD meso-BD 2-butanol

substrate® (mg) 4) (5) 1) 3)
d,l-acetoin (150) 27.1 8.5 9.3 22.3
diacetyl (150) 21.2 6.4 13.1 10.7

a After 10-day fermentation; BD, 2,3-butanediol. ® Substrate
concentration, 1g/L.

(in 10 days) to a mixture of the three isomeric 2,3-
butanediols (1, 4, and 5) and 2-butanol (3) (Table 6).

OH OH
OH OH
4 5
)OH/ OH
o) o]
6 7

DISCUSSION

Table 4 shows that the capability of reducing 2-bu-
tanone (2) into the corresponding alcohol (3) is presum-
ably widespread among L. brevis strains. Its occurrence
in all strains examined that are able to convert meso-
2,3-butanediol (1) into 2-butanol (3) (cf. Table 1) is
consistent with the reaction sequence of Scheme 1. The
large variability in enantioselectivity exhibited by the
strains listed in Table 4 appears to be in agreement with
some of the results obtained when the reduction of
noncyclic ketones by heterofermentative lactic acid
bacteria was investigated (Maconi and Aragozzini, 1989;
Aragozzini et al., 1992).

Inspection of Table 5 clearly reveals a correlation
between the ee values of the R form of 2-butanol (3a)
and the initial concentration of 2-butanone in the
growing medium of two L. brevis strains. It can be
noted that the R ee increases in both cases as the initial
concentration (Ao) of the ketone decreases. The depen-
dence of the ee on the initial substrate concentration
was treated theoretically and experimentally by Chen
et al. (1984), and a quantitative expression was devel-
oped for systems such as yeast reductions in which two
competing enzymes act on one substrate to yield two
enantiomeric products. Each set of data reported in
Table 5 (Ao and % ee) is strongly indicative of the
involvement of two dehydrogenases having opposite
stereoselectivities and different kinetic parameters, i.e.
Michaelis constants, Kr and Ks, and maximal velocities,
Vg and Vg, for enzyme R and S forms, respectively. The
shapes of the curves obtained by plotting % ee vs Ay,
when compared with the theoretical ones reported by
Chen et al. (1984), suggest Kg < Ks and Vg < Vs or Vg
~ Vs for experiments with LB-5 or LB-17 strain,
respectively. An analogous trend, i.e., a higher enan-
tiomeric excess of (R)-2-butanol at lower substrate
concentration, was observed in the transformation of
meso-2,3-butanediol by LB-5 strain (Table 3).

The involvement of both b- and L-lactate dehydroge-
nases (Dennis and Kaplan, 1960; Axelsson, 1993) seems
to be unlikely since no reduction of 2-butanone was
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observed by us when the ketone was tested with the
above enzymes isolated from lactic acid bacteria [see
also Maconi and Aragozzini (1989)]. On the other hand,
butanediol dehydrogenases could be responsible for the
2-butanone hydrogenation. Two types of these enzymes
are known, i.e. one specific to R,R and meso- forms and
the other specific to (S,S)- and meso-2,3-butanediol
(Taylor and Juni, 1960). This fact could indicate that
each type is characterized by one enantiospecificity
toward the CH3CH(OH)— grouping, independent of the
configuration of the connected carbon atom. Such
enantiospecifically different dehydrogenases have been
reported to co-occur in microorganisms (Ui et al., 1983)
including lactobacilli (Crow, 1990). Actually, we found
that both exogenous diacetyl and d,l-acetoin were
converted by L. brevis (LB-19 strain, under proper
conditions for metabolizing meso-2,3-butanediol) into
mixtures of (S,S)-, (R,R)-, meso-2,3-butanediol and 2-bu-
tanol, the three isomeric diols appearing in both cases
in similar molar ratios, i.e. ca. 3:1:4, when the secondary
alcohol is reckoned as the meso form (Table 6). These
results can be interpreted in terms of the presence in
that strain of both (S)- and (R)-acetoin reductases (the
activity of the former appearing to be prevalent in
agreement with entry 3 of Table 4) beside a nonste-
reospecific diacetyl reductase (or two specific enzymes
and an acetoin racemase) (Taylor and Juni, 1960).

Now, if one compares the R/S ratios of 2-butanol
resulting from reduction of 2-butanone by LB-5, LB-18,
and LB-19 strains (Table 4) with the corresponding ones
for the alcohol produced by the same strains in the
presence of meso-2,3-butanediol (Table 2), a significative
increase in the formation of the R isomer results on
going from the ketone to the diol as substrate, even
though the initial concentration of the former (0.8 g/L)
is remarkably lower than that of the latter (4 g/L).
From this observation it can be inferred that of the two
consecutive reactions of Scheme 1, the dehydration of
meso-2,3-butanediol (1) is much slower than the second
one (catalyzed by a pair of enantioselectively opposite
oxidoreductases), thus setting up a nearly stationary
state characterized by a (very) low concentration of the
intermediate 2-butanone (2). Such a situation, together
with the inverse relationship between the concentration
of 2-butanone and the preference for the R form of its
reduction product exhibited by L. brevis (LB-5) (Table
5), would explain the high % ee’s in (R)-2-butanol listed
in Table 3.

In conclusion, our previous finding that the enantio-
meric form of 2-butanol in all distillates analyzed is R
with an ee ranging from 50 to 80% (Manitto et al., 1994)
is understandable provided the assumption is made that
the enzymatic reactions involved in the transformation
of meso-2,3-butanediol by lactic acid bacteria growing
on mashes are Kkinetically and stereoselectively similar
to those performed by the lactobacilli we examined.
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