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Abstract Organoleptic compounds produced by yeast
during the fermentation of wort have a great impact on
beer smell and taste. Among them, fusel alcohols are the
major abundant volatile compounds. The availability of
Saccharomyces cerevisiae mutants in which the genes
coding for the two branched-chain amino acid amino-
transferases have been deleted offers the possibility of
further defining the role of these enzymes in the forma-
tion of higher alcohols. Comparing the production pro-
files of different strains, it is clear that they are not al in-
fluenced in the same way by branched-chain amino acid
aminotransferase mutations. First of al, as propanol is
synthesised from a-ketobutyrate, the first metabolic in-
termediate in the anabolic pathway of isoleucine, neither
the eca39 nor ecad0 mutations have any effect on the
production of this higher alcohol. On the other hand, it
can be concluded that the eca40 mutation has a drastic
effect on the production of isobutanol. To a certain ex-
tent, the same conclusion can be made for the production
of active amyl alcohol and isoamyl alcohol, although the
results suggest that another route could lead to the for-
mation of these two higher alcohols.

Introduction

Beer organoleptic characteristics depend on different
compounds that originate from raw materials or are pro-
duced during fermentation. Nevertheless, the organol ep-
tic compounds produced by yeast during the fermenta-
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tion of wort have the greatest impact on beer smell and
taste.

One of the main features of fermentation and beer fla-
vour maturation is the adjustment of the concentration of
al volatile compounds. Among them fusel or higher al-
cohols are the major abundant organoleptic compounds
in beer, contributing along with the related acetate esters
to the overall flavour of beer.

The isoleucine-eucine-valine (ILV) pathway has
been shown to contribute to the formation of higher alco-
hols. The higher alcohols are formed during fermentation
from keto acid produced either catabolically, involving
degradation of an amino acid via the so-called Ehrlich
pathway (Ehrlich 1904), or anabolically via the biosyn-
thetic route from the carbon source (Hammond 1993).

Both anabolic and catabolic pathways have been
shown to be important in brewery fermentation. Al-
though some work has been done to evaluate the relative
contribution of the catabolic and anabolic pathways dur-
ing fermentation (Oshita et a. 1995), the role of the dif-
ferent enzymes catalysing the different steps has never
been studied in detail, mainly due to a lack of mutantsin
some of the key enzymes.

Recent studies on the catabolism of the branched-
chain amino acids in Saccharomyces cerevisiae have
shown that the first step is transamination. Moreover,
studies on the catabolism of leucine and valine by S. cer-
evisiae have shown that there are differences in the en-
zymes involved in the decarboxylation of the keto acids
to the corresponding higher acohols (Dickinson et al.
1997, 1998).

In order to clearly identify the contribution of the ana-
bolic pathway in the production of higher alcohols dur-
ing fermentation of a rich medium such as wort, it is
necessary to avoid any transamination of amino acids
present in the growth medium. Two genes, ECA39 and
ECAJ40, have been identified as coding for mitochondrial
and cytosolic branched-chain amino acid aminotransf-
erases, respectively (Eden et al. 1996). The availability
of S cerevisiae mutants in which the genes coding for
these two BCAA aminotransferases have been deleted



Table 1 Strainsof Saccharomyces cerevisiae used in this work

Strains Genotype

MD101 trplA63—-LEU2-URA3-his34200

MD22 trplA63-LEU2-eca39A: : URA3-his3A200

MD133 trplA63—LEU2-URA3—ecad0A::HIS3

MD124 trplA63-LEU2—eca39A:: URA3—ecad0A::HIS3
MD138 ilv2A:: TRP1-LEU2-eca39A:: URA3—ecad0A: :HIS3
AE55 trplA63- eu241-URA3-his34200

AE16 trplA63- eu241-eca394: : URA3-his34200

AE25 trplA63- eu2A1-URA3—ecad0A::HIS3

AES89 trplA63- eu2A1-eca39A: : URA3—ecad0A: :HIS3

offers the possibility of further defining the role of these
enzymes in the formation of higher alcohols.

The aim of this study is to evaluate the influence of
both BCAA aminotransferase mutations on the produc-
tion of the different higher alcohols derived from the ILV
pathway. Therefore the production of these compounds
will be monitored during growth of wild type, eca39,
ecad0 and eca39-eca40 mutant strains on Y PD medium.

Materials and methods

Yeast strains and media

The strains of S cerevisiae used in this study are listed in Table 1.
Fermentation experiments were carried out on YPD medium with
the following composition: 40 g/l glucose, 20 g/l bactopeptone
and 10 g/l yeast extract. The initial pH of the fermentation medi-
umwas 5.5.

Construction of the yeast strains AE55, AE16, AE25 and
AE89 was previously described (Eden et a. 1996; Schuldiner et
al. 1996; Eden and Benvenisty 1998). MD101, MD22, MD133,
MD124 and MD138 yeast strains were constructed by replacing
the mutant leu2A41 gene by a wild type LEU2 gene using the by
one-step replacement methodology (Rothstein 1991).

Fermentation experiments

The strains were precultured in liquid YPD medium at 30°C to pro-
vide sufficient biomass to inoculate at arate of 1.106 cell/ml the fer-
mentation flasks containing 500 ml of YPD. Flasks were incubated
under shaking at 30°C for the total duration of the experiment.

At regular intervals, 10 ml samples were taken to allow analyses
to be carried out as described in the next section. The results are
means of three reproductible experiments performed independently.

Chromatographic analysis of higher alcohols

Samples from fermentation were centrifuged at 4,000 g to eliminate
yeast cells. The supernatant was collected and a 2-ml sample was
placed in a septum-sealed vial for gas chromatography analysis.

Fusel alcohols were separated and quantified by headspace gas
chromatography using a flame ionisation detector (FID). Analyses
were performed on a Perkin Elmer 8500 gas chromatograph
equipped with an HS-40 headspace sampler. The chromatography
column was a Carbowax 400 (50 mx0.32 mm i.d.) (Chrompack).
The carrier gas was He (200 kPa) and the FID detector gases were
H, (150 kPa) and air (120 kPa). Headspace equilibration condi-
tions were 20 min at 60°C. The chromatography conditions were:
injection temperature 110°C; transfer temperature 130°C; oven
temperature 55°C isothermal; analysis time 15 min and detection
temperature FID at 250°C.
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Fig. 1 Evolution of the propanol concentration during growth on
YPD medium of different Saccharomyces cerevisiae strains:
¢ MD101 ECA39-ECA40-LEU2; 0O MD22 eca39-ECA40-LEU2;
o MD133 ECA39-ecad40-LEU2; O MD124 eca39-ecad40-LEU2;
A MD138 eca39-ecad0-LEU2-ilv2

100

Isobutanol (ppm)

N P (2} 0]
(@] o o o o
1 1 1 1

Time (hours)

Fig. 2 Evolution of the isobutanol concentration during growth on
YPD medium of different Saccharomyces cerevisiae strains:
¢ MD101 ECA39-ECA40-LEU2; O MD22 eca39-ECA40-LEU2;
o MD133 ECA39-ecad40-LEU2; 0 MD124 eca39-ecad40-LEU2;
A MD138 eca39-ecad0-LEU2-ilv2

Results

Influence of eca39 and eca40 mutations
on the production of higher alcohols

To study the involvement of ECA39 and ECA40 in the
catabolism of the BCCA, we previously disrupted the
genesin S cerevisiae (Eden et al. 1996; Schuldiner et al.
1996; Eden and Benvenisty 1998). These mutant strains
were generated on the leu2A1 background. Isogenic
strains to al of these mutants where the LEU2 gene re-
placed the mutant one were also created.

The evolution of the concentration of the major high-
er alcohols derived from the ILV pathway during growth
of the different strainsisillustrated in Figs. 1, 2, 3 and 4.

Comparing the concentration evolution profiles for
the different higher alcohols, it can immediately be seen
that they are not al influenced in the same way by the
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Fig. 3 Evolution of the active amyl alcohol concentration during
growth on YPD medium of different Saccharomyces cerevisiae
strains: ¢ MD101 ECA39-ECA40-LEU2; 0 MD22 eca39-ECA40-
LEU2; o MD133 ECA39-ecad40-LEU2; 0 MD124 eca39-ecad0-
LEU2; Ao MD138 eca39-ecad40-LEU2-ilv2
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Fig. 4 Evolution of the isoamyl acohol concentration during
growth on YPD medium of different Saccharomyces cerevisiae
strains: ¢ MD101 ECA39-ECA40-LEU2; 0 MD22 eca39-ECA40-
LEU2; o MD133 ECA39-ecad40-LEU2; O MD124 eca39-ecad0-
LEU2; A MD138 eca39-eca40-LEU2-ilv2

BCAA aminotransferase mutations. As expected, the
production of propanoal, illustrated in Fig. 1, is not signif-
icantly affected by any of the BCAA aminotransferase
mutations, the precursor being a-ketoisobutyrate, the
first metabolic intermediate in the synthesis of isoleu-
cine.

On the other hand, the production of the three other
higher alcohols investigated in this work is drastically
modified by the eca39 and/or ecad0 mutations. As the
eca39 has no significant effect on the production of iso-
butanol, the mutation ecad40 leads to an important de-
crease in the isobutanol concentration as illustrated in
Fig. 2. The production patterns of active amyl alcohol
and isoamy! alcohol by the different strains are identical,
Figs. 3 and 4 indicating that, although eca39 or eca40
mutation alone reduces the level of these higher alco-
hols, an unexpectedly higher concentration is observed
in the double eca39—ecad40 mutant.
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Fig. 5 Evolution of the isobutanol concentration during growth
on YPD medium of different Saccharomyces cerevisiae strains:
¢ AE55 ECA39-ECA40-leu2; o AE16 eca39-ECA40-leu2; o
AE25 ECA39-ecad0-leu2; 0 AE89 eca39-eca40-leu?2

Influence of a mutation in the isoleucine~valine
biosynthetic pathway

In order to investigate the additional effect of a mutation
in the isoleucine-valine biosynthetic pathway, the higher
alcohol production by strain MD138 was aso followed.

This ilv2 mutant has no acetolactate synthase (ILV2)
activity, the first common enzyme in the isoleucine—
valine parallel biosynthetic route. As a consegquence of
this mutation, the accumulation of one of the substrates
of the ilv2 enzyme, a-ketobutyrate, leads to an important
increase in the concentration of propanol as seen in
Fig. 1. As observed in Fig. 2, the total blocking of the
isoleucine-valine biosynthetic pathway in addition to
eca39 and ecad40 mutations in mutant MD138 compl ete-
ly eliminated the production of isobutanol. On the other
hand, the effect of the ilv2 mutation on the production of
active amyl alcohol and isoamyl alcohol was different.
Indeed, comparing active amyl acohol concentrations
obtained with MD124 and MD138 (see Fig. 3), it is evi-
dent that the ilv2 mutation led to a drastic decrease in the
production of this higher alcohol. On the other hand, al-
though the final concentration of isoamyl acohol ob-
tained with the ilv2 mutant was somehow reduced, it was
still higher than that of the reference strain MD101, asil-
lustrated in Fig. 4.

Influence of amutation in the leucine
biosynthetic pathway

Since leucine is synthesised from the keto acid isocapro-
ate, which is one immediate precursor of valine, the ad-
ditional effect of a leu2 mutation in the leucine biosyn-
thetic pathway was also investigated. Propanol being
produced from a-ketobutyrate, the first intermediate in
the isoleucine biosynthetic pathway, the leu2 mutation
has no effect on the production of this higher alcohol. As
illustrated in Fig. 5, the production of isobutanol by the
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Fig. 6 Evolution of the active amyl acohol concentration during
growth on YPD medium of different Saccharomyces cerevisiae
strains: ¢ AE55 ECA39-ECA40-leu2; 0 AE16 eca39-ECA40-
leu2; o AE25 ECA39-ecad0-leu2; O AE89 eca39-ecad0-leu2

200
160 -~

120 -
80

40 -

Isoamylalcohol (ppm)

40
Time (hours)

80

Fig. 7 Evolution of the isoamyl acohol concentration during
growth on YPD medium of different Saccharomyces cerevisiae
strains: ¢ AES55 ECA39-ECA40-leu2; o AE16 eca39-ECA40-
leu2; o AE25 ECA39-ecad0-leu2; 0 AE89 eca39-ecad0-leu?2

different strains bearing the leu2 mutation is only signifi-
cantly affected by the eca40 mutation. As far as the pro-
duction of active amyl acohol is concerned, only the
ecad0 mutation led to a decreased concentration as
shown in Fig. 6. Moreover, isoamyl alcohol is still pro-
duced in strain AE89 having the double BCAA amino-
transferase eca39 and eca40 mutations and the leu2 mu-
tation, asillustrated in Fig. 7.

Discussion

Analysis of the production of higher alcohols by the dif-
ferent yeast strains suggested different roles of the
BCAA aminotransferase activities in the synthetic path-
ways of these compounds. First of al, as propanol is
synthesised from a-ketoisobutyrate, the first metabolic
intermediate in the anabolic pathway of isoleucine, nei-
ther eca39 nor ecad0 mutations have any effect on the
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production of this higher alcohol. Nevertheless, the ilv2
mutation in strain MD138 leads to an accumulation of a-
ketoisobutyrate with, as a consequence, an increase in
propanol concentration.

On the other hand, the production of the three other
higher alcohols, isobutanol, active amyl alcohol and iso-
amyl alcohol, was affected by the eca39 and/or ecad0
mutations. The two genes ECA39 and ECA40 have been
identified as coding for mitochondrial and cytosolic
BCAA aminotranferases, respectively (Eden et al. 1996).
As all other ILV enzymes have been localised in the mi-
tochondria (Ryan and Kohlan 1974), it can be assumed
that the ECA39 activity is more involved in ILV amino
acids biosynthesis whereas ECA40 activity could be a
catabolic enzyme. From our first series of fermentations,
it can be concluded that the eca40 mutation has a drastic
effect on the production of isobutanol. Under our fer-
mentation conditions, the ECA40 enzymatic activity is
responsible for the transamination of valine to a-ketoiso-
valerate, precursor of isobutanol (Dickinson et al. 1998).
The small amount of isobutanol produced by strains
MD124 and MD133 derives from the anabolic flux in
the isoleucine and valine pathway since ilv2 mutation in
strain MD138 leads to a total absence of isobutanol. To a
certain extent, the same conclusion can be made for the
production of active amyl alcohol. Indeed, the eca40 mu-
tation in strain MD133 leads to an important decrease of
active amyl acohol concentration in the fermentation
medium. Nevertheless, its production pattern by the
eca39—ecad0 double mutant is different from that of iso-
butanol, having a concentration identical to the wild
type. This can be explained by the fact that, unlike a-ke-
toisovalerate, the precursor of isobutanol, which is aso
an intermediate metabolite of the leucine pathway, the a-
keto-B-methylvalerate has no other known metabolic
route than the conversion into the corresponding higher
alcohol. Therefore, in the double BCAA aminotransfer-
ase mutant strain MD124, the anabolic flux to isoleucine
leads to an accumulation of the a-keto-f-methylvalerate
and thus to the production of the active amyl alcohol.
This is further confirmed by the production profile ob-
served for strain MD138, the ilv2 additional mutation
leading to a very low concentration of active amyl alco-
hol. Moreover, its presence in MD138 strain fermenta-
tion medium, although at a low concentration, suggests
that another route could lead to the formation of small
amounts of active amyl alcohol.

A similar conclusion can be made concerning the role
of the BCAA aminotransferases in the production of iso-
amyl acohol. Indeed, in strain AE89, lacking both
BCAA aminotransferases activities and LEU2 activity,
neither the anabolic nor the catabolic pathway could ex-
plain the production of the a-ketoisocaproate, known
precursor of the isoamyl alcohol. This unexpected result
indicates that one other route for the production of iso-
amyl and maybe active amyl alcohols existsin yeast.

These findings are not in opposition with previous
work that proposed potential metabolic routes for the
formation of higher alcohols. It is, as far as we are
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aware, the first time BCAA aminotransferase mutants
have been used to block the transamination step that al-
lows us to identify other routes. Indeed, if yeast cells are
cultured in a medium containing leucine or valine, yeast
could convert the amino acids into the corresponding ke-
to acids and it becomes impossible to evaluate other met-
abolic pathways.
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