
Abstract Branched-chain alcohols, such as isoamyl alco-
hol and isobutanol, and isoamyl acetate are important fla-
vor components of yeast-fermented alcoholic beverages.
Analysis of a null mutant of the BAT2 gene encoding cy-
tosolic branched-chain amino acid aminotransferase, and a
transformant with multi-copy plasmids containing the
BAT2 gene showed that the BAT2 gene product plays an
important role in the production of branched-chain alco-
hols and isoamyl acetate. Fermentation tests using the
bat2 null mutant transformed with multi-copy plasmids
carrying the ATF1 gene, which encodes alcohol acetyl-
transferase, indicated that modified expression of BAT2
and ATF1 genes could significantly alter the proportion of
branched-chain alcohols and isoamyl acetate synthesized.
Furthermore, fermentation tests using different ratios of
nitrogen source and RNA blot analyses demonstrated that
transcription of L-leucine biosynthetic (LEU) and BAT
genes is co-regulated by nitrogen source, that production
of isoamyl alcohol depends on this transcription, and that
ATF transcription increased with increased concentrations
of nitrogen source. Our data suggest that changes in iso-
amyl alcohol production by nitrogen source are due to
transcriptional co-regulation of LEU and BAT genes, and
that production of isoamyl acetate is dependent on iso-
amyl alcohol production and ATF transcription.

Introduction

Flavor is one of the most important factors in the quality
of yeast-fermented alcoholic beverages. Branched-chain
alcohols, such as isoamyl alcohol and isobutanol, and

isoamyl acetate are produced during fermentation and
are an important contributor to the flavor.

The branched-chain alcohols are synthesized from the
corresponding intermediates – α-keto-acids – in the
branched-chain amino acids (L-leucine and L-valine)
metabolic pathway, by decarboxylation and reduction
(Dickinson et al. 1997; Iersel et al. 1997; Singh and 
Kunkee 1976; Yoshimoto et al. 2001). These α-keto acids
are formed via two major pathways: catabolic [also
known as the Ehrlich pathway (Rainbow 1970)] and ana-
bolic pathways involved in de novo synthesis of
branched-chain amino acids through their biosynthetic
pathway from glucose. The first step in catabolism of
branched-chain amino acids is transamination to form
their respective α-keto acids (Dickinson and Norte 1993;
Ichihara and Koyama 1966). This reaction is catalyzed
by mitochondrial and cytosolic branched-chain amino
acid aminotransferases encoded by the BAT1 and BAT2
genes, respectively. These genes have been isolated and
analyzed (Eden et al. 1996, 2001; Kispal et al. 1996).

Isoamyl acetate is synthesized from acetyl CoA and
isoamyl alcohol by alcohol acetyltransferases encoded
by the ATF1 (Fujii et al. 1994, 1997; Fujiwara et al.
1998, 1999; Yoshimoto et al. 1998) and ATF2 genes
(Nagasawa et al. 1998; Yoshimoto et al. 1999). It was
shown that transformants carrying the ATF1 gene on a
multi-copy plasmid exhibited a 27-fold increase in iso-
amyl acetate production (Fujii et al. 1994). Several ap-
proaches have been reported to control the production of
branched-chain alcohols and isoamyl acetate (Ashida et
al. 1987; Hirata and Hiroi 1991; Watanabe et al. 1990).
However, mutants that produce a low amount of isoamyl
alcohol and a high amount of isoamyl acetate have not
yet been isolated.

The influence of nitrogen source on production of
branched-chain alcohols has been reported (Hammond
1993; Oshita et al. 1995; Rainbow 1970). At low levels
of assimilable nitrogen source, the biosynthetic pathway
predominates whereas at high level, the Ehrlich pathway
becomes prominent as a result of feedback and/or repres-
sion of key enzymes in the biosynthetic pathway. How-
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ever, transcriptional regulation by nitrogen source has
not been investigated well in either of these pathways.

The aim of this study is to investigate the mechanism
of branched-chain alcohol and isoamyl acetate produc-
tion. We examined the role of the BAT2 gene in the pro-
duction of the two types of compound, and whether
modified BAT2 and ATF1 expression results in produc-
tion of a diversity of flavor components. We also exam-
ined the effects of nitrogen source on the production and
on transcriptional regulation.

Materials and methods

Strains and media

The yeast strains used in this study are listed in Table 1. YPD10
medium (1% yeast extract, 2% peptone, 10% glucose) was used to
cultivate yeast strains. A synthetic medium containing various con-
centrations of the nitrogen source was used to investigate the effect
of nitrogen source. The composition of this medium was based on
the study of Oshita et al. (1995), and consisted of the following:
sugar source (% w/v): glucose 10.0; nitrogen source (mM): amino
acids 13.4, ammonium citrate 14.0; vitamins (mg/l): thiamine hy-
drochloride 0.6, riboflavin 0.4, pyridoxine hydrochloride 0.85, nic-
otinamide 12.0, calcium pantothenate 0.5, biotin 0.0065, folic acid
0.04, p-aminobenzoic acid 1.0, inositol 100.0; salts (mg/l):
KH2PO4 2,200, KCl 1,700, CaCl2·2H2O 250, MgSO4·7H2O 500,
Fe2(SO4)3·H2O 10, MnSO4·H2O 10, ZnSO4·7H2O 10, CuSO4·5H2O
1, H3BO4 0.1, Na2MoO4·2H2O 0.1; buffer (g/l): potassium citrate
4.0, citric acid 0.8. Fermentation trials were carried out using five
types of synthetic medium containing 0, 0.5, 1, 2, and 3-fold
amounts of nitrogen source compared to the amount given above.

Culture conditions

Null mutants and transformants were precultured with shaking at
30°C for 2 days in 100 ml of YPD10 medium containing 0.3 mg/ml
G418 to select the maintenance of plasmids. The cells were harvest-
ed and diluted to a density of 5×105 cells/ml, and then grown at
30°C under anaerobic conditions produced by initial headspace ex-
clusion and N2 flushing, stirring gently with a magnetic stir-bar in
250 ml of the same medium. To study the effect of nitrogen source,
fermentation tests of YHY554 cells, which do not have any auxotro-
phic requirements, were performed using synthetic medium contain-
ing various concentrations of the nitrogen source. Cells were precul-
tured with shaking at 30°C for 2 days in the synthetic medium con-
taining a 1-fold amount of nitrogen source, harvested and diluted to
a density of 5×105 cells/ml, and grown at 30°C under anaerobic
conditions as described above in five types of synthetic medium
containing 0, 0.5, 1, 2, and 3-fold amounts of nitrogen source.

Analysis of branched-chain alcohols and acetate esters

Branched-chain alcohols and acetate esters were analyzed by
headspace gas chromatography (Shimadzu HSS-4A head space
analysis system). These were separated using a Megabore DB-
WAX column (0.53 mm i.d. ×30 m) after autoinjection of the
headspace sample. The following conditions were also applied: in-
jection temperature 200°C; oven temperature 40°C for 5 min and
140°C for 3 min; detector temperature 200°C; and carrier gas N2.

Disruption of the BAT2 gene

The bat2::LEU2 deletion cassette was constructed by polymerase
chain reaction (PCR) using a two-step procedure (Amberg et al.
1995; Wach 1996). The oligonucleotides used as primers are listed
in Table 2. First, the 0.6-kb upstream long flanking homologous
(LFH) region and the 0.4-kb downstream LFH region were con-
structed using chromosomal DNA obtained from strain KY1055
as template with primers P150 and P152, and P151 and P153, re-
spectively. A 1.4-kb DNA fragment containing the URA3 gene
was amplified by P53 and P54 using plasmid YEp24 (Botstein et
al. 1979) as template. In the second step, the bat2::LEU2 deletion
cassette was amplified using P154 and P155 in the presence of up-
stream and downstream LFH regions, and a DNA fragment con-
taining the URA3 gene as template. This reaction generated the
gene-specific deletion cassettes. The resulting 2.2-kb fragment
was used to transform strain KY1055 to generate strain KY1056.
Replacement of the chromosomal BAT2 allele was confirmed by
PCR. To prepare the control strain, strain KY1055 was trans-
formed with the 1.4-kb DNA fragment containing the URA3 gene
to generate KY1057. Since the fermentation test was performed
under the same conditions, strains KY1056 and KY1057 were
transformed with the multi-copy plasmid vector pYT77 carrying
the G418 resistance gene (Tamai 1996) to generate strains
KY1058 and KY1059, respectively.

Overexpression of BAT2 and ATF1 genes

The 2.0-kb DNA fragment containing the BAT2 gene was ampli-
fied by P150 and P155 using chromosomal DNA obtained from
strain KY1055 as template and directly cloned into the EcoRV site
of vector pT7/BlueT (Novagen) to yield the plasmid pHY490.
This plasmid was digested with BamHI and SalI. The BamHI and
SalI fragments containing the BAT2 gene, were cloned into the
BamHI and HindIII sites of the yeast expression vector plasmid
pYT77 (Tamai 1996) to yield the plasmid pHY492. Strain
KY1057 was transformed with the resulting plasmid (pHY492) to
generate strain KY1060. Strain KY1056 was also transformed
with the multi-copy plasmid pATF1/77 (Tamai 1996), containing
the ATF1 gene, to generate strain KY1061.
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Table 1 Strains used in this work

Strain Genotype (plasmid) Source

TD4 MATa his4–519 ura3–52 leu2–3 leu2–112 trp1 canr Fujii et al. 1994
YHY554 MATa Our stock culture
KY1055a MATa BAT1 BAT2 LEU2 ura3–52 his4–519 trp1 canr This work
KY1056 MATa BAT1 bat2::URA3 LEU2 his4–519 trp1 canr This work
KY1057 MATa BAT1 BAT2 LEU2 URA3 his4–519 trp1 canr This work
KY1058 MATa BAT1 bat2::URA3 LEU2 his4–519 trp1 canr (vector: pYT77) This work
KY1059 MATa BAT1 BAT2 LEU2 URA3 his4–519 trp1 canr (vector: pYT77) This work
KY1060 MATa BAT1 BAT2 LEU2 his4–519 trp1 canr (pBAT2: pHY492) This work
KY1061 MATa BAT1 bat2::URA3 LEU2 his4–519 trp1 canr (pATF1: pATF1/77) This work

a Strain TD4 transformed with DNA fragments of LEU2 gene amplified by PCR



RNA blot analysis

Total RNA was extracted from YHY554 cells harvested at the same
growth stage (OD600) during the exponential-phase by the glass-
beads method (Elion and Warner 1984), separated on a 1% agarose
gel, transferred to nylon membrane and subjected to RNA blot anal-
ysis (Yamashita and Fukui 1985). The fragments of ATF1, ATF2,
BAT1, BAT2, KID1, LEU1, LEU2, LEU4, and PDC1 genes lie on
open reading frames and were obtained through PCR amplification
with the primer pairs described in Table 2. The 1.8-kb HpaI-SalI
fragment of YEp13 (Broach et al. 1979) was used as a probe for the
LEU2 gene. Each probe was generated by random primed labeling
of fragments of each gene with (α-32P) dCTP and a Multiprime
DNA labeling kit (Amersham). To minimize the cross hybridization
between ATF1 and ATF2, BAT1 and BAT2, or PDC1 and KID1, the
membrane was washed twice with 2× SSC containing 0.1% SDS at
room temperature for 10 min and then twice more with 0.1× SSC
containing 0.1% SDS at 65°C for 15 min.

Results

The BAT2 gene product influences production
of branched-chain alcohols and isoamyl acetate

To understand the role of cytosolic branched-chain ami-
no acid aminotransferase in the production of branched-
chain alcohols and isoamyl acetate, we constructed a null
mutant (KY1058) for the BAT2 gene and a transformant
(KY1060) with multi-copy plasmids containing the
BAT2 gene. The concentrations of branched-chain alco-
hols and isoamyl acetate in the culture supernatants were
determined following cultivation of these strains at 30°C
for 4 days in YDP10 medium, which contained
0.3 mg/ml G418 for selective maintenance of the plasm-
ids (Table 3). The growth of the bat2 null mutant
KY1058 was not impaired under these conditions (data
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Table 2 Oligonucleotides used in this work

Name Sequence Nucleotide
positiona

For ATF1
P142 5′-AAGGTTAGGGTTTATGGACCCAGGCAGCAG-3′ –380
P143 5′-GTATATACCAGCTCCCACAGGACGACGATT-3′ +1,900

For ATF2
P113 5′-AATCAGTATTTCAATCGCCACAATCTCAGG-3′ –330
P114 5′-TGCGAGGTAAGACTATTGTCTAAGACTTAT-3′ +1,770

For BAT1
P160 5′-CCTTCTGCACTTCTCAAATTGATAGCATTG-3′ –470
P161 5′-ACTGTACTTGCACCTCTTCTGAACTACGCT-3′ +1,600

For BAT2
P150 5′-CAACTTATAACGCTCCTTTCCAAACATCTT-3′ –510
P151 5′-TTAAACATTTTTGGAAAGATCTGCTCATAT-3′ +1,510
P152b 5′-CCGCTCAGGTCCTTGTCCTTTAACGAGGCCTTATCTTAACTTTGGAGGCGTCTAGGGGTG-3′ +40
P153b 5′-GCGCTCATCGTCATCCTCGGCACCGTCACCAGCATGGCAATTGGTCAAGGGTTGTTACTG-3′ +1,091
P154 5′-CCGCACTACACCAAAGTTTAATGTTCCATT-3′ –400
P155 5′-ATTACGGAAACGTCTTGAAATATTAGTTGG-3′ +1,460

For KID1
P210 5′-ATATGCAGAACCTTGGCAACTGTAAGAACT-3′ –280
P211 5′-CAAAGTTGCGTGGTATCATCTTACGATATT +2,160

For LEU1
P178 5′-ATGGTTTACACTCCATCCAAGGGTCCAAGA-3′ +1
P179 5′-CTACCAATCCTGGTGGACTTTATCGAAAGT-3′ +2,340

For LEU4
P156 5′-ATGGTTAAAGAGAGTATTATTGCTCTTGCT-3′ +1
P157 5′-TTATGCAGAGCCAGATGCCGCAGCATTCTT-3′ +1,860

For PDC1
P107 5′-ACAAGCTCATGCAAAGAGGTGGTACCCGCA-3′ –895
P108 5′-TGGAAACCACACTGTTTAAACAGTGTTCCT-3′ +2,015

For URA3
P53 5′-GGCCTCGTTAAAGGACAAGGACCTGAGCGG-3′ –338
P54 5′-GGTGACGGTGCCGAGGATGACGATGAGCGC-3′ +1,041

a The nucleotide position refers to the nucleotide in the gene target
sequence corresponding to the first base at the 5′-end of the oligo-
nucleotide. The first base of the target ORF (A of ATG codon) is
designated +1

b The sequence complementary to the URA3 gene is underlined



not shown), since this mutant still exhibits residual activ-
ity of Bat1p (Kispal et al. 1996). Compared to the con-
trol strain KY1059, the bat2 null mutant KY1058 exhib-
ited a 40% and 72% decrease in the production of iso-
amyl alcohol and isobutanol, respectively, and a 58% fall
in isoamyl acetate yield. These results are consistent
with the notion that production of isoamyl acetate is de-
pendent on the concentration of isoamyl alcohol (Calder-
bank and Hammond 1994). Overproduction of BAT2
(KY1060 strain) resulted in 1.3-fold and 2.2-fold in-
crease in production of isoamyl alcohol and isobutanol,
respectively, and a 1.5-fold increase in isoamyl acetate
yield. The yields of n-propanol and ethyl acetate were
not changed by either the disruption or overexpression of
the BAT2 gene. These data showed that the BAT2 gene
product plays a significant role in branched-chain alco-
hols and isoamyl acetate production.

Modified expression of BAT2 and ATF1 genes alters
the ratio of branched-chain alcohols/isoamyl acetate

Since the bat2 null mutant KY1058 had no effect of
growth rate, we prepared a new strain that did not have a
flavor profile similar to previous mutants, using modified
expression of BAT2 and ATF1 genes. To alter the produc-
tion ratio between branched-chain alcohols and isoamyl
acetate without a change in growth rate, we constructed
transformant KY1061 of the bat2 null mutant that overex-
pressed the ATF1 gene. This strain was cultured at 30°C
for 4 days in YPD10 medium containing 0.3 mg/ml G418
followed by analysis as above. Similar to the results of the
bat2 null mutant KY1058, no growth delay of these trans-
formants was detected (data not shown). Transformant
KY1061 exhibited a decrease in the production of isoamyl
alcohol and isobutanol of 52% and 74%, respectively, and
4.7- and 4.4-fold increases in isoamyl acetate and ethyl ac-
etate yields, respectively (Table 3). These data demonstrate
that transformant KY1061 of the bat2 null mutant with
overexpression of the ATF1 gene produces a low amount
of branched-chain alcohols and high amount of isoamyl ac-
etate without changes in growth, suggesting that modified
expression of BAT2 and ATF1 genes can significantly alter
both the proportion of different branched-chain alcohols
and production of isoamyl acetate.
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Table 3 Production of higher alcohols and acetate esters. i-AmOH Isoamyl alcohol, i-BuOH isobutanol, n-PrOH n-propanol, IsOAc iso-
amyl acetate, EtOAc ethyl acetate

Strain Genotype (plasmid) Productiona [mg/l (%)]

i-AmOH i-BuOH n-PrOH IsOAc EtOAc

KY1059 BAT1 BAT2 LEU2 URA3 173.0±7.3(100) 69.3±5.5(100) 32.1±4.2(100) 4.3±0.05(100) 25.3±2.8(100)
(vector)

KY1058 BAT1 bat2::URA3 LEU2 103.8±6.8(60) 19.3±3.5(28) 31.2±5.2(97) 1.8±0.02(42) 22.0±3.3(87)
(vector)

KY1060 BAT1 BAT2 LEU2 URA3 226.2±9.2(131) 154.0±7.6(222) 30.3±4.7(94) 6.4±0.17(149) 22.4±2.9(89)
(multi-copy BAT2)

KY1061 BAT1 bat2::URA3 LEU2 82.2±4.7(48) 17.7±2.1(26) 30.2±3.9(94) 20.1±0.3(467) 112.4±4.0(444)
(multi-copy ATF1)

aData are mean ±SD of three independent experiments

Fig. 1 Effect of nitrogen source on A isoamyl alcohol, B isobuta-
nol, and C isoamyl acetate production. YHY554 strain was grown
in the synthetic medium containing various concentrations of ni-
trogen source for 24 h (open circles), 48 h (open squares), 72 h
(open triangles), or 96 h (solid circles)



Effect of nitrogen source on production of branched-
chain alcohols and isoamyl acetate

To examine the effect of nitrogen source on the produc-
tion of branched-chain alcohols and isoamyl acetate, we
performed fermentation tests using synthetic medium
containing various concentrations (0, 0.5, 1, 2, and 3-
fold) of nitrogen sources (amino acids and citrate ammo-
nium). Strain YHY554 was cultured at 30°C under an-
aerobic conditions and the culture samples were collect-
ed every 24 h. The branched-chain alcohols and isoamyl
acetate concentrations in these culture supernatants were
determined (Fig. 1); at 96 h, the concentration of both
isoamyl alcohol and isobutanol increased in the presence
of high concentrations of nitrogen source until the con-
centration of nitrogen source reached 1-fold (Fig. 1A,
B). Once this point was reached, further addition of ni-
trogen source reduced the yields of both isoamyl alcohol
and isobutanol. The profiles of isoamyl alcohol and iso-
butanol production were almost identical.

As shown in Fig. 1C, the concentration of isoamyl ac-
etate reached a maximum at 48 h at all nitrogen source
levels, and decreased thereafter. This reduction may be
due to evaporation, or to hydrolysis due to esterase activ-
ity (Fukuda et al. 1998). Thus, the concentration of iso-
amyl acetate at its maximum level (i.e., at 48 h) was
compared to that of isoamyl alcohol at 48 h. Isoamyl ac-
etate production increased as the amount of nitrogen
source increased until the concentration of nitrogen
source reached 2-fold, and slightly diminished at 3-fold
nitrogen source. In contrast, the concentration of isoamyl
alcohol reached a maximum at 1-fold of nitrogen source.
After this time, this concentration decreased (Fig. 1A).
These data suggest that when different amounts of nitro-
gen source were used, the production profile of isoamyl
acetate was different to that of isoamyl alcohol.

Transcriptional regulation by nitrogen source

A precursor of isoamyl alcohol, α-ketoisocaproate, is
synthesized by both β-IPM dehydrogenase, encoded by
the LEU2 gene (Ratzkin and Carbon 1977), and
branched-chain amino acid aminotransferase, encoded
by the BAT1 and BAT2 genes (Eden et al. 1996; Kispal et
al. 1996). This α-keto acid is converted to isovaleralde-
hyde by the decarboxylase encoded by PDC1 and KID1
genes for isoamyl alcohol production (Dickinson et al.
1997; Yoshimoto et al. 2001). The exact steps that deter-
mine the production of isoamyl alcohol, and regulation
of gene expression by nitrogen source have not been in-
vestigated. To determine the mechanism of the influence
of nitrogen source on isoamyl alcohol and isoamyl ace-
tate production, we investigated the expression of leu-
cine biosynthetic LEU4 (Beltzer et al. 1986), LEU1 (Hsu
and Schimmel 1984), and LEU2 genes, branched-chain
amino acid aminotransferase (BAT1 and BAT2) genes,
decarboxylase (PDC1 and KID1) genes, and alcohol ace-
tyltransferase (ATF1 and ATF2) genes (Fujii et al. 1994;

Nagasawa et al. 1998). Total RNA was isolated from
yeast cells grown to the same OD600 in exponential-
phase and RNA blot analysis was performed. The tran-
scriptional profiles of LEU genes and BAT genes
changed in a manner similar to that of the production of
isoamyl alcohol (Fig. 2). There was no clear relationship
between expression of decarboxylase genes (PDC1 and
KID1) and isoamyl alcohol production because expres-
sion of these genes increased with increased concentra-
tions of nitrogen source. Therefore, these data suggest
that the change in isoamyl alcohol production by nitro-
gen source is dependent on transcriptional co-regulation
between LEU genes and BAT genes.

On the other hand, the synthesis of isoamyl acetate is
closely related to that of isoamyl alcohol. Conditions as-
sociated with optimal production include both the level of
isoamyl alcohol and transcription of ATF genes. RNA
blot analysis indicated that ATF1 and ATF2 transcription
increased with increased concentrations of nitrogen
source (Fig. 2). Since isoamyl acetate production in-
creased with increasing concentrations of nitrogen source
until saturation of the system at 2-fold nitrogen source,
these results suggest that isoamyl acetate production up to
1-fold nitrogen source depends on the production of its
precursor isoamyl alcohol and ATF transcription while
that from 1-fold to 2-fold nitrogen source depends on
ATF transcription. Further addition of nitrogen source
slightly decreased isoamyl acetate production. Since at
this concentration of nitrogen source, ATF transcription is
still activated by nitrogen source, the results suggest that
the effect of isoamyl alcohol production at 3-fold nitro-
gen source is higher than that of ATF transcription. These
data suggest that ATF transcription increases with in-
creased concentrations of the nitrogen source and that
isoamyl acetate production is dependent on both isoamyl
alcohol production and ATF transcription.
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Fig. 2 RNA blot analysis of total RNA from samples grown at
different ratios of nitrogen source using probes of leucine biosyn-
thetic (LEU4, LEU1, and LEU2), branched-chain amino acid ami-
notransferase (BAT1 and BAT2) genes, decarboxylase (PDC1 and
KID1) genes, and alcohol acetyltransferase (ATF1 and ATF2)
genes. Amounts of RNA loaded on the gel were compared by ex-
amining 18S and 25S ribosomal RNA levels



Discussion

S. cerevisiae contains mitochondrial and cytosolic
branched-chain amino acid aminotransferases encoded
by the BAT1 and BAT2 genes, respectively (Eden et al.
1996; Kispal et al. 1996). In this study, we demonstrated
that the BAT2 gene product plays an important role in the
production of branched-chain alcohols and isoamyl ace-
tate and is involved in the Ehrlich pathway (Rainbow
1970). This pathway, an amino catabolic pathway, in-
cludes transamination, decarboxylation, and dehydroge-
nation processes, which result in the formation of
branched-chain alcohols. BAT genes were cloned after
cloning of LEU genes. Genes in the L-leucine biosynthet-
ic pathway were cloned by complementing their mutants,
which have an auxotrophy requirement for L-leucine.
These mutants showed an auxotrophy requirement for L-
leucine by single mutation. However, two genes exist for
branched-chain amino acid aminotransferase. Thus,
auxotrophy requirement for L-leucine was not detected
when either of two genes was mutated. The null mutant,
in which both genes are disrupted, showed auxotrophy
requirement for L-leucine, which explains the delay in
cloning BAT genes. Analysis of BAT genes should en-
hance our understanding of the production of branched-
chain alcohols through the Ehrlich pathway.

To alter the synthesis of branched-chain alcohols and
isoamyl acetate, we modified the expression of genes in-
volved in their production. These studies could potentially
lead to the development of a variety of yeast strains with
diverse flavor profiles. To screen a yeast strain producing
diverse profiles of branched-chain alcohols and isoamyl
acetate, mutation of genes involved in the L-leucine bio-
synthetic pathway or mutations resistant to L-leucine ana-
logues were used. Mutants of genes involved in the L-leu-
cine biosynthetic pathway resulted in not only a low
amount of isoamyl alcohol and isoamyl acetate, but also
insufficient growth rate (data not shown). On the other
hand, mutants resistant to L-leucine analogues have been
shown to produce large amounts of isoamyl alcohol and
isoamyl acetate (Ashida et al. 1987; Watanabe et al. 1990).
Therefore, it is virtually impossible to screen mutants that
result in low amounts of branched-chain alcohols and high
levels of isoamyl acetate without changing the growth rate.
However, we demonstrated that a transformant of a bat2
null mutant overexpressing the ATF1 gene produced low
amounts of higher alcohols and high amounts of isoamyl
acetate without changing the growth rate. We believe that
this modification will enhance the diversity of flavors in
the fermented products and lead to the development of new
types of yeast-fermented alcoholic beverages.

Branched-chain alcohols are synthesized by decar-
boxylation and reduction of the corresponding α-keto
acids. The latter are produced through transamination of
branched-chain amino acids synthesis or by carbohy-
drate catabolism. In this pathway, formation of α-keto
acids is regulated by three enzymes: β-IPM (encoded by
LEU2 gene), decarboxylase (encoded by PDC1 and
KID1 genes) and branched-chain amino acid amino-

transferase (encoded by BAT genes). We investigated
the regulation of these three enzymes in isoamyl alcohol
production by using various amounts of nitrogen source.
Fermentation tests using different amounts of nitrogen
source and RNA blot analyses demonstrated that the
production of isoamyl alcohol correlated with the ex-
pression of both the LEU and BAT genes, but not that of
PDC1 and KID1 genes, and that the expression of LEU
and BAT genes is co-regulated by nitrogen source.
These data suggested that isoamyl alcohol production
influenced by nitrogen source depends on transcription
of L-leucine biosynthetic and branched-chain amino acid
aminotransferase-encoding genes.

General and specific mechanisms control the synthe-
sis pathways of branched-chain amino acids (Hinne-
busch 1990, 1992). Examples of the former control
mechanism include repression and depression of com-
mon enzymes in different amino acid pathways. The lat-
ter control mechanism operates on specific amino acid
pathways and involves end-products and intermediates
of amino acid biosynthesis pathways. Amino acid bio-
synthesis is regulated at both transcriptional and transla-
tional levels. It has been reported that the LEU1, LEU2
and LEU4 genes require a positive regulator encoded by
LEU3, and a Leu3p-dependent protein-DNA complex
has been shown to form specifically with a G+C-
rich palindromic decanucleotide sequence 5′-CCGG-
NNCCGG-3′ present in the 5′-noncoding regions of
these three genes (Friden and Schimmel 1988). These
LEU genes also contain the recognition sequence 5′-
TGACTC-3′ for the transcription activator Gcn4p, which
mediates general amino acid control (Arndt and Fink
1986). Computer analysis of the promoters showed that
the promoter of the BAT2 gene does not contain a clear
recognition sequence 5′-CCGGNNCCGG-3′ and 5′-
TGACTC-3′. However, we detected a similar sequence
5′-TGACAC-3′ at position –323 to –318 and position
–293 to –288, and 5′-CCGGAACCAT-3′ at position
–366 to –357 of the promoter of BAT2 gene. On the oth-
er hand, the promoter of the BAT1 gene contains both
recognition sequence 5′-TGACTC-3′ at position –171 to
–166 and 5′-CCGGNNCCGG-3′ at position –147 to
–138 of this promoter. Furthermore, as a result of DNA
microarray analysis, Natarajan et al. (2001) reported that
the BAT1 and BAT2 genes are Gcn4p targets. Although it
is unclear if BAT2 gene expression is regulated through
these recognition sequences, genes in the leucine meta-
bolic pathway, including BAT genes, could be co-regulat-
ed by Leu3p and/or Gcn4p. Promoter deletion analysis
of BAT genes should further enhance our understanding
of the transcriptional co-regulation of these genes.

In S. cerevisiae, the FGM (fermentable-growth-medi-
um-induced) pathway plays an important role in the utili-
zation of a fermentable carbon source and all other
growth nutrients for activation. Activation of the FGM
pathway is not mediated by cAMP-dependent protein ki-
nase. The SCH9 gene, encoding a protein kinase that
shows homology to the catalytic subunits of cAMP-de-
pendent protein kinase, is thought to be the target of the
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FGM pathway and is required for nitrogen-induced acti-
vation of the FGM pathway (Crauwels et al. 1997).
Analysis of ATF1 expression in a sch9 mutant suggested
that Sch9p is involved in ATF1 transcriptional activation
(Fujiwara et al. 1999). Although it is demonstrated that
ATF1 expression is mediated by Sch9p in the FGM path-
way, the relationship between ATF1 expression and ni-
trogen source has not yet been verified. Our results indi-
cate that ATF1 expression is activated by nitrogen
source, suggesting that ATF1 expression is activated by
nitrogen source through Sch9p in the FGM pathway.

In conclusion, our study has clearly demonstrated the
important role of the BAT2 gene product, cytosolic
branched-chain amino acid aminotransferase, for the
production of branched-chain alcohols and isoamyl ace-
tate, the alteration of such production by modified ex-
pression of BAT2 and ATF1 genes, the effect of nitrogen
source on production of branched-chain alcohols and
isoamyl acetate, and transcriptional regulation by nitro-
gen source of genes involved in the synthesis of isoamyl
alcohol and isoamyl acetate. Our results point to the
enormous effect that gene technology is likely to have
on our understanding of the Ehrlich pathway, paving 
the way for the production of high quality flavor. Fur-
ther studies of the single mutant strain of BAT1 gene
and double mutation of BAT1 and BAT2 genes should
advance our understanding of branched-chain alcohols
and isoamyl acetate formation, and of the Ehrlich path-
way.
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