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The catabolism of branched-chain amino acids occurs via 2-oxoacid
dehydrogenase in Saccharomyces cerevisiae
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Saccharomyces cerevisiae possesses 2-oxoacid dehydrogenase (EC 1.2.4.4) similar to that found in mammalian
cells. The activity is readily detected in cells which have been cultured in 2 minimal medium containing a branched-
chain amino acid. Mutants defective in lipoamide dehydrogenase also lack 2-oxoacid dehydrogenase and are thus
unable to catabolize branched-chain amino acids: 2-oxoacids accumulate in the cultures of these cells. The
2-oxoacid dehydrogenase activity is distinct from both 2-oxoglutarate dehydrogenase and pyruvate dehydrogen-
ase, because it could not be detected in assay conditions which permitted the measurement of 2-oxoglutarate
dehydrogenase and vice versa. In addition, a strain lacking 2-oxoglutarate dehydrogenase (kgd1:: URA3) retained
2-gxoacid dehydrogenase as did a mutant specifically lacking pyruvate dehydrogenase (pdal::Tn5ble). In
complex media the specific activity of this enzyme is highest in YEP (yeast extract—peptone)-glycerol and lowest in
YEP-acetate and YEP-fructose. 2-Oxoacid dehydrogenase could not be detected in cells which had been
transferred to sporulation medium. These results suggest that in S. cerevisiae the catabolism of branched-chain

amino acids occurs via 2-oxoacid dehydrogenase, not via the ‘Ehrlich Pathway’.

Introduction

In eukaryotic cells catabolism of the branched-chain
amino acids leucine, isoleucine and valine commences
with an aminotransferase reaction to yield a-ketoiso-
caproic acid (4-methyl 2-oxopentanoate), a-ketomethyl-
valeric acid (3-methyl 2-oxopentanoate) and a-ketoiso-
valeric acid (3-methyl 2-oxobutyrate) respectively. These
2-oxoacids then undergo oxidative decarboxylation by
branched-chain a-ketoacid dehydrogenase [variously
called branched-chain oxoacid dehydrogenase or 2-oxo-
acid dehydrogenase (EC 1.2.4.4)]. This is a multi-
enzyme complex which is structurally similar to the
better-known pyruvate dehydrogenase and a-keto-
glutarate (2-oxoglutarate) dehydrogenase. It consists of
three catalytic components: 2-oxoacid dehydrogenase
(El), dihydrolipoyl transacylase (E2) and lipoamide
dehydrogenase (E3) (reviewed by Yeaman, 1986).

In mammals pyruvate dehydrogenase, 2-oxoglutarate
dehydrogenase and 2-oxoacid dehydrogenase are all
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located in the mitochondrion. Loss of activity of
2-oxoacid dehydrogenase in mammals results in the
condition known as Maple Syrup Urine Disease. Not all
prokaryotes possess 2-oxoacid dehydrogenase; for
instance, Escherichia coli lacks the enzyme and so cannot
grow on branched-chain amino acids (Sykes et al., 1987).
In Bacillus subtilis the pyruvate dehydrogenase complex
also catalyses the decarboxylation of the 2-oxoacids
derived from the transamination of leucine, isoleucine
and valine (Lowe et al., 1983).

In Saccharomyces cerevisiae 2-oxoacid dehydrogenase
has not been described. Decarboxylation of the
branched-chain 2-oxoacids is said to proceed via a
‘carboxylase’ to an aldehyde that is then reduced in a
NADH-linked reaction producing the appropriate fusel
alcohol (Sentheshanmuganathan, 1960; Woodward &
Cirillo, 1977; Cooper, 1982). The purported pathway in
yeast is sometimes referred to as the ‘Ehrlich Pathway’,
because the original ideas were devised by Ehrlich (1904)
and slightly modified later (Neubauer & Fromherz,
1911).

Recently, we have initiated a fresh survey of
branched-chain amino acid metabolism in yeast. In
addition, we have made an extensive study of the role of
lipoamide dehydrogenase (LPD! gene product) in this
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organism (Dickinson e al., 1986; Roy & Dawes, 1987;
Ross et af., 1988 ; Dawes, 1989). Given the vast number
of similarities and functional homologies between yeast
and many other eukaryotes it seemed unusual that
S. cerevisiae should differ so greatly in the way that it
metabolizes branched-chain amino acids. This prompted
the investigation reported here of whether S. cerevisiae
actually possesses 2-oxoacid dehydrogenase.

Methods

Strains and cultural conditions. The prototrophic haploid IWD72
(MATw) from G. Reid (University of Edinburgh, UK) and the
transformable haploid IWD3 (MATa adel-100 his4-519 leu2-3,2-112
ura3-52) were used for most purposes. Strain aW303AKGDI (MATa
ade2-1 his3-11,3-15 leu2-3,2-112 trpl-1 kgdl::URA3) which lacks
2-oxoglutarate dehydrogenase activity (Repetto & Tzagoloff, 1989) was
provided by A. Tzagoloff and B. Repetto (Columbia University, New
York, USA). Strain MB204-8C (MATa leu2-3,2-112 trp1-92 ura3-52
pdal ::TnS5ble), which lacks pyruvate dehydrogenase activity due to
disruption of the gene encoding the Ela subunit of that enzyme
(Steensma ez al., 1990) was provided by T. Wenzel and Y. Steensma
(University of Leiden, The Netherlands). Strain IWDS (MATa
leu2-3,2-112 met2 Ipdl) and strain P3 (MATa Ipdl) which both lack
lipoamide dehydrogenase originated from the authors’ laboratories
(Dickinson et al., 1986). Homothallic diploid S41 (MATa/MATo
HO/HO arg4-1/arg4-1 cyhl/cyhl) originated from H. O. Halvorson’s
laboratory (Brandeis University, Waltham, Mass., USA).

Complex media contained (1-!): yeast extract (10 g), bacteriological
peptone (20 g), adenine (0-1 g) uracil (0-1 g) and the specified carbon
source (YEPA, 20 g potassium acetate; YEPD, 20 g p-glucose; YEPE,
10 ml ethanol; YEPF, 20 g D-fructose ; YEPG, 30 ml glycerol). Glucose
minimal medium comprised (17!): glucose (20 g), Bacto Yeast Nitrogen
Base without amino acids and ammonium sulphate (Difco) (1-67 g) and
ammonium sulphate (5g). Branched-chain amino acid minimal
medium (BC minimal) contained (I-!): Bacto Yeast Nitrogen Base
without amino acids and ammonium sulphate (1-67 g), valine (20 g)
and glucose (10g). Minimal media also contained auxotrophic
supplements as specifically required by individual strains at 20 mg 1-!.
All solid media contained agar (20 g 171).

For experiments in liquid media cells were grown on a gyrorotatory
incubator at 30 °C in conical flasks filled to 409, nominal capacity. In
studies of sporulation cells raised in YEPD starter cultures were used to
inoculate presporulation medium (YEPA 4 0-19%, w/v, glucose).
Sporulation medium contained potassium acetate (2%, w/v). Sporu-
lation was induced by the method of Fast (1973).

Preparation of cell extracts and assay of 2-oxoacid dehydrogenase and
2-oxoglutarate dehydrogenase activities. Cells were harvested by
centrifugation, resuspended in buffer B (50 mm-potassium phosphate
pH 7-4, 2 mM-EDTA, 2 mM-2-mercaptoethanol) and disrupted using
glass beads as described previously (Dickinson & Williams, 1986).
Aliquots of this homogenate were used immediately as the source of
enzyme for the assay of 2-oxoglutarate dehydrogenase activity which
was measured in buffer A (200 mM-Tris/HCI, pH 85, containing 6 mM-
2-mercaptoethanol) as described by Dickinson et al. (1985). The
homogenate was usually also used immediately as the source of
2-oxoacid dehydrogenase, although it could be frozen at —20 °C for at
least 5 d without loss of activity. 2-Oxoacid dehydrogenase was assayed
in a similar way to 2-oxoglutarate dehydrogenase except that buffer B
was used and a-ketoisovaleric acid (14-5 pmol) was the usual substrate.
The limit of sensitivity of the two enzyme assays was 20 pmol substrate

consumed min~!. In one experiment a-ketoisocaproic acid and
a-ketomethylvaleric acid were also used as substrates for 2-oxoacid
dehydrogenase as described below.

Extraction and determination of metabolites by GC. Cells were grown
in glucose minimal medium supplemented with either leucine,
isoleucine or valine (0-2gl~'). When the cells had reached late
stationary phase aliquots were harvested in a microcentrifuge. The
growth medium was removed to a separate tube to which H;PO, was
added to a final concentration of 0-1 M. After 30 min at room
temperature small quantities (1-5 ul) were injected into a Pye Unicam
series 106 gas chromatograph. Separation was effected at a tempera-
ture of 210 °C on Chromosorb W. Individual oxoacids were identified
by retention times and comparison with authentic compounds.

Results and Discussion

Mutants lacking lipoamide dehydrogenase accumulate
2-oxoacids

Growth of strain P3 (which lacks lipoamide dehydrogen-
ase) on glucose minimal medium containing leucine
resulted in a high concentration (1-5 mM) of a-ketoiso-
caproic acid in the growth medium. The amount of
a-ketoisocaproic acid produced indicated virtually
stoichiometric conversion of leucine to a-ketoisocaproic
acid. No a-ketoisocaproic acid was detected in cultures
of wild-type strains. All strains bearing /pd/ mutations
grown in this way produce such large amounts of the
oxoacid that the cultures have a characteristic goat-like
smell. A prototrophic strain was used deliberately for the
GC analysis because o-ketoisocaproic acid is the
penultimate intermediate in the leucine biosynthetic
pathway. It was important to demonstrate that the
accumulation of a-ketoisocaproic acid was due to a IpdI-
related defect in a degradative pathway and not merely a
partial reversal of the synthetic pathway in the presence
of leucine with accumulation of a-ketoisocaproic acid
due to (e.g.) a leu2 mutation. Subsequent experiments in
which /pd] mutants were cultured in the presence of
isoleucine or valine indicated the accumulation of
o-ketomethylvaleric acid and a-ketoisovaleric acid
(respectively). The fact that branched-chain amino acid
degradation was impaired in /Jpd! mutants suggested that
the pathway in yeast involves a 2-oxoacid dehydrogenase
complex similar to that in other eukaryotes.

Yeast has a distinct 2-oxoacid dehydrogenase

Initial experiments involved the growth of prototrophic
strain IWD72 to stationary phase in glucose (1%, w/v)
minimal medium supplemented with 2%, (w/v) leucine.
Since at the outset of these investigations nothing was
known about the regulation of 2-oxoacid dehydrogenase
activity during batch culture, the working hypothesis



Table 1. Specific activity of 2-oxoacid dehydrogenase and
2-oxoglutarate dehydrogenase assayed in different buffers

Cells of strain IWD72 were cultured for 18 h in glucose (1%, w/v)
minimal medium containing 2% (w/v) leucine. The cells were then
harvested and 2-oxoglutarate dehydrogenase and 2-oxoacid
dehydrogenase were assayed using o-ketoglutarate («-K GA) and
a-ketoisocaproic acid (a-KIC) as substrates (respectively) in both
buffer A and buffer B (see Methods). Approximately 400 ug of cell
extract was used in these determinations. The results are the
means of duplicate determinations +SD. ND, Not determined.

Specific activity [nmol substrate
consumed min~! (mg protein)~!]

Substrate Buffer A Buffer B

-KGA 664 + 0-24 0-00 + 0-00
(29 umol)

a-KIC 0-00 + 0-00 2-39 + 0-08
(14-5 pmol)

a-KIC 0-00 + 0-00 1-28 + 0:06
(7+25 pmol)

a-KIC ND 1-05 + 0-04
(7-25 ymol + 0-1 mM-Mg?*)

a-KIC ND 0-72 + 0-04

(7-25 pmol + 0-2 mM-Mg?+)

was that yeast would first utilize the glucose and only
start to catabolize leucine once most, or all, of the glucose
had been consumed. Hence, it was thought that if yeast
possessed 2-oxoacid dehydrogenase, the activity would
be most readily apparent after the cells had reached
stationary phase in this medium. Yeast had a 2-oxoacid
dehydrogenase activity which was biochemically distinct
from 2-oxoglutarate dehydrogenase because (branched-
chain) 2-oxoacid dehydrogenase activity could not be
detected in assay conditions which permitted the
measurement of 2-oxoglutarate dehydrogenase and vice
versa (Table 1). As assayed in the cell extracts yeast
2-oxoacid dehydrogenase did not require Mg?+; addition
of 0-1 mM of this ion produced 18 % inhibition which rose
to 44% inhibition at 0-2 mm. It displayed a pH optimum
between 7-2 and 7-8, which is very similar to the
mammalian enzyme.

The 2-oxoacid dehydrogenase activity was genetically
distinct from 2-oxoglutarate dehydrogenase because
strain aW303AKGDI, which completely lacks 2-oxo-
glutarate dehydrogenase due to a disruption in the
structural gene of the E1 subunit of this enzyme (Repetto
& Tzagoloff, 1989) has 2-oxoacid dehydrogenase ac-
tivity, although at lower levels than in the (non-isogenic)
wild-type strain IWD72. The 2-oxoacid dehydrogenase
activity was also genetically distinct from pyruvate
dehydrogenase because strain MB204-8C, which is
totally lacking in pyruvate dehydrogenase due to a
disruption in the structural gene of the Ela subunit of
this enzyme (Steensma et al., 1990), has abundant
2-oxoacid dehydrogenase activity. The likely nature of

2-Oxoacid dehydrogenase in yeast 2031

Table 2. Effect of growth in the presence of different
branched-chain amino acids on the activity of 2-oxoacid
dehydrogenase towards different 2-oxoacid substrates

Strain IWD72 was cultured for 47 h in glucose (1%, w/v) minimal
medium containing 2% (w/v) leucine, isoleucine or valine. The
cells were then harvested and 2-oxoacid dehydrogenase was
assayed using a-ketoisocaproic acid (a-KI1C), a-ketomethylvaleric-
acid (-KMV) or a-ketoisovaleric acid («-KIV) as substrate. A
maximum of 350 pg of cell extract was used in these determi-
nations. The results are the means of duplicate determinations
+5D.

Specific activity [nmol substrate
consumed min~! (mg protein)~']

Amino acid in

growth medium a-KIC KMV a-KIV
Leucine 2-57 + 0-01 <001 9-07 + 0-04
Isoleucine <0-01 <001 395+ 0-12
Valine 2-56 + 0-01 1-00 + 0-05 11-98 + 2:15

2-oxoacid dehydrogenase in yeast was indicated by the
fact that strains bearing /pd! mutations did not possess
2-oxoacid dehydrogenase activity. This confirmed the
2-oxoacid accumulation studies and implies that yeast
2-oxoacid dehydrogenase is a multi-enzyme complex
which involves lipoamide dehydrogenase.

To examine whether there are different E1 com-
ponents for the specific oxidative decarboxylation of the
three different 2-oxoacids derived from leucine, iso-
leucine and valine, separate cultures of cells were grown
in each of the three branched-chain amino acids and
then 2-oxoacid dehydrogenase activity was determined
in each batch of cells using a-ketoisocaproic acid,
a-ketomethylvaleric acid and a-ketoisovaleric acid as
substrate. The amino acid used in the growth medium for
a given batch of cells did not result in a ‘preferred’
2-oxoacid substrate for 2-oxoacid dehydrogenase assayed
in those cells. In all cases, the highest specific activity
resulted with a-ketoisovaleric acid as substrate irrespec-
tive of the amino acid supplied in the growth medium
prior to harvesting and breaking of the cells (Table 2).
Accordingly, a-ketoisovaleric acid was used as the
substrate in all subsequent studies because it allows the
greatest sensitivity of detection. Hence the yeast complex
appears to be similar to other eukaryotic enzymes and
has a single El for the decarboxylation of all branched-
chain 2-oxoacids. 2-Oxoacid dehydrogenase could not be
detected in isoleucine-grown cells with either a-keto-
methylvaleric acid or a-ketoisocaproic acid as substrate,
neither could it be detected in leucine-grown cells using
a-ketomethylvaleric acid as substrate. Valine-grown cells
contained the highest specific activities of 2-oxoacid
dehydrogenase and isoleucine-grown cells the least. As
with other 2-oxoacid dehydrogenases, a-ketomethyl-
valeric acid served least well as substrate (Table 2).
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Effect of medium composition on the specific activity of
2-oxoacid dehydrogenase

In batch culture the activity of 2-oxoacid dehydrogenase
increased in parallel with cell density (data not shown).
In stationary phase cells the highest specific activity
[approximately 20 nmol a-ketoisovaleric acid consumed
min~! (mg protein)~!] was found in cells grown in YEP-
glycerol. This was rather surprising because one would
have expected the specific activity of 2-oxoacid dehydro-
genase to have been highest in cells which had been
grown in a medium containing a branched-chain amino
acid (where the specific activity was only half that found
in cells grown in YEP-glycerol). The lowest specific
activity was observed in cells which had been grown in
YEP-acetate and YEP-fructose: it was only one-half that
found in YEP-glucose-grown cells and only about one-
eighth the amount in YEP-glycerol-grown cells. Thus it
appears that for cells grown in complex media there are
similarities in the regulation of 2-oxoacid dehydrogenase
and branched-chain amino acid aminotransferase as the
relative specific activities vary coordinately in YEP-
fructose, YEP-glucose, YEP-ethanol and YEP-glycerol
(J. R. Dickinson, unpublished). As was also the case with
branched-chain amino acid aminotransferase, there is
no obvious metabolic advantage to the cell in having a
lower specific activity of 2-oxoacid dehydrogenase when
grown on YEP-fructose compared to cells grown on
YEP-glucose.

The recognition that there is similar regulation of two
enzymes (branched-chain amino acid aminotransferase
and 2-oxoacid dehydrogenase) which occupy adjacent
locations in the same metabolic pathway prompted an
investigation of the activity of 2-oxoacid dehydrogenase
in diploid strain S41 which had been induced to
sporulate. The activity of 2-oxoacid dehydrogenase was
below the limit of detection (i.e. less than 20 pmol
a-ketoisovaleric acid consumed min~!), irrespective of
the amount of protein added to the assay. This result is
completely opposite to the increase in specific activity of
branched-chain amino acid aminotransferase observed
when haploid and diploid strains were transferred to
sporulation medium (J. R. Dickinson, unpublished). The
specific activity of 2-oxoacid dehydrogenase was also low
in haploid strain IWD72 which had been grown to
stationary phase in YEP-acetate.

It might be argued that the levels of 2-oxoacid
dehydrogenase would be expected to be low in media
containing the two-carbon compound acetate, because if
the pathways of branched-chain amino acid catabolism
are the same in yeast as in mammalian systems it would
be wasteful biosynthesis for a yeast cell to synthesize an
enzyme whose role is to yield (ultimately) intermediates
such as acetyl-CoA and succinate. However, this is

problematical because branched-chain amino acids will
not serve as sole source of nitrogen and carbon in yeast.
Furthermore, this explanation does not account for the
moderately high level of 2-oxoacid dehydrogenase
observed in YEP-ethanol or the low level observed in
YEP-fructose. Further research into the details of
branched-chain amino acid catabolism is needed before
these observations can be rationalized.

It is now clear that S. cerevisiae utilizes lipoamide
dehydrogenase as an essential component of three multi-
enzyme complexes: pyruvate-, 2-oxoglutarate- and
branched-chain 2-oxoacid dehydrogenase. Another
multi-enzyme system which contains lipoamide dehydro-
genase is the ‘glycine cleavage system’, which reversibly
catalyses the degradation of glycine in animal and plant
mitochondria and in prokaryotes (Kikuchi, 1973). Since
S. cerevisiae has been shown to possess glycine decarb-
oxylase (Ogur et al., 1977), it is tempting to speculate that
the LPDI gene product may also be involved in this.
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did the preliminary GC determinations. We are indebted to those
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