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Mitochudrial NAD(H)-specllic isocitrate dehydrogenase was purified from Sawcharomyces cerewaswa for
analyses of subunit structure and expression. Two subunits of the enzyme with different weights
(39,000 and 40,000) and slighty different bsoectric points were resolved by denaturigi
techniques. Sequence analysis of the purified subunits showed that the polypeptides have t ino

termini. By using an antiserum to the native enzyme prepared in rabbits, subunit-specific G
fractions were obted by aty itin that the subuits are also
distinct. The levels of NAD(H)-specific isocre dehydrogen activity and muoa were found to
correlate closely with those of a second trcarboxylic acid cycle enzyme, malae e, in yeast cells
grown under a variety of co.ditions. S. ceremuae mutants with defects in N A isocitrate
dehydrogenase were id d by screening a collection of yeast mutts with acetateuqative growth
phenopes. a assays were used to

molecuar-welgbt subunit (IH1) and that a second stra s the 39,0 ur-weit subu (IDH2).
Mitochondra slated from the IDHI and 1DH2 mutants exhibited a markedly reduced Ca for
of either hsocite or citrate for respiratory 02 con p. This fi an role for NAD(H)-
specific isocitrate dehydrogeas in oxidadve functions in the tricarboxylic acid cycle.

The oxidative decarboxylation of isocitrate is considered a
committed step in the tricarboxylic acid cycle because this
reaction is essentially irreversible under physiological con-
ditions (2). NAD(H)-specific isocitrate dehydrogenase is
presumed to be the enzyme that catalyzes this reaction,
since this complex allosteric mitochondrial enzyme is sub-
ject to multiple regulatory controls, the activity being par-
ticularly responsive to the positive effector AMP in Saccha-
romyces cerevisiae (14) and ADP in other eucaryotes (31).
This observation is the basis for speculation that the cellular
adenylate energy charge exerts inverse regulatory effects on
the rates of glycolysis (at the level of the reaction catalyzed
by phosphofructokinase) and of respiration [NAD(H)-spe-
cific isocitrate dehydrogenase]. Eucaryotic cells also contain
NADP(H)-specific isozymes of isocitrate dehydrogenase
that are structurally and catalytically more analogous to the
tricarboxylic acid cycle enzyme in bacterial cells (32, 36).
The metabolic functions of the NADP(H)-specific isozymes
are unclear, although potential roles in respiration (32) and in
production of a-ketoglutarate in yeast cells under anaerobic
conditions (24) have been proposed.
The catalytically active form of NAD(H)-specific isoci-

trate dehydrogenase isolated from various organisms is
reported to be an octomer (1, 15, 35), but there is some
discrepancy regarding the subunit composition of these
enzymes. Barnes et al. (1) reported that the enzyme from S.
cerevisiae is composed of apparently identical subunits with
molecular weights of 39,000, whereas Illingworth (15) de-
scribed the resolution of two nonidentical subunits with
similar molecular weights (41,000) by electrophoresis in 8 M
urea. Results of kinetic and ligand-binding studies with the
yeast enzyme (1, 21) indicating four binding sites for isoci-
trate and two each for NAD+, AMP, and Mg2+ or Mn2" are
more consistent with functionally distinct subunits. As an
initial step toward defining the functions of individual sub-
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units, we have isolated the NAD(H)-specific isocitrate de-
hydrogenase from yeast cells and report here conclusive
evidence for two independent subunits.

In addition to allosteric regulation, several previous re-
ports suggest that isocitrate dehydrogenase activity in yeast
cells varies with growth conditions (24, 33). For example,
activity is reduced in cells grown with glucose as a carbon
source, suggesting that levels of the enzyme may be subject
to catabolite repression, as are many respiratory functions in
S. cerevisiae (30, 33). In the current studies, an antiserum
specific for yeast NAD(H)-specific isocitrate dehydrogenase
was used to examine levels of the enzyme in extracts from
cells grown under various conditions. Concomitant analyses
of levels of mitochondrial malate dehydrogenase were con-
ducted to determine whether various growth conditions
result in coordinate or noncoordinate expression of these
tricarboxylic acid cycle enzymes.

In recent years, examination of the structure and function
of enzymes in the tricarboxylic acid cycle has been facili-
tated by isolation of genes from various organisms that
encode these enzymes. The S. cerevisiae genes encoding
mitochondrial isozymes of citrate synthase (CITI), isolated
following enrichment for mRNAs in polysomes bound to
mitochondria (41), and of malate dehydrogenase (MDHI),
isolated by using immunoscreens of a Agtll expression
library (26), were used to construct yeast strains containing
chromosomal dismptions in these structural genes. The only
dramatic growth phenotype attributable to strains lacking
these tricarboxylic acid cycle functions is an inability to
grow with acetate as a carbon source (16, 26). Based on this
observation, we used immunoscreens to identify yeast mu-
tants with defects in NAD(H)-specific isocitrate dehydroge-
nase in a collection of acetate-negative strains.

MATERILS AND METHODS
Strains and growth conditions. The haploid yeast strain Sg7

(MATa leu2 his3-AJ trpl gcrl-l [26]) was used for isolation
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of NAD(H)-specific isocitrate dehydrogenase. Cell fraction-
ation and expression studies were conducted with S. cere-
visiae S173-6B (MATa leu2-3 leu2-112 his3-AJ ura3-57 trpl-
289 [3]). The parental S. cerevisiae strain MMY011 (MATa
ade2-1 cani-100 his3-11 leu2-3,112 trpl-J ura3-52) and vari-
ous acetate-negative mutant strains derived by UV mutagen-
esis of this strain were provided by M. T. McCammon.
Yeast strains were cultivated on YP medium (1% yeast
extract, 2% Bacto-peptone [Difco Laboratories]) containing
as a carbon source 2% glucose, 2% glycerol plus 2% lactate,
or 2% acetate. Cell growth was monitored spectrophotomet-
rically, and cultures were routinely harvested in the log
phase of growth at an A600 of 1.0 to 1.5.

Purification of NAD(H)-specific isocitrate dehydrogenase.
Yeast strain Sg7 was cultivated at 30°C in YP medium
containing 2% glycerol and 2% lactate. Cells were harvested
by centrifugation at 3,000 x g and washed once with distilled
water. The cell pellets were suspended (1 g of cells per 5 ml)
in 0.25 M Tris hydrochloride (Tris-HCI, pH 8.3)-S5 mM
EDTA-5 mM P-mercaptoethanol-50% glycerol and stored at
-70°C. For enzyme isolation, 100 g of frozen cells was
thawed in 100 ml of buffer A (5 mM potassium phosphate
[pH 7.6], 10 mM ,B-mercaptoethanol) containing 0.5 mM
sodium citrate plus 2 mM phenylmethylsulfonyl fluoride and
broken with glass beads in a Bead Beater (Biospec Products,
Bartlesville, Okla.). The lysate was cleared by centrifugation
at 10,000 x g for 10 min. A 2% solution of protamine sulfate
was added to the cleared lysate to a final concentration of
0.25%, and the precipitate was removed by centrifugation.
The supernatant was loaded directly onto a phosphocellu-
lose column (2.5 by 40 cm) equilibrated with buffer A
containing 0.5 mM citrate. The column was washed with 8
volumes of buffer A containing 10 mM citrate, and proteins
were eluted with buffer A containing 50 mM citrate. Frac-
tions containing NAD(H)-specific isocitrate dehydrogenase
activity were pooled and dialyzed against buffer A contain-
ing 0.5 mM citrate. The dialysate was loaded onto a DEAE-
cellulose column (1.5 by 20 cm) equilibrated in the same
buffer. The column was washed with 8 volumes of buffer A
containing 5 mM citrate, and proteins were eluted by in-
creasing the citrate concentration to 10 mM. Pooled enzyme
fractions were dialyzed against a buffer containing 0.1 M
NaHCO3, 10 mM P-mercaptoethanol, and 0.5 mM citrate
and concentrated approximately fivefold by Amicon YM10
ultrafiltration. The concentrate was loaded onto a Bio-Gel
A-1.5m gel filtration column (1.5 by 90 cm) equilibrated with
the same buffer. Fractions containing NAD(H)-specific iso-
citrate dehydrogenase activity were pooled, an equal volume
of 100% glycerol was added, and the purified enzyme was
stored at -20°C.
NAD(H)-specific isocitrate dehydrogenase activity was

measured as NADH production at A340 in 1-ml assay mixes
containing 40 mM Tris-HCl (pHI 7.6), 4 mM MgCl2, 2.5 mM
trisodium isocitrate, and 0.25 mM NAD+. Malate dehydro-
genase activity was measured as described previously (26),
and NADP(H)-specific isocitrate dehydrogenase activity
was measured in assay mixes containing 50 mM KPO4 (pH
7.4), 10 mM MgCl2, 2.5 mM trisodium isocitrate, and 0.25
mM NADP+. Units are expressed as micromoles of NADH
or of NADPH produced per minute. Assays for glucose-
6-phosphate dehydrogenase (7) and for all other enzyme
activities (37) were conducted as described before. Protein
concentrations were determined by the method of Lowry et
al. (21).
Amino acid sequence determinations. Samples (50 pLg) of

purified yeast isocitrate dehydrogenase were electro-

phoresed in each of four lanes on a 10% sodium dodecyl
sulfate (SDS)-polyacrylamide gel and transferred to a poly-
vinylidene difluoride (PVDF) membrane (Immobilon) with a
graphite semidry electroblotter. The filter was stained for 5
min with Coomassie blue (0.1% in 50% methanol plus 10%
acetic acid), destained for 5 min (50% methanol plus 10%
acetic acid), rinsed in distilled water, and air dried. Portions
of the filter containing Coomassie-stained bands correspond-
ing to either the 40,000- or 39,000-molecular-weight subunit
were used directly for amino-terminal sequence analysis
with an Applied Biosystems 470-A gas-phase microprotein
sequencer (Biotechnology Instrumentation Facility, Univer-
sity of California at Riverside).

Gel electrophoresis. Protein samples were electrophoresed
on 10% SDS-polyacrylamide gels as described by Douglas et
al. (9). Nondenaturing gels were 6 to 8% polyacrylamide gels
with the same buffer systems but lacking SDS. Nondenatur-
ing gels were stained for NAD(H)-specific isocitrate dehy-
drogenase by being submerged in a solution containing 50
mM Tris-HCl (pH 7.6), 5 mM MgCl2, 5 mM isocitrate, 0.5
mM NAD+, 0.4 mg of Nitro Blue Tetrazolium per ml, and 40
,ug of phenazine methosulfate per ml for 20 to 30 min at room
temperature. The staining reaction was terminated by trans-
ferring the gel to a solution of 7% acetic acid. Two-dimen-
sional gel electrophoresis was conducted by the procedure of
O'Farrell (27). Protein samples used in two-dimensional
analyses were diluted 1:2 in a buffer containing 9.5 M urea,
2% Nonidet P-40, 2% pH 3 to 10 ampholytes, and 5%
P-mercaptoethanol before being loaded onto isoelectric-
focusing tube gels.
Immunochemical methods. Antiserum against yeast

NAD(H)-specific isocitrate dehydrogenase was obtained
through a commercial source (Bethyl Laboratories, Mont-
gomery, Tex.) by injecting rabbits with the purified native
enzyme. An immunoglobulin G (IgG) fraction was prepared
from the serum as described by Palacios et al. (29).

For immunoblot (Western) analyses, protein samples were
electrophoresed on SDS-polyacrylamide gels and electro-
transferred to nitrocellulose or PVDF filters. The filters were
blocked and washed as described by Burnette (5) and
incubated with anti-isocitrate dehydrogenase IgG diluted
1:100 in TBST (50 mM Tris-HCl [pH 8], 0.15 M NaCl, 0.1%
Tween 20). Bound IgG was detected by autoradiography
following a 1-h incubation of the washed filters with 12511
labeled protein A.
To obtain subunit-specific IgG fractions, 80 pug of pure

isocitrate dehydrogenase was electrophoresed (10 ,ug per
lane) on a 10% SDS-polyacrylamide gel and electrotrans-
ferred to a nitrocellulose filter. The filter was stained with
India ink (1 jil/ml [13]) in PBST (10 mM sodium phosphate
[pH 7.0], 15 mM NaCl, 0.4% Tween-20) to visualize the
resolved isocitrate dehydrogenase subunit bands. The filter
was then blocked for 1 h with 5% bovine serum albumin in
PBST and incubated overnight at 4°C with a 1:100 dilution of
anti-isocitrate dehydrogenase IgG in PBST. After three
15-min washes in PBST, the individual subunit bands were
excised and transferred to microfuge tubes. Subunit-specific
IgG fractions were eluted with three 30-s washes in 500 ,ul of
pH 2.3 buffer (42). Each 500 ,ul was immediately neutralized
with 167 ,u of 0.2 M dibasic sodium phosphate. The eluted
IgG fractions were dialyzed against phosphate-buffered sa-
line prior to use in immunoblot analyses.

Cell fractionation. Whole-cell protein extracts were pre-
pared by glass bead lysis of cell pellets in a buffer containing
10 mM NaPO4 (pH 7.4), 1 mM EDTA, 1 mM 1-mercapto-
ethanol, and 10 mM phenylmethylsulfonyl fluoride. The

VOL. 172, 1990



4282 KEYS AND McALISTER-HENN

TABLE 1. Purification of yeast NAD(H)-
specific isocitrate dehydrogenase

Purification Volume Total Total Specific Yield
step (ml) activity protein activitystep ~~~~(U) (mg) (U/mg) (%

Crude extract 290 464 5,200 0.1
Protamine sulfate 293 410 2,700 0.2 88
Phosphocellulose 45 232 82 2.8 50
DEAE-cellulose 1.3 104 8.5 12.0 22
Bio-Gel A-1.5m 11 98 4.9 20.0 21

lysates were cleared by microcentrifugation for 10 min, and
the supernatants were used for enzyme and protein assays.
Mitochondrial pellets and postmitochondrial supematants
were obtained by fractionation of harvested cells as de-
scribed by Daum et al. (8), except that bovine serum albumin
was eliminated in all buffers. Mitochondrial pellets were
suspended either in a buffer containing 0.65 M mannitol, 10
mM KPO4 (pH 6.5), 10 mM Tris-maleate (pH 6.5), 10 mM
KCl, and 0.1 mM EDTA for 02 consumption measurements
or in the lysis buffer described above before glass bead lysis
for enzyme and protein assays.

Rates of respiratory 02 consumption for isolated mito-
chondria were measured with a Clarke-type polarographic
02 electrode as described by Ohnishi et al. (28). All substrate
and ADP solutions were adjusted to pH 6.5 prior to addition
to mitochondrial suspensions. State III respiratory rates
were measured in the presence of 167 ,uM ADP with 13.3
mM of one of the following substrates: a-ketoglutarate,
isocitrate, citrate, or pyruvate (12.0 mM) plus malate (1.3
mM).

FIG. 1. Purification of yeast NAD(H)-specific isocitrate dehy-

drogenase. (A) Protein samples obtained during purification of

NAD(H)-specific isocitrate dehydrogenase from yeast strain Sg7
were resolved on a SDS-polyacrylamide gel and stained with

Coomassie blue. Samples were taken following protamine sulfate

precipitation (lane 1, 200 p.g), phosphocellulose ion-exchange chro-

matography (lane 2, 50 p.g), DEAE-cellulose chromatography (lane

3, 15 tLg), and gel filtration (lane 4, 15 pLg). In lane 5 are protein
standards with molecular weights (MW) as shown. (B) Samples (10

~tg) of the purified yeast isocitrate dehydrogenase were electro-

phoresed on a nondenaturing polyacrylamide gel and stained with an

enzyme activity stain (lane 1) as described in Materials and Methods

or with Coomassie blue (lane 2).

RESULTS

Isolation and characterization of S. cerevisiae NAD(H)-
specific isocitrate dehydrogenase. The haploid yeast strain
Sg7 was used for isolation of NAD(H)-specific isocitrate
dehydrogenase. This strain contains a mutation (gcrl) that
results in substantial reduction in the levels of otherwise
very abundant glycolytic enzymes (7) that we have found to
be major contaminants in isocitrate dehydrogenase prepara-
tions. Also, presumably due to a combination of low levels
of glycolytic enzymes and to a dependence on oxidative
metabolism, the specific activity of NAD(H)-specific iso-
citrate dehydrogenase is two- to threefold higher in extracts
from Sg7 than in extracts from yeast strains lacking the gcrl
mutation. A rapid and reproducible purification scheme was
developed based on techniques described by Barnes et al.
(1), including phosphocellulose and DEAE-cellulose chro-
matography followed by Bio-Gel A-1.5m gel filtration. These
steps resulted in a 200-fold purification and yielded approx-
imately 5 mg of the enzyme per 100 g of yeast cells (Table 1).
The profiles of proteins following each step in the purifi-

cation procedure are shown in Fig. 1. The near homogeneity
of the purified native enzyme was illustrated by the presence
of a single major Coomassie blue-stained band following
nondenaturing polyacrylamide gel electrophoresis (Fig. 1B,
lane 2) that comigrated with a band detected by enzyme
activity stain for NAD(H)-specific isocitrate dehydrogenase
(Fig. 1B, lane 1). Following SDS-polyacrylamide gel electro-
phoresis, the purified enzyme was resolved into two
Coomassie blue-stained bands representing apparently
equivalent amounts of polypeptides with approximate mo-
lecular weights of 40,000 and 39,000 (Fig. 1A, lane 4).
The subunit composition of isolated NAD(H)-specific

isocitrate dehydrogenase was also examined by the two-
dimensional gel electrophoresis method of O'Farrell (27).
Component polypeptides were resolved by electrophoresis
in tube gels containing a pH 3 to 10 ampholyte gradient in 8
M urea followed by electrophoresis on a SDS-polyacryl-
amide slab gel. Two major equimolar polypeptide species
were detected by Coomassie blue staining (Fig. 2). These
had the predicted molecular weights of 39,000 and 40,000.
The larger polypeptide had a slightly more basic isoelectric
point. However, it was not possible from these data to assign

.); s
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FIG. 2. Two-dimensional gel electrophoresis of purified yeast
NAD(H)-specific isocitrate dehydrogenase. Purified yeast isocitrate
dehydrogenase (15 p.g) was subjected to isoelectric focusing (IEF) in
a pH 3 to 10 ampholyte gradient in the first dimension and to
electrophoresis on a 10%o SDS-polyacrylamide slab gel in the second
dimension. Only the portion of the gel (approximately one-fourth of
the total area) containing the Coomassie-stained polypeptides is
shown.

J. BACTERIOL.



YEAST ISOCITRATE DEHYDROGENASE 4283

exact values, since the pH gradient near the basic end of the
focusing gels was very shallow. The isoelectric points of
both polypeptides fell within the range of pH 7 to 7.5 by this
method.
The experimental data presented suggest that yeast

NAD(H)-specific isocitrate dehydrogenase is composed of
two distinct polypeptide subunits. In other experiments
involving resolution on fast protein liquid chromatography
columns and on other two-dimensional gel systems, we have
observed multiple forms of both subunits, although never

with different molecular weights (data not shown). These
multiple forms were not obtained reproducibly and appeared
to be more prevalent in aged enzyme preparations. To
examine possible heterogeneity, the 39,000- and 40,000-
molecular-weight subunits of the pure enzyme were resolved
by SDS-polyacrylamide gel electrophoresis, transferred to
PVDF filters, and independently subjected to amino-ter-
minal amino acid sequence analysis as described in Materials
and Methods. An 11-residue sequence of the 39,000-molec-
ular-weight subunit and a 16-residue sequence of the 40,000-
molecular-weight subunit were obtained: 39,000-molecular-
weight subunit, Ala-Thr-Val-Lys-Gln-Pro-Ser-Ile-Gly-Gly-
Tyr; 40,000-molecular-weight subunit, Ala-Thr-Ala-Ala-
Gln-Ala-Glu-Gly-Thr-Leu-Pro-Lys-Lys-Tyr-Gly-Gly. These
analyses provided no evidence for heterogeneity at the
amino terminus of either subunit and clearly support the idea
that the 39,000- and 40,000-molecular-weight subunits are

distinct polypeptides.
Expression of NAD(H)-specific isocitrate dehydrogenase in

S. cerevisiae. Antiserum against isocitrate dehydrogenase
was prepared by injection of rabbits with the purified native
yeast enzyme. The IgG fraction from the antiserum prepared
as described in Materials and Methods quantitatively precip-
itated NAD(H)-specific isocitrate dehydrogenase activity
from yeast cellular protein extracts and reacted well in
immunoblot analyses of the purified enzyme resolved by
SDS-polyacrylamide gel electrophoresis (Fig. 3A, lane 1). In
immunoblot analyses of yeast cellular extracts (Fig. 3A, lane
2), the IgG reacted strongly with isocitrate dehydrogenase
polypeptides of 39,000 and 40,000 molecular weight and also
with two smaller polypeptides, one with an apparent molec-
ular weight of 35,000. In two-dimensional gel analyses, the
latter polypeptide comigrated with glyceraldehyde-3-phos-
phate dehydrogenase (25) (data not presented). Since the
level of this enzyme was significantly reduced in the yeast
strain used to purify isocitrate dehydrogenase and was
negligible in the pure enzyme preparation (Fig. 1A, lane 4),
this immunoreactivity may reflect structural similarities be-
tween the enzymes. It should be stated, however, that this
cross-reactivity was limited, since the levels of glyceralde-
hyde-3-phosphate dehydrogenase polypeptides in wild-type
cell extracts, as estimated by Coomassie blue staining of
two-dimensional gels, exceeded those of isocitrate dehydro-
genase polypeptides by more than 10-fold (data not shown).
The anti-isocitrate dehydrogenase IgG prepared against

the native enzyme appeared to be equally immunoreactive
with both subunits of the enzyme in purified or whole-cell
protein samples (Fig. 3A, lanes 1 and 2, respectively). To
determine whether this reflected cross-reactivity, subunit-
specific IgG fractions were isolated as detailed in Materials
and Methods by elution of IgG adsorbed to each polypep-
tide. The eluted IgGs were then used for immunoblot anal-
yses of yeast cellular protein extracts. Each subunit-selected
IgG was found to interact specifically with only the cognate
40,000- or 39,000-molecular-weight subunit (Fig. 3B, lanes 1

B
A
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FIG. 3. Immunoreactivity of anti-isocitrate dehydrogenase IgG.
A 1:100 dilution of anti-isocitrate dehydrogenase (IDH) IgG fol-
lowed by '25I-labeled protein A was used for immunoblot analysis of
500 ng of the purified enzyme (panel A, lane 1) and for 50 ,g of an
extract from yeast cells grown on 2% glycerol plus 2% lactate (panel
A, lane 2). Subunit-specific fractions of the IgG obtained by pread-
sorption to the 40,000-molecular-weight subunit (panel B, lane 1) or
to the 39,000-molecular-weight subunit (panel B, lane 2) as de-
scribed in Materials and Methods were also used in immunoblot
analyses of glycerol-lactate-grown whole-cell extracts.

and 2, respectively). Thus, the isocitrate dehydrogenase
subunits appear to be immunochemically distinct.
To examine expression of NAD(H)-specific isocitrate de-

hydrogenase in diverse metabolic states, yeast strain S173-
6B was grown in rich YP medium with one of the following
carbon sources: 2% glucose, 2% glycerol plus 2% lactate, or
2% acetate. The cells were harvested, and mitochondrial
fractions were isolated as described in Materials and Meth-
ods. The specific activities of isocitrate dehydrogenase and
of malate dehydrogenase were determined for each cellular
fraction and are compared in Table 2. Under these growth

TABLE 2. Activities of isocitrate and malate dehydrogenases in
yeast cells grown on various carbon sources'

Sp act (U/mg)

Cell fraction Carbon source NAD(H)-speclfic Malate
isocitrate dehy- dehydro-

drogenase genase

Total cell extract Glucose 0.03 0.08
Glycerol-lactate 0.06 0.58
Acetate 0.08 1.34

Mitochondria Glucose 0.19 0.53
Glycerol-lactate 0.29 1.28
Acetate 0.38 1.43

Postmitochondrial Glucose 0 0.02
supernatant Glycerol-lactate 0 0.18

Acetate 0 1.02

a Isocitrate and malate dehydrogenase activities were determined as de-
scribed in Materials and Methods. The values shown represent an average of
three independent determinations. Cell fractionations were conducted as
described in Materials and Methods with freshly harvested cells fromh loga-
rithmically growing cultures. Yeast cells were cultivated on YP medium
containing the indicated carbon source(s) added to 2%.
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FIG. 4. Mitochondrial levels of isocitrate and malate dehydroge-
nases in yeast cells grown on different carbon sources. Mitochon-
drial (lanes 1 to 3) and postmitochondrial supernatant fractions
(lanes 4 to 6) from yeast cells grown on glucose (lanes 1 and 4), on

glycerol plus lactate (lanes 2 and 5), or on acetate (lanes 3 and 6)
were electrophoresed on two 10% SDS-polyacrylamide gels and
electrotransferred to PVDF filters. The filters were incubated with
anti-isocitrate dehydrogenase (IDH) IgG (A) or anti-malate dehy-
drogenase (MDH) IgG (B). Bound IgG was detected by autoradiog-
raphy following incubation with 125I-labeled protein A. Samples (50
,ug) of each cellular fraction and 1-,ug samples of the purified
enzymes (lanes 7) were loaded on the gels.

conditions, levels of both mitochondrial enzyme activities
were repressed two- to threefold by growth on 2% glucose
relative to levels with growth on nonfermentable carbon
sources. In addition, both were repressed an additional two-
to threefold by growth on 5% glucose compared with 2%
glucose as the carbon source (data not shown). The 7- and
17-fold higher levels in total cellular malate dehydrogenase
activity in cells grown on glycerol-lactate or acetate, respec-
tively, relative to glucose levels are largely due to increased
specific activity of the cytoplasmic malate dehydrogenase
enzyme (postmitochondrial supernatant values [26]). The
relative specific activities of the two mitochondrial tricar-
boxylic acid cycle enzymes correlated closely with levels of
the proteins detected by immunoblot analyses (Fig. 4). Both
enzymes were localized exclusively in mitochondria, as
shown by the comparison of immunochemical levels in
mitochondrial (lanes 1 to 3) versus postmitochondrial super-
natant fractions (lanes 4 to 6). Thus, under these conditions,
the tricarboxylic acid cycle enzymes exhibit closely coordi-
nate expression.

Identification of NAD(H)-specific isocitrate dehydrogenase
mutants. An inability to grow in medium with acetate as a
carbon source is a phenotype observed for yeast mutants
with defects in some tricarboxylic acid cycle enzymes,
including citrate synthase (16) and malate dehydrogenase
(26), and for some mutants with defects in glyoxylate or
peroxisomal pathways (M. T. McCammon, personal com-
munication). Representative strains from a collection of
acetate-negative yeast mutants in 13 complementation

FIG. 5. Immunoblot analysis of protein extracts from yeast
isocitrate dehydrogenase (IDH) mutants. Yeast strains MMYO11
(lanes 2 and 5) and acetate-negative derivative strains designated
A10-4, from complementation group A (lanes 3 and 6), and A14-3,
from complementation group L (lanes 4 and 7), were grown on YP
medium containing 2% glycerol, and cells were harvested during
logarithmic growth (A6. of 1.0). Samples (100 ,ug) of total cellular
protein extracts (lanes 2 to 4) and 50-,ug samples of mitochondrial
protein extracts (lanes 5 to 7) were prepared as described in
Materials and Methods. The samples were electrophoresed on 10%
polyacrylamide-SDS gels and transferred to PVDF membranes for
Western blot analysis with anti-isocitrate dehydrogenase IgG and
125I-labeled protein A. Lane 1 contained 1 ,ug of purified yeast
NAD(H)-specific isocitrate dehydrogenase.

groups isolated by M. T. McCammon and J. M. Goodman
(University of Texas Southwestern Medical Center, Dallas,
Tex.) were examined for mutants with potential defects in
NAD(H)-specific isocitrate dehydrogenase. Enzyme assays
with whole-cell lysates revealed two mutants from indepen-
dent complementation groups (designated A and L) with no
detectable NAD(H)-specific isocitrate dehydrogenase com-
pared with levels ranging from 0.02 to 0.03 U/mg in extracts
from the parental wild-type strain or from mutants represent-
ing other complementation groups in the collection.

Protein extracts from whole-cell samples and from mito-
chondria isolated following cellular fractionation (8) of the
two apparent isocitrate dehydrogenase mutants and of the
parental strain were examined by Western immunoblot
analysis with the IgG specific for yeast NAD(H)-specific
isocitrate dehydrogenase. As shown in Fig. 5, cellular and
mitochondrial extracts from the parental strain (lanes 2 and
5, respectively) contained both the 40,000- and 39,000-
molecular-weight subunits found in the purified yeast en-
zyme (lane 1). Cellular and mitochondrial extracts from the
mutant strain representing complementation group A (lanes
3 and 6) lacked the 40,000-molecular-weight subunit, and
similar extracts from the mutant strain representing comple-
mentation group L (lanes 4 and 7) lacked the 39,000-molec-
ular-weight subunit of NAD(H)-specific isocitrate dehydro-
genase. The mutant alleles were thus respectively designated
idhl-l and idh2-1. The fact that the only immunoreactive
polypeptide retained in the IDHI and IDH2 mutants was the
other NAD(H)-specific isocitrate dehydrogenase subunit
substantiates the biochemical analyses of subunit structure
given above.

Metabolic effects in isocitrate dehydrogenase mutants.
Since the levels of other mitochondrial enzymes have been
reported to be dramatically altered by the absence of a single
tricarboxylic acid cycle enzyme in S. cerevisiae (18), we
assayed a number of enzymes in mitochondrial extracts and
in postmitochondrial supernatants obtained from the IDHI
and IDH2 mutants. As shown in Table 3, no NAD(H)-
specific isocitrate dehydrogenase activity was measurable in
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TABLE 3. Activities of enzymes in yeast isocitrate dehydrogenase mutantsa

Sp act' (mU/mg)
Preparation Strain

NAD-IDH G6PDH NADP-IDH MDH CS ACON FUM aKGDC

Mitochondrial extracts Wild type 27 40 1,129 169 132 121 16
IDHI mutant 0 24 1,212 391 140 106 16
IDH2 mutant 0 36 1,138 407 164 123 14

Postmitochondrial Wild type 54 2 24 1
supernatants IDHI mutant 63 4 26 1

IDH2 mutant 58 4 32 1

a Yeast strains were grown on rich YP medium with 2% glycerol, 2% lactate, and 0.5% glucose as carbon sources. Cell fractionation was performed essentially
as described by Daum et al. (8).

b The enzymes, assayed as described in Materials and Methods, were NAD(H)-specific isocitrate dehydrogenase (NAD-IDH), NADP(H)-specific isocitrate
dehydrogenase (NADP-IDH), malate dehydrogenase (MDH), citrate synthase (CS), aconitase (ACON), fumarase (FUM), a-ketoglutarate dehydrogenase
(aKGDC), and glucose-6-phosphate dehydrogenase (G6PDH). Values are averages of results for assays performed on two independently isolated cell fractions.

mitochondrial extracts from either mutant strain. These
data, along with similar results from assays of whole-cell
extracts, suggest that both subunits are required for activity
to be measurable in soluble extracts. Levels of other en-
zymes measured in these assays, including most of the
tricarboxylic acid cycle enzymes, appeared to be largely
unaffected in extracts from the mutants compared with
levels in extracts from the parental strain. The only repro-
ducible differences obtained in both IDH1 and IDH2 mutants
were twofold increases in the specific activities obtained for
citrate synthase in mitochondrial extracts and for NADP(H)-
specific isocitrate dehydrogenase in postmitochondrial su-
pernatants.
To determine the contribution NAD(H)-specific isocitrate

dehydrogenase function to mitochondrial respiratory capac-
ity, 02 consumption measurements were conducted with
mitochondria isolated from the IDHI and IDH2 mutants and
from the parental strain. Pyruvate plus catalytic amounts of
malate, an oxidative substrate indicative of malate dehydro-
genase function (40), was chosen as the reference substrate
because mitochondrial levels of malate dehydrogenase are
approximately equivalent in these strains (Table 3). The
rates of utilization of this substrate and the relative rates of
utilization of ot-ketoglutarate as an oxidative substrate were
essentially equivalent for mitochondria from the mutant and
wild-type strains (Table 4). In contrast, relative utilization of
isocitrate was dramatically impaired (a 16-fold decrease) in
mitochondria from the IDHI strain and reduced by approx-
imately 3-fold in mitochondria from the IDH2 strain com-
pared with rates measured for mitochondria from the wild-
type strain. The difference between rates measured for the
mutant strains suggests that the 40,000-molecular-weight
subunit of NAD(H)-specific isocitrate dehydrogenase may
have some residual function in the IDH2 strain. There are

TABLE 4. 02 consumption of mitochondria isolated from
yeast isocitrate dehydrogenase mutants

Relative rate of mitochondrial 02 consumptiona
Strain

a-Ketoglutarate Isocitrate Citrate

Wild type 0.91 0.49 1.53
IDHI mutant 1.03 0.03 0.01
IDH2 mutant 0.79 0.17 0.02

a Mitochondria were isolated from yeast strains grown on YP medium with
2% glycerol, 2% lactate, and 0.5% glucose as carbon sources. Measurements
of 02 consumption in the presence of various oxidative substrates were
conducted as described in Materials and Methods with a Clarke-type polaro-
graphic 02 electrode. Values represent the rate of utilization of the indicated
substrate divided by the rate for the control substrate (pyruvate plus malate).

precedents for this result in that certain mutant forms of
yeast mitochondrial malate dehydrogenase and citrate syn-
thase that have no measurable activities in soluble assays
have been found to retain significant function in respiration
in intact mitochondria (17, 41). Importantly, mitochondria
from both the IDHI and IDH2 mutants had no capacity for
utilization of citrate as an oxidative substrate (Table 4). This
result implies that the normal route for utilization of citrate
for respiration requires delivery of reducing equivalents by
NAD(H)-specific isocitrate dehydrogenase to the electron
transport chain. NAD(H)-specific isocitrate dehydrogenase
is therefore critical for this tricarboxylic acid cycle function,
and its role is not compensated for by the activity of
mitochondrial NADP(H)-specific isocitrate dehydrogenase.
The activities measured for the latter enzyme in mitochon-
drial extracts from the wild-type, IDHI, and IDH2 strains
were comparable (Table 3).

DISCUSSION
The presumed role of NAD(H)-specific isocitrate dehydro-

genase in controlling cellular respiratory rates is the basis for
interest in the structure and regulation of this enzyme. A
particular focus is determination of the structure and func-
tion of individual subunits of this complex allosteric enzyme.
In addition to functions in catalysis and allosteric regulation
by adenylate nucleotides, specific interactions with other
mitochondrial proteins, including ot-ketoglutarate dehydro-
genase, have been described (34) and implicated in the
control of tricarboxylic acid and isocitrate-oa-ketoglutarate
shuttle cycle function. Such analyses would be particularly
instructive in S. cerevisiae not only because many of the
definitive kinetic analyses by Atkinson and his colleagues
were conducted with the yeast enzyme (1, 2), but also
because this eucaryote is metabolically flexible and amena-
ble to extensive molecular genetic analyses.
Our initial biochemical characterization of the purified

yeast NAD(H)-specific isocitrate dehydrogenase suggests
that the native enzyme has a quaternary structure of a4P4
(where a is the 39,000-molecular-weight subunit and 3 is the
40,000-molecular-weight subunit). The purified yeast en-
zyme retains the property of positive allosteric regulation of
AMP in the presence of subsaturating concentrations of
isocitrate as originally reported (1) (data not shown). The
molecular weight differences for the subunits were not
observed in previous studies of the yeast enzyme (1, 15),
although similar differences in isoelectric points for the
subunits were reported by Illingworth (15). We observed the
same molecular weights and isoelectric characteristics for
the subunits on immunoblots of either total cellular or
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mitochondrial extracts; therefore, these physical differences
are not artifacts of the purification protocol. Our data further
suggest that the two subunits have unique primary se-
quences and immunochemical properties. The identification
ofIDH1 and IDH2 mutants also supports the conclusion that
yeast NAD(H)-specific isocitrate dehydrogenase is com-
posed of two subunits. This is an important point, since
Ramachandran and Colman (35) have reported a quaternary
structure for the enzyme from pig heart of t4P2-Y2 (with a as
a 39,000- and a and y as 41,000-molecular-weight subunits).
Under all metabolic conditions which require cyclic func-

tion of the tricarboxylic acid cycle in S. cerevisiae the
mitochondrial tricarboxylic acid cycle enzymes isocitrate
dehydrogenase and malate dehydrogenase are maintained at
constant relative levels. Both enzymes are subject to catab-
olite repression to a similar extent as yeast mitochondrial
citrate synthase (16) and numerous other mitochondrial
functions in yeast cells cultivated on glucose as a carbon
source. Under all conditions examined, levels of the 40,000-
and 39,000-molecular-weight subunits are also coordinately
maintained, although repeated use of portions of the anti-
isocitrate dehydrogenase IgG can differentially deplete the
IgG of immunoreactive components for one or the other
subunit band. One question of interest for future studies is
the basis for coordinate expression and localization of the
isocitrate dehydrogenase subunits in mitochondria.

Control of tricarboxylic acid cycle function during growth
of yeast cells on acetate as a carbon source is clearly, and
not unexpectedly, different from control at the level of
isocitrate dehydrogenase as described for Escherichia coli.
Activity of the bacterial enzyme, an NADP(H)-specific
dimeric enzyme (4, 36), is decreased 80% by phosphoryla-
tion during acetate growth, allowing effective competition
for isocitrate by isocitrate lyase, an enzyme with a substan-
tially higher Km for that substrate (20). Not only is the yeast
tricarboxylic acid cycle enzyme apparently not subject to
any significant modification by phosphorylation (unpub-
lished observation), the specific activity of NAD(H)-specific
isocitrate dehydrogenase increases substantially in acetate-
grown cells. It seems more likely that any competition to
direct isocitrate to the cytosolic glyoxylate pathway or to the
tricarboxylic acid cycle would be controlled in S. cerevisiae
by allosteric mechanisms and/or by compartmentation of the
substrate and pathways.
Two lines of evidence presented in this study support the

conclusion that the mitochondrial NAD(H)-specific isozyme
of isocitrate dehydrogenase is essential for tricarboxylic acid
cycle function in eucaryotic cells. First, yeast mutants
lacking either the 40,000- or 39,000-molecular-weight subunit
of that enzyme have the same acetate-negative growth
phenotype observed for mutants lacking mitochondrial
malate dehydrogenase (26) or mitochondrial citrate synthase
(16). Second, mitochondria isolated from IDHI or IDH2
mutant strains exhibit severe impairment in the capacity for
utilization of either isocitrate or citrate to support respira-
tory functions. The inability of mitochondrial NADP(H)-
specific isocitrate dehydrogenase to compensate for these
functions may be due to the absence of transhydrogenase
activity in yeast mitochondria (39).
Both subunits of yeast NAD(H)-specific isocitrate dehy-

drogenase appear to be critical for catalytic activity in
soluble assays. The IDH2 mutant may retain some marginal
enzymatic function in vivo, however, since mitochondrial
respiration with isocitrate as an oxidative substrate is appar-
ently reduced to a lesser extent than in the IDHI mutant.
These mutants provide an opportunity for isolation of the

corresponding genes through complementation and also for
the independent purification of each subunit to examine the
functional and regulatory properties contributed by each
subunit to the holoenzyme.

ACKNOWLEDGMENT

This work was supported by Public Health Service grant GM-
39404 from the National Institutes of Health.

LITERATURE CITED
1. Barnes, L. D., G. D. Kuehn, and D. E. Atkinson. 1971. Yeast

diphosphopyridine nucleotide specific isocitrate dehydroge-
nase. Purification and some properties. Biochemistry 10:3939-
3944.

2. Barnes, L. D., J. J. McGuire, and D. E. Atkinson. 1972. Yeast
diphosphopyridine nucleotide specific isocitrate dehydroge-
nase. Regulation of activity and unidirectional catalysis. Bio-
chemistry 11:4322-4328.

3. Botstein, D., S. C. Falco, S. E. Stewart, M. Brennan, S. Scherer,
D. T. Stinchcomb, K. Struhl, and R. W. Davis. 1979. Sterile host
yeasts (Shy): a eucaryotic system of biological containment for
recombinant DNA expression. Gene 8:12-24.

4. Burke, W. F., R. A. Johanson, and H. C. Reeves. 1974. NADP'-
specific isocitrate dehydrogenase of Escherichia coli. II. Sub-
unit structure. Biochim. Biophys. Acta 351:333-340.

5. Burnette, W. N. 1981. "Western blotting": electrophoretic
transfer of proteins from sodium dodecyl sulfate-polyacryla-
mide gels to unmodified nitrocellulose and radiographic detec-
tion with antibody and radioiodinated protein A. Anal. Bio-
chem. 112:195-203.

6. Chapman, C., and W. Bartley. 1968. The kinetics of enzyme
changes in yeast under conditions that cause the loss of mito-
chondria. Biochem. J. 107:455-465.

7. Clifton, D., S. B. Weinstock, and D. G. Fraenkel. 1978. Glyco-
lysis mutants in Saccharomyces cerevisiae. Genetics 88:1-11.

8. Daum, G., C. Bohni, and G. Schatz. 1982. Import of proteins
into mitochondria. Cytochrome b2 and cytochrome c peroxidase
are located in the intermembrane space of yeast mitochondria.
J. Biol. Chem. 257:13028-13033.

9. Douglas, M., D. Finkelstein, and R. A. Butow. 1979. Analysis of
products of mitochondrial protein synthesis in yeast: genetic
and biochemical aspects. Methods Enzymol. 56:58-66.

10. Duntze, W., D. Neumann, J. M. Gancedo, W. Atzpodien, and H.
Holzer. 1969. Studies on the regulation and localization of the
glyoxylate cycle enzymes in Saccharomyces cerevisiae. Eur. J.
Biochem. 10:83-89.

11. Finkelstein, D. B., and L. McAlister. 1981. ox-factor-mediated
modification of a 32P-labeled protein by MATa cells of Saccha-
romyces cerevisiae. J. Biol. Chem. 256:2561-2566.

12. Garnak, M., and H. C. Reeves. 1979. Phosphorylation of isoci-
trate dehydrogenase of Escherichia coli. Science 203:1111-
1112.

13. Glenney, J. 1986. Antibody probing of Western blots which have
been stained with India ink. Anal. Biochem. 156:315-319.

14. Hathaway, J. A., and D. E. Atkinson. 1963. The effect of
adenylic acid on yeast nicotinamide adenine dinucleotide iso-
citrate dehydrogenase, a possible metabolic control mechanism.
J. Biol. Chem. 238:2875-2881.

15. Illingworth, J. A. 1972. Purification of yeast isocitrate dehydro-
genase. Biochem. J. 129:1119-1124.

16. Kim, K., M. S. Rosenkrantz, and L. Guarente. 1986. Saccharo-
myces cerevisiae contains two functional citrate synthase genes.
Mol. Cell. Biol. 6:1936-1942.

17. Kispal, G., C. T. Evans, C. Malloy, and P. A. Srere. 1989.
Metabolic studies on citrate synthase mutants of yeast. A
change in phenotype following transformation with an inactive
enzyme. J. Biol. Chem. 264:11204-11210.

18. Kispal, G., M. Rosenkrantz, L. Guarente, and P. A. Srere. 1988.
Metabolic changes in Saccharomyces cerevisiae strains lacking
citrate synthases. J. Biol. Chem. 263:11145-11149.

19. Kornberg, H. L. 1966. The role and control of the glyoxylate
cycle in Escherichia coli. Biochem. J. 99:1-11.

J. BACTERIOL.



YEAST ISOCITRATE DEHYDROGENASE 4287

20. Koshland, D. E., Jr., K. Walsh, and D. C. LaPorte. 1985.
Sensitivity of metabolic fluxes to covalent control. Curr. Top.
Cell. Regul. 27:13-22.

21. Kuehn, G. D., L. D. Barnes, and D. E. Atkinson. 1971. Yeast
diphosphopyridine nucleotide specific isocitrate dehydroge-
nase. Binding of ligands. Biochemistry 10:3945-3951.

22. LaPorte, D. C., and T. Chung. 1985. A single gene codes for the
kinase and phosphatase which regulate isocitrate dehydroge-
nase. J. Biol. Chem. 260:15291-15297.

23. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

24. Machado, A., I. Nunez de Castro, and F. Mayor. 1975. Isocitrate
dehydrogenases and oxoglutarate dehydrogenase activities of
baker's yeast grown in a variety of hypoxic conditions. Mol.
Cell. Biochem. 6:93-100.

25. McAlister, L., and M. J. Holland. 1985. Differential expression
of the three yeast glyceraldehyde-3-phosphate dehydrogenase
genes. J. Biol. Chem. 260:15019-15027.

26. McAlister-Henn, L., and L. M. Thompson. 1987. Isolation and
expression of the gene encoding yeast mitochondrial malate
dehydrogenase. J. Bacteriol. 169:5157-5166.

27. O'Farrell, P. H. 1975. High-resolution two-dimensional electro-
phoresis of proteins. J. Biol. Chem. 250:4007-4021.

28. Ohnishi, T., K. Kawaguchi, and B. Hagihara. 1966. Preparation
and some properties of yeast mitochondria. J. Biol. Chem.
241:1797-1806.

29. Palacios, R., R. D. Palmiter, and R. T. Schimke. 1972. Identifi-
cation and isolation of ovalbumin-synthesizing polysomes. I.
Specific binding of 1251I-anti-ovalbumin to polysomes. J. Biol.
Chem. 247:2316-2321.

30. Perlman, P. S., and H. R. Mahler. 1974. Derepression of
mitochondria and their enzymes in yeast: regulatory aspects.
Arch. Biochem. Biophys. 162:248-271.

31. Plaut, G. W. E. 1970. DPN-linked isocitrate dehydrogenases of
animal tissues. Curr. Top. Cell. Regul. 2:1-27.

32. Plaut, G. W. E., and J. L. Gabriel. 1983. Role of isocitrate
dehydrogenases in animal tissue metabolism, p. 285-301. In
D. L. F. Lennon, F. W. Stratman, and R. N. Zahlten (ed.),
Biochemistry of metabolic processes. Elsevier Science Publish-

ing Co., Inc., New York.
33. Polakis, E. S., and W. Bartley. 1965. Changes in the enzyme

activities of Saccharomyces cerevisiae during aerobic growth
on different carbon sources. Biochem. J. 97:284-297.

34. Porpaczy, Z., B. Sumegi, and I. Alkonyi. 1987. Interactions
between NAD-dependent isocitrate dehydrogenase, alpha-keto-
glutarate dehydrogenase complex, and NADH:ubiquinone oxi-
doreductase. J. Biol. Chem. 262:9509-9514.

35. Ramachandran, N., and R. F. Colman. 1980. Chemical charac-
terization of distinct subunits of pig heart DPN-specific dehy-
drogenase. J. Biol. Chem. 255:8859-8864.

36. Reeves, H. C., G. 0. Daumy, C. C. Lin, and M. Houston. 1972.
NADP+-specific isocitrate dehydrogenase of Escherichia coli. I.
Purification and characterization. Biochim. Biophys. Acta 258:
27-39.

37. Robinson, J. B., L. G. Brent, B. Sumegi, and P. A. Srere. 1987.
An enzymatic approach to the study of the Krebs tricarboxylic
acid cycle, p. 153-170. In V. M. Darley-Usmar, D. Rickwood,
and M. T. Wilson (ed.), Mitochondria: a practical approach.
IRL Press, Washington, D.C.

38. Rubin, G. M. 1973. The nucleotide sequence of Saccharomyces
cerevisiae 5.8S ribosomal ribonucleic acid. J. Biol. Chem.
248:3860-3875.

39. Rydstrom, J., J. B. Hock, and L. Ernster. 1976. Nicotinamide
nucleotide transhydrogenases, p. 51-88. In P. D. Boyer (ed.),
The enzymes, vol. 13. Academic Press, Inc., New York.

40. Smith, D. E., and P. A. Fisher. 1984. Identification, develop-
mental regulation, and response to heat shock of two antigeni-
cally related forms of a major nuclear envelope protein in
Drosophila embryos: application of an improved method for
affinity purification of antibodies using polypeptides immobi-
lized on nitrocellulose blots. J. Cell. Biol. 99:20-28.

41. Steffan, J. S., K. Minard, and L. McAlister-Henn. 1990. Char-
acterization of mutant forms of yeast mitochondrial malate
dehydrogenase, p. 375-387. In P. Srere, M. E. Jones, and C.
Mathews (ed.), Structural and organizational aspects of meta-
bolic regulation. Alan R. Liss, Inc., New York.

42. Suissa, M., K. Suda, and G. Schatz. 1984. Isolation of the
nuclear yeast genes for citrate synthase and fifteen other mito-
chondrial proteins by a new screening method. EMBO J.
3:1773-1781.

VOL. 172, 1990


