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To understand the many roles of the Krebs tricarboxylic acid (TCA) cycle in cell function, we used
DNA microarrays to examine gene expression in response to TCA cycle dysfunction. mRNA was
analyzed from yeast strains harboring defects in each of 15 genes that encode subunits of the eight
TCA cycle enzymes. The expression of �400 genes changed at least threefold in response to TCA
cycle dysfunction. Many genes displayed a common response to TCA cycle dysfunction indicative
of a shift away from oxidative metabolism. Another set of genes displayed a pairwise, alternating
pattern of expression in response to contiguous TCA cycle enzyme defects: expression was
elevated in aconitase and isocitrate dehydrogenase mutants, diminished in �-ketoglutarate dehy-
drogenase and succinyl-CoA ligase mutants, elevated again in succinate dehydrogenase and
fumarase mutants, and diminished again in malate dehydrogenase and citrate synthase mutants.
This pattern correlated with previously defined TCA cycle growth–enhancing mutations and
suggested a novel metabolic signaling pathway monitoring TCA cycle function. Expression of
hypoxic/anaerobic genes was elevated in �-ketoglutarate dehydrogenase mutants, whereas ex-
pression of oxidative genes was diminished, consistent with a heme signaling defect caused by
inadequate levels of the heme precursor, succinyl-CoA. These studies have revealed extensive
responses to changes in TCA cycle function and have uncovered new and unexpected metabolic
networks that are wired into the TCA cycle.

INTRODUCTION

The Krebs tricarboxylic acid (TCA1) cycle is a central path-
way of metabolism. Its main catalytic function is to provide
reducing equivalents to the respiratory complexes through
the oxidative decarboxylation of acetyl-CoA (see Figure 1).
However, the TCA cycle also functions in a biosynthetic

capacity, primarily in the synthesis of amino acids, heme,
and glucose. Glutamate and aspartate are synthesized from
�-ketoglutarate and oxaloacetate, respectively, via transam-
ination. Succinyl-CoA and glycine are condensed in the
committed step of heme synthesis. Assimilation of two-
carbon molecules, such as ethanol and acetate, through the
glyoxylate cycle for the synthesis of carbohydrates depends
on part of the TCA cycle. Indeed, every TCA cycle interme-
diate, with the exception of aconitate, is commonly used by
other metabolic reactions in a wide variety of cell types.
Anaplerotic enzymes, such as pyruvate carboxylase, replen-
ish TCA cycle intermediates that are utilized elsewhere.
These metabolic networks extend throughout the cell from
this central pathway.

The eight enzymes of the classic TCA cycle are encoded by
15 nuclear genes in Saccharomyces cerevisiae (McAlister-Henn
and Small, 1997; Przybyla-Zawislak et al., 1999). Four of the
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enzymes: citrate synthase, aconitase, fumarase, and malate
dehydrogenase, are encoded by single genes: CIT1, ACO1,
FUM1, and MDH1, respectively. The other four enzymes are
composed of subunits encoded by distinct genes: IDH1 and
IDH2 for the NAD�-dependent isocitrate dehydrogenase,
KGD1, KGD2, and LPD1 for the �-ketoglutarate (2-oxoglu-
tarate) dehydrogenase complex, LSC1 and LSC2 for succi-
nyl-CoA ligase (synthetase), and SDH1–4 for succinate de-
hydrogenase. Other genes encode isozymes of the TCA cycle
enzymes that function in other pathways that are often
localized to other cellular compartments, such as the cytosol
or peroxisomes (McAlister-Henn and Small, 1997).

TCA cycle flux appears to be constricted at two steps on
the basis of the limited availability of the substrates oxaloa-
cetate and �-ketoglutarate. This has led to a model dividing
the TCA cycle into two minicycles that are interconnected by
these substrates and their transamination products, gluta-
mate and aspartate (Yudkoff et al., 1994; Rustin et al., 1997).
This model is consistent with the unique regulation of the
first three enzymes of the TCA cycle in yeast. In cells with
reduced or compromised mitochondrial function, the RTG
genes regulate expression of genes encoding the first three
steps of the TCA cycle to maintain cellular glutamate levels
(Liu and Butow, 1999). The RTG system appears to integrate
necessary components of the TCA cycle with nitrogen me-
tabolism in yeast (Hardwick et al., 1999; Komeili et al., 2000;
Epstein et al., 2001a). The genes encoding TCA cycle proteins
are regulated by several other factors. Starvation for any one
of several amino acids induces multiple genes for enzymes
involved in the biosynthesis of amino acids. This has been
called the general amino acid response and is regulated by
the transcription factor Gcn4p (Hinnebusch and Natarajan,
2002). TCA cycle genes, such as LPD1, ACO1, and IDH1–2,
that are involved in the synthesis of amino acids are induced
by Gcn4p in response to amino acid starvation (Natarajan et
al., 2002). The CAATT-binding Hap2/3/4/5p transcription
complex controls expression in response to glucose avail-
ability (Forsburg and Guarente, 1989; De Winde and Grivell,
1993). Depletion of glucose results in a 3-fold to 10-fold
increase in TCA cycle mRNAs (DeRisi et al., 1997). This
appears to be the major mechanism for the increased expres-
sion of TCA cycle enzymes that is necessary for oxidative
metabolism. Other factors and binding sites have been de-
scribed for some TCA cycle genes, but a complete picture of
TCA cycle gene regulation is lacking.

Adding to the complexity of understanding TCA cycle
function is the growing appreciation that many TCA cycle
proteins may play additional cellular roles beyond their
catalytic roles within this pathway (Jeffery, 1999). Several
TCA cycle proteins have recently been identified in nucle-
oids with mitochondrial DNA (mtDNA) and have been
reported to play an active role in stabilizing mtDNA (Kauf-
man et al., 2000). The iron response binding protein (IRP-1)
is a cytosolic form of aconitase that regulates iron metabo-
lism in mammals (Hentze, 1994). The IRP-1 binds to mRNAs
of iron metabolic proteins, such as ferritin subunits and the
transferrin receptor, and regulates expression in response to
available cellular iron levels (Paraskeva and Hentze, 1996).
Yeast isocitrate dehydrogenase binds to mitochondrially en-
coded mRNAs and appears to regulate their translation
(Elzinga et al., 1993). RNA binding also affects isocitrate
dehydrogenase catalytic activity, suggesting a mechanism

for coordinating expression of mitochondrial respiratory
complexes and TCA cycle oxidative metabolism (Anderson
et al., 2000).

TCA cycle genetic defects in humans are extremely rare,
and the most severe are probably embryonic lethal events
(Rustin et al., 1997). Recent studies have revealed that fuma-
rase and succinate dehydrogenase genes act as tumor sup-
pressors in humans. Fumarase defects were associated with
dominantly inherited uterine fibroids, skin leiomyomata,
and renal cell cancer (Tomlinson et al., 2002), whereas two
types of brain tumors were found to be caused by mutations
in three of the genes encoding subunits of succinate dehy-
drogenase (Baysal et al., 2000; Niemann and Muller, 2000;
Astuti et al., 2001). In yeast, none of the TCA cycle genes are
essential, but all display growth defects on nonfermentable
carbon sources (McAlister-Henn and Small, 1997; Przybyla-
Zawislak et al., 1999). Interestingly, these growth pheno-
types vary with the enzyme defect. Although cells lacking
aconitase, �-ketoglutarate dehydrogenase, succinate dehy-
drogenase, or fumarase are essentially unable to grow on
any nonfermentable carbon source, strains lacking the other
TCA cycle enzymes are able to grow to varying degrees on
ethanol, glycerol, lactate, or acetate (Przybyla-Zawislak et al.,
1999). This indicates that not all TCA cycle mutations are the
same and implies that there are differential responses to
distinct blocks within the pathway. One specific and unique
response to TCA cycle dysfunction occurs on the loss of
isocitrate dehydrogenase. Yeast strains lacking isocitrate de-
hydrogenase grow poorly on glycerol, and they accumulate
extragenic nuclear suppressor mutations that enhance
growth on this nonfermentable carbon source (McCammon,
1996; Gadde and McCammon, 1997; Przybyla-Zawislak et
al., 1999). It is not clear whether isocitrate dehydrogenase
defects induce genetic instability or whether the secondary
mutations occur randomly and overtake the parental strain
by clonal expansion. Both types of mutation accumulation
occur in cancer cell lines (Lengauer et al., 1998).

To define metabolic and regulatory networks responsive
to TCA cycle function, we used transcriptional profiling on
a collection of yeast mutants defective in each of the 15 genes
that encode TCA cycle proteins. We have observed both
global responses to any of these TCA cycle defects and
specific responses to single enzyme defects. We have uncov-
ered a new and unique pattern of gene expression that
alternates between elevated and diminished levels in re-
sponse to contiguous pairs of TCA cycle enzyme defects.
These studies provide a metabolic framework to understand
the cellular signaling responsive to TCA cycle function.

MATERIALS AND METHODS

Yeast Strains and Growth Conditions
Saccharomyces cerevisiae strains were routinely maintained on 1%
yeast extract, 2% peptone, and 2% glucose (YPD) with 2% agar. For
gene disruptions, Ura� prototrophs were selected on 0.67% yeast
nitrogen base, 2% glucose, and 20 mg/l each histidine and adenine,
50 mg/l leucine, and 20 mg/l tryptophan (HALT). Media for
growth on nonfermentable carbon sources (ethanol, lactate, pyru-
vate, glycerol, and acetate) have been described previously (Przy-
byla-Zawislak et al., 1999). All yeast strains were derived from
MMYO11 (MAT� ade2–1 can1-100 his3-11,15 leu2-3112 trp1-1, Ole�),
a derivative of W303-1B (McCammon et al., 1990). TCA cycle gene
mutations were constructed by disruption of the gene of interest by
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insertion of the URA3 gene. Disruption of ACO1, KGD1, LPD1,
LSC2, SDH2, and MDH1 were previously constructed (Przybyla-
Zawislak et al., 1999). CIT1, IDH1, IDH2, KGD2, LSC1, SDH1, SDH3,
SDH4, and FUM1 were disrupted by PCR amplification of URA3
using hybrid primers containing �40–45 nucleotides homologous
to the TCA cycle gene on the 5� ends and 22 nucleotides with
homology to the URA3 gene at the 3� end. A 1.2-kb HindIII fragment
containing URA3 was used as a template. The gel-purified DNA
was transformed into MMYO11 (Gietz et al., 1992). A wild-type
reference strain was constructed by converting the ura3-1 locus of
MMYO11 to URA3 by “knock-in” transformation with the func-
tional URA3 gene that was purified from plasmid DNA. Ura�

transformants were screened for disruption of the locus of interest
in several ways. Chromosomal DNA was prepared from the trans-
formants (Hoffman and Winston, 1987), and positive mutations
were detected by PCR amplification and by Southern blotting. These
mutants displayed growth phenotypes on nonfermentable carbon
sources that were identical to those previously reported, and they
would not complement previously defined TCA cycle mutants
(Przybyla-Zawislak et al., 1999). Finally, microarray analysis con-
firmed almost complete loss of mRNA from the deleted gene.

Strains from the Saccharomyces genome deletion project (Win-
zeler et al., 1999) harboring disruptions of USV1 (YPL230W) and
YGR067C were obtained from the American Type Culture Collec-
tion (Manassas, VA). The usv1::KAN and ygr067c::KAN disruption
cassettes were PCR-amplified from chromosomal DNA and trans-
formed into MMYO11 and a strain disrupted for IDH2. Positive
disruptants were confirmed by PCR using flanking oligonucleo-
tides. The mutant genes displayed normal growth phenotypes on
nonfermentable carbon sources, except for the growth enhancement
on YPG plates by �ygr067c in the �idh2 strain.

Petite mutations were routinely analyzed as the ratio of smaller
white (petite) to larger red (grande) colonies after growth on YPD
plates. The red pigment was produced as a result of the ade2
mutation in these strains. For aco1 mutants, the red color of the
grande colonies did not develop, and so the petite frequency was
calculated from the frequency of small smooth colonies (petites) to
larger rough colonies that harbored petite sectors. Petite frequencies
were also confirmed by use of tetrazolium red (Ogur and John,
1956). However, color development in the overlay was also not
observed for the aco1 strain.

Microarray Analysis
From YPD plus HALT precultures (OD600 �5), strains were diluted
500- to 1000-fold into 200 ml of YPGal (1% yeast extract, 2% peptone,
2% galactose plus HALT). Cultures were grown for 5 or 6 genera-
tions and harvested at approximately OD600 � 0.8. Aliquots were
plated onto YPD to assay the petite frequency of each culture as
described above. Cells were collected and mRNA samples prepared
as previously described (Epstein et al., 2001a). RNA from three
independent cultures of the wild-type strain was pooled and used
as the reference against which mRNAs from the mutants were
compared. Cy3- and Cy5-labeled cDNAs were prepared and hy-
bridized to a microarray containing 6219 yeast genes. Replica ex-
periments were performed using independent liquid mutant cul-
tures and with the opposite configuration of Cy3 and Cy5. Methods
for background subtraction, low value rejection, and normalization
were described previously (Epstein et al., 2001a,b). Array data for
each TCA cycle mutation represent the average of two independent
microarray hybridizations with reversal of Cy labels as described
above. The numerical data may be found at http://www.molbiolcell.
org. The averaged and normalized log10 expression ratios were
analyzed by cluster analysis (Eisen et al., 1998) and included all
genes showing a threefold change in at least one TCA cycle mutant.
For the initial dataset (see Figure 3), arrays were clustered using
uncentered correlation as the similarity metric for average linkage
clustering. Arrays were weighted to account for the number of
genes coding for a particular TCA cycle enzyme (e.g., Eweight � 1.0

for CIT1, 0.5 for IDH1 and IDH2, and 0.25 for SDH1–4), whereas
responsive genes were unweighted. Genes were arranged manually
for other figures. The TreeView program (Eisen et al., 1998) was
used to display all data.

Aneuploidy
The microarray datasets were investigated to test for chromosomal
aneuploidy in the TCA cycle mutant strains (Hughes et al., 2000).
Gene expression ratios from individual microarray experiments
were sorted by chromosome, and the average expression for each
chromosome was calculated to test for chromosome-wide expres-
sion bias indicative of chromosomal aneuploidy. For most of the
chromosomes, the average from the log10 expression ratios of wild-
type to mutant was between �0.1 and �0.1. Average expression
ratios greater than �0.1 or less than �0.01 were observed in a
handful of chromosomes. However, when the expression ratios of
individual genes from these chromosomes were compared with a
“nonextreme” strain, no systematic expression bias indicative of
localized or whole-chromosome aneuploidy was observed. It is
concluded that none of the strains used for these studies contain an
aberrant chromosome number or segment.

Protein Methods
Whole-cell lysates were prepared as described previously (Gadde
and McCammon, 1997) from cultures grown on YPGal, and protein
was quantified using a Bio-Rad Protein assay reagent with bovine
gamma globulin as a standard. Proteins were separated on a 12%
polyacrylamide gel and electrophoretically transferred to polyviny-
lidine difluoride membranes, and the Idp1p, Idp2p, and Idh1p
proteins were immunodetected by chemiluminescence (Amersham
Pharmacia). The rabbit antiserum that recognizes both Idp1p and
Idp2p has been described previously (Haselbeck and McAlister-
Henn, 1991). The Idh1p-specific antiserum was prepared against
urea-solubilized pentahistidine-tagged Idh1p (Zhao and McAlister-
Henn, 1997; Gadde et al., 1998). Idh1p was further purified by
PAGE, electroeluted from the gel, and injected into rabbits for
antibody production.

RESULTS

Construction of TCA Cycle Mutant Collection and
Microarray Analysis
Transcriptional profiling was performed on yeast strains
harboring mutations in each of the 15 genes encoding
polypeptides comprising the eight TCA cycle enzymes (Fig-
ure 1). Galactose was chosen as a carbon source for growth
of these strains, for several reasons. First, all of the TCA
cycle mutant strains displayed growth defects on nonfer-
mentable carbon sources (Przybyla-Zawislak et al., 1999), so
a fermentable carbon source had to be used. Growth on the
galactose medium was reproducible for each mutant strain
and was consistent for strains harboring defects in the same
enzyme (e.g., SDH1–4 strains; Figure 2A). Second, galactose
was preferred over glucose, because carbon catabolite re-
pression is partially relieved by galactose. Raffinose was
tested as an alternative to galactose and had the benefit of
less carbon catabolite repression. However, the mutant
strain deleted for the ACO1 gene encoding aconitase was
unable to grow with raffinose as a carbon source. In addi-
tion, the frequency of spontaneous petite mutations was
significantly elevated in many TCA cycle mutant strains
during growth on raffinose (�70% of all colonies for some
mutations). In contrast, the frequency of petite mutations
was only slightly elevated (by �5%) when strains were
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cultured on galactose compared with glucose. For most of
the TCA cycle mutant strains, the frequency of petite muta-
tions was �10% (Figure 2B). The most obvious exception
was the �aco1 strain, for which 40–60% of the plated colo-
nies were petite. As reported recently, mutations of the
mitochondrial genome can have a significant effect on the
expression of nuclear genes (Epstein et al., 2001a; Traven et
al., 2001). Therefore, the expression profile of the aconitase-
deficient strain probably represents a primary effect result-
ing from the loss of aconitase activity and a secondary effect
resulting from the loss of mtDNA expression. For the other
TCA cycle mutations, with the possible exception of IDH1,
the expression profile should reflect only the primary effect
of the nuclear mutation and not the complication caused by
a significant subpopulation of cells harboring both a nuclear
mutation and a mtDNA defect.

Expression changes in response to TCA cycle defects of
threefold or greater were observed for 406 genes. On aver-
age, �50 genes were responsive per TCA cycle mutation.
However, the number of responsive genes was quite vari-
able. Although �170 and 120 genes responded to ACO1 and
KGD1 defects, respectively, only 15–20 genes were respon-
sive to FUM1, SDH1, SDH3, or SDH4 defects (Figure 3A).
This wide variation in the responses to blocks in discrete
steps of the TCA cycle suggests that genes are not simply
responding in a general way to the loss of TCA cycle func-
tion (but see below). Approximately 25% of these responsive
genes are of unknown function. We allowed clustering soft-
ware to group the expression profiles by their similarities
and independent of the TCA cycle enzyme affected. For the
multimeric enzymes encoded by multiple genes, the expres-
sion profiles were grouped together in the same clusters,
indicating that these defects tended to elicit similar re-
sponses (Figure 3B). The two main branches of array data

are derived from four TCA cycle enzyme defects each. As
shown below, this grouping of TCA cycle enzyme arrays is
probably brought about by the expression pattern of a small
group of genes. In one branch, the SDH1–4 arrays were
closely grouped and displayed similarity to the FUM1 and
ACO1 arrays. The IDH1–2 arrays were outgroups of this
cluster. In the other branch, two main subgroups were rep-
resented by the KGD1–2 arrays and a larger group com-
posed of LSC2, CIT1, MDH1, LSC1, and LPD1. LPD1 encodes
the lipoamide dehydrogenase subunit of �-ketoglutarate de-
hydrogenase complex, which is also a subunit of pyruvate
dehydrogenase, glycine decarboxylase, and the branched-
chain amino acid dehydrogenase (Sinclair and Dawes, 1995;
Pronk et al., 1996). Accordingly, genes involved in amino
acid metabolism appeared to be specifically responsive to
defects in LPD1. BAT1, which encodes a branched-chain
amino acid transferase, was diminished 3.4-fold, and the
LEU1 and LEU2 genes of leucine biosynthesis were dimin-
ished 7-fold. YLR089C, which encodes a potential alanine
aminotransferase, was induced 3.8-fold. These differences
may explain in part the outgrouping of LPD1 from the
KGD1–2 arrays.

Figure 1. The yeast TCA cycle. The eight enzymes of the TCA
cycle are encoded by at least 15 nuclear genes in S. cerevisiae.
Although CIT3 may encode an enzyme with citrate synthase activ-
ity, it may actually be a methylcitrate synthase and is not formally
included as a TCA cycle gene. The TCA cycle contributes to glu-
coneogenesis in conjunction with the glyoxylate cycle, which is not
active in higher animals.

Figure 2. Growth characteristics of TCA cycle mutants. (A) Dou-
bling time of TCA cycle mutants in minutes in a rich medium with
galactose as a carbon source. Values represent the average of at least
two independent cultures. WT, wild-type strain. (B) Petite frequen-
cies of TCA cycle mutants. Cultures were grown as described above
and plated onto YPD plates at the time of harvest. After 3–4 d at
30°C, the percentage of small white colonies (i.e., petites) were
counted. Values represent the average of at least two independent
cultures for each mutation.
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TCA Cycle Gene Expression in TCA Cycle Mutants
Of the 15 TCA cycle genes, the expression of only 6 was
altered in response to other TCA cycle mutations (Figure 4).
CIT1 expression was diminished by mutations in KGD1,
KGD2, and LSC2. ACO1 expression was elevated by muta-
tions in IDH1–2 and was diminished by mutations in KGD1
and MDH1. LSC2 expression was diminished by a mutation
in a KGD1. FUM1 expression was elevated by mutations in
IDH1–2 and ACO1. Finally, expression of the IDH1 and
IDH2 genes was elevated by mutations in ACO1 and by
mutations in their partner IDH gene. It was somewhat sur-
prising that for three of the hetero-oligomeric TCA cycle
enzymes, expression of their encoding genes was largely
unresponsive to the loss of constituent subunits. On one
hand, expression of genes encoding subunits of the �-keto-
glutarate dehydrogenase complex, succinyl-CoA ligase and
succinate dehydrogenase, did not significantly change on
the loss of an essential subunit. This was consistent with the
observation that expression of these genes was generally
unresponsive to other defects within the TCA cycle as well.
On the other hand, the two genes encoding the NAD�-
dependent isocitrate dehydrogenase were highly responsive
to the loss of IDH function. Expression of IDH1 increased
6-fold and IDH2 increased 10-fold on the loss of each partner
IDH gene. Isocitrate dehydrogenase and aconitase are nec-

essary for the synthesis of �-ketoglutarate, which is used for
the synthesis of glutamate. Glutamate can repress the syn-
thesis of these genes through the RTG system (Liu and
Butow, 1999; Epstein et al., 2001a; Liu et al., 2001), and this
may be a mechanism through which the expression of these
genes was affected. However, the response may be more
complex, because a similar expression increase is not ob-
served for CIT1, which is also involved in the synthesis of
�-ketoglutarate and is similarly regulated by the RTG sys-
tem (Liu and Butow, 1999).

Genes Affected by Multiple TCA Cycle Defects
The expression of �100 genes was affected by multiple
defects within the TCA cycle. We used the diauxic shift data
of DeRisi et al. (1997) to identify genes whose expression
changed after glucose was exhausted and metabolism was

Figure 3. Genes responsive to TCA cycle dysfunction. Microarray
analysis was performed in duplicate for each of the TCA cycle
mutations, and the data were normalized and averaged as described
in the MATERIALS AND METHODS section. Expression of 406
genes was altered threefold or greater by at least one TCA cycle
mutation. (A) Summation of genes responding to TCA cycle gene
dysfunction. The numbers of genes responding to each TCA cycle
mutation are shown. Genes with elevated expression are shown by
gray bars; genes with diminished expression are shown by black
bars. Total responsive genes represent the sum of gray and black
bars. (B) Clustering of TCA cycle mutant arrays. Array datasets for
each TCA cycle mutation are clustered (Eisen et al., 1998). Similar-
ities among arrays are indicated by the dendogram.

Figure 4. Expression of TCA cycle genes in TCA cycle mutant
arrays. The expression of TCA cycle genes in each of the 15 sets of
TCA mutant array sets are displayed relative to a wild-type strain
with a complete TCA cycle. Results are visualized by TreeView
program (Eisen et al., 1998). Missing or deleted data are displayed in
white. The expression of individual TCA cycle genes in its own
array (e.g., ACO1 gene expression in the ACO1 mutant array) was
deleted and displayed in white in this and all subsequent array
figures. Genes with an elevated expression are displayed in blue,
and genes with decreased expression are displayed in red. Expres-
sion differences are indicated by the color intensity scale for this and
subsequent figures.
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completely oxidative (i.e., the last two time points). Three
major expression patterns could be discerned. For 46 genes,
mRNA levels decreased with essentially any TCA cycle
mutation (Figure 5A). Responsive genes encoded enzymes
of glycogen and trehalose metabolism (e.g., GSY1, TSL1),
hexose metabolism (e.g., HXT6), glycolysis (e.g., PGM2),
amino acid metabolism (e.g., GAD1), heat shock (e.g.,
HSP104), and cell signaling pathways (e.g., MDG1). Most of
these genes were highly induced after the diauxic shift when
nonfermentable carbon sources, such as ethanol, were being
used. Genes in this group are not properly induced in cells
with a dysfunctional TCA cycle, suggesting that oxidative
metabolism may be slowed. This fairly uniform change in
expression is probably not brought about by a change in the
growth rate of the mutant strains, because, as noted above,
growth rates were quite variable with different mutations,
and strains with some defects (e.g., in MDH1, or LSC1) had

little if any discernable difference in growth compared with
the wild-type strain (Figure 2A).

For a second group of 29 genes, mRNA levels were
elevated in response to TCA cycle gene mutations (Figure
5B). Affected genes encode enzymes of phosphate (e.g.,
PHO3), lipid (e.g., INO1, OPI3), nucleotide (e.g., AAH1),
and iron metabolism (e.g., FIT1–3). However, unlike the
previous set of genes, these genes did not display the
same expression pattern during the diauxic shift. Some
genes, such as OPI3, were also induced in the postdiauxic
shift dataset. However, for a larger group, including
AAH1 and the phosphate genes PHO3 and PHO12, ex-
pression was decreased in the postdiauxic shift dataset.
This suggests that these genes may not be involved in
oxidative metabolism, because they are induced with a
dysfunctional TCA cycle but are not normally highly ex-
pressed during oxidative metabolism. Alternatively, they

Figure 5. Genes responsive to multiple TCA cycle defects. Common expression patterns in TCA cycle mutant strains grouped by pattern.
For comparison, the last two time points from the diauxic shift microarray experiment of DeRisi et al. (1997) are also shown (DS-6 and DS-7).
(A) Genes with decreased expression in TCA cycle mutants. (B) Genes with elevated expression in TCA cycle mutants.

Global Analysis of TCA Cycle Mutants

Vol. 14, March 2003 963



may represent genes that are induced to supply metabolites
that are normally produced by a functional TCA cycle.

The most interesting group consisted of 23 genes whose
expression was elevated in aconitase, isocitrate dehydroge-
nase, succinate dehydrogenase, and fumarase mutants but
was decreased in citrate synthase, �-ketoglutarate dehydro-
genase, succinyl-CoA ligase, and malate dehydrogenase mu-
tants (Figure 6). This resulted in an alternating expression
pattern that was either elevated or diminished in response to
defects in pairs of contiguous TCA cycle enzymes as one
moves around the TCA cycle. In Figures 5 and 6, we have
placed the array dataset from the CIT1 mutant adjacent to
MDH1 to aid in displaying this pattern. This pairing of
enzyme arrays was probably responsible for the array-clus-
tering pattern described earlier (Figure 3B). The expression
patterns of these genes were most similar between defects in
enzymes catalyzing adjacent reactions. For instance, the ex-
pression patterns were very similar among aconitase and
isocitrate dehydrogenase defects or among succinate dehy-
drogenase and fumarase defects, but there were slight dif-
ferences in the expression patterns between these two pairs.
Similar differences could be observed between the enzyme
pairs in the other branch.

The genes that display this alternating expression pattern
in response to TCA cycle dysfunction are induced in post-
diauxic shift cells, and most of the encoded proteins are
involved in oxidative metabolism. The three distinct genes
of the methylcitrate cycle, CIT3, PDH1, and ICL2, were
among the most prominent genes displaying this profile.
Three genes involved in mitochondrial protein assembly
were also among this group. YLR168C is involved in mito-
chondrial protein sorting, and ISA1 and ISU1 are involved in
the maturation of mitochondrial iron sulfur proteins, such as

aconitase and succinate dehydrogenase. Other genes encod-
ing metabolic enzymes in the group include IDP2, which
encodes a cytosolic NADP�-dependent isocitrate dehydro-
genase; MLS1, which encodes the glyoxylate cycle malate
synthase; and DIP5, which encodes a plasma membrane
dicarboxylic acid permease. Finally, five genes of the TCA
cycle: CIT1, ACO1, IDH1–2, and FUM1, also displayed this
profile. These TCA cycle genes are the most responsive to
TCA cycle defects, as mentioned previously, whereas the
other TCA cycle genes were unresponsive.

The methylcitrate cycle is used for the assimilation of
propionate via propionyl-CoA, which is generated from the
oxidation of odd-chain fatty acids or amino acids, such as
threonine or methionine (Luttik et al., 2000). The methylci-
trate cycle genes are induced by propionate (Epstein et al.,
2001a) and are not expressed under anaerobic conditions in
a glucose-limited chemostat culture (Ter Linde et al., 1999).
The function and species distribution of the methylcitrate
cycle are still poorly understood, but this pathway is inti-
mately linked to the TCA cycle. The three distinct enzymes
of this mitochondrial pathway: methylcitrate synthase,
methylaconitate dehydratase, and methylisocitrate lyase,
appear to be encoded by the CIT3, PDH1, and ICL2 genes,
respectively (Luttik et al., 2000; Horswill and Escalante-Se-
merena, 2001). Expression of PDH1 was altered in 13 of the
15 mutant strains, and CIT3 and ICL2 were also highly
responsive to TCA cycle defects. The CIT3 gene encodes a
protein with citrate synthase activity (Jia et al., 1997), and its
methylcitrate synthase activity has not been assayed. How-
ever, on the basis of its regulation (Epstein et al., 2001a), it
appears to be responsive to propionate metabolism. By anal-
ogy to Salmonella enterica, aconitase is also required in this
pathway to convert 2-methylaconitate to 2-methylisocitrate
(Horswill and Escalante-Semerena, 2001). Methylisocitrate
lyase cleaves methylisocitrate into pyruvate and succinate,
and succinate dehydrogenase and other TCA cycle enzymes
are necessary to further metabolize the succinate generated
during propionate metabolism.

The expression pattern of IDP2 was similar to that of the
methylcitrate cycle genes. All of these genes are highly ex-
pressed in aerobic cultures and poorly expressed in anaer-
obic cultures (Ter Linde et al., 1999). mRNA levels were
elevated fourfold to eightfold in aconitase- or isocitrate de-
hydrogenase–deficient strains and were diminished in
strains deficient in citrate synthase, �-ketoglutarate dehy-
drogenase, and succinyl-CoA ligase. IDP2 encodes a cytoso-
lic form of NADP�-dependent isocitrate dehydrogenase
(Idp2p). This enzyme is induced during the diauxic shift and
is regulated by the Cat8p transcription factor that controls
expression of glyoxylate cycle and gluconeogenic and re-
lated proteins (Bojunga and Entian, 1999; Haurie et al., 2001).
In addition to providing cytosolic �-ketoglutarate, Idp2p
also appears to be important for the generation of cytosolic
NADPH, which is used for cellular antioxidant functions
(Minard and McAlister-Henn, 2001).

To test these alterations, we investigated the steady-state
levels of several isocitrate dehydrogenase polypeptides in TCA
cycle mutants. Lysates from TCA cycle mutants representing
each enzyme were probed with antisera to detect Idh1p, Idp2p,
and Idp1p, a mitochondrial NADP�-isocitrate dehydrogenase
(Haselbeck and McAlister-Henn, 1991). Protein levels of Idh1p
were elevated in strains deleted for ACO1 and IDH2 (Figure 7)

Figure 6. Alternating expression of genes in response to different
TCA cycle enzyme defects. Abrupt changes in gene expression are
observed between defects in adjacent pairs of TCA cycle enzymes.
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and appeared to be diminished in several other strains deleted
for CIT1, KGD2, and MDH1. Idp2p was detected only in strains
lacking the NAD�-isocitrate dehydrogenase genes IDH1 or
IDH2. By contrast, Idp1p was largely unresponsive to all TCA
cycle defects. IDP1 mRNA levels were largely unaffected by the
TCA cycle mutations in the microarray dataset. These results
are consistent with previous studies in which Idp1p or IDP1
mRNA levels are essentially constant over a variety of growth
conditions in several mutant backgrounds (Minard et al., 1998).
Thus, in these examples, protein levels correlated with the
microarray results.

Alternating Gene Expression Pattern and Suppressor
Mutations
Another interesting aspect of the alternating expression pat-
tern was its correlation with suppressor mutations of isocit-
rate dehydrogenase defects. Strains with defects in isocitrate
dehydrogenase grow poorly on media containing glycerol
and accumulate extragenic suppressor mutations that en-
hance growth on this nonfermentable carbon source (Mc-
Cammon, 1996; Gadde and McCammon, 1997; Przybyla-
Zawislak et al., 1999). Mutations in CIT1 were the first and
most abundant class of suppressor mutations identified. A
systematic search of TCA cycle genes that could function as
suppressors when mutated divided the TCA cycle genes
into two sets. Mutations in CIT1, KGD1, KGD2, LPD1, LSC1,
LSC2, and MDH1 were capable of enhancing growth of
IDH-inactivated strains on glycerol medium, whereas mu-
tations in ACO1, IDH1, IDH2, SDH1, SDH2, SDH3, SDH4,
and FUM1 were not (Przybyla-Zawislak et al., 1999). Re-
markably, the same two sets of mutant genes give rise to the
differential expression pattern displayed in Figure 6. The
suppressor defects elicit the diminished mRNA expression
pattern, whereas the TCA cycle defects that cannot function
as suppressors elicit the elevated expression pattern. Thus,
transcriptional profiling has independently identified a met-
abolic network that is in concordance with a genetically
defined set of growth-enhancing mutations. This obviously
suggests a relationship between the glycerol suppressor mu-
tations of isocitrate dehydrogenase defects and the alternat-
ing expression pattern in response to TCA cycle dysfunction.

To examine this relationship further, the mRNA expres-
sion pattern of a double mutant deleted for both CIT1 and
IDH2 was investigated using DNA microarrays. We focused
on the genes displaying the alternating expression pattern
by comparing their mRNA levels in the double-mutant and
the corresponding single-mutant strains. Expression of these
genes was essentially intermediate in the double-mutant
strain compared with each of the single-mutant strains (Ta-
ble 1). For instance, in the strain in which CIT1 was inacti-
vated, the mRNA levels of PDH1 and ICL2 were down-
regulated relative to the wild-type strain, whereas when
IDH2 was inactivated, the mRNA levels of these genes were
elevated �12-fold. However, mRNA levels were elevated
only �2.5-fold in the double mutant. Similar changes in
relative mRNA levels of threefold to fourfold (up-regulated
relative to the CIT1 inactivated strain and down-regulated
relative to the IDH2 inactivated strain) were observed in the
double mutant for most of the genes in this group. This
resulted in a slight net increase (1.5- to 2.5-fold) of these
mRNAs in the double mutant relative to the wild-type.
Hence, the CIT1 suppressor mutation decreased the expres-
sion of this set of genes and minimized their expression
differences between normal and isocitrate dehydrogenase–
deficient strains. We have observed previously that aconi-
tase and fumarase levels were elevated in a strain lacking
isocitrate dehydrogenase but that the levels of these en-
zymes were similar between the wild-type and a strain
lacking both citrate synthase and isocitrate dehydrogenase

Figure 7. Expression pattern of Idh1p, Idp1p, and Idp2p in TCA
cycle mutants. Strains harboring defects in TCA cycle genes were
cultured in YPGal and analyzed as in the MATERIALS AND
METHODS section. Protein levels of Idh1p, Idp1p, and Idp2p were
detected by Western blotting.

Table 1. Effect of mutations in IDH2 and CIT1on alternating
gene expression

Responsive
gene

Fold expression (mutant/WT)

�idh2 �idh2 �cit1 �cit1

IDP2 8.9 2.2 �3.6
PDH1 12.0 2.6 �2.7
CIT3 3.2 1.0 �1.6
ICL2 12.0 2.8 �1.4
ACO1 6.1 2.0 �2.5
IDH1 5.7 2.2 �1.7
FUM1 4.6 2.9 �1.6
MLS1 4.8 1.1 �1.1
DIP5 �1.3 2.0 1.2
AAT2 3.5 1.5 �1.4
ISA1 3.9 2.2 1.1
ISU1 4.4 2.6 �1.2
YLR168C 4.9 1.5 �1.4
YER053C 3.1 1.3 �1.8
YML087C 3.8 2.4 1.1
YRO2 4.0 1.8 1.2
YFR026C 1.0 1.0 �1.2
YMR002W 4.3 1.9 1.6
ECM13 5.6 3.3 1.1
YGL157W 3.0 1.0 �1.7
YGR067C 3.2 1.2 �1.3

Expression of alternating genes (Figure 6) is displayed from strains
deleted for IDH2, IDH2 plus CIT1, and CIT1. Fold expression of
mRNA in mutant strains relative to the same pool of wild-type
mRNA is shown. Data for CIT1 and IDH2 mRNAs have been
removed for greater clarity.
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(Gadde and McCammon, 1997). We have also observed
elevated levels of Idh1p in strains lacking IDH2 and a de-
creased level of Idh1p in a strain that is also deficient in
citrate synthase (Gadde et al., 1998). These results indicate
that the expression changes revealed from the microarray
analysis translate into altered protein levels and confirm the
effect of suppressor mutations, such as those in CIT1.

How might these positively correlated patterns of alter-
nating gene expression and genetic suppression result in the
altered growth of strains deficient in isocitrate dehydroge-
nase? It is possible that the overexpression of one or more of
these proteins in the isocitrate dehydrogenase–deficient
strain is detrimental to growth. Inactivation of CIT1 some-
how signals for a decrease in expression of those genes with
an alternating expression profile, which in essence serves to
cancel out the expression increase brought about by the
isocitrate dehydrogenase defect. The end result is an in-
creased rate of growth, even though the cells have accumu-
lated a mutation in CIT1 that also results in a slightly dimin-
ished ability to grow on glycerol. The implication is that the
absence of citrate synthase may be less deleterious than the
overexpression of one of these target genes. This would
apply only to genes displayed in Figure 6 and not those in
Figure 5, because these latter genes respond in a similar
manner to both CIT1 and IDH defects.

Although this model is speculative, it is readily testable.
One approach is to delete a candidate gene and to look at its
effect on the glycerol growth in a strain lacking functional
isocitrate dehydrogenase. Several of the genes with an alter-
nating expression profile have already been tested because
they encode TCA cycle genes (CIT1, ACO1, IDH1, and
FUM1) or a homologue (CIT3) (Przybyla-Zawislak et al.,
1999). Of these, only CIT1 is able to enhance growth on
glycerol when inactivated. However, the other genes, except
for CIT3, display severe growth defects on nonfermentable
carbon sources when inactivated. To extend these studies,
we deleted the gene YGR067C, the expression of which is
elevated in isocitrate dehydrogenase–deficient strains (Fig-
ure 6, Table 1). YGR067C is predicted to encode a zinc finger
transcription factor similar to Adr1p, Mig1p, and Cat8p
(Bohm et al., 1997). Like these other transcription factors,
YGR067C is induced during the diauxic shift at a time when
the cell shifts to oxidative metabolism. However, little else is
known about this open reading frame. A haploid strain in
which YGR067C was deleted displayed no obvious growth
defect on nonfermentable carbon sources. However, similar
to a mutation in CIT1, a defect in YGR067C serves as a
growth enhancer for an isocitrate dehydrogenase–deficient
strain on glycerol (Figure 8). Another gene encoding a po-
tential zinc-finger transcription factor, USV1 (YPL230W),
was also present in the TCA cycle defect microarray dataset
but does not display an alternating pattern of expression.
Like YGR067C, very little is known about USV1, except that
it is induced in post–diauxic shift cells. However, deletion of
USV1 does not enhance growth on glycerol in a �idh2 back-
ground (our unpublished observations), indicating that this
gene does not serve as a suppressor mutation. Because
YGR067C may encode a transcription factor, it is possible
that it may regulate genes whose expression is relevant to
TCA cycle function or to isocitrate dehydrogenase dysfunc-
tion.

Hypoxic and Aerobic Genes Responsive to �-
Ketoglutarate Dehydrogenase and Aconitase Defects
The expression of 54 genes was affected by defects in acon-
itase and the �-ketoglutarate dehydrogenase complex. These
genes fell into two predominant categories (Figure 9): ex-
pression of aerobic genes, predominantly of the mitochon-
drial respiratory complexes, was diminished by defects in
KGD1, KGD2, and LPD1 and to a lesser extent by a defect in
ACO1, whereas expression of anaerobic and hypoxic genes
was elevated with these defects. Aerobic genes (Figure 9A)
with diminished expression include the major isoform of
cytochrome c (CYC1), cytochromes c1 (CYT1) and b2 (CYB2),
isoforms of NADH dehydrogenase (NDE1 and NDI1), sub-
units of cytochrome c oxidase (COX5A and COX12), ubiqui-
nol cytochrome c reductase (QCR2 and QCR6), and ROX1, a
transcriptional repressor of hypoxic genes. The hypoxic
genes (Figure 9B) include AAC3, which encodes an isoform
of the ADP/ATP carrier protein COX5B and HEM13, which
also encodes isoforms of proteins that are expressed under
hypoxic conditions; and 16 of the 31 members of the seri-
pauperin family, a group of genes involved in cell wall
synthesis (Ter Linde et al., 1999; Rachidi et al., 2000). The
hypoxic induction of the seripauperin genes is for the most
part independent of Rox1p and dependent on Upc2p
(Mox4p) (Rachidi et al., 2000; Kwast et al., 2002).

The affected genes correlate well with genes that are
regulated by cellular heme levels (Kwast et al., 1998;
Zhang and Hach, 1999). Heme regulates gene expression

Figure 8. CIT1 and YGR067c defects are growth enhancers of isocit-
rate dehydrogenase dysfunctional strains. Strains with the genotypes
indicated were cultured overnight in YPD; an aliquot was washed once
in water and resuspended to an initial concentration of 2 OD600/ml
water. This was diluted in a 10-fold series, and 10 �l of each dilution
was spotted onto a YPG plate that was incubated 4 d at 30°C. Larger
colony sizes of �cit1 �idh2 and �ygr067c �idh2 strains relative to �idh2
strain indicate that the �cit1 and �ygr067c are growth enhancers of
�idh2 defect (Gadde and McCammon, 1997; Przybyla-Zawislak et al.,
1999). Growth of the wild-type and �usv1 strains were indistinguish-
able from that of the �ygr067c strain.
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in yeast in an oxygen-dependent manner, because it re-
quires molecular oxygen for its synthesis. Heme is a co-
factor of the Hap1p transcription factor that regulates
expression of respiratory complex protein genes, such as
CYC1 and CYB2. Heme also seems to stimulate the func-
tion of the Hap2/3/4/5p complex that regulates expres-
sion of other respiratory complex proteins, such as COX4
and QCR8. Heme appears to block the binding of the HDS
binding factor, allowing the expression of other genes,
such as SOD2 (Kwast et al., 1998). Hypoxic genes, how-
ever, are negatively regulated by heme. Several transcrip-
tional repressors of hypoxic genes are induced under
oxidative conditions when heme levels in the cell are high.
These include ROX1, which represses CYC7 and ANB1
(Zitomer et al., 1997). Other heme-dependent factors, such
as Upc2, negatively regulate expression of the seripau-
perin family, such as DAN1 and other hypoxic genes
(Kwast et al., 1998; Rachidi et al., 2000).

DISCUSSION

We have performed transcription profiling using DNA mi-
croarrays on a collection of mutants defective in each of the

15 genes that encode subunits of TCA cycle proteins. This
analysis revealed �400 genes that were highly responsive to
TCA cycle defects, suggesting that nuclear gene signaling is
responsive to TCA cycle function. In this report, we have
concentrated on two sets of genes that appear to be respond-
ing to distinct metabolic signals resulting from TCA cycle
dysfunction. The first signaling pathway appears to monitor
the general state of the TCA cycle, because defects through-
out the cycle elicit a response in nuclear gene expression.
The second pathway represents signaling resulting from a
single enzyme defect in the �-ketoglutarate dehydrogenase
complex and appears to be the result of aberrant heme-
dependent signaling. To the best of our knowledge, these
responses to TCA cycle dysfunction have not been reported
previously.

Four of the eight TCA cycle enzymes that we inactivated
are encoded from a single gene, whereas the other four
enzymes are encoded by multiple (2–4) genes. By compar-
ing expression profiles in response to defects in genes en-
coding different subunits of hetero-oligomeric TCA cycle
proteins, it was possible to analyze how the cell responds to
different defects in the same enzyme. Although isocitrate

Figure 9. Oxidative and hypoxic genes in �-ketoglutarate dehydrogenase and aconitase mutants. (A) Oxidative genes. (B) Hypoxic/
anaerobic genes.

Global Analysis of TCA Cycle Mutants

Vol. 14, March 2003 967



dehydrogenase and succinyl-CoA ligase require both sub-
units for activity, subcomplexes composed of only some
subunits of �-ketoglutarate dehydrogenase complex and
succinate dehydrogenase can be detected (Repetto and Tza-
goloff, 1991; Scheffler, 1998). However, cluster analysis sug-
gested that the responses to defects in genes encoding dif-
ferent subunits of the hetero-oligomeric TCA cycle enzymes
were, for the most part, very similar (Figure 3). This was
most apparent for the SDH1–4 mutant arrays, which were
clustered into the same branch. Some differences among
arrays of genes encoding subunits of the same enzyme could
also be explained. For instance, although KGD1 and KGD2
arrays were observed in the same branch, the LPD1 array
was clustered in a close outgroup. Because the lipoamide
dehydrogenase encoded by LPD1 is also a subunit in three
other proteins, the slightly different response to an LPD1
defect probably reflects an aggregate response to loss of all
four enzyme complexes. Because the responses to different
mutations encoding distinct subunits of the same enzyme
produced similar expression patterns, it is possible that one
mutation per enzyme is sufficient to establish a reliable
expression profile.

A specific response to defects in the KGD1–2 and LPD1
genes was the elevated expression of hypoxic genes and a
diminished expression of oxidative genes. This appeared to
be a specific response to defects in the genes encoding the
�-ketoglutarate dehydrogenase complex and was not appar-
ent with other TCA cycle defects (Figure 9), although some
hypoxic genes were elevated in aconitase-deficient cells. The
most likely rationale for the observed changes in oxidative
and hypoxic gene expression is that heme levels are dimin-
ished in the �-ketoglutarate dehydrogenase mutants. Succi-
nyl-CoA is produced by the �-ketoglutarate dehydrogenase
complex, and this metabolite is used directly for heme bio-
synthesis by �-aminolevulinate synthase (Figure 1). An �-ke-
toglutarate dehydrogenase defect should result in lowered
succinyl-CoA and therefore diminished cellular heme. The
heme deficiency would result in the diminished expression
of oxidative genes that are regulated through the Hap1p,
Hap2/3/4/5, and HDS complexes. Diminished heme levels
also result in lower levels of active Rox1p and other factors
that repress hypoxic genes, leading to the elevated expres-
sion of hypoxic genes, such as CYC7, ANB1, and DAN1. The
magnitude of the expression changes in the �-ketoglutarate
dehydrogenase mutants appears to be close to but less than
the maximal changes in expression reported in heme auxo-
trophs or by mutations in HAP1 or ROX1 (Kwast et al., 2002;
Ter Linde and Steensma, 2002). Because the �-ketoglutarate
dehydrogenase mutants are not heme auxotrophs, there
must be other routes for the synthesis of succinyl-CoA. One
such enzyme might be succinyl-CoA ligase, which is a re-
versible enzyme that can synthesize succinyl-CoA from suc-
cinate (Przybyla et al., 1998). However, on the basis of the
magnitude of the expression changes, �-ketoglutarate dehy-
drogenase may be a significant source of succinyl-CoA un-
der these conditions.

It is not entirely clear why the changes in heme-dependent
genes are also observed with aconitase deficiency (Figure 9).
Aconitase deficiency should result in the accumulation of
citrate and aconitate and a deficiency of isocitrate and �-ke-
toglutarate. Sources of glutamate should be able to compen-
sate for the �-ketoglutarate deficiency; however, under the

culture conditions used in these experiments, this may not
be occurring. The seripauperin family genes were the most
responsive to the aconitase defect, suggesting that the re-
sponse by these genes may not be entirely because of cellular
heme levels (Cohen et al., 2001). Mutants in ACO1 display
the most severe growth defects on both fermentable and
nonfermentable carbon sources. They are glutamate auxo-
trophs and are unable to grow on some fermentable carbon
sources that do not repress oxidative gene expression, such
as raffinose, suggesting that oxidative functions may be se-
verely compromised. Many aconitase-deficient cells are also
petites (Figure 2B), and such mtDNA mutations can have
profound effects on nuclear gene expression (Epstein et al.,
2001b; Traven et al., 2001). Hence, the expression profile
displayed by ACO1 defects is expected to be complex and to
result from many different factors, such as altered heme
levels, mtDNA defects, and a slower growth rate.

Many genes responded in a similar manner to generalized
defects within the TCA cycle. Whereas some genes did not
appear to be properly induced (Figure 5A), other genes were
hyperinduced (Figure 5B), perhaps in an attempt to over-
come the absence of this critical metabolic pathway. Of
particular interest was a set of genes that responded in a
similar manner to TCA cycle dysfunction but whose re-
sponse pattern varied with the enzyme defect (Figure 6).
Expression was elevated in response to aconitase and isocit-
rate dehydrogenase deficiencies, diminished in response to
�-ketoglutarate dehydrogenase complex and succinyl-CoA
ligase deficiencies, elevated again in response to succinate
dehydrogenase and fumarase deficiencies, and diminished
again in response to malate dehydrogenase and citrate syn-
thase deficiencies. Although it is not immediately apparent
why this alternating pattern of expression occurs in response
to defects in contiguous pairs of TCA cycle enzymes, it is
presumably a reflection of changes in metabolic signals. As
an approach to understanding this pattern, we have reduced
the TCA cycle into four steps by combining the adjacent
enzymatic reactions that yielded similar expression patterns
(Figure 10). From this framework, we looked for similarities
and differences among these four enzyme sets. Each of these
enzyme pairs contains one reaction that generates reduced
nucleotides (NADH or FADH2) during TCA cycle function,
suggesting that changes in redox state are not primarily
responsible for generating this response. The net �G values
for each pair are negative, indicating an overall exergonic
reaction (Matthews et al. 2000). In addition, each set contains
one reaction that is highly reversible and one reaction that is
essentially irreversible when assayed individually (except
for the succinate dehydrogenase–fumarase pair, in which
both reactions are reversible). Four carboxylic acids separate
these enzyme pairs: citrate, �-ketoglutarate, succinate, and
malate. It is possible that changes in one or more of these
metabolites may be critical in establishing this expression
pattern as a result of TCA cycle dysfunction. For instance, an
increase in succinate caused by a succinate dehydrogenase
or fumarase defect may signal for increased transcription of
these genes, whereas a decrease in succinate formation
caused by a succinyl-CoA ligase or an �-ketoglutarate de-
hydrogenase defect might signal for a decrease in gene
expression. Although changes in these TCA cycle metabo-
lites within the mitochondrial matrix may initiate a signaling
pathway that results in altered nuclear gene expression, it is
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not certain whether they serve directly as the signaling
molecules. For instance, glutamate and glutamine are de-
rived from �-ketoglutarate through successive transamina-
tion reactions, and both amino acids have been demon-
strated to signal changes in the metabolic state of the cell
that regulate nuclear gene expression (Butow, 2002; Crespo
et al., 2002).

One of the more interesting aspects of the alternating gene
expression pattern is its correlation with a previously iden-
tified set of TCA cycle gene defects that were identified as
growth-enhancing mutations of isocitrate dehydrogenase–
dysfunctional cells. Mutations in the CIT1, KGD1–2, LPD1,
LSC1–2, and MDH1 genes can serve as growth enhancers of
isocitrate dehydrogenase dysfunction, and these same de-
fects result in the diminished expression response (Figure 6).
This suggests a link between glycerol growth enhancement
of isocitrate dehydrogenase dysfunction and the oscillating
gene expression pattern reported here.

An extensive analysis of the glycerol suppressor accumu-
lation phenotype associated with isocitrate dehydrogenase
dysfunction has been reported (Przybyla-Zawislak et al.,
1999). A collection of mutations in each of the 15 genes
encoding TCA cycle polypeptides was screened for this
phenotype. In addition, two complementary approaches
were taken to determine the identities of the suppressor
mutations. First, on the basis of the previous characteriza-
tion of defects in CIT1 as the most abundant class of sup-
pressors (Gadde and McCammon, 1997), mutations in genes

encoding TCA cycle proteins were tested for their ability to
enhance growth of isocitrate dehydrogenase–dysfunctional
cells on glycerol. Second, a collection of spontaneous sup-
pressor mutations was characterized. Several conclusions
were drawn from these studies. First, the glycerol suppres-
sor accumulation phenotype is a unique phenotype associ-
ated with the loss of isocitrate dehydrogenase polypeptides.
Second, defects in genes (CIT1, KGD1–2, LPD1, LSC1–2, and
MDH1) encoding half of the TCA cycle enzymes could func-
tion as growth enhancers; partial function alleles of KGD1–2
and LPD1 that can grow on glycerol were capable of growth
enhancement, whereas deletion mutations could not. Third,
neither deletion mutations nor partial function glycerol�
alleles of ACO1, IDH1, SDH1–4, and FUM1 could function
as growth enhancers. Fourth, only defects in MDH and CIT
genes encoding the TCA cycle isozymes were capable of
suppression. Finally, eight other genes involved in oxidative
metabolism were identified as growth enhancers, indicating
that not all defects in oxidative metabolism were capable of
suppression. These results divided the TCA cycle genes
between suppressing genes and nonsuppressing genes and
established limits to the number and types of genes that are
capable of growth enhancement. However, the physiological
basis for the growth enhancement remained undefined.

To investigate the relationship between the alternating
gene expression pattern and the growth enhancing muta-
tions, microarray analysis was used to determine the effects
of an �idh2 �cit1 double mutation. Inactivation of either
CIT1 or IDH2 resulted in diminished (CIT1) or elevated
(IDH2) patterns of gene expression. With defects in both
genes, the expression pattern was largely corrected and was
very similar to wild-type levels (Table 1). These results led to
the hypothesis that overexpression of one or several of these
responsive genes is deleterious to growth and that the sup-
pressor mutations function to correct this altered expression.
We have begun to test this idea by assaying the effect of
inactivation of genes showing the alternating pattern of
expression on glycerol growth. To date, we have found that
two of six genes tested can serve as growth enhancing
mutations in isocitrate dehydrogenase–deficient strains,
CIT1 and YGR067C (Figure 8). CIT1 is the only TCA cycle
suppressor gene that also displays the alternating gene ex-
pression pattern in response to TCA cycle dysfunction.
YGR067C appears to encode a transcription factor and may
therefore regulate the expression of a number of other genes.

Eight other suppressor genes were also identified that do
not encode TCA cycle proteins (Przybyla-Zawislak et al.,
1999). While the identities of these genes have not been
determined, the mutations display growth phenotypes on
nonfermentable carbon sources, suggesting that the encoded
proteins are involved in oxidative metabolism. It will be
interesting to determine how these defects affect the alter-
nating gene expression pattern of the genes reported here.
For instance, do these and other suppressor mutations affect
the alternating genes in a similar manner? In addition, is it
possible the suppressor mutations enhance growth by de-
creasing the expression of one or more of the genes display-
ing an alternating expression pattern that may be deleterious
when overexpressed? There are several reasons why the
suppressor mutations may be specifically detected with iso-
citrate dehydrogenase defects and not with other TCA cycle
mutations that result in the same pattern of alternating gene

Figure 10. A sectored model of the TCA cycle to explain the
alternating gene expression pattern in response to TCA cycle dys-
function. TCA cycle enzymes are paired on the basis of the alter-
nating gene expression pattern in response to enzyme dysfunction.
Enzyme defects in white resulted in decreased expression, and
enzyme defects in gray resulted in elevated gene expression. �G
values (kJ/mol) for each pair are calculated as the sum of the
individual enzymes (Matthews et al., 2000). Potential signaling me-
tabolites at the inflection points between these pairs are shown in
black boxes. CS, citrate synthase; ACO, aconitase; IDH, isocitrate
dehydrogenase; KGD, �-ketoglutarate dehydrogenase; SCL, succi-
nyl-CoA ligase; SDH, succinate dehydrogenase; FUM, fumarase;
MDH, malate dehydrogenase.
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expression. First, strains in which IDH1 or IDH2 are inacti-
vated are able to grow on certain nonfermentable carbon
sources whereas the other related TCA cycle gene defects
(i.e., in ACO1, SDH1–4, FUM1) cannot (Przybyla-Zawislak et
al., 1999). Second, many of the responsive genes display their
highest expression defect in strains deleted for IDH1 and
IDH2 (Figure 6), and, therefore, the levels of the potentially
deleterious proteins may be highest in the isocitrate dehy-
drogenase dysfunctional strains. Finally, these potentially
deleterious genes may be particularly sensitive to metabolic
signals resulting from isocitrate dehydrogenase dysfunction.

Isocitrate dehydrogenase dysfunction results in two types
of DNA instability. As described above, second site nuclear
mutations arise that enhance growth of cells lacking isocit-
rate dehydrogenase on glycerol. Second, isocitrate dehydro-
genase dysfunction results in mtDNA instability, and strains
lacking this enzyme have a high frequency of petite [��]
mutations with large deletions in mtDNA (Elzinga et al.,
1993; Lin et al., 2001). mtDNA instability is a phenotype
associated with other TCA cycle defects and with a number
of genes encoding proteins in mitochondrial oxidative phos-
phorylation and biogenesis (Contamine and Picard, 2000).
Many of these latter proteins are bifunctional and appear to
play additional roles in the translation and/or assembly of
mitochondrially encoded proteins. Isocitrate dehydrogenase
is a bifunctional protein since it binds to mitochondrially
encoded mRNA and appears to regulate translation of these
transcripts (Elzinga et al., 1993; de Jong et al., 2000). How-
ever, it is not clear whether the mtDNA instability associated
with isocitrate dehydrogenase dysfunction results from the
loss of catalytic activity or from the aberrant expression and
turnover of mitochondrial respiratory complexes (de Jong et
al., 2000; Lin et al., 2001). These functions may not be distinct,
because mRNA binding by isocitrate dehydrogenase inhib-
its its catalytic activity (Anderson and McAlister-Henn,
2000). These observations suggest a mechanism whereby
TCA cycle metabolic flux and the synthesis of respiratory
complexes are coordinately regulated (Anderson and McAli-
ster-Henn, 2000). Mutations in CIT1 also suppress the
mtDNA instability of isocitrate dehydrogenase dysfunc-
tional cells (our unpublished results), indicating that these
two properties are functionally linked.

Recent studies have revealed that fumarase and succinate
dehydrogenase genes act as tumor suppressors in humans.
Fumarase defects were associated with dominantly inher-
ited uterine fibroids, skin leiomyomata, and renal cell cancer
(Tomlinson et al., 2002), whereas two types of brain tumors
were found to be caused by mutations in genes encoding
succinate dehydrogenase subunits (Baysal et al., 2000; Ni-
emann and Muller, 2000; Astuti et al., 2001). Our studies in
yeast have revealed that defects in either succinate dehydro-
genase or fumarase produce similar responses in gene ex-
pression, and aconitase and isocitrate dehydrogenase de-
fects produce similar response patterns. The correlation of
this pattern with genetic suppressor defects of isocitrate
dehydrogenase dysfunction suggests that genetic instability
may be a consequence of TCA cycle dysfunction. Thus, the
genetic instability caused by isocitrate dehydrogenase dys-
function may provide clues to aberrant growth properties of
tumor cells, and this yeast model may prove useful in un-
derstanding how metabolic signaling and changes in TCA
cycle function affect cell function and genomic stability.

Given the ubiquity of the TCA cycle, especially in eu-
karyotes, it is predicted that similar signaling pathways
between the TCA cycle and the nucleus are operative in
higher organisms.
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