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Cellular and mitochondrial metabolite levels were measured
in yeast TCA cycle mutants (sdh2A or fum1A) lacking succinate
dehydrogenase or fumarase activities. Cellular levels of succi-
nate relative to parental strain levels were found to be elevated
~8-fold in the sdh2A mutant and ~4-fold in the fum 1A mutant,
and there was a preferential increase in mitochondrial levels in
these mutant strains. The sdh2A and fumIA strains also exhib-
ited 3—4-fold increases in expression of Cit2, the cytosolic form
of citrate synthase that functions in the glyoxylate pathway. Co-
disruption of the SFCI gene encoding the mitochondrial succi-
nate/fumarate transporter resulted in higher relative mitochon-
drial levels of succinate and in substantial reductions of Cit2
expression in sdh2AsfclA and fum1AsfclA strains as compared
with sdh2A and fumIA strains, suggesting that aberrant trans-
port of succinate out of mitochondria mediated by Sfcl is
related to the increased expression of Cit2 in sdh2A and fumlIA
strains. A defect (rtgA) in the yeast retrograde response path-
way, which controls expression of several mitochondrial pro-
teins and Cit2, eliminated expression of Cit2 and reduced
expression of NAD-specific isocitrate dehydrogenase (Idh) and
aconitase (Acol) in parental, sdh2A, and fumlIA strains. Con-
comitantly, co-disruption of the RTG1 gene reduced the cellular
levels of succinate in the sdh2A and fumlIA strains, of fumarate
in the fumlIA strain, and citrate in an idhA strain. Thus, the
retrograde response is necessary for maintenance of normal flux
through the TCA and glyoxylate cycles in the parental strain and
for metabolite accumulation in TCA cycle mutants.

Intermediates of the tricarboxylic (TCA)? cycle are believed
to be present in relatively low concentrations in mitochondria
of actively respiring eukaryotic cells due to rapid flux through
the cycle and to alternative biosynthetic uses for many of the
intermediates. Flux through the cycle thus requires anaplerotic
enzymes (e.g. pyruvate carboxylase to produce oxaloacetate) or
pathways (e.g. the glyoxylate pathway in yeast that produces
succinate) to replenish these intermediates. Defects in a TCA
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cycle enzyme would be expected to result in increased mito-
chondrial and/or cellular concentrations of the substrate of that
enzyme.

We and others (1—4) have been analyzing effects of disrup-
tions of genes encoding TCA cycle enzymes in the yeast Sac-
charomyces cerevisiae. These gene disruptions are not lethal
because yeast cells can survive without mitochondrial func-
tions. However, the disruptions have quite distinct effects
depending on loss of particular enzymes (5). We initiated stud-
ies of changes in metabolite profiles associated with loss of yeast
TCA cycle enzymes. In a previous report (2), we described that
citrate, a relatively abundant metabolite in the parental strain,
accumulates to very high cellular levels in a mutant (idhA) lack-
ing both Idhl and Idh2 subunits of NAD-specific isocitrate
dehydrogenase and in a mutant (acolA) lacking aconitase. In
addition to sharing similar gene and protein expression pat-
terns (1, 2), these mutants exhibit similar growth phenotypes
including, relative to the parental strain, an inability to grow
with acetate as the carbon source and a significant increase in
respiratory deficient progeny during cultivation. We found that
the high cellular levels of citrate in the idhA and acolA mutants
could be reduced by co-disruption of the gene encoding mito-
chondrial citrate synthase (CIT1). Also, the shared patterns of
gene/protein expression and unusual growth properties of idhA
and acolA mutants were eliminated or moderated toward
parental strain characteristics in idhAcitIA and acolAcitlA
mutants. Thus, excess cellular levels of citrate affect a variety of
processes in yeast cells.

The current study focuses on effects of a substantial increase
in cellular succinate levels in a yeast mutant (sdk2A) lacking
succinate dehydrogenase activity and in levels of succinate and
fumarate in a mutant (fumIA) lacking fumarase. We present
evidence suggesting that excess cellular levels of succinate in
yeast cells, or aberrant transfer of this metabolite across the
mitochondrial membrane, may promote changes in protein
expression patterns. Also, we show that cellular levels of fuma-
rate in the yeast mutant lacking fumarase, an enzyme localized
in both mitochondrial and cytosolic cellular compartments (6),
are dramatically elevated primarily outside mitochondria.

Although genetic defects in human TCA cycle enzymes are
rare and would likely be embryonic lethal (7), tumor suppressor
functions for several TCA cycle enzymes have been identified in
recent years. For example, succinate dehydrogenase (SDH)
mutations have been associated with tumors of the nervous
system (paragangliomas and pheochromocytomas) (8 —=10) and
fumarase (fumarate hydratase, FH) mutations have been linked
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with uterine, cutaneous, and renal carcinomas (in hereditary
leiomyomatosis and renal cell cancer) (11, 12). The accumula-
tion of succinate in SDH- or fumarate in FH-associated disor-
ders has been proposed to be deleterious for various reasons
including potential inhibitory effects on prolyl-hydroxylase
enzymes (which normally utilize a-ketoglutarate as a cofactor)
that regulate degradation of the HIF-l« transcription factor
(13, 14). This inhibition could increase cellular levels of HIF-1c,
leading to activation of the hypoxia response pathway and
increased expression of genes encoding glycolytic enzymes,
metabolic events that are often observed in cancer cells (15—
17). Although yeast cells lack a homologue of HIF1-e, other
effects associated with accumulation of these metabolites in
yeast mutants may be relevant to these human disorders.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—The parental haploid yeast
strain was MMYO011 (MAT« ade2-1 canl—100 his3—11 leu2—
3,112 trpl-1 ura3-1) (18). A diploid yeast strain MMY011/
MMYO030 (5) was used for mutant strain construction. The
SDH2 and FUMI1 genes were deleted/disrupted in diploid
strains using the kanMX4 cassette (19), and SFCI or RTGI
genes were subsequently deleted/disrupted in these diploids
using loxP cassettes, respectively, carrying the Kluyveromyces
lactis LEU?2 gene or the Schizosaccharomyces pombe HIS5 gene
(the equivalent of the S. cerevisiae HIS3 gene) (20). Diploid
strains were subsequently sporulated for tetrad dissection to
obtain sdh2A, fumlA, sfclA, sdh2AsfclA, fumlAsfclA, riglA,
sdh2ArtglA, and fum1ArtglA haploid strains. Similar methods
were used to produce idh2A and idh2Artgl A mutants. All gene
disruptions were confirmed by polymerase chain reaction using
genomic DNAs as templates. A rho° mutant of the parental
strain was obtained by ethidium bromide treatment as previ-
ously described (21).

Yeast strains were cultivated using rich YP medium (1% yeast
extract, 2% Bacto-peptone) containing 2% galactose as the car-
bon source. To assess petite frequencies, cells were cultivated in
YP galactose medium to Ay, ., = 2.0. Diluted cells were plated
on YP glucose agar plates and after 3—4 days of growth at 30 °C,
the relative numbers of petite and grande cells were tabulated.
The ade2-1 genetic locus in these strains permits distinction of
large red grande colonies and small white petite colonies (1).

Metabolite Analyses—Methods for preparation of whole cell
extracts and derivatization for metabolite analyses using gas
chromatography/mass spectrometry were previously described
in detail (2). Briefly, cells were cultured in YP galactose medium
to Agoo nm = 2.0, and growth was stopped by addition of 100
pg/ml of cycloheximide and 40 mm sodium azide. Cell extracts
were prepared by boiling harvested cell pellets in water. This
extraction procedure and subsequent derivatization methods
were empirically determined to permit reproducible and quan-
titative analyses of TCA cycle metabolites and related amino
acids. Concentrations of denatured proteins in cell extracts
were determined using a modified Bradford assay (22) follow-
ing solubilization of the proteins as previously described (2).

For measurements of mitochondrial metabolites, mitochon-
drial fractions from cells grown and harvested as described
above were obtained as previously described (23). Mitochon-
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drial pellets were lysed, and metabolites and protein concentra-
tions were analyzed as described above for whole cell samples.
Proteins in the mitochondrial, post-mitochondrial, and whole
cell samples were assessed using immunoblots for mitochon-
drial and cytosolic marker proteins. Mitochondrial fractions
were found to be devoid of cytosolic proteins; however, post-
mitochondrial fractions were found to contain some mitochon-
drial proteins due to some lysis of mitochondria during cellular
fractionation. Therefore, we compared only total cellular and
mitochondrial concentrations of metabolites.

Immunoblot Analyses—Cell cultures (50 ml) were grown in
YP galactose medium to Agyy o = 1.2-2.0. Growth was
stopped using cycloheximide and sodium azide as described
above. Cells were harvested by centrifugation and washed once.
Cell pellets were resuspended in a urea buffer (8.0 M urea, 50
mM sodium phosphate, pH 7.4, 10 mm Tris-HCI, pH 7.4). Fol-
lowing addition of 10 mm phenylmethylsulfonyl fluoride, the
pellets were lysed by vortexing with glass beads. The lysates
were cleared by centrifugation, and supernatants were removed
for use in protein assays (24) or, for electrophoresis, superna-
tants were diluted 1:2 with 2X Laemmli sample buffer (25) and
boiled for 5 min.

Electrophoresis was conducted using 10% polyacrylamide/
SDS gels. Immunoblot analyses for yeast proteins were con-
ducted using antisera specific for Cit2 (1:1000, kindly provided
by Drs. Mark T. McCammon and Gyula Kispal), Fbp1 (1:500)
(26), Actl (1:1250, Abcam), Idhl and Idh2 subunits of Idh
(1:1000) (27), Acol (1:10,000) (28), Mdh1 (1:3600) (29), Mdh2
(1:1500) (30), and Idp1 (1:1000) (31). Immunoreactive proteins
were detected by the enhanced chemiluminescent method
(Amersham Biosciences) and autoradiography, and were quan-
tified using densitometry. Immunoblots presented in this study
are representative of experiments repeated two or three times.

RNA Analyses—RNA was prepared from cells cultivated in
500 ml and used for Northern blot analyses (32). Probes (intra-
genic 450 and 550 bp from ACT1 and CIT2 genes, respectively)
were generated using polymerase chain reaction and labeled
with biotin (North2South Biotin Random Prime Labeling Kit,
Thermo Scientific). RNAs were detected using chemilumines-
cence, and levels were compared using Image]J software.

RESULTS

Succinate Accumulation and Expression of Cit2—As de-
scribed above, we previously reported an association between
elevated cellular levels of citrate and protein expression pat-
terns/growth phenotypes observed for yeast idhA or acolA
mutants (1, 2). To ascertain other correlates with metabolite
levels, we completed analyses of TCA cycle and related metab-
olites for a collection of yeast mutants with disruptions in genes
encoding all TCA cycle enzymes (1). These mutants were
grown with permissive rich YP medium containing galactose, a
fermentable carbon source that does not repress expression of
mitochondrial proteins. Metabolites were quantified using gas
chromatography/mass spectrometry methods as previously
described (2). As would be expected, each lesion in the TCA
cycle produced an increase in cellular levels of the substrate
and, in most cases, a decrease in cellular levels of the product of
the missing enzyme (data not shown). Apart from the elevated
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FIGURE 1. Succinate and fumarate levels in yeast TCA cycle mutants. Cel-
lular levels of succinate (A) and fumarate (B) in extracts from the indicated
yeast strains were determined using GC/MS, as described under “Experimen-
tal Procedures.” Data were obtained from duplicate measurements in two
independent experiments of mutant strains containing disruptions of genes
encoding each protein component of a TCA cycle enzyme. Single genes
encode citrate synthase (CIT7), aconitase (ACOT), fumarase (FUMT1), and
malate dehydrogenase (MDH1). Multiple genes encode subunits of NAD™-
specific isocitrate dehydrogenase (IDH1 and IDH2), a-ketoglutarate dehydro-
genase (KGD1, KGD2, and LPDT), succinyl-CoA ligase (LSCT and LSC2), and
succinate dehydrogenase (SDH1-4).

cellular levels of citrate (to >0.80 wmol/mg of protein) in idhA
or acolA mutants relative to the parental strain (0.06 umol/mg
of protein) as previously described (2), the metabolite thataccu-
mulated to highest cellular levels, as shown in Fig. 14, was suc-
cinate in sdhA mutants (to >0.50 wmol/mg of protein) or in a
SfumIA mutant (to ~0.22 wmol/mg of protein) relative to the
parental strain (0.06 wmol/mg of protein). Also, as shown in
Fig. 1B, fumarate was elevated in the fum 1A mutant to levels of
~0.26 umol/mg of protein relative to <0.01 wmol/mg of pro-
tein in the parental strain. Substrates for missing enzymes in
other TCA cycle mutants accumulated to levels <0.01
pmol/mg of protein (a-ketoglutarate and oxaloacetate) or
<0.07 wmol/mg of protein (aconitate, isocitrate, and malate)
(data not shown).

Gene array analyses were previously conducted using a sim-
ilar set of yeast TCA cycle mutants (1). However, those analyses
were conducted with mutants grown with glucose as the carbon
source, which represses expression of mitochondrial proteins,
and with an acolA mutant that had lost respiratory function (2).
Also, because protein levels are more likely to reflect metabolic
changes, we conducted immunoblot analyses of a number of
TCA cycle and related enzymes to determine, in particular,
effects of elevated cellular concentrations of succinate or fuma-
rate in sdh2A and fum1A mutants. As illustrated in Fig. 24, an
initial screen of TCA cycle gene disruption mutants showed a
particular increase in levels of the glyoxylate cycle enzyme cit-
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FIGURE 2. Protein and RNA expression in yeast sdh2A and fumiA
mutants. A, immunoblot analyses were conducted as described under
“Experimental Procedures” using 5 ng of cellular protein samples from the
indicated yeast strains grown with rich YP medium containing galactose as
the carbon source. Similar amounts of each extract were electrophoresed on
multiple gels forimmunoblot analyses using antisera for each of the indicated
proteins. Gaps between lanes from a single immunoblot indicate that the
lanes were not adjacent in the immunoblot. Note: the Idh antiserum recog-
nizes both Idh1 and Idh2 subunits (27). B, CIT2 mRNA levels in parental and
mutant strains were determined relative to levels of ACTT mRNA as described
under “Experimental Procedures.”

rate synthase (Cit2) in extracts from sdh2A and fumlIA
mutants. Relative to the parental strain, cellular levels of Cit2
were elevated >3-fold in extracts from an sd#2A mutant and
~3-fold in extracts from a fum 1A mutant. The increased levels
of Cit2 generally correlated with increased cellular levels of suc-
cinate in these mutant strains (see Fig. 14). In contrast, com-
parative immunoblots (Fig. 24) indicated that levels of many
other proteins in extracts from sdh2A and fum 1A mutants were
similar to levels in the parental strain.

As explained in the legend for Fig. 1, metabolite data were
averaged for TCA cycle mutants with disruptions in each gene
encoding a subunit of a TCA cycle enzyme. For example, there
is only one gene encoding fumarase, but there are four genes
encoding subunits of succinate dehydrogenase. Therefore, we
examined if the increase in Cit2 levels was a general trait of
sdhA mutants. As shown in Fig. 3, increases of 3.5—4.4-fold in
levels of Cit2 relative to the parental strain were observed for
extracts from sdhiA, sdh2A, sdh3A, and sdh4A mutants. The
four sdhA mutants also exhibited similar elevations in cellular
succinate levels (0.45—0.58 umol/mg of protein) relative to the
parental strain (0.06 umol/mg of protein). In subsequent exper-
iments, we arbitrarily used the sdh2A mutant (which lacks the
iron-sulfur protein subunit of succinate dehydrogenase) as the
representative of these strains.
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FIGURE 3. Protein expression in yeast sdh7-4A mutants. Inmunoblot
analyses were conducted as described under “Experimental Procedures”
using 5 g of cellular protein samples from yeast strains containing disrup-
tions in each gene encoding a subunit of succinate dehydrogenase. Similar
amounts of each extract were electrophoresed using two gels for immuno-
blot analyses using antisera for Cit2 or Act1. The level of Cit2 in each sample
was compared with that of B-actin (Act1) using densitometry and normalized
to the parental strain level.
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FIGURE 4. Protein expression in parental cells cultivated with exogenous
succinate or fumarate in the medium. Immunoblot analyses were con-
ducted as described under “Experimental Procedures” using 5 ug of cellular
protein samples from the indicated yeast strains cultivated for 18 h in the
presence of the indicated concentrations of succinate (A) or fumarate (B).
Similar amounts of each extract were electrophoresed on different gels for
immunoblot analyses using antisera for the indicated proteins. Relative levels
of Cit2 were determined by densitometry.

We also analyzed CIT2 mRNA levels (with actin mRNA as
the control, Fig. 2B) in TCA cycle mutants and found similar
relative levels of expression as observed for the protein (e.g. 2.4-
and 1.9-fold increases in the sdh2A and fumlA mutants,
respectively, relative to the parental strain), suggesting a close
correspondence in expression of CIT2 at transcriptional and
translational levels in these strains.

Exogenous Succinate and Expression of Cit2—Results de-
scribed above suggested that elevated endogenous cellular lev-
els of succinate in sdh2A and fum1A mutants correlate with an
increase in levels of Cit2 protein. We therefore examined if
similar results could be obtained in the parental strain by add-
ing exogenous succinate to the growth medium. As shown in
Fig. 4A, cultivation of the parental strain with increasing con-
centrations of succinate correlated with elevated levels of Cit2
in cellular extracts (~7-fold with 100 mm succinate relative to
levels with no addition), whereas cellular levels of other pro-
teins (e.g. Idh subunits 1 and 2 in Fig. 44) remained unchanged.
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FIGURE 5. Sources, transport, and utilization of succinate and fumarate in
yeast cells.

TABLE 1
Relative cellular/mitochondrial amounts of succinate

A Parental sdh2A SfumiA
1.0/1.0° 11.2/34.3 2.9/3.8
(+0.1/0.1)" (£0.6/3.3) (£0.4/0.2)

B sfelA sdh2AsfclA SfumlIAsfelA
1.6/0.6 9.0/64.9 4.7/13.1
(*0/0.2) (+0.8/11.8) (£0.1/0.4)

“ Data represent averages from duplicate measurements of two independent ex-
perimental samples and are expressed relative to cellular/mitochondrial
amounts in the parental strain.

? Standard deviations.

The pH values (6.7-6.9) for cultures containing different
amounts of sodium succinate were similar. Also, growth rates
were similar for the parental strain grown in cultures with the
various amounts of exogenous succinate, and colony sizes and
numbers were similar in plate assays (data not shown), suggest-
ing no inhibition of growth by the metabolite. In contrast to the
results obtained with addition of succinate to the growth
medium, no effect on Cit2 protein levels was observed with
cultivation of the parental strain with increasing concentra-
tions of fumarate (Fig. 4B). Initial pH values (6.5—6.6) for cul-
tures containing different amounts of sodium fumarate were
also similar. This suggests that it is the elevated level of succi-
nate and not fumarate in the fumiA mutant (see Fig. 1) that
correlates with elevated Cit2 protein levels.

Compartmentalized Accumulation of Metabolites—To com-
pare mitochondrial to cellular levels of metabolites, we used cell
fractionation techniques for isolation of mitochondria (23) as
described under “Experimental Procedures.” For the parental
strain, we found that cellular levels of TCA cycle metabolites
were 2.5—6-fold higher than mitochondrial levels.> The one
exception was succinate because the cellular level in the paren-
tal strain (~64 nmol/mg of protein) was much higher than the
mitochondrial level (~2 nmol/mg of protein), perhaps reflect-
ing production of the metabolite by the cytosolic glyoxylate
cycle (Fig. 5).

As shown in Table 14, the relative cellular concentration of
succinate in the sdh2A mutant was ~11-fold higher and the
relative mitochondrial level of succinate was ~34-fold higher
than parental strain levels, indicating preferential mitochon-
drial accumulation of the metabolite in the mutant strain. The

3 These values represent nanamole/mg of cellular or mitochondrial protein.
In cellular fractionation procedures, the recovery of cellular protein is
~4.6-fold greater than the recovery of mitochondrial protein. Thus, correc-
tions to compare values on a cellular basis would give cellular:mitochon-
drial levels for most TCA cycle mutants of ~12:1 to 28:1. For succinate, this
ratio is 147:1, and for fumarate, this ratio is 12:1.
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FIGURE 6. Expression of Cit2 in yeast sfc1A mutants. Immunoblot analyses
were conducted as described under “Experimental Procedures” using 5 ug of
cellular protein samples from the indicated yeast strains. Similar amounts of
each extract were electrophoresed on multiple gels forimmunoblot analyses
using antisera for each of the indicated proteins. Gaps between lanes from a
single immunoblot indicate that the lanes were not adjacent in the immuno-
blot. Relative levels of Cit2 were determined by densitometry.

fumIA mutant exhibited, respectively, ~3- and ~4-fold higher
relative cellular and mitochondrial levels of succinate as com-
pared with the parental strain.

To investigate whether preferential mitochondrial accumu-
lation of succinate in sdh2A and fumi1A mutants was due to
transport of the metabolite from the cytosol and if this trans-
port correlated with increased levels of Cit2, we introduced a
disruption of the gene (SFCI) encoding the mitochondrial
transporter for succinate and fumarate (33) in parental and
mutant strains (see Fig. 5). As illustrated in Fig. 6, Cit2 protein
levels were similar in extracts from the parental strain and sfc1A
mutant. However, remarkably, levels of Cit2 in extracts from
sdh2AsfcIA and fumlAsfclA strains were ~10-fold lower than
levels in extracts from the sdh2A and fumlA mutants and
~3-fold lower than levels in the parental strain.

The low levels of Cit2 in sdh2AsfcIA and fum1AsfclA strains
suggest that transport of succinate by Sfcl across the mitochon-
drial membrane in sdh2A and fum 1A mutants is related to ele-
vated levels of Cit2. To examine this possibility in more detail,
we examined changes in relative compartmental levels of suc-
cinate in sfc1A mutant strains. As shown in Table 1B, in com-
parison with the parental strain, the relative cellular level of
succinate in the sfcIA transporter mutant increased slightly,
whereas the relative mitochondrial level decreased. This sug-
gests that succinate produced in the cytosol by the glyoxylate
pathway is normally transferred via Sfcl into the mitochondrial
matrix and is rapidly utilized in the TCA cycle, compatible with
the reported direction of transport of succinate via Sfcl (33)
shown in Fig. 5.

We predicted that transport mediated by Sfcl in the sdh2A
mutant would likely be minimal because cellular levels of fuma-
rate in this strain are very low (~10-fold lower than in the
parental strain, from data presented graphically in Fig. 1). Also,
as shown in Table 1B, whereas the relative cellular levels of
succinate were similar in sdh2AsfcIA and sdh2A strains, the
relative mitochondrial level of succinate in the sdh2AsfclA
strain was ~2-fold higher than that in the sdh2A strain. These
results suggest that the high relative mitochondrial level of suc-
cinate in the sdh2A strain may not only block but may even
result in reversal of the normal function of Sfcl allowing succi-
nate to exit mitochondria, and that this exit is impaired in the
sdh2AsfcIA strain. Similarly, as compared with levels in the
fumIA mutant, the relative cellular level of succinate was 1.6-
fold higher in the fumilAsfcIA strain, whereas the mitochon-
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TABLE 2

Relative cellular/mitochondrial amounts of fumarate
Parental sfclA SfumiIA SfumlIAsfclA
1.0/1.07 1.0/1.6 99/9.3 166/17.3
+0.3/0.4* +0.1/0.2 +27/0.5 +.21/0.5

“ Data represent averages from duplicate measurements of two independent ex-
perimental samples and are expressed relative to cellular/mitochondrial
amounts in the parental strain.

? Standard deviations.

drial level was almost 3-fold higher, also suggesting an impair-
ment of succinate transport out of mitochondria in the
fumlIAsfcIA strain.

As controls for these experiments, we examined cellular and
mitochondrial levels of fumarate in comparable fumIA strains.
For the parental strain, we found that the cellular fumarate level
(~2.7 nmol/mg of protein) was higher than the mitochondrial
level (~1.0 nmol/mg of protein).> As shown in Table 2, in com-
parison with the parental strain, the relative cellular level of
fumarate in the sfcIA mutant was similar, whereas the relative
mitochondrial level increased slightly. This suggests that some
fumarate produced in mitochondria by the TCA cycle is nor-
mally transferred via Sfcl into the cytosol, also compatible with
the reported direction of transport of fumarate via Sfcl (33) (see
Fig.5). Asalso shown in Table 2, the fum 1A mutant, which lacks
both mitochondrial and cytosolic forms of the enzyme (6),
exhibited a relative cellular fumarate level ~100-fold higher
than the parental strain level, whereas the relative mitochon-
drial fumarate level was <10-fold higher, suggesting a prefer-
ential accumulation of the metabolite outside mitochondria.
Both cellular and mitochondrial levels of fumarate were further
elevated in the fum1AsfciA strain. However, the ~10-fold dif-
ferential in relative compartmental levels was similar in fum 1A
and fumIAsfcIA strains. Thus, loss of the Sfcl transporter in
the fum 1A mutant had little effect on the cellular distribution of
fumarate, and it appears that most of the excess fumarate is
located in the cytosol.

Collectively, these results suggest that excess succinate pref-
erentially accumulates in mitochondria of sdh2A and fumIA
strains, whereas excess fumarate preferentially accumulates in
the cytosol of the fumIA strain. Also, high cellular levels of
succinate do not per se correlate with increased expression of
Cit2, because levels of the metabolite are comparable in sdh2A
and sdh2AsfcIA strains and in fumIA and fumIAsfclA strains.
Instead, the data for compartmentalized succinate levels in
sdh2A and fumlIA strains are consistent with a relationship
between a block in or aberrant Sfcl-mediated transport of
excess succinate out of mitochondria into the cytosol and the
increased expression of Cit2, because loss of this transport
mechanism in sdh2AsfcIA and fumlAsfcIA strains correlates
with reduced expression of Cit2 (see Fig. 6).

Effects of the Retrograde Response on Protein Expression—Ex-
pression of the yeast CIT2 gene has previously been linked to
the rho°-inducible retrograde (RTG) response in some strains
of yeast (e.g PSY142) (34, 35). In those strains, CIT2 mRNA
levels are very low in parental cells but increase dramatically (up
to 30-fold) in cells with compromised mitochondrial function,
e.g. in rho° cells lacking mitochondrial DNA (36). Also, in those
strains, defects in the retrograde response have no effect on the

JOURNAL OF BIOLOGICAL CHEMISTRY 33741



Succinate Accumulation in Yeast Mutants

Cito— (- W=
Idh1_

ACOT—— Wil == Il === B o

Aci— il WP o ) T e

Parental
rtg14
sdh24
sdh2A4rtg14
fum14
fum14rtg1A

FIGURE 7. Effects on protein expression in parental and TCA cycle
mutants by a defect in the retrograde response. Immunoblot analyses
were conducted as described under “Experimental Procedures” using 5 ug of
cellular protein samples from the indicated yeast strains. Similar amounts of
each extract were electrophoresed on multiple gels forimmunoblot analyses
using antisera for each of the indicated proteins. Gaps between lanes from
a single immunoblot indicate that the lanes were not adjacent in the
immunoblot.

parental strain but, in rh0° cells, these defects are associated
with very low levels of CIT2 expression and reduced expression
of CIT1, IDH, and ACOI genes (34). The retrograde response
has been described as a signal for mitochondrial dysfunction
and results in changes in nuclear gene expression due to an
Rtgl/Rtg3 heterodimer transcription factor that is translocated
to the nucleus in an Rtg2-dependent manner (37). Similar
effects on gene expression were reported for disruption of each
of the three RTG genes in yeast (34).

In the current study, the parental yeast strain was originally
derived from the W303 line (18) that is reported to have a con-
stitutive or weak retrograde response (38), because CIT2
mRNA levels were reported to be only 1.5-fold higher in a rh0°
mutant than in the corresponding W303 parental strain. We
examined Cit2 protein expression in a respiratory deficient
(rho®) petite mutant derived from our parental strain and also
found that Cit2 protein levels were similarly increased ~1.5-
fold relative to the parental strain. Thus, our results also suggest
that the dramatic increase in CIT2 expression reported for rho°
mutants of yeast strains that exhibit the r/#0°-inducible retro-
grade response does not occur in the r10° mutant of the paren-
tal strain used in this study. However, because we observe sub-
stantial levels of Cit2 expression in our parental strain, the
magnitude of the retrograde response as defined solely by levels
of Cit2 is likely due to differences in constitutive levels of CIT2
mRNA or protein expression in various parental yeast strains
(see the “Discussion”).

To investigate the potential involvement of the retrograde
response in our parental strain and mutants, we constructed
various rtgIA mutant strains. As shown in Fig. 7, constitutive
Cit2 expression in the parental strain was eliminated in an
rtglIA strain. Introduction of the RTGI gene disruption into
sdh2A and fumIA strains that normally exhibit elevated levels
of Cit2 also eliminated expression of that protein (i.e. for
sdh2Artgl A and fum1Artgl A strains in Fig. 7). Thus, expression
of Cit2 in the parental strain and in sdh2A and fum1A mutants
is dependent on Rtgl and the retrograde pathway. We con-
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FIGURE 8. Effects on protein expression in a rho® strain by a defect in the
retrograde response. Inmunoblot analyses were conducted as described
under “Experimental Procedures” using 5 ug of cellular protein samples from
the indicated yeast strains. Similar amounts of each extract were electro-
phoresed on multiple gels forimmunoblot analyses using antisera for each of
theindicated proteins. Gaps between lanes from a singleimmunoblotindicate
that the lanes were not adjacent in the immunoblot.

ducted multiple immunoblot analyses of extracts from these
strains and found relatively little effect of r£gI A on expression of
many proteins. However, as shown in Fig. 7, there were consis-
tently low cellular levels of Idh and Acol in strains containing
the RTGI gene disruption. Thus, in addition to constitutive
expression of Cit2, constitutive levels of Idh and Acol in this
parental strain are also controlled by the retrograde pathway.
This is not the case for a yeast strain (e.g. PSY142) (34) that has
a rho®-inducible retrograde response, because rtgA mutants of
that strain exhibit levels of CIT2, IDH, and ACOI (as well as
CIT1) gene expression comparable with the parental stain.

We also examined protein levels in a rh0° mutant derived
from our parental strain. As shown in Fig. 8, Acol and Idh
protein levels were elevated 2—3-fold (and Cit2 levels elevated
1.5-fold) in the rho°® mutant relative to the parental strain.
Traven et al. (39) have reported similar results for expression of
ACOI and IDH genes in W303 parental and rko° cells. To
determine the effects of the retrograde pathway on these
expression patterns, we deleted the RTGI gene in our rho°
strain and found that levels of Acol and Idh in the rko°rtgiA
mutant were much lower than levels in the parental strain and
were similar to those in the rtgIA strain (compare Figs. 7 and 8),
and there was no expression of Cit2 in the rh0°rtgIA mutant.
These data suggest that expression of these proteins in the r/0°
mutant is dependent on the retrograde response. This is quite
similar to results reported for expression of CIT2, IDH, and
ACOI (as well as CIT1) genes in a rho°rtgl A mutant of PSY142
(34). As also shown in Fig. 8, not all proteins elevated in the r/0°
mutant are controlled by the retrograde response. Levels of
gluconeogenic enzymes Mdh2 (cytosolic malate dehydroge-
nase) and Fbpl (fructose-1,6-bisphosphatase) were elevated
2-3-fold in both the rh0° mutant and in the rk0°rtgl A mutant
relative to the parental strain.
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Metabolite measurements for the r10° mutant derived from
our parental strain indicated that cellular levels of most TCA
cycle intermediates were similar to or less than 2-fold different
from levels in the parental strain. The exception was citrate,
which exceeded the parental strain level by ~4-fold. It may be
the elevated levels of citrate in the r/10° strain that correlate with
the elevated levels of Idh and Acol shown in Fig. 8, because we
reported a similar correlation between increased levels of cit-
rate and increased expression of Acol in idhA mutants and Idh
in an acolA mutant (2).

Effects of the Retrograde Response on Metabolite Levels—Cel-
lular metabolite profiles for the rtgIA strain were found to be
comparable with those of the parental strain, as shown for suc-
cinate, fumarate, and citrate in Fig. 9, A—C. Because cellular
levels of Cit2, Idh, and Acol in sdh2A and fumIA strains were
dramatically reduced by co-disruption of the RTGI gene in
sdh2ArtgIA and fum1Artgl A strains (see Fig. 7), we also exam-
ined metabolite levels in these strains. As shown in Fig. 94, the
cellular level of succinate in the sdh2ArtgI A strain was ~5-fold
lower than in the sd/2A strain and only 2-fold higher than in the
parental strain. In addition, the level of succinate in the
fumIArtglA strain was >2-fold lower than in the fumIA strain
and was comparable with that in the parental strain. Thus,
introduction of RTG1 gene disruption into sdh2A and fumlIA
strains not only correlates with loss of Cit2 expression but also
with reduction of succinate levels. Similarly, as shown in Fig.
9B, the cellular level of fumarate in the fumIArtgIA strain was
~3-fold lower than that in the fumIA strain, although it still
exceeded that in the parental strain. Also, the level of citrate
(Fig. 9C) in an idh2ArtgI A strain was ~4-fold lower than thatin
an idh2A strain and was only 1.5-fold higher than those in the
parental strain.

Thus, Rtgl and the retrograde response appear to be re-
quired for the excess accumulation of substrates in TCA cycle
mutants. This is likely due to a general attenuation of flux
through the TCA cycle in the rtgI A mutants because of down-
regulation of expression of Acol and Idh proteins (see Fig. 7).
Consistent with this idea, although we observed similar cellular
metabolite levels, mitochondrial levels of most TCA cycle inter-
mediates were lower in the rtgIA strain than in the parental
strain in this study (Table 3). The exception was malate with a
level 1.7-fold higher in the rtgIA strain than in the parental
strain presumably due to reduced utilization of this metabolite
in the TCA cycle.

Glutamate was previously proposed to be a metabolite medi-
ator of the retrograde response in rtgArho® cells from a strain
with a rho°-inducible retrograde response (36), due to down-
regulation of expression of CIT1, ACO1, and IDH genes and the
consequent expected reduction in levels of cellular a-keto-
glutarate for glutamate synthesis, although metabolite levels
were not quantified. We therefore examined cellular levels of
glutamate for parental and mutant strains in this study. Gluta-
mate was found to be an abundant metabolite in parental yeast
cells (~1 umol/mg of protein). As shown in Fig. 9D, the cellular
level of glutamate was ~50% lower in the r£gIA mutant (which
exhibits no Cit2 expression and low levels of Idh and Aco1) than
in the parental strain. However, levels of the metabolite were
similarly lower in sdh2A and fumlA strains, which exhibit
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FIGURE 9. Effects on levels of TCA cycle intermediates by a defect in the
retrograde response. Cellular levels of succinate (A), fumarate (B), citrate (C),
or glutamate (D) in extracts from the indicated yeast strains were determined
using GC/MS, as described under “Experimental Procedures.” Data represent
averages from duplicate measurements in two independent experiments.

TABLE 3

Ratios of concentrations of mitochondrial metabolites (rtg7A strain/
parental strain)

Strain Strain
Citrate 0.8 Succinate 0.5
Aconitate 0.4 Fumarate 0.6
Isocitrate 0.4 Oxaloacetate ND~*
a-Ketoglutarate ND* Malate 1.7

“ Levels of oxaloacetate in parental strain mitochondria were similar to levels of
aconitate, but oxaloacetate was not detectable in r£gl A mitochondria.

? Levels of a-ketoglutarate were not detectable in mitochondria from either strain
in this experiment.
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FIGURE 10. Effects on petite frequencies by a defect in the retrograde
response. Petite frequencies of the indicated yeast strains were determined
as described under “Experimental Procedures.”

higher levels of Cit2 than the parental strain and parental levels
of Idh and Acol. In addition, the glutamate level was not sub-
stantially reduced in the Asdh2ArtgIA strain (no Cit2 expres-
sion and low levels of Idh and Acol) relative to the sdh2A strain.
Although the glutamate level in the fumIArtglA strain was
lower than that in the fumIA strain, overall we do not observe
any consistent correlation between relative cellular levels of
glutamate and a defect in the retrograde response.

Effects of the Retrograde Response on Petite Frequencies—Fi-
nally, we examined the importance of Rtgl in one of the com-
mon phenotypes associated with TCA cycle mutants, an accu-
mulation of petite mutants with growth in culture (1). As
illustrated in Fig. 10, yeast TCA cycle mutants exhibit different
petite frequencies. Approximately 20% of the cells in a galac-
tose-grown culture of an idh2A strain were petite. The petite
frequencies of the sdh2A and fumIA strains under similar con-
ditions were ~7 and 10%, respectively, in contrast to petite
frequencies of ~2% for parental and rtgIA strains. In the TCA
cycle mutants also containing a disruption of the RTGI gene,
petite frequencies were similar to those observed for the paren-
tal and rtgIA strains. Thus, Rtgl and the retrograde response
are also linked to phenotypes associated with dysfunctions in
the TCA cycle. This may be due to reduction in accumulated
metabolites in the TCA cycle mutants that results from co-dis-
ruption of the RTG1 gene as shown above.

DISCUSSION

Our analyses of compartmentalized levels of TCA cycle
metabolites in a parental yeast strain grown with galactose as
the carbon source suggest that total cellular levels substantially
exceed mitochondrial levels. There are few direct studies of
compartmental differences in metabolite concentrations, but
Castegna et al. (40) also recently reported a substantially higher
level of citrate in the cytosol than in mitochondria of a yeast
strain grown in minimal medium with acetate as the carbon
source. The largest differential in compartmentalized levels
that we observed was for succinate, presumably due to cytosolic
production of this metabolite by the glyoxylate pathway. The
major fate of cytosolic succinate in yeast is assumed to be trans-
fer into mitochondria as an anaplerotic mechanism. The trans-
fer of succinate into mitochondria and export of fumarate into
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the cytosol via the yeast Sfcl transporter (33) provides substrate
for the cytosolic form of Fum1 for conversion to malate that can
be used for gluconeogenesis. Succinate can also be imported
into mitochondria in exchange for export of phosphate via the
dicarboxylate carrier (41), which would fulfill an anaplerotic
function but would not support gluconeogenesis.

Itis unlikely that the Sfc1 transporter would be active in yeast
sdhA mutants due to the absence of sufficient fumarate for
countertransport. This could in part account for the higher rel-
ative (but not absolute) accumulation of succinate in mitochon-
dria as compared with the increase in cellular levels in an sdh2A
mutant. In fact, results obtained with an sdh2Asfc1A mutant
suggest that some of the mitochondrial succinate in the sdh2A
mutant may be aberrantly transported into the cytosol. That
this aberrant transport (at least partially mediated by Sfc1) may
be connected with the increased expression of Cit2 in the sdh2A
strain is suggested by decreased expression of Cit2 in the
sdh2Asfcl1A mutant. Thus, a block in or aberrant transport of
succinate by Sfcl may impact up-regulation of Cit2 and glyoxy-
late cycle activity in the sdh2A strain.

Interestingly, others have reported that succinate is secreted
into the medium during cultivation of yeast sdhA mutants (3,
42), and there is substantial interest in maximizing this process
as a bioindustrial source of the metabolite and in some yeasts
used for brewing sake (Japanese wine), in which succinate is a
major taste component (43). Raab et al. (44) recently reported
that excellent extracellular yields were obtained by combining
disruption of SDH genes (to prevent conversion of succinate to
fumarate) with disruptions of genes encoding the two mito-
chondrial enzymes (Idh and Idp1) that catalyze the conversion
of isocitrate to a-ketoglutarate. The latter disruptions led to
delivery of the excess mitochondrial isocitrate to the cytosolic
glyoxylate pathway, resulting in a substantial increase in levels
of succinate production and secretion relative to use of sdhA
mutants alone.

Mammalian cells lack a glyoxylate cycle, so succinate is pri-
marily produced in mitochondria. In human SDH mutant cells,
however, the excess succinate is speculated to have potential
detrimental effects on non-mitochondrial processes (14).
Because there are few normal cytosolic processes that require
succinate, it may be that some aberrant transport mechanism
for succinate export out of mitochondria is also operative in
these cells. One other important consequence of the loss of Sdh
in yeast is very low cellular levels of fumarate (~10-fold lower
than parental cellular levels). Because this would likely apply to
mammalian SDH mutant cells as well, there may be potential
detrimental effects due to low fumarate levels.

That fumarate accumulates to high levels preferentially in
the cytosol of a yeast fumIA mutant may be due to increased
export of fumarate from mitochondria into the cytosol as well
as to a block in the conversion of fumarate to malate for gluco-
neogenesis by the cytosolic form of this dually localized
enzyme. However, the export of fumarate in the fum 1A mutant
appears to be independent of the Sfcl transporter. Another
mitochondrial carrier for citrate and a-ketoglutarate showed
only a low potential for fumarate transport (40), so the mecha-
nism for export of excess fumarate into the cytosol of the fum1A
mutant is unknown. There are some cytosolic reactions that
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catalyze formation of fumarate (e.g. the reactions in the adenine
biosynthetic pathway catalyzed by adenylosuccinate lyase) (45)
but these are unlikely to explain the high cytosolic concentra-
tions observed in the fum A mutant. With respect to Sfcl and
other mitochondrial carriers, dysfunctions in the TCA cycle
could also have deleterious effects on the electrochemical gra-
dient and substantially alter functions of transporters depen-
dent on this gradient.

A recent report by Yogev et al. (46) showed that the cytosolic
form of fumarase can be recruited to the nucleus in both yeast
and mammalian cells in response to double strand breaks in
DNA, and that the conversion of malate to fumarate by the
yeast nuclear form of Fuml may, by some unknown mecha-
nism, play a role in the DNA damage response. Thus, in addi-
tion to provision of malate for gluconeogenesis, the cytosolic
form of fumarase apparently catalyzes the reverse reaction in
the nucleus in response to DNA damage. Clearly, this function
in yeast might be directly impacted by the substantial altera-
tions in cellular fumarate levels, i.e. the reduction observed in
an sdh2A mutant and the increase observed in a fum 1A mutant,
and by extrapolation to similar metabolite changes in human
SDH and FH mutants.

We have not observed any changes in protein expression
specifically attributable to increased fumarate levels in the
fumlIA mutant. In contrast, relative to the parental strain, an
increase in cellular concentrations of citrate was previously cor-
related with increased levels of Idh in an acolA mutant and
Acol in an idhA mutant (2). This suggests that higher than
normal cellular levels of citrate may impact expression of
enzymes important for metabolism of that metabolite, similar
to the apparent impact of aberrant succinate transport on
expression of Cit2.

Our results show that the retrograde response pathway is
necessary for many of the effects we observe related to metab-
olite changes in and phenotypes associated with yeast TCA
cycle mutants. We note that differences in expression of Cit2/
CIT2 in rho° relative to parental cells are due to respiratory
deficiency (34, 38) and are not per se a measure of the magni-
tude of the retrograde response. Instead, the overall impact of
the retrograde pathway on the breadth of expression of
proteins/mRNAs going from minimal expression in an
rtgArho® mutant to maximal expression in a rho° mutant is
similar in strains with either the W303 background (Fig. 8) or
the PSY142 background (34). However, the retrograde
response in W303 strains does not appear to be directly associ-
ated with mitochondrial dysfunction as suggested for strains
with rk0°-inducible responses (36).

The basis for the fundamental differences in retrograde re-
sponses of W303 and PSY142 parental strains is unknown. One
reported impact of these differences has to do with effects on
replicative life spans determined using a fermentable, non-re-
pressing carbon source. Kirchman et al. (38) have shown that
rho® derivatives of some yeast strains have longer life spans than
respective parental strains and that this extension of life span is
dependent on the retrograde response. In contrast, a rho° deriv-
ative of W303 and the parental strain have similar life spans.
However, as might be predicted for a parental strain with a
constitutive retrograde response, the life span reported for the
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parental W303 strain was significantly longer than those
reported for parental strains with rko°-inducible retrograde
responses (38).

There have been comparisons made between the retrograde
response in yeast and the NF-«B stress response in mammalian
cells (36, 47), because the latter can be activated by mitochon-
drial dysfunction and other signals. Thus, it will be of interest to
determine effects on this signaling pathway associated with
SDH and FH mutations in humans.
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