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Growth of Saccharomyces cerevisiae following glucose depletion
(the diauxic shift) depends on a profound metabolic adaptation
accompanied by a global reprogramming of gene expression. In
this study, we provide evidence for a heretofore unsuspected role
for Isc1p in mediating this reprogramming. Initial studies revealed
that yeast cells deleted in ISCI, the gene encoding inositol sphin-
golipid phospholipase C, which resides in mitochondria in the
post-diauxic phase, showed defective aerobic respiration in the
post-diauxic phase but retained normal intrinsic mitochondrial
functions, including intact mitochondrial DNA, normal oxygen
consumption, and normal mitochondrial polarization. Microarray
analysis revealed that the Aisc1 strain failed to up-regulate genes
required for nonfermentable carbon source metabolism during the
diauxic shift, thus suggesting a mechanism for the defective supply
of respiratory substrates into mitochondria in the post-diauxic
phase. This defect in regulating nuclear gene induction in response
to a defect in a mitochondrial enzyme raised the possibility that
mitochondria may initiate diauxic shift-associated regulation of
nucleus-encoded genes. This was established by demonstrating
that in respiratory-deficient petite cells these genes failed to be up-
regulated across the diauxic shift in a manner similar to the Aiscl
strain. Isc1p- and mitochondrial function-dependent genes signif-
icantly overlapped with Adrlp-, Snflp-, and Cat8p-dependent
genes, suggesting some functional link among these factors. How-
ever, the retrograde response was not activated in Aisc1, suggesting
that the response of AiscI cannot be simply attributed to mito-
chondrial dysfunction. These results suggest a novel role for Isc1p
in allowing the reprogramming of gene expression during the tran-
sition from anaerobic to aerobic metabolism.
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Mitochondria are essential organelles whose primary func-
tion is the synthesis of ATP by oxidative phosphorylation.
Mitochondria are also the site of metabolic and biosynthetic
reactions, such as the tricarboxylic acid cycle (1), lipids (2, 3),
amino acids (4), and iron metabolism (5). Mitochondrial pro-
teins consist of those encoded by both the nuclear and mito-
chondrial genomes. The mitochondrial genome encodes 12
proteins, most of which are components of the oxidative phos-
phorylation apparatus (6). However, most of the mitochondrial
proteins are encoded by nuclear genes (7). Moreover, alter-
ations in mitochondrial function and mitochondrial damage
have been linked to a variety of cellular and organismal
responses, including apoptosis, neuromuscular disease, tumor
pathogenesis, and aging (8 -11).

Isclp, the homolog of mammalian neutral sphingomyeli-
nases, was recently shown to localize to mitochondria in the
post-diauxic phase of yeast growth (3, 12), although its function
there remains undetermined. Isclp produces ceramide from
the complex sphingolipids inositol phosphorylceramide, man-
nosylinositol phosphorylceramide, and mannosyldiinositol
phosphorylceramide (13-16), modulates iron levels and apo-
ptosis (17), and confers resistance to the antifungal effects of
macrophages in Cryptococcus neoformans (18). Although a
Aisc1 strain grew very slowly in the post-diauxic phase or when
grown in media containing nonfermentable carbon sources (12,
13), the cause of this growth defect had not been elucidated;
however, because utilization of nonfermentable carbon sources
requires intact mitochondrial function, the findings suggested a
role for Isc1lp in mitochondrial function.

In this study, we initially sought to elucidate the cause of the
growth defect of AiscI in the post-diauxic phase and on nonfer-
mentable carbon sources. During this pursuit, it was found that
the mitochondrial DNA, respiratory chain, and reactive oxygen
species from Aiscl were not significantly compromised; how-
ever, the results revealed a defect in induction of those genes
involved in nonfermentable carbon source metabolism, includ-
ing glucose-repressed genes, probably resulting in defective
supply of respiratory substrates into mitochondria. In turn,
these results led to the identification of a novel and unexpected
role for mitochondria in regulating expression of nuclear genes
during the diauxic shift. This role was established using petite
cells, which have lost mitochondrial DNA and integrity. These
cells, as compared with grande cells, failed to execute the regu-
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lation of a large spectrum of genes, including glucose-repressed
genes required for executing the diauxic shift. These results
indicate that Isc1p provides an indispensable role in the global
metabolic adaptation in this phase of yeast growth.

EXPERIMENTAL PROCEDURES

Yeast Strains, Media, and Culture Conditions—]JK9-3da
WT?and JK9-3da Aiscl (MATa leu2-3, 112 ura3-52 rmel trpl
his4 Aiscl:kanMX) (16) were used in this study. Standard yeast
culture medium was prepared using Difco YPD broth. Plates
were prepared using Difco YPD agar and stored at 4 °C. YPetha-
nol contained 1% yeast extract, 2% bactopeptone, and 2% etha-
nol. YPGE plate contained 1% yeast extract, 2% bactopeptone,
2% ethanol, 2% glycerol, and 2% agar. Yeast cells were cultured
with shaking at 30 °C otherwise indicated. Exponentially grow-
ing cells were inoculated to fresh media, incubated for 4 or 24 h
with shaking, and used as pre-diauxic and post-diauxic phase
cells.

RNA Preparation—Yeast cells were cultured in medium as
described above, centrifuged at 3,000 X g at 4 °C, and snap-
frozen with liquid nitrogen, and RNA was isolated from cell
pellets using the RNeasy RNA Isolation Kit from Qiagen follow-
ing the enzymatic lysis protocol.

Microarray Procedures—Sample preparation for microarray
hybridization was carried out essentially as described in the
Affymetrix Expression Analysis Technical Manual and previ-
ous reports (19, 20). In brief, isolated total RNA was subjected
to reverse transcription using the Superscript Choice System
(Invitrogen), and the derived double-stranded cDNA was puri-
fied using phase-lock gel columns (Eppendorf) followed by eth-
anol precipitation or the cDNA clean up columns provided by
Affymetrix. The purified cDNA was then subjected to in vitro
transcription using biotinylated ribonucleotides in the Bio-
Array™ High Yield"™ RNA transcript labeling kit (Enzo Diag-
nostics). The biotinylated transcript was purified using the
RNeasy Mini Kit (Qiagen) and then fragmented using 0.2 m Tris
acetate, pH 8.1, containing 0.5 M potassium acetate and 0.15 M
magnesium acetate. Fragmentation was confirmed by agarose
gel electrophoresis using ethidium bromide for visualization.
Samples were then hybridized to the YG-S98 yeast genomic
chip (Affymetrix), stained with streptavidin-phycoerythrin,
and washed in the Affymetrix Fluidics Station exactly as indi-
cated by the Affymetrix Expression Analysis Technical Manual.

Data Analysis—Gene chips were scanned using the
Affymetrix scanner. Fluorescence values were statistically ana-
lyzed to yield gene expression signal values using Microarray
Suite 5.0. Expression integrity was confirmed by verification of
expected values for internal control probe sets, including sets
for “spikes” (BioA, BioB, and BioC), ratios of signals between
probe sets designed with 3’ or 5 bias for ACT1 (B-actin), and
absence of internal negative controls, including murine genes.
Absolute analysis was conducted for each analysis with scaling
to a target value of 2500 to facilitate comparison between exper-
iments. Microarray data were derived from two independent

2 The abbreviations used are: WT, wild type; FACS, fluorescence-activated cell
sorter; RT, reverse transcription; MOPS, 4-morpholinepropanesulfonic
acid.
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experiments for WT and Aiscl grande and from one experi-
ment for petite. In Fig. 3 and Fig. 64, genes whose expression at
24 h in WT was greater than 300 were selected. Among the
selected genes, the genes whose ratio of WT-24 h/WT-4 h
above 2.0 were further selected, and the gene expression ratio of
WT-24 h/WT-4 h and mutant-24 h/mutant-4 h was plotted
along the log axis. Statistical analyses, including regression and
slope analysis of these genes, were performed with a statistical
software KaleidaGraph 4 (Hulinks). In Fig. 54 and Fig. 6B, the
ratio of mutant-24 h/mutant-4 h/WT-24 h/WT-4 h of the car-
bohydrate metabolism pathway genes was calculated, and the
ratio was expressed by color and thickness of the boxes (red; 24
h/4 h ratio is bigger in mutant than WT; blue, 24 h/4 h ratio is
smaller in mutant than WT). The whole set of microarray data
are available at Medical University of South Carolina web site.

Real Time RT-PCR—Total RNA was harvested using RNeasy
Mini Kit (Qiagen). First strand cDNA was produced using 1 ug
of total RNA and Superscript II reverse transcription kit
(Invitrogen). Real time analysis was performed using iCycler IQ
Real Time PCR System (Bio-Rad) and SYBR Green Supermix
protocol (Bio-Rad). In brief, primers specific for a 75-150-bp
region within the target gene were added to a final core of 12.5
mM to a master mix of sterile water and SYBR Green Supermix.
The cDNA template was then diluted 1:50 and added to the
mix. The final mixture was pipetted in triplicate into a 96-well
plate (Bio-Rad), sealed with iCycler tape (Bio-Rad), and real
time PCR performed. Primers used in the real time PCR are
shown in supplemental Table SI. The expression of the target
genes was normalized to the expression of RDN1I.

Isolation of Mitochondria—A 6-liter flask containing 1.25
liters of YPD was inoculated with the exponentially growing
culture and incubated at 30 °C for 24 h with vigorous aeration.
Yeast cells were centrifuged at 2,000 X g for 5 min; washed with
water; resuspended in 12.5 ml of 100 mm Tris-SO,, pH 9.4, 10
mM dithiothreitol (2 ml/g wet cell); incubated at 30 °C for 15
min; centrifuged at 2,000 X g for 5 min; washed with buffer SP
(1.2 M sorbitol, 20 mm potassium/phosphate buffer, pH 7.4);
dissolved in buffer SP containing Zymolyase 100T (Seikagaku
Corp., 7 ml/g cells, 1.5 mg/g cells); incubated at 30 °C for 60
min; centrifuged at 2,500 X g for 5 min; washed twice with
buffer SP (7 ml/g wet cell); resuspended in homogenization
buffer (0.6 M sorbitol, 10 mm Tris-HCI, pH 7.4, 1 mm EDTA, 1
mM phenylmethylsulfonyl fluoride) (6.5 ml/g cells); homoge-
nized in a 40-ml Dounce homogenizer using 15 strokes; diluted
2-fold with homogenizing buffer; centrifuged for 5 min at
1,500 X g to remove cell nuclei and debris; and centrifuged
again 2,500 X g for 5 min. The supernatant was centrifuged at
12,000 X g for 15 min. The pellet was resuspended in 30 ml of
SM buffer (250 mm sucrose, 1 mm EDTA, 10 mm MOPS/KOH,
pH 7.2) and centrifuged at 2,500 X g for 5 min. The supernatant
was then centrifuged at 12,000 X g for 15 min, and the pellet was
resuspended in 10 ml of SM buffer as crude mitochondria.

Oxygen Consumption Rate—Exponentially growing yeast
cells were inoculated at Ay, of 0.1 and incubated 24 h in YPD
medium, and 4.4 X 107 cells were washed and resuspended in a
total 20 ul of solution A (10 mm HEPES, 25 mm K,HPO,, pH
7.0). Five microliters of the cell suspension was added to 0.6 ml
of solution A in the chamber followed by 10 ul of ethanol. Oxy-
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gen consumption rate was measured using Dual Oxygen Elec-
trode Amplifier model 203 (Instech). Alternatively, 10 mg of
isolated mitochondria were washed and resuspended in a total
200 ul of 0.6 M sorbitol, 10 mMm Tris-HCI, pH 7.4, 1 mm EDTA,
1 mM phenylmethylsulfonyl fluoride. After adding a final 10 um
NADH, 5 ul of the mitochondrial suspension was added to 0.6
ml of 0.6 M sorbitol, 10 mm HEPES, pH 7.0, 25 mm K,HPO,, 2
mMm MgCl,, 1 mm EDTA in the chamber, followed by adding a
final 2 um ADP. Oxygen consumption rate was measured using
the same machine described above. The oxygen consumption
rate after addition of mitochondria was calculated as state
4 respiration rate, that after addition of ADP as state 3 respira-
tion rate, and that after ADP exhaustion as state 4 (2) respira-
tion rate.

Measurement of Reactive Oxygen Species—Yeast cells grown
to 3 X 10° cells/ml were washed, dissolved in distilled water
(1 X 10° cells in 1 ml), and incubated in final 40 um 2',7’-
dichlorofluorescein diacetate (Sigma) for 1 h at room tempera-
ture in a dark room. Cells were washed with distilled water two
times, and the fluorescence was measured using FACSCalibur
(BD Biosciences) with 488-nm argon laser and 530/30BP filter.
As a positive control, WT cells treated with a-factor (final 11.9
um) for 1.5 h were applied to the same analysis.

Petite Induction—Petite induction was performed by the
ethidium bromide method described by Schneider-Berlin et al.
(21). Briefly, logarithmically grown yeast cells were diluted to
2 X 10° cells/ml in 1% yeast extract, 2% peptone, 2% dextrose,
50 mM potassium phosphate, pH 6.24. Ethidium bromide was
added to a final concentration of 50 wM, and the cultures were
incubated at 30 °C in the dark for 8 h with shaking and then
plated onto YPD or YPGE medium to confirm inability to grow
on nonfermentable medium.

Glucose Concentration—The concentration of glucose was
measured with Glucose ClI-test Wako (Wako Chemicals)
according to the manufacturer’s instructions. Briefly, 1.0 ml of
the reaction mixture was mixed with 6.7 ul of the sample and
incubated at 37 °C for 5 min, and absorbance at 530 nm was
measured. The absorbance of the blank sample and that with-
out the reaction mixture was subtracted from the absorbance of
the sample, and concentration of glucose was calculated from
the dilution ratio and the calibration curve.

RESULTS AND DISCUSSION

Aiscl Displays Defective Growth on Nonfermentable Carbon
Sources but No Defects in Mitochondrial DNA—The Aiscl
strain showed hardly any defect of growth in the pre-diauxic
phase in glucose-containing medium and a modest defect in the
post-diauxic phase (Fig. 14), consistent with previous results
(12, 13). On the other hand, AiscI showed strikingly defective
growth in medium containing nonfermentable carbon sources
such as glycerol (Fig. 1B), thus demonstrating a clear-cut pref-
erence for fermentable carbon sources. Because Isclp associ-
ated with mitochondria in the post-diauxic growth phase (3,
12), it seemed plausible that these phenotypes may arise from a
mitochondrial defect in Aiscl.

Defects in mitochondria such as petite formation often indi-
cate defects in mitochondrial DNA. Thus, yeast strains require
WT mitochondrial DNA (rho ) to respire and grow on nonfer-
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FIGURE 1. Aisc1 exhibits a defective phenotype in the post-diauxic phase.
A and B, WT and Aisc1 cells were grown in YPD medium and inoculated to
fresh YPD (A) or YPglycerol medium (B), and the absorbance was measured at
different time points. A, glucose concentration was also measured at each
time point.

mentable media (22), whereas cells in which part or all mito-
chondrial DNA is lost (rho~ or rho® respectively) lose func-
tional mitochondrial DNA-encoded subunits of both the
electron transport chain and the ATP synthase, fail to grow on
nonfermentable media, and form “petite” colonies on ferment-
able media. Moreover, mutants that have lost mitochondrial
integrity often show decreased content of their mitochondrial
DNA (23). Therefore, the mitochondrial DNA content in the
Aisc1 strain was determined by Southern blotting using a probe
directed to the COX1I gene, which is encoded in the mitochon-
drial genome. The results showed that AiscI did not contain
less mitochondrial DNA relative to WT, and ifany, there was an
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shown in Fig. 2B, colonies were dis-
tinctly formed in Aiscl as well as in
WT (Fig. 2B), indicating that the
Aisc1 mutant is not petite-negative,
as described previously (25). These
results argue against a major defect
in mitochondrial DNA underlying
the growth defect of the Aiscl
strain.

Isolated Mitochondria from Aiscl
Display an Intact Respiration
Rate—Defective  mitochondrial
phenotypes and the very slow
growth of the Aiscl in nonfer-
mentable carbon source medium
suggested the possibility that the
respiration rate of mitochondria
from the AiscI may be lower than
that of the WT. WT and Aisc! cells
were incubated in YPD medium
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FIGURE 2. Lack of intrinsic mitochondrial defects in Aisc7. A, mitochondrial DNA content of WT and AiscT.
The genomic DNA of WT and Aisc1 was obtained from 4 and 24 h after inoculation and analyzed by Southern
blotting with the mitochondrial COXT and nuclear RDN1 probe. B, WT and Aisc1 were incubated in medium
containing ethidium bromide for 8 h and plated onto YPD plates. The plates were incubated at 30 °C for 2 days.
Plating onto YPGE plates did not produce any colonies (data not shown). C, oxygen consumption rate of the
isolated mitochondria measured as described under “Experimental Procedures.” The results are represented as
themean = S.E. of at least two independent experiments. D, reactive oxygen species of WT cells with or without
treatment with a-factor (final 11.9 um at 30 °C for 1.5 h) and Aisc1 cells. The cells were mixed with 40 um

2',7'-dichlorofluorescein diacetate and applied to FACS analysis.

increase in total mitochondrial DNA (Fig. 24), suggesting that
the growth defect of AisclI is not due to loss of mitochondrial
DNA.

To further confirm this hypothesis, the petite-forming ability
of Aiscl was analyzed. Saccharomyces cerevisiae can usually
grow without mitochondrial DNA in fermentable carbon
medium (but not in nonfermentable carbon medium). How-
ever, mutants that cannot grow without mitochondrial DNA
even in fermentable carbon medium are called “petite-nega-
tive” mutants and are characterized by the inability to form
colonies when incubated in fermentable carbon medium con-
taining ethidium bromide (24). AiscI cells were incubated with
50 uM ethidium bromide in the dark at 30 °C for 8 h to generate
petites, and then colony formation on YPD was evaluated. As
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0 1ot suggesting that a critical defect
does not exist in the respiratory
chain of this mutant.

Next, the levels of reactive oxygen
species were evaluated because
defects in mitochondria often result
in an increase in the concentration
of the reactive oxygen species of the
cells (26). For these experiments,
logarithmically growing WT and AiscI cells were suspended in
40 um 2',7'-dichlorofluorescein diacetate and incubated for 1 h
at room temperature in a dark room, and the fluorescence was
measured by FACS equipped with a 488-nm argon laser and a
530/30BP filter as an indication of the amount of reactive oxy-
gen species in the cells. The strength of the fluorescence of
AiscI was not significantly different from that of WT, indicat-
ing that the amount of reactive oxygen species in the AiscI did
not differ significantly from that in the WT (Fig. 2D). The sen-
sitivity of this assay was verified by measuring the fluorescence
of WT cells treated with a-factor (Fig. 2D), which are known to
generate increased amounts of reactive oxygen species (27).
Together, these results strongly support that mitochondrial
DNA, respiratory chain, and reactive oxygen species are not
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FIGURE 3. Diauxic shift of gene expression is suppressed in Aisc1. Com-
parison of gene expression change across diauxic shift in WT and Aisc7 is
shown. The ratio of gene expression was calculated from the data obtained
from microarray result. The genes that are up-regulated more than 2-fold in
WT grande experiment 1 at 24 h relative to 4 h were selected. The log,, value
of the induction ratio of gene expression at 24 h to that at 4 h in WT grande
experiment 2 and Aisc7 grande were plotted against thatin WT grande exper-
iment 1.

significantly compromised; and thus it seems unlikely that an
intrinsic functional defect of respiration of mitochondria could
be responsible for the very slow growth observed for the Aiscl
strain in nonfermentable medium.

Defects in Transcriptional Adaptation of Metabolic Enzymes
in Aisc]I—Because the above studies unexpectedly suggested
normal mitochondrial DNA, respiratory chain, and reactive
oxygen species, it became important to determine the key
defects that prevent the AiscI strain from normal growth in the
post-diauxic phase. Therefore, microarrays were used to deter-
mine gene expression levels in the Aisc! and its parental strain
during log phase growth as well as in the post-diauxic phase.
WT and Aiscl cells were grown in YPD medium at 30 °C; RNA
was extracted, and gene expression was analyzed. Analysis of
the microarray profiles of the WT revealed major changes in
gene induction or repression, consistent with previous results
(28) such that more than 1850 genes showed greater than 2-fold
induction, and more than 987 genes showed more than 50%
repression. Importantly, examination of gene induction in the
Aiscl strain revealed major aberrancies in gene regulation in
the post-diauxic phase. For initial assessment of the global
changes, we plotted the ratio of induction of up-regulated genes
in Aiscl versus the ratio of gene expression in WT across the
diauxic shift. In this representation, genes that show failure of
induction in the strain appear below the red line of identity to
the right of the X = 0.3 line (red circle in Fig. 3). When the
induction of all microarray genes of WT experiment 1 were
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plotted against the induction of WT experiment 2 (black trian-
gles in Fig. 3), there was little scatter beyond the red line of
identity (slope = 0.97), confirming the reproducibility of the
microarray experiments. However, when gene induction of
Aisc1 was plotted against gene induction in WT (pink squares in
Fig. 3), the slope was 0.70 (blue line in Fig. 3), indicating that
enough of the genome was aberrantly regulated to cause an
overall shift in the slope and demonstrating faulty regulation of
the diauxic shift on a global scale in the AiscI strain.

To determine the relationship between the aberrant gene
regulation observed in the AiscI strain with its apparent growth
defect during the diauxic shift, the set of genes that largely failed
to be up-regulated in the AiscI was grouped by functional cat-
egories. This analysis revealed that more than 488 genes failed
to be induced (less than 50% of WT) in the Aiscl strain. The
aberrantly regulated genes are predominantly involved in the
utilization of a nonfermentable carbon source, especially those
involved in glyoxylate cycle, peroxisomal B-oxidation, tricar-
boxylic acid cycle, gluconeogenesis, ethanol utilization, and
mitochondrial import genes (supplemental Table SII). Notably,
this cohort included a significant portion of the genes involved
in gluconeogenesis (MLSI, CAT2, IDP2, SFC1, JENI, and
FBPI), suggesting a defect of generating glucose of AisclI in the
post-diauxic phase. Interestingly, there were no significant
changes in the nucleotide/nucleoside processing and protein
catabolism genes in the Aiscl strain compared with WT (sup-
plemental Table SIII), indicating some specificity of the failed
gene regulation in AiscI for metabolic pathways required for
adaptation to growth on ethanol. On the other hand, the genes
that failed to be down-regulated in AiscI (113 genes) were
largely involved in the uptake of nutrients and amino acid
metabolisms (supplemental Table SIV), again supporting a spe-
cific role for Isclp in the metabolic adaptation of yeast to the
post-diauxic phase. Thus taken together, the results from the
microarray studies disclosed important defects in gene regula-
tion in the Aiscl in the post-diauxic phase that center on genes
involved in metabolism of nonfermentable carbon source.

Gene expression during the diauxic shift has been reported
to change drastically according to the growth phases (28). To
rule out the possibility that the difference in the gene expres-
sion profiles between WT and Aiscl was caused by differences
in growth, we quantitated gene expression changes of ADH2
and CTAI as representative genes involved in nonfermentable
carbon source metabolism that have been reported to change
significantly during the diauxic shift. WT and AiscI cells were
cultured in YPD medium over a time course that included pre-
and post-diauxic growth as monitored by changes in glucose
concentration in the medium (Fig. 14), and the expression of
these two genes was investigated by real time RT-PCR. The
results shown in Fig. 4, A and B, show that both ADH2 and
CTA1I were induced significantly in the WT cells during the
post-diauxic phase. Importantly, however, there was near total
loss of their induction in the Aisc1. These gene expression pro-
files are consistent with the gene expression profile obtained by
microarray analysis, confirming the conclusions drawn from
the microarray analysis and indicating that the failed gene reg-
ulation was not merely a by-product of delayed growth phase in
the Aiscl strain.
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FIGURE 4. Up-regulation of genes involved in nonfermentable carbon
source metabolism is suppressed in Aisc1. Logarithmically growing cells
were inoculated to YPD medium and incubated for the indicated times. Aand
B, expression of ADH2 (A) and CTAT (B) quantitated by real time RT-PCR in WT
and Aisc1. The results are means of relative expression of at least three exper-
iments with error bars showing S.E.

Next, to gain functional insight into the metabolic conse-
quences of the dysregulation of the induction of genes involved
in carbon source metabolism, the genes of the carbon source
metabolism pathway were superimposed on a metabolic path-
way map according to the fold change of Aisc1/WT across the
diauxic shift (Fig. 54). This revealed that the genes involved in
oxidative growth, such as ethanol, lactate, acetate, glycerol, and
pyruvate metabolism genes, tricarboxylic acid cycle genes,
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glyoxylate cycle genes, mitochondrial import genes, gluconeo-
genesis genes, and peroxisomal genes, failed to be up-regulated,
whereas genes involved in fermentative growth such as glycol-
ysis genes were not altered in AiscI (Fig. 54). These results
suggested that proliferation and development of organelles,
which enable cells to grow in nonfermentable carbon source
such as mitochondria and peroxisome, the supply of substrates
into mitochondria and peroxisomes required for respiration
and utilization of nonfermentable carbon sources, and the glu-
coneogenesis required for generation of sugars in the absence
of glucose in the medium were not functional enough to sup-
port oxidative growth in the post-diauxic phase, and thus the
transition from fermentative to oxidative growth upon glucose
exhaustion is defective in Aiscl.

The diauxic shift has been described to be closely related to
glucose derepression (28 —33). To enlighten how glucose-dere-
pressed genes are regulated in Aisc1 across diauxic shift, we first
investigated the expression of glucose-derepressed genes in the
post-diauxic phase. A cohort of glucose-repressed genes was
extracted from a published gene expression profile of cells
shifted from galactose chemostat to 2 g/liter glucose for 30 min,
which was deposited in the GEO database (33). Indeed, 58% of
total glucose-repressed genes were contained in diauxic -up-
regulated genes in our experiment (Fig. 5B, 260 genes out of 445
genes). A significant portion of the aberrantly regulated genes
in AiscI was composed of glucose-repressible genes (Fig. 5B, 91
genes, 19% of total Isclp-dependent diauxic up-regulated
genes), indicating that Isc1p significantly regulates glucose-re-
pressible genes across the diauxic shift, although its influence is
notrestrictedtoglucoserepressionbecausethe majority ofIsc1p-
dependent genes are not glucose-derepressed genes.

Because the above results indicated that Isclp regulates a
significant portion of glucose-repressible genes, we next com-
pared the subgroup of Isclp-dependent genes with those of
Adrlp-, Snflp-, and Cat8p-regulated genes (Table 1). Adrlp,
Snflp, and Cat8p have been reported to play critical roles in
glucose repression (29). The result showed that Isc1p regulates
asignificant portion of most highly glucose-repressed genes (16
genes out of the 40 most highly glucose-derepressed genes).
Although this number was smaller than Snflp-regulated genes
(27 genes out of the 40 most highly glucose-derepressed genes)
and Adrlp (26 genes), it was similar to Cat8p (16 genes), further
enforcing the hypothesis that Isc1p is a new player in the regu-
lation of glucose repression. Isc1p-regulated genes significantly
overlapped with those regulated by Adrlp (13 genes out of 16
Isclp-regulated genes), but slightly less than those regulated by
Snflp (10 genes out of 16 Isclp-regulated genes) or Cat8p (7
genes out of 16 Isclp-regulated genes), suggesting a functional
link between Isclp and these pathways. Together, these analy-
ses reveal that Isclp regulates the diauxic shift, including glu-
cose repression pathway with possibly some functional interac-
tion with Snflp, Adrlp, and Cat8p.

Glucose repression is also negatively regulated by Miglp and
Mig2p (34). Therefore, to investigate the relationship between
Isclp, Miglp, and Mig2p, the genes regulated by Miglp and
Mig2p (34) were compared with those regulated by Isclp. The
analysis showed that only 9 genes out of 102 Miglp/Mig2p-
regulated genes are regulated by Isc1p, and thus the association
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of Isclp with Miglp and Mig2p in
glucose signaling pathway remains
unclear.

Defect in Ethanol Metabolism in
the Aisc1—The above results sug-
gested that a major mechanism for
failure of the metabolic switch from
glucose to ethanol in the Aisc1 strain
is a result of failure of up-regulation
of key enzymes in ethanol metabo-
lism and a subsequent defective sup-
ply of substrates into mitochondria,
rather than an intrinsic mitochon-
drial defect. Therefore, to investi-
gate whether these large scale
defects in gene regulation would
culminate in an inability to metabo-
lize ethanol, the utilization of etha-
nol by Aiscl was determined by
measuring growth in ethanol-con-
taining medium. WT and Aiscl
cells incubated in YPD medium
to the post-diauxic phase were
inoculated to ethanol-containing
medium and incubated aerobically
with shaking, and growth was mon-
itored at different time points. The
results showed that AiscI shows
very slow growth relative to WT in
ethanol-containing medium (Fig.
5C), indicating that Aiscl harbors
severe intrinsic defects in ethanol-
metabolizing ability in their post-di-
auxic phase. To further confirm the
defect of Aiscl in utilizing ethanol,
WT and Aiscl cells were incubated
in YPD medium to the post-diauxic
phase, and O, consumption rate of
the cells in the presence of ethanol
was measured. Indeed, the Aiscl
strain demonstrated a significantly
lower respiration rate (63% of WT)
(Fig. 5D). Together, these data dem-
onstrate failure of the AiscI to prop-
erly utilize ethanol as a carbon
source.

Requirement for Intact Mitochon-
dria in Induction of Nuclear Genes
during the Diauxic Shift—The Aiscl
strain, although not showing any
significantly defective mitochon-
drial DNA, defective function of the
respiratory chain, or altered amount
of reactive oxygen species, failed to
utilize ethanol as a carbon source
because of severely aberrant gene
expression during the diauxic shift.
These observations, coupled with
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TABLE 1
Regulation of the 40 most highly glucose repressed genes by Isc1p, mitochondrial function, Adr1p, Snf1p, and Cat8p

The genes whose expression ratio(s) in the parental strain relative to the mutant strain are more than 2-fold were described as genes that are regulated by the factor deficient
in the mutant strain and expressed as boldface and underlined letters.

Open reading frame Gene name I/R  ISCl/iscl Grande/petite I/R  ADRI/adrl SNF1/sufl CAT8/cat8 Regulating genes
YLR377c FBPI 98.7 1.1 13.9 130.0 0.8 36.0 7.4 Mit, SNF1, CAT8
YKL217w JENI 1921.4 1.4 3.2 98.0 3.3 28.0 2.1 Mit, ADRI, SNF1, CATS8
YGR236¢ SPG1 144.6 1.6 0.4 92.0 15.0 5.0 0.5 ADRI, SNFI1
YKRO097w PCK1 67.3 0.9 0.5 92.0 1.4 180.0 3.6 SNF1, CATS
YJR095w SFCI 102.0 12 18.1 78.0 1.1 170.0 6.2 Mit, SNF1, CAT8
YILO057¢ YILO57¢ 2.4 0.6 0.4 77.0 16.0 89 0.8 ADRI, SNFI1
YMR107w SPG4 85.5 1.2 0.7 75.0 23 18.0 0.5 ADRI, SNF1
YCRO010c ADY2 144.6 2.9 26.0 72.0 20.0 32.0 9.3 ISC1, Mit, ADRI, SNF1, CATS8
YDR384c ATO3 2.3 5.9 62.0 55.0 6.4 2.0 4.6 ISC1, Mit, ADRI, CATS8
YPL276w YPL276w 6855  59.7 8.3 50.0 64.0 5.1 18 ISCI, Mit, ADRI, SNFI
YPROO1w CIT3 88.9 3.3 0.5 50.0 10.0 14 0.7 ISC1, ADRI
YGL205w POX1 566.1 2.4 10.4 44.0 55.0 0.8 2.3 ISC1, Mit, ADRI, CATS8
YPROO2w PDH1 98.1 3.6 1.5 44.0 2.1 1.1 1.0 ISC1, ADRI
YALO54c ACSI 87.0 2.8 6.1 43.0 9.0 30.0 3.5 ISC1, Mit, ADRI, SNF1, CATS8
YOR388c FDH1 797.6 39.0 5.5 35.0 52.0 4.6 1.8 ISC1, Mit, ADRI, SNF1
YKL187c YKL187c 23.5 3.0 0.5 34.0 2.7 6.2 3.2 ISCI1, ADRI, SNF1, CAT8
YDR256¢ CTA1 114.8 3.6 7.0 34.0 16.0 7.6 3.3 ISC1, Mit, ADRI, SNF1, CATS8
YKR009¢ FOX2 24.6 21 2.8 33.0 16.0 24 1.5 ISC1, Mit, ADRI, SNF1
YGRO067c YGRO067c 82.1 1.5 3.2 33.0 0.9 39.0 7.1 Mit, SNF1, CAT8
YNL195¢ YNL195¢ 222 0.6 0.3 29.0 3.0 7.7 0.8 ADRI, SNF1
YER065¢ ICL1 43.5 1.3 18.8 28.0 0.4 77.0 20.0 Mit, SNF1, CAT8
YERO024w YAT2 44.5 1.4 0.8 26.0 0.6 5.6 2.0 SNF1
YGR243w FMP43 23.8 12 1.5 26.0 2.8 6.1 0.6 ADRI, SNF1
YARO035w YATI 90.3 2.2 1.6 25.0 0.9 74 1.5 ISC1, SNF1
YMR206w YMR206w 69.4 1.0 0.3 25.0 1.2 59 1.0 SNF1
YIL160c POTI 46.4 1.8 15 22.0 14.0 15 0.4 ADRI
YPR150w YPR150w 5.4 0.8 0.5 22.0 4.3 2.0 1.3 ADRI, SNFI1
YLR174w 1DP2 92.0 1.4 2.2 21.0 0.9 16.0 2.5 Mit, SNF1, CAT8
YLR126¢ YLR126¢ 0.8 0.6 2.1 21.0 7.7 15 1.0 Mit, ADRI
YBRO50c REG2 222 1.5 0.2 21.0 15 42.0 5.0 SNFI1, CATS
YELOO8wW YELOO8wW 8.9 10.0 4.1 21.0 1.1 75 1.5 1SC1, Mit, SNF1
YPROO6¢ ICL2 24.9 4.2 13.4 21.0 7.0 4.0 2.1 ISC1, Mit, ADRI, SNF1, CATS8
YHL032c GUT1 13.1 2.0 1.4 20.0 2.4 6.8 2.3 ADRI, SNFI1, CATS8
YHR139c¢ SPS100 6.3 0.2 0.3 19.0 0.5 1.0 0.7
YPR151c SUEI 2.3 0.6 0.9 18.0 3.8 19 12 ADRI
YLR267w BOP2 17.3 0.6 0.2 17.0 0.4 0.9 0.1
YNROO2c ATO2 78.4 2.2 1.4 16.0 1.0 1.3 0.6 ISCI
YNLOO9wW IDP3 10.5 15 1.4 15.0 5.0 2.0 1.6 ADRI
YNLO13c YNLO013c 2.4 0.6 0.4 15.0 3.0 1.6 0.1 ADRI
YER179w DMC1 7.8 23 3.9 14.0 7.0 1.8 0.9 1SC1, Mit, ADRI

the previous finding that Isc1p has a mitochondrial localization,
raised the intriguing possibility that functional mitochondria
may be required for proper execution of the reprogramming of
nuclear gene expression during the diauxic shift. If this hypoth-
esis is true, then gene expression associated with the diauxic
shift should be compromised in respiratory-deficient petite
cells.

To test this hypothesis, we sought to determine whether
intact mitochondria are required for the global gene induction
observed in the post-diauxic phase, which is required for opti-
mal metabolic function. Therefore, microarray studies were
performed at 4 and 24 h in petite cells and analyzed for genome-
wide gene expression changes with respect to grande cells. First,
the induction ratios of gene expression of up-regulated genes at
24 to 4 h of grande experiment 2 (black triangles) and petite
(orange diamonds) were plotted against that of grande experi-

ment 1 (Fig. 6A). In this representation, genes that show failure
of induction in the petite strain appear below the red line of
identity (Fig. 6A4). Contrary to grande cells, the points of petite
cells were scattered downward from the trend line of the grande
cells (red circle, Fig. 6A). This was quantitated by the decreased
correlation coefficient from 0.83 (grande, black triangles in Fig.
6A) to 0.56 (petite, orange diamonds in Fig. 6A) and the
decreased slope of the dots from 0.97 (grande, red line in Fig.
6A) to 0.74 (petite, blue line in Fig. 6A), clearly indicating a
global defect in gene regulation across the diauxic shift in petite
cells. Next, and to gain functional insight into the metabolic
consequences of the dysregulation of induction of genes
involved in carbon source metabolism, the genes of the carbon
source metabolism pathway were superimposed on a metabolic
pathway map according to the fold change of petite/grande
across the diauxic shift (Fig. 6B). As in Aisc1, the genes involved

FIGURE 5. Defective respiration of Aisc7 in the post-diauxic phase. A, induction ratio of carbon source metabolism pathway genes across diauxic shiftin WT
and Ajsc1. Carbon source metabolism pathway was modified from a review by Schuller (45). Red boxes indicate the genes more induced across the diauxic shift
in Aisc1 relative to WT according to the ratio of WT (24 h)/WT (4 h)/Aisc1 (24 h)/Aisc1 (4 h). Blue boxes indicate the genes less induced across the diauxic shift in
Aisc1 relative to WT. Thickness of the boxes indicates the fold change as shown in the figure. The results are representatives of at least two independent
experiments. B, Venn diagram of the number of whole genome (blue), diauxic up-regulated (orange), glucose-repressed (green), and Isc1p-dependent diauxic
up-regulated (purple) genes. A cohort of glucose-repressed genes was extracted from glucose pulse experiment (33). C, growth of WT and Aisc7 in ethanol-
containing media. WT and Aisc1 cells in the post-diauxic phase were inoculated to fresh YPethanol and incubated at 30 °C for the indicated times. D, oxygen
consumption rate of whole cells (WT and Aisc7) in the post-diauxic phase was measured during incubation with 2% ethanol. The results are represented as
mean = S.E. of at least two independent experiments.
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FIGURE 6. Defective up-regulation of nonfermentable carbon source metabolism genes in petite. Comparison of gene expression change across the
diauxic shiftin WT and petite. The ratio of gene expression was calculated from the data obtained from microarray result. The genes that are up-regulated more
than 2-fold in grande experiment 1 at 24 h relative to 4 h were selected. A, log,, value of the induction ratio of gene expression at 24 h to that at 4 h in grande
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h)/grande (4 h)/petite (24 h)/petite (4 h). Blue boxes indicate the genes less induced across the diauxic shift in petite relative to grande. Thickness of the boxes

indicates the fold change as shown in the figure.

in utilization of nonfermentable carbon source, such as glyoxy-
late cycle, peroxisomal B-oxidation, tricarboxylic acid cycle,
gluconeogenesis, ethanol utilization, and mitochondrial import
genes, failed to be up-regulated, whereas those involved in fer-
mentative growth such as glycolysis genes remained similar to
grande cells, as shown by the color and the thickness of the
boxes. Notably, similarly to Aiscl, the genes that failed to be
up-regulated in the post-diauxic phase of petite cells included a
significant portion of the genes involved in gluconeogenesis
such as MLS1, IDP2, SFC1, JEN1, and FBPI, again suggesting a
defect of generating glucose of petite cells in the post-diauxic
phase. This result also shows that petite cells are defective in
up-regulation of genes involved in utilization of nonferment-
able carbon source.

Also, to determine whether the defects that occurred in Aiscl
and petite cells are similar, we investigated how those genes
that failed to be up-regulated in Aisc1 behave in petite cells. As
shown in supplemental Table SII, most of the genes that failed
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to be up-regulated in Aiscl also failed to be up-regulated in
petite cells, indicating a high degree of similarity in the aberrant
gene regulation between AiscI and petite cells.

Because, as discussed above, the gene expression profile has
been reported to drastically change according to the growth
phases, the expression of ADH2 and CTAI was measured
across the diauxic shift in respiratory-competent cells and in
petite cells by real time RT-PCR. The growth of the cells was
monitored by A, and glucose concentration (Fig. 7A). The
results showed that these two genes failed to be fully induced
across the diauxic shift in the petite cells up to 48 h (Fig. 7, Band
C), which is consistent with the conclusion obtained from
microarray analysis. This result also rules out the possibility
that the difference in gene expression profile between grande
and petite cells obtained by microarray analysis is merely due to
difference in growth phase, and further supports the hypothesis
that intact mitochondria are required for proper execution of
the genetic reprogramming of the diauxic shift.
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FIGURE 7. Suppression of induction of ADH2 and CTAT1 in respiratory-deficient petite cells during the diauxic shift and upon transfer to nonferment-
able medium. A, growth curve of grande and petite cellsin YPD medium as monitored by glucose concentration and Ag,. The expression of ADH2 (B) and CTA1
(C) was quantitated by real time RT-PCR at the indicated times. D and E, logarithmically growing cells were transferred from YPD to YPethanol and incubated
for 2 h, and the expression of ADH2 (D) and CTAT (E) was quantitated by real time RT-PCR. The results are represented as means = S.E. of relative expression of
at least three experiments. F, Venn diagram of the number of whole genome (blue), diauxic up-regulated (orange), glucose-repressed (green), and mitochon-
drial function-dependent diauxic up-regulated (brown) genes. A cohort of glucose-repressed genes was extracted from glucose pulse experiment (33).

Because these results suggested a role for mitochondria in
the induction of these genes during the diauxic shift, we next
employed a direct and acute shift of growth from glucose to
ethanol, a model that recapitulates this metabolic component
of the diauxic shift. Grande and petite cells were grown to expo-
nential phase in YPD and then incubated in YPethanol for 2 h.
RNA was extracted, and the gene expression of ADH2 and
CTA1I was analyzed by real time RT-PCR. The results showed
that these genes also failed to be up-regulated when trans-
ferred from YPD to YPethanol during logarithmic growth (Fig.
7,D and E). These results demonstrate that the gene expression
essential for executing the acute shift of growth from glucose to
ethanol requires normal mitochondrial function.

To investigate how glucose-repressible genes behave in
petite cells across the diauxic shift, induction of glucose-re-
pressible genes during the diauxic shift was analyzed by com-
paring with a previous study (33). First, analysis of the mito-
chondrial function-dependent genes revealed that 680 genes
failed to become up-regulated more than 2-fold in the petite
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strain across diauxic shift relative to grande cells. A significant
portion of the aberrantly regulated genes in petite were glu-
cose-repressible genes (Fig. 7F, 92 genes, 14% of total mito-
chondrial function-dependent diauxic up-regulated genes),
indicating that mitochondrial function significantly regulates
glucose repression, although its influence is not restricted to
glucose repression.

Because the above analysis indicated the involvement of
mitochondrial function in glucose repression, the mitochon-
drial function-regulated genes were compared with Adrlp-,
Snflp-, and Cat8p-regulated genes (29), as was performed
above with Aiscl (Table 1). The results were similar to those
obtained for Aisc1, and they showed that mitochondrial func-
tion actually regulates a significant cohort of genes that are
up-regulated upon glucose derepression (18 genes out of the 40
most highly glucose-derepressed genes), further confirming the
role of mitochondrial function in glucose repression. Mito-
chondrial function-regulated genes significantly overlapped
with those regulated by Snflp (14 genes out of 18 mitochondrial
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TABLE 2

Comparison of Isc1p- and mitochondrial function-regulated genes
with Mig1p- and Mig2p-regulated genes

ORF means open reading frame; pet means petite. The genes whose expression
ratio(s) in AmiglAmig2 relative to the parental strain are more than 2-fold were
extracted as genes that are regulated by Mig1P, Mig2P (34), Isc1p, or mitochondrial
function (this study) and expressed as boldface and underlined letters.

ORF  Gene name ’:;férﬁg ISCl/iscl (’m:deJr Regulating Genes
YBR29OW MAL32 605 1.2 0.1 MIG1/2
YGR2E89C MALIY 20.0 1.4 0.6 MIG12
YILI62W  SUC2 172 1.2 0.5 MIG1/2
YFRO53C  HXK! 153 1.2 0.4 MIG12
YDR277C MTHI 14.7 0.5 0.3 MIGI2
YLR327C TMAIO 132 1.0 0.8 MIG1/72
YMROIIW  HXT2 129 0.2 1.0 MIG12
YNRO73C YNROT3c 12.6 0.8 0.2 MIG172
YIRISBW  HXTI6 113 0.3 0.2 MIG1/2
YILIS3C  INOI 10.6 0.5 10.2 MIGI/2, Mit
YDLO79C MRK! 9.2 0.6 0.2 MIG172
YDR343C HXT6 9.0 1.2 0.7 MIGI2
YOR3B2W  FIT2 8.8 0.8 0.4 MIGi/2
YIL216C YIL216c 8.7 0.3 0.1 MIG12
YDR342C  HXT?7 1.8 1.1 0.6 MIG12
YGR243W  FMP43 7.2 1.2 1.5 MIGi2
YKRO75C YKRO75¢ 6.4 0.8 0.4 MIGI1/2
YKL217TW  JENI 6.3 1.4 3.2 MIGI/2, Mit
YGR2B7C YGR287c 6.2 09 1.0 MIG1/2
YILISSC  GUT2 6.2 1.8 0.6 MIG1/2
YBRO93IC PHOS 6.0 0.3 0.6 MIG12
YOR383C FIT3 53 1.6 1.4 MIG172
YPRIGOW  GPHI 44 1.0 0.5 MIG12
YBLO043W ECMI3 4.2 2.0 7.7 MIG1/2, ISCI, Mit
YIL024C  YILO24c 4.2 1.6 25 MIGI/2, Mit
YBR298C  MAL3! 4.1 1.1 0.2 MIG1/2
YLR312C YLR312c 4.1 0.8 0.4 MIGi2
YELO6SW  SITI 4.0 0.6 0.1 MIG1/2
YIL21TW YJL217w 39 0.8 59 MIGI/2, Mit
YILOS7C  YILOSTc 39 4.1 1.6 MIGI2, ISCI
YMR206W YMR206w 38 1.0 0.3 MIG1/2
YMROBIC  [SFI 38 I 0.2 MIG12
YOLI126C MDH2 38 23 1.5 MIGI/2, ISC1
YPL201C  YIG! 38 2.0 1.5 MIG1/2, ISC1
YHRO092C  HXT4 38 0.6 0.3 MIG12
YIL221C F5P2 3.7 1.1 0.8 MIGi2
YFROISC  GSYI 37 0.6 0.3 MIG12
YERO6TW YERO6TwW 37 0.6 0.4 MIGi2
YMR280C  CATS 3.6 0.5 0.2 MIG1/2
YBROSOC  REG2 3.6 1.5 0.2 MIGi1/2
YPLITIC OYE3 35 1.0 1.0 MIGL2
YIRO16W YIRO16w 34 14 2.7 MIGI/2, Mit
YORI73W  DCS2 33 1.0 0.7 MIG1/2
YFLO54C YFLOS4c 33 1.2 0.4 MIGi2
YIL218W YIL218w 32 38 0.3 MIG1/2, I1SC1
YOL143C RiB4 3a 1.9 0.9 MIG12
YMLOBTC YMLOBTc 3a 0.7 1.0 MIGi2
YKROS8W GLG! 3.0 1.0 0.8 MIGI/2
YILI125W  KGDJ 30 1.4 0.9 MIG12
YFROI7C YFROl7c 29 1.5 0.8 MIGi2
YKLIOOW  HAP4 28 1.0 0.3 MIGi2
YILOO6W Yid6 28 1.4 3 MIGI/2, Mit
YFLO30W  AGXT 2.8 1.4 1.4 MIG12
YIL136W  OM45 28 1.5 0.6 MIGi/2
YHR210C YHR210c 2.7 09 0.8 MIG1/2
YDR178W  SDH4 2.7 1.3 1.8 MIG1/2
YBR230C OMI4 2.7 2.0 4.4 MIG1/2, ISCI, Mit
YNRO34W  SOLJ 2.7 0.8 0.3 MIG12
YIL107C  PFK26 27 1.0 0.3 MIGI1/2
YIL134W  FLX! 2.7 1.1 1.1 MIG12
YILI124W  AYRI 27 2.5 1.9 MIG1/2, ISCI
YIR029W  DAL2 2.6 1.1 0.3 MIG1/2
YILO67C  YILO6Tc 2.6 0.8 2.8 MIGI/2, Mit
YDLIBIW  INHI 2.6 1.5 33 MIGI/2, Mit
YOR3IBIW  FRE3 25 0.8 0.6 MIG12
YKL148C SDHI 25 1.6 1.3 MIG1/2
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TABLE 2—continued

YLR411W  CTR3 25 0.6 0.8 MIGI/2
YKROI6W FMPI3 24 1.0 21 MIG1/2, Mit
YIROZIW  MRST 24 2.3 1.5 MIGI2, ISCI
YGROOSC ~ STE? 24 0.9 0.5 MIGI/2
YILO45W PIG2 24 0.5 0.2 MIG12
YIL157C COAl 24 0.9 0.3 MIGI2
YPRO20W  ATP20 23 0.7 1.3 MIGI/2
YILOB3C  YILO&3c 2.3 0.7 02 MIGI2
YCLO4OW  GLKI 23 1.2 0.9 MIGI/2
YPLIS6C  UIP4 23 1.8 1.4 MIG1/2
YIL140W AXL2 23 1.3 2.2 MIGIL2, Mit
YMRI05C PGM?2 23 0.9 1.0 MIGI/2
YILOT9C  AIRI 2.3 1.2 1.1 MIG1/2
YBLOG4C  PRXT 23 1.1 0.7 MIGI12
YKL216W URAI 22 44 0.9 MIG1/2, ISCI
YLLO41C SDH2? 2.2 1.2 1.2 MIGi2
YMLO9IC  RPM2 22 1.3 4.5 MIGI2, Mit
YBRISSC  MBAI 2.2 0.8 0.4 MIGI/2
YILO96C  YIL096c 2.2 1.6 4.5 MIGI/2, Mit
YGLO035c  MIGI 22 0.9 0.7 MIGI/2
YGL219C MDM34 2.2 0.7 0.4 MIG1/2
YDLI3OW RPPIb 2.2 1.7 1.1 MIGi/2
YILO9OW  [CE2 22 1.0 24 MIG1/2, Mit
YHROOIW  OSH7 2.1 1.3 0.6 MIGi2
YELOIIW  GLC3 2.1 1.0 0.8 MIGI1/2
YILOSSC  AVT7 21 0.8 0.5 MIGI/2
YGR244C  LSC2 2.1 1.0 1.3 MIGi2
YIR033W  MGA2 2.1 0.6 1.0 MIG1/2
YIRO38C ~ GTT! 2.1 1.8 0.6 MIG1/2
YKLISOW MCRI 2.1 0.8 0.6 MIGi/2
YNLOISW  PBI2 2.0 1.2 28 MIGL/2, Mit
YILI0SC ~ SLM! 2.0 0.5 0.7 MIG1/2
YDR37TW ATPI7 2.0 1.3 2.0 MIGI2, Mit
YKLOI6C — ATP7 2.0 1.1 24 MIGL/2, Mit
YMLI120C  NDII 2.0 0.8 0.6 MIG12
YLR295C ATPI4 2.0 1.2 2.9 MIGI2, Mit

function-regulated genes), but overlapped less with Cat8p-reg-
ulated genes (12 genes out of 18) or Adrlp (12 genes out of 18),
suggesting that some functional link exists between respiratory
function and Snflp, and some unknown glucose-signaling
pathway is regulated by respiratory function. To the contrary,
only 19 genes out of 102 Miglp- and Mig2p-regulated genes
overlapped with mitochondrial function-regulated genes
(Table 2), and thus the association of mitochondrial function
and Miglp/Mig2p-regulated glucose signaling pathway
remains unclear. Together, these results indicate that respira-
tory competence is required for global gene regulation of
nuclear genes associated with the diauxic shift, including glu-
cose repression through some functional association with
Snflp, Cat8p and Adr1p, which has, to our knowledge, not been
reported previously. These two characteristics, defective mito-
chondrial function and failure of up-regulation of genes across
the diauxic shift shared between AiscI and petite cells, link the
mitochondrial state, specifically respiratory competence of
mitochondria, to the nuclear gene expression required to medi-
ate the transition from anaerobic to aerobic metabolism, which
is a novel observation.

Relationship of the Mitochondrial Function in the Post-di-
auxic Induction of Nuclear Genes to the Retrograde Response—
It should be noted that several recent reports have provided
evidence that compromising mitochondria, such as by treat-
ment with antimycin A or generation of respiratory-deficient
petite cells, leads to a compensatory genome response that has
been termed the “retrograde” response (35—44). However, the
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FIGURE 8. Retrograde response is not apparently up-regulated in pre-
diauxic phase of Aisc1.The plot of fold change in expression of the genesin
the AiscT strain versus the parental strain when grown in YPD was determined
and graphed versus induction in petite cells (which exhibit the retrograde
response) (44). Regression analysis was used to establish a trend line (dashed
line), which indicated little to no correlation between retrograde gene induc-
tion and gene induction in the Aisc7 strain (R> = 0.0089). Fold change is
shown as the mean of two independent experiments = S.E.

genome-wide response in petite and Aiscl elucidated in this
study appears distinct from the retrograde response in several
aspects. First, the retrograde response functions in the logarith-
mic phase; in contrast, the response elucidated in this study
functions during the diauxic shift and the shift from glucose to
ethanol. Indeed, examination of results shown in Fig. 7, D and E,
confirms induction of ADH2 and CTAI in the pre-diauxic
phase in petite cells that is characteristic of the retrograde
response. It is the failure of post-diauxic induction of genes that
differentiates the response elucidated in this study from the
retrograde response. Second, whereas the retrograde response
up-regulates expression of genes of the peroxisomal and metab-
olite restoration (anapleurotic) pathway, the response eluci-
dated in this study suppresses up-regulation of genes of nonfer-
mentable carbon source metabolism during the diauxic shift
and upon transfer from the exponentially grown state in YPD to
YPethanol. Third, the overall function of the retrograde
response appears to mitigate the loss of a competent tricarbox-
ylic acid cycle, whereas the function of the response elucidated
in this study is suggested to prevent entrance into the post-
diauxic (aerobic) phase if mitochondria are not respiratory-
competent. Finally, clear-cut differentiation came from studies
utilizing the AiscI strain.

Because AiscI displayed a similar defective response as res-
piratory-deficient petite cells while apparently maintaining
normal “intrinsic” function of the respiratory chain (Fig. 2C),
we hypothesized that this deletion mutant could provide direct
evidence to distinguish the retrograde response from the
response elucidated in this study. Therefore, we examined how
genes known to be regulated by the retrograde response are
regulated in WT and Aiscl because induction of the retrograde-
response genes in Aiscl would indicate activation of this pro-
gram. Thus, the fold change in expression of these retrograde-
specific genes in the Aiscl strain versus the parental strain
(incubated in YPD) was determined and graphed versus induc-
tion in petite cells, which exhibit the retrograde response (Fig. 8
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and supplemental Table SV) (44). The analysis indicated no
induction of these genes in Aisc1 (less than 2-fold changes), and
there was no correlation between retrograde gene induction
and gene induction in the Aiscl strain (R*> = 0.0089). These
findings indicate that the retrograde response is not activated in
the Aiscl strain, demonstrating that deletion of ISCI does not
generate a signal for tricarboxylic acid cycle deficiency required
for the retrograde response. Thus, the suppression of expres-
sion of genes essential for diauxic shift is distinct from activa-
tion of the retrograde response. The results show that the Aisc1
does not activate the retrograde response, which has been pro-
posed as a sine que non of mitochondrial dysfunction. Together
with the results that the mitochondria of the Aisc! strain do not
show intrinsic functional defects (DNA levels, oxygen con-
sumption, and reactive oxygen species), these results raise the
intriguing possibility that Isc1p may function more in the “sig-
naling” of mitochondrial health rather than play a direct role in
mitochondrial integrity/functions, thus enabling the supply of
substrates of respiration into mitochondria. This hypothesis is
worthy of further investigation. In conclusion, the results from
this study disclose a novel role for Isclp in regulating the post-
diauxic induction of genes involved in aerobic carbon metabo-
lism. The results also demonstrate a new link between mito-
chondrial state and gene induction during the diauxic shift.
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