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Mitochondrial carriers are a family of transport proteins that
shuttle metabolites, nucleotides, and coenzymes across the
mitochondrial membrane. The function of only a few of the 35
Saccharomyces cerevisiae mitochondrial carriers still remains to
be uncovered. In this study, we have functionally defined and
characterized the S. cerevisiae mitochondrial carrier Yhm2p.
The YHM?2 gene was overexpressed in S. cerevisiae, and its prod-
uct was purified and reconstituted into liposomes. Its transport
properties, kinetic parameters, and targeting to mitochondria
show that Yhm2p is a mitochondrial transporter for citrate and
oxoglutarate. Reconstituted Yhm2p also transported oxaloace-
tate, succinate, and fumarate to a lesser extent, but virtually not
malate and isocitrate. Yhm2p catalyzed only a counter-ex-
change transport that was saturable and inhibited by sulthydryl-
blocking reagents but not by 1,2,3-benzenetricarboxylate (a
powerful inhibitor of the citrate/malate carrier). The physiolog-
ical role of Yhm2p is to increase the NADPH reducing power in
the cytosol (required for biosynthetic and antioxidant reactions)
and probably to act as a key component of the citrate-oxoglu-
tarate NADPH redox shuttle between mitochondria and cytosol.
This protein function is based on observations documenting a
decrease in the NADPH/NADP* and GSH/GSSG ratios in the
cytosol of AYHM?2 cells as well as an increase in the NADPH/
NADP™ ratio in their mitochondria compared with wild-type
cells. Our proposal is also supported by the growth defect dis-
played by the AYHM2 strain and more so by the AYHM2AZWF1
strain upon H,O, exposure, implying that Yhm2p has an anti-
oxidant function.

Yhm?2p is a protein of unknown function that has been found
to be present in the inner mitochondrial membrane of Saccha-
romyces cerevisiae (1). This protein was shown to complement
the growth defect displayed at 37 °C by S. cerevisiae cells lacking
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ABF2, which encodes a mitochondrial DNA-binding protein
involved in mitochondrial DNA replication and recombination
(1, 2). In addition, the primary structure of Yhm2p exhibits all
the characteristic features of the mitochondrial carrier (MC)>?
protein family, i.e. a tripartite structure consisting of three tan-
demly repeated homologous domains of about 100 amino acids
in length, each of which contains a distinct signature motif and
two hydrophobic stretches that span the membrane as a-heli-
ces (for reviews see Refs. 3-5). S. cerevisiae possesses 35 mem-
bers of this family, one of which is localized in peroxisomes and
not in mitochondria. The majority of yeast MCs has been func-
tionally characterized and shown to transport specific metabo-
lites, nucleotides, and coenzymes across the mitochondrial
membrane (for review see Ref. 6). By contrast, the substrate(s)
transported by Yhm2p have not yet been discovered, and its
physiological function is yet unknown.

In this study, we provide evidence that the gene product of
YMR241w, named Coclp and known as Yhm?2p, is a citrate-
oxoglutarate carrier in S. cerevisiae. Yhm2p was overexpressed
in S. cerevisiae, purified, reconstituted into phospholipid vesi-
cles, and identified for its transport properties as a novel carrier
for citrate and oxoglutarate. Besides these substrates, oxaloac-
etate, succinate, and fumarate are also transported, to a lesser
extent, by the carrier via a counter-exchange mechanism.
Yhm2p operates in yeast mitochondria with transport proper-
ties similar to those observed with the recombinant protein. In
addition, AYHM?2 cells (devoid of YHM?2) and more so
AYHM2AZWFI cells (lacking YHM?2 and also ZWFI which
encodes glucose-6-phosphate dehydrogenase, an important
source of NADPH) exhibit a growth defect upon exposure to
H,0O,. This phenotype correlates with a decrease in the cyto-
solic NADPH/NADP™ and GSH/GSSG ratios. This is the
first time that an MC for both citrate and oxoglutarate has
been identified from any organism at the molecular level.
Yhm?2p is suggested to have a role in increasing NADPH
levels in the cytosol and to be a key component of the

3 The abbreviations used are: MC, mitochondrial carrier; Coc1p, citrate-oxo-
glutarate carrier; CTP, human citrate transport protein; DCF, 2',7’-dichlo-
rofluorescein; PIPES, 1,4-piperazinediethanesulfonic acid; ROS, reactive
oxygen species; SC, synthetic complete medium; SM, synthetic minimal
medium; YP, rich medium; DCFH-DA, dichlorodihydrofluorescein diac-
etate; MALDI-TOF, matrix-assisted laser desorption ionization time-of-
flight; ANOVA, analysis of variance.
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NADPH citrate-oxoglutarate redox shuttle that catalyzes a
net transfer of NADPH reducing equivalents from the mito-
chondria to the cytosol.

EXPERIMENTAL PROCEDURES

Yeast Strains, Media, and Preparation of Mitochondria and
Cytosol—The single and double deletion strains of YPH499
(wild type) were constructed using the PCR-mediated gene dis-
ruption technique by replacing the open reading frame of the
genes under investigation with HIS3 (7), KanMX3 (8), or
NatMX4 (9) (see supplemental Table S1). All deletions were
verified by PCR. The wild-type and deletion strains were grown
at 30 °C in rich medium (YP), containing 2% bactopeptone and
1% yeast extract, synthetic complete medium (SC), or synthetic
minimal medium (SM) (10) supplemented with 2% glucose or
2% acetate and auxotrophic nutrients when required. The final
pH was adjusted to 4.5 (with glucose) or 6.5 (with acetate).
When using solid media, 1.5% agar was added. In nearly all the
experiments, yeast strains were precultured overnight in YP
with 2% glucose. After washing, the cells were suspended in
acetate-supplemented SC at an absorbance of 0.1 at 600 nm and
grown until the early exponential phase was reached (absor-
bance of 0.8). These cells were incubated in the presence or
absence of H,0, (1 wmol X 107 cells) for 60 min. At this time
period, the cells were harvested and centrifuged at 2500 X g for
10 min at 4 °C. For the preparation of the mitochondria, the
pellet was resuspended in 1.2 M sorbitol and 20 mm potassium
phosphate, pH 7.4, and the mitochondria were isolated as
described previously (11). To prepare the cytosol, the pellet was
resuspended in 0.65 M sorbitol, 0.1 m Tris-HCI, pH 8.0, and 5 mm
EDTA. The cells were then disrupted by employing a cell disrupter
(model Z6/40/AE/GA, Constant Systems Ltd., Daventry, UK) set
ataworking pressure of 207 MPa. Cellular lysates were centrifuged
at 2500 X gfor 10 min at 4 °C and then at 120,000 X gfor 30 min at
4.°C to obtain a clear supernatant (cytosol).

Overexpression in S. cerevisiae and Purification of YHM2—
The coding sequence of Yhm2p was amplified from S. cerevisiae
genomic DNA via PCR. Forward and reverse oligonucleotide
primers were synthesized corresponding to the extremities of
the YHM?2 sequence with additional HindIII and BamHI sites,
respectively. The reverse primer also contained 18 additional
bases encoding a hexahistidine tag immediately before the stop
codon. The PCR product was cloned into the yeast pYES2
expression vector (Invitrogen) under the control of the GAL10
promoter, and the resulting plasmid was introduced into the
wild-type strain. Transformants (YHM2-pYES2 cells) were
selected for uracil auxotrophy, precultured on SC medium sup-
plemented with 3% glycerol and 0.1% glucose for 14—-16 h,
diluted 35-fold in YP supplemented with the same carbon
sources, and grown to mid-exponential phase. Galactose
(0.45%) was added 4 h before harvesting. Mitochondria were
isolated from YHM2-pYES2 cells and solubilized in buffer A
(500 mm NaCl, 10 mm PIPES, pH 7.0) containing 1.5% Triton
X-100 (w/v) and 0.1 mm phenylmethylsulfonyl fluoride at a final
concentration of 1 mg protein/ml. After incubation for 20 min
at 4 °C, the mixture was centrifuged at 138,000 X g for 20 min.
The supernatant (0.6 ml) was mixed for 20 min at 4 °C with 0.2
ml of nickel-nitrilotriacetic acid-agarose (Qiagen) previously
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equilibrated with buffer A. Afterward, the resin was packed into
a column (0.5 cm internal diameter) and washed with the fol-
lowing buffers: B, 500 mm NaCl, 10 mm imidazole, 1.5% Triton
X-100, 5% glycerol, 10 mm PIPES, pH 7.0 (2 ml); C, 300 mm
NaCl, 10 mM imidazole, 1.2% Triton X-100, 1% glycerol, 10 mm
PIPES, pH 7.0 (2 ml); D, 100 mMm NaCl, 10 mMm imidazole, 0.5%
Triton X-100, 0.5% glycerol, 10 mm PIPES, pH 7.0 (2 ml); E, 100
mM NaCl, 10 mm imidazole, 0.8% Triton X-100, 10 mm PIPES,
pH 7.0 (2 ml); and F, 100 mm NaCl, 20 mm imidazole, 0.4%
Triton X-100, 10 mm PIPES, pH 7.0 (2 ml). Finally, pure YHM2
protein was eluted with a buffer containing 50 mm NaCl,
0.4% Triton X-100, 100 mMm imidazole and 10 mm PIPES, pH
7.0 (0.9 ml).

Reconstitution into Liposomes and Transport Assays—Puri-
fied YHM2 protein was reconstituted into liposomes in the
presence or absence of substrates, as described previously (12).
External substrate was removed from proteoliposomes on
Sephadex G-75 columns pre-equilibrated with 50 mm NaCl and
10 mm PIPES, pH 7.0 (buffer G). Transport at 25 °C was started
by adding [**C]citrate or ['*C]oxoglutarate to proteoliposomes
and terminated by the addition of 30 mm pyridoxal 5'-phos-
phate and 10 mm bathophenanthroline, which in combination
and at high concentrations inhibit the activity of several mito-
chondrial carriers completely and rapidly (see, for example,
Refs. 13-16). In controls, the inhibitors were added with the
labeled substrate. The external radioactive substrate was
removed, and the radioactivity in the proteoliposomes was
measured (12). The experimental values were corrected by sub-
tracting control values. The initial transport rate was calculated
from the radioactivity taken up by proteoliposomes after 1 min
(in the initial linear range of substrate uptake). For efflux mea-
surements, proteoliposomes containing 1 mm substrate were
labeled with 10 um [**C]citrate by carrier-mediated exchange
equilibration (12). After 60 min, the external radioactivity was
removed by passing the proteoliposomes through Sephadex
G-75 pre-equilibrated with buffer G. Efflux was started by add-
ing unlabeled external substrate in buffer G, or buffer G alone,
and terminated by adding the inhibitors indicated above.

Metabolite, Pyrimidine Coenzyme, and Glutathione Determi-
nations by Mass Spectrometry—Mitochondria and cytosol were
extracted with phenol/chloroform 1:1 for mass spectrometry
analysis of NADP", NADPH, NAD ™", NADH, reduced and oxi-
dized glutathione, and with NH;-saturated phenol/chloroform
1:1 for analysis of citrate and oxoglutarate. A Quattro Premier
mass spectrometer interfaced with an Acquity UPLC system
(Waters) was used for liquid chromatography-tandem mass
spectrometry analysis. Calibration curves were established
using standards, processed under the same conditions as the
samples, at five concentrations. The best fit was determined
using regression analysis of the peak analyte area. The multiple
reaction monitoring transitions selected in the negative ion
mode were m/z 190.95 > 110.89 for citrate and m/z 144.91 >
100.97 for oxoglutarate; multiple reaction monitoring transi-
tions in the positive ion mode were m/z 744.06 > 507.83 for
NADP™", m/z 746.02 > 729.00 for NADPH, m/z 664.01 >
428.18 for NAD", m/z 666.19 > 649.10 for NADH, m/z
308.28 > 179.00 for GSH, and #m1/z 613.20 > 484.16 for GSSG.
Chromatographic resolution was achieved using HSS T3 (2.1 X
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100 mm, 1.8-um particle size, Waters) for citrate and oxoglu-
tarate; Atlantis dC18 (4.6 X 150 mm, 5 um particle size, Waters)
for pyrimidine coenzymes; and BEH C18 (2.1 X 50 mm, 1.7 um
particle size, Interchim) for reduced and oxidized glutathione.
For all columns, the flow rate was 0.3 ml/min.

ROS Measurements—ROS were assessed using 2’,7'-dichlo-
rodihydrofluorescein diacetate (DCFH-DA) (17, 18). Fifteen
micromolar DCFH-DA was added to cells in acetate-supple-
mented SC at the early exponential phase; after 30 min, the cells
were washed once. For flow cytometric analysis, DCFH-DA-
preloaded cells were incubated in the presence and absence of
H,0, (1 umol X 107 cells) for the indicated times at 30 °C; DCF
fluorescence was measured using a Coulter Epics Elite ESP
(Beckman-Coulter) equipped with a 15-milliwatt argon-ion
laser (excitation wavelength, 488 nm; emission wavelength, 520
nm) (19). For microplate reader assay, DCFH-DA-preloaded
cells were incubated in the presence and absence of H,O, (0.1
wmol X 10 cells) for the indicated times at 30 °C; DCF fluores-
cence was measured at 485-nm excitation and 538-nm emis-
sion wavelength (20).

Other Methods—Proteins were separated by SDS-PAGE and
either stained with Coomassie Blue dye or transferred to nitro-
cellulose membranes. Matrix-assisted laser desorption ioniza-
tion-time of flight (MALDI-TOF) mass spectrometry of trypsin
digests of the purified Yhm2p band excised from a Coomassie-
stained gel was carried out as described (21). Western blotting
was carried out with rabbit antiserum against the bacterially
expressed Yhm2p protein. The amount of purified protein was
estimated by laser densitometry of stained samples using car-
bonic anhydrase as a protein standard (22). The amount of pro-
tein incorporated into liposomes was measured as described
(22) and was ~20% of the protein added to the reconstitution
mixture. To quantify the percentage of nonviable cells, wild-
type and deleted strains in acetate-supplemented SC at the
early exponential phase were exposed to H,O, (1 wmol X 107
cells) for 1 h at 30 °C. Then they were washed in 15 mm MgCl,
and 50 mMm Tris-HCI, pH 7.7, resuspended in the same buffer
containing 0.046 mm propidium iodide, and analyzed with a
Coulter Epics Elite ESP (Beckman-Coulter) (23).

RESULTS

Expression in S. cerevisiae and Purification of Yhm2p—
Yhm2p was expressed in S. cerevisiae from the multicopy
PYES2 vector and purified by nickel-nitrilotriacetic acid-aga-
rose chromatography (supplemental Fig. S1). Its apparent
molecular mass was about 34 kDa (supplemental Fig. S14,
lane 4), in agreement with the calculated value with the initiator
methionine and histidine tag (34,985 Da). The identity of puri-
fied Yhm2p was confirmed by MALDI-TOF mass spectrome-
try. Approximately 70 mg of Yhm2p per liter of culture was
obtained. The successful overexpression and targeting of epi-
somal Yhm2p to mitochondria were confirmed by Western
blotting. Thus, a strong immunoreactive band was detected in
mitochondria isolated from YHM2-pYES2 cells (supple-
mental Fig. S1B, lane 3) and a faint band in mitochondria from
wild-type cells (supplemental Fig. S1B, lane 1), and no reaction
was observed in mitochondria from the AYHM2 mutant
(supplemental Fig. S1B, lane 2).
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Functional Characterization of Recombinant Yhm2p—In the
search for potential substrates of Yhm2p, we based our choice
on the fact that this protein displays residues at the proposed
common substrate-binding site of MCs (24) that are nearly
identical to those of the rat CTP and its yeast ortholog Ctplp,
which are known to transport citrate in exchange for malate
(25-28). Thus, the substrate binding points are as follows:
Gly**~Lys”’-Arg'®" (point I), Lys'*°~GIn'*' (point II), and
Arg®®® (point III) for CTP; Gly”-Lys**~Arg® (point I),
Arg'®'—GIn'®* (point II), and Arg®”® (point III) for Ctplp,
which correspond to Glu**-Lys®*-Leu”" (point I), Arg'®'-
GIn'®? (point II), and Arg®”® (point III) in Yhm2p. Therefore,
recombinant and purified Yhm2p was reconstituted into lipo-
somes, and its ability to transport citrate was tested. Indeed,
proteoliposomes reconstituted with Yhm2p catalyzed active
['*C]citrate/citrate exchange, which was abolished by a mixture
of the inhibitors pyridoxal 5’-phosphate and bathophenanthro-
line. They did not catalyze homo-exchanges for phosphate,
aspartate, glutamate, ornithine, ADP, ATP, and GTP (internal
concentration, 10 mm; external concentration, 1 mm). Further-
more, no ['*C]citrate/citrate exchange activity was detected if
recombinant Yhm2p had been boiled before incorporation into
liposomes.

The substrate specificity of purified and reconstituted
Yhm2p was investigated in detail by measuring the uptake of
[**C]citrate into proteoliposomes that had been preloaded with
various potential substrates (Fig. 14). The highest rates of
[**C]citrate uptake into proteoliposomes were found with
internal citrate, oxoglutarate, oxaloacetate, succinate, and
fumarate. Surprisingly, at variance with the known mitochon-
drial citrate/malate carrier (25-28), reconstituted Yhm2p
transported isocitrate, cis-aconitate, and L-malate with very low
efficiency; it transported trans-aconitate at the same rate as
cis-aconitate but did not transport 1,2,3-pentanetricarboxylate,
maleate, and malonate. Yhm2p did also not catalyze uptake of
[**C]citrate in exchange for internal glutamate, oxoadipate,
aspartate, phosphate, sulfate, and pyruvate and not shown
ADP, ATP, GTP, thiosulfate, ornithine, glutamine, and
carnitine.

The sensitivity of the Yhm2p-mediated ['*C]citrate/citrate
exchange reaction by known inhibitors of different MCs was
also examined. Thiol reagents (mersalyl, p-chloromercuriben-
zenesulfonate, mercuric chloride, and N-ethylmaleimide), the
lysine reagent pyridoxal 5'-phosphate as well as bathophenan-
throline and tannic acid (whose mechanism of action is not
known) strongly inhibited citrate exchange; a-cyanocinnamate
and bromcresol purple (whose mechanism of action is also
unknown) inhibited citrate exchange partially (Fig. 1B). In con-
trast, 1,2,3-benzenetricarboxylate and carboxyatractyloside,
the powerful inhibitors of the citrate/malate carrier (27) and the
ADP/ATP carrier (29), respectively, had very little effect on the
activity of Yhm2p. The competitive inhibitors of the dicarboxy-
late and oxoglutarate/malate carriers, butylmalonate and phe-
nylsuccinate, were also rather ineffective. In addition, exter-
nally added citrate, oxoglutarate, succinate, and fumarate
inhibited the ['*C]citrate/citrate exchange (Fig. 1B). A low inhi-
bition was found with malate and virtually no effect was
detected with glutamate and ATP.
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FIGURE 1. Substrate specificity of recombinant and reconstituted Yam2p.
A, dependence of Yhm2p activity on internal substrate. Proteoliposomes
were preloaded internally with various substrates (concentration, 20 mm).
Transport was initiated by adding 0.15 mm ['*C]citrate to proteoliposomes
and terminated after 1 min. Values are means * S.E. of at least three inde-
pendent experiments. Abbreviations used are as follows: 1,2,3-PTA, 1,2,3-pen-
tanetricarboxylate; PEP, phosphoenolpyruvate. B, effect of inhibitors and
external substrates on the ['“C]citrate/citrate exchange catalyzed by recon-
stituted Yhm2p. Proteoliposomes were preloaded internally with 20 mm cit-
rate, and transport was initiated by adding 0.15 mm ['“Clcitrate. The incuba-
tion time was 1 min. Thiol reagents and a-cyanocinnamate were added 2 min

100
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FIGURE 2. Kinetics of ['*C]citrate and ['*Cloxoglutarate transport in pro-
teoliposomes reconstituted with Yhm2p. A, uptake of citrate or oxoglu-
tarate. 2 mm [*Clcitrate or ['*Cloxoglutarate was added to proteoliposomes
containing 20 mm citrate (H) or oxoglutarate (@), respectively (exchange), or
10 mm NaCl and no substrate for either citrate ([]) or oxoglutarate (O) uptake
(uniport). B, efflux of ['*C]citrate from proteoliposomes reconstituted in the
presence of 1 mm citrate. The internal substrate pool was labeled with ["Clci-
trate by carrier-mediated exchange equilibration. Then the proteoliposomes
were passed through Sephadex G-75. The efflux of ['*C]citrate was started by
adding buffer G alone ([), 5 mm citrate (M), or oxoglutarate (®) in buffer G or
5mm citrate, 30 mm pyridoxal 5'-phosphate, and 10 mm bathophenanthroline
in buffer G (O). Similar results were obtained in three independent experi-
ments for both uptake and efflux.

Kinetic Characteristics of Recombinant Yhm2p—The time
courses of ['*C]citrate and ['*CJoxoglutarate uptake into pro-
teoliposomes were measured either as uniport (in the absence
of internal substrate) or as antiport (in the presence of internal
citrate or oxoglutarate, respectively) (Fig. 24). The uptake of
citrate or oxoglutarate by exchange followed a first order kinet-
ics (rate constants, 0.18 and 0.13 min~*; initial rates, 8.84 and
6.29 mmol/min/g of protein for citrate and oxoglutarate,
respectively), isotopic equilibrium being approached exponen-
tially. In contrast, the uniport uptake of citrate and oxoglutarate
was negligible, suggesting that Yahm2p does not catalyze a uni-
directional transport (uniport) of citrate or oxoglutarate. This
issue was further investigated by measuring the efflux of

before the labeled substrate; the other indicated inhibitors and substrates
were added together with [**C]citrate. The final concentrations of the inhib-
itors were 0.1 mm (HMBS, p-hydroxymercuribenzene sulfonate; HgCl,, mercu-
ric chloride; MER, mersalyl), 10 mm (PLP, pyridoxal 5’-phosphate; BAT, batho-
phenanthroline), T mm (NEM, N-ethylmaleimide; CCN, a-cyanocinnamate), 2
mm (BTA, benzene 1,2,3-tricarboxylate; BMA, butylmalonate; PHS, phenylsuc-
cinate), 0.2 mm (BrCP, bromcresol purple), 0.05% (TAN, tannic acid), and 10 um
(CAT, carboxyatractyloside). The final concentration of unlabeled substrates
added together with ['“C]citrate was 3 mm. The extents of inhibition (%) from
a representative experiment are given. Similar results were obtained in at
least three independent experiments.
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[**C]citrate from prelabeled active proteoliposomes, as this
provides a more sensitive assay for unidirectional transport
(12). In the absence of external substrate, no efflux was
observed even after a 30-min incubation (Fig. 2B). However,
addition of external citrate or oxoglutarate led to extensive
efflux of radioactivity, which was prevented completely by the
presence of the inhibitors pyridoxal 5’-phosphate and batho-
phenanthroline (Fig. 2B). These results demonstrate that, at
least under the experimental conditions employed, reconsti-
tuted Yhm2p catalyzes an obligatory antiport reaction of
substrates.

The kinetic constants of purified reconstituted Yhm2p were
determined by measuring the initial transport rate at various
external ['*C]citrate or ['*C]oxoglutarate concentrations in the
presence of a constant saturating internal concentration of
either citrate or oxoglutarate. With both citrate- and oxoglu-
tarate-loaded proteoliposomes, linear functions were obtained
in double-reciprocal plots. These were independent of the
internal substrate and intersected the ordinate close to a
common point. The average V. values of citrate and oxoglu-
tarate uptake (9.8 = 1.2 mmol/min per g of protein for the
[**C]citrate/citrate and [**C]citrate/oxoglutarate exchanges
and 10.3 = 2.1 mmol/min per g of protein for the ['*C]oxoglu-
tarate/oxoglutarate and ['*C]oxoglutarate/citrate exchanges)
were virtually the same. The half-saturation constant (K,,) for
citrate was 0.16 = 0.05 mMm and that for oxoglutarate was 1.2 =
0.15 mM. Oxoglutarate inhibited [**C]citrate/citrate exchange
competitively as did succinate, oxaloacetate, fumarate, and
malate. The inhibition constants (K,) of these substrates for
Yhm2p were the following: 1.2 £ 0.12 mm (oxoglutarate),
1.46 = 0.08 mM (succinate), 1.73 * 0.18 mm (oxaloacetate),
1.87 = 0.21 mm (fumarate), and 6.2 = 0.7 mM (malate) in four
experiments for each inhibitor.

Impaired Citrate Uptake in Mitochondria Lacking Yhm2p—
In other experiments, the uptake of ['*C]citrate was measured
in proteoliposomes that had been reconstituted with Triton
X-100 extracts of mitochondria isolated from wild-type,
AYHM?2, and YHM2-pYES?2 cells (Fig. 3). A low citrate/citrate
exchange activity was observed upon reconstitution of mito-
chondrial extracts from the knock-out strain, probably because
of the presence of Ctplp. This activity more than doubled in
parental mitochondrial extracts and was even greater in mito-
chondrial extracts from YHM2-pYES2 cells. Similar results
were obtained by measuring the uptake of ['*C]citrate in
exchange with intraliposomal oxoglutarate, succinate, fumar-
ate, and oxaloacetate (Fig. 3), which are substrates of Yhm2p,
but not with substrates of other MCs such as phosphate, ADP,
maleate, 1,2,3-pentanetricarboxylate, glutamate, carnitine, and
ornithine. Moreover, the citrate/citrate exchange in proteoli-
posomes reconstituted with mitochondrial extracts from wild-
type and YHM2-pYES?2 cells was markedly inhibited by mercu-
rials, N-ethylmaleimide and tannic acid (data not shown). As a
control, the ["*C]ADP/ATP exchange (the defining reaction of
the ADP/ATP translocase) and the ['*C]malate/phosphate
exchange (the defining reaction of the dicarboxylate carrier)
were virtually the same for all types of reconstituted mitochon-
drial extracts (data not shown). Moreover, as demonstrated by
immunodecorating wild-type and AYHM2 mitochondria with
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FIGURE 3. Citrate exchange activities in Ilposomes reconstituted with
mitochondrial extracts from the AYHM2 strain, parental strain, and the
parental strain transformed with the YHM2-pYES2 plasmid. These strains
were grown as indicated under “Experimental Procedures” for YHM2-pYES2
cells. Mitochondria were isolated and solubilized with 1% Triton X-100, 50 mm
NaCl, and 10 mm PIPES, pH 7.0. The extracts (30 ng of protein) were reconsti-
tuted into liposomes preloaded with 20 mwm citrate (black columns), oxoglu-
tarate (hatched columns), succinate (gray columns), oxaloacetate (inverted
hatched columns), or fumarate (white columns). Transport was started by add-
ing 0.15 mm ["“C]citrate and terminated after 15 min. WT, wild type.

mmol /g protein x 15 min

specific antibodies, the amounts of the ADP/ATP, phosphate,
and dicarboxylate carriers were virtually the same (results not
shown). Therefore, in mitochondria Yhm2p exhibits the same
specificity and inhibitor sensitivity as the purified protein;
moreover, the absence of YHM?2 does not affect the expression
or the activity of other MCs.

Subcellular Localization of Yhm2p—Yhm2p has been
reported to be localized to the inner mitochondrial membrane
(1). However, these studies did not exclude the possibility that
Yhm2p is also localized to peroxisomes, notably because its
transport properties make it a candidate for being involved in a
peroxisomal redox shuttle that is required for the intraperoxi-
somal regeneration of NADPH (30, 31). Also, Yhm2p was
among the proteins that had been identified in a purified per-
oxisomal membrane fraction by mass spectrometry (32). The
subcellular distribution of Yhm2p was therefore analyzed by
separating a post-nuclear supernatant of oleic acid-induced
wild-type cells on a sucrose density gradient. The enzyme activ-
ities of the mitochondrial marker enzyme fumarase and perox-
isomal enzyme catalase were separated with some overlapping
in fractions 13—17 (supplemental Fig. S2A). The immunoblots
of fractions 3—-29 demonstrate co-localization of Yhm2p with
the mitochondrial phosphate transporter Mirlp and no co-lo-
calization of Yhm2p with Fox3p, although overlapping was
observed in fraction 15 (supplemental Fig. S2A). To obtain fur-
ther proof of the localization of Yhm2p, BJ1991poxIA, the
strain used for the mass spectrometric analysis of peroxisomal
membrane proteins (32), was induced in the presence of oleic
acid. A post-nuclear supernatant was separated on a sucrose
gradient, and the fractions enriched for peroxisomes were
pooled, concentrated, and further separated on an Accudenz
gradient. The subsequent immunological analysis using anti-
Fox3p and anti-Pex11p antibodies showed peroxisomes peak-
ing in fractions 8 and 9, whereas mitochondrial Mirlp peaked
in fractions 12—15 (supplemental Fig. S2B) demonstrating the
successful separation of peroxisomes from mitochondria. The
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FIGURE 4. Growth behavior of AYHM2, AZWF1, AYHM2AZWF1, ACTP1,
ACTP1AZWF1, and AYHM2ACTP1 strains in acetate-supplemented SM.
4-Fold serial dilutions of equally numbered wild-type (WT), AYHM2, AZWF1,
AYHM2AZWF1, ACTP1, ACTPTAZWF1, and AYHM2ACTP1 cells (precultured
overnightin YP with glucose) were plated on solid acetate-supplemented SM
at30°C.

Yhm?2p-specific signal co-migrated with that of Mirlp, and
no additional peroxisomal peak was detectable (supplemental
Fig. S2B).

Localization of Yhm2p was also investigated in live cells by
expressing a Yhm2p-GFP fusion protein from the native YHM?2
promoter. Co-expression of a synthetic mitochondrial inner
membrane marker protein (PrE ,ATP9) that had been fused
with DsRed (33) resulted in an overlapping pattern of fluores-
cence for the two proteins (data not shown). Contrarily, co-
expression of a peroxisomally targeted PTS2-DsRed construct
(33), displaying the typical punctate peroxisomal staining pat-
tern, revealed that Yhm2p-GFP-dependent fluorescence did
not coincide with peroxisomes (data not shown). These data
demonstrate that Yhm2p is not a peroxisomal protein, in con-
trast to a previous conclusion (32), but is a mitochondrial pro-
tein in agreement with Cho et al. (1).

Growth Phenotypes of Knock-out Yeast Strains and Mito-
chondrial Citrate Levels—Having established the transport
properties of Yhm2p by in vitro assays and its mitochondrial
localization, the physiological role of Yhm2p was investigated.
We first tested the ability of the AYHM?2 strain to grow under
various conditions. Yeast cells lacking YHM?2 exhibited sub-
stantial growth on YP and SC media containing either ferment-
ative or nonfermentative carbon sources, similarly to the wild-
type strain. However, on acetate-supplemented SM, AYHM2
cells exhibited a slightly greater growth defect than that of
AZWF1 cells (Fig. 4). The double mutant AYHM2AZWFI
exhibited a more pronounced defect than the single mutants
when compared with wild-type cells. The growth of ACTP1,
ACTPIAZWFI, and AYHM2ACTP]I cells was less affected (Fig.
4). On acetate-supplemented SC, in the presence of amino
acids, none of the investigated strains showed any defect (Fig.
5A). However, when treated with H,O,, AYHM?2 cells exhibited
a growth defect that was more evident in the double mutant
AYHM2AZWFI (Fig. 5A). Also, in the presence of H,O,, the
ACTP1I strain exhibited a lesser growth defect than the AYHM?2
strain as evidenced by the second and third dilutions of the two
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FIGURE 5. Growth behavior of AYHM2, AZWF1, AYHM2AZWF1, ACTP1,
ACTP1AZWF1,and AYHM2ACTP1 strains in acetate-supplemented SCin
the presence or absence of H,0, (A) and phytosphingosine (B). 4-Fold
serial dilutions of equally numbered wild-type (WT), AYHM2, AZWFI,
AYHM2AZWF1, ACTP1, ACTPTAZWF1, and AYHM2ACTP1 cells (precultured
overnight in YP with glucose) were plated on solid acetate-supplemented SC
with or without 1.25 mm H,0, at 30 °C (A) and 5 um phytosphingosine (PHS) at
37°C(B).

strains. Moreover, the ACTPIAZWF1 and AYHM2ACTPI1
double mutants were less sensitive to the H,O,-induced stress
than the AYHM2AZWF1 double mutant; their growth defects
were almost equal to those caused by the AZWFI1 and AYHM?2
strains, respectively (Fig. 54). We then investigated the effect of
deleting YHM?2 on citrate content in the mitochondria of S.
cerevisiae cells grown on acetate-supplemented SC. AYHM?2
cells showed a significant increase (by 77%) in the amount of
intramitochondrial citrate (1.6 = 0.2 nmol/mg of protein) as
compared with wild-type cells (0.9 = 0.2 nmol/mg of protein),
suggesting that Yhm2p may function to catalyze export of cit-
rate from mitochondria to cytosol. In the cytosol, citrate is
converted to isocitrate, which is the substrate of isocitrate
dehydrogenase (Idp2p) that produces oxoglutarate and reduces
NADP™ to NADPH. On this basis, the observed phenotypes
could be due to diminished NADPH in the cytosol because
this coenzyme is used to produce important antioxidants,
such as GSH by glutathione reductase.

The first indication in support of this hypothesis stems from
experiments carried out at 37 °C in the presence or absence
of phytosphingosine. When cultured at =37 °C, yeast cells
undergo major changes to increase thermotolerance and the
ability to continue to divide. For example, at 37 °C they increase
the synthesis of ceramides by means of a pathway that includes
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+H,0, treated AYHM?2, AZWFI1, and
AYHM2AZWFI cells were not
accompanied by variations in the
total amount of NADP™ plus
NADPH (Fig. 6B). Of note, the total
amount of NADP(H) was about
three times higher in the presence of

H,O, than in its absence, likely due
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Yef1p, which phosphorylate NADH
to NADPH. In addition, it is worth-
while mentioning that the NADPH/
NADP™ ratio was decreased in the
double mutant AYHMZ2ACTPI,
with and without H,O,, to an extent
similar to that observed in the single
mutant AYHM?2 (data not shown).
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FIGURE 6. NADPH/NADP™ ratios in the cytosol of parental and deleted S. cerevisiae strains. Yeast strains,
precultured in YP with glucose and grown in acetate-supplemented SC, were incubated in the presence (B) or
absence (A) of H,0, for 60 min. NADPH/NADP™ ratios and the sums of NADPH + NADP™ are reported as
means = S.E. of at least three independent experiments. Differences between the NADPH/NADP™ ratio of
AYHM2, AZWF1, and AYHM2AZWF1 cells and control (wild-type (WT) cells), with and without H,0,, were
significant (*, p < 0.05, and **, p < 0.01, one-way ANOVA followed by Bonferroni's t test).

phytosphingosine as an intermediate (34, 35). Given that
NADPH is required in the last two reactions of phytosphin-
gosine biosynthesis catalyzed by Tsc10 and Sur2, respectively,
we tested the ability of our strains to grow at 37 °C in acetate-
supplemented SC. AYHM2AZWFI cells were temperature-
sensitive, and this phenotype was partially rescued by the addi-
tion of phytosphingosine (Fig. 5B). The deletant AYHM?2 also
exhibited a slight growth defect at 37 °C as evidenced by com-
paring the third and fourth dilutions between wild-type and
AYHM?2 cells; this defect was also prevented by phytosphin-
gosine (Fig. 5B). The double knock-out AYHM2ACTPI exhib-
ited a temperature sensitivity almost equal to that of the
AYHM?2 strain but not greater.

Cytosolic Levels of Nicotinamide Coenzymes and Glutathione—
In light of the phenotypes exhibited by the knock-out strains
for YHM?2 and ZWFI upon exposure to H,O, or at 37 °C, the
levels of cytosolic NADPH and NADP™" were measured. With-
out H,O, treatment, the cytosolic NADPH/NADP™ ratio in the
AYHM?2 strain was significantly lower than that measured in
the wild-type strain (Fig. 6A). This ratio decreased further (by
about 43 and 48%) in the AZWFI and AYHM2AZWF]I strains;
however, it was not decreased in ACTPI cells as compared with
wild-type cells. Moreover, no significant variations in the
total amount of NADP™ plus NADPH were observed among
the different strains (Fig. 6A4). After treatment with H,O,,
the NADPH/NADP™ ratio was significantly decreased in the
AYHM?2 strain (by 58%), more in the AZWF1 strain (by 87%)
and further still in the double knock-out strain (by 91%) as
compared with the wild-type strain (Fig. 6B). Again, the
NADPH/NADP™ ratio was not decreased in ACTPI cells.
Moreover, the changes in this ratio observed in H,O,-
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These results indicate that the
reduction of the NADPH/NADP ™
ratio is caused by the absence of
YHM?2, and not of CTP1. In the next
step, the cytosolic levels of NADH
and NAD™ were measured. In the
absence of H,O,, no significant
changes in either the NADH/NAD™
ratio or in the total amount of
NAD™ plus NADH were observed
among the different strains (supplemental Fig. S3A). After
treatment with H,O,, the NADH/NAD ™ ratio (but not the total
amount of NAD™ plus NADH) decreased in the AYHM?2,
AZWF1, and AYHM2AZWF]1 strains (supplemental Fig. S3B),
although to a lesser extent than the NADPH/NADP™ ratio,
as compared with wild type. Moreover, the total amount of
NADH + NAD™ was increased in the presence of H,0,. The
NADH/NAD™ ratio was also not affected by H,O, in the
ACTPI strain as compared with wild type (supplemental
Fig. S3B).

Given that NADPH can be oxidized by glutathione reduc-
tase, reduced and oxidized glutathione levels in the cytosol were
measured. In the absence of H,O,, the GSH/GSSG ratio was
reduced in AYHM?2 (by 43%), AZWFI (by 55%), and in
AYHM2AZWFI (by 60%) strains but not in ACTPI cells as
compared with wild type (Fig. 7A). In contrast, the total amount
of glutathione did not show significant changes among strains.
In the presence of H,0O,, the GSH/GSSG ratio was reduced by
35% in AYHM?2 cells as compared with wild type without vari-
ation in the total amount of glutathione (Fig. 7B). In AZWF1
cells, the ratio was markedly decreased (by 85%) along with a
decrease in total glutathione (by 52%), probably because part of
GSH was used to protect proteins from oxidative damage by
derivatizing key thiol groups. As compared with AZWFI cells,
AYHM2AZWFI cells exhibited a smaller reduction of the GSH/
GSS@ ratio (by 72%) together with a smaller decrease in total
glutathione (by 30%) with respect to wild-type cells. This find-
ing may be due to the severe stress condition caused by adding
H,0, to the double knock-out, which led to ex novo synthesis
of GSH besides protein glutathionylation. In fact, the total
amount of glutathione in all the strains was greatly increased in
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NADPH + NADP*
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FIGURE 7. GSH/GSSG ratios in the cytosol of parental and deleted S. cerevisiae strains. Yeast strains,
precultured in YP with glucose and grown in acetate-supplemented SC, were incubated in the presence (B) or
absence (A) of H,0, for 60 min. GSH/GSSG ratios and the sums of GSH + GSSG are reported as means = S.E. of
at least three independent experiments. Differences between the GSH/GSSG ratio of AYHM2, AZWF1, and
AYHM2AZWF1 cells and control (wild-type (WT) cells), with and without H,O,, were significant (*, p < 0.05, and
** p < 0.01, one-way ANOVA followed by Bonferroni’s t test). Differences between the sum of GSH + GSSG of
AZWF1 and AYHM2AZWF1 and control (wild-type cells) in the presence of H,0, were significant (¥, p < 0.05,
one-way ANOVA followed by Bonferroni's t test).
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FIGURE 8. NADPH/NADP™ ratios in the mitochondria of parental and deleted S. cerevisiae strains. Yeast
strains, preculturedin YP with glucose and grown in acetate-supplemented SC, were incubated in the presence
(B) or absence (A) of H,0, for 60 min. NADPH/NADP ™ ratios and the sums of NADPH + NADP™ are reported as
means = S.E. of at least three independent experiments. Differences between the NADPH/NADP™ ratio of
AYHM2 and AYHM2AZWF1 cells and control (wild-type (WT) cells) in the presence of H,0, were significant
(*, p < 0.05, one-way ANOVA followed by Bonferroni’s t test).

the presence of H,O, as compared with its absence. Again, the
ratio between GSH and GSSG was not significantly decreased
in ACTPI cells (Fig. 7B).

Nicotinamide Coenzyme Levels in Mitochondria—Once
ascertained that deletion of YHM2, ZWF]1, or both decreases
the cytosolic NADPH/NADP™ ratio, especially upon H,O,
treatment, this ratio was determined in the mitochondria of
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knock-out strains. With no addi-
tion of H,O,, the mitochondrial
NADPH/NADP™ ratio was approx-
imately the same in all the evaluated
strains (Fig. 84). However, upon
addition of H,0.,, this ratio was sig-
nificantly higher in AYHM2 and
AYHM2AZWFI1 strains as com-
pared with the wild-type strain (Fig.
8B). In all strains, the total amount
of NADPH and NADP™" coenzymes
was similar regardless of H,O,
treatment. Therefore, under oxida-
tive stress, the NADPH/NADP*
ratio of AYHM?2 and AYHM2AZWF1I
cells diminished in the cytosol (Fig.
6B) and increased in mitochondria
(Fig. 8B), suggesting that in wild-
type cells reducing equivalents of
NADPH can be transferred from
the mitochondria to the cytosol
through the activity of Yhm2p. In
untreated wild-type and knock-out
cell mitochondria, the NADH level
was too low, as observed previously
in wild-type cells (15), to assess the
NADH/NAD™ ratio. Upon addition
of H,O,, both the low NADH/
NAD™ ratio and total amount of
NADH + NAD™ were not signifi-
cantly different among the strains
tested (supplemental Fig. S4B).
Cytosolic Citrate and Oxo-
glutarate Levels—Cytosolic sam-
ples of AYHM?2, AZWFI, and
AYHM2AZWFI1 cells were also
analyzed for the two exchanging
metabolites citrate and oxogluta-
rate. Of note, the cytosol of H,O,-
treated wild-type cells contained
much more citrate than the cytosol
of untreated cells (217 nmol/mg
protein as compared with 37
nmol/mg protein without H,O,;
Fig. 9, A and B), presumably due
to the activity of the extra-mito-
chondrial citrate-producing enzyme
Cit2p. Moreover, the cytosol of
H,O,-treated AYHM2, AZWFI,
and AYHM2AZWFI cells contained
a significantly lower amount of cit-

rate (by about 27%) than the same fraction of wild-type cells
(Fig. 9B). On the contrary, with no treatment the cytosolic level
of citrate was approximately the same in the deleted strains
as the in wild-type cells (Fig. 94). Concerning oxoglutarate,
without H,O, treatment, its level in the cytosol was similar
in AZWFI1, higher in AYHM?2, and significantly higher in
AYHM2AZWFI1 cells as compared with wild-type cells

VOLUME 285+NUMBER 23-JUNE 4, 2010


http://www.jbc.org/cgi/content/full/M109.097188/DC1

Mitochondrial Citrate-Oxoglutarate Carrier in S. cerevisiae

A -0, B

WT

AYHM?2
AZWF1
AYHM2AZWF1
ACTPI1

AYHM2AZWF1
ACTPI

+Hy0, H,O, exposure compared with that
of treated wild-type cells (Fig. 10).
These findings indicate that the
cells lacking both YHM?2 and ZWF1I
responded to oxidative insult much
less efficiently than the individually
deleted strains. The ROS scavenger
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200 cells was further assessed by cyto-
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fluorimetry. The histograms of
time-dependent fluorescence-ac-
tivated cell sorter analysis (Fig. 11)
show that the intensity of cell fluo-
rescence was markedly increased
after a 30-min H,O, exposure for
the AYHM2AZWFI cells and after
a 60-min H,O, exposure also for
the single deleted cells. Specifi-
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FIGURE 9. Citrate and oxoglutarate levels in the cytosol of parental and deleted S. cerevisiae strains. Yeast
strains, preculturedin YP with glucose and grown in acetate-supplemented SC, were incubated in the presence
(B) or absence (A) of H,0, for 60 min. Means =+ S.E. of at least three independent experiments are reported.
Differences between cytosolic citrate of AYHM2, AZWF1, and AYHM2AZWF1 cells and control (wild-type (WT)
cells) in the presence of H,0, were significant (*, p < 0.05, one-way ANOVA followed by Bonferroni's t test). The
difference between cytosolic oxoglutarate of AYHM2AZWF1 and wild-type cells in the absence of H,0, is
significant (*, p < 0.05). Differences between cytosolic oxoglutarate of AYHM2, AZWF1,and AYHM2AZWF1 cells
and wild-type cells in the presence of H,0, were significant (¥, p < 0.05, and **, p < 0.01, one-way ANOVA

followed by Bonferroni’s t test).

1751
150
1254

i
100W

I T T T

0 30 60 920
time (min)

% of wild-type value

FIGURE 10. Cell antioxidant response to oxidative stress. DCFH-DA-pre-
loaded wild-type (M), AYHM2 (O), AZWF1 ((J), and AYHM2AZWF1 (A) cells
were incubated in acetate-supplemented SC in the presence of H,0, for the
indicated time periods. DCF fluorescence was measured using a microplate
reader and expressed as the percentage of the corresponding wild-type val-
ues. Values are means = S.E. of four independent experiments.

(Fig. 9A). By contrast, in the presence of H,0O, the cytosolic
level of oxoglutarate was moderately (but significantly) reduced
in AYHM2 and more so in AZWF1 and AYHM2AZWFI cells as
compared with wild-type cells (Fig. 9B). This indicates that
under these stress conditions oxoglutarate is most likely used to
produce the antioxidant tripeptide GSH.

Antioxidant Response to H,O, Exposure—The intracellular
DCEF fluorescence (i.e. level of intracellular non-scavengered
ROS (18)) of AYHM?2 cells exposed to H,O, was slightly higher
than that of H,O,-treated wild-type cells (Fig. 10). In contrast,
the fluorescence increased to 131 = 7 and 173 * 5% in the
AZWF1 and AYHM2AZWF1 cells, respectively, after a 90-min
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cally, following a 60-min H,O,
incubation, 7, 64, 86, and 96%
of wild-type, AYHM2, AZWFI,
and AYHM2AZWFI cells, respec-
tively, displayed high fluorescence
intensity.

The effects of the H,O, treatment
used in the experiments described
above on cell viability are reported
in supplemental Table S2. After a
1-h incubation with H,O,, the per-
centage of nonviable cells increased to ~5.3% (from ~1.6%
without H,O,) for the wild-type and single deleted cells and
somewhat more (to 8.2%) for the AYHM2AZWFI double
mutant. By contrast, virtually all cells died when boiled.

DISCUSSION

In this work, overexpression in S. cerevisiae of a previously
unidentified MC and reconstitution of the recombinant protein
in liposomes as well as phenotype analysis of yeast knock-out
cells have been employed to investigate the function of Yam2p.
The transport properties and kinetic parameters of Yhm2p,
together with its mitochondrial localization, demonstrate that
this protein is a novel mitochondrial citrate-oxoglutarate car-
rier. Besides transporting these substrates with great efficiency,
Yhm?2p also translocates oxaloacetate, fumarate, succinate, and
to a much lesser extent, L-malate and other tricarboxylates.

The substrate specificity of Yhm2p is distinct from that of
any other MC of known sequence and function, including the
carriers for carboxylates, although Yhm2p is phylogenetically
related to these proteins (6, 36, 37) and shares some degree of
substrate overlap. In particular, Yam2p differs markedly from
the citrate/malate carrier (25-28) because this protein effi-
ciently transports tricarboxylates (citrate, isocitrate, cis-aconi-
tate, 1,2,3,-pentanetricarboxylate, but not trams-aconitate),
dicarboxylates (malate, succinate, malonate, and maleate but
not oxoglutarate, oxaloacetate, and fumarate), and phos-
phoenolpyruvate. Furthermore, Yhm2p is not inhibited by
1,2,3,-benzenetricarboxylate, a powerful inhibitor of the rat and
yeast citrate/malate carriers (25—28), and is strongly sensitive to
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FIGURE 11. Flow cytometric analysis of ROS levels in wild-type and knock-out S. cerevisiae strains. DCFH-
DA-preloaded wild-type (WT), AYHM2, AZWF1, and AYHM2AZWF1 cells were incubated in acetate-supple-
mented SC in the presence or absence of H,0O, for the time periods indicated. Results from a representative

experiment are shown as cell number (counts) versus DCF fluorescence.
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FIGURE 12. Scheme of the reactions involved in the citrate-oxoglutarate
NADPH shuttle from the mitochondrial matrix to the cytosol in S.
cerevisiae.

mercurials, N-ethylmaleimide and tannic acid, in contrast to
CTP and Ctplp. In addition, Yhm2p shares only 21 and 22%
identical amino acids with Ctplp and CTP, respectively.
Yhm2p also differs from the dicarboxylate (38, 39) and oxalo-
acetate (16, 40) carriers that transport malate and phosphate,
oxaloacetate and sulfate, respectively, as principal substrates
and do not transport citrate, oxoglutarate, and fumarate.
Apart from the relatively low homology that Yhm2p shares
with transporters for carboxylates, Diclp (24% of identical
amino acids), Sfclp (23%), Oaclp (21%), Ctplp (21%), and
Odclp (20%), Yhm2p does not exhibit significant sequence
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homology with any other MC func-
tionally identified so far greater
than the basic homology existing
between the different members of
the MC family. However, several
proteins encoded by the genomes of
fungi are very likely orthologs of
Yhm2p. These sequences include
the following: XP_448544.1 from
Candida glabrata (88% of identical
amino acids with Yhm2p); XP_
001385050.2 from Pichia stipitis
(74%); XP_001523814.1 from Lod-
deromyces elongisporus (73%); XP_
747921.1 from Aspergillus fumiga-
tus (72%); XP_001266111.1 from
Neosartorya fischeri (71%); XP_
002149092.1 from  Penicillium
marneffei (71%); XP_461777.1 from
Debaryomyces hansenii (71%); XP_
001242399.1 from Coccidioides
immitis (71%); XP_956895.1 from
1w Neurospora crassa (70%);
ACF20293.1 from Fusarium oxys-
porum  (69%); XP_001228268.1
from Chaetomium globosum (65%);
XP_568307.1 from Cryptococcus
neoformans  (62%); and NP_
595645.1 from Schizosaccharomy-
ces pombe (56%). Moreover, reciprocal BLASTP revealed the
existence of putative orthologs of Yhm2p in Alveolata (e.g.
XP_001350635.1 from Plasmodium falciparum (31%) and
XP_001238657.1 from Eimeria tenella (31%)), Euglenozoa
(e.g. XP_811279.1 from Trypanosoma cruzi (32%)), and Stram-
enopiles (e.g. XP_002180033.1 from Phaeodactylum tricornu-
tum (29%)), despite their low percentage of identical amino
acids with Yhm2p. On the contrary, it is unlikely that there is an
orthologous Yhm2p carrier in higher eukaryotes.

As we have found an accumulation of citrate in AYHM?2 cell
mitochondria, Yhm2p appears to be essential for the export of
citrate from the mitochondria to the cytosol, at least under the
experimental conditions employed in this study. In the cytosol,
citrate can be used, via isocitrate, to produce oxoglutarate and
NADPH by the action of the NADP"-dependent cytosolic
isocitrate dehydrogenase, Idp2p (Fig. 12). Therefore, a primary
physiological function of Yhm2p is to increase cytosolic
NADPH, which is required for various biosynthetic reactions
and thiol-dependent peroxidases that utilize reduced glutathi-
one or thioredoxin to protect the cell from oxidative damage.
Moreover, because Yhm2p functions exclusively by antiport
and oxoglutarate is efficiently transported by this carrier, oxo-
glutarate can enter the mitochondria in exchange for citrate via
Yhm2p. In mitochondria, oxoglutarate can be converted to
isocitrate by the NADP™"-dependent mitochondrial isocitrate
dehydrogenase, Idp1p, and then to citrate, leading to net export
of NADPH-reducing equivalents (Fig. 12). Thus, Yhm2p may
act as a key component of the citrate-oxoglutarate NADPH
redox shuttle between mitochondria and cytosol.
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The experimental data reported in this study shed light on
the physiological role of Yhm2p. The observed decrease in the
NADPH/NADP™ ratio in the cytosol of AYHM?2 cells, com-
pared with that in wild-type cells, as well as its more pro-
nounced decrease in the cytosol of H,O,-treated AYHM?2 cells
strongly support the important function of Yam2p to increase
the redox state of cytosolic NADPH. The consequent antioxi-
dant function of Yhm2p is further substantiated by the
decreased GSH/GSSG ratio in the cytosol of AYHM?2 cells with
and without treatment of H,O,. In addition, the marked
increase in the NADPH/NADP™ ratio in the mitochondria of
H,O,-treated AYHM2 and AYHM2AZWF]1 cells, along with
the reduction in this ratio in the cytosol of the above cells, sug-
gest that Yhm2p is involved in shuttling NADPH reducing
equivalents from the mitochondrial matrix to the cytosol.

In wild-type S. cerevisiae cells grown in acetate-supple-
mented SC, H,0,-induced oxidative stress is counteracted by
endogenous antioxidants. Unlike wild-type cells, AYHM2 cells
exhibit a growth defect when treated with H,O,, because upon
addition of exogenous ROS, the antioxidant ability of the cell is
overcome. Therefore, the sensitivity of the AYHM?2 null mutant
to H,0, also lends support to the antioxidant role of Yhm2p. It
is worth mentioning that the sensitivity of the AYHM2 strain to
H,O, parallels the earlier observations that S. cerevisiae cells
lacking Idp2p or Zwf1p (i.e. major sources of cytosolic NADPH)
are sensitive to the oxidant agent H,0O, (41, 42). Furthermore,
in the absence of exogenous oxidants, yeast cells lacking both
the ZWF1 and IDP2 genes display a dramatic growth defect
when shifted from glucose to acetate (41, 43). This defect was
found to be correlated to increased levels of intracellular oxi-
dants produced during acetate metabolism (41, 43). Consis-
tently, our results show that the ROS level is enhanced in
AYHM?2 cells and more so in AYHM2AZWF1I cells.

In this investigation, AYHM2 yeast cells have been compared
with AZWF1, AYHM2AZWF1, and ACTPI cells. As observed
for the AYHM?2 strain, the ZWFI-deleted strain exhibits a
decrease in the cytosolic NADPH/NADP™" and GSH/GSSG
ratios, which is more evident in the presence of H,O,. In addi-
tion, and importantly, the combination of YHM2 and ZWF1I
deletions causes a more pronounced H,O,-induced growth
defect that is consistent with the greater decrease in the
NADPH/NADP™ ratio. The cytosolic GSH/GSSG ratio is also
diminished in AZWF1 and AYHM2AZWFI strains as com-
pared with the wild-type strain, although in the presence of
H,O, substantial protein glutathionylation and ex novo synthe-
sis of glutathione take place. In light of our observations
whereby no significant variations in the NADPH/NADP* and
GSH/GSSG ratios occur in ACTPI cells in contrast to AYHM?2
cells, it appears that Ctplp, the known citrate/malate trans-
porter of S. cerevisiae (26), cannot substitute the antioxidant
function of Yhm2p. Although the contrasting ability of Ctplp
and Yhm2p to increase the redox state of cytosolic NADPH and
GSH requires further investigation, it should be noted that
Ctplp does not transport oxoglutarate (26, 44) accounting, at
least in part, for the differences observed. Specifically, in
AYHM?2 cells, oxoglutarate is unable to enter the mitochondria
in exchange for citrate and regenerate this substrate inside the
organelles via the action of Idp1lp and Acolp (Fig. 12). Indeed,
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AYHM?2 and especially AYHM2AZWFI1 strains display an
increase in cytosolic oxoglutarate, which is not observed in the
presence of H,O, because under severe oxidative stress oxoglu-
tarate is mainly used to produce GSH. Moreover, ACTPI was
found to be the yeast strain most resistant to paraquat (a rea-
gent widely used to produce superoxide in cells and mitochon-
dria) among the 29 tested strains, each lacking a gene for proven
or putative MCs (45).

Interestingly, two isocitrate-oxoglutarate NADPH redox
shuttles have been proposed to exist in mammals as follows: the
first to keep intraperoxisomal NADP™" reduced (46), and the
second to equilibrate the cytosolic and mitochondrial NADP™*
redox potentials (47, 48 and references therein). The former
involves a characterized (but not yet identified) isocitrate-oxo-
glutarate transport system of the peroxisomal membrane (46)
and the latter the mammalian citrate/malate (25) and oxoglu-
tarate/malate (49) carriers of the mitochondrial membrane. Our
findings suggest the existence of a Yhm2p-dependent mito-
chondrial NADPH redox shuttle in S. cerevisiae, which is capa-
ble of reducing NADP™ in the cytosol; this reducing power is
required for the functioning of biosynthetic and antioxidant
reactions. It will be of interest to investigate in future studies
whether there are conditions in which the NADPH shuttle of
yeast mitochondria operates in the reverse direction, i.e. trans-
ferring NADPH-reducing equivalents from the cytosol to the
mitochondria. These studies would ascertain whether the
NADPH shuttle cooperates with the NADH kinase Pos5p and
the acetaldehyde dehydrogenase Ald4p to produce intramito-
chondrial NADPH, which is essential for several processes,
such as ROS scavenging, iron homeostasis, and fatty acid and
arginine biosynthesis (50, 51).
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