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The genome of Saccharomyces cerevisiae contains 35
members of a family of transport proteins that, with a
single exception, are found in the inner membranes of
mitochondria. The transport functions of the 15
biochemically identified mitochondrial carriers are
concerned with shuttling substrates, biosynthetic
inter-mediates and cofactors across the inner mem-
brane. Here the identification of the mitochondrial
carrier for the essential cofactor thiamine pyropho-
sphate (ThPP) is described. The protein has been
overexpressed in bacteria, reconstituted into phospho-
lipid vesicles and identified by its transport properties.
In confirmation of its identity, cells lacking the gene
for this carrier had reduced levels of ThPP in their
mitochondria, and decreased activity of acetolactate
synthase, a ThPP-requiring enzyme found in the
organellar matrix. They also required thiamine for
growth on fermentative carbon sources.

Keywords: mitochondria/proteomics/Saccharomyces
cerevisiae/thiamine pyrophosphate transporter/
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Introduction

Several cofactors (vitamins, coenzymes and prosthetic
groups) are essential for the functioning of important
metabolic processes occurring in mitochondria. Most of
them have to be imported into the organelle, but little is
known about the molecular basis of their transport.
Studies with intact mitochondria have suggested that
some cofactors such as ascorbate (Ingebretsen and
Normann, 1982), pyridoxine (Lui et al., 1981), pyridoxal
5’-phosphate (Lui et al., 1982), biotin (Said et al., 1992)
and hydroxycobalamine (Fenton et al., 1976) diffuse into
the mitochondria, whereas others such as thiamine (Barile
et al., 1986), folates (Cybulski and Fisher, 1981; Horne
et al., 1992), lipoate (Totskii, 1976) and coenzyme A
(Neuburger et al., 1984; Tahiliani, 1991) are transported
by carrier-mediated processes. The transport of thiamine
and of the thiamine cofactors, thiamine pyrophosphate
(ThPP) and thiamine monophosphate (ThMP), has been
studied extensively (Barile et al., 1986, 1990, 1998). It has
been proposed that there are separate carriers for thiamine
(Barile et al., 1986), for ThPP/thiamine exchange (Barile

© European Molecular Biology Organization

et al., 1990), for ThPP and ThMP transport (Barile et al.,
1998) and for ThMP uniport or ThMP/Pi exchange (Barile
et al., 1998). However, the protein(s) responsible for these
activities have never been isolated or identified hitherto.

Saccharomyces cerevisiae uses external thiamine for
the production of ThPP or it can synthesize the cofactor
itself (Hohmann and Meacock, 1998), and ThPP is an
essential coenzyme for five enzymes in yeast, namely
pyruvate decarboxylase (PDC) and transketolase, which
are in the cytosol, and acetolactate synthase (ALS) and the
E1 components of pyruvate dehydrogenase and oxoglut-
arate dehydrogenase (OGDH), which are in the mitochon-
dria. The subcellular distribution of enzymes involved in
thiamine metabolism shows that ThPP is synthesized in
the cytosol and then imported into mitochondria. For
example, thiamine pyrophosphokinase is found only in the
cytosol of both yeast and mammalian cells (Deus and
Blum, 1970; Hohmann and Meacock, 1998).

So far, three proteins have been identified as being
responsible for the transport of cofactors into mitochon-
dria. They are the carriers for FAD (Tzagoloff et al., 1996),
folates (Titus and Moran, 2000) and coenzyme A (Prohl
et al., 2001). They belong to the family of mitochondrial
carriers that is characterized by a tripartite structure,
consisting of three tandem sequence repeats containing
distinctive sequence motifs, each repeat being folded into
two transmembrane o-helices joined by an extensive
hydrophilic loop (Saraste and Walker, 1982; Palmieri,
1994). In post-genomic studies, a number of members of
this family have been identified by overexpression and
reconstitution. They are the carriers for dicarboxylates,
ornithine, succinate—fumarate, oxaloacetate—sulfate, oxo-
dicarboxylates, aspartate—glutamate, deoxynucleotides,
glutamate (Fiermonte et al., 2002 and references therein),
the citrate carrier (Kaplan et al., 1995) and the adenine
nucleotide transporter in peroxisomes (Palmieri ef al., 2001a).

Here we report the identification and functional
characterization of Tpclp (encoded by YGRO096w). It
has the characteristic features of the mitochondrial carrier
family and is the sequence in S.cerevisiae with the closest
similarity to that of the human deoxynucleotide carrier
(DNC) (Dolce et al., 2001). Tpclp was overexpressed in
bacteria, reconstituted into phospholipid vesicles and
identified from its transport properties as the mitochon-
drial carrier for ThPP. Consistent with this function, tpciA
cells exhibited lower intramitochondrial levels of ThPP,
decreased activities of ALS and OGDH, and auxotrophy
for thiamine on fermentative carbon sources.

Results

Bacterial expression of Tpcip
Tpclp was expressed at high levels in Escherichia coli
CO0214(DE3) (Figure 1A, lane 4). It accumulated as
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Fig. 1. Tpclp catalyzes the transport of ThPP and ThMP. (A) Expression of yeast Tpclp in E.coli. Proteins were separated by SDS-PAGE and stained
with Coomassie Blue. The positions of the markers (bovine serum albumin, carbonic anhydrase and cytochrome c¢) are shown on the left. Lanes 1-4:
E.coli CO214(DE3) containing the expression vector with (lanes 2 and 4) and without (lanes 1 and 3) the coding sequence of Tpclp. Samples were
taken at the time of induction (lanes 1 and 2) and 5 h later (lanes 3 and 4). The same number of bacteria was analyzed in each sample. Lane 5: purified
Tpclp (2 pg) originating from bacteria shown in lane 4. (B) Substrate specificity of Tpclp. Proteoliposomes were pre-loaded internally with various
substrates (concentration, 10 mM). Transport was started by external addition of 0.2 mM [a-33S]dATP and stopped after 30 min. (C) Efflux of [o-
35S]dATP from proteoliposomes reconstituted with Tpclp. Proteoliposomes were reconstituted in the presence of 1 mM dATP, 30 mM MES/30 mM
HEPES (buffer A) at pH 6.0. The internal substrate pool was labeled by carrier-mediated exchange equilibration. Then the proteoliposomes were
passed through Sephadex G-75 columns pre-equilibrated with 50 mM NaCl and 0.1 mM MES/0.1 mM HEPES pH 6.0. The efflux of [0->*S]JdATP was
started by adding buffer A at pH 6 (filled squares), buffer A at pH 8.0 (filled circles), buffer A at pH 8.0 with 20 mM bathophenanthroline and 60 uM
p-CMBS (open circles) or buffer A at pH 8.0 with 10 mM ThPP (filled triangles). (D and E) Dependence on trans-membrane pH gradient of the dATP
uniport by Tpclp. The reconstitution mixture contained 10 mM dATP (dATP/dATP exchange) or 10 mM NaCl (dATP uniport), and buffer A at pH 8.0
(D) or at various pH values from 6.0 to 8.0 (E). After reconstitution of Tpclp into liposomes, a mixture of 50 mM NaCl and 0.1 mM MES/0.1 mM
HEPES at pH 8.0 (D) or various pH values from 6.0 to 8.0 (E) was used to equilibrate and to elute the Sephadex G-75 columns. Transport was started
by adding 1 mM [0-33S]dATP together with buffer A at pH values from 6.0 to 8.0 (D) or at pH 6.0 (E). The reaction was terminated after 3 min:
dATP uniport (filled squares), dATP/dATP exchange (filled circles). Similar results were obtained in three independent experiments. (F) Effect of
externally added substrates on the uptake of [0-3>S]dATP into proteoliposomes reconstituted with recombinant Tpclp. Transport was started by adding
0.2 mM [0-*>S]dATP to proteoliposomes containing 10 mM NaCl and no substrate, and stopped after 3 min. All substrates were added together with
[0-33S]dATP at a final concentration of 0.8 mM. The extents of inhibition (%) from a representative experiment are reported.

inclusion bodies, and was purified by centrifugation and
washing (Figure 1A, lane 5). The apparent molecular mass
of the recombinant protein was 35.5 kDa (the calculated
value with initiator methionine was 35152 Da). The
identity of the purified protein was confirmed by
N-terminal sequencing. About 60-80 mg of purified
protein were obtained per liter of culture. The protein
was not detected in bacteria harvested immediately before
induction of expression (Figure 1A, lane 2), nor in cells
harvested after induction but lacking the coding sequence
in the expression vector (Figure 1A, lane 3).

Functional characterization of recombinant Tpc1p

Tpclp was reconstituted into liposomes, and its transport
properties were tested in homo-exchange (same substrate
inside and outside) experiments. Using external and
internal substrate concentrations of 1 and 10mM,
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respectively, the reconstituted protein catalyzed an active
[0-33S]dATP/dATP exchange, but not homo-exchanges
for phosphate, adenine, adenosine, thymidine, pyruvate,
malonate, succinate, malate, oxoglutarate, citrate, carni-
tine, ornithine, lysine, arginine, histidine, tyrosine and
tryptophan. No [0->3S]dATP/dATP exchange activity was
observed by reconstitution of sarkosyl-solubilized material
from bacterial cells lacking the expression vector for
Tpclp.

The substrate specificity of reconstituted Tpclp was
examined by measuring the uptake of [0-33S]dATP into
proteoliposomes that had been pre-loaded with various
potential substrates (see Figure 1B). The highest activities
of [0-*3S]dATP uptake into proteoliposomes were with
internal ThPP and ThMP. Significant activities were
also observed with internal dAMP, dADP, dATP, AMP,
ADP, 3’-AMP and 3’,5°-ADP. In contrast, the uptake of



Table 1. Efflux of ThPP from proteoliposomes

External External ThPP efflux

pH substrate (uLmol/60 min/mg protein)
Expt 1 6.0 None 0.08

6.5 None 0.13

7.0 None 0.26

7.5 None 0.47

8.0 None 0.60
Expt 2 7.0 None 0.23

7.0 dATP 0.61

7.0 AMP 0.65

7.0 Adenosine 0.24

7.0 cAMP 0.23

7.0 NMN 0.19

Proteoliposomes were reconstituted with recombinant Tpclp in the
presence of 20 mM ThPP and 30 mM MES/30 mM HEPES at pH 6.0
(expt 1) or at pH 7.0 (expt 2). After reconstitution of Tpclp into
liposomes, a mixture of 50 mM NaCl and 0.1 mM MES/0.1 mM
HEPES (expt 1) or 30 mM MES/30 mM HEPES (expt 2) at the same
pH as that of the reconstitution mixture was used to equilibrate and to
elute the Sephadex G-75 columns. Transport was started by adding
30 mM MES/30 mM HEPES at the indicated pH values (expt 1) or the
indicated substrates at 10 mM (expt 2). The reaction was terminated
after 60 min and the ThPP released from proteoliposomes was
measured. Similar results were obtained in three independent
experiments.

[0-33S]dATP was low in the presence of other nucleotides
(cAMP, NMN, CoA and SAM), thiamine and adenosine.
The residual activity in the presence of these substrates
was virtually the same as in the absence of internal
substrate (NaCl present), indicating that Tpclp is able to
catalyze a unidirectional transport (uniport) of dATP,
besides the exchange reaction. Deoxynucleotides and
nucleotides were transported with the following order of
efficiency: NMP>NDP>NTP; those of C, T, U and G
were transported with a slightly lower efficiency than
those of A (activities from ~250 to 500 nmol/30 min/mg
protein) (data not shown). Nucleosides, purines, pyrimi-
dines and dideoxynucleotides were not exchanged with
[0-3>S]dATP.

A substantial efflux of [0-3*S]dATP from pre-labeled
proteoliposomes occurred when adding only buffer to
proteoliposomes (more at pH 8.0 than at pH 6.0), and
the efflux was prevented by inhibitors of dATP/dATP
exchange (Figure 1C). The addition of 10 mM ThPP or
(not shown) ThMP at external pH 8.0 induced a greater
efflux of [a-3>S]dATP from proteoliposomes (Figure 1C).
Similar results were obtained using [3S]dCTP or
['“C]ADP, instead of dATP.

The rate of dATP uniport (measured as uptake by
proteoliposomes in the absence of internal substrate)
increased markedly on decreasing the external pH from
8.0 to 6.0 (at a fixed internal pH of 8.0) (Figure 1D), as
well as on increasing the internal pH from 6.0 to 8.0 (at a
fixed external pH of 6.0) (Figure 1E). In contrast, the rate
of dATP/dATP exchange was virtually unaffected by
changing either the external or the internal pH from 6.0 to
8.0, at fixed pH in the other compartment (Figure 1D and
E). These experiments, showing that the proton gradient
imposed across the proteoliposomal membrane stimulates
markedly the net transport of dATP without influencing
the dATP/dATP exchange, suggest that dATP is
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transported by the reconstituted Tpclp together with H*
or in exchange for OH~.

Since radioactive ThPP is not commercially available,
another approach was employed to measure the transport
of this coenzyme across the membrane of liposomes
reconstituted with Tpclp and pre-loaded with ThPP. As
shown in Table I, the efflux of ThPP from the vesicles
increased on increasing the external pH from 6.0 to 8.0 (at
a fixed internal pH of 6.0) and on adding dATP and AMP
but not adenosine, cAMP and NMN. These results provide
direct evidence that ThPP is transported by Tpclp by both
uniport and exchange.

The uptake of 0.1 mM [0-3>S]dATP by proteoliposomes
containing 10 mM NaCl and no substrate (reaction time
3 min) was inhibited by 20 mM bathophenanthroline (86%
inhibition), 20 mM pyridoxal 5’-phosphate (58%), 60 uM
p-chloromercuribenzene sulfonate (p-CMBS; 69%) and
60 UM mersalyl (65%), which are inhibitors of many
mitochondrial carriers. A specific inhibitor of the mito-
chondrial citrate carrier, 1,2,3-benzenetricarboxylate
(2 mM), reduced the rate of dATP uniport to 42%. No
significant inhibition was observed with 0.1 mM carb-
oxyatractyloside and o-cyanocinnamate, 0.01 mM bong-
krekate, 2 mM butylmalonate and phenylsuccinate, and
1 mM N-ethylmaleimide (inhibitors of other characterized
mitochondrial carriers).

In addition, [0-3°S]dATP uptake by unloaded proteoli-
posomes was inhibited strongly by external addition of
ThPP or ThMP (Figure 1F). A lower inhibition was
observed with AMP, 3-AMP or (not shown) other
(deoxy)nucleotides. In contrast, very low inhibition was
detected with cAMP, SAM, NMN, CoA, thiamine and
adenosine (Figure 1F) and (not shown) (deoxy)nucleo-
sides, nitrogen bases and substrates of other mitochondrial
carriers.

Kinetic characteristics of recombinant Tpc1p

The K,, and V. values for dATP uptake by unloaded
proteoliposomes (measured as uniport at 25°C) were
0.51 £ 0.04 mM and 38 = 7 umol/min per g of protein,
respectively (mean values from 18 experiments). ThPP,
ThMP, dADP, ADP and AMP inhibited dATP uptake
competitively (not shown), and their K; values were 0.23,
0.27,0.61, 0.70 and 0.58 mM, respectively (means of three
experiments).

tpciA yeast cells are not able to grow on
fermentative carbon sources in the absence

of thiamine

Having established the transport function of Tpclp by
in vitro assays, the effect of deleting its gene on yeast cells
was investigated. The tpcl A strain was tested for its ability
to grow in the absence of different cofactors. Yeast cells
lacking TPC1 showed substantial growth on YP and
synthetic complete media (SC) containing either fermen-
tative (2% glucose and 2% galactose) or non-fermentative
(3% glycerol, 2% lactate, 2% ethanol, 2% pyruvate and
10 mM oxaloacetate) carbon sources, similarly to the wild-
type strain. However, on synthetic minimal medium (SM)
supplemented with glucose or (not shown) galactose,
tpclA cells, but not wild-type cells, exhibited an
auxotrophy for thiamine (Figure 2A), but not for other
cofactors such as pyridoxine, pantothenate, riboflavin,
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Fig. 2. tpc1A mutant is auxotrophic for thiamine. (A) Growth behavior
of tpclA in various conditions. Four-fold serial dilutions of wild-type
and fpc/A mutant strains were plated on solid SM supplemented
with 2% glucose. Where indicated, 0.4 mg/l thiamine, 4 mg/ml HET,
4 mg/ml thiazole, 340 pg/ml valine (VAL) or 430 pg/ml isoleucine
(ILE) was also present. (B) The expression level of Tpclp is inde-
pendent of the presence of thiamine in the SM medium. Equal amounts
of mitochondrial lysates from wild-type cells grown on galactose-sup-
plemented SM with or without thiamine (Th) were separated by
SDS-PAGE, transferred to nitrocellulose and immunodecorated with
the antiserum directed against Tpclp.

biotin, niacin, folate, p-aminobenzoate and inositol (not
shown). Growth of #pclA cells on SM supplemented with
non-fermentative carbon sources was virtually indistin-
guishable from that of wild-type cells. Growth on
thiamine-less SM supplemented with glucose or galactose
was fully restored by complementing the deletion strain
with the TPC1-pRS416 plasmid (not shown), demonstrat-
ing that this difference in phenotype is the result of the
absence of Tpclp protein and not a secondary effect. In
contrast, the growth phenotype of tpclA cells was not
restored by complementing the knock-out strain with the
DNC-pYES2 plasmid (not shown).

The addition of thiazole or 4-methyl-5-(B-hydroxy-
ethylthiazole (HET), two precursors of thiamine
biosynthesis, did not restore the growth of the deletion
strain on thiamine-less SM (Figure 2A). It should be
noted that thiazole or HET, at the same concentrations,
fully restored the growth of S.cerevisiae cells deleted
of thi4, a mitochondrial thiamine biosynthetic gene, on
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thiamine-less SM (Praekelt et al., 1994). Furthermore,
since the expression of the genes encoding enzymes
involved in thiamine biosynthesis (thi4, thi5 and thi6) is
repressed by thiamine (Nosaka et al., 1993, 1994; Praekelt
et al., 1994), we investigated the expression of Tpclp in
the presence and absence of thiamine. The immunode-
coration of mitochondria isolated from wild-type cells
grown on galactose-supplemented SM with or without
thiamine revealed that Tpclp is present in similar amounts
(Figure 2B), i.e. the expression of the Tpclp gene is not
repressed by thiamine. All these results suggest that Tpclp
is not required for the synthesis of HET or thiamine.

Interestingly, the growth of fpclA on thiamine-less SM
in the presence of glucose or (not shown) galactose was
fully restored by the simultaneous addition of valine and
isoleucine (see Figure 2A). Each of these supplements,
when added alone, did not sustain growth of fpclA
(Figure 2A). Furthermore, the growth of the deletion strain
on thiamine-less SM in the presence of fermentative
carbon sources was not restored by addition of drop-out (a
mixture of amino acids and nitrogen bases) less valine and
isoleucine (Figure 2A). We conclude that the effect of
valine plus isoleucine in restoring the deletion strain
viability on thiamine-less SM is specific.

Tpc1p is required for entry of ThPP

into mitochondria

The auxotrophy for isoleucine and valine of pcl A cells on
thiamine-less SM suggests that the deletion of Tpclp
causes a defect in the reaction catalyzed by ALS, which is
the only ThPP-requiring enzyme in the biosynthetic
pathway of branched chain amino acids in yeast. This
enzyme is encoded by ilv2 and is located exclusively in
mitochondria. It condenses two molecules of pyruvate to
form 2-acetolactate and CO, in the first step of valine and
leucine synthesis, or one molecule of pyruvate and one of
2-oxobutyrate to produce 2-aceto-2-hydroxybutyrate in
the first step of isoleucine synthesis.

Direct assays of ALS showed that the activity of this
enzyme in mitochondria (mitochondrial extracts) from the
tpcl A cells grown on thiamine-less SM supplemented with
galactose is 5-fold lower than that of mitochondria from
the wild-type strain (see Figure 3A). The addition of ThPP
to the assay mixture of ALS restored the activity nearly
completely (Figure 3A). Under the same conditions, the
activity of OGDH was 4-fold lower in the mutant than in
the wild-type cells, and full restoration was observed when
ThPP was added to the assay mixture (not shown). These
results indicate that the low activity of ALS and OGDH in
the knock-out strain may be caused by a lack of ThPP in
the mitochondria of the mutant. In contrast, the activity of
PDC, another ThPP-requiring enzyme, which is located in
the cytosol, was not significantly different in tpc/A and
wild-type cells, and was virtually unchanged by the
addition of ThPP to the assay mixture (Figure 3B).

We then measured the content of ThPP in mitochondria
and post-mitochondrial supernatant (PMS) of wild-type
and mutant cells. The amount of ThPP in mitochondria
from tpclA was ~8-fold lower than in the organelles
from wild-type cells, whereas in PMS it was not signifi-
cantly different (Figure 3C and D). In addition, the
mitochondrial ThPP level of knock-out cells was enhanced
nearly to the wild-type level by complementation with the
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Fig. 3. Tpclp is required for entry of ThPP into mitochondria. Mitochondria and post-mitochondrial supernatants (PMS) were isolated from wild-type
and tpcl A cells grown on thiamine-less SM supplemented with galactose (A-D) or ethanol (E-H), or grown on YP (I and J) supplemented with galac-
tose (Gal), ethanol (Et) or lactate (Lac). (A and E) Mitochondria from #pclA cells grown on galactose, but not on ethanol, are defective in ALS activ-
ity. Mitochondria from wild-type and #pciA cells were lysed in a mixture containing 0.05% Triton X-114 and pyruvate-less assay buffer for ALS with
or without 1 mM ThPP. The extracts were centrifuged at 12 000 g for 10 min at 4°C. The ALS assay at 30°C was started by adding 50 mM pyruvate
to the extracts. (B and F) tpcIA PMS contain wild-type levels of PDC activity. PMS from wild-type and tpclA cells were pre-incubated with or with-
out 5 mM thiamine at 30°C in a medium containing 75 mM MgCl, and 20 mM PIPES pH 7.0. After 3 min, an aliquot of the pre-incubation mixture
was added to the assay buffer for PDC. (C, D and G-J) Mitochondria, but not PMS, isolated from fpclA cells grown on galactose (but not on ethanol
or lactate), contain decreased levels of ThPP. Mitochondrial extracts (C, G and I) and PMS (D, H and J) from wild-type and tpclA cells were assayed

for ThPP content.

TPC1-pRS416 plasmid (not shown). Therefore, in the
mutant, there is a shortage of ThPP in mitochondria and
not in PMS. Also, the lower mitochondrial level of ThPP is
responsible for the lower activity of ALS and OGDH,
supporting the view that Tpclp is required for the entry of
ThPP into mitochondria.

In striking contrast to the results of Figure 3A-D, when
wild-type and mutant cells were grown on thiamine-less
SM supplemented with ethanol, instead of galactose, the
levels of ThPP in mitochondria and PMS, as well as the
activities of ALS and PDC, were not significantly different
in the two strains, in agreement with the lack of phenotype
of tpclA cells grown on non-fermentative carbon sources
(Figure 3E-H). One explanation for these results is that

another protein capable of transporting ThPP into
mitochondria is expressed in the presence of ethanol and
the other non-fermentative substrates.

With this hypothesis in mind, we determined the content
of ThPP in mitochondria and PMS of yeast cells grown on
YP medium supplemented with fermentable and non-
fermentable substrates. It was observed that in the
presence of galactose, also in YP medium, as observed
in SM, the mitochondria of tpclA cells contain less
ThPP than those of wild-type cells (Figure 3I).
Furthermore, on YP medium supplemented with galac-
tose, the amount of ThPP in PMS of the mutant is
markedly increased: ~7.5-fold that in PMS of the wild-
type strain (Figure 3J). On the same medium in the
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Fig. 4. Comparison of the expression of Tpclp on various carbon
sources. Cells were harvested from exponentially growing cells on YP
medium supplemented with the indicated carbon sources. Glucose*
indicates cells harvested after diauxic shift. The amount of Tpclp
protein was estimated by densitometry upon immunodecoration of
mitochondrial protein with a specific antiserum. Similar results were
obtained in four independent experiments. The amount of Tpclp
present in mitochondria from galactose-fed cells was taken as 100%.

presence of the non-fermentable substrates ethanol and
lactate, no differences in ThPP content were observed in
either mitochondria or PMS between wild-type and mutant
cells (Figure 31 and J).

Influence of carbon source on the expression

of Tpcip

Tpclp was expressed at higher levels on glucose and
galactose media than on media supplemented with non-
fermentable carbon sources (Figure 4). In particular, on
succinate, acetate, ethanol and pyruvate, the amount of
Tpclp was negligible. Likewise, a very marked decrease
in Tpclp expression was observed during the diauxic shift
when S.cerevisiae growing on glucose in batch culture
exhausted the glucose and began to oxidize the ethanol
produced by fermentation (Figure 4). In agreement with
the results of Figure 4, a significantly higher transcript
expression of TPCl (YGRO096w) in anaerobiosis as
compared with aerobiosis has been observed previously
(ter Linde et al., 1999). To quantify Tpclp, various
amounts of mitochondrial samples from yeast cells fed on
galactose were loaded onto the gel and immunoblotted
simultaneously with the appropriate range of bacterially
expressed Tpclp standard. In four determinations, the
abundance of Tpclp was 32 = 7 pmol/mg of protein.

Tpcip is an integral protein of the inner
mitochondrial membrane

The above experiments concerning the influence of
Tpclp on the physiology and biosynthetic pathways
in S.cerevisiae are entirely consistent with it being a
component of mitochondria. This conclusion was con-
firmed by comparison of mitochondrial membranes from
wild-type and deletion strains. A single immunoreactive
band with an apparent molecular mass of ~35 kDa was
detected in wild-type mitochondria, but not in mitochon-
dria from the deletion strain with an antiserum against the
bacterially expressed Tpclp (Figure SA). The contents of
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Fig. 5. Tpclp is an integral protein of the inner mitochondrial mem-
brane. (A) Immunoblot analysis of Tpclp in yeast mitochondria. Equal
amounts of mitochondrial lysates from wild-type (lane 1) and tpclA
mutant (lane 2) were separated by SDS-PAGE, transferred to nitro-
cellulose and immunodecorated with antibodies directed against Tpclp
and the ADP/ATP carrier (Aac2p). (B) Tpclp is not extracted from
mitochondrial membranes by carbonate treatment. Proteins of pellets
were analyzed by SDS-PAGE and western blotting using antisera dir-
ected against Tpclp, Aac2p (inner membrane component), Tom40p
(outer membrane component), cytochrome b, (Cyt b,; intermembrane
space marker) and mitochondrial hsp70 (mt-hsp70; matrix protein). The
total amount of protein in the pellet and supernatant was set to 100%.
(C) Digitonin fractionation of mitochondria. Tpclp, Aac2p and
Tom40p were estimated by immunoblotting. Their content in the unex-
tracted membrane fraction was taken as 100%.

the ADP/ATP carrier (Figure 5A) and (not shown) the
phosphate, succinate—fumarate and dicarboxylate carriers
detected with specific antibodies were essentially the same
in both wild-type and zpc/A mitochondria. Therefore, the
absence of Tpclp protein from the zpclA strain does not
affect the expression of other carriers.

The submitochondrial location of Tpclp was examined
by separation of soluble and peripheral proteins from
integral membrane proteins of wild-type mitochondria by
carbonate treatment. As illustrated in Figure 5B, Tpclp
remained in the membrane protein fraction, as did the
ADP/ATP carrier and Tom40p (marker proteins of inner
and outer mitochondrial membranes, respectively), but
the intermembrane space protein cytochrome b, and the
matrix protein hsp70 were in the soluble and peripheral
protein fraction. Therefore, Tpclp is an integral mitochon-
drial membrane protein. Both Tpclp and the ADP/ATP



carrier were solubilized from wild-type mitochondria at
the same concentration of digitonin, greater than that
required to solubilize the outer membrane protein Tom40p
(Figure 5C). Therefore, Tpclp is an integral protein of the
inner mitochondrial membrane.

Taken together, these experiments and the experiments
on the deletion strains leave no room for doubt that Tpclp
is found in the inner membranes of the mitochondria of
S.cerevisiae. At present, there is no evidence that the
protein is found uniquely in that cellular location, and
therefore this aspect is being investigated by the construc-
tion of strains with green fluorescent protein (GFP) fused
to Tpclp (F.M.Lasorsa and F.Palmieri, unpublished
results).

Discussion

The transport characteristics and kinetic parameters of the
recombinant and reconstituted Tpclp from S.cerevisiae
show that it is the mitochondrial transporter for ThPP and
ThMP. Tpclp also transports structurally related nucleo-
tides to a lesser extent, but not thiamine, nucleosides,
purines and pyrimidines. The substrate specificity of
Tpclp is distinct from that of any other previously
characterized mitochondrial carrier. Tpclp is also differ-
ent from the human DNC (Dolce et al., 2001), although it
is its closest yeast relative. First, the yeast Tpclp and the
human DNC have sequence identity of 25%, indicating
that they are not orthologs. Secondly, overexpression of
DNC does not complement the thiamine auxotrophy of
the tpclA strain. Thirdly, DNC catalyzes an obligatory
counter-exchange whereas Tpclp catalyzes both uniport
and exchange. Fourthly, unlike DNC, Tpclp transports
ThPP and ThMP efficiently and is completely unaffected
by carboxyatractyloside and bongkrekic acid.

Since ThPP is produced in the cytosol by thiamine
pyrophosphokinase (Hohmann and Meacock, 1998), the
primary function of Tpclp is probably to catalyze the
uniport uptake of ThPP into the mitochondria, where it is
required for the activity of ALS, pyruvate dehydrogenase
and OGDH. In addition, since ThPP is hydrolyzed in the
mitochondrial matrix by a ThPPase activity, as shown in
rat liver (Barile et al., 1998) and S.cerevisiae (F.Bisaccia,
unpublished data), a further important physiological
function of Tpclp is to catalyze the exchange between
cytosolic ThPP and intramitochondrial ThMP. In ener-
gized mitochondria, both the uptake of ThPP and the
exchange between ThPP,,, and ThMP;, are favored, since
ThPP and ThMP are co-transported with H* in a pH
gradient-dependent manner. It should be noted that the
uniport reaction is necessary in special conditions (when
the intramitochondrial level of ThPP has to be increased),
for example, when cells divide or when cells are
transferred from a medium containing valine, leucine
and isoleucine to one without these amino acids. In the
absence of branched chain amino acids, it is well known
that the biosynthesis of ALS is derepressed (Xiao and
Rank, 1988, 1990).

The following important points in the Results support
Tpclp controlling the uptake of ThPP into mitochondria.
First, mitochondria from #pclA cells exhibit a lower level
of ThPP and a decreased activity of the ThPP-dependent
enzymes ALS and OGDH, which is restored on adding the

Mitochondrial carrier for thiamine pyrophosphate

coenzyme to the assay medium. Secondly, the lack of
ThPP is restricted to the matrix of mitochondria and does
not concern the PMS. Also the striking and marked
increase in the PMS ThPP content in the fpclA strain
grown on thiamine-containing YP medium in the presence
of galactose may be explained as an adaptive response
of the tpciA cells (probably by activation of the ThilOp
plasma membrane transporter) to compensate for the
mitochondrial ThPP defect. Thirdly, the tpciA strain does
not grow on thiamine-less SM medium supplemented with
fermentable carbon sources. However, growth is restored
by the addition of valine plus isoleucine because, under
fermentative conditions, ThPP is required in mitochondria
mainly for the synthesis of branched chain amino acids.
Thus, the simplest explanation of the growth phenotype of
the tpclA mutant is that it is caused mainly by insufficient
activity of ALS (the first enzyme of the biosynthesis of
branched chain amino acids) and that it is rescued by
addition of the end products of the biosynthetic pathway of
these amino acids. It should be noted that leucine was
always added to our media since the yeast strain employed
in the present investigation is auxotrophic for this amino
acid. The experimental data cannot be explained by
proposing that Tpclp is required for the transport across
the mitochondrial membrane of intermediates in thiamine
biosynthesis. The reaction in ThPP biosynthesis that
produces HET-P from 2-pentulose-5-phosphate, glycine
and cysteine occurs in the mitochondria and is catalyzed
by Thidp (Hohmann and Meacock, 1998). The main
indication that Tpclp is not involved either in the uptake
of the substrates or in the export of the product of the
reaction catalyzed by Thidp is the observation that tpclA
cells retain thiamine auxotrophy in the presence of HET
that was shown to bypass the reaction catalyzed by the
mitochondrial Thidp (Praekelt et al., 1994). Moreover, the
expression of TPC1 is not repressed by the addition of
thiamine, unlike that of all the other genes known to be
involved in the biosynthesis of thiamine. Finally, the
decrease in intramitochondrial ThPP content is also
observed in fpclA cells grown on thiamine-containing
galactose-supplemented YP medium, i.e. under conditions
in which the endogenous synthesis of thiamine is not
required.

One striking observation of this investigation is that
tpcl A cells grow normally on thiamine-less SM supple-
mented with non-fermentative carbon sources, in contrast
to the lack of growth on fermentative substrates. This
observation and the finding that Tpclp is little or not
expressed on non-fermentable substrates strongly suggest
that ThPP is imported into the mitochondria by a different
transporter under these conditions. The existence of a
second carrier for ThPP mainly expressed on non-
fermentable carbon sources is also supported by the
findings (i) that the intramitochondrial level of ThPP is the
same in tpcl A and wild-type cells in respiratory conditions
and (ii) that a small amount of ThPP is present in tpclA
cells on glucose or galactose. These effects warrant further
study. It is noteworthy that the expression of some
mitochondrial carriers in S.cerevisiae increases during
the diauxic shift from fermentation to respiration (DeRisi
et al., 1997). It may be that one of these carriers is the
ThPP transporter under respiratory conditions, whereas
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Tpclp is the prevailing ThPP transporter in the presence of
glucose and possibly in anaerobiosis.

Materials and methods

Yeast strains, media and preparation of mitochondria

The Tpclp gene was deleted by homologous recombination of the
auxotrophic marker HIS3 at the TPCI locus of S.cerevisiae strain
YPH499 (MATa ade2-101 his3-A 200 leu2-Al ura3-52 trp1-A63 lys2-801
TPC1::HIS3). The deletion of TPC1 was verified by PCR and western
blot analysis. The coding sequence and the promoter of TPC1 were
cloned into the plasmid pRS416 (Sikorsky and Hieter, 1989), and the
coding sequence of DNC (Dolce et al., 2001) into the plasmid pYES2
(Invitrogen) behind the inducible Gal-Cyc promoter. These plasmids
were introduced into the fpclA yeast strain, and transformants were
selected for uracil auxotrophy. Wild-type fungi and the deletion strain
were grown in rich medium containing 2% bactopeptone and 1% yeast
extract (YP), SC or SM (Sherman, 1991) with or without thiamine. All
media were supplemented with either fermentable or non-fermentable
carbon sources (2% glucose or 2% galactose, and 3% glycerol, 2%
ethanol, 3% acetate, 2% lactate, 2% pyruvate or 2% succinate). The final
pH was adjusted to 4.5 or, with pyruvate or acetate, to 6.5. Mitochondria
were isolated by standard procedures (Daum et al., 1982). Extractions of
mitochondria with sodium carbonate or with digitonin were performed as
described previously (Palmieri et al., 1999). The amount of Tpclp in
wild-type mitochondria was determined by quantitative immunoblotting
as described previously (Palmieri et al., 1999).

Bacterial expression of Tpcip

The coding sequence of TPC1 (corresponding to open reading frame
YGR096w) was amplified from S.cerevisiae genomic DNA by PCR.
Forward and reverse oligonucleotide primers were synthesized corres-
ponding to the extremities of the TPC1 coding sequence with additional
Ndel and HindllI sites, respectively. The amplified product was cloned
into the pMW?7 expression vector. Transformants of E.coli DH5o cells
were selected on ampicillin (100 pg/ml), and screened by direct colony
PCR and by restriction digestion of purified plasmids. The sequence of
the insert was verified. Tpclp was overexpressed at 30°C in E.coli
C0214(DE3) (Fiermonte et al., 1998a; Palmieri et al., 2001b). Inclusion
bodies were purified on a sucrose density gradient (Fiermonte et al.,
1993), washed at 4°C with TE buffer (10 mM Tris—HCIl, | mM EDTA
pH 6.5), then twice with a buffer containing Triton X-114 (3%, w/v),
1 mM EDTA and 10 mM PIPES-KOH pH 6.5, and once again with TE
buffer. Proteins were separated by SDS-PAGE in 17.5% gels and either
stained with Coomassie Blue or transferred to nitrocellulose membranes
for immunodetection with a rabbit antiserum raised against bacterially
expressed Tpclp. The N-terminus was sequenced, and the yield of
purified Tpclp was estimated by laser densitometry of stained samples
(Fiermonte et al., 1998b).

Reconstitution into liposomes and transport measurements

Tpclp was solubilized in 1.8% sarkosyl (w/v), and a small residue was
removed by centrifugation (258 000 g, 1 h). The solubilized protein was
reconstituted into liposomes in the presence of 30 mM MES/30 mM
HEPES (buffer A) at pH 7.0 (except where otherwise indicated) and with
or without substrate (Palmieri er al., 1995). External substrate was
removed from proteoliposomes on Sephadex G-75 columns, pre-
equilibrated with buffer A at pH 7.0 (except where otherwise indicated).
The amount of protein incorporated into liposomes was measured as
described previously (Fiermonte et al., 1998b); in all cases, it was ~18%
of the protein added to the reconstitution mixture. Transport at 25°C was
started by adding [0-33S]JdATP (NEN Life Science Products) to substrate-
loaded proteoliposomes (exchange) or to unloaded proteoliposomes
(uniport), and terminated by addition of 60 uM p-CMBS and 20 mM
bathophenanthroline (Palmieri et al., 1995). In controls, inhibitors were
added with the labeled substrate. Entrapped radioactivity was counted
(Palmieri et al., 1995). The experimental values were corrected by
subtracting control values. The initial transport rate was calculated from
the radioactivity taken up by proteoliposomes after 3 min (in the initial
linear range of substrate uptake). Various other transport activities were
also assayed by the inhibitor-stop method. For efflux measurements,
proteoliposomes containing 1 mM dATP were labeled with carrier-free
[0-33S]dATP by carrier-mediated exchange equilibration (Palmieri et al.,
1995). After 60 min, the external radioactivity was removed by passing
the proteoliposomes through Sephadex G-75. Efflux was started by
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adding unlabeled external substrate or buffer alone, and terminated by
adding the inhibitors indicated above.

Miscellaneous

ALS (EC 4.1.3.18), OGDH (EC 1.2.4.2) and PDC (EC 4.1.1.1) activity
measurements were performed according to published protocols (Magee
et al., 1968; Gubler and Wittorf, 1970; Hirabayashi and Harada, 1971).
ThPP was assayed essentially as described by Gubler and Wittorf (1970)
by measuring holo-PDC activity, which derives from the addition of
ThPP to enzymatically inactive apoenzyme. Immediately prior to assay,
apo-PDC was suspended in 0.05 M PIPES pH 6.5. Holoenzyme
reconstitution was performed by incubating either standard ThPP
solutions or extracts with 75 mM MgCl, and 50 mM PIPES pH 6.7 for
3 min at 30°C. The rate of NADH oxidation was determined using alcohol
dehydrogenase (EC 1.1.1.1) as an ancillary enzyme.
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