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The yeast peroxisomal adenine nucleotide carrier, Antlp, was
shown to catalyse unidirectional transport in addition to exchange
of substrates. In both transport modes, proton movement occurs.
Nucleotide hetero-exchange is H'-compensated and electro-
neutral. Furthermore, microscopic fluorescence imaging of a pH-
sensitive green fluorescent protein targeted to peroxisomes shows

that Antlp is involved in the formation of a ApH across the
peroxisomal membrane, acidic inside.
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INTRODUCTION

Evidence has accumulated over the last decade that peroxisomal
membranes are impermeable to small solutes in vivo suggesting
the existence of specific transporters for substrates and cofactors
that maintain metabolic communication between the lumen of
peroxisomes and the cytosol [1]. Recently, we identified the per-
oxisomal adenine nucleotide transporter from Saccharomyces
cerevisiae, Antlp, as the first functionally characterized per-
oxisomal transporter [2]. Upon reconstitution into liposomes,
Antlp was shown to catalyse a specific exchange reaction of
ATP, ADP, and AMP [2]. Knock-out of Antlp activity results in
an inability of yeast cells to grow on medium-chain fatty acids as
sole carbon source, while the utilization of long-chain fatty acids
or peroxisomal protein import is not affected [2,3]. Thus a major
physiological role of Antlp is to import into the peroxisomal
lumen cytosolic ATP in exchange for AMP that is generated from
ATP in the activation of medium-chain fatty acids, a process
occurring in yeast exclusively inside the peroxisomes [2].

Whether the peroxisomal membrane is also impermeable to
protons is still a matter of debate [4—6]. Here we show that Antlp
catalyses not only the exchange but also the unidirectional trans-
port of adenine nucleotides. In both modes, transport of adenine
nucleotides involves proton movement. By fluorescence imaging
of a specifically targeted pH-sensitive probe in living yeast cell,
we provide evidence for the existence of a pH gradient (ApH)
between the peroxisomal lumen and the cytosol. The ApH be-
tween peroxisomes and the cytosol is drastically reduced in the
absence of Antlp indicating that Antlp-mediated transport is a
major factor involved in ApH formation across the peroxisomal
membrane.

EXPERIMENTAL
Transport assays

His,-tagged Antlp was expressed at high-level in S. cerevisiae
and, following purification by affinity chromatography, reconsti-

tuted into liposomes as reported previously [2]. External substrate
was removed from proteoliposomes on a Sephadex G-75 column
pre-equilibrated with 50 mM NaCl and 10 mM Pipes, pH 7.0
(unless otherwise indicated). Transport at 25 °C was started by
adding labelled adenine nucleotides to substrate-loaded proteo-
liposomes (exchange) or to unloaded proteoliposomes (uniport),
and terminated by addition of 30 mM pyridoxal 5’-phosphate and
10 mM bathophenanthroline (the ‘inhibitor-stop’ method [7]).
K*-diffusion potentials were generated by adding valinomycin
(1 png/mg of phospholipid) to proteoliposomes in the presence
of different KCI gradients. For the formation of an artificial
pH gradient (ApH), nigericin (50 ng/mg of phospholipid) was
added to proteoliposomes instead of valinomycin. In these experi-
ments, proteoliposomes were eluted from Sepahadex G75
columns using 0.5 mM Pipes, pH 7, and different amounts of KCl1
were added, together with the labelled substrate. NaCl was also
added as required to maintain the external osmolarity constantly
at 100 mM. For efflux measurements, the proteoliposomes
containing 5 mM ATP and 100 mM Mes/100 mM Hepes pH 6.0,
were prelabelled by carrier-mediated exchange equilibration [7].
External substrate and buffer were removed from proteoliposomes
on a Sephadex G-75 column in the presence of NaCl 50 mM and
1 mM Mes/1 mM Hepes, pH 6.0. Efflux was started by adding
20 mM Mes/20 mM Hepes at different pHs.

Plasmid construction and expression of ‘pHluorin’

pHluorin, a ratiometric pH-sensitive green fluorescent protein
(GFP) ([8]; a gift from Dr James E. Rothman, Memorial Sloan—
Kettering Cancer Center, New York, U.S.A.) was PCR amplified
with primer pair RE801 (5'-TTAAGAATTCATGAGTAAAGG-
AGAAGAACTTTTC-3) and RE802 (5-TTAAGTCGACTTAT-
TTGTATAGTTCATCCATGC-3"). The PCR product was cloned
as an EcoRI-Sall fragment into the yeast expression vector
pRSFOXpterm [9], harbouring the oleate-inducible FOX3 pro-
moter (pHPR258). Plasmid pHPR282, designed to express a
peroxisome-targeted pHluorin by appending the peroxisomal

Abbreviations used: Ant1p, peroxisomal adenine nucleotide transporter from S. cerevisiae; GFP, green fluorescent protein; perox-pHluorin, a per-
oxisomally targeted version of pHIuorin; PTS, peroxisomal targeting signal; Rags,4ss, ratiomeric fluorescence value obtained at 405/485 nm excitation.
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targeting signal-SKL to its C-terminus, was constructed in the
same way but with the primer pair RE801 and RE803 (5'-TT-
AAGTCGACTTATAATTTGGATTTGTATAGTTCATCCATGC-
3"). The constructs were transformed into the ant/ A and pexI3 A
yeast strains (EUROSCAREF, Frankfurt, Germany) and the iso-
genic wild-type strain BY4741 (MATa; his3Al; leu2 AO;
metl5A0; ura3 A0). Transformants were selected for uracil proto-
trophy and precultured in synthetic minimal medium supplemen-
ted with 2% glucose. To induce the expression of cytosolic
or peroxisomal pHluorin, yeasts were grown in Rytka medium
[0.1 % glucose, 0.1 % yeast extract, 0.17 % yeast nitrogen base
(without amino acids), 0.5 % ammonium sulphate and amino
acids as required, pH 6] supplemented with 0.1 % oleate and
0.25 % Tween 80 for 12—14 h.

Image acquisition and analysis

For image acquisition, cells grown to mid-log phase were har-
vested by centrifugation at 500 g for 2 min at 22 °C, and washed
twice with fresh medium. Aliquots of cell suspension (10 wl)
were immobilized on to a coverslip in the presence of 0.5 % low-
melting-point agarose, and the cells were analysed at 25 °C using a
Zeiss Axiovert 200 inverted epifluorescence microscope equipped
with a 100x/1.30 Ph3 oil objective. Excitation of pHluorin
was accomplished by alternating 405DF10 nm and 485BP20 nm
excitation filters mounted in a Lambda 10-2 filter wheel controller
(Sutter Instruments, Novato, CA, U.S.A.). Emission fluorescence
from approx. 20-25 fluorescent yeast cells was selected through
540BP25 nm emission filter and acquired with a CoolSNAP HQ
charge-coupled device camera (Roper Scientific, Trenton NJ,
U.S.A.) using the MetaFluor 4.6 software (Universal Imaging
Corporation, Downington, PA, U.S.A.). For each measurement,
data from at least 5 independent images were acquired. The aver-
age emission intensities at the excitation wavelengths 405 nm and
485 nm were measured for 10 min subtracting the background.
During this period of time, the 405/485 nm excitation ratio
remained stable within +35 %. In the case of perox-pHluorin (a
peroxisomally targeted version of pHluorin), data were obtained
from the fluorescence of large regions within an individual cell that
contained clusters of peroxisomes. Data acquisition was repeated
20-25 times using cells from independent cultures. All data are
given as means + S.E.M.

RESULTS

Ant1p catalyses unidirectional transport of adenine nucleotides
in addition to their exchange

To investigate the possibility that Antlp catalyses unidirectional
transport of adenine nucleotides, uptake of ['*C]ATP by ‘empty’
proteoliposomes (i.e. by proteoliposomes that had not been pre-
loaded with any substrate) was studied in detail. Figure 1 shows
the time-course of 0.5 mM [“C]ATP uptake in the absence of
internal substrate. The data fitted a first-order rate equation. No
activity was detected when inhibitors were added to proteo-
liposomes together with labelled substrate. Proteoliposomes also
took up AMP and, with much lower efficiency, ADP (results not
shown), whereas no uptake was detected with any of the other sub-
strates tested (GTP, phosphate, malate, malonate, oxoglutarate,
citrate, glutamate and ornithine). Addition of 10 mM unlabelled
adenine nucleotides (ATP, ADP and AMP) to proteoliposomes
after 60 min (i.e. when the radioactive uptake had approached
equilibrium) caused an extensive efflux of radioactivity (Figure 1),
indicating that the ["*C]JATP taken up by uniport can be rapidly
released by exchange for externally added substrates. No efflux
was observed when GTP instead of ATP was added externally
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Figure1 Time course of [**C]ATP uptake into proteoliposomes and its efflux

after addition of unlabelled substrates

["CJATP (0.5 mM) was added to unloaded proteoliposomes in the presence (A) or the absence
(CJ) of inhibitors (30 mM pyridoxal 5'-phosphate plus 10 mM bathophenantroline). Data are
means + S.E.M. (error bars) for three independent experiments. The arrow indicates the addition
of 10 mM unlabelled ATP (H), ADP (O) or GTP (A).

(Figure 1) or when Antlp inhibitors were added together with
ATP, ADP or AMP (results not shown). Altogether, these data
indicate that Antlp catalyses unidirectional transport of adenine
nucleotides in addition to their exchange.

Ant1p-mediated uniport depends on the transmembrane
pH gradient

Several members of the mitochondrial carrier family have been
shown to catalyse unidirectional transport of substrates in addition
to their exchange. For charged substrates, the uniport is made elec-
troneutral by simultaneous proton transport either in the same
direction as substrate (for negatively charged substrates) or in the
opposite direction (for positively charged substrates) [10-12]. In
both cases the amount of substrate transported is dependent on
the pH difference across the membrane [10-12]. We therefore
analysed the influence of intraliposomal pH (at a fixed external
pH of 6.0) on the unidirectional uptake of ['*C]ATP by Antlp. The
amount of substrate taken up by uniport increased markedly with
increasing internal pH from 6.0 to 8.0 (Figure 2A), suggesting that
Antlp catalyses the transport of protons in the same direction as
nucleotides. The ApH dependence of adenine nucleotide uniport
was confirmed by measuring the efflux of [““C]JATP from pre-
labelled active proteoliposomes (Figure 2B). Upon removal of
external substrate we observed a significant efflux of intralipo-
somal radioactivity that was stimulated by increasing external
pH from 6.0 to 8.0 and was prevented by the presence of Antlp
inhibitors (Figure 2B).

Ant1p-mediated hetero-exchange is electroneutral and
H*-compensated

To investigate whether protons were also involved in the exchange
transport mode, we first studied the influence of the membrane
potential on nucleotide exchange catalysed by Antlp. A K'-
diffusion potential (calculated value approx. 100 mV, positive
inside) was generated across the proteoliposomal membrane
using valinomycin in the presence of an inwardly directed K*
gradient (1/50, mM/mM, in/out). In these experiments ADP
exchange for other adenine nucleotides was measured as ADP is
transported by uniport much less efficiently than ATP and AMP.
The uptake of [“*C]JADP by proteoliposomes reconstituted with
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Figure 2 Dependence of ATP uniport on transmembrane pH gradient

(A) Uptake of ["CJATP by proteoliposomes reconstituted with Ant1p. Proteoliposomes were
reconstituted in the presence of 100 mM Mes and 100 mM Hepes at pH 6.0 (H), pH 7.0 (@) or
pH 8.0 (A) or pH 8.0 in the presence of inhibitors (30 mM pyridoxal 5’-phosphate and 10 mM
bathophenantroling) (/). External substrate and buffer were removed from proteoliposomes on
a Sephadex G-75 column in the presence of 50 mM NaCl and 1 mM Mes/1 mM Hepes at the
same pH as in the reconstitution mixture. Transport was started by adding 0.5 mM ['*C]ATP and
20 mM Mes/20 mM Hepes at pH 6.0. (B) Efflux of [*CIATP from proteoliposomes reconstituted
with Ant1p. After carrier-mediated exchange equilibration and removal of external substrate and
buffer by Sephadex G-75 chromatography, the efflux of ['*CJATP was started by adding 20 mM
Mes/20 mM Hepes pH 6.0 (), pH 7.0 (@), pH 8.0 (A), or pH 8.0in the presence of inhibitors
(30 mM pyridoxal 5'-phosphate and 10 mM bathophenantroline) (A). Data are means + S.E.M.
(error bars) for four independent experiments.

Antlp and containing 20 mM of either ATP, ADP or AMP was not
influenced by the addition of valinomycin (results not shown). In
contrast, addition of nigericin, a K*/H* exchanger that generates
a transmembrane ApH under these conditions (acidic outside),
caused a 4-fold reduction of ADP exchange for ATP and a 2.5-fold
increase of ADP exchange for AMP (Figure 3). The ADP/ADP
homo-exchange was not significantly influenced by the addition
of nigericin (Figure 3). Furthermore, neither valinomycin nor
nigericin caused any effect when added in the absence of a K*
gradient (1/1 or 50/50, mM/mM, in/out) (results not shown).

In another set of experiments the uptake of ADP and AMP
into liposomes containing 20 mM ATP were found to be inhibited
(by 23 % and by 67 % respectively) in the presence of nigericin
and a K* gradient as described above (results not shown). No
significant effect was observed when ATP/ATP homo-exchange
was measured or when valinomycin was added instead of
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Figure 3 Effect of pH gradient on the uptake of ADP by proteoliposomes
reconstituted with Ant1p and containing different nucleotides

The proteoliposomes contained 1 mM KCl and 20 mM of either ATP, ADP or AMP. The exchange
reaction was started by adding 0.25 mM ["CJADP and 50 mM KCI. Nigericin (50 ng/mg of
phospholipid) was added in 10 ! of ethanol/ml of proteoliposomes immediately prior to start
transport. In control samples ethanol alone was added. Data + S.E.M. (error bars) from four
replicates are presented as the percentage of ADP uptake in controls.

nigericin. Taken together, these results indicate that the exchange
of adenine nucleotides catalysed by Antlp is electroneutral and, as
found for the uniport mode, nucleotide hetero-exchange in either
direction is driven by ApH, indicating that the charge imbalance
of the exchanged substrates is compensated by the movement of
protons.

Peroxisomal pH is different from that of the cytosol

We then asked whether the electroneutral H*-compensated
nucleotide transport catalysed by Ant1p would be physiologically
influenced by ApH in its native habitat, and whether in turn
this transport activity could affect peroxisomal pH homoeostasis.
To tackle this issue, we used an engineered pH-sensitive GFP,
referred to as ‘pHluorin’ [8]. Unlike wild-type GFP, pHluorin
shows a striking pH-dependence of the relative emission inten-
sities of the maxima of its bimodal excitation spectrum and there-
fore can be used as an accurate pH indicator that is particularly
suited for small, mobile organelles like peroxisomes. Following
expression of pHluorin in the cytosol of a wild-type strain, yeast
cells displayed a diffuse and bright green fluorescence with equal
intensities at 405 nm and 485 nm, the two pHluorin excitation
maxima (Figures 4A and 4C). Expression of perox-pHluorin in
the same strain resulted in a punctate staining pattern (Figures 4B
and 4E) indicative of a peroxisomal localization. The peroxisomal
identity of these structures was demonstrated by co-localization
with the marker protein PTS2-DsRed [8] (results not shown).
Furthermore, expression of perox-pHluorin in a pex/3 A mutant
strain defective in peroxisomal matrix protein import [13], gave
rise to a diffuse staining pattern (Figure 4H). Upon fluorescence
imaging of perox-pHluorin, the ratiomeric fluorescence values
obtained at 405/485 nm excitation (Ryos/4ss) were markedly lower
than those measured with the same probe in the cytosol (Fig-
ures 4B and 4C). Differences between cytosolic and perox-
pHluorin did not depend on the presence of the SKL tag, as
demonstrated by the data obtained in a pex/3A mutant where
Ry0s/455 was virtually the same for pHluorin and perox-pHluorin
(Figure 4I). These results point to the existence of a pH gradient
across the peroxisomal membrane.

Ant1p is involved in pH gradient formation in peroxisomes

The Rys,455 for pHluorin was virtually the same in ant/ A mutant
and wild-type cells (Figures 4C and 4F). By contrast, Rygs;sss
for perox-pHluorin was significantly higher (P < 0.001, unpaired
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Figure 4 Subcellular localization of pHluorin and determination of Rgs4s5
in wild-type and ant1A cells

pHluorin (A, D and G) and a peroxisomal version, perox-pHiuorin (B, E and H), were expressed
in wild-type strain BY4741 (A and B) or in the otherwise isogenic ant7A (D and E) and
pex13A (G and H) mutant strains. Phase contrast images show the positions of the cells.
(C, Fand 1), calculated Rags/465 (means &+ S.E.M.), of the fluorescence emissions from the
cytosol and peroxisomes from wild-type (C), antA (F) and pex13 A (1) cells. Data are given
as means + S.E.M. (error bars) for 20-25 separate cell cultures. For each culture, five replicate
values were obtained. The statistical significance of differences between the cytosolic and the
peroxisomal Rags,4g5 values were calculated by the unpaired Student's ¢ test with Bonferroni's
correction. *P < 0.0005, ** P < 0.05.

Student’s ¢ test with Bonferroni’s correction) in an ant/ A knock-
out strain (0.89 £ 0.03, n = 20; Figure 4F) than in wild-type cells
(0.70 £0.04, n=22; Figure 4C). These data indicate a marked
reduction of the pH gradient across the peroxisomal membrane in
the absence of the Antlp carrier.

DISCUSSION

In this report we show that both uniport and exchange of adenine
nucleotides catalysed by Antlp involve proton movement, and

© 2004 Biochemical Society

that nucleotide hetero-exchange is H*-compensated and electro-
neutral. In this respect Antlp is clearly different from the
mitochondrial ADP/ATP carrier which is an electrogenic strict
antiporter [14]. H"-compensated nucleotide exchange has also
been demonstrated for the yeast mitochondrial GTP/GDP carrier
[15]. Antlp-mediated transport affects the peroxisomal pH, since
in the absence of Antlp the pH gradient across the peroxisomal
membrane diminished. Our data demonstrate that (1) yeast per-
oxisomes are impermeable to protons and (2) Antlp is a major
factor involved in peroxisomal pH homoeostasis in unperturbed
exponentially growing cells. Our finding of a reduced, but
existing ApH in ant! A mutant cells indicates that a total break-
down of the peroxisomal H* homoeostasis is prevented in the
absence of Antlp by other factors. Indirect evidence was put
forward suggesting the existence of a H"-ATPase in the per-
oxisomal membrane [16], but neither its molecular identity nor
even its activity have been demonstrated.

In this work, subcellular pHs were monitored in vivo by utilizing
ratiomeric pHluorin, a pH-sensitive GFP whose 405/485 nm exci-
tation ratios were shown to decrease upon lowering the pH [8].
Although the absolute pH of peroxisomes was not determined in
the present work, our data indicate a more acidic peroxisomal lu-
men relative to the cytosol. An acidic pH of the peroxisomal
lumen was previously suggested based on *'P NMR measure-
ments [17] and immunocytochemical staining of ‘DAMP’ [3-(2,4-
dinitroanilino)-3’-amino-N-methyldipropylamine], a weak base
that selectively accumulates in acidic compartments [18].

In a recent report the peroxisomal pH in human fibroblasts
was inferred to be basic [5] based on fluorescence microscopic
imaging of cells that had been preloaded with a PTS1-containing
membrane-permeable peptide fused to a pH-sensitive fluorescent
tag. By that approach, however, it was not possible to measure the
pH of the cytosol in the same cells. When we applied the same
experimental strategy in yeast, we found an accumulation of the
conjugated peptide in non-peroxisomal structures (R. Erdmann
and H. Rottensteiner, unpublished results). Thus we were unable
to compare the two methodological approaches in our model
system. More recently Jankowski et al. [6] used pHluorin to
determine the peroxisomal pH in Chinese-hamster ovary cells. In
spite of the clear differences between cytosolic and peroxisomal
Rus5/185 measured under all conditions tested, which point to the
acidity of peroxisomes, they interpreted their data to mean that
a pH gradient between the cytosol and the peroxisomal lumen
does not exist. This conclusion rests on the undemonstrated
assumption that under the calibration conditions applied, the
imposed extracellular pH is identical to both cytosolic and perox-
isomal pHs. In fact, the observed parallel changes of peroxisomal
pH upon manipulating the extracellular/cytosolic pH can be
explained by the natural adaptation of a pH gradient to altered
pH values on one side of the gradient and thus do not need to
reflect the absence of a proton gradient.

Although we cannot rule out the occurrence of other mech-
anisms leading to acidification of the peroxisomal lumen, it should
be noted that, in view of the different charges carried by ATP and
AMP at physiological pH values, the generation of an acidic pH
of peroxisomes is consistent with the main function of Antlp,
namely to import ATP in an H-compensated electroneutral ex-
change for lumenal AMP. It may also be speculated that the
Antlp-mediated uniport is required to compensate for the constant
decrease of the intraperoxisomal nucleotide concentration due to
growth and division of the organelles. Uniport would thus provide
the lumen of peroxisomes with ATP to initiate fatty acid activation
before sufficient amount of AMP is generated to trigger further
ATP import by an exchange mechanism, and to fuel other energy-
requiring processes related to peroxisome proliferation [3,19],
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consistent with the very fast induction of Antlp expression upon

fatty acid sensing [20].
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