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We previously demonstrated that Saccharomyces cerevisiae
vnx1A mutant strains displayed an almost total loss of Na* and
K*/H* antiporter activity in a vacuole-enriched fraction. How-
ever, using different in vitro transport conditions, we were able
to reveal additional K*/H* antiporter activity. By disrupting
genes encoding transporters potentially involved in the vnxI
mutant strain, we determined that Vcx1p is responsible for this
activity. This result was further confirmed by complementation
of the vnx1Avcx1A nhx1A triple mutant with Vex1p and its inac-
tivated mutant Vcx1p-H303A. Like the Ca®>*/H* antiporter
activity catalyzed by Vcx1p, the K*/H™ antiporter activity was
strongly inhibited by Cd>* and to a lesser extend by Zn>".
Unlike as previously observed for NHX1 or VNX1, VCXI1 over-
expression only marginally improved the growth of yeast strain
AXT3 in the presence of high concentrations of K* and had
no effect on hygromycin sensitivity. Subcellular localization
showed that Vcxlp and Vnxlp are targeted to the vacuolar
membrane, whereas Nhx1p is targeted to prevacuoles. The rel-
ative importance of Nhx1p, Vnx1p, and Vcx1p in the vacuolar
accumulation of monovalent cations will be discussed.

In prokaryotes as well as in eukaryotes, the tight control of
alkali metal concentrations is necessary for the maintenance of
important biological processes, such as pH regulation, enzyme
activity, osmoregulation, and signaling (1-3). Cation/proton
antiporters play a major role in the control of cytosolic ion
concentrations (4—7). In Escherichia coli, NhaA contributes to
the maintenance of a low cytosolic Na™ concentration and also
enables growth in alkaline conditions (8). Based on recent
structure determination and experimental data, a detailed
model of Na* extrusion has been proposed for NhaA (9, 10).
The E. coli genome encodes two other functional Na*/H™
homologs, NhaB and ChaA. NhaB unlike NhaA transports Na™
out of the cell in a pH-independent manner (11). Interestingly,
ChaA,aCa®"/H" antiporter, also catalyzes direct Na*/H " (12)
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and K*/H™ antiport (13), conferring resistance to the presence
of high concentrations of salts (Ca®>*, Na*, or K*) in the
medium.

Comparatively, in Saccharomyces cerevisiae four Na*(K™)/
H™ exchangers have been described so far. Three belong to the
monovalent cation proton antiporter superfamily (Nhalp,
Nhx1p, and Khalp) (5, 14, 15), and the fourth and last one to be
characterized, Vnxlp, is a member of the type II calcium
exchanger family (CAX)* of the calcium cation antiporter
(CaCA) superfamily (16). Despite its homology with Vcxl1p, a
well characterized vacuolar Ca®**/H™ antiporter (17-20),
Vnx1p is unable to transport Ca®>" into the vacuole. We dem-
onstrated its direct implication in the ApH-dependent mono-
valent cation transport across the yeast vacuolar membrane
(16). Indeed, a vacuole-enriched fraction of vuxIA cells was
totally devoid of exchange activity in the presence of NaCl or
KCl, whereas vacuoles from nhx1A cells behaved like wild type
cells as reported previously (21, 22).

Recently, transport of monovalent cations has been reported
for three other members of the CaCA superfamily. It was shown
that CAX1 from the chlorophyllian unicellular alga Chlamydo-
monas reinhardtii mediates vacuolar proton gradient-depen-
dent Ca®" and Na" exchange activity when expressed in yeast
(23). Furthermore, co-expression of AtCAXI and AtCAX3 in
yeast cells leads to the formation of “hetero-CAX” complexes
able to transport Li* without affecting Ca®>* transport rate (24).
Finally, expression of AtCCX3 (formerly AtCAX9) in yeast cells
induced a high capacity uptake of radioactive Rb™ in the vacu-
olar membrane-enriched fraction, which could be inhibited by
an excess of cold K*, Na*, and Mn?" but not Ca®* (25).
AtCAX9 as well as four other CAX transporters from Arabi-
dopsis (AtCAX7-11) have been reassigned to the cation cal-
cium exchanger family together with a mammalian K" -depen-
dent Na®/Ca®?" antiporter (NCKX6) (26, 27), based on
sequence homology and the presence of a characteristic
a-repeat.

These observations would indicate that yeast CaCA evolved
differently from other organisms attributing monovalent or
divalent cation transport to two distinct members of the same
family. However, we were able to detect a “residual” K*/H™"
exchange activity in the vacuolar fraction extracted from vix 1A
or vuxIAnhxIA cells by changing the sodium and the potas-
sium chloride, used in the transport assay, for their correspond-
ing sulfate salts. Disruption of potential candidate genes in
vnxIA background strains permitted us to assign this residual

*The abbreviations used are: CAX, calcium exchanger; CaCA, calcium cation
antiporter; ER, endoplasmic reticulum; eYFP, enhanced YFP.
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activity to Vexlp. Overexpression of VCXI, or its inactive
mutant form VCXI-H303A, in the yeast triple mutant
vnxlAvex1AnhxIA confirmed this newly discovered transport
activity of Vex1p.

EXPERIMENTAL PROCEDURES

Yeast Strains and Media—The vcx1A yeast strains (Table 1)
were generated in the W303-1A background by replacing the
YDL128w ORF with the kanMX6, natNT2, or hphNT1I gene by
PCR-based gene deletion method (28, 29) using the following
primers: Vcx1-F1 (5'-CGCATATCATTCATCGGCTGCT-
GATAGCAAATAAAACAGCATAGGCCACTAGTGGAT-
CTG-3") and Vcx1-R1 (5'-TTACGAAGAAGATAAAATA-
TAAAAAAAAAGAGAATGGTGCAGCTGAAGCTTCGT-
ACGC-3"). The deletion constructs contain 40 bp of homology
with the beginning and end of the YDL128w ORF. Yeast strains
were transformed with the deletion cassette using the standard
lithium acetate method (30). Genomic DNA from antibiotic-
resistant strains was isolated as described previously (31). Inser-
tion of the disruption cassette into the correct locus was verified
by PCR.

BY double mutant strains were obtained by crossing the
strain BY « vexIA with strain BY from the other disruption
mutants listed in Table 1 to generate diploid strains. Diploids
were allowed to sporulate and were then subjected to tetrad
dissection to generate haploid strains, according to Guthrie and
Fink (32). All yeast strains used in this study are listed in Table
1. Yeast cells were grown in YPD (1% yeast extract, 2% peptone,
2% glucose), YPG (1% yeast extract, 2% peptone, 2% galactose),
or SD media (0.67% yeast nitrogen base 2% glucose) with appro-
priate amino acid supplements as indicated.

Isolation of Intact Vacuoles from Yeast—Intact vacuoles were
isolated as described by Ohsumi and Anraku (33). The intact
vacuoles were collected on top of the gradient and resuspended
in 5 mm Tris/Mes (pH 6.9). Protein concentrations were deter-
mined by the Bio-Rad DC protein assay according to the man-
ufacturer’s protocol.

Transport Assays—The fluorescence quenching of acridine
orange was used to monitor the establishment and dissipation
of vacuolar inside acidic pH gradients (supplemental Fig. 1S)
(34, 35). Intact vacuoles (25 pg of protein) were used for each
assay. Vacuoles were added to a buffer containing 50 mm tetra-
methylammonium chloride, 5 um acridine orange, 5 mm Tris/
Mes (pH 7.5), and 3.125 mm MgSO,. The vacuolar ATPase was
activated by the addition of 2.5 mm Tris-ATP, and time-depen-
dent acridine orange fluorescence changes were monitored
using a QuantaMaster™ QM-4 fluorescent spectrophotome-
ter (PTI® Photon Technology International, Lawrenceville, NJ)
with excitation and emission wavelengths of 495 and 540 nm,
respectively. When a minimum fluorescence point was
reached, the vacuolar ATPase activity was slowed down by
addition of bafilomycin A to establish a steady-state pH gradi-
ent. Chloride salts or sulfate salts were added as indicated. All
curves were normalized to 100% quenching.

Plasmid Construction—The yeast expression vector, pRS306
GALI ccdB V5 Hisg, used in this study is a modification of the
pRS306 (36). The primers GALI-For (5'-ATGATCCACTAG-
TACGGATT-3")and CYCI-Rev (5'-TTGGCCGATTCATTA-
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ATGCA-3") were used to amplify, from the commercial vector
pYES-DEST52 (Invitrogen), a DNA fragment starting from the
GALI promoter to the CYCI terminator that includes the
Gateway® recombination cassette and the V5 and the Hisg
epitopes. This PCR product was then inserted in the Smal
restriction site of pRS306. The Vcxl coding sequence was
cloned by PCR using the Phusion® hot start high fidelity DNA
polymerase (Finnzymes, Espoo, Finland). The PCR was per-
formed on genomic DNA with primers Vecx1-For (5-CAC-
CATGGATGCAACTACCCCAC-3') in combination with
Vexl-Rev (5'-TCATAAACTATTTCCAATAGAGTC-3') for
the full ORF or Vcx1-Tag-Rev (5'-TAAACTATTTCCAATA-
GAGTC-3') for the Vcx1-TAG fusion construct. Each resulting
PCR product was introduced into pENTR SD/D TOPO and
then in pDEST vectors as described by the manufacturer
(Invitrogen). All pAG destination vectors (37) used in this study
are available via Addgene.

Site-directed Mutagenesis—The single point mutant Vcx1p-
H303A was generated using the QuikChange® II site-directed
mutagenesis kit (Stratagene) according to modifications
described by Wang and Malcom (38). The complementary
primers used to create VCX1-H303A were as follows: VCX1-
H(303)A-For (5'-GGGTAATGCCGCAGAGGCTGTCACTT-
CAGTCTTGG-3') and VCXI-H(303)A-Rev (5'-CCAAGACTG-
AAGTGACAGCCTCTGCGGCATTACCC-3"). Underlined
letters indicate the changes in nucleotide sequence, and bold-
face letters indicate the introduced silent restriction site Bgll.

Growth Tests—Yeasts were grown in YPD medium to satu-
ration and washed twice in sterile water. All cell suspensions
were adjusted to an optical density of 0.2, 0.02, and 0.002 in
sterile water. 5 ul of each dilution were spotted onto YPD, or
YPG, media supplemented with salts or hygromycin B. Growth
was assessed at 30 °C after 2—5 days.

Fluorescence Microscopy—A Nikon Eclipse 50i fluorescent
microscope was used to visualize the transformed cells. GFP-
and eYFP-fused proteins were visualized by using B-2A filters
(excitation filter, 450—-490 nm; Dichromatic Mirror cut-on
wavelength, 500 nm; Barrier filter wavelength, 515-nm long
pass filter). All images were taken at X 100 magnification, with a
Nikon DS-Fil CCD camera.

RESULTS

Detection of an Additional Vacuolar Cation/H" Exchange
Component—W e previously showed that Vnx1p accounts for
the monovalent cation/H™ antiport activity from isolated yeast
vacuoles as vixI mutants displayed a total loss of Na™ (K™)/H*
antiporter activity (16). By replacing chloride salts (Fig. 14)
with sulfate salts (Fig. 1B), or gluconate salts, we were able to
reveal another type of K*/H™ antiporter activity in the vacuolar
fraction extracted from vuxIAnhxIA cells (Fig. 1B) as well as
from vnxIA single mutant cells (data not shown). A similar
background activity, using the OCO2 strain (vinx1AnhxIA), can
be seen in the study of Hernandez et al. (39). Compared with the
activity that is dependent on the presence of Vnxlp, the
exchange activity was much lower. Also in the wild type strain
W303-1A, the relative magnitude of K*/H* antiport is
dependent on the presence of chloride or sulfate salts. In the
presence of chloride salts, antiport activity is higher with Na™
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FIGURE 1. Salt-dependent cation/H™ transport across the vacuolar mem-
brane. Proton movements were monitored by following the fluorescence
quenching of acridine orange as described under “Experimental Procedures”
and supplemental Fig. 1S. At the indicated times, vacuole acidification was
initiated by the addition of ATP. After a steady-state acidic inside pH gradient
was attained, the activity of the H"-ATPase was partially inhibited by the
addition of bafilomycin (Baf). A and B, cation/proton antiport using isolated
vacuoles of the 0C02 yeast strain (nhx1A, vnx1A) was monitored as the recov-
ery of fluorescence quench upon addition of 100 mm of Na* or K* (white
arrows). At the indicated time, 20 mm of (NH,),SO, was added to collapse the
ApH across the vacuolar membrane to recover 100% of the fluorescence
(black arrows). Traces are representative of at least three independent exper-
iments. C, effect of the counter anion on the transport rate has been mea-
sured in isolated vacuoles from the wild type strain W303. The initial rates of
cation-dependent H* movement were assayed by measuring the initial rates
of fluorescence quench recovery after addition of 100 mm chloride salts or 50
mm sulfate salts as indicated in the figure. Data represent the means =S.D. of
six measurements from three independent preparations. Bars with different
letters indicate values that are significantly different when compared with the
other three conditions tested as determined by a two-tailed t test (p < 0.009)
(GraphPad software).

as compared with K™, although in the presence of sulfate salts
this is inverted (Fig. 1C). Together, these data suggest the pres-
ence of one or several other vacuolar membrane-bound trans-
porter(s), distinct from Nhx1p and Vnx1p, and are able to drive
the transport of K* in a pH-dependent manner. However, it is
not clear why the detection of this activity is dependent on the
counter anion used during the transport assay. It is possible that
the relatively permeant CI~ and H™ ions induce passive leaks
that mask directly coupled K*/H™ antiport. In this sense, addi-
tion of the more permeant monovalent Cl ™~ ions compared with
SO2~ ions would lead to a dissipation of the inside positive
membrane potential created by the H*-ATPase, which would
counteract H™ efflux from the vesicles, and thus mask anti-
porter activity.

Identification of Vexl as K¥/H' Antiporter—Based on the
same strategy used to identify Vnx1p, where we screened single
disruption mutants, we screened double disruption mutants to
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FIGURE 2. Identification of Vcx1p as a potential K*/H* antiporter by a
reverse genetic approach. Exchange of potassium against protons across
the vacuolar membrane of BY double mutant strains was monitored using
K,SO, as indicated. At the indicated times bafilomycin (Baf), 100 mmK* equiv-
alent (white arrows), and 20 mm of (NH,),SO, were added (black arrows).
Traces are representative of three measurements of the same vacuolar
preparation.

identify the gene(s) coding for the transporter responsible for
the residual K*/H™ activity in the vacuolar membrane prepa-
ration of the VNXI disruption mutant. We tested three candi-
date genes, KHA 1, a monovalent/cation antiporter of the CPA2
family localized in Golgi membranes (15), and Vcxl and
YDL206w, two of the three remaining CaCA family proteins
besides Vnx1. Each disruption mutant of candidate genes was
crossed with the BY Mat « vix1A strain. The resulting diploids
were then sporulated and micro-dissected to collect the spores.
The progeny of G418-resistant spores presenting a 2:2 segrega-
tion was then tested for mating type assignment. To be consis-
tent with the previous transport experiments, only mating type
a strains were conserved. Freshly extracted vacuoles were iso-
lated from the above mentioned double mutant strains and
tested for their ability to mediate vacuolar alkalinization upon
addition of 50 mm K,SO,. Surprisingly, the K*/H™ antiport
activity was abolished only in the strain harboring the vexIA
disruption (Fig. 2). Vcx1p has been characterized before as a
low affinity Ca®>*/H™" antiporter (40 —42), but to our knowledge
nothing has been mentioned about the role of Vexlp in K™
transport against protons at the vacuolar membrane. There-
fore, to ensure that the transport activity was dependent on
Vex1 expression, this gene was disrupted in the OCO02
W303-1A background strain to generate a triple mutant OC05
(Table 1), using a PCR-based method (28, 29). The disruption
was confirmed, first by PCR on genomic DNA to ensure the
correct integration of the selection marker iphNT1 and then by
testing the Ca®>*/H™ exchange across the vacuolar membrane
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TABLE 1

List of strains used in this study

Strain Genotype Source

W303 Background

W303-1A Mat a, ura3-1, leu2-3, trpl-1, his3-11,15, ade2-1, canl-100,

0C02 Mat a, ura3-1, leu2-3, trpl-1, his3-11,15, canl-100, nhx1A::HIS3, vax1::KanMX6 Cagnac et al 2007
0OCO05 Mat a, ura3-1, leu2-3, trpl-1, his3-11,15, canl-100, nhx1 A::HIS3, vnx1::KanMX6, vex1A::HphNT1 This Study
RGY73 Mat a, ura3-1, leu2-3, trpl-1, his3-11,15, ade2-1, canl-100, enal-2A::HIS3 Gaxiola et al 1999
0C09 Mat a, ura3-1, leu2-3, trpl-1, his3-11,15, ade2-1, canl-100, enal-2A::HIS3, vex1 A: :KanMX6 This Study

AXT3 Mat a, ura3-1, leu2-3, trpl-1, his3-11,15, ade2-1, canl-100, enal-2A::HIS3, nhal A: :LEU2, nhx1A: :TRP1 Quintero et al 2000
K667 Mat a, ura3-1, leu2-3, trpl-1, his3-11,15, ade2-1, canl-100, cnbl A::LEU2, pmclA::TRP1, vex1 A Cunnigham et al 1996
BY Background

BY a Mat a; his3Al; leu2 AO; metl 5A0; ura3A0 Euroscraf

BY a vaxiA Mat o ; his3Al; leu2 AO; lys2AO; ura3A0; ynl32IwA::KanMX4 Euroscraf

BY a khalA Mat a; his3AI; leu2AO; met15A0; ura3A0; yjl094cA::KanMX4 Euroscraf

BY a vexIA Mat a; his3AI; leu2 AO; met15A0; ura3A0; ydl128wA::KanMX4 Euroscraf

BY a nhxIA Mat a; his3Al; leu2 AO; met15A0; ura3A0; ydr456wA::KanMX4 Euroscraf

0OC06 Mat a; his3AI; leu2AO; met15A0; lys2A0; ura3A0; vnx1A::KanMX4; vex1 A::KanMX4 This Study

OCo07 Mat a; his3AI; leu2 AO; lys2A0; ura3A0; vax1A::KanMX4; khal A::KanMX4 This Study

0OC08 Mat a; his3AI; leu2 AO; ura3A0; vnx1 A::KanMX4;, ydI206wA::KanMX4 This Study

FY Background

FY a ydI206wA Mat a; ura3-52; his3A200; trpl A63; ydi206w(4, 2300)::kanMX4 Euroscraf

. . B

of isolated vacuoles compared with controls, W303 and OCO02, ATP ) ®) %\.
respectively. Disruption of VCXI completely abolished the _v CaCl, ! . ’f‘}P WhxlamxIdvesIs |
exchange of Ca®>" in the enriched vacuolar fraction confirming w303 .50

what had been described before (Fig. 34) (16, 18), and it also 'k == Wrhx1AvnxIA o

= = = WnhxIAvaxIAvexIA

abolished the residual K*/H* exchange activity observed in the
presence of sulfate salts, confirming the results obtained using
the BY strains (Fig. 3B). No transport is observed using NaCl
and KCl in isolated vacuoles from nhx1AvnxIAvexIA mutant
strains (Fig. 3C). Overexpression of VCXI under the control of
the GALI promoter in this yeast strain restores all exchange
activities in isolated vacuoles only when grown in the presence
of galactose as a carbon source (Fig. 44). Overexpression of
VCX1 not only restores transport, but Ca®>" and K* transport
rates are even higher when compared with the OC2 strain
(nhx1Avnx1A) (Fig. 4A). This clearly indicates that monovalent
and divalent transport activities are catalyzed by Vex1p.

To further test the involvement of Vex1p in K¥/H™ antiport
activity, we constructed an inactivated mutant enzyme. Several
amino acid residues were identified as crucial for calcium trans-
port in CAXs from plants (43, 44). These residues are highly
conserved among the different species. Expression in yeast of a
mutated AtCAXI or OsCAXIa, in which histidine at position
338 or 330, respectively, has been replaced by an alanine did not
rescue yeast Ca”>" sensitivity or vacuolar transport activity.
Using PCR-based site-directed mutagenesis, we changed the
corresponding conserved His?>*? in Vcx1p for Ala (supplemen-
tal Fig. 2S). Overexpression of this mutant enzyme did not
restore Ca®>* and K* cation transport in the nhxIAvinx1Avex1A
yeast strain, indicating that this substitution found in the C-2-
specific domain is essential for general functioning (Fig. 4B).
Similarly to what has been described previously, expression of
wild type VCX1 in the K667 calcium-sensitive strain did confer
calcium tolerance, whereas VCXI1-H303A did not (Fig. 5A).
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FIGURE 3. Effect of VCX1 disruption on vacuolar transport of potassium
and calcium. At the indicated time (white arrow), 12.5 um CaCl, was added to
visualize the recovery of fluorescence in the presence or absence of Vcx1p (A).
At the indicated time (white arrow) 50 mm Na,SO, and K,SO,, (B) or 100 mm of
NaCl and KClI (C) was added to collapse the pH gradient across the vacuolar
membrane of W303 nhx7Avnx1AvcxTA resulting in a cation-dependent H*
movement and alkalinization of the vesicular lumen. Traces are representa-
tive of at least three independent experiments. Baf, bafilomycin.

Overexpression of VCX1I only slightly increased the growth of
the highly K* -sensitive AXT3 strain at high external K* con-
centrations, although overexpression of the mutant Vcx1-
H303A mutant had no effect (Fig. 5B). Disruption of VCX1 in a
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FIGURE 4. Transport activity measured in isolated vacuoles of the W303
triple mutant strain complemented with VCX7 genes and derivatives.
The yeast strain W303 nhx7AvnxTAvcx1A was transformed with the yeast
integrative vectors pRS306 Gal1 or pAG306 eYFP into which VCX1 or VCX1-
H303A had been previously introduced by recombination as described under
“Experimental Procedures.” The correct genomic integration of plasmids was
verified by PCR. Acridine orange fluorescence recovery mediated by Vcx1p
(A), Vex1p-H303A (B), and eYFP:Vex1p (O), by the addition of 50 mm Na,SO,
(- --), 50 mm K,SO, (—), or 12.5 um CaCl, (-+), was monitored after the estab-
lishment of a pH gradient and partial inhibition of the H*-ATPase by bafilo-
mycin A (Baf). Traces are representative of three experiments using indepen-
dent membrane preparations from independent clones.

(A) control
1- W303

100 mM CaCl,

2- K667

3- K667 + V(X1

4- K667 + VCXI-H3034

(B) control 500 mM KCI 600 mM KCl1

1- w303

2-AXT3
3-AXT3 +Vex1

4- AXT3 + VCXI-H3034

FIGURE 5. Growth of various mutant strains expressing VCX7 and VCX1-
H303A in the presence of toxic concentrations of cations. Both VCX7 and
VCX1-H303A were introduced into the yeast shuttle vector pYES-DEST52
using Gateway recombination as described under “Experimental Proce-
dures.” Each construct was introduced into K667 (cnbTA pmc1A vex1A) and
AXT3 (enal-2A nhalA nhx1A) mutant strains. Each strain was grown, and
serial dilutions were made as described under “Experimental Procedures.”
Five microliters of each dilution were spotted onto YPG medium with addi-
tion of a high concentration of CaCl, (A) or KCI (B) as indicated. Plates were
incubated at 30 °C for 2-5 days.

less K*-sensitive yeast (enalA-ena4A) did not result in any
growth delay (data not shown) indicating only a minor contri-
bution of Vcx1p to high K™ tolerance. Neither the disruption of
VCX1 nor its overexpression in a nhxIA strain resulted in an
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increase of sensitivity or resistance toward hygromycin (data
not shown).

Does the Point Mutation in Vexlp Change Its Subcellular
Localization?—Failure of the mutant enzyme to confer resis-
tance to high K* concentrations or to catalyze K*/H™" anti-
port in vacuolar fractions could also be due to a mislocaliza-
tion of the enzyme. In yeast, a single point mutation can lead
to a retention of the mutant protein in the ER (45), where it
will be degraded (46). In addition to the potential mislocaliza-
tion related to the mutation, accumulation of membrane pro-
teins in the ER due to overexpression using high copy shuttle
vectors or to the fusion of GFP to the C terminus of the protein
has been reported (16, 47, 48). According to the Yeast GFP
Fusion Localization Database, the chromosomal C-terminal
Vex1p:GFP-tagged fusion protein was predicted to be localized
in the ER (Fig. 6A) (48). Therefore, we checked the correct
localization of Vcx1p and Vex1p-H303A by fusing it to a fluo-
rescent protein. Fusion of eYFP to the N terminus of Vnx1
(eYFP::Vnx1p) or Vex1 (eYFP::Vex1p) gave us a vacuolar mem-
brane-bound localization without any residual signal trapped in
the ER (Fig. 6, B and C). Yeast cells (OCO05) expressing the chi-
meric construct eYFP::VCX1-H303A (Fig. 6D) displayed a vac-
uolar membrane localization identical to controls. The exact
same pattern of localization was observed in all the yeast strains
used in this study (data not shown). The addition of the GFP at
the N terminus of Vex1p did not affect its ability to mediate
cation accumulation in the vacuolar lumen (Fig. 4C). Typical
localizations in the cytosol, the vacuolar membrane, the PVC,
and vacuolar lumen were observed by expression of eYFP alone,
Vphlp-GFP, Nhx1p-GFP, and CPY-GFP respectively (Fig. 6,
E-H). Altogether, these data confirm that the absence of Ca®"
and K™ tolerance observed in yeast cells expressing the mutated
version of Vcx1p was due to inactivation and not mislocaliza-
tion or degradation.

Inhibition of Vexlp K /H" Exchange Activity by Cd®" and
Zn**—Vexlp is a Ca®>*/H"' antiporter whose activity is
strongly inhibited by Cd*" and to a lesser extent by Zn>** (19).
Therefore, the effect of these ions on K*/H" exchange medi-
ated by Vex1p was tested. Use of 200 um Zn>* or Cd** induced
considerable leakage of H' similar to what can be observed
when bafilomycin A, a specific inhibitor of the V-ATPase, is
added in excess (supplemental Fig. 2S) (16). These results are
supported by previously published data showing a strong non-
competitive inhibition of the V-ATPase by Zn>" (49). There-
fore, we used a lower concentration of inhibitors (100 um) to
allow for the measurement of transport activity related to the
addition of CaCl, or K,SO,. We also ensured that the integrity
of the vacuoles was not affected by the high concentration of
toxic heavy metal (supplemental Fig. 2S). For more conven-
ience, the inhibition experiments were conducted with vacu-
oles isolated from the vuxIA mutant strain (BY background).
The alkalinization of vacuoles isolated from cells expressing
Vex1 induced by the addition of 10 um Ca*" was completely
inhibited in the presence of 100 um Cd>" (Fig. 7, A and B) and
strongly inhibited when equal amounts of both cations were
used (Fig. 7C) as compared with control conditions (Fig. 7D).
Interestingly, the K*/H" exchange reaction induced by the
addition of 100 mm K™ was completely inhibited in the pres-
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family. The E. coli ChaA antiporter
was the only example of a CaCA
family member able to promote
movement of Ca*>*, Na*, and K*
(12, 13). Despite this example, the
sequence comparison and homol-
ogy analysis, as well as experimental
data, attributed distinct ion selectiv-
ity to each superfamily. However,
within the last 3 years several other
members of the CaCA superfamily
have been shown to be involved in
the vacuolar compartmentalization
of alkali ions (16, 23, 53). To our
knowledge, Vnxlp was the first
eukaryotic CaCA antiporter homo-
log to be characterized as a monova-
lent/H™ exchanger (16). In this pre-
vious work, Vnx1p was described as
the only antiporter responsible for
the accumulation of alkali cations
against protons in the vacuolar
lumen. However, by using sulfate
instead of chloride salts, it is now
shown that the monovalent cation
transport in vacuoles is a composite
of several activities (Fig. 1C). A
reverse genetic approach allowed

FIGURE 6. Vacuolar localization of Vcx1p and Vex1p-H303A mutant. The localization was performed using
the triple mutant strain OCO5 (nhx1Avnx1Avcx1A). Cells were transformed with yeast expression vectors of the
PAG series (see “Experimental Procedures”). A, vacuolar Ca®>*/H" exchanger Vcx1p fused to GFP at the C
terminus displayed a typical signal of ER localization as observed for the vacuolar Na*/H™ exchanger Vnx1p in
the same conditions (16). When Vnx1p was fused to eYFP at the N terminus (B), the fluorescent signal was
observed at the vacuolar membrane. An identical localization for Vex1p (C) and its inactive mutant form
Vex1p-H303A (D) was observed when they were fused to eYFP at their N termini. The same results were
obtained using the yeast strain K667 and AXT3 (data not shown). Fluorescence was observed in the cytosol of
cells expressing a free form of eYFP (E). A positive control of vacuolar membrane localization was obtained
using the vacuolar ATPase Vph1p subunit fused to GFP at the Cterminus (F). Nhx1p::eGFP chimeric protein was
used to visualize PVC localization (G), although the vacuolar lumen was stained by accumulation of GFP spe-
cifically targeted to the vacuolar lumen by addition of the signal peptide of carboxypeptidase Y at the N
terminus (H). Images were acquired as described under “Experimental Procedures” using an excitation 450—

us to identify a double mutant
viax1AvexIA strain apparently de-
void of all vacuolar K*/H™ anti-
porter activity, indicating that
Vexlp was  catalyzing K*/H*
exchange. The role of Vcxlp was
further confirmed by overexpres-
sion of VCX1 and VCX1-H303A, an
inactivated version, in various yeast

490-nm bandpass filter and an emission 515-nm cuton long pass filter.

ence of Cd*>", despite a 1000 times higher K" concentration as
compared with Cd*" (Fig. 8). A total inhibition of the exchange
reaction induced by 10 um Ca®" transport was also observed in
the presence of Zn>" (supplemental Fig. 4S). Ohsumi and Anr-
aku (41) have reported a similar inhibition of Zn>* on Ca*”"
transport in vacuolar membrane vesicles. However, when com-
pared with Cd?*, the effect of Zn>" is less pronounced when
used in a 1:1 ratio to Ca®>*, and the K*-induced K*/H"
exchange reaction was only partially inhibited in the presence
of Zn*" (supplemental Fig. 4S).

DISCUSSION

Although the influx and the efflux of K™ across the plasma
membrane have been well documented in the last few decades
(for review see Refs. 2, 52), little is known about the mecha-
nisms controlling the vacuolar pool of K*.

Until recently, monovalent cation/H" exchange was
ascribed to transporters of the cation proton antiporter super-

OCTOBER 29, 2010+VOLUME 285+NUMBER 44

strains. Unlike the wild type gene,
the His?%? substituted Vcx1 mutant
did not complement the Ca®>*- or
K™ -sensitive strain K667 or AXTS3, respectively. In accordance
with these complementation data, transport assays performed
with isolated vacuoles of the mutant strains OC5 overexpress-
ing both versions of the gene (Fig. 4) showed that the wild type
protein displayed Ca®>*/H" and K*/H" antiporter activity,
although the mutant protein was inactive. Moreover, both
Ca?* and K" transport activities mediated by Vexlp are
strongly affected by the presence of Cd*>" and to a lesser extent
by Zn?".

The fact that the additional K*/H* antiport can only be
observed using sulfate salts can have several causes. First, it is
possible that C1~ or SO3~ specifically modify antiporter activ-
ity. Second, specific anion transport systems in the vacuolar
membrane, for instance a Cl :H™ symporter, could be respon-
sible for anion-coupled H" influx, thus masking H*/K* anti-
porter activity. This would point to the physiological signifi-
cance of the differences observed. However, using several
purified plant antiporters reconstituted in liposomes, we gen-

JOURNAL OF BIOLOGICAL CHEMISTRY 33919


http://www.jbc.org/cgi/content/full/M110.116590/DC1
http://www.jbc.org/cgi/content/full/M110.116590/DC1

Vex1p, a Vacuolar K¥/H™ Antiporter

®) (B

ATP 1}
A}“P vnxIA 1 v ynxlA S~
100 pM CdCl, F\ CEB 100 §M CdCl,
10 uM CaCl2 10 M CaCl,

IO%QI_

> ﬁ (gu Ca?*
1 min Ccd+
©) (D) 1
vnx1A . ATP ynx1A =
ATP :

100 xM CdCl,

— 10 uM CaCI2
100 4M CaCl, e

100 uM CaCl2 &

i)

Ca2* Baf Ca™*

FIGURE 7. Inhibition of Ca>*/H" exchange activity in presence of Cd**.
Vacuoles isolated from the yeast strain BY vnx7A were used to visualize the
effect of 100 um CdCl, on the Ca®*/H™ exchange activity mediated by Vex1p.
CdCl, was added to the reaction mixture 1 min before the addition of Ca?* (A)
or before the initiation of fluorescence quenching by the addition of ATP (B)
as indicated by the gray arrow. The fluorescence recovery was followed after
addition of 10 um (A and B) or 100 um CaCl, (C) as indicated by the white arrow.
The same experiments were performed in the absence of CdCl, (D). Traces are
representative of two experiments using independent membrane prepara-
tions. Baf, bafilomycin A.

erally observe higher antiporter activities using sulfate salts as
compared with chloride salts.”> The observed effects are thus
more likely related to nonspecific electrical effects of the anion.
Cl™ ions are much more permeant than SO2  or gluconate
ions. In that sense, addition of relatively permeable Cl™ ions to
the outside of the vesicles would shift membrane potential to a
more negative inside value as compared with the situation using
impermeant anions, counteracting net H™ efflux from the ves-
icles. Especially when antiporter activity is relatively low, a con-
siderable fraction of the protons that are transported out of the
vesicle in the exchange reaction would leak back into the vesicle
together with Cl ™ anions. Therefore, because of the leakiness of
the system, real antiporter activity can only be adequately
measured using relatively impermeant anions like sulfate or
gluconate.

Role of Vex1p, Vuxlp, and Nhx1p in Vacuolar Ion Compart-
mentalization—The vacuole is the main calcium store and sink
of yeast cells (54). Vcx1p along with Pmclp (a high affinity Ca®*
ATPase) were shown to play a key role in the vacuolar translo-
cation of Ca>™ after a cytosolic spike induced by various stimuli
(55—57). In addition to regulating calcium homeostasis, in this
paper we show that Vex1p along with Vnx1p play a role in the
sequestration of cytosolic K* into the vacuole. Like Ca>*, K™ is
mainly stored in the vacuoles. The ratio [K™].,.,/[K"],, is
close to 1:8 during the exponential growth phase but would

> K. Venema, unpublished results.
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FIGURE 8. Inhibition of K*/H* exchange activity in presence of Cd?*. Inhi-
bition of the K*/H™ exchange reaction by Cd** was assayed as described in
Fig. 7. The fluorescence recovery was followed after the addition of 50 mm
K,SO, (A and B) as indicated by the white arrow. The same experiments were
performed in the absence of CdCl, (C). Traces are representative of two exper-
iments using independent membrane preparations. Baf, bafilomycin A.

appear to be inferior during the stationary phase (58). A third
antiporter that has been proposed to be involved in vacuolar
K* and Na™ sequestration is Nhx1p. However, although Vnx1p
and Vexlp are clearly shown to be targeted to the vacuolar
membrane, the Nhx1 protein resides in the prevacuolar com-
partment (44, 56, 58 —61). Accordingly, we could not detect an
effect of NHXI disruption on vacuolar Na*/H* or K*/H™
exchange activity (16). Despite this, the biochemical character-
ization of several vacuolar antiporters from plants and green
alga has been carried out using a yeast strain disrupted on
NHX1 only. According to these studies, the enriched vacuolar
fraction used for transport assays did not have any significant
Na*/H" or K"/H" exchange activity despite the presence of
Vnxlp and Vex1p (23, 25, 53), although cells expressing NHX 1
did have antiporter activity (23). In these studies yeast vacuolar
membrane vesicles were prepared using a two-step sucrose gra-
dient as previously described by Nakanishi et al. (59). These
results are in contradiction with data obtained with vacuoles
isolated by the Ficoll (polysucrose) floating method (16, 21, 22,
39). The most plausible explanation for detection of Nhx1p
activity in vacuolar membranes isolated by the two-step density
gradient centrifugation is that these membranes are contami-
nated with many other endosomal membranes, although the
Ficoll floating method could give rise to a purer vacuolar prep-
aration. Recently, Wiederhold et al. (60) published an S. cerevi-
siae vacuolar membrane proteome using vacuoles purified with
a similar Ficoll floating method. A subtractive proteomic
approach (LOPIT) with iTRAQ labeling was used to distinguish
vacuolar proteins from contaminants and allowed the identifi-

VOLUME 285+-NUMBER 44 -OCTOBER 29, 2010



Vex1p, a Vacuolar K*/H™ Antiporter

K+
Nat,

K+
Nat
V-ATPase Nhx1p Vacu()le Ht
o - — ATP
2 c*
ATP ) {
?
CaZ+
K+

FIGURE 9. Model for cation accumulation in the vacuole. Vacuolar membrane-bound antiporters Vcx1p and
Vnx1p use the proton gradient generated by the V-ATPase to energize the transport of cations into the lumen
of the main vacuole. The contribution of the pre-vacuolar alkali cation/H™* antiporter, Nhx1p, in the accumu-
lation of K* and Na™ remains to be determined. Nhx1p could play a role in the loading of the PVC from which
vesicles containing ions are sent to the main vacuoles and therefore contribute to the accumulation of ions in
the vacuolar lumen. Knowing the importance of Nhx1p in the control of the vesicular trafficking, this antiporter
could play a role in the targeting of uncharacterized cation transporters (?) to the vacuolar membrane and

This result shows that Vcxl and
Vnx1 proteins are both ubiquitous
and that Vnxl proteins are not
homoplasic as suggested by De Her-
togh et al. (51).

Two Amino Acids Might Deter-
mine Alkali Cation Selectivity—
Two highly conserved sequence
repeats from CAX proteins, named
cl and c2, which were first identi-
fied in plants, were shown to be
involved in cation translocation
(43). The newly discovered K™ /H™
exchange activity of Vcx1p, along
with data on CrCAX1 and Vnxlp
transport  specificity, could be
related to the potential role of two
amino acids of these conserved
regions in ion selectivity (supple-
mental Fig. 2S). In the c-1 region, a

indirectly affect ion homeostasis of the vacuole.

cation of 148 proteins that were significantly enriched. In this
cluster of proteins, Vcx1p and Vnx1p were annotated as vacu-
olar along with a list of 46 other transporter proteins from
which Nhx1p is absent. However, it is not clear why no Vnx1p
activity could be detected in vesicles prepared with the sucrose
gradient method. This could be related to the obtainment of
less sealed vacuoles, leading to considerable proton leaks mask-
ing the activity.

Nevertheless, the role of Nhx1p in cation sequestration in the
late endosomes and the vacuole has been clearly demonstrated
invivo (5,61). Observations of Ste3-tagged protein and FM4-64
movements in wild type and nhx 1A cells strongly indicated that
the dominant role of Nhx1p is the control of the vesicular traf-
ficking from late endosome to the vacuole by regulating cellular
pH (47, 61— 63).

Altogether, these data indicate that in yeast Vnx1p, Vcxlp,
and Nhx1p are involved in the sequestration of cations in the
vacuole. Unlike Vnx1p and Vcx1p, Nhx1p is not involved in a
direct transport of cations from the cytosol to the vacuole
through the vacuolar membrane. However, it could be respon-
sible for vacuolar cation accumulation by fusion of cation-
loaded vesicles trafficked from the PVC to the vacuole or by
controlling the trafficking to the vacuole of transporters
involved in alkali cation homeostasis (Fig. 9).

Sequence Analysis of Yeast CAX Antiporters—The Genole-
vure website (50) reveals that most yeast species contain two
types of Na*/Ca®" exchangers identified by the Pfam PF01699
conserved domain as follows: the Vcx1p-like (type I CAX) and
the Vnxlp-like transporters (type II CAX) (supplemental Fig.
5S). One exception is the yeast Yarrowia lipolytica, which also
has a third antiporter, quite different from the two others
although it contains the PF01699 conserved domain. Interest-
ingly, in the YETI data base, Y. lipolytica and Candida glabrata
appear to contain two Vcx1-like proteins but no Vnx1lp. How-
ever, a new amino acid sequence alignment revealed that for
each species one of the Vcx1p is classified together with the
other Vnxl1 proteins (YALIOD24233g and CAGLOMO04147g).

OCTOBER 29, 2010+VOLUME 285+NUMBER 44

serine residue conserved in CAX1
from C. reinhardtii and Vnx1p of S. cerevisiae, both known to
transport Na* (16, 23), is absent from Vcxl-like protein
sequences. Moreover, the heterodimer formed between CAX1
and CAX3 from Arabidopsis thaliana, bearing this conserved
serine, appears to promote the transport of Li* and/or Na™
(53). Consequently, this serine residue could be important for
Na™ transport. Similarly, a conserved aspartate residue in the
c-2 region of Vcx1-like proteins from yeast is substituted by an
asparagine at the corresponding position in CrCAX1 and
CrCAX2. This repartition suggests that an aspartate or an
asparagine at this position could determine the ability of the
protein to transport K™ or Na™. The alignment of the c-1 and
c-2 regions also reveals that one AtCAX subgroup (AtCAX1,
AtCAX3, and AtCAX4) is closer to CrCAX1, and the other
subgroup (AtCAX2, AtCAXS5, and AtCAX6) has more similar-
ities to Vexlp (supplemental Fig. 2S) and could reflect their
potential ability to transport Na™ or K™, respectively. The fact
that these two residues are in general conserved in species
belonging to different kingdoms such as plants and yeast but
not in all CAXs members of A. thaliana reinforces the idea that
they could be functionally important. Other residues have also
been suggested to play a role in cation selectivity such as Met'”°
and Cys®*° in CrCAX1 (supplemental Fig. 2S) (23). A site-di-
rected mutagenesis approach could easily confirm whether the
exchange of one or two amino acids is sufficient to change the
ion selectivity of the transporter.
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