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In plants, high capacity tonoplast cation/H* antiport is medi-
ated in part by a family of cation exchanger (CAX) transporters.
Functional association between CAX1 and CAX3 has previously
been shown. In this study we further examine the interactions
between CAX protein domains through the use of nonfunctional
halves of CAX transporters. We demonstrate that a protein coding
for an N-terminal half of an activated variant of CAX1 (sCAX1) can
associate with the C-terminal half of either CAX1 or CAX3 to form
a functional transporter that may exhibit unique transport proper-
ties. Using yeast split ubiquitin, in planta bimolecular fluorescence
complementation, and gel shift experiments, we demonstrate a
physical interaction among the half proteins. Moreover, the half-
proteins both independently localized to the same yeast endomem-
brane. Co-expressing variants of N- and C-terminal halves of
CAX1 and CAX3 in yeast suggested that the N-terminal region
mediates Ca®* transport, whereas the C-terminal half defines
salt tolerance phenotypes. Furthermore, in yeast assays, auto-
inhibited CAX1 could be differentially activated by CAX split
proteins. The N-terminal half of CAX1 when co-expressed with
CAX1 activated Ca®* transport, whereas co-expressing C-ter-
minal halves of CAX variants with CAX1 conferred salt toler-
ance but no apparent Ca>* transport. These findings demon-
strate plasticity through hetero-CAX complex formation as well
as a novel means to engineer CAX transport.

Ca®" is both a signaling molecule and a component in pro-
viding the plant cell its structural strength (1-3). Regulated
Ca®" fluctuations are involved in plant growth and responses to
environmental stimuli. Ca*>* transporters play an important
role in regulating these biological processes, and the ability to
manipulate these transporters is an important component in
strategies designed to manipulate plant productivity.
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Ca®" can accumulate into various organelles including the
vacuole, whereas the cytosolic Ca®" concentrations are main-
tained in the nanomolar range (3, 4). This gradient is estab-
lished across the tonoplast in part by high capacity Ca®>*/H"
exchange (5, 6). Plant Ca®"/H" exchangers were cloned by the
ability of N-terminal truncated versions of the proteins, lacking
the regulatory domain (7), to function in Saccharomyces cerevi-
siae mutants defective in vacuolar Ca>" transport (8 —10). The
term cation exchanger (CAX)? is now used to identify CAX1
and CAX2, as well as four other CAX transporters in the Ara-
bidopsis genome (10). Interestingly, CAX3, which is most sim-
ilar to CAX1 (77% identical at the amino acid level), is a weak
vacuolar Ca®" transporter when expressed in yeast cells (11,
12). The yeast suppression assays have been a robust tool to
dissect the function and regulation of CAX transporters (10).

Oligomerization represents a regulatory mechanism for
many transporters (13). An interaction between the Arabidop-
sis Ca>*/H" exchangers CAX1 and CAX3 has been shown (14,
15). Furthermore, CAX transporters can form homomeric
complexes, as has been shown for Arabidopsis CAX1 and mung
bean VCAX1 (9, 15). Using both plant and yeast assays, CAX1
and CAX3 combine to form functional transporters with novel
transport properties (15). We postulate that like oligomeriza-
tion of other transporters, CAX1 and CAX3 interactions allow
dynamic flexibility for membrane transport, even though the
mechanism by which the CAX1-CAX3 complex confers Li*
and Na™ tolerance remains unclear.

It is thus important to generate additional information about
the nature of the CAX interactions. Many transporter proteins are
made up of two or more homologous domains, possibly as a result
of ancient duplication events. For example, plant sucrose trans-
porter members of the major facilitator superfamily possess two
homologous, interacting domains (16). Furthermore, both homo-
and heteromeric sucrose half proteins can functionally interact
(16, 17). CAX transporters similarly appear to consist of two
weakly homologous modules (18) that are likely to interact. The
analysis of these split CAX modules may allow us to further under-
stand the mechanisms of protein-protein interaction between the
CAX transporter isoforms. The potential to generate chimeric

3 The abbreviations used are: CAX, cation exchanger; BiFC, bimolecular fluo-
rescence complementation; HA, hemagglutinin; GFP, green fluorescent
protein; RFP, red fluorescent protein; YFP, yellow fluorescent protein;
X-gal, 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside; CFP, cyan fluo-
rescent protein; Cub, C-terminal ubiquitin half; Nub, N-terminal ubiquitin
half; lonc,y, ion content in CAX-expressing yeast; lon, ..., ion content in
vector-expressing yeast.
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CAX proteins via the manipulation of split CAX halves will also
allow us to perform structure-function analyses and may afford a
novel means to regulate CAX transporters.

In this study the yeast split ubiquitin system, in planta bimo-
lecular fluorescence complementation (BiFC), and gel shift
assays were used to demonstrate that two separately expressed
halves of CAX1 can interact. Furthermore, a heteromeric inter-
action between the first half of sCAX1 and the C-terminal part
of CAX3 provides insights into the structure of oligomeric
CAXs. The interaction is specific, because unrelated membrane
proteins do not interact. Yeast suppression studies together
with kinetic measurements show that the halves reconstitute a
functional transporter and indicate that they are independently
targeted to yeast endomembranes. Collectively, these findings
provide insights into the interactions among CAX transporters
as well as a strategy to manipulate transport function through
genetic engineering.

MATERIALS AND METHODS
Plasmid DNA Construction and Yeast Strains

Half Protein Construction—The truncated forms of CAX1
(sCAX1) and CAX3 (sCAX3) were split into N- and C-terminal
halves at the 236th and 238th amino acids, respectively. The
N-terminal half of sSCAX1 (N-sCAX1, amino acids 37-272) was
amplified using primers N-sCAX1F and N-sCAX1R (supple-
mental Table S1). The C-terminal half of CAX1 (C-CAX1, from
amino acids 273-463) was amplified using primers C-CAX1F
and C-CAX1R. The sCAX1H338N mutant has been previ-
ously described (19) (supplemental Table S2) and was used
as a template for PCR to create the C-CAX1H338N clones in
the same manner as C-CAX1 was constructed (19). The N-ter-
minal half of sCAX3 (N-sCAX3, amino acids 37-274) was
amplified using primers N-sCAX3F and N-sCAX3R. The
C-terminal half of CAX3 (C-CAX3, amino acids 275—459) was
amplified using primers C-CAX3F and C-CAX3R. These N-
terminal and C-terminal PCR fragments were first cloned into
the pGEM T-Easy vector (Promega). After sequence confirma-
tion, the constructs were subcloned into the Sfil A and B
restriction sites of two yeast expression vectors pHGpd (His
selectable marker) and pUGpd (Ura selectable marker), respec-
tively (20). Thus, N-terminal halves or C-terminal halves of
sCAX1 and sCAX3 were expressed in plasmids containing
either —His or —Ura selectable markers.

Epitope-tagged CAX Half Proteins—The HA and GFP epi-
tope-tagged CAX1 and CAX3 half proteins were constructed
using similar approaches. The primers N-sCAXIHAF and
N-sCAX1HAR were used to amplify N-sCAX1, which was then
cloned into the BamHI and NotI sites of the HA cassette in pUGpd
(20) to generate triple HA epitope-tagged N-sCAX1. The primers
C-CAX3GFPF and C-CAX3GFPR were used to amplify C-
CAX3, which was then subcloned into the Spel and Notl
sites of a GFP fusion expression cassette in pHGpd (20) to
generate the GFP-tagged C-CAX3. The C-CAX1 fusion with
c-Myc at the C terminus (C-CAX1-c-Myc) was constructed
by ligating C-CAX1 (amplified using C-CAX1F and C-
CAXIR primers) into a cassette containing five tandem cop-
ies of the c-Myc epitope (EQKLISEEDL) (21). The primers
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C-CAX3RFPF and C-CAX3RFPR were used to amplify C-
CAX3, which was then subcloned into pUGpd-RFP to gen-
erate the C-CAX3-RFP fusion.

Yeast Strains and Split Ubiquitin Vectors

The Ca®"-sensitive S. cerevisiae strain K667 (MATa cnbl:
LEUI pmcl:: TRP1 vexIA ade2-1 canl-100 his3-11,15 leu2-
3,112 trpI-1 ura3-1) was used for most yeast assays (22). The
N-terminal ubiquitin half (Nub) and C-terminal ubiquitin half
(Cub) vectors, KAT1-Cub and Nub-KAT1 constructs, and
yeast strains THY.AP4 (MATa leu2-3,112 ura3-52 trpl-289
lexA::HIS3 lexA::ADE2 lexA:lacZ) and THY.AP5 (MATa
URAS3 leu2-3,112 trp1-289 his3-A1 ade2A::loxP) used for the
mating-based split ubiquitin system were obtained from Dr.
Wolf B. Frommer (Stanford University) (23). The CAXI,
CAX3, sCAX1, sCAX1H338N, and sCAX3 expression vectors
have been described previously (supplemental Table S2).

Construction of CAX Split Ubiqutin Plasmids—CAX1, CAX3,
and their N-terminal and C-terminal halves were cloned into
split ubiquitin plasmids using in vivo recombination cloning
(24). The full-length CAX1 and CAX3 constructs have been
described previously (15). For the construction of Nub X and
NubWT fusions, the split ubiquitin vectors Nub X and NubWT
were cleaved with EcoRI/Smal and mixed with the purified PCR
products for CAX1, CAX3, N-CAX1, and C-CAX3 to trans-
form THY.AP5 cells and transformants were selected on SC
medium lacking Trp and Ura. For Cub fusions, the vector
metYCgate was cleaved with Pstl/HindIII and mixed with the
same PCR products to transform yeast strain THY.AP4, and
transformants were selected on SC medium lacking Leu. After
the initial interaction assay, plasmids were extracted from the
yeast strains and amplified in Escherichia coli. The interactions
were then verified by repeating the assays using the purified
plasmids. After the interaction was confirmed, the insert plas-
mids were sequenced.

Construction of CAX BiFC Plasmids—To generate CAX BiFC
plasmids, full-length CAX1 and CAX3 proteins, and split half
N-sCAX1, C-CAX1, and C-CAX3 proteins were fused to N- or
C-terminal halves of yellow fluorescent protein (YFP). CAX
constructs were amplified using specific primers (supplemental
Table S1) and then subcloned into the Sacl and BamHI sites of
pSY735 or pSY736 (25) for N-terminal fusion with the C-ter-
minal half of YFP (YFP) or the N-terminal half of YFP (NYFP),
respectively. CAX3 constructs were amplified from a CAX3
plasmid, which was engineered to remove the BamHI site at
nucleotide position 1103, by site-directed mutagenesis (26)
using primers CAX3BamHIF and CAX3BamHIR. The negative
actin control construct (ACT8-NYFP) was generated by sub-
cloning the ACT8F and ACT8R PCR product into the Xbal and
Kpnl sites of pSPYNE (27).

Yeast Growth Conditions

Suppression Assay—S. cerevisiae strain K667 was transformed
with His and Ura selectable expression constructs as described
previously (15). Transformed cells were tested for their capabil-
ity to suppress the K667 Ca®"-sensitive phenotype (8). Growth
assays were conducted using YPD medium supplemented with
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or without CaCl, (50, 100, 150, or 200 mm), LiCl (30, 50, 60, or
100 mm), or NaCl (400, 500, or 600 mm).

Inductively Coupled Plasma Mass Spectroscopy Analysis—
Yeast culture conditions and sample processing were slightly
modified from a previous study (28). For growth in Li™ and
Ca®" supplemented medium, K667 cells expressing the various
constructs were inoculated in 5 ml of YPD + 1/100 volume of
100 X mineral supplement stock (28), supplemented with 10
mm CaCl,, 100 mm NaCl, or 500 mm LiCl (final concentrations).
The cultures were grown at 30 °C to stationary phase, and 2.5
ml of each culture was collected by vacuum filtration using
isopore membrane filters (1.2-um pore size) (Fisher Scientific).
The cells were washed three times with 1 ml of 1 um EDTA
disodium salt solution, pH 8.0, by vacuum filtration followed by
three washes with 1 ml of distilled, deionized H,O. The filters
were dried in a 70 °C oven for 48 h before inductively coupled
plasma mass spectroscopy analysis was performed as previously
described (29). The data from five repeats were calculated with
the following formula: (Ion_,, — Ion /Ion X 100, and

cax Vector)

expressed as the means = S.E. (n = 5).

vector

Ca®* Transport Assay

Ca®"/H" exchange activity into vacuole-enriched mem-
brane vesicles was measured using *>Ca®*, performed exactly
as described previously (15).

Gel Mobility Shift Assay for Split Half Protein Interaction

Microsomal fractions from yeast cells expressing CAX vari-
ants were prepared using the glass bead method (30). Briefly,
glass bead buffer (25 mm Hepes-KOH, pH 7.5, 10% sucrose, 3
mM EGTA, 2 mm dithiothreitol, 1 mm phenylmethylsulfonyl
fluoride, 10 mm benzamidine, and 5 ug/ml leupeptin) was
added to the cells with an equal volume of glass beads (Sigma),
and the mixture was vortexed three times for 1 min at maxi-
mum speed with intervals of 10 min on ice. Triton X-100 was
added to the lysate to a final concentration of 0.5%. The lysate
was centrifuged at 5,000 X g for 5 min, and the supernatant was
saved. After solubilization in buffers containing 1% Triton
X-100 (15), equal amounts of native protein (about 15 ug) from
samples were resolved on native 12% PAGE with SDS-PAGE
running buffer followed by transferring membranes and immu-
noblotting as described above. The proteins were detected with
anti-HA, anti-c-Myc, and anti-GFP antibodies (Covance) used
at 1:2000.

Split Ubiquitin Assay

The split ubiquitin system used in this assay was a mating-
based split ubiqutin system developed previously (24, 31).
Approximately 40 clones of each THY.AP5 and THY.AP4
transformation with various Nub and Cub constructs were
mixed and incubated in appropriate selective SC with and
without G418. Cultures of the lag phase were used for mating
asdescribed previously(23). After mating THY.AP4and THY.
AP5 strains on YPD for 8 h of incubation at 28 °C, diploid
cells were selected by replica plating on SC without Trp, Leu,
and Ura for 2-3 days. Diploid cells were used for analysis on
SC medium supplemented with 150 mm Met for 3 days. CAX
Nub and Cub constructs were used for retransformation,
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and the interaction assay was repeated using the confirmed
constructs.

For the filter assay, diploid cells were grown for 3 days on
sterilized filter sets placed on SC medium supplemented with
His, Ade, and 150 mm Met. B-Galactosidase activity assays were
conducted according to the standard X-gal filter assay protocol
described previously (24). Color changes in the positive inter-
actions could be detected within 3 h.

Co-localization of N-sCAX1-GFP and C-CAX3-RFP

N-sCAX1-GFP and C-CAX3-RFP were co-transformed into
K667 cells and selected on SC—His and —Ura media. N-
sCAX1-GFP and C-CAX3-RFP localization was visualized using a
confocal microscope (Olympus Fluoview, FV500; Olympus
Optical, Tokyo, Japan). An argon laser was used for excitation
at 488 nm for GFP imaging with emission at 525 nm or excita-
tion at 543 nm for RFP imaging with emission at 605 nm. Co-
fractionation of N-sCAX1-GFP and C-CAX3-RFP on vacuolar
membrane-enriched fractions was confirmed with Western
blotting. Microsomal fractions from N-sCAX1-GFP and C-
CAX3-RFP co-expressing K667 yeast cells were subjected to
discontinuous sucrose gradient fractionation, and Western
blotting was used to detect the vacuolar membrane and endo-
plasmic reticulum markers alkaline phosphatase and BiP,
respectively, N-sCAX1-GFP and C-CAX3-RFP, on these frac-
tions. N-sCAX1-GFP and C-CAX3-RFP were detected with
GFP and RFP antibodies, respectively.

Expression and Visualization of CAX BiFC

BiFC plasmid DNA was biolistically transferred into onion
(Allium cepa) slices. DNA (3 pg) for each construct was pre-
cipitated onto 1-um gold microparticles (Bio-Rad) as previ-
ously described (32). Sections of onion tissue were placed on
1% agar plates and bombarded using a PDS-1000 He system
gene gun (Bio-Rad) under a vacuum (0.925 bar) and a helium
pressure of 1350 p.s.i. Following bombardment, tissue sam-
ples were incubated for 16 h in the dark at 22 °C. The epider-
mis was then removed for analysis. Imaging was performed
on a Leica TCS SP5 AOBS upright confocal microscope.
Excitation was with an argon laser at 514 nm and spectral
detection between 525 and 580 nm for YFP and 458 nm with
spectral detection between 465 and 600 nm for cyan fluores-
cent protein (CFP).

RESULTS

CAX Half Proteins Functionally Assemble in Yeast—CAXs
can be divided into two weakly homologous halves at the
short negatively charged loop between transmembranes 6
and 7, previously termed the “acidic motif” (18) (supplemen-
tal Fig. S1). To investigate the interaction between these CAX1
and CAX3 split proteins, we utilized K667 yeast expression
assays (19, 33). Co-expression of N-sCAX1 and C-CAX1 sup-
pressed the Ca®>" sensitivity phenotype (Fig. 14), thus effec-
tively reconstituting the N-terminal truncated CAX1 (sCAX1).
Yeast co-expressing N-sCAX1 and C-CAX3 could similarly
grow well on high Ca®>* medium. All other combinations, such
as N-sCAX1+N-sCAX3, N-sCAX3+N-sCAX1, C-CAX3+C-
CAX1, N-sCAX3+C-CAX3, and N-sCAX3+C-CAX1 were
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FIGURE 1. Functionality of co-expressed CAX half proteins in yeast. A, sup-
pression of Ca®" sensitivity in K667 yeast through co-expression of various
combinations of sSCAX1 N-terminal half protein (N-sCAX1), sCAX3 N-terminal
half protein (N-sCAX3), CAX1 C-terminal half protein (C-CAX1), and CAX3
C-terminal half protein (C-CAX3), plus epitope-tagged HA-N-sCAX1+C-
CAX3-GFP. Saturated liquid cultures of K667 yeast cells were diluted in step-
wise 5-fold dilutions and spotted onto selection medium and YPD medium
containing either 100 mm or 200 mm CaCl,. Yeast cells expressing sCAX1 and
empty vector were used as controls. The plates were incubated and photo-
graphed after 2 days at 30 °C. B, time course of *°Ca®" uptake into endomem-
brane vesicles prepared from K667 yeast co-expressing sCAX1+empty vec-
tor, N-sCAX1+C-CAX1, N-sCAX1+C-CAX3, and empty vector alone. Solid
circle, pH-dependent *°Ca®* uptake; open square, uptake in the presence of
the protonophore gramicidin. The Ca®>* ionophore A23187 (5 um) was added
at 12 min. The reduction in Ca®" uptake following A23187 addition demon-
strated that accumulation into the vesicles occurred. The data represent the
means £S.E. of three independent experiments.

unable to suppress the Ca®" -sensitive phenotype, and expres-
sion of the N- or C-halves of the transporters alone were non-
functional (Fig. 1A and data not shown). These observations
suggested that N-sCAX1 could form an active Ca®" transporter
with either C-CAX1 or C-CAX3.

To confirm Ca®" transport activity, the H"-gradient de-
pendent **Ca”>" uptake assay was utilized (Fig. 1B). Membrane
vesicles from yeast expressing N-sCAX1+C-CAX3 showed
significantly increased Ca®>"/H™" exchange activity compared
with vector control (Fig. 1B) and sCAX3-expressing cells
(data not shown), but the activity was lower than from cells
expressing sCAX1 and slightly lower than from cells express-
ing N-sCAX1+C-CAX3. This suggests that N-sCAX1 and
C-CAX3 half proteins can together form an active Ca®"
transporter.

Half Protein Complexes Have Distinct Transport Properties—
To further examine the transport properties of the CAX half
protein complexes, we tested the growth sensitivity of K667
yeast cells expressing these constructs on Li*-, Na*-, and
Ca®"-containing media (Fig. 2). sCAX1-expressing yeast are
tolerant to Ca®" in the media but very sensitive to Na™ and
Li*, whereas CAX3 cells are slightly tolerant to Na™ and Li™,
but sensitive to Ca™ (15). Yeast K667 cells co-expressing
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FIGURE 2. Diverse functions of co-expressed CAX half proteins in yeast.
A, suppression of Li*,Na™, and Ca?" sensitivity of K667 yeast cells expressing
sCAX1 or co-expressing sCAX1 N-terminal half protein (N-sCAX1) with CAX1
C-terminal half protein (C-CAX1), CAX3 C-terminal half protein (C-CAX3), or
CAX1H338N C-terminal half protein (C-H338N). Saturated liquid cultures of
K667 yeast were diluted in stepwise 5-fold dilutions and spotted onto selec-
tion medium and YPD medium containing 150 mm CaCl,, 100 mm LiCl, or 600
mm NaCl. Yeast cells expressing empty vector were used as a negative control.
The plates were incubated and photographed after 2 daysat 30 °C.B,Li*,Na™
and Ca** ion content analysis in K667 yeast cells co-expressing sCAX1,
N-sCAX1+C-CAX1, N-sCAX1+C-CAX3, and N-sCAX1+C-H338N grown to sta-
tionary phase in YPD medium supplemented with 500 um LiCl (for the Li" and
Na™ content measurements) or YPD medium supplemented with 10 mm
CaCl, (for the Ca?* content measurements). The data from five replicate
experiments were calculated with a formula: (lon,, — 10N ecto)/10N ector X
100, and expressed as the means £ S.E. (n = 5). lon content varied depending
on the growth medium used, but levels of Ca®* ion content differed among
the lines only when the medium was supplemented with CaCl,, whereas Li™
and Na™ content differed among the lines only when the medium was sup-
plemented with LiCl, and NaCl (data not shown).

N-sCAX1+C-CAX1 were Ca*"-, Li"-, and Na™-tolerant (Fig.
2A). In contrast, both N-sCAX3+C-CAX3- and N-sCAX1+C-
CAX3-expressing yeast were Ca®"-sensitive but tolerant to
Na™ (Fig. 2; data not shown). Whole yeast cell metal accumu-
lation was measured by inductively coupled plasma mass spec-
troscopy to infer the transport properties of the half protein
complexes. In high Ca®>" and high Li* growth conditions, the
N-sCAX1+C-CAX1 and N-sCAX1+C-CAX3 cells signifi-
cantly accumulated Ca®", Li*, and Na* compared with vector
control (Fig. 2B). N-sCAX1+C-CAX1 accumulated more Ca*™"
than the N-sCAX1+C-CAX3 cells, whereas the N-sCAX1+C-
CAX3 cells accumulated more Li™ (Fig. 2B).

The Li* and Na™ transport activity by the N-sCAX1+C-
CAX1 complex was further inferred by measuring the direct
competition of **Ca*>" uptake by these ions (data not shown).
The N-sCAX1+C-CAXI1-expressing cells had a similar ion
competition profile to sCAX1-expressing cells, including sig-
nificant Li* and Na™ inhibition of **Ca®" uptake; however,
unlike for sCAX1, **Ca®* uptake was not significantly inhibited
by Cd>".

To further assess the role of specific CAX domains in sub-
strate specificity, we used a previously characterized CAX1
variant. We have shown that expressing a sCAX1 variant
containing a single amino acid mutation H338N, termed
sCAX1H338N, decreases yeast Ca”>" uptake but increases Cd*"
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uptake (19). sSCAX1H338N in yeast is also unable to provide
Na™ or Li* tolerance (19) (data not shown). Here we co-ex-
pressed N-sCAX1 with the C terminus of sCAX1H338N (C-
H338N) in yeast. The N-sCAX1+C-H338N yeast grew very
well on high Na™ and Li™ media but was very sensitive to Ca**
(Fig. 2A). Significant accumulation of Li* and poor accumula-
tion of Ca®" was observed in N-sCAX1+C-H338N cells grow-
ing in Li"-containing medium (Fig. 2B and data not shown).

Co-localization of CAX Split Half Proteins in Yeast Cells—To
confirm that the CAX half proteins were correctly folded and
co-localized, N-sCAX1-GFP and C-CAX3-RFP were expressed
in yeast cells. The tagged half proteins remained functional in
K667 yeast with respect to providing Ca*>* tolerance (supple-
mental Fig. S2). Vacuolar membrane localization of CAX1 and
CAX3 have been well documented in both yeast and plant cells
(12, 33). When N-sCAX1-GFP and C-CAX3-RFP were co-ex-
pressed in yeast, both half proteins were co-fractionated and
detected in vacuolar membrane-enriched fractions as indicated
by the tonoplast marker alkaline phosphatase (Fig. 34). Fur-
thermore, both N-sCAX1 and C-CAX3 were expressed to
equivalent levels. Similarly, when a predominantly tonoplast-
localized Vac-RFP and N-sCAX1-GFP were co-expressed, both
fusions predominantly co-localized to similar endomembranes
(Fig. 3B). We postulate that the multi-compartmental localiza-
tion of Vac-RFP prohibits a perfect overlap with N-CAX1-GFP
(34). High copy co-expression of N-sCAX1-GFP and C-CAX3-
RFP in yeast cells also showed overlap of the fluorescent signal
predominantly at intracellular vesicles similar to where Vac-
RFP was localized (Fig. 3C). Together, these observations sug-
gest that both CAX half proteins can co-localize independently
at the same endomembrane.

Physical Interaction between CAX1 and CAX3 in Yeast—Al-
though the previous assays show a functional interaction
among the split transporters, they do not establish a physical
interaction. To test this, we conducted native protein gel shift
assays using functional GFP-, c-Myc-, or HA-tagged versions of
the proteins (supplemental Fig. S2). After solubilizing microso-
mal proteins from yeast expressing the tagged CAX half pro-
teins, the proteins were resolved by denaturing SDS-PAGE.
Using antibodies against the epitope tags, a band consistent
with the tagged proteins and a higher molecular weight com-
plex were observed (Fig. 4A4). Higher molecular weight bands,
indicating half protein interaction, were observed for samples
co-expressing N-sCAX1+C-CAX1 and N-sCAX1+C-CAX3.
Half protein complexes could not be observed in samples
from yeast co-expressing either single half protein with
empty vector or N-sCAX1+N-sCAX3, N-sCAX3+N-sCAX1,
or C-CAX3+C-CAX1. These findings suggest a physical inter-
action between half proteins only where the N-CAX half inter-
acts with the C-CAX half.

We also tested whether the half CAX1 and CAX3 proteins
can physically interact using an optimized yeast split ubiquitin
system, which allows detection of interactions between mem-
brane proteins iz vivo (23). In addition, we examined whether
the half proteins could associate with full-length CAX proteins.
Protein fusions to the Nub and to the Cub were constructed
(supplemental Fig. S1, C-F), and protein interaction was deter-
mined by selective cell growth on Met or LacZ reporter gene
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A Sucrose fraction (%) 20 20/30 30 30/40 50
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FIGURE 3. Localization of CAX half proteins in yeast cells. Yeast cells
expressing GFP-tagged sCAX1 N-terminal half protein (N-sCAX1-GFP) and/or
RFP-tagged CAX3 C-terminal half protein (C-CAX3-RFP) were grown over-
night in selection medium then diluted with water and observed using
sucrose fractionation and confocal microscopy. A, discontinuous sucrose gra-
dient fractionation of microsomes from yeast cells co-expressing N-sCAX1-
GFP and C-CAX3-RFP. N-sCAX1-GFP and C-CAX3-RFP were co-fractionated in
vacuolar membrane-enriched fractions (20% and 20/30% sucrose interfaces).
Alkaline phosphatase (ALP) was used as a vacuolar membrane marker, and BiP
was used as an endoplasmic reticulum marker. N-sCAX1-GFP was detected
using a GFP antibody and C-CAX3-RFP was detected using an RFP antibody.
B and C, co-localization of N-sCAX1-GFP with a prevacuole marker (Vac-RFP)
(B) and co-localization of N-sCAX1-GFP and C-CAX3-RFP (C). The panels from
left to right are: yeast cells in bright field, RFP image (Vac-RFP or C-CAX3-RFP),
GFP image (N-sCAX1-GFP), and merged image. Bar, 10 wm.

expression. As a positive control, we demonstrated the interac-
tion between AtKAT1 subunits (Fig. 4B). As negative controls,
none of the CAX constructs interacted with the membrane pro-
tein AtKAT1. The N-terminal half of CAX1 including the reg-
ulatory domain (N-CAX1) interacted with C-CAX3, full-length
CAX1, and CAX3 and with another copy of N-CAX1 (Fig. 4B).
The interaction among the proteins was also strong enough to
be measured by P-galactosidase activity because of LacZ
expression (Fig. 4C). Although N-CAX1+N-CAX1 interacted
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FIGURE 4. Yeast protein interaction assays. A, physical interaction in yeast
of N- and C-terminal halves of CAX1 and CAX3 by gel mobility shift assay. The
proteins were isolated and solubilized from yeast cells co-expressing
HA-tagged sCAX1 N-terminal half (HA-N-sCAX1), sCAX1 C-terminal half
(C-CAX1-Myc), or CAX3 C-terminal-GFP fusion (C-CAX3-GFP) with tagged or
nontagged sCAX1 N-terminal half (HA-N-sCAX1 or N-sCAX1), CAX1 C-termi-
nal half (C-CAX1-Myc, C-CAX1), CAX3 C-terminal half (C-CAX3 or C-CAX3-
GFP), sCAX3 N-terminal half (N-sCAX3), or empty vectors. Following 12% SDS-
PAGE and transfer to polyvinylidene difluoride membranes, single tagged
split half proteins or protein complexes were detected with immunoblotting
(/B) using c-Myc, HA, and GFP antibodies. B, split ubiquitin interaction growth
assay. Interaction between CAX1 and CAX3 was determined by growth assay
on synthetic minimal medium lacking all six amino acids but supplemented
with 150 um Met for 3 days. The empty Cub and Nub vectors were used as a
negative control, and the K* channel KAT1 was used as a positive control.
CAX1-Cub, N-CAX1-Cub, KAT1-Cub, or empty Cub vector (MetY-Cub) were
bait for interaction in combination with empty Nub vector, Nub-KAT1, Nub-
CAX1, Nub-CAX3, Nub-N-CAX1, and Nub-C-CAX3, respectively. All of the

X-Nub empty vector
Nub-X empty vector
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in the split ubiquitin assay, we did not detect interaction
between N-sCAX1+N-sCAX1 (data not shown), suggesting
that the N-terminal 36-amino acid regulatory region may medi-
ate N-CAXI1 interaction.

Physical Interaction between CAX1 and CAX3 in Plant Cells—
To confirm that the interaction between the half CAX proteins
is relevant to plant cells, direct interaction was examined using
the BiFC approach by using protein fusions to the N-terminal
YFP half (NYFP) and to the C-terminal YFP half (“YFP) and
detecting the reconstitution of YFP fluorescence, which indi-
cates interaction between the tested proteins (25, 27). Protein
fusions were transiently expressed in onion epidermal cells. We
previously confirmed the in planta interaction of full-length
CAX1 and CAX3 (15). As a positive control, we demonstrated
the reconstitution of YFP fluorescence and thus interaction
between CAX1 and CAX3, which co-localized with the CFP-
vacuolar membrane marker (Fig. 5). N-sCAX1 interacted with
C-CAXI1 and with C-CAX3. None of the “YFP-tagged CAX
constructs were able to reconstitute YFP fluorescence when
co-expressed with actin-NYFP (data not shown). As an addi-
tional negative control, CAX2-NYFP or CAX2-“YFP was co-
expressed with <YFP- or NYFP-tagged CAX1 and CAX3 con-
structs. None of the CAX1 and CAX3 constructs interacted
with CAX2 (data not shown).

Cross-activation of CAX Transporters by Half Proteins—
When expressed in yeast, full-length CAX1 is autoinhibited and
is unable to efficiently transport Ca>* (7, 35), whereas interac-
tion with soluble activator proteins (36) or with CAX3 (15)
activates CAX1. We were interested to see whether the split
CAX halves are able to co-assemble with the autoinhibited
CAX1 and activate transport. Co-expressing N-sCAX1 with
the full-length autoinhibited CAX1 in yeast activated CAX
Ca®" transport as measured by increased Ca>* tolerance (Fig.
6A) and increased total Ca®>* accumulation (Fig. 6B). The mag-
nitude of this activation was similar to yeast cells co-expressing
CAX1+CAX3 (14, 15). Furthermore, co-expression of N-sCAX1
or C-CAX1 with full-length CAX1 lead to increased tolerance and
accumulation of Na* and Li* compared with sCAX1-, CAX1-, or
CAX3-expressing cells (Fig. 6). We again analyzed the influence of
the CAX1 C-H338N variant. When C-H338N was co-expressed
with full-length CAX1, the yeast cells were less tolerant to Ca**
and accumulated less Ca®>" than sCAX1-expressing cells; how-
ever, the CAX1+C-H338N cells were more tolerant to Na* and
Li* (Fig. 6A) and significantly accumulated more Li* (Fig. 6B).
Interestingly, neither N-sCAX3 or C-CAX3 expression could
cause cells expressing CAX1 to become Ca®* tolerant, but
they did improve salt tolerance.

DISCUSSION

Many transporter proteins are made up of two or more similar
modules that may be products of ancient gene duplication events.

experiments were repeated at least three times with similar results obtained
in each replicate. C, X-gal filter assay. Yeast filters set on synthetic minimal
medium lacking Ade and His but supplemented with 150 um Met were grown
for 3 days then incubated for 30 min in X-gal solution. All of the experiments
were repeated at least three times with similar results obtained in each repli-
cate. The interaction assays are shown with CAX1-Cub (top panel), KAT1-Cub
(middle panel), or N-CAX1-Cub (bottom panel) as bait construct and tested in
combination with the various Nub-containing prey constructs.
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FIGURE 5. Interaction of CAX half proteins at the tonoplast in plant cells.
Onion epidermal cells transiently co-expressing CAX constructs fused to the
N-terminal half of YFP (NYFP) and the C-terminal half of YFP (YFP) (left panels)
with a CFP-tagged vacuolar marker (middle panels), and the merged image
(right panels). Top row panels, co-expression of CAX1-<YFP and CAX3-NYFP;
middle row panels, co-expression of SCAX1 N-terminal half protein (N-sCAX1)-
NYFP and CAX1 C-terminal half protein (C-CAX1)-<YFP; bottom row panels,
co-expression of N-sCAX1-YFP and CAX3 C-terminal half protein (C-CAX3)-
NYFP, Reconstituted YFP fluorescence signal is shown as false color green, CFP
fluorescence signal is shown as false color red, and overlapping YFP/CFP flu-
orescence signal in the merged image is yellow. Bar, 100 um.

Indeed, CAX transporters appear to consist of two weakly homol-
ogous modules (18). The N-terminal-truncated CAX1 (sCAX1)
was initially identified in a yeast screen through the ability to sup-
press the Ca®" sensitivity of yeast strains deficient in vacuolar
Ca** transport (8). Meanwhile, sCAX3 fails to function in these
yeast assays (11). In this present study, we have utilized the ability
of the N- and C-terminal halves of sSCAX1 and sCAX3 to co-local-
ize, fold properly, and be functional to begin to further understand
the mechanisms of substrate specificity, CAX transport regula-
tion, and CAX complex protein interaction.

Our findings suggest that N-sCAX1 can functionally associ-
ate with C-CAX3 (Figs. 1 and 2), and we have verified a physical
interaction between these halves both in yeast and plant cells
(Figs. 4 and 5). In the case of N-sCAX1+C-CAX3 our results
indicate that: 1) the half protein modules can fold properly; 2)
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FIGURE 6. Functionality of CAX1 and CAX3 when co-expressed with CAX
half proteins. A, suppression of Li*, Na*, and Ca®* sensitivity of K667 yeast
cells expressing sCAX1, CAX1, or CAX3, or co-expressing CAX1 with sCAX1
N-terminal half protein (N-sCAX1), CAX1 C-terminal half protein (C-CAX1),
sCAX3 N-terminal half protein (N-sCAX3), CAX3 C-terminal half protein
(C-CAX3), or CAXTH338N C-terminal half protein (C-H338N). Saturated liquid
cultures of K667 yeast were diluted in stepwise 5-fold dilutions and then
spotted onto selection medium or YPD medium containing either 150 mm
CaCl,, 100 mm LiCl, or 600 mm NaCl. Yeast cells expressing empty vector were
used as a negative control. The plates were incubated and photographed
after 2 days at 30 °C. B, Li*, Na*, and Ca®" ion content analysis in K667 yeast
cells co-expressing sCAX1 or CAX1 with vector or CAX1 in combination with
N-sCAX1, C-CAX1,N-sCAX3, C-CAX3, or C-H338N grown to stationary phasein
YPD medium supplemented with 500 um LiCl (for the Li* and Na™ content
measurements) or 10 mm CaCl, (for the Ca?* content measurements). The
data from five repeats were calculated with a formula: (lon_,, — lon,ccor)/
loN,ector X 100, and expressed as the means = S.E. (n = 5). As discussed
previously, the ion content fluctuated depending on the growth medium
used.

both “half” proteins are localized to the same endomembrane;
and 3) there is sufficient interaction to facilitate function.

The ability to split the Ca>*/H™ exchanger into two domains
is similar to the situation found with the cardiac Na™/Ca*"
exchanger (37). This transporter can also be divided into two
domains that reassemble in the membrane of Xenopus oocytes.
The two domains are properly delivered to the membrane, and
both domains are required for activity. Like the data presented
here, the cardiac exchanger activity was maintained when
fusion proteins were made to both half proteins. Likewise, it has
been shown that separately expressed halves of the potato
sucrose/H™ transporter SUT1 can interact and reconstitute a
functional transporter (16). In addition, that same study dem-
onstrated that the N-terminal half of SUT1 can functionally
interact with the C-terminal half of SUT2.

This “split protein” approach expands our potential rep-
ertoire of functional transporters. For example, we could
engineer novel transporters by combining CAXs with unique
substrate affinities. We have shown here that expressing a
C-terminal CAXI1 variant containing a single amino acid
mutation, H338A, can modify transport activity of CAX1 and
N-sCAX1 (Figs. 2 and 6). Previous transport studies show that
sCAX2 has different biochemical properties from sCAX1 (10).
We may now be able to generate novel transporters by selecting
heteromeric combinations of CAX1/CAX2. Similarly, site-di-
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rected mutagenesis has created a series of sSCAX1 and sCAX2
variants with different transport properties (21, 33) that could
now be combined. Alternatively, we may be able to create dom-
inant negative forms of the half proteins to down-regulate CAX
activity. Harnessing this technology should allow further
manipulation of the nutritional status of plants.

The cross-activation of CAX1 by CAX half proteins suggests
a mechanism that may allow rapid activation. Oligomerization
may represent a regulatory mechanism for many transporters.
Both plant and animal sugar transporters form regulatory com-
plexes (17, 38). In lipid transport, the small CER5 ABC trans-
porter may form a homo- or heterodimer to facilitate fatty acid
transport to the cuticle (39, 40). Oligomerization of S. cerevisiae
Nhalp is essential for its Na*/H™ antiporter activity (41).
Recently, a cytosolic transactivation domain was identified as
being essential for ammonium uptake with AMT transporters
(42, 43). A molecular model of AtAMT1;2 provides a mecha-
nism where the C terminus of one monomer directly contacts
the neighboring subunit. These alterations in the C-terminal
domain may provide conformation coupling between mono-
mers to allow tight regulation of transport and sensing (43, 44).
Our results here suggest that activation of CAX1 can be
achieved by interactions within either the N- or C-terminal half
of the transporter (Fig. 6). Furthermore, these results indicate
that the site of interaction of the CAX1-CAX3 complex may be
located in both N- and C-terminal domains of the CAX pro-
teins. The lack of interaction between N-sCAX1+N-sCAX1
compared with the positive interaction observed between
N-CAX1+N-CAX1 (Fig. 4B) may suggest that the 36-amino
acid N-terminal regulatory domain does play a role in protein
interaction, as previously seen with other CAX1-activating pro-
teins (36). However, more specific mutation and domain anal-
ysis studies will be needed to fully pinpoint all the amino acids
required for CAX complex protein interaction.

The split protein studies further implicate specific
domains within CAXs defining substrate specificity. Previ-
ously, the inability of sSCAX3 to transport Ca®" in yeast was
indicated to be due partly to sequence variations in a 9-
amino acid region named the Ca®>" domain that permits
Ca>”" transport in CAX1 but not CAX3 (33). Here, the interac-
tion between N-sCAX3+C-CAX1 or C-CAX3 was unable to
mediate growth on high Ca®>* medium (Fig. 1), presumably
because of a lack of the CAX1 Ca>" transport domain (33).
However, an alternative explanation could be that the sCAX3
construct still harbors autoinhibitory sequences.

With regard to the C-terminal half of the CAX proteins, pre-
vious studies suggest that this portion of CAX1 may determine
substrate specificity for specific cations including Cd** (19).
For example, yeast cells expressing a sSCAX1 variant containing
a single point mutation within the C-terminal half of the pro-
tein, H338A, have decreased Ca®>" uptake but increased Cd*"
uptake (19). When the C-terminal half of CAX3 (C-CAX3) was
co-expressed with N-sCAX1, Na™ tolerance was increased, but
Ca®" tolerance was decreased compared with N-sCAX1+C-
CAX1-expressing cells (Fig. 2A4), indicating that a region of
the CAX3 C-terminal half may be involved in Na™ specificity.
When N-sCAX1+C-H338A half proteins were co-expressed,
the yeast cells were even more tolerant to Na™* and Li* but
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showed increased sensitivity to Ca®>". However, such Na* and
Li" phenotypes are not be mediated by the original “intact”
sCAX1H338A construct (19) (data not shown), indicating that
the altered substrate specificity phenotypes in response to split
CAX interaction are not solely due to the primary protein
sequence, but additional as yet unknown alteration in the fold-
ing of the reconstituted transporter may also play a role. In sum,
these findings suggest that, in these yeast assays, the N-terminal
half of CAXs mediate Ca®>"* transport activity, whereas the
C-terminal halves of CAXs determine Na™ or Li™ tolerance.

CONCLUSIONS

We have developed a system by which CAX half proteins can
be co-expressed to form unique combinations of transporters.
These findings allow dynamic flexibility for the regulation of
mineral nutrition.
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