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Background: P5 ATPases are omnipresent putative Ca®>" pumps in eukaryotes, but their substrate specificity remains

disputed.

Results: Phosphoenzyme stability of a plant P5A ATPase is influenced by Ca>* ions independently of transport.
Conclusion: Ca>" ions might modulate P5A ATPase activity but are not transported ligands.
Significance: The effect of PSA ATPases on Ca?>* homeostasis is indirect, possibly via the vesicular transport machinery.

P5 ATPases constitute the least studied group of P-type
ATPases, an essential family of ion pumps in all kingdoms of life.
Although P5 ATPases are present in every eukaryotic genome
analyzed so far, they have remained orphan pumps, and their
biochemical function is obscure. We show that a P5A ATPase
from barley, HvP5A1, locates to the endoplasmic reticulum and
is able to rescue knock-out mutants of P5A genes in both Ara-
bidopsis thaliana and Saccharomyces cerevisiae. HYP5A1 spon-
taneously forms a phosphorylated reaction cycle intermediate at
the catalytic residue Asp-488, whereas, among all plant nutri-
ents tested, only Ca®" triggers dephosphorylation. Remarkably,
Ca’*-induced dephosphorylation occurs at high apparent
[Ca%*] (K; = 0.25 mm) and is independent of the phosphatase
motif of the pump and the putative binding site for transported
ligands located in M4. Taken together, our results rule out that
Ca?* is a transported substrate but indicate the presence of a
cytosolic low affinity Ca®>*-binding site, which is conserved
among P-type pumps and could be involved in pump regulation.
Our work constitutes the first characterization of a P5 ATPase
phosphoenzyme and points to Ca®>* as a modifier of its function.

With the rise of genomic sequencing, a group of eukaryotic
sequences was discovered clustering together as the fifth sub-
family of P-type ATPase pumps (P5 ATPases) (1). P5 ATPases
have been identified in every single eukaryotic genome ana-
lyzed so far, whereas no homologues can be detected in bacte-
rial genomes (2). Although several members of this family are
involved in severe human diseases (3—5), the substrate specific-
ity of any P5 ATPase remains a mystery.
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P-type ATPases form a large superfamily of primary active
pumps coupling ATP hydrolysis to the transport of a substrate
across the membrane (6, 7). The name “P-type” is derived from
the fact that they are phosphorylated at a conserved aspartate
residue during each catalytic cycle. They are remarkably simple
with only a single catalytic subunit and carry out large domain
motions during transport. Atomic structure of P-type ATPases
in different conformations together with ample mutagenetic
evidence have provided detailed insights into the pumping
mechanism of these biological nanomachines (8, 9).

P-type ATPases are very divergent with respect to primary
structure but can be recognized in genomes by conserved core
sequences and signature motifs. Phylogenetically, P-type
ATPases are divided into five subfamilies named P1 through P5
(1). These differ with respect to transported ligands and the way
they are regulated. P1-P3 ATPases are well characterized ion
pumps as follows: P1A pumps are part of the bacterial K™ trans-
port systems; P1Bs are heavy metal pumps; P2A and P2B are
Ca®>* pumps; P2C Na*/K* are pumps of animals; P2Ds are
Na™ pumps of fungi and mosses, and P3As are plasma mem-
brane H* pumps. In contrast to ion transport, P4 pumps par-
ticipate in lipid flipping across membranes, whereas P5
ATPases have no assigned specificity so far.

P5 ATPases can be identified by a signature sequence, the
PPXXP motif, found in transmembrane segment M4, whereas
most other P-type ATPases have a PXXX(P/L) motif at the same
position that is involved in substrate binding (2, 10). P5
ATPases can be phylogenetically divided into two distinct sub-
groups (P5A and P5B ATPases) having different subcellular
localizations and physiological roles (10). Whereas P5A
ATPases are found in all eukaryotic genomes, P5B ATPases
have been lost in some lineages of multicellular eukaryotes,
including land plants (2).

P5A ATPases appear to be exclusively expressed in the endo-
plasmic reticulum (ER),® and loss of the P5A ATPase gene func-
tion leads to broad unspecific phenotypes related to an inability
to control basic ER functions (11-17). The best characterized

®The abbreviations used are: ER, endoplasmic reticulum; EST, expressed
sequence tag; SERCA, sarco/endoplasmic reticulum Ca?*-ATPase.
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P5A ATPase is Spflp in the yeast Saccharomyces cerevisiae (18).
Spflp was identified in a screen for mutants showing insensi-
tivity to the killer toxin SMKT secreted by the competing yeast
Pichia farinosa (hence the name Sensitivity to P. farinosa 1;
SPF1) (18). As the Spflp protein is in the ER and the toxin
interacts with the plasma membrane, the effect is most likely
indirect (19). Other phenotypes of spfI cells indicate that Spflp
exerts its function in the ER where loss of its function leads to
impairment of ER processes such as protein folding and pro-
cessing (12, 14, 17-20). In the plant Arabidopsis thaliana, dis-
ruption of the single P5A ATPase gene, AtP5A1/MIA/PDR2,
compromises male fertility (13) and root meristem patterning
in response to phosphate availability (16). In both cases, these
effects correlate with sensitizing of a subset of ER quality con-
trol responses (13, 16). Many of the observed phenotypes could
be related to an effect of PSA ATPases on the ER Ca®>" homeo-
stasis, suggesting that they might be ER Ca>" pumps.

This study constitutes characterization of a P5A ATPase
from barley employing phosphoenzyme formation and degra-
dation as a tool to get insight into the catalytic mechanism. We
demonstrate that Ca®>* merely has a modifying effect on pro-
tein function but is not likely to be the transported ion. We
further show that residues in the phosphorylation and dephos-
phorylation motifs and the putative substrate-binding site in
M4 are important for the function of the P5A ATPase.

EXPERIMENTAL PROCEDURES

Cloning of Full-length HvP5A1 c¢cDNA from Barley—Basic
Local Alignment Search Tool (BLAST) at TIGR was used to
extract sequence information from barley to generate primers
for cloning. TIGR contains 370,546 expressed sequence tags
(ESTs) from barley. This information was supplemented with
the wheat EST information (580,155 available ESTs). BLAST
was performed with the sequence of the rice P5A ATPase
obtained using PlantsT. EST's used for cloning were CA497971
(from ATG), BU980814, and CB877529 (3’ UTR).

Young leaves were isolated from Hordeum vulgare (barley)
variety Golden Promise, and total RNA was extracted using
FastRNA Pro green kit (Qbiogene). HvP5A1 gene-specific
primers were designed from ESTs and used to generate cDNA
fragments with SuperScript III first strand synthesis system
(Invitrogen). Primers Oli35 5'-ATGGCGCGGTTCGAG-3'
(forward) and Oli36 5'-AGTCCGACAAAATTCTCCTA-
AACTAC-3' (reverse) were used to generate HvP5A1.1 and
HvP5A1.2, respectively. A BstEIl restriction site 1,620 bp
within the HvP5A1 sequence was used to ligate the two cDNA
clones together to generate a full-length HvP5A1 cDNA clone
in the 2.1-TOPO vector (pAM1). The full-length sequence cor-
responds to GenBank™ accession number BAJ85414. Predic-
tion of transmembrane helices was carried out using the TOP-
CONS prediction server (21).

Functional Complementation of the Arabidopsis mia Inser-
tion Mutant with HvPSAI—Arabidopsis wild-type (WS-2)
seeds and seeds homozygous for the mia tDNA insertion
mutant allele (13) were placed in a controlled growth chamber
with short day conditions (8 h light, 200 umol m~2 s™*, 70%
humidity, 20 °C). After 3 weeks, the plants were transferred to
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long day conditions (16 h light, 200 pmol m~*s™*, 70% humid-
ity, 20 °C).

Vectors for plant transformation were constructed by inser-
tion of HvP5A1 from Kpnl/Xbal-digested plasmid pAM1 into
the binary plant transformation vector pPZP211 under the
control of the 35S promoter (pAM?7). Arabidopsis mia seeds
were transformed according to the floral dip method (22) with
pAM?7 and empty plasmid pPZP211. For kanamycin selection,
plants were grown on agar plates containing 0.5X Murashige and
Skoog (MS) medium (23) supplied with 50 mg/liter kanamycin.

Kanamycin-selected plants were investigated for the pres-
ence of HYP5A1 by PCR on genomic DNA using Oli355'-ATG-
GCGCGGTTCGAG-3’ (forward) and Oli36 5'-AGTCCGA-
CAAAATTCTCCTAAACTAC-3’ (reverse). RNA was isolated
with the Qiagen RNeasy kit, and quantitative real time PCR was
performed to investigate expression levels of HvP5A1. Gene-
specific primers for actin (reverse 5'-TCTGTGAACGATTC-
CTGGAC-3’ and forward 5'-CTTCCCTCAGCACATTC-
CAG-3') were employed for normalization.

Subcellular Localization of HYP5A1—HvP5A1 and GFP were
PCR-amplified and introduced into the TOPO entry Gateway
vector pENTR.SD (Invitrogen). A Gateway LR clonase II (Invit-
rogen) reaction (24) resulted in vector pAM10 encoding
HvP5A1 fused in its C-terminal end to the N-terminal end of
green fluorescent protein (GFP). As a control for ER localiza-
tion, we used GFP tagged with an ER retention signal (25).

Onion (Allium cepa L.) epidermal strips were placed on agar
containing MS salt mixture (1 X MS salt (Invitrogen) 2% agar,
3% sucrose, pH 5.8) and bombarded with either of the three
vectors pAM10, GFP, and ER-control using a PDS-1000/He
biolistic particle delivery system (Bio-Rad). A total of 10 ug of
each expression vector was coated onto 1-um gold particles
and transferred into cells using a hepta adaptor and a helium
pressure of 1,100 p.s.i. Following bombardment, Petri dishes
containing bombarded epidermal strips were sealed with
Micropore™ tape (Neuss, Germany) and placed in darkness at
22 °C for 18 h. Transformed cells expressing the HvP5A1-GFP
fusion protein were visualized using a Zeiss LSM Pascal 5 con-
focal laser scanning microscope equipped with a C-Apochro-
mat 40 X 1.2 water-immersion lens. The excitation wavelength
for GFP was 488 nm. A total of 50 cells for each construct was
observed, and images were processed using the Image] software
(National Institutes of Health).

Functional Complementation of the Yeast spfl Mutant with
HyP5A1—A fragment containing the HvP5A1 full-length clone
was excised from plasmid pAM1 and inserted into the yeast
expression vector YEp351 under control of the constitutive
PMA 1 promoter (pAM2). The phosphorylation site of HvP5A1
was destroyed by mutation of Asp-488 into Asn hereby gener-
ating plasmid pAM3 containing HvP5A1-D488N. A histidine
tag (RGS-Hisg) was introduced in the C terminus of HvP5A1
and HvP5A1-D488N by PCR, generating plasmid pAM5
(HvP5A1-RGS-His,) and pAM6 (HvP5A1-D488N-RGS-His,).

Plasmids YEp351 (empty control), pAM5, and pAM6 were
expressed in three yeast strains (Euroscarf) YO0000 (wild type;
Mata, his3A1, leu2A0, met15A0, ura3A0), Y00272 (spfl; Mat a,
his3A1, leu2A0, met15A0, ura3A0, YELO31w:kanMX4), and
Y01587 (ypk9; Mat a, his3A1, leu2A0, metl1SAO, ura3A0,
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YOR291w::kanMX4). Experiments were performed at 30 °C in
synthetic minimal media supplemented with galactose (2%),
histidine (30 pg/ml), methionine (30 wg/ml), and uracil (30
pg/ml) with indicated amounts of caffeine. Standard SDS-
PAGE and Western blot experiments were performed to inves-
tigate expression level of proteins using anti-RGS-His, anti-
body for detection.

Protein Expression in Yeast RS72 and Purification of Crude
Membranes—Produced vectors were transformed into the
yeast expression strain RS72 (MATa, adel-100, his4-519, leu2-
3,112, pPMAI1:pGAL) by the lithium acetate method (26), and
transformants were selected on minimal media plates contain-
ing 0.7% yeast nitrogen base (without amino acids; Difco) sup-
plemented with adenine (40 pug/ml), L-histidine (30 pg/ml) and
2% galactose (SGAH). Positive transformants were used to sat-
urate a 100 ml of SGAH pre-culture grown at 30 °C, 150 rpm. At
saturation, the cells were transferred to 1 liter of rich medium
containing 2% glucose or galactose as indicated, 1% yeast
extract and 2% bactopeptone, and grown for 22 h at 25 °C, 150
rpm.

For purification of crude membranes, RS72 cultures with
transformed constructs were harvested after 22 h by centrifu-
gation (3,000 rpm, 5 min). Homogenization buffer used con-
sisted of 29% glycerol, 10 mm EDTA, 75 mm MES, pH 6.5, with
N-methyl-p-glucamine, and 1 mm DTT. Between purification
steps all samples were kept on ice. For each sample, 1 ml of
homogenization buffer/g of yeast cells and 40 ul of 0.1 M PMSF
and 1 mg/ml pepstatin were added. Ice-cold glass beads (Bio-
Spec) were added to half the volume, and the samples were
vortexed five times for 1 min with a minimum of 1 min between
shakes on ice. The samples were centrifuged (3,000 rpm, 15
min, 2 °C) followed by ultracentrifugation of the supernatant
(50,000 rpm, 1 h, 2 °C). The membrane pellet was dissolved in
homogenization buffer, and total protein concentration was
determined by Bradford assay (Bio-Rad). The samples were ali-
quoted, frozen in liquid nitrogen, and stored at —80 °C.

Measuring Formation and Degradation of the HvPS5AI
Phosphoenzyme—The phosphorylation status of HvP5A1 pro-
tein expressed in yeast RS72 crude membranes was measured at
0°C essentially as described (27, 28). Microsomes of yeast
expressing HVP5A1-RGS-His, as either wild type or with the
indicated mutations were diluted in homogenization buffer to
10 pg/pl. 40 g of total protein was added to a final volume of
50 ul of either standard reaction buffer (20 mm MOPS, pH 6.5,
with N-methyl-p-glucamine, 1 mm MgCl,, 1 mm DTT) or the
standard reaction buffer with additions as indicated in the fig-
ure legends. Free concentrations of cations and EGTA were
calculated by the extended version of MaxChelator. The assay
was started by addition of 2.5 mCi of [y->’P]ATP, 7 um ATP
and was left on ice for 60 s or as indicated before quenching by
addition of 400 ul of stop buffer (20% trichloroacetic acid, 1 mm
phosphoric acid). For dephosphorylation experiments, chase
solutions were added in 5-ul volumes giving the indicated final
concentrations before quenching at the indicated time points.
For determination of pH dependence, low (pH 5.2) and high
(pH 9.6) pH buffers, similar to the standard reaction buffer but
with MES replacing MOPS in the low pH buffer, were mixed to
give a pH gradient. Similar concentrations of enzyme as used in
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the reaction measurements were added to 200 ul of standard
reaction buffer followed by a short incubation on ice. Following
addition of ATP, the final pH of the assay buffers was measured
using a pH electrode adjusted to 0 °C. Phosphorylation with
inorganic phosphate was carried out in 1 mm MgCl,, 0.1 mm
32p,, 20 or 40% DMSO, 20 mm MOPS, pH 6.5, adjusted with
N-methyl-p-glucamine, at 25 °C.

After phosphorylation, all samples were incubated on ice for
10 min followed by centrifugation at 16,000 X g for 15 min. The
pellet was washed once in 400 ml of stop buffer and dissolved in
loading buffer (50 um NaH,PO,, pH 6.0, 0.01% SDS, 20 mm
mercaptoethanol, 0.014% bromphenol blue, and 0.1 g/ml Li-
SDS). An equal amount of protein for each sample was loaded
onto 8% acid SDS-polyacrylamide gels. After running, radioac-
tivity was visualized in a phosphorimager scanner (Storm 860,
GE Healthcare), and individual bands corresponding to
HvP5A1 or the mutated proteins were quantified. The gels were
subsequently stained by Coomassie Brilliant Blue to ensure an
equal loading of protein. Graphs were fitted to Michaelis-Men-
ten or exponential decay kinetics using GraphPad Prism 5.0,
and rates constants were estimated from the program. We rou-
tinely rehydrated SDS-polyacrylamide gels and stained with
Coomassie Brilliant Blue to ensure that an equal amount of
protein was loaded for each sample.

RESULTS

Expression of a Barley P5A ATPase in Arabidopsis Rescues the
mia Insertion Mutant—The only plant P5A ATPase character-
ized so far is AtP5A1/MIA/PDR?2, the single P5A ATPase in the
model plant A. thaliana (13, 16). As biochemical characteriza-
tion of the MIA gene product in our hands proved difficult, no
matter whether the gene was expressed in planta or in fungal
expression systems, we pursued cloning of P5A ATPases from
other plants, including barley. One barley EST showed high
similarity to the rice gene OsPS5 (29), and the retrieved sequence
information was used for cloning of the full-length barley P5A
ATPase, which we named HvP5A1. The resulting cDNA
encodes a polypeptide of 1,174 amino acids with a predicted
molecular mass of 131 kDa and contains signature motifs pres-
ent in all known P-type ATPases (Fig. 1) (6). HvP5A1 also con-
tains the P5 ATPase-specific signature sequence PPXXPXX
located in the transmembrane helix preceding the large cyto-
plasmic loop that includes the phosphorylated aspartate resi-
due (6). The presence of two glutamate residues in the motif
(PPELPME) and the presence of 12 predicted membrane-span-
ning regions (underlined and numbered Mb, Ma, and M1-10;
Fig. 1) further links HvP5A1 to the P5A subgroup (2, 7, 10).

Mutation of Arabidopsis AtP5A1/MIA results in reduced
plant stature, reduced sizes of siliques, reduced fertility, and
reduced seed yield (13). To test whether MIA and HvP5A1 are
functional homologues, the mia mutant was transformed with
HvP5A1 under the control of the cauliflower mosaic virus 35S
promotor. HvP5A I-transformed mia mutants showed a resto-
ration of silique length and seed yield to that of wild-type levels,
whereas transformation with empty plasmid control did not
result in rescue of the mia phenotype (Fig. 2). Furthermore, the
number of infertile ovules was compared with the number of
fertile ovules, and we found that the fertility was restored in the
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MARFEVNGKSVEGVDLLRRRHWTARLDFWPFLALYALWLLLAVPA 45

LDFTDALVILGVLSASHILAFLFTAWSVDFRAFVGHSKVKDIHAA 90

DACKVIPAKFLGSKEIVPLHIQKTVASSSAAGETEEIYFDFRKQR 135
FFYSAEKDNFFKLRYPTKDLFGHYIKGTGYGTEAKINTAMDKWGR 180
NIFEYPQPTFQKLMKEQCMEPFFVFQVFCVGLWCLDEYWYYSLET 225
LFMLFLFESTMARNRLKTLTELRRVKVDNQIVLTYRCGKWVKISG 270
TELLPGDIVSIGRSPSGEDRSVPADMLLLSGSAIVNEAILTGEST 315
PQWKVSVAGRGPDEMLSIKRDKNHILFGGTKILQHTPDKSVNLRA 360
PDGGCVAFVLRTGFETSQGKLMRTILFSTERVTANSKESGLFILF 405
LLFFAIIASGYVLMKGLEDPTRSRYKLFLSCSLILTSVIPPELPM 450

ELSIAVNTSLIALVRRGIFCTEPFRIPFAGKVDICCFDKTGTLTS 495
DDMEFQGVVSLESDAELISDANKLPLRIQEVLSSCHALVEFVDNKL 540
VGDPLEKAAIKGIDWIYTSDEKAMSRRPGGQPVQIVHRYHFASHL 585
KRMSVIVRIQEKFYAFIKGAPETIQERLVDLPAAYVETYKKYTRQ 630
GSRVLSLAYKLLPEMPVSEARSLERDQVESDLIFAGFAVENCPIR 675
SDSAAVLLELEQSSHDLVMITGDQALTACHVASQVNICSKPVLIL 720
TRMKTSGFEWVSPDETDRVPYRAEEVKELSESHDLCISGDCFEML 765
QRTDAVVQVIPHVKVFARVAPEQKELVLTTFKTVGRMTLMCGDGT 810

NDVGALKQAHVGIALLNAEPVQKAGSKSQSSKLESKSGKLKKPKP 855
ANESSSQLVPPASSSAKAPSSRPLTAAEKQREKLQKMLDEMNDES 900
DGRSAPIVKLGDASMASPFTAKHASVAPTLDIIRQGRSTLVTTLQ 945
MFKILGLNCLATAYVLSVMYLDGVKLGDVQATISGVFTAAFFLFI 990

SHARPLQALSAERPHPNIFCAYVFLSILGQFAMHLFFLMSAVNLA 1035
SKYMPEECIEPDSEFHPNLVNTVSYMVNMMIQVATFAVNYMGHPF 1080
NQSISENKPFKYALYSAVVFFTVITSDMFRDLNDYMKLEPLPEGM 1125
RGKLLLWAMLMFCGCYGWERFLRWAFPGKMPAWEKRQKQAVANLD 1170

KKQA*

FIGURE 1. HvP5A1cDNA encodes a P5A P-type ATPase. A, primary
sequence of HYP5A1. Underlined residues are predicted to be transmembrane
helices; residues in gray are P-type ATPase-associated motifs, including the
P5A-specific motif PPXXP found in M4. P-type ATPase-specific motifs include
the phosphorylation motif DKTGTLT, in which the aspartate residue is phos-
phorylated during the reaction cycle, and the LTGES, KG(A/S)PE, and M(l/V/
C)TGD motifs (5). B, representation of the 12 predicted transmembrane heli-
ces. P indicates phosphorylation of the conserved aspartate in the
phosphorylation site.

mia HvP5A 1 plants (92% compared with 94% in the wild type,
n = 30). This demonstrates that HvP5A1 is a functional homo-
logue of MIA.

HvP5A1 Localizes to the ER—So far, all examined P5A
ATPases have been identified in membranes of the secretory
pathway (12-15, 20). To test whether this is also true for
HvP5A1, we investigated its subcellular localization in planta.

A construct containing an HvP5A1:GFP fusion driven by the
cauliflower mosaic virus 35S promoter was generated and
transformed into onion epidermal cells by particle bombard-
ment. Epidermal leaf cells expressing this HvP5AI1:GFP con-
struct exhibited dense fluorescent nuclei (inset in Fig. 34) and
also a cortical ER-like network (Fig. 3A4). The network aligned
the cortical cytoplasm and did not extend into trans-vacuolar
cytoplasmic strands. A control construct in which GFP was
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fused to retention signal for the ER had a similar fluorescence
pattern (Fig. 3C). Cells expressing GFP alone showed diffuse
fluorescence throughout the cytoplasm and nucleus of all trans-
formed cells (Fig. 3E). These findings indicate that HvP5A1
localizes to ER membranes when expressed transiently in a
plant host.

Heterologous Expression of HvP5AI in Yeast Results in a
Functionally Active HvP5A1 Protein—Heterologous yeast sys-
tems have previously been used with success to produce a vari-
ety of plant P-type ATPases in high yield for functional and
biochemical analysis (30-32). We therefore wanted to test
whether such a system could be used to produce a catalytically
active form of the barley HyP5A1 protein suited for biochemi-
cal characterization.

Mutants in the single P5A ATPase gene of S. cerevisiae, SPF1,
have previously been associated with growth-deficient pheno-
types on compounds affecting ER functions such as tunicamy-
cin (12), DTT (33), lovastatin (11), and caffeine (34). We
observed that the caffeine phenotype appears to be specific for
P5A ATPases, as the spfI mutant was sensitive to caffeine (Fig.
4A), whereas a deletion mutant of the single P5B ATPase YPK9,
which localizes to vacuolar membranes (35), was not (Fig. 4B).

We transformed C-terminally RGS-His,-tagged HvP5AI
(HvP5A1-RGS-Hisg; hereafter referred to as wildtype HvP5AI)
into the yeast spfI strain and recorded growth of transformed
cells on medium containing increasing concentrations of caf-
feine (Fig. 4A4). Under these conditions, expression of HVvP5A 1
functionally complemented spfl. The effect was specific for
HvP5A1, as the spfI strain transformed with empty vector con-
trol failed to complement the growth deficiency. This demon-
strates that the product of the HvP5A1 gene is functionally
equivalent to the yeast Spflp.

Next, we transformed the spfI strain with a mutated version
of HVP5A1 in which the conserved aspartate residue in the
phosphorylation sequence DKTGLT is replaced by Asn
(HvP5A1-D488N). This would be anticipated to render the
protein catalytically inactive as the phosphorylation site is
destroyed. Indeed, in contrast to wild-type HvP5A1, the Asp-
488 mutated version of HvP5A1 failed to complement the caf-
feine phenotype. Western blotting against the RGS-His, tag
located in the C terminus of both proteins revealed that these
were expressed to the same levels (Fig. 4C). We hereby con-
clude that the ability of HYP5A I to complement spfI is linked to
expression of a catalytically active protein.

HvP5A1 Shows Phosphorylation on the Catalytic Asp-488
Residue When Expressed in Yeast Membranes—An obligatory
step in the catalytic cycle of P-type ATPases is the phosphory-
lation of a conserved aspartate residue by Mg>*-ATP and sub-
sequent dephosphorylation to release P; (36). ATPase activity
can thus be determined as a function of released P,. We were,
however, not able to observe any significant difference in
ATPase activity between membranes from spfI yeast express-
ing either wild-type HvP5A1 or the catalytically dead HvP5A1-
D488N mutant protein. A low expression level, slow turnover
rate, or an inability of the gene product to undergo the full
catalytic cycle could all explain the absence of detectable ATP
hydrolytic activities of HvP5A1.
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FIGURE 2. Expression of HvP5A1 functionally complements the Arabidopsis mia insertion mutant. A, normal siliques of wild-type plant (upper left)
resemble those from the mia mutant transformed with HvP5AT (upper right), and siliques from the mia mutant left untransformed (lower left) or transformed
with an empty vector (lower right) have markedly reduced sizes. B, mia mutant has a much reduced seed yield as compared with wild-type plant. Expression of
HvP5AT, but not the empty vector control (pPZP211), restores seed yield to wild-type levels. C, quantitative real time PCR demonstrates expression of HvP5A1
in transgenic Arabidopsis. HYP5A1 is expressed to about the same level in mia plants as MIA is expressed in wild-type plants. n.d., not detectable.

HvP5A1-GFP

FIGURE 3. HvP5A1 localizes to the ER membrane. H/P5A1-GFP (A and B),
GFP-HDEL (C and D), and GFP (E and F) were individually expressed in onion
epidermal cells. HYP5A1-GFP and GFP-HDEL show distinct fluorescent corti-
cal networks, whereas GFP alone exhibits characteristic diffuse fluorescence
throughout the cytoplasm and nucleus. A, G, and E are stacked images of the
upper 10 um of transformed fluorescent cells. Insets are maximum intensity
images of Z-projections of all confocal planes of the same individual cells.
B, D, and F are bright field images. Scale bars, 100 wm.

As an alternative approach to measure HvP5A1 activity, we
tried to measure the steady-state phosphorylation levels of
HvP5A1 following incorporation of **P from [y->*P]ATP. This
method is more sensitive than detection of released phosphate
by colorimetric methods and furthermore detects enzyme
stalled in its catalytic cycle. For this purpose, we expressed
HvP5A1 in the RS72 yeast strain in which expression of the
predominant P-type ATPase in yeast, the plasma membrane
H*-ATPase PMAI, is switched off on glucose medium (37).
This approach allowed us to significantly lower the level of
Pmalp during expression of HvP5A1 thus removing a likely
artifact from of the assay (data not shown).

Membranes of RS72 expressing either wild-type HvP5A1 or,
as controls, empty vector or the catalytically dead HvP5A1-
D488N mutant protein were incubated with 7 um [y-**P]ATP
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FIGURE 4. Expression of HvP5A1 functionally complements yeast spf1
knock-out cells. A, wild-type cells transformed with empty vector (YEp351)
tolerate growth on caffeine, whereas knock-out of spf7 results in growth defi-
ciency under the same conditions. Transformation of spf1 cells with HvP5A1
restores growth to the level of wild-type, whereas transformation with empty
YEp351 has no effect. Mutation of Asp-488 into Asn (HvP5A1-D488N) results
in a catalytically dead protein unable to rescue spf1 knock-out cells. Growth
was recorded on YPD plates containing increasing amounts of caffeine, and
yeast cells were diluted to Ay, 0.01 (top rows) or 0.001 (bottom rows) before
spotting. B, yeast ypk9 knock-out cells do not display a growth-deficient phe-
notype on caffeine (similar conditions as in A). C, HYP5A1 and HvP5A1-D488N
are both expressed to similar levels in the spfT strain as indicated by Western
blotting against the C-terminal RGS-Hisg tag. 15 g of total protein as deter-
mined by Bradford assay was loaded in each lane.

in the presence of Mg " and subsequently fractionated by SDS-
gel electrophoresis under acidic conditions, which preserve
the phosphoenzyme intermediate. Autoradiography showed a
band at the expected size of HvP5A1 (131 kDa) (Fig. 54). The
band was found to be sensitive to hydroxylamine, a compound
that cleaves aspartyl-phosphate bonds (38), and was stable only
during acidic to neutral conditions (pH below 10), which cor-
responds to hydrolysis of the same aspartyl-phosphate bond at
alkaline pH levels (Fig. 5B). Most importantly, however, the
band was absent in membranes of yeast expressing the
HvP5A1-D488N-mutated protein (Fig. 5A4). These findings
indicate that the observed phosphoenzyme is the true reaction
intermediate of the catalytic Asp-488 residue and does not
include phosphorylation of other residues on HvP5A1 caused,
for instance, by yeast endogenous protein kinase activity pres-
ent in the membrane preparations.

Phosphorylation of Asp-488 Occurs Spontaneously and at a
Slow Rate—In P-type ATPases, hydrolysis of ATP is tightly cou-
pled to binding of the ligands to be transported. This guarantees
that ATP is only hydrolyzed when ligand transport can occur
(7).
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FIGURE 5. HvP5A1 forms a phosphoenzyme on Asp-488 in yeast crude
membranes. A, incubation of crude membranes from RS72 yeast cells
expressing HvP5A1-RGS-Hiss with radiolabeled [y->2P]JATP produces a
phosphoenzyme at the expected size of HYP5A1. The phosphoenzyme is
sensitive to 0.3 m hydroxylamine (HA) and is not detected in membranes of
yeast expressing empty YEp351 or the catalytically dead protein (HvP5A1-
D488N-RGS-Hise). Incubations were performed in 20 mm MOPS adjusted
to pH 6.5 with N-methyl-p-glucamine, 1 mm MgCl,, 2 mm DTT and at 0 °C.
The reaction was quenched after 60 s with 400 ml 20% TCA, 1 mm phos-
phoric acid. B, aspartate-phosphate bond is sensitive to alkaline pH. Prior
to analysis, the phosphoprotein pellet was washed with 2 m Tris-HCI, pH
10. G, pH dependence of phosphoenzyme formation measured in a MES/
MOPS buffer system ranging from pH 5 to pH 9. The phosphoenzyme of
RGS-Hiss-tagged wild-type HvP5A1 (@) shows a maximal presence at the
physiological level between pH 6.5 to pH 7.0. Crude membranes from
yeast expressing the RGS-Hiss-tagged and Asp-488 mutated protein (O)
establish the background in the same range. D, phosphoenzyme forma-
tion reaches a steady-state level after ~20 s. It is stable for up to 120 s and
shows a modest decrease at 240 s.
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Remarkably, we found that at the conditions used (20 mm
MOPS, pH 6.5, D-methyl-N-glucamine, 1 mm MgCl,), HvP5A1
was able to undergo spontaneous catalytic phosphorylation
when residing in yeast membranes. Therefore, either a trans-
ported substrate is present in the medium employed or in the
yeast membranes. Alternatively, the formation of the E1P phos-
phoenzyme happens independently of ligand binding. AsH™
will always be present in the assay, we tested the possibility
that protons could influence the E1 to E1P partial reaction
step. HvP5A1 showed optimal formation of the phosphoen-
zyme at pH 6.4 comparable with that of the well character-
ized plant plasma membrane P-type H"-ATPase (39, 40).
Unlike this pump, however, activity was still marked at neu-
tral to alkaline pH (Fig. 5C). Formation of the phosphoen-
zyme persisted to the same degree when 1 mm EGTA was
included in the assay (data not shown).

We proceeded to measure the time dependence of the phos-
phorylation reaction. Here, we found that a maximal steady-
state level was reached after ~20 s with a half-maximal level
observed at ~10 s (Fig. 5D). The phosphoenzyme was further-
more found to be relatively stable for up to 120 s, although some
decay was observed at 240 s. For comparison, the Ca®>"-ATPase
is under similar conditions (2 um ATP and 0 °C) fully phos-
phorylated in less than 1 s (28). The slow phosphorylation
kinetics of HYP5A1 is in accordance with a low turnover rate of
the phosphoenzyme and readily explains why significant
ATPase activity could not be detected.

Overall Low Turnover Rate of HVP5A1 Is Related to a Slow
Transition from the EIP to E2P State—To identify whether
HvP5A1 undergoes a full reaction cycle (i.e. phosphorylation
followed by dephosphorylation) or whether it accumulates as a
phosphorylated intermediate, we measured the sensitivity of
the phosphoenzyme toward excess amounts of cold ATP (50
mM). If the protein is able to undergo a full catalytic cycle, the
phosphoenzyme would under these conditions be expected to
exchange the radiolabeled phosphate with unlabeled phos-
phate. Furthermore, as Mg®" mediates the transfer of the neg-
atively charged y-phosphate of ATP to the negatively charged
aspartate in the phosphorylation motif of P-type ATPases,
we also measured the stability of the phosphoenzyme in the
absence of Mg®" (50 mm EDTA). In both cases, we could
observe a decay of the phosphoenzyme to the level of the
D488N mutant (Fig. 6A). In contrast, the phosphoenzyme was
completely stable in buffer alone (Fig. 6A). This suggests that
the protein is able to hydrolyze the **P-aspartate bond in a
catalytic manner.

When the decay of the phosphoenzyme was studied as a
function of time, it could be fitted with a monoexponential
curve with a half-maximal dephosphorylation observed after 8 s
(Fig. 6B). The results thus indicate that HvP5A1 is fully active
but that its overall turnover rate is very slow. The latter could be
related to a slow transition from E1P to E2P. To test the ratio of
the phosphoenzyme that is in the E1P or E2P state, we com-
pared the rate of dephosphorylation induced by ATP to that
induced by ADP. In other P-type ATPases, only E1P, but not
E2P, is capable of ATP synthesis from the ADP and bound
phosphate. As a consequence, the E1P state is sensitive to ADP,
whereas the E2P state is not (36). For HvP5A1, we observed a
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FIGURE 6. HvP5A1 phosphoenzyme accumulates mainly in the E1P state.
A, phosphoenzyme of HvP5A1 is fully stable in MOPS buffer but is sensitive to
nonradiolabeled ATP, EDTA, and ADP. Phosphorylation was performed under
similar conditions as in Fig. 5A (60 s), and phosphoenzyme stability was mea-
sured by adding each of the components at ., and quenching the reaction
after another 30 s by addition of 400 ml of 20% TCA. The lowest levels are
comparable with the background observed in membranes from yeast
expressing the aspartate mutated HvP5A1-D488N protein. B, time depen-
dence of the dephosphorylation reaction initiated by either 50 mm cold ATP
(@) or 50 mm ADP (O). The measurements are adjusted to the lowest level
observed after 30 s of dephosphorylation. C, sarcoplasmic reticulum Ca?*-
ATPase expressed in crude RS72 yeast membranes readily forms a phosphoe-
nzyme within 10 min after incubation with 0.1 mm 32P; (in the absence of
Ca?™). Wild-type HvP5A1 (arrowhead) hardly forms a phosphoenzyme after
30 min under similar conditions (1 mm MgCl,, 0.1 mm 2P, 20% DMSO, 20 mm
MOPS, pH 6.5, adjusted with N-methyl-p-glucamine, at 25 °C). Increasing the
DMSO content to 40% had no effect on phosphoenzyme formation. The
phosphoenzyme observed for wild-type HvP5A1 is absent in the Asp-488
mutated protein (HYP5A1-D488N).

small but significant increase in the dephosphorylation rate by
addition of ADP, which again could be fitted to a monophasic
curve (Fig. 6B).

Our data indicate that the E1 form of HvP5A1 readily under-
goes phosphorylation to E1P but is followed by a slow transition
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from the E1P to E2P state. As a result, the phosphoenzyme
mainly populates in the E1P state. In line with this view, only a
minor amount of the phosphoenzyme is able to form through
the reverse reaction with inorganic phosphate in contrast to
what was described for the Ca®>*-ATPase (Fig. 6C) (41).

Ca®* Accelerates Degradation of the HvPSA1 Phospho-
enzyme—As many P-type ATPases are stimulated by cations
and it remains an open question whether P5A ATPases are
directly involved in ion transport, we screened for possible
ligands that would stimulate the overall turnover rate of
HvP5A1. The Murashige-Skoog plant growth medium (MS),
which is commonly used to sustain growth of Arabidopsis, con-
tains all necessary salts and vitamins required for plant growth
(23). MS medium therefore seemed as a useful starting point to
screen for possible substrate ions related to phosphoenzyme
degradation of HvP5A1. We measured the stability of the
formed phosphoenzyme after addition of MS to a final concen-
tration of 4.4 mg/liter in a neutral pH buffer (20 mm MOPS, pH
6.5, with N-methyl-p-glucamine, 1 mm MgCl,). We found the
phosphoenzyme to be unstable under these conditions (Fig.
7A), suggesting that a transported ligand or cofactor is present
in the MS medium. The effect was only apparent with full MS
medium and gradually diminished as the medium was diluted
(data not shown). By further testing each compound used for
formulation of the medium, and in its concentration present in
the medium, we found that Ca®>" specifically caused the
observed effect (Fig. 7A, upper panel).

In microsomal membrane fractions, which could be inside-
out or right side-out or a mixture of both, only vesicles that
expose the cytoplasmic side of HvP5A1 (including the nucle-
otide-binding site) to the extravesicular medium would be acti-
vated by ATP. In case a transported ligand needs to bind from
the extracytoplasmic side to induce dephosphorylation, it
would have to gain access to the vesicle interior to produce its
effect. Thus, to establish conditions where the tested ions had
equal access to both sides of the protein, we titrated the micro-
somal membrane preparation with increasing amounts of the
detergent n-dodecyl B-p-maltoside prior to phosphorylation to
establish the concentration at which the detergent would solu-
bilize the membranes and allow ATP to enter at latent nucle-
otide-binding sites (Fig. 7B). Addition of the detergent by itself
did not affect the stability of the phosphoenzyme for up to 120 s
(Fig. 7C). Under conditions where the crude membrane frac-
tion was permeable for ATP, we again tested the stability of the
phosphoenzyme following addition of either full MS medium
or each of the single components of the medium. Also, here we
found that only Ca®>* affected phosphoenzyme stability under
these conditions (Fig. 7A, lower panel). Taken together, these
results indicate that Ca>* exerts its specific effect by acting at
the same side of the membrane as ATP, i.e. the cytoplasmic side.

Ca®" Induces Degradation of the HvPSA1 Phosphoenzyme
with Submillimolar Affinity—T o determine dephosphorylation
kinetics under conditions where a continuous forward E1 to
E1P reaction could be disregarded, we established conditions
where ATP was depleted specifically during the dephosphory-
lation reaction. ATP-depleted conditions were obtained by
adding hexokinase to the phosphorylation buffer and glucose to
the dephosphorylation buffer. This allows hexokinase in a rapid
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FIGURE 7. HvP5A1 phosphoenzyme is sensitive to Ca”™. 4, stability of the HYP5A1 phosphoenzyme was measured after 30 s in buffer alone (MOPS, pH 6.5),
in the presence of full plant MS growth medium (MS 4.4 g/liter, pH 6.5), or in the presence of each of the individual components of the MS growth medium as
indicated. The experiment was conducted at conditions where the crude membranes were impermeable to ATP (upper panel) and at conditions where the
membranes were permeabilized by the addition of 0.4 g of n-dodecyl B-p-maltoside per g of total protein (lower panel). Ca>" is the only ion that produces
a major shift in the enzyme to phosphoenzyme equilibrium of HVP5A1 (arrowheads). Phosphorylation was performed for 60 s, and dephosphorylation was
performed for 30 s before quenching the reaction (see Fig. 5A). B, formation of phosphoenzyme can be increased by titrating the crude membranes with
detergent n-dodecyl B-p-maltoside (DDM) to unmask latent ligand ATP-binding sites. Phosphorylation was performed for 60 s as in Fig. 4A. Measurements are
relative to samples without added detergent. C, n-dodecyl B-p-maltoside does not affect phosphoenzyme stability. Formation of the phosphoenzyme was
performed for 60 s as in Fig. 4A, and dephosphorylation was performed in the presence of 0.4 ug of n-dodecyl B-pb-maltoside per total ug of protein for the

indicated amount of time. Measurements are relative to the phosphoenzyme

reaction to transfer the y-phosphate from ATP to glucose when
dephosphorylation is initiated. Following addition of hexoki-
nase and glucose to the assay, we thus observed that inhibition
of phosphoenzyme formation by hexokinase was glucose-de-
pendent and furthermore that hexokinase and glucose together
did not affect the stability of the phosphoenzyme already
formed (Fig. 84).

Under ATP-depleted conditions, we next determined the
level of dephosphorylation at different Ca>* concentrations.
When the phosphoenzyme of HvP5A1 was titrated with Ca®*
in the presence of 50 um EGTA, 2 mM glucose, and 50 units of
hexokinase, we observed that the phosphoenzyme degradation
had a low apparent K|, ; value for Ca*>" (~0.2 mm) indicating
that Ca?* exerts its effect with low affinity (Fig. 8B). The related
cation Mn?"* only partly catalyzed degradation of the phos-
phoenzyme, whereas Zn>*, Mg®", and K* showed no effect on
its stability (Fig. 8B). The regulatory protein calmodulin often
increases the Ca”>" affinity of Ca®>"-dependent enzymes, but
inclusion of exogenous calmodulin in the assay did not increase
the apparent affinity for Ca*>"* (Fig. 8C).

Mutations in the Putative Substrate-binding Site in M4 Ham-
pers in Vivo Function of HvP5A1 but Does Not Affect Phospho-
enzyme Formation or Ca’"-dependent Phosphoenzyme Deg-
radation—P5A ATPases are distinguished by the presence of
two highly conserved glutamate residues at the putative sub-
strate- binding site in M4 (2). In the corresponding transmem-
brane helix of the Ca®>*-ATPase, the side chain group of a con-
served glutamate interacts directly with Ca®" in the transport
binding pocket (42).

To analyze whether residues in M4 are important for
HvP5A1 function, we performed alanine substitutions of highly
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level observed after 60 s, which corresponds to t, in the figure.

conserved residues, including the conserved glutamates (Glu-
447 and Glu-451, see Fig. 9A4). The mutated versions of HvP5A1
were subsequently tested for their ability to rescue spf1 cells
during caffeine pressure. None of the single-point mutations
introduced in M4 rendered HvP5A1 unable to complement
spfl (Fig. 9B). However, when both of the glutamates were
mutated simultaneously (HvP5A1-E447A/E451A), we ob-
served a loss-of-function effect on HvP5A1 (Fig. 9B).

To analyze further the double glutamate mutated version of
HvP5A1, we expressed the protein in RS72 cells and analyzed
the kinetics of phosphoenzyme formation and degradation.
The introduced mutations did not abolish the ability to phos-
phorylate on Asp-488 and apparently did not alter phosphory-
lation kinetics of the enzyme (Fig. 9C). Furthermore, mutation
of both glutamates had no effect on the Ca*>"*-dependent phos-
phoenzyme degradation (Fig. 9D).

The complementation data indicated that M4 and more spe-
cifically the conserved glutamates in M4 are important for the
function of HvP5A1. However, Glu-447 and Glu-451 are not
required for the spontaneous phosphorylation of HvP5A1 or
for the Ca®>*-dependent phosphoenzyme degradation. We can
conclude that the effect of Ca®>" on HvP5A1 is not mediated by
any of the negatively charged residues on M4.

Ca®" Induces Degradation of the Phosphoenzyme Inde-
pendently of the Conserved Phosphatase Motif—To establish
whether phosphatase function is required for the effect of Ca®>*
on phosphoenzyme degradation, we measured the stability of
phosphoenzymes of wild-type HvP5A1 and of a mutant in
which the phosphatase sequence is altered. In the rabbit Ca**-
ATPase SERCA1, Glu-183, which locates to the highly con-
served TGES motif in the A domain (Fig. 104), is essential for
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FIGURE 8.Ca** induces degradation of the HvP5A1 phosphoenzyme with
submillimolar affinity. A, hexokinase and glucose can be used to inhibit the
spontaneous E1 to E1P reaction through depletion of ATP. When phos-
phorylation was performed for 60 s in the presence of hexokinase and glu-
cose, but not in the presence of hexokinase and H,0O, [*?P]ATP could be
depleted resulting in complete inhibition of the phosphorylation reaction (left
panel). Addition of glucose or H,0 to the phosphoenzyme formed for 60 s in the
presence of hexokinase shows that this depletion does not affect phosphoen-
zyme stability (right panel). B, stability of the phosphoenzyme was deter-
mined in increasing amounts of either CaCl, (@), MnCl, (H), MgCl, (A), ZnCl,
(V¥), or KCI (#) and at conditions where spontaneous phosphorylation was
inhibited. Phosphorylation was performed for 60 s with 50 units of hexoki-
nase present in the reaction buffer. Dephosphorylation was initiated by add-
ing 5 ul of reaction mix producing the indicated final concentrations of cat-
ions and 2 mm glucose at t4,. After another 30 s, the reaction was quenched
with 400 wl of 20% TCA. C, inclusion of exogenous calmodulin in the assay did
not affect the stability of the phosphoenzyme at low concentrations of Ca®*.

the phosphatase action related to catalytic dephosphorylation
of the EP state (43). We therefore mutated the corresponding
residue in the conserved TGES stretch of HvP5A1, Glu-313, to
analyze if Ca®>"-induced degradation of the phosphoenzyme
was dependent on catalytic dephosphorylation.

The stability of the phosphoenzymes from wild-type and
E313A-mutated protein (HvP5A1-E313A) remained compara-
ble in the presence or absence of Ca®>* (Fig. 10B). This shows
that Ca®" could produce its effect independently of Glu-313,
i.e. in a mutant that is expected to be catalytically inactive.
Indeed, the residue is required for the in vivo function of
HvP5A1 as the E313A-mutated protein fails to rescue spfI cells
during caffeine pressure (Fig. 10C). Therefore, our data show
that Ca®"-induced degradation of the phosphoenzyme is unre-
lated to catalytic turnover of HvP5A1. In contrast, our data are
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in line with a stimulating effect of Ca®>* on the spontaneous
dephosphorylation of the EP.

DISCUSSION

P5A-type ATPases are found in all eukaryotes, pointing to an
essential but so far unidentified function in cell biology. It has
been proposed that P5A-ATPases transport Ca®>" into the ER
(11, 44). In this work, we have carried out an extensive bio-
chemical analysis of the barley HvP5A1 P5A P-type ATPase
and describe for the first time the formation and degradation of
a P5A-type phosphoenzyme intermediate. We show that Ca®"
has a modulatory effect on phosphoenzyme stability, but it is
not likely to be a transported ligand.

P5A-ATPases Are Tightly Linked to Caffeine Sensitivity and
Altered Ca®* Homeostasis in Yeast—Heterologous expression
in yeast of HvP5A1 fully complemented the caffeine-sensitive
phenotype described for a null mutation of the native yeast P5A
ATPase (34). As caffeine is known to affect intracellular Ca>*
homeostasis in yeast (45), it is a tempting hypothesis that the
phenotype of the SPFI null mutant relates to a change in Ca®"
homeostasis of affected cells (34). The spfl mutant shows an
activated unfolded protein response and a defect in protein-
linked oligosaccharide trimming (14), both of which are pro-
cesses regulated by Ca®". In addition, spfI knock-out cells show
increased cellular Ca>" levels, but only in cooperation with the
Golgi located Pmrlp Ca®>"/Mn** pump (12). Moreover, in fis-
sion yeast Ctadp/Spflp modulates the Ca*>* filling of the ER
(44). These results indicate that P5A ATPases play a role in
controlling cellular Ca®>* homeostasis. This effect could be
direct, for example as a result of P5A ATPases being Ca’*
pumps located in the ER, or indirect via other mechanisms.

Ca®" Plays a Modulatory Role on the Biochemical Activity of
P5A-type ATPases but Is Not Likely to be a Transported
Substrate—Although the phenotype of yeast Spfl deletion
mutants is tightly linked to Ca>*, our results demonstrate that
neither HYP5A1 nor Spflp are likely to transport Ca>". This
conclusion is based on five observations. First, we observed
spontaneous phosphorylation of HvP5A1 in the absence of
Ca®" and in the presence of EGTA. Under these conditions
HvP5A1 undergoes a full, albeit slow, catalytic cycle. Accord-
ingly, Ca®>*-dependent ATPase activity could not be demon-
strated for the yeast Spflp (12). Because ATP hydrolysis in all
P-type ATPases is tightly coupled to substrate transport (7), it
seems unlikely that HVP5A1 and/or Spflp directly transport
Ca*™.

Second, we determined an effect of Ca®>" on the dephosphor-
ylation kinetics of HvP5A1 that, however, was independent of
catalytic dephosphorylation of the pump. We identified this
effect of Ca>" by screening all inorganic factors required for
plant growth and show that the effect occurs independently of
the phosphatase motif of the pump.

Third, modulation by Ca>* occurred independently of con-
served negatively charged residues in M4 that in the SERCA
Ca®>" pump are essential for coordination of Ca®>" (42), and in
other P-type ATPases they contribute to binding of transported
ligands (7).

Fourth, the Ca?" effect was evident in sealed vesicles in
which the ATP-binding site faced the extravesicular medium.
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FIGURE 9. Mutations in the putative substrate-binding site in M4 hampers in vivo function of HYP5A1 but does not affect phosphorylation or Ca?*-
dependent degradation of the phosphoenzyme. A, alignment of transmembrane helix M4 from P5A ATPases of barley (HvP5A), Arabidopsis (MIA/PDR2),
yeast (Spf1p), and human (ATP13A1). Highly conserved residues from Ref. 10 are shown in boldface. The sarcoplasmic reticulum Ca®"-ATPase sequence is
noted in italic below where residues involved in Ca?* binding are noted in bold italic and residues conserved between P5A ATPases and SERCA are indicated
by asterisks. Mutations introduced in M4 of HvP5A1 are indicated by the arrowheads. B, alanine mutations of individual residues in M4 do not affect the ability
of HVP5A1 to rescue the caffeine-induced phenotype of spf1 cells. Only the double E447A/E451A mutation affects the ability of HYP5A1 to rescue spfT in vivo.
A protein blot against the C-terminal RGS-Hisg tag of all proteins is shown below confirming the presence of protein. Fifteen ug of total protein as determined
by Bradford assay was loaded in each lane and growth was observed on YPD plates containing increasing amounts of caffeine. Yeast cells were spotted for each
measuring point diluted to Ag,, 0.01 (top rows) or 0.001 (bottom rows). G, kinetics of phosphoenzyme formation is comparable between wild-type HvP5A1 (@)
and HvP5A1-E447A/E451A (O) mutated protein when expressed in yeast RS72 cells. D, Ca** induced degradation of the phosphoenzyme is independent of the
glutamates in M4. Phosphorylation was performed for 60 s as in Fig. 7B, and dephosphorylation was measured in the presence (dark gray bars) or absence (white
bars) of 1 mm Ca®* before quenching the reaction after 30 s. The levels observed after 30 s are comparable with the background observed in Figs. 5A and 6A.

This suggest that Ca®>" exerts its effect from the cytoplasmic
side of the membrane and rules out the possibility that Ca>"
triggers dephosphorylation by binding as a transported coun-
terion from the extracytoplasmic side of the membrane.

Fifth, the fact that ER Ca>" pumps like animal SERCA or
plant ACA3 does not complement the loss of SpfI with respect
to Hmg2p degradation (12) indicates that Spflp is not merely
an ER Ca®" pump, and it has roles other than ER Ca>" filling.

Our results suggests that HYP5A1 does not transport Ca>"
but is modulated by Ca®* via a cytosolic Ca®*-binding site that
communicates with the aspartyl-phosphate group of the pro-
tein. The modulatory effect might be a common feature of all
P5A-ATPases, because above 100 um, Ca®>" also reduced the
ATPase activity of purified Spflp (12). With an apparent K, 5
for dephosphorylation of about 0.2 mm Ca", the effect is to be
characterized as low affinity and in a range above normal in vivo
cytosolic Ca®>* concentrations. The P-type plasma membrane
H*-ATPase AHA?2 from Arabidopsis has a low affinity regula-
tory Ca”>*-binding site in the nucleotide binding domain (46),
which in other species might have high (submicromolar) affin-
ity for Ca>" (47). We therefore cannot rule out that other P5A
ATPases may have higher Ca®" affinities or that the Ca®>" affin-
ity of HYP5A1 under certain circumstances can increase, e.g. as
a result of post-translational modification or binding of regula-
tory proteins. However, we show that at least calmodulin has no
effect on the apparent Ca®" affinity of HvP5A1.

AUGUST 17,2012+VOLUME 287+-NUMBER 34

If Ca®" is not the transported ligand, how is P5A function
then related to Ca>* homeostasis? In the yeast ER, where no
SERCA Ca®* pump is found, Ca>" filling critically depends on
vesicle transport (48). Pmrl1p is a P-type Ca®>*-ATPase respon-
sible for loading of the Golgi apparatus with Ca*>* (49). Retro-
grade transport from the Golgi to the ER is the most important
mechanism to load the ER with Ca®*, which explains the dom-
inant effect of Pmr1p on the ER Ca** concentration (48). Muta-
tions in vesicular transport proteins are known that indirectly
disrupt Ca®>" homeostasis in yeast (50). Accordingly, P5A
ATPases might be important for vesicular trafficking required
to load the ER with Ca?* (12, 44).

Mechanism of the Ca®" Effect—How Ca®" stimulates the
noncatalytic dephosphorylation of HvP5A1 remains elusive.
The Ca®>" effect on phosphoenzyme degradation was still
observed in ATP-depleted conditions in which the Mg® " -ATP-
dependent E1 to E1P reaction is prevented. This rules out that
the Ca®>"-destabilizing effect is due to a displacement of Mg>™"
by Ca®" from the phosphorylation site. Many P-type ATPases
bind nontransported cations, which modulate pump function
(46, 51, 52). It is possible that Ca®>" stimulates the E1P to E1
reverse reaction or facilitates the attack by H,O in the E2P state,
independently from the TGES motif. It is interesting to note
that in contrast to other P-type ATPases, only P5A and P5B
ATPases contain conserved negatively charged residues at
positions +7, +8, and/or +9 of the phosphorylated aspartate
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FIGURE 10. Ca*>*-dependent degradation of the phosphoenzyme is inde-
pendent of an intact phosphatase motif. A, TGES phosphatase motif is
highly conserved in the A domain of both the sarcoplasmic reticulum Ca?*-
ATPase, Na"/K"-ATPase, and the P5A ATPases. Asterisks indicate conserved
residues, and Glu-313 in HvP5AT is indicated by the arrowhead. B, Ca®*-in-
duced degradation of the phosphoenzyme is independent of an intact phos-
phatase motif. Phosphorylation was performed for 60 s as in Fig. 7B, and
dephosphorylation was measured in the presence (dark gray bars) or absence
(white bars) of 1 mm Ca®" before quenching the reaction after 30 s. The levels
observed after 30 s are comparable with the background observed in Figs. 4A
and 5A. G, mutation of Glu-313 into Ala results in a protein unable to rescue
the caffeine-induced phenotype of spf1 cells. The level of growth is compara-
ble with that observed from yeast transformed with the Asp-488 mutated
HVP5A1. A protein blot against the C-terminal RGS-His, tag of all proteins is
shown below. Fifteen ug of total protein as determined by Bradford assay
was loaded in each lane. Growth was observed on YPD plates containing
increasing amounts of caffeine, and yeast cells were spotted for each mea-
suring point diluted to Agy, 0.01 (top rows) or 0.001 (bottom rows). D, P5A and
P5B ATPases have negatively charges conserved at positions +7, +8, and/or
+9 (boldface) of the phosphorylated aspartate residue (underlined). Asterisks
indicate residues conserved between P1 to P5 type ATPases.

(Fig. 10D). These could influence the stability of the phospho-
intermediate or might mediate cation binding directly at the
site of phosphorylation. Interestingly, the modulatory Ca**-
binding site of the plasma membrane proton ATPase locates to
the nucleotide-binding site (46) in close proximity of the con-
served negative residues in P5A and P5B ATPases.

Roles of H" and Mg”*"—The only ions present in the basal
assay medium in which HvP5A1 carried out a full reaction cycle
were H" and Mg>". We therefore have to consider the possi-
bility that HvP5A1 transports either H* or Mg>™". The pH opti-
mum of HvP5A1 was found at pH 6.4, comparable with that of
H " -transporting P-type ATPases (39, 40). However, as any
enzyme is expected to show an optimal pH condition in the
physiological range, the pH optimum needs not be directly
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related to binding of H™ as a transported ligand. Stabilization of
the protein structure by protonation or deprotonation of key
residues could be equally important. In fact, it would be rather
unusual to have a H* -pump in the ER membrane that is known
as being leaky for protons (53).

Mg>* was required for the Mg>" -ATPase reaction and thus
could not be omitted from the assay. Addition of further Mg>™"
did not influence phosphoenzyme formation or degradation.
Previously, an Mg®" -dependent ATPase activity was observed
for purified Spflp, but the effect was modest, more in line with
a modulatory effect of Mg>" on overall activity (12).

Other Possible Ligands of HvPSA1—The fact that HvP5A1
complements an spfl mutant suggest that, at least in intact
transformed yeast cells, all components required for proper
functioning of HvP5A1 (e.g. ligands, lipids, and possible sub-
units) are present in sufficient amounts. In vitro, we measured
HvP5A1 activity in a yeast membrane environment that in vivo
is able to support the complementation of the caffeine pheno-
type in the SpfI knock-out strain. Furthermore, our studies of
the HvP5A1 phosphoenzyme were carried out in the absence of
detergent and with no addition of lipids that could destroy
enzyme function.

Remarkably, we observed that in vitro HvP5A1 spontane-
ously undergoes a full catalytic cycle, apparently independent of
any ion in the reaction medium. Because all P-type ATPases
studied so far tightly couple ATP hydrolysis to the binding of a
specific substrate (7), this would suggest that either ATP hydro-
lytic activity of HYP5A1 is uncoupled from transport or that the
transported substrate is not a soluble ligand but is a compound
present in the yeast membrane preparation. Because of the
complementation of SPF1 by HvP5A1, the substrate must be
conserved between plant and yeast. The slow turnover of
HvP5A1 is in accordance with a low rate of phosphoenzyme
turnover and readily explains why significant AT Pase activity of
the enzymes could not be detected. Similarly slow phosphoen-
zyme kinetics have also been observed in other P-type ATPase
subfamilies (54, 55). The slow turnover might also indicate that
the amount of the endogenous substrate is limiting as com-
pared with the overexpression level of HvP5A1.

A substrate ligand of HVP5A1 in the yeast membrane prepa-
rations could be any organic compound. Because the P5
ATPases are most closely related to P4 ATPases than to any
other P-type ATPase subgroup (1), it is tempting to speculate
that P5 ATPases have a function related to that of P4 ATPases,
which are phospholipid flippases involved in initial vesicle bud-
ding from endomembranes and the plasma membrane (56).
Like P4 ATPases, P5 pumps are restricted to eukaryotes. Inter-
estingly, no P4 flippases so far are known to function in the ER,
although continuous vesicle formation and fusion occurs in this
compartment. It is therefore a possibility that P5A ATPases
might be involved in ER vesicle budding or fusion, e.g. by acting
as ER-localized lipid flippases (56).

So far, no direct evidence is presented that any P5A ATPase
would mediate vesicle transport. However, in line with a role in
vesicular transport, it has been shown that Spflp is important
for the subcellular localization of Secl2p (20), a protein
required for the initiation of COPII vesicle formation in ER to
Golgi transport. Spflp is also required for proper transport of
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CPY to the vacuole (14). In addition, there is a synthetic lethal
effect of Spf1 deletion in combination with deletion of GET1/
MDM39 or RICI, the gene products of which are involved in
retrieval of HDEL proteins from Golgi to ER and in retrograde
transport to the cis-Golgi, respectively (34). A model where
Spflp is important for vesicular transport that plays a role in ER
Ca®" loading is compatible with the pleiotropic phenotype of
Spflp deletion on glycosylation (14), protein folding (14), sort-
ing (14, 20), and resistance to the SMKT Kkiller toxin (18). It
would also explain why a stronger Ca®* -dependent phenotype
is observed in the Spfl/Pmrl double knock-out than in the
single knock-outs (12). Further support for a role of P5 ATPases
in vesicular transport comes from a recent yeast two-hybrid
protein screen demonstrating a direct interaction between
human P5B ATPase ATP13A2 and proteins involved in ER
translocation (SEC61B and FKBP8), ER to Golgi trafficking
(FKB8 and YIF1A), and vesicular transport and fusion
(VAMP2, SYT11, HSPAS, and AAK1) (57).

Finally, our data do not exclude a receptor role for HvyP5A1,
e.g as is the case for the Na™, K" -ATPase (58). Whatever the
function of HvP5A1 is, our data show that typical P-type
ATPase motifs are required for complementation, such as the
phosphorylation site, the TGES dephosphorylation motif, and
the putative substrate-binding site in M4.

It has previously been demonstrated that the phenotype of a
deletion mutant of the yeast P5SA ATPase Spflp mutant is
Ca®"-dependent, whereas a detergent-solubilized and purified
form of Spf1p hydrolyzes ATP independently of Ca®>* (12). This
lack of correlation was unexpected; no molecular explanation
was provided for the ability of Spflp to influence Ca®>" homeo-
stasis, and it could not be ruled out that detergent solubilization
had changed the properties of the enzyme (12). Accordingly,
the genetic evidence from knock-out mutants is still used in the
literature to suggest that P5A pumps could be Ca>" pumps (44).
In our work, we use an alternative biochemical method, i.e.
determination of phosphoenzyme kinetics, and with a P5A
ATPase in a undisturbed membrane environment, to demon-
strate that Ca®" influences the stability of the phosphoenzyme
of a P5A ATPase, and we show that the effect is unrelated to a
Ca?* pump function for the pump. Furthermore, we provide an
alternative testable model for how P5A ATPases regulate Ca®"
homeostasis by regulating vesicle trafficking from and to the
endoplasmic reticulum.

Conclusion—We present strong evidence that Ca®" is not the
substrate of the barley P5A ATPase HvP5A1 but that Ca*"
merely has a modulatory effect on phosphoenzyme stability.
The link between P5A ATPases and cellular Ca®>" homeostasis
could be related to this effect, but alternative models are possi-
ble. We are still left with the question as to what ligand(s) are
transported by P5A ATPases. As we observe spontaneous phos-
phoenzyme formation and full enzymatic turnover of HvP5A1
in yeast membranes, the transported substrate, if anyj, is likely to
be conserved between plants and yeast and is present in yeast
microsomal membranes.
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