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Abstract

Abstract

Several environmental and endogenous stimuli activate plant signal transduction
pathways through transient increases in cytosolic free calcium concentrations ([Ca2+]cyt).
Strong evidence indicates that plant response specificity is triggered by the amplitude,
shape, frequency and localization of these stimulus-induced Ca’" oscillations. Due to their
role in Ca*" efflux from the cytosol, plant auto-inhibited Ca*'-ATPases (ACAs) are
involved in restoring the cytosolic basal concentration of Ca®" after its rise due to stimulus
perception, therefore affecting the specificity of plant response to different stimuli. Ten
ACA isoforms are present in Arabidopsis thaliana, which are divided into four clusters
based on gene structure and sequence homology. Cluster I, II and IV ACAs share a
common mechanism of regulation based on a N-terminal auto-inhibitory domain whose
action is suppressed by the interaction with the Ca®-sensor protein calmodulin (CaM).
Cluster III isoforms (ACA12 and ACA13) compared to the other ACAs, are almost
unknown and show unique features at sequence and expression levels: in particular
ACAI12 and ACAI13 show divergences in residues involved in CaM binding and
regulation while the expression levels, normally very low, are increased upon exposure to
pathogens or UV stresses.

By confocal microscopy, a GFP-tagged ACA12 (expressed in Arabidopsis plants) was
localized at the plasma membrane (PM). ACA12 was then expressed in Saccharomyces
cerevisiae strain K616, which lacks endogenous Ca”>" pumps. Our results reveal that
ACA12 allows the grow of K616 in a Ca*"-depleted medium, therefore indicating that it
is a functional and deregulated Ca®" transporter. Yeast-expressed ACA12 was then
purified by CaM-affinity chromatography and its activity was tested in vitro in order to
study its biochemical properties. Biochemical assays results show that ACAI2 is a
functional Ca*"-ATPase. Moreover, as expected, its activity is not regulated by CaM.
Finally, in order to try to explain ACA12 deregulated behaviour, single point mutants of
ACA12 were generated and tested for K616 phenotype complementation.

Taken together our results show that ACA12 has unique biochemical features suggesting
for it a distinctive physiological role within the ACA family. In particular ACA12 may be
involved in Ca®-dependent signaling pathways in response to plant specific stresses such

as pathogens and UV.
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Introduction

Ca’" homeostasis in plant cell

Calcium ion (Ca®") is an essential plant nutrient employed by the cell for a wide range of
structural and enzymatic functions. In particular Ca" is required for maintaining cell wall
integrity and membranes structure and permeability [Hirschi, 2004; Hepler, 2005].
Moreover, it is well known that Ca®"ion is a second messenger in numerous plant
signaling pathways, where Ca>" messages take the form of transient increases in cytosolic
free ion concentration ([Ca2+]c). Elevations in [Ca’']¢ occur indeed during the
transduction of a wide variety of stimuli such as abscisic acid (ABA), gibberellins,
nodulation factors (NodF), bacterial and fungal elicitors, red/blue and UVB light, salt,
drought, oxidative stresses and temperature signals [Sanders et al., 1999; McAinsh and
Pittman, 2009; De Falco et al., 2010].

Due to its ability to form different coordination bonds (commonly six to eight), Ca’" can
easily interact with proteins, lipids and organic acids becoming, at high concentration, a
toxic compound. It is therefore able to trigger protein and nucleic acids aggregation and
to affect cell phosphate-based metabolism forming insoluble precipitates with
orthophosphate (P;). For this reason plant cells have to maintain low free [Ca®']. (around
100-200 nM), against millimolar values of external calcium levels [Sanders et al., 1999;
Bose et al., 2011; Spalding and Harper, 2011]. Since Ca’" cannot be metabolized like
other second messenger molecules, plant cells tightly regulate cytosolic Ca*" levels
through Ca*"-binding proteins and transporters. Most of calcium ions which enter in the
cytosol during Ca*"-mediated signals are rapidly sequestered by several Ca®" binding
proteins which markedly reduce free [Ca’]. and decrease the ion effective diffusion
coefficient in the cytosol [Sanders et al., 1999; Hirschi 2004].

Beyond the buffering system of Ca®’-binding proteins, cellular Ca®" homeostasis is
covered by a complex net of passive and active transporters localized both in the plasma
membrane (PM) or in endomembranes. It is indeed known that all the intracellular
organelles act as Ca*" storage compartments (Fig.1); in particular vacuoles, thanks to
their size and storage capacity, represent the most prominent intracellular sink for Ca®" in
plants. However, since buffering system and intracellular sequestration have finite
capacities, cytosolic Ca®" homeostasis is largely achieved at the expense of PM Ca*"
efflux systems which catalyze calcium transport toward the apoplast [Sanders et al., 1999;

Stael et al., 2012].
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Fig.1 Organellar Ca’ concentrations in the plant cell.

Values for reported total ([Ca®‘]y) and free resting ([Ca®']y) Ca*" concentrations in the different
organelles (apoplast, cytoplasm, vacuole, nucleus, ER, chloroplast, mitochondrion, and
peroxisome).

From Stael et al., 2012

A negative cytosolic electrical potential (-150 mV) and a 10* difference in Ca**
concentration (out/in) across the plasma membrane, result in an electrochemical potential
difference for calcium (Apc,) of -50 kJ mol™, meaning that Ca*" may flow into the
cytosol through passive transporters (such as ion channels) without energy costs. The
same goes for Ca®" ions stored in intracellular compartments, although the potential
difference across the endomembranes is likely to be less negative than that across the PM.
This highly negative Apc, enables the generation of quick 10-20 fold elevations in free
[Ca®"]. that function as an intracellular signal. By contrast, efflux of Ca>" from the cytosol
is mediated by active transporters, which restore Ca’" resting conditions, powered either
by ATP hydrolysis or by the counter transport of another cation [Sanders et al., 1999;
Spalding and Harper, 2011].

As mentioned above, Ca?' is involved in a multitude of plant physiological processes; the
versatility of this intracellular second messenger encouraged investigations on how
specificity is encoded in calcium-based signalling system. Several mechanisms have
emerged that may contribute to specificity in Ca®* signaling among which the availability
of a specific set of Ca”" sensors (and downstream target proteins) and the interplay with
other intracellular messengers that can modulate the Ca®" signaling. However, advances

in Ca*" dynamics monitoring techniques (during the last 30 years), unraveled that the
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specificity of a Ca®" signal is strongly correlated to spatio-temporal patterns of [Ca®'].
elevation. In this way, the stimulus induced by specific signals is propagated into the
cytosol as waves of Ca®" that can differ for duration, frequency, amplitude and spatial
localization. This spatial and temporal dynamic of [Ca®']. elevations is called “Ca*"
signature” and proceeds from the balance between ion influx and efflux, together with the
buffer activity of Ca®"-binding proteins. In the light of this mechanism, the expression,
activity and regulation of the complex net of proteins that transport Ca*" uphill and
downhill across membranes, become crucial in finely modulating the Ca>" signature, thus
contributing to generate specificity in Ca’’-mediated messages [Evans et al., 2001;
Hetherington and Brownlee 2004; McAinsh and Pittman, 2009; Spalding and Harper,
2011].

Generation of Ca’'signals: influx systems

The generation of stimulus-specific [Ca’>']. elevations is associated in plants with the
opening of Ca®’-permeable cations channels, releasing calcium from both the apoplast
and intracellular compartments. These channels can be classified as voltage-gated or
ligand-gated based on their activation mechanism [Rudd and Franklin-Tong, 2001; Kudla
et al., 2010].

Electrophysiological studies identified in the plasma membrane two type of voltage-gated
channels:  depolarization-activated ~ Ca’-permeable  channels (DACCs) and
hyperpolarization-activated Ca>"-permeable channels (HACCs). DACC channels are
permeable to both monovalent and divalent cations and are presumably involved in
transducing stress-related signals; in particular a specific role has been proposed in plant
response to chilling and microbe interaction. Instead HACC channels, permeable to many
divalent cations, are activated both by blue light and ABA and play a crucial role in
stomatal regulation. Although the properties of DACCs and HACCs are well studied
electrophysiologically, the molecular identity of these channels is still unknown [Sanders
et al., 2002; White and Broadley, 2003; Kudla et al., 2010].

Two classes of non-selective ligand-gated channels are also present in the plasma
membrane: cyclic nucleotide-gated channels (CNGCs) and glutamate receptor-like
channels (GLRs). CNGC channels (20 isoforms in Arabidopsis) are activated by the
binding of cAMP or cGMP to a CNB (cyclic nucleotide binding) domain, in the C-
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terminal portion of the protein. Their activity is inhibited through a feedback mechanism
based on the interaction between Ca*" and the calcium-sensor protein calmodulin (CaM);
the Ca*"-CaM complex binds a CaM-binding site, which overlaps the CNB domain,
reducing the affinity of the cyclic nucleotide for its site. GCNC channels have been
shown to be involved in Ca**-mediated response to pathogens, ion homeostasis regulation
during salt stress adaptation and tip growth of pollen tubes. Conversely, glutamate
receptors-like channels (GLRs, 20 isoforms in Arabidopsis) are activated by several
amino acids like Glu and Gly. It is assumed that GLRs are involved in plant Ca*"
nutrition and in mediating Ca®-response upon cold stress, but they are also implicated in
the regulation of many different developmental aspect such as hypocotyl elongation,
maintenance of cell division, and pollen tube growth and morphogenesis [Kudla et al.,
2010; Spalding and Harper, 2011; Jammes et al., 2012].

There are evidences of ligand- or voltage-dependent Ca®" release also in plant
endomembranes. Several electrophysiological studies support the existence of ligand-
gated channels at the tonoplast, suggesting for these channels an inositol 1,4,5-
trisphosphate (InsP3)- or a cyclic ADP-ribose (cADPR)-dependent activation. Both InsP;
and cADPR have been shown to be implicated in multiple Ca*"-mediated stress signaling
pathways such as transduction of salt and hyperosmotic stress signals or activation of
plant defence genes and ABA signal transduction. The only ligand-gated channel that
appears to reside in the endoplasmic reticulum (ER) membrane is activated by NAADP
(nicotinic acid adenine dinucleotide phosphate), however, also in this case, the molecular
identity of the channel is still unknown. Another tonoplast-resident channel type is the
slow vacuolar (SV) channel, recently associated to the protein TPC1 (two-pore channel 1)
in Arabidopsis. SV channel is gated by membrane depolarization and seems to be
regulated by Ca®" in two opposite ways: it is indeed activated by increased [Ca*"]., while
an increase in the vacuolar Ca”" concentration inactivates the channel. In Arabidopsis,
TPC1 channel results involved in the pathogen-resistance signaling pathway [Sanders et
al., 2002, White and Broadley, 2003; McAinsh and Pittman, 2009; Kudla et al., 2010;
Spalding and Harper, 2011].

According to their activation and regulative properties these channels can modulate the

+ . . . .
Ca®" signature affecting ion influx parameters.
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Generation of Ca’’signals: efflux systems

Efficient mechanisms of Ca*" efflux, removing ion excess from the cytosol, are crucial in
both keeping [Ca®']. at submicromolar level and in reloading Ca®" stores after Ca®"
signaling is completed. However, in addition to their housekeeping functions, these efflux
systems are also involved in modulating the dynamic of the calcium signature, therefore
affecting the information encoded by the calcium signals [Sanders et al., 2002; Bose et
al., 2011]. There are two groups of Ca’" efflux system, Ca’’-ATPases and Ca’’
antiporters, which provide active transport systems that move Ca®" out of the cytosol
using respectively the energy coming from the hydrolysis of ATP or the counter transport
of another cation (usually H'). While antiporters provide low-affinity (K= 10-15 puM)
but high-capacity calcium transport, Ca’ -ATPases are high-affinity (K;,=0,1-2 uM) but
low capacity transporters, suggesting two different roles in restoring the basal [Ca®'].. It
is indeed assumed that antiporters reduce cytosolic Ca®" levels back to few micromolar
concentrations while pumps are important to achieve and finely tune the low resting
concentration of Ca”" in the cytosol [Bose et al., 2011; Kudla et al., 2010; Spalding and
Harper, 2011].

In Arabidopsis genome, six genes encode for putative H/Ca®" antiporters, also named
cation exchangers (CAX), while five more genes, called cation/Ca*" exchangers (CCX),
resemble an animal Na'/Ca®" exchanger isoform. CAX isoforms reside on the tonoplast
and show different ion specificity (beside Ca®", some isoforms appear to transport also
Cd*" and Mn®"). They harbor an N-terminal regulatory/autoinhibitory domain, able to
bind an adjacent region within the N-terminus. Other forms of regulation have been
reported such as formation of heteromers, phosphorylation, pH and interaction with
regulative proteins (such as the kinase SOS2). Recent analysis of Arabidopsis CAX
knock-out mutants show increased sensitivities to abiotic stresses among which toxic
metals, cold and salt stresses [Sanders et al., 2002; McAinsh and Pittman, 2009; Kudla et
al., 2010; Manohar et al., 2011]. A H'/Ca" antiport activity was also reported to reside at
the plasma membrane and in the chloroplast thylakoid membrane, however it is possible
that this activity is conferred by cation antiporters that are distinct from CAXs [Shigaki
and Hirshi, 2006; Kudla et al., 2010].

On the other hand, plant Ca**-ATPases belong to the P-type ATPase superfamily, which

directly use ATP to drive ion and lipid translocation across cellular membranes.
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P-type ATPases

P-type ATPases are a large family of active transporters essential for almost all life forms.
Indeed, members of this family generate and maintain crucial electro-chemical gradients
across cellular membranes, translocating cations, heavy metals and lipids at the expense
of ATP hydrolysis energy. Common biochemical characteristic of these pumps is the
formation of a phosphorylated intermediate during the catalytic cycle which involves an
Asp residue localized in the conserved consensus sequence DKTG [Palmgren and
Axelsen, 1998; Axelsen and Palmgren, 2001].

Based on their phylogenetic analysis, the P-type ATPases can be divided into five groups
(I-V) that differ in structural characteristics, transported substrate and organisms in which
they are present. Each group can be further split into two or more sub-groups (A, B, C...).
[Axelsen and Palmgren, 1998; Palmgren and Nissen, 2011; Pedersen et al., 2012].

Despite the low degree of sequence conservation, P-type ATPases (above all members of
groups II and III) share a similar membrane topology characterized by the presence of 6-
12 hydrophobic transmembrane helices (TM) and cytosolic N- and C-termini; they also
exhibit two cytosolic-faced loops: a small loop (between TM2 and TM3) and a large
central loop (between TM4 and TMS) [Axelsen and Palmgren, 2001; Kiihlbrandt, 2004].
All we know about the 3D structure of P-type ATPases comes from the resolution of the
crystal structure of group II and Il pumps (the IIA Ca’"-ATPase of rabbit muscle
SERCAla, the IIC Na'-K'-ATPase and the IIIA H'-ATPase) which exhibit 10 TM. The
general 3D structure is characterized by four functionally and structurally distinct
domains (Fig.2). The cytosolic head of the enzyme is composed by the P-, the N- and the
A-domains. The P-domain (Phosphorylation), localized in the large cytosolic loop,
contains the Asp residue that is phosphorylated during the catalytic cycle by the N-
domain (Nucleotide binding), which is a modular insertion into the P-domain that
includes a conserved sequence motif identified as the nucleotide-binding site. Instead the
A-domain (Actuator) is formed by the small cytosolic loop together with a portion of the
N-terminus and plays a crucial role both in enzyme dephosphorylation and in regulating
the mechanism of ion binding and release. Finally transmembrane a-elices form the M-
domain (Membrane) which harbors the ion-binding site(s) embedded in the membrane

[Kiihlbrandt, 2004; Palmgren and Nissen 2011].
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in

out

Fig.2 Schematic diagram of the structural organization of a P-type ATPase (modeled on the
crystal structure of the sarco-endoplasmic reticulum Ca’*ATPase, SERCAla).

The pump is organized into three cytoplasmic domains (A, P, and N) and one membrane-
embedded domain (M). The A-domain is formed by the small cytoplasmic loop together with a
portion of the N-terminal region. The N-domain is an insertion into the P-domain, both of which
are formed by the large cytoplasmic loop. The membrane-embedded region consists of 10
transmembrane-spanning segments.

From Palmgren and Nissen, 2011

ATP hydrolysis supplies the driving force for the ion transport across the membrane,
causing large conformational changes of the enzyme structure. In particular, P-type
ATPases switch between two main conformational states (E1 and E2) and two
intermediate phosphorylated states (E1P and E2P) with different affinity for the
transported ion. The resolution of SERCAla crystal structure in different conformational
states, validates the E1-E2 model of the P-type ATPases catalytic mechanism (Fig. 3),
previously proposed based on detailed functional and biochemical studies [Toyoshima
and Inesi, 2004; Kiihlbrandt, 2004; Mogller et al., 2005]. In the EI state, the
transmembrane ion-binding site, which faces the cytoplasm, has a high affinity for the
transported ion. Ion-binding allows the interaction of ATP with its site in the N-domain
and the subsequent phosphorylation of the Asp residue in the P-domain. This drives the
enzyme in the phosphorylated intermediate E1P-ADP state during which the ion is
occluded in the M-domain. Ion transfer toward the extracellular space occurs only after
the transition to E2P state triggered by ADP release. As the ion is released into the
extracellular space, in case of an antiporter activity of the pump, a counter-ion can enter

the ion-binding site and the Asp residue undergoes dephosphorylation (E2 state). Finally,
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the P; is dissociated and the enzyme can revert to the E1 state in which the counter-ion is
released into the cytoplasm and another cycle begins [Toyoshima et al., 2003; Toyoshima
and Inesi, 2004; Mgller et al, 2005; Niggli and Sigel, 2008; Bublitz et al., 2011; Bublitz et
al., 2010; Chourasia and Sastry, 2012].

Cytoplasmic side
lon binding
E, » E,~P; ADP
\ "
ATP
___ Counterion____ (/ Ly S / lon_
transport transport
P ADP P
H.O
/2 '
E, P« E,-P

Counterion binding

Extracellular/luminal side

Fig.3 4 simplified scheme illustrating the E1-E2 model of P-type ATPases.

P-type ATPases undergo large conformational changes during ion translocation. E1 and E2
correspond to two distinct major conformations which display different affinities for the
transported ions. The pumping cycle involves several further intermediate states. Transport of the
primary ion is associated with phosphorylation of the pump by ATP. Transport of the counter ion
is associated with dephosphorylation of the pump.

From Niggli and Sigel, 2008

Plant Ca**-ATPases

Ca”" pumps belong to sub-groups ITA and IIB of the P-type ATPases [Baxter et al., 2003].
IIA and IIB Ca*"-ATPases (present in both animals and plants) share the essential P-type
properties, among which membrane topology and reaction mechanism. However, these
pumps also display significant differences, particularly related to transport stoichiometry,
activity regulation and sensitivity to inhibitors [Sze et al., 2000; Brini and Carafoli, 2009;
Bonza and De Michelis, 2011].

It is known that the number of Ca®" binding sites varies among IIA and IIB pumps. Type
IIA Ca’"-ATPases indeed have two Ca** binding site in the M domain, only one of which
is retained by IIB pumps. As a consequence, the first show a stoichiometry of two

transported Ca®" ions for each hydrolyzed ATP, whereas the second show a 1Ca*"/ATP
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transport stoichiometry [Brini and Carafoli 2009; Bonza and De Michelis, 2011]. These
pumps also have different specificities for the transported divalent cations: IIA pumps are
able to transport Mn>" and Zn”", beside Ca®", whereas IIB pumps are highly specific for
Ca*" [Sze et al., 2000; Baxter et al., 2003; Kabala and Klobus, 2005; Bonza and De
Michelis, 2011]. Both IIA and IIB act as Ca’"/H" exchangers. Models based on the
structures of the crystallized pumps suggest that the counter-transport may be a built-in
characteristic of P-type ATPases. Effectively in case of Ca’-ATPases, it has been
suggested that protons can compensate for the severe charge imbalance created in the
Ca”-binding sites after Ca®" release [Niggli and Sigel., 2008].

Both IIA and IIB pumps are sensitive to P-type ATPase common inhibitors like ortho-
vanadate (a transition state analogue of inorganic phosphate) and lanthanum. However
this latter inhibitor increases the steady state level of phosphorylated intermediate in 1IB
pumps, while decreases it in the other P-type including ITA pumps suggesting a different
inhibitory mechanism [Brini and Carafoli, 2009; Palmgren and Nissen, 2011]. Moreover,
IIA Ca**ATPases differ for their sensitivity to thapsigargin and cyclopiazonic acid (CPA),
whereas IIB pumps are characterized by a high sensitivity to fluorescein derivatives (such
as erythrosine B, and eosin Y) [Brini and Carafoli, 2009; Bonza and De Michelis, 2011].
In plant cells IIA and IIB Ca®>" pumps have been respectively called ECA (for ER-type
Ca2+-ATPase) and ACA (for auto-inhibited Ca2+-ATPase) and have been localized both at
the PM and at the endomembranes [Geisler et al., 2000a; Sze et al., 2000].

Common biochemical features of ECA pumps are a strong preference for ATP as
nucleotide triphosphate substrate and high affinity for Ca®" (Kos in the submicromolar
range). ECAs differ from their animal orthologue SERCA in being insensitive to
thapsigargin, a plant derived compound which inhibits SERCA at sub-nanomolar
concentrations. Little is known on ECAs regulation: the activity of SERCA is inhibited by
the interaction with phospholamban, but neither phospholamban nor other proteins have
been identified so far in plants as ECA regulators. [Brini and Carafoli, 2009; Pittman et
al., 2010; Bonza and De Michelis, 2011].

In contrast to ECAs, activity regulation of ACA pumps have been widely studied (see
below): ACAs differ from their animal orthologue PMCA by having the regulative
domain localized at the N-terminal end of the protein rather than at the C-terminus. ACA
isoforms characterized so far are unique among P-type ATPases for being able to use ITP

and GTP as alternative substrate to ATP. Moreover, ACAs are also particularly sensitive
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to inhibition by fluorescein derivatives which are known to bind the nucleotide binding
site. Both low specificity for the nucleotide triphosphate and high sensitivity to
fluorescein derivatives may correlate with a different conformation of the nucleotide
binding site of ACA isoforms with respect to the other P-type ATPases [De Michelis et
al., 1993; Bonza et al., 2004; Kabala and Klobus, 2005; Bonza and De Michelis, 2011].
Four ECA and ten ACA genes have been identified in Arabidopsis thaliana genome. Both
ECA and ACA isoforms are divided into clusters based on sequence alignment and intron
number and position, however several evidences indicate a correlation between clusters
and intracellular localization [Baxter et al., 2003].

ECA isoforms can be divided in two clusters; cluster I groups ECA1, ECA2 and ECAA4,
whereas cluster II contains ECA3. Only isoforms 1 and 3 have been characterized in any
detail. ECA1 was found localized at the ER while ECA3 has been associated with Golgi
and post-Golgi vesicles membranes. Studies on Arabidopsis knock-out mutants for ECA1
and ECA3 genes suggest an involvement in Mn®" stress tolerance and in Ca*"/Mn*"
nutrition; eca3-/- knock-out mutant also show an altered protein secretion [Wu et al.,
2002; Li et al., 2008; Pittman et al., 2010; Bonza and De Michelis, 2011].

Arabidopsis ACA isoforms are divided into four clusters. Cluster I comprehends ACAI,
ACA2 and ACA7: while isoform 1 and 2 have been localized at the ER, the localization
of ACA7 remains unknown. ACA4 and ACAI1 belong to cluster II and are both
localized in the tonoplast. Cluster IV groups isoforms ACA8, ACA9 and ACA10 which
have been localized at the PM. Both cluster I and II isoforms are encoded by genes
harboring 6 introns and cluster IV ACA isoforms share a complex gene structure
characterized by more than 30 introns. Little is known so far about cluster III isoforms,
ACA12 and ACA13, which are unique in being encoded by intron-less genes [Baxter et
al., 2003; Pittman et al., 2010; Bonza and De Michelis, 2011; Kamrul Huda et al., 2013].
ACA pumps are deeply implicated in plant development. An evident knock-out
phenotype has been identified in Arabidopsis for ACA9 and ACA7, which are primarily
expressed in pollen. The knock-out mutant aca9-/- shows reduced pollen tubes growth
which results in an high frequency of aborted fertilization and reduced seed set;
conversely aca7-/- knock-out causes defect in pollen grain development resulting in a
higher amount of dead pollen grains with respect to WT Arabidopsis plants [Schiett et al.,
2004; Lucca and Leon, 2012].
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Single aca8-/- Arabidopsis mutant displays no evident developmental phenotype under
controlled conditions, by contrast acal(-/- mutant exhibits reduced inflorescence height
and increased axillary stem formation: this phenotype is enhanced in aca8-/- acal0O-/-
double mutant plants which also display a reduced root growth when cultivated in vitro
[Frei dit Frey et al., 2012]. Moreover, in the presence of a naturally occurring dominant
allele of the CIF2 unlinked gene, acal0 -/- knock-out line displays altered adult vegetative
growth and inflorescence elongation [George et al., 2008]. Both these phenotypes are
complemented by the overexpression of the ACAS8 isoform in the knock-out plants
suggesting a partially functional redundancy between isoform 8 and 10.

ACA isoforms are also involved in ABA response. In Egeria densa leaves, ABA rapidly
induces an increase in the activity of a PM localized ACA; moreover in Arabidopsis
thaliana seedlings, ABA treatment increases the transcription of ACA8 and ACA9
(which correlates with an increased ACAS8 protein amount) [Beffagna et al., 2000; Cerana
et al., 2006].

Several evidences also suggest an involvement of ACAs in response to specific stresses:
the expression of ACAS8 in Arabidopsis guard cells is upregulated upon cold treatment,
whereas the over-expression of ACA2 and ACA4 improves salt tolerance in yeast
suggesting a role also in plant response to salt stress [Schiett and Palmgren, 2005; Geisler
et al., 2000b; Anil et al., 2008].

Finally ACA pumps are also involved in pathogen response. It is known that, in
Arabidopsis cultured cells, PM-localized Ca®"-ATPases activity is stimulated upon
exposure to the fungal elicitors oligogalacturonides (OG) [Romani et al., 2004]. In
Arabidopsis, a double knock-out mutation of the vacuolar Ca®" pumps ACA4 and ACA11
leads to a high frequency of apoptosis-like lesions resulting from the activation of the
salicylic acid-dependent programmed cell death pathway [Boursiac et al., 2010].
Moreover it has been recently shown that ACAS, transiently expressed in Nicotiana
bentamiana leaves, specifically interacts with FLS2, the receptor for the bacterial elicitor
flagellin (flg22). In addition both aca8-/- and acalO-/- knock-out Arabidopsis lines and
the aca8-/- acal(0-/- double knock-out mutant are more susceptible to bacterial infections

[Frei dit Frey et al., 2012].
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Regulation of ACA

Whereas ECAs seem to be involved principally in delivery of cations to intracellular
compartments (where there is a requirement for secretion or as a cofactor for enzymatic
activity), ACA pumps, due to their distinctive features, are emerging as potential key
players in plant Ca®" signaling. Therefore the biochemical characterization of the activity
and regulation of different isoforms is crucial in dissecting the molecular basis of Ca*'-
mediated signaling pathways [Dodd et al., 2010].

The activity of ACA pumps is modulated by an N-terminal localized autoinhibitory
domain (Fig. 4) which keeps the pump in a low activation state interacting with its
catalytic head. Regulatory properties of ACA isoforms have been widely studied
exploiting ACAS8 isoform, the best characterized PM-localized ACA [Bonza et al., 2000].
The removal of the N-terminal region of ACAS (through controlled proteolysis or genetic
deletion) generates a deregulated (constitutively active) protein. Alanine scanning of the
Arg”-Lys® sequence of ACAS8 allowed the identification of six amino acids (Trp*,
Arg®, Leu™, Asn™, Arg®® and Phe®) important for pump autoinhibition (Fig. 5), with
mutation of any of these residues resulting in a partially deregulated enzyme. However, it
has been demonstrated that the autoinhibitory domain extends beyond this region: in fact
the deletion of the first 100 or more N-terminal amino acids of ACAS leads to an higher
enzyme activity compared to the deletion of the first 74 amino acids [Luoni et al., 2004;
Bakgaard et al., 2006].

A region in the small cytoplasmic loop of ACAS, between Glu**® and Trp**, has been
identified as one of the potential intramolecular partners of the autoinhibitory domain
(Fig. 4): a peptide reproducing this sequence is indeed able to bind ACA8 N-terminus in
pull-down experiments. Six acidic residues were identified in this region as important for
the autoinhibitory mechanism, indeed mutation of each of them leads to a partially
deregulated enzyme. These results suggest that the interaction of the N-terminal region
with this portion of the small cytoplasmic loop is, at least partially, responsible for pump
autoinhibition. Moreover it has been proposed that the presence of acidic negative-
charged residues in the small cytoplasmic loop could be relevant in stabilizing the
interaction with the autoinhibitory N-terminal domain, that is, instead, rich in basic
residues [Luoni et al., 2004; Bakgaard et al., 2006; Fusca et al., 2009].

Three other acidic residues, localized at the cytosolic edge of TM1, TM2 and TM3 (stalk

domain), were found to be crucial for enzyme autoinhibition. These residues were
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originally identified in the ER-localized ACA2 isoform as Glu'®’, Asp®"’ and Glu**';
mutation of each of them results in a fully deregulated pump. A highly conservative
substitution at Asp>"’ (D*'’E) still produces a deregulated enzyme suggesting for this
amino acidic position a high sensitivity to perturbation [Curran et al., 2000]. Indeed, of
the three amino acids, the Asp®'’ appears to be the most highly conserved among IIA and
IIB pumps. Indeed the relevance of this Asp residue was confirmed also in other pumps:
mutations of Asp'” in PMCA and Asp™” in ACAS8 also determines a loss in pump
autoinhibition [Bredeston and Adamo, 2004; Fusca et al., 2009]. A careful
characterization of the D'"’N mutant PMCA suggested that the autoinhibitory domain
was not displaced by the mutation, but rather that the increased pump activity may arise
from directly changing the accessibility of the Ca*"-binding site [Bredeston and Adamo,
2004; Corradi and Adamo, 2007].

The autoinhibitory action can be suppressed by several mechanisms, among which the
interaction with the activator protein calmodulin (CaM) is the most widely studied [Sze et
al., 2000; Bonza et al., 2013].

CaMs are acidic proteins of ~17 kDa with a Ca*'-sensor function. Their structure is
characterized by two globular domains connected together by an highly mobile extended
o-helix; the globular domains consist of two EF-hands motifs each of which binds a Ca*"
ion. Ca*"-binding to CaM, occurring with positive co-operativity, induces large
conformational changes which result in the exposure of hydrophobic regions, available
for downstream target interaction. Although there does not exist a real consensus
sequence for the CaM-binding domain (CaM-BD), it usually consists of 15-30 basic
amino acids sequence and has a tendency to form an anphypatic a-helix structure [James
et al., 1995; De Falco et al., 2010; Zielinski et al., 1998].

Two N-terminal localized CaM-BD sites were identified in ACAS8 (Fig. 4) partially
overlapped to the autoinhibitory region. The first CaM-BD, with high affinity for CaM
(Kd~13-26 nM), is localized in the region from Arg* to Lys® and is defined by the two
CaM anchor residues Trp*’ and Phe®. Besides these two anchor residues, 11 other
hydrophobic or basic residues (Arg48, Ala’ 1, Va153, Leu54, AlaS6, Argsg, Arg“, Leu64,
Lys®” and Lys®®) were found to be important for the stability of the complex between
CaM and the CaM-BD (Fig. 5) [Bekgaard et al., 2006].

The second CaM-BD of ACAS has low affinity for CaM (Kd 500 nM) and is defined by
the two hydrophobic residues Ile’’ and Phe’ [Tidow et al., 2012].
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The regulative model proposed suggests that at basal [Ca®']., the autoinhibitory domain
interacts with its intramolecular target keeping the pump in a low activation state by
blocking the substrate binding site or by preventing the conformational rearrangements
required for the catalytic cycle. Once [Ca*']. arises CaM binds Ca*" and undergoes
conformational changes which make it able to interact with its CaM-BDs. CaM binding
discards the interaction of the autoinhibitory domain with the catalytic head of the
enzyme: this leads to pump activation both increasing V., and decreasing the its K s for
free Ca®" [Rasi-Caldogno et al., 1993; Bakgaard et al., 2006]. The presence of two CaM-
BDs with different affinity for the Ca*"-CaM complex suggests that the CaM-dependent
activation of the pump has a biphasic mechanism which would allow the modulation of
the pump activity over a broad range of [Ca®"]. [Tidow et al., 2012].

ACAS is also activated by acidic phospholipids by two distinct mechanisms, involving
their binding to two different sites. APL binding to a site overlapping the first CaM-BD,
stimulates ACAS8 activity similar to CaM, while binding to a second site (yet unidentified)
provides a further stimulation of ACAS activity by lowering its Ky s for free Ca®" [Bonza
et al., 2001; Meneghelli et al., 2008].

Finally ACAS activity is also regulated by phosphorylation: six Ser residue localized in
the N-terminal region were found phosphorylated in large-scale phospho-proteomic
studies. It has been shown that mimicking phosphorylation on these six Ser residue
(through an S to D mutation) affects enzyme activity both by hampering the
autoinhibitory function and changing the affinity for CaM. It is also shown that the ACAS8
N-terminus is phosphorylated in vitro by two isoforms of A. thaliana CDPK, CPK1 and
CPK16: in particular CPK16, the more efficient of the two isoforms tested,
phosphorylates the ACA8 N-terminus at two different serine residues (Ser'’ and Ser’?)
[Giacometti et al., 2012]. Phospho-regulation has been studied also on other ACA
isoforms. Two Ser residues in the N-terminus of the Brassica oleracea tonoplast isoform
BCA1, one of which within the CaM-BD, can be phosphorylated in vitro by the protein
kinase C (PKC) [Malmstrom et al., 2000]. Also the ER isoform ACA2 is target of in
vitro phosphorylation: a calcium-dependent protein kinase (CDPK, isoform CPK1) can
inhibit the basal and calmodulin-stimulated activities of the Ca’" pump through
phosphorylation on a serine residue just downstream the CaM-binding site [Hwang et al.,

2000].
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It is therefore possible that various ACAs are differently regulated by phosphorylation of
N-terminal residues. Indeed the amino acidic sequence of the N-terminal regulative
region, is the most variant within the ACAs and the serine residues found phosphorylated

in ACA2 and ACARS are not generally conserved among the ACA isoforms.
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Fig.4 Topology model for a typical plant ACA.
The CaM-regulated autoinhibitor domain is located at the N-terminal end partially overlapped

with two CaM-BDs (green barrels).The intramolecular site for the N-terminal autoinhibitory
domain is marked in blue in the small cytoplasmic loop. Three residues (red dots) are localized at
the cytosolic edge of TM1, TM2 and TM3 (Glu'”’, Asp*'® and E*' in ACA2): mutation of these
residues results in a fully deregulated pump. The sites of the phospho-Asp and ATP binding are

marked in the large cytoplasmic loop.
From Boursiac and Harper, 2007; modified

Aim of the work
Unlike the other ACAs, cluster III isoforms (ACA12 and ACA13) show distinctive
features suggesting for these pumps highly different regulatory properties. Indeed the
sequence of their N-terminal region is highly divergent compared to those of other ACAs
(Fig. 5). In particular, the CaM-BD lacks several residues found to be important for CaM
binding and stabilization, among which also one of the two CaM anchor-residues
suggesting lower or no affinity for the activator protein CaM. Moreover, in the small
cytoplasmic loop (at the cytosolic edge of TM2 and TM3), two of the three acidic residue
known to be crucial for pump autoinhibition (identified as Asp219 and Glu®"' in ACA2),
which are strictly conserved among IIB Ca*" pumps, are naturally variant in cluster III

isoforms (Asn’'' and Arg>** in ACA12, Fig. 5). These features suggest that ACA12 and
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ACAT13 may have lost the regulatory mechanism based on pump autoinhibition [Boursiac

and Harper, 2007].
A)
ACAL 11 DVKPENSSDEALQRWRKLCWIVKNEKRRFRFTANLSKRSEAEATRRSNQEKFRVAVLVSQ 70
ACAZ2 10 DVKAKHSSEEVLEKWRNLCGVVENPKRRFRFTANLSKRYEAAAMRRTNQEKLRIAVLVSK 69
ACAT 10 DVKAKHSSEEVLEKWRNLCSVVKNPKRRFRETANLSKRYEAAARMRRTNQEKLRIAVLVSK 69
ACR4 9 EVEAKNPSLEARQRWRSSVSIVENRTRRFRNIRDLDKLADYENKKHQIQEKIRVAFFVQK 68
ACRL1 9 EVASKNPSLEARQRWRSSVGLVENRARRFRMISNLDKLAENEKKRCQIQEKIRVVEYVQK 68
ACA8B 34 IPS-EKNASIERLQQOWR-KAALVLNASRRERYTLDLEK--———EQETREMRQKIRSHAHALL 87
ACRA9 47 IDNTKNASVESLRRWR-QAALVLNASRRFRYTLDLNK---—EEHYDNRREMIRAHAQVIR 101
ACA1O0 33 IASTENAPVERLRRWR-QAATVILNASRRFRYTLDLKR----EEDKKQMLRKMRAHAQATR 87
ACRAL12 14 LNLTTSSLNKAQRRWR-FAYAATYSMR---AMLSLVEK---—-EIVPARIDPKTSDASLSLS 65
ACAL13 20 LLELPKTLSKSNEKWQ-LALIKLYCSR---TLLNCAK----HATRK---PGLFPRSLSYT 68
(B)
ACAL 203 GLGIVASILLVVEVTATSDYRQSLQFKDLDAEKKKIVVQVTRDKLRQKISIYDLLPGDVV 262
ACAZ2 201 GLGIAASILLVVEVTATSDYRQSLQFRDLDKEKKKITVQVTRNGFRQKLSIYDLLPGDIV 260
ACAT 202 GLGIVASILLVVEVTATSDYRQSLQFRDLDKEKKKITVQVTRNGFRQKMSIYDLLPGDVV 261
ACR4 198 GTGILLSILLVVMVTAISDYKQSLQFRDLDREKKKIIVQVTRDGSRQEISIHDLVVGDVV 257
ACALl 198 GTGILLSIILVVMVTAISDYKQSLQFRDLDREKKKIIIQVTRDGSRQEVSIHDLVVGDVV 257
ACAS 221 GGSIAFAVILVIVVTAVSDYKQSLOFQNLNDEKRNIHLEVLRGGRRVEISIYDIVVGDVI 280
ACA9 235 GGSIAFAVLLVIVVTAVSDYRQSLOFQNLNDEKRNIQLEVMRGGRTVKISIYDVVVGDVI 294
ACALQ 221 GISIAFAVLLVIVVTATSDYRQSLOQFONLNEEKRNIRLEVTRDGRRVEISIYDIVVGDVI 280
ACRAL12 193 GGSIFVAVFLVIVVSALSNFROQERQFDKLSKISNNIKVEVLRDSRRQHISIFDVVVGDVV 252
ACA13 188 GGSIFVAVFLVVAVSAVSNFRONRQFDKLSKVSSNIKIDVVRNGRRQEISIFDIVVGDIV 247
ACAL 322 TVGMRTQWGKLMATLSEGGDDETPLQVKLNGVATIIGKIGLFFAVITFAVLVQGLAN-—- 378
ACAZ2 320 TVGMRTOQWGKILMATLTEGGDDETPLQVKLNGVATIIGKIGLFFAVVTFAVLVQGMFM-—- 376
ACAT 321 TVGMRTOWGKLMATLSEGGDDETPLOVKLNGVATIIGKIGLSFAIVTFAVLVQGMFM--- 377
ACR4 317 TVGMRTEWGKILMETLVDGGEDETPLOQVKLNGVATIIGKIGLSFAVLTEVVLCIREVL--- 373
ACAll 317 TVGMRTEWGKLMDTLSEGGEDETPLOVKLNGVATIIGKIGLGFAVLTFVVLCIRFVV-—-- 373
ACAS 341 GVGVNTEWGLLMASISEDNGEETPLOVRLNGVATFIGSIGLAVAAAVIVILLTRYFTGHT 400
ACA9 354 GVGINTEWGLLMASISEDTGEETPLOQVRLNGLATFIGIVGLSVALVVLVALLVRYFTGTT 413
ACALQ 341 GVGVNTEWGLLMASVSEDNGGETPLQVRLNGVATFIGIVGLTVAGVVLEVLVVRYFTGHT 400
ACAl2 313 SVGMSTTWGQTMSSINQDSSERTPLOVRLDTLTSTIGKIGLTVAALVLVVLLVRYFTGNT 372
ACAL3 308 SVGMNTAWGQMMSHISRDTNEQTPLQSRLDKLTSSIGKVGLLVAFLVLLVLLIRYFTGTT 367

Fig.5 Alignment of Arabidopsis ACA isoforms.

A. N-terminal regulative region. Residues of the CaM-BD (highlighted in blue) and of the
autoinhibitory domain (underlined) are identified in ACAS. B. Small cytoplasmic loop. Acidic
residues of the stalk domain involved in pump autoinhibition (highlighted in yellow) shown to be
conserved in cluster I, II and IV ACAs but variant in cluster 11l (highlighted in green), TM2 and
TM3 are identified (underlined) in ACA12. Sequence alignment was performed using ClustalW.

Due to their distinctive features, cluster III ACA isoforms constitute, among their family,
a notable exception, although poorly known. Indeed, while at least one isoform pertaining
to clusters I, II and IV has been characterized, little was known so far on ACA12 and
ACA13 [Boursiac and Harper, 2007; Bonza and De Michelis, 2011].

It has been shown that while the other ACAs are usually constitutively expressed, the

transcript levels of ACA12 and ACAI13 are almost undetectable; however their
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expression appears to be dramatically increased by pathogens (such as Botrytis cinerea
and Pseudomonas siringae) or UVB [Boursiac and Harper, 2007].

Taken together, these clues suggest that ACA12 and ACA13 may be required by the cell
only under particular circumstances.

Aim of this work was therefore the study of the intracellular localization and the analysis
of the activity and regulative properties of ACA12 (one members of cluster III), in order
to investigate the physiological role for this pump.

Subcellular localization has been investigated by confocal microscopy in ACA12GFP-
transformed Arabidopsis thaliana seedlings; instead the functional characterization has
been performed in yeast Saccharomyces cerevisiae.

ACA12 was eterologously expressed in the S. cerevisiae strain K616, which is devoid of
endogenous Ca®" pumps (PMR1 and PMC1, respectively localized at the tonoplast and at
the Golgi membrane) [Cunningham and Fink, 1994]. The K616 strain has been widely
employed for the expression of heterologous Ca’’-ATPases because they can be
expressed, purified and characterized without the background activity from endogenous
pumps [Sze et al., 2000]. In addition, this strain provides a good genetic complementation
system for the in vivo study of the enzyme activity and regulative properties: indeed K616
is able to grow in a Ca*-depleted media only if it expresses a deregulated (fully active)
Ca*" pump [Curran et al., 2000; Bonza et al., 2004; Bakgaard et al., 2006]. Regulative
properties of ACA12 (in both wild type and single point mutants forms) were tested in
vivo for the ability to rescue the K616 phenotype in Ca®’-depleted media. Moreover,
yeast-expressed ACA12 was purified by CaM-affinity chromatography and its activity
was studied in vitro measuring its Ca®" and Ca®*-CaM dependent ATP hydrolysis in order

to unravel its biochemical properties.
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ACA12 localizes at the plasma membrane
The intracellular localization of ACA12 was established using Arabidopsis transgenic
plants expressing GFP-fused ACA12 (ACA12-GFP) under the control of the 35S
promoter (kindly provided by prof. J. F. Harper, University of Nevada, Reno). Seedlings
were grown on plate, in the dark for 7-10 days; the root and the root tip (the last one is
particularly suitable to distinguish the PM from the endomembranes due to the small
vacuoles of the cells) were analyzed using a confocal microscope. The results
summarized in Fig. 6 (panels A, B, D, G) show that GFP fluorescence localizes at the
periphery of the cells, compatibly with a PM localization of ACA12. In order to validate
this result, the seedlings were also used to perform a co-localization of the GFP signal
with the FM4-64 dye [Bolte et al., 2004] which is employed to mark the PM. The co-
localization experiment gave positive results: fluorescence of GFP and FM4-64 clearly

co-localize at the cell periphery (Fig. 6, panels D-I).
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Fig.6 ACAI12-GFP is PM localized.

Root images of 7-10 day old dark-grown seedlings expressing ACA12-GFP under the control of
the 35S promoter. GFP fluorescence (A,B,D,G); phase contrast image of panel B (C); FM4-64
dye fluorescence (E,H); merging (F,I). Root tip (A); maturation root zone (B,C,D,E,F);
elongation root zone (G,H,I).

~rars

-29 -



Results

Expression of ACA12 in yeast strain K616
ACA12-GFP (which contains also a C-terminal 6His tag) and ACA12 (without tags),
cloned into the pYES2 vector under the control of the GALI promoter, were used to
transform Saccharomyces cerevisiae strain K616. SDS-PAGE, Western blot and
decoration with the HisProbe-HPR, which recognize the 6His tag fused to the C-terminal
end of ACA12-GFP, were performed on the microsomal fraction of yeast expressing the
tagged protein after standard induction conditions (24 h at 30 °C). The probe (Fig. 7)
recognizes only a very faint band of the expected molecular mass (141 kDa); however
several other band with lower molecular mass (likely due to protein proteolysis) are also
identified. An increase in accumulation of the protein at the expected molecular weight
was obtained lowering the temperature of the induction phase to 20 °C. Attempts to
improve the ACA12-GFP expression yield by further lowering the induction temperature
(18°C, 12°C) were unsuccessful (data not shown). However, also in the best condition
(20°C), ACA12-GFP expression level remains very low with respect to a mutant form of
the ACAS isoform (the His-tagged A109-ACAS). In fact, the signal corresponding to
A109-ACA8 is much stronger than that of ACAI12-GFP, although 100 fold more

microsomal proteins were loaded in the latter case.

ACA12 is functional and deregulated in vivo

Due to the lack of endogenous Ca*"-ATPases, K616 yeast strain is unable to grow in
Ca®"-depleted media unless it expresses a deregulated form of ACA [Curran et al., 2000;
Bonza et al., 2004; Backgaard et al., 2006]. We therefore tested ACA12-GFP for its
ability to rescue the phenotype of K616 at 20°C in a Ca*"-depleted medium. The result
(Fig. 8) shows that K616 yeast expressing ACA12-GFP is able to grow in a Ca**-depleted
medium (in the presence of 5 mM EGTA) nearly as well as that expressing A74-ACAS, a
deregulated ACA8 mutant. Conversely K616 expressing the WT form of ACAS is unable
to grow under these conditions [Bonza et al., 2004]. A rescue of K616 phenotype was
also obtained by yeast transformation with the untagged ACA12. This result indicates that
the yeast-expressed ACA12-GFP protein, as well as the ACA12 untagged protein, is
functional and not auto-inhibited and that pump deregulation is not caused by the addition
of the GFP at the C-terminal end of the protein.

Due to the relevant degree of proteolysis of ACA12-GFP (Fig. 7), and probably also of
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ACA12, in yeast membrane, the possibility exists, albeit unlikely, that the rescue of K616
phenotype results from the presence of ACAI12 fragments lacking the autoinhibitory
domain rather than from a constitutive deregulation of ACA12. Therefore, in order to
dismiss this possibility, we decided to purify ACA12 from yeast using CaM-affinity
chromatography [Bonza et al. 1998, 2000; Fusca et al., 2009; Bonza and Luoni, 2010]

and test its biochemical properties in vitro.
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Fig.7 Expression of ACA12-GFP in yeast strain K616.

K616 yeast transformed with an empty pYES2 vector (EV), with 47109-ACA8-6His or with
ACAI12-GFP was grown in synthetic complete medium lacking uracil (SC-URA) supplemented
with 2 % (w/v) glucose and 10 mM CaCl,. To induce protein expression, the different yeast
strains were grown at the specified temperatures for the indicated times in SC-URA medium
containing 2 % (w/v) galactose, 1 % (w/v) raffinose and 10 mM CaCl,. Solubilized microsomal
proteins (30 ug for EV and ACA12-GFP and 0.3 ug for A109-ACAS8) were subjected to SDS-
PAGE, blotted and decorated with the HisProbe-HPR.
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Fig.8 Complementation test of the phenotype of K616 yeast strain.

K616 yeast cells transformed with ACA12-GFP (WT and mutants) and ACA12 were grown in
synthetic complete medium lacking uracil (SC-URA) and supplemented with 2 % (w/v) glucose
and 10 mM CacCl,, Cells were pelletted, washed and diluted with water to Agyo =1 - 0.3 -0.1. Five
pL of each dilution were spotted on solid SC-URA medium containing 2 % (w/v) galactose and 1
% (w/v) raffinose, supplemented with 10 mM CaCl, or 5 mM EGTA. As controls, yeast strain
K616 transformed with the pYES2 empty vector (EV) or expressing full length ACAS8 or the A74-
ACARS truncated mutant were used. Growth was recorded after 8 days of incubation at 20 °C.
Results are from one experiment representative of three.

ACA12 is functional and deregulated in vitro

The microsomal proteins from K616 cells expressing ACA12-GFP were solubilized and
incubated overnight with a CaM-Sepharose resin. After the removal of the unbound
fraction, CaM-bound proteins were eluted upon Ca’'-chelation with a 2 mM EGTA
solution. The main fractions obtained from the purification procedure were subjected to
SDS-PAGE, Western Blot and decoration with the HisProbe-HPR (Fig. 9, panel A, lane
1-3); otherwise following SDS-PAGE, proteins were labeled with the silver-stain method
(Fig. 9, panel A, lane 4).

In the solubilized microsomal fraction (lane 1) the HisProbe-HPR recognizes the intact
ACAI12-GFP protein (141 kDa) and several other bands with lower molecular mass
corresponding to His-tagged ACA12-GFP fragments. While these latter fragments are
totally retained in the unbound fraction, a relevant portion of the intact ACA12-GFP
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protein remains associated to the resin (lane 2). In the elution fraction only the 141 kDa
band relative to the intact ACA12-GFP is recognized, while the His-tagged lower
molecular weight bands are undetectable (lane 3). Moreover, in the EGTA-eluted
fraction, the 141 kDa band is by far the most prominent after SDS-PAGE and silver
staining (lane 4). These results indicate that CaM-affinity purification procedure allows
the recovery of quite pure ACA12-GFP protein, albeit in tiny amounts (ca. 1 pg protein
per mg of microsomal protein).

The same purification procedure was applied to microsomes from K616 cells expressing
WT ACA12; purification fractions were subjected to SDS-PAGE and proteins were
stained with comassie blue (Fig. 9, panel B). A band corresponding to ACA12 intact
protein (113 kDa) is prominent in the EGTA-eluted fraction (lane 3), indicating that
CaM-affinity also allows purification of the untagged ACA12 protein, albeit still with low
yield (ca. 1 ug ACA12 per mg of microsomal protein).

Enzyme activity of the purified ACA12 protein was measured as Ca’" dependent and
Ca®"-CaM dependent Mg**-ATP hydrolysis (Table 1). The purified ACA12 protein has
Ca’"-ATPase activity insensitive to CaM even when supplied at 10 uM concentration, but
sensitive to vanadate, a well-known inhibitor of P-type ATPases. Instead ACA12 differs
from the other ACAs characterized so far for being unable to use ITP as an alternative
substrate to ATP [Bonza and De Michelis, 2011]. Moreover ACA12 is less sensitive to
inhibition by eosin Y (Fig. 10), a fluorescein derivative which acts as a competitive
inhibitor with respect to the nucleoside triphosphate substrate [De Michelis et al., 1993].
In fact eosin Y inhibit ACA12 activity at micromolar concentrations whereas nanomolar
concentrations of the fluorescein derivative are sufficient to inhibit ACAS [Bonza et al.,

2004].
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Fig.9 Purification of ACA12-GFP and ACAI12 by CaM-Sepharose affinity.

Panel A (ACA12-GFP): lane 1, 10 pl of solubilized microsomal proteins (40 pg); lane 2, 10 pl of
the unbound protein fraction; lane 3, 9 ul of the EGTA-eluted fraction; lane 4, 1 pl of the EGTA-
eluted fraction concentrated ten-fold. Fractions were subjected to SDS-PAGE, blotted and
decorated with the HisProbe-HPR (lanes 1-3) or silver-stained (lane 4). Panel B (ACA12): lane 1,
10 ul of solubilized microsomal proteins (40 pg); lane 2, 10 pl of the unbound protein fraction;
lane 3, 3.5 pul of the EGTA eluted fraction concentrated 20-fold. Fractions were subjected to SDS-
PAGE and stained with Comassie blue.

Assay conditions Ca®*-ATPase activity
(nmol Pi min~' mg~" protein)

ATP 289 + 27
ATP + | pM CaM 303 £ 31
ATP + 10 pM CaM 309 £ 29
ATP + 200 ipM vanadate 341
ITP 25+3

Table. 1 Ca’" -ATPase activity of ACA12

The specific activity of ACA12 purified protein was measured, at the specified conditions, as Ca**
dependent Mg**-ATP or Mg**-ITP hydrolysis. Results (plus or minus standard error of the mean)
are from three experiments, each with three replicates, performed on different purified fractions.
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Fig.10 Effect of eosin Y on ACA12 activity

Effect of cosin Y on ACA12 activity was measured as Ca*" dependent Mg*"-ATP hydrolysis in
the presence of the specified eosin Y concentrations. Results are from one experiment,
representative of three.

ACA12 single point mutants lose the ability to rescue K616 phenotype
In studies on other ACA isoforms, as well as on a PMCA, two acidic residue (an Asp and
a Glu) respectively localized at the edge of TM2 and of TM3 were found to be important
for IIB P-type ATPases autoinhibition. Single point mutations of each of these acidic
residues generates constitutively active proteins, insensitive to CaM [Curran et al., 2000;
Bredeston and Adamo, 2004; Fusca et al., 2009]. Alignment of ACA12 (Fig. 5) with the
other ACAs of Arabidopsis shows that these two residues, conserved in all members of
the other three clusters, are variant in cluster III isoforms ACA12 and ACA13. In
particular ACA12 Asn’'' and Arg®* respectively align with the Asp and the Glu
conserved in ACA isoforms belonging to the other three clusters. We generated ACA12-
GFP single mutants harboring a N*!'D or a R*'E substitution as well as the N*''D-R***E

double mutant. All mutants, expressed in K616 at levels similar to that of the WT protein

(data not shown), were tested for their ability to rescue K616 phenotype in a Ca*'-
depleted medium (Fig. 8). While the N*''D mutation only partially impairs the ability of
ACA12-GFP to rescue the growth phenotype, there was no rescue for K616 yeast
expressing ACA12-GFP R¥E or ACA12-GFP N*''D-R***E double mutant.
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Subcellular localization experiments, performed on ACA12-GFP transformed
Arabidopsis seedlings (Fig. 6), indicate that ACA12 is a plasma membrane protein which
co-localizes with the PM dye FM4-64 [Bolte et al., 2004], as previously assumed by Frei
dit Frey and colleagues [2012]. Further experiments also demonstrated that ACA12 is
able to rescue the phenotype of an Arabidopsis knock-out mutant lacking ACA9 (a PM
isoform primarily expressed in pollen [Schiett et al., 2004]), when expressed under the
control of ACA9 promoter [Limonta et al., 2013]. This confirms the PM-localizion of
ACA12, but also indicate that it is functional as Ca*" pump in Arabidopsis.

The employment of S. cerevisiae strain K616 provides a powerful genetic
complementation system for studying the functional and regulatory properties of ACA12.
Indeed despite the low expression level of ACA12 in yeast membrane (Fig. 7), this pump
is able to complement the K616 phenotype, making it able to grow in Ca®" limiting
conditions (in the presence of 5 mM EGTA) (Fig. 8), as other deregulated (fully active)
mutants of ACA isoforms are able to do [Curran et al., 2000; Bonza et al., 2004;
Baekgaard et al., 2006]. These data not only confirm the in vivo functionality of ACA12
as a Ca”"-ATPase, but also indicate that ACA12 is a deregulated isoform of Arabidopsis
type IIB Ca”" pump.

In vitro biochemical assay of the activity of the purified ACA12 confirmed pump
deregulation: ACA12 activity could not be stimulated by CaM (Table 1). With respect to
the other ACA isoforms, ACA12 sequence is highly divergent in the regulatory N-
terminus which contains the auto-inhibitory domain and the CaM-binding sites (Fig. 5):
in particular only one of the two anchor residues in the high affinity CaM-binding site
(Trp™ of ACA12) is conserved. However, ACA12 retains the ability to bind CaM, in fact
it can be purified by CaM-affinity chromatography (Fig. 9). We supposed that the lack of
ACAI12 autoinhibition may be connected to the lack of two acidic residues, localized at
the cytosolic edge of TM2 and TM3. These residues (an Asp and a Glu) are instead
conserved in other clusters of ACAs as well as in the animal orthologue PMCA, their
mutation inducing the deregulation of the pumps [Curran et al., 2000; Bredeston and
Adamo, 2004; Fusca et al., 2009], seemingly not because of the interruption of the
interaction between the autoinhibitory domain with its intramolecular target but due the
change of the Ca®" binding site accessibility [Bredeston and Adamo, 2004; Corradi and
Adamo, 2007]. Alignment of ACA12 sequence with the other ACA isoforms pointed out
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"and Arg™ in

that the conserved Asp and Glu residues align respectively with Asn®'
ACA12 (Fig. 5). Reverting Asn’'' to Asp and Arg>* to Glu in ACAI12 sequence
determines mutant pumps inability to complement the K616 phenotype (only partially for
N211D alone, completely for R334E and N211D-R334E mutations, Fig. 8). These
results, that must be taken as preliminary, seem to confirm the recovery of autoinhibition,
but an alternative explanation exists: the activity of the purified R334E mutant was barely
detectable even in the presence of CaM (data not shown), and if this can be due to a
protein damage occurred during extraction, it is also possible that the mutation generated
a non functional protein in first place.

A hint supporting protein instability during extraction is that, while ACA12 WT
successfully complements the K616 phenotype despite its low expression level, after
purification its activity is low compared to CaM-stimulated activity of ACAS purified
under the same conditions (unpublished data; [Bonza and Luoni, 2010]). Its fragility is
further confirmed by a 50-80% activity decrease upon storage at -80 °C (data not shown):
ACA12 activity could be preserved overnight only upon storage at 4 °C in the presence of
phosphatidylcholine (100-fold molar excess). Moreover the expression of ACA12-GFP
under the control of the 35S promoter in mature leaves of Arabidopsis is fairly low (data
not shown).

ACA12 differs from the other ACAs characterized so far for being virtually unable to use
ITP as a substrate alternative to ATP, and for being less sensitive to inhibition by the
fluorescein derivative eosin Y (Table 1, Fig. 10). Since fluorescein and its derivatives are
competitive inhibitors of P-type ATPases, which act by binding to a conserved Lys
residue in the nucleotide-binding domain, these results suggest that the conformation of
this domain in ACA12 is more similar to that of other P-type ATPase (which are ATP-
specific and less sensitive to inhibition by fluorescein derivatives) than to that of ACA
isoforms pertaining to the other three clusters [De Michelis et al., 1993; Bonza et al.,
2004; Bonza and De Michelis, 2011].

The role of a deregulated ACA isoform as ACA12 within the physiology of the plant is
still an open question. Unlike the relatively constant and redundant expression of other
Arabidopsis ACAs, members of cluster Il normally show very low or undetectable levels
of expression under normal growth conditions. However, ACA12 and ACAI3 are
induced up to 40-fold in response to a pathogen stress (infection with Botrytis cinerea and
Pseudomonas syringae) [Boursiac and Harper, 2007]. While it is not known why ACA12

and ACA13 show such dramatic profiling change, this may indicate a unique biochemical
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activity that is required only under special circumstances. In particular ACA12 over-
expression upon exposure to pathogens suggests that it may be involved in the adaptive
response to these stress signals: expression of a deregulated PM Ca®*-ATPase may impact
on the shape of pathogen-induced Ca®" transients [Boller and Felix, 2009; Ranf et al.,
2011] and consequently on the response of the plant to a new pathogen attack. Moreover
it has been seen that ACA13 espression level is up-regulated in mekkl-/- knock-out
Arabidopsis plants. MEKKI1 encodes a mitogen-activated protein kinase kinase kinase
which acts as negative regulator of the pathogen response pathway activated by the
interaction of the bacterial elicitor flagellin with its receptor (FLS2). The gene expression
profile of MEKK1 knock-out plants matches with those of plant treated with B. cinerea
and P. syringae, with disruption of the MEKKI gene resulting in up-regulation of
pathogenesis-associated genes [Suarez-Rodriguez et al., 2006].

The finding that, under normal conditions, ACA12 also shows significant levels of
expression in guard cells [http://bar.utoronto.ca/efp arabidopsis/cgibin/efpWeb .cgi;
Winter et al., 2007] may provide an additional clue on its involvement in plant pathogen
response. Stomata are indeed preferential entry points for pathogen invasion and undergo
closure upon detection of bacterial elicitor to prevent infection [Schulze-Lefert and
Robatzek, 2006]. It has been demonstrated that elicitor-induced transient increase in
[Ca*"]., which results in stomata closure, requires the availability of extracellular Ca*"
pool, according to studies showing that extracellular Ca®" is necessary for the induction of
plant defense responses against pathogen [Kliisener et al., 2002; Aslam et al., 2008]. In
this context the expression of a deregulated PM-localized Ca*"-ATPase, as ACA12, may
provide a Ca*" extrusion activity supporting Ca’"-dependent plant pathogen defense.
Interestingly, when transiently expressed in N. benthamiana leaves, ACA12 (as ACAS)
interacts at the PM with the brassinosteroid receptor BRI1 and with CLV1 [Frei dit Frey
et al., 2012] and interactomic screening by the split ubiquitin test has identified four
orphan receptor like kinases (RLKs) as specific ACA12 interactors [http:/cas-

biodb.cas.unt.edu/project/mind/search.php]. RLKs are members of a large family of

kinases (more than 600 members in Arabidopsis) which are involved in diverse ligand-
mediated signaling pathways. In particular several RLKs have been shown to be receptor
proteins involved in perception of pathogens [Shiu and Bleecker, 2001Boller and Felix,
2009; Ranf et al., 2011; Gish and Clark, 2011]. We might speculate that the activity of
ACAI12 may be modulated by RLK phosphorylation in order to provide the optimal

contribution to plant response to pathogen attack.
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Finally, as previously reported for Oryza sativa by Baxter and collegues [2003], cluster
IIT Arabidopsis isoforms show to be conserved also in other plant species. A phylogenetic
comparison of protein sequences of Arabidopsis ACAs with putative IIB P-type ATPases
pertaining to other species of agronomic interest (such as Vitis vinifera, Solanum
lycopersicum, Populus trichocarpa, Cucumis melo, Zea mays and Brachypodium
distachyon) revealed that at least one isoform for each species clusters together with
ACA12 and ACA13 (Fig. 11). Moreover, sequence alignments showed that, ACA12 and
ACAI13 orthologues also show amino acidic variations of the conserved Asp and Glu
residues involved in determining ACAs autoinhibition (data not shown), therefore
suggesting a cluster-specific activity regulation conserved among different plant species.
Cluster III conservation in various plant species may be an additional clue of the

physiological relevance of these isoforms.
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Protein sequences of putative 1IB ATPases from Solanum lycopersicum (A),Vitis vinifera (B),
Zea mays (C) and Brachypodium distachyon (D) were aligned with sequence of ACA members of

Fig.11 Phylogenetic trees of IIB P-type ATPases.

constructed from full-length protein sequences with the neighbor joining method (NJ) using

Arabidopsis thaliana using ClustalW2 Multiple Sequence Alignment. Phylogenetic tree were
ClustalW2. Numbers (I, IL,

111, IV) denote clusters. Cluster III members are boxed in red.
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Abstract Plant auto-inhibited Ca’>T-ATPases (ACA)
are crucial in defining the shape of calcium transients and
therefore in eliciting plant responses to various stimuli.
Arabidopsis thaliana genome encodes ten ACA isoforms
that can be divided into four clusters based on gene struc-
ture and sequence homology. While isoforms from clusters
1, 2 and 4 have been characterized, virtually nothing is
known about members of cluster 3 (ACA12 and ACA13).
Here we show that a GFP-tagged ACA12 localizes at the
plasma membrane and that expression of ACA12 rescues
the phenotype of partial male sterility of a null mutant
of the plasma membrane isoform ACA9, thus provid-
ing genetic evidence that ACA12 is a functional plasma
membrane-resident Ca>*-ATPase. By ACA12 expression
in yeast and purification by CaM-affinity chromatography,
we show that, unlike other ACAs, the activity of ACA12
is not stimulated by CaM. Moreover, full length ACA12 is
able to rescue a yeast mutant deficient in calcium pumps.
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Analysis of single point ACA12 mutants suggests that
ACA12 loss of auto-inhibition can be ascribed to the lack
of two acidic residues—highly conserved in other ACA
isoforms—Ilocalized at the cytoplasmic edge of the second
and third transmembrane segments. Together, these results
support a model in which the calcium pump activity of
ACA12 is primarily regulated by increasing or decreas-
ing mRNA expression and/or protein translation and
degradation.
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Introduction

Plant sensing of different environmental stimuli such as
cold, light, osmotic, salt and drought signals, oxidative
stress, plant hormones and pathogens, activate signal trans-
duction systems involving transient increases in cytosolic
free Ca>* concentration. The specificity of the response to
the various environmental changes depends on the ampli-
tude, frequency and localization of the cytosolic calcium
transient. Transient increases in cytosolic Ca’" are trig-
gered by the opening of Ca’" permeable channels that
mediate passive ion influx from the apoplast and/or intra-
cellular compartments, while Ca’t active transporters
(Ca’*-H* antiporters and Ca’"-ATPases) determine the
recovery of the resting cytosolic free Ca** concentration
after the stimulus. Ca’*-ATPases are thought to be crucial
in defining the shape of the calcium transient and therefore
in eliciting plant specific response to various stimuli (Sand-
ers et al. 2002; McAinsh and Pittman 2009; Dodd et al.
2010; Kudla et al. 2010; Pittman et al. 2011; Spalding and
Harper 2011; Bose et al. 2011).
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Plant Ca’*-ATPases belong—as those of animals—
to subgroup 2 of P-type ATPases super-family, which are
characterized by forming a phosphorylated intermediate
which changes conformation during the catalytic cycle, and
by a number of highly conserved sequence motifs (Mgller
et al. 1996; Axelsen and Palmgren 1998; Palmgren and
Nissen 2011). The genome of higher plants encodes sev-
eral Ca’>"-ATPases which group either with animal sarco-
endoplasmic reticulum Ca®*-ATPase in the 2A subgroup
of P-type ATPases (ECA, ER-type Qa”-ATPase) or with
animal plasma membrane (PM) Ca’*-ATPase in the 2B
subgroup (ACA, auto-inhibited Qa2+—ATPase). Arabidopsis
(Arabidopsis thaliana) has four ECA and ten ACA genes,
with most cells expressing multiple isoforms (Geisler et al.
2000a; Sze et al. 2000; Bonza and De Michelis 2011; Ped-
ersen et al. 2012).

A distinctive feature of ACAs in comparison to ECAs
is an extended cytosolic N-terminal domain. In previously
characterized members of the ACA subgroup, the N-termi-
nus has been found to have an auto-inhibitory domain and a
partially overlapping high affinity calmodulin (CaM) bind-
ing site (Geisler et al. 2000a; Baxter et al. 2003; Kabala
and Klobus 2005; Boursiac and Harper 2007; Bonza and
De Michelis 2011; Pedersen et al. 2012); a second low
affinity CaM-binding site has been recently identified just
8 aa downstream the first one in ACAS, one of the best
characterized ACA isoform (Tidow et al. 2012). In all ACA
isoforms characterized so far, CaM-binding suppresses the
auto-inhibitory action of the N-terminus, increasing V
and decreasing K, 5 for free Ca®*.

ACA isoforms can be divided into 4 clusters, based on
sequence alignments and intron number and/or position
(Baxter et al. 2003): the current evidence suggests that each
cluster harbors isoforms with different features, such as
sub-cellular localization or regulatory mechanisms (Baxter
et al. 2003; Bonza and De Michelis 2011). The abundance
of ACA isoforms, together with their co-expression in the
same cell types, makes it difficult to define the role of each
isoform in the physiology of the plant: however the phe-
notype of knock out mutants provides evidence for their
role in development and/or response to biotic and abiotic
stresses (Schigtt et al. 2004; George et al. 2008; Boursiac
et al. 2010; Frei dit Frey et al. 2012). Gaining a deeper
knowledge on the biochemical properties and regulation of
different ACA isoforms is important to assign them specific
functions in vivo and therefore in understanding the bio-
chemical pathways associated to relevant plant responses.

While at least one ACA has been previously character-
ized from clusters 1, 2 and 4, virtually nothing is known
about members of cluster 3, which in Arabidopsis are
isoforms ACA12 and ACAI13. These isoforms, which
are unique in being encoded by intron-less genes, have
very low expression level in most cell types under basal
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conditions, but are dramatically induced upon exposure to
a specific stress, such as in response to pathogens or UVB
stress [(Boursiac and Harper 2007); http://bar.utoronto.
ca/efp_arabidopsis/cgi-bin/efpWeb.cgi  (Winter et al.
2007)]. Their N-terminal regions are highly divergent
compared to those of other ACAs; moreover they have an
Asn (N211 in ACA12) and an Arg (R334 in ACA12) at
positions close to transmembrane domain (TM) 2 and 3
respectively, where all other ACAs—as well as animal PM
Ca’"-ATPases—have an acidic residue. In different ACA
isoforms, as well as in an animal pump isoform, mutation
of these acidic residues generates deregulated pumps that
show near full activity without further activation by CaM
(Curran et al. 2000; Bredeston and Adamo 2004; Fusca
et al. 2009).

Here we provide genetic evidence that ACA12 is a func-
tional PM-resident Ca’>"-ATPase, and biochemical evi-
dence that ACA12 binds CaM but, unlike other ACAs, is
not stimulated by CaM. In addition, a full length ACA12 is
able to rescue a yeast mutant deficient in calcium pumps,
unlike other well studied ACAs such as ACAS8, which
only provides a rescue when its auto-inhibitory N-termi-
nus is deleted (Bonza et al. 2004; Baekgaard et al. 2006).
Together, this supports a model in which the calcium pump
activity provided by ACA12 is not dependent on Ca’*-
CaM stimulation, would be therefore primarily regulated
by increasing or decreasing mRNA expression and/or pro-
tein translation and degradation.

Materials and methods
Plant lines and growth conditions

Arabidopsis thaliana ecotypes WS or Columbia were
used for all plant experiments. For testing the ability of an
ACAI2 (At3g63380) gene to rescue a loss of function of
ACA9 (At3g21180), two WS ecotype-based T-DNA inser-
tion alleles were used, aca9-1 and aca9-2 (Schigtt et al.
2004). For subcellular localization experiments, a transgene
encoding an ACA12-GFP was transformed into A. thaliana
ecotype Columbia.

For growing plants, seeds were sown on 0.5 x Murashige
and Skoog (MS) medium, pH 5.7 and stratified at 4 °C for
48 h. Seedlings were grown at room temperature (22 °C)
under 24 h light for 7-10 days before being transplanted to
soil. The soil used was Sunshine SMB-238 supplemented
with 10-10-10 fertilizer (Hummert) and Marathon pesti-
cide (Hummert) following the manufacturer’s instructions.
Plants were grown until maturity in a green house (with
light and temperature conditions varying by seasons), or
in growth chambers with a photoperiod of 16 h of light at
20 °C and 8 h of dark at 18 °C.
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Plasmid construction

Plasmid construct 355::ACA12-GFP (plasmid stock ps 391,
see Online Resource 1), encodes an ACA12 with a C-ter-
minal GFP followed by a 6His tag, downstream of a 35S
promoter in a pBINI01.2 plant expression vector (Bevan
1984), harboring a kanamycin (kan") resistance marker for
bacterial and plant selections. This ACAI2 coding sequence
was generated by PCR amplification of genomic DNA from
A. thaliana (Columbia), and sub-cloning into a pBIN101.2
plant expression vector (Bevan 1984). The ACAI2 coding
sequence begins with ATGAGGGACCTC and ends with
CTCAAGAAACCT. The stop codon was removed to allow
an in frame fusion with a GFP. The genomic sequence for
ACAI2 does not contain any intron. The absence of PCR
mistakes was confirmed by DNA sequencing.

Plasmid construct ACA9promoter::ACAI12-TAP2(YFP)
(ps 688, see Online Resource 1), encodes an ACA12 with a
C-terminal YFP downstream of a promoter from a preferen-
tially pollen expressed gene, ACA9 (Schigtt et al. 2004). This
construct was based on a derivative of the pGreenll plant
expression vector (Hellens et al. 2000) [kan" in bacteria,
hygromycin-resistance (hyg') in plants]. Plasmid construct
ACA9promoter::ACA2-TAP2(GFP) (ps 585, see Online
Resource 1), is similar to ps 688 except that it encodes an
ER-localized ACA2 (Hong et al. 1999) fused to GFP.

For heterologous expression in yeast, ACAI2 and
ACAI2-GFP coding sequences were amplified by PCR
(Robocycler gradient 40, Stratagene) using ps 391 as tem-
plate and cloned into the pYES2 vector (Online Resource
1). Generation of N211D and R334E mutants of ACAI2-
GFP was performed by site-directed mutagenesis using
the Quickchange site-directed mutagenesis kit (Strata-
gene) according to the manufacturer’s protocol, using WT
ACA12-GFP full length cDNA inserted in the pYES2 as a
template (Online Resource 1).

Plant transformation

Plants were transformed with Agrobacterium tumefaciens
strain GV3101 using the floral-dip method (Clough and
Bent 1998). For the pGreenll vector, the Agrobacterium
also included a pSOUP helper plasmid with a tetracycline
resistance gene (Hellens et al. 2000). T1 seedlings were
grown on 0.5x MS medium (pH 5.7) containing 1 % agar,
0.05 % MES, and 25 pg/ml hygromycin (pGreenll based
constructs) or 50 pg/ml kanamycin (pBIN based vector) to
identify stable transgenic lines.

Confocal microscopy

Root images of 7-10 day old dark-grown seedlings
expressing ACA12-GFP under the control of the 35S

promoter were collected using an Olympus IX81 FV1000
confocal microscope run by the Olympus FluoView
1.07.03.00 software package equipped with a 60x objec-
tive (numerical aperture 1.42) (Fig. 1A—C) or a confocal
microscope Leica TCS SP2 AOBS with a 40x oil-immer-
sion objective (Fig. 1D-I). For co-localization experiments
seedlings were exposed for 5—10 min to 4 uM FM4-64 dye
freshly prepared solution (Bolte et al. 2004). Excitation
at wavelengths of 488 nm was provided with an Argon-
Ion laser. A spectral emission range of 500-600 nm was
used for GFP imaging, while a 500-530 nm (GFP) and a
625-665 nm (FM4-64) range were used in co-localization
experiments.

Yeast strains, transformation, and growth media

cDNAs coding for ACAI2, ACAI2-GFP, and ACAI2-
GFP mutants were in pYES2 vector (Invitrogen) under
the control of the GAL1 promoter. Plasmids were used to
transform Saccharomyces cerevisiae strain K616 [MATa
pmrl::HIS3 pmcl::TRPI cnbl::LEU2, ade2, ura3 (Cun-
ningham and Fink 1994)] using a lithium acetate/single-
stranded DNA/polyethylene glycol protocol and transfor-
mants were selected for uracil prototrophy by plating on
complete synthetic medium lacking uracil (SC-URA) as
described (Bonza et al. 2004). To induce protein expres-
sion, the different yeast strains were grown in SC-URA
medium containing 2 % (w/v) galactose, 1 % (w/v) raffi-
nose, 50 mM succinic acid/Tris (pH 5.5), 0.7 % (w/v) yeast
nitrogen base and 10 mM CacCl,, for 24 h at 20 °C.

Complementation of the yeast mutant K616

For complementation experiments, single colonies of the
different strains were grown in a SC-URA medium contain-
ing 2 % (w/v) glucose, 50 mM succinic acid/Tris (pH 5.5),
0.7 % (w/v) yeast nitrogen base and 10 mM CaCl,; cul-
tured cells were pelletted, washed and diluted with water to
Agpo=1—10.3 — 0.1. Five pL of each dilution were spot-
ted on solid SC-URA medium containing 2 % (w/v) galac-
tose, 1 % (w/v) raffinose, 50 mM succinic acid/Tris (pH
5.5), 0.7 % (w/v) yeast nitrogen base supplemented with
10 mM CaCl, or 5 mM EGTA. As controls, yeast strain
K616 transformed with the pYES2 empty vector or express-
ing full length ACAS or the A74-ACAS truncated mutant
were used (Bonza and Luoni 2010). Growth was recorded
after 3-8 days of incubation at 20 °C.

Isolation of yeast microsomes
Microsomal fraction was isolated as previously reported

(Fusca et al. 2009) except that yeast cells were lysed
using a Cell Disruptor (Constant Systems Ltd) operating
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at 27 psi. Protein concentration was determined using the
Bio-Rad assay (Bio-Rad) with y-globulin as standard.

ACA12 and ACA12-GFP purification by CaM-affinity
chromatography

CaM-affinity purification was performed as described
(Fusca et al. 2009) with slight modifications. Proteins
(100 mg) from yeast microsomes expressing ACA12 or
ACA12-GFP were incubated with n-dodecyl p-b-maltoside
(4 mg detergent ml~!: 4 mg protein ml~!) at 25 °C for
30 min in a solubilization medium containing 5 % (v/v)
glycerol, 50 mM Tris—HCI, pH 7.5, 1| mM p-aminoben-
zamidine, 2 mM DTT, 1.5 mM ATP, 2 mM CacCl,, 1 mM
MgSO,, 125 mM NaCl, supplemented with 5 g ml~! leu-
peptin, 5 g ml~! pepstatin, 5 g ml~! chymostatin imme-
diately before use. The sample was then centrifuged 1 h at
110,000g at 4 °C; the supernatant recovered and incubated
overnight under gentle rotation at 4 °C with 0.8 ml of CaM-
Sepharose (GeHealthcare) previously equilibrated with
solubilization medium supplemented with 37.5 pg ml~!
Brij 58. After removal of the unbound fraction, the resin
was washed with 10 ml of washing medium contain-
ing 10 % (v/v) glycerol, 20 mM Mops-KOH, pH 7.5,
1 mM p-aminobenzamidine, 2 mM DTT, 0.25 mM NaBr,
37.5 g ml~! Brij 58, 5 wg ml~! leupeptin, 5 wg ml~! pep-
statin, 5 g ml~!' chymostatin, 100 uM CaCl,, 100 uM
MgSO,; second and third washes were performed in the
same medium but in the absence of CaCl, and MgSO,
(Bonza et al. 1998; Fusca et al. 2009). CaM-bound pro-
teins were eluted in 2.5 ml of 5 mM Mops-KOH, pH 7.5,
37.5 wg ml~! Brij 58, 10 % (v/v) glycerol and 2 mM EGTA,
followed by 1.5 ml of the same solution. The EGTA-eluted
fractions were supplemented with 2 mM CaCl,, pooled and
concentrated 10- to 20-fold on Vivaspin ultrafiltration spin
columns, 30 kDa cut-off (Sartorius), to a final concentra-
tion of 250-600 pg ml~!. The EGTA-eluted fraction was
immediately used for assay of Ca®*-ATPase activity or re-
lipidated by overnight incubation at 4 °C under gentle rota-
tion with soybean phosphatidylcoline (PC). PC, dissolved
in 20 mg ml~! Brij 58 and then diluted ten times in water
to a final concentration of 8.5 mM, was supplied at 500 pM
(Gourdon et al. 2011). Re-lipidated ACA12 maintains the
same Ca’"-ATPase activity of the freshly purified protein
(data not shown).

Electrophoresis and western blot analysis

SDS-PAGE and western blotting were performed as previ-
ously described (Bonza et al. 2000). ACA12-GFP decoration
was performed incubating the nitrocellulose membrane for
1 h at 25 °C with the HisProbe-HRP, a nickel activated deriv-
ative of horseradish peroxidase (Thermo Scientific) which
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can bind to the His tag fused to the C-terminus of the protein.
The probe was diluted 1:5,000 in 0.05 % (w/v) polyoxy-eth-
ylene(20)sorbitan monolaurate, 0.15 M NaCl, 20 mM Tris—
HCI, pH 7.4. ECL signal was acquired and quantified by the
Fluor-Chem™SP Imaging System and AlphaEaseFC soft-
ware (Alpha Innotech). Alternatively, gel was stained with
silver impregnation (ProteoSilver™ Silver Stain Kit, Sigma
Aldrich) or Coomassie blue staining method.

Assays of ACA12 activity

Activity of purified ACA12 (400-600 ng for each sam-
ple) was measured as Ca>*-dependent Mg-ATP hydrolysis
as previously described (Bonza and Luoni 2010). Ca*'-
dependent ATPase activity was evaluated as the difference
between activity measured in the presence of 40 uM free
Ca”* and that measured in the absence of Ca>* in the assay
medium. Samples were incubated at 25 °C for 60 min, dur-
ing which the reaction proceeds linearly. All the assays
were performed at least three times, with three replicates.

Results
ACA12 is a functional PM Ca®>*-ATPase

To define the intracellular localization of ACA12, trans-
genic plants expressing GFP-fused ACA12 (ACA12-GFP)
under the control of the 35S promoter were generated and
analyzed by confocal microscopy. Figure 1 shows that GFP
fluorescence localizes at the periphery of the cells, consist-
ent with a PM localization of ACA12 (panels A, B, D, G).
To confirm this indication, roots were briefly (5-10 min)
exposed to the FM4-64 dye, which under these conditions
selectively labels the PM (Bolte et al. 2004): GFP and
FM4-64 signals clearly co-localize at cell periphery (panels
D-D).

Based on these results we tested whether ACA12 was
able to complement the pollen fertility phenotype of an
aca9 null mutant. ACA9 is a PM localized isoform pri-
marily expressed in pollen and its deletion has been shown
to reduce growth of pollen tubes with high frequency of
aborted fertilization leading to a threefold reduction in
seed set (Schigtt et al. 2004). Results in Fig. 2 show that
the expression of ACAI2 rescues the aca9 mutant, while
that of ACA2, which encodes for an ACA isoform local-
ized at the endoplasmic reticulum (Hong et al. 1999), is
unable to complement the defect. Consistent with this dif-
ference in rescue potential, ACA12-YFP was observed to
localize at the PM in pollen, whereas ACA2 was limited
to the endomembranes (Online Resource 2). Together,
these results indicate that ACA12 is a functional PM Ca**

pump.
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Fig. 1 ACAI12-GFP is PM localized. A, B, D and G: GFP fluorescence; C: phase contrast image; E and H: fluorescence of FM4-64 dye; F and
I merging. A: root tip; B, C, D, E and F: maturation root zone; G, H and I: elongation root zone

Expression of ACA12 in yeast and protein purification

To biochemically characterize ACA12, plasmids encoding
ACAI2 and ACAI2-GFP (the latter contains also a 6His tag)
under the control of the GAL1 promoter were used to trans-
form Saccharomyces cerevisiae strain K616, which lacks
endogenous Ca’*-ATPases (Cunningham and Fink 1994).
After induction of the yeast strain carrying ACAI2-GFP,
microsomes were isolated and solubilized microsomal pro-
teins were subjected to SDS-PAGE, blotted and decorated

with the HisProbe-HPR (Fig. 3). After standard induction
conditions (24 h at 30 °C) the probe recognizes only a very
faint band of the expected molecular mass (141 kDa). How-
ever, an increase in accumulation was observed if the tem-
perature during induction was lowered to 20 °C. Neverthe-
less, even in this condition, ACA12-GFP expression levels
were very low compared to that of another ACA isoform:
the signal in the lane containing a His-tagged A109-ACAS8
is much stronger than that of ACA12-GFP, although 100-
fold more microsomal proteins were loaded in the latter

@ Springer



Plant Mol Biol

60

50

30

Seeds per silique

20

o} i |

Fig. 2 ACA12 rescues the reduced fertility phenotype of aca9 null
mutants. Average seed set per silique was determined for plants
grown under green house conditions. All wild type (WT), aca9-2,
and transgenic lines were created using an A. thaliana ecotype WS
background. Seeds were counted from 10 consecutive siliques on the
primary bolt. Multiple plants were used for WT (N = 3), and aca9-2
(N = 4), and one each for 20 independent transgenic plant lines har-
boring an ER control ACA2 construct (ps 585), and 26 independent
transgenic plant lines harboring an ACA/2 construct (ps 688). Using
another knockout line (aca9-1) transformed with the same ACAI2
construct, an equivalent level of restored seed set was visually con-
firmed in a separate experiment. Four representative transgenic lines
for ACA12-TAP2(YFP) in aca9-2 are ss 2099-2102, and ss 2103—
2106 for the control ACA2-GFP in aca9-2

case; moreover also under this conditions the HisProbe-
HPR labels several smaller bands (the most prominent
of about 70 kDa) indicative of ACA12-GFP degradation.
Attempts to improve ACA12-GFP expression by further
lowering the temperature of induction till 12 °C (Fig. 3), by
lowering Ca>* concentration in the medium during induc-
tion to possibly select cells efficiently expressing the heter-
ologous Ca’"-ATPase (Cunningham and Fink 1994), or by
changing promoter were unsuccessful (data not shown).
K616 yeast strain, being devoid of endogenous Ca**-
ATPases, is unable to grow in Ca*"-depleted media unless
it expresses a deregulated form of ACA (Curran et al. 2000;
Bonza et al. 2004; Baekgaard et al. 2006). We checked
whether at 20 °C ACA12-GFP allows K616 growth in
a Ca’**-depleted medium: Fig. 4 shows that K616 yeast
expressing ACA12-GFP grows in the presence of 5 mM
EGTA nearly as well as that expressing the deregulated
A74-ACA8 mutant, while that expressing WT ACAS is
unable to grow under these conditions (Bonza et al. 2004).
This result indicates that the yeast expressed ACA12-GFP
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Fig. 3 Expression of ACA12-GFP in yeast strain K616. K616 yeast
transformed with an empty pYES2 vector (EV), with AJ09-ACA8-6His
or with ACA12-GFP was galactose-induced at the specified tempera-
tures for the indicated times; solubilized microsomal proteins (30 g
for EV and ACA12-GFP and 0.3 pg for A109-ACA8) were subjected
to SDS-PAGE, blotted and decorated with the HisProbe-HPR

protein is functional and not auto-inhibited. A rescue was
also obtained by K616 transformation with an untagged
ACA12, indicating that the WT protein is also expressed in
a functional form and that the addition of the GFP did not
somehow cause the tagged pump to become de-regulated.
Given the low expression level of ACA12-GFP (and
probably also of ACA12, see below) it is extremely
unlikely that yeast growth under selective conditions is
enabled by some ACA12 fragment which has lost the auto-
inhibitory domain. However, to evaluate this possibility, we
purified ACA12 from yeast using CaM-affinity chromatog-
raphy (Bonza et al. 1998, 2000; Fusca et al. 2009; Bonza
and Luoni 2010), and tested its biochemical properties.
Panel A in Fig. 5 shows the main fractions obtained from
purification of ACA12-GFP, which can be easily monitored
thanks to the His tag. Upon overnight incubation with
CaM-Sepharose of the microsomal proteins solubilized
from K616 cells expressing ACA12-GFP, a relevant portion
of the protein remains associated to the resin (compare lane
1 with lane 2, on which comparable amounts of the solu-
bilized microsomal fraction and of the unbound fraction
were loaded). The intact ACA12-GFP protein (141 kDa)
is eluted upon Ca**-chelation with 2 mM EGTA (lane 3),
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Fig. 4 ACA12 complements the phenotype of Ca’*-ATPase deficient
yeast K616 strain. Precultures of K616 transformed with the specified
constructs grown in synthetic complete medium lacking uracil (SC-
URA), 2 % (w/v) glucose, 10 mM CaCl, were pelletted, washed and
diluted with water. Five ul of cells at Agy, = 1.0—or serial 1:3 dilu-
tions—were spotted on SC-URA, 2 % (w/v) galactose, 1 % (w/v) raf-
finose, supplemented with 10 mM CaCl, or 5 mM EGTA. All media
were supplemented with 50 mM succinic acid/Tris (pH 5.5), 0.7 %
(w/v) yeast nitrogen base. Plates were incubated for 8 days at 20 °C.
Results are from one experiment representative of three

while the His-tagged lower molecular weight bands are
undetectable in the EGTA-eluted fraction. Moreover, the
141 kDa band is by far the most prominent after SDS-
PAGE and silver staining of the EGTA-eluted fraction (lane
5), indicating that this procedure allows the recovery of
quite pure ACA12-GFP protein, albeit in tiny amounts (ca.
1 pg protein per mg of microsomal protein). Upon applica-
tion of the same purification procedure to microsomes from
K616 cells expressing WT ACA12 (panel B in Fig. 5), a
band of 113 kDa is prominent in the EGTA-eluted fraction
(lane 3), indicating that CaM-affinity also allows purifica-
tion of the untagged ACA12 protein, albeit still with low
yield (ca. 1 pg ACA12 per mg of microsomal protein).

The purified ACA12 protein has Ca’"-ATPase activity
insensitive to CaM even when supplied at 10 pM concen-
tration (Table 1). ACA12 activity is inhibited by vanadate,
a well known inhibitor of P-type ATPases, but in contrast
with other ACAs (Bonza and De Michelis 2011 and refer-
ences therein) is virtually unable to use ITP as an alterna-
tive substrate (Table 1). As with other ACAs, ACA12 is

kDa kDa 1 2 3
141 — ! 141 —

1 ih--u
66— 66‘-‘: ! 4 1

d by
4] - 41 —
27 -

27 -

(A) (B)

Fig. 5 Purification of ACA12-GFP (panel A) and ACA12 (panel B)
by CaM-Sepharose affinity. Yeast microsomal proteins (100 mg),
solubilized with n-dodecyl B-p-maltoside, were incubated overnight
with CaM-Sepharose; after collection of the unbound protein frac-
tion, the resin was washed as described in the Materials and Meth-
ods and CaM-bound proteins were eluted with 4 ml of elution buffer
containing 2 mM EGTA. Panel A: lane 1, 10 pl of solubilized micro-
somal proteins (40 wg); lane 2, 10 pl of the unbound protein frac-
tion; lane 3, 9 wl of the EGTA-eluted fraction; lane 4, 1 pl of the
EGTA-eluted fraction concentrated ten-fold. Fractions were subjected
to SDS-PAGE, blotted and decorated with the HisProbe-HPR (lanes
1-3) or subjected to SDS-PAGE and silver-stained (lane 4). Panel
B: lane 1, 10 w1 of solubilized microsomal proteins (40 wg); lane 2,
10 pl of the unbound protein fraction; lane 3, 3.5 pl of the EGTA-
eluted fraction concentrated 20-fold. Fractions were subjected to
SDS-PAGE and stained with Comassie blue

Table 1 Activity of CaM-affinity purified ACAI2

Ca”"-ATPase activity
(nmol Pi min~! mg~"! protein)

Assay conditions

ATP 289 £+ 27
ATP + 1 uM CaM 303 + 31
ATP + 10 pM CaM 309 + 29
ATP + 200 wM vanadate 3+1
ITP 25+3

Ca®t -ATPase activity of ACA12 was measured as described in the
Materials and Methods. Results (plus or minus standard error of the
mean) are from three experiments, each with three replicates, per-
formed on different purified fractions

inhibited by micromolar concentrations of eosin Y (Fig. 6),
a fluorescein derivative which acts as a competitive inhibi-
tor with respect to the nucleoside triphosphate substrate
(De Michelis et al. 1993); however, the effective concen-
trations are about 2 order of magnitude higher that those
required to inhibit ACA8 (Bonza et al. 2004).

The specific activity of the purified ACA12 is low as
compared to the CaM-stimulated activity of ACAS8 purified
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under the same conditions which ranges between 2 and
3 wmol min~'mg~! protein (Bonza and Luoni 2010, unpub-
lished data from the authors laboratory). This low activity
is very unlikely to be an intrinsic characteristic of ACA12,
since it is able to complement the K616 phenotype despite
its very low expression level. Rather, it is probably due to
protein damage during purification: indeed, the activity of
purified ACA12 decreases by 50-80 % upon freezing and
storage at —80 °C (data not shown) and can be preserved
overnight only by maintaining the protein at 4 °C in the
presence of phosphatidylcholine (100-fold molar excess).
We tried to improve ACA12 activity by adding phospholip-
ids during the solubilization and/or purification procedure,
without success. The finding that the expression level of
ACA12-GFP in mature leaves of transgenic plants express-
ing ACA12-GFP under the control of the 35S promoter is
fairly low (data not shown) suggests that protein instability
might be an intrinsic feature of ACA12.

Single point mutations of ACA12 suppress its ability
to complement the phenotype of the K616 yeast strain

Alignment of ACA12 (Fig. 7) with the other ACAs of Arabi-
dopsis shows that two residues crucial for auto-inhibition
of type 2B Ca’-ATPases and conserved in all members of
the other three clusters, are variant in ACA12 and ACA13:
ACA12 N211 aligns with an Asp, and R334 with a Glu in
ACAs belonging to the other three clusters. In studies on
other ACA isoforms as well as on a PMCA, single point
mutations of each of these two acidic residues, respectively
localized at the edge of TM2 and of TM3, generates constitu-
tively active proteins, insensitive to CaM (Curran et al. 2000;
Bredeston and Adamo 2004; Fusca et al. 2009). We gener-
ated ACA12 mutants in which N211 was mutated to Asp
and/or R334 to Glu: all mutants are expressed in K616 yeast
at levels similar to that of the WT protein (Online Resource
3). While the N211D-ACA12 only partially impairs the abil-
ity of the construct to rescue the growth phenotype (Fig. 4),
there was no rescue with a single substitution of R334E-
ACA12 or a double N211D-R334E substitution.

Discussion

In this paper we perform a characterization of ACA12 and
we show that it has biochemical and regulatory features
distinct from other characterized ACAs, potentially provid-
ing a unique biological function for plant cells. First, we
demonstrate that it is localized at the PM: this is shown
by confocal microscopy of plants expressing the ACA12-
GFP or -YFP fusion proteins (Fig. 1 and Online Resource
2), which co-localizes with the PM dye FM4-64 (Bolte
et al. 2004), in agreement with the observations of Frei dit
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Fig. 6 Effect of eosin Y on ACA12 activity. Ca>"-dependent ATPase
activity of ACA12 was measured as described in the Materials and
Methods, in the presence of the specified eosin Y concentrations.
Results are from one experiment, representative of three

Frey et al. (2012), and by the ability of ACA12—expressed
under the ACA9 promoter—to rescue the phenotype of
a null mutant of ACA9 (Fig. 2), a PM isoform primarily
expressed in pollen (Schigtt et al. 2004). The latter result
also provides the first demonstration that ACA12 is a func-
tional Ca>*-ATPase.

ACAI12 and 13 are 40-50 % similar to the other eight
ACA isoforms in Arabidopsis, which together can be
divided into 4 different clusters. However, their sequence
is highly divergent in the regulatory N-terminus which
contains the auto-inhibitory domain and the CaM-binding
sites: in this region similarity between ACA12 and ACA13
is only 18 % and their similarity to other ACAs ranges
between 9 and 16 %. In particular only one of the two
anchor residues in the high affinity CaM-binding site (W28
of ACA12) is conserved. Nevertheless, ACA12 binds CaM
and this has allowed its purification by CaM-affinity chro-
matography (Fig. 5).

ACA12 differs from the other ACAs characterized so far
for being virtually unable to use ITP as a substrate alter-
native to ATP, and for being less sensitive to inhibition by
the fluorescein derivative eosin Y (Table 1, Fig. 6). Since
fluorescein and its derivatives are competitive inhibitors of
P-type ATPases, which act by binding to a conserved Lys
residue in the nucleotide-binding domain, these results
suggest that the conformation of this domain on ACA12
is more similar to that of other P-type ATPase—which are
ATP-specific and less sensitive to inhibition by fluorescein
derivatives—than to that of ACA isoforms pertaining to the
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Fig.7 Alignment of Arabi- ACA1 201 HDGLGIVASILLVVEVTATSDYRQSLQFKDLDAEKKKI 238
dopsis ACA isoforms. Top ACA2 199 HDGLGIAASILLVVEVTATSDYRQSLQFRDLDKEKKKI 236
pane T2 (undertined in ACA7 200 HDGLGIVASILLVVFVTATSDYRQSLQFRDLDKEKKKI 277
) and beginning of the
small eytoplasmic loop. with ACA4 196 YDGTGILLSILLVVMVTAISDYKQSLQFRDLDREKKKI 233
the variant N211 of ACA12 ACA1l 196 YDGTGILLSIILVVMVTAISDYKQSLQFRDLDREKKKI 233
highlighted (white on black ACA8 219 YDGGSIAFAVILVIVVTAVSDYKQSLOFONLNDEKRNI 256
gg&kjf’fl’l‘:ﬁ fﬁ”cf;’; If)”lzzﬁc ACA9 220 LDGGSIAFAVLLVIVVTAVSDYRQSLQFQNLNDEKRNI 257
loop and TM3 (underlined in ACA10 219 YDGISIAFAVLLVIVVTATSDYRQSLQFQONLNEEKRNI 256
ACA12) with the variant R344 ACA12 191 YEGGSIFVAVFLVIVVSALSJFRQERQFDKLSKISNNI 228
of ACA12 highlighted (white on ACA13 186 YDGGSIFVAVFLVVAVSAVSNFRQNRQFDKLSKVSSNI 223
black background). Sequence
dienment was performed using ACAl 332 LMATLSEGGDDETPLQVKLNGVATIIGKIGLFFAVITF 369
ACA2 330 LMATLTEGGDDETPLQVKLNGVATIIGKIGLFFAVVTFE 367
ACA7 331 LMATLSEGGDDETPLQVKLNGVATIIGKIGLSFAIVTF 368
ACA4 327 LMETLVDGGEDETPLQVKLNGVATIIGKIGLSFAVLTF 364
ACA1l 327 LMDTLSEGGEDETPLQVKLNGVATIIGKIGLGFAVLTF 364
ACAS 351 LMASISEDNGEETPLQVRLNGVATFIGSIGLAVAAAVIL 388
ACA9 351 LMASISEDTGEETPLQVRLNGLATFIGIVGLSVALVVL 388
ACA10 351 LMASVSEDNGGETPLQVRLNGVATFIGIVGLTVAGVVL 388
ACA12 323 TMSSINQDSSERTPLQVRLDTLTSTIGKIGLTVAALVL 360
ACA13 318 MMSHISRDTNEQTPLQSRLDKLTSSIGKVGLLVAFLVL 355

other three clusters (De Michelis et al. 1993; Bonza et al.
2004; Bonza and De Michelis 2011).

The activity of the purified ACA12 protein could not
be activated by CaM (Table 1). Moreover, despite its low
expression level, ACA12 was able to complement the
K616 phenotype, making it able to grow in the presence of
5 mM EGTA (Fig. 4), as only deregulated mutants of other
ACA isoforms are able to do (Harper et al. 1998; Chung
et al. 2000; Geisler et al. 2000b; Hwang et al. 2000; Sze
et al. 2000; Bonza et al. 2004; Kabala and Klobus 2005;
Schigtt and Palmgren 2005; Baekgaard et al. 2006; Lee
et al. 2007). Taken together, these results clearly indicate
that ACA12 is a deregulated isoform of Arabidopsis type
2B Ca?*-ATPase. This property may be connected to the
lack of two acidic residues, conserved in other subgroups
of ACAs as well as in animal type 2B Ca’>"-ATPases, at the
edge of TM2 and of TM3 respectively. Residue N211 of
ACA12 aligns with a conserved Asp and residue R334 with
an equally conserved Glu (Fig. 7): in different ACA iso-
forms, as well as in an animal pump isoform, mutation of
these acidic residues generates a deregulated pump almost
insensitive to further activation by CaM (Curran et al.
2000; Bredeston and Adamo 2004; Fusca et al. 2009). The
N211D-ACA12 mutant allows some growth of the K616
yeast strain in low Ca*" medium, while R334E-ACA12
as well as the double mutant N211D-R334E-ACA12 are
unable to complement the K616 phenotype (Fig. 4); since
the mutant proteins are expressed to levels similar to that
of WT ACA12, the simplest interpretation of these results
is that introduction of a negatively charged residue at one,

or better both, of these positions restore in ACA12 the
auto-inhibited conformation typical of other type 2B Ca*'-
ATPases in the absence of CaM. However, since the activ-
ity of the R334E mutant purified with the same protocol
used for the WT protein was barely detectable also in the
presence of CaM (data not shown), the possibility exists—
albeit unlikely since most ACA isoforms have a Glu at this
position—that the mutation generates a non functional
protein.

The question of the role that a deregulated ACA isoform
as ACA12 can play in the physiology of the plant remains
open. A careful analysis of gene knockouts for ACA12 has
not yet been reported. While our study did not detect any
obvious phenotype resulting from the expression of ACA12
under a 35S or ACA9 promoter, we did not conduct a sys-
tematic analysis of different growth conditions. However,
expression profiling through microarrays shows that, in
contrast to the relatively constant and redundant expression
of most ACA isoforms, under normal growth conditions
ACA12 transcripts are barely detectable throughout plant
development. Nevertheless, ACA12 might be expressed
under normal conditions in some specific cell type, such
as guard cells [http://bar.utoronto.ca/efp_arabidopsis/cgi-
bin/efpWeb.cgi (Winter et al. 2007)].

One potential hint on a possible role of ACA12 in plant
development comes from the observation that, when tran-
siently co-expressed in N. benthamiana leaves, ACA12
interacts at the PM with the brassinosteroid receptor BRI1
and with CLV1, which plays a central role in the control
of the size of the central stem cell pool in the shoot apical
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meristem (Gish and Clark 2011; Frei dit Frey et al. 2012).
However the same ability is shared by ACAS8 (Frei dit
Frey et al. 2012), a widely expressed PM isoform (Cerana
et al. 2006). Since both BRI1 and CLV1 are members of
the large family of receptor-like kinases (RLK) (Gish and
Clark 2011), the two pumps might be substrate of their
kinase activity. In the case of ACAS8 it is known that this
pump is phosphorylated in vivo at several Ser residues in
the regulatory N-terminus and that phosphorylation can
affect both auto-inhibition and CaM-binding (Giacom-
etti et al. 2012 and references therein). Although most of
these Ser residues are not conserved in ACA12, we cannot
exclude that phospho-dephosphorylation might also impact
ACA12 activity, and that the yeast expressed enzyme might
have properties different from that expressed in planta.

RLKs constitute a large gene family in plants, with
more than 600 members in Arabidopsis, and are involved
in diverse ligand-mediated signaling pathways (Shiu and
Bleecker 2001). In particular, several RLKs have been
shown to be receptor proteins involved in perception of path-
ogen-associated molecular patterns (Boller and Felix 2009;
Ranf et al. 2011); one of the first events in defense signal-
ing is a transient increase of cytosolic free Ca>* concentra-
tion (Ranf et al. 2011). Interestingly, interactomics screening
by the split ubiquitin test has identified four orphan RLKs
as ACA12 interactors (http://cas-biodb.cas.unt.edu/project/
mind/search.php). Moreover, ACA12 expression is dramati-
cally induced upon exposure to pathogens [(Boursiac and
Harper 2007); http://bar.utoronto.ca/efp_arabidopsis/cgi-bin/
efpWeb.cgi (Winter et al. 2007)], suggesting that it may be
involved in the adaptive response to these stress signals:
expression of a deregulated PM Ca’*-ATPase may impact
on the shape of pathogen-induced Ca’" transient (Boller
and Felix 2009; Ranf et al. 2011) and consequently on the
response of the plant to a new pathogen attack.
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