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Abstract
Plant plasma membrane Hþ-ATPases and Ca2þ-ATPases maintain low cytoplasmic concentrations of Hþ and Ca2þ, respec-
tively, and are essential for plant growth and development. These low concentrations allow plasma membrane Hþ-ATPases
to function as electrogenic voltage stats, and Ca2þ-ATPases as “off” mechanisms in Ca2þ-based signal transduction.
Although these pumps are autoregulated by cytoplasmic concentrations of Hþ and Ca2þ, respectively, they are also subject
to exquisite regulation in response to biotic and abiotic events in the environment. A common paradigm for both types of
pumps is the presence of terminal regulatory (R) domains that function as autoinhibitors that can be neutralized by multi-
ple means, including phosphorylation. A picture is emerging in which some of the phosphosites in these R domains appear
to be highly, nearly constantly phosphorylated, whereas others seem to be subject to dynamic phosphorylation. Thus,
some sites might function as major switches, whereas others might simply reduce activity. Here, we provide an overview of
the relevant transport systems and discuss recent advances that address their relation to external stimuli and physiological
adaptations.

P-type ATPases are found in all domains of life and consti-
tute a large superfamily of membrane-bound pumps that
share a common machinery, including a reaction cycle that
involves catalytic phosphorylation of an Asp, resulting in a
phosphorylated intermediate (reviewed in Palmgren and
Nissen, 2011; (hence the name P-type; Box 1). The catalytic
phosphoryl-aspartate intermediate is not to be confused
with regulatory phosphorylation, which occurs on Ser, Thr,
and Tyr residues. Five major families of P-type ATPases have
been characterized (P1–5), each of which is divided into a
number of subfamilies (named with letters). Plasma

membrane Hþ-ATPases are classified as P3A ATPases,
whereas Ca2þ pumps constitute P2A and P2B ATPases. In
plants, these pumps are best characterized in the model
plant Arabidopsis thaliana (Arabidopsis).

In response to internal and/or external cues, plasma mem-
brane Hþ-ATPase and Ca2þ-ATPase activities are controlled
by intracellular concentrations of Hþ and Ca2þ, respectively,
via interacting proteins, through posttranslational modifica-
tion by phosphorylation, and by regulated trafficking of the
pump to and from the plasma membrane. Their regulation
sometimes involves changes in gene expression and
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turnover, although this is rare, perhaps because both pro-
cesses are time- and energy-consuming (Haruta et al., 2018).

The Arabidopsis P-type Hþ-ATPase gene family
Arabidopsis contains 11 P3A plasma membrane Hþ-ATPases,
named autoinhibited Hþ-ATPase (AHA) 1–11 (Baxter et al.,
2003) An exception among AHAs is AHA10, which is not a
plasma membrane pump, but has an N-terminal vacuolar tar-
geting signal and is expressed in the vacuolar membrane. All
P3A ATPases are equipped with a C-terminal autoinhibitory
domain that likely interacts with the rest of the pump

protein in order to restrict conformational flexibility (Heit et
al., 2021) and keep the pump in a partially uncoupled state
(Pedersen et al., 2018). Different AHA isoforms are expressed
in different cells at different times during development, but
their biochemical properties are remarkably similar to each
other (Hoffmann et al., 2020). AHAs are subject to posttrans-
lational regulation by phosphorylation and dephosphorylation
(as detailed below), but are also regulated by the pH, mem-
brane potential, Kþ, and redox status of the cell (Kurkdjian
and Guern, 1989; Buch-Pedersen et al., 2006; Reyer et al.,
2020; Welle et al., 2021; (Box 2).

Regulation of AHAs by phosphorylation
Plasma membrane Hþ-ATPase activity is regulated by phos-
phorylation at multiple sites (Table 1, Figures 1 and 2).
Twelve in vivo phosphorylation sites have been identified in
AHA2 alone (Table 1), many of which are conserved among
AHAs (including Thr881, Ser904, Thr924, Ser931, Tyr936, and
Thr947; all AHA2 nomenclature; (Falhof et al., 2016). More
phosphorylation sites may be present, as the identity of the
phosphopeptides recovered to date depends strongly on the
method used for their isolation (Rudashevskaya et al., 2012).
Strikingly, even in the absence of sequence homology be-
tween AHA2 phosphomotifs and yeast proteins, many of
the sites (including the penultimate residue) are also phos-
phorylated when AHA2 is heterologously expressed in the
yeast Saccharomyces cerevisiae (Rudashevskaya et al., 2012).
This observation can be interpreted as evidence that the
phosphosites are promiscuous, i.e. that each site is recog-
nized rather nonspecifically by several protein kinases. The
detection of phosphorylation in vivo in the absence of spe-
cific signals suggests that protein phosphatases play a promi-
nent role in regulating the phosphorylation status of each
residue.

ADVANCES BOX

• AHAs are regulated at multiple, largely
conserved phosphosites, some leading to the
activation of these pumps and others to their
downregulation.

• Inhibition of phosphatase 2C.D by SAUR
regulatory proteins is an important mechanism
for the activation of AHAs.

• Activation of AHAs by auxin and other
phytohormones occurs via SAUR proteins.

• ACAs are regulated by the phosphorylation of
residues in the vicinity of or within calmodulin-
binding regions, but phosphosites are not
conserved between isoforms.

• Differential phosphorylation of ACAs likely
modulates the kinetics of pump activation in
response to external stimuli, which in turn
provides a mechanism for generating stimulus-
specific Ca2þ response signatures.

Box 1 ENZYMOLOGY OF P-TYPE ATPASES.
P-type ATPases (reviewed in Palmgren and Nissen, 2011) alternate between two extreme conformations during their
catalytic cycle: a high-affinity (with respect to ATP and the ion to be exported) Enzyme1 (E1) state, and a low-affinity
Enzyme2 (E2) state. Many P-type ATPases are autoinhibited by built-in molecular constraints, namely their C- and N-
terminal (for plasma membrane Hþ-ATPases; Palmgren et al., 1999) or N-terminal (for P2B Ca2þ-ATPases; Malmström
et al., 1997) regulatory (R) domains of approximately 100 amino acid residues, which act as brakes by stabilizing the
pumps in a low-affinity conformation (Palmgren and Nissen, 2011), most likely E2. Neutralizing the R domain results
in a shift in conformational equilibrium towards a high-affinity state, likely E1. In this way, the R domains of plasma
membrane Hþ-ATPases and Ca2þ-ATPases allow posttranslational modification events to control the turnover num-
bers of these pumps. A structure of a plasma membrane Hþ-ATPase (from the distantly related yeast S. cerevisiae) in
its autoinhibited state has been solved (Heit et al., 2021). Its R domain is situated adjacent to the P domain, which
would suggest that the R domain functions to restrict the conformational flexibility of the pump. Normally, the hy-
drolysis of ATP and transport are tightly coupled in P-type ATPases. Therefore, P-type ATPases hydrolyze bound ATP
as soon as their ligand-binding site(s) in the membrane region are occupied, but not before. Thus, increasing the li-
gand affinity of an ATPase simultaneously increases its turnover number, provided that the concentration of ATP is
not limiting, which is rarely the case in cells. A specific feature of plasma membrane Hþ-ATPases is that in the auto-
inhibited state, ATP hydrolysis is only loosely coupled to Hþ pumping, whereas pump activation results in tight cou-
pling, with one Hþ pumped per ATP split (Pedersen et al., 2018).
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Regulation by 14-3-3 protein. More than 20 years ago, an
essential regulatory mechanism for the activation of the
pumps was identified, namely, the binding of the regulatory
14-3-3 proteins to the residues at the very end of the C ter-
minus of the R domain (Jahn et al., 1997). 14-3-3 proteins
are a large group of soluble proteins involved in regulating
the activities of many proteins (Bridges and Moorhead,
2005). The first phosphosite identified in a plasma mem-
brane Hþ-ATPase (and since then the most commonly ob-
served) is the C-terminal penultimate residue (a Thr; Thr947
in AHA2; Olsson et al., 1998). Subsequently, the phosphory-
lation of Thr947 was shown to generate the binding site for
14-3-3 proteins (Fuglsang et al., 1999; Svennelid et al., 1999).

The phosphorylation event that creates the 14-3-3 protein
binding site occurs spontaneously in highly purified plasma
membranes when ATP and Mg2þ are added (Svennelid et
al., 1999; Fuglsang et al., 2006), suggesting that the residue
corresponding to Thr947 in AHA2 is phosphorylated by a
plasma membrane-bound protein kinase that is constitu-
tively active. If this is true, the phosphorylation of Thr947
may in turn be opposed by constitutively active protein
phosphatase(s). In this manner, disturbance of the equilib-
rium between phosphorylation and dephosphorylation, e.g.
by the specific inhibition of a protein phosphatase, would
provide a mechanism for the rapid regulation of plasma
membrane Hþ-ATPase activity (Falhof et al., 2016). More
than one protein kinase may be involved in phosphorylating

Thr947. In a mutant of Brassinosteroid Signaling Kinase 8
(BSK8) that mimics the overexpression of BSK8, the penulti-
mate residues of both AHA1 and AHA2 have reduced phos-
phorylation (Wu et al., 2014). As BSK8 likely activates the
Kelch-protein phosphatase Bri1 Suppressor Protein1 (BSU1)-
Like2 (BSL2) (Wu et al., 2014), BSL2 represents a candidate
negative regulator of AHA1 and AHA2. Mitogen-activated
Protein Kinase3 (MPK3) appears to be a regulator of phos-
phorylation of the C-terminal Thr in AHA1, as deletion of
MPK3 reduces its phosphorylation status, even though the
Thr947 phosphosite does not match the canonical MPK3 sig-
nature (Rayapuram et al., 2018). Plasma membrane-bound
protein kinase transmembrane kinases are emerging as impor-
tant signal transduction components that interact with both
abscisic acid (ABA; Li et al., 2021) and auxin (Huang et al.,
2019) signaling pathways and should also be considered as
having Thr947 as one of their (direct or indirect) targets.

The 14-3-3 protein binds to plasma membrane Hþ-
ATPase as a dimer; the contact region involves the 28 C-ter-
minal residues of the pump (Fuglsang et al., 2003; Ottmann
et al., 2007). In this region, phosphorylation of residues other
than Thr947 can be predicted to abolish 14-3-3 protein
binding even when Thr947 is phosphorylated, which would
allow for crosstalk between different signaling pathways.
Four conserved residues (Thr924, Ser931, Thr941, and
Tyr946) among the dominant AHAs (AHA1, AHA2, AHA3,
AHA4, and AHA11) are in vivo phosphorylated in at least

Box 2 MAINTENANCE OF CELLULAR AND PHYSICAL EQUILIBRIUM BY AHAS.
The plant cell cytoplasm is strictly maintained at �pH 7.5. The basal activity of plasma membrane Hþ-ATPases
is minimal at this pH, but even a slight increase in [Hþ] causes the pump to increase turnover dramatically,
with a maximum activity obtained at �pH 6.5. As Hþ ions are pumped out, the activity declines again. At pH
7.5 (0.03 mM Hþ), the E2 conformation predominates, whereas an increase in [Hþ] shifts the conformational
equilibrium towards the E1 conformation, which predominates at �pH 6.5 (0.3 mM Hþ). Thus, any increase in
[Hþ]cyt increases the overall Hþ affinity of the pump population, and plasma membrane Hþ-ATPases operate
as biophysical pH stats that maintain cytoplasmic pH at a constant level (Kurkdjian and Guern, 1989). Plasma
membrane Hþ-ATPases have a low-affinity Kþ binding site in their cytosolic P-domains, which saturates at Kþ

concentrations well above 100 mM. Kþ bound to this site is not transported, suggesting that the site has a reg-
ulatory role. In the plasma membrane Hþ-ATPase AHA2, Kþ binding at this position induces dephosphoryla-
tion of the E1P state before Hþ pumping has occurred, implying that high Kþ levels uncouple the pump
(Buch-Pedersen et al., 2006). Uncoupling of plasma membrane Hþ-ATPases by treatment with high concentra-
tions of Kþ might serve to depolarize the membrane, preventing further cation accumulation. Plasma
membrane Hþ-ATPases are electrogenic: since Hþ pumping is not followed by a negative charge and is not
countered by the opposite transport of a positive charge, it establishes a membrane potential. This membrane
energization underlies the secondary active transport of solutes into and out of the cell. Optogenetics analysis
revealed that plasma membrane Hþ-ATPases re-establish membrane potential following membrane depolariza-
tion (Reyer et al., 2020). Pump activity increases with plasma membrane depolarization and vice versa. Thus,
plasma membrane Hþ-ATPases function as both pH and voltage stats. The mechanism by which plasma
membrane Hþ-ATPases sense voltage is unclear. P-type Hþ and Ca2þ pumps both contain a conserved cysteine
residue two residues upstream of the essential aspartate residue that is phosphorylated during the catalytic cy-
cle. Conservative substitutions of this residue in the plasma membrane Hþ-ATPase AHA2 (Cys327) do not alter
the catalytic properties of the pump, but increase its sensitivity to inhibition by reactive oxygen species (ROS)
and Cu2þ, which also generates ROS (Welle et al., 2021). Thus, Cys327 appears to function as a built-in antioxi-
dant in plasma membrane Hþ-ATPases and perhaps also in other P-type ATPases.
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one of these AHAs (Figure 1). Mutating Thr924 or Ser931
(Fuglsang et al., 2003, Fuglsang et al., 2007; Rudashevskaya et
al., 2012) to Asp (a phosphomimic) abolished the interac-
tion with 14-3-3 protein, even when Thr947 was phosphory-
lated. The same may be true for Thr942 and Tyr946.

The phosphorylation of residues close to or within the
autoinhibitory regions (Regions I and II) activates the pump.
These residues include Thr881 in Region I (Niittylä et al.,
2007; Rudashevskaya et al., 2012) and Ser904 in Region II
(Rudashevskaya et al., 2012). The phosphorylation of Thr881
(in AHA1 or AHA2) is reduced under conditions that result
in plasma membrane depolarization (Nühse et al., 2007;
Engelsberger and Schulze, 2012). Ser904 in AHA1 or AHA2
functions as a substrate of Sucrose Non-Fermenting 1-related
protein kinase2.4 (SnRK2.4) in response to osmotic stress
caused by mannitol treatment (Wang et al., 2020).

AHAs control stomatal movements in
response to blue light, hormones, and
pathogens
Swelling of stomatal guard cells results in opening of the
stomatal pore and is a process energized by the plasma
membrane Hþ-ATPase. As opening of stomatal pores allows
the plant to take up CO2 and at the same time increases
loss of water from the leaf interior, the process has to be

tightly regulated. Bacterial pathogens gain entry into leaves
through wounds or natural openings such as stomata. Thus,
an additional function of guard cells is as active immune sig-
naling cells that rapidly close upon sensing microbe-
associated molecular patterns (MAMPs), such as bacterial
flagellin, effectively blocking the entry of pathogens into the
leaf interior (Melotto et al., 2006). The proton ATPase trans-
location control 1 (PATROL1) protein regulates secretion of
AHA1 to the plasma membrane of stomatal guard cells
(Hashimoto-Sugimoto et al., 2013).

Blue light controls the opening of stomata by activating
plasma membrane Hþ-ATPases via the phosphorylation and
binding of 14-3-3 proteins (Kinoshita and Shimazaki, 1999).
Several protein kinases involved in the blue light response
have been identified, but a protein kinase that directly phos-
phorylates Thr947 in the proton pump has not been identi-
fied. The initial receptors of blue light are the protein kinases
PHOTOTROPIN 1 (PHOT1) and PHOT2 (Kinoshita et al.,
2001). Following activation by blue light, phototropins phos-
phorylate another protein kinase, BLUE LIGHT SIGNALING 1
(BLUS1; Takemiya et al., 2013). PHOT1 phosphorylates BLUS1
more efficiently than PHOT2 in stomatal guard cells, but the
target of BLUS1 remains uncertain; nonetheless, the end result
of blue light-dependent activation of phototropins is phos-
phorylation and activation of the downstream target, the
plasma membrane Hþ-ATPase (Takemiya and Shimazaki,

Figure 1 Phosphosites in the C-terminal regions of AHAs. In vivo phosphosites are highlighted in red boxes with white text. Underlined sequences
represent phosphopeptides that cannot be associated with a unique isoform (see Table 1). Residues in the autoinhibitory regions (Regions I and
II) are marked in bold. Conserved amino acid residues are colored according to side chain properties (brown, charged; green, polar; blue, hydro-
phobic; pink, no side chain).
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2016). In a recent study, Inoue et al. (2020) searched specifi-
cally for protein kinases that interact with phototropins and
identified a calcineurin B-like protein (CBL)-interacting protein
kinase 23 (CIPK23) that interacts with both PHOT1 and
PHOT2; however, CIPK23 was not phosphorylated by PHOT1
in vitro. Mutants lacking CIPK23 exhibited impaired stomatal
opening in response to blue light. Although plasma mem-
brane Hþ-ATPase activity was not affected in cipk23 mutants,
blue light-induced activation of inward-rectifying Kþ channels
was impaired in mutant guard cells, as was observed in the
blus1 mutant (Takemiya et al., 2013). These findings suggest
that CIPK23 promotes stomatal opening by activating Kþ

channels, most likely in concert with BLUS1, via a mechanism
different from that of plasma membrane Hþ-ATPase activa-
tion. Two other kinases, Raf-like kinases Convergence of Blue
Light and CO2 1 and 2 (CBC1 and CBC2), were originally
identified as positive regulators of both blue light- and low
CO2-induced stomatal opening (Hiyama et al., 2017).
However, a recent study showed that the phosphorylation
level of the C-terminal Thr of plasma membrane Hþ-ATPase
was higher in cbc1 cbc2 guard cells than in those of the wild-

type and that stomata in the cbc1 cbc2 epidermis opened
partially in the dark and opened further in response to light
(Hayashi et al., 2020). Thus, CBC1 and CBC2 play redundant
roles in negatively regulating stomatal opening in both the
dark and blue light.

A recent addition to our understanding of the regulation of
the plasma membrane Hþ-ATPase in guard cells comes from
the finding that an auxin regulatory module consisting of the
regulatory protein small auxin-up RNA (SAUR) and its target
protein phosphatase 2C.D (PP2C.D) modulate stomatal open-
ing and the phosphorylation status of Thr947 in AHA2/1.
Specific PP2C.Ds (2, 5, and 6) act redundantly to inhibit sto-
matal opening, and SAUR56 and SAUR60 play partially redun-
dant roles in opening stomata in response to light (Wong et
al., 2021). These findings suggest that not only auxin, but also
other stimuli use this regulatory module.

Roles of AHAs in regulating cell elongation
and root growth
Roots (especially root hairs) facilitate nutrient uptake by the
plant. Root hair growth is regulated by the plant hormone

Figure 2 Model for the regulation of AHAs. Arabidopsis AHA2 is used as an example. In response to environmental and developmental signals,
multiple protein kinases phosphorylate AHA2 at multiple residues, most of which are located in the C-terminal autoinhibitory R domain.
Phosphorylation of Thr947, the penultimate residue, generates a binding site for activating 14-3-3 protein. Phosphorylation at other sites can lead
to both activation and de-activation of AHA2 activity, e.g. by preventing binding of 14-3-3 protein. Protein kinase-mediated phosphorylation is
countered by protein phosphatases, and the combined action of protein kinases and phosphatases dictates the activation status of AHA2. Colors
of fonts and arrows: red, negative regulation; green, positive regulation. Solid arrows, known candidates; Dashed arrows, suggested candidates.
PSY1R, PSY1 receptor; PKS5, sos2-like protein kinase 5.
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auxin and depends on the localized biosynthesis, secretion,
and modification of the root hair tip cell wall (Lee and Cho,
2013).

Root hair tip growth
Since AHA7 is highly expressed in both pollen and root
hairs, its role in tip growth was recently investigated
(Hoffmann et al., 2019). aha7 does not exhibit a visible phe-
notype in any of these cell types, which suggests a redun-
dant function with other pumps. aha2 and aha2 aha7 single
and double mutants have longer root hairs than the wild-
type but cannot be distinguished from each other. AHA7
contains an unusual domain that causes its activity to be
inhibited at low apoplastic pH (Hoffmann et al., 2019), but
the exact physiological role of this feature is unknown.

Another root hair phenotype related to these pumps is
observed in the erulus (eru) mutant, which has very short
root hairs (Schoenaers et al., 2018). ERULUS (a CrRLK1L ki-
nase), which is localized to the apical root hair plasma mem-
brane, regulates cell wall composition in root hairs and
modulates pectin dynamics by negatively regulating pectin
methylesterase activity. Phosphopeptides from FERONIA
and AHA1/2 are present at significantly lower levels in eru
plants than in the wild-type (FERONIA causes apoplastic al-
kalinization upon the binding of Rapid Alkalization Factor
[RALF] peptides; see below). Among the phosphopeptides
was an AHA1 or AHA2 derived peptide in which Ser904 was
phosphorylated, which is a post-translational modification
previously suggested to activate the pump (Rudashevskaya
et al., 2012). This would indicate that ERU activates the
pump and causes acidification of the apoplast. Auxin sup-
plementation caused a decrease in the abundance of two
other phosphopeptides, an AHA1/2-derived peptide phos-
phorylated at Ser899 and one from AHA2 phosphorylated
at Thr947 (Schoenaers et al., 2018). As phosphorylation at
these two sites activates the pump, it is challenging to inter-
pret these data; perhaps other auxin-stimulated processes
interfere with this activation.

Regulation by growth-promoting hormones
According to the acid growth theory (Rayle and Cleland,
1970; Hager et al., 1971; Rayle, 1973), auxin triggers the acti-
vation of plasma membrane Hþ-ATPases, and the resulting
acidification of the apoplast softens the rigid cell wall and
allows for cell expansion. This theory has been debated, es-
pecially since there are inconsistencies in the way in which
leaves and roots respond to auxin, e.g. external application
of auxin to roots leads to alkalinization of the apoplast
(Monshausen et al., 2011; Gjetting et al., 2012). Using a com-
bination of the external probe 8-hydroxypyrene-1,3,6-trisul-
fonic acid and two auxin response reporter lines, Barbez et
al. (2017) demonstrated that endogenous auxin in roots trig-
gers cell wall acidification that leads to cellular expansion.
Reductions in auxin levels, perception, or signaling abolish
both extracellular acidification and cellular expansion
(Barbez et al., 2017).

Auxin enhances the phosphorylation level of Thr947 in
Arabidopsis hypocotyls within 10 min after addition, with-
out altering the amount of the plasma membrane Hþ-
ATPase, and concomitant with activation of hypocotyl elon-
gation (Takahashi et al., 2012). This effect need not occur
via stimulation of a protein kinase. Among many other
effects, auxin induces the expression of SAUR genes
(McClure and Guilfoyle, 1987; Hagen and Guilfoyl, 2002).
The identification of SAUR proteins as inhibitors of
PP2C.D1, a type 2C protein phosphatase, and the observa-
tion that PP2C.D1 dephosphorylates Thr947 in plasma
membrane Hþ-ATPase (Spartz et al., 2014) have taken our
understanding of the roles of auxin in regulating plasma
membrane Hþ-ATPase activity to unprecedented heights
and led to a wave of studies in the field of auxin-regulated
growth.

The phytohormone brassinolide also regulates the activity
of plasma membrane Hþ-ATPases. In 2011, a model based
on studies of the interaction between BRASSINOSTEROID
INSENSITIVE 1 (BRI1) and AHA1 was proposed describing a
rapid brassinolide L-regulated signal response pathway con-
taining BRI1 and a plasma membrane Hþ-ATPase that regu-
lates cell wall expansion (Caesar et al., 2011). BL-induced cell
elongation and phosphorylation of plasma membrane Hþ-
ATPases were subsequently shown to exhibit the same de-
pendency on brassinolide concentration (Minami et al.,
2019). This phosphorylation is dependent on BRI1, which is
regulated by SAUR proteins and leads to the phosphoryla-
tion of Thr947, the penultimate residue in plasma mem-
brane Hþ-ATPase.

The response of AHAs to nutrient supply
As plasma membrane Hþ-ATPases drive several nutrient
transport processes, a number of laboratories have systemat-
ically tested the phospho-proteome in response to changes
in nutrient availability. An early study showed that the addi-
tion of sucrose upon starvation results in increased phos-
phorylation of the Thr947 residue of plasma membrane Hþ-
ATPase (Niittylä et al., 2007). Similarly, high C/low N nutri-
ent stress increases the phosphorylation levels of Thr947
and 14-3-3 binding in AHA1/2 (Li et al., 2020). Also, photo-
synthetic activity influences the plasma membrane Hþ-
ATPase activity via phosphorylation of Thr947 (Okumura et
al., 2016). This is dependent on the activity of SUCROSE
PROTON SYMPORTER2 (SUC2) and could be part of the
same response pathway observed upon addition of sucrose
(Niittylä et al., 2007). The overexpression of the plasma
membrane Hþ-ATPase traffic regulator PATROL1 leads to
faster stomatal opening responses and elevated photosyn-
thetic rates (Kimura et al., 2020). Finally, the overexpression
of the rice (Oryza sativa) plasma membrane Hþ-ATPase 1
(OSA1) results in increased contents of N, P, and K com-
pared with wild-type plants (Zhang et al., 2021), which is
caused by a combination of increased photosynthesis rate
and stronger root-mediated acidification of the growth
medium.
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Another example of the role of plasma membrane Hþ-
ATPases in the nutrient response is related to root branch-
ing (Meier et al., 2020). Auxin-mediated root branching was
found to be determined by the form of available nitrogen.
The authors concluded that apoplastic acidification in re-
sponse to ammonium uptake is mediated by plasma mem-
brane Hþ-ATPases, including AHA2, and increases auxin
diffusion and lateral root branching.

Another aspect of plasma membrane Hþ-ATPase activity
in nutrient transport is the influence of individual isoforms:
Do they all respond similarly to a stimulus if present in the
same tissue? In rice (O. sativa), silencing of OsA2 affected
the ability of the plant to adapt to low NO–

3 concentrations,
even when other isoforms were expressed in the same tissue
(Loss Sperandio et al., 2020). This finding is in contrast to
the results of Haruta et al. (2010), who reported that the
effects of single mutations in genes encoding different iso-
forms are mostly masked by overlapping patterns of expres-
sion and redundant functions, as well as by compensation
at the posttranslational level.

Regulation of AHAs by signaling peptides
A topic that has recently drawn much interest is the roles
of signaling peptides in regulating plant growth. Plant pep-
tide containing sulfated tyrosine 1 (PSY1; Amano et al.,
2007) and phytosulfokine (PSK; Matsubayashi and Sakagami,
1996) function as hormones in cell elongation activity in the
elongation/differentiation zone of the root (Kutschmar et
al., 2009; Matsubayashi, 2011) and hypocotyl (Stührwohldt
et al., 2011; Fuglsang et al., 2014). The receptors for PSY1
and PSK (PSY1R and PSKR1/PSKR2) are leucine-rich repeat
receptor kinases. PSY1R phosphorylates the C-terminal do-
main of AHA2 at Thr881, thus activating this plasma mem-
brane Hþ-ATPase. Proton pumping is observed upon the
addition of PSY1 peptide and is dependent on the presence
of PSY1R, but occurs independently of 14-3-3 binding
(Fuglsang et al., 2014). In the receptor mutant psy1r,
Fuglsang et al. (2014) observed a decreased cell length in eti-
olated seedlings, whereas Amano et al. (2007) reported a
more pronounced effect on root length.

Interestingly, the growth-promoting effects of PSK do not
require extracellular acidification by plasma membrane Hþ-
ATPases (Stührwohldt et al., 2011). PSKR1 failed to interact
with AHA2 in a bimolecular fluorescence complementation
assay (Fuglsang et al., 2014), but the two proteins do co-
localize in the plasma membrane (Ladwig et al., 2015) sug-
gesting that they are part of the same plasma membrane
domain.

RALF peptides constitute another family of signaling pep-
tides that inhibit plant growth and downregulate plasma
membrane Hþ-ATPase activity. The receptor kinase
FERONIA binds to RALF1 peptides, triggering a signal trans-
duction cascade that ends with the phosphorylation of
Ser899 on the C-terminal domain of AHA2. This phosphory-
lation is considered to inhibit the pump, thus reducing cel-
lular expansion (Haruta et al., 2014). Intriguingly, this is in

contrast to the results obtained when the aha2 Ser899Asp
mutant protein is expressed in yeast; here, the Ser to Asp
mutation (phospho-mimicking) results in higher plasma
membrane Hþ-ATPase activity (Rudashevskaya et al., 2012).
FERONIA is not the only receptor of RALFs in the root, as
other receptor kinase(s) perceive RALF peptides and initiate
the Ca2þ signature required to reduce plasma membrane
Hþ-ATPase activity (Gjetting et al., 2020).

The roles of AHAs in abiotic stress responses
ABA plays an important role in plant drought responses.
ABA inhibits plasma membrane Hþ-ATPase activity, thus
promoting stomatal closure under drought stress, and re-
ducing water loss. The underlying mechanism, described
only recently, includes internalization of the pump and solu-
ble N-ethylmaleimide-sensitive factor attachment protein re-
ceptor (SNARE) proteins (Xia et al., 2019). SNARE proteins
play an essential role in vesicle trafficking in eukaryotes by
facilitating the fusion of vesicles with their target mem-
branes. Thus, the Qa-SNARE protein Syntaxin of Plants 132
(SYP132), the expression of which is tightly regulated by
auxin, reduces the amount of plasma membrane Hþ-ATPase
protein at the plasma membrane. ABA induces the SNARE
protein Vesicle-associated Membrane Protein 711
(VAMP711) to interact with AHA1 and AHA2 (Xue et al.,
2018). The inhibitory interaction of VAMP711 with plasma
membrane Hþ-ATPases occurs at the R domain (see Box 1).
Deletion of VAMP711 in Arabidopsis results in higher Hþ-
ATPase activity and slower stomatal closure in response to
ABA or drought. In addition, overexpressing VAMP711 par-
tially rescues the drought-sensitive phenotype of open sto-
mata 2 (ost2; Xue et al., 2018), which harbors a mutation in
AHA1 that results in the constitutive activation of this
plasma membrane Hþ-ATPase (Merlot et al., 2007). An in-
ternalization mechanism also underlies auxin-mediated regu-
lation of plasma membrane Hþ-ATPase activity (Xia et al.,
2019). The physiological consequences of SYP132 overex-
pression include reduced apoplast acidification and sup-
pressed vegetative growth (Xia et al., 2019). The same
phenomenon is observed in response to dim/blue light
(Haruta et al., 2018). In this study, intracellular accumulation
of AHA2 occurs specifically in the transition zone and is de-
pendent on a functional FERONIA-receptor. It suggests that
developmental factors influence root growth via re-
localization of the plasma membrane Hþ-ATPase, potentially
in response to receptor kinase-mediated signaling. Thus, a
common scheme is emerging: In addition to posttransla-
tional modifications, plasma membrane Hþ-ATPase activity
is regulated by processes including internalization and recy-
cling of these proteins.

Key regulators of ABA signaling are the Protein
Phosphatase 2Cs (PP2Cs). PP2Cs suppress the kinase activity
of SnRK2s through dephosphorylation of the kinase activa-
tion loop and thereby repress ABA signaling. Abscisic acid
insensitive 1 (ABI1; a PP2C) directly interacts with the R do-
main of AHA2 and dephosphorylates Thr947, which
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decreases Hþ extrusion and negatively regulates primary
root growth (Miao et al., 2021). Thereby both auxin and
ABA responses are regulated by members of the protein
phosphatase 2C family; in each case the PP2Cs are from dif-
ferent clades but common among them is that they target
the same residue, Thr947.

The sos2-like protein kinase 5 (pks5/cipk11) mutant was
originally isolated based on its tolerance to high pH
(Fuglsang et al., 2007). PKS5 phosphorylates Ser931 in AHA2
and is regulated by the calcium-binding protein SCaBP3/
CBL7 and the chaperone J3 (Yang et al., 2010). A recent
study revealed that PKS5 kinase is involved in the mechanis-
tic response to saline–alkaline soil (Yang et al., 2019). A
model was proposed in which SCaBP3/CBL7 interacts with
the C terminus of AHA2 under nonstressed conditions,
allowing for its PKS5-mediated phosphorylation. Under sa-
line–alkaline stress conditions, Ca2þ influx into the cyto-
plasm is triggered, and the binding of Ca2þ to ScaBP3
releases its inhibitory interaction with the C terminus of
AHA2. When the ScaBP3–PKS5 complex is less stable,
Ser931 is no longer phosphorylated, allowing for 14-3-3 pro-
tein binding and the activation of AHA2.

The roles of AHAs in biotic stress responses
Plant pathogens modulate the apoplastic pH to facilitate in-
fection. Thus, the addition of elicitors leads to the rapid al-
kalinization of the growth medium, most likely by inhibiting
plasma membrane Hþ-ATPase activity (Saijo et al., 2018).

The fungus Fusarium oxysporum induces the rapid acidifi-
cation of the apoplast, which modulates cell wall structure
and root growth by reducing cellulose synthesis. Infection
resulted in the phosphorylation of Thr947 and, notably,
treatment with elicitors from F. oxysporum had the same ef-
fect (Kesten et al., 2019). This is in contrast to the effect of
RALF-like peptides secreted by F. oxysporum. These F-RALFs
trigger alkalization of the apoplast due to inhibition of
plasma membrane Hþ-ATPase activity via a FERONIA-
dependent pathway (Masachis et al., 2016).

Bacterial pathogens sometimes mimic plant regulatory
peptides. For example, the biotrophic pathogen
Xanthomonas oryzae pv. oryzae (Xoo) produces a sulfated
peptide named RaxX, which shares similarity with peptides
in the PSY family (Pruitt et al., 2017). RaxX serves as a mo-
lecular mimic of PSY peptides to facilitate Xoo infection and
is recognized by the receptor kinase-like protein
Xanthomonas resistance 21 (XA21), which has evolved the
ability to recognize and respond specifically to the microbial
form of the peptide and not the plant version. This was fur-
ther demonstrated by binding studies showing that RaxX
peptides bind to the ectodomain of XA21, in contrast to
PSY1 (Luu et al., 2019).

The peptide flg22, a MAMP derived from bacterial flagel-
lin, leads to alkalinization of the apoplast and changes the
phosphosites on AHA1/AHA2. In response to flg22, Thr881
and Thr947 phosphorylation decreases, whereas Ser899
phosphorylation increases (Nühse et al., 2007). De-

phosphorylation of Thr881 and Thr947, as well as phosphor-
ylation of Ser899, all reduce plasma membrane Hþ-ATPase
activity (Nühse et al., 2007; Table 1).

Another fungus that specifically targets plant plasma
membrane Hþ-ATPases is Stemphylium loti. This fungus
secretes tenuazonic acid, which inhibits plasma membrane
Hþ-ATPase activity via a mechanism involving its C-terminal
domain, resulting in necrotic cells (Bjørk et al., 2020).

Biotic interactions can benefit plants and plasma mem-
brane Hþ-ATPases also function in this interaction.
Trichoderma species have long been known to have benefi-
cial effects on plant growth (Yedidia et al., 2001; Contreras-
Cornejo et al., 2014). Although the underlying mechanism is
unknown, plasma membrane Hþ-ATPase activity is modu-
lated by Trichoderma ssp. (López-Coria et al., 2016; Guo et
al., 2020), which suggests that activation of the plasma
membrane Hþ-ATPase is part of the mechanism underlying
the beneficial effects.

The autoinhibited P-type Ca2þ-ATPase gene
family in Arabidopsis
Arabidopsis P-type Ca2þ-ATPases belong to two subfamilies:
P2A ATPases (four endomembrane Ca2þ-ATPases named
ER-type Ca2þ-ATPases [ECA]1, 2, 3, and 4) and P2B ATPases
(10 so-called autoinhibited Ca2þ-ATPases [ACA]1, 2, 4, 7, 8,
9, 10, 11, 12, and 13) (Box 3; Baxter et al., 2003; Palmgren et
al., 2020). For a recent review on plant Ca2þ-ATPases, the
reader is referred to Garcı́a Bossi et al. (2020).

P2A ATPases: ECAs
P2A ATPases supply organelles with Ca2þ, but there is little
evidence that they regulate cytoplasmic Ca2þ concentra-
tions. P2A ATPases transport two Ca2þ or Mn2þ ions per
ATP split and have short N- and C-terminal sequences.

P2B ATPases: ACAs–
P2B ATPases maintain cytoplasmic Ca2þ at very low (sub-
micromolar) concentrations and, in plant cells, load internal
stores with Ca2þ. P2B ATPases transport a single Ca2þ per
ATP split and are equipped with an N-terminal (in plants)
or C-terminal (in animals) autoinhibitory domain that binds
calmodulin. When activated, P2B ATPases have a higher af-
finity for Ca2þ than P2A ATPases and are therefore more ef-
ficient in removing Ca2þ from the cytoplasm.

Why are there different isoforms of ACAs?
The presence of 10 ACA isoforms suggests that their gene
products have different properties. However, there is little
evidence for this and, despite structural differences between
ACAs they appear to be functionally alike. Arabidopsis
aca10 mutants have a marked compact inflorescence (cif)
phenotype that is not observed in aca8 or aca9 mutants.
Nonetheless, ACA8 can complement the cif phenotype
when overexpressed in the aca10 background (George et al.,
2008), suggesting that ACA8 might have the same biochemi-
cal function as ACA10. By equipping the plasma membrane-
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localized ACA8 with the vacuolar targeting signal of ACA4,
ACA8 was successfully relocalized to the tonoplast (Hilleary
et al., 2020) and, at this location, rescued the phenotype of
the aca4 aca11 mutant, which has an elevated Ca2þ re-
sponse to flg22. Thus, specific biochemical or regulatory
properties of ACA4 and ACA11 do not determine their abil-
ity to modulate the Ca2þ signal induced by flg22, but in-
stead, the vacuolar location of any ACA appears to be
sufficient for this response. In this case it may be reasonable
to assume that isoform diversity is merely a means for con-
trolling the tissue-specific distribution of ACAs within the
cellular space and over time.

Regulation of ACAs by Ca2þ/calmodulin
The Ca2þ affinity of plant P2B ATPases is regulated by their
N-terminal regulatory domains. In response to an increase in
[Ca2þ]cyt, Ca2þ forms a complex with calmodulin (encoded
by seven genes in Arabidopsis), which can then bind to the
N-terminal domains of P2B ATPases. Binding neutralizes the
inhibitory effect of the domain on the pump, which results
in an active pump state with high affinity for Ca2þ. Thus,
Ca2þ not only acts as a transported ligand of ACAs, but also
increases the affinity of ACAs for Ca2þ. The N-terminal do-
main of ACA8 also interacts with Ca2þ-CML36, a
calmodulin-like protein (CML), and other ACAs also likely
interact with Ca2þ-CMLs (encoded by 50 genes in
Arabidopsis; Astegno et al., 2017).

The structure of the N-terminal domain of AtACA8 in
complex with calmodulin appears as a long alpha-helix with
two calmodulin molecules bound to it (Tidow et al., 2012).
The two sites, named calmodulin binding sites 1 and 2
(CaMBS1 and CaMBS2), bind Ca2þ-calmodulin with differ-
ent, but physiologically relevant, affinities and provide the

pump with a high- and a low-affinity sensor for Ca2þ, re-
spectively. CaMBS1 overlaps with an autoinhibitory se-
quence, which is neutralized by the binding of Ca2þ-
calmodulin (Baekgaard et al., 2006). CaMBS2 likewise over-
laps with a less-defined autoinhibitory stretch of residues
(Tidow et al., 2012). Mathematical network modeling dem-
onstrated that such a system with two binding sites is ready
for steep activation above a basal Ca2þ concentration,
meaning that the pump is inactive below a certain level and
rapidly activates as soon as Ca2þ concentrations exceed this
level (Tidow et al., 2012).

Among ACAs, ACA7, ACA12, and ACA13 have degraded
calmodulin-binding sites (Figure 3), which explains why
ACA12 is constitutively activated but still able to bind
Ca2þ/calmodulin (Limonta et al., 2014).

Regulation of ACAs by phosphorylation
The N-terminal autoinhibitory domain of ACAs can undergo
posttranslational modification by phosphorylation, which
can weaken the binding capacity of calmodulin or CML pro-
teins (resulting in a decreased Ca2þ affinity) or relieve auto-
inhibition in the absence of these proteins (resulting in an
increased Ca2þ affinity).

The N-terminal residues upstream of CaMBS1 in the
closely related plasma membrane Ca2þ-ATPases ACA8 and
ACA10 are hotspots of phosphorylation, and several can be
phosphorylated simultaneously, but phosphosites are not
conserved between the two pumps (Figure 3). Mutant
ACA8 pumps in which such upstream residues have been
substituted with the phosphomimic Asp appear to be par-
tially activated (Giacometti et al., 2012). Ser29-ACA8 and
Ser22-ACA10 are targets of Oxidative Signal-Inducible 1
(OXI1) in response to H2O2 (Wang et al., 2020).

Box 3 THE TWO CA2þ-ATPASE FAMILIES IN PLANTS.
Two families of P-type Ca2þ-ATPases exist in plants, P2A and P2B, both of which have an ancient origin and ex-
ist in all life forms. Whereas P2B ATPases are regulated by the binding of Ca2þ/calmodulin to an autoinhibitory
terminal domain in the pump, the simpler P2A ATPases do not have such a domain. P2A ATPases are divided
into two groups, P2A-I and P2A-II, which separated from each other in an early eukaryotic cell before the emer-
gence of plants, animals, fungi, stramenopiles, alveolata, and rhizaria (Palmgren et al., 2020). In Arabidopsis, ECA3
is a P2A-I ATPase (like animal sarco-endoplasmic reticulum Ca2þ-ATPases; SERCA pumps), whereas ECA1, ECA2,
and ECA4 are P2A-II ATPases. As each group has an ancient origin, one would expect P2A-I and P2A-II ATPases
to have properties distinct from each other. Strikingly, however, functional differences between members of each
group have not been identified so far. Both the Arabidopsis eca1 and eca3 mutants exhibit phenotypes related
to Ca2þ and Mn2þ sensitivity, suggesting that both pumps play physiological roles related to supplying intracellu-
lar compartments with Ca2þ and Mn2þ. Thus far, there is little evidence that the activities of P2A ATPases are
regulated by external cues (reviewed in Garcı́a Bossi et al., 2020). In animal cells, P2B ATPases are exclusively
expressed in the plasma membrane, whereas in plant cells, each P2B ATPase isoform is expressed in either the
plasma membrane or intracellular membranes. In Arabidopsis, ACA8 and ACA10 are the predominant plasma
membrane Ca2þ pumps, whereas ACA4 and ACA11 are the major Ca2þ pumps in the vacuolar membrane.
ACA1, ACA2, and ACA7 are expressed in the ER (Ishka et al., 2021). Among ACAs, only ACA12 (and likely also
ACA13) is constitutively active and is not activated by calmodulin, even though it is able to interact with cal-
modulin (Limonta et al., 2014). ACAs are tightly regulated in response to external cues, as discussed in detail in
the main text.
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Further downstream, in CamBS1, Ser57 in the se-
quence motif NASRRF has also been found to be phos-
phorylated, but less often. Whether this phosphorylation
event promotes or decreases pump activity is unknown,
but it is predicted to interfere with the binding of Ca2þ-
calmodulin. In ACA2, an Asp substitution of Ser45,
which is not homologous to ACA8 Ser57 but is likewise
situated in CamBS1, reduces calmodulin-induced stimu-
lation of the recombinant ACA2 produced in yeast. This
observation suggests that mutations in this region inter-
fere with calmodulin stimulation.

The CDPK isoform CPK1, a Ca2þ-dependent protein ki-
nase, phosphorylates Ser45 of ACA2. Phosphorylation inhib-
its the binding of calmodulin and does not occur when
calmodulin has already bound to ACA2 (Hwang et al.,
2000).

The calcium-dependent protein kinase CPK16 phosphory-
lates the N terminus of ACA8 at Ser19 and Ser22
(Giacometti et al., 2012). ACA8 is phosphorylated at multi-
ple sites within its N terminus by CBL and CIPK complexes
(Costa et al., 2017). The phosphorylation state of specific
residues is enhanced by in vivo treatment with ABA and
gibberellins (Ser27 and Ser29; Chen et al., 2010), or with the
elicitor flagellin (Ser27 and Ser99 situated just downstream
of CamBS2; Nühse et al., 2003, 2004, 2007; Benschop et al.,
2007), and is downregulated in response to sucrose in cul-
tured cells (Ser22; Niittylä et al., 2007).

ACAs and Ca2þ signaling
Ca2þ-ATPases maintain cytoplasmic [Ca2þ] at sub-
micromolar levels even though external [Ca2þ] is typically in
the millimolar range. When cytoplasmic Ca2þ concentrations
increase in response to external cues, ACAs work together
with Hþ/Ca2þ-antiporters to lower Ca2þ concentrations
again, thereby attenuating the signal (Figure 4). The magni-
tude of the Ca2þ spike can provide important information
about the nature of the signal that elicited a particular re-
sponse and provide a language for how to respond to the sig-
nal. A recent study provided an excellent example of this
concept (Suda et al., 2020). Touching a sensory hair cell on
the surface of a Venus flytrap (Dionaea) leaf elicits a Ca2þ

spike without a detectable physiological response, while
touching the same hair again a few seconds later elicits a new
spike that augments the previous one. If the second stimulus
causes [Ca2þ]cyt to exceed a certain threshold level, move-
ment of the leaf is triggered, trapping the prey. The elevated
[Ca2þ]cyt decreases two-phase exponentially after the first
stimulus (Suda et al., 2020), demonstrating that the process is
the result of the sum of fast and slow exponential decay. This
prompts the question: How do ACAs contribute to shaping
such Ca2þ spikes?

Even though aca4 aca11 plants have an elevated Ca2þ sig-
nal in response to flg22, Ca2þ concentrations in both wild-
type and aca4 aca11 plants return to basal levels concur-
rently. This observation suggests that, in response to flg22,

Figure 3 Phosphosites in the N-terminal regions of ACAs. Red boxes with white text represent phosphosites observed in vivo, except for the
ACA2 phosphosite, which was phosphorylated in vitro. Underlined sequences represent phosphopeptides that cannot be associated with a unique
isoform (see Table 2). Hydrophobic anchor points involved in calmodulin binding are marked with asterisks. Residues in CaMBS1 and CaMBS2 are
marked in bold. Conserved amino acid residues are colored according to side chain properties (brown, charged; green, polar; blue, hydrophobic;
pink, no side chain).
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ACA4 and ACA11 are important for regulating the maximal
magnitude of the Ca2þ spike, while the duration of the spike
is controlled by efflux systems other than ACA4 and ACA11
(Hilleary et al., 2020). In the absence of ACAs, cytoplasmic
Ca2þ levels increase, which leads to severe stress symptoms,
as seen in aca4 aca11 double and aca1 aca2 aca7 triple
mutants, whose leaves show lesions resulting from the in-
duction of programmed cell death (Hilleary et al., 2020;
Ishka et al., 2021).

ACAs and plant defense
MAMPs such as flg22 function as elicitors that, following
binding to cell surface receptors, trigger changes in Ca2þ lev-
els inside the plant cell. Ca2þ-based signaling can then in-
duce pattern-triggered immunity (PTI), which can lead to

systemic acquired resistance (Ranf et al., 2011). The aca4
aca11 double mutant has a high frequency of hypersensitive
response-like lesions, which result from the activation of a
salicylic acid-dependent programmed cell death pathway
(Boursiac et al., 2010), and aca4 aca11 plants exhibit a fur-
ther increase in Ca2þ signal in response to flg22 (Hilleary et
al., 2020), suggesting that ACA4 and ACA11 contribute to
the “off” mechanism in response to MAMPs. Loss of another
Arabidopsis Ca2þ efflux system, the antiporter Hþ/Ca2þ ex-
change 1 (CAX1), which is not related to Ca2þ-ATPases, also
results in the activation of plant defense and accelerated se-
nescence (Zhang et al., 2020).

Mutant aca8 aca10 plants have an increase in basal
[Ca2þ]cyt, but in response to flg22 show a less prominent
Ca2þ signal and a relatively minor burst of reactive oxygen
species (ROS) that is not followed by spontaneous lesion

Figure 4 Model for the regulation of ACAs. Arabidopsis ACA8 is used as an example. In Ca2þ signaling, an “on” period, which is induced by exter-
nal signals that provoke a rapid influx and surge in [Ca2þ]cyt, is always followed by an “off” period, when Ca2þ is removed from the cytoplasm
again (Berridge et al., 2000, 2003). This results in a Ca2þ spike, which can be repeated rhythmically to produce Ca2þ oscillations or can proceed
throughout the plant as a Ca2þ wave. Both the influx and efflux of Ca2þ involve multiple transport proteins whose combined activity determines
the amplitude and frequency of the Ca2þ signal (Kudla et al., 2018; Tian et al., 2020). Furthermore, it has been proposed (Hwang et al., 2000; Sze et
al., 2000) that the opposite actions of calmodulin and phosphorylation allow for crosstalk between different Ca2þ signaling pathways that modu-
late the initial calmodulin activation kinetics to shape a specific Ca2þ signature. The brown structure interacting with the receptor kinase to the
left depicts a bacterium with its flagellum. Colors of fonts and arrows: red, negative regulation; green, positive regulation. Solid arrows, known can-
didates; Dashed arrows, suggested candidates.CNGC2/4, Cyclic Nucleotide Gated Channel 2 and 4.
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formation (Frei dit Frey et al., 2012). This finding argues
against a direct role of these ACAs in PTI. Analysis of the cif
growth phenotype of aca10 suggests that ACA10 is a negative
regulator of disease resistance and that the growth retarda-
tion observed in the mutant results from a constitutive im-
mune response (Yang et al., 2017). In accordance with this
notion, the aca10 single mutant, as well as aca8 aca10 and
aca10 aca13, shows increased resistance to the virulent path-
ogen Pseudomonas syringe pv. tomato (Pst) DC3000 com-
pared to the wild-type (Yu et al., 2018).

Sensing of pathogen-derived elicitors and effectors leads
to posttranslational modification of ACAs. AvrRpt2 is a
pathogen effector protein from Pseudomonas syringae pv.
tomato (Pto). When AvrRpt2 expression was induced in
Arabidopsis, phosphorylation of AtACA8 at Ser-22 was ob-
served (Kadota et al., 2019), an event predicted to lead to a
partially activated pump (Giacometti et al., 2012).
Treatment with flg22 or fungal xylanase leads to phosphory-
lation of AtACA10 at the N-terminal residue Thr-20
(Benschop et al., 2007). Likewise, treating plants with flg22
leads to phosphorylation of AtACA8 at the N-terminal resi-
due Ser-27 (Nühse et al., 2007) and is also predicted to lead
to a partially activated pump (Giacometti et al., 2012).
AtACA8 interacts directly with the flg22 receptor
FLAGELLIN SENSING2 (FLS2) in planta (Frei dit Frey et al.,
2012). Whether FLS2, which has an intracellular protein ki-
nase domain, phosphorylates AtACA8 directly is unknown,
but an intriguing possibility is that FLS2-mediated sensing of
a bacterial MAMP directly primes the “off” mechanism for

export of Ca2þ. In such a scenario, sensing of a specific “on”
signal would be directly linked to a specific “off” mechanism
and together could generate a signal-specific Ca2þ signature.

Concluding remarks
Both plasma membrane Hþ-ATPases and Ca2þ-ATPases are
targets for multiple protein kinases responding to cellular de-
velopment and environmental cues (Tables 1 and 2). This
points to a very sensitive apparatus that allows the plant to
react differentially to multiple environmental signal received
simultaneously. Thus, dependent on the number and localiza-
tion of residues being phosphorylated, and their stoichiomet-
ric relationships, responses with respect to Hþ and Ca2þ

dynamics are being moderated in a dynamic and continuous
fashion. Interacting regulatory proteins serve to fine-tune
these responses. As more molecular players are identified, the
signaling network is becoming increasingly complex (Figures 2
and 4). When considering cause and effects, it is important
to keep in mind that even when a phosphorylation event is
detected in vivo, the site in question need not be phosphory-
lated in the whole pump population. Detecting the different
combinations of sites phosphorylated in response to abiotic
and biotic stimuli, in addition to mapping the spatiotemporal
separation of these sites in the plant material studied, will be
required in order to better understand the dynamics caused
by multiple phosphorylation events. The current challenge is
to couple the ends of this network; which stimulus leads to
specific phosphorylation or dephosphorylation events and
who are the players on the way? We propose that the regula-
tion is based on more or less constitutively active protein kin-
ases that, in concert with more specific protein phosphatases,
cause a dynamic phosphorylation equilibrium that dictates
the immediate activation status in response to multiple envi-
ronmental cues. Testing this hypothesis together with answer-
ing other essential questions are important future challenges
(see Outstanding questions).
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