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Abstract 
Proton-translocating inorganic pyrophosphatase (H+-PPase) actively translocates 
protons across membranes coupled with the hydrolysis of inorganic pyrophosphate 
(PPi). H+-PPase, which is composed of a single protein and uses a simple compound 
as a substrate, has been recognized as a new type of ion pump in addition to the P-, 
F-, and V-type ion translocating ATPases. H+- and Na+-PPases are distributed in 
various organisms including plants, parasitic protozoa, Archaebacteria, and bacteria, 
but are not present in animals or yeast. Vacuolar H+-PPase has dual functions in 
plant cells: hydrolysis of cytosolic PPi to maintain the levels of PPi and translocation 
of protons into vacuoles to maintain the acidity of the vacuolar lumen. Acidification 
performed with the vacuolar type H+-ATPase and H+-PPase is essential to maintain 
acidic conditions, which are necessary for vacuolar hydrolytic enzymes and for 
supplying energy to secondary active transporters. Recent studies using loss-of-
function mutant lines of H+-PPase and complementation lines with soluble PPases 
have emphasized the physiological importance of the scavenging role of PPi. An 
overview of the main features of H+-PPases present in the vacuolar membrane is 
provided in terms of tissue distribution in plants, intracellular localization, structure-
function relationship, biochemical potential as a proton pump, and functional stability. 
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Introduction 
H+-translocating inorganic pyrophosphatase (H+-PPase) actively transports protons 
from the cytosol across membranes coupled with the hydrolysis of inorganic 
pyrophosphate (PPi). H+-PPase is composed of a single protein with a molecular 
mass of approximately 70–80 kDa (Maeshima 2000). The enzymatic activity of 
pyrophosphatase was first detected as PPi synthase in chromophore membranes of 
the purple photosynthetic bacteria Rhodospirillum rubrum (Baltscheffsky 1967). 
Subsequently, the enzyme was solubilized from the membrane and characterized as 
an enzyme with PPi hydrolysis activity (Nyren et al. 1984). PPi-dependent proton 
transport activity in plant vacuolar membranes was first reported in the 1980s 
(Chanson et al. 1985, Rea and Poole 1986, Takeshige et al. 1988). H+-PPase was 
isolated from the vacuolar membranes of Vigna radiata hypocotyls (Maeshima and 
Yoshida 1989) and cDNA encoding the Arabidopsis thaliana enzyme was cloned 
(Sarafian et al. 1992).  

H+-PPase has been identified in plants, parasitic protozoa, Archaebacteria, and 
bacteria, but not in animals or fungi (Seufferheld et al. 2011). Bacteria, including 
Agrobacterium radiobacter and the hyperthermophilic bacteria Thermotoga maritima 
and Carboxydothermus hydrogenoformans, also express H+-PPase (Perez-
Castineira 2001, Belogurov and Lahti 2002, Seufferheld et al. 2011). H+-PPase has 
been recognized as a new type of ion pump, in addition to F-type (e.g. mitochondrial 
ATP synthase), V-type (e.g. vacuolar H+-ATPase), and P-type (e.g. plasma 
membrane H+- and Ca2+-ATPase) ATPases (Breton and Brown 2013, Forgac 2007, 
Junge and Nelson 2015, Palmgren and Nissen 2011, Pedersen 2007). 

H+-PPase has two physiological roles in plants: hydrolysis of PPi in the cytosol 
and acidification of vacuoles. PPi is generated through many macromolecule 
biosynthesis reactions, such as DNA and RNA polymerization, as well as protein and 
cellulose synthesis (Heinonen 2001, Ferjani et al. 2014). Physiological roles of 
vacuolar H+-PPase (hereafter, V-PPase) in PPi hydrolysis and vacuolar acidification 
during development and growth of plants have been reported in a number of studies. 
These studies provide additional information on the physiological significance of V-
PPase (Bak et al. 2013, Ferjani et al. 2011, Gaxiola et al. 2007, Gaxiola et al. 2016, 
Schumacher 2014, Shen et al. 2013, Schilling et al. 2014, Maeshima 2001, Martinoia 
et al. 2007, Wang et al. 2016), and will not be discussed further. The aim of this 
review is to provide a general overview, linking molecular structure, quantitative 
activity, and tissue-specific distribution. 
 
Intracellular localization and tissue-specific distribution of H+-PPases 
Most plants have two types of H+-PPases: type I and type II (Drozdowicz et al. 2000). 
The type I H+-PPase requires K+ for maximal enzyme activity and functions together 
with H+-ATPase in vacuolar membranes, in which H+-PPase accounts for 
approximately 10% of the vacuolar membrane protein in young tissues (Maeshima 
2001). The type II H+-PPase, which does not require K+, is localized in the membrane 
of the Golgi apparatus (Mitsuda et al. 2001b, Segami et al. 2010). The amount of 
type II enzyme in the total membrane fraction is approximately less than 0.3% of the 
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type I H+-PPase (Segami et al. 2010). Therefore, type I H+-PPase is the primary H+-
PPase in the vacuolar membrane (V-PPase).  
   Several groups have reported the plasma membrane localization of V-PPase 
based on immune electron and immunofluorescence microscopy (Long et al. 1995, 
Robinson 1996, Langhans et al. 2001, Li et al. 2005, Paez-Valencia et al. 2011, 
Regmi et al. 2016). In general, non-specific interaction of an antibody is a common 
problem in immunohistochemical analyses. Visualization of the target protein linked 
with a fluorescent protein such as green fluorescent protein (GFP) also has 
artifactual concerns: namely, abnormal localization of the target protein and side 
effects caused by overexpression of the GFP-linked protein (Grenfen et al. 2010). 
Recently, Segami et al. (2014) generated a GFP-V-PPase construct with enzyme 
activity by introducing GFP into the intermolecular flexible loop (loop a) that faces the 
cytoplasm. They used a monomer-type GFP (mGFP) instead of the regular GFP, 
which has a tendency to form GFP dimers in cells. V-PPase-mGFP was recovered in 
the same fraction as the endogenous V-PPase. The careful experiments in this study 
showed that V-PPase localizes to the vacuolar membrane but not the plasma 
membrane of most cells, including the sieve element-companion cell. Figure 1 shows 
the typical localization of V-PPase in the vacuolar membrane in elongating root cells 
of A. thaliana. Thus, it is reasonable to conclude that V-PPase functions only in the 
vacuolar membrane of all cells. 

V-PPase is distributed in most tissues and cells although the amount of enzyme 
varies with the tissue. Exceptionally, V-PPase is absent in the columella cells of A. 
thaliana (Segami et al. 2014), which contain starch grains and sense gravity (Chen et 
al. 1999, Vitha et al. 2007). On the other hand, V-PPase is very abundant in growing 
cells. In the case of A. thaliana etiolated seedlings, cell proliferation and elongation 
zones show a high protein content and enzymatic activity of V-PPase (Figure 1) 
(Maeshima 1990, Nakanishi and Maeshima 1998, Segami et al. 2014). Furthermore, 
the amount of V-PPase based on the vacuolar membrane protein in 3-d-old 
cotyledons was twice as that in the 10-d-old cotyledons (Segami et al. 2014). In 
these growing cells, a large amount of ATP is consumed to form new cells and a 
large amount of PPi is generated via macromolecule biosynthesis. Therefore, V-
PPase likely contributes to both the removal of PPi and acidification of growing 
vacuoles (Maeshima 2000). 

High protein accumulation of V-PPase has been reported in the shoot apical 
meristem, leaf primordia, vascular cambium, and ovules of A. thaliana (Segami et al. 
2014), as well as for the shoot apical meristem, emergent leaf sheath, root 
primordium, and growing embryo of Oryza sativa (Regmi et al. 2016). Pollen has also 
been shown to exhibit high expression of the V-PPase gene in A. thaliana and O. 
sativa. The A. thaliana V-PPase gene (AtVHP1) contains a cis-acting element, which 
is specific to pollen (Mitsuda et al. 2001a). During elongation of pollen tubes, the 
pollen cells actively synthesize RNA, protein, and cellulose, and rapidly expand their 
vacuoles. In addition to growing tissues, V-PPase is abundant in organs with a high 
sucrose content, such as the nectary and funicle (Segami et al. 2014). Therefore, the 
PPi hydrolysis and proton pump functions of V-PPase are both required for 
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scavenging cytosolic PPi and activation of secondary active transporters in the 
vacuole. In contrast with the normal elongation of pollen tubes, in the case of self-
incompatibility, soluble PPase, not V-PPase, is inactivated by phosphorylation in the 
genus Papaver (de Graaf 2006), indicating the importance of PPi removal for cell 
elongation. 

A high amount of V-PPase might be related to the PPi-scavenging role (Ferjani 
et al. 2011, Ferjani et al. 2014). The concentration of PPi affects the amount of 
sucrose metabolically produced from storage lipids during germination (Ferjani et al. 
2011, Takahashi et al. 2017) and photoassimilate partitioning (Lerchl 1995). For 
example, UDP-glucose (UDP-Glc) pyrophosphorylase, which catalyzes the reaction 
glucose-1-phosphate (G1P) + UTP « UDP-Glc + PPi, produces PPi during sucrose 
synthesis (Ferjani et al. 2011).  

In sieve companion cells, sucrose is accumulated to high levels by the 
sucrose/H+ symporter in the plasma membrane (Pizzio et al. 2015, Regmi et al. 
2016). In general, the symporter is energized by the plasma membrane H+-ATPase. 
The substrate ATP is supplied through glycolysis via UDP-Glc, which is generated 
from the hydrolysis of sucrose. UDP-Glc hydrolysis requires PPi to produce G1P and 
subsequently glucose 6-phosphate. Thus, PPi should be kept at high levels (Lerchl et 
al. 1995a). Recent reports have shown by immunochemical analysis that V-PPase is 
located in the plasma membrane and catalyzes the reverse reaction: synthesis of PPi 
using a pH gradient across the plasma membrane generated by the plasma 
membrane H+-ATPase (Pizzio et al. 2015, Regmi et al. 2016, Gaxiola et al. 2016). 
This differs from a report that demonstrated vacuolar membrane localization of V-
PPase even in companion cells using functional V-PPase-mGFP (Segami et al. 
2014). However, the reverse reaction of PPi synthesis by V-PPase remains to be 
examined with biochemical experiments. In the case of the photosynthetic bacteria R. 
rubrum, H+-PPase has been reported to catalyze both hydrolysis and synthesis 
reversibly; namely, PPi hydrolysis in the dark and PPi synthesis in the light 
(Baltcheffsky 1967). 

Two conflicting points, H+-PPase localization in the plasma membrane and 
function of H+-PPase as a PPi synthase, are very important when discussing the 
physiological roles of H+-PPases. Furthermore, severe phenotypes observed in 
RNAi-mediated H+-PPase knockdown mutants (Pizzio et al. 2015) differed from the 
mild phenotypes observed in loss-of-function mutants in which specific amino acid(s) 
of V-PPase were exchanged and deleted (Ferjani et al. 2011). Discussion of these 
conflicting points will require information on soluble PPases and the genetic and 
metabolic changes in these mutant lines, which will deepen our understanding of V-
PPases. 
 
Molecular structure and diversity of H+-PPases 
Arabidopsis thaliana has one gene encoding the type I enzyme (VHP1, At1g15690, 
also called AVP1) and two genes encoding the type II enzymes (VHP2;1 and 
VHP2;2; At1g78920 and At1g16780, respectively). In comparison, Vigna radiate, 
Hordeum vulgare, and Oryza sativa have one, two, and six type I V-PPase genes, 



 6 

respectively. Among the six genes in O. sativa, OsVHP1;1 and OsVHP1;2 are the 
major ones expressed in rice (Muto et al. 2011). These genes may be expressed in 
cell-, tissue-, and growth-stage specific manners in crops. The genes in A. thaliana 
and V. radiate probably have strong promoters, and their translation products 
comprise a major proportion of the vacuolar membrane proteins as mentioned above.  
   Plants have soluble inorganic PPases with primary structures that resemble those 
of the soluble PPases in Escherichia coli (hexametric enzyme, PPa) and 
Saccharomyces cerevisiae (dimeric enzyme, IPP) (Schulze et al. 2004, Gómez-
García et al. 2006). A. thaliana has several PPase isoforms, and some isoforms, 
such as PPa1 and PPa2, were detected in the cytosol (Schulze et al. 2004, Navarro-
Dela Sancha et al. 2007). The primary and tertiary structures of V-PPases in various 
organisms differ from those of soluble PPases in plants, yeast, and bacteria. V-
PPases do not have any sequence similarity to soluble PPases, even at the catalytic 
site, although the both types of enzymes catalyze PPi hydrolysis (Sivula et al. 1999, 
Drozdowicz and Rea 2001, Lin et al. 2012). Therefore, soluble PPases and H+-
PPases including V-PPases might have evolved from different molecular ancestors. 
   In 2012, the tertiary structures of the V-PPase of V. radiata (Lin et al. 2012) and 
the Na+-PPase of the hyperthermophilic bacterium T. maritima (Kellosalo et al. 2012) 
were revealed by crystallography. Figure 2 shows the structural model of the H+-
PPase homodimer as well as a schematic diagram. Prior to these studies, there were 
several reports on the homodimeric structure (Maeshima 1990b, Sato et al. 1991, 
Mimura et al. 2005), as well as the membrane topology with 16 transmembrane (TM) 
domains in the plant V-PPase (Mimura et al. 2004), 17 TM domains in Streptomyces 
coelicolor (Mimura et al. 2004, Hirono et al. 2005), and various functional residues 
(Hirono et al. 2007a, 2007b, Lee et al. 2011, Nakanishi et al. 2001, Pan et al. 2011). 
Crystallography has revealed the principle structure of the plant V-PPase with 16 TM 
helices and provided a detailed arrangement of a large number of functional amino 
acid residues, which were revealed by site-directed mutagenesis and heterologous 
expression in yeast. 

Furthermore, the coupling mechanism of V-PPase was proposed from analysis 
of the structure-function relationship of the enzymes of T. maritima and V. radiata 
(Kajander et al. 2013, Li et al. 2015). Elucidation of the tertiary structure of V-PPase 
has provided key information for understanding the functional structure and reaction 
mechanism, including the transfer of energy from PPi hydrolysis to active proton 
translocation compared with that of F-, V-, and P-type ATPases (Breton and Brown 
2013, Forgac 2007, Junge and Nelson 2015, Palmgren and Nissen 2011, Pedersen 
2007). Here, we briefly introduce the structure. For a complete understanding of the 
detailed structure-function relationship, we recommend reading the original articles. 

The plant V-PPase exists as a homodimer and the protomer contains 16 TM 
helices. Among the 16 TM helices, six helices (TM5, TM6, TM11, TM12, TM15, and 
TM16) form an inner ring that functions as the proton translocation pathway (Figure 
2). The inner ring is surrounded by an outer ring composed of the remaining 10 TM 
helices. Several TM helices of the inner and outer rings are involved in formation of 
the homodimer. Most of the V-PPase TM helices are long and extend to the cytosol. 
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The binding sites for Mg-PPi, free Mg2+, and the catalytic domain are found in the 
hydrolytic center, which is composed of several residues of the long TM helices of the 
inner ring. During the reaction, PPi hydrolysis and active proton translocation are 
mechanically coupled. Binding and subsequent hydrolysis of PPi triggers a 
conformational change, particularly with respect to the positional relationship of the 
TM helices (Kajander et al. 2013, Li et al. 2015). Each helix changes its angle in the 
membrane slightly and rotates to a small degree during the reaction. In addition, the 
cytoplasmic TM5/TM6 loop changes its position in the enzyme complex. These 
conformational changes facilitate the translocation of a proton from the cytosolic 
domain and the release of the proton to the vacuolar lumen. It has been suggested 
that the Na+-PPase of T. maritima has a similar reaction mechanism (Kajander et al. 
2013, Kellosalo et al. 2012, Li et al. 2015). Aspartic and glutamic acid residues in 
TM6 are involved in the acceptance, translocation, and release of protons. The lysine 
residues in TM16 push protons trapped by a glutamate residue of TM6 to the 
vacuolar lumen, which is accompanied by a slight shift of TM16 (Li et al. 2015). The 
overall reaction mechanism is unique and differs from the rotational mechanism of 
ATP synthase and V-ATPase as well as the marionette mechanism of P-type ion 
pumps such as Ca+-ATPase and the plasma membrane H+-ATPase (Junge and 
Nelson 2015, Forgac 2007, Palmgren and Nissen 2011, Pedersen 2007). 

Recently, uncoupled V-PPase mutants, which exhibit PPi hydrolysis activity but 
no proton pump activity, were generated by site-directed mutagenesis of V. radiata V-
PPase (Asaoka et al. 2014). The mutated V-PPase has a single-residue mutation of 
Ile-545 or Leu-749 to alanine, positioned in TM12 or TM16 of the inner ring. The 
cytosolic regions of TM12 and TM16 form the catalytic domain with the remaining 
inner ring TM helices. Both TM12 and TM16 might be involved in PPi hydrolysis as 
well as the mechanical coupling between PPi hydrolysis and proton translocation. 
Leu-749, located in TM16, supports the proton relay mechanism by the downshift 
during reaction (Li et al. 2015). Furthermore, when expressed in a V-PPase knockout 
mutant, the mutant uncoupled V-PPase exhibited normal PPi hydrolysis but no proton 
pump activity (Asaoka et al. 2016). From a physiological point of view, this enzyme 
can be used to evaluate PPi hydrolysis activity in planta. 

Arabidopsis thaliana loss-of-function mutants of V-PPase, fugu5, have been 
used in many experiments as loss-of-function mutants (Ferjani et al. 2011). In fugu5-
1, Ala-709, which corresponds Ala-705 in the V-PPase of V. radiata, was replaced 
with a threonine residue. Ala-705 is located on the cytosolic side of TM15, which is 
essential for PPi hydrolysis. In fugu5-2, Glu-272 (corresponding to Glu-268 of the V. 
radiata enzyme) was replaced with a lysine residue. Glu-268 is located within the 
cytosolic catalytic domain between TM5 and TM6. In fugu5-3, Ala-553 (corresponding 
to Ala-549 of the V. radiate enzyme) was replaced with a threonine residue and the 
five residues from Leu-554 to Ala-558 (corresponding to Leu-550 to Ala-554 of the V. 
radiate enzyme). This deleted region in TM 12 and is essential as a coupling funnel 
and gate (Figure 2).        

V-PPase contains a flexible region, the cytoplasmic loop a, which has not been 
determined by crystallography. Here, we briefly describe the loop a, located between 



 8 

TM1 and TM2, which is not conserved among the H+-PPases of various organisms. 
Loop a contains many glutamate residues and is thought to be part of an intrinsically 
disordered structure. This property was exploited to insert GFP to enable 
visualization of the A. thaliana V-PPase. When GFP was inserted into this flexible 
loop a, the enzyme activity was retained (Segami et al. 2014). What is the 
biochemical role of loop a? Why has loop a been maintained during molecular 
evolution? Some possibilities for the biochemical role of loop a have been suggested. 
For example, loop a may provide movement to the TM helices, function as the ligand 
binding site, if any, and/or as a sensing domain of pH and salt concentrations in the 
cytosol. 
 
Physicochemical roles of V-PPase in small intracellular organelles 
In this section, we review the functional potential of V-PPase with respect to PPi 
hydrolysis and proton pumping activities. The velocity of proton translocation by V-
PPase has been determined to be 14 s–1 per protomer by patch clamp analysis of V. 
radiata V-PPase expressed heterologously in giant vacuoles of S. cerevisiae 
(Nakanishi et al. 2003). The PPi-dependent H+ current was stable for at least 60 min, 
although ATP-dependent H+ current by the endogenous yeast V-ATPase was 
markedly decreased even for 200 s (Figure 3). The velocity (14 s–1 per protomer) was 
determined from the following data: PPi-dependent H+ current (9.3 pA; 1 pA 
corresponds to ~6 × 106 H+ s–1) and the number of enzymes in a vacuole (4.2 ´ 106 
protomers). Since V-PPase exists as a homodimer (Lin et al. 2012, Sato et al. 1991), 
the molecular activity of the dimer is calculated to be 28 s–1 (Nakanishi et al. 2003). 
The rate of PPi hydrolysis can be calculated from the activity of a purified preparation 
of V. radiata (8.45 units/mg) and molecular mass of 80,919 Da (Maeshima and 
Yoshida 1989, Nakanishi and Maeshima 1998). The calculated turnover of PPi 
hydrolysis was 23 s–1 dimer–1. A small portion of the purified V-PPase may have 
been inactivated during purification. The similarity in the rate of proton transport (28 
s–1 dimer–1) and PPi hydrolysis (23 s–1 dimer–1) indicates an H+/PPi stoichiometry of 
1.  

Ion transport across the membrane in plants performs two physiological roles. 
First, a large amount of ions are transported to support plant growth as nutritional 
elements; second, the concentration gradients of ions are generated to maintain 
cellular function. As an example of the first role, major nutrients, including NO3

–, 
NH4

+, K+, Ca2+, Mg2+, PO4
3–, and SO4

2–, are translocated across the plasma 
membrane and membranes of intracellular organelles. Proton translocation is an 
example of the second role, and in most cases, the absolute amount of protons is not 
large. 

Here, we calculate the capacity of V-PPase in a model vacuole with a diameter 
of 10 µm (Figure 4). The volume is calculated to be 5.2 ´ 10–13 L. If the luminal pH is 
7.0, the vacuole contains 3.2 ´ 104 protons (1.0 ´ 10–7 M). At pH 6.0, the number of 
protons is 3.2 ´ 105. To decrease the vacuolar pH from 7.0 to 6.0, the proton pump 
must translocate 2.9 ´ 105 protons into the vacuole. Is it possible for V-PPase to 
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translocate the calculated number of protons? In the case of giant yeast cells 
expressing V. radiata V-PPase, the number of enzymes in the membrane of a 
vacuole with a diameter of 16.8 µm was determined to be 4.2 ´ 106 molecules 
(Nakanishi et al. 2003). If this number is applied to a vacuole with a diameter of 10 
µm, the enzyme number is calculated to be 1.5 ´ 106 protomers and 7.5 ´ 105 
dimers. Indeed, V-PPase occupies 10% of the total weight of vacuolar membrane 
proteins in growing cells (Maeshima 2001). From these observations and 
calculations, it has been estimated that a plant vacuole with a diameter of 10 µm 
contains 105-106 V-PPase homodimers. As described above, the proton translocation 
velocity of the V-PPase dimer is 28 s–1. Theoretically, 105 V-PPase dimers can 
translocate 2.9 ´ 106 H+ s–1, which is ten times of the amount required to acidify the 
vacuole from pH 7.0 to 6.0. Thus, V-PPase can acidify the vacuole to pH 6.0 within 1 
s. It is worth considering the possibility that a large amount of V-PPase is present in 
the vacuolar membrane. Each dimer occupies 72 nm2 of the membrane surface (Lin 
et al. 2012). Thus, it has been calculated that 105 or 106 V-PPase dimers occupy 
2.3% or 23% of the membrane surface of a vacuole with a diameter of 10 µm. 

In living cells, the rate of proton translocation decreases as the pH gradient 
across the membrane increases. Furthermore, several vacuolar active transporters 
use a pH gradient across the vacuolar membrane and as a result the pH gradient 
decreases in living plant cells. The purpose of this section was to explain that the 
molecular activity of V-PPase determined from experimental data is sufficient to 
acidify the vacuolar lumen quickly and maintain the acidic conditions. 

 
Role of V-PPase in vacuole acidification in cooperation with V-ATPase 
Finally, we describe the physiological roles of V-PPase, especially with respect to the 
acidification of vacuoles, in relation to V-ATPase, which translocates protons coupled 
with the hydrolysis of ATP (Gibbs free energy change, 30.5 kJ mol–1). The H+/ATP 
ratio is 2. Thus, the theoretical potential for acidification by V-PPase (Gibbs free 
energy change of PPi, 19.2 kJ mol–1; H+/PPi ratio, 1) is slightly higher than that of V-
ATPase.  

In addition to the plant vacuole, acidocalcisomes possess V-ATPase and V-
PPase on their single membranes. Acidocalcisomes are small acidic organelles less 
than 0.5 µm in diameter, which accumulate PPi and polyphosphate, and are found in 
bacteria, protists, and animal eggs (Docampo and Moreno 2012, Seufferheld et al. 
2011). Several lysosome-related organelles, such as melanosomes and lytic 
granules in lymphocytes in mammals, exhibit similar properties as acidocalcisomes 
(Docampo and Moreno 2012, Seufferheld et al. 2011). Both V-PPase and V-ATPase 
might be required to provide energy for many secondary active transporters including 
Ca2+/H+, Na+/H+, and Zn2+/H+ exchangers, and the phosphate transporter.  

It is often considered common knowledge that V-PPase and V-ATPase are 
essential for acidification of plant vacuoles. Some groups have reported that 
overexpression of V-PPase markedly stimulated growth and increased tolerance to 
biotic and abiotic stresses of A. thaliana and many other crops (Gaxiola et al. 2012, 
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Hernández et al. 2016). Another group also reported that the shoot fresh weight of 
plants overexpressing V-PPase increased by 18–30% compared with wild-type plants 
at the late stage of vegetative growth (Asaoka et al. 2016). However, loss-of-function 
mutants of V-PPase exhibited wild-type growth at the early vegetative growth stage 
under normal growth conditions, although the typical phenotype of cotyledon shape 
and a slight increase in vacuolar pH were detected (Ferjani et al. 2011, Kriege et al. 
2015).  

Loss of V-ATPase shows a more severe effect on plant growth and vacuolar pH 
compared with the V-PPase loss-of-function mutant (Kriegel et al. 2015). From the 
phenotypic properties of knockout mutants, the physiological significance of V-
ATPase is emphasized as described above. Remarkable phenotypes of the V-PPase 
loss-of-function mutant were reported for specific conditions, such as cold treatment 
(Kriegel et al. 2015) and growth in the absence of ammonium (Fukuda et al. 2016). In 
knockout mutant plants, the expression of other genes or enzymes might be induced 
to adapt to the loss of the target gene and to support survival. In terms of PPi 
hydrolysis, the physiological importance of the removal of cytosolic PPi by V-PPase 
has been revealed in relation to macromolecule biosynthesis, lipid metabolism, and 
sucrose synthesis (Ferjani et al. 2011, Fukuda et al. 2016, Takahashi et al. 2017).  

Furthermore, the toxicity of PPi in cells should be considered: PPi easily forms 
insoluble complexes with Mg2+ or Ca2+, which may cause damage to the cell. With 
respect to the physiological roles of V-PPase, soluble PPases, which also hydrolyze 
cytosolic PPi, should be considered. In relation to disease, many protozoa, such as 
Trypanosoma brucei and Plasmodium falciparum, also contain H+-PPases and are 
causative microorganisms of sleeping sickness and malaria, respectively. Therefore, 
specific inhibitors of V-PPase might be useful in the development of novel therapeutic 
compounds (Hirono et al. 2003). 
   Our understanding of the physiological and biochemical properties of the V-PPase 
has been improved markedly in the past decade. Further studies will provide useful 
information for the fields of general molecular biology, bioenergetics, plant 
physiology, crop science, and pharmacology. 
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Figure legends 
 
Figure 1. Visualisation of vacuolar H+-PPase (V-PPase) in seedlings by expression 
of V-PPase tagged with the monomeric form of green fluorescent protein (mGFP). (A) 
V-PPase-mGFP was expressed in Arabidopsis thaliana. An etiolated transgenic 3.5-
day-old seedling was observed with a stereo microscope (left panel) and a confocal 
laser scanning microscope (right panel). Arrows indicate parts with high intensity of 
V-PPase-mGFP fluorescence: a, cotyledons; b, hook (elongation region); c, root-
shoot boundary region; and d, root meristematic region except for the quiescent 
center. (B) Fluorescence image of seedling root expressing V-PPase-mGFP. 
Seedling was stained with propidium iodide (PI) to visualise the cell wall (purple; right 
panel). 
 
Figure 2. Tertiary structure of V-PPase of Vigna radiata. Lin et al. (2012) revealed the 
crystal structure of V. radiata V-PPase, which exists as a homodimer. (A and B) 
Three-dimensional images of V-PPase from the cytoplasmic side (A) and the side 
view (B) taken from the RCSB Protein Data Bank (rcsb.org; 4A01), which is based on 
published data (Lin et al. 2012). (C) Schematic representation of the top view of the 
V-PPase dimer to show arrangement of the transmembrane helices (TM1–TM16). 
TM helices in the inner and outer rings are shown in light brown and blue, 
respectively. (D) A schematic model of the functional domains for substrate 
hydrolysis, energy transfer, H+ translocation, and H+ release based on previous 
reports (Lin et al. 2012, Kellosalo et al. 2012, Li et al. 2016). 
 
Figure 3. Inorganic pyrophosphate (PPi)-dependent H+ current detected by patch 
clamp analysis of V-PPase expressed in a giant yeast vacuole. (A) Adenosine 
triphosphate (ATP)- and PPi-induced currents in an intact vacuole expressing V. 
radiata V-PPase. Both the bathing (cytoplasmic side) and pipette solutions (vacuolar 
lumen side) contained the appropriate buffer, 0.1 M KCl, and 1 mM MgCl2. The 
substrate, ATP (1 mM; at 1 and 13 min) or PPi (0.2 mM; at 7 min), was applied to the 
bathing solution at the indicated time for 3 min. The current of endogenous V-type 
H+-ATPase (V-ATPase) was observed. (B) The H+ current was monitored using a 
single vacuole with the indicated concentrations of PPi. Inserted table shows the final 
total concentrations of PPi and calculated concentrations of Mg2PPi in parentheses. 
The calculated Km for Mg2PPi was 4.6 µM. Data are from Nakanishi et al. (2003). 
 
Figure 4. Ability of V-PPase to acidify the vacuole. A model vacuole with a diameter 
of 10 µm is shown. The total number of protons are calculated to be 3.2 ´ 104 at pH 
7.0 and 3.2 ´ 105 at pH 6.0 in this vacuole (5.2 ´ 10–13 L in volume). Overall, 2.9 ´ 
105 protons are required to acidify the vacuole from pH 7.0 to 6.0. The plant vacuole 
is estimated to contain 1–7.5 ´ 105 dimers of V-PPase and each dimer actively 
translocates protons at a velocity of 28 s–1 (see text). Thus, it is not a heavy load for 
V-PPase to acidify the vacuole and maintain the acidity. V-ATPase consists of 
multiple subunits and its total molecular mass is more than 760 kDa (Sze et al. 
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2002). The apparent turnover number of V-ATPase is 90 H+ s–1 (ATP hydrolysis, 45 
s–1) (Ueoka-Nakanishi et al. 2000). 
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