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ABSTRACT

Inorganic pyrophosphatases (PPases) are enzymes that hydrolyze pyrophosphate (PPi) 
which is produced as a byproduct in many important growth related processes e.g. in the 
biosynthesis of DNA, proteins and lipids. PPases can be either soluble or membrane-
bound. Membrane-bound PPases (mPPases) are ion transporters that couple the energy 
released during PPi hydrolysis to Na+ or H+ transport.

When I started the project, only three Na+-transporting mPPases were known to exist. 
In this study, I aimed to confirm if Na+-transport is a common function of mPPases. 
Furthermore, the amino acid residues responsible for determining the transporter 
specificity were unknown. I constructed a phylogenetic tree for mPPases and selected the 
representative bacterial and archaeal mPPases to be investigated. I expressed different 
prokaryotic mPPases in Escherichia coli, isolated these as inverted membrane vesicles 
and characterized their functions. In the first project I identified four new Na+-PPases, 
two K+-dependent H+-PPases and one K+-independent mPPase. The residues determining 
the transporter specificity were identified by site-directed mutagenesis. I showed that 
the conserved glutamate residues are important for specificity, though are not the only 
residues that influence it. This research clarified the ion transport specificities throughout 
the mPPase phylogenetic tree, and revealed that Na+ transport is a widespread function 
of mPPases. In addition, it became clear that the transporter specificity can be predicted 
from the amino acid sequence in combination with a phylogenetic analysis. 

In the second project, I identified a novel class of mPPases, which is capable of 
transporting both Na+ and H+ ions and is mainly found in bacteria of the human 
gastrointestinal tract. The physiological role of these novel enzymes may be to help the 
bacteria survive in the demanding conditions of the host. 

In the third project, I characterized the Chlorobium limicola Na+-PPase and found 
that this and related mPPases are able to transport H+ ions at subphysiological Na+ 
concentrations. In addition, the H+-transport activity was shown to be a common function 
of all studied Na+-PPases at low Na+ concentrations. I observed that mutating gate-lysine 
to asparagine eliminated the H+ but not the Na+ ion transport function, indicating the 
important role of the residue in the transport of H+. 

In the fourth project, I characterized the unknown and evolutionary divergent mPPase 
clade of the phylogenetic tree. The enzymes belonging to this clade are able to transport 
H+ ions and, based on their sequence, were expected to be K+- and Na+-independent. The 
sequences of membrane-bound PPase are usually highly conserved, but the enzymes 
belonging to this clade are more divergent and usually contain 100−150 extra amino 
acid residues compared to other known mPPases. Despite the vast sequence differences, 
these mPPases have the full set of important residues and, surprisingly, are regulated by 
Na+ and K+ ions. These enzymes are mainly of bacterial origin.
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TIIVISTELMÄ

Pyrofosfataasit (PPaasit) ovat entsyymejä, jotka vapauttavat energiaa pyrofosfaatti-ni-
misestä (PPi) molekyylistä. Nämä entsyymit voivat olla soluissa liukoisina tai memb-
raaneihin kiinnittyneinä. Membraanilla kiinni olevien PPaasien (mPPaasien) tehtävänä 
on siirtää Na+- tai H+-ioneja kalvon läpi PPi:sta vapautetun energian avulla, tai ne voivat 
muodostaa pyrofosfaattia ionigradienttien avulla. Täten mPPaasit toimivat tärkeinä so-
lun energiatalouden säätelijöinä. Lisäksi, nämä entsyymit ovat bioteknologisesti tärkeitä 
työkaluja, joiden avulla voidaan tuottaa kasvilinjoja, jotka ovat satoisia ja jotka kasvavat 
hyvin haastavissa olosuhteissa, kuten suolaisessa ympäristössä. Koska mPPaaseja ei ole 
ihmisellä, mutta koska niitä on esimerkiksi malariaa aiheuttavalla alkueliöllä, on niiden 
toiminnan tunteminen tärkeää myös lääkeaineiden suunnittelun kannalta. 

Kun aloitin väitöstutkimukseni, Na+-ioneja siirtävät mPPaasit oli vasta löydetty, eikä 
tiedetty, onko Na+-ionin siirto yleinen mPPaasien toiminto. Halusin myös selvittää, mitkä 
aminohapot säätelevät mPPaasien ionien siirron spesifisyyttä. Tutkimuksen alussa raken-
sin mPPaasien evoluutiota kuvaavan fylogeneettisen puun ja valitsin puun tutkimattomista 
osista esitumallisten mPPaaseja tutkimuksen kohteeksi. Ilmensin mPPaasit Escherichia coli 
-soluissa ja eristin ne kalvovesikkeleihin. Vesikkeleistä tutkin entsyymin toimintaa. Ensim-
mäisessä osatyössä löysin neljä uutta Na+-PPaasia, kaksi uutta K+-riippuvaista H+-PPaasia ja 
K+-riippumattoman mPPaasin. Tutkin ionin siirrossa tarvittavia aminohappoja mutaatioana-
lyysin avulla ja osoitin, että evoluutiossa hyvin säilyneet glutamaatti-aminohapot ovat tär-
keitä ionin siirrossa. Osoitin myös, että Na+-ionin siirto on mPPaasien yleinen toiminto ja 
kehitin menetelmän, jonka avulla mPPaasien ionin siirron spesifisyys voidaan luotettavasti 
ennustaa aminohapposekvenssin ja fylogeneettisen analyysin perusteella. 

Toisessa osatyössä löysin uuden mPPaasi-perheen, jonka jäsenet pystyvät pumppaa-
maan sekä Na+- että H+-ioneja. mPPaasien on aiemmin havaittu toimivan bakteerien 
stessiensietokyvyn säätelyssä ja nämä uudet mPPaasit ovat pääosin peräisin ihmisen 
ruuansulatuskanavan bakteereilta. Na+,H+-PPaasien tehtävänä on mahdollisesti lisätä 
bakteerien kykyä selviytyä ruuansulatuskanavan haastavissa olosuhteissa. 

Kolmannessa osatyössä tutkin Chlorobium limicola -bakteerin Na+-PPaasin toimintaa ja 
havaitsin, että se pystyy siirtämään H+-ioneja matalissa Na+-ionipitoisuuksissa. Tutkimuk-
sessa tehtiin myös mutaatioanalyysi, ja havaittiin, että membraani-PPaaseilla tietty, evolu-
tiossa hyvin säilynyt lysiini aminohappo on välttämätön Na+-PPaasien H+ ionien siirrossa.

Membraani-PPaasit ovat säilyneet evoluution kuluessa hyvin samanlaisina, mutta on 
olemassa yksi mPPaasien alaperhe, joka poikkeaa muista perheistä aminohappojärjes-
tykseltään. Havaitsin näitä mPPaaseja olevan 46 bakteerilla ja yhdellä arkkibakteerilla 
ja osoitin niiden toimivan K+- ja Na+-ioneilla säädeltävinä H+-PPaaseina. Väitöskirjatut-
kimukseni kokeellisten tulosten ja mPPaasien fylogenetiikan perusteella kehitin mallin, 
joka kuvaa mPPaasien evoluutiota.
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ABBREVIATIONS

ABA	 Abscisic acid
ACMA	 9-Amino-6-chloro-2-methoxyacridine
Ac-PPase	 Anaerostipes caccae Na+-pyrophosphatase
Am-PPase	 Akkermansia muciniphila Na+,H+-pyrophosphatase
AVP	 Arabidopsis thaliana H+-pyrophosphatase
Aw-PPase	 Acetobacterium woodii Na+-pyrophosphatase
AMDP	 Aminomethylenediphosphonate
AO	 Acridine orange
ATP	 Adenosine triphosphate
BA	 6-Benzyladenine
BPB	 4-Bromophenacyl bromide
Bv-PPase	 Bacteroides vulgatus Na+,H+-pyrophosphatase
CAPSO	 3-(Cyclohexylamino)-2-hydroxy-1-propanesulfonic acid
CBS	 Cystathionine-beta-synthase
CCCP	 Carbonyl cyanide 3-chlorophenylhydrazone
Cf-PPase	 Cellulomonas fimi divergent H+-pyrophosphatase
Ch-PPase	 Carboxydothermus hydrogenoformans H+-pyrophosphatase
Cl-PPase	 Chlorobium limicola Na+-pyrophosphatase
Cl-PPase(2)	 Chlorobium limicola divergent H+-pyrophosphatase
Clep-PPase	 Clostridium leptum Na+,H+-pyrophosphatase
Clen-PPase	 Clostridium lentocellum Na+,H+-pyrophosphatase
Cs-PPase	 Clostridium sp.7_2_43FAA Na+-pyrophosphatase
Ctet-PPase	 Clostridium tetani_E88 Na+-pyrophosphatase
Ct-PPase	 Clostridium thermocellum membrane-bound pyrophosphatase
Da-PPase	 Desulfuromonas acetoxidans Na+-pyrophosphatase
DEPC	 Diethyl pyrocarbonate
DCCD	 N,N’-Dicyclohexylcarbodiimid
DDM	 Dodecyl-β-maltopyranoside
DM	 Decyl-β-maltopyranoside
DiBAC4(3)	 Bis-(1,3-dibutylbarbituric acid)trimethine oxonol
D-thio-M 	 Decyl-β-thiomaltopyranoside
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EGTA	 Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid
EDTA	 Ethylenediaminetetraacetic acid
ER	 Endoplasmic reticulum
ETH157 	 N,N’-Dibenzyl-N,N’-diphenyl-1,2-phenylenedioxydiacetamide
Fj-PPase	 Flavobacterium johnsoniae H+-pyrophosphatase
FRET 	 Fluorescent resonance energy transfer 
GA	 Gibberellic acid
HAD	 Haloacid dehalogenase
H+-PPase	 H+ transporting membrane-bound pyrophosphatase
IDP	 Imidodiphosphate
IMV	 Inverted membrane vesicle
IPTG	 Isopropyl β-D-1-tiogalactopyranoside 
JA	 Jasmonic acid
KF	 Potassium fluoride
Lb-PPase	 Leptospira biflexa H+-pyrophosphatase
LUCA 	 Last universal common ancestor 
MDA	 Malonidialdehyde
MES	 2-(N-Morpholino)ethanesulfonic acid 
Mm-PPase	 Methanosarcina mazei Na+-pyrophosphatase
Mt-PPase	 Moorella thermoacetica Na+-pyrophosphatase
MOPS	 3-(N-Morpholino)propanesulfonic acid
Na+-PPase	 Na+ transporting membrane-bound pyrophosphatase
NEM	 N-Ethylmaleimide
NG	 Nonyl-β-glucoside
NM	 Nonyl-β-maltopyranoside
NO	 Nitric oxide
OGNPG	 Octyl glucose neopentyl glycol
OVP	 Oryza sativa H+-pyrophosphatase
Pa-PPase	 Pyrobaculum aerophilum H+-pyrophosphatase
PEG	 Polyethyleneglycol
Pi	 Phosphate
PM	 Plasma membrane
PPi	 Pyrophosphate
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Po-PPase	 Prevotella oralis Na+,H+-pyrophosphatase
PPase	 Pyrophosphatase
PSV	 Protein storage vacuole
RT	 Room temperature
Sc-PPase	 Streptomyces coelicolor H+-pyrophosphatase
SDS	 Sodium dodecylsulphate
S.D.	 Standard deviation
S.E.	 Standard error
TAPS	 N-[Tris(hydroxymethyl)methyl]-3 aminopropanesulfonic acid
Tm-PPase 	 Thermotoga maritima Na+-pyrophosphatase
TM	 Transmembrane helix
TMA hydroxide	 Tetramethylammonium hydroxide
TMA chloride	 Tetramethylammonium chloride	
TMA4•PPi	 Tetramethylammonium pyrophosphate
UDM 	 Undecyl-β-maltopyranoside
Vb-PPase	 Verrucomicrobiae bacterium Na+-pyrophosphatase
Vr-PPase	 Vigna radiata H+-pyrophosphatase
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ABBREVIATIONS OF THE AMINO ACID RESIDUES 

A 	 Ala 	 Alanine
C 	 Cys 	 Cysteine
D 	 Asp 	 Aspartic acid
E 	 Glu 	 Glutamic acid
F 	 Phe 	 Phenylalanine
G 	 Gly 	 Glycine
H 	 His 	 Histidine
I 	 Ile 	 Isoleucine
K 	 Lys 	 Lysine
L 	 Leu 	 Leucine
M 	 Met 	 Methionine
N 	 Asn 	 Asparagine
P 	 Pro 	 Proline
Q 	 Gln 	 Glutamine
R 	 Arg 	 Arginine
S 	 Ser 	 Serine
T 	 Thr 	 Threonine
V 	 Val 	 Valine
W 	 Trp 	 Tryptophan
Y 	 Tyr 	 Tyrosine
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1.	 INTRODUCTION

This doctoral thesis focuses on membrane-bound pyrophosphatases (mPPases) - their 
function and evolution. First, I will briefly describe pyrophosphate (PPi), the substrate 
of PPases, and then review the information available on PPases, focusing on membrane-
bound PPases and their role in cellular bioenergetics. I will also summarize the available 
functional, structural, mechanistical and physiological information on mPPases. In the 
later sections, I will concentrate on the observations I made during my PhD studies. 
The most important results of this thesis was the discovery of a novel group of mPPases 
capable of transporting both Na+ and H+ ions under physiological conditions. 

1.1	 Pyrophosphate (PPi) 
Pyrophosphate (PPi) is a byproduct of almost 200 biologically important synthesis 
reactions (e.g. DNA, RNA, protein, amide and lipid synthesis), which are coupled to 
the conversion of a nucleotide triphosphate (NTP) into a nucleoside monophosphate 
and PPi (1). PPi can also be synthesized in vivo from phosphate, driven by ion gradients, 
and photosynthetic bacteria synthesize PPi in the chromatophore membrane (1). PPi is a 
simple molecule composed of two phosphate (Pi) residues. PPi may have been produced 
very early in the evolution of life, before ATP (2), as PPi is produced abiotically under 
conditions resembling the conditions of the early Earth (3). In addition to PPi, phosphates 
may also form longer chains - triphosphates and longer polyphosphates (4). 

The energy released during PPi hydrolysis (-ΔG° = 20–25 kJ mol-1) is ~60% of the energy 
released by ATP hydrolysis (-ΔG° = 35 kJ mol-1), and PPi is used as an alternative energy 
supply when ATP levels are low (5-7). The maintenance of PPi/ATP and Pi/PPi ratios is 
important for the function and growth of the cell (8, 9). The PPi/ATP ratios change with the 
growth phase of the cell (8, 10, 11). PPi concentration is regulated by several enzymes (12-
15) and it is normally 0.5−1.5 mM in the bacterial cytosol (1). In plants, PPi concentration 
varies between 0.01 and 0.8 mM (16, 17), but it does not change during dark/light transitions 
(10, 11). High PPi concentration is generally toxic to cells, because it inhibits the synthesis 
of macromolecules (1, 5, 12, 18). PPi forms complexes with Mg2+ ions (1, 19, 20), but 
it also binds with lower affinity to Ca2+ and with much lower affinity to Na+ and K+ (21, 
22). Important regulators of the PPi level include soluble pyrophosphatases (PPases) and 
membrane-bound pyrophosphatases (mPPases) that hydrolyze PPi (20, 23, 24).

1.2	 Pyrophosphatases (PPases)
PPases are enzymes that hydrolyze PPi into two Pis and release energy as heat or use it for 
ion transport (7, 23, 24). A total of four different PPase families have been discovered: 
families I, II, and III of soluble PPases and a superfamily of membrane-bound PPases 
(mPPases). Family I and II PPases accelerate PPi hydrolysis by a factor of 1010, when 
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compared to the uncatalyzed reaction (23). Family II PPases have DHH domains and 
are members of the DHH phosphodiesterase superfamily (25). Some family II PPases 
have additional regulatory cystathionine-beta-synthase (CBS) and DRTGG domains 
(26). Family III PPases belong to a group of soluble haloacid dehalogenases (HAD) 
(24, 27). mPPases are ion transporters in which PPi hydrolysis drives Na+ or H+ ion 
transport against the electrochemical gradients (24, 28-31). In addition, both soluble and 
membrane-bound PPases synthesize PPi under low PPi conditions and mPPases couple 
ion gradients to the synthesis of PPi (31-35). 

PPases are a structurally versatile group of enzymes (Fig. 1). The first family I PPase 
was discovered in 1928 (36) and its first 3D-structure was solved in 1981 by Harutyunyan 
et al. (37) (Fig. 1A). Family I PPases are generally homodimers in eukaryotes and 
homohexamers in prokaryotes (23, 38-41). The subunits of eukaryotic family I PPases are 
larger than their prokaryotic counterparts, but both have very similar and highly conserved 
active site structures (23, 37, 42-44). Family I enzymes, especially those from Escherichia 
coli and Saccharomyces cerevisiae, have been extensively studied by structural, 
mechanistic and mutational analyses (37, 43-55). Family II PPases were discovered in 
1998 (56, 57) and their first 3D-structures were solved in 2001 (58, 59). Family II PPases 
are homodimers and exist in bacteria, archaea (58, 60, 61) and, very rearly, in eukaryotes 
(62). These enzymes are found in many pathogenic bacteria, but not in humans, suggesting 
that they are potential drug targets (63). Some family II PPases are regulated by reversible 
phosphorylation (64, 65). Family II CBS-PPases, discovered in 2007 by Jämsen et al., are 
regulated by adenine nucleotides (26). Salminen et al. (66) showed recently that AMP, 
ADP and ATP bind cooperatively to bacterial CBS-PPases. CBS-PPases may thus sense 
the energy state of the cell and regulate cellular PPi levels accordingly (66). The CBS 
domain is conserved and found in thousands of various types of proteins in all kingdoms 
of life (67). Many human hereditary diseases are caused by mutations in CBS domains 
(26, 68). There is currently only a structural model available for CBS-PPases (69), and 
so the 3D-structure remains to be solved. Family III PPases, the HAD superfamily, are 
dimers and are found only in certain bacteria (27, 70) (Fig. 1C). The membrane-bound 
PPases were discovered almost 50 years ago by Baltscheffsky et al. (29, 31), but the first 
3D-structures for a H+-PPase and Na+-PPase, were solved in 2012 (Fig. 1D) (71, 72). 

Figure 1. Structures of the subunits of different PPase families show that these enzymes are not structurally related to 
each other. A. Soluble family I PPase of yeast (1E6A) (47). B. Soluble family II PPase of B. subtilis (2HAW) (73). C. Sol-
uble family III PPase of B. thetaiotamicron (3QU2) (70). D. Membrane-bound PPase of Vigna radiata (4A01) (72). The 
figure was modified from Kajander et al. (24). (Reprinted and adapted from FEBS Lett. 587, 13, Kajander, T. et al., In-
organic pyrophosphatases: One substrate, three mechanisms, 1863−9, Copyright (2013), with permission from Elsevier).
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All PPases are activated by Mg2+ ions, but the soluble family II enzymes, including CBS-
PPases, are most active when both Mg2+ and a transition metal ion (Mn2+ or Co2+) are present 
(23, 24, 26, 61, 74, 75). In addition, family III enzymes differ from other PPases, because 
the non-physiological Ni2+ activates their function more than Mg2+ (27). PPases catalyze PPi 
hydrolysis with different velocities as is shown by their kcat values: family I 200−400 s

-1 (76), 
family II 1700−3000 s-1 (61), family III 0.16−0.22 s-1 (27) and membrane-bound PPases 
3.5−20 s-1 (77-79). Furthermore, family II PPases with CBS domains usually have a lower 
hydrolysis activity than other family II PPases (26). Family III PPases hydrolyze PPi at an 
extremely low rate, suggesting that PPi hydrolysis may not be their main function and thus, it 
is still controversial, whether these enzymes should even be called PPases. 

The mechanisms of PPi binding and hydrolysis are quite different for the soluble 
PPases of families I and II and the membrane-bound PPases, due to differences in the 
active sites of these enzymes (Fig. 2) (24, 47, 59, 72). The extensively studied family 
I PPases have an active site containing conserved Asp, Lys and Tyr residues (Fig. 2A) 
that coordinate the binding of four metal ions (M1−M4) (23, 24, 42). Family I PPases 
catalyse the hydrolysis of PPi in a six-state process (23, 47-49, 54, 80). Metal ion binding 
activates the enzyme, and substrate binding induces isomerization of the enzyme-
substrate complex (47, 49, 54, 55). M1 and M2, together with a conserved aspartate 
residue, enable the formation of the nucleophile that drives PPi hydrolysis (23, 24, 47). In 
family II PPases, PPi hydrolysis site is located between N- and C-terminal domains (58, 
59, 73, 74), and histidine residues are required for the coordination of a trimetal center 
(24, 73, 81). Substrate binding induces a change in the coordination number of one metal 
ion from five to six, explaining why Mn2+ or Co2+ is preferred instead of Mg2+ (Fig. 2B) 
(24, 73, 81). In mPPases, PPi is hydrolyzed at the entrance to the acidic coupling funnel 
formed by conserved aspartate and lysine residues (30, 71, 72).  

Figure 2. PPi binding to the active site of soluble and membrane-bound PPases with an attached Mg2+ (green), Mn2+ 
(light violet), K+ (violet), nucleophilic water (Wn, red) and F- (light blue). A. Soluble family I PPase of yeast, B. Soluble 
family II PPase of B. subtilis, C. Membrane-bound PPase of V. radiata. The figure was modified from Kajander et al. (24). 
(Reprinted from FEBS Lett. 587, 13, Kajander, T. et al., Inorganic pyrophosphatases: One substrate, three mechanisms, 
1863−9, Copyright (2013), with permission from Elsevier).

1.3	 Bioenergetics and the early evolution of mPPases
The first law of bioenergetics states that living organisms produce a high energy compound, 
ATP, from molecules imported into the cell (82). The energy stored in ATP can be used 
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to drive essential cellular processes, including the secondary transport of molecules and 
temperature control (82, 83). ATP is synthesized by ATP synthase using H+ (∆μH

+) or 
Na+ (∆μNa

+) transmembrane difference of electrochemical potential as an energy source. 
The ∆μH

+ and ∆μNa
+ have two components a difference in electrical potentials (∆Ψ) and 

a difference in the concentrations of protons or sodium ions (∆pH or ∆pNa) across the 
membrane (82, 84). H+-based bioenergetics is common to all kingdoms of life and Na+-
based bioenergetics is used by eukaryotic plasma membranes and certain bacteria (82, 
85, 86). Furthermore, bacteria use Na+-based bioenergetics to be able to live in marine, 
highly saline or alkaline conditions or at high temperatures (82, 85, 87, 88). Na+-based 
bioenergetics is important when energy is limited, and e.g. Acetobacterium woodii uses 
Na+-based anaerobic caffeate respiration when ATP levels are low (86). In addition, certain 
pathogenic organisms use Na+-based bioenergetics to survive in the demanding conditions 
of the host organism, e.g. Clostridium tetani (88-90). Anaerobic archaea prefer Na+ as a 
coupling ion in substrate and energy limited conditions (91, 92), because during anaerobic 
growth the fermentation processes create weak acids that can act as protonophores and 
destroy H+ gradients (93, 94). Some organisms, including methanogens, can utilize either 
H+ and Na+ gradients or both in ATP synthesis, depending on environmental conditions 
(92, 93, 95). Alkalophiles can synthesize ATP by H+-based bioenergetics and maintain the 
low cytoplasmic pH compared to outside pH > 9.5 using a Na+-gradient (96).

In photosynthetic membranes, ∆μH
+ is created by photosynthetic energy generators, 

e.g. bacteriochlorophylls or photosystem I and II, or by respiratory chains (82). In 
mitochondrial membranes and also in the plasma membrane of certain bacteria ∆μH

+ 

is created by the NADH:CoQ-oxidoraductase complex (complex I) (97), ubiquinol-
cytochrome c oxidoreductase (complex III) and cytochrome c oxidase (complex IV) 
and is used for ATP synthesis by ATP synthase (82). ∆μH

+ can also drive the rotation 
of bacterial flagella and provide energy for bacterial movement (82, 98, 99). In plant 
vacuoles, the H+-gradient synthesized by H+-transporting ATPases and mPPases is 
used to drive the secondary transport of compounds and the regulation of cytosolic 
and vacuolar pH (100). ∆μNa

+ can be generated by Na+-translocating NADH:quinone-
oxidoreductases, Na+-decarboxylases, O2 reductases, Na+-motive methyltransferase 
complexes, Na+-motive formylmethanofuran dehydrogenases, Na+/K+-ATPases, Na+-
ATPases and Na+-PPases (82, 85, 86, 90, 94, 97, 101).

The cellular ATP and PPi levels are interconnected. In many ATP dependent 
processes PPi is released as a byproduct, and mPPase may use it further to contribute 
to the establishment of the membrane potential (82, 102). The ∆μH

+ created by mPPase-
catalyzed PPi hydrolysis can be employed by an ATP synthase for ATP generation or for 
other energy conversion processes (31, 103-105). PPi is required for the maintenance 
of proton gradients, especially under conditions of low energy e.g. in during intensive 
growth or in darkness (16, 106-109). It has been shown that e.g. in A. woodii 3 mol 
of PPi are hydrolyzed to synthesize 1 mol of ATP during caffeate respiration (86). 
Bacteria may regulate ATPases and mPPases differently during the day and night (110). 
Rhodospirillum rubrum H+-PPase (Rr-PPase) synthesizes PPi when grown in light, but 
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the synthesis is decreased in dark (31, 33, 111, 112). The rate of PPi synthesis in high 
light is 25% of the rate of ATP synthesis, but in low light the rate of PPi synthesis can 
exceed the rate of ATP synthesis (112). 

Various theories have been presented to describe how life emerged on Earth (113-
115). PPi is a simple molecule and the only known alternative for ATP, implying an 
ancestral role (103, 116). Holm & Baltscheffsky (2) suggested that PPi may have been 
formed very early in evolution, and Russell et al. (117) showed that PPi could have 
been synthesized by PPases under the conditions where life may have originated. PPi 
may have first provided the energy for cellular processes and was later replaced by 
ATP (2, 118). Furthermore, their much simpler structure suggests that mPPases are the 
predecessors of ATPases in evolution (2, 118). ATPases are present in all kingdoms of 
life where they are vital for cellular energy-linked functions, unlike the mPPases that 
provide a backup system for ATPases. mPPases are usually present and active under 
stressful conditions and in bacteria, archaea and plants that live under environmentally 
challenging conditions (2, 118, 119). 

mPPases may be of an ancient origin, and their amino acid sequence contains the 
amino acid residues, Gly, Ala, Val and Asp, which are thought to be formed very early 
in evolution, and which form highly conserved and functionally important motifs in 
mPPases (116, 120). Furthermore, protein databases do not, based on sequence identity, 
contain any other enzymes related to mPPases (121). mPPases appear in acidocalcisome 
organelles that are thought to be present in the last universal common ancestor (LUCA) 
(122-124). Also evolutionarily old organisms, e.g. the extremophilic archaeon Candidatus 
Korarchaeum cryptofilum, contain mPPases (118). 

There are also competing theories about the origin of bioenergetics and especially the 
specificity of the coupling ion, Na+ or H+ (2, 88, 125, 126). Na+-based bioenergetics may 
have formed very early in evolution (85, 92) in highly saline environments and may have 
then been replaced by the more efficient H+-based bioenergetics on multiple occasions 
(84, 88, 126). One indication for the “Na+-first” hypothesis is that Na+ permeable 
membranes may be more easily achieved than H+-permeable membranes, suggesting 
that membrane evolution has directed the evolution of membrane proteins (84, 88, 126, 
127). Further evidence for the Na+-first hypothesis is that Na+ is utilized in bacteria 
living under extreme conditions e.g. at high pH and temperatures, that may resemble 
the conditions of the early Earth (88). On the protein level, Na+ binding requires many 
conserved amino acid residues and has probably evolved only once during evolution 
of ATP synthases/ATPases (88, 92, 93, 126). Other theories suggest that H+ ion based 
bioenergetics was created first (125, 128). Furthermore, enzymes involved in H+-based 
bioenergetics are found in evolutionarily old organisms e.g. C. Korarchaeum cryptofilum 
(118). There was a view that, both Na+ and H+ ions may have been used as coupling ions 
in the ancestral cells (129). There are also organisms that can use both Na+- and H+- 
based bioenergetics e.g. methanogens and alkalophiles (92, 95, 96). The evolution of the 
transporter specificity is also controversial and remains to be clarified. 
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1.4	 Characterization of mPPases
Membrane-bound PPases hydrolyze PPi and couple the released energy to the active 
transport of H+ or Na+ ions (28) or they form PPi using ∆μH

+ or ∆μNa
+  (29, 31). H+-PPases 

were discovered in 1966 (29, 31), but Na+-PPases were not discovered until 2007 (28). 
Already before the three-dimensional structures of mPPases were solved it was known 
that these enzymes are homodimers (130-136) and that high pressure dissociates dimeric 
H+-PPases into monomers (137). 

Lin et al. (72) and Kellosalo et al. (71) solved the 3D-structures of a H+-PPase (at 
a 2.35 Å resolution, from Vigna radiata, [Vr-PPase] Fig. 3A) and a Na+-PPase (2.6 Å, 
Thermotoga maritima, [Tm-PPase]) in 2012. The enzymes are homodimers with two-
fold symmetry, and their monomers are made up of 16 long transmembrane helices 
(TMs). The dimensions of the complex are 75 Å in height and 85 Å in width, and the 
long TMs extend 25 Å from the membrane into the cytosol. Each monomer contains 
all of the residues important for PPi hydrolysis and ion transport. In addition to the 
TMs, a mPPase has also two cytosolic α-helices, two luminal/periplasmic helices and 
two antiparallel β-sheets, and both the N- and C-terminus are oriented away from the 
cytoplasm (71, 72). The helices form two concentric rings and TMs 5, 6, 11, 12, 15 
and 16 are located in the inner ring, and TMs 1, 2, 3, 4, 7, 8, 9, 10, 13, 14 form the 
outer ring (Fig. 3B). Transmembrane helices 5–6, 9–12 and 13–16 may have arisen via a 
gene triplication event (120, 138). The outer ring maintains the protein structure and the 
inner ring creates the funnel-shaped pocket, the coupling-funnel and the ion gate that are 
responsible for PPi hydrolysis and ion transport (Fig. 3C). TMs 10, 13 and 15, the loop 
between TM 12 and 13, and the two short antiparallel β-sheets are involved in forming 
the monomer-monomer interface. Dimer formation includes interactions between amino 
acid residues Arg441, Val568, Val570, Tyr587, Arg609 (hydrogen bonds) and Arg441, 
Glu606 (salt bridges) (Vr-PPase numbering) (71, 72).  

Figure 3. Three-dimensional structure of Vr-PPase. A. Dimeric Vr-PPase, PPi hydrolysis occurs in the cytoplasmic side of 
the enzyme and the ions are transported from the cytosol into the periplasm or the lumen, depending on the organism. B. 
mPPase monomer forms two concentric rings, in which the inner helices (TMS 5, 6, 11, 12, 15, 16) are shown in yellow 
and the outer helices (TMs 1, 2, 3, 4, 7, 8, 9, 10, 13, 14) in green. C. PPi is hydrolyzed in the acidic funnel pocket (yellow), 
and the coupling funnel (pink) and gate amino acid residues (blue) are important for the transport and specificity. Figure 
was modified from Tsai et al. (30). (Reprinted from Curr. Opin. Struct. Biol, 27, Tsai, J. Y. et al., Proton/sodium pumping 
pyrophosphatases: the last of the primary ion pumps, 38−47, Copyrigh (2014), with permission from Elsevier).



	 Introduction	 19

1.4.1	 Mg2+ and Mg2PPi  binding to mPPases and PPi hydrolysis
All mPPases require Mg2+ for their PPi hydrolysis activity and the hydrolysis is regulated 
by Mg2+ (28, 31, 75, 124, 139-142). PPi binds to Mg2+ and forms MgPPi and Mg2PPi 
complexes and the main substrate for mPPases is Mg2PPi (75, 143-149). Four Mg2+ ions, 
two free and two complexed with PPi, are required for the hydrolysis reaction catalyzed 
by Na+-PPases (139). Mg2+ binds to the enzyme almost independently of Mg2PPi binding 
(139). Based on mersalyl, (a membrane-impermeable cysteine modifying reagent) 
inactivation data, trypsin and structural studies Mg2+ binding to the low-affinity binding 
site causes a conformational change that is essential for PPi hydrolysis (Fig. 4) (71, 
72, 139). IDP and PPi binding to mPPase induce similar conformational changes in the 
enzyme (30, 134). The Pi bound mPPase is in the resting state conformation (30, 134).

Based on the structures of mPPases, six TMs (5, 6, 11, 12, 15 and 16) form the 
hydrolytic center (Fig. 3A & B) (30, 71), which contained one bound imidodiphosphate 
(IDP, a PPi analog) in the structure for Vr-PPase (Fig. 4) revealing the PPi binding site. 
The PPi binding site is highly conserved and acidic containing eleven aspartates and 
one glutamate residue (Asp253, Asp257, Glu268, Asp269, Asp279, Asp283, Asp287, 
Asp507, Asp691, Asp723, Asp727 and Asp731). It also contains one asparagine 
(Asn534), and three lysines (Lys250, Lys730 and Lys694) (Fig. 4) (30, 72). 

Figure 4. mPPase shown in the resting, substrate bound and product bound states. 4AV3 and 4AV6 are the structures of 
Tm-PPase at a 2.6 and a 4.0 Å resolution, respectively and 4A01 is Vr-PPase at a 2.35 Å resolution (71, 72, 138). The 
residues important for Mg2+ and imidodiphosphate (IDP, a PPi analog) and Pi binding are shown and their charges, acidic 
or basic are coloured in red or blue, respectively. The superscript denotes the TM helix where the amino acid residue is 
located. Potassium is shown as a violet sphere. The figure was modified from Tsai et al. (30). (Reprinted from Curr. Opin. 
Struct. Biol, 27, Tsai, J. Y. et al.,Proton/sodium pumping pyrophosphatases: the last of the primary ion pumps, 38−47, 
Copyrigh (2014), with permission from Elsevier).

The 3D-structure of Tm-Na+-PPase contained Ca2+ and Mg2+ ions coordinated 
to Asp688, Asp692, Asp660, Asp232 and Asp465 (Fig. 4A) (71). Vr-PPase is a K+-
dependent proton pumping enzyme, in which IDP (and PPi) binding is enabled by 
five Mg2+ ions, one K+ ion and three lysine amino acids (Lys250, Lys730 and Lys695) 
(Fig. 4B) (72). The five Mg2+ ions are coordinated to six aspartates and one asparagine 
residues [Mg2+(1): Asp253, Asp257, Mg2+(2): Asp507, Mg2+(3): Asp253, Asp727, 
Mg2+(4): Asp283, Asp507, Mg2+(5): Asn534, Asp691] as well as water molecules (72). A 
nucleophilic water is required for the hydrolysis of PPi (30). The low resolution structure 
of a Tm-PPase showed the enzyme in the Pi-bound state (Fig. 4C) (30). 
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In addition to Mg2+ other bivalent cations including Zn2+, Co2+ and Ca2+ activate 
Rr-H+-PPase (150, 151), but less efficiently. High concentrations of Zn2+ inhibit the 
enzyme (152). Plant H+-PPases are inhibited by Ca2+, Co2+, Mn2+, Cu2+, Cd2+ and 
Zn2+ as a result of competition with Mg2+ (141, 153, 154). Na+-PPases are specific 
for Mg2+ but Mn2+ ions also activate them slightly (139). K+ modulates Mg2+ binding 
to Na+-PPases and Mg2+ increases Na+ binding via conformational changes (139). 
High PPi and Mg2+ concentrations inhibit K+-dependent H+-PPases (148). Bivalent 
cations, especially Mg2+, protect Na+-PPases against mersalyl inactivation and 
aminomethylenediphosphonate (AMDP) inhibition (139). Both Mg2+ and Zn2+ protect 
Rr-PPases against heat inactivation at 70 °C (149, 155). The pH optimum for H+-
PPase PPi hydrolysis activity ranges between 6.5−8.5 in bacteria, plants, algaea and 
protists (28, 150, 152, 156-158). The pH optimum of M. mazei Na+-PPase is 7.5 (28). 
Interestingly, the pH optimum for PPi hydrolysis by Rr-PPase is 6.5 (150, 152) and 
for PPi synthesis 7.5 (152) suggesting that the enzyme functions in different directions 
under different environmental conditions.

1.4.2	 PPi synthesis
mPPase mediated PPi synthesis has been demonstrated by 32Pi/PPi phosphorus exchange 
(34, 159) and [18O]Pi/H2O oxygen exchange reactions (35, 111, 160-162). The PPi synthesis 
activity of Tm-PPase is very low (0.02%) compared to its PPi hydrolysis activity. K+ 
inhibits PPi synthesis and activates PPi hydrolysis in Tm-PPases. As the cytoplasmic K+ 

concentration is about 100 mM, Tm-PPase mainly catalyses the hydrolysis of PPi under 
physiological conditions (161). Rr-PPase has both PPase and PPi synthase activities 
(163, 164). Environmental conditions and the localization of the mPPase determine the 
direction of the reaction (107, 165-167) (see section 1.5.1.).  

1.4.3	 The residues important for H+ and Na+ ion transport
Both H+ and Na+ transport reactions of mPPases are primary and electrogenic processes, 
which create an inside positive membrane potential difference (28, 86, 168). Based on the 
available structural information, mPPases transport H+ or Na+ ions through the “coupling 
funnel” located between TMs 5, 6, 11, 12, 15 and 16 (Figs. 3B & C) (71, 72). However, 
the ion channel and the gate residues, which determine ion transport specificity, are 
located between TMs 5, 6, 12 and 16. The gate residues, which control ion transport 
specificity, are Arg242 (TM5), Asp294 (TM6), Glu301 (TM6), Lys742 (TM16) (Vr-
PPase numbering) in H+-PPases and Asp243 (TM6), Glu246 (TM6), Lys707 (TM16) 
(Tm-PPase numbering) in Na+-PPases (Figs. 5A & B) (detailed description shown in 
section 4). The gate was in the closed conformation in both solved 3D-structures (71, 
72). Noteworthy, the residues on the periplasmic side of the gate are not as conserved 
as those on the cytoplasmic side, indicating that tight ion binding sites reside on the 
cytoplasmic side of the membrane (71). 
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Figure 5. Na+-transporting Tm-PPase (4AV6) (orange) with gate amino acid residues shown. A. The ion transport speci-
ficity is determined by Asp243 (yellow) - Lys707 (cyan) - Glu246 (red) residues. Also two Mg2+ ions (pink dots) are bound 
to the enzyme. B. The conformation of the Na+ transport gate residues shown. The structure of Tm-PPase was solved by 
Kellosalo et al. (71).

1.4.4	 K+ and Na+ binding to mPPases
Based on K+ requirements H+-PPases are divided into K+-independent and K+-dependent 
H+-PPases (169, 170). All Na+-PPases are K+-dependent enzymes (28, 139). Already in 
1991, Davies et al. predicted that the K+ binding site of the Beta vulgaris K+-dependent 
H+-PPase is located on the cytosolic side of the protein (171). Belogurov and Lahti 
showed in 2002 that the K+ binding site of Carboxydothermus hydrogenoformans K+-
dependent H+-PPase (Ch-PPase) is located near Ala460 (TM12) (170). This alanine 
residue is highly conserved among K+-dependent H+-PPases and is substituted by 
lysine in K+-independent H+-PPases. Positively charged NH3

+ group of Lys and K+ 
were proposed to occupy the same site and activate the enzyme. It was further shown 
that A460K substitution in Ch-PPase changed the enzyme from K+-dependent to K+-
independent (170). The 3D-structure of Tm-PPase verified that lysine can replace K+ at 
its binding site and K+ binds next to PPi in the enzyme active site (Fig. 4C) (30, 71). K+ 
was found in an equivalent location in the 3D-structure of a plant H+-PPase, which is a 
K+ dependent enzyme (Fig. 4B) (72). 

K+ binding increases the binding affinity of Na+-PPases for both Mg2+ and Na+, and 
the velocity of PPi hydrolysis even though the enzyme is able to function without added 
K+ (139). K+ binds to the low-affinity Na+ binding site or to a separate site (28, 139). The 
bacterial cytoplasm contains about 10-fold more K+ than Na+ implying that K+ ions are 
attached to K+-dependent mPPases under physiological conditions (28). Furthermore, 
Rb+ can substitute for K+ ions and activate K+-dependent H+-PPases (172-174). In Na+-
PPases, Rb+ can substitute for K+ but not Na+ as the activating ion, and the enzyme is able 
to transport Na+ when neither K+ nor Rb+ is present (28). There have been speculations 
on the ability of mPPases to transport K+ ions (163, 175). Based on 86Rb+ transport 
studies, it was concluded that Na+-PPases and H+-PPases are not able to transport K+ (28, 
176). In addition, other monovalent cations are able to activate K+-dependent Vr-PPase, 
but to a lesser extent in a decreasing order of NH4

+ > Cs+ > Na+ > Li+ (172). Interestingly, 
Cs+ was even more stimulatory than K+ in one plant H+-PPase study (163).
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In addition to Mg2+ Na+-PPases of Methanosarcina mazei (Mm-PPase), Moorella 
thermoacetica (Mt-PPase), Acetobacterium woodii (Aw-PPase) and Tm-PPase require Na+ 
for activity (28, 86, 139, 161). The maximal activity of Na+-PPase is increased about 2-fold 
when both Na+ and K+ ions are present at millimolar concentrations (28, 86, 139, 161). A 
steady state kinetic analysis of PPi hydrolysis by Na+-PPase revealed one high-affinity and 
one low-affinity binding sites for Na+, and one site for K+. K+ binding increases Na+ binding 
to the high-affinity binding site by 10-fold (28, 139, 161). This site is highly specific for 
Na+, whereas the low-affinity site binds both Na+ and K+ (28). Mg2+ increases Na+ binding 
affinity and Na+ binding induces conformational changes, which may be important for ion 
transport (139). Mg2+ and Na+ ions bind in a positively cooperative manner and almost 
independently of substrate (Mg2PPi) to Mm-PPase. The cooperativity of Mg2+ binding is 
lost when Na+ replaces one Mg2+ ion and gives rise to the inactive ENa3MgMg2PPi complex 
(139). Tm-PPase differs from other Na+-PPases by having a low affinity binding site for 
Na+ that is formed by Asp703. This site is missing in other Na+-PPases, which have Asn 
at this location (161). Belogurov et al. suggested that Na+ can regulate Tm-PPase, because 
the enzyme is not saturated at 50 mM Na+ concentrations (161).

K+-dependent H+-PPase of C. hydrogenoformans and K+-independent H+-PPases of 
R. rubrum and Pyrobaculum aerophilum are active without Na+ (161). It has also been 
shown that K+-dependent H+-PPases are inhibited at high Na+ concentrations, especially 
at low K+ (173, 174, 177). Li+ can substitute Na+ as the activator of Na+-PPases although 
the activatory effect is less, and the activity is not increased in the presence of K+ ions 
(86, 161). High Li+ concentration inhibits some K+-dependent H+-PPases (174), but not 
the K+-independent Rr-PPase (150).

1.4.5	 Mechanism of action
The PPi hydrolysis center of mPPases is located 20 Å above the membrane, whereas the 
gate residues important for ion transport specificity reside inside the membrane (Fig. 
3). The estimated H+/PPi stoichiometries for PPi hydrolysis and synthesis are 1 and >2, 
respectively (79, 178-180). The differences may be due to different assay conditions 
and/or different origins of the mPPases studied. PPi synthesis and hydrolysis probably 
follow the same mechanism, but the reactions proceed in opposite directions. Catalysis 
is enabled by a conformational change induced by the binding of cations and/or the 
substrate (139). In the C. tetani mPPase, ligand-induced conformational changes have 
been detected by a single-molecule FRET -technique (181). Conformational changes 
occuring during the catalysis have been studied by monitoring changes in sensitivity 
to trypsin digestion and mersalyl inhibition and the reactivity of internal tryptophane 
residues (139, 182). In addition to above studies performed in solution, conformational 
dynamics is evident in mPPase crystal structures. Thus cytoplasmic part of the protein 
was seen in open or closed conformation in Na+-PPase (Mg2+ and K+ as bound ligands) 
(71) and H+-PPase (Mg2+, K+ and competitive inhibitor as bound ligands) (72). The 
coupling mechanism of PPi hydrolysis and H+/Na+ transport remains to be solved, but 
there are three competing models for this (Fig. 6).
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Figure 6. Three possible mechanisms for an H+-PPase. A. PPi hydrolysis induces a conformational change that leads to 
proton transport through the proton wire of the “Grotthuss mechanism”. B. PPi binding induces a conformational change 
and the proton is transported before PPi is hydrolyzed. C. PPi is hydrolyzed and the proton released from the water during 
PPi hydrolysis is transported to the other side of the membrane. The figure was modified from Tsai et al. (30). (Reprinted 
and adapted from Curr. Opin. Struct. Biol, 27, Tsai, J. Y. et al., Proton/sodium pumping pyrophosphatases: the last of the 
primary ion pumps, 38−47, Copyrigh (2014), with permission from Elsevier).

Lin et al. (72) predicted that H+-PPases directly couple PPi hydrolysis to H+ transport, 
which occurs through a “Grotthuss mechanism” and involves three states called the 
resting, initation and transient states (Fig. 6A). During the resting state, the active site 
is opened into the cytoplasmic side. PPi binding initiates hydrolysis, which induces a 
conformational change. As a result of PPi hydrolysis, two phosphates are formed and the 
proton is transported by the gate residues in a chain reaction, the channel is transiently 
opened, and the proton is released into the vacuolar side of the membrane. After proton 
transport and Pi release, H+-PPase will return back into the resting state (72). The second 
model, called the binding change mechanism, was proposed for Na+-PPases by Kellosalo 
et al. (Fig. 6B) (71). They predict that PPi binding causes conformational changes in two 
major regions between the loops of TM 5 and 6 and in the helices of 11 and 12 that 
drive the transport of Na+. They indicate that helix 8 can bend by 5 Å, and this enables 
TM 12 to move 2 Å downwards, which breaks the Asp696-Lys499-Asp236 salt bridges 
and leads to gate opening. They further speculate that, following the conformational 
changes, Na+ is transported from the high affinity binding site to the low affinity binding 
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site that may locate near the exit channel and enable Na+ transport to the periplasm. 
After Na+ release, the gate is closed and Pi is released. They suggest that Na+ and H+ 
are transported by the same mechanism (71). The third, billiards type direct coupling 
mechanism was proposed by Baykov et al. (Fig. 6C) (7). In this model, PPi hydrolysis 
creates a H+ from a nucleophilic water molecule that can displace Na+ from its binding 
site. Thereafter, the proton is in turn replaced by Na+, and the Na+ is released into the 
extracellular space. H+-PPases can function with the same mechanism, although they do 
not contain the transitional binding site for Na+ and H+ (7). It should be noted that in the 
third mechanism the proton that is transported is generated from the water molecule in 
the course of PPi hydrolysis (30).

1.4.6	 Inhibitors of mPPases
Many molecules including pyrophosphate analogs inhibit mPPases although the most 
specific inhibitors are low molecular weight 1,1-diphosphonates (150, 183-186). 
Aminomethylenediphosphonate, AMDP, is the strongest specific and competitive mPPase 
inhibitor (185, 187, 188), and is 6- and 38-fold more efficient than methylenediphosphonate 
and imidodiphosphate, respectively (184). In Na+-PPases the inhibitory action of 
AMDP is increased at high Na+ concentrations (139). However, AMDP has only been 
tested in vitro but not in vivo (184). Plant herbicides contain 1,1-diphosphonates (189), 
which inhibit H+-PPases. A high H+-PPase activity increases maize’s tolerance towards 
mesotrione herbicides (190). Imidodiphosphate is a PPi analog that inhibits H+-PPases 
and H+-ATPases (158, 186, 191, 192). 

Soluble PPases are strongly inhibited by fluoride, but mPPases are only slightly 
inhibited because of structural differences between these enzymes (28, 72, 185). In 
mPPases, the binding of water, which is required for PPi hydrolysis, is mediated by 
aspartates and in soluble PPases by Mg2+ ions. Fluoride has a negative charge and 
thus binds with higher affinity between positively charged Mg2+ ions than between 
the negatively charged carboxylate groups of Asp residues (24). Accordingly, in H+-
PPases fluoride cannot compete with the binding of nucleophilic water as effectively 
as in soluble PPases (72). Ca2+ inhibits mPPases non-competitively (188, 193). Buffer 
components have effects on mPPase activity in a K+-concentration-dependent manner 
in the following order: Tris > BisTris-propane > Bicine > Tricine > imidazole (172). 
Furthermore, Tris analogs inhibit mPPases, but the zwitterionic buffers Mops and Hepes 
have no effects on the PPi hydrolysis activity of H+-PPases (143).

mPPases are inhibited unspecifically by N-ethylmaleimide (NEM), N,N’-
dicyclohexylcarbodiimid (DCCD), 4-bromophenacyl bromide (BPB),   fluorescein 
5’- isothiocyanate and diethyl pyrocarbonate (DEPC), as was shown for Rr-PPase and 
Streptomyces coelicolor mPPase (Sc-PPase) (194). Acylspermidine derivatives inhibit 
plant and bacterial mPPases (194, 195). mPPase inhibition is dependent on pH (196), 
temperature (149, 186, 197),  time, and concentration of the inhibitor (198). Mg2PPi 
protects H+-PPases against inhibition (151, 199), and Mg2+ prevents DCCD binding 
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(200). H+-ATPase specific inhibitors like vanadate, concanamycin A, oligomycin and 
fungal toxins do not or only slightly inhibit H+-PPases (112, 186, 201-206). Many 
compounds including diethylstilbestrol, dihydroquercetin and anti-calmodulin drugs, 
triazole fungicides, cycloprodigiosin hydrochloride and Ca2+ antagonists inhibit both H+-
ATPases and H+-PPases (207-211). 

1.4.7	 Conserved and functional residues in mPPases
The amino acid sequences of Na+- and H+-PPases are highly conserved. The importance 
of α-helices has been studied showing that TM6 particularly contains many essential 
residues for the structure and function of mPPases (212). However, it is not trivial 
to distinguish between direct and indirect functional roles of residues or helices as 
exemplified by the finding that several residues in TM3, which does not form part of 
the central ion transport funnel, are required for H+ transport in H+-PPases (213). The 
significance of conserved and non-conserved amino acid residues has been extensively 
studied by site-directed mutagenesis (Table 1) (Fig. 7) (214, 215) and random mutagenesis 
(216). The amino acid residues that have an effect on mPPase function are listed in Table 
1.

Table 1. Amino acids residues shown to be important for mPPase function and/or structure based on site-directed 
mutagenesis studies (Vr-PPase numbering).

Amino acid 
residue Residue important for function and/or structure of mPPase, Vr-PPase numbering 

Ala Ala137 (213, 216), Ala164 (213), Ala305 (212), Ala306 (212), Ala414 (216), Ala537 (170, 194)
Arg Arg242 (147, 214, 216-218), Arg264 (216, 218), Arg272 (218), Arg523 (147, 218), Arg609 (147, 218) 

and Arg amino acids residue at position 207 (219)
Asn Asn318 (212), Asn534 (220), Asn738 (161, 220)
Asp Asp218 (220), Asp253 (216, 221), Asp257 (216), Asp269 (220), Asp270 (151), Asp279 (216, 221), 

Asp283 (151, 198, 214, 216, 221), Asp287 (216), Asp294 (72, 216), Asp500 (214, 222), Asp507 
(220), Asp723 (221), Asp727 (221), Asp731 (221)

Cys Cys304 (197, 221), Cys630 (170, 197), Cys at the position 288 (215, 223), Cys at the position 251 (223)
Glu Glu263 (79, 221, 224), Glu268 (216, 224), Glu301 (212, 216, 222, 225), Glu423 (214, 222), Glu607 

(224), Glu641 (214), Glu698 (224), Glu residues at the positions 228 and 297 in the K+-independent 
H+-PPases (216, 224) 

Gly Gly149 (213), Gly150 (213), Gly160 (213), Gly157 (213) Gly229 (216), Gly233 (216), Gly244 (214), 
Gly245 (216), Gly246 (216), Gly297 (224), Gly316 (220), Gly334 (216), Gly375 (216), Gly394 (216, 
225), Gly411 (216), Gly451 (225)

His His319 (220), His716 (151)
Ile Ile163 (213), Ile277 (216), Ile418 (216), Ile545 (220)
Leu Leu258 (216), Leu307 (212), Leu317 (212, 220), Leu555 (220), Leu749 (220)
Lys Lys73 (215), Lys261 (79, 221), Lys541 (151), Lys742 (72), Lys457 (219)
Met Met161(213), Met291 (216)
Phe Phe240 (225), Phe296 (216, 225), Phe405 (216)
Pro Pro573 (225)
Ser Ser142 (72, 213), Ser153 (213), Ser298 (216), Ser368 (216, 225), Ser473 (213, 225), Ser634 (215)
Thr Thr138 (72, 213), Thr165 (213), Thr228 (216), Thr249 (220), Thr426 (225), Thr446 (225)
Trp Trp690 (182)
Tyr Tyr166 (213), Tyr216 (220), Tyr230 (216), Tyr299 (212), Tyr425 (225)
Val Val151 (213), Val259 (79, 221), Val433 (225), Val446 (225), Val746 (220)
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Figure 7. Amino acid residues (shown as pink stars) important for mPPase function and/or conformational stability 
according to the literature. The mPPases are from V. radiata (Vr-PPase), Flavobacterium johnsoniae (Fj-PPase), C. 
hydrogenoformans (Ch-PPase), Bacteroides vulgatus (Bv-PPase) and T. maritima (Tm-PPase). Both conserved and 
non-conserved residues were shown to be important for mPPase function. The figure was modified from Tsai et al. (30). 
(Reprinted and adapted from Curr. Opin. Struct. Biol, 27, Tsai, J. Y. et al., Proton/sodium pumping pyrophosphatases: the 
last of the primary ion pumps, 38−47, Copyrigh (2014), with permission from Elsevier).
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mPPases contain many well conserved sequence motifs (Fig. 7), e.g. GGG, 
DVGADLVGK and DNVGDNVGD (120). All residues of the conserved GGG sequence 
are important for both PPi hydrolysis and H+ transport (214, 216). The DVGADLVGKVE 
motif, which is part of the mPPase active site and locates in TM5, has been explored 
with amino acid substitution analyses (the substituted amino acid residues are shown in 
bold). Two Asp residues, Leu, Val, Lys and Glu of the sequence are important for PPi 
hydrolysis and ion transport (79, 200, 216, 221, 224). The Asp residues of the sequence 
DNVGDNVGD in TM6 have been found to be important for PPi hydrolysis activity 
(151, 198, 214, 216, 221). In addition, the bold-faced residues of the conserved EYYT 
sequence in the C-terminal end of TM9 are important for PPi synthesis, PPi hydrolysis 
and ion transport (167, 214, 222). 

The conserved coupling funnel residues are Asp253, Asp257, Glu268, Asp269, 
Asp279, Asp283, Asp287, Asp507, Asp691, Asp723, Asp727, Asp731, Asn534, 
Lys250, Lys730 and Lys694 (30, 72). The residues in bold have been substituted by 
site-directed mutagenesis, and have been shown to be very important for PPi hydrolysis 
and H+ ion transport (151, 198, 214, 216, 220, 221, 224). Arg242, Asp294, Lys742 and 
Glu301 form the ion transport specificity determining gate residues in Vr-PPase. Arg242 
(147, 214, 216-218), Asp294 and Lys742 are required for PPi hydrolysis and H+ transport 
(72, 216). Especially important is Glu301, which is required for coupling (212, 222), and 
determines the transporter specificity (72, 212, 216, 222, 225). 

The amino acid residue at position 537 (Vr-PPase numbering) is Ala in K+-
dependent and Lys in K+-independent mPPases. When the respective Ala was 
replaced with Lys, the K+-dependence was lost (170). However, other residues are 
also involved in this as the K+-independent H+-PPase did not become K+-dependent as 
a result of Lys to Ala substitution (194). Asparagines including Asn738 are linked to 
H+ transport and provide a K+-dependent Na+ binding site (220). When the aspartate 
at the corresponding site in Tm-PPase was mutated to asparagine, Na+ binding to the 
enzyme was altered (161).

1.4.8	 Phylogenetics of mPPases
As was mentioned above, H+-PPases are divided into K+-independent/dependent 
families based on the evolutionary relationship and conserved Lys/Ala residue in the 
protein sequences (170). Both K+-independent and K+-dependent mPPases are found 
in plants, archaea, bacteria and protists (120). The mPPases of thermophilic bacteria 
can be either K+-independent or K+-dependent (226). Generally, plants and protists 
contain several kinds of mPPase genes in their genomes, whereas bacterial genomes 
have only one mPPase gene, even though there are exceptions to this rule (120). After 
the discovery of Na+-PPases, a phylogenetic tree for mPPases was constructed. The 
K+-independent clade of the tree has been characterized in detail, but there are many 
clades with unknown functions in the K+-dependent H+-PPase part of the tree (Fig. 8) 
(28). 
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Figure 8. Phylogenetic tree of the mPPases according to Malinen et al. (28). Membrane-bound PPases are divided into 
K+- independent (blue) and K+-dependent subfamilies (green). The studied mPPases are showed in bold, Na+-PPases are 
coloured in orange and H+-PPases are shown in black. The creditability of the clades are shown in node numbers. The tree 
shows that there are many clades in the K+-dependent side of the tree where ion transport specificity remains to be deter-
mined. The figure modified from Malinen et al. (28). (Reprinted and adapted with permission from Biochemistry (N.Y.) 
46, 30, Malinen, A. M. et al., Na+-pyrophosphatase: A novel primary sodium pump 8872-8. Copyright (2007) American 
Chemical Society).
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1.4.9	 Expression of mPPases in Escherichia coli and Saccharomyces cerevisiae
Membrane-bound PPases of various origin have been successfully expressed in E. coli 
and S. cerevisiae, which are good hosts as they do not have any mPPases of their own and 
can be genetically manipulated (71, 161, 227). Bacterial mPPases are usually expressed 
in E. coli C43(DE3)ril or C41(DE3)ril cells (151, 161, 197, 214, 215, 223, 227), which 
have been designed for the production of membrane proteins (227). These strains contain 
a ril plasmid that provides tRNAs for codons that are rare in E. coli, but important for 
protein expression (28). mPPase genes have been cloned under the T7 isopropyl β-D-1-
tiogalactopyranoside (IPTG) inducible promoter. mPPases have been expressed in rich 
culture medium, with a low amount of inducer (0.2 mM) and a long induction time (4−5 
h), and have been isolated in inverted membrane vesicles (IMVs) (151, 161, 197, 214, 
215, 223, 227). mPPases have also been expressed in E. coli BL21(DE3) cells (223) and 
BLR(DE3)pLysS (228), but the expression levels have been lower than in the C43 or 
C41 strains. 

Yeast strains used for efficient bacterial and plant mPPase expression are BJ1991, 
BJ2168, and AACY1 under the PMA1- and GAL1 -promoters (71, 72, 134, 188, 229). 
The vacuolar protease-deficient yeast strain BJ5459 has also been used for mPPase 
production from the expression plasmids pYMD23-25, pYMD32, and pYES2-AVP1 
(124, 230). In addition, a yeast strain lacking one of the V-ATPase subunits has been 
used for protein expression, and it was discovered that mPPase can complement the 
H+-ATPase activity (231). A patch clamp analysis indicated that yeast giant vacuoles 
produced 4.2 x 106 molecules of H+-PPases (79). In general, the mPPase yield has 
been low, about 1.5 mg of protein per 1 litre of yeast culture (132). Furthermore, the 
localization of an H+-PPase can be changed by inserting a signal peptide sequence into 
the N-terminal part of the protein, as was shown by expression studies in yeast (232). 

1.4.10	Purification and crystallization of mPPases
Purification and solving the structure of mPPases has been a demanding task, and 
versatile methods have been used for this. Bacterial and plant mPPases have been 
successfully purified and reconstituted into a lipid bilayer (71, 78, 132, 150, 168, 193, 
229, 233-236). Kellosalo et al. (71) showed that a two-step purification process with an 
in-column detergent exchange was essential for mPPase purification and crystallization. 
High Mg2+ concentration is important for enzyme stabilization during solubilization and 
purification (71, 72, 193, 237). Various detergents have been used for mPPase purification 
(148, 177, 193, 229, 236, 238, 239). Solubilization and simultaneous enrichment of 
mPPase could be enhanced at a high temperature (75 °C), when the protein of interest 
was from a thermophilic organism (71, 132, 229). Membrane solubilization depends 
on the pH and is usually increased at high pH (240). Kellosalo et al. showed that 
detergents need to be optimized individually for different mPPases (229). The detergents 
in which Tm-PPase activity remained at least 85% of the non solubilized Tm-PPase 
activity were dodecyl-β-maltopyranoside (DDM), undecyl-β-maltopyranoside (UDM), 
undecyl-α-maltopyranoside (αUDM), decyl-α-maltopyranoside (αDM), decyl-β-
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thiomaltopyranoside (D-thio-M), nonyl-β-maltopyranoside (NM), cyclohexylbutanoyl-
N-hydroxyethylglucamide (C-HEGA-10), 6-cyclohexyl-1-hexyl-β-D-maltoside, 
5-cyclohexyl-1-pentyl-β-D-maltoside and nonyl-β-glucoside (NG) (71, 229). The most 
widely used detergent for mPPase solubilization is DDM at a 3:1 (w/w) detergent to 
protein ratio. DDM does not interfere with the activity of mPPases (71, 72, 77, 132, 161, 
229).  

Purified mPPases have been His-tagged with six or eight residues and purified using 
Ni2+ affinity based chromatography (71, 72, 77, 132, 134, 229). The binding of a His-
tagged Tm-PPase to the Ni2+ matrix increases with temperature (75 °C vs. 40 °C) (71, 229). 
After affinity chromatography the detergent has been removed with Bio-Beads SM-2 
(239). mPPases have been reconstituted into a lipid environment created from soybean 
lecitin (229), asolectin (105, 236), soybean phospholipids (239), lysophosphatidylcholine 
(241), a phospholipid-cholesterol mixture (168) or phosphocholine and 1,2-dioleoyl-sn-
glycero-3-phospho-choline (134). Liposomes have been created with freeze-thaw cycles 
(104) and the optimal lipid to protein ratio has been 100:1 for the H+-PPase activity (236). 
Lipids reactivate PPi hydrolysis (71, 105, 153, 193). Gel-filtration has been tested for the 
purification of mPPases (148, 161, 234, 236, 238, 242, 243). Furthermore, glycerol-
density gradient centrifugation, dialysis (168) or ammonium sulphate fractionation and 
gel chromatography have been used for mPPase purification (153, 237). In order to retain 
a mPPase in its active form the solubilized enzyme requires detergents, Mg2+, glycerol 
and phospholipids at different stages of the purification (78, 150, 233-235).

Tm-PPase crystals grew poorly with DDM as the detergent and so Kellosalo et al. (71, 
138, 229) optimized the crystallization of Tm-PPase using octyl glucose neopentyl glycol 
(OGNPG) instead. DDM was replaced by 1% OGNPG during Ni2+ affinity purification 
with Bio-Spin® P-6 columns. The detergent exchange enabled reproducible crystal 
formation with a good diffraction quality, and high detergent concentrations facilitated 
the crystallization of Tm-PPase (138). Small molecular weight polyethyleneglycol 
(PEG-350) was used as a precipitant during crystal growth at 21 °C with the sitting-drop 
vapor diffusion method (71, 138). Vr-PPase was crystallized with DDM as the detergent 
and PEG-2000 as the precipitant using the hanging-drop vapor diffusion method (72).

1.5	 Physiological importance of mPPases in different organisms
The first mPPase was discovered from the purple bacterium R. rubrum (29, 31). More 
mPPases were subsequently found in plants, algae, archaea and protists, but not in 
fungi and animals (Table 2) (169, 244). mPPases are a highly conserved superfamily of 
proteins that may have spread between species via lateral gene transfer (244). Prokaryotic 
mPPases are located usually in the photosynthetic, respiratory, acidocalcisome or volatin 
granule membranes (Fig. 9A) (150, 166, 245). mPPases exist also in the acidocalcisomal 
membranes of protists (Fig. 9B) (7) and they are used as marker proteins for 
acidocalcisomal location (14, 217, 246-248). In addition to acidocalcisomes, H+-PPases 
may reside at the plasma membranes and Golgi complex of protists (192, 249-254). 
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In algae, mPPases are localized to the PMs, central, intracellular, lytic and contractile 
vacuole membranes of algae (Fig. 9B) (255, 256). 

Table 2. Occurrence of mPPases in completely sequenced genomes of the KEGG (257, 258) database (February 2015) 
and based on Baykov et al. (7). Transport specificity was predicted by comparing unknown sequences with mPPase 
sequences with known functions.

Prokaryotes Transported ion   Eukaryotes Transported ion 

Bacteria H+ Na+ Protists H+ Na+

Acidobacteria + - Alveolates + -
Actinobacteria + + Amoebozoa - -
Alphaproteobacteria + + Choanoflagellates - -
Aquificiae - - Cryptomonads + -
Armatimonadetes + - Diplomonads - -
Bacteroidetes + + Euglenozoa + -
Betaproteobacteria + - Haptyphyta + +
Caldiserica - + Heterolobosea + -
Chlamydiae + + Parabasalids - -
Chlorobi + + Stramenophiles + +
Chloroflexi + + Fungi  
Chrysiogenetes + - Ascomycetes - -
Cyanobacteria - - Basidiomycetes - -
Deferribacteres - + Microsporidians - -
Deinococcus-Thermus - - Plants  
Deltaproteobacteria + + Basal Magnoliophyta + -
Dictyoglomi - + Eudicots + -
Elusimicrobia + - Ferns + -
Epsilonproteobacteria - - Green algae + +
Fibrobacteres - - Monocots + -
Firmicutes + + Mosses + -
Fusobacteria - + Red algae + -
Gammaproteobacteria + + Animals  
Gemmatimonadetes + - Anthropods - -
Nitrospirae + - Ascidians - -
Planctomycetes + + Cnidarians - -
Spirochaetes + + Echinoderms - -
Synergistetes - + Flatworms - -
Tenericutes - + Lancelets - -
Thermodesulfobacteria - - Nematodes - -
Thermotogae + + Placozoans - -
Unclassified + - Poriferans - -
Verrucomicrobia + + Vertebrates - -
Archaea  
Crenarchaeota + -
Euryarchaeota + +
Korarchaeota + -
Nanoarchaeota - -
Thaumarchaeota + -
Unclassified - -
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In plants mPPases are located at vacuolar and Golgi membranes (Fig. 9B) (7, 259). 
Tonoplast vesicles containing H+-transporting mPPases, have been isolated from various 
plant sources (173, 260-263). The isolated tonoplast vesicles are oriented with their 
cytoplasmic side out as indicated by H+ transport studies (263). H+-PPase has been used 
as a vacuolar marker protein in various studies (264-269). Plant plasma membranes do not 
usually contain H+-PPases (270), and so mPPases are used as control proteins to monitor 
if the isolated plant PMs are contaminated with tonoplast membranes (271). However, 
there are also results suggesting that plant mPPase reside at the PM (272). mPPases are 
found in organisms that are clinically, industrially or environmentally important (244). 
Furthermore, mPPases can provide a tool for engineering bacterial, protist and plant 
strains for the requirements of biotechnology (28). mPPases can complement soluble 
PPases as shown by yeast studies, in which viable cells were produced by replacing 
soluble PPase by H+-PPase (9). 

Figure 9. Localization of mPPases in bacteria, archaea, protists, plants and algae. A. Bacterial and archaeal mPPases 
reside at the plasma membranes and transport ions from the cytosol to the periplasmic space energized by PPi hydroly-
sis. B. mPPases of plant, algae and protist are located in the vacuolar and plasma membrane and also in the plant Golgi 
apparatus (not shown here). The figure was modified from Baykov et al. (7). (Reprinted and adapted with the permission 
from Copyright © American Society for Microbiology, Microbiol. Mol. Biol. Rev, 77, 2, 2013, 267−76 DOI:10.1128/
MMBR.00003-13).

1.5.1	 mPPases in Prokaria 
mPPases are found in all phyla of bacteria, except for Aquificiae, Cyanobacteria, 
Deinococcus-Thermus, Epsilonproteobacteria, Fibrobacteres and Thermodesulfobacteria, 
and in all phyla of archaea except Nanoarchaeota (Table 2) (7). mPPases have been 
detected mainly in organisms living in extreme conditions, e.g. the thermophilic archaeon 
P. aerophilum (124). Prokaryotic organisms contain K+-independent and K+-dependent 
H+-PPases (7, 170) and Na+-PPases (28, 86, 139). 

H+-PPases are coupled to versatile cellular bioenergetics processes in bacteria (82, 
273). PPi utilization in energy metabolism is vital also for anaerobic and fermentative 
bacteria (8, 274, 275). Prokaryotic mPPases contribute to the establishment of the 
transmembrane potential which is used for the transport and secretion of secondary 
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metabolites and waste products (194, 273). Furthermore, in bacterial acidocalcisomes, 
H+-PPases and H+-ATPases create a proton motive force that is utilized for secondary 
transport functions (276, 277). Proton gradients created by H+-PPases are linked to nitrate 
respiration in sulfide oxidizing halophilic bacteria (278). H+-PPases can also enable the 
synthrophic growth of Syntrophomonas wolfei with methanogens (279). Serrano et al. 
suggests that PPi may have a central and ancient role in photosynthetic energy related 
processes in bacteria (169). Some prokaryotes can utilize Na+-based bioenergetics in 
their cellular processes, and e.g. A. woodii creates Na+-gradients by Na+-PPases and 
uses them for the anaerobic caffeate respiration (86). Noteworthy, both soluble and 
membrane-bound PPases may enhance macromolecular biosynthesis by lowering the 
cytosolic PPi concentration (1, 7). 

Ion translocating mPPases and ATPases have similar functions (they both contribute 
to the establishment of ion gradients) and they work together in prokaryotic cells, but 
they can naturally be regulated in different ways. H+-PPase and H+-ATPase genes are 
located next to each other in e.g. Thermoproteus tenax (273). A mutational analysis 
suggested that the R. rubrum H+-PPase provides an alternative energy source and H+ 
gradient when the cellular H+-ATPase activity is low e.g. under stressful conditions 
(280). Some prokaryotic genomes include more than one mPPase gene, e.g. M. mazei 
has two genes encoding mPPases, one for a Na+-PPase and the other for a H+-PPase 
(28, 281). These two adjacent genes are transcribed in opposite directions and may 
be regulated differently based on environmental conditions (281). The M. mazei H+-
ATPases and H+-PPase are expressed when cells are grown in a methanol-containing 
medium (281, 282). Na+-PPase possibly provides an essential Na+ gradient for specific 
living conditions (28). The arrangement of adjacent H+-PPase and Na+-PPase genes in 
the M. mazei genome may be a relic of an ancient gene duplication event, which enabled 
the archaeon to alternatively use either Na+- or H+-coupled bioenergetics as a response 
to specific growth conditions (28). 

Various prokaryotes contain both soluble and membrane-bound PPases and 
environmental conditions may regulate these enzymes differently (149, 283). For 
example, in R. rubrum the soluble PPase accounts for ~80% of the total cellular PPase 
activity and is expressed constitutively (284), whereas the H+-PPase is expressed under 
anaerobic conditions and under aerobic conditions of high salinity (1M NaCl) but is not 
expressed under general aerobic conditions (283). When the soluble PPase was knocked-
out in R. rubrum, the cells grew more slowly than usually, although their mPPase activity 
was unchanged (285). These results suggest that in R. rubrum the H+-PPase is required 
for bacterial growth under challenging environmental conditions and the soluble PPase 
is needed for normal growth. This kind of regulation provides a competitive advantage 
for bacteria. 

Prokaryotic mPPases can either hydrolyze or synthesize PPi depending on the 
environmental conditions and cellular localization of the enzyme. For example, in R. 
rubrum the H+-PPase generates a H+ gradient with PPi hydrolysis under conditions of 
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low energy in the dark, and utilizes a H+ gradient for PPi synthesis in light (107, 165, 
283). Furthermore, when this enzyme is localized in chromatophore membranes it uses 
a H+ gradient for PPi synthesis and in acidocalcisomal membranes it hydrolyses PPi and 
produces a H+-gradient (150, 166, 167). Changes in the charge of the chromatophore 
surface had no effect on the PPi hydrolysis catalyzed by the R. rubrum H+-PPase (286), 
but the transmembrane electrical potential enhanced the activity of PPi synthesis (106). 

1.5.2	 Plant mPPases and their physiological importance
Plant mPPases are found in all plant phyla (Table 2). The first plant H+-translocating 
mPPase to be cloned and sequenced was from A. thaliana (287). Thus far, all plant 
mPPases seem to belong to the families of K+-independent or K+-dependent H+-PPases 
(7). Plant H+-PPases are important regulators of the cellular PPi level (109, 163, 173, 
288-290). H+-PPase expression, usually together with H+-ATPase expression, has been 
analyzed in various plants (145, 174, 206, 242, 291-293). 

Active H+ transport in plant cells is carried out by three transporters: 1. H+-PPases 
and, 2. H+-ATPases, which mediate H+ transport into vacuoles and 3. plasma membrane 
ATPases that pumps protons out of the cell (294). Vacuoles are large organelles 
occupying as much as 90% of the space of mature plant cells. Their function is to serve 
as a storage organelle for nutrients, cations, anions, metabolites and toxic compounds 
(295-297). H+-PPases are located together with H+-ATPases at the vacuolar membranes 
(203, 296, 298, 299). It has been shown that H+-PPases may be located anywhere in 
the vacuolar membrane, but H+-ATPases are found at specific locations (300). When a 
plant cell grows and divides the vacuoles become enlarged and differentiated. Active H+-
transport is required for these processes (18, 296). H+-PPases maintain the vacuoles large 
and regulate plant turgor pressure (18, 296, 301). Plants have also separate vacuolar 
organelles categorized as vegetative vacuoles and protein storage vacuoles (PSVs) 
(302-304). H+-PPases are also present in the lytic vacuoles and PSVs of seeds during 
germination (302, 305-307). H+-PPases are assembled at the endoplasmic reticulum (ER) 
(308) and transported to the vacuole with the possible targeting signal present in TM6 
(212). However, protein transport inside the plant cell is not completely understood. In 
addition to Golgi related pathways H+-PPases may be transported directly from the ER 
with provacuolar autophagosomes to vacuoles (309). 

Vacuolar H+-PPases together with H+-ATPases are important generators of membrane 
H+ gradients. The H+ gradient can be utilized for the secondary transport of ions e.g. Na+, 
K+, Zn2+, Ca2+, Br-, NO3

-, Cl-, malate, citrate and sucrose, amino acids, toxic compounds 
and nutrients (18, 310-321). H+-transport has also been linked to photosynthesis (322). 
Mg2+, K+, Cl-, H+, Br-, NO3

-, acetate and malate stimulate plant H+-PPase, although 
there are differences between species (154, 323-326). H+-translocators regulate the pH 
balance of plant compartments including the cytosol or the vacuole (18, 299, 327-331). 
This has an effect on the colour of flower, for example (332, 333). In addition, H+-PPases 
stabilize the pH of vesicles lacking a functional ATPase (334). Even though an H+-PPase 
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is required for vacuolar pH regulation it is not responsible for the hyperacidification 
reactions which are mediated by H+-ATPases (335, 336). 

H+-PPases are especially important for plant development. H+-PPase usually 
dominate in young fruits whereas H+-ATPase is the main H+-transporter in mature cells 
(108). H+-PPase expression and activity have been detected in growing and developing 
plant leaves and stems, seeds, coleoptiles, fruits and berries (109, 288, 289, 316, 337-
353). An H+-PPase activity is required for seed germination (109, 354), embryo and 
seedling development (355), ontogenesis (356), stomatal opening and closure (349) and 
callus formation (357). H+-PPase is also important for the rolling of rice leaves (358) and 
the chalkiness of grains (359). H+-PPase, H+-ATPase and Na+/H+-antiporter activities 
and expression are enhanced towards the flower opening stage (360), even though the 
H+-ATPase activity is usually quite unchanged during plant development (18, 322). 
The transcription of the genes encoding H+-PPases is increased with fruit maturation, 
indicating de novo protein synthesis (241). During plant senescence, H+-PPase activity 
is decreased before H+-ATPase activity (361), but in the tomato the H+-PPase activity is 
decreased and the H+-ATPase activity is increased during fruit ripening (347). Based on 
the pH optima for H+-ATPase and H+-PPase activities, the two enzymes could in principle 
function under the same conditions (362). However, the results described above indicate 
that H+-PPases and H+-ATPases are differently regulated during different phases of plant 
growth and development (18, 109, 343, 363-365). 

H+-PPases usually maintain the proton-motive force under conditions where ATP 
levels are low or the H+-ATPase is not functional (146, 175, 366, 367). Thus H+-PPases 
provide a back-up system for H+-ATPases (18, 146, 175, 180, 319, 367, 368). H+-PPase 
activity regulates the cytoplasmic PPi content (369) and the PPi content controls H+-
PPase expression levels and activity (18). Furthermore, Pi regulates H+-PPases (17, 370, 
371), which help plants survive when Pi is scarce (180, 191, 372). Even though ATP does 
not directly regulate the activity or expression of H+-PPases (373), H+-PPase activity has 
been shown to be elevated at low ATP levels (146). 

Plant genomes contain several genes encoding mPPases, e.g. A. thaliana has three 
(AVP1−3) (287, 374) Oryza sativa has five (OVP1−5) (375), tobacco (376) and T. 
aestivum have three (377), C. rubrum (378) and B. vulgaris have two mPPases (379). 
These genes usually encode different types of mPPases, e.g. in A. thaliana AVP1 is a K+-
dependent (188) and AVP2 is a K+-independent H+-PPase (374). The different mPPases 
are regulated individually (376) at the RNA (379) and protein levels (380), and their 
expression may be regulated differently based on environmental conditions, as has been 
shown in studies in wheat (377). There are also differences in the localization of different 
H+-PPases in plants, for example the AVP1 encoding mPPase is highly expressed in 
the leaves, sieve element companion cell complexes and xylem vessels of A. thaliana 
(381), whereas the AVP2 encoding mPPase is present in trichome and stamen filaments 
(259). Furthermore, wheat mPPase 1 is usually expressed more in the roots than in the 
leaves (382). There are also differences in the subcellular localization of the A. thaliana 
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mPPases, e.g. AVP1 resides in the vacuolar membrane (383) and AVP2 in the Golgi 
complex (259). 

1.5.2.1	Effects of various stresses on plant mPPases
Salinity induces two forms of stress in plants: water deficiency and an altered K+/Na+ 
ratio (384). During salinity stress, toxic Na+ ions can be sequestered from the cytosol into 
vacuoles or pumped out of the cells with the proton gradient created by an H+-ATPase 
and an H+-PPase and a Na+/H+-antiporter (294, 367, 372, 384-393). Furthermore, the 
cytoplasmic pH is highly regulated during salinity stress (394, 395). A high cellular K+/
Na+ ratio also alleviates salinity stress and it is maintained by creating a vacuolar ion 
gradient (367, 396) and by increasing K+ uptake from the roots with the aid of a PM H+-
ATPase (397). Salinity induces changes in the composition of membrane lipids (393), 
which has an effect on H+-PPase activity (301, 398). Polyamines or silicate can protect 
H+-PPases during salinity and osmotic stress (396, 399, 400). Salinity also regulates 
Na+/H+-antiporter, H+-ATPase and H+-PPase activities (391, 401, 402). Furthermore, 
Katsuhara et al. suggested that during high salinity PPi is not the limiting factor of the 
H+-PPase activity (395). Salinity stress can also increase H+-PPase expression at the 
mRNA and protein levels either transiently or constantly (301, 326, 388, 403-409), but 
there are differences in H+-PPase expression levels between plant species (390, 410-
413).

Halophytes are plants that grow in the presence of 200−300 mM NaCl (414). 
Also halophytic plants maintain their cytosolic Na+ concentrations at low levels by 
compartmentalizing toxic Na+ into vacuoles using a H+ gradient as an energy source 
for transportation (384, 414-420). High Na+ concentrations increase the activity of 
H+-transporters, which enhance the uptake of Na+, sugars, proline, and starch into 
vacuoles (414, 417) and leads to the formation of larger shoots compared to those of 
halophytes grown in non-stressful Na+ concentrations (417). Also in halophytes the 
H+-PPase activity supports the H+-ATPase activity (418). Although plants have a 
universal mechanism for Na+ sequestration, halophytes have also unique features (421), 
including salt responsive genes that are e.g. involved in ion binding, H+ transport and 
photosynthesis (414). 

In addition to salinity stress, H+-PPases together with H+-ATPases enhance stress 
tolerance under various conditions including drought (119), cold temperatures (422-
424), hyper-osmotic conditions (425, 426), hypoxia (427), mineral deprivation (428) 
and toxic ion accumulation (429) as well as anaerobic conditions (330). H+-PPases 
enhance a plant’s drought stress tolerance and dominate over H+-ATPases in this respect 
(119). Osmotic stress increases H+-PPase activity (400). Nitric oxide (NO) alleviates 
salinity stress by increasing H+-PPase activity (430). However, the redox state of the 
plant does not have an effect on H+-PPase activity during osmotic stress (425, 431). 
During sucrose starvation and high osmotic pressure, both H+-PPase and H+-ATPase 
activities are decreased (426, 432). Ozone can also decrease H+-PPase activity (433). 
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The activity of H+-PPases is high under conditions of mineral deficiency (434). The 
accumulation of Cu2+ and Cd2+ upregulates H+-PPase expression (410, 435, 436), and 
inhibits H+-PPase activity (429, 437), but decreases the intracellular PPi level (429). 
Furthermore, N and Pi deprivation resulting from salinity and/or drought stress can 
elevate the transcription of mPPases (428). Rice grown under conditions of nitrogen 
starvation can maintain root growth with the help of their H+-PPase and H+-ATPase 
activities (438). In addition, different fungi can either inhibit or activate H+-PPase 
activity (439, 440).

1.5.2.2	Plant hormones and mPPases
Plant hormones can regulate the expression and activity of H+-PPases (441). Auxin 
(indole-3-acetic acid) stimulates organogenesis and cell elongation. The secretion of 
protons into the plant cell wall is mediated by H+-transporters and this enables cell growth 
(329, 442). Protonated auxin is imported and deprotonated exported from the cell (329). 
H+-PPases may control auxin transport and hence auxin-regulated gene expression by 
regulating its protonation (329, 357, 428). The activity of H+-PPases increases with high 
auxin transport rates and vice versa (357, 442). H+-PPase expression is increased by auxin 
(321, 443) and it is more sensitive to auxin-based regulation than is the expression of H+-
ATPases (365, 444-446). Auxin homologues (indole-3-butyric acid, for example) also 
activate H+-PPases (447). Abscisic acid (ABA) usually increases H+-PPase activity (321, 
445, 448, 449), but can also inhibit it, depending on the concentration (408). Increased 
H+-PPase activity and enhanced salinity tolerance can result from ABA signaling (450). 
Furthermore, ABA can induce H+-PPase expression (443, 451). 6-Benzyladenine (BA) 
(321) and gibberellic acid (GA) (321, 444, 445) can also modify the expression and 
activity of H+-PPases. H+-PPases are more sensitive to BA- and GA-based regulation 
than are H+-ATPases (321, 365, 441, 446, 449). In addition, kinetin activates H+-ATPases 
and H+-PPases, the former being more sensitive to this kind of regulation (365, 445, 
446). Brassinolide stimulates the activity and expression of both H+-PPases and H+-
ATPases and the stimulatory effects are highest when red beet roots are treated with low 
brassinolide and high KCl concentration (441, 452). Jasmonic acids (JA) may regulate 
H+-PPase gene expression at the transcriptional level (453). 

1.5.2.3	mPPase overexpression in plants
H+-PPase expression in plants can be modified with molecular biology techniques 
(454). The overexpression of plant and bacterial H+-PPases in plants has enhanced 
their stress resistance towards salinity, drought/osmotic stress, cold temperatures, Pi 
and NO3

- limitation, Cd and industrial waste phosphogypsum (PG) as is shown in Table 
3 (359, 397, 451, 455-463). Furthermore, plants overexpressing mPPase are bigger 
in size (Fig. 10), have enlarged and better developed roots and shoots, more rosetta 
leaves (20/14 in A. thaliana), increased seed production and germination during stress 
and recover quicker after stress when compared to wild type plants (397, 428, 451, 
455, 458-463). 
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Table 3. Plants overexpressing H+-PPases have an enhaced tolerance towards various forms of abiotic stress. 

Organisms constructed to 
overexpress H+-PPase H+-PPase

Origin of overexpressed 
H+-PPase

Stress 
tolerance Reference

Arachis hypogaea AVP1 A. thaliana Salinity and drought (455)
A. thaliana AVP1 A. thaliana Salinity (397)
  AVP1 A. thaliana Phosphorus limitation (371) 
  EVP1 Eucalyptus globulus Salinity and drought (451) 
  SsVP Sueda salsa Salinity and drought (415)

MtVP1 Medicago truncatula Cold (464)
  TaVP1 T. aestivum Cd and phophogypsum (456)
Gossypium hirsutum AVP1 A. thaliana Salinity and drought (465)
  AVP1 A. thaliana Salinity and drought (466)
  TsVP Thellungiella halophila Salinity (460)
  TsVP T. halophila Drought (459)
Lactuca sativa AVP1 A. thaliana NO3

- limitation (381)
Medicago sativa L. AVP1 A. thaliana Salinity and drought (458)
Nicotiana tabacum AVP1 A. thaliana Salinity (467)
  AVP1 A. thaliana Salinity (405)
  TsVP T. halophila Salinity (467) 
  TsVP T. halophila Salinity (405)
  Rr-PPase R. rubrum Drought (462)
  TaVP1 T. aestivum Cd (457)
Oryza sativa OVP1 Oryza sativa Cold (468)
  AVP1 A. thaliana Salinity and drought (466)
  AVP1 A. thaliana Phosphorus limitation (371) 
Solanum lycopersicum AVP1 A. thaliana Salinity and drought (466)
  AVP1 A. thaliana Phosphorus limitation (371) 
  AVP1 A. thaliana Drought (463)
Solanum tuberosum MtVP1 Medicago truncatula Cold (464)
Zea mays TsVP T. halophila Drought (461)
Saccharomyces cerevisiae TaVP1 T. aestivum Decreased Na+ sensitivity (412)
(yeast, ena1 strain) AVP1 A. thaliana Decreased Na+ sensitivity (405)
  TsVP T. halophila Decreased Na+ sensitivity (405) 

BA

Figure 10. H+-PPase is essential for plant viability and its overexpression increases the growth and stress resistance of 
versatile plants. A. A. thaliana overexpressing AVP1 (AVP1OX) has enlarged roots and shoots, whereas a plant having 
with a loss-of function mutation of AVP1 (avp1-1) is not viable (298). B. Plants, wild type and AVP1 overexpressing 
strains (AVP1-1 and AVP1-2 ), ten days after being stressed with 250 mM NaCl reveal that mPPase expression enhances 
the salinity tolerance of the plants (298, 386). (Reprinted from FEBS Lett. 581, 12, Gaxiola R. A. et al., Plant proton 
pumps, 2204−14, Copyright (2007), with permission from Elsevier, and from Proc. Natl. Acad. Sci. USA 98, 20, Gaxiola 
R. A. et al., Drought- and salt-tolerant plants result from overexpression of the AVP1 H+-pump, 11444−9, Copyright 
(2001) National Academy of Sciences, U.S.A.).
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At the molecular level plants overexpressing H+-PPases show higher solute, Na+, K+ 
and Ca2+ accumulation in leaves and shoots, elevated Na+ and Cl- sequestration in vacuoles, 
enhanced membrane integrity, decreased malonidialdehyde (MDA) accumulation, 
increased vacuolar acidification and cellular proline accumulation than wild type plants 
(405, 458-460, 463, 468, 469). Especially during salinity stress, H+-PPase overexpression 
increases the formation of a vacuolar H+-gradient, which can be used to increase the 
sequestration of Na+, other ions and sugars into vacuoles to reduce the water potential 
of the cell and enhance water uptake from the roots (405, 458, 460, 463, 466, 467). H+-
PPase overexpression induces sucrose accumulation which promotes the biosynthesis of 
anthocyanins (464). In addition, photosynthetic activity is high in plants overexpressing 
H+-PPases and is further increased during drought or salinity stress (455, 460). Especially 
under stressful conditions crop yields can be increased by the overexpression of H+-
PPases (386, 463, 466, 468). Cotton overexpressing an H+-PPase, for example, produces a 
20−51% higher yield than the corresponding wild type strains in dry field conditions (459, 
466). Furthermore, H+-PPase overexpressing plants grow better than wild type ones in Pi 
deficient soils (371). This property reduces the ulitization of phosphate as a fertilizer in 
agriculture and minimizes its polluting effects on aquatic environments (371). 

There are many studies, in which a H+-PPase has been overexpressed together with some 
other protein e.g. a Na+/H+-antiporter (428). The combined overexpression of an H+-PPase 
and an Na+/H+-antiporter has led to a further enhancement in the saline and/or saline-alkaline 
stress tolerance of N. tabacum and M. sativa compared to both wild type plants and plants 
overexpressing only one of the proteins (470). Maize overexpressing both a Thellungiella 
halophila H+-PPase and an E. coli beta choline dehydrogenase was more drougth tolerant 
and larger in size than plant lines that overexpressed one protein only (471). In addition, the 
overexpression of plant H+-PPases in the ena1 yeast strain, which is highly sensitive to Na+, 
protected the strain from Na+ toxicity (412). Furthermore, if the PM Na+/H+-antiporter is 
nonfunctional a H+-PPase will not confer salinity tolerance to A. thaliana (397). H+-PPases 
are essential for plant viability because e.g. a AVP1 loss-of-function mutant (avp1-1) was 
not able to grow as wild type plants as indicated in Fig. 10A (298).

1.5.3	 mPPases in algae
Halotolerant, red and green algae (Table 2), including Dunaliella viridis (472), 
Cyanidioschyzon merolae (473), Chlamydomonas reinhardtii (255), Acetabularia 
acetabulum (474) and Mesotaenium caldariorum (475) have mPPases in their vacuolar 
membranes. Similarly to plants, algae control the size of their vacuoles based on 
environmental conditions, and compartmentalize toxic substances into vacuoles (476). 
The H+-PPases in algae regulate primary and secondary vacuolar transport, vacuole size 
and pH, and enhance salinity tolerance (472, 475-477). H+-transporters are also required 
for the maintenance of a constant cellular pH during salinity stress, which is important 
for the cell viability (395). In addition to H+-transporters, other enzymes are required for 
salinity tolerance in algae, e.g. Na+-ATPases (384), and there are differences in the salinity 
tolerance between algae species. Chara corallina tolerates only low Na+ concentrations 
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(478) in contrast to Chara longifolia that can grow at high Na+ concentrations. Notably, 
the vacuolar membranes of both algaea contain H+-PPases and H+-ATPases (477). 

1.5.4	 mPPases in protists
mPPases are widely distributed among protozoa (Table 2) and are found in all phyla, except 
Choanoflagellates, Amoebozoa, Parabasalids and Diplomonads. Protists may also contain 
multiple copies and isoforms of mPPase genes in their genomes (9, 142). Horizontal gene 
transfer may have occurred between phylogenetically diverse species (142). Plasmodium 
falciparum, the malaria parasite, has two types of H+-PPases, a K+-independent and a 
K+-dependent one, that can be expressed and regulated based on growth conditions. The 
K+-dependent enzyme is mainly involved in infectious phases and the K+-independent 
enzyme in parasite reproduction (253, 479, 480). H+-PPases exist also in other disease-
causing protists e.g. Trypanosoma cruzi (Chagas’ disease) (481), Trypanosoma brucei 
(African trypanosomiasis) (14), L. donovani (visceral leishmaniasis) (192), Philasterides 
dicentrarchi (infects turbot) (482) and Plasmodium berghei (infects murinae) (187). In 
these organisms the H+-PPase activity alleviates the stress caused by the defence system 
of the host organism (9, 483, 484). Mammalian cells do not contain mPPases and thus 
these enzymes may provide good drug targets for treating malaria (9, 250, 253, 483). The 
most promising drugs are currently bisphosphonates e.g. AMDP that inhibits the mPPases 
of Toxoplasma gondii (230, 250) and P. berghei (187). However, the in vivo specificity of 
the inhibitors remains to be clarified (253). AMDP is a less efficient H+-PPase inhibitor in 
vivo than in vitro (479). This may result from inefficient uptake of the inhibitor or because 
the inhibitor is a PPi analogue and its effect depends on the concentration of PPi (479). 
Related to this, protist cells can tolerate high PPi concentrations (15, 485), their mPPases 
are inhibited if free PPi concentrations are elevated in the cell (486). 

Protist cells have multiple copies of acidocalcisomes (277, 487). Acidocalcisomes 
are organelles that have Ca2+-ATPases, H+-ATPases, H+-PPases, Na+/H+- and Ca2+/H+-
exchangers and aquaporins in their membranes. Polyphosphate, calcium and different 
cation concentrations are high inside these organelles (277, 485, 487-494). The chemical 
composition of acidocalcisomes varies, based on environmental conditions (495). Protists 
use acidocalcisomes for adaptation to environmental stress (158, 492, 496) and for special 
functions e.g. for the degradation of host hemoglobin (486). H+-PPases together with H+-
ATPases and aquaporins are important for maintaining the cell’s essential pH and ion 
gradients, and for osmoregulation (187, 479, 481, 486, 497-501). The protist T. gondii with 
a null mutated H+-PPase was more sensitive to extracellular conditions, ion concentrations, 
hyper- and hypo-osmotic stress, than the wild type organism (498). Osmoregulation is 
important for host cell invasion suggesting that H+-PPase activity is important for the lytic 
cycle of T. gondii (498). H+-PPases are expressed during different developmental phases of 
protists (502), when the mPPase activity can dominate over the H+-ATPase activity (192, 
251). Also in protists the H+-PPase can complement the functions of the H+-ATPase (501, 
503), especially in conditions of limited energy (479). The overexpression of different 
proteins in protists also changed the expression and activity of mPPases (246, 504).
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2.	 AIMS OF THE STUDY

When I started my Ph.D. studies it was known that there were many different groups 
of H+-translocating mPPases, but Na+-transport had only just been described for three 
enzymes. We aimed to investigate whether Na+-transport was a general function of 
mPPases or simply a peculiarity. Because the 3D-structures of mPPases were not available 
at the time, we started mapping the functional diversity of mPPases and elucidating the 
amino acid residues that determine transport specificity. We did this using a method that 
combined the phylogenetic mapping of sequence diversity in a protein family to the 
experimental characterization of the selected representative proteins. The predictions 
for the specificity determinants uncovered from this data were further tested using site-
directed mutagenesis. My work comprised of four specific aims: 

1.	 Unraveling the functional diversity and evolutionary history of membrane-bound 
PPases and identifying a general amino acid pattern that predicts the specificity of 
the transported ion.

2. 	 Characterizing the detailed functional properties of the putative H+ and Na+-
transporting mPPases which were discovered during the work towards aim 1. 

3. 	 Testing the hypothesis that at least some Na+-transporting PPases may in specific 
conditions additionally transport H+ ions. 

4. 	 Characterizing the functional properties of proteins (“divergent mPPases”) that 
are distantly related to typical mPPases.

The results of my studies are presented in four international peer-reviewed articles (see 
page 6) and are summarized in Section 3 of this thesis.
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3.	 SUMMARY OF THE MATERIALS AND METHODS

3.1	 Construction of mPPase-expressing Escherichia coli lines
Mainly bacterial and archaeal mPPases were investigated in this research. The selected 
mPPases were those from Anaerostipes caccae (Ac-PPase), Akkermansia muciniphila 
(Am-PPase), Bacteroides vulgatus (Bv-PPase), Cellulomonas fimi (Cf-PPase), Chlorobium 
limicola [Cl-PPase, Cl-PPase(2)], Clostridium leptum (Clep-PPase), Clostridium 
lentocellum (Clen-PPase), Clostridium tetani E88 (Ctet-PPase), Clostridium thermocellum 
(Ct-PPase), Clostridium sp. 7_2_43FAA  (Cs-PPase), Desulfuromonas acetoxidans (Da-
PPase), Flavobacterium johnsoniae  (Fj-PPase), Leptospira biflexa (Lb-PPase), Prevotella 
oralis (Po-PPase), Verrucomicrobiae bacterium (Vb-PPase). The mPPases were expressed 
under the T7 promoter in the pET36b(+) expression vector (Novagen) and the genes were 
typically cloned from the genomic DNA of the bacteria or archaea into the vectors using 
the NdeI, XhoI, HindIII, NotI and BamHI restriction sites. As controls we used mPPases 
with known functions from C. hydrogenoformans [Ch-PPase, K+-dependent H+-PPase 
(170)], P. aerophilum [Pa-PPase, K+-independent H+-PPase (124)], S. coelicolor [Sc-
PPase, K+-independent H+-PPase (505)] T. maritima [Tm-PPase, Na+-PPase (28, 161)]. 
Mutations were engineered into the mPPases with inverse PCR and both wild-type and 
mutated enzyme constructs were sequenced at Eurofinns-MWG (Germany).

3.2	 Recombinant mPPase expression and IMV isolation
The proteins of interest were expressed in E. coli. The cells were broken with a French 
press at 14000 psi and the mPPases were isolated by sucrose gradient ultracentrifugation 
in inverted membrane vesicles (IMVs) using a method slightly modified from Belogurov 
et al. 2005 (161). The IMV storage buffer contained 10 mM MOPS-TMA hydroxide pH 
7.2; 1 mM MgCl2, 750−900 mM sucrose, 5 mM dithiotreitol (DTT) and 50 µM EGTA. 
Vesicles were frozen in liquid N2 and stored at -85 °C. The Bradford assay was used to 
estimate the total protein content of the IMVs (506). mPPase expression in the IMVs was 
verified with Western blotting, 0.2−18 µg of the IMVs was loaded into the gel in 1xSDS 
loading buffer. The loading buffer consisted of 70 mM Tris-HCl, pH 6.8, 11% glycerol, 
2% SDS, 2.5 mM DTT and 0.25 mg/mL bromophenol blue or OrangeG. Proteins were 
denatured at 50 °C 15 min to avoid precipitation and run on SDS-PAGE gels made 
up of a 4−20% acrylamide gradient (Thermo Fisher Scientific & Idgel). Proteins were 
transferred from the gel to a nitrocellulose membrane (0.45 µm pore size, Whatman) 
with a Mini Trans-Blot apparatus or a TE 77 PWR semi-dry electroblotting apparatus 
(Amersham Bioscience) in Towbin buffer (507) that contained 10−20% (v/v) methanol. 
The membrane was blocked by incubating it overnight in 20 mM Tris-HCl pH 7.6, 150 
mM NaCl (TBS), 0.1% Tween-20 and 5% fat-free milk. A primary rabbit antiserum 
against the IYTKAADVGADLVGKVE peptide was used for the detection of mPPases 
(28), except for divergent mPPases, and the protein bands were visualized using an 
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anti-rabbit secondary antibody labeled with HRP or IRDye 800CW (Donkey anti-
rabbit IgG (H+L) highly cross absorbed; Li-Cor). We used the Anti-6xHis Epitope Tag 
(Mouse) Mononclonal Antibody IRDYE® 800CW Conjugated (Rockland antibodies & 
assays, USA) for the detection of divergent mPPases with an 8xHis-tag. Membranes 
were washed with TBS and 0.05 % Tween-20 5 x 5 min and 1 x 10 min after each 
antibody treatment the last two washes after the incubation with the secondary antibody 
were carried out in TBS only to avoid Tween-20 interfering with the signal. When the 
HRP-labeled antibody was used the protein bands were detected with the ECL substrate 
(Amersham) and the chemiluminescent detecting HyperfilmTM ECL (Amersham). The 
GelCode Blue Coomassie stain (Thermo Fisher Scientific) was used for staining the SDS 
gels. Images were analyzed with ImageJ (508). The molecular weights of proteins on 
the SDS gels were determined using the PageRuler Prestained Protein Ladder (Thermo 
Fisher Scientific) or the 6xHis Protein Ladder (Qiagen cat no. 34705). 

3.3	 PPi hydrolysis measurements
We were able to measure the PPi hydrolysis activity in IMVs because mPPases are 
absent from E. coli and any soluble PPase is washed away from the IMVs by the 
sequential sucrose gradient ultrasentifugations. PPi hydrolysis was determined by 
continuous measurements detected with semi-automated phosphate analyzer (509). The 
measurements typically contained 0.1 M MOPS-TMA hydroxide pH 7.2, 5−40 µM 
EGTA, 5.3 mM MgCl2, 0−200 mM NaCl, 0−200 mM KCl and 0.5−1000 µM Mg2PPi. 
Reactions were performed at 25 °C and initiated with the addition of the IMVs. The rate 
of PPi hydrolysis was determined from the slopes of the curves for phosphate formation, 
which was measured for 2−3 min. The concurrent measurements differed less than 10% 
indicating that the results were reliable. 20 or 100 mM MOPS, MES, TAPS or CAPSO, 
TMA hydroxide buffers were used in the pH measurements. In addition, the Mg2+ and PPi 
concentrations under different conditions were maintained comparable to measurements 
with 100 µM Mg2PPi at pH 7.2. We regularly used a MOPS buffer in our measurements 
because it does not inhibit mPPases (143). 

3.4	 Kinetic analysis
The PPi hydrolysis activity of mPPases was measured at different Mg2+, Na+ and/or K+ 
concentrations with saturated Mg2PPi concentrations. In each article the measured data 
was analyzed with the best fitting kinetic schemes, based on which the kinetic equations 
were developed. Kinetics analyses were also carried out as a function of substrate Mg2PPi 
concentration. Mg2+ and PPi form two types of complexes, MgPPi and Mg2PPi (19, 143), 
and Na+ and K+ bind weakly to PPi (21, 22). The apparent dissociation constants for the 
MgPPi complex are 0.859 (0 mM Na+ , 0 mM K+), 0.161 (100 mM Na+, 0 mM K+), 0.140 
mM (0 mM Na+, 100 mM K+). 2.84 mM was used as the dissociation constant for Mg2PPi 
under all conditions (19, 75). The SCIENTIST software (Micromath) was employed to 
fit the data and to determine the kinetic constants with standard errors (S.E.). 
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3.5	 Na+ transport
Na+ transport into IMVs was determined with a radioactive 22Na+ isotope and a membrane 
filtration procedure in an ice water bath (0 °C) or at room temperature (RT, 22−23 °C). The 
total protein content in the measurements was generally 1−2 mg/mL. The reactions were 
typically measured under conditions of 100 mM MOPS-TMA hydroxide pH 7.2, 0.1−10 
mM Na+, 50 mM K+, 5 mM Mg2+, 0/160 mM Cl-. 0.3−14 µCi 22NaCl (PerkinElmer Life 
Sciences) was added to the IMV dilutions and incubated ~0.5−1 h before the reactions 
were initiated with the addition of 1 mM TMA4•PPi. At the 15−90 s time points the 
reaction was stopped with the addition of 20 mM EDTA pH 7.2 and the IMVs were 
filtered through a 0.2 µm pore size nitrocellulose filter (Millipore) and washed with 1 ml 
of 5 mM MOPS-TMA hydroxide pH 7.2, 100 mM Na+, 0.5 mM Mg2+, 160 mM TMACl 
buffer. 1 ml of the Ultima Gold scintillation cocktail (Perkin Elmer Life Sciences) was 
added and the PPi induced 22Na+-accumulation inside the vesicles was measured with 
scintillation counting (Rackbeta 1215, LKB Wallac). Ionophores including, 20 µM 
ETH157 (a Na+-ionophore), 5 µM CCCP (a H+-ionophore), 2 µM valinomycin (a K+-
ionophore), were utilized into the transport measurement to determine the specificity and 
electrogenicity of the ion transport. 

3.6	 H+ transport
9-Amino-6-chloro-2-methoxyacridine (ACMA) (Invitrogen), and acridine orange (AO), 
were employed as the pH dependent fluorescent dyes to detect H+ transport (510). 
Reactions were performed at 25 °C and the excitation and emission wavelengths were 
428/475 nm and 490/540 nm, depending of the probe used. H+ transport measurements 
were typically performed at 25 °C in 20 mM MOPS-TMA hydroxide pH 7.2, 8 µM 
EGTA, 0−100 mM Na+, 5.8 mM Mg2+, 0−100 mM K+, 2 µM AO or ACMA. The amount 
of Cl- was kept constant at 150−160 mM with TMA chloride or measured only with SO4

2- 
salts. The total protein content in the measurements was 0.2−0.6 mg and the reactions 
were initiated with the addition of 475 µM TMA4•PPi (300 µM Mg2PPi) after a 4 min 
incubation in the dark and a 2 min background level measurement. The reactions were 
terminated by adding 10 mM NH4Cl. Ionophores were used similarly than as in Na+ 
transport measurements.    

3.7	 Membrane potential measurements
Changes in membrane potential due to H+-PPase function were recorded with the 
fluorescence probe DiBAC4(3) [(bis-(1,3-dibutylbarbituric acid)trimethine oxonol] 
(Life Technologies). IMVs with 0.3−0.6 mg/mL protein were preincubated for 2 h with 
the 25 nM DiBAC4(3) at 25 °C in a buffer of 0.1 M MOPS-TMAOH pH 7.2, 25 mM 
K2SO4, 5 mM MgSO4. The ATPase activity of the E. coli IMVs was used as a control 
in these measurements and the ion transport was initiated with 0.5 mM ATP or 1 mM 
TMA4•PPi. These measurements were performed using 488 and 520 nm as the excitation 
and emission wavelengths, respectively.
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3.8	 Studies using Bacteroides vulgatus cells
B. vulgatus cells were grown anaerobically for 30 h at 37 °C in brain-heart infusion 
medium (Sigma) supplemented with 5 g/L yeast extract, 0.5 g/L cysteine-HCl, 1 µg/mL 
resazurin, 5 µg/mL hemin and 1 µg/mL menadione. Cells were harvested and the ions 
of the medium were washed away with 100 mM MOPS-TMA-hydroxide pH 7.2, 5 mM 
EDTA and 10% glycerol with three centrifugations at 6000 g, 15 min, +4 °C. Otherwise, 
the IMVs were isolated similarly to the E. coli IMVs.

3.9	 Bioinformatics 
mPPase sequences were collected from the KEGG Protein Sequence Database typically 
using the R. rubrum mPPase (Rru_A1818) as a query sequence in a BLAST search (511). 
Protein sequences were aligned with MUSCLE versions 3.6 and 3.8 (512). Sequence 
alignments were cured manually by removing the sequences with deletions or sequences 
that did not contain the amino acid residues that are essential for the mPPase-catalyzed PPi 
hydrolysis and transport. Phylogenetic trees were constructed with the MrBayes program 
version 3.1.2. (513). Random trees were used as the basis for the four independent and 
weighted phylogenetic analyses that were run 2, 5 or 10 million generations with 0.15 as 
a temperature option on the CSC-IT Center for Science Ltd. (Espoo, Finland) computer 
cluster. The split frequence mean SD was lower than 0.01 after 2.5 million generations 
and represented the convergence of the analysis. The resulting trees were constucted 
using 25% of the samples as burn-in. The similar topologies were recovered using the 
maximum likelihood algorithm RAxML (514).  
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4.	 RESULTS AND DISCUSSION

4.1	 Expression and PPi hydrolysis activities of various types of mPPases 
(studies I−IV)

When I began my studies, our research group had identified and characterized just three 
Na+-PPases (28). Malinen et al. had pointed out that while the K+-independent clade of 
the phylogenetic tree of mPPases had been characterized in relative detail, the functions 
of many of the clades in the K+-dependent H+-PPase part of the tree were still unknown 
(Fig. 11). Furthermore, at that time it still remained to be shown how common Na+ 
transport was among mPPases. Based on the phylogenetic analysis of ATPases it was 
predicted that Na+ based bioenergetics could have preceded H+ bioenergetics (126). We 
aimed to find out if the ion transport specificity of mPPases had evolved similarly. We 
also knew that there was a divergent group of mPPases, e.g. from Chlorobium tepidum, 
with uncharacterized functions (Fig. 11). These enzymes are, based on their amino acid 
sequence, evolutionarily less related to other mPPases (226). In addition, we wanted to 
identify the amino acid pattern that determines the ion transport specificity of mPPases. 
This would allow the prediction of the ion specificity for the large number of mPPases 
continuously unveiled by genome sequencing projects. I therefore picked up different 
bacterial and archaeal mPPases from the uncharacterized clades of the phylogenetic tree 
of mPPases (Fig. 11) and investigated their functional properties in detail. 

C. hydrogenoformans
+-type H -PPases

+Na -PPase

+K -independent
+H -PPases

plant-type
+H -PPases

0.2
+Na -PPase

+Na -PPase

potential 
divergent 
mPPases 

+K -dependent 
mPPases

Figure 11. The phylogenetic tree of mPPases at the time I started my PhD studies. The tree was created with MrBayes 
3.1.2. The K+-independent clade (violet) and two K+-dependent clades (green, blue) of H+-PPases had been studied quite 
extensively, but many clades remained uncharacterized (shown in black) and we wished to analyze these in detail with 
special emphasis on their ion transport specificities.  
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In the first study (Article I) Ac-PPase, Cl-PPase, Ctet-PPase, Ct-PPase, Da-PPase, 
Fj-PPase, Lb-PPase mPPases were expressed in E. coli and isolated in IMVs. Ch-
PPase (K+-dependent H+-PPase) (170), Pa-PPase (K+-independent H+-PPase) (124), 
Sc-PPase (K+-independent H+-PPase) (505), Tm-PPase (Na+-PPase) (28, 161) were 
used as positive controls in this study, whereas IMVs isolated from a E. coli strain 
carrying only the cloning vector served as a negative control. Based on sequence and a 
phylogenetic analysis conserved amino acid residues were determined and compared. 
The conserved glutamate residues were site-directly mutated to clarify their role in ion 
transport specificity. Glu to Asp or Ser mutated enzymes were expressed in E. coli and 
their expression and PPi hydrolysis activity were verified similarly to what was done for 
the wild type enzymes. The corresponding mutations were Lb-PPase E253D or E253S, 
Fj-PPase E185D or E185S, Cl-PPase E242D or E242S. All of the mutated enzymes 
were able to hydrolyze PPi, except the Cl-PPase E242S variant. However, all mutated 
mPPases hydrolyzed PPi at a lower rate than the wild type enzyme (Fig. 12A). In all four 
(I−IV) studies PPi hydrolysis was analyzed with the known mPPase inhibitor AMDP and 
a soluble PPase inhibitor KF (184, 185), and as expected, our results showed that AMDP 
inhibited and KF did not inhibit the PPi hydrolysis activity of mPPases.

A

B

Figure 12. PPi hydrolysis activities and expression of the mPPases studied in article I. A. PPi hydrolysis was measured 
with 5 mM Mg2+, 10 mM Na+, 50 mM K+, 100 µM Mg2PPi with – (white bars), 250 µM KF (grey bars) or 20 µM AMDP 
(black bars) at 25 °C. The PPi hydrolysis activity of thermophilic mPPases (Ch-PPase, Ct-PPase, Pa-PPase, Tm-PPase) 
was measured also at 40 °C, because the activity of these enzymes is very low at 25 °C. Ct-PPase was shown to act as a 
K+-independent mPPase at 40 °C when its activity was measured with 5 mM Mg2+, 100 µM Mg2PPi and 0−200 mM KCl. 
B. Western blot of the wild type and site-directly modified mPPases of bacterial and archaeal origin. 0.2−2 µg of total 
protein was loaded onto the 4−20% SDS-PAGE gels and mPPases were detected with a primary rabbit antiserum specific 
for mPPases (IYTKAADVGADLVGKVE) and a HRP labeled secondary antibody.   
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In the second study (Article II) we expressed the following bacterial mPPases: Am-
PPase, Bv-PPase, Clep-PPase, Clen-PPase, Cs-PPase and Vb-PPase. The archaeal Mm-
PPase, (a Na+-PPase) (28) was expressed as a positive control in these experiments. 
Protein expression in the vesicles was verified with Western blotting. All of the 
enzymes in studies I and II, both wild type and mutated ones, except Cl-PPase E242S 
were expressed in E. coli (Figs. 12B & 13A). The E242S substititution may induce big 
conformational changes to Cl-PPase and have a negative effect on the viability of E. coli 
cells. Some of the mPPases migrated differently in the SDS-PAGE gel although the sizes 
of the proteins do not differ markedly. Because mPPases are highly hydrophobic SDS 
may not be able to completely denaturate the proteins and this can result in differences 
in migration (253). Like in the study I, all of the enzymes expressed in study II were able 
to hydrolyze PPi indicating that they are mPPases. 

Figure 13. Western blot and PPi hydrolysis activities of mPPases studied in article II. A. Proteins were loaded in the 
following order 1. no PPase, 2. Po-PPase, 3. Am-PPase, 4. Clep-PPase, 5. Clen-PPase, 6. protein ladder for size determi-
nation, 7. Cs-PPase, 8. Vb-PPase, 9. Mm-PPase, 10. Bv-PPase. B. PPi hydrolysis activities of different bacterial mPPases 
were analyzed also in the presence of the inhibitors KF and AMDP. Furthermore, PPi hydrolysis from the B. vulgatus 
IMVs (inset) showed similar behavior as the Bv-PPase expressed in E. coli IMVs.

In the third study (Article III) we described the functions of Na+-PPases in detail and 
identified the amino acid residues that determine the Na+-PPase ion transport specificity. 
The sequence and structure of Na+-PPase monomers were analyzed and the gate amino 
acid residues (Lys681, Asn677, Ser243, Glu242, Asp239), which specify the transported 
ion in Cl-PPase, were modified with site-directed mutagenesis (Fig. 14). 
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Figure 14. 3D-structure of the Tm-PPase monomer and the gate residues important for ion transport specificity. Mg2+ 
ions are shown in green and aspartate residues important for substrate binding are shown in blue. The gate amino acid 
residues  are marked with cyan and water with red. The dark grey transmembrane helices (TMs) form the outer ring and 
the light grey TMs the inner ring of the mPPase monomer. The gate residues important for ion transport specificity were 
site-directly mutated and their residue numbers in Cl-PPase are coloured in black and in Tm-PPase in orange.

Figure 15. Expression and PPi hydrolysis activities of the mPPases studied in article III. A. mPPase expression in E. coli 
IMVs was determined by SDS-PAGE (10−18 µg total protein loaded to 4−20 % acrylamide gradient gel) stained with 
Coomassie Blue. The protein expression was clearly demonstrated from the gel when compared to no-PPase containing 
IMVs. B. mPPase expression was also analyzed with Western blotting using a primary rabbit antibody that specifically 
binds to an mPPase sequence and an IR-labeled secondary anti-rabbit antibody. C. PPi hydrolysis was determined in the 
presence of 10 mM Na+, 50 mM K+, 100 µM Mg2PPi, at pH 7.2, at 25 ºC. In addition, 250 µM KF, a soluble PPase inhib-
itor, or 20 µM AMDP, an mPPase inhibitor was added to the reaction.
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The mutated Cl-PPases K681N, K681R, N677D, S243A, E242D, D239S, D239E 
were expressed in E. coli and isolated in IMVs. Their expression was verified both with 
Coomassie staining of the 4−20% polyacrylamide SDS gels (Fig. 15A) and with Western 
blotting (Fig. 15B). Site-directly modified enzyme activities and expression levels were 
compared to the activities of the Cl-PPase and no PPase IMVs. The Cl-PPase variants 
K681R, D239S and D239E were not able to hydrolyze PPi although they were expressed 
in the IMVs (Fig. 15C).  

Although mPPases form a conserved enzyme family based on their amino acid 
sequences, the phylogenetic tree includes sequences that are only distantly related 
(23−34% similarity) to other mPPases. These sequences have usually additional 
amino acid residues compared to the other prokaryotic mPPases, and they were long 
thought to be pseudogenes. In May 2014 there were 2828 completely sequenced 
prokaryotic genomes, of which about 25% (686) contained genes encoding mPPases, 
but only 46 bacterial strains and one archaeal strain had corresponding sequences to 
this divergent clade. In the fourth study (Article IV), we expressed and characterized 
two members of this clade of the tree. We named these enzymes divergent mPPases 
and the enzymes studied were those of C. limicola [Cl-PPase(2)] and C. fimi (Cf-
PPase).

Figure 16. Expression and PPi hydrolysis activities of the divergent mPPases studied in article IV. A. Expression was 
verified with Western blotting using an anti-His tag attaching antibody (Rockland Immunochemicals Inc.) and 10 µg of 
a total protein sample. The order on the gel was 1. no PPase, 2. Cl-PPase(2) without an 8xHis-tag, 3. Cf-PPase without 
an 8xHis-tag, 4 Cl-PPase(2) with an 8xHis-tag, 5. Cf-PPase with an 8xHis-tag. 6. 6xHisProtein ladder (Qiagen). B. PPi 
hydrolytic activities were measured with 5 mM Mg2+ and 100 µM Mg2PPi with no addition, 250 µM KF or 20 µM AMDP 
to show that the enzymes are mPPases.   

The protein expression of the Cl-PPase(2) and Cf-PPase proteins containing an 
uncleavable 8xHis-tag was analyzed with Western blotting and an anti-His-tag antibody 
(Fig. 16A). The amino acid sequence (IFTKIADIGSDLM-KIA) of divergent mPPases 
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differs significantly from the peptide sequence against which the antibody specific for 
mPPases specific had been designed (IYTKAADVGADLVGKVE), therefore it does 
not recognize divergent mPPases. The PPi hydrolysis activity of IMVs with no PPase, 
Cl-PPase(2) and Cf-PPase was analyzed at pH 7.2 with 5 mM Mg2+ and 100 µM Mg2PPi 
with 250 µM KF or 20 µM AMDP (Fig. 16B). It was also shown that the expression 
levels of divergent mPPases were 2−3% of the total E. coli IMV protein expression 
and that the PPi hydrolysis activities of His-tagged versions of Cl-PPase(2) and Cf-
PPase were the same as those of the wild type enzymes. We were not able to detect the 
expression of divergent mPPases in the Coomassie stained SDS-PAGE gels, because E. 
coli contains proteins of similar size and the mPPases are expressed at low levels. All 
the novel enzymes expressed and characterized in studies I-IV were able to hydrolyze 
PPi, and this activity was inhibited by AMDP but not by KF, clearly indicating that the 
enzymes are mPPases.

4.2	 Ion transport (studies I−IV)
Na+ transport was detected using a radioactive 22Na+ isotope in a membrane filtration 
assay at 25 ºC. The accumulation of 22Na+ in IMVs was determined by scintillation 
counting. Four new Na+-PPases were discovered (Ac-, Cl-, Da-, Ctet-PPases) suggesting 
that Na+ transport is a general property, and not just a peculiarity among mPPases (Fig. 
17). However, not all mPPases, for example Fj-, Lb- and Ct-PPases tested in study I, 
were able to transport Na+. As a control in these measurements we used the previously 
characterized Na+-PPase of T. maritima, K+-dependent H+-transporting Ch-PPase, and 
K+-independent H+-transporting Pa- and Sc-PPases. The accumulation of 22Na+ as a 
function of time was also determined. ED/S modified enzymes were shown to follow 
the ion transport specificity of wild type mPPases (Fig. 17).

Figure 17. Na+ transport activity of mPPases characterized in study I. Ac-, Cl-, Da-, Ctet-PPases and Cl-PPase E242D are 
Na+-transporters, whereas Fj-, Lb-PPases and their mutants are not. To detect the limits of the assay Na+ accumulation into 
the vesicles was determined as a function of time with IMVs containing Tm-PPase/Lb-PPase/no PPase (inset).
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H+ transport was detected in the mPPase-containing IMVs at 25 °C using ACMA 
as a pH dependent fluorescent dye. We found two new H+-PPases, Lb- and Fj-PPase 
(Fig. 18A) and as a control in these measurements we used Ch-PPase. Na+ transporting 
mPPases were not able to transport H+ ions under the experimental conditions used (10 
mM Na+, 5 mM Mg2+, 50 mM K+, 100 µM Mg2PPi). The H+ transport of Lb-PPase was 
detected at different PPi hydrolysis rates adjusted by different Na+ (and K+) concentrations 
to determine the sensitivity of the assay (Fig. 18B). The effects of site-directed mutations 
on H+ transport were also tested (Fig. 18C). Cl-PPase E242D behaved like the wild 
type Cl-PPase, i.e. it was not able to transport H+. The mutant Lb-PPase E253D and Fj-
PPase E185D were able to transport H+. However, when the corresponding Glu residues 
were replaced with Ser residues the H+ transport activity was completely abolished 
(Fig. 18C). All mutants retained PPi hydrolysis activity in excess of the level required to 
support detectable H+ transport activity (Fig. 12A). Accordingly, we concluded that the 
carboxylate group at position 253 in Lb-PPase and 185 in Fj-PPase is essential for H+ 
transport function. 

Figure 18. H+ transport activity of mPPases characterized in study I. A. H+ transport of wild type mPPases. Lb-, Ch- and 
Fj-PPases are H+-transporters. Na+-PPases do not transport H+ when measured in 10 mM Na+, 5 mM Mg2+, 50 mM K+, 300 
µM Mg2PPi. B. Limits of our H+ transport assay were determined by measuring the H+ transport of Lb-PPase at different 
PPi hydrolysis rates adjusted by Na+ and K+ concentrations. C. H+ transport activity of mutated mPPases. A specific con-
served Glu residue (E253 in Lb-PPase and E185 in Fj-PPase) is important for H+ transport as shown by ES-substitutions 
which completely abolished H+ transport but still had a high enough PPi hydrolyzing activity to support H+ transport. 
Mutating these glutamates to aspartates did not abolish proton pumping. 
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After Na+-PPases were discovered in 2007 (28), ion pumping by mPPases was thought 
to be strictly specific for either Na+ or H+, i.e. H+-PPases pump only protons and Na+-
PPases only sodium ions. However, in the second study, we characterized an mPPase of 
B. vulgatus, a bacterium of the human gastrointestinal tract, and showed that this mPPase 
transported both Na+ and H+ under physiological conditions (Fig. 19), and thus we named 
this enzyme a Na+,H+-PPase analogously to Na+,H+-ATPases (515). Based on Na+ and H+ 
transport measurements with and without ionophores, CCCP, ETH157, valinomycin and 
the mPPase inhibitor AMDP, we concluded that both the Na+ and H+ transport was due 
to an mPPase activity and not to secondary transport (Figs. 19A & B). Our results also 
indicated that transport of both Na+ and H+ was electrogenic. Na+ and H+ transport was 
measured with similar PPi hydrolysis rates with the Na+-translocating Ac-PPase and the 
H+-translocating Lb-PPase to verify that the Na+ and H+ transport rates were proportional 
to those of the strictly Na+- or H+-transporting mPPases (Figs. 19 C & D). 

Figure 19. Na+ and H+ transport activities of the Bv-PPase characterized and measured in study II. A & B. Bv-PPase 
Na+ and H+ transport was measured with and without different ionophores and with AMDP. Based on these results we 
concluded that both Na+ and H+ transport is due to the mPPase and not caused by a secondary transport phenomenon. C 
& D. Na+ and H+ transport by Bv-PPase was measured together with the known Na+-PPase of A.caccae and H+-PPase of 
L. biflexa, to show that both of these ions were transported at rates comparable to those of monocation specific mPPase 
ion transporters.

To find out if Bv-PPase transports Na+ and H+ competitively we measured both ion 
transport activities at different pH and Na+ concentrations (Fig. 20). Bv-PPase was able 
to transport protons in wide pH and [Na+] ranges. These results indicated that high [Na+] 
did not suppress H+ transport under any conditions tested. Furthermore, Na+ transport 
was highest at a low pH and a 10 mM Na+ concentration (Fig. 20) and the Na+-PPase 
transported Na+ under all of the conditions tested. Accordingly, we concluded that Bv-
PPase transports Na+ and H+ non-competitively. 
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Figure 20. Bv-PPase catalyzed Na+ and H+ transport at pH 5.5 to 9.0 and at Na+ concentrations of 0.1−200 mM (25 °C) 
(study II). A & B. Na+ and H+ transport was measured at different pH values to show that Na+ and H+ were not transported 
competitively. C & D. Na+ and H+ transport under different Na+ concentrations. 

Figure 21. Ion transport studies of bacterial and archaeal mPPases that are evolutionary related to Bv-PPase (study 
II). A. H+ transport with 5 mM Mg2+, 10 mM Na+, 50 mM K+, 300 µM Mg2PPi and 2 µM ACMA revealed that all 
other new mPPases were able to transport H+ except Vb- and Cs-PPase. B. All new mPPases tested were Na+ trans-
porters. E. coli IMVs with no PPase (transformed with the pET36b(+) vector only) were used as a control in these 
measurements.

When we showed that Bv-PPase was a Na+,H+-transporting enzyme, we did not 
know if there were also other bacterial mPPases that were able to transport both 
Na+ and H+. To address this question we constructed a new phylogenetic tree for 
mPPases and analyzed the Bv-PPase containing clade, from which we chose different 
bacterial mPPases for cloning, expression and characterization and showed that Po-
PPase, Am-PPase, Clep-PPase and Clen-PPase were also Na+,H+-PPases, indicating 
that the double ion transport function was a common property for a specific group 
of mPPase (Fig. 21). However, we also discovered two mPPases, Vb-PPase and 
Cs-PPase, which did not transport H+ and were strictly Na+ transporters. When we 
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analyzed the amino acid sequence of these mPPases we discovered four conserved 
residues Thr90, Phe94, Asp146, Met176 (Bv-PPase numbering) that may act as a 
signature sequence for double ion transporters. This was further supported by the 
observation that strictly Na+-transporting Cs-PPase and Vb-PPase did not contain all 
of these conserved residues. 

The first Na+-PPases discovered in 2007 (28) were characterized at nearly 
physiological conditions using 5−10 mM Na+, a pH range of 5.5−9.0 and saturating PPi 
concentrations. These were the conditions we also used in the first study of this thesis. 
However, as the Na+-translocating ATPase of Propiogenium modestum had been shown 
to transport also H+ at low Na+ concentrations (516), in study III we tested whether 
this was true also for Na+-PPases. Accordingly, by analyzing the ion transport of the C. 
limicola Na+-PPase (Cl-PPase) at subphysiological Na+ concentrations (below 5 mM), 
we found out that this enzyme transports also protons, but that its transport ability was 
abolished when the Na+ concentration was increased to 5 mM or higher (Fig. 22A). 
The detection of the Na+-PPase-mediated H+ transport activity was facilitated by our 
efforts to increase the sensitivity of the H+ transport assay during studies I and II. The 
H+ ionophore CCCP abolished the H+ transport signal, the Na+ ionophore ETH157 had 
no effect and AMDP inhibited it. Furthermore, valinomycin enhanced H+ transport 
indicating that this transport was electrogenic. These results (Fig. 22B) indicated that 
also in this case H+ transport was catalyzed by a mPPase and was not due to secondary 
transport. The H+ transport activity of Rr-PPase was measured at PPi hydrolysis activity 
levels similar to those for Cl-PPase to find out if the H+ transport signal of the C. 
limicola Na+-PPase at subphysiological Na+ concentrations was comparable to the 
proton transport signal of a “true” H+-PPase. The Cl-PPase H+ transport signal was 
lower than that of Rr-PPase, and this was not due to the leakiness of the membranes as 
indicated by a H+-ATPase control (Fig. 22C). The results described above showed that 
a sodium pump, Cl-PPase, can transport both Na+ and H+ at low Na+ concentrations 
(below 5 mM). Furthermore, this enzyme pumped protons at low Na+ concentrations at 
all pH values tested (6.2−8.2). H+ ions were not able to compete with Na+ at high Na+ 
concentrations even at pH 6.2 when there is 100-fold more protons than at pH 8.2 (Figs. 
23A & 23B). All these results indicated that the ion transport specificity of Cl-PPase is 
complex and not based only on the competition between proton and sodium. We also 
observed that Cl- ions stimulate H+ and Na+ transport. This is probably due to the fact 
that membranes e.g. vacuolar membranes are more permeable to Cl- than to SO4

2- and 
thus Cl- can partially neutralize the inside positive charges of vesicles (291) leading to 
an increase in the signal. 
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Figure 22. H+ transport catalyzed by Cl-PPase was measured with ACMA at various Na+ concentrations and with ion-
ophores. Cl-PPase H+ transport was compared to that of Rr-PPase which is known to transport H+ (study III). Unless 
otherwise stated the reactions contained 300 µM Mg2PPi, 5 mM Mg2+, 50 mM K+ and were performed at pH 7.2 and 25 
ºC. A. Cl-PPase H+ transport was measured at a Na+ range of 0.1−100 mM. B. The effects of ionophores and the inhibi-
tor, AMDP, were determined at the following concentrations 5 µM CCCP, 20 µM ETH157, 2 µM valinomycin, 500 µM 
AMDP. C. H+ transport of Cl-PPase was measured at a PPi hydrolysis rates similar to that of Rr-PPase in the presence of 
1 mM Na+. In control reactions 250 µM ATP was used instead of 300 µM Mg2PPi to determine H+ transport catalyzed by 
endogenous H+-ATPase. These controls indicated that the vesicles were not leaking ions.

Figure 23. H+-transport of Cl-PPase measured at pH 6.2 (A) and 8.2 (B) with 5 mM Mg2+, 300 µM Mg2PPi, 50 mM K+ 
(25 ºC) (study III). The enzyme transported protons at low Na+ concentrations (below 5 mM) at all pH values (6.2, 7.2, 
8.2) tested. 

In addition, we measured Na+ transport at different time points (0−90 s) at 0.05−10 
mM Na+ concentration (Fig. 24A). Na+ transport (grey bars) and PPi hydrolysis rates 
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(white bars) were analyzed under identical conditions and the results were converted to 
apparent Na+/PPi coupling ratios (Fig. 24B). Even though the coupling ratio was low due 
to the leakiness of E. coli IMVs, Cl-PPase transported Na+ at a similar efficiency over the 
entire concentration range tested. Therefore, the emergence of a H+ transport activity at 
a low Na+ concentration did not lead to a decrease in the Na+ transport activity as would 
have happened if H+ simply competed with Na+ as the transported ion (Fig. 24B). 

Figure 24. Na+ transport catalyzed by Cl-PPase at different time points and Na+ concentrations with corresponding PPi 
hydrolysis activities (study III). A. Na+ transport was detected at different time points at 0 ºC and pH 7.2 with 50 mM 
K+. B. Cl-PPase Na+ transport (grey bars) at 0.05−10 mM Na+ and PPi hydrolysis activities (white bars) measured under 
identical conditions. The coupling ratio indicates the ratio of Na+ transported per PPi hydrolyzed. 

By analyzing the H+ transport activity of several Na+-PPases we showed that proton 
pumping at low (0.1−1 mM) but not at high (10 mM) Na+ concentrations, is a general 
property of Na+-PPases (Fig. 25). To analyze this unique property further, we mutated the 
gate amino acid residues of Cl-PPase (D239E, D239S, E242D, S243A, N677D, K681N 
and K681R) and studied the H+ and Na+ transport activities of the mutants. We showed 
that, in general, if the mutant was able to hydrolyze PPi and its ion transporting properties 
were similar to those of the wild type enzyme (S243A, E242D and N677D variants), it 
transported both Na+ (Fig. 26) and protons (Fig. 27) at low Na+, whereas mutants which 
did not hydrolyze PPi (K681R, D239E and D239S) pumped neither sodium ions nor 
protons. Interestingly, the K681N mutant behaved in a different way. It hydrolyzed PPi 
and transported Na+ but not H+ at low [Na+] (Fig. 27). Lys681 is one of the ion transport 
specificity determining gate residues of both Na+- and H+-PPases (71, 72). When this 
residue was replaced by alanine, arginine or asparagine the H+ transport activity of the 
H+-PPase was eliminated (72). Our results indicate that this conserved lysine residue is 
important also for the proton pumping by Na+-PPases at low Na+.
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Figure 25. H+ transport catalyzed by Na+-PPases at different (0.1−10 mM ) Na+ concentrations. Reactions were carried out 
at 25 °C and the reaction mixtures included 300 µM Mg2PPi,  50 mM K+ and 5 mM Mg2+ (25°C).

Figure 26. Na+ transport catalyzed by a mutant Cl-PPases measured at 22 ºC and pH 7.2 with 1 mM Na+, 5 mM Mg2+, 
50 mM K+ and 1 mM TMA4PPi. Mutated mPPases which hydrolyzed PPi also transported Na+ but mutants having no PPi 
hydrolysis activity did not transport Na+.

Figure 27. H+ transport catalyzed by mutant Cl-PPases. Measurements were performed at 25 ºC with 50 mM K+, 160 
mM Cl-, 300 µM Mg2PPi. All the mutants except K681N were able to hydrolyze PPi transported H+ at low Na+, whereas 
mutants unable to hydrolyze PPi did not transport H+, indicating that Lys681 is important for the ion transport specificity. 
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In study IV we analyzed the ion transport specificity of divergent mPPases. H+ transport 
was measured with 5 mM Mg2+ and 300 µM Mg2PPi in IMVs containing no PPase, Cf-
PPase or Cl-PPase(2). Cl-PPase(2) H+ transport was determined also in the presence of 
500 µM AMDP, 100 mM Na+, 150 mM K+ or 5 µM CCCP and with various Mg2PPi 
concentrations (Fig. 28). A high K+ concentration increased and high Na+ and substrate 
concentrations decreased H+ transport (Fig. 28). The membrane potential measured with 
bis-(1,3-dibutylbarbituric acid)trimethine oxonol [DiBAC4(3)] showed that IMVs which 
did not have a mPPase created an ATP induced membrane potential, whereas a PPi induced 
membrane potential was observed only with IMVs  containing Cl-PPase(2). Valinomycin 
reversed the quenching of the fluorescence (Fig. 28C). Based on these results we concluded 
that H+ transport is an electrogenic process also for divergent mPPases. Neither Cf-PPase 
nor Cl-PPase(2) transported Na+. The Na+-transporting Cl-PPase was used as a positive 
and IMVs with no PPase as a negative control in these measurements (Fig. 29).

Figure 28. H+ transport catalyzed by divergent mPPases (A, B) was determined with 2 µM ACMA and the electrogenic 
nature of the H+ transport was analyzed with 25 nM DiBAC3(4) a fluorescent dye. A. Cl-PPase(2) and Cf-PPase trans-
ported H+ ions in 5 mM Mg2+, 300 µM Mg2PPi with and without 500 µM AMDP, 100 mM Na+ or 150 mM K+. Only the 
curve with Mg2+ and Mg2PPi is shown for Cf-PPase in the figure. The primary nature of H

+ transport was determined 
with 5 µM of the protonophore CCCP. B. Cl-PPase(2) H+ transport measured with 25−1000 µM Mg2PPi indicated that 
transport was inhibited at high substrate concentrations. C. The electrogenic nature of H+ transport was demonstrated  by 
the Cl-PPase(2) containing vesicles. ATP mediated electrogenic transport was seen both with vesicles having no mPPase 
and with vesicles containing Cl-PPase(2).

Figure 29. Na+ transport measurements with divergent mPPases. IMVs with no mPPase (negative controls) gave similar 
signals as Cl-PPase(2) and Cf-PPase expressing vesicles, whereas the Na+ transporting Cl-PPase (positive control) trans-
ported Na+. These results indicated that divergent mPPases are strictly H+ transporters.
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4.3	 Kinetic studies of ligand binding (studies I−IV)
The effects of ligands on hydrolysis kinetics of Na+-PPases and K+-dependent and 
-independent H+-PPases are somewhat different (7, 28, 139, 149, 170). We carried out 
the steady state kinetics of PPi hydrolysis with various types of mPPases at different 
Na+, K+, Mg2+, and Mg2PPi concentrations (studies I−IV) to determine the number of 
ligand binding sites, ligand binding constants, and kinetic schemes for these enzymes. 
In the first study, several mPPases were cloned, expressed and isolated in IMVs and 
the Na+ dependence of their PPi hydrolysis activity was measured (25 °C) with or 
without 50 mM K+ at a saturating substrate concentration (160 µM Mg2PPi) (Fig. 30). 
PPi hydrolysis by all the Na+-PPases studied were activated by Na+ with or without 50 
mM K+, but K+ enhanced their Na+ binding. The E242D mutant of Cl-PPase required 
significantly more Na+ than the wild type enzyme, indicating Glu242 to be important 
for Na+-binding. In the absence of K+, H+-PPases (Fj- and Lb-PPase) were slightly 
activated by Na+ but in the presence of 50 mM K+ they were already fully active and 
Na+ could not activate them further suggesting that H+-PPases have an ion binding 
site, to which both Na+ and K+ can bind. Na+-PPases seem to have one activating and 
one inhibiting Na+ binding site. Similar results have been previously obtained with 
other Na+-PPases (28, 139) and H+-PPases (173, 174, 177). Fitting the data of Fig. 
30 to Equation 1 derived for Scheme 1 gave the kinetic parameter values shown in 
Table 4.

Figure 30. Na+ dependence of PPi hydrolysis catalyzed by mPPases studied in article I with or without 50 mM K+. Na+-
PPases (shown by asterisk) were activated by Na+ and K+ enhanced their Na+ binding. H+-PPases were fully activated at 
50 mM K+ and Na+ activated these enzymes in the absence of K+.          
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v = 
V1

1 + K / [M] + a [M] / Ki

(Equation 1)

ES  ESM     ESM2

K  Ka i

V1

(Scheme 1)

Scheme 1 and Equation 1 describe the minimal model of Na+ binding to the enzyme-substrate complexes (ES) of study 
I. M is the metal ion (Na+), Ka and Ki are the binding constants for Na+ and V1 is the maximal velocity of PPi hydrolysis 
catalyzed by the ESM complex. According to Scheme 1 the mPPase has one activating and one inhibiting binding site for 
Na+ and maximum activity is achieved when one Na+ is bound to the ES complex.

Table 4. Kinetic parameters describing Na+ binding to the enzyme-substrate complex (ES) of selected mPPases in the 
presence and absence of 50 mM K+ (study I)

Enzyme

Parameter value
no K+a 50 mM K+

V1 Ka V1 Ka Ki

µmol∙min-1 ∙mg-1 mM µmol∙min-1∙mg-1 mM mM

Ac-PPase* b 0.04 ± 0.01 23 ± 5 0.17 ± 0.01 0.43 ± 0.04 NA c

Ctet-PPase* 0.24 ± 0.01 27 ± 2 0.80 ± 0.08 0.45 ± 0.08 NA
Da-PPase* 0.48 ± 0.08 80 ± 2 0.78 ± 0.09 1.9 ± 0.4 NA
Cl-PPase* 0.26 ± 0.04 14 ± 3 1.1 ± 0.1 0.036 ± 0.002 100 ± 20
Cl-PPase (E242D)* 0.38 ± 0.08 190 ± 50 0.81 ± 0.06 16 ± 2 400 ± 110
Fj-PPase 0.09 ± 0.01 9 ± 2 0.99 ± 0.04 NA 130 ± 20
Lb-PPase 0.14 ± 0.02 9 ± 2 0.46 ± 0.05 NA NA

a Ki value was above 1000 mM in the absence of K+. 
b Na+-PPases are marked by an asterisk
c NA = not applicable

Fig. 31 shows the K+ dependence of PPi hydrolysis catalyzed by mPPases characterized 
in study I in the presence of 50 mM Na+ and 5 mM Mg2+. All these Na+- and H+-PPases 
were activated by K+ indicating that they are K+-dependent enzymes. Interestingly, the 
E242D mutation of Cl-PPase had a significantly smaller effect on K+ binding than it 
had on Na+ binding (Figs. 30 & 31). The data shown in Fig. 31 was fitted to Equation 2 
derived for Scheme 2 giving the parameter values listed in Table 5. 

Figure 31. K+ ion dependence of PPi hydrolysis catalyzed by mPPases studied in article I in the presence of 50 mM Na+. 
All these Na+- and H+-PPases are activated by K+. 
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v = 
V + V K / [M]1 2 a  

1 + K / [M] a 

(Equation 2)

ES  ESM

V2 V1

Ka

(Scheme 2)

Scheme 2 and Equation 2 describe the minimal model of K+ binding to the ES complexes of study I. Ka is the K+ binding 
constant and V1 and V2 are the maximal velocities of PPi hydrolysis of the two ES complexes. K+-dependent mPPases have 
one K+ binding site and they are activated at high K+.

Table 5. Kinetic parameter values describing K+ activation of selected mPPases in the presence of 50 mM Na+ (study I).

Enzyme

Parameter value
V1 V2 Ka

µmol∙min-1∙mg-1 µmol∙min-1∙mg-1 mM

Ac-PPase* b 0.25 ± 0.01 0.03 ± 0.01 14 ± 2
Ctet-PPase* 1.9 ± 0.2 0.44 ± 0.04 30 ± 9
Da-PPase* 1.31 ± 0.04 0.15 ± 0.01 38 ± 2
Cl-PPase* 1.2 ± 0.1 0.25 ± 0.02 32 ± 8
Cl-PPase (E242D)* 0.89 ± 0.03 0.06 ± 0.01 19 ± 2
Fj-PPase 1.45 ± 0.08 0.11 ± 0.01 20 ± 2
Lb-PPase 0.74 ± 0.06 0.14 ± 0.01 18 ± 5

b Na+-PPases are marked by asterisk

In study II we characterized the Na+ and K+ binding and measured the pH 
optimum for the Na+,H+ translocating Bv-PPase. The reaction mixture contained 
160 µM PPi and 5 mM free Mg2+ as in study I. Bv-PPase turned out to be similar 
to Na+-PPases with respect to monovalent cation activation (28, 139), i.e., it has 
two Na+ binding sites, one activatory and one inhibitory, and K+ decreases the Na+ 
concentration required for activity (Fig. 32A). The data was fitted to Equation 3 
derived for Scheme 3 giving the parameter values shown in Table 6. Interestingly, 
K+ enhances the Na+ binding affinity to the activatory site 60-fold, but has no effect 
on Na+ binding to the inhibitory site (Table 6). Furthermore, Na+ is required for 
activity both at pH 7.2 and 5.5 suggesting that H+ cannot replace Na+ as an activator. 
Bv-PPase is a K+-dependent enzyme (Fig. 32B). K+ binding was fitted to Equation 3 
by assuming that there is only one K+ binding site and thus the Ki value for K+ was 
fixed to ∞. Bv-PPase reached the half maximal activity in the presence of 11−12 mM 
K+. The pH optimum of Bv-PPase is between 6.5−7.5 (Fig. 32C) which is similar to 
the pH optimum (6.5−8.0) previously observed with other mPPases (150, 152, 156-
158). From the bell shaped pH dependence curve we estimated the pKa values of the 
deprotonated and protonated groups to be 5.8 ± 0.1 or 7.9 ± 0.1, respectively (Fig. 
32C). These are quite similar to the corresponding pKa values 5.6 ± 0.1 or 9.3 ± 0.1 
determined for Mm-PPase (28).  
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Figure 32. Na+, K+ and pH dependence of the hydrolytic activity of Bv-PPase. A. Na+ dependence measured at pH 7.2 and 
5.5 with and without 50 mM K+. The curves show that K+ had similar effects on the Na+ dependence of the PPi hydrolysis 
activity at both pH values tested. B. K+ dependence with 50 mM Na+ measured at pH 7.2 and 5.5. The K+ dependence of 
the hydrolysis activity was similar at both pH values tested. C. pH dependence of the PPi hydrolysis activity with 10 mM 
Na+ and 50 mM K+. 

v = 
V K / [M] + V1 a 2

1 + K / [M] + [M] / Ka i

(Equation 3)

ES  ESM     ESM2

K      Ka i

V1

(Scheme 3)
V2

 Scheme 3 and Equation 3 describe the minimal model of Na+ and K+ binding to the Bv-PPase-substrate complexes (ES) 
of study II. Ka is a K+ binding constant and both, Ka and Ki are Na+ binding constansts. V1 and V2 are the maximal velocities 
of the PPi hydrolysis of the two ES complexes.

Table 6. Kinetic parameter values describing Na+ and K+ binding to the Bv-PPase-substrate complex (study II).

Parameter value
Activator pH Ka V1 V2 Ki  

mM nmol·min-1·mg-1 nmol·min-1·mg-1 mM

Na+ 7.2 0.57 ± 0.06/33 ± 3a <3/<3 420 ± 20/360 ± 20  340 ± 60/320 ± 30
Na+ 5.5 2.0 ± 0.3/ 21 ± 2 <2/ <2 160 ± 10/56 ± 5  310 ± 70/n.d.b

K+ 7.2 11 ± 3 150 ± 10 390 ± 20
K+ 5.5 12 ± 3 44 ± 4 170 ± 10

a Parameter values left and right of the slashed line were measured in the presence and absence of 50 mM K+, respectively. 
K+ binding experiments were conducted in the presence of 50 mM Na+.
b n.d., not determined.

In study I, the Na+ dependence of the PPi hydrolysis catalyzed by Cl-PPase was 
studied along with other Na+-PPases (Figs. 30 & 31 and Tables 4 & 5). In study III Cl-
PPase was analyzed further together with its mutants (Figs. 33 & 34 and Tables 7 & 8). 
These reactions were carried out at pH 7.2 and 25 ºC, and the reaction mixtures contained 
5 mM Mg2+ (free) and 100 µM Mg2PPi. Consistent with previous observations with Na+-
PPases (28) K+ increased Na+ binding to the wild type Cl-PPase and as a Na+-PPase this 
enzyme essentially requires Na+ for its hydrolytic activity (Fig 33A). In addition to pH 
7.2, the Na+-dependence was measured also at pH 6.2 and 8.2 with 50 mM K+. At pH 8.2 
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the K+ induced Na+-binding affinity was increased and at pH 6.2 decreased compared to 
pH 7.2 (Figs. 33A & B and Table 7). The K+-dependence measured in the presence of 
0.1−50 mM Na+ indicated that Na+ has only a minor effect on K+ binding (Fig. 33C and 
Table 8). 

Figure 33. Na+ and K+ dependence of PPi hydrolysis catalyzed by Cl-PPase (study III). A. Na+ dependence at pH 7.2 with or 
without 50 mM K+. B. Na+ dependence at pH 6.2 and 8.2 with 50 mM K+. C. K+ dependence with 0.1, 10 and 50 mM Na+. 

Figure 34. Na+ dependence of PPi hydrolysis catalyzed by Cl-PPase mutants PPi with (black circles) or without (white 
circles) 50 mM K+ (study III).

Like the wild type enzyme, the E242D, S243A, N677D and K681N variants of Cl-
PPase absolutely required Na+ for their activity (Fig. 34 and Table 7). K+ further enhanced 
both Na+ binding and maximal activity. However, there were drastic differences between 
the Na+ dependence profiles of the wild type and mutants. All the variants required, 
both in the presence and absence of K+, much more Na+ to be active than did the wild 
type, indicating that all these residues are in close proximity to the Na+ binding site. In 
addition, high Na+ inhibited the wild type and the N677D variant, but not the E242D, 
S243A and K681N variants (Figs. 33A & 34). 

Scheme 4A and 4B describe the Na+ binding to the Cl-PPase-substrate complex in the 
absence and presence of K+, respectively. Data presented in Figs. 33 and 34 was fitted 
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to Equations 4A and 4B giving the Na+ binding constants (Ka1, Ka2, Ka, Ki) and maximal 
velocity values (VN, VK, V1, V2) shown in Table 7.

v = 
VN

2
1 + K / [M] + K K / [M]a2 a1 a2 

+ a

v = 
V + V [M] / KK N i

1 + K / [M] + [M] / Ka i

+ a

(Equation 4A)

(Equation 4B)

ES  ESNa      ESNa2

K       Ka1 a2

(Scheme 4A)
VN

ES  ESNa     ESNa2

K       Ka i

(Scheme 4B)
VNVK

Scheme 4 and Equation 4 describe the minimal model of Na+ binding to the Cl-PPase-substrate complexes in the 
absence (A) or presence (B) of K+ in study III. Ka1, Ka2, Ka and Ki are Na+ binding constansts. VN, VK V1 and V2 are 
the maximal velocities of the PPi hydrolysis activities of the ES complexes. Parameter a refers to the Na+ dependent 
background activity. 

Table 7. Kinetic parameter values describing Na+ binding to the Cl-PPase-substrate complex with or without 50 mM K+ 
at pH 7.2 (study III).  

Enzyme 
variant pH

Parameter value
no K+a 50 mM K+

VN
µmol∙min-1∙mg-1

Ka1
mM

Ka2
mM

VK
µmol∙min-1∙mg-1

Ka
mM

Ki
mM

Wild-type 7.2 0.30 ± 0.01 <1 10 ± 1 0.94 ± 0.02 0.033 ± 0.004 85 ± 11
Wild-type 6.2 ~0.3 0.91 ± 0.04 0.40 ± 0.05 120 ± 30
Wild-type 8.2 0.08 ± 0.01b 0.61 ± 0.05 < 0.05 2.2 ± 0.5
E242D 7.2 0.24 ± 0.04 9 ± 4 84 ± 30 0.91 ± 0.05 10 ± 1 (16 ± 2)c NAd

S243A 7.2 0.014 ± 0.002 20 ± 16 32 ± 16 0.040 ± 0.001 6.2 ± 0.7 NA
N677D 7.2 0.016 ± 0.001 ~10 31 ± 12 0.23 ± 0.02 11 ± 2 80 ± 20
K681N 7.2 0.042 ± 0.006 ~10 60 ± 10 0.20 ± 0.02 9 ± 2 NA

a Ki value was greater than 1000 mM in the absence of K+.
b Obtained from the curve measured in the presence of 50 mM K+.
c From article I
d NA, not applicable. 

Equation 5 derived for Scheme 5 describes K+ binding to the Cl-PPase-substrate 
complex in the presence of 50 mM Na+. The K+ binding constant (Ka) and activities 
and maximal velocities (V1, V1) are shown in Table 8. An increase in the Na+ 
concentration only slightly decreased K+ binding (Table 8). All enzymes variants 
were K+ dependent and the K+ binding constant was not drastically changed by these 
mutations (Table 8).
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ES  ESK
Ka

(Scheme 5)
V2V1

v = 
V + V K / [M]2 1 a  

1 + K / [M] a 

(Equation 5)

Scheme 5 and Equation 5 describe the minimal model of K+ binding to the Cl-PPase-substrate complexes (ES) of 
study III. Ka is the K+ binding constanst. V1 and V2 are the maximal velocities of the PPi hydrolysis activity of the ES
complexes.

Table 8. Kinetic parameter values describing K+ binding to a Cl-PPase and its variants in the presence of varying amounts 
of Na+ at pH 7.2 (study III).

Enzyme variant
[Na+]
mM

Parameter value
V1

µmol∙min-1∙mg-1
V2

µmol∙min-1∙mg-1
Ka

mM

Wild-type 50 0.29 ± 0.01 0.98 ± 0.02 20 ± 2 (32 ± 8)a

Wild-type 10 0.21 ± 0.07 1.38 ± 0.07 10 ± 3
Wild-type 2 0.10 ± 0.03 1.34 ± 0.03 7 ± 1b

Wild-type 0.5 0.06 ± 0.03 1.41 ± 0.03 7 ± 1b

Wild-type 0.1 0.04 ± 0.03 1.19 ± 0.03 9 ± 1
E242D 50 0.068 ± 0.004 0.75 ± 0.03 21 ± 2 (19 ± 2)a

S243A 50 0.008 ± 0.001 0.046 ± 0.002 8 ± 2
N677D 50 0.017 ± 0.007 0.23 ± 0.01 36 ± 3
K681N 50 0.028 ± 0.002 0.25 ± 0.02 38 ± 8

a From article I
b Data is not shown in Fig. 33C for clarity.

The PPi hydrolysis activity of divergent mPPases was explored as a function Na+, K+, 
Mg2+ and Mg2PPi in study IV. Divergent mPPases hydrolyzed PPi without added K+ and 
were thus first classified as K+-independent PPases. However, a high K+ concentration at 
20 µM Mg2PPi inhibited Cl-PPase(2) (Fig. 35A). The data shown in Fig. 35A was fitted 
to Equation 6 derived for Scheme 6 giving an apparent dissociation constant of 210 mM 
for K+ binding (Table 9). Na+ inhibited Cl-PPase(2) hydrolysis with or without 50 mM K+ 
(Fig. 35A). K+ increased Na+ binding ~1.5-fold (Table 9). Similarly to Cl-PPase(2), Cf-
PPase was inhibited at high Na+ (Table 9). Cl-PPase(2) inhibition at high Na+ or K+ was 
not due to the high ionic strength as is shown by measurements performed with TMA 
chloride (Fig. 35A). The Hill coefficient (h=1.9 ± 0.1) obtained from the Hill plot of 
Na+ binding to Cl-PPase(2) indicated that the ligand binds to the enzyme in a positively 
cooperative manner (Fig. 35B). 
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Figure 35. PPi hydrolysis kinetics of Cl-PPase(2) (study IV). A. Activity measured at 20 µM Mg2PPi and 1 mM Mg2+ as 
a function of K+, TMACl, and Na+ with or without 50 mM K+. This data was fitted to Equation 6 derived from Scheme 6. 
B. Hill plot presentation of the Na+ dependence data to demonstrate coperativity in ligand binding. C. Activity measured 
at 20 µM Mg2PPi as a function of Mg2+ with and without 100 mM Na+ or K+. The curves were fitted to Equation 7 derived 
for Scheme 7. D. Activity measured at 5 mM Mg2+ as a function of Mg2PPi with and without 100 mM Na+ or 150 mM K+. 
The curves were fitted to Equation 8 derived for Scheme 8. 

2v = v  - (v -v ) / {1 + (K  / [N]) }0 0 N N (Equation 6)

ES  ESN   

v0 vN

K  N

(Scheme 6)

Scheme 6 and Equation 6 describe the minimal model of K+ and Na+ binding to divergent mPPases of study IV. v0 and 
vN are activity values observed at zero and infinite effector (N) concentrations, respectively, and KN, is the apparent dis-
sociation constanst.

Table 9. Kinetic parameter values describing Na+ and K+ inhibition of divergent mPPases (study IV).   

Enzyme Modulating cation

v0 vN KN
 a

μmol∙min-1∙mg-1 μmol∙min-1∙mg-1 mM

Cl-PPase(2) Na+ 0.19 ± 0.01 0.008 ± 0.003 28 ± 2
Cl-PPase(2) K+ 0.19 ± 0.01 NDb 210 ± 15
Cl-PPase(2) Na+ (K+)c 0.17 ± 0.01 0.010 ± 0.005 19 ± 2
Cf-PPase Na+ 0.062 ± 0.002 < 0.005 81 ± 8

a Binding constant calculated assuming highly cooperative binding of two alkali metal ions.
b ND, not determined.
c Effect of Na+ measured in the presence of 50 mM K+.
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When the activity of Cl-PPase(2) was measured as a function of free Mg2+ at 20 
µM Mg2PPi with 100 mM Na+ or K+ it was shown that both cations decreased the 
PPi hydrolysis activity compared to that observed in their absence (Fig. 35C). When 
either of the two cations were present Cl-PPase(2) required significantly more Mg2+ 
to be activated. The data in Fig. 35C was fitted to Equation 7 derived for Scheme 7 
giving the kinetic parameter values listed in Table 10 which shows, for example, that 
100 mM K+ and Na+ decreased Mg2+ binding to Cl-PPase(2) by 6.3 and 113-fold, 
respectively. 

v = v  / (1 + K /[Mg]) + a[Mg]) max M,app (Equation 7)

E  EMg     EMga

K    M,app

v    max

(Scheme 7)

Scheme 7 and Equation 7 describe the minimal model of Mg2+ binding to Cl-PPase(2) of study IV. vmax is the maximal 
rate of the PPi hydrolysis activity, KM,app is the apparent Mg2+ binding constant and the term a[Mg] takes into account the 
small decrease in the activity observed at high Mg2+ concentrations. 

Table 10. Kinetic parameter values describing the effects of Na+ and K+ on the Mg2+-dependent activation of Cl-PPase(2) 
(study IV).

Modulating cation

vmax KM,app 

μmol∙min-1∙mg-1 mM

None 0.147 ± 0.002 0.08 ± 0.01
Na+ 0.156 ± 0.007 9 ± 1
K+ 0.16 ± 0.02 0.5 ± 0.2

Cl-PPase(2) activity measured as a function of substrate at 5 mM free Mg2+ and pH 
7.2 in the presence or absence of 100 mM Na+ or 150 mM K+ revealed a substrate 
inhibition that is dependent on monovalent cations. K+ somewhat protects the enzyme 
against substrate inhibition at high Mg2PPi (Fig. 35D). The data shown in Fig. 35D was 
fitted to Equation 8 derived for Scheme 8 giving specific activities (A1, A2), and Michaelis 
constants (Km1, Km2) for different enzyme substrate complexes (Table 11). Interestingly 
even though Na+ inhibits the enzyme it increases the binding of the activatory Mg2PPi 
(Km1) by 3-fold. Both K+ and Na+ slightly protect Cl-PPase(2) from the substrate  inhibition 
as shown by the Km2 values. Cf-PPase was also inhibited at high substrate concentrations 
(Table 11).  

v = [E] (A  + A [S] / K ) / (1 + [S] / K  + K  / [S])t 1 2 m2 m2 m1
(Equation 8)

E  ES     ES2

K    Km1 m2

(Scheme 8)
A2A1

Scheme 8 and Equation 8 describe the minimal model of Mg2PPi binding to divergent mPPases at fixed a Mg2+ con-
centration. A1 and A2 are the specific activities and Km1 and Km2 the binding constants of the different enzyme substrate 
complexes (study IV).
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Table 11. Kinetic parameter values describing the effects of Na+ and K+ on the substrate saturation curve for Cl-PPase(2) 
(study IV).

Enzyme

A1 A2 Km1 Km2

μmol∙min-1∙mg-1 μmol∙min-1∙mg-1 μM μM

Cl-PPase(2) 0.44 ± 0.04 0.049 ± 0.004 13 ± 2 85 ± 15

Cl-PPase(2)b 0.067 ± 0.01  0.040 ± 0.008 4.2 ± 0.5 290 ± 70

Cl-PPase(2)c 0.26 ± 0.01 0.053 ± 0.004 12 ± 1 260 ± 100

Cf-PPase 0.093 ± 0.04 0.016 ± 0.005 8 ± 1 240 ± 70
a The original dependencies for Cl-PPase(2) are shown in Fig. 35D.
b Measured in the presence of 100 mM NaCl.
c Measured in the presence of 100 mM KCl.

The results showed that divergent mPPases require Mg2+ for their hydrolysis activity, 
but that also Na+ and K+ are able regulate this activity. A more detailed description of the 
kinetic analysis of divergent mPPases is presented in article IV. 

4.4	 Phylogenetics and the evolution of membrane-bound PPases (studies 
I−IV)

We have constructed phylogenetic trees of mPPases to decipher their evolutionary 
relationships. Our results clarified the ion transport specificities of mPPases (Fig. 36) 
and revealed that Na+ transport is a common function of mPPases. All Na+-PPases 
can be traced to the same ancestral node. Na+-PPases require Na+ for their activity 
and are further activated by K+ (study I). Results obtained from the phylogenetic 
and functional analysis suggest that Na+-PPases have appeared only once during 
the evolution of the mPPase protein family. We also discovered a novel group of 
mPPases able to simultaneously transport both Na+ and H+. This group is located in 
a specific clade in the middle of the Na+-PPases (study II). H+-PPases, in contrast, 
are a versatile group of mPPases. They form multiple branches in the phylogenetic 
tree and are divided into K+-dependent and K+-independent groups (study IV). The 
phylogenetics and functional properties of these enzymes suggest that different types 
of H+-PPases are a result of independent evolutionary pathways that changed the 
transport specificity from Na+ to H+. Furthermore, we discovered an evolutionary 
distantly related mPPase group of enzymes which we named divergent mPPases. 
These enzymes are H+-PPases that are active in the absence of K+ even though they 
are regulated by Na+ and K+ ions. 
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Figure 36. Evolution and occurrence of mPPase families with different functions. A.Phylogenetic tree of mPPases and B. 
clade of the divergent mPPase subfamily (study IV). Phylogenetic analysis of mPPase sequences (130 taxa, 398 amino 
acid residues) retrieved from the KEGG databank revealed a novel evolutionary divergent mPPase family. The divergent 
mPPase clade (47 taxa, 450 amino acid residues) included the C. limicola, Cl-PPase(2) and the C. fimi, Cf-PPase that were 
characterized in this research. 

Based on our results, we created a model for the mPPase mechanism (Fig. 37). The 
model suggests that Na+-PPases transport Na+ with the energy released from PPi. PPi 
hydrolysis occurs when PPi reacts with a nucleophilic water molecule (Fig. 37A). In 
the reaction a proton is released and a conformational change in the enzyme drives Na+ 
transport across the membrane (Fig. 37B). At low Na+, a proton binds to the Na+ binding 
site and is transported to the other side of the membrane when the next PPi hydrolysis 
occurs (Fig. 37C). At high Na+, Na+ binds to its binding site and only Na+ is transported. 
Furthermore, we showed that H+-PPases do not transport Na+ under any of the conditions 
tested. Accordingly, H+-PPases, which transport protons only, are more specific than 
Na+-PPases. In our model, this difference in specificity is explained so that H+-PPases do 
not have a binding site to which Na+ and H+ can transiently bind (Fig. 37D).  

Figure 37. Our model for the mechanisms of mPPases activity, which was created based on the results presented in ar-
ticle III. The detailed description of the figure is shown in the main text above. Figure modified from Baykov et al. (7). 
(Adapted with the permission from Copyright © American Society for Microbiology, Microbiol. Mol. Biol. Rev, 77, 2, 
2013, 267−276 DOI:10.1128/MMBR.00003-13).



Results and Discussion 71

Na+-PPases are mainly found in anaerobic organisms and organisms living under 
extreme conditions, whereas H+-PPases are present in plants, protists and aerobic bacteria. 
Novel double ion transporters are predominantly found in anaerobic bacteria and bacteria 
of the gastrointestinal tract and may provide one way for how these bacteria survive under 
the stressful conditions of the host. In studies I and III we characterized the C. limicola 
Na+-PPase (Cl-PPase) and in study IV, the divergent H+-PPase [Cl-PPase(2)] of the same 
bacterium. Interestingly the genes encoding these two enzymes are located next to each 
other in the genome. Perhaps this is a remnant of an ancient gene duplication event that 
eventually led to the evolution of divergent H+-PPases. Because Cl-PPase is activated and Cl-
PPase(2) is inhibited by Na+, the enzymes can be differentialy regulated in vivo. 47 Divergent 
mPPases are found in bacteria, including the phyla Acidobacteria, Bacteroidetes, Chlorobi, 
Elusimicrobia, Firmicutes, Proteobacteria, Spirochaetes and Verrucomicrobia and one archaea 
of Euryarchaeota (Fig. 36B). These organisms live under aerobic/anaerobic and mesophilic/
thermophilic conditions and are isolated mainly from environmental or human samples (Table 
12). 20% of the organisms containing divergent H+-PPase, also contain K+-independent 
H+-PPases or Na+-PPases but not K+-dependent H+-PPases or Na+,H+-PPases (Table 12). A 
soluble PPase, either family I or a CBS-PPase, is found almost always in an organism together 
with a divergent H+-PPase (Table 12), suggesting that soluble and membrane-bound PPases 
are strictly regulated within the cell. However, the regulatory mechanisms and the division of 
labour between the different types of PPases remain to be explored. 

Based on our results we proposed that Na+-PPases were the ancestral form of mPPases and 
H+-PPases evolved from Na+-PPases on different occasions (Fig. 38). Based on site-directed 
mutagenesis analysis the conserved glutamate residues that form the ion transport funnel 
gate were shown to be important for ion transport specificity. Relying on our observations 
the ion transport specificity of mPPases can now be predicted using a sequence alignment 
in combination with a phylogenetic analysis. Furthermore, our results support theories 
predicting that Na+-based bioenergetics would have preceded a H+-based system (88, 126).  

Figure 38. Evolution of mPPase families. We propose that a Na+-PPase was the ancient form of the mPPase enzyme 
family and the ion transport specificities have evolved from it via multiple amino acid replacements. There are still some 
questions concerning the evolution of mPPases that remain to be answered. Figure modified from Baykov et al. (7). 
(Adapted with the permission from Copyright © American Society for Microbiology, Microbiol. Mol. Biol. Rev, 77, 2, 
2013, 267−276 DOI:10.1128/MMBR.00003-13).
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Table 12. Organisms containing divergent H+-PPases and alternative PPases.

Phylum Species
Temperature / 
oxygen preference Isolation environment

Accompanying 
alternative PPases
H+- /
Na+-

PPase

Family I 
/ CBS-
PPase

Euryarchaeota Methanosarcina barkeri Mesophilic/Anaerobic Sewage, mud, cattle rumen +/- ++/-
Acidobacteria Cand. Solibacter usitatus Mesophilic/Aerobic Soil -/- +++/-
Acidobacteria Cand. Koribacter versatilis Mesophilic/Aerobic Soil -/- +/-
Actinobacteria Cellulomonas flavigena Mesophilic/Facultative Soil +/- +/-
Actinobacteria Cellulomonas fimi Mesophilic/Aerobic Soil +/- +/-
Actinobacteria Cellulomonas gilvus Mesophilic/Anaerobic Bovine feces +/- +/-
Actinobacteria Mobiluncus curtisii Mesophilic/Anaerobic Human vaginal secretions -/- +/-
Actinobacteria Propionibacterium acidipropionici Mesophilic/Anaerobic Cheese -/- +/-
Actinobacteria Propionibacterium acnes 6609 Mesophilic/Anaerobic Human skin -/- +/-
Actinobacteria Propionibacterium acnes KPA171202 Mesophilic/Anaerobic Human skin -/- +/-
Actinobacteria Propionibacterium acnes ATCC 11828 Mesophilic/Anaerobic Human skin -/- +/-
Actinobacteria Propionibacterium acnes HL096PA1 Mesophilic/Anaerobic Human skin -/- +/-
Actinobacteria Propionibacterium acnes SK137 Mesophilic/Anaerobic Human skin -/- +/-
Actinobacteria Propionibacterium acnes C1 Mesophilic/Anaerobic Human skin -/- +/-
Actinobacteria Propionibacterium acnes266 Mesophilic/Anaerobic Human pleuropulmonary -/- +/-
Actinobacteria Propionibacterium acnes TypeIA2 P.acn33 Mesophilic/Anaerobic Human skin -/- +/-
Actinobacteria Propionibacterium acnes TypeIA2 P.acn17 Mesophilic/Anaerobic Human skin -/- +/-
Actinobacteria Propionibacterium acnes TypeIA2 P.acn31 Mesophilic/Anaerobic Human skin -/- +/-

Actinobacteria Propionibacterium avidum 44067 Mesophilic/Anaerobic Human nose, axilla, 
perineum -/- +/-

Actinobacteria Propionibacterium propionicum F0230a Mesophilic/Anaerobic Human oral cavity -/- +/-

Bacteroidetes Cand. Azobacteroides 
pseudotrichonymphae genomovar Mesophilic/NAd Pseudotrichonympha 

grassii -/- -/-

Bacteroidetes Paludibacter propionicigenes Mesophilic/Anaerobic Soil -/- +/-
Chlorobi Chlorobium chlorochromatii Mesophilic/Anaerobic Lake water -/- +/-
Chlorobi Chlorobium limicola Mesophilic/Anaerobic Hot spring -/+ +/-
Chlorobi Chlorobium phaeobacteroides Mesophilic/Facultative Lake water -/- +/-
Chlorobi Pelodictyon phaeoclathratiforme Mesophilic/Anaerobic Lake water -/- +/-
Chlorobi Chlorobaculum tepidum Thermophilic/Anaerobic Hot spring -/- +/-

Elusimicrobia Uncultured Termite group 1 bacterium 
phylotype Rs-D17 NA/NA Termite gut -/- -/-

Firmicutes Clostridium cellulolyticum Mesophilic/Anaerobic Soil -/- -/+
Firmicutes Clostridium cellulovorans Mesophilic/Anaerobic Cellulose digester -/+ +/+
Firmicutes Clostridium sp. BNL1100 Mesophilic/NA Corn stover -/- -/+
Firmicutes Syntrophothermus lipocalidus Thermophilic/Anaerobic Granular sludge +/- -/+
Firmicutes Syntrophomonas wolfei NA/Anaerobic Digester sludge -/- -/+
Firmicutes Thermacetogenium phaeum Thermophilic/Anaerobic Digester sludge -/+ -/-
Proteobacteria Anaeromyxobacter dehalogenans 2CP-1 Mesophilic/Facultative Soil -/- ++/-
Proteobacteria Anaeromyxobacter dehalogenans 2CP-C Mesophilic/Facultative Soil -/- ++/-
Proteobacteria Anaeromyxobacter sp. K Mesophilic/Anaerobic Soil -/- ++/-
Proteobacteria Anaeromyxobacter sp. Fw109-5 Mesophilic/Anaerobic Subsurface sediments -/- ++/-
Proteobacteria Accumulibacter phosphatis Mesophilic/Facultative Sludge and sediments -/- ++/-
Proteobacteria Myxococcus stipitatus Mesophilic/Aerobic Soil -/- +++/-
Proteobacteria Sorangium cellulosum So0157-2 Mesophilic/Aerobic Soil -/- +/-
Proteobacteria Sorangium cellulosum So ce 56 Mesophilic/Aerobic Soil +/+ +/-
Proteobacteria Stigmatella aurantiaca Mesophilic/Aerobic Rotting wood and bark -/- +++/-
Proteobacteria Syntrophus aciditrophicus Mesophilic/Anaerobic Sewage treatment plant -/- -/-
Spirochaetes Turneriella parva Mesophilic/Aerobic Culture medium -/- +/-
Verrucomicrobia Opitutus terrae Mesophilic/Anaerobic Soil -/- -/+
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5.	 CONCLUDING REMARKS AND FUTURE PROSPECTS

PPi is a molecule produced as a byproduct in biologically important reactions, and 
enzymes able to hydrolyze and synthesize it are important for the viability of the cell. 
Membrane-bound PPases are simple ion transporters that can act as model proteins and 
provide answers to questions on bioenergetics and its early evolution. These enzymes 
pump ions across membranes and are crucial for the survival of the cell. Furthermore, 
mPPases are especially important for stress regulation in bacteria, plants and protists. 
Accordingly, mPPases may be potential drug targets against malaria and Chagas’ 
disease, for example, and provide means of creating more stress resistant plants with 
bigger sizes and crop yields for the production of food and energy. Because mPPases are 
also found in the bacteria of the human gastrointestinal tract, these enzymes probably 
influence the well-being of the human gut. The studies I did were basic research on the 
function and evolution of mPPases. I showed that mPPases are functionally versatile 
enzymes and I delineated the evolutionary pathways which led to this divergence. The 
novel types of mPPases discovered during this study may have multiple applications in 
the future particularly for engineering stress-tolerant organisms. Still several important 
questions remain to be answered. Firstly, for example, what is the detailed mechanism 
of mPPase catalysis and, especially how are PPi hydrolysis and ion transport coupled 
to each other. Secondly, how did mPPases evolve in detailed molecular level to select 
different coupling ions. And thirdly, how are the soluble and membrane bound PPases of 
an organism regulated and how are the various tasks divided between them. 
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