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ABSTRACT

Membrane-bound pyrophosphatases (mPPases) hydrolyze pyrophosphate (PP;) to transport H", Na"
or both and help organisms to cope with stress conditions, such as high salinity or limiting nutrients.
Recent elucidation of mPPase structure and identification of subfamilies that have fully or partially
switched from Na' to H" pumping have established mPPases as versatile models for studying the
principles governing the mechanism, specificity and evolution of cation transporters. In this study,
we constructed an accurate phylogenetic map of the interface of Na'-transporting PPases (Na'-
PPases) and Na'- and H'-transporting PPases (Na',H -PPases), which guided our experimental
exploration of the variations in PP; hydrolysis and ion transport activities during evolution.
Surprisingly, we identified two mPPase lineages that independently acquired physiologically
significant Na” and H" co-transport function. Na',H -PPases of the first lineage transport H' over an
extended [Na'] range, but progressively lose H transport efficiency at high [Na']. In contrast, H'-
transport by Na",H -PPases of the second lineage are not inhibited by up to 100 mM Na’. With the
identification of Na" H'-PPase subtypes, the mPPases protein superfamily appears as a continuum
ranging from monospecific Na" transporters to transporters with tunable levels of Na” and H' co-
transport and further to monospecific H' transporters. Our results lend credence to the concept that
Na'" and H" are transported by similar mechanisms, allowing the relative efficiencies of Na" and H"
transport to be modulated by minor changes in protein structure during the course of adaptation to a
changing environment.

SUMMARY STATEMENT

Membrane-bound pyrophosphatases (mPPases) couple PP; hydrolysis to Na" and/or H transport.
We report here that the acquisition of physiologically significant Na” and H' co-transport function
has occurred twice within the mPPase protein family during the course of its evolution.
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INTRODUCTION

Membrane-bound pyrophosphatases (mPPases), which are present in plants, bacteria, archaea and
protists, hydrolyze pyrophosphate, a ubiquitous metabolic byproduct, to transport H', Na" or both
across various biological membranes (see references [1-8] for reviews). H'-transporting mPPases
(H'-PPases) and ATPases operate jointly to maintain the acidic interior of cellular organelles, such
as vacuoles in plants and acidocalcisomes in protists and bacteria. In prokaryotes, mPPases
additionally localize to the cell membrane, allowing mPPase-mediated [Na'] and [H'] gradients to
maintain cytoplasmic ion balances and even power ATP synthesis [9,10]. mPPase function is
particularly important under stress conditions [3,11], where the efficiency of ATP- or redox-
powered ion pumping is diminished. The ability of H'-PPases to back up cellular energy production
and ion pumping has been applied to engineer plants that are resistant to stress conditions, such as
dryness, cold and salinity [12—14]. In other cases, the predominant driver of excessive plant growth
appears to be the PP;-hydrolyzing function of H'-PPases [15]. Notably, mPPases are present in
several pathogenic protists, such as Plasmodium falciparum and Trypanosoma cruzi, and
pathogenic bacteria, such as Bacteroides fragilis and Clostridium tetani, but are absent in humans.
Thus, mPPases are potential targets for antimicrobials [16,17].

Structurally, mPPases are among the simplest primary ion transporters and are not
evolutionarily (phylogenetically) related to other proteins [18,19]. Functional mPPases are a dimer
of two identical, largely hydrophobic polypeptides. Each subunit, comprising 600-900 amino acid
residues, typically folds into 16 long a-helices that span the membrane and protrude into the
cytoplasm. Each subunit forms a funnel-like structure that integrates the PP; hydrolysis site at the
cytoplasmic end and ion-conductance channel, gate and exit channel at the opposite end [2]. All
mPPases apparently share the same core structure and mechanism, whereas poorly understood
structural differences in specific enzyme lineages govern the functional divergence of mPPases.

The mPPase superfamily is divided into three phylogenetically and functionally distinct
families (Figure 1A). All families share a requirement for Mg®" as an essential cofactor. Canonical
K "-independent H'-PPases [20] and divergent Na'-regulated H'-PPases [21] specifically transport
H" and require no alkali earth metal ion for activity. The two families are distinct, as reflected in
their separation by a very long phylogenetic distance and the fact that Na" ions regulate only the
divergent H'-PPases [21]. mPPases of the K -dependent family additionally require the binding of
K" [22] in close proximity to the PP; hydrolysis site [18,19]. K'-dependent mPPases are further
classified into several subfamilies based on their ion transport specificity. Na -transporting PPases
(Na'-PPases) constitute the monophyletic core and are a probable ancestral form of the K-
dependent family [23]. Recent studies have identified four independent adaptations to H -transport
activity within the K'-dependent subfamily. Three evolutionarily independent lineages have created
the subfamilies Carboxydothermus hydrogenoformans-type, Flavobacterium johnsoniae-type and
plant-type H'-PPases, all of which are strictly specific H" transporters [23]. In contrast, Na'- and
H'-transporting PPases (Na',H -PPases), constituting the fourth evolutionary lineage
simultaneously transport Na” and H" ions with little or no competition between them [24]. The
surprisingly frequent emergence of H'-pumping function within the K'-dependent family was
recently explained by the observation of weak H" pumping by Na'-PPases at sub-physiological Na"
concentrations (<10 mM) [25]. The acquisition of physiologically significant H" pumping thus did
not depend on a de novo development of a H' transport mechanism, but rather on amplification of
the pre-existing H' -pumping function.

In this study, we performed extensive bioinformatic and functional mapping of the
phylogenetic/structural space at the interface of Na',H -PPases and Na'-PPases. Surprisingly, our
data suggest that physiologically significant H and Na" co-transport function independently
evolved in two closely related mPPase lineages. The lineages differed in the response of their H'-
transport activity to increasing Na™ concentration in the range of 0.5-100 mM: in one lineage (true
Na' H'-PPases), the activity progressively increased, whereas in the other (Na'-regulated Na" ,H" -



PPases), it decreased. Our results reinforce the overall plasticity of the mPPase ion transport
mechanism and demonstrate that only minor modifications in the protein structure are required to
tune the transport specificity of Na'-PPases towards H'.

EXPERIMENTAL
Expression of recombinant mPPases
The full reading frames of 10 bacterial mPPase genes (Table 1) were expressed in Escherichia coli
C41(DE3) cells using a previously established workflow [23,26]. Unless otherwise specified in
Table 1, the template for cloning of the mPPase gene was genomic DNA of the host bacterium
obtained from Leibniz-Institute DSMZ (Deutsche Sammlung von Microorganismen und
Zellkulturen GmbH). The putative mPPase genes were amplified from genomic DNA using
Phusion DNA polymerase (Thermo Scientific). PCR primers introduced Ndel and Xhol restriction
sites at the beginning and end of the gene, respectively, to facilitate cloning of the genes under the
control of the isopropyl B-thiogalactopyranoside (IPTG)-inducible T7 promoter in the pET36b
plasmid (Novagen). In the cases of Ma-PPase and Cyf-PPase, an Ndel restriction site within the
reading frame was removed before cloning into pET36b. None of the above DNA modifications
changed the translated mPPase reading frame. In the case of Cp-PPase, three inherent Ndel sites
made the use of this restriction enzyme impractical. Instead, we cloned the gene into the pET15b
vector using Ncol and BamHI sites. Because genomic DNAs of Kuenenia stuttgartiensis and
Dehalogenimonas lykanthroporepellens were unavailable to us, we inserted synthetic codon-
optimized mPPase genes (synthesized by Eurofins Genomics) into pET36b using Ndel and Xhol
restriction sites. The mPPase gene-containing part of each final expression plasmid was verified by
DNA sequencing.

mPPase genes were expressed in E. coli, and mPPase-containing inverted membrane vesicles
(IMVs) were isolated using a published protocol [26]. IMVs were suspended in storage buffer (10
mM Mops-TMA hydroxide pH 7.2, 1 mM MgCl,, 0.9 M sucrose, 5 mM dithiothreitol, and 50 pM
EGTA), frozen in liquid N,, and stored at -85 °C. IMVs were quantified based on their protein
content, measured using a Bradford assay [27].

mPPase expression was confirmed by Western analysis as previously described [25]. In short,
10 ug of IMV proteins were separated by SDS-PAGE on 4-20% gradient gels (Thermo Scientific)
and blotted onto a nitrocellulose membrane. The membrane was successively treated with 5%
(w/vol) nonfat milk, anti-mPPase antibody and fluorescently labeled anti-rabbit secondary antibody
[IRDye 800CW Donkey Anti-Rabbit IgG (H + L) Highly Cross Adsorbed (Li-Cor)]. The membrane
was scanned and mPPases detected using an Odyssey infrared imager (Li-Cor).

Phylogenetic analysis

The position of Na", H'-PPases within the mPPase superfamily was previously defined by
phylogenetic analysis [24]. To construct a more refined phylogenetic tree of the Na'-PPase and
Na' H'-PPase interface, we used the Na',H -PPase protein sequence from Bacteroides vulgatus
(NCBI GenBank accession number: WP005846125) as a query in a BLAST search [28] of the
NCBI protein sequence database. On the basis of preliminary analyses, full-length sequences
located either within the Na',H -PPase subfamily or occupying nearby Na'-PPase branches were
aligned with MUSCLE 3.6 using default settings [29]. Manually removing redundant sequences,
indels and ambiguously aligned residues yielded a sequence block consisting of 101 taxa and 608
amino acid residue columns. The block was used as input for MrBayes 3.1.2 program [30] to
calculate the phylogenetic tree. Two parallel runs, each with four Markov chain Monte Carlo
chains, were calculated for 10 million generations at a temp setting of 0.2. A sample tree was saved
for every 1000 chains, and a single consensus tree was summarized from the resulting sample trees
using 25% of the samples as burn-in. The parallel runs converged well, with an average standard
deviation of split frequencies of 0.010.



PP; hydrolysis measurements

The PP; hydrolysis reaction was continuously recorded at 25 °C using an automatic phosphate
analyzer [31]. The reaction vessel (25 ml) contained 0.1 M Mops-TMA hydroxide (pH 7.2), 5.3
mM MgCl,, 160 uM TMA4PP;, 40 uM EGTA and specified concentrations of NaCl and KCI. The
reaction was initiated by adding IMVs. Reaction rates were calculated from the initial slopes of the
P; liberation traces, and are expressed as mean values + standard deviation (SD). The results of
duplicate measurements were usually consistent within 10%.

Cation transport measurements

Na" ion transport into IMVs was determined using **Na as a tracer [23,32]. The reaction mixture
(80 pl) typically contained 0.1 M Mops-TMA hydroxide (pH 7.2), 160 mM TMA chloride, 25 mM
K3S04, 5 mM MgSO04, 0.5 mM Na,SOs, 40 pM EGTA and 1 mg/ml IMVs. PP; was not added to
control samples. The mixture was supplemented with 2—5 uCi of carrier-free **NaCl (Perkin-Elmer
Life Sciences) and incubated for 30 min at 22°C. mPPase activity was initiated by adding 1 mM
TMA-PP;, and the reaction was allowed to continue for 1 min before stopping by chelating free
Mg®" with 20 mM EDTA. A 60-pl aliquot of the mixture was immediately filtered through a
nitrocellulose membrane (0.2 um pore size, 13 mm diameter; Millipore), and the externally bound
*2Na" was rinsed off with 1 ml of wash buffer (5 mM Mops—TMA hydroxide pH 7.2, 160 mM
TMA chloride, 50 mM Na,SOy, 0.5 mM MgSOy4, and 2 pM EGTA). The membrane was transferred
to a microcentrifuge tube and immersed into 1 ml of Ultima Gold scintillation liquid (PerkinElmer
Life Sciences). The amount of **Na" inside the vesicles was determined using a 1215 Rackbeta
liquid scintillation counter (LKB-Wallac).

H' transport into IMVs was assayed with the pH-sensitive fluorescent dye, 9-amino-6-chloro-
2-methoxyacridine (ACMA) [33]. The reaction mixture (2 ml total volume) typically contained 0.15
mg/ml IMVs in 20 mM Mops-TMA hydroxide (pH 7.2), 50 mM KCI, 5.8 mM MgCl,, 8 uM
EGTA, 2 uM ACMA and 0.1-100 mM NaCl. Total chloride concentration was maintained at 160
mM by adding TMA chloride. The reaction mixture was incubated for 6 min at 25 °C in a
spectrofluorometer (LS-55; Perkin Elmer) before mPPase activity was initiated by adding 475 uM
TMA-PP;. Excitation and emission wavelengths were 428 and 475 nm, respectively.

RESULTS
A phylogenetic analysis divides Na*,H*-PPases into clades

A previous analysis [24] placed Na',H'-PPases into a single clade that branches from the main
mPPase tree near the experimentally characterized Na'-PPase of Methanosarcina mazei (M in
Figure 1A). To determine the evolutionary origin, functional divergence and prevalence of Na",H -
PPases, we created a detailed phylogenetic tree from mPPase protein sequences that represent the
structural divergence of Na',H"-PPases and their neighboring Na -PPases (Figure 1B). Importantly,
phylogenetic analyses performed using different sequence sets or software settings, or an entirely
different algorithm (RAXML; Figure S1), produced qualitatively similar results. The distribution of
the previously characterized Na",H'-PPases [24] in the resulting trees revealed several functionally
uncharted clades. On the basis of trees in Figures 1B and S1, we selected several new mPPases that
located to the interface of Na'-PPases and Na',H'-PPases for functional characterization.

Production of recombinant mPPases

The selected mPPase genes were cloned from genomic DNA of the respective bacteria and
expressed in E. coli following a published protocol [23,26]. E. coli does not have its own mPPase
and thus represents a convenient expression host for prokaryotic mPPases. To verify successful
recombinant mPPase production, we disrupted E. coli cells with a French press and isolated the
inverted membrane vesicles (IMVs). Western analysis using a polyclonal antibody previously raised



against a conserved mPPase peptide IYTKAADVGADLVGKVE) , partially overlapping with the
catalytic site, revealed protein bands within the expected mPPase size range (Figure 2A).
Importantly, no immunoreactive bands were detected in IMVs isolated from E. coli transformed
with the cloning vector only.

We also visually assessed the total protein content of IMVs by SDS-PAGE followed by
Coomassie staining (Figure 2B). Bands attributable to mPPase exhibited a mobility similar to that
of the 60-kDa molecular mass marker; thus, they migrated faster than expected for a 70—84-kDa
protein, a common property of membrane proteins, including mPPases [34]. The expression level of
mPPases varied depending on the specific protein, but was always less than 10% of total IMV
proteins, consistent with previous reports [21,32]. mPPase band intensities obtained using antibody
and Coomassie detection correlated reasonably well. The lower-than-expected Western-to-
Coomassie intensity ratio of DI-PPase may indicate lower affinity of the antibody for this protein,
which has Thr instead of Val in the eighth position in the above antibody-reactive peptide sequence.

Enzyme activity measurements indicated that all mPPase-containing IMVs exhibited
significant PP; hydrolysis activity, which was absent in IMVs prepared from E. coli transformed
with the cloning vector only (Figure 2C). The PP; hydrolysis activities were almost completely
insensitive to fluoride, a strong inhibitor of soluble E. coli PPase, but were significantly attenuated
by aminomethylenediphosphonate (AMDP), an mPPase-specific inhibitor [35]. We therefore
conclude that all 10 mPPases selected for characterization of the Na'-PPase/Na',H -PPase interface
in the phylogenetic tree were expressed as functional recombinant proteins in E. coli.

The hydrolytic activity of all novel mPPases typically depends on alkali metal ions

Unlike H'-PPases, all Na'-transporting mPPases require Na' for enzymatic activity. K™ further
modulates the activity of Na'-PPases and Na",H -PPases, whereas both K -dependent and K-
independent H'-PPases are known. To investigate the role of Na” and K" as activators of the new
mPPases, we determined their PP; hydrolysis activities over an extended [Na'] range in the presence
and absence of K. As depicted in Figure 3, the PP; hydrolysis activities of the new mPPases,
measured at a saturating PP; concentration, generally showed a bell-shaped dependence on [Na'].
K" modulated the function of all tested mPPases by increasing both their maximal catalytic activity
and Na'-binding affinity, thereby shifting the maximum to the physiological Na" concentration
range (5-10 mM). The Na’ and K" dependencies of the new mPPases are thus typical of Na'-
PPases [32] or Na',H -PPases [24], but not of H'-PPases [36,21,37].

Modeling the Na" dependencies of PP; hydrolysis rates (V) using Equation 1 yielded the
parameter values shown in Table 2. The equation was derived for Scheme 1, which assumes
activating and inhibiting Na" binding sites on mPPase, characterized by the dissociation constants
K. and K;, respectively. The value of activity for the reaction in the presence of K' (V,) was set to
the value of activity measured in the absence of K™ (V,), assuming that K" and the inhibiting Na"
compete for the same site on the enzyme. The V5 value for the reaction without K was assumed to
be zero simply to account for the small decrease in activity at high [Na'] observed for some
enzymes. Accordingly, the K; value estimated for the K'-lacking reaction is not physically
meaningful. Parameter a in Equation 1 refers to soluble E. coli PPase background, which had a
value of 0.010  0.006 pmol-min'-mg™ and was mPPase-independent. The parameter values in
Table 2 indicate that K" increased the maximal activity (V) 1.4—4.1-fold and decreased the binding
constant for the activating Na' ion (K,) 19—210-fold. The only exception was Ma-PPase, where K"
slightly decreased rather than increased V.

v=(V; + Vo[Na' /K)/(1 + K/[Na'] + [Na']/K;) + a (Eq. 1)
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Scheme 1 Na' binding to the enzyme—-substrate complex

All novel mPPases can transport Na* and H*
mPPase-mediated Na'-transport activity resulted in PP-dependent accumulation of **Na* in IMV's
(Figure 4). The previously characterized H' -PPase of Leptospira biflexa (Lb-PPase) and Na'-PPase
of Chlorobium limicola (Cl-PPase) [23] served as negative and positive controls, respectively. After
the addition of PP;, the level of Na' inside IMVs harboring the new mPPases increased at least 6-
fold, whereas there was no increase in [Na'] in Lb-PPase IMVs. Overall, the level of Na"
accumulation in IMVs harboring the new mPPases was comparable to that in Cl-PPase IMVs. We
conclude that all new mPPases possess Na' transport activity that is comparable to that of
previously characterized Na'-transporting PPases.

mPPase-mediated H' transport was assayed using ACMA [33], whose fluorescence is
quenched upon acidification of the IMV lumen. Typical of all known Na'-transporting mPPase
types, all new mPPases also exhibited significant H'-transport rates at low Na'" concentrations
(Figure 5A).

Two Na*,H*-PPase clades differ in the sensitivity of their H* transport activity to Na*

As previously reported [25], the intrinsic H'-transport activity of Na'-PPases is lost at Na"
concentrations above 5—10 mM, whereas Na",H -PPases and H'-PPases maintain their H transport
activity in the presence of up to 100 mM Na'. The results shown in Figure 5A indicate that the
novel mPPases can be divided into three groups based on the response of their H' -pumping
activities to Na’. Bm-, DI-, Ks-, Mme-, Ov- and Ss-PPases are clearly Na'-PPases because these
enzymes mediated moderate H' transport that completely disappeared at 5-10 mM [Na']. The
second group includes Mr- and Cyf-PPases, whose H'-transport activities increased with increasing
[Na'] up to 100 mM, identifying them as members of the previously described Na",H'-PPase
subfamily [24]. Finally, Ma- and Cp-PPases maintained H' transport activity in the presence of 10
mM Na', but eventually suffered progressive loss of activity at higher [Na'], the effect being less
pronounced with Ma-PPase. We therefore categorize this novel subfamily of mPPases as Na'-
regulated Na',H -PPases.

The identification of the latter subfamily prompted us to re-evaluate the H'-transport activities
of five previously reported Na'" H'-PPases that were defined as such based on their ability to
transport H" under physiological conditions, namely in the presence of >10 mM Na' [24]. As
Figure 5B makes clear, mPPases from Clostridium lentocellum (Clen-PPase) and Clostridium
leptum (Clep-PPase) lost their H'-transport efficiency at high [Na'] and therefore belong to Na'-
regulated Na',H -PPases. In contrast, mPPases from Akkermansia muciniphila (Am-PPase), B.
vulgatus (Bv-PPase) and Prevotella oralis (Po-PPase) maintained strong H' transport activity at all
tested [Na'] and are therefore true Na',H'-PPases. These results reinforce the existence of two
functionally distinct Na",H'-PPase subtypes.

DISCUSSION

Characterization of the enzymatic and transport activities of mPPases that occupy a position in the
protein phylogenetic tree close to or within the previously identified Na',H -PPase subfamily
revealed the presence of two types of Na'/H" co-transporting mPPases. Both transporter types
mediated significant H' pumping at physiological Na" concentrations (5-10 mM) and hence differ
from Na'-PPases, which do not transport H' in these conditions. However, for some Na",H"-
PPases, namely those regulated by Na®, H'-transport activity was progressively tuned down at 10—



100 mM Na', whereas the “true” Na",H'-PPases retained their full H'-pumping efficiency at high
[Na']. The mPPase phylogenetic tree in Figure 1B indicates that the Na'-regulated Na',H -PPases
specifically occupy clades descending from node A in the tree, whereas the true Na",H' -PPases
segregate into clades that descend from node B. The fact that multiple experimentally characterized
Na'-PPases occupy branches between the true and Na-regulated Na",H" -PPases indicates that the
two Na",H -PPase types do not lie directly on the same evolutionary pathway. Importantly, two
entirely different algorithms (MrBayes and RAXML) produced very similar trees (Figures 1B and
S1). The functional data and phylogenetic analyses thus converge on a model that includes two
independent, adaptive evolutionary pathways from Na'-PPase ancestors to physiologically
significant Na'/H" co-transporters. The similarity of Na” and K* dependencies indicates that the
mechanisms that modulate ion binding and activity have not significantly changed during the
divergent evolution of Na'-PPases to Na',H -PPases.

The discovery of two independent acquisitions of physiologically significant Na” and H' co-
transport function reinforces the plasticity of mPPase ion transport activity. The plasticity and
adaptability of transport specificity appears to be particularly prevalent within the K -dependent
mPPase subfamily, whose evolutionary history records three or four independent adaptations from
Na'-PPase to H'-PPase [1,21], in addition to the two Na'-PPase—Na ', H'-PPase lineages described
in this study. Because mPPases are regarded as ancient enzymes [20], their trend-like adaptive
evolution from Na’ pumping to H' pumping provides significant experimental support for the “Na’-
first” hypothesis [38,39], which posits that primordial biological membranes employed Na" as the
coupling ion, at least in part, because these membranes were still permeant to H'. Membrane
evolution to an H'-tight variant accompanied increasing sophistication of life forms, and selective
pressure began to favor the energetically more efficient H' coupling in membrane bioenergetics.
The adaptation of Na'-PPases to H" pumping may have been particularly favored because their
inherent promiscuity already allowed H' pumping at sub-physiological Na" concentrations [25].

On a molecular level, at least two evolutionary pathways leading to monospecific H' pumping
appear to involve relocation of a specific Glu residue in the ion transport channel [23]. This Glu
residue appears to participate in Na' binding in Na'-PPases and is part of the channel gate [2]. Its
relocation along the same transmembrane a-helix or to a neighboring a-helix may modify the ion-
binding selectivity of the channel towards H™ [25]. However, sequence comparisons have failed to
identify a conservation pattern of Glu or other residues lining the ion-transport channel in the Na'-
regulated and true Na',H -PPases that correlates with transport specificity. It therefore appears that
functional differences between Na'",H'-PPases and Na'-PPases are not dictated by the simple
acquisition of few key residues. We previously suggested that an Asp residue (Asp-146 in B.
vulgatus Na',H"-PPase) together with three closely neighboring residues, all located outside the ion
conductance channel [24], constitute the key motif for acquisition of the Na'/H" co-transport
function [24]. However, our new data revealed this motif in several Na'-PPases, namely Ks-, Bm-,
Ks-, Ov- and Ss-PPase, suggesting that the functional significance of the Asp motif was previously
overestimated. It now seems that, because the transport mechanism of Na'-PPases is only
marginally H' excluding, combinations of small changes at the amino acid level could readily
modify mPPase tertiary structure, causing the H' exclusion mechanism to lose its efficiency and
converting Na'-PPase into the Na'/H" co-transport mode. Indeed, molecular dynamics simulations
of the ATP synthase rotor predict that subtle variations in the geometry and conformational
dynamics of two ion-binding sites of similar chemical makeup can significantly contribute to
differentiating their Na'/H" selectivity [40].

Canonical Na'-PPases can transport both Na” and H" at low (< 10 mM) [Na'], but only Na" at
higher [Na'] [25]. The Na'-binding site responsible for the inhibition of H' transport is different
from that involved in transporter activation in both PP; hydrolysis and cation transport because the
latter site is saturated at much lower [Na']. We previously argued that the former site (designated
N/H) is located close to the gate and can accept either Na' or the proton released from the



nucleophilic water molecule during its attack on PP;, whereas the latter site (designated N) binds
Na' transiently en route to the N/H site [25]. In the framework of this hypothesis, the difference
between Na'-PPases, Na'-regulated Na", H'-PPases and true Na',H -PPases may lie in the affinity
of the N site for Na'. Alternatively, an allostery model can be proposed in which binding of H' or
Na' to one subunit of a dimeric mPPase elicits structural changes in the other subunit, allowing it to
bind and transport, more or less preferentially, the alternative ion [24]. Accordingly, the N and N/H
sites may be the same, but allosterically modified, sites in different subunits, and the difference
between all Na'-transporting mPPase types may be attributable to the size of the allosteric effect.
Determining the three-dimentional structure of Na’", H'-PPase with bound Na" ions would be a great
asset to distinguishing between these possibilities. The available structures of Na'-PPase [19] are of
a limited value in this respect as they contain no bound Na". Notably, the much lower affinity of the
site responsible for the small inhibition of PP; hydrolysis by Na" in all Na'-transporting mPPases
(Figure 4; see also References [23-26,41]) indicates that this site is different from the N/H and N
sites.

In conclusion, membrane PPases display remarkable functional divergence with respect to
transport specificity and ligand requirements. Because this protein family is amenable to structural
studies and is relatively simple to manipulate, it constitutes an attractive model system for
deciphering the general principles governing the mechanism, specificity and evolution of
chemically fueled primary ion pumps. Furthermore, H'-PPases are well-recognized for their ability
to improve stress resistance when overexpressed in agricultural plants [42].The newly discovered
Na' ,H'-PPase subtypes therefore provide further unexplored opportunities in plant engineering.
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TABLE 1
New recombinant mPPases produced in this study

Host bacterium DSM-No.? mPPase accession =~ mPPase Notes
number” abbreviation
Brachyspira murdochii 12563 WP 013114293 Bm-PPase
Candidatus Kuenenia NA® CAJ72581 Ks-PPase Synthetic gene
stuttgartiensis
Cytophaga fermentans 9555 WP_027472795 Cyf-PPase Alternative name: Saccharicrinis fermentans
Clostridium phytofermentans 18823 WP _012199835 Cp-PPase Cloned into pET15b. Alternative name:
Lachnoclostridium phytofermentans
Dehalogenimonas NA ADJ26073.1 DI-PPase Synthetic gene
lykanthroporepellens
Mabhella australiensis 15567 AEE96015.1 Ma-PPase
Melioribacter roseus 23840 WP 014857027 Mr-PPase
Methylomonas methanica 25384 AEG00770.1 Mme-PPase
Oscillibacter valericigenes 18026 WP 014119890 Ov-PPase
Shuttleworthia satelles 14600 WP 006906218 Ss-PPase
& Accession number of the mPPase host organism at Leibniz-Institute DSMZ (Deutsche Sammlung von Microorganismen und Zellkulturen
GmbH)

® NCBI GenBank accession number of mPPase protein sequence
°NA, not applicable
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TABLE 2

Fitted parameter values = SE for Eq. 1 describing effects of alkali cations on mPPase activity in Figure 3

mPPase Vi, umol-min'l-mg'1 Ka, mM K;, mM V.x/Vxk
-K* +K K" +K -K* +K°
Bm 0.19 £0.01 0.28 £ 0.02 34+ 6 0.16 +£0.03 180 £40 85+ 50 1.5
Dl 0.104 £0.005 0.43+£0.03 367 1.0+£0.2 NA? 500 £+ 400 4.1
Ks 0.19 £0.01 0.55+0.01 28+6 1.00 £0.08 NA NA 2.9
Mme 0.070 £0.002  0.23+0.01 54+4 1.0+£03 NA 250+ 100 33
Ov 0.26 £0.03 0.47 +0.02 15+4 0.11+0.02 400200 24+8 1.8
Ss 0.17+0.02 0.24+0.01 40+9 0.22 +0.06 160 £40 45 £ 35 1.4
Mr 0.118 £0.004 0.26 £0.02 24 +3 0.8+0.2 NA 280 + 200 2.2
Cyf 0.069 +£0.003 0.22+0.01 30+£5 1.6+0.2 NA 250 £ 90 32
Ma" 0.078 £0.006  0.057 £ 0.006 17+3 0.106 +0.03 180 £40 218+ 70 0.7
Cp 0.018 £0.001 0.056 +0.006 14+4 0.11 £0.04 NA 80 +£40 3.1

4NA, not applicable
® Assuming V, = 0 both in the absence and presence of K*
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FIGURE LEGENDS

Figure 1 Phylogeny of membrane-bound PPase protein sequences as determined with
MrBayes.

(A) A complete phylogenetic tree of the mPPase protein superfamily [21]. Different subfamilies are
depicted by color coding. M. mazei Na'-PPase is marked as M. (B) Detailed phylogeny at the
interface of Na'-PPases and Na",H -PPases. The tree was rooted at Waddlia chondrophila mPPase
(marked as W on panel A) that is an outgroup taxon relative to the investigated Na'-PPases and
Na" H'-PPases. The numbers refer to clade credibility values, however those >90 are not shown for
clarity. The clades supported with <50 credibility values are drawn as polytomies. The enzymes
investigated in this study are indicated in bold; previously characterized Na",H'-PPases [24] are
marked with an asterisk. The borders of Na'-PPase (indicated with a purple background color),
Na'-regulated Na",H'-PPase (orange) and true Na",H"-PPase (pink) subfamilies were predicted
based on the experimental data presented in this study and tree topology. The subfamilies of taxa on
a white background could not be reasonably predicted. Scale bars in both figures represent 0.2
amino acid substitutions per residue.

Figure 2 Expression of enzymatically active recombinant mPPases in E. coli.

(A) Western analysis of IMVs prepared from C41(DE3) cells transformed with mPPase expression
constructs or vector only. IMVs (10 pg total protein) were subjected to SDS-PAGE,
electrotransferred, and probed with anti-mPPase primary antibody and fluorescently labeled (IRDye
800CW, Li-Cor) anti-rabbit secondary antibody. Loading order and molecular masses (in kDa)
predicted from the sequence: lane 1, molecular mass markers; lane 2, Mr-PPase (76); lane 3, Cyf-
PPase (79); lane 4, Ks-PPase (84); lane 5, Bm-PPase (83); lane 6, Ma-PPase (73); lane 7, Cp-PPase
(72); lane 8, Ss-PPase (72); lane 9, Ov-PPase (71); lane 10, Mme-PPase (71); lane 11, DI-PPase
(70); lane 12, authentic E. coli IMVs. (B) The protein content of the IMVs used for panel A was
visualized by Coomassie staining of SDS-PAGE gels. The IMV samples (10 pg total protein) were
loaded in the same order as in panel A. The expected region of mPPase bands is indicated on the
right. (C) PP; hydrolysis activities of the IMVs. Where indicated, 250 uM potassium fluoride
(inhibitor of soluble E. coli PPase) or 20 uM AMDP (inhibitor of mPPases) was included in the
reaction buffer. Error bars represent SD of three separate measurements.

Figure 3 Dependence of the mPPase-catalyzed PP; hydrolysis reaction on alkali metal ions.
The K concentration was either zero or 50 mM. Lines were obtained from Eq. 1 using the best-fit
parameter values in Table 2.

Figure 4 Na'-transport activity of mPPases.

Na" accumulation inside IMV's was measured after a 1-min incubation with or without TMA4-PP;.
Error bars indicate SD of three independent measurements. Lb-PPase and CI-PPase have previously
been characterized as H'-PPases and Na'-PPases, respectively [23].

Figure 5 Na* concentration dependence of mPPase-catalyzed H* transport into IMVs, as
reported by ACMA fluorescence.

The H'-transport reaction was initiated by adding 475 pM TMA-PP; at approximately the 2-min
time point and was reversed by adding 10 mM ammonium chloride (at ~7 min) to collapse the
steady-state proton gradient. The IMV concentration was 0.15 mg ml”, except for Am-, Cle- and
Po-PPase, which were used at 0.30 mg ml"' concentration owing to their low PP; hydrolysis
activities (<0.05 pmol min™' mg™). The asterisk indicates previously characterized Na",H -PPases
[24]. The colored square following the enzyme name in each panel indicates the subfamily to which
the particular mPPase was attributed (same colors as in Figure 1B).
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Figure S1 Phylogeny at the interface of Na™-PPases and Na",H-PPases predicted with a different software.

The majority rule consensus tree was calculated with the RAXML web-server (http://embnet.vital-it.ch/raxml-bb/) [43]
using default settings and the same sequence block as for the tree in Figure 1B. The enzymes investigated in this

study are indicated by their abbreviated names; previously characterized Na',H'-PPases [24] are additionally marked
with an asterisk. Different subfamilies are depicted by color coding. The tree was rooted at W. chondrophila mPPase.
The clades supported with bootstrap values <50 are drawn as polytomies.

24 Luoto, H.H., Baykov, A.A., Lahti, R. and Malinen, A.M. (2013) Membrane-integral pyrophosphatase subfamily capable of translocating both Na" and H'.
Proc. Natl. Acad. Sci. U.S.A. 110, 1255-1260

43 Stamatakis, A., Hoover, P. and Rougemont, J. (2008) A rapid bootstrap algorithm for the RAXML Web servers. Syst. Biol. 57, 758-771



