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ABSTRACT

Membrane-bound pyrophosphatases (mPPases), which couple pyrophosphate hydrolysis to
transmembrane transport of H" and/or Na™ ions, are divided into K*,Na*-independent, Na'-
regulated, and K*-dependent families. The first two families include H*-transporting mPPases
(H*-PPases), whereas the last family comprises one Na'-transporting, two Na*-and H'-
transporting subfamilies (Na*-PPases and Na*,H*-PPases respectively), and three H*-
transporting subfamilies. Earlier studies of the few available model mPPases suggested that K*
binds to a site located adjacent to the pyrophosphate-binding site, but is substituted by the ¢-
amino group of an evolutionarily acquired lysine residue in the K*-independent mPPases. Here,
we performed a systematic analysis of the K*/Lys cationic center across all mPPase subfamilies.
An Ala—Lys replacement in K*-dependent mPPases abolished the K* dependence of hydrolysis
and transport activities and decreased these activities to the level (4-7%) observed for wild-type
enzymes in the absence of monovalent cations. In contrast, a Lys—Ala replacement in K*,Na’-
independent mPPases conferred partial K* dependence on the enzyme by unmasking an
otherwise conserved K*-binding site. Na* could partially replace K* as activator of K*-dependent
mPPases and the Lys—Ala variants of K*,Na'-independent mPPases. Finally, we found that all
mPPases were inhibited by excess substrate, suggesting strong negative cooperativity of active
site functioning in these homodimeric enzymes; moreover, the K*/Lys center was identified as
part of the mechanism underlying this effect. These findings suggest that the mPPase homodimer
possesses an asymmetry of active site performance that may be an ancient prototype of the
rotational binding-change mechanism of F-type ATPases.

Abbreviations

ACMA, 9-amino-6-chloro-2-methoxyacridine; AMDP, aminomethylenediphosphonate; H'-
PPase, H'-transporting PPase; IMVs, inverted membrane vesicles; mPPase, membrane-bound
PPase; Na'-PPase, Na'-transporting PPase; Na*,H*-PPase, Na*- and H*-transporting PPase;
PNP, imidodiphosphate; PPase, pyrophosphatase; PP;, inorganic pyrophosphate; TMA,
tetramethylammonium.

Introduction

Membrane-bound pyrophosphatases couple the hydrolysis of pyrophosphate (PP;) to the
transport of H" and/or Na" ions across membranes [1-6]. mPPases are found in most plants,
algae and protists, and ~25% of bacterial and archaeal species [1], but are absent in humans and
other metazoans. In many organisms, mPPases are localized to both the plasma membrane [7]
and membranes of cell organelles, such as vacuoles in plants [8,9] and acidocalcisomes [10-12]
in bacteria. In all cellular locations, the PP; hydrolysis site faces the cytoplasm, and the direction
of cation transport is away from the cytoplasm. mPPases advance the survival of the host
organism during energy shortages and other types of stress, such as high salinity, intoxication
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and drought [13-17]. The relative physiological importance of mPPase-mediated ion transport
and pyrophosphatase activities may vary among host organisms and depends on growth
conditions [5,18]. Nevertheless, mPPases are currently being widely employed as plant-
engineering tools in agrobiotechnology [19-22]. Moreover, the presence of mPPases in several
pathogenic microorganisms has prompted drug-development efforts [23].

Structurally, mPPases are relatively simple homodimeric proteins. Each ~75-kDa subunit
typically contains 16 long transmembrane a-helices (Figure 1A) that form two concentric rings
[24,25]. The inner ring consists of six helices and forms a gated ion transport funnel. The
catalytic site is located at the entrance to the funnel on the cytoplasmic side of the membrane and
binds PP; and five magnesium ions, which serve as bridges between PP; and protein groups. The
nucleophilic water molecule is activated by coordination with two aspartates, as is the case in
aspartyl proteases [26]. Three proposed mechanisms of mPPases [1,24,25] all assume
“Mitchellian” direct coupling of hydrolysis and proton transport via the transport funnel
connecting the hydrolysis site to the outer surface of the membrane, as opposed to the indirect
coupling established for functionally similar H*-ATPases [27] (see review by Walker [28] for
terminology). The mechanisms, however, differ in the assumed order in which PP; hydrolysis
and transport events occur [24] and the role of the proton released during PP; hydrolysis in Na*
transport [1,29].

mPPases constitute a functionally diverse protein superfamily, whose members exhibit
different transport specificity and requirements for alkali metal ions. Phylogenetic and functional
classification of mPPase protein sequences have revealed three main protein families: K*,Na'-
independent H*-transporting PPases (H*-PPases), Na*-regulated (“divergent”) H*-PPases, and
K*-dependent mPPases (Figure 1B) [29]. The K*-dependent mPPase family is further divided
into five subfamilies: Na'-transporting PPases (Na*-PPases) [30], which can additionally
transport H* at subphysiological Na* concentrations [31]; two distinct lineages of Na*,H"-
PPases, which transport both cations under physiological conditions [32]; and three lineages of
H*-PPases [33]. The K*-dependent H*-PPase and Na*,H*-PPase subfamilies most likely evolved
from Na*-PPase ancestors through the action of independent evolutionary pathways on structural
elements that determine transport specificity [33]. In addition to Mg®* ions, Na* is also required
for PP; hydrolysis by Na*-PPases and Na*,H"-PPases. K" is a nonessential activator of the latter
mPPases, but is thought to be important for the activity of K*-dependent H*-PPases. Na'-
regulated H*-PPases have no requirement for a monovalent cation; however, their activity is
modulated by both Na* and K* [29].

The key determinant of K* dependence in mPPases, a residue in the middle of a-helix 12, is
Ala in K*-dependent mPPases and Lys in K*-independent mPPases. Because an Ala—Lys
substitution was shown to render the activity of Carboxydothermus hydrogenoformans H*-PPase
independent of K* [34], it was suggested that the e-NH3" group of Lys acts as a surrogate for the
K" ion in K*-independent H*-PPases; this interpretation was later supported by modeling
experiments based on the crystal structures of K*-bound mPPases [24]. The cationic group of the
K*/Lys center forms a direct contact with the PP; molecule [24,25] (Figure 1C). Side effects of
K* in Na*-regulated H*-PPases include displacement of active-site—bound Mg®* ions at low Mg?*
concentrations with concomitant modulation of the apparent PP; hydrolysis rate [29], despite the
presence of a Lys in these mPPases.

In the current study, we performed a systematic analysis of the K*/Lys cationic center across
the whole mPPase protein superfamily. We introduced K™ signature residue reversions by
creating Ala—Lys or Lys—Ala substitutions in seven mPPases, representing different mPPase
families and subfamilies (Table 1), and determined the consequence of these substitutions for
the monovalent cation and substrate dependencies of hydrolytic and transport activities. We also
analyzed the role of the K*/Lys cationic center in inter-subunit communication, inferred from
inhibitory effects of excess substrate.



Experimental
Expression of mPPase genes in Escherichia coli and production of recombinant mPPases
mPPase genes from Desulfitobacterium hafniense (Dh-PPase) and Geobacter sulfurreducens
(Gs-PPase) were amplified from genomic DNA (obtained from Leibniz Institute DSMZ -
German Collection of Microorganisms and Cell Cultures) by polymerase chain reaction (PCR)
and cloned into the pET36b plasmid (Novagen), in which expression is driven by the T7
promoter. Ala—Lys and Lys—Ala substitutions were generally introduced by site-directed
mutagenesis using Phusion High-Fidelity DNA polymerase (ThermoFisher Scientific); the only
exception was the GC-rich G. sulfurreducens mPPase gene, into which the Lys—Ala
substitution was introduced at Ncol and Sall restriction sites as a ~400-bp synthetic fragment
(synthesized by Eurofins Genomics). Cloned wild-type and mutated mPPase gene constructs
were verified by sequencing. Procedures used to prepare plasmid vectors bearing genes encoding
mPPases from Desulfuromonas acetoxidans (Da-PPase) [33], Bacteroides vulgatus (Bv-PPase)
[35], Flavobacterium johnsoniae (Fj-PPase) [33], Leptospira biflexa (Lb-PPase) [33],
Chlorobium limicola (Cl(2)-PPase) [29], Rhodospirillum rubrum (Rr-PPase), [36] Cellulomonas
fimi (Cf-PPase) [29] and the Na*-PPase from Methanosarcina mazei (Mm-PPase) [30] were
described previously.

mPPase genes were expressed in E. coli C41(DE3)ril cells as described previously [37]. The
cells were broken using a French Press, and inverted membrane vesicles (IMVs) were isolated
and washed three times by repeated ultracentrifugation/resuspension in an Na*- and K*-free
buffer [37]. IMVs were then suspended in storage buffer (10 MM MOPS-TMA hydroxide pH
7.2, 900 mM sucrose, 5 mM DTT, 1 mM MgCl,, 50 uM EGTA), and aliquots were frozen in
liquid nitrogen and stored at -80 °C. Vesicles were quantified by determining their protein
content using the Bradford assay [38]. mPPase expression was confirmed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; GelCode Blue stain, ThermoFisher
Scientific) and Western blot analysis. IMV proteins (10 pg) were separated by SDS-PAGE on 4—
20% gradient gels (Precise Tris-Glycine gels, ThermoFisher Scientific) and blotted onto
nitrocellulose membranes (pore size 0.45 pum). After incubation with 5% (w/vol) nonfat milk,
anti-mPPase antibody [30], diluted 1/10,000, was added. After washing the membrane five times
with wash buffer (0.1 M Tris-HCI pH 7.6, 0.15 M NaCl, 0.05% Tween-20), the membrane was
treated with 1/5000-diluted fluorescently labeled anti-rabbit secondary antibody [IRDye 800CW
Donkey Anti-Rabbit 1gG (H+L) Highly Cross Adsorbed; Li-Cor], and scanned using an Odyssey
infrared imager (Li-Cor). PageRuler Unstained Protein Ladder (ThermoFisher Scientific) and
PageRuler Plus Prestained Protein Ladder (10 to 250 kDa; ThermoFisher Scientific) were used in
Coomassie-stained and Western blotting gels, respectively.

Hydrolytic activity assay

The reaction buffer (25 ml) typically contained 0.1 M MOPS-TMA hydroxide (pH 7.2), 5 mM
free Mg®* ion, 40 pM EGTA and varying concentrations of TMA4PP;, NaCl, and KCI. The
concentrations of contaminating Na* and K™ ions in the assay medium were estimated to be 3
and 6 uM, respectively, using atomic absorption spectrometry. The reaction was initiated by
adding IMV suspension (0.01-0.4 mg protein), and liberation of inorganic phosphate was
continuously recorded for 2—-3 min using a flow-through phosphate analyzer [39]. Reaction rates
were calculated from the initial slopes of the P; liberation traces. The results of duplicate
measurements were usually consistent within 10%.

Cation transport measurements

mPPase-mediated H" transport activity was assayed using the fluorescent probe, 9-amino-6-
chloro-2-methoxyacridine (ACMA), as a reporter of IMV lumen acidification [40]. The assay
buffer consisted of 20 MM MOPS-TMA hydroxide (pH 7.2), 5 mM free Mg?*, 300 pM Mg,PP;,
8 UM EGTA, 2 uM ACMA, and 0.3 mg/ml IMVs. Where indicated, 50 mM K" and 0.1 mM Na*
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were added. CI” concentration was maintained constant at 160 mM by adding TMA chloride. The
reaction mixture (2 ml) was incubated for 4 min in the dark and 2 min in the light before the
reaction was initiated by adding TMA4PP;. After 5 min, the H* gradient was collapsed by adding
10 mM NH,CI. Changes in fluorescence were recorded at excitation and emission wavelengths
of 428 and 475 nm, respectively, using a PerkinElmer LS-55 spectrofluorometer.

Na" transport was measured using radioactive ’NaCl (PerkinElmer) as a tracer, as previously
described [30,33]. Briefly, IMVs (1 mg/ml) were incubated for 1 min at 22 °C in 100 mM
MOPS-TMA hydroxide buffer (pH 7.2) containing 1 mM Na*, 5 mM Mg?*, 1 mM TMA,PP;,
and 40 uM EGTA,; 50 mM K" was included where indicated, and CI” ion concentration was
always adjusted to 160 mM with TMA chloride. The transport reaction was initiated in a total
volume of 80 ul by adding 1 mM TMAPP; (or an equal volume of water in control runs).
Reactions were stopped after 1 min by adding 20 mM EDTA, after which 60 pl of the
suspension was vacuum filtered through a nitrocellulose filter (0.2 um pore size, 13 mm
diameter; Millipore). The filter was washed with 1 ml wash buffer (5 MM MOPS-TMA
hydroxide pH 7.2, 100 mM Na*, 0.5 mM Mg®*, 160 mM TMA chloride). The amount of ??Na*
transported inside IMVs was determined by transferring the filter to a microcentrifuge tube,
adding 1 ml Ultima Gold mixture (PerkinElmer) and then performing liquid scintillation
counting with a 1215 Rackbeta instrument (LKB-Wallac).

Trypsin digestion assay

mPPase sensitivity to trypsin digestion was determined in a reaction mixture (total volume, 0.1
ml) consisting of 20 MM MOPS-TMA hydroxide buffer (pH 7.2) containing 5 mM MgCl,, 8 uM
EGTA), 1.4 mg/ml IMVs, and 0.14 mg/ml L-1-tosylamido-2-phenylethyl chloromethyl ketone
(TPCK)-treated bovine trypsin (Sigma). The low enzymatic activity of the Dh-PPase A460K
variant required the use of a 1-ml assay volume. KCI (50 mM) and the non-hydrolysable
substrate analogue imidodiphosphate (100 uM) were also included where indicated. Trypsin
digestion was performed for 0-28 min at 37 °C, and aliquots (1/10™ of the reaction volume) were
withdrawn at different time points and assayed for PP; hydrolysis activity, as indicated above.
Control incubations were performed without trypsin. P; liberation time courses were linear,
indicating that dilution of proteins with the activity assay mixture effectively stopped proteolysis.

Calculations and data analysis

PP; and Mg** form two types of complexes, MgPP; and Mg,PP;, the latter of which is the true
substrate of mPPases [41]. In addition, free PP; forms weaker complexes with K™ and Na™ [41].
The concentrations of MgCl, and TMA4PP; required to maintain 5 mM free Mg?* ion (the
essential cofactor) and necessary concentrations of the Mg,PP; complex at pH 7.2 were
calculated as described previously, using the dissociation constants for Mg“*, Na*, K*, and H*
complexes of PP; [41].

The kinetic model in Scheme 1 was used to describe the K™ and Na* dependencies of the PP;
hydrolysis reaction at saturating substrate concentration. ES represents the enzyme-substrate
complex; M is K" or Na*; K; and K; represent the metal binding constant; and Vo, V; and V, are
the maximal velocities for the corresponding enzyme—substrate complexes. Scheme 1 assumes
that binding of the first alkali metal ion stimulates hydrolysis, whereas binding of the second
metal ion inhibits it. The dependencies of PP; hydrolysis on substrate (S = Mg,PP;) concentration
were analyzed in terms of Scheme 2, where E; represents dimeric enzyme, Ky, and Kp, are
microscopic Michaelis constants, and V; and V; are per-site maximal velocities for the mono-
and di-substrate complexes, respectively.
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Scheme 1. K" and Na" binding to the enzyme—substrate complex.
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Scheme 2. Substrate binding and hydrolysis at two active sites of a dimeric mPPase.

Rate equations for the mechanisms in Schemes 1 and 2 are provided by corresponding
Equations 1 and 2, where [M] and [S] correspond to K* and Na* and substrate concentrations,
respectively. Parameter values and their standard errors were determined by fitting these
equations to rate data using Scientist software (MicroMath). The equations were reduced
appropriately in cases where enzyme species shown in Schemes 1 and 2 were inactive or could
be neglected for a particular mPPase.

v =V + VoK /[M] + V,[M]/K;)/(1 + K, /[M] + [M]/K>) 1)
v = (2V; + 2V,[S]/Km2)/ (2 + K1 /[S] + [S]/Km2) 2
Results

Production of wild-type and variant mPPases

To evaluate the structural and functional conservation of the K* ion-binding site across the
mPPase protein family, we expressed pairs of representative wild-type and variant proteins for
each of the seven mPPase subfamilies (Figure 1B). In the variant mPPases, the K*-signature
residue was inverted from the one signifying K* dependence to that suggesting K*-independent
function or vice versa. In practice, an Ala—Lys substitution was introduced into five K*-
dependent mPPases—Da-PPase (Na*-PPase [33]), Bv-PPase (Na*,H"-PPase [35]), Dh-PPase
(H*-PPase, see below), Fj-PPase (H"-PPase [33]) and Lb-PPase (H*-PPase [33])—and Lys—Ala
substitutions were made in Gs-PPase (K*,Na*-independent H*-PPase, see below) and CI(2)-
PPase (Na'-regulated H'-PPase [29]).

Recombinant mPPases were produced in E. coli and isolated as inverted membrane vesicles
(IMVs). Western blot analysis using a polyclonal antibody recognizing a conserved mPPase
peptide [30] revealed protein bands within the expected mPPase size range (Figure 2A, upper
panel). Consistent with the fact that E. coli has no endogenous mPPase, no immunoreactive
bands were detected in IMVs isolated from E. coli transformed with empty cloning vector. The
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antibody used did not bind to the sequence-divergent Cl(2)-PPase (Figure 2B, upper panel, lanes
16-17), confirming a previous finding [29]. Successful expression of the wild-type and mutant
Cl(2)-PPases could, however, be inferred from the appearance of ~70 kDa Coomassie-stained
protein bands in SDS-PAGE gels (Figure 2A, lower panel, lanes 16-17) and the presence of PP;
hydrolysis activity in these IMVs, but not in native E. coli IMVs (Figure 2C). Notably, highly
hydrophobic mPPases commonly migrate faster in SDS-PAGE than would be expected for
soluble proteins of the same masses. As previously reported [29,30], expression levels of
different mPPases varied and constituted less than 10% of total IMV protein, based on
Coomassie-stained SDS-PAGE gels (Figure 2A, lower panel). The mutation in the K*-signature
residue did not significantly affect expression levels.

The PP;-hydrolyzing activities of Dh-PPase and Gs-PPase, produced for the first in this
study, were almost completely insensitive to fluoride, a strong inhibitor of soluble E. coli PPase
[42], but were markedly inhibited by aminomethylenediphosphonate (AMDP), an mPPase-
specific inhibitor [42] (Figure 2B). We conclude that all mPPases were successfully isolated as
active recombinant proteins in E. coli IMVs.

K™ ion as activator of wild-type and variant mPPases

The response of mPPase hydrolytic activity to K* ions was determined at a fixed substrate
concentration (100 pM Mg,PP;). Because Na'-transporting PPases always require Na* for
catalytic activity, these PPases were assayed in the presence of 50 mM Na®. With the exception
of Gs-PPase, all wild-type enzymes were stimulated by millimolar concentrations of K*, with
saturation typically taking place at approximately 100 mM (Figure 3, data indicated in circles).
K*-binding affinity and degree of activation were determined from rate data in Figure 3,
analyzed in terms of Scheme 1 using Equation 1 (Table 2). The ratio of rates at zero and
optimal K* concentration (V,/V1) was less than 1 for all Ala-containing wild-type and variant
mPPases, and was lowest for the K*-dependent H*-PPases (Dh, Fj and Lb). Activities measured
in the absence of K were insensitive to 0.25 mM TMA fluoride (data not shown), ruling out
contamination by E. coli PPase as the source of the K*-independent activity [42]. Na®-
transporting Da-PPase and Bv-PPase exhibited higher relative activities in the absence of K*
because the assay medium used for these enzymes contained 50 mM Na®, which could partially
fulfill the role of K" as activator [30,37]. Surprisingly, but in accord with our previous findings
[29], K" moderately activated Na*-regulated CI(2)-PPase, despite the fact that the presence of
Lys implied that this H*-PPase is independent of K* ions. The K*-insensitivity of Gs-PPase
activity confirmed our phylogenetics-based prediction (Figure 1B) that this PPase is a member
of the K*-independent mPPase family.

The Ala—Lys substitution of K*-dependence signature in Da-PPase, Bv-PPase, Dh-PPase,
Fj-PPase, and Lb-PPase invariably eliminated the stimulatory effect of K* on PP; hydrolysis
activity (Figure 3, indicated in triangles). In the case of Fj-PPase, the Ala—Lys substitution
even made K a low-affinity inhibitor, possibly signifying that a K* ion is able to replace one of
the active-site—bound Mg?* ions in this mPPase, and possibly others [29]. The behavior of the
Ala—Lys variants is fully consistent with the crystal structure-based prediction [24] that the ¢-
NHs" group of the Lys structurally and functionally replaces the K ion in its binding site.

Removal of the Lys residue from a K*-independent Gs-PPase yielded a variant enzyme
whose activity in the absence of K* was only ~5% that of the wild-type enzyme, but was
increased at moderate [K'], indicating appearance of a K*-binding site in the variant Gs-PPase.
The Lys thus contributes to, but is not essential for, the activity of K*-independent H*-PPases.
However, activity was restored to its original value at high K* concentrations (compare Vo/V1
and V,/V, in Table 2). The observation that the Lys—Ala substitution in Cl(2)-PPase rendered
the activity more responsive to K* compared with the wild-type enzyme (5-fold vs. 2-fold
stimulation) and increased the K*-binding affinity (Kz) 4-fold supports the presence of a Lys-
masked K*-binding site also in Na*-regulated H*-PPases.
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Lys substitutes for K* as a facilitator of Na* binding in variant Na’'-PPases

K" has a dual role in the activation of Na'-transporting mPPases, increasing both the maximal
rate of PP; hydrolysis and Na*-binding affinity in almost all cases tested [30,33,37]. Data shown
in Figure 4 reproduce the trend for the wild-type Da-PPase (Na'-PPase) by showing a 2.5-fold
higher maximal activity (V; in Table 3) and 10-fold smaller Na*-binding constant (K in Table
3) in the presence of 50 mM K. K™ also strongly stimulated Na™ binding (60-fold) in Bv-PPase
(Na*,H*-PPase), but without significantly affecting the maximal catalytic rate.

The Ala—Lys substitution abolished both aforementioned K* roles in Da-PPase and
Bv-PPase. The Na" activation curves for variant Da-PPase and Bv-PPase were nearly identical in
the presence and absence of 50 mM K, suggesting that these PPases lack the K*-binding site.
Accordingly, the Na*-binding constants (K;) in Table 3 closely matched the values determined
for the wild-type enzymes in the presence of K*. This observation indicates that introduction of
Lys into the K signature position precisely mimics K* binding in the wild-type enzymes,
producing a concomitant increase in Na*-binding affinity in Na’-PPases and Na*,H"-PPases.

The activity of wild-type Gs-PPase was not affected by Na*, whereas the activity of CI(2)-
PPase was inhibited by Na* (Figure 4), consistent with their identification as K*,Na'-
independent and Na*-regulated mPPases, respectively. The Lys—Ala substitution, however,
conferred partial Na* activation to both PPases in the absence of K*, possibly indicating that Na*
replaces K™ in this capacity in the unmasked K*-binding site. High Na* concentrations were
inhibitory in the variant Gs-PPase and restored its original activity, as was described above for
the K™ effect. The effects of Na* were reproducible with different IMV batches.

The Lys e-NH3" group mimics K* as activator of the ion transport function

Here, we evaluated the impact of K and K" signature residue substitution on the ion transport
activities of mPPases. H" pumping was measured in the presence and absence of 50 mM K*
using ACMA as a fluorescent reporter of IMV lumen pH [40] (Figure 5). Addition of PP; to the
assay mixture initiated H*-transport into the IMV lumen for all mPPases, as indicated by the
quenching of ACMA fluorescence. The H'-transport activity of the Na'-transporting Da-PPase is
consistent with the earlier finding that Na*-PPases can transport protons at sub-physiological Na*
concentrations [31]. The fluorescence intensity returned to its initial level following the addition
(at ~7 min) of the proton gradient disruptor, ammonium chloride. The initial rate and maximal
level of fluorescence quenching were strongly dependent on the presence of 50 mM K* in the
case of wild-type K*-dependent mPPases (Da, Bv, Dh, Fj and Lb). In contrast, the H*-transport
activities of Gs-PPase (K*,Na*-independent H*-PPase) and CI(2)-PPase (Na'-regulated H'-
PPase) were K*-independent. The Ala—Lys substitution rendered H*-transport much less
dependent on K*, whereas the Lys—Ala substitution increased its dependence on K*. These
effects paralleled those of the corresponding substitutions on the PP; hydrolysis activity of
mPPases (Figures 3 and 4). Furthermore, all the Ala—Lys-substituted mPPases demonstrated
increased H-transport activities by comparison with the wild-type forms assayed in the absence
of K*. This finding indicated that the introduced Lys partially substituted for K" as the activator
of the transport function.

The Na'-transport activity of wild-type and Ala—Lys-substituted Na*-PPase (Da-PPase) and
Na*,H*-PPase (Bv-PPase) was determined using ?Na* as a tracer (Figure 6). All four enzyme
forms mediated Na* accumulation into the lumen of IMVs in the presence of PP;. Addition of
50 mM K™ to the assay medium increased the amount of Na* transported inside IMVs by 4-9-
fold in wild-type enzymes, but had no effect in the Ala—Lys variants. These results are again
consistent with the effects of K* on PP; hydrolysis by these enzymes (Figures 3 and 4). The
Na*-transport activity of the variant Da-PPase was greater than that of the wild-type enzyme
assayed in the absence of K", signifying the ability of the Lys to partially substitute for K* as the
activator, also in Na'-transport. A similar but smaller effect was observed with Bv-PPase
(Figure 6). Noteworthy, Na*-transport rates were greater with Da-PPase than with the
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corresponding forms of Bv-PPase, consistent with higher activity of the former enzyme in PP;
hydrolysis (Figures 3 and 4).

All H*-PPases characterized to date fail to transport detectable amounts of Na* into IMVs,
implying that these enzymes possess a strict Na*-exclusion mechanism [29,33]. The Ala—Lys-
substituted Lb-PPase was also incapable of Na* transport (Figure 6). These findings indicate that
the occupancy or structure of the K*-binding site does not directly contribute to the mechanism,
efficiency, or specificity of H'- and Na'-transport reactions.

Kinetic cooperativity in mPPases and its dependence on the K*/Lys cationic center
Interestingly, all wild-type enzymes were inhibited at high (>100 puM) substrate concentrations
in the presence of 50 mM K™ (Figure 7). The inhibition was the smallest with Dh-PPase (15 %)
but reproducible, also with different IMV batches. A similar substrate inhibition was observed in
the Na'-PPase from M. mazei, the K*,Na*-independent H*-PPase from R. rubrum, and the Na®-
regulated H*-PPase from C. fimi (profiles not shown). This effect was analyzed in terms of
Scheme 2, which assumes different kinetic behaviors of the two otherwise identical active sites
in the mPPase homodimer. Specifically, substrate binding to one site changes the K, value and
maximal velocity for the second site. With wild-type Dh-PPase, fitting to the simple Michaelis-
Menten equation resulted in a 10 times greater sum of the squares of residuals, confirming that
this mPPase is also susceptible to substrate inhibition. The qualitative effects seen in Figure 7
and the parameter values estimated using Equation 2 (Table 4) indicate that the substrate
molecule bound to one site impedes binding of the second substrate molecule by a factor of 1.5-
38 and slows substrate conversion at both sites in the E,S, complex by 3-16-fold.

In K*-free medium, substrate inhibition was not observed with any wild-type K*-dependent
mPPase, including H*-transporting (Dh, Fj and Lb) and Na*-transporting (Da and Bv) enzymes
(Figure 7). In these experiments, the Na'-dependent Bv-PPase and Da-PPase were assayed in
the presence of 10 mM Na' to maintain their activity; as described above, Na* was expected to
occupy K*-binding sites in the absence of K*. Nonetheless, a similar lack of substrate inhibition
of Bv-PPase was observed at 1 and 100 mM Na®, the concentrations at which K*-binding sites
are expected to be predominantly empty or Na*-bound, respectively. A likely corollary is that
mere occupancy of the cationic center is insufficient for the substrate inhibition to take place —
the ligand should be K* and not Na*.

The Lys-containing K*-independent mPPases (Gs, Rr, CI(2) and Cf) were most sensitive to
substrate inhibition, an observation that is highly compatible with the presence of a charged
amino group in the cationic center. However, the Ala—Lys substitution abolished substrate
inhibition in all tested K*-dependent mPPases, except Dh-PPase, suggesting that inter-subunit
communication imposes more subtle structural requirements on the configuration of the amino
acid residue network around the K*/Lys center.

Consistent with the proposed role of the K*/Lys center in substrate inhibition, and hence
inter-subunit communication, the K*,Na*-independent Gs-PPase and Na*-regulated CI(2)-PPase,
which have Lys and do not bind K", exhibited substrate inhibition both in the presence and
absence of K*. This again means that the e-NHs" group of Lys in authentic Lys-containing
mPPases can functionally substitute for K* both in catalysis and inter-subunit communication.
Consistent with this interpretation, the Lys—Ala variants of these mPPases exhibited no
substrate inhibition.

K™ binding does not affect the overall structure of Dh-PPase

Given the role of the K*-binding site in catalysis and inter-subunit communication in mPPases,
we explored the effect of K* binding on gross protein conformation in Dh-PPase, using the
sensitivity of PPase activity to trypsin digestion as an indicator. The wild-type and variant
enzymes lost their activities at similar rates during incubation with trypsin, and the rates were not
significantly affected by 50 mM K (Figure 8). In contrast, addition of the substrate analogue
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imidodiphosphate fully protected both enzyme forms against trypsin-mediated inactivation, both
in the presence and absence of K*. We conclude that K™ binding to or residue substitution at the
binding site does not significantly affect protein conformation, at least not in a manner that
changes the accessibility of Lys and Arg residues to trypsin.

Discussion

The division of membrane-bound PPases into independently evolving K*-dependent and K*-
independent families has long been recognized. The major effects of K™ are to increase the
maximal activity in all K*-dependent mPPases and to increase Na*-binding affinity in Na*-
transporting mPPases [30-34]. No 3D structure of a K*-independent mPPase has yet been
experimentally solved, but structural modeling suggests that the e-NHs" group of the introduced
Lys reaches towards the normal K* ion binding site, thereby mimicking its activating functions
[24]. However, the mechanistic basis of the K*-dependence and its change during the evolution
of mPPase families and subfamilies has remained incompletely understood. In this study, we
addressed these questions by performing mutagenesis of the key K*-dependence determinant—
the Ala/Lys cationic center—in mPPases of all subfamilies and characterizing the functional
properties of the wild-type and variant proteins.

Three different effects of the Ala—Lys substitution were observed. First, the K* ion lost its
potency as an activator in all Ala—Lys-substituted mPPases, consistent with the original report
that this substitution abolishes K* dependence in C. hydrogenoformans H*-PPase [34]. Second,
Ala—Lys variants exhibited greatly decreased catalytic activities — 4-7% of the wild-type
activity. Interestingly, also the PP; hydrolysis and proton transport activities of wild-type K-
dependent H*-PPases had similar magnitudes in the absence of K™ ions. Two likely corollaries
are that K" is a modulator, rather than an absolute requirement, and that several Ala—Lys-
substituted mPPases hydrolyze PP; predominantly via the low-activity “K*-unbound” pathway.
Further evidence in favor of the co-existing “K*-bound” and “K*-unbound” pathways in PP;
hydrolysis and ion transport is provided by Lys—Ala-substituted Gs-PPase (wild-type is K*,Na'-
independent) and CI(2)-PPase (wild-type is Na*-regulated): both enzymes exhibited significant
activity in the absence of K, but were further activated (2.2-5.2-fold) in its presence.
Furthermore, the Ala—Lys variant of C. hydrogenoformans H*-PPase, which belongs to the
same subfamily as Dh-PPase (Figure 1B), exhibited 50% of the activity of the wild-type enzyme
[34]. The degree of catalytic compensation provided by the introduced Lys thus seems to vary
from enzyme to enzyme instead of correlating with the specific mPPase subfamily. In the crystal
structure of a plant H*-PPase, the K" ion was shown to interact with bound imidodiphosphate/PP;
[25], thereby increasing its electrophilicity and providing an additional contact with the enzyme.
The former effect seems to depend more on the precise positioning of the K*/Lys cationic center,
because the substitutions and/or K* removal had only a small effect on the PP;-binding affinity
(as characterized by Kp, value), but largely, and to a variable degree, suppressed the catalytic
activity.

Finally, Ala—Lys substitutions in Na'-PPases and Na*,H"-PPases faithfully mimicked the
K*-induced increase in Na'-binding affinity. Thus, the mechanism by which the K*/Lys cationic
center stimulates Na* binding appears to be more tolerant to variations in the binding pose of the
e-NHs" group of Lys compared with K*. The exact mechanism remains undefined, but takes
place across a significant distance, as bound K" and Na" ions are separated by ~16 A [43].

The K*-independent H*-PPases are regarded as descendants of K*-dependent mPPases
[33,36], which have a functional K* binding site. If so, stimulation of the Lys—Ala variants by
K" indicates that the overall configuration of the K*-binding site remained unchanged during the
divergent evolution to K*-independent H*-PPases, but the site became occupied by a Lys side
chain. The Lys—Ala substitution thus only restored a preexisting functional K*-binding site in
these enzymes. Such strong selection against an evolutionary change can be rationalized in terms
of the e-NH5" group of Lys indeed being a structural and functional equivalent of the K* ion in
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K*-independent H*-PPases [24,34]. Interestingly, bound K" ion locates in a water-filled cavity in
the 3D structure of Vigna radiata H*-PPase [25] and interacts weakly with an asparagine residue
and PP; (interatom distances of 3.4 A). Such an arrangement may indeed allow this site to
accommodate different cations (K*, Na*, NH,") that optimize mPPase function. Importantly and
consistent with our interpretation, the amino acid residues forming the cavity (Asp530, Gly533
and Asn534, V. radiata mPPase numbering) are absolutely conserved between all mPPase
families.

An unusual feature of the K*-binding site created in Gs-PPase is that enzyme activation by
K™ is only observed at moderate, but not high, K* concentrations. This may mean that the
activation results from K" binding to one subunit and vanishes when both subunits are occupied
by K* in the dimeric enzyme.

Subunit interdependence in mPPases is also suggested by the dependence of activity on
substrate concentration. All wild-type mPPases are prone to inhibition by excess substrate, which
decreases the PP; hydrolysis rate to 635 % of its maximum value. Importantly, the H" transport
activity of CI(2)-PPase is also strongly inhibited by excess substrate [29], again demonstrating
the tight connection between PP; hydrolysis and ion transport. A similar inhibitory effect of
excess substrate was previously reported by Leigh et al. for an oat vacuolar K*-dependent
mPPase [44]. Inspection of the 3D structure of mPPases [24,25,43] reveals that the hydrolytic
center and ion conductance funnel lack the space to accommodate a second PP; molecule and
that no potential binding cavity is present elsewhere in the protein. Clearly, the inhibition results
from substrate binding to the second active site in the enzyme dimer. This is consistent with the
dependence of substrate inhibition on the state of the K*/Lys center, because this dependence
implies a tight mechanistic connection, and hence physical proximity, of the sites that
accommodate both PP; molecules and the K*/Lys center. With the K*-dependent mPPases,
excess substrate inhibition was only observed in the K*-bound state; enzymes with vacant or
Na'-occupied K*-binding site, as well as Ala—Lys-substituted enzymes, were not susceptible to
excess substrate inhibition. The variant Dh-PPase was the only exception, indicating that the
position of the amino group introduced with Lys perfectly matches that of K* in authentic
Dh-PPase. Consistent with this interpretation, authentic Gs-PPase and CI(2)-PPase, containing
Lys in the K*/Lys center, were inhibited by excess substrate both in the absence and presence of
K*. However, K* could not replace Lys in this capacity in the Lys—Ala variants of these PPases,
again indicating the absence of a perfect match between the two cationic groups in the authentic
enzymes and their variants.

We hypothesize that substrate binding to one active site distorts the conformation of the
other site, thereby hampering its interaction with substrate, as evidenced by an increased K,
value. Furthermore, subsequent substrate binding to the second active site removes structural
asymmetry by partially reversing the strain on the first active site, thereby diminishing the
catalytic constants for both sites (V2 < Vy in Table 4). Consistent with this interpretation, X-ray
crystallography studies indicate no significant structural asymmetry in mPPases in which both
active sites are vacant [24] or substrate-bound [25,43]; however, no structure of an mPPase in
which half the sites are occupied is available to fully test our hypothesis. The dual effects of K*
and Na" on the Lys—Ala variant of Gs-PPase, which acquired a single cation-binding site per
subunit upon amino acid replacement, can also be rationalized in terms of this mechanism.
Subunit interdependence in mPPases is also indicated by the observation that inactivation of one
subunit in the enzyme dimer by radiation-induced destruction or site-directed mutagenesis is
sufficient to compromise the enzymatic activity of the intact partner subunit [45-47]. The
induced asymmetry can also explain the observed half-of-the-sites reactivity of plant mPPase in
modification by fluorescein isothiocyanate [48].

How could negative kinetic cooperativity contribute to the mPPase mechanism? First,
cooperativity implies that only one active site in the enzyme dimer predominantly operates at
any given time at moderate PP; concentrations. No asymmetry is seen in the substrate-free state,
suggesting that the sites may undergo a “flip-flop” in the next catalytic cycle. This substrate-
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induced asymmetry is reminiscent of the Boyer’s “binding-change” mechanism of F-type
ATPase, in which three active sites cyclically adopt three different conformations with different
affinities for the substrate [49]. The F-ATPase molecule has a cyclic symmetry, and the
sequential binding change is achieved through proton-driven rotation of the y -subunit within
the ball-shaped structure formed by three pairs of catalytic a- and 3 -subunits [49,28,50]. This
allows conversion of the energy released upon H* or Na* transport into conformational energy,
which, in turn, is used for ATP synthesis from ADP and P; (and vice versa in the reverse
process). Notably, mPPases are also reversible transporters and can utilize an [H*] gradient to
synthesize PP; [51]. Although a similar rotation is impossible in an mPPase, its two subunits may
instead undergo the above-described oscillations between two conformations. This mechanism
would use conformational energy less efficiently, but might still suffice for the transport
reactions driven by PP; hydrolysis, which releases two times less energy than ATP hydrolysis
[52]. Accordingly, the transport stoichiometry exceeds 3 cations per ATP molecule for F-
ATPase [28], but is only 1-2 for mPPases [53-55].

The structural basis for the interdependence of mPPase subunits is not entirely clear and will
require further study. Most of the dimer interphase is formed by transmembrane helices 10 and
13 [25]. Based on the functional consequences of amino acid substitutions in this area (enzyme
inactivation or partial decoupling of hydrolysis from transport [56]) and the observed
conformational change upon PP; binding [43], it was suggested that helices 10 and/or 13 mediate
the motions of the inner helix ring to the outer ring and further into the neighboring subunit [43].
How bound K can control these rearrangements is even less clear. Single-molecule FRET
measurements of the distances between corresponding residues in two subunits of Clostridium
tetani mPPase (later identified as an Na*-PPase [57,58]) and studies testing protection of Dh-
PPase against trypsin digestion revealed no conformational change upon K* binding.

In summary, our study demonstrates the evolutionary and mechanistic conservation of the
K*-binding site and the signature Ala/Lys residue across the mPPase protein superfamily. The
evolutionary steps that resulted in divergence of K*-dependent and K*-independent families
apparently magnified the catalytic potency of the preexisting K*-free catalytic pathway through
acquisition of a K*-mimicking Lys residue near the K*-binding site [34]. Furthermore, kinetic
analyses revealed a K*/Lys center-mediated negative cooperativity of active site function in
homodimeric mPPases, possibly indicating that mPPases utilize an ancient prototype of the
rotational binding-change mechanism of F-type ATPase.
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Table 1 Major mPPases used in this study
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mPPasc_e . Organism and strain NCBI GenBank number  Subfamily / transported cation K" requirement Slgn_ature
abbreviation residue
Da-PPase D. acetoxidans DSM684 ZP01313190 Na*-PPase / Na* yes Ala451
Bv-PPase B. vulgatus ATCC8482 YP001299560 Na*,H*-PPase / Na" and H* yes Ala485
Dh-PPase” D. hafniense Y51 BAE86625 C. hydrogenoformans type / H" yes Ala465
Fj-PPase F. johnsoniae UW101 YP001193830 F. johnsoniae type / H* yes Ala495
Lb-PPase L. biflexa Patoc 1 (Paris) YP001840784 plant type / H* yes Ala480
Gs-PPase” G. sulfurreducens PCA NP954331 K*,Na’-independent / H* no Lys460
CI(2)-PPase C. limicola DSM245 ACD90242 Na'-regulated / H* no Lys553

" This mPPase was produced for the first time in this work.
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Table 2 Kinetic parameters for K* activation of PP; hydrolysis at fixed Mg2PP;
concentration (100 uM)

Enzyme Vo, nmol min  mg® Vi, nmolmin® mg?  V,, nmol min* mg? Ky, mM
Da’ 160 £ 10 1360 + 20 43 £2
Da (A451K) 67+2

Bv' 130+ 10 320 +10 7+2
Bv (A485K) 21+1

Dh 40+ 10 970 £ 40 8x1
Dh (A460K) 61+1

Fj 20+ 6 1170+ 20 17+1
Fj (A495K) 7043 <20 >100
Lb 25+ 6 57020 61
Lb (A480K) 23+1

Gs 700 £ 20 )
Gs (K460A) 31+£2 70+6 36+3 16 £5'
cI2) 230 + 10 420 + 50 90 + 50
CI(2) (K553A) 2142 109 + 4 23+ 4

" The assay mixture additionally contained 50 mM Na®.
" Ky and K values were arbitrarily assumed to be equal.
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Table 3 Kinetic parameters for Na* activation/inhibition of PP; hydrolysis at fixed Mg,PP; concentration (100 uM)’

Enzyme Vo, nmol min™? mg™ V1, nmol min? mg? Vs, nmol min? mg* K1, mM Ky, mM
-K* +K* -K* +K* -K* +K* -K* +K* -K* +K*

Da <20 40 + 20 430 +20 1090 + 30 50+10 5.2+06

Da (A451K) <5 <5 88 +3 91+3 48+06 50+0.6

Bv <10 26+5 280+30 270+ 20 28+6  0.44+0.09

Bv (A485K) 5+1 6+2 22+ 3 22+ 2 08+03 0702 160+50 170+ 60

Dh 30+10 970+ 100 390 + 30 25+6

Dh (A460K) 70+10 8010 >500 >500

Fj <10 960 + 20 180 + 50 <10 40+20  180+30 120 + 60

Fj (A495K) 74+3 70+1 <10 <10 110+20 100+ 10

Lb 20+5  460+50 290 + 10 <30 60 + 20 100 + 50

Lb (A480K) 22+1 21+1 <5 <5 190 +30 140+ 20

Gs 630+10 670+ 10

Gs (K460A) 27+1 40 + 2 60 + 3 28 + 12 29 + 5 29 + 5

Cl(2)* 220+10 22010 <10 <10 80 + 10 60 + 10

CI(2) (K553A)F 20+2 90 + 10 65 + 7 <3 60 + 30 51+5

“Columns designated as “-K*” and “+K* show values measured in the absence and presence of 50 mM K, respectively.
K, and K, values were arbitrarily assumed to be equal.
' parameters were calculated assuming dependence of inhibition on [Na]? as described previously for this mPPase [29].
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Table 4 Kinetic parameters describing dependence of PP; hydrolysis rate on substrate concentration”

Enzyme [Na'], MM Vi, nmol min™” mg™ Vs, nmol min™ mg™ K1, UM K2, UM

-K* +K* -K* +K* -K* +K* -K* +K*
Da 10 49+1 780 = 20 180 £ 60 46+0.7 9+1 340 = 200
Da A451K 10 62+1 67 +2 35+0.2 51+0.6
Bv 1 45+1 28+10
Bv 10 60 +2 280 + 10 60 + 40 13+4 23+2 800 + 500
Bv 100 9%5+14 14+ 2
Bv A485K 10 22+1 18+1 12+ 3 18+7
Dh 12+1 1020 £ 50 350 = 20 197 14+£2 90 +40
Dh A460K 78 +2 70+3 25+2 20+ 3 21+£0.2 3.3+04 110+50 16090
Fj 61 1150 £ 40 320+ 30 45 + 20 15+£2 150 £ 60
Fj A495K 58+1 5 +1 2.7+03 43+05
Lb 71 620 = 20 150 £ 10 167 9.0+0.6 110+ 20
Lb A480K 18+1 16+1 1.5+0.2 25+05
Gs 1140+40 1100 40 150 £ 20 100 £ 20 12+1 13+1 80 + 20 110+ 20
Gs K460A 30+1 46 +1 27+3 42 +3
ClI2 600 = 30 590 =50 26+ 3 36+6 39+3 335 35+4 50+ 10
Cl2 K553A 201 100 + 20 24 +4 32+2
Mm 10 270+ 10 30+10 9.2+0.6 300 =100
Rr 340 + 10 34 +4 42+04 70+ 10
Cf 90 £ 40 8+£3 16 £2 120 £ 35

“Columns designated as “-K*™ and “+K*” show values measured in the absence and presence of 50 mM K, respectively. Where indicated, the assay
mixture additionally contained Na".
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FIGURE LEGENDS

Figure 1. mPPase structure and phylogeny.

(A) The 3D structure of the vacuolar Vigna radiata mPPase dimer (PDB ID: 4A01) [25]
complexed with imidodiphosphate (red/blue sticks), K* ion (violet sphere), and five Mg®* ions
(green spheres). Two identical subunits are shown in different colors. (B) The phylogenetic tree
of mPPase protein sequences, adapted from Luoto et al. [29]. Different subfamilies are depicted
by color coding, and the proteins characterized in this study are identified by name; mPPases of
Thermotoga maritima (Tm-PPase) and V. radiata (Vr-PPase) with known 3D structures are also
shown. The physiological transport specificity of K*-dependent mPPases is indicated in
parentheses. Scale bar represents 0.4 substitutions per amino acid residue. Panels (A) and (B)
were created using PYMOL (PyMOL Molecular Graphics System, version 1.5.0.4; Schrodinger,
LLC, Portland, OR, USA, https://pymol.org/2/support.html#page-top). (C) Part of the structure
showing coordination of the K* ion with distances (A). Ala537 is the residue replaced by Lys in
K*-independent mPPases. The K* ligand Asn534 is absolutely conserved in all mPPase types.

Figure 2. Production of representative mPPases from each subfamily.

(A) Western blot analysis using an anti-mPPase antibody (upper panel) and Coomassie staining
(lower panel; putative mPPase bands indicated by boxes) of E. coli membrane proteins separated
by SDS-PAGE. Sizes of reference molecular mass markers are in kDa. Sequence-predicted
mPPase masses are as follows: Da-PPase, 66 kDa; Bv-PPase, 77 kDa; Dh-PPase, 69 kDa; Fj-
PPase, 89 kDa; Lb-PPase, 74 kDa; Gs-PPase, 70 kDa; ClI(2)-PPase, 87 kDa. (B, C) PP;
hydrolysis activities of wild-type mPPases and all mutants, measured in 100 mM MOPS-TMA
hydroxide buffer (pH 7.2), 50 mM KCI, 5.3 mM MgCl,, 158 uM TMA4PP;, and 40 uM EGTA.
In the case of Da-PPase and Bv-PPase, 10 mM NaCl was additionally included. The inhibitors,
potassium fluoride (250 uM) and AMDP (20 uM), were also present where indicated.

Figure 3. K* dependence of PP; hydrolysis by wild-type and variant enzymes.

The reaction buffer contained 100 mM MOPS-TMA hydroxide (pH 7.2), 5.3 mM MgCl,,

158 uM TMA4PP;, 40 uM EGTA and 0-200 mM KCI; 50 mM NaCl was also added for
Da-PPase and Bv-PPase. The curves show the best fit to Equation 1. “Wt” stands for wild type.

Figure 4. Na" dependence of PP; hydrolysis by wild-type and variant enzymes.

The reaction buffer contained 100 mM MOPS-TMA hydroxide (pH 7.2), 5.3 mM MgCl,, 158
UM TMA4PP;, 40 uM EGTA and either 0 or 50 mM KCI. The curves show the best fit to
Equation 2.

Figure 5. H" pumping by wild-type and variant mPPases.

H*-transport reactions were initiated by the addition of PP;. The addition of ammonium chloride
at ~7 min collapsed the generated H* gradient. K concentration was either 0 (“~-K”) or 50 mM
(“+K”); the assay media for Da-PPase and Bv-PPase additionally contained 1 mM Na'. Results
were reproducible between different IMV batches; typical results are shown.

Figure 6. Na* pumping by wild-type and variant mPPases.
The reaction was performed in the absence (-) or presence (+) of 50 mM K. Bars show the
standard deviation of three separate measurements.

Figure 7. Substrate dependence of PP; hydrolysis by wild-type and variant enzymes.
The reaction buffer contained 100 mM MOPS-TMA hydroxide (pH 7.2), 5-7.6 mM MgCl,, 0.8—
1580 uM TMA4PP;, 40 uM EGTA and either 0 or 50 mM KClI; the assay buffer additionally
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contained 10 mM NaCl for Da-PPase and Bv-PPases. The curves show the best fits to Equation
2.

Figure 8. Effect of K™ and substrate analogue on the time course of mPPase digestion by
trypsin, as determined by monitoring enzymatic activity. The upper and lower panels show
the data measured in the absence and presence of 0.1 mM imidodiphosphate, respectively. The
activity measured before trypsin addition was taken as 100 %.
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Figure 4.
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