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ABSTRACT. Membrane-bound pyrophosphatase of the hyperthermophilic bact&éhenmotoga maritima
(Tm-PPase), a homologue oftHranslocating pyrophosphatase, was expressdtksaierichia coliand

isolated as inner membrane vesicles. In contrast to all previously studie@Pidses, both native and
recombinant Tm-PPases exhibited an absolute requirement fobdiadisplayed the highest activity in

the presence of millimolar levels of both Nand K*. Detergent-solubilized recombinant Tm-PPase was
thermostable and retained the monovalent cation requirements of the membrane-embedded enzyme. Steady-
state kinetic analysis of pyrophosphate hydrolysis by the wild-type enzyme suggested that tiaindilag

sites and one K binding site are involved in enzyme activation. The affinity of the site that binds Na

first is increased with increasing*tkconcentration. In contrast, only one Nainding site (K-dependent)

and one K binding site were involved in activation of the A8p— Asn variant. Thus, Asf{§® may form

part of the Kr-independent Nabinding site. Unlike all other membrane and soluble PPases, Tm-PPase
did not catalyze oxygen exchange between phosphate and water. However, solubilized Tm-PPase exhibited
low but measurable PBynthesizing activity, which also required Naut was inhibited by K. These

results demonstrate that maritimaPPase belongs to a previously unknown subfamily of-dapendent
H*-PPase homologues and may be an analogue ofkNaATPase.

The proton pumping pyrophosphatase {PPasée)is an pumps, including the F-, V-, and P-type ATPases and the
integral membrane protein that utilizes the energy releasedABC transporters 7). Both PR-hydrolyzing and proton
by hydrolysis of pyrophosphate (FRo transport protons  translocation activities are associated with a single @®
across the membrane against the electrochemical potentiakDa polypeptide §—10), which possibly forms a dimed.(,
gradient {—3). In prokaryotic species, the'HPPase resides  12). Hf-PPases act specifically on Rfd display an obligate
in the cytoplasmic membrane, whereas in eukaryotic speciesrequirement for Mg", which binds to and activates both the
the enzyme is commonly found in membranes of organelles, free enzyme and RPSome H-PPases also require*K
such as vacuoles in plantgt)(and acidocalcisomes in  binding at the cytoplasmic side of the membrage 13).
protozoa ). A recent report indicates that the’HPPase of ~ K*-dependent and -independent enzymes form two inde-
the bacteriumAgrobacterium tumefacienss located in pendently evolving groups of HPPases14, 15). A Lys
acidocalcisome-like organelle$)( The substrate-binding  residue is specifically conserved in thé#hdependent K-
domain always faces the cytoplasm, independentePRase  PPases. When this Lys is introduced into &dependent
subcellular localization. H*-PPase, it abolishesKdependencel§). Finally, a K"

H*-PPases represent a distinct class of ion translocasegransporting function has been proposed for tHedépendent
without sequence similarity to ubiquitous ATP-energized H*-PPases in plant vacuole$6], but this issue is contro-

versial @, 17).
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to estimate the number of alkali cation binding sites on the supplemented with 3@g/mL kanamycin and 3Q:g/mL
enzyme, and site-directed mutagenesis to clarify the role of chloramphenicolA 5 mL culture was grown fo4 h and
two unique Asp residues in the alkali cation sensitivity of transferreda 1 L of prewarmed medium. Cells were grown

Tm-PPase. to an Agg of 0.8 (~3 h), induced with 0.1 mM isopropyl-
p-p-thiogalactopyranoside for 4.5 h, and harvested by
MATERIALS AND METHODS centrifugation at 270§ for 15 min at 4°C. The cells were

washed three times with 10 mM MOPS-TMAOH, pH 7.2
supplemented with 10% glycerol, frozen in liquid nitrogen,
and stored at-70 °C until use.
Isolation of E. coli Inner Membrane Vesicles (IM\he
cell pellet (8 g wet weight) was resuspended in 30 mL of
buffer A (10 mM MOPS-TMAOH, pH 7.2, 0.15 M sucrose,
1 mM MgCl,, 5 mM dithiothreitol, 50uM EGTA) supple-
mented with DNase | (2@g/mL) and disrupted by a single
passage through a French pressure cell at 14 000 psi (96.5
MPa). Unbroken cells and cell debris were removed by
centrifugation at 380afor 30 min at 4°C. The supernatant
was transferred to an ultracentrifuge bottle, underlayered with
4 mL of buffer A supplemented with 0.75 M sucrose, and
centrifuged at 1500@for 3 h at 4°C. The IMV suspension
determined by measuring the amount péfer boiling in 1 (3.5 mL) was withdrawn from the bottom of the bottle,
diluted with buffer A to 20 mL, and the ultracentrifugation

M hydrochloric acid. Phosphoric acid (J. T.Baker, Hollland), step was repeated. The purified IMV suspension was frozen
which was used as a source of phosphate, was diluted to.

. S in liquid nitrogen and stored at70 °C until use.
galjl?s':/le' dbgliifc;?ér\]/vti?hh}l/'?vrloAlyﬁ; d?g;?gqg?;ﬂgog)ﬁaggd Solubilization and Purification of Tm-PPas@ll steps
enriched ¢98%) phosphate (Tris salt) was kindly donated were performed at 4C. The cell pellet obtained from 4 L

. . : . of cell culture was resuspended1 L of 10 mM Tris-HCI,
by Dr. V. Kasho (University of California, Los Angeles). pH 7.5, containing 5 ml\el MgGland 150 mM KCI. The

Plasmid Construction.The Tm-PPase gene (GenBank resuspended cell pellet was sedimented at §76020 min
accession number AE001702, bases 8318558; protein  and then resuspended in 30 mM Tris-HCI, pH 7.5 containing
accession number AAD35267)8) was amplified fromT. 5 mM MgCl,, 100 mM KClI, and 0.5 mM EDTA. Cells were
maritima genomic DNA (DSMZ, Germany) by PCR using  disrupted by sonication for 1 min at 22 kHz in an-esater
Pfu-Turbo DNA polymerase (Stratagene, USA). The primers path using a 100 W ultrasonic disintegrator (MSE Ltd., UK)
employed incorporated artificiaddd andHindlll restriction with a microtip. Unbroken cells and cell debris were removed
sites. The PCR product was digested with these restrictionpy centrifugation at 170@pfor 5 min, and the membrane
enzymes and was inserted into the multiple cloning site of fraction was harvested by centrifugation at 150§ 1 h.
PET36b(+) (Novagen, USA). The construct was further mod-  The resulting pellet was resuspended in 3 mL of sonication
ified by replacing sequence AGAGGGG at positions 87 to pyffer and sedimented as above. This pellet was solubilized
93 of the Tm-PPase gene with TGAAGGC. This silent mu- iy 50 mM Tris-HCI, pH 8.4, containing 1.5% MEGA9
tation eliminated the Shine-Dalgarno-like sequence located (sigma), 0.5% sodium cholate, 25% ethelene glycol, 0.75
upstream of the internal ATG codon. In addition, a second MgCl,, and 0.2 mM dithiothreitol (0.2 to 0.5 mL buffer
silent mutation was introduced by substituting sequence per mg protein) §). After incubating the sample fd. h on
AGAAGACAGGCTCGA at positions 1732 to 1746 with jce with gentle mixing, the suspension was centrifuged at
CGTCGCCAGGCTCGC, thereby replacing the tandem of 1700qy for 1 h. The supernatant was mixed with saturated
rare arginine codons with more frequently used codons. The(NH,),SQ, solution to a final concentration of 2.5 M
resulting construct was used for wild-type Tm-PPase expres-(NH,),SQ;, incubated on ice for 1 h, and centrifuged at 7600
sion or as a template for mutagenesis of R3and Asg®. for 30 min. The supernatant was applied to a 14-mL column
Mutagenesis was performed by an overlapping or inverse of phenyl Sepharose (Pharmacia-LKB, Sweden) equilibrated
PCR (19). Tm-PPase-encoding regions of the constructs were yith 20 mM Tris-HCI, pH 7.5, containing 2.5 M (NJbSOs,
sequenced to confirm the presence of the required mutations) mm MgCl, 0.2 mM EDTA, and 0.2 mM dithiothreitol.
and/or the absence of secondary substitutions. The column was washed with 14 mL of the same buffer and

Tm-PPase Expressiolim-PPase was expresseddncoli then with 80 mL of the same buffer without (MJSCOy. Tm-
C41(DE3) cells 20) bearing the pET36HK() vector, which PPase was eluted with 20 mM Tris-HCI, pH 7.5 containing
contains the Tm-PPase gene under control of the T7/lac1.5% dodecyl maltoside (Anatrace, USA), 1 mM Mg(l.2
promoter, and an additional pAYCA-RIL plasmid extracted mM EDTA, and 0.2 mM dithiothreitol. The active fractions
from BL21(DE3)-RIL (Stratagene, USA). The latter plasmid contained 17 mg of protein with a specific activity of 4.5
supplied tRNAs that recognize the AGA/AGG, AUA, and umol min~! mgL. They were frozen in liquid nitrogen and
CUA codons, which are common in the Tm-PPase gene butstored at—50 °C.
rare in E. coli, thereby preventing the depletion of the Isolation of T. maritima Membrane Vesicles. T. maritima
coli tRNA pool. Cells were grown at 37C with shaking at (DSM 3109) was grown anaerobically in a 10 L fermentor
250 rpm in a medium containing 24 g/L yeast extract, 10 under a nitrogen flow at 2 L/min for 24 h as described
g/L trypton, 2.5 g/L KCI, 2.5 g/L NaCl, and 0.6 g/L NaOH previously 1). The cells were harvested by centrifugation

Materials The following high purity reagents free of
contaminating metal ions were obtained from commercial
sources: MOPS (Sigma, USA, catalog no. M5162), TMA
hydroxide pentahydrate (Fluka, Switzerland; catalog no.
87741), TMA chloride (Fluka, catalog no. 87718), potassium
hydroxide (Fluka, catalog no. 60381), sodium hydroxide
(Fluka, catalog no. 71695), potassium chloride (J. T. Baker,
Holland; catalog no. 0208), sodium chloride (J. T. Baker,
catalog no. 0277), and EGTA (Sigma, catalog no. E-0396).
Tetramethylammonium (TMA) pyrophosphate was prepared
by passing a solution of tetrasodium pyrophosphate through
a column of Dowex 50W-X8 (Fluka) charged with TMA
The concentration of the resulting TMRR solution was
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at 1000@ for 15 min at 4°C, resuspended in 500 mL of 10 Scheme 1: N&aBinding to Tm-PPase at FixedK
mM MOPS-TMAOH, pH 7.2, and collected by centrifugation Concentrations

at 1000@ for 15 min at 4°C. Finally, the cells were washed A. Wild type and D190A Variant

three times with 10 mM MOPS-TMAOH, pH 7.2 supple- Kne®®P Kz Ki
mented with 10% glycerol. The washed cell pellet3(g) E S ENa 5 ENa S5 ENa
was resuspended in 5 mL of 10 mM MOPS-TMAOH buffer, lv

pH 7.2, containing 5 mM MQQJ 50 uM EGTA, 10% B. D703N and D190A/D703N Variants
glycerol, and disrupted by sonication for 2 min at an o 0 -
operating frequency of 20 kHz and au@ amplitude in an E =  ENa S5  ENa
ice—water bath using a 100 W ultrasonic disintegrator (MSE Ly
Ltd.) with a microtip. Unbroken cells and cell debris were
removed by centrifugation at 2009@r 2 min at 4°C. The
supernatant was diluted 20-fold with buffer A, and the
membrane fraction was harvested by centrifugation at
15000@ for 1 h. The resulting pellet was resuspended in 3
mL of buffer A, homogenized by brief sonication (30 s) as
described above, frozen in liquid nitrogen, and stored &
°C until use.

PP, Hydrolysis MeasurementBR hydrolysis was assayed

uL of luciferin/luciferase solution (Sigma ATP assay mix,

catalog No. FL-ASC, reconstituted with 5 mL of water) and
measuring the resulting luminescence with an LKB 1250
luminometer.

Pi-Water Oxygen Exchange MeasuremePRusrified Tm-
PPase (0.21 mg/mL) was incubated ioh at 40°C with 2
mM [*Q]R, 5 or 0.5 mM MgC}, 0.1 M MOPS-TMAOH

by continuously recording;Rberation with an automatic;P buffer, and various concentrations of NaCl and KCI. The
analyzer 2) at 40°C. The reactions were performed in an amount of*0 in R was measured_ with an electrospray mass
initial volume of 25 mL containing 100 mM MOPS-TMAOH  SPectrometer as described previoustg)(

buffer, pH 7.2 (measured at 28), 5.26 mM MgC} (5 mM Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro-
free Mc?+), 1604M TMA 4PR, 50 uM EGTA and 5 to 50 phoresis (SDSPAGE) and Protein QuantitatiorElectro-

uL of IMV suspension or purified Tm-PPase solution. The Phoresis was performed in 12% gels containing 0.1% SDS
IMV were preincubated in the reaction medium for 1 min, (26). Prior to electrophoresis, IMV~20 mg of protein/mL
the reaction was initiated by the addition of TM@R, and ~ @ccording to the Bradford assagj) were solubilized by

P, liberation was monitored for 3 min. The desired concen- MiXing with two volumes of cold 25 mM Tricine-KOH
trations of K" and Na in the reaction medium were achieved Puffer, pH 8.1 containing 5 mM MgG| 75 mM KCI, 5 mM

by addition of KCl and NaCl, respectively, or by substituting  dithiothreitol and 2%n-dodecylf-b-maltoside. The mixture
MOPS-KOH and MOPS-NaOH buffers, respectively, for Was allowed to stand on icerf& h and incubated for 10
MOPS-TMAOH buffer. When below 0.2 mM, the concen- Min at 75°C. Denatured proteins were removed by cen-
trations of N and K* in assay media were determined by tifugation at 20009 for 20 min. More than 95% of the
atomic absorption spectrometry (SpectrAA-300, Varian Solubilized PPase activity was retained in the supernatant.
Techtron, Australia). In some experiments, ionic strength and The supernatant was diluted 3-fold with 125 mM Tris-HCI
chloride concentration were maintained at 0.22 and 0.1 M, Puffer, pH 6.8, containing 20% glycerol, 300 mM dithio-
respectively, by adding TMA chloride. Data obtained with threitol, and 2.5% sodium dodecyl sulfate, incubated for 5
and without TMA chloride were superimposable, suggesting Min at 95°C, and a 1QuL sample was loaded onto the gel.
that ionic strength and chloride concentration do not sig- 1he gels were stained using a Biosafe Coomassie kit (Bio-
nificantly affect enzyme activity. Similarly, the dependencies Rad, California, USA) and scanned using an Umax Astra
of PPase activity on the Naconcentration were identical 3490 scanner in transmission mode. The protein content of
when measured at 160 and 8M of PR. This implies that ~ the Tm-PPase bands (6:0.6ug) were estimated by ImageJ,
the enzymes were likely saturated with substrate in our Version 1.3 (http://rsb.info.nih.gov/ij/) using bands con-

experiments. taining 0.2, 0.5, and 0.@g of bovine serum albumin as
Measurements of RBynthesisPR synthesis was assayed Standards. .
by an enzyme-coupled procedur@3( 24) using ATP- Calculation and Data AnalysisThe dependence of the

sulfurylase to convert formed PRto ATP combined with PR hydrolysis rate on the Naconcentration at fixed K
luciferase to monitor ATP formation. The assay mixture concentration can be described by Scheme 1, where E
contained 32 mM TMA-P(2 mM MgP, complex), 2.5 mM  represents the enzym&®R—Mg?* complex, Na is N3,
MgCl, (0.5 mM free M@*), 0.13 mg/mL purified Tm-PPase,  K{I Knz, andKi™ are Na binding constantsy is the Na

0.7 U/mL ATP-sulfurylase (Sigma), 1M adenosine-5 concentration-independent catalytic activity, andis the
phosphosulfate, and 0.1 M MOPS-TMAOH buffer in a total background activity due to contaminatifg coli PPase. For
volume of 0.2 mL. Care was taken to ensure that the ATP- the wild-type enzyme and the D190A variant, two activating
sulfurylase concentration was sufficiently high so that PP Na' ions are bound (Scheme 1A), whereas for the D703N
conversion into ATP proceeded at least 20 times faster thanand D190A/D703N variants, only one activating™Nan is

PR formation. The reaction was initiated by addingaiRd bound (Scheme 1B). In both cases, only one inhibiting Na

carried out at 40°C for 10 min. Aliquots (30uL) were ion is bound, and its binding is described by the dissociation
withdrawn at various times, quenched with @0 of 1 M constantK; or K*". Scheme 1 assumes that the enzyme
trifluoroacetic acid, incubated for 3 to 4 min at room species are in equilibrium with each other. The parameters
temperature, and neutralized with 30 of 1.5 M Tris. The in Scheme 1A,B were determined by fitting the rate data to

ATP formed was assayed by adding A0 of the resulting egs 1A or 1B, respectively, using SCIENTIST software
mixture to 0.2 mL of 0.2 M Tris-HCI, pH 8.0 containing 5 (MicroMath, Missouri, USA). Ratesuf were weighted
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Ficure 1: Heat-resistant proteins in IMV from C41(DE3) cells
expressing wild-type and mutated Tm-PPases or transformed with
an empty vector. IMV were solubilized witm-dodecylf-p-
maltoside and were treated for 10 min at°h Denatured proteins 10
were removed by centrifugation, and the supernatant was subjected
to SDS-PAGE.

according to 1.

v = VI(1+ Ky,/[Na] + K3K,,/[Na] + [Na]/K;) + v,
(1A)

o

G
T T T TIOm T T T T T T T

_| D703N

-
o

v=VI(1+ K¥Na] + [Na]/K*® + v, (1B)

RESULTS

Hydrolytic activity (umol min™ mg™")

Heterologous Expression of Tm-PPase in E. cille
expressed Tm-PPaseln coli C41(DE3) using the method
previously established f&®hodospirillum rubrunH*-PPase .
(28). IMV prepared from C41(DE3) cells expressing Tm- 0 T

PPase were solubilized in-dodecylf-p-maltoside, heat- D190A/D703N . s
treated, and analyzed by SBBAGE. This analysis revealed 20

an intense 66-kDa band (Figure 1) that was absent in IMV

from C41(DE3) cells transformed with empty pET36)(

Although a molecular mass of 73 kDa is predicted from the 10 |
amino acid sequence of Tm-PPase, it is likely that the 66-

kDa band is the full-length enzyme because many reports

have shown similar anomalous mobilities for4?Pases on

0 +m—— T
SDS-PAGE @, 15, 28). N . o 100

Becausee. coliIMV lack endogenous membrane PPases, Na* (mM)

PR hydrolysis by Tm-PPa§e could be assayed directly in Ficure 2: Nat dependence of the rate of P/drolysis for the
the IMV. Although the optimal temperature range for the yilg-type and variant IMV Tm-PPases at fixed Koncentrations
growth of T. maritimais 75 to 85°C, PR hydrolysis by Tm- (shown on the curves in mM). Lines were drawn according to eq
PPase irE. coli IMV was measured at 40C to maintain 1A for the wild-type and D190A enzymes and eq 1B for the D703N
the natural lipid bilayer environment. In the presence of 25 and D190A/D703N enzymes. The values of activity are per mg of
mM Na™ and 50 mM K, the E. coli IMV containing Tm- Tm-PPase protein.
PPase displayed a salt wash-resistant Migpendent PPase Tm-PPase Requires Ndor Actizity. In a Kt-free (<5
activity. In addition, the PPase had the characteristics'®f H 1 K +) medium, Tm-PPase activity increased with increas-
PPase 29), including hypersensitivity to the HPPase  jng concentration of Naand leveled off at the upper limits
inhibitor, aminomethylenediphosphonate9s% inhibition of the examined Naconcentration range (Figure 2, panel
at 20uM), and low sensitivity to the soluble PPase inhibitor, yarked WT). Increasing the“Kconcentration progressively
fluoride (5% inhibition by 0.25 mM). The specific activity  ghited the activity optimum toward lower Kaoncentrations
of the IMV PPase was 0.4mol min mg* total IMV anq increased the maximum activity. In the presence of 5
protein (21umol min™* mg™* Tm-PPase protein). In contrast,  mm Nat, the activity hyperbolically increased with increas-
the PPase activity of the control IMV lacking the Tm-PPase jhg K+ concentration (Figure 3). Similar hyperbolic de-
was 40-fold lower. Because this residual activity was salt- nengencies were observed at fixed"Nancentrations of 2,
washable and entirely fluoride-sensitive 45% inhibition 10, and 50 mM (data not shown). However, in a‘Neee
by 0.25 mM), it appeared to be due to contaminating soluble (<10 ,M Na*) medium, there was no difference between
E. coli PPase. the Tm-PPase and background activities (@rBol min~*
Tm-PPase could be extracted from IMV membrane using mg*) over the whole K concentration range examined.
the nonionic detergent MEGA9 without any loss in activity. These data indicated that Tm-PPase absolutely requires Na
Thereafter, it could be purified 11-fold by a single step of for activity, whereas both Naand K" are needed for
phenyl-Sepharose chromatography. The purified enzymemaximal activity. Importantly, detergent-solubilized, purified
retained the characteristics of the IMV activity and was stable recombinant Tm-PPase and Tm-PPase in membrane vesicles
in solution for at least one week at°C. from T. maritima (activities measured at 40 and 8C,
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Ficure 5: Alignment of nonredundant HPPase sequences. The

48 sequences used are from Belogurov and Lai)i. Conserved

and nonconserved amino acid positions are shaded in black and
gray, respectively. The tentative transmembrane topology generated
by HMMTOP (30) for Tm-PPase is indicated below the alignment.
This predicted toplogy of Tm-PPase is compatible with experi-
mentally determined topology &treptomyces coelicoldi™-PPase

(31). Transmembrane segments are drawn as rectangles, periplasmic
loops are drawn as lines, and cytoplasmic loops are drawn as bold
K" (mM) lines. Arrows indicate the positions of ASpand Aspg® as well

FiGURE 3: K* dependence of the rate of PRydrolysis for the as an Ala/Lys position where #&dependent and &independent

wild-type and variant IMV Tm-PPases in the presence of 5 mM H*-PPases differl().
Na'. Lines were drawn according to eq 1B with{Ksubstituting ) ] )
for [Na*]. PPase. The value &f;, which was quite high at low [K],

was independent of [K within the error of determination.
The mean value oK; was 200+ 40 mM for the wild-type
D190A enzyme. Because of the inhibition, the activity could not
approach its limiting valuey. However, becausk; signifi-
cantly exceeded botl” and Ky, the maximum value of

v differed fromV by only 10 to 20%. It should be noted
that Scheme 1A and eq 1A assume that HiNes no activity.
This assumption could not be directly tested because of the
weakness of the inhibition, but the conclusions are the same
regardless of whether this enzyme species has activity.

Effects of Asp® — Ala and Asp®® — Asn Substitutions.
A requirement for Na is unique to Tm-PPase. We noticed

A
D703N

Hydrolytic activity (umol min”’ mg'1)

0 ~Frr——r T

0.1 1 10 100

100 3

1D190A/D703N

0.1 4

b " that Tm-PPase also differs from othetr4?Pases because it
L o possesses A&} and Asg®, which are located in highly
001 01 1 10 100 conserved regions at the predicted cytoplasnembrane
K* (mM) interface (Figure 5). To determine the effects of these

residues on the requirement for Nave replaced Asi3°with

FIGURE 4: K* dependence ok for the wild-type and variant ~ Ala and Asp®with Asn either separately or in combination.
IMV Tm-PPases as estimated from the data in Figure 2. Lines were These substitutes were chosen from the residues at the same
drawn according to eq 2 using the parameter values from Table 1. positions in phylogenetically related+PPases that do not
require Nd. The resulting D190A, D703N, and D190A/
D703N variants were expressed i coli C41(DE3). On

the basis of the intensities of the corresponding bands on

Té?t:;i;tén%%’l\ﬂl‘\l; ?r?r;hzu:;ts';urfgef%;';ﬁgslﬁcg\rl]zt?\:;f SDS-PAGE (Figure 1), these proteins were expressed with
X similar yields as the wild-type enzyme.

dose-dependencies were superimposable, and they weré i ired Naf o 4
similarly shifted toward lower activator concentrations with Al three variants required Nafor activity and both Na
and K" for maximal activity. The Na dose dependencies

increasing K concentrations (data not shown). However, o X
of the PPase activity for the D190A variant closely resembled

they differed in that K did not increase the maximal activity i .
of the Li*-activated enzyme. As a result, in the presence of those of the wild-type enzyme and also obeyed eq 1A (Figure

K™, Li* was a less potent activator thanha 2, D190A). In addition, the values fa(;" (Figure 4),Kn,
The Na dependencies of wild-type Tm-PPase shown in and K*” were similar to those for the wild-type enzyme,
Figure 2 were described well by eq 1A for two activating and the latter parameter was also independent o}.[K
Na' sites, whereas fitting the data to eq 1B for one activating contrast, the D703N variant exhibited a much lower slope
Na' site resulted in a poor fit; the sum of the squares of on the rate vs [Ng plot than the wild-type enzyme at all of
residuals increased by a factor of 2.5 to 8, and systematicthe K* concentrations examined. Fitting eq 1A to the data
deviations were observed in the latter case. This indicatedin Figure 2 for this variant resulted in zero or even slightly
that Tm-PPase has at least two binding sites for activatingnegative values fork{Y. Therefore, eq 1B was used,
Na* ion. The value ofK3} obtained from these fittings assuming one activating Nainding site (Scheme 1B). The
decreased approximately 40-fold as thé goncentration KR values thus generated were an order of magnitude
increased, eventually reaching a constant value (Figure 4),lower for this variant than for the wild-type enzyme but
whereas the value dfy, remained constant (I 1 mM) exhibited the same dependence orf[KFigure 4); specif-
within the error of determination. Thus;greatly stimulates ically, K™ also stimulated N& binding. Furthermore, the
Na' binding to one of the two activating Nasites in Tm- K values for this variant progressively decreased from

respectively; data not shown) had similar requirements for
alkali cations.
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Ficure 6: Na" dependence of the rate of Pfynthesis by purified
wild-type Tm-PPase at fixed K concentrations (shown on the
curves in mM). The values of activity are per mg of total protein.

170 to 60 mM when the K concentration was increased
from 0.004 to 50 mM. Activation of the D190A/D703N

variant by alkali cations was similar to the D703N variant,
but the maximum was shifted to 2-fold higher Nand Kt

concentrations (Figures 2 and 3). These results demonstrate

that Asg® but not Asp®is involved in Na activation of
Tm-PPase and that A%P replacement silences thetK
independent activating Nebinding site.

Biochemistry, Vol. 44, No. 6, 20@993

Scheme 2: Naand K' Binding to Tm-PPase
A. Wild type and D190A Variant

™,
K1k Kz Ki
EK = EKNa b= EKNa; s EKNas
11 Kk T Kiav
K1 Knz Ki
E s ENa s ENa; s ENa3
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B. D703N and D190A/D703N Variants

EK:Na
11 Kk
d
KNk Vo K
EK s EKNa s EKNa
1t Kkq 1T Kk
KN1 Ki
E s ENa s ENa;
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lyzing rapid oxygen exchange include those from the
bacteriumRhodospirillum rubrun{37) and the plan¥igna

criadiata(38). Surprisingly, oxygen exchange betwe&o]P;

and [%O]water was not observed6 nmol min't mg) with
IMV or purified Tm-PPase either in the absence of alkali
metal ions or in the presence of 10 MM N&0 mM K*, or

a combination of both Naand K.

The Kt dose dependence of the PPase activity at fixed
Na“ concentration for the D190A variant also closely piscussioN
resembled that for the wild-type enzyme (Figure 3). For both

D703N variants, these dependencies were distinctly bell- The present results show that Tm-PPase is the first Na

shaped with the maximum at about 10 mM &oncentration.
Na",K* Requirements for RFSynthesislnitial rates of

dependent PPase and is, therefore, distinct from conventional
K*-dependent H-PPases that can employ Neaas an

PR synthesis by purified Tm-PPase were measured by alternative activator. For example, although*Nzan sub-

incubating PPfree R with Tm-PPase in the presence of ATP-
sulfurylase, which rapidly and quantitatively converts the
formed PRinto ATP (23, 32). In this way, the steady-state
PR concentration is kept far below its equilibrium level,
which was as low as 0.27M under the conditions used in
the present work (0.5 mM Mg, 32 mM total R, pH 7.5)

stitute for K" as activator of H-PPase fromCarboxydo-
thermus hydrogenoforman* alone is sufficient for
activation, and activation by Nids not observed at saturating
concentrations of K (Belogurov, G. A., unpublished results).
In contrast, Tm-PPase absolutely requires Ka activity
both in the presence and absence df kmportantly, the

(33). The accumulated ATP was then measured with a Na" dependence of recombinant Tm-PPase is not an artifact
sensitive luciferase assay. This approach, employed inof heterologous expression i. coli because the PPase

previous studies of soluble PPased, (25, 34, 35), could

activity in native T. maritima membranes is also Na

also be applied to purified Tm-PPase. However, the synthe-dependent.

sizing activity of IMV Tm-PPase could not be assayed by

Kinetic Scheme of Naand K" Activation. The effects of

this method because of high ATPase activity presentin IMV Nat and K" on Tm-PPase activity can be interpreted by

membranes.

PR synthesis could not be detectedQ.1 nmol min?
mg!) in the absence of Naover a [K'] range from 0.3 to
50 mM. In the presence of Nathe rate was low but
measurable (Figure 6). The rate vs [Nlarofiles were bell-
shaped, indicating that Niaboth activates and inhibits PP
synthesis, as it does for P#y/drolysis. Because of large data
scatter, the stoichiometry of Naparticipation could not be

means of the simple kinetic models shown in Scheme 2.
These are an extension of the models in Scheme 1 and
involve two similar, parallel routes: one for‘iiree enzyme
and the other for K-bound enzyme. The model in Scheme
2A implies the presence of four binding sites for alkali
cations in the wild-type and D190A enzymes, including two
activating and one inhibitory site for Nand one activating
site for K" (V> > V,). In the D703 variants, one activating

established, but at least one activating and one inhibiting site is lost, but one inhibitory site for Kis gained (Scheme

Na" ion is involved. Surprisingly, K inhibited Na'-
dependent RRBynthesis.

2B). The latter explains the observed dependend€dfin
Scheme 1B on [K] and the decrease in activity at highf{K

All PPases studied so far catalyze oxygen exchangein Figure 3. Binding of the inhibitory K ion also explains

between Pand water at a rate comparable to that of PP
hydrolysis. This reaction occurs as a reversal of $-
thesis on the enzyme3¢). Examples of H-PPases cata-

the potentiation of inhibition by excess Nabserved in
Figure 2 for both D703N variants. The latter effect suggests
that, as shown in Scheme 2B, the inhibiting ¥n binds to
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Table 1: Parameters for Schemes 2A and 2B

parameter wild type wild typge D190A D703N D190A/D703N
K1 (MM) 26+ 10 70+ 40 62+ 24 45+1.7 20+ 1
Ky (MM) 0.5+0.3 1.0+0.3 0.7+ 0.3 0.05+ 0.02 0.13+0.01
Knz (MM) 3+1 3+1 1.8+ 04
Kk (MM) 194+ 15 9+ 3 30+ 20 6+ 4 7.9+ 0.9
Kkavy (MM) 0.4+0.2 0.13+ 0.06 0.344+0.19 0.066+ 0.038 0.049+ 0.005
Ki (mM) 200+ 40 200+ 70 210+ 60 170+ 30 4004 100
Kk (MM) 70+ 10 240+ 30
V1 (umol min1 mg2)b 1341 3.0+0.2 5.2+ 0.4 7.0+ 0.3 17.5+ 0.8
V, (umol min~t mg1)° 20+ 1 4.5+ 0.3 10.0+0.4 9.7+ 0.4 27+ 1

a Solubilized and partially purified wild-type Tm-PPageéctivity of IMV is in terms of Tm-PPase protein, as estimated from SIPAGE, and
activity of purified enzyme is in terms of total protein present in the preparation.

the enzyme species containing the full complement of ment of NaPR in hydrolysis studies. By using a Ndree
activating ions (EKNa), although weaker binding to EkNa  system, we have determined that the-dependent B-PPase
and EK cannot be excluded. The binding constant for the from C. hydrogenoformang$l5) and K™-independent en-
first activating Na ion to bind is assumed to be K zymes from R. rubrum (GenBank accession number
dependenti{n: = Knik)) in all enzymes, whereas the binding AAC38615) andPyrobaculum aerophilunfGenBank ac-
constant for the second activating Nian in the wild-type cession number AAF01029) are Nandependent. However,

and D190A enzymeK(2) and for the inhibiting Naion in more enzymes, including those from plant vacuoles and

all enzymesK;) is assumed to be Kindependent. protozoan acidocalcisomes, must be studied to determine the
In terms of Scheme 2A,B, the dependenceKgf’ on prevalence of Na dependence among*HPPase homo-

[K*] is given by eq 2. Fitting this equation to the data in logues.

Figure 4 allowed evaluation d¢fy; and the two K binding Possible Role of ASf. In terms of Scheme 2, the most

constantskx; andKkiny. The value oKnyy could then be  noticeable effects of the D703N substitution are to silence

calculated a¥n:Kkin/Kki. The values ol; andV; could one activating Na& binding site, to increase the affinity of

be approximated using the values\éfestimated at 0.004  the remaining activating Nabinding site, and to generate
mM and optimal K concentrations, respectively. Finally, one inhibitory K" binding site. One possible explanation is
the value ofKy, for the D703N variants was determined by that the D703N substitution converted the activating’ Na
fitting an equation analogous to eq 1B to the data in Figure binding site to an inhibitory K binding site. The effect of
3 because the Naand K" concentrations used were nearly the D703N substitution on activating *Kbinding was
saturating with respect to the activating cation-binding sites. moderate (a 37-fold decrease iKx; andKkiy; Table 1).
The values of all parameters estimated in this way are Overall, the effects of the D703N mutation suggest that
summarized in Table 1, and they indicate that the effect of Asp’® directly participates in Nabinding. However, this
K* on wild-type Tm-PPase activity is 2-fold: it markedly residue is not the sole determinant of Ndependence
increases enzyme affinity for Naand it slightly increases  because the D703N variant still absolutely requires foa
the maximal activity. activity.

In contrast to the effects of the D703N substitution, the
KT = Kna(1 + KV K )L+ [KV Keyy) Q) effects of the D190A mutation were quite small, indicating
that Asg*° probably does not interact with alkali cations in
According to Scheme 2, Nds an essential activator and Tm-PPase. Interestingly, whereas both the D190A and
K* is a modulator of Tm-PPase activity. Because the cytosol D703N variants had 2-fold lower PPase activities than the
contains~100 mM K, Tm-PPase is expected to always be Wild-type enzyme, the double mutant regained wild-type
saturated with K. In contrast, the cytosolic Naconcentra-  activity. This compensatory effect suggests that ‘Asand
tion may be well below 50 mM ifT. maritimaexposed to Asp’® are close to each other in the Tm-PPase structure.
~0.5 M Na" in seawater39) because bacteria usually keep Alternative Activities of Tm-PPasd.ike any catalyst, Tm-
an internal [Na] at least 10-fold lower than the external PPase is able to catalyze the reverse reactionsyfhesis
[Na*] (40—44). Therefore changes in cytosolic [Namay (Figure 6). This spontaneous reaction establishes an equi-
regulate Tm-PPase activity. Interestingly! idctivates PP librium between PPand R, and is distinct from the energy-
hydrolysis by TM-PPase but inhibits PBynthesis. This  driven PRsynthesis in membrane systems, which can raise
indicates that K binding may be essential to shift the enzyme the level of PP above this equilibrium. Tm-PPase is,
activity toward PPhydrolysis under energized conditions. however, unique because its synthesizing activity is very low
Given the high affinity of Tm-PPase and especially of the (0.9 nmol min! mg™), representing only 0.02% of its
D703N and D190A/D703N variants for Nathe Na hydrolytic activity (4.5umol min~t mg™?1). In comparison,
requirement of H-PPase homologues can be easily over- for other PPases, this percentage is typically around 1%,
looked unless special precautions are taken. Indeed, thesalthough a value as high as 16% has been reported for rat
variants are fully activated at 0.5 to 1 mM Nawhich is liver PPase 35). For R. rubrum PPase, the only HPPase
commonly present in biochemical experiments due to reagentfor which PR synthesis was measured under nonenergized
contamination and cation leakage from glassware. In fact, conditions £8), this value is 0.6%. This synthesis of iRy
the Na' requirement of wild-type Tm-PPase was not detected a PPase involves three steps:bihding to the active site,
in its initial characterizationl(4), presumably due to employ-  formation of an enzyme-bound PRnd release of Rihto



Na',K*-Pyrophosphatase dthermotoga maritima

solution. The other typical PPase reaction;\Water oxy-
gen exchange, occurs by, Binding to the active site,
formation of enzyme-bound RPhydrolysis of PR and

release of Pinto solution @6). For Tm-PPase, this reaction

is also quite slow €5 nmol min! mgt). Thus, the first

two steps of P-water oxygen exchange are the same as in
PR synthesis and may include a common rate-determining
step. The third and the fourth steps of oxygen exchange
cannot be slow because they are also partial reactions of the 13.
much faster PFhydrolysis. Pre-steady-state kinetic analysis
of Tm-PPase catalysis will help to identify the rate-
determining step with more certainty and will also establish

its Na" and K' requirements.

Interestingly, both the Naand K' binding sites of Tm-
PPase, which likely occur in the vicinity of A% and the
Ala/Lys position (5), respectively, map to the cytoplasm

membrane interface in a computer-generated topological
model (Figure 5) 30, 31). This observation raises the

intriguing possibility that these ions are translocated by the
enzyme or were translocated by its extinct ancestor. The
slowness of PPsynthesis and jPwater oxygen exchange

may therefore indicate tight coupling between these reactions
and ion transport. However, experiments to test the possibility

that Tm-PPase translocates any combinationgffita’, and
K* were complicated by the oxygen sensitivity @t

maritimamembranes and the high passive ion conductance

of the E. coli IMV membrane at temperatures above 8D

where Tm-PPase is sufficiently active. The investigation of
ion transport by Na,K*-dependent H-PPase may therefore

require characterization of its mesophilic homologue.
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