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ABSTRACT

Corn (Zea mays L. cv Trojan T929) coleoptile membranes were
fractionated on isopycnic sucrose density gradients. Two peaks of ATP-
driven H"-transport activity, corresponding to the previously character-
ized tonoplast (1.07 grams per cubic centimeter) and Golgi (1.13 grams
per cubic centimeter) fractions (Chanson and Taiz, Plant Physiol 1985
78: 232-240) were localized. Coincident with these were two peaks of
inorganic pyrophosphate (PPi)-driven H-transport. At saturating (3
millimolar) concentrations of Mg2":ATP, the rate of proton transport
was further enhanced by the addition of 3 millimolar PPi, and the
stimulation was additive, i.e. equal to the sum of the two added separately.
The specific PPi analog, imidodiphosphate, antagonized PPi-driven H'-
transport, but had no effect on ATP-driven transport. Moreover, PPi-
dependent proton transport in both tonoplast-enriched and Golgi-enriched
fractions was strongly promoted by 50 millimolar KNO3, unlike the ATP-
dependent Hf-pumps of the same membranes. Taken together, the results
indicate that PPi-driven proton transport is mediated by specific mem-
brane-bound HW-translocating pyrophosphatases. Both potassium and a
permanent anion (NO3- > Cl-), were required for maximum activity. The
PPi-driven proton pumps were totally inhibited by N,N'-dicyclohexyl-
carbodiimide, but were insensitive to 100 millimolar vanadate. The PPi
concentration in coleoptile extracts was determined using an NADH
oxidation assay system coupled to purified pyrophosphate:fructose 6-
phosphate 1-phosphotransferase (EC 2.7.1.90). The total pyrophosphate
content of corn coleoptiles was 20 nanomoles/gram fresh weight. Assum-
ing a cytoplasmic location, the calculated PPi concentration is sufficient
to drive proton transport at 20% of the maximum rate measured in vitro
for the tonoplast-enriched fraction, and 10% of the maximum rate for
the Golgi-enriched fraction.

The role of transmembrane proton pumps as primary trans-
port mechanisms in plant cells is now well established. The most
thoroughly studied proton pumps are the H+-translocating
Mg2+:ATPases, which utilize the energy of hydrolysis of
Mg2+:ATP to transport protons across the lipid bilayer (25).
Proton-pumping Mg2+:ATPases have been identified on the
plasma membrane (5, 9, 18, 22, 27), tonoplast (2, 5, 6, 13, 15-
17), and Golgi membranes (3, 4) in a variety of plant tissues. A
Mg2`:pyrophosphatase activity has also been shown to be asso-
ciated with plant tonoplasts (12, 28, 30). Wagner and Mulready
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(28) showed that the tonoplast pyrophosphatase of Tulipa petals
was magnesium-dependent and distinguishable from the tono-
plast Mg2+-ATPase. They further speculated that the tonoplast
Mg2+-PPase might be a proton pump, by analogy to the chro-
matophore pyrophosphatase of Rhodospirillum rubrum, which
serves as a coupling factor between light-driven electron transport
and PPi synthesis (1). When reconstituted into artificial proteo-
liposomes, the chromatophore Mg2`:pyrophosphatase was capa-
ble of transporting protons using PPi as substrate (1 1, 12). In
view of the recent reports of unexpectedly high concentrations
of pyrophosphate in plant tissues (7, 24), the potential role of
membrane bound pyrophosphatases as proton pumps or as
coupling factors gains new significance. In this paper we report
on the presence and some properties of pyrophosophate-driven
proton pumps in the TEF3 and GEF, respectively, obtained from
corn coleoptile microsomal membranes. Similar findings have
recently been reported by Rea and Poole (19) for beet tonoplasts.
In addition, we have measured the level of PPi in coleoptile
extracts.

MATERIALS AND METHODS
Plant Material. Corn (Zea mays L. cv Trojan T929, Pfizer-

DeKalb) seeds were soaked 6 to 8 h in distilled H20 and sown
in trays with moist vermiculite, as previously described (3, 4).
Seedlings were germinated in the dark at 20C with 2 h of dim
red light daily to inhibit mesocotyl growth. After 5 to 6 d,
coleoptiles (-3 cm) were harvested, debladed, and collected on
ice under room lights.
Membrane Isolation. Homogenization of the tissue, centrifu-

gation of the 1,OOOg supernatant on sucrose linear and step
gradients, and proton transport assays were carried out as de-
scribed previously (3, 4). Briefly, coleoptiles ( 13 g) were chopped
by hand (10 min) with razor blades in 6 ml of homogenization
medium containing 250 mm sucrose, 2 mm EDTA, 1 mM DTT,
0.1% BSA, and 50 mm Tris-Mes (pH 7.8). The tissue was then
ground in a mortar, strained through nylon, and the residue
reground in an additional 6 ml of homogenization buffer. The
combined filtrates were centrifuged at 1,OOOg (Sorvall, SS-34
rotor) and the 1 KS was collected.
The 1 KS was layered onto a linear gradient consisting of a 2-

ml cushion of 45% sucrose (w/w), 20 -ml 10 to 40% sucrose and
1 ml of a 10% sucrose overlay made up in gradient buffer (20
mM KCI, 1 mm DTT, 0.5 mM EDTA, and 2.5 mM Tris-Mes [pH
7.5]). The gradients were centrifuged at 80,000g for 3 h (Beckman
L2-65B ultracentrifuge, SW 28 rotor) and fractionated into 16

3Abbreviations: TEF, tonoplast-enriched fraction; GEF, Golgi-en-
riched fraction; 1 KS, lOOOg supernatant; BTP, bis-tris propane (1,3-
bis[tris(hydroxymethyl)methylamino]propane); DCCD, N,N'-dicycloh-
exylcarbodiimide; DHAP, dihydroxyacetone phosphate; IDA, iminodi-
acetate; IDP, imidodiphosphate; PPase, inorganic pyrophosphatase; PFP,
pyrophosphate:fructose 6-phosphate l-phosphotransferase (EC 2.7.1.90).

159



Plant Physiol. Vol. 79, 1985

fractions (1.5 ml). Alternatively, the 1 KS fraction was layered
onto a step gradient consisting of a 3-ml cushion of 35% (w/w)
sucrose and 5 ml each of 25, 18, and 10% sucrose in gradient
buffer.

Gradient fractions were diluted to 10% sucrose with 0.5 mM
EDTA, 1 mm DTT, 20 mM KCI, and 2.5 mM Tris-Mes (pH 7.5)
prior to the proton transport assays. The diluted fractions were
either assayed directly or frozen in liquid N2 and stored at -70°C
until use.

Proton Transport Assays. Proton transport was assayed by the
quinacrine fluorescence quenching method after diluting each
sample to 10% sucrose to obtain uniform osmotic conditions as
previously described (4). After temperature equilibration, the
reaction was initiated with either Mg2+:ATP or PPi (tetrasodium
salt). Because of the insolubility of Mg2+:PPi in stock solutions,
equimolar MgSO4 was included in the transport buffer and the
reaction was initiated with PPi alone. The proton gradient was
collapsed by the addition of 3 il of 1 mm monensin dissolved in
ethanol (5 AM final monensin concentration) at the end of each
experiment to determine the total amount of quenching. The
measured activity was then multiplied by the dilution factor to
obtain total activity. It should be noted that in some cases (e.g.
Fig. 4B) this correction for dilution resulted in values of per cent
total quenching in excess of100%.

Tissue Extraction for PPi Determination. Debladed coleoptiles
(4 g) were placed in a chilled mortar, quick frozen by submersion
in liquid N2, and pulverized to a fine powder with a pestle. Excess
liquid N2 was allowed to evaporate and the frozen powder was
immediately transferred to a second mortar containing 8 ml of
0.45 N HC104 at room temperature (7, 24). The extraction was
carried out by stirring the slurry with a glass rod for several
minutes. The suspension was then centrifuged in a Sorvall RC-
2B centrifuge at 27,000g for 15 min to remove insoluble material.
The supernatant was collected, neutralized to pH 7.1 to 7.5 with
6 N KOH and placed on ice for1 h to precipitate the perchlorate.
The extract was then separated from the precipitated perchlorate
by decanting, and was further clarified by centrifugation at
12,000g for 10 min. The final supernatant was divided into
aliquots, quick frozen in liquid N2, and stored in a -70°Cfreezer.
Samples were assayed within 2 to 3 d, and no loss of activity was
detected in samples kept frozen over a 2-week period.

Pyrophosphate Assay. Pyrophosphate was measured essen-
tially as described by Edwards et al. (7). All assays were carried
out at 25°C in a final volume of1 ml. PPi concentration was
determined by measuring NADH oxidation spectrophotometri-
cally at 340 nm. In addition to either water, standard PPi
solutions, or tissue extract, the assay mixture contained: 100 mm
Hepes-NaOH (pH 7.5), 1mM MgCl2, 5 mM fructose-6-P, 0.15
mM NADH, 1.32 units aldolase (EC 4.1.2.13), 19.6 units triose-
P isomerase (EC 5.3.1.1), 2 units glycerol-3-P dehydrogenase (EC
1.1.1.8), and 2gM fructose-2,6-bisP. The sample containing all
of the above ingredients was prepared and allowed to come to
equilibrium at room temperature for 5 min. This procedure was

adopted to allow background NADH oxidation caused by gly-
colytic intermediates present in the extract to go to completion.
When a stable baseline was obtained the reaction was initiated
by the addition of 0.023 units of PFP. Because of PPi contami-
nation in one of the reagents, addition of PFP to the water
control (zeroPPi) resulted in a slight amount of NADH oxida-
tion. Inclusion of1 unit of yeast PPase (EC 3.6.1.1) in the assay
mixture eliminated this reaction. Because of the PPi contami-
nation, the absorbance change detected in the water control was

routinely subtracted from the standards as well as the extract
samples to obtain a true zero substrate reading.

Assays of the standard PPi solutions went to completion by 15
min. However, in all samples containing tissue extract, aslight

was roughly proportional to the amount of sample added, was
insensitive to yeast PPase, and which persisted for over 1 h. To
avoid the contribution ofthis nonspecific drift to the total NADH
oxidation, the absorbance change at 340 nm was measured after
15 min in the presence and absence of 1 unit of yeast PPase.
NADH oxidation specifically due to PPi was calculated by sub-
tracting the former from the latter. Thus, in the case of the
extract, two corrections were necessary: one for nonspecific drift
and the other for PPi contamination in the reaction mixture.
Using the two corrections, standard curves were linear over the
range of 1 to 10 nmol PPi, and NADH oxidation was stoichio-
metric with regard to PPi concentration (i.e. two NADH oxidized
per PPi), similar to previously published results (7, 24). The most
consistent values, as reported in this paper, were obtained with
100 gl samples. Some difficulty was experienced in obtaining
proportionality to sample volumes. In general, the amount of
PPi detected in the extract was proportional to the volume of
extract up to 200 Ml, beyond which proportionality was lost,
possibly due to the presence of interfering substances. Control
experiments, in which known amounts of PPi were added to the
tissue prior to freezing, gave recoveries of 75%.

Chemicals. DCCD was obtained from the Aldrich Chemical
Co., sodium vanadate from Fisher Scientific Co., and fructose-
6-P from Calbiochem-Behring. All other chemicals and enzymes
were purchased from Sigma Chemical Co.

RESULTS

Centrifugation of the 1 KS fraction of the tissue homogenate
on an isopycnic linear sucrose gradient resulted in the separation
of two peaks of Mg2+:ATP-dependent proton transport, as meas-
ured by the quinacrine fluorescence quenching method (Fig. 1).
The first peak (1.07 g/cc) was completely abolished by 50 mM
KNO3, while the second peak (1.13 g/cc) was only partially
inhibited (Fig. 1). In the previous paper, evidence was presented
that the first and second peaks of proton transport activity on
linear isopycnic sucrose gradients correspond to the tonoplast
and Golgi fractions, respectively (4). Figure 1 also shows the
distribution of Mg2+:PPi-dependent proton pumping across the
same gradients. Two peaks ofpyrophosphate-driven H' transport
were observed, coincident with the two peaks of Mg2+:ATP-
dependent transport. The similarity in the profiles of the two
activities suggests that proton pumping Mg2+-ATPases andMg2+:pyrophosphatases are also associated with the tonoplast
and Golgi membranes.
To determine whether or not theH+-ATPase andH+-PPase

are the same enzyme, experiments were carried out with the two
substrates given separately or in combination. The rationale was
that if the two enzymes are identical, PPi should not stimulate
any further proton pumping if ATP is present in saturating
amounts. The TEF and GEF were obtained from sucrose step
gradients as previously described (3, 4). Fluorescence quenching
curves in the presence of 3 mM Mg2+:ATP (curve a) or 3 mMMg2+:PPi (curve b) are shown in Figure 2 for the TEF (A) and
GEF (B). The rate of proton transport in the presence of PPi was
about 50% of the rate with ATP, and monensin rapidly collapsed
the pH gradients in both cases. The concentration of ATP used
was previously shown to be saturating for ATP-iven proton
transport rates (see Fig. 7, Chanson and Taiz [4]). When PPi and
ATP were given together, the effect was almost exactly additive
(curve c), suggesting that two separate pumps were operating,
although not necessarily on the same vesicle.
The effects of the pyrophosphate analog, IDP, on the ATP-

and PPi-dependent activities are shown in curves d to g of Figure
2. IDP at 3 and 6 mM (curve e) had no effect on ATP-drivenH+-transport. In contrast, 3 mm IDP inhibited PPi-induced
proton transport by about 50% (curvef) and 6 mm IDP was

background drift was encountered which was linear with time, ams opeeyihbtr creg.Smlrrslswr b
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FIG. 1. Linear 10 to 40% sucrose gradient of the
1 KS centrifuged for 3 h at 80,000g. Relative fluo-
rescence quenching of quinacrine in the presence of
25 mm BTP-Mes (pH 7.2), and 66 mm KCI. ATP
(@-f*), PPi (UJ), ATP plus 50 mM KNO3
(v---), per cent sucrose (x).
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tained for both TEF and GEF. These data indicate that the H+-
ATPases and the H+-PPases are separate enzymes.

Figure 3 illustrates the effects of various salts (50 mM) and
inhibitors on PPi-dependent proton pumping in the tonoplast
and Golgi fractions. All treatments, including the control, con-
tained a background of 16 mm KCI carried over from the gradient
buffer (4). Based on the initial rates, KNO3 (curve c) was almost
twice as effective as KCI (curve b) in stimulating proton transport
activity. Substitution of the impermeant cation, BTP, for potas-
sium (curve d) greatly reduced activity, as did the inclusion of
the impermeant anion, IDA, in place ofchloride or nitrate (curve
e). These results are consistent with requirements for both potas-
sium and a permeant anion. The greatest activity was obtained
with KNO3, in sharp contrast to the ATPases ofthe two fractions
(4). Total activity in the presence of KNO3 was completely
inhibited by the proton channel blocker, DCCD (curve g), but
was insensitive to 100 gM vanadate (curve t). No significant
differences were observed in the salt or inhibitor responses ofthe
TEF and GEF H+-PPases.
The effect of Mg2+:PPi concentration on the initial rate of H+-

pumping/mg protein is illustrated in Figure 4. In general, greater
PPi-driven proton pumping was obtained in the GEF than in
the TEF. An inhibition at the higher PPi concentrations was
observed, which may be due to the release of inhibitory levels of
free Mg2+ ions (Pi does not chelate Mg2+ as well as PPi). It was
therefore not possible to calculate the Km values of the two
proton pumps. As shown in Figure 4, TEF PPi-driven proton
pump activity typically occurred at a slightly lower PPi than the
peak of GEF PPi-driven proton pumping. Studies with the
purified enzymes are needed to determine the significance ofthis
apparent difference.
To obtain an estimate of tissue pyrophosphate levels, PPi was

determined in tissue extracts using a modification ofthe recently
developed assay based on the reaction of PFP with PPi and
fructose 6-P. The reaction is coupled to NADH oxidation via
aldolase, triosephosphate isomerase and glycerol-3-P dehydro-
genase (7, 24). To avoid NADH oxidation due to the presence
in the extract of the glycolytic intermediates, fructose 1,6-diP,
DHAP, and glyceraldehyd-3-P, all the enzymes except PFP were
included in the assay buffer, and the reaction was initiated by
the addition of PFP once a stable baseline was established (N.

Kruger, personal communication). This procedure differs from
that of the commercially available PPi assay kit in which all the
enzymes are added simultaneously (24). As a further precaution
against spurious sources of NADH oxidizing activity, a pyro-
phosphatase control was run for each sample (7). The amount
of PPi in coleoptile extracts, corrected for loss, was determined
to be 20 nmol g-' fresh weight. It seems reasonable to assume
that the majority of the PPi is located in the cytoplasm because
ofthe high levels of soluble phosphatase and pyrophosphatase in
vacuoles (12, 28). If the cytoplasm comprises -10% of the total
volume, the concentration of PPi in the cytoplasm would be
about 0.2 mm. Referring to Figure 4, this PPi concentration is
sufficient to drive proton transport at about 20% of the maxi-
mum rate for the TEF, and about 10% of the maximum rate for
the GEF.

DISCUSSION

Two separate peaks of PPi-driven H+-transport have been
identified in linear sucrose gradients of corn coleoptile mem-
branes. The two H+-PPase activities coincided with the previ-
ously characterized peaks of tonoplast and Golgi ATP-driven
H+-transport (4). As in the case ofATP-dependent proton trans-
port, quinacrine fluorescence quenching in the presence of PPi
was reversed by the Na+,K+/H+ ionophore, monensin, and in-
hibited by the proton channel blocker, DCCD. The H+-translo-
cating pyrophosphatases of the tonoplast and Golgi appear to be
similar, but not identical. The TEF PPi-dependent proton pump
was both stimulated and inhibited at lower PPi concentrations
than the GEF proton pump.
Four observations suggest that the two H+-PPase activities are

distinct from the known microsomal H+-ATPases. First, PPi and
ATP are additive in their effects on proton transport, even at
saturating substrate concentrations. Second, PPi-driven proton
transport is specifically blocked by the pyrophosphate analog,
IDP. Third, PPi-driven H+-transport is strongly promoted by 50
mM KNO3, whereas the same concentration of KNO3 inhibits
the ATP-driven proton pumps of the tonoplast by 100% (2, 6,
16, 17, 28) and Golgi by 50% (4). Fourth, unlike the plasma
membrane H+-ATPase (4, 5, 9, 18, 21), the H+-PPases of the
tonoplast and Golgi are insensitive to 100 FM vanadate. Although
the results indicate that the ATPases and pyrophosphatases are
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A, I0 to 18% (tonoplast-enriched fraction); B, 25 to 35% (Golgi-enriched
fraction). Curve a, 3 mm ATP, 3 mm MgSO4; b, 3 mm PPi, 3 mm MgSO4;
c, 3 mm ATP, 3 mm PPi, 6 MM MgSO4; d, 3 mM ATP, 3 mm MgSO4, 3
mm IDP; e, 3 mm ATP, 3 mm MgSO4, 6 mm IDP; f, 3 mm PPi, 3 mm
MgSO4, 3 mm IDP; g, 3 mm PPi, 3 mm MgSO4, 6 mm IDP.

separate enzymes, it does not necessarily follow that they are
present on the same membrane vesicles. It is possible that two
separate populations oftonoplast vesicles and Golgi cisternae are
responsible for the two transport activities.

Pyrophosphatase activity has previously been shown to be
associated with microsomal (10) and vacuolar membranes (12,
28-30). Walker and Leigh (30) were the first to suggest that the
tonoplast PPase was a proton pump. Churchill and Sze (6)
reported surprisingly high PPi-induced proton transport by mi-
crosomal membranes of oat roots, although the relationship to
the H+-ATPase was not explored. After this paper was submitted
a report appeared by Rea and Poole (I19) demonstrating PPi-
driven proton transport in beet root tonoplasts. They also con-
cluded that ATPase and PPase are different enzymes. Our results
thus confirm and extend those of Churchill and Sze (6) and Rea
and Poole (19). Unlike the results of Rea and Poole (19), how-
ever, PPi-dependent proton pumping by corn coleoptile mem-
branes was stimulated by nitrate rather than inhibited. This is
consistent with the previously reported nitrate stimulation of
PPase activity in beet membranes (19, 30).

Evidence has been presented that Rhodospirilum chromato-
phores (1, 11, 22) and beef heart mitochondria (14) contain
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FIG. 3. Effects of different salts and inhibitors on PPi-dependent

proton transport in the presence of 3 mM MgSO4. Fractions were obtained
from a sucrose step gradient and diluted to 10% sucrose. A, 10 to 18%
(w/w) (tonoplast-enriched fraction); B, 25 to 35% (Golgi-enriched frac-
tion). Curve a, Control, 16 mm KCI; b, plus 50 mm KCI; c, plus 50 mm
KNO3; d, plus 50 mM BTP-Cl; e, plus 50 mM KIDA; f, plus 50 mm
KNO3 and 100 Mm vanadate; g, plus 50 mm O3 and 100 MM DCCD
(in 1% ethanol).

coupling factor pyrophosphatases which synthesize PPi during
electron transport. When these coupling factor pyrophosphatases
were solubilized and reconstituted into proteoliposomes they
pumped protons in response to exogenous PPi (11, 14, 23).
Although we are not aware ofany reports of pyrophosphatase in
plant mitochondria, the question arises whether any of the PPi-
dependent proton transport activity measured in this study could
be derived from mitochondrial membranes. Although a mito-
chondrial origin cannot be ruled out, the mitochondrial marker,
Cyt c oxidase, is well-separated from both the ATP- and PPi-
dependent H+-pumping peaks on sucrose gradients (4; A. Chan-
son, L. Taiz, unpublished data).
ATP is generally regarded as the principal energy source for

proton transport across plant cell membranes (25), although there
are recent reports of plasma membrane proton pumps driven by
redox reactions involving NADH orNADPH (20, and references
therein). The steady state concentration of cytoplasmic PPi has
been assumed, until recently, to be maintained at extremely low
levels, inasmuch as many cellular anabolic reactions which gen-
erate PPi as a byproduct, e.g. amino acid acylation or the
synthesis of UDPG, are apparently made thermodynamically
favorable and irreversible by the continuous removal ofPPi (26).
Ifthe lowering ofPPi levels were mediated by a soluble inorganic
pyrophosphatase, as is often stated in texts (e.g. 26), and the
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FIG. 4. Effect ofMg2:PPi concentration on proton transport as meas-

ured by quinacrine fluorescence quenching in the presence of 50 mm
KNO3. Fractions were obtained from a sucrose step gradient. A, 10 to
18% (tonoplast-enriched fraction); B, 25 to 35% (Golgi-enriched frac-
tion). Both fractions were diluted to 10% sucrose for uniform osmotic
conditions. The rates shown were multiplied by the appropriate dilution
factor for the TEF (1.27) and GEF (2.97).

reaction proceeded very far towards equilibrium, it has been
estimated for liver cells that the cytoplasmic PPi concentration
would be about 10 nm, given an intracellular Pi concentration
of 4 mM (8). Cytoplasmic Pi in plant cells has recently been
determined to be about 5 to 6 mm using P3l-NMR (20), com-
parable to the level in liver cells. The measured PPi in liver cells
is 2 to 3 orders of magnitude higher than the predicted value
based on an energy-wasting hydrolysis reaction (8), while the
measured PPi levels in plants presented here and in previous
papers (7, 24) are 3 to 4 orders ofmagnitude higher. This suggests
either that: (a) PPi is removed by sequestration into a separate
compartment, or (b) PPi removal is coupled to one or more
energy-conserving reactions (7, 24).

In liver, PPi is apparently not compartmentalized. This was
demonstrated by measuring the concentrations of UTP, glucose
l-P, and UDPG, which should be in equilibrium with PPi via
the cytosolic enzyme, UDPG-pyrophosphorylase, if PPi is in the
cytosol (8). The actual measured concentration of PPi in liver
was similar to the predicted level based on the equilibrium
constant of UDPG-pyrophosphorylase. Similar studies are
needed for plant tissues. However, assuming that PPi is in the
cytosol, the concentration (0.2 mM), while much higher than
predicted for equilibria with soluble PPases (10 nm [8]), is still
marginal for driving proton transport (see Fig. 4), at least for the
Golgi-enriched fraction. It is possible that membrane H+-PPase
activity is normally enhanced in vivo by an activator molecule.

Alternatively, the pyrophosphatases may, in the presence ofsteep
proton gradients and low cytoplasmic PPi concentrations, couple
proton transport in the reverse direction to PPi synthesis, similar
to the coupling factor PPase of Rhodospirillum rubrum and beef
liver mitochondria (1, 1 1, 14, 23). This would effectively dissipate
excessive ATP-generated pH gradients across cellular membranes
in an energy-conserving step. Implicit in this model is the re-
quirement that the two pumps be located on the same mem-
brane. Perhaps when cytoplasmic PPi levels are relatively high,
as might be expected in young, rapidly growing tissues with high
rates of biosynthesis, membrane-bound pyrophosphatases might
utilize the energy of hydrolysis of PPi to drive proton transport
into the vacuole and Golgi cisternae. This would alleviate com-
petition for ATP between biosynthetic reactions and membrane
transport processes. The hydrolysis of PPi would, in turn, help
to maintain favorable conditions in the cytoplasm for rapid
biosynthesis. When cytoplasmic PPi concentrations are at a
minimum due to low biosynthetic rates, e.g. in mature tissues,
the reverse reaction might occur, i.e. PPi synthesis might be
driven by the transmembrane pH gradient. This would ensure
that PPi levels did not fall below a critical level for other PPi-
requiring reactions (7, 24). In this way rates of biosynthetic
reactions might be coupled to the reversible transport of protons
across these membranes.
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