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Tris 1s a Competitive lnhibitor of K+ Activation of the 
Vacuolar H+-Pumping Pyrophosphatase' 
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The effects of a range of commonly used pH buffers on the 
hydrolytic activity of the plant vacuolar H+-transporting inorganic 
pyrophosphatase (V-PPase) from mung bean (Vigna radiata 1.) hy- 
pocotyls were tested. All of the buffers inhibited K+ stimulation of 
the V-PPase, and the degree of inhibition was dependent on the 
concentrations of both the buffer and K+. The effects were depen- 
dent on the organic cation used in the buffers, and those tested 
inhibited in the order: Tris > Bis-Tris-propane > Bicine = Tricine > 
imidazole. Detailed studies revealed that a model in which Tris 
affects both the K,,, and V,,,,, for K+ stimulation provided an accu- 
rate description of the observed kinetics. The ability of different 
cations to stimulate the V-PPase was measured with a noncompet- 
ing buffer (5 mM imidazole-HCI) and the order of effectiveness was 
K+ = Rb+ =- NH,+ >> Cs+ > Na+ > Li+, with the K, for K+ 
stimulation being about 1 to 2 mM. Published experiments per- 
formed in  the presence of Tris were re-evaluated and all could be 
fitted to mixed inhibition kinetics, with kinetic parameters similar to  
those measured for the mung bean V-PPase. It i s  concluded that the 
variations i n  the published K, for K+ stimulation of the V-PPase are 
probably doe to the effects of pH buffer cations and that the real 
value for this parameter i s  i n  the low millimolar range. The impli- 
cations of this for regulation of the V-PPase by K+ in vivo and for the 
role of the enzyme in  K+ transport into the vacuole are discussed. 

The V-PPase is one of two H' pumps that are responsi- 
ble for the acidification of vacuolar sap (Rea and Sanders 
1987; Rea and Poole, 1993; Leigh et al., 1994), with the other 
being a V-type ATPase (Rea and Sanders, 1987; Sze et al., 
1992). The V-PPase shows an absolute dependence on K' 
for maximum activity (Walker and Leigh, 1981; Rea and 
Poole, 1985; Wang et al., 1986; White et al., 1990; Davies et 
al., 1991; Obermeyer et al., 1996), and patch-clamp experi- 
ments have indicated that it may be involved in K+ trans- 
port into the vacuole (Davies et al., 1992; Obermeyer et al., 
1996), although attempts to measure PPi-dependent K+ 
uptake into vacuolar membrane vesicles using radioiso- 
topes (Sato et al., 1994) or fluorometric probes (Ros et al., 
1995) have failed to confirm this. 
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A single polypeptide of approximately 80 kD is sufficient 
to catalyze a11 known properties of the V-PPase (Kim et al., 
1994a), and analysis of the cDNAs encoding V-PPases from 
a number of species has indicated a high degree of se- 
quence homology between them (Sarafian et al., 1992; Rea 
and Poole, 1993; Tanaka et al., 1993; Kim et al., 1994b; 
Sakakibara et al., 1996), suggesting that the biochemical 
properties are also likely to be highly conserved. Therefore, 
it is surprising that the reported values for the K ,  for K+ 
stimulation of the V-PPase differ significantly between spe- 
cies, ranging from less than 4 mM to more than 60 mM 
(Walker and Leigh, 1981; Rea and Poole, 1985; Wang et al., 
1986; Marquardt and Lüttge, 1987; White et al., 1990; 
Baykov et al., 1993). Whereas it is possible that the effects 
may be due to real differences in the affinities for K+, 
perhaps determined by large sequence differences in the 
K+-binding sites, widely differing assay conditions have 
been used and offer a more likely explanation for the range 
of values. White et al. (1990) found that Tris partially 
stimulated the V-PPase of Kalanchoe daigremontiana, indi- 
cating that this buffer may be capable of interacting with 
the K+-binding site of the V-PPase. Such an effect could 
explain the variation in the published results for K+ stim- 
ulation, since Tris has been widely used as a pH buffer in 
studies of the V-PPase. In addition, Tris and other amine 
buffers affect the kinetics of substrate binding to the H+- 
pumping pyrophosphatase of the photosynthetic bacte- 
rium Xhodospirillum rubrum (Baykov et al., 1996). 

In this paper we analyze the effects of Tris and some 
other cationic buffers on the hydrolytic activity of the 
V-PPase and demonstrate that some are inhibitory to the 
enzyme, with Tris showing the greatest effect. Tris exerts 
its effect through mixed inhibition of K+ stimulation. We 
use this information to re-evaluate published data for K+ 
stimulation of the V-PPase in some studies in which Tris 
was used as the pH buffer. 

MATERIALS A N D  METHODS 

AI1 chemicals were from Sigma or BDH (Poole, Dorset, 
UK). Seeds of mung bean (Vigna radiata L.) were germi- 
nated and grown on water-saturated vermiculite in the 
dark at 25"C, and hypocotyls were harvested after 5 d. 
Tonoplast vesicles were isolated from the hypocotyls by 
the method of Rea et al. (1992). Vesicles were frozen in 

Abbreviations: Tricine, N-[Tris-(hydroxymethyl)methyl]glycine; 
V-I'Pase, vacuolar H+-transporting inorganic pyrophosphatase. 
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liquid N, and stored at -80°C. V-PPase activity was mea- 
sured as the hydrolysis of PPi at pH 8.0. Earlier studies 
(Wang et al., 1986; Leigh et al., 1992) showed that the 
kinetics and inhibitor sensitivities of PPi hydrolysis match 
those of H+-pumping, and, thus, hydrolysis is a good 
measure of V-PPase activity. Since large concentrations of 
Tris were used in some experiments, H'-pumping was not 
used as a measure of activity, because changes in the 
interna1 pH-buffering capacity of the tonoplast vesicles 
would have compromised an accurate comparison of the 
H+-transport rates between different treatments. PPi hy- 
drolysis was measured as described by Leigh et al. (1992), 
except that the medium contained 10 pg/mL L-(Y- 

lysophosphatidylcholine and 300 pg / mL Triton X-100. The 
concentrations .of MgSO, and PPi-Bis-Tris-propane were 
1.5 and 0.3 mM, respectively, and the pH buffer was as 
indicated in the figures and tables. Protein was assayed by 
a modification of the method of Appleroth and Angsten 
(1987) with BSA as a standard. V-PPase activities are re- 
ported as the amount of PPi hydrolyzed (Pi release + 2), 
except in Figure 4 where they are reported in the units that 
were used in the original papers. Curve fitting was done 
with Sigmaplot 2.1 (Jandel Scientific, Ekrath, Germany). 

RESULTS 

The hydrolytic activity of the V-PPase was measured in 
the presence of 1 and 50 mM K+ with different buffers 
present at concentrations of 25 to 100 mM (Fig. 1). With 50 
mM KCl in the assay medium, activity was greatest with a11 
of the buffers when they were at 25 mM. With the exception 
of imidazole-HC1, increasing concentrations of all of the 
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Figure 1. Effect of different pH buffers on the activity of the mung 
bean V-PPase. A, Activity measured in the presence of 50 mM KCI. B, 
Activity measured in the presence of 1 mM KCI. The buffer concen- 
trations were 25 (open bars), 50 (hatched bars), or 100 mM (cross- 
hatched bars). BTP, Bis-Tris-propane. 
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Figure 2. K+ stimulation of the mung  bean V-PPase activity in the 
presence of 5 (O), 25 (O), 50 (m), or 100 (O) mM Tris. The symbols 
indicate the experimental data and the lines are the activities calcu- 
lated using Equation 1 with values for the kinetic parameters of V,,, 
= 38.0 pmol mg-' protein h-',  K, = 1.6 mM, Kic = 11  .O mM, and 
Kiu = 395 mM. 

buffers progressively decreased V-PPase activity (Fig. 1A). 
Bicine and Tris were the most inhibitory and, when present 
at 100 mM, these buffers supported only 47 and 57%, re- 
spectively, of the activity measured at 25 mM imidazole- 
HC1. When the analysis was repeated at a K+ concentration 
of 1 mM, the results showed that the activity was maximal 
with imidazole. Activity was intermediate with Tricine and 
Bicine and least with Tris (Fig. 1B). Since C1- was the 
counteranion for most of the buffers (Cl- concentration 
was assumed to be the same as that of the buffer cation), 
these inhibitory effects must be due to the nature of the 
organic cation used in the buffer. 

To study the effect of Tris further, its influence on K' 
stimulation of the V-PPase was investigated over a wide 
range of K+ concentrations. Increasing concentrations of 
Tris progressively inhibited the V-PPase at a11 K+ concen- 
trations (Fig. 2). Although results with small concentrations 
of Tris (up to 25 mM) could apparently be described by 
competitive inhibition between Tris and K+ (data not 
shown), this model gave progressively poorer fits at larger 
Tris concentrations. However, a mixed inhibition model in 
which Tris affected both the K ,  and the V,,, for K t  
stimulation gave good fits at ãll Tris concentrations. This 
model is described by the following equation (Cornish- 
Bowden, 1976): 

where v is the rate of PPi hydrolysis, s is the K+ concen- 
tration, V,,, and K ,  are the kinetic constants for K+ stim- 
ulation, and Ki, and Ki,, respectively, are the inhibitor 
constants for competitive and uncompetitive inhibition of 
K+ stimulation by Tris. Fitting this equation to results from 
four independent experiments yielded mean 5 SE values 
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for the kinetic parameters of: K, = 1.85 2 0.15 mM, Ki, = 
11.75 2 0.75 mM, and Ki, = 392.5 2 56.8 mM. 

In view of this effect of Tris on the V-PPase, the stimu- 
lation of the enzyme by K+ and other monovalent cations 
was re-evaluated using 5 mM imidazole-HC1 as the buffer, 
i.e. conditions that promoted maximal activity at low Kt 
concentrations (Fig. 1). Based on the V,,, values, the tested 
cations stimulated the V-PPase in the order: K' = Rb' > 
NH,+ >> Cs+ > Na+ > Li+ (Fig. 3). This order of effec- 
tiveness is similar to that reported by others (Walker and 
Leigh, 1981; Wang et al., 1986; Marquardt and Lüttge, 1987; 
White et al., 1990; Obermeyer et al., 1996). The K, values 
show the same ordering (Table I; Fig. 3). K', Rb', NH,', 
and Cs' had K, values in the 1 to 3 mM range, whereas the 
affinity of the V-PPase for Na' and Li+ was about 10-fold 
lower. 

To determine whether these effects of Tris can explain 
the variation in the published K, values for K+ stimulation 
of the V-PPase, the data from some earlier papers in which 
Tris was used as a pH buffer were re-examined to deter- 
mine whether they could be fitted by the mixed inhibition 
model (Eq. 1). Baykov et al. (1993) determined the kinetics 
of the K+ stimulation for the mung bean hypocotyl 
V-PPase with the Tris concentration either fixed at 100 mM 
or varied inversely with the KC1 concentration to maintain 
a fixed ionic strength of 100 mM. They reported a K, for K' 
of 40 mM in the presence of 83 WM Mg,PPi (the substrate of 
the V-PPase; Leigh et al., 1992; Baykov et al., 1993; Gordon- 
Weeks et al., 1996) and 61 mM with 3.3 PM Mg,PPi. How- 
ever, as shown in Figure 4A, the results can be simulated 
very well by Equation 1 with values for the K, for K+ and 
Ki, and K i ,  for Tris very similar to those derived from the 
experiments described above (Fig. 2). Walker and Leigh 
(1981) measured the K' stimulation of the red beet (Beta 
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Figure 3. Cation stimulation of the mung bean V-PPase measured 
with 5 mM imidazole-HCI as the p H  buffer. Symbols are experimental 
data for activities in the presence of Kf (O), Rb+ (O), NH,+ (M), Csf 
(O), Nat (A), or Li+ (A). Lines are fitted using the Michaelis-Menten 
equation with the following parameters: K t  and Rb+, K, = 0.75 mM, 
V,,,, = 15.59; NH4+, K, = 1.57 mM, v,,, = 14.84; CSt, K,,, = 2.53 
mM, V,,, = 9.37; Naf, K,,, = 17.89 mM, V,,, = 8.47; and Li+, K, 
= 32.57 mM, V,,, = 3.43. 

Table 1. K, values for monovalent cation stimulation of the mung 
bean V-PPase 

Values are means 2 SE of three separate independent experiments. 
Activity was measured with 5 mM imidazole-HCI as the p H  buffer. 

Cation Km 

mM 

K+ 1.27 2 0.23 
Rb+ 1.20 ? 0.35 
NH,+ 1.83 2 0.25 
cs+ 2.37 2 0.44 
Nat 12.14 2 2.48 
L i+  17.01 2 6.45 

vulgaris L.) V-PPase with 49.5 mM Tris present in the me- 
dium and found that the results did not conform to 
Michaelis-Menten kinetics; therefore, they were unable to 
derive an accurate K ,  for K+ stimulation. Again, however, 
the results can be fitted with a mixed inhibition model, 
although the predicted K, value for K+ is higher than that 
for the mung bean enzyme (Fig. 4B). Finally, Rea and Poole 
(1985) assayed the red beet V-PPase in the presence of 52 
mM Tris and, like Walker and Leigh (1981), were unable to 
derive a K, for K' because of non-Michaelian kinetics. 
Their data can also be fitted to a mixed inhibition model 
and, in this case, the kinetic parameters are similar to those 
for the mung bean enzyme (Fig. 4C). 

Although the above results clearly show that Tris affects 
the V-PPase by decreasing K+ stimulation, its effect on 
Mg2+ activation was also investigated because Baykov et 
al. (1993) reported that the kinetics of Mg2+ activation of 
the mung bean V-PPase were dependent on ionic strength 
when Tris concentrations were varied to alter this param- 
eter. Thus, it is important to establish whether the effects 
they observed could be due to this buffer. In addition, 
Baykov et al. (1996) found that Tris can affect the binding 
of Mg,PPi to the Mg2+-loaded form of the PPase from R. 
rubrum. Therefore, the Mg2' dependency of the mung bean 
V-PPase was determined at two PPi concentrations (0.1 or 
1.5 mM) with the ionic strength allowed to vary with the 
MgSO, concentration or with it fixed at 100 mM by altering 
the concentration of imidazole-HC1 to compensate for the 
different MgSO, additions. The results clearly show that 
the kinetics for Mg2+ activation of the enzyme are not 
affected by ionic strength (Fig. 5). Similar results were 
obtained when ionic strength was kept fixed at 100 mM by 
changing the concentration of either Tris-HCl or KC1 (not 
shown). The kinetics are similar to those reported by Leigh 
et al. (1992) for the oat root V-PPase, and, in particular, the 
decline in activity at large Mg2+ concentrations in the 
presence of 1.5 mM PPi was observed under both ionic 
strength regimes (Fig. 5). This decline is thought to be due 
to noncompetitive inhibition by Mg,PPi (Leigh et al., 1992). 

DI SCUSSION 

The observation that Tris directly affects the interaction 
of K+ with the V-PPase offers an explanation for discrep- 
ancies in published values for the K, for K+ stimulation of 
this enzyme and for the non-Michaelis-Menten kinetics 
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Figure 4. Re-evaluation of published experiments in which the K+ stimulation of the V-PPase was measured in the presence 
of Tris. Symbols are the original experimental data and lines are activities calculated using Equation 1. A, Experiment from 
Baykov et al. (1993) with activities of the mung bean V-PPase measured in  the presence of 83 (O, O) or 3.3 (A) p~ Mg,PPi 
with the Tris concentration fixed at 100 mM (O) or varied to maintain an ionic strength of 100 mM (O, A). The kinetic 
parameters for the modeled lines are K, = 1.90 mM, K,, = 12.0 mM, K,, = 395 mM, and V,,,,, = 0.38 (solid and dotted lines) 
or 0.19 (dashed line) units mg-’ protein. B, Experiment from Walker and Leigh (1981) in which K +  stimulation of the red 
beet V-PPase was measured with a constant Tris concentration of 49.5 mM. The parameters for the fitted line are K,,, = 5.0 
mM, K,, = 9.0 mM, K,, = 275 mM, and V,,, = 4.75 pmol  mg-’ protein h-’. C, Experiment from Rea and Poole (1985) in  
which the K+ stimulation of the red beet V-PPase was measured with a constant Tris concentration of 52 mM. The parameters 
for the fitted line are K,,, = 2.0 mM, K,, = 12.0 mM, K,, = 350 mM, and V,,, = 11.0 pmol  mg-’ protein h-’. 

measured by some authors (Walker and Leigh, 1981; Rea 
and Poole, 1985). It appears from the analysis presented 
above that Tris (and probably some other buffer cations; 
Fig. 1) interferes with the K+ stimulation of the V-PPase 
and that both the K, and the V,,, are changed. A re- 
analysis of published data (Fig. 4) shows that nonstandard 
kinetics or high K, values for K+ stimulation can be ex- 
plained by mixed inhibition and that the K ,  for K+ is 1 to 
2 mM (Table I; Fig. 2). The similarity of the K, values for 
K+ for V-PPases from different species is consistent with 
the high degree of sequence homology of the enzyme from 
different sources (Sarafian et al., 1992; Rea and Poole, 1993; 
Tanaka et al., 1993; Kim et al., 1994b; Sakakibara et al., 
1996). 

The low K, for K+ makes it unlikely that this cation has 
a regulatory role in modulating the activity of the enzyme 
in vivo. The cytoplasmic activity of K+ has been measured 

Total MgSO&M) 

Figure 5 .  Effect of varying the total Mg2+ concentration on activity of 
the mung bean V-PPase in the presence of 50 mM KCI at fixed total 
PPi concentrations of 0.1 mM (V, 7 )  or 1.5 mM (O, O). lonic strength 
was kept constant at 100 mM by varying the concentration of 
imidazole-HCI (O, V) or allowed to vary a ta  constant imidazole-HCI 
concentration of 25 mM (O, V). 

at 70 to 80 mM except under conditions of extreme K+ 
deficiency, when it can decline to about 40 mM in some 
cells (Walker et al., 1996; see also Maathuis and Sanders, 
1993). Thus, under a11 conditions of K+ supply the cytosolic 
K+ concentration will be sufficient to fully stimulate the 
V-PPase, and so the ion will never limit the enzyme’s 
activity. 

There is currently some conflict over the possible role of 
the V-PPase in K+ transport into the vacuole. Davies et al. 
(1992) and Obermeyer et al. (1996), using patch clamping, 
obtained evidence for such a role, but radiotracer experi- 
ments with reconstituted V-PPase (Sato et al., 1994) and 
fluorescent probe measurements with tonoplast vesicles 
(Ros et al., 1995) have failed to confirm this. It is interesting 
that the patch-clamp experiments of Davies et al. (1992) 
were done with up to 37 mM Tris in the extravacuolar 
medium, and K+ concentrations on each side of the mem- 
brane varied between 30 and 100 mM. The vacuoles used in 
this study were from sugar beet, and calculations using the 
kinetic parameters for red beet in Figure 4, B and C, suggest 
that the increase in K’ concentration would stimulate the 
V-PPase by 25 to 66%, depending on which set of values 
are used. Thus, at least part of the increased current flow 
measured by Davies et al. (1992) could have resulted from 
this relief of Tris inhibition. However, Obermeyer et al. 
(1996) also found that PPi-dependent currents into vacu- 
oles of Chenopodium rubrum were larger with K+ than with 
other monovalent cations. These authors used 5 mM Hepes- 
Bis-Tris-propane as the pH buffer in the presence of 50 mM 
KC1, and under these conditions it is unlikely that the 
buffer was interfering with interactions between K+ and 
the V-PPase (Fig. 1). In addition, a key observation of 
Davies et al. (1992) was that the reversal potential for the 
PPi-dependent current was dependent on the concentra- 
tions of both H+ and K+, as expected if both ions are 
transported. Even if Tris was interfering with K+ stimula- 
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tion i n  their experiments, this would not have affected the 
reversal potential. Overall, the results are  still consistent 
with a role for the V-PPase i n  K+ transport. Nonetheless, 
there would seem to be value i n  a re-examination of these 
experiments using a pH buffer that does not affect Kt 
stimulation. 

Received December 3, 1996; accepted April4, 1997. 
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