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Energy from cytosolic hydrolysis of inorganic pyrophosphate (PPi) can be conserved through PPi acting as a specific phosphoryl 
donor or through the substitution of reactions involving PPi for those involving ATP. To assess the relative importance of PPi in 
this context, the standard free energy change (AG °') and hence the actual free energy change (AG) values for ATP and PPi 
hydrolysis have been computed for a simple model cytosol. AGC~Tp and AG°~,p~ show dissimilar responses to pH and free Mg 2+, 
with implications for cell energetics during anaerobiosis. The impact of the estimates on possible in vivo function of two primary 
H÷-translocating phosphoanhydrolases (an ATPase and PPase) at the vacuolar membrane of higher plants is discussed. 

Introduction 

Inorganic pyrophosphate (PPi) plays a key role in 
metabolism. As a product of biosynthesis, its cytosolic 
hydrolysis drives anabolic reactions to completion (by 
lowering cytosolic PPi levels) and it was long held that 
the energy of that hydrolysis is not harnessed. It is 
recognised that PPi could be a significant energy donor, 
in some cases replacing ATP [1-5]. An example is 
afforded by eucaryote glycolysis where, in the commit- 
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ted step, the ATP-dependent  phosphofructokinase 
(ATP-PFK, EC 2.7.1.11) can be replaced by a PPi-de- 
pendent enzyme (PPi-PFP, EC 2.7.1.90) in the produc- 
tion of fructose 1,6-bisphosphate [6]. 

In higher plants (and bacteria), the energetics of PPi 
hydrolysis assume special significance. The readily-re- 
versible PPi-PFP reaction may provide an adaptive 
pathway for glycolysis and gluconeogenesis in higher 
plant cells [7]. PPi-PFP (rather than ATP-PFK) is acti- 
vated by the regulatory metabolite fructose 2,6-bis- 
phosphate (Fru(2,6)P2)[8]. The latter, in turn, has a 
role in regulation of photosynthetic sucrose synthesis 
and its production may be inhibited by PPi [5]. The 
regulation of plant cytosolic PPi levels (which appear to 
be highly stabilised [9]) cannot be through soluble 
alkaline pyrophosphatases, since these enzymes appear 
to be restricted to plastids [10]. Instead, regulation is 
thought to be afforded by the enzymes which could 
utilise PPi hydrolysis as an energy source, including 
PPi-PFP, UDPGIc pyrophosphorylase and the H +- 
pumping pyrophosphatase of the vacuolar membrane 
(H+-PPase, EC 3.6.1.1) [4,5]. The H+-PPase is one of 
two primary H + pumps residing at the vacuolar mem- 
brane, the other being an H+-ATPase (EC 3.6.1.3) [4]. 
Both translocate H + into the vacuolar lumen, thus 
generating a H + electrochemical gradient which can 
drive secondary transport systems. 
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The importance of PPi in cellular energetics may be 
understood more fully by a consideration of its free 
energy of hydrolysis in cytoplasmic conditions (AGpp). 
However, the restricted pH range and discrete Mg 2+ 
levels deployed in previous in vitro studies to estimate 
AG °' has limited the flexibility of such considerations. 
Moreover, it is necessary to consider concurrently the 
behaviour of ATP in individual systems, since both PPi 
and ATP will bind ions from a common pool. It is such 
complexing of reactants and products which deter- 
mines the equilibrium constant (Keq) , and therefore 
both AG °' and AG. In this study we have attempted to 
improve modelling of cellular energetics by deriving 
AG . . . .  ATP, AG ee~ and hence AGAT P and AGep ~ values 
for feasible cytosolic conditions of PPi, Pi (orthophos- 
phate), ATP, ADP, Mg 2÷, K ÷, Ca 2+ and pH. The 
model is based on a non-photosynthesising higher plant 
cell. The calculated AG °' values are also presented as 
these may prove to be a useful resource for experimen- 
tation in which the use of non-physiological conditions 
is necessitated. 

The AG °' for hydrolysis of ATP and PPi over a 
range of conditions can be derived from the Keq for 
ATP and PPi hydrolysis measured in fixed conditions, 
coupled with a knowledge of their respective ligand 
binding constants. From this it is possible to predict 
the in vivo poise of a range of ATP and PPi-dependent 
enzymes (including the H + translocases of the plant 
vacuolar membrane) and hence assess their physio- 
logical significance. The vacuolar H+-PPase is also 
modelled here as a H+-K + symporter in light of its 
vectorial activation by K ÷ at its cytosolic face [11] and 
the effect of K ÷ on the reversal potential of the 
enzyme. Increasing extravacuolar K ÷ concentration re- 
suits in a positive shift in the reversal potential, which 
is in accord with the notion that the enzyme executes 
H+-K ÷ symport [12]. 

Materials and Methods 

Derivation of  a reference equilibrium constant (Kre f )  for 
A T P  hydrolysis at 37°C 

K~,f for ATP hydrolysis was derived using the 
method described by Rosing and Slater [13]. This 
method involves the estimation of an equilibrium con- 
stant for a set reference reaction, free of metal ions. 
The K r e  f then enables calculation of the apparent 
equilibrium constant of the overall hydrolysis reaction 
for any given condition of pH, free Mg 2÷, free K + etc. 
The reference reaction was: 

H A T P  3-  + H 2 0  ~ H A D P  2-  + H 2 P O  4- (1) 

The mean equilibrium activities at 37°C of K, Mg, 
ATP, ADP and Pi in each of the five glutamine syn- 
thetase experiments listed in Table II of Ref. 13 were 

used to compute the equilibrium activities of the refer- 
ence species in each case. Activities of complexes at 
equilibrium were computed for the given conditions of 
temperature, ionic strength and pH from the associa- 
tion constants of the reactants. Association constants 
were taken from Refs. 14-16. The complexes consid- 
ered were: KATP 3-, KADP 2-, KHPO 4, K H 2 P O  4, 

MgATP 2-, M g H A T P - ,  MgADP- ,  MgHADP, 
MgHPO4, HATP 3-, H2ATP 2-, HADP 2-, H2ADP- , 
H 2PO4 (designated Complex group A). A value of free 
Mg 2÷ ([Mg2+]f) activity at equilibrium was generated 
for each example. [MgZ+]f was within 10% of the 
estimates given in Ref. 13. [Mg2+]f was used to pro- 
duce a Kob ~ for ATP hydrolysis using the equation 
provided in Ref. 13: 

Kob s = 2 4 2 . ( y g l u t a m i n e / y 2 N H a g l u t a m a t e )  

. (1+7 .66[Mg 2+ ]f).Kaobs (2) 

where 3' is an activity coefficient and K a ob~ is the 
equilibrium constant for the glutamine synthetase reac- 
tion (these values are provided in Ref. 13 for each 
case). A Kr~f value was obtained from each Kob ~ using 
the equation: 

Kre f = {( y .ADP" y . P i ) / y ' A T P } '  Kob s (3) 

where y.ADP, Y.Pi and y.ATP are the molar fractions 
[ H A D p 2 - ] / [ , ~ A D P ] ,  [ H 2 P O a ] / [ X P  ~] and 
[HATp3-]/[,~ATP], respectively. X specifies the sum 
of the species present and [ ] specifies chemical activ- 
ity. A mean gre f of 5.69 (+0.36)" 105 M for ATP 
hydrolysis at 37°C was obtained. Apparent KAT e val- 
ues for any given set of ionic conditions at 37°C could 
be then obtained as: 

KAT P = { y . A T P / (  y . A D P '  y "Pi)} 'Kref (4) 

The accuracy of the Kre f estimated was evaluated by 
using it to predict the Kob s for ATP hydrolysis for the 
experimental cases listed in Ref. 13. The accuracy of 
the predicted Kob s ranged from 82% to 127% with a 
mean of 100% + 7% for the five cases sampled. 

Adjusting the reference equilibrium constant for A T P  
hydrolysis at 25°C 

A Kre f for 25°C was derived using the van't Hoff 
isochore and a mean enthalpy change ( A H )  for ATP 
hydrolysis at pH 8.0 (-19.86 kJmo1-1) from Refs. 
17,18). A AH~ee from the latter value was obtained 
thus [13]: 

aHre  f = -- 4.75 + { (K l / ( H  + ) ) / ( 1  + K 1 / ( H  + ) ) } .AH x 

-- { ( K  2 / ( H  + ) ) / ( 1  + K 2 / ( H  + ) ) } . a H z  

-- { (K 3 / ( H  + ) ) / ( 1  + K 3 / ( H  + ) )} .AH3 (5) 



where K1, K 2 and g 3 are the ionisation constants for 
HATP 3-, HADP 2- and H2PO 4 and AH l, AH 2, AH 3 
the enthalpy change for each ionisation, respectively 
(enthalpy data from Ref. 19). A AHr~ f of -24 .16  
kJ tool-~ was calculated. From the equation: 

log Kre f T2/log Kre f T1 = ( -- AHref/2.303.R).(T 1 - T 2 / T t .T2) 

(6) 

where R has its usual meaning, T 1 and T 2 are 37°C 
and 25°C, respectively, Kre f at 25°C was calculated as 
8.3" 105 M. 

Derivation of a reference equilibrium constant (gre f) for 
PPi hydrolysis 

The reference reaction was: 

HP2 O3-  + H 2 0  ~ 2HPO4 2 + H  + (7) 

Equilibrium activities of the reference complexes 
were computed from the thermodynamic data of Ref. 
20 obtained at 25°C (Table II, cases 12 and 13). Associ- 
ation constants were taken from Refs. 14-16. The 
complexes considered were: KP207 a-, KHP2 O2-,  
KHPO4,  K H 2 P O  4, M g P 2 0 7  z - ,  M g 2 P 2 0 7 ,  M g H P 2 0 7 ,  
MgHPO4, HP2 O3-,  H2P2072-, HaP20  7, H4PzO7, 
H2PO 4 (designated Complex group B). A Kre f for 
each case was calculated using the equation: 

gref = {(Y'pi)2/Y'PPi} 'gobs (8) 

where (y.Pi) 2 and Y.PPi are the molar fractions 
([HPO42-]/XPi]) 2 and [HP2073-]/[2PPi],  respectively. 
A mean Kr~ f of 7.77" 10 3 M was obtained (upper value 
8.66" 10 3 M, lower value 6 .88.10 3 M). Apparent  Kep ' 
for 25°C values could then be obtained using the equa- 
tion: 

KPP i = { Y'PPi / (  Y'Pi)2}" Kref (9) 

A Kre  f for 37°C was derived using the van't Hoff  
isochore. AH for PPi hydrolysis at pH 7.4 was - 7 . 9  
kJmo1-1 [20]; AH for the ionisation of HP2043- and 
HPO 2-  were + 1.67 kJ mol -  1 [21] and - 3.3 kJ mol -  1 
[22], respectively. AHre f was -2 .76  kJmo1-1 and from 
this Kre f at 37°C was 7.44.103 M. 

Estimation of AG °' and AG for ATP and PPi hydrolysis 
in the model cytoplasm 

The input parameters used to obtain estimates of 
KAT e and Key i were pH, K, Mg, Ca, ATP, ADP, PPi 
and Pi- Unless otherwise stated, the following values 
were used and maintained in the simulation (in mM): 
[K+]total 100 [23], [MgZ+]f 0.4 [24], [Ca2+] e 0.0002 [25], 
[mTP]tota I 2.3, [ADP]tota  I 0.31, [PPi]total 0.25 [10], [Pi]tota! 
5 [25],(pH 7.3 [26]). The ATP and ADP values were 
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derived from Ref. 27 by assuming a cytoplasmic volume 
of 15 and 20 iz l /mg chlorophyll [28] and taking the 
mean (estimates are for non-photosynthesising cells). 
The complex species considered were groups A and B 
combined with the addition of: CaATP 2-, CaHATP- ,  
CaADP- ,  CaHADP, CaPE O2-,  CaHP207,  C a 2 P 2 0 7  
[14-16]. Thus, a common pool of reactants and prod- 
ucts existed in the simulations. Simulations were per- 
formed with temperature set at 25°C or 37°C. AG °' 
values were calculated from: 

A G  °' = - R T  In Keq (10) 

AG values for ATP hydrolysis were calculated from: 

aGAT P = A G  °' + R T  ln{([ADPltotal + [Pi]total)//[ATP]total} (11) 

AG values for PPi hydrolysis were calculated from: 

AGw~ = aG °' + R T  ln{[Pil2ota,/[PPiltot.,} (12) 

Energetics of the vacuolar H +-A TPase and H +-PPase 
Values of KAT v and Kpp~ obtained from the default 

conditions for the cytoplasm at 25°C were used to 
model the free energy relations of the enzymes. Pump 
action was described as [4]: 
(a) H +-ATPase; 

nH+ + A T P  ~ n H  + + A D P + P  i 

Thus, 

(13) 

(b) H+-PPase; 

n i l +  +PPi ~ n i l +  +2Pi (15) 

Thus, 

a G  = n F a ~  - RT In{ ( K v p . [ P P i I . [ H  + ]c n) / ( [Pi l2 . [H + ]n)} (16) 

(c) H+-PPase as a H+-K + symporter; 

nH+ + i n K  + + P P i ~  nH+ + i n K  + +2P i (17) 

Thus, 

A G  = ( n  + r n ) F A q  t - RT ln{(Kvpi.[PPi].[H + ]~.[K + ]7)  

/ ( [piI2.IH +]~.[K +Iv')} (18) 

where subscripts c and v refer to cytoplasmic and 
vacuolar compartments, respectively, n and m are the 
stoichiometric ratios of H + and K + translocated per 

(14) 

aG = n Fa'/" - RT In{ (KATp.IATP].[H + ]~)/([ADP].IPil.[H + ]n)} 
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Fig. 1. The variation with model cytoplasmic pH (pH c) of A G  °' and A G  for ATP and PPi hydrolysis. (a) ATP hydrolysis; A G  °' solid line, A G  

broken line. (b) PPi hydrolysis; A G  °' solid line, A G  broken line. A G  °' was estimated at 25°C with pH as a variable but with the remaining default 
conditions maintained (i.e., in mM:[ATP] = 2.3, [ADP] = 0.31, [Pi] = 5, [PPi] = 0.25, [K + ] = 100, [Mg 2+ ]f = 0.4, [Ca 2+ ]f = 0.0002). AGAT P and 

AGpp~ were estimated using Eqns. 11 and 12, respectively, and the default values of reactants and products• 

ATP or PPi hydrolysed and A~ is the trans-tonoplast 
membrane potential difference. A~ was taken as + 20 
mV referenced to the cytoplasm [29]. 

Results 

Evaluation of the estimation of cytoplasmic complexes 
The computational procedure was tested using the 

cytoplasmic concentrations of ATP, ADP, Pi and free 

Mg 2+ (0.82, 0.22, 4, 0.4 mM, respectively) estimated to 
be present at pH 7.3 in mung bean root tips by NMR 
spectroscopy (Ref. 24). [K+]total  and [Ca2+]f were set at 
100 mM and 200 nM, respectively. [Mg]tota! was set at 
1.4 mM to generate [Mg2+]f of 0.4 mM. Where Yazaki 
et al. estimated that > 90% of ATP is bound to Mg, 
we predicted 87%. Similarly, the in vivo ratio of 
MgATP/ATPfree estimated in Ref. 24 at 9.45 was 10.62 
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Fig. 2. The variation of A G  °' and A G  for ATP and PPi hydrolysis as a function of free Mg 2+ (pMg) and model cytoplasmic pH. (a) A G  °'. (b) A G .  

Estimates were produced for 25°C. Remaining default conditions were maintained as for Fig. 1. 



in this study. To our knowledge, no comparable experi- 
mental work is available to afford a direct test of PPi 
complex predictions. 

A G  °' and A G  f o r  A T P  and PPi hydrolysis under model  

cytoplasmic conditions 
Using the default conditions for estimation of A G  °' 

(see Materials and Methods) at 25°C, KAT P was esti- 
mated to be 5.65.105 M (AG ° '=  -32.8 kJmol-~; 
A G  = - 50.9 kJ mol-1). The standard error of the Kre f 
for ATP, (KATP could range from 5.9" 105 to 5.4.105 
M) had little impact on A G  °' (-32.9 to -32.7 
kJmo1-1) or, accordingly, A G  ( -51.0 to -50.8 
kJmol-1). Kpp i was estimated as 6.04.103 M, ranging 
from 6.7.103 or 5.4" 103 M if the upper or lower 
values of the Kre f for PPi were used, respectively. The 
A G  °' for PPi hydrolysis was thus -21.6 kJ mo1-1 (up- 
per value -21.8, lower -21.3) and A G  was -27.3 
kJ mol- i (upper - 27.5, lower - 27.0). Fig. 1 illustrates 
the effect of varying cytoplasmic pH at 25°C (all other 
parameters constant). The values for 37°C differed by 
< 1.5 kJ mol-1 from those displayed. As predicted in 
Ref. 13, A G  °' becomes more positive with decreas- ATP 
ing pH. Conversely, the negativity of A G  °' increases PP~ 

dramatically as pH is lowered - a result which agrees 
qualitatively with that observed experimentally by De 
Meis [22]. The value of A G  °' lies within 4 kJ mol- 1 of Pei 

AG°~Tp at low values of cytosolic pH (pH c = 6.4). How- 
ever, at pH c 6.4 AGpp~ (the actual energy change for 
the model cytosolic conditions) lies 16 kJ mol-1 more 
positive than AGATP. Clearly, at neutral pH~ AGATP is 
nearly twice that of AGpp¢ 

Values of AGATP and A G  °' o, PPi over a cytosolic 
[Mg2+]f range of 1 /zM to 10 mM (pMg 2 to 6) at 
varying pH (6.4 to 8.0) are shown in Fig. 2a. The 
sigmoidal relationship for AG°'ATP shows both good 
qualitative and quantitative agreement with that de- 
scribed in Ref. 13. For example, at pH 7.0 and p M g  3 
A~O, is - 30 kJ mol- 1 (cf. - 28 kJ mol- l [13]), at " "  A T P  
p M g  6 it is - 36  kJmol - t  (cf. - 3 4  kJmo1-1 [13]). The 
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predicted A G  °' values support the observations PPi 
[22,30] that Kpp i decreases with increasing Mg 2÷. 
[Ca2÷]f had no discernible impact on either AG°~,Tp or 
A G  °' pp~ over the range 200 to 650 nM at pH 7.3, 25°C. 

The predicted actual free energy changes (AGATP 
and AGpp i) for the model cytosol over a cytosolic 
[MgZ+]f range of 1/zM to 10 mM at pH 6.4 to 8.0 are 
shown in Fig. 2b. The potential of PPi as a phosphoryl 
donor is favoured by low [Mg2+]f and low pHc; at 
1/zM [MgZ+]f (pMg 6) and pHc 6.4, PPi hydrolysis in 
the model cytosol would release 65% of the energy 
available from ATP hydrolysis. Increasing [Pi] to 15 
mM at 25°C had insignificant effect on A G  °' values for 
both ATP and PPi hydrolysis at pH c 7.0; AGAT e be- 
came less negative by 3 kJmol -t  and AGpp~ became 
less negative by 5 kJ mol-1. 

Anaerobiosis was simulated by decreasing ATP arbi- 
trarily to 0.5 mM and increasing ADP to 2.11 mM at 
pH 7.3, 6.8, 6.4, 6.0 at 25°C (Simulation A). Thus the 
[ATP]/[ADP] ratio decreased from the default value 
of 7.42 to 0.24. Total PPi was held at 0.25 mM as it is 
independent of the [ATP]/[ADP] ratio [31]. Table I 
shows both the A G  °' and A G  values for ATP and PPi 
hydrolysis at default and anaerobiotic nucleotide ra- 
tios. At each pH considered, the calculated AG°~,Tp 
and A G  °' values remained as for the default PPi 
[ATP]/[ADP] ratio of 7.42 at that pH. Through Eqn. 
11, AGATP for the 0.24 [ATP]/[ADP] ratio becomes 8.5 
kJ mol-~ less negative than the default value at each 
pH. As PP~ was independent of the nucleotide ratio, 
A G F e  values remained unchanged. At pH 7.3, AGPPi is 
15 kJmol -~ more positive than AGATP but at pH 6.0 it 
is only 5 kJ mol-1 more positive. 

To maintain [Mg2+]f and [CaZ+]f at 0.4 mM and 200 
nM (respectively) during simulation, total levels of the 
ions were adjusted accordingly. However, if it were 
assumed that under respiratory inhibition, [MgZ+]f and 
[CaZ+]f could not be maintained at their homeostatic 
levels then it becomes reasonable to run the anaerobio- 
sis simulation without those adjustments to [MgZ+]total 

T A B L E  I 

AG °' and ziG values for ATP and PPi hydrolysis obtained for control and simulated anaerobiotic conditions 

F o r  t h e  c o n t r o l ,  t h e  d e f a u l t  c o n d i t i o n s  ( a n  [ A T P ] / [ A D P ]  r a t i o  o f  7 .42)  w e r e  u s e d .  F o r  s i m u l a t e d  a n a e r o b i o s i s ,  a n  [ A T P ] / [ A D P ]  r a t i o  o f  0 .24  w a s  

u s e d  b u t  [PPi] a n d  [Pi] r e t a i n e d  t h e i r  d e f a u l t  v a l u e s ,  p H  c v a r i e d  fo r  b o t h  cases .  [ M g  2+ ]total w a s  a d j u s t e d  to  m a i n t a i n  [ M g  2+ ]f a t  0 .4  m M  a n d  

[ C a 2 +  ]total w a s  a d j u s t e d  to  m a i n t a i n  [Ca  2+ ]f a t  200  n M .  E s t i m a t e s  w e r e  m a d e  a t  25°C.  

p H :  7.3 6.8 6.4 6.0 

[ A T P ] / [ A D P ] :  7 .42 0 .24  7.42 0 .24  7.42 0 .24  7 .42  0.24 

[Mg  2+ ]total (mM) :  2.75 1.8 2.55 1.75 2 .50  1.4 2.15 1.2 

[ M g  2 + If ( m M ) :  0 .4  0 .4  0.4 0.4 0.4 0.4 0 .4  0.4 

AGC~Tp (kJ m o l  - 1) - 32 .8  - 32 .8  - 31 .4  - 31 .4  - 31 .2  - 31 .2  - 31.1 - 31.1 

AGATP ( k J  m o l -  1) -- 50.9  - 42 .4  - 49 .5  - 41 .0  - 49.3 - 40 .8  - 49 .2  - 40 .7  

AG°~,I, ( k J m o l -  1) - 21 .6  - 21 .6  - 24.6 - 24 .6  - 27 .4  - 27 .4  - 30.1 - 30.1 

dGpp~ (kJ m o l  - 1) - 27.3 - 27.3 - 30 .3  - 30.3 - 33.1 - 33.1 - 35.8 - 35.8 
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TABLE 11 

/IG °' and zIG values for A TP and PPi hydrolysis for simulated anerobi- 
otic conditions (Simulation B) 

An [ATP]/[ADP] ratio of 0.24 was used but [PPi] and [Pi] retained 
their default values. [Mg 2+ ]total was  fixed at the default value of 2.75 
mM and [Ca 2÷ ]total was  fixed at the default value of 680 nM. 

pH: 7.3 6.8 6.4 6.0 
[Mg 2 -  ]total (mM): 2.75 2.75 2.75 2.75 

[Mg 2+]f (mM): 0.7 0.9 1.1 1.4 

AG°~,Tp (kJmo1-1) -31.1 -29.5 -29.0 -29.0 
AGAT P (kJmo1-1) -40.7 -39.2 -38.6 -38.6 
AG°~p~ (kJ mo1-1) - 19.8 -23.0 -26.0 -29.2 
AGpp~ (kJ mo1-1) -25.5 -28.7 -31.7 -34.9 

and [Ca2+]tota 1. Hence ,  ZIG°~,p~, ZIG°~Tp, AGpp i and 
ziGAT P were  calculated for the [ A T P ] / [ A D P ]  ratio of  
0.24 at p H  7.3, 6.8, 6.4 and 6.0, but  [Mg2+]tota ! and 
[Ca2+]tota ! were  mainta ined  at 2.75 m M  and 680 nM, 
respectively (Simulation B). These  were their values for 
the default  condit ions at p H  7.3. The  results of  this 
simulation me thod  are shown in Table  II. AG °' be- PPi 
came slightly more  positive than its default  value at 
each pH. At  p H  7.3, ziGpp~ is 15 kJ mol -1  more  posi- 
tive than ZIGAT P but  at pI-I 6.0 it is only 4 kJ m o l -  
more  positive. At  the p H  values considered,  when  
[Mg2+]tota I a n d  [Ca2+]total were held constant  the 
[Mg2+]f value unde r  s imulated anaerobiosis  was always 
higher than the 0.4 m M  default  value. A compar ison  
may be made  with the study of  Yazaki  et al. [24], where  
a 10 min exposure to 10 m M  sodium azide induced an 
increase in [Mg2+]f f rom 0.4 to 0.68 m M  (the 
A T P / A D P  ratio fell f rom 3.79 to 0.37). W h e n  only 
[Mg2+]total was held constant  b u t  [Ca2+]tota I varied to 
keep [Ca2÷]f at 200 nM, the AG °' (and hence  AG) 
values were the same as those obta ined  when both  
total ion activities were held constant .  Overall, it is 
clear that, regardless o f  the simulation me thod  used, 
the values o f  zi~o,,_, PP~ and AGpp, move closer to those of  
AGC'ATP and AGAT P, respectively, with decreasing p h i .  

Energetics and poise o f  the vacuolar H ÷-ATPase and 
H ÷-PPase 

Fig. 3a illustrates the free energy changes of  the 
H÷-ATPase  (n = 1, 2 or 3) model led with the default  
parameters  (pH c 7.3 etc.), KAT P 5.65 " 105 M and using 
Eqn. 14. The n = 2 relationship is also shown for [Pi] 
set at 15 mM [32]. KAT P becomes  5 .79 .105  M in this 
case. Fig. 3b presents the predicted ziG values for the 
H÷-PPase  model led with the default  values and using 
Eqn. 16 for the enzyme as a H÷-pump  with a stoichio- 
metric ratio (n)  of  1 or  2 H ÷ :PPi or  Eqn. 18 for the 
enzyme as a H÷-K + symporter .  In the latter case, the 
stoichiometric ratios were n:m = 1 : 1 or 1 : 2 and vac- 
uolar  K ÷ (Kv +) was set at 200 m M  [23]. The  A G  for the 
n = 2 H÷-pump  has also been  calculated with [Pi] = 15 
mM. The  impact  of  Pi on AG for the H ÷ -  PPase is 
not  significantly greater  than on AG for the H ÷- 
ATPase ,  despite its more  p ronounced  relevance 
through Eqns. 16 and 18. Analysis of  enzyme substrate 
concentrat ions,  showed that  nei ther  pump would be 
limited kinetically over the p H  range 7 to 8. M g A T P  
increased f rom 1.97 to 2.03 m M  ( K  m = 0.6 m M  [33]). 
MgPP  i (which is widely held to be the substrate of  the 
H÷-PPase)  increased from 72 to 186 g M  (Km = 15-20  
/xM [33]). Mg2PP  i (which may be the true substrate - 
Leigh, Pope, Jennings and Sanders,  submitted) in- 
creased f rom 7 to 16/xM.  

Discussion 

The  validity of  the KAT e, Kppi, AG °' and ziG pre- 
dictions rest on the choice of  vital componen ts  in the 
model ,  the quality of  the data  available to quanti tate  
them and the level of  unders tanding  of  their interac- 
tions and in terdependence .  The  paucity of  information 
on cytoplasmic levels of  the reactants  and their com- 
plexes (particularly of  Mg) limits fur ther  verification of  
our  estimates. In the absence of  a body of  in vivo data  
describing the interaction of  the chosen components ,  
the assumption made  for computa t ion  (that all but  the 

40 -  

'~ 20 - 

- 20  - 

- 40  

- 6 0  

A. 40 B 

. . . . .  

- 6 0  

Fig. 3. The tonoplast H+-ATPase and H+-PPase AG estimates under default conditions (25°C) and with /IV set at + 20 mV. (a) The H+-ATPase 
modelled for stoichiometric ratios n = 1, 2 or 3, using Eqn. 14. The dotted line is for n = 2 but with [Pi] = 15 mM and KAT ~ = 5.79" 105 M. (b) 
The H+-PPase modelled for n = 1 or 2 (Eqn. 16) and as a H+-K ÷ symporter with a H + :K ÷ stoichiometry (n : m) of 1 : 1 or 1 : 2 (Eqn. 18). [K + ]v 

was set at 200 mM [23]. The dotted line is for the n = 2 H+-pump with [Pi] = 15 mM (Kpp, = 6.9.103 M). 
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variable parameter remain constant in the simulation) 
is crude but unavoidable. 

Given these caveats, it is clear that A ~°' AGAa- P, v ATP, 
ZIG°'pPi and AGpp, differ markedly as a function of pH 
and free Mg 2+. At normal values of cytoplasmic pH 
(7.2-7.3) ATP would still have the greater potential as 
a phosphoryl donor. The potential for PPi to substitute 
for ATP is favoured by low pH and low free Mg ÷. The 
impact of the HPO 2- complex on the AG°~,p~ calcula- 
tion becomes more pronounced at lower pH; at pH 8 it 
accounts for 70% of total Pi, at pH 6.4 only 20%. 

That the AGpp, values estimated for anaerobic con- 
ditions did not differ from the control whilst AGAa- P 
values became more positive (when [Mg2÷]f and [Ca2÷]f 
were held constant; Simulation A) suggests that both 
acidosis and reduced ATP availability would favour 
substitution of PPi for ATP in these conditions. The 
pattern of increasing negativity of  AGpp i with decreas- 
ing pH can be seen from the alternative simulation 
where [MgE+]total and [Ca2+]tota I were held constant 
(and free ion activity varied; Simulation B). 

Higher plant tissues may survive for over 18 h under 
anaerobic conditions and glycolysis proceeds for most 
of this time [34,35]. Anaerobiosis induces a 0.4 to 0.8 
unit decrease in plant cytosolic pH [26]. This would 
partly be the result of inhibition of the ATP-dependent 
plasmamembrane and tonoplast H + pumps. In maize 
root tips, cytosolic pH decreases by 0.5 units within 20 
min of exposure to anoxia and remains stable [36]. 
Cytosolic PPi levels are known to remain constant 
during prolonged periods of anoxia whereas those of 
ATP (in the same tissue) fall drastically [37]. The 
stability of cytosolic PPi, even under conditions where 
its biosynthetic production would be inhibited, suggests 
that this homeostasis is of great importance to the cell. 
The near parity of AGAT P and AGpp i at  low pH and 
[Mg2+]f indicates that PPi energisation of reactions 
limited by the restricted availability of ATP may be 
feasible, although it is clear from Fig. 2 and Tables I 
and II that such a conclusion rests on cytosolic levels of 
[Mg2÷]f. While it is thought that it is the ability of 
higher plants to switch to ethanolic fermentation [36] 
(and so operate an effective cytosolic "pH stat" [38,39]) 
which enables them to endure prolonged anoxia, the 
relatively increased energy available from PPi at low- 
ered pH may also be an important factor in maintain- 
ing critical cell functions. 

In the context of energisation of H ÷ transport into 
the higher plant vacuole, the few available measure- 
ments of tonoplast membrane potential have necessi- 
tated some generalisation in the calculation of zIG for 
the in vivo action of the tonoplast H÷-ATPase and 
H ÷ -  PPase. The predictions reaffirm the observation 
that stoichiometry is a critical determinant of physio- 
logical poise [4]. The H÷-ATPase measured stoichiom- 
etry of 2 [40] fits the model of a strongly hydrolytic 

pump, operable at physiological pH and capable of 
pumping H + into the lumen against a pH gradient of 
up to 4 units. 

The H ÷-PPase would also be poised as an inwardly- 
directed pump if its stoichiometry were unity. If greater, 
it could be regarded as a regulator of cytosolic PPi and 
Pi, under the control of the gradients established by 
the H+-ATPase. When the H+-PPase is modelled as a 
K÷-H + symporter, it is then capable of being hydrolyti- 
cally poised and pumping both H ÷ and K ÷ against a 
ApH of 3 to 4 units and again this argument is contin- 
gent on an H ÷ :PPi stoichiometry of 1. As such the 
PPase could facilitate vacuolar K ÷ accumulation [23]. 

Overall, development of predictive in vivo models 
for bioenergetics may assist in the understanding of 
physiological function and regulation. Although the 
model presented here is of a non-photosynthesising 
plant cell, it could readily be extended to encompass 
cytoplasmic conditions during photosynthesis. Of the 
input parameters employed, only [Ca2+]f undergoes a 
profound and stable change on a dark to light transi- 
tion. For plant cells, the role of PPi in carbon flow, pH 
regulation and transport merits further attention in 
relation to its in vivo energetic potential. 
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