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Abstract. Vacuolar-type H-ATPases (V-ATPases) are which are related to the ubiquitous F-type ATPases in the
ubiquitous in eukaryote endomembranes, where they arenergy-conserving membranes of prokaryotes, mito-
responsible for lumenal acidification. The ratios of H chondria and chloroplasts. lon-motive ATPases inter-
translocated per ATP hydrolyzed (which may be impor-convert metabolic energy and electrochemical ion gradi-
tant in controlling the activity of these pumps) have pre-ents. Although the structure and biochemistry of V-type
viously been found to be variable, noninteger and sensiATPases have become increasingly well understood (Sze
tive to cytosolic as well as lumenal pH. The mechanisticet al., 1992), their electrochemical function has yet to be
implications of these findings are explored here withdescribed in quantitative physicochemical terms. The V-
reaction kinetics. Experimental data for this analysistype ATPases of vascular plant vacuolar membranes af-
comprise supra- and superlinear V-ATPase currentford an opportunity to examine this subject on the ex-
voltage relationships, isolated as bafilomycin—sensitiveperimenta| basis of steady-state current-volta@éY re-
currents in vacuolar membranes froBeta using the |ationships of this enzyme. These relationships are
“whole vacuole” patch clamp configuration. Whereas essentially equivalent to enzyme kinetics, where the
simple models with one reaction cycle fail to provide anmembrane current represents the turnover of chargp (H
adequate description of the data (mainly because of ganslocation and voltage corresponds to the (logarithm
weak sensitivity of the zero-current voltage to the trans-of the) substrate concentration. Siri¢¥) relationships
membrane pH gradient), a model with two linked reac-of the vacuole can be determined by patch clamp tech-
tion loops allowing partial coupling of Htranslocation niques and since bafilomycin is available as a potent,
to ATP hydrolysis does provide good descriptions. All honcompetitive inhibitor of V-type ATPases (Bowman,
experimental data obtained with the same vacuolar pHsiebers & Altendorf, 1988; White, 1994), the specific
(4.3) could be reduced to a model with eleven indepeny(v) relationship of the vacuolar HATPase can be iso-
dent parameters. Best fits have been obtained on thgted from whole membrangV) relationships as a ba-

basis of a binding domain possessing 3bihding sites  fijlomycin-sensitive current (Davies, Hunt & Sanders,
per ATP hydrolyzed and a net charge of -2 when unoc-1994).

cupied. The enzyme could reorientate its access site be- The operational transport coupling ratio, of H*
tween the vacuolar and cytoplasmic side when zero, onganslocated per ATP hydrolyzed has been estimated for
or three H are bound. the V-ATPase inBeta vacuoles from bafilomycin-

i i ) i sensitive (V) relationships (Davies et al., 1994). The
Key words: Beta— Coupling ratio — Partial coupling  method involved comparison of the zero-current voltage
— V-ATPase (V,) of the pumpl (V) relationship with the free energy of

ATP hydrolysis for defined cytoplasmic and vacuolar pH

Introduction values (pH,; and pH,. respectively). The resultant
value ofc was found to decrease with increasing ptat
set pH,cbut increased with increasing ptdat set pH, .
The estimates of lay in the range 1.75 to 3.28. These
estimates ofc were based on the assumption of tight
S coupling between Htranslocation and ATP hydrolysis
Correspondence tal. Davies in a single reaction loop.

Active transport of H in endomembranes of eukaryotic
cells is facilitated by V-type ATPases (Harvey, 1992),
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However, the operational HATP coupling ratioc, was added to all other solutions to the same final concentration (which
should be distinguished from the" ' ATP stoichiometry, ~ did not exceed 0.1% v/v).
n, which is defined as the maximum number of tdans-
located per reaction cycle when all binding sites are ocRecording of Current-voltage Relationships
cupied (Laiger, 1991). One possible explanation, both
for the noninteger estimates ofand for the dependence The specific patch clamp protocol was as described by Davies_ et al.
of c on pH is that coupling of Btranslocation and ATP (1991, 1992). Whole vacuolgV) recordings were performed during

. . L - _continuous perfusion of the bathing medium at 20 + 1°C. A bipolar
hydrOIySIS IS not tlght, i.e., that dependlng on pH, are staircase voltage clamp protocol was appliedrfra 0 mV baseline

a_ctlo_n qule can tak? place with not all (?f time H™ . holding voltage (PClamp Software, Axon Instruments, Foster City,
binding sites occupied. The corresponding reactioncay; pulses were of 9-sec duration to allow current to achieve a steady
scheme for this more general approach requires morstate and were delivered in 10 mV increments up to 90 mV. IT#e
than one reaction cycle, each with a discrete (and integegharacteristics of the membrane were first determined under control
value ofn. conditions, then in the presence of ATP/APPANd finally in the

: ; itional presence of bafilomycin. Vacuoles were exposed to bafilo-
In the present study, the proposed variable couplingdditional p y
P Y prop P gﬁlycin until the measuret{V) characteristic remained stable. For the

ratio of the V-ATPase has been examined in greater deﬁaﬁlomycin lot Il (used in experimental sets A, B and H; pipH, ..

tail by extending the data of Davies et al. (1994) 07543 7.0/4.3 and 7.0/5.3 respectively) vacuoles were typically ex-
include a range of pL—Jt values at fixed pkl. More- posed to the inhibitor for 12 min; for the lot | (used in the remaining
over, the problem has been studied in more detail byexperimental sets) exposure was for 4 min. Bafilomycin, in the ab-
using the entire kinetic information comprised by the sence of V-ATPase substrates and products, had no discernable effect
nonlinearl(V) relationships of the V-ATPase. The case on the control membrani€V) relationship when sampled after 12-min

of a single V-ATPase isoform is considered, which may®*P°s!"®-

haven = 3, but for which ATP hydrolysis can take place

without translocation of the full H complement. Derivation of the Bafilomycin-sensitive Current

Whereas the stoichiometry of the V-ATPase is as yet

unknown, the apparent coupling ratios may be ap_Current was filtered at 3 kHz and sampled from the last 1 sec of the

. + . voltage pulse. Liquid junction potentials were corrected as described
proaChed on the basis that”Hranslocation and ATP by Hanrahan, Alles & Lewis (1985). ThV) relationship of the V-

hydrolysis can, depending on COI’IditiOI’]S, be partiaHYATPase was obtained by subtraction of t{¥) relationship of the
coupled. The corresponding reaction system of thisnergized membrane in the presence of bafilomycin from that deter-
more general approach requires more than one reactionined solely in the absence of that inhibitor (Davies et al., 1994).
cycle. Areaction system with more than one closed |oopThis differencd (V) relationship yielded bafilomycin-sensitive currents
has been used for the physicochemical description of thé”dVr was the interpolated zero-current intercept. Apparent values of
results in straightforward terms of mass action effects of (1aken to equan on the assumption of complete coupling) were then
¥ obtained by substituting the measurédinto Eq. (1):
H™ as the transported substrate of the enzyme.

Vi = (RTnF) - I{([PIIADP]H "]"ad/(Kare[ATPIH T} (1)

Materials and Methods where subscripts cyt and vac denote cytosolic and vacuolar compart-
ment respectivelyKp is the apparent equilibrium constant for ATP
hydrolysis andR, T, Fhave their usual meanings. For polarity con-

EXPERIMENTAL vention, membrane voltag&/ was defined with reference to the lu-
menal compartment (i.eli,,, — U,oJ- Thus, positive (outward) current

. . was taken to be the exit of positive charge from the cytoplasm into the
Vacuole Preparation and Solutions vacuolar lumen.

Red beet plantBeta vulgari were grown and storage tissue vacuoles . . A
isolated as described by Davies, Rae & Sanders (1991). Fresh vacuolésumat'qn of Apparent EqU|I|br|um Constants for ATP
were prepared for each experiment. Solutions were designed i put HYdrolysis(Karp) andAGurp

of the V-ATPase into measurable range. The basal bathing and pipette

media (corresponding to cytoplasmic and vacuolar solutions respecvalues ofK,rp in Eq. 1 were calculated by as given by Davies et al.
tively) contained (in rv): 100 choline-Cl, 5 MgCJ, 0.1 EGTAand 20 (1993, 1994). Briefly, the equilibrium constant for the reference reac-
Tris. pH was adjusted with 3,3-dimethylglutara@:sorbitol (98%  tion (K.e) was 9.8 x 18m. Apparent values foK 1 were determined
purity, Sigma Chemical) was added to bathing and pipette solutions tdor each set of ionic conditions by substitution into Eq. 2:

raise their osmolarities to 100-150 mwabove that of an expressed

cell sap sample. Adenosine nucleotides were added to the bathinare = Kt ((HATPJ/[ATP]/(H PO, 1[P])

medium as Tris salt®, as the free acid. An excess concentration (600 - ((HADP*]/[ADP]) 2

nm) of the specific and tightly-binding V-ATPase inhibitor bafilomycin

A, (a gift from Smith Kline Beecham and referred to here as lots | and The resultanK o values for ligand concentrations of 5/5/1MmATP/

1) was added in a dimethyl sulphoxide (DMSO) solution to that con- ADP/R, respectively were (im): pH,, 7.0, 5.20 x 16; PHey: 7.5, 1.06
taining ATP/ADPP,. DMSO (previously found to have no apparent x 1% pH., 7.6, 1.31 x 18 pH,, 8.0, 2.9 x 16; and for ligand
effect on the control membrang/) characteristic; Davies et al., 1994) concentrations of 1/5/10 mat pH,, 8.0, 1.27 x 16 m. The free
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ATP where the superscriftdenotescat 1 m substrate concentration and
is the stoichiometry. With the definitions above, t{¥) relationship
ADP + P, _ T
! given by the model in Fig. 1 becomes

n S I(V) = ZF'\KkioKoi - koiKio)/(kio + koi + Kio + Koi)v (5)
whereN is the total density of transporter molecules (in mwi ), i.e.,

the sum of\; andN, in Fig. 1 ((ES); and (ES), respectively; Hansen

et al., 1981). If the true, higher state reaction system comprises one
cycle, microscopic reversibility requires that

z
> (ES,), KOKO/(KSKS) = expAGarp)/(NRT) ©)

(ES,);

and the zero-current voltage

Fig. 1. Reaction scheme of a 2-state model (according to Hansen et al

1981) for the description dfV) relationships of an ATP-driven pump Vi = RTF{=AGarp/(NRT) + In([S]/[S])} (73)
for n molecules of the substrate S, with a chazger ATP hydrolyzed. or
energy of ATP hydrolysis XGap) Was calculated as described by V, = — AGarp/nF + (59 mV)ApH. (7o)

Davies et al. (1993).
However, in cases where the real reaction system comprises more than
one closed loop and/or more than one voltage-sensitive reaction step,

THEORETICAL APPROACHES TOREACTION KINETIC microscopic reversibility implied within the pseudo two-state descrip-

MODELING tion of the real higher order model no longer holds. Nevertheless, the
two-state formalism has been retained to enable fits to experimental
Two-state Model data using Eg. 5. Correspondingly, the resulting sets of four apparent

rate constants are not meaningful in strictly thermodynamic terms.
The simple reaction kinetic scheme shown in Fig. 1 has been intro-They can be used, however, for qualitative considerations of the ener-
duced by Hansen et al. (1981) for the description of steady-state curgetics of the entire system on the basis of the left-hand-side of Eq. 6.
rent-voltage relationships of electrogenic pumps with one voltage-Similarly, the different values ok used as part of this fitting can then
sensitive reaction step. This reversible charge translocation reactiobe used to assess the charge relations of the complete reaction system
between insidei] and outsided) is described by the voltage-sensitive for further model expansion.
rate constant&,, andk,;, whereas the voltage-insensitive steps in the
reaction cycle are summarised by two, voltage-insensitive, global rat

constantsc,, andk,;. Voltage-sensitivity is introduced as %'X'State Model Incorporating Incomplete Coupllng

ko = Klexp@u?), (3a) Although the existence of 3 or more*Hbinding sites could be repre-
sented by a variety of reaction schemes, higher order modeling of the

and transport system has been restricted to one 6-state model describing
two explicit reaction loops for ATP hydrolysis and"Hranslocation,

koi = kiexp(-au2) (30) which are linked by one common reaction step. This selection allows

where the superscritdenotes the rate constarkisit zero voltage a determination of the capacity of such models to describe the obser-
P geu vations in relatively simple terms. The reaction kinetic scheme shown

(=ViF/(RT) is the reduced membran_g yoltagg and th_e_ coefflmenF in Fig. 2 has been used to describe the V-ATPase currents as functions
expresses the degree of voltage-sensitivity. This coefficient comprises

the number and polarity of charges,which are translocated during of the cytoplasmic F concentration, [y, vacuolar H concentra-
. - o tion, [H* nd th timated fr nergy of ATP hydrolyai .
each reaction cycle. It may also comprise an empirical fac(or< f fon, [H,a, and the estimated free energy o ydrolysiSi.

. . - . Reaction schemes such as this, which incorporate more than one volt-
< 1), so we may writex = fz. In the most simple case is unity.

-sensiti rans-membran h r rm |
A symmetrical Eyring barrier (Lager & Stark, 1970) appears in Eq. 3 age-sensitive trans-membrane pathway are termed Qlaswdels

. . (here,N = Il or Ill) to distinguish them from models in which a single
by setting the denominator of the exponents to 2. - .
. transmembrane pathway is present (Class | models: Hansen et al.,
The voltage-sensitive parametégs andk,,; of the 2-state model 981)
may actually subsume voltage-insensitive reactions of the true Classjf '

The reaction scheme comprises six states (which are numbered

higher-state reaction cycle, such as su_bstrate binding (for detas arbitrarily from 1 to 6) and fourteen rate constarkg vhich describe
Hansen et al., 1981 and Gradmann, Klieber & Hansen, 1987). How- - . . . -
the transition from staté to statej respectively. Translocation of a

ever, for smphcnyz 'substrate binding has been assigned here only tosingle HF through the membrane is afforded by the=43 transition
the voltage-insensitive, global rate constaktsandk.; of the 2-state .

- . (with forward and backward rate constarig; and ks, respec-
model. Thus, when the Hconcentrations, [H, are considered, the . . -
voltage-independent rate constarts and . should be tively). An additional two H are translocated by the=t 2 transition

9 P I Koi (Ky5 ksq1). Thus the first closed loop of the reaction scheme

kg = K [HD (42) (5=4=3=6=05) allows a partially-coupled reaction; i.e., trans-
o Tem e location of H" without binding/translocation of the complement of
and three H. To ensure microscopic reversibility, the number of indepen-

dent rate constants in the reaction system with two closed loops is
Koi = KLHD, (4b) reduced by two for the conditions
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k 5°sez ou/2 The effects of cytoplasmic and vacuolarre accounted for by
@ E 2o E 2o @ the apparent rate constants fof binding thus:
O -z, u/2 n
ATP x\ kese ™0 " ks = KJH ™0 (108)
+ ﬂ
H N\ - Kes = KAy (1ct)
kas \ ksq [H']; k3e kes [H'],
ADP + P “ kes = K8H "1™ a0 (100)
kgse® 172 ko = KAHT" 00 (200)
OX:-"5 EH”
T—é
K621 /2 where the superscrifthere denotes the fundamental rate constants at
. 34 . 1 m substrate concentration.
2H 2H If all rate constants are known, the steady-state probabiljjes,
K K H* 2 P P o [H'] 2 of the six states can be calculated (Klieber & Gradmann, 1993) and the
14 | Kar (H'; 23 32 0 membrane currert(in A.m™2) through the entire system (with a con-
stant densityN, of pumps in the membrane as defined previously) is
KC g22ul2 then given by
Zy 2 Zy
EH3 EH3 I = FN{Zy(Pskss = Pekes) + Z1(PaKaz = P3Kza)
® (o equz ® + 2,(pike — ko) a1)
21€
Cytosol Lumen

FITTING STRATEGIES

(i) (o) o .
Intervacuolar variation in absolute magnitude of current generated by
Fig. 2. Reaction scheme of the 6-state model incorporating variableth® V-ATPase precluded a reliable estimatéNodnd hence the deter-
coupling; detailed description in Materials and Methods. mination of absolute rate constants. Therefore, after appropriate scal-
ing of the data gee beloy the model rate constants have been nor-
malized tok?, = 1 secin the 2-state model (Fig. 1) and}, = 1 sec?
1O kO KO KOOI . ) = 1 8 in the 6-state model (Fig. 2). This reduced the number of independent
1ol (koo () parameters by one in each model. As stated previously, to ensure mi-
croscopic reversibility (Eq. 8), the number of independent parameters

and of the 6-state model was reduced by another two; thus eleven free
K ke (ka2 = exp(AGarpl(RT) 8b) model parameters.remain.ed to b'e fitted. For both models, _individual

parameters were fitted using an iterative least squares routine. Incre-
at 1M [H*]oy, and [H]ae and at zero transmembrane voltaye, ments were initially set at £5%, were decreased when the error of the

fit stabilized and were typically reduced to below 0.05%.
The 2-state model was applied to individugV) relationships
(from all experimental conditions), withk either fixed ¢ = 1, 2, or 3)

If follows that if the relationships of Eq.lBwere to reflect the situation
correctly, “energization” should not be assigned necessarily to an

individual reaction step (such &sg,) but can be distributed across all ; - . ;
reactions in a closed reaction loop. or fitted also. The 6-state model was applied to mié&hrelationships

The stoichiometry of the fully coupled cycle (i.&gqkqs = 0) is fpr each experimental condition. For the 6-state model,_the resultant
nH*/ATP. For partially coupled conditiong{,k,s > 0) two H* bind- fits were heavily dependent on the starting vall_Jes of the fit parameters.
ing steps, with integer values for'tdf n, andn,, are considered with 10 decrease the likelihood of erroneous solutions as the fit procedure
n, +n, = n. As the binding domain of the unoccupied states 5 and gbecomes entrapped in local minima (a common problem for multipa-
has the charge numbeg and the charge number of*Hs unity @ = rameter fits), the main fitting routine was repeated with various sets of
1), then the charge of the partially occupied states 4 and 3 becgmes Start parameters. The first set was chosen arbitrarily with the aim of
= 7, + zn, and that for the fully occupied states (1 andzg)= z, + placing model currents and reversal voltages in the order of magnitude
n,. of the measured data. New sets of start parameters were chosen by

Equation 8 allows for the input of energy from ATP hydroly- sequential increasing and decreasing scaling_s of th_e eleven free quel
is. V,, enters the system through the membrane translocation steps Parameters by a factor of 100. Cycling of this routine was automatic

Si
and the best fit after 20 cycles was accepted as a solution. These

ks = K2EXPELUI2), (%) solutions cannot be considered unique but as reasonable quantitative
approaches which serve to indicate whether the general fully and par-

kes = Keexp(-zow'2), (%) tially coupled models under consideration are competent to describe the
data.

ki = kaexp@u/2), (%)

kas = K3.€XP(21U/2), (o) Results

ki = KexpU/2), (%)

APPLICATION OF A 2-STATE MODEL

Koy = k3,exp(-z,u/2), (% . .
Steady-state current-voltagéV) relationships of the

with symbols equivalent to those in Eqsa,B. vacuolar H-ATPase have been determined by subtrac-
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250 - o

Fig. 3. Example of whole membranéV) relationships obtained from

a single vacuole before and after exposure to 6@Mafilomycin A; J
ligand concentrations were (inwji: 5 ATP, 5 ADP, 10P;, with pH,,, =450
7.5, pH o 4.3.

Fig. 4. Bafilomycin-sensitive V-ATPasé(V) relationships obtained
from 4 separate vacuoles (inmjt 5 ATP, 5 ADP, 10P;; pH,,, 7.0,

ti f the bafil . it tf th I pH, .. 4.3) and subjected to a simultaneous fit of the 2-state model (Eq.
lon of the ballomycin-sensitive current irom the ovVerall 5, "o apsolute rate parameters wie = 17.2 sect, K = 17.0

I(V) relationship of the energized membrane. An eX-gect . = 401.7 sec* andk,, = 678.5 seT k = 2. Scaling factors
ample of whole membrar€V) relationships prior to and  for individual I(V) relationships: (1) 1.0; (2) 0.17; (3) 1.44; (4) 0.26.
following bafilomycin treatment is shown in Fig.

3. Equation 1 was used to derive an initial estimate of

for eachl(V) difference relationship. The mean value of

¢ for each exp_erlmental_condltlon v_arled with giiand « scatter around 2 (1.98 £ 0.03). Examples of fits using
PHyqc as described previously (Davies et al., 1994). Fora = 2 for individuall (V) relationships from each experi-
example, with pH,. set at 4.3¢ decreased from 2.95 at mental set are given in Fig. 6

pH.,; 7.0 to 2.14 at pki, 8.0 and when pH), was set at A A

. : As shown in Fig. 6, thé(V) relationships recorded
7.0 but pH,.raised from 4.3 to 5.3 was estimatedto ., . o X : :
be 4.46. Errors on the estimate ©&mount to no more this study exhibited both sigmoidal (e.g., Fig- énd

than 0.15 H) and “N-shaped” characteristics (i.e., a shallow slope
e in the central voltage region and steep branches to either
side: Fig. &—E and G; see alsdRakowski et al., 1991,
Scaling Factors for an example with the (NZK*-ATPase). The shapes
of the I(V) relationships are determined by the (relative)

Figure 4 shows the ATPasV) relationships from four Parameter valuesq, kg, ko and;,) of the model (Han-
vacuoles under the same experimental conditiong,gpH S€N etal., 1981). Thus the 2-state reaction kinetic model
7.0, pH,..4.3). It demonstrates a similarity in the shape (Fig- 1) can fit both ‘N”-shaped and sigmoidal(V)

of the relationships but considerable variation in thecharacteristics. Furthermore, the V-ATPag¥) rela-
magnitude of the absolute currents obtained. Therefordionships recorded here are described reasonably well by
individual 1(V) relationships have been standardized byEd: 5 (Table 1, Fig. 6).

settingk? to 1 sec’, as described in Materials and Meth- For the determination of the four system parameters
ods (Fitting Strategies). (K2, K2, ko andk;,) from observable parameters, Hansen

et al. (1981) focused upon four specific observables; i.e.,
o o the two saturation currents for large positive and nega-

Determination of Voltage-Sensitivity tive voltage displacements from the zero-current voltage

(V,), onV, itself and on the short circuit current,. In
All individual ATPasel (V) relationships obtained under general however, any set of four independent observable
each experimental condition have been subjected to fitparameters may serve this purpose. Although most of
using Eg. 5, withx either constrained = 1, 2, or 3) or  thel(V) relationships presented here did not exhibit satu-
unconstrained. A comparison of four fits of the modelration currents, they were sufficiently well-defined by
for an individuall (V) relationship obtained at pf} 7.0,  the given sets of data points to ensure that the fitting
pH, .. 4.3 (taken from Fig. 4) is shown in Fig. 5. In this routine (using Eq. 5) converged at similar solutions for
case equally good fits were obtained with= 2 or 3, different sets of start parameters.
with the unconstrained fit yielding = 2.01. The over- As judged by immediate visual impression, fits such
all results (compiled in Table 1) show that for the entire as those displayed in Fig. 6 suggested the 2-state model
systema = 2 is most appropriate. The fitted values of shown in Fig. 1 to be appropriate. The numerical results,
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A.a =1 100 4 B.a=2 '
< <
& ; g
[+]
[o]
(o}
u')o —1'00 100
V/mV v/mV
~100 -
D. a = 2.02 '°]
<
o
=
— T 1 r N
- 100 -100 100
100 V/mV V/mV
] 1
—100J

-100 -~

Fig. 5. Application of the 2-state model (Eg. 3) to a V-ATPd§¥) relationship obtained with (in mr): 5 ATP, 5 ADP, 10P; and pH,, 7.0, pH,4
4.3. The value ofx was constrained at 14}, 2 (B), 3 (C) or unconstrainedr).

however, render them incompatible with the principle of anincreaseof the pH gradient4pH = pH., - pH,,J of

microscopic reversibility. Taking the parameter ratio

Q= (ki%Koi)/ (kgiKio)

[H +] cyt/[H +] vacexp(AG‘ATP/(n RT)) ’

one unit should result in a correspondidgcreaseof Q

by factor ten (ignoring pkl-dependent changes in
AGarp). In practice, the fitted sets of system parameters
did not support such a relationship; for example, &ts

(12) andD (Table 1).

Table 1. Summary of goodness of fits, using the 2-state model, applied to all experimental data sets (trials per set in parentheses).

Set A(2) B (4) C (2 D (2) E (3) G (2 H (2)
PHcy/PHac 7.5/4.3 7.0/4.3 8.0/4.3 8.0/4.3 7.6/3.9 7.6/4.8 7.0/5.3
Error relative
toa =2
a=1 4.53 4.42 2.89 1.19 0.75 3.84 1.07
a =2 1.0 1.0 1.0 1.0 1.0 1.0 1.0
a=3 1.83 1.39 0.99 1.26 0.77 1.60 1.08
Fitted 2.01 1.99 2.05 2.04 2.09 1.99 1.91
Q value fora = 2,
per trial
(1) 1.38 (1) 2.43 (1) 1.19 (1) 6.29 (1) 13.75 (1) 0.97 (1) 1.24
(2) 1.18 (2) 0.56 (2) 1.51 (2) 1.42 (2) 1.32 (2) 1.23 (2) 1.29
(3) 151 (3) 0.02
(4) 1.33

Results are shown fex fixed at 1, 2, 3 or fitted and the mean error of the fit expressed relative to that fouad=o2. The parameter ratiQ (given
by Eq. 12) was calculated witk set at 2 for each experimental trial in all data sets. The ligand concentrations used were GrATP, 5 ADP,
10 P; except for seC where ATP was 1 m.
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A 300 B 80 -
3 s
= =
Q
r ] T g |
-100 100 -100 0 2 100
V/mv v/mvV
-300 - -80 -
c 60 D 300 4
< <
Q. =%
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- Q
°
o
r | r ]
-100 o 100 -100 100
V/mv V/mV
-80 - -300 -
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V/mv V/mvV
—40 4 -120 4

Fig. 6. Representative examples of 2-state model fits by Eq. 3 to individi@lrelationships from each set of experimental conditians: 2,
ligand concentrations (in m): 5 ATP, 5 ADP, 10P, except for seC (1 mm ATP). Fitted rate constants not listed individually but subsume@ in

values presented in Table 1.

APPLICATION OF A SIX-STATE MODEL

Table 2. Withn = 2 (n, = 1, n, = 1), the model
replicated individuall (V) relationships quite welldata

Figure 7 shows the result of attempting a simultaneous finot show, but failed to describe severkV) relation-

of the 6-state model (Fig. 2) to the measutéd) rela-
tionships from experimental sefs B, CandD. Vacu-
olar pH was constant at pH 4.3 but gfvaried from 7.0
(setB), 7.5 (seth) to 8.0 (setC, D) and ATP varied from
1 mm (setC) to 5 mm (setsA, B, D). The fitting strategy
allowed variations in the values of, andn, of the in-

ships simultaneously. Fits with= 3 (n, = 1,n, = 2)
showed some improvement; from such fits, those with a
binding domain chargezf) of -2 (as shown in Fig. 2)
were better than those wity = O (the curvature was too
great asz, = 3) andz, = —-1. With the fundamental
demonstration that the model was capable of the descrip-

dividual reaction steps. This encompassing fit yieldedtion of variousI(V) relationships under different sub-
satisfactory descriptions of these data. Some of thestrate conditions and constant pd the search for fits
variations inn, andn, have been tested, as indicated in with further versions of the model (e.qy, = 2,n, = 1)
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Fig. 7. Fits using the 6-state model (Eq. 11) to mé@n relationships, witm = 3 andz, = -2 (seeFig. 2); ligand concentrations (inm): 5 ATP,
5 ADP, 10P; exceptC (1 mm ATP). Vacuolar pH 4.3 throughout; g A 7.5,B 7.0, C and D 8.0. Model parameters listed in Table 3.

was not pursued. Table 3 shows a complete set of pa-

rgmeters of the 6-state model .fOI’ th_e Succe.SSfUI descrlpr'able 2. Summary of relative goodness of fits using the 6-state model
tion of four V-ATPasel (V) relationships obtained under incorporating partial coupling, applied to data sets obtained at constant
different substrate conditions but at constantpléf 4.3 pH,,.(4.3; SetsA, pH,, 7.5,B, pH,, 7.0,C, pH,,8.0 and 1 Ml ATP,

For thosel(V) relationships obtained at constant pH D, pH.,. 8.0 and 5 u ATP)

but variable pH,,, it was not possible to obtain reason-

. . L . n=2 n=3
able simultaneous fits, regardless of the binding domain
charge lata not showhp

Charge state of
. . binding domain

Discussion A 0 -1 -2 0 -1 -2

) ) 7 1 0 -1 1 0 -1
The aim of this study has been to analyze the pH- 2 1 0 3 2 1
dependence of current-voltage relationships of the vacu-
olar H-ATPase in straightforward terms of mass action% Error relative

171 134 230 229 116 100

effects of H as a transport substrate. Both 2- and 6-state © Pest fit
models have been employed.

A simultaneous fit to all data was made, with charge statgof the
active domain and stoichiometry)(of H* translocated per ATP, as-
suming complete coupling. Error is expressed as relative to the best fit
. obtained (i.e.z, = -2,z = -1,z, = 1 andn = 3). Unless otherwise
Hansen et al. (1981) have introduced the 2-state model agated, the ligand concentrations used were (in):n§ ATP, 5 ADP,

a simplified formalism to describKV) relationships of 10P.

APPLICATION OF A 2-STATE MODEL
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Table 3. Final parameter values employed in the 6-state model withciple of microscopic reversibility; i.e., the equilibrium
partial coupling; simultaneous fit from experimental conditidn®, C voltage (Eq. 7) should have a fixed relationship to the
andD (.., pH, constant at 4.3 and it 7.5, 7.0, 8.0, 8.0 respec-  harmodynamic forces of the concentration gradient

tively). (hereApH) and of the metabolic driving force of the free
Rate Experimental Value Unit energy of ATP hydrolysis. Formally, Eq. 7 can be ex-
constant condition pressed as
kS, 1.0 sect
K3, 6.1 x 10 sect n = AGarp/{ F[(59 mV)ApH - V,]}. (13)
Koz 43 x 10 sec?t
K3, 2.7 x10° sec'm2
K, 3.2 x10° sec? This relationship has been used by Davies et al.
Kas 11 Sei , (1994) to estimate transport coupling ratios which appar-
E?u g-g . 1? :22_1“" ently varied with imposed values of pjf and pH,..
o 14 % 199 coct MeasuredV, values were not greatly displaced from
kéz 32 x 16 secl zero. This means in terms of Eq. 13 that the relatively
K 29 x 16 sec? small ApH values used in the experiments yield large
K2, 1.6 x 10 sec'v™?  values ofnin the evaluations. Note that Eq. 7 predicts a
kas 11x10 sec* change inv, by fully 59 mV perApH, irrespective of the
. A 1.0 x 16 secw™  actual value oh. Particularly large coupling ratios, of
2 gg . 1?;1 seCar.  Up to 10 have been reported for F-ATPases (van Wal-
b 11 x 1G4 cecly-1  raven et al., 1986) which may also reflect incomplete

coupling rather than large stoichiometries. The latter can
The ligand concentrations were (i 5 ATP, 5 ADP, 10P, except ~ ONly be. proven ifc for H*-driven ATP Sy.ntheSiS/

for C where ATP was 1 m. Resultant fits to data are shown in Fig. 7. hydrolysis were demonstrated to equamanating from
ATP-driven H" translocation.

electrqgenlc pumps. This model r_:tlso applles to Many, Lo (CATION OF A 6-STATE MODEL WITH
other ion transporters. One benefit of this model is its

flexibility to describe various shapes b&fV) curves by
unique sets of corresponding parameters. For example,
Kokoi = KioK,; Yields sigmoid, supralined(V) relation-  With the shortcomings described above, it appears that
ships, whereag k,; < kj.ko; results in superlinear the 2-state model is not sufficient to describe the experi-
curves with exponentially rising slopes which approachmental data in thermodynamically correct terms but has
saturation at voltage displacements outside the presetmd be extended by another voltage-sensitive reaction
experimental rangeseeHansen et al., 1981). Since both loop. The 6-state reaction scheme in Fig. 2 represents
supra- and superlinear curves are represented in thisuch an extended model. Although some properties of
study (e.g., Fig. & andH and 6 A-E and G respec- such models have already been discussed in detail by
tively), Eq. 5 has been used successfully to describé&sradmann et al. (1987) and Klieber and Gradmann
those results. It should be noted that, for the purpose 0§1993), simplifications (such as those described for Class
this quasi-empirical fitting, the sign a@fin Eq. 5 does not | models by Hansen et al., 1981) are not yet available for
matter. Various values ef in Eg. 3 have been tested for description of models with three or more transmembrane
description of the/(V) relationships by Eq. 5. In general, steps. Therefore, the explicit 6-state reaction scheme is
small stoichiometric factors generate linearity and largeused here, with the drawback that the numerical solutions
ones more curvature, although a low raktjgk,i/(kioke) ~ cannot be considered unique.
can also straighten thEV) curves to some extent. In This model is now thermodynamically correct with
cases where fitting was performed withconstrained to  respect to microscopic reversibility (Egs. 8) and with
an integer value, best fits were obtained with= 2; respect to integer stoichiometries within the model. In-
wherea was not constrained, its fitted value also con-troduction of three transmembrane reactions, where at
verged near 2. Fak = 1, the resultant curves were too least two are charge-carrying, circumvents the restric-
shallow and witha = 3 the curvature was too pro- tions of the Class | models. In particular, apparent in-
nounced in all but one case. Figure 6 suggests that thgensitivity ofV, with respect to substrate gradient (here,
2-state model is adequate for the data; this holds not onlApH) can easily be accounted for by mass action; i.e.,
for supralinear curves but also sublinear ones. without changing, or noninteger stoichiometries.
However, this 2-state model fails to obey the prin- Although the observed thermodynamic properties

ParRTIAL COUPLING
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could, in principle, be described by a maximum couplingplasmic and vacuolar sides is possible in various states of
ratio of 2 H" translocated per ATP hydrolyzed (oné H occupancy.

binding site for each of the two reaction loops), the ki-
netic properties as expressed by the curvatures of th
observed (V) relationships and numerically reflected in
the relative errors of the various fits (Table 2), seem t
favor a ratio,n, of at least 3 H per ATP. It should be
noted that the best fits were usually obtained with a
maximum amount of charge of 2, not 3, for the possible
state of charge of the active domain. This finally corre-
sponds to the results of the fits with= 2 in the 2-state
model (Table 1).

(ejoncluding Remarks

c)The present results and analyses demonstrate the feasi-
bility of a model for incomplete coupling to describe
pH-dependent changes in coupling ratio of a V-ATPase.
Importantly, the changes in coupling ratio can be ac-
counted for simply through mass action effects of pro-
tons at their transport binding sites. There is no need to

invoke more complex allosteric effects of pH, at least

The fact that the 6-state quel is able to_describe th%\/ith respect to modulation of coupling ratio by cytosol-
I(V) curves from all four experimental conditions when ic pH

pH, .. Was constant at 4.3 by one common set of reaction

kinetic parameters, SL_Jg_geStS that the mcomplete_ COUpIInghe authors thank Dr. Peter Rich (Glynn Research Institute) for helpful
model may be_ a realistic one. Even_when all eight da’FQﬂiscussion and are grateful to the Deutsche Forschungsgemeinschaft,
sets were subjected to the fitting routine, the program didhe Biotechnology and Biological Sciences Research Council (Grant
not converge towards a compromise solution in which allnumber 87/P04043) and the Royal Society (University Research Fel-
data sets were described with about the same (unsati@NSh'p to JMD) for financial support. Bafilomycin was a gift from
: P Smith, Kline and Beecham.

factory) quality, but rather towards good descriptions for
pH, .. = 4.3 and poor ones for all other data sets. These
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