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Abstract A non-equilibrium thermodynamics (NET)
model describing the action of completely coupled or
‘slipping’ reconstituted Ca?*-ATPase is presented. Varia-
tion of the coupling stoichiometries with the magnitude of
the electrochemical gradients, as the ATPase hydrolyzes
ATP, isanindication of molecular slip. However, the cat
and H™ membrane-leak conductances may also be a func-
tion of their respectivegradients. Such non-ohmicleak typ-
ically yields ‘flow-force’ relationships that are similar to
those that are obtained when the pump dlips; hence, cau-
tion needs to be exercised when interpreting data of Ca®*-
ATPase-mediated fluxes that display a non-linear depen-
dence on the electrochemical proton (Afl,) and/or calcium
gradients (Aflc,). To address this issue, three experimen-
tally verifiable relationshi ps differentiating between mem-
brane leak and enzymic slip were derived. First, by meas-
uring Afly as a function of the rate of ATP hydrolysis by
the enzyme. Second, by measuring the overall ‘ efficiency’
of the pump as afunction of Afi. Third, by measuring the
proton gjection rate by the pump as a function of its ATP
hydrolysis rate.
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Introduction

Ca?*-ATPasesexist in the plasmamembranes of most cells
and in the sarcoplasmic reticulum of myocytes where they
pump Ca?*, against a steep concentration gradient, out of
the cytosol and into the lumen, respectively, while simul-
taneously counterporting H ions. They share the catalytic
properties of the ‘ P-type’ family of ATPases but have dis-
tinctive regulatory properties. Both enzymes have anearly
absol uterequirement for Mg®* on the sidefromwhich Ca®*
is pumped, and are stimulated by K* and Na*. The PM
pump is stimulated by calmodulin, and a number of pro-
tein kinases, whereas the SR pump is not. [For reviews of
the PM pumps see Roufogalis and Villalobo (1989),
Schatzmann (1989), Carafoli (1994); and Schatzmann
(1989), Inesi et al. (1990) and Jencks (1992), on the SR
pumps.]

It is now generally established that the Ca?*/ATP stoi-
chiometries of the PM and SR enzymes are 1, and 2, re-
spectively, reflecting their number of Ca?* binding sites
(Schatzmann 1989; Inesi et a. 1990; Carafoli 1994). More-
over, the reconstituted PM (Hao et a 1994) and SR (Yu
et al. 1993) pumps are capabl e of establishing amembrane
potential (Ay), while operating with H*/Ca?*=1.

A point of contention surrounding the experimental
determination and theoretical foundations of coupling
stoichiometries, is that of ‘molecular slip’ or ‘intrinsic
uncoupling’ (Pietrobon and Caplan 1989). It has been sug-
gested to occur in Ca?*-ATPases by virtue of the coupling
stoichiometries varying with the magnitude of the trans-
membrane el ectrochemical gradients (Roufogalisand Vil-
lalobo 1989; Hao et al. 1994). In a system coupled on the
atomic or molecular level, integral valuesfor the coupling
stoichiometries are expected; thus, measuring non-integer
valuesisafirst indication of aslipping pump. To address
this matter in more detail we devised aNET model of are-
constituted Ca?*-ATPase that is subject to molecular slip;
for reviews see Katchal sky and Curran (1974); Rottenberg
(1979); Caplan and Essig (1983); Westerhoff and van Dam
(1987); Pietrobon and Caplan (1989). Using the model, we
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estimated the extent of slip in the PM Ca?*-ATPase from
steady state H* flow measurements (accompanying paper
in this issue). In addition, mathematical expressions that
may be used in experimental-data analysis to distinguish
between slip and |eak processesin Ca?*-AT Pase-liposomes
were derived; protocolsfor their experimental verification
are also presented.

Methods

Algebraic manipulations used in the derivation of expres-
sions were carried out using the functions Eliminate, Col-
lect, and Simplify in Mathematica (Wolfram 1991).

Model
Model without slip

The NET-based model of the reconstituted PM and SR
membrane Ca?*-ATPases is developed by considering the
rate of entropy production (o; units J K™ s™), or rate of
dissipation of free energy (®; units Js™) (Katchalsky and
Curran 1974), in an ‘idealised’ Ca®*-ATPase-liposome:

@=T 0=Jp Ap—Jca Dfica—dn Aty (1)

where T denotes the absolute temperature (K), and
Ap (=—AGp), Afic,, and Al denote reaction affinity (neg-
ative Gibbs free energy change) associated with the ATP
hydrolyzing activity of the enzyme, and the electrochem-
ical Ca®* and H* gradients, respectively (all unitsJmol™).
The flux Jp (units mol s7) isthe rate of ‘scalar’ flow (re-
action rate) of ATP hydrolysis, and J-, and J, are the re-
spective total transmembrane flow rates (fluxes through
space, normalized with respect to the membrane area) of
Ca?"andH*. Theterm“total” refersto the sum of ATPase-
mediated and leak fluxes (videinfra and Fig. 1). Note that
ATPhydrolysisisahighly exergonic (‘ downhill’) reaction,
so the sign of AGp is negative. The ‘uphill’ processes of
inward Ca?* and outward H* transl ocation bear anegative
sign (see Fig. 1 for details on the sign conventions). This
does not violate the second law of thermodynamics, @=0,
as long as the sum of the products of flows and conjugate
thermodynamicforcesisgreater than zero (Katchal sky and
Curran 1974). The assumptions underlying Eq. (1), per-
taining to the ‘idealization’ of the thermodynamic system
(proteoliposome), have been discussed by Westerhoff et al.
(1979).

Now consider a set of linear phenomenological rate-
equations describing the completely coupled ATPase-me-
diated Ca?* pumping and H* ejection (noting the sign con-
ventions):

Jp=Lp Ap—Lpca Abica—L pr ARl (28)
J5%=L cap Ap—L caca AlcaL cart Al (2b)
Jp=Lp Ap—Lica Afica—L i Al (2¢)

2H*

Fig. 1 Schematic representation of a Ca?*-ATPase liposome. The
orientation of the protein is such that externally added ATP initiates
enzyme catalysis. The pump is a‘black box’ in a membrane which
has someintrinsic Ca?* and H* conductance. Transmembrane H* and
Ca?" leaks are represented by arrows with open heads. Ca?* pump-
ing and H™ gjection are represented by arrows with closed heads. In-
wardly and outwardly directed transmembrane fluxes are taken to be
negative and positive, respectively; the scalar flow of ATP hydroly-
sisistakentobepositive, asits* conjugate’ force, Ap (=-AGp), drives
the ‘uphill’ transport of Ca®*, and H* (see “Model without slip”).
The chemical (p) gradients (A) and their direction corresponding
to Ca2*, H*, and ATP, and the electrical () gradient are represent-
ed by the symbol ™\_. These forces are defined as follows: Apc, =
Mea—tcag Aty = My, and A= g— g, (subscript i and e denote
internal and external, respectively). Thus, we have for Afly (X = HT,
Ca?*): Al = R T In ([X;)/[Xd)+Z F Ay, which for H* corresponds
to: Afly = FAW-2.3R T ApH. AGp = AGX—RT In {[ATP]/([ADP|
[P] ([H*1/207°)}, where AG{® denotes the standard Gibbs free en-
ergy for the hydrolysis of ATP at pH 7.0 (—30.5 kJ mol~%; Eisenberg
and Crothers 1979), and R, T, and Z denote the universal gas con-
stant, absolute temperature, and number of coulombic charge, re-
spectively. Thus, the system is defined so that all three forces in-
volved, namely the Ca?*-gradient, the H*-gradient, and the trans-
membrane voltage, are counteracting the ATP hydrolysing activity
of the enzyme (i.e., they induce a ‘backpressure’ effect): Apc,>0,
Apy<0 (i.e, ApH>0), and Ayp>0. The action of the ionophore
A23187 and the inhibition of ATP hydrolysis by orthovanadate (PM
pump) or thapsigargin (SR pump), are indicated by the symbols ®
and x, respectively

J5?, and J5 denote the AT Pase-induced (subscript P) flows
of Ca®* and H* (superscripts Ca, H), respectively. L,
and L,;(Ly; mol? st kJ™?) are the so-called ‘straight’ and
‘cross’ coefficients (Katchalsky and Curran 1974), respec-
tively.

When * Onsager reciprocity’ isassumed to apply to Egs.
(2a—c), L,;=L, for al species of | and J (Katchalsky and
Curran 1974). However, reciprocal (proportional) flow-
force relationships are strictly valid for the near-equilib-
rium domain only; i.e.,, when |AG| < RT. Experimentally
this restriction translates into AG<~+1.5 kJ mol™, which
would place most systems of biological interest, including
Ca?*-ATPases, outside the applicability of the theory.
However, upon closer inspection the linear approximation
is shown to hold rather well, even far from equilibrium
(vide infra).



The domain of linearity

By imposing boundary conditions, such as conservation of
mass, flow-force relationships of enzyme-catalysed and
chemical reactions can be shown to be described by asim-
ple hyperbolic-tangent function (ratio of double exponen-
tias, for reviews see Rottenberg 1979; Westerhoff and van
Dam 1987; Pietrobon and Caplan 1989; Walz 1990). Thus,
aplot of Jasafunction of AG (A) hasthreeregions: at very
high positive and negative values of AG, the reaction rate
isalmost independent of AG, and in between these parts of
the curvethereisaregion wherethe rate changes smoothly
from its lowest to its highest value. Thus, there exists a
guasi-linear region around the inflection point. The line-
arity extends over an ~7 kJ mol™ neighbourhood of the
equilibrium-value of AG. The corresponding error in the
reaction rate (flux; J) is <15% for 75% of the range of pos-
sible rates (Westerhoff and van Dam 1987).

NET parameters

The phenomenological coefficients in Eq. (2a—c) deter-
mine the phenomenological stoichiometry, Z, the ‘degree
of coupling’, g, and the efficiency of energy conversion,
n, of the coupled processes (Katchalsky and Curran 1974;
Caplanand Essig 1983) We consider the ‘ static head’ with
respect to Ca?" pumping in which the power (J s™) term
J5? Afic,=0. Statlc head refersto the condition J53=0; i.e.,

a vanishing Ca?* pumping rate. The other srtuation for
which JS2 Afic,=0, is called ‘level flow’; for this condi-
tion Aflc,=0. Near equilibrium Z and g, under static head
conditions (sh), are defined by:

Zsh = ZHP =

Liw/Lp 3)

(4)

From Egs (2a—c), (3), and (4) we obtain an expression for
the overall efficiency of energy conversion under the static
head condition:

Neh = Nnp = _(JE Ay (Jp Ap) = X
=-Zx(Z x+a)/(aZ x+1) ©)

where| and x denote flow and thermodynamic-forceratio,
respectively. The optimal conditionsfor biological freeen-
ergy transduction are not necessarily the state(s) of maxi-
mal efficiency (Stucki 19804, b; Juretic and Westerhoff
1987). In fact, for Ca?*-ATPases, the maintenance of a
transmembrane Ca?* gradient is physiologically very im-
portant, so the pumps are likely to operate in a situation
that is close to a static head one, and thus appear to be op-
erating with almost zero efficiency.

Osr =Anp = Lpn//Lp Ly
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Incorporating biochemical knowledge
and far from equilibrium considerations

We continue our treatment by incorporating biochemical
knowledge of Ca®*-ATPases into the NET model and ad-
dressing the issue of remoteness from equilibrium. First,
we consider the coupllng stoichiometries. Durlng aturn-
over cycle of the pump nS? calcium ions and np protons
aretransported acrossthe membrane thus, nS? and nf de-
note the Ca?*/ATP and H*/ATP coupling stoi Chl ometries.
The “convention” taken hereisthat superscript represents
numerator, and subscript representsdenomlnator eg., nsd
stands for the number of Ca’* ions per (over) ATP mole-
cule. Thus, the H*/Ca2* stoichiometry isnfi,, and is given
by nH/nS2 As a result, the bioenergetics of PM and SR
Ca?*-ATPases is characterised by two independent
coupling stoichiometries. Second, we make use of the ex-
perimental observation that both Afi, and Afl, inhibit Jp;
i.e., both thermodynamic forces exert a‘ backpressure’ ef-
fect on the rate of ATP hydrolysis for the PM (Villalobo
and Roufogalis 1986; Wang etal. 1989; Hao
et a. 1994) and SR pumps (Yu et a. 1993; Yu et al. 1994,
Yu and Inesi 1995). Therefore, the total thermodynamic
forceis taken to be Ap—nS? Afic,—nf Afly, where nS? and
Ay, carry anegative sign (see legend of Fig. 1). Third, by
assuming Onsager reciprocity to hold, we may write
Lpca=Lcap=N5" Lpand Lpy=Lyp=nB Lp.

Next, weintroduce concepts allowing far-from-equilib-
rium reactionsto becharacterised by apparent proportional
flow-force relationships which, in turn, account for the
known saturation of enzymic reactions (Westerhoff and
van Dam 1987; Pietrobon and Caplan 1989). The point (re-
gion) inthe J-versus-AG curvewhere saturation setsin (see
section “The domain of linearity”) is treated by introduc-
|ng the quantity AG” (—A), where AGE=(AGg) j=o. Thus,
AGE is a measure of the off-set from equmbrlum in kJ
mol~ of the Jo— AGPreIanonshlp We proceed by introduc-
ing the quantity AGS (= AGP—AGP) which may be viewed
as the effective dr|V|ng force (AGE=-AE) driving the up-
hill translocations of Ca®* and H*. Asaresult, the value of
the “activity” coefficient, Lp, changes, and because this
change may not affect Aflc, and Afl,, equaly, it is neces-
sary tointroduce‘ asymmetry’ coefficients, V¥ aand yi [see
Egs. (7a) and (7b)]. Thus, the equations describing the
‘strict mechanistically’ coupled action of the pump near,
and far from equilibrium, are obtained by using Egs.
(2a—c) and the above considerations, to give:

J =Lp (AF-N5" V52 Dfica—Np Ve Afiy) (6a)
J52 =n5% Lp (AF-NGE* ya Aflca—np V' Afiy) (6b)
JF =np Lp (A5-n5? 52 Afica—nB Vi Afiyy) (6¢)
where

o 0(0Co)ys, o

VP S (Dfica)as,
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and

_ 5(AGP)AﬁH
3(Aby)ac,

Notethat y%=1/y% in Egs. (6a—c). Inan ‘ideal’ situation,
Jo will change in proportion to a change in Ap (and Afic,
and Afl,). According to these criteria the SR pump is
‘ided’; i.e., themaximum rates of ATP hydrolysisand syn-
thesisare nearly identical, making it a‘readily kinetically-
reversible’ enzyme. Ontheother hand, therate of ATP syn-
thesis by the PM pumpisonly 0.5—1% of theforward rate,
rendering it a ‘kinetically irreversible’ enzyme (Schatz-
mann 1989 and referencestherein) and thus‘non-ideal’. In
the following, we assume, for the sake of simplicity, that
y52=yH=1. Thus, thetheory appliesstrictly only to the SR
enzyme, but thissimplification doesnot invalidatethe con-
clusions made regarding the distinction between molecu-
lar slip and membrane leaks in PM Ca2*-ATPase lipo-
somes.

H

v (7h)

Introducing molecular slip

ATPase slip, and the membrane leaks of Ca®* and H* are
incorporated into thedefinitions of therate coefficientsL3,
L-, and L},. Thus the matrix-form of the reaction-flux
equationsis:

O0Jp O
Dcall= ®)
Hi, 0
E|_P+Lsp -n& Lp -np Lp EDAP O
O Le —[(n§*2Le+Les] —nE*nHLe O]

%”E Lp -nf n5*Lp ‘[(nE)ZLP"'LlH]%EAuHE
whereJo,=J5%+ J%, and J, =38+ JY; It and J}, denoteleak
currents (flows) of Ca?* andH*, respectively. L$istheslip-
rate coefficient, whereas L is the strict mechanistically
coupled AT Paserate coefficient. Notethat L3 doesnot take
into account the kinetic properties of molecular slip (Hill
1977); e.g., see those of the SR pump (Pickart and Jencks
1983; Tanford 1984; Wal z and Caplan 1988; Krupka 1994;
Yu and Inesi 1995); see also the Discussion.

Equation (8) constitutes a minimal model of the AT-
Pase, in the sense that leaks of ‘bulk’ ions, such asK* and
ClI7, etc. are not taken into account (see c.f. Westerhoff et
al. 1979). Neverthel ess, as shown bel ow, the present model
contains a sufficient number of features to yield experi-
mentally verifiable relationships that will allow the dis-
tinction of ATPase slip from membrane leak. In the fol-
lowing we illustrate the experimental application of Eq.
(8) by addressing the issues of non-zero membrane leak
and ATPase dlip.

Experimental determination of the coupling
stoichiometries at steady state

We estimate nt in the absence of the ionophore A23187
from steady state NMR data in its presence (accompany-
ing paper in thisissue), as follows:

ng =Jp/Jp = (35 - I} +Ih)/Jp (9)

where the subscript e denotes, external; expressionsfor J,
and J}, are given in Egs. (7b) and (7c) in the accompany-
ing paper in thisissue. Note that in these experiments, ex-
travesicular H" production has been measured, and hence
we need to correct for the scalar proton production in the
external medium (i.e., substract it), and H* leak from the
external medium (i.e., add it on). We estimate J}, from an
independent measurement of L1, (Kamp 1989) and ARS
(superscript ss denotes steady state), as follows:

=L AR =LY (FAYS -RT ApHS) (10)

where F denotes Faraday’s constant. An estimate of nj3 in
the presence of A23187 has been made in the accompany-
ing paper in thisissue. An estimate of A in the absence
of A23187 may be obtained from estimates of Ay and
Ale, H* flow measurements in the absence of the iono-
phore, and assuming proportional flow-forcerelationships.
By assuming the latter, achange of Jrisassumed to be pro-
portional to the same change of A{ii} (and Jf)). Therefore,
A in the absence of A23187 isthe product of the uncou-
pler stimulation factor, or control ratio of the enzyme; Jp
(+A23187)/J, (-A23187) =4 (accompanying paper in this
issue) and AL in the presence of A23187. The quantities
used in Egs. (9) and (10) are given in Table 1, and they
yield '$=1.9+0.3.

Estimating the extent of molecular dlip

Using Eq. (8) we can estimate the maximal extent of slip
(Ly/L,) in the PM Ca®*-ATPase, by taking the system in
the absence of A23187 (-) to be close to static head, and
the system in the presence of the ionophore (+) to be ap-
proximated by level flow. Thus, from the equation for Jp
we obtain for the control ratio of the enzyme:

(Jp/Jp) = (ARAR) (1+(LB/Lp)) (11)

Apand A estimated from data (in the accompanying paper
in thisissue) anounted to ~61 kJ mol~* and ~52 kJ mol %,
respectively; thus L3/Lp<0.4. In other words, for every
five coupled turnovers leading to Ca®* and H" transloca-
tion (i.e., work) there may be as many as two uncoupled
ones. In the latter, the energy associated with the hydro-
lysis of ATP would be lost as heat (i.e., dissipated).

Slip versus leak

In the following we derive equations that allow molecular
dip, intrinsic to the ATPase, to be distinguished from,



Table 1 Quantities used for estimating n'? at steady state in the ab-
sence of A231872

Quantity Value Units

Jo (—A23187) 133+212 nmol (mg protein)™ min

F, (-A23187) 46+72 nmol (mg protein)™ min

Control ratio 42 -

nﬁscalar 08b _

L}, 100%2.25  nmol (mg PL)™ (pH) 2 s7%;
umol (mg protein) ™ (pH)‘l min~t

N 315¢ nmol (mg protein)™ min

ApH -0.03° pH

Ay 37;0.003°  pV;pH

AJIS (-A23187)  0.14; 0.36%  pH; kJmol™

AR (+A23187)  0.035; 0.090¢ pH; kJ mol

Samplevolume 22 ml

Protein concen-  40+62 mg ml~

tration

Lipid concen- 152 mg ml~2

tration

2 From (unpublished results).

Control ratio = J (-A23187)/J (+A23187)
From Nishimura et al. (1962)

From Kamp (1989)

Estimated in this work

See Footnote

® Qo 0o T

membrane leak, intrinsic to the membrane-proper. Thus,
dlip and leak occur in parallel, and we make use of this
property of the system to distinguish between the two pro-
cesses. Threepossibletheoretical proceduresinvolving the
Jo—Af, flow-force relationship, the overall thermody-
namic efficiency (nyp) of the pump, and the relationship
between J and Jp, and their respective experimental pro-
tocols are discussed.

Flow-force relationships

We cannot obtain any further insight into the issue of dis-
tinguishing molecular slip from the membrane leaks using

1 We estimated an excess 0.6 H* in the presence of A23187, to be
equwal entto~277 nv H*, given an average radius of ~95 nm for the
Ca?*-ATPase SUV. The depletion of 0.6 protons from the extra-
vesicular medium would not appreciably change the pH in that com-
partment, asV > V;; and thus, the ApH may be calculated to be 0.75
in the absence of buffering species. In the presence of 10 mm Hepes
buffer at pH ~7.3, however, any ApH would be minimal. We may as-
sume that 3= ,=10 umol H*/pH unit (see accompanylng paper in
thisissue), and hence, an excess of 277 nv H* would have resulted
in a ApH of —0.03 (-0.0277) U (acidic inside). Using a Ca?*/ATP
stoichiometry of 0.83 (Wan% et al. 1989), we estimated an intralip-
osomal depletion of 0.17 Ca“" in the presence of A23187. The mag-
nitude of the membrane potential (AL,U) was calcul ated from the equa-
tion Q=CAy. Thus, Ag=([H']-2[Ca'])x ((RSUVXF)/(3><C))
where C denotes membrane capacitance per unit area (~1 pF cm?
for lipid bilayers), Q, F, and R denote the amount of charge in cou-
lombs, Faraday’s constant, and radius, respectively. Its magnitude
would be of the order of 0.01-0.1 (0.037) mV (positive inside)
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Eqg. (8) per se. Therefore, to overcome this problem we as-
sume that molecular slip in the ATPase is dependent on
which ever thermodynamic force (Afic, Or Afly) generates
the backpressure, in the absence of the other. Also, therate
of leakage of the coupling ions will be dependent on the
magnitude of the particular thermodynamic force (Pietro-
bon et al. 1981; Jackson 1982) operating in the system
(again, in the absence of the other), but not on the choice
of the force. The theoretical procedure entails rearranging
Eq. (8) for Jp, which yields:

Jp = (Lp((1+(LY/Lp)) Ap—N52 Afic,—np Afly) (12)

Applying the static head condition, J,=0, to Eq. (8) we ob-
tain for Lp:

Lp = Ly Afi/(np (Ap—n5® Afica—np Aflyy)) (13)

Inserting Eg. (13) into Eq. (12) and keeping the factor
(LR/Lp) separate, yields:

_ Ly AHH %l
1- (np

As expected, Eq. (14) isidentical to the one obtained for
an H™-ATPase in a mitochondrial membrane (Westerhoff
and van Dam 1987) except for the term corresponding to
Ca?" transport (nS? Afic,/Ap). Anidentical equation is ob-
tained when the steady state condition, J-,=0, is used, ex-
cept that the term in front of the brackets reads (Lt
Afic,/nR,). Figure 2 showsthe variation of Afl,, with Jp ac-
cording to Eq. (14), for Afic,=0.

The experimental procedure would encompass measur-
ing the dependence of the steadly state Afic, and Afi, on Jp,
in the absence of the other force (Afl, and Afic,, respec-
tively). Jo may betitrated by using aninhibitor of the Ca?*-
ATPase; e.g., orthovanadate and thapsigargin for the PM
and SR pumps, respectively. The different shapes of the
curves, would not only demonstrate slip in the AT Pase, but
would also indicate which forceis more efficient in induc-
ing it; i.e., the parameter LE/L, may be greater for Aflc,
than for Afl,, or vice versa (see Fig. 2).

(Lp/Lp) 0

~ = 14
Afica+np AHH)/APE (1)

The thermodynamic efficiency

Inthefollowing we present atheoretical procedurethat en-
ables molecular slip to be distinguished from membrane
leaks by measuring nyp (Eg. (5)) asafunction of Afl,. No
further assumptions need to be made. Applying the static
head condition, J-,=0 Egs. (2a—c) and (initially) writing
the forces as a function of the flows (Rottenberg 1979),
and applying Onsager reciprocity, we obtain:

Jp = Lp AGp—Lpy Afy
Jn = Ly AGp—Lpyy Ay

(154)
(15b)

The phenomenological coefficients of the two-flow-force
system (Egs. (15a—b)) are then expressed in terms of the
coefficients in Eq. (8) by applying the same static head
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Fig. 2 Graphs of the electrochemical groton gradient, Apl,, versus
the rate of ATP hydrolysis of the Ca®*-ATPase, Js, accordi ng
Eq (15) The values of the parameters are: Ap = 60 kJ mol™; =
nf=1; L} =5%x10""mol?s 2 kJ* (from Table 2); Afic,=0kJ moI -1,
ALE/L =0.1; i.e,the“activity” of thesllpcyclelsten foIdI&sthan
the correspondlng coupled cycle. B LY/L, = 1.0. Thus, the parame-
ter L}/L, determines the shape of the hyperbola, and its magnitude
is expected to be different when Afi, is the force exerting the back-
pressure (see also text). The dashed line depicts the situation in the
absence of dlip (i.e., L% = 0); thus, the flow-force relationship islin-
ear. Note that (1) the extent of slip L}¥/Lpis given by theratio of the
actual slope to the slope that is expected from the leak coefficient
and the coupling stoichiometry, and (2) inthe case of aslipping pump,
the deviation from linearity in the flow-force relationship becomes
more evident as ni? Afl,, approaches Ap

condition to that equation, and eliminating AﬁCa inthe ex-
pressions obtained for J, and Jy- The analysis reveal s that
ATPaseslip, and leak of Ca®* and H* have different effects
onlLp, Ly, and Lpy:

Lp =L3+L, (16a)

Lpy =B L, (16b)

Lin = L+ (nB)? L, (16¢)

Li=Lp %1— ! (164)
1+ (L (nS2 L p»H

The predicted qualitative effects of ATPase slip, Ca®* and
H™ leaks on the phenomenol ogical coefficients, and the pa-
rameters Z, and (Afl,)4, are given in Table 2 (subscript sh
denotes static head). Note that Z provides information on
which of the three processes contributes to gy being less
than one (see Table 2).

Figure 3 showsthevariation of e asafunction of Afi,
for decreasing values of qup. The clearest difference
between the curves is that Afl, aI statlc head, i.e., when
J=Nwp=0, changes when the Ca?* and H* leaks through
the membrane are varied, but not when slip in the ATPase
isaffected. Also, theforce at which the n,p ismaximal for
agiven qyp-value is different for ATPase slip, Ca?* leak,
and H™ leak.

Table2 Qualitative effects® of ATPase slip, andpa2+ and H* leaks
on the phenomenological coefficients, Z, and (Apy)«,

Process that Effect on
decreases g N
Lep Len Lin z (B)sn
ATPase slip + = = - =
a2 leak - - - - -
H+ leak = = + + _

@ The symbols +, —, and = denote a positive, negative, and no effect
on the parameter of interest; the subscript sh denotes static head

From an experimental point of view, n,pisto be meas-
ured as a function of Afl, at constant Ap. The latter may
be clamped using ADP and glucose 6-phosphate in the
presence of hexokinase; this system then functions as an
ATP-regenerating system. The Afl,, may be varied by mod-
ulating Jp with an inhibitor. The overall efficiency (Hup)
may be determined by measuring simultaneously J&, J,
Afy, and Ap by NMR (accompanying paper in thisissue),
or by optical methods (Karon et al. 1995). The predicted
effects of Ca?* and H* leak may be ascertained by adding
limiting concentrations of CY CLEX-2E (and K *-valinom-
ycin) and a protonophore, respectively.

The relationship between J,, and Jp

ATPase slip and Ca?* or H* |eaks should also exert differ-
ent effects on the relationship between J, and J- when
Jca=0. Eliminating Af, in Eq. (15a), substituting the re-
sulting equation into Eq. (15b), and substituting the phen-
omenological coefficients by Egs. (16a—d), we obtain:

Jh=a—BAp (17)
where:
_pi B 081 | (nE)?0 182
= H e L aes
L (n 5 (np)2 m
B= —H +3x P/ P (18b)
i o el i

When J is plotted as a function of J, a corresponds to
the slope and [ corresponds to the intercept with the ab-
scissa, when AP is clamped experimentally. In case of in-
creasing leak (H* or Ca?"), both the slope and the intercept
are effected; this would cause lines determined with dif-
ferent uncoupler concentrations to intersect. However,
when the pump is slipping the intercept with the abscissa
would change but the slope would remain the same (a does
not contain L{). Conveniently, distinguishing leak from
slip using Egs. (17)—(18) does not require an estimate of
A&H .
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Fig. 3 Theeffect of ATPaseslip (LY), and Ca?* (LL,) and H" leaks
(L) on the overall thermodynamic efficiency of the Ca?*-ATPase
(nyp) for various degrees of coupling (gup), as a function of Afl,,.
The different g, p-values (see figure) were obtained by varying one
of L$, LY, or L, while keeping the other two parameters constant.
The parameter values that were used in the individual simulations,
and which gave rise to decreasing values of q,p, were: Slip; L} =
0.01, 0.1, 0.5, and 1, respectively; LY =1; L1, =0.01. CaB' leak;
Lt,=5.5,1.0,0.2, and 0.1, respectively; LY = 0.01; L}, = 0.1. H*
leak; L}, =0.01,0.1,0.5, and 1, respectively; L$=0.01; LL, =1 (all
L’s have unitsmol? s kJ ™). The values of the parameters that were
kept constant throughout were: Ap = 60 kJ mol™; nf, = n%, = 1;
L= 1000 mol? st kJ L. Arbitrary valueswere used for L$, LL,, and
L+, because only the value of the latter is known (seelegend of Fig.
2); however, thisis of no consequenceto the qualitative effectsto be
demonstrated
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Discussion

In the present work we have 2presented aNET description
of thevectorially oriented Ca™*-ATPasethat allowsthedis-
tinction between the effectsof molecular slipandion|leaks,
onJpor Jy. Notably, thederived linear force-flow relation-
ships remain intuitively clear, and are readily scrutinized
experimentally.

The effects of enzymic slip and membrane H* leak in
respiring mitochondria have been modelled successfully
when compared with experimental results (Pietrobon et al.
1983; Westerhoff and van Dam 1987; Groen et al. 1990).
Therefore, asimilar approach was used in the present work
to derive expressions allowing Ca®*-ATPase slip to be dis-
tinguished from membrane Ca?* and H* leaks by measur-
ing: (1) Afl, as a function of Js [Eq. (14)]; (2) Nup @s a
function of Afi, [Egs. (5), (15-16)]; and (3) J, as afunc-
tion of J, [Eqgs. (17)—(18)].

Asacomparison with the model presented in thiswork,
we note that non-linear flow-force relationshipsin oxida-
tive phosphorylation have been modelled by phenomena
other than slipping pumps and/or non-ohmic H* leaks. The
first such model entails the ‘mosaic protonic coupling’
hypothesis (Westerhoff et al. 1984) which considers the
‘clustering’ of respiratory enzymes; the second onerelates
to the heterogeneity in the degree of coupling between in-
dividual mitochondria in a mitochondrial preparation
(Duszynski and Wojtczak 1985). Importantly, these phe-
nomena are not envisaged to arise in proteoliposomes.

From atheoretical standpoint, the model may be used
in athermokinetic description (Pietrobon nd Caplan 1985;
Walz and Caplan 1988; Walz 1990) of the (SR) ion pump
to investigate (theoretically) the domain of linearity and
proportionality of the flow-force relationships, as well as
the ‘kinetic (in)equivalence’ of theinput and output forces
(see e.g., Pietrobon and Caplan 1985).
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