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ABSTRACT Experimental studies have shown that the activity of the reconstituted molecular pump Ca®"-ATPase strongly
depends on the thickness of the supporting bilayer. It is thus expected that the bilayer structure will have an impact on the
thermodynamic efficiency of this nanomachine. Here, we introduce a nonequilibrium-thermodynamics theoretical approach to
estimate the thermodynamic efficiency of the Ca®"-ATPase from analysis of available experimental data about ATP hydrolysis
and Ca®* transport. We find that the entropy production, i.e., the heat released to the surroundings under working conditions, is
approximately constant for bilayers containing phospholipids with hydrocarbon chains of 18—22 carbon atoms. Our estimates for
the heat released during the pump operation agree with results obtained from separate calorimetric experiments on the
Ca?"-ATPase derived from sarcoplasmic reticulum. We show that the thermodynamic efficiency of the reconstituted
Ca?*-ATPase reaches a maximum for bilayer thicknesses corresponding to maximum activity. Surprisingly, the estimated
thermodynamic efficiency is very low, ~12%. We discuss the significance of this result as representative of the efficiency of other
nanomachines, and we address the influence of the experimental set-up on such a low efficiency. Overall, our approach provides

a general route to estimate thermodynamic efficiencies and heat dissipation in experimental studies of nanomachines.

INTRODUCTION

The calcium pump (Ca’"-ATPase) of the sarcoplasmic
reticulum (SR) is a P-type ATPase that actively transports
Ca”" from the cytosol to the lumen of the SR using ATP
as fuel. During muscle contraction, Ca®" is released from
the lumen of the SR to the cytosol, and this induces a confor-
mational change of tropomyosin that allows actin and
myosin to form cross-bridges. By pumping Ca*" from the
cytosol and back into the lumen of the SR, the Ca®"-ATPase
enables the muscles to relax: a conformational change
enables tropomyosin to bind to actin, and cross-bridges
between actin and myosin can no longer form (1).

The Ca?"-ATPase can be extracted from, for instance, the
skeletal muscle of mammals, and reconstituted into a bilayer
in which the phospholipid composition can be varied (2). In
early experiments, it was noticed that the protein binds with
approximately the same affinity to a large variety of phos-
pholipid bilayers, making possible a systematic investiga-
tion of protein activity with varying phospholipid chain
length, where the activity is estimated in terms of the
amount of the Ca®" transported and the amount of ATP
hydrolyzed. It was found that the activity reaches a
maximum when the protein is inserted into bilayers with
a narrow range of lengths for the phospholipid acyl chain
hydrocarbon length, typically between 16 and 20 carbon
atoms (2-4).

A strong dependence of the transport activity with the
phospholipid acyl chain Iength has been observed in other
proteins, e.g., in proton and cation transporters in bacteria
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(see, e.g., Andersen et al. (4)). The fact that this behavior
is observed in structurally different proteins has motivated
further study, and several explanations relating the protein
activity to the protein-bilayer interactions have been sug-
gested (5). How these interactions modify the structure
of the bilayers around the protein and the structure of the
protein transmembrane domains remains an open question.
Recent computer simulation studies have addressed this
question by investigating Ca>"-ATPase embedded in phos-
pholipid liquid crystal phases and targeting bilayer compo-
sitions for which maximum activity is observed in the
experiments (6,7). These works show that the bilayer mem-
brane deforms around the protein, and that both the protein
and the membrane mutually adapt their structures. The
simulations indicate that the deformation of the phospho-
lipid membrane may be compatible with optimum pump
activity. Although the specific details of the level of defor-
mation of the membrane and structural modifications of
the protein are not fully established, it is known that
membrane proteins stop functioning when the protein is
reconstituted in the phospholipid membrane gel phase (5).
Further investigations have also indicated that experimental
conditions, in particular pH, play a significant role in deter-
mining protein activity, with the activity reaching a
maximum in the Ca®" pump at pH 7.5 (8). This behavior
could be connected to the sensitivity of the protonation
states of the amino acids to pH conditions. In fact, a recent
work on Ca®'-ATPase has highlighted the sensitivity of
Ca”" binding to pH conditions (9).

In addition to the studies referred to above, experiments
by de Meis’s group (10-17) have shown that while the
Ca®t-ATPase is embedded in vesicles derived from SR, it
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dissipates heat, and that hence, at least under the experi-
mental conditions, it is an imperfect pump. Calorimetric
measurements have shown that under working conditions
the protein might transport heat reversibly in addition to
dissipating energy (11). This notion seems to be compatible
with recent experiments on ATPase reconstituted into vesi-
cles, from which one can infer the creation of temperature
gradients of the order of 10*-~10° K/m when the pump is
under working conditions (18). These large gradients that
involve modest temperature differences, ~1 K over microm-
eter length scales, could in principle lead to interesting
nonequilibrium effects in solution (19,20).

The experimental studies reported above have motivated
a number of theoretical works aimed at explaining the
Ca®" transport process using nonequilibrium thermody-
namics (NET) theory (21,22). One advantage of NET theory
is that it provides a theoretical framework to rationalize
the transport process in terms of phenomenological coeffi-
cients, which can be measured using suitable experiments.
Kjelstrup et al. (23) performed such analyses. By interpret-
ing experimental data by de Meis and co-workers (10-17),
they showed that the magnitude of the phenomenological
coefficients depends on the protein isomorph, so that pro-
teins present in white skeletal muscle and brown adipose
tissue are more efficient at releasing heat in their surround-
ings. Overall, experiments indicate that the hydrolysis of
ATP provides energy to transport ions, but there is evidence
that ATPases are more effective transporters when they are
immersed in the right membrane and for certain initial
conditions. The energy that is not being utilized for the
transport process is dissipated. Indeed, as noted above, there
is experimental evidence that this transport and dissipation
can lead to temperature gradients. To understand the
working conditions of these nanomachines and what makes
them more or less efficient, it is important to quantify this
efficiency on thermodynamic grounds. We tackle this
problem here with the help of NET theory, which has
been successfully employed recently to interpret experi-
mental data (23).

This article is structured as follows. We first describe
the ATPase system, and the necessary NET equations. We
then use NET theory to analyze the experimental results
of Caffrey and Feigenson (2) for the reconstituted pump
activity and quantify the thermodynamic efficiency of the
pump as a function of the bilayer thickness. We close with
a section containing the main conclusions and final remarks.

THE CA2%*-ATPase

Let us consider the Ca®"-ATPase protein embedded in the
biological membrane of a vesicle, as depicted in Fig. 1. The
system consists of three parts (22): the external phase (out),
the membrane phase, and the internal phase (in). The external
and internal phases form the boundary conditions. The
membrane phase consists of a semipermeable lipid bilayer
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FIGURE 1 Sketch of the Ca®>"-ATPase protein embedded in a vesicle/
phospholipid membrane. The Ca>*-ATPase is drawn in blue and the bilayer
in gray. (Upper) The vesicle shown with only one protein in exaggerated
size for clarity. (Lower) Enlargement of dashed-box area in upper image,
where the arrows illustrate the direction in which the ions are transported
under the normal operation of the pump. The positive direction for transport
is from the external phase (cyfosol/out) to the internal phase (lumen/in).

with the embedded Ca”"-ATPase and the adsorbed species:
water, ions, and the reactants and products of the ATP hydro-
lysis. The hydrolysis of ATP is represented by (24,25)

ATP + H,O=ADP + P;, (1)

where ATP, ADP, and P; are adenosine triphosphate, adeno-
sine diphosphate, and inorganic phosphate, respectively.
The energy from ATP hydrolysis can be used to exchange
ions. The Ca’"-ATPase is electrogenic and countertran-
sports two to three H/two Ca®* (26,27). However, the
exchange of ions may still be electroneutral. The SR
membrane is highly permeable to K* and this is the likely
cause of a membrane potential maintained near zero
(28,29). The membrane is also permeable to other ions,
e.g., H" (29,30). Tran et al. (31) have argued that the forma-
tion of a steady-state H'-gradient under biological condi-
tions is unlikely, since the SR vesicle membrane is highly
permeable to protons (32). Based on this, we neglect the
membrane potential in our description and assume that there
exist pathways (besides active pumping) for transport of
other ions, making the operation of the pump electroneutral.
For the pump derived from SR, this is a good assump-
tion, whereas it is more questionable for the recon-
stituted pump. However, in this case, there is also some
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back-transport of H" via the pump itself. We therefore
assume that the electroneutrality is fulfilled by H" and we
do not consider transport of other ions. Hence, we represent
the exchange of ions by

Ca**(out) + 2H" (in) =Ca*" (in) + 2H" (out),  (2)

where out refers to the external phase (the cytosol) and in
refers to the internal phase (the lumen). A typical concen-
tration difference corresponds to a ratio of the calcium
concentration in the lumen to that in the cytosol of 10
(1). The exchange of two Ca”* ions corresponds, then, to
a Gibbs energy of ~ 2 x RT In 10*=47 kJ /mol at 37°C if
we assume that the pH is the same on both sides.

Considering this and the Gibbs energy of the ATP hydro-
lysis, which is ~—50 kJ mol " for physiological conditions
(1), the net change in Gibbs energy is negative, and the
pump should transport calcium ions from the cytosol to the
lumen at the expense of the ATP hydrolysis. If only one
Ca”" is transported, half the energy is dissipated. With a
positive net change in Gibbs energy, the pump will operate
in the reverse direction and synthesize ATP molecules, using
the energy stored in the Ca>" concentration gradient.

NONEQUILIBRIUM THERMODYNAMIC
DESCRIPTION OF THE SYSTEM

Nonequilibrium thermodynamics describes the pump
through the entropy production and a set of equations re-
lating the fluxes and driving forces. The steady-state opera-
tion of the ion pump is described by the flux-force

relations (22),
AG
RT"‘“)} D {1 —op

Apege+ JoHt D;q . out
RTout RTout Tin J’
AG
r =—D, [1 — exp( RT"“‘)] + Dy {1 — exp
Aty jomt D;q 1 ™
RTout RTout Tin )
G
RT°“‘>] P {1 o

Apices jout ng "
RTout T RTout - Tin )°

where J.+ is the flux of calcium ions, r is the rate of ATP
hydrolysis, and Ji™ is the heat flux associated with a
temperature gradient across the bilayer. Here, the fluxes
are given as exponential functions of the driving forces, as
is typical for activated processes (33). The driving forces

Jep+r = —Dg |1 — exp(—

3

J"]"”‘ = —D/ [1 — exp(
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for the reaction (—A.G/T™) and the exchange of ions
(—Aucgt o+ /T™) are given by the Gibbs energy of the
ATP reaction (see Eq. 1),

AG = wapp + Mpi — HaTp — Mi,05 “4)

and the change in chemical potential on moving ions
between the cytosol and the lumen of the vesicle (see Eq. 2),

Apcgs o = M — 2y — Mg + 20t o)

We refer henceforth to the force associated with the
exchange of ions as an osmotic force. The driving thermal
force (1/T™ — 1/T°") is given by the temperature differ-
ence over the membrane. The driving forces for the reaction
and the exchange of ions are evaluated at the temperature of
the lumen, T™ (22). The entropy production, g, is (22)

AG A:“vCa“/zH+ out [ 1 1
Tin _JCHH Tin +Jq Tm Tout ) (6)

o= —r

where, we note, the entropy production is still in a bilinear
form even though the fluxes are nonlinear functions of the
driving forces. This was also pointed out by Ross and
Mazur in considering the entropy production of a chemical
reaction (34).

The transport coefficients, D;;, describe the coupling
between the forces and fluxes. The efficiency of the pump
in transferring calcium ions using the energy from the
ATP hydrolysis is quantified through the coefficients Dy,
and D4, which also describe the reverse situation, namely
the synthesis of ATP using the energy stored in the chemical
potential gradient of the ions. The coefficients Df]d and Df]r
describe heat production due to the reaction or exchange
of ions, whereas Déq and D:q describe how a temperature
difference can drive the reaction and exchange of ions.
These coefficients can be used to interpret nonshivering
thermogenesis. The remaining coefficients, Dgq, Dy, and
Dilq’ describe the interdiffusion of the ions, the coupling
of the reaction rate to the Gibbs energy of the reaction,
and the thermal conductivity, respectively. Generally, the
coefficients do not depend on the values of the forces or
fluxes but may depend on state variables, e.g., temperature.
Onsager reciprocal relations do not necessarily apply,
but the coefficients are related. The origin of this is the
coarse-graining on moving from the mesoscopic description
to the macroscopic description: Onsager relations apply on
the mesoscopic scale, but integration over the internal
mesoscopic coordinates, yielding Eq. 3, leaves the trans-
port coefficients asymmetric (22). Kjelstrup et al. (23)
described both experiments to obtain the coefficients and
estimated these coefficients for different isoforms of the
Ca”"-ATPase pump.

The equations we have given are valid for a nonisother-
mal case. However, most experiments of the pump are
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performed without considering possible heat effects. This
can be justified by estimating the contributions of the
different terms of the entropy production. We do this in
Table 1. We consider the data given for the reaction rate,
flux of calcium ions, and heat flux in the supporting infor-
mation of Kjelstrup et al. (23). During operation, the interior
of the vesicle may cool, forming a temperature difference of
1 K over the vesicle (35). We see that in all cases, the contri-
bution from the heat flux is small compared to the contribu-
tion from the reaction rate. In accordance with this, in the
following, we neglect the contribution from the heat flux
to entropy production, and we approximate T = T =~ T°!,

To quantify the thermodynamic efficiency of the system,
we consider the lost work during the operation, Wi, given
by the Gouy-Stodola theorem (36),

Wiest = To‘Ta (7)

where Ty is the constant temperature of the system’s
surroundings. The expression above is general, meaning
that it can be used for nonisothermal conditions and chem-
ical reactions far from equilibrium (34). It is equal to the
Clausius uncompensated heat for Ty = T. If the system is
not at the temperature of surroundings, the difference

TABLE 1 Estimation of entropy production for experiments of
Ca2"-ATPases taken from various sources

Entropy production/uJ /mg protein x min x K

Source of

protein oy Oau aq n

WM 285 + 20 -35+4 1.82 = 0.13 0.12 = 0.02
BAT 60 = 9 —4.0 = 0.6 0.68 = 0.14 0.067 = 0.014
RM 52 +9 —6.0 £ 0.6 0.063 = 0.011 0.12 = 0.02
BP 102 —1.0*002 0.017 £ 0.002 0.13 = 0.03
WM-HSR 540 + 50 —14 £ 2 0.07 = 0.05 0.026 = 0.004

Protein sources are white muscle (WM) (11,15,16), brown adipose tissue
(BAT) (14,16), red muscle (RM) (15), blood platelets (BP) (37,38), and
white muscle heavy fraction (WM-HSR) (17). In the experiments, the initial
rates for ATP hydrolysis, Ca*"-transport, and heat were measured. We used
the calculated fluxes and forces given in the supporting information of
Kjelstrup et al. (23). The assay medium consists of (23) 50 mM Mops/
Tris buffer (pH 7.0), 100 mM KCl, 1 mM ATP, 10 mM Pi, 2 mM MgCl,,
10 uM CaCl,, and 5 mM NaNj. The free-Ca>" concentration was 5 uM
and the temperature was 35°C. We refer readers to the supporting informa-
tion of Kjelstrup et al. (23) and references therein for further details
regarding the experiments. The driving forces for the experimental condi-
tions are A,G = —46 kJ/mol (23). Note that the change in Gibbs free energy
of the ATP hydrolysis does not correspond to physiological conditions in
these experiments. The concentration on the inside of the vesicles reaches
the mM range a few seconds after transport is initiated (15), and this
corresponds to a concentration ratio of the order 10*. We use this value
to estimate the change in chemical potential on moving the ions,
Apcyt o+ = 24 kJ/mol. We estimate the thermal driving force as a temper-
ature difference of 1 K at 35°C: (1/T™ — 1/T°")=(1/307 — 1/308)K"".
For brevity, we define .= —rA,G/T", oay= —Jep Ay g /T,
and gq=J;"(1 JT™ — 1/T°%) for the different contributions in the table
headings. The uncertainties were calculated from the reported uncertainties
in the experiments, as shown in Appendix A for the efficiency.
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T —Ty can be used to do work and/or dissipate energy.
The entropy production of the system with T = T™ =T°" is

AG A

e @®)

g = —r

The expression was derived using energy conservation
along the transport path, an electroneutral exchange of
ions (22), and a negligible thermal driving force. The last
conditions are likely under the pump-operating conditions
used (2,11,14-17,37,38). This expression was also used
by Caplan and Essig (39), who considered the isothermal
case and the linear regime of proper pathways. The maxi-
mum attainable work, Wigea, is given by

Widear = _rArG7 (9)

and the efficiency, 7, of the pump can then be defined as

o Wideal - Wlost o
Wideal

—rAG—To
—rAG

_ Jear Blbeg oy
- —rA.G '
(10)

At reversible conditions, (—7A:G = Jeer A+ ot )s
n =1 and the entropy production is zero. Equation 10
defines the thermodynamic efficiency in terms of measur-
able quantities. Caffrey and Feigenson (2) noted that the
ratio J2+ /1 “is an index of the efficiency of the transport
process”. The calcium pump has two binding sites and
can theoretically transport two calcium ions per ATP hydro-
lyzed. A pump where Jp+/r = 2 is referred to as a tight
pump, whereas a pump where J+/r<2 is referred to as
a slipping pump (40). The slippage depends on the driving
forces; for larger forces (or rates), which correspond to
larger entropy production, slippage becomes more likely
(21). When —AG= 2Aucps o+, the ratio (Jepe-/r)/2
can be used to estimate the efficiency, but this approxima-
tion is not accurate in general.

Evaluation of the driving forces

To evaluate the efficiency, we need to calculate the fluxes
and the corresponding driving forces. We assume that the
fluxes measured in the experiments (e.g., in Caffrey and
Feigenson (2)) represent the average net fluxes for the dura-
tion of the experiment. During most experiments, calcium is
transported from the outside to the inside of the vesicles as
ATP is hydrolyzed. Since the concentration of the different
species changes over time, we chose to calculate the driving
forces as time averages over the duration of the experiments,
At (0.5 min in the experiments reported in Caffrey and
Feigenson (2)).

The osmotic driving force

Initially, the amount of calcium on the inside of the vesicles,

n'™ is zero and the amount of calcium on the outside is ng‘“.

Biophysical Journal 103(6) 1218-1226
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We assume that the amount of calcium on the inside at any
given time, ¢, is given by the flux of calcium ions:

" (t) = Jopr X mp X t, (11)

where mp is the mass of protein in the solution, given by the
volume of the solution, 0.25 mL, and the density of recon-
stituted protein in the solution, 19.2 ug protein/mL (2).
We note that a deviation from the initial linear behavior
of the Ca”>" uptake is expected for longer times of 10—
20 min (see, for instance, Arruda et al. (15)). The amount
of calcium on the outside is n°"(¢) = nd™ — n"(¢). The
osmotic driving force is calculated using Eq. 5, where we
out

assume that the pH is identical on both sides, (,ui_‘;+ =~ ugt)-

Approximating the activities with concentrations we get

[Ca®]"

out

Aty o+ (1) = Hicnau — Mg = RT In

" (#)/ Vin
(ngm - nin(t))/vout,

RT In (12)

where V;, is the volume of the vesicle and V, the volume of
the solution. The volume of the vesicles depends on the
experimental conditions and also on the uptake of Ca**.
Beeler reported values of the order 1.1-7.4 uL/mg protein
(41) for loaded vesicles. We choose to estimate the volume
of the vesicles as Vi, =V, x mp, where V, =5 ulL/mg
protein (23). This value agrees with the one that can be in-
ferred from the vesicle diameters reported by Caffrey and
Feigenson (2) and with estimates of the surface con-
centration of proteins in cardiac SR vesicles, 10* proteins/
um? (42).

Averaging over the duration of the experiment, At
(0.5 min (2)), we get

<A/~LCa2+ J2H* > Vout 1
— = In—+ A
0

nin (l)

n—————dt
ngul _ pin ( f)

RT Vin

= 1n“//°“t +%1n(1 —f) —In(1/f — 1), (13)

where 0 < f = n"(Af)/nd"<1.

Evaluation of driving force for the reaction

The driving force for the reaction is calculated using

a ap;
AG = pppp + pipi — fate — Mo = AGT +RT In—222
aatp
ADP][Pi]
= A.G® +RT1 [7
RN TR
14)

where the activity coefficients have been included in the
definition of A,G®. At the experimental conditions (see
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Caffrey and Feigenson (2)), T =298.15 K, pH 7.5,
pMg 2.3, and ionic strength 663 mM, we find
A;G® = —32.61 kJ/mol, according to the approach of
Alberty (25), which gives the Gibbs energy of the ATP
hydrolysis as a function of temperature, pH, pMg, and ionic
strength.

We evaluate the average driving force, using the averaged
rate of hydrolysis, r, in a way similar to the approach used
for the exchange of ions. In this case,

(ADP] = [pi] = "0, [aTp] = Marro — ()

out VUUt

o (15

where
n(t) =r xm, xt (16)
and natp is the initial amount of ATP in the solution.

Averaging over the duration of the experiment, At
(0.5 min (2)),

(AG)  AGT 1 (1)’
— + — dr
RT RT At Vou(nateo — n(t))
0
AG® n(Atr) 1
= O 1 — 14+ In(1—f)—=In(1/f' =1
RT +In Vo +f, n( f) n( /f )a

a7

where 0 < f' = n(At)/napo<l.

THERMODYNAMIC EFFICIENCY

We have calculated the entropy production and the thermo-
dynamic efficiency (see Table 2) of the calcium pump re-
constituted in membranes of different composition and
thickness, as investigated in the experiments of Caffrey
and Feigenson (2). Figs. 2 and 3 give the entropy production
and the thermodynamic efficiency of the pump, respectively,
for the different experiments. We find that the driving force
for the reaction is large, ~ 80 kJ/mol (Eq. 17), whereas
the osmotic driving force is smaller (~ —10 kJ/mol)
(Eq. 13). We also find that —A.G>Apc, 2+ o0+ in all cases,
giving a negative net change in Gibbs energy for the
whole process. In all cases (see Table 2), J+/r<1, which
means that, on average, more than one ATP molecule is
needed to transport one calcium ion. This might be con-
nected to the futile operation of the pump (ATP hydrolysis
without transporting calcium ions) or to leakage of calcium
ions from the vesicle in such a way that ATP is not regener-
ated. The leakage might proceed through pathways that do
not involve Ca*"-ATPase (40). Ratios of Jq,+ /r close to 2
are, according to Berman (40), only observed when the
concentration on the inside of the vesicles is relatively
small, <50 uM (21). For comparison, all the averaged
concentrations we calculate are of the order 3-35 mM,
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TABLE 2 Calculated entropy production and efficiency for the calcium pump embedded in vesicles of different

phosphatidylcholine type

Phosphatidylcholine type Acyl chain length Jeg /1 Entropy production (Eq. 8)/(1J/mg protein x min x K) Efficiency (Eq. 10)
Myristelaidic 14 0.75 119 = 1.3 0.048 £ 0.012
Mpyristoleic 14 0.50 40 = 4 0.046 = 0.011
Palmitelaidic 16 0.20 220 = 20 0.026 + 0.006
Palmitoleic 16 0.43 180 £ 20 0.064 = 0.016
Elaidic 18 0.36 270 = 30 0.057 = 0.014
Linoleic 18 0.39 320 £ 30 0.067 + 0.016
Oleic 18 0.38 290 = 30 0.063 = 0.015
Petroselaidic 18 0.37 180 = 20 0.052 + 0.013
Vaccenic 18 0.33 320 £ 30 0.055 = 0.013
Eicosenoic 20 0.66 200 £ 20 0.11 £+ 0.03
Erucic 22 0.52 300 £ 30 0.09 = 0.02
Nervonic 24 0.30 156 £ 17 0.040 = 0.009

Calculations are based on the experimental data of Caffrey and Feigenson (2), and the ratios of the flux of calcium ions to the rate of the hydrolysis reaction
(Jca2+ /1) given in this table are reproduced from the same source (2). The maximum value for this ratio is 2, since the calcium pump has two binding sites.

The uncertainties were estimated as described in Appendix A.

which is much higher, pointing toward a possible inhibitory
effect of Ca®".

The entropy production quantifies the amount of heat
released during the pump operation. Fig. 2 shows that the
entropy production rises quickly from short (~14) to long
(~18) acyl chain lengths and remains more or less constant
for even longer acyl chains. We have compared the heat
production from reconstituted ATPases, estimated from
NET and the experimental data, with different calorimetric
experiments, which provide estimates of the heat released
during the pump operation when the ATPase is embedded
in vesicles from the SR (10-16). Our estimate for the
entropy production should be compared in the first instance
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FIGURE 2 Entropy production (circles) of the system as a function of
acyl chain length, calculated using Eq. 8 and the experimental data of
Caffrey and Feigenson (2), as listed in Table 2. The uncertainties have
been estimated as explained in Appendix A. The average values (squares)
are calculated for each chain length and are connected with a dashed line.
Horizontal lines represent estimates of the entropy production for the
ATPases listed in Table 1, from top to bottom: white muscle heavy fraction,
white muscle, brown adipose tissue, red muscle, and blood platelets.
We note that the experiments by Caffrey and Feigenson (2) were carried
out at 25°C, whereas the experiments listed in Table 1 were carried out at
35°C.

with the calorimetric experiments of ATPase extracted from
white muscle, as these are the proteins used in the studies of
Caffrey and Feigenson (2). As shown in Fig. 2, our predic-
tions using NET theory are in good agreement with the
direct measurements of heat dissipation. This is surprising
given the different conditions for the ATPase in the two
cases, e.g., that the ATPase derived from the SR may benefit
from proton leaks through the membrane, whereas this may
not be the case for the reconstituted pump (2).

We have also applied our analysis to other ATPases ex-
tracted from different tissues (see Table 1 and Fig. 2). We
find that the entropy production, or heat dissipation, features
a strong dependence on the ATPase source, being very small
for red muscle and blood platelet ATPases.

The low values of Jg.:/r are reflected in the low
efficiency calculated for the pump. As noted previously,
slippage is expected to be bigger for larger forces, and our
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FIGURE 3 Efficiency (circles) of the system as a function of acyl chain
length. The efficiencies are calculated using Eq. 10 and the experimental
data of Caffrey and Feigenson (2) and are listed in Table 2. The uncer-
tainties have been estimated as explained in Appendix A. The average
values (squares) are calculated for each chain length and are connected
with a dashed line.
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results for the efficiency are consistent with the relatively
large driving force for the reaction. Hence, larger slippage
reduces the efficiency. The efficiency is larger for acyl chain
lengths in the range 18-22 carbon atoms, which coincides
with the maximum in the protein activity, measured in terms
of Ca>" transport and ATP hydrolysis (2). The efficiency
estimated from these experimental data is surprisingly
low, only ~12%. It may be hampered by a reduced possi-
bility for proton transport, although this is not evident
from the SR data. The efficiency is still low for proteins ex-
tracted from different sources (see Table 1 and Fig. 2), and
can even be lower than the one estimated above for the white
muscle case. It varies significantly with the tissue.

CONCLUSIONS AND FINAL REMARKS

Nonequilibrium thermodynamics theory provides a route to
estimate the thermodynamic efficiency of the Ca*" pump by
analyzing experimental data. The approach presented in this
article requires information on Ca’" flux and the ATP
hydrolysis rate. Both quantities are experimentally acces-
sible. Using the experimental data in combination with
NET equations, it is possible to estimate the pump efficiency
and also the entropy production. The entropy production
estimated from our NET theoretical approach shows good
agreement with the available calorimetric experiments for
Ca’"-ATPase in SR vesicles. This gives us confidence as
to the approximations used in the derivation.

One objective of this work was to estimate the thermody-
namic efficiency of the Ca®"-ATPase as a function of the
structure of the supporting membrane. Previous experi-
mental studies using phospholipid vesicles of different
compositions have indicated that the pump activity strongly
depends on the bilayer thickness (2). This activity reaches
a maximum for phospholipid acyl chain lengths of between
18 and 20 carbon atoms. We find that the thermodynamic
efficiency also reaches a maximum for this interval of acyl
chain lengths, with a concomitant increase in heat dissipation
(entropy production). We find that ATPases extracted from
white muscle lead to higher entropy production and heat
dissipation, but also to higher thermodynamic efficiency.

Interestingly, we have found that the thermodynamic
efficiency is very low for all the cases we analyzed. The
efficiency for ATPases extracted from different sources,
white and red muscle or blood platelets, never reaches
values >13%. This is a remarkably small value for the effi-
ciency of a pump, or a nanopump in our case. The low effi-
ciency we have estimated here might be affected by the
experimental conditions and the ATPase preparation proce-
dure. The preparation procedure likely has a negative impact
on the state of the pump, as it is obtained through disruption
and self-assembly of the vesicle material. For this reason
alone, one may expect a higher efficiency in vivo.

Also, in a biological environment, the ATPase might
operate under stationary conditions and with large Ca*"
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concentration gradients. In the experiments analyzed in
this article, the concentration inside the vesicles might reach
large values, >1 mM, large enough to inhibit the func-
tioning of the pump. Concentration gradients under optimal
biological conditions are estimated to be very high, 40,000: 1
(see Mgller et al. (43)). Considering this concentration
gradient and ratios of J2+ /1 ~ 2, it is easy to see that the
thermodynamic efficiency of the pump might increase
significantly (44). We point out, however, that the efficiency
will depend strongly on variations in the Ca’" gradient
magnitude, as can be inferred from the strong dependence
of the ATPase turnover activity with Ca®" uptake (see
Mgller et al. (43)).

The efficiencies obtained here for Ca*"-ATPase are far
from those reported recently for ATP-fueled rotary nanomo-
tors, where values near 100% have been suggested (45). Our
work implies that the efficiency of ATPase nanomachines
can be very sensitive to experimental conditions, and that
significant dissipation may occur during the nanomachine
operation. Hence, we expect that very high efficiencies
would be unlikely. Indeed, from the analysis of experi-
mental data for kinesin, a motor protein powered by
the hydrolysis of ATP, one can infer much lower efficien-
cies, ~50% (46,47). Other studies have reported even lower
efficiencies for Brownian motors (48).

Finally, we note that the approach presented here is
general and might be used to estimate thermodynamic effi-
ciencies and heat dissipation of other nanomachines that use
ATP as fuel to drive ion transport.

APPENDIX A: UNCERTAINTIES

We calculated the entropy production and efficiency as a function of the
bilayer length using Eqs. 8, 10, 13, and 17 and the experimental data of
Caffrey and Feigenson (2). By considering propagation of errors (49), we
estimate the uncertainties in the entropy production, &,, and efficiency,
&y, by

2 (reArG)2+ A Ge, 2+ AI«LCa2+/2H+€Jcaz+ 2
- T T T

2

i (‘ICaer EAMC32+/2H+ ) :
T
2 2 2
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() = Go) w6+ (38) +

where Elepr > €15 EAGH and Enptgp: g ATE the uncertainties in J2+, 1, A;G,
and Apcp+ oy, respectively. Unfortunately, the reported Je,2+ /r values
(2) are given without uncertainties. To comment on the uncertainties in
our calculated values, we assume the uncertainties in these fluxes to be of
the order of 10%. Further, we assume that the uncertainties in the concen-
trations in the assay medium are negligible. Based on this, we then neglect
the contribution to the uncertainties from the estimation of the driving force
of the reaction. We estimate the uncertainty in the driving force for the
exchange of ions as arising from the uncertainty in the vesicle volume.

8AMC32‘/2H+

b

A:“/Ca”/ZHJr
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By considering different vesicle volumes as reported by Beeler (41), we
estimate this uncertainty to be of the order of 20% of the calculated driving
force in all cases. On calculating the uncertainties in the efficiency and
entropy production, we obtain uncertainties of =30% for the efficiency
and = 10% for the entropy production.

We note that the assumption of ideal solutions in connection with the
exchange of ions (see Eq. 13) corresponds to neglecting a contribution to
the driving force of size RT In A/OCL:Z‘ / /YiCnaz‘ , where 'leag‘ denotes the activity
coefficient for Ca*" in phase 1. Considering the Debye-Hiickel law, we
estimate this contribution to the driving force to be of the order
RT In YOC‘:\[Z+ /yic“a2+ <1 kJ/mol. This is <10% of the calculated driving
force in all cases. This is a systematic error and will not alter the calculated
values significantly, i.e., the error associated with the vesicle volume is
larger.
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