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Concentration Gradient Effects of Sodium and Lithium lons and Deuterium
Isotope Effects on the Activities of H"-ATP Synthase from Chloroplasts

M.-F. Chen, J.-D. Wang, and T.-M. Su*
Department of Chemistry, National Taiwan University, Taipei, Taiwan

ABSTRACT We explored the concentration gradient effects of the sodium and lithium ions and the deuterium isotope’s effects
on the activities of H"-ATP synthase from chloroplasts (CFyF;). We found that the sodium concentration gradient can drive the
ATP synthesis reaction of CFyF;. In contrast, the lithium ion can be an efficient enzyme-inhibitor by blocking the entrance channel
of the ion translocation pathway in CFy. In the presence of sodium or lithium ions and with the application of a membrane poten-
tial, unexpected enzyme behaviors of CFoF; were evident. To account for these observations, we propose that both of the
sodium and lithium ions could undergo localized hydrolysis reactions in the chemical environment of the ion channel of CF,.
The protons generated locally could proceed to complete the ion translocation process in the ATP synthesis reaction of
CF,F+. Experimental and theoretical deuterium isotope effects of the localized hydrolysis on the activities of CFyF4, and the ener-
getics of these related reactions, support this proposed mechanism. Our experimental observations could be understood in the
framework of the well-established ion translocation models for the H"-ATP synthase from Escherichia coli, and the Na™*-ATP

synthase from Propionigenium modestum and llyobacter tartaricus.

INTRODUCTION

The enzyme activities and related reaction energetics of the
membrane-bound ATP synthases (FoF;-ATPases) have
received considerable attention since the 1960s, when
Mitchell published his pioneer work on the chemiosmotic
theory (1,2). Among the ATP synthases from various
possible biological sources, the best-characterized and
most intensively studied systems were the two homologs
of H"-ATP synthases from Escherichia coli (EFyF,) and
the chloroplast of spinach (CFyF,;) (3-7), and the Na*-
ATP synthases from Propionigenium modestum and Ilyo-
bacter tartaricus (Na*"-FgF;) (8—11). It is generally accepted
that in nature, the proton is the only energy carrier in the
enzyme reactions of the former ATP synthase, whereas the
sodium ion is the major energy carrier for the latter ATP syn-
thase. Moreover, it was demonstrated that Nat-ATP syn-
thases could also translocate the protons and lithium ions
(8-11). These enzymes can be driven by the chemical poten-
tials originating from the concentration gradient and/or
membrane potential. Apparently these homologous systems
do not respond to these driving forces in the same way. Vari-
ations in activity behaviors were observed among these
enzymes (3—11).

To understand the molecular mechanism of energy
transduction through the proton or sodium ion transloca-
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tion in ATP synthases, the EF, and Na'-F, subunits
were studied by Aksimentiev et al. (12) and Xing et al.
(13), respectively. Armed with the available information
on the protein structures involved, these two independent
research groups used molecular dynamics calculations
and/or mesoscopic stochastic methods to uncover the
underlying molecular mechanism of torque generation in
these two systems. These studies showed that the basic
operating principle of EF, and Na'-F, is essentially the
same (13).

As mentioned above, the CFyF; ATP synthase from chlo-
roplasts was well-demonstrated to be driven by the translo-
cation of protons. In contrast, the possible concentration
gradient effects of sodium and lithium ions on enzyme
activities have not been explored. Here we report that in
the case of CFyF;, sodium ions can be used to drive the
ATP synthesis reaction, whereas lithium ions can act as
a blocker in the ATP synthesis reaction. In the course of
this research, an additional ion translocation mechanism in
the ATP synthesis reaction was evident, and was attributed
to localized hydrolysis reactions of the lithium or sodium
ion in the ion channel of CF,. These observations were
further supported by experiments on the deuterium isotope’s
effects on the enzyme activities of CFyF;, and by ab initio
theoretical calculations regarding the energetics of the
hydrolysis reactions. Based on correlations of the conserved
homologous amino-acid sequences of CF, with those of EF,
and Na"-F,, the unique activity behaviors of CFF, in the
presence of sodium and lithium ions can be understood in
the framework of the general molecular mechanisms of
ion translocations developed for EFyF, and Na'-F(F,
(12,13).

doi: 10.1016/j.bp;j.2008.12.3910


mailto:tmsu@rs350.ch.ntu.edu.tw
http://creativecommons.org/licenses/by-nc/2.0/
http://creativecommons.org/licenses/by-nc/2.0/

2480

MATERIALS AND METHODS

Preparations of CFyF,, liposomes,

and reconstituted proteoliposomes

and measurements of initial ATP synthesis
rates of CFyF;

The preparation of CFyF; from the chloroplasts of spinach, and the reconsti-
tution of proteoliposomes, followed general procedures developed by
Griber et al. (3-7,14) and Rigaud et al. (15). The liposomes consisted of
phosphatidylcholine and phosphatidic acid, and were prepared by the
well-established procedures of sonification and dialysis (4,5). The diameters
of the final proteoliposomes were in the range of 100—110 nm. Because we
measured the capabilities of proton, sodium, and lithium ions to drive the
ATP synthesis reactions through CFyF,, different buffer solutions were
needed in the reconstitution of proteoliposomes for each ion system. In
the case of protons, a procedure reported elsewhere was followed (5).
Some minor modifications in the preparation of the related buffer solutions
were required for the sodium and lithium ions. The details of the purification
of CFyF; and the preparation of proteoliposomes are described in the Sup-
porting Material.

The rates of ATP synthesis catalyzed by CFyF; were measured at 23°C.
Proteoliposomes were energized by an acid-base transition and/or lithium
or sodium concentration gradients. If a membrane potential was needed,
the potassium/valinomycin diffusion potential was applied across the lipo-
some membrane. The ATP concentration was monitored continuously, using
the luciferin/luciferase ATP bioluminescence assay method. Details of
measurement procedures are described in the Supporting Material.

Fig. 1 depicts a schematic diagram of the final general experimental layout
of the proteoliposomes and ion concentrations of the buffer medium in
a typical experimental run. These concentration notations are used
throughout this report. In addition, for labeling the protomers of ATP syn-
thases, the notations III(c) and IV(a¢) were adapted to accommodate the
two different notation conventions for the III and IV protomers in the

ATP synthase

ATP + H,0

ADP + Pi H', Na

[How = 1x10* M
[Na'low=5 mM

[H')n=1x10*M
[Na',= 150 mM

liposome

H', Na’, Li" and/or K" ionophores

FIGURE 1 Schematic diagram of CFyF; proteoliposome in experimental
sample cell. An example of ionic concentrations inside and outside the pro-
teoliposome in a specific experimental run is indicated. Notation conven-
tions shown here were used throughout this report.
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CFyF; system, and for the homologous ¢ and a protomers in the EFyF;
and Na™-FgF; systems.

In this study, four types of ionophores were used for either the generation
of a diffusion potential or simply the quenching of an ion concentration
gradient in the proteoliposomes. They were: 1), the proton ionophore
(carbonylcyanide-4-trifluoromethoxyphenyl hydrazone [FCCP]); 2), the
potassium ionophore (valinomycin); 3), the sodium ionophore (N,N’-diben-
zyl-N,N'-diphenyl-1,2-phenylenedioxydiacetamide); and 4), the lithium
ionophore (6,6-dibenzyl-1.4, 8,11-tetraoxacyclotetradecane).

Measurements of the deuterium isotope’s effects
on the activities of CFF,

The deuterium isotope’s effects on the initial rates of ATP synthesis of the
reconstituted ATP synthase were measured. Because it was not practical
in these experiments to prepare a 100% D,O reconstituted ATP synthase
system, a series of D,O enrichment systems with D,O mole fractions in
arange of 0-95% were prepared. The D,O contents of the final reconstituted
proteoliposomes were determined by gas chromatography/mass spectrom-
etry. The external deuterated buffer solutions were then prepared according
to the D,O contents of the proteoliposome solutions used. The ATP
synthesis rates were measured in the usual way. Here, the final effects of
isotopes in the pure D,O systems involved the extrapolated values from
these measurements. The acidities of H,O/D,O solutions are denoted as
pL instead of the normal pH notation. The details of experimental proce-
dures for the measurement of the deuterium isotope’s effects are given in
the Supporting Material.

Ab initio molecular orbital calculations

The lithium and sodium ions inside the CF, ion channel are expected to be
solvated by the side chains of the amino-acid residues of Glu, Asp, Asn, and
Gln, and by some additional water molecules carried along with them. The
possible chemical transformations within the solvated lithium and sodium
ions were calculated by the polarizable continuum (PCM) model imple-
mented in the Gaussian package (16). The geometric structures and ener-
getics of solvated lithium and sodium ions were calculated according to
ab initio molecular orbital methods. The deuterium isotope’s effects on
the equilibrium constants of chemical reactions involved in the possible
proton translocation of CFyF; induced by lithium or sodium ions in ion
channels were also calculated. The details of these calculations are provided
in the Supporting Material.

RESULTS AND DISCUSSION
Enzyme activities of CFyF,

As mentioned previously, the enzyme activities of CFyF,;
from spinach were well-characterized by Griber et al.
(3-7,14). Two series of ATP synthesis-rate measurements
were first performed to check the activities of CFyF; against
those reported in the literature: 1), at Ap(K™) = 0, the vari-
ation of the initial ATP synthesis rates as the ApH value
varied from 1-4.8; and 2), at a fixed ApH value, the variation
of synthesis rates as the Agp(K™) potential varied from 0—140
mV. The observed activity behaviors of the enzyme were all
in good agreement with those reported by Fischer and Gréber
(5). Some specific measurements were detailed as follows.
At ApH = 4.8 (pHyy = 8.8, pHj, = 4.0) and Ap(K") =
0 mV ((K']in = [K™Jowe = 130 mM), the initial synthesis
rate was measured as 207 s~ '. This value was consistent
with the reported value of 190 s~' measured under
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conditions of ApH = 4.1 (pH,, = 8.8, pHi, = 4.7) and also
Ap(K") = 0 mV ([K'];, = [K]ow = 130 mM) (5). For
CF(F,, the initial synthesis rates gradually approached a
plateau value of ~200 s~ ' when the ApH values were higher
than ~4.2. In another case, with a ApH value of 3.6 (pHy, =
8.8, pHin = 5.2) and Ap(K") = 140 mV ([K*];, = 0.5 mM,
[K*loue = 120 mM), the synthesis rate was measured as
~200s~". This value was in good agreement with the reported
rate of 230 s~ ! measured under the same experimental condi-
tions (5). A typical experimental measurement is shown in
Fig. S1 in the Supporting Material. These preliminary
measurements ensured that the present CFyF; systems func-
tioned in the same manner as those reported in the literature.

Finally, CFyF; is a complicated and delicate system, and
the purification of CFyF; is a lengthy operation. There
were always variations in the measured ATP synthesis rates
over different batches of purified CFyF; that were prepared
from different spinach crops. These included crops that
had been planted during different growing seasons. It was
not possible to attribute these variations solely to the spinach
itself or to the preparation procedure of CFyF;. It appeared
that both factors contributed to the variations. Only CFyF,
with synthesis rates within 15% of the reported normal
values were used in our experiments. With the same batch
of purified CFyF; and under the same experimental condi-
tions, the percent standard deviation of the measurements
was normally within 4%. In this study, the same batch of
purified CFgF; was always used for measurements in which
comparisons among experimental data were required. If not
otherwise specified, the standard percent errors of our
measurements were taken to be 4%.

Concentration gradient effects of sodium ions
on the activities of CFyF,

The sodium ion can act as a chemical potential carrier to drive
the ATP synthesis reactions of CFyF;

Fig. 2 shows the ATP synthesis yields driven by sodium ions
under various experimental conditions. With a sodium
concentration gradient of [Na']y/[Na™]o, =150 mM/
8 mM and ApH = 0 (pH;, = pHow = 8.0), an initial rate
of 3.5 s~! was evident, as shown in Fig. 2 (curve a). To
confirm that the measured ATP molecules were not gener-
ated through any residual ApH, the proton gradient of the
proteoliposomes (if it existed at all) was quenched by the
addition of 20 uM proton ionophore FCCP. The observed
ATP signal remained the same as before (Fig. 2, curve b).
However, if 30 uM of sodium ionophore were added instead,
the original ATP synthesis reactions were no longer detect-
able (Fig. 2, curve c). On the other hand, if a membrane
potential of 30 mV was applied to the original sodium pro-
teoliposome system by adding 40 uM valinomycin, the
initial ATP synthesis rate increased from 3.5 to 14.7 s~ !
(Fig. 2, curve d). To further confirm the origin of the
observed ATP synthesis reaction in Fig. 2 (curve d), both
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FIGURE 2 Effects of sodium ions inside proteoliposomes on ATP
synthesis activities of CFgF,. In five experiments, concentrations of [Na™J;,/
[Na*]yy = 150 mM/8 mM, and pH;, = pHpy = 8.0, remained the same. Curve
a, ATP yield with Ap = 0 mV. The fitted initial rate is 3.5 s~!. Curve b,
adding proton ionophore FCCP. Curve ¢, adding sodium ionophore. Curve d,
applying a potassium membrane potential of 30 mV ([K']ow/[K' =

130 mM/50 mM). The fitted initial rate is 14.7 s~!. Curve e, under condi-

tions of curve d, plus addition of FCCP. The fitted initial rate is 9.5 s7h

Each signal trace represents a single experimental measurement of ATP
concentration.

FCCP and valinomycin were added to the proteoliposomes
simultaneously, and the initial rate decreased from 14.7 to
9.5 s~ (Fig. 2, curve e). The last two measurements suggest
that the membrane potential could enhance Na® ions in
driving ATP synthesis reactions (V; = 9.5 s, Ap =30mV),
and the drop of 5.2 s~' from 14.7 s ' t0 9.5 s~ ' could be
attributed to the contribution of protons. Under the present
experimental conditions of A¢p =30 mV, ApH = 0.0 (pH;, =
PHoue = 8.0), and in the absence of sodium ions, ATP synthesis
reactions were not detectable. The phenomenon of sodium
ions inducing ATP synthesis reactions through the generation
of protons in CFyF; was also observed in the lithium ion
systems. We will give a detailed account of this specific
behavior of alkali metal ions below, when dealing with the
effects of lithium ion concentration on enzyme activities.

In the above experiments, although the working ranges of
both the concentration gradients and the membrane poten-
tials were restricted by electrolyte concentration require-
ments in maintaining the stability of proteoliposomes, the
experimental observations suggest that the sodium ion could
act as a chemical potential carrier in driving ATP synthesis
reactions in CFyF;. Nevertheless, the synthesis rates were
only about one tenth of those of the protons. Because the
concentration of protons in these experiments was on the
order of 1073 M, whereas that of sodium ions was 10°'M
in the proteoliposome systems, one could estimate, taking
the above relative synthesis rate into account, that the proton
is ~10° more efficient than the sodium ion in energizing ATP
synthesis reactions in CFyF;.

Biophysical Journal 96(6) 2479-2489
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It is interesting to compare these results with those of Na ™ -
FyF;. The ATP synthesis rates of Na'-F,F, were reported to
be on the order of 1 s~ ! for P. modestum (10), and 50-70 s~
for I. tartaricus, under different experimental conditions and
measurement methods (11). The latter values were accepted
as normal for the Na™*-FF, systems (13). Comparing these
rates of Na™-FoF, with those obtained in CF,F,, the activity
of CFyF; driven by sodium ions is one order of magnitude
less efficient than that of Na™*-FF.

Concentration gradient effects of sodium ions on the activities
of CFyF; that are simultaneously driven by a proton gradient

In a proteoliposome, a higher sodium ion concentration can
be present on either side of the membrane. To begin with, we
considered that higher sodium ion and proton concentrations
were present simultaneously on the inner side of the lipo-
some. Fig. 3 shows the variation in relative initial synthesis
rates as a function of log([Na'];,/[Na*],.) under conditions
of [Na*Jou = 1 mM and ApH = 3.5. Because it was shown
that sodium ions are about an order of magnitude less effi-
cient than protons in driving the ATP synthesis reaction,
the initial decrease of synthesis rates shown in Fig. 3 is ex-
pected. However, the pronounced increase in synthesis rate
as sodium ion concentrations are raised toward 100 mM
suggests that both protons and sodium ions are simulta-
neously taking part in the reaction. It was established by
Turina et al. (6) and Steigmiller et al. (7) that a translocation
of four protons is required for each ATP molecule being
synthesized in CFyF,. In this case, it was expected that
CFy(HM)4, CFy(H")3(Na™t), CFo(H),(Na™),, ..., etc., could
sequentially contribute their shares in the ATP synthesis reac-
tion as the sodium ion concentration increased. By adapting
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0.4

Relative Initial Rate

0.2

0.0 T T T T
0.0 0.5 1.0 1.5 2.0

Log ([Na " Jjp/[Na  Joyg)

FIGURE 3 Competition of Na™ inside proteoliposome on driving ATP
synthesis reaction under conditions of ApH = 3.5 (pHow/pHin = 8.8/5.3),
[Na™]ou = 1mM, and [Na™];, at a range of 1-100 mM. Smooth curve repre-
sents simulation with Eq. (1), where a = 0.341 = 0.035, d = 0.146 &+ 0.051,
and ¢ = 0.108 =+ 0.032 mM ™", Each experimental data point represents the
result of two independent experimental measurements. The same batch of
CFyF; sample was used throughout the experiments.
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the functional form of Eq. (4) in this study, as will be dis-
cussed below in the context of dealing with the blocking
effects of lithium ions on ATP synthesis rates, the functional
forms of the relative reaction rates for the above possible
CF, states could be represented as 1/{ 1+(a[Na+])4},
cNa“J{1+B[Na" D), (e[Na D/ {1+dNa’]?), ..., ete.,
where both the proton gradient and [Na ™ ], are kept constant.
Here a, b, c, ..., etc., are parameters to be determined by
experiments. We found that the experimental relative
synthesis rates R shown in Fig. 3 could be adequately fitted
by the functional form consisting of the first and third terms
mentioned above:

I\2
R([Naﬂ) = : 3 (e[Na ]) 5 (D
1 4+ (a[Na*])" 1+ (d[Na*])

The result is shown as the smooth curve in Fig. 3. The other
possible functional forms, such as the exponent 4 of the
denominator of the first term being replaced by 3 or 5, or
the exponent 2 of the numerator of the second term being
replaced by 1 or 3, could not describe the experimental data
in a similarly satisfactory way. The contribution of the linear
[Na™*] term was negligible. These results indicate that under
the present experimental conditions, both CFy(H"), and
CFy(H"),(Na™), contribute to ATP synthesis rates, and the
efficiency of ATP synthesis by the latter two-proton/two-
sodium ion channel is comparable to the original four-proton
ion channel. Similar competitive behavior was also observed
at ApH = 4.0. In short, this study suggests that sodium ions
can compete with protons to occupy the same binding site in
the CF, subunit during the ATP synthesis reaction. Never-
theless, to understand the underlying molecular mechanism
for the cooperative behavior between sodium ions in this
ATP synthesis reaction, further studies are needed.

Closely related enzyme behaviors were also observed in
the Na™-FyF; system by Dimroth (8) and Neumann et al.
(9). They concluded that sodium ions and protons on the
same internal side of proteoliposome may compete for
a common binding site within the Fy sector of P. modestum
and [. tartaricus, and that the mechanism for the transloca-
tion of these different ions may be the same (8,9). Appar-
ently, these conclusions are equally applicable to the present
CFyF, system.

Next we considered the case where external proteolipo-
somes had higher sodium concentrations. At either ApH =
4.0 or ApH = 3.3, the initial synthesis rates were virtually
unchanged as the external sodium ion concentrations were
varied over the range of [Nat];,/[Na™ ]y = 2 mM/(2-300 mM).
Itis interesting that at ApH = 4.0 and [Na*];,/[Na™ oy = 2 mM/
300 mM, the initial synthesis rate of CFyF; would increase
from 188 s to 274 s~ ' upon the addition of the sodium iono-
phore. Evidently a sodium diffusion potential (A¢ ,~130 mV)
was generated and acted like the usual potassium diffu-
sion potentials. These observations suggest that the external
sodium ions did not affect the normal ATP synthesis process
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in CFyF,. In contrast, for the Na'-FoF, system, it was
observed that external sodium ions could bind to specific sites
of Fyy and inhibit the proton translocation process (8).

In summary, the effects of sodium ions on the activities of
CFyF, were asymmetric with respect to their presence either
inside or outside the proteoliposomes. The sodium ions that
were present inside the proteoliposomes could compete with
protons for the common biding site in CFyF; during the
normal ATP synthesis reaction, whereas those sodium ions
outside the proteoliposomes showed no effects on the normal
enzyme activity driven by a proton gradient. The lack of any
effect on normal ATP synthesis reactions for external sodium
ions indicated that the internally exposed cation-binding
sites of CF, are not readily accessible from outside the
proteoliposome.

Concentration gradient effects of lithium ions
on activities of CFyF;

The lithium ion itself is not a chemical potential carrier
in the ATP synthesis of CF,F;

However, in the presence of lithium ions, ATP synthesis
reactions could proceed noticeably if the enzymes were
driven by a membrane potential. Fig. 4 shows the experi-
mental measurements on the effects of lithium ions in the
activities of ATP synthesis under various conditions. The
experimental conditions were similar to those of sodium
ions, with the replacement of sodium ions by lithium ions.
At [Li*]i/[LiTJowe = 150 mM/8 mM and pH;, = pHoy =
8.0, as shown in Fig. 4 (curve a), no synthesis signals
were detected. However, with the application of a membrane

MMM AN (%]

e (a)[Li'],= 150 mM (Ap =0 mV)

o (b) [Li'], = 100 mM (Ap = 140 mV)
v (0) [Li'],=10 mM (Ap = 140 mV)

v (d) Ap= 140 mV & FCCP

ATP Yield, [ATP)/[CFF/]
EN

0 2 4 6 8 10
Time (s)

FIGURE 4 Effects of lithium ions inside proteoliposomes on ATP
synthesis activites of CFyF;. Curve a, ATP yield with [Lit];/[Lit]oy
=150 mM/5 mM and Ag = 0 mV. Curve b, [Li*]in/[Li*]oe = 100 mM/5
mM and Agp = 140 mV. The fitted initial rate is 13.2 s~'. Curve ¢,
[Li*i/[Li" Joue = 10 mM/5 mM and A @ =140 mV. The initial rate is
8.4 s~!. Curve d, under conditions of curve b, plus addition of FCCP.
Each signal trace represents a single experimental measurement of ATP
concentration.
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potential of 140 mV, the initial synthesis rate increased to
13.2 s~ (Fig. 4, curve b). Decreasing the lithium ion concen-
tration to [Li"]i/[LiTlowe = 10 mM/5 mM, we obtained
a lower synthesis rate of 8.4 s~ (Fig. 4, curve c). All these
ATP synthesis signals were quenched completely when
10 uM proton ionophore FCCP was introduced simulta-
neously with the potassium ionophore to the reaction system
(Fig. 4, curve d). At ApH = 0 (pH;,, = pHou = 8.0) and Ag
(K™ = 140 mV, and in the absence of lithium ions, ATP
synthesis reactions were not detectable in this experiment.
Furthermore, at Ap(K") = 140 mV and ApH = 0, the syn-
thesis rate measured under conditions of [Li" ];/[Lit]ow =
75 mM/5 mM was essentially identical to that at [Li*];,/
[Lit]ou = 75 mM/75 mM. In other words, under the above
experimental conditions, the external lithium ions did not
affect ATP synthesis rates. These measurements indicate
that the role of lithium ions in the activities of CFyF; is
different from that of sodium ions. In the presence of lithium
ions, the ATP synthesis reaction was actually driven by the
translocation of protons through CF,, and the lithium ions
were only indirectly involved in this process. Below, we
present further experimental and theoretical studies to
support this proposition.

In an adequate molecular environment, lithium ions can
generate a local proton concentration through localized
hydrolysis reaction

In studying the activity coefficients of alkali metal salts in
aqueous solutions, Robinson and Harned (17) and Harned
and Owen (18) suggested that lithium and sodium ions
have a greater tendency to undergo localized hydrolysis by
reacting with anions with a good proton-accepting capa-
bility. The net reaction may be represented by

MY +H,O+A @M%« cOH «« «H ¢« A
2

in which M™ is the alkali metal ion, A~ is a proton acceptor
such as a hydroxide or acetate anion, and the dotted lines
represent linkages attributable to ion-solvent molecule
forces. Here, depending on the local chemical environment
of alkali metal ions, the solvent molecules could be any
nonreactive organic or inorganic compound. Equation (2)
implies that the original free ions on the reactant side become
a loosely bound complex through the local hydrolysis reac-
tion. In other words, the alkali metal ions carry a certain
amount of proton, as well as hydroxide ion, atmosphere
around them. Among the alkali metal ions, it was suggested
that lithium and sodium ions have the greatest tendency to
undergo a localized hydrolysis reaction (17,18). Although
the concept of localized hydrolysis was proposed to ratio-
nalize the abnormality of the activity coefficients of, say,
aqueous lithium hydroxide, a direct observation of the
enhancement of the local proton or hydroxide ion concentra-
tion around the alkali metal ion has not been amenable to

Biophysical Journal 96(6) 2479-2489
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experiments for some time. It appears that under appropriate
local molecular arrangements, e.g., in the ion channel of
CFF,, this specific proton-generation property could mani-
fest itself in the ion translocation process, and could be tested.

Based on the concept of localized hydrolysis reactions and
the experimental information obtained here, the equivalent
proton concentration in the ion channel could be estimated
as follows. At Ap = 140 mV, the ATP synthesis rate with
100 mM of Li" is equal to that with ApH = 1.7 without
the involvement of the lithium ions. This means that, in the
presence of 100 mM Li* and at pH,,, = 8.0, the equivalent
proton concentration in the ion channel is on the order of
pHi, ~6.3 ((H i, ~5 ¥ 1077 M). In the following discussion
of ab initio molecular orbital calculations, we shall give
a detailed theoretical account of the localized hydrolysis
reaction by considering the probable local ion structures
and corresponding local proton concentrations in the specific
chemical environment of the CF, ion channel. Before
proceeding to this subject, we shall complete the experi-
mental studies on the deuterium isotope’s effects and the
blocking behaviors of lithium ions on the activities of CFyF;.

Deuterium isotope effects on CF,F; activities originating
in the lithium ions

To identify the possible active species involved in the ATP
synthesis reactions of CFyF; in the presence of lithium
ions, the deuterium isotope’s effects on ATP synthesis rates
were measured. To extract the deuterium isotope’s effects
that originated purely in the lithium ions, the deuterium
isotope’s effects on the native CFyF; and on CFyF; under
similar experimental conditions but in the presence of
lithium ions were measured.

Under conditions of Agp = 0 and pL,,, = 8.8, the deute-
rium isotope’s effects on ATP synthesis rates, V(D,0)/
V.(H,0), were measured as 0.67 & 0.05 and 0.66 + 0.05
at two different proton gradients of ApL = 4.0 and 3.5,
respectively. This suggests that without the membrane
potential, the deuterium isotope’s effects on synthesis rates
were insensitive to the above differences in proton gradients.
However, in the presence of a membrane potential, the extent
of the isotope’s effects varied with the ApL value. Fig. 5,
a and b, shows that at Ap = 140 mV and pL,,; = 8.0, the
isotope’s effects were measured as 0.33 £ 0.09 and 0.58 +
0.06, with ApL = 3.0 and 1.7, respectively. Here it was
found that in pure H,O and at Ap = 140 mV, the synthesis
rate obtained under conditions of ApH = 1.7 (pHe, = 8.0)
and [Li*];, = 0.0 mM was identical to that with [Lit], =
100 mM and ApH = 0 (pHy, = 8.0). The deuterium
isotope’s effect under the latter conditions was then
measured as 0.27 £ 0.09, as shown in Fig. 5 c. By taking
the ratio of the measured isotope effects obtained in Fig. 5,
b and c, the deuterium isotope’s effect because of the pres-
ence of lithium ions was determined to be 0.27/0.58 =
0.46(£0.16). In this calculation, it was assumed that the vari-
ation of the experimental pH;;, value from 6.3 to 8.0 did not
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FIGURE 5 Deuterium isotope’s effects on relative initial ATP synthesis
rates of CFyF;. Membrane potentials were all set at 140 mV. Experimental
conditions are: (a) pHou/pHin = 8.0/5.0, () pHouw/pHin = 8.0/6.3, and (c)
pPHouw/pHin = 8.0/8.0, and [Li™ Jiy/[Li* Joue =100 mM/5 mM. Each experi-
mental data point represents the result of four independent experimental
measurements. The same batch of CFyF; sample was used throughout the
experiments.

affect the deuterium isotope’s effects on the systems. In
support of this assumption, the deuterium isotope’s effects
on proton conductance through the CF, subunit of the pea
chloroplasts were measured as 0.58, and the measured
conductance isotope’s effects were found to be pL-indepen-
dent over a range of 5.6-8.0 (19,20).

To see the implications of these measured deuterium
isotope effects, we refer to the current understanding of the
deuterium isotope’s effects on the ion conductance of
sodium, potassium, and proton ion channels in cells. These
ion channels are selective in specific ions for permeation,
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and their deuterium isotope effects were well-studied
(21-23). For sodium-specific and potassium-specific ion
channels, expressed as a ratio of D,O/H,O, the deuterium
isotope’s reported effects fell roughly in the range of
0.83-0.68 (21,22). In these systems, it was rationalized
that the deuterium isotope’s effects on ion conductance
were mainly attributable to differences in viscosity, mobility,
or the mass of the inner-shell solvated ions between the D,O
and H,O systems. These measured values simply reflect that
for these sodium and potassium ion channels, protons were
not directly involved in the rate-limiting step of the ion
permeation process. In contrast, for proton ion channels,
the deuterium isotope’s effects on proton conductance
were measured as 0.53, a more pronounced value than those
in the cases of sodium and potassium (23). It was suggested
that the protons were interacting specifically with the
channel, and simultaneously carrying the current during
permeation (23). Following the same line of argument, for
the CF(F; enzyme, the pronounced effects of the deuterium
isotope originating in the lithium ions indicated that protons
were the active species involved in the translocation process
in CF, ion channels. The two other most plausible ion candi-
dates (lithium ions and hydroxide ions) were ruled out in
terms of participating directly in carrying the ion current
during ATP synthesis reactions.

It is interesting that the reported deuterium isotope’s
effects on proton conductance through CF, of pea chloro-
plasts in the near-neutral pH regime (19) were identical to
those on the CF(F; activities operated at a membrane poten-
tial and in a similar pH range, as shown in Fig. 5 b. Because
the isotope’s effects on ATP synthesis rates could be re-
garded as a net result of both proton translocation in CF,
and the synthesis reaction of ATP from ADP and the phos-
phate ion by CF, these results suggest that the deuterium
isotope’s effects on the latter process are negligible.

Blocking effects of lithium ions inside proteoliposomes
on the activities of CFyF;

The effects of internal lithium ions on ATP synthesis rates
were measured at ApH = 4.4 and 3.5. At ApH = 4.4 (pHy
= 8.8, pHj, = 4.4) and under lithium ion concentrations of
[Li*]in/[Li* Jouwe = 1 mM/1 mM and [Li" J;/[Li" Jow = 100
mM/1 mM, respectively, our experiments showed that
lithium ions inside the proteoliposome essentially exerted
no inhibitive effects on enzyme activities. The measurements
are shown in Fig. S2. However, at ApH = 3.5, synthesis rates
were drastically reduced by higher lithium ion concentra-
tions. Fig. 6 shows the measured relative initial rates as the
lithium ion concentration was varied from 1 mM to 75 mM.
In Fig. 6, the synthesis rates were corrected using the small
but nonnegligible contribution of lithium ions through the
localized hydrolysis reaction. Evidently, lithium ions can
quite effectively block the normal proton translocation in
CFF,. To analyze this blocking behavior quantitatively, we
resorted to the classical blocking model developed for the
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FIGURE 6 Blocking effects of Li* inside proteoliposome under condi-
tions of ApH = 3.5 (pHou/pHin = 8.8/5.3), [Li"low = 1 mM, and [Li'];,
at a range of 1-75 mM. Two fitted curves were results of Hill coefficient
n set at 4 and 14, respectively. Original experimental data were corrected
with the residual synthesis rates originating from the localized hydrolysis
of lithium ions. A strong cooperative blocking effect on the ATP synthesis
rate was observed. Each experimental data point represents the result of two
independent experimental measurements. The same batch of CFyF; sample
was used throughout the experiments.

analysis of ion currents in the ion channels of excitable
membranes, e.g., sodium and potassium ion channels. For
these ubiquitous ion channels of excitable cells, the general
blocking mechanisms and their kinetic behaviors between
the ion currents of different ionic and/or neutral species have
been studied extensively (24). Despite the functional differ-
ences between ion channels of excitable cells and the CFyF,
of chloroplasts, the lithium ion-blocking behavior on the
ATP synthesis reaction in the ion channel of CFyF; can be
analyzed by the basic blocking model proposed by Woodhull
(25) and the related Hill equation developed for conventional
ion channel systems (26). The dissociation constant of Li*
from the binding site is assumed to be in the form of:

Kii(p) = Kii(0)exp( — ZoF /RT) 3)

in which K1;(0) is the dissociation constant of Li" at zero
potential, Z is the effective valency of Li", ¢ is the
membrane potential, and F is the Faraday constant. The rela-
tive ATP synthesis rates as a function of blocker concentra-
tion are then fitted with the Hill equation:

Vi([Lit]) 1 @
Vi(0) ( [Lit] >
1 4+ | ——

(Kvi(@)]
in which V;(0) and Vi([Li"]) are the synthesis rates with
lithium ion concentrations at 0 and [Li"], respectively, and
n is the Hill coefficient. Here, ¢ is set at 0 mV.

Fig. 6 shows the fitted curves with n being set at 4 and 14,
respectively. The former value is the number of protons
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needed to be translocated to synthesize one ATP molecule
(3,6,7), and the latter value is the stoichiometric number of
the III(c) protomer in the III(c) ring of CFyF, (27). For the
other n value in the range of 4-14, the corresponding curve
falls between these two fitted curves. In the case of n = 4,
the goodness of fit to the experimental data appears to be
only fair. Nevertheless, the fitted curve can already capture
the general blocking features of the lithium ions. If the ATP
synthesis reaction of CFyF; is taken to proceed in the
sequence of each individual ATP synthesis step, this blocking
behavior is comparable to the earlier kinetics observations of
Possmayer and Griber (3), which state that the ATP synthesis
rate in CFyF; is best described by a four-proton sequential-
binding reaction mechanism. However, as one goes to n = 14,
the fitted curve can quite adequately represent the experi-
mental data. Although the other neighboring n values appear
to be equally appropriate in describing the experimental data,
the results presented here strongly suggest that the blocking of
ATP synthesis by lithium ions occurs through a cooperative
inhibition of the whole CF(F; activity instead of the sequen-
tial proton ion blocking in each individual ATP synthesis
step. In one respect, this implies that in the course of the reac-
tion, all 14 ion-binding sites of the III(c) ring were occupied
by lithium ions. However, this seemingly improbable block-
ing behavior could be achieved by simply blocking the
entrance ion channel of CF, by one lithium ion. We shall
discuss and resolve this issue by examining the local protein
structures of the ion channel in CFy in our final theoretical
discussion.

Blocking effects of lithium ions outside proteoliposomes
on activities of CFyF4

The effects of external lithium ions on enzyme activities
were studied at ApH = 4.0 and 3.3. At ApH = 4.0 and
[Li*]i, = 3.0 mM, ATP synthesis rates remained essentially
unchanged as the external lithium ion concentrations varied
over a range of 3-300 mM. At ApH = 3.3, as shown in
Fig. 7, the activities of CFyF; were only mildly inhibited
by external lithium ions. The blocking efficiency data were
fitted with Eq. 4, and the fitted Hill coefficient was found
to be 1.1. There was only a weak cooperativity in blocking
behavior for the external lithium ions. Apparently the block-
ing behaviors of external lithium ions are drastically different
from those of internal lithium ions. The inhibitive effects of
sodium and lithium ions on proton uptake by the Fy-lipo-
somes of Na'-F,F, from P. modestum were studied by
Kluge and Dimroth (28). They concluded that that the
cation-binding site of Na*-F, was not accessible from both
sides of the membrane simultaneously. Because the general
blocking behaviors of our CF, system resemble those of
Na'-F,, the conclusion reached for the Na'-F, system is
equally applicable to the CF, system.

When the external lithium ion concentration is higher than
the internal ion concentration, the addition of the lithium
ionophore to proteoliposomes would generate a diffusion

Biophysical Journal 96(6) 24792489

Chen et al.

[ ApH=33

Relative Initial Rate

0.2 A

0.0 T T T T
0.0 0.5 1.0 1.5 2.0 2.5

Log ([Li" Tout/[Li Tin)

FIGURE 7 Blocking effects of Li* outside proteoliposome under condi-
tions of ApH = 3.3 (pHou/pHi, = 8.0/4.7), [Li*];, = 3 mM, and [Li* oy
at a range of 3-300 mM. The fitted Hill coefficient n is 1.1. A weak coop-
erative blocking effect on ATP synthesis rates was observed. Each experi-
mental data point represents the result of four independent experimental
measurements. The same batch of CFyF; sample was used throughout the
experiments.

potential in the same manner as in the K'/valinomycin
system. For instance, under conditions of [Li* ]y /[Li"]in =
300 mM/3 mM and ApH = 3.5 (pH, = 8.1 and pH;,, = 4.6),
which is equivalent to a diffusion potential of 120 mV at room
temperature, upon the addition of the lithium ionophore,
the measured ATP synthesis rate increased from 64 s~ to
205 s~'. The blocking effects induced by external lithium
ions on enzyme activities were literally annihilated by the
diffusion potential generated through the lithium concentra-
tion gradient.

Ab initio molecular orbital calculations on the
energetics and deuterium isotope’s effects on
localized hydrolysis reactions in solvated Li"
and Na' systems, which are related to the ion
translocation process in the ion channel of CF,

We shall only give a brief account of the calculation proce-
dures and final main results. Details are described in the
Supporting Material. To begin with the calculations, one first
needs to determine the composition of the first solvation shell
of the lithium and sodium ions in the ion channel. The amino-
acid residues that were reported as critical for the transloca-
tion of the ions or lining along the aqueous access ion
channel in the Fy subunits of E. coli, P. modestum, and I. tar-
taricus are well-established in the literature (12,13,29-31).
The conservation of these specific amino-acid residues
among the four F, homologs considered here indicates that
the amino-acid sequences of CF, simultaneously possess
the essential features of those of EF, and Na'-F,. With
a knowledge of local protein structures of EF, and Na*-F,
and the assumption that local protein structures are conserved
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among the homologs, the possible first solvation shell of the
lithium and sodium ions in CF, can be specified. The
geometric structures, energetics, and deuterium isotopes of
the localized hydrolysis reactions of solvated ions were
calculated using ab initio molecular orbital methods (16).

Based on the theoretical energetics of localized hydrolysis
reactions, one can calculate the local enhancement of proton
concentration attributable to the presence of lithium or sodium
ions in the molecular environment of the ion channel of CF,.
In the case of the lithium ion, the theoretical enhancement
value was equivalent to a decrease of ApH = 1.6 in a near-
neutral aqueous solution. For comparison, we found experi-
mentally that at [Li"];, = 100 mM, the equivalent proton
concentration was decreased by ApH = 1.7, as manifested
in the ATP synthesis rates of CFyF;. Considering the approx-
imations in the above theoretical calculations, the agreement
between the experimental value and the theoretical estimation
of the proton concentration enhancement is very good.

Depending on the structures of the first solvation shell, the
theoretical effects of the deuterium isotope on the equilib-
rium concentrations of lithium systems were calculated at
a range of 0.24-0.72. Here, the deuterium isotope’s effects
were measured as 0.46, a value falling approximately within
this range of theoretical values. The agreement is considered
reasonably good. A rationalization of the variations between
the experimental and theoretical effects of the deuterium
isotope is proposed in the Supporting Material.

Molecular mechanisms of ion translocations in
EF,and Na*t-Fq, and the implications of the Li* and
Na™ experimental results on the ion translocation
mechanism in CF,

As mentioned previously, the molecular mechanisms of tor-
que generation through the proton translocation in EF,, and
of torque generation through the sodium translocation in
Nat-F,, were studied intensively by two independent
research groups (12,13). Despite differences in physical
and chemical properties between proton and sodium ions,
and also in some protein features between EF, and Na'-
Fy, the basic torque-generation principle is essentially the
same between these two homologous systems (12,13). The
amino-acid sequences of CF, simultaneously carry the
essential sequence features of their homologs in both EF,
and Na™-F,. Experimentally, it was also demonstrated that
in ATP synthesis reactions, CF,, could provide the pathway
for both the protons and sodium ions. The evidence suggests
that for CF,, protons and sodium ions used the same ion
translocation mechanism as those in the EF, and Na'-F,
systems during ATP synthesis reactions.

The high degree of cooperativity in the blocking behaviors
of internal lithium ions suggested that lithium ions could
block ATP synthesis reactions over the entire period of
one full rotation in CFyF;. Because the proton translocation
attributable to localized hydrolysis reactions still operates
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under the blocking of lithium ions, this implies that lithium
ions do not enter and settle down in the III(c¢) ring, as do
the sodium ions. Next we shall provide further support for
the above rationalization by comparing solvation energies
between the lithium and sodium systems in CF,,.

For the facts that the sodium ion is a less efficient energy
transduction carrier in CFyF, than in Na™-F,F,, and that the
lithium ion itself is a blocker in CFyF;, one may find an
explanation in the slight structural differences in the III(c)
ring between the CF, and Na*t-F, subunits. For the Na*-F,
subunit, it was shown that the sodium is stabilized by the
side chains of Q32, E65, S66, and Y70 of I(c) (29).
However, as shown in Fig. S3, the corresponding amino-
acid residue of the CF, subunit, which is in alignment with
S66 (Ser) of the ITI(c) protomer of Na™-F, is A62 (Ala).
Evidently, the side group of S66 (Ser) has a much better
solvating capability than that of A62 (Ala). If one assumes
that the local protein structure for Na™ is the same in both
species, then apparently the ions in CF, are not being as
well-stabilized as those in Na'-F,. This minor structural
variation could explain why Na®-FyF, is a more efficient
Na't-driven ATP synthase than is CF,F, driven by the
same ion. As for the different behaviors of the sodium and
lithium ions in CFyF;, the possibility exists that, like Na™-
Fy, the ion solvating size of the local protein structure of
the III(c) ring has being tuned to that of the sodium ions,
and also that the energetic differences in stripping off
a solvating molecule from the fully solvated ion to fit into
the III(c) ring of CF,. Note that, unlike Na*-F,, CF, lacks
a solvating Ser amino-acid residue in Ill(c). Here, the ener-
getics of a water molecule being dissociated from the first
solvated shell of the ion were calculated as:

M*E Q,(H,0)-»M"E"Q, + H,O 5)

(M = Lior Na).

In the medium with a dielectric constant of 10 and at 298 K
(32), the enthalpy and Gibbs free energy of Eq. (5) are 50.1
and 7.3 kJ/mol for Lit, and 45.3 and 0.2 kJ/mol for Na™,
respectively. The energetic differences between the Na™
and Li* systems indicate that, in the above trapping process,
Na™ is preferred by III(c) to Li* by a factor of ~10. These
structural and energetic factors could be used as further
support for the lithium ion-blocking mechanism proposed
in this study. Note that the dissociated free water molecule
only served as a reference state. Only the relative energetic
values were adapted in this discussion.

Finally, we need to clarify how the localized hydrolysis
reactions of Li" or Na™ assist the translocation of the proton
through CF,. The proton generated through localized hydro-
lysis is already in the form of a neutral carboxylic acid, and is
ready for the translocation toward or into the III(c) ring.
Through the application of ApH and/or A, the local
hydroxide ion can be readily neutralized by an incoming
proton through the ion channel. The initial dipolar electric
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field of the (Li*)-(OH ") ion pair now becomes a monopolar
field originating solely from Li" or Na™. The resulting elec-
tric field can now drive the rotation of the III(c) ring. The net
result is the translocation of a proton, instead of the lithium
or sodium ion itself. In the hydrolysis products, as shown
in Fig. S5 b, both the proton and the alkali metal ion were
in simultaneous interaction with the same carboxylate anion.
For the lithium ion, because of the higher energy needed for
translocation into the III(c) ring, as shown in Eq. (5), only the
proton can undergo the second half of the translocation
process. For the sodium ion, both the proton and the sodium
ion are capable of completing the translocation process. This
new ion translocation pathway can be regarded a hybridiza-
tion of the two ion translocation pathways proposed indepen-
dently for the proton-driven EF, and sodium-driven Na™-F,
systems (12,13). In summary, based on the unique features of
the CF, protein, the specific enzyme behaviors of CFyF,
observed in this study could be rationalized in terms of the
well-studied EF, and Na'-F, models.

CONCLUSIONS

We studied the concentration gradient effects of Na® and
Li", and the deuterium isotope’s effects on the ATP
synthesis activities of CFgF; from chloroplasts. It was
demonstrated that sodium ions could act like protons as
a chemical potential carrier for CFyF;. In contrast, lithium
ions acted as a channel blocker to the translocation of protons
during the ATP synthesis process. In addition to these tradi-
tional activity behaviors, the unexpected enzyme behaviors
of CFyF,; were evident when sodium or lithium ions were
present and a membrane potential was applied in the enzyme
systems. A new (to our knowledge) ion translocation process
that involved the localized hydrolysis reactions of the lithium
and sodium ions in the specific chemical environment of the
ion channel of CF, was proposed. Experimental studies of
the deuterium isotope’s effects on lithium ions, and the
results of ab initio molecular orbital calculations on the
related molecular complex systems, supported the proposed
molecular mechanism. The behaviors of the general activity
of CFyF; in the presence of sodium and lithium ions can be
rationalized and understood in the framework of the general
molecular mechanisms of ion translocations developed
for the proton-driven EFyF; and the sodium ion-driven
Na*-FyF, reported in the literature (12,13).

SUPPORTING MATERIAL

Materials and methods, results and discussions, figures, a table, and refer-
ences are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(09)00376-2.
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