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Abstract—The concepts of global and local coupling between proton generators, the enzymes of the respiratory chain, and
the consumer, the ATP synthase, coexist in the theory of oxidative phosphorylation. Global coupling is trivial proton trans-
port via the aqueous medium, whereas local coupling implies that the protons pumped are consumed before they escape to
the bulk phase. In this work, the conditions for the occurrence of local coupling are explored. It is supposed that the mem-
brane retains protons near its surface and that the proton current generated by the proton pumps rapidly decreases with
increasing proton motive force (pmf). It is shown that the competition between the processes of proton translocation across
the membrane and their dissipation from the surface to the bulk can result in transient generation of a local ApH in reply to
a sharp change in pmf; the appearance of local ApH, in turn, leads to rapid recovery of the pmf, and hence, it provides for
stabilization of the potential at the membrane. Two mechanisms of such kind are discussed: 1) pH changes in the surface
area due to proton pumping develop faster than those due to proton escape to the bulk; 2) the former does not take place,
but the protons leaving the surface do not equilibrate with the bulk immediately; rather, they give rise to a non-equilibrium
concentration near the surface and, as a result, to a back proton flow to the surface. The first mechanism is more efficient,
but it does not occur in mitochondria and neutrophilic bacteria, whereas the second can produce ApH on the order of unity.
In the absence of proton retardation at the surface, local ApH does not arise, whereas the formation of global ApH is possi-
ble only at buffer concentration of less than 10 mM. The role of the mechanisms proposed in transitions between States 3
and 4 of the respiratory chain is discussed. The main conclusion is that surface protons, under conditions where they play a
role, support stabilization of the membrane pmfand rapid communication between proton generators and consumers, while

their contribution to the energetics is not significant.
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The reaction of ATP synthesis obeys the general
thermodynamic relation between the rate constants for
the forward and backward reactions: the ratio of these
constants, i.e. the equilibrium constant depends only on
the difference of the electrochemical potentials between
two sides of the membrane Apy,+, or proton motive force

Apg+/F (pmf),

Abbreviations: B, bacterial membrane; CP, chemical potential
gradient at the membrane; EP, electric potential gradient at the
membrane; M, mitochondrial membrane; pmf, proton motive
force; 0pH,, local pH change with respect to the equilibrium
value at a given side of the membrane (see Eq. (19)); ApH,,
local transmembrane pH gradient (see Eq. (20)).

* To whom correspondence should be addressed.

Apg = F Ag + Apy, (1)

.
Au.. =RTIn cf} =—(RTIn10)ApH, (2)

H

and is independent of its individual components, the gradi-
ents of the electrical Ap = ¢' — ¢"” and chemical Apy+
potentials (EP and CP). However, each of the two rates can
differently depend on the pmf components, which mani-
fests under non-equilibrium conditions created by the
work of the proton pumps. The question of the actual form
of this dependence is still debated: some authors believe
that there is no such dependence [1, 2], and others suggest
that there is a dependence upon pH [3]. Here we consider
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Table 1. The model parameters
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Parameter Value Definition, reference
V 1 um® internal volume of mitochondria and bacteria
0.6 nm width of near-surface layer [18]
U 10RT barrier height [18]
Snemb 45/0.8 um? surface of membrane M/B [24, 31, 32]/[19, 20]
Cremb 1.5/1.0 pF-cm™ capacitance per unit area of membrane M/B [24, 31, 32]/[19, 20, 22, 23, 26, 33-35]
S 100 nm? area per one pump*
Voump 103s7! pumping cycles per second*
Dy y+ 9.3x107° cm?s™! diffusion coefficient of free protons in periplasm of bacteria
Dgy 1077 cm?s™! diffusion coefficient of bound protons in matrix and intermembrane space of mito-
chondria and in cytosol of bacteria
cg, PKp I mM, 7 concentration and pK of mobile buffer in matrix and intermembrane space of mito-
chondria and in cytosol of bacteria [27]
pH, 7 bulk equilibrium value of pH at both sides of membranes M and B

* In [16], the values of S, = 500 nm? and v, = 500 s™" are used.

the problem of generation of A¢ and ApH by proton
pumps; both mitochondria and neutrophilic bacteria will
be considered.

The issue of Ap generation is resolved simply. Let the
membrane capacitance per unit area and its surface area
be Coemp and S, respectively. Then, translocation of
one elementary charge e, across the membrane produces
the potential gradient @, = €y/(Cpemp Smems)- FOT the mito-
chondrial (M) and bacterial (B) membranes with param-
eters from Table 1, one gets ¢, = 0.25 and 20 pV, respec-
tively.

The issue of ApH generation is more complicated. In
mitochondria, the matrix and intermembrane space con-
tain highly concentrated buffers that oppose any pH
change. The bacterial cytosol also contains large concen-
trations of buffers, while the periplasm communicates
with the outer medium of practically infinite volume.
Williams [4-7] proposed the concept of local coupling in
the theory of oxidative phosphorylation, which assumed
generation of local ApH inside the membrane or, by
Kell’s version [8], at its surface, in contrast to the global
ApH in Mitchell’s theory [9]. Many data have been accu-
mulated in the literature to support the local mechanism
[10, 15] (see also [16, 17] and references therein). The
possibility of generation of local pH changes at biological
membranes has been considered theoretically [16].
However, to the best of our knowledge, no theoretical
foundation has been presented for the possibility of local
ApH generation at the membranes in buffered media.

In this paper, we suggest a formula to describe the
dependence of the proton pump current on the mem-
brane pmf and on the system parameters. Based on this
formula and our kinetic theory of diffusion of protons
near membranes [18], we propose two mechanisms of
generation of local ApH.

Concerning the membrane, it is assumed that near the
membrane surface there exists some region a, two H bonds
wide, in which the protons are attracted to the membrane;
in region a, proton concentration is significantly increased
with respect to the bulk region b due to attraction of the
protons by the membrane. The local pH changes with
respect to their equilibrium values (denoted as dpH,,) arise
within regions a at both sides of the membrane. The local
ApH generation mechanisms are as follows.

1. Due to a high density of the proton pumping
enzymes on the membrane and a small volume of the
near-membrane attractive region a, the rate of changes in
proton concentration in this region caused by the proton
pumps can be extremely high at low pmf, on the order of
the rate of proton exchange between a and b. In such
case, |8pHa| increases up to the maximum level defined
by the competition between the two outlined processes.

2. Even if the pumping rate is not sufficiently high so
that mechanism 1 does not work, generation of dpH, is
still possible owing to slow proton diffusion away from the
surface. As shown in our previous work [18], fast
exchange of the non-equilibrium protons between regions
a and b, as compared to their diffusion, results in slow
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depletion kinetics of protons from the surface region a;
the depletion occurs by a very slow power law, which can
lead to a buildup of |5pH,|.

Mechanisms 1 and 2 can result in significant, though
transient, changes in local pH in the regions near the sur-
face upon sharp changes in pmf; however, this occurs only
on the condition that the concentration of the mobile
buffer does not exceed 1 mM. In the absence of the sur-
face effect, changes in the global pH are small (<0.1) in
the presence of high buffer concentrations ~100 mM, and
they are significant at concentrations less than 10 mM.
More significant pH changes in the bulk arise with the
inclusion of transport of other cations [19, 20].

The predicted mechanisms can be explored by the
methods of fluorescence correlation spectroscopy [21],
which allow for measurements of the kinetics of the pro-
tonation processes on biological membranes in the time
range from picoseconds to seconds.

In the section “Proton Pump Model” below, a model
of the proton pump is introduced that assumes that the
pumping rate depends only on pmf and decreases expo-
nentially with increasing pmf. The calculations showed
that the pump stops working when pmf reaches a limiting
value close to the physiological value of 200 mV. This
result was obtained without any adjustment of the param-
eters, which assures the validity of the model. The limit-
ing pmf value mainly depends on the temperature and the
pump parameters and weakly on the composition of the
solution and the properties of the membrane.

The section “Physical Mechanisms of Generation of
Local ApH and Conditions for Their Realization”
describes mechanisms 1 and 2 and the conditions for their
realization. The calculated kinetics of generation of the
pmf and the local pH changes are shown in the section
“Results of the Calculations”. In the last section, an
application of the results to the description of transitions
between States 3 and 4 of the respiratory chain [22, 23] is
discussed.

PROTON PUMP MODEL

Let the membrane area .., host Nyymp = Shemn/Si
pumps, which occupy area §; per pump and translocate
Zoump UNits of positive charge per cycle. For instance,
cytochrome ¢ oxidase uptakes, in one cycle, four protons
from the negative (N) side of the membrane and four
electrons from the positive (P) side to encounter at the
catalytic center in the middle of the membrane, which is
equivalent to the transfer of four positive charges across
the whole membrane (“chemical” charges), and four
other protons are pumped; thus, Z,,m, = 8 Npymp- Assume
that the pump makes v,,,, cycles per second. In our
model, the proton current, i.e. the number of protons
taken up at the N side by all pumps across 1 cm? of the
membrane in 1 s is given by the formula:
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Joump = Tpump EXP(Afyy+/RT), 3)

where
Tpump = Zpump Vpump) ' )

is a time constant determining the maximum pump rate
at zero pmf. When the pumps are turned on at moment
t = 0, the current is maximal since Apy+ = 0, and it rapid-
ly decreases at ¢ > 0 because of generation of Apy+ < 0.

In Eq. (3), the exponential factor restricts the pmf
buildup by the thermodynamic limit, i.e. by the maximal
value that can be reached under continuous pumping in
the absence of consumers. The maximal pumping rate,
i.e. the rate at pmf = 0 given by the prefactor, is propor-
tional to the number of pumps on the membrane, N,
and therefore is very large, much larger than the turnover
rate of a single pump, v,,,,,. However, the maximal cur-
rent exists only very transiently because the pmf rapidly
increases and the current decreases.

To justify formula (3), we calculated the kinetics of
generation of Apy+ across the organelle membrane, both
for mitochondria and bacteria, and the current through
the pumps under condition of equilibrium between the
surface and the bulk, i.e. when the local ApH was absent.
It was assumed that the initial conditions at r = 0 were
identical on both sides of the membrane and that at # > 0
the constant values of ¢"” = 0 and pH" are maintained at
the P side. The calculations were performed at pH” 6, 7,
and 8, with and without buffer with pKz = 7 and concen-
tration cg = 100 mM; in the latter case ions were added:
potassium, sodium, and chlorine for bacteria (0.005, 4,
and 3.955 M at pH 7, respectively), as in [19, 20], and
0.15 M potassium and chlorine each for mitochondria, as
in [24]. The membrane and pump parameters are given in
Table 1.

The results of the calculations are shown in Fig. 1.
They demonstrate the basic features of the proposed
model. First, all kinetic curves run within a physiological-
ly acceptable range of pmf values despite strong variations
of the composition and acidity of the solution, as well as
a large difference in the number of pumps (50-fold) in the
two membranes. This suggests that the model is reason-
able. The data of Fig. 1 are interesting in view of develop-
ing precision methods to measure currents across cyto-
plasmic membranes and the local ApH on them [25]. The
currents across the oocyte plasma membrane measured in
[25] are 100-300 nA, and the local ApH is 0.1-0.3 with
accuracy of 0.005. The calculated electric current j,,,, =
eo/pump in our Fig. 1 is three orders of magnitude smaller,
which is associated with the smaller dimension of mito-
chondria.

Second, when the pumps turn on, an instantaneous
jump of the pmf takes place, so that the absolute pmf
value reaches RT/F = 25 mV during 50 to 0.1 ps for the
curves in Fig. 1, and thereafter the increase in pmf slows
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significantly. The ultimate stabilization occurs much later
when consumers and leaks come into effect (see
“Discussion” section). If 1 stands for the time to reach
the steady state and t,,, for the characteristic time for pmf
to increase to —25 mV (the estimates of 1, are given
above), then the limiting value of the pmf is of the order
of magnitude:

Al gt = —RT In(Tg/Tppp)- 4)

It is proportional to temperature and depends logarithmi-
cally on the system parameters determining the initial
rate of the pmf change. For the curves in Fig. 1 and 1t =
30 ms, the value of Eq. (5) varies between —160 and
—320 mV, which is roughly consistent with the values
from —180 to —230 mV in Fig. 1.

The main advantage of the present model is that it
describes the kinetics of pmf generation qualitatively cor-
rectly; its major consequence is that the rate of pmf
increase at zero pmf is extremely high.

At the same time, formula (3) predicts a rapid slow-
ing of the pump with increasing pmf, beginning with zero
pmf, which seems to be unjustified. It is more reasonable
to assume that the pump should slow sharply only when
pmf reaches some critical value, say, —150 mV. To take
this into account, we replace Eq. (3) with the following
formula:

1
— -1
pump ™ pump exp [— (Aﬂw - Agc’}I+ )/RT] )

(6)

4 100

o
Proton-pump current, pA

0.1

Time, ms

Fig. 1. Kinetics of pmf generation (points, left ordinate) by the
proton pumps at bacterial (filled symbols) and mitochondrial
(empty symbols) membranes at pH 6, 7, and 8 with 100 mM buffer
and without it (symbols of various shapes), and the proton-pump
current in mitochondrial membrane with buffer at pH 7 (line, right
ordinate). See Table 1 for the model parameters. Calculations were
performed using formula (3).
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where the critical value is taken to be Ay 3+ = —6RT; as a
result, the decrease in the current with increasing the pmf
slows (see Fig. S1 in the Supplement to the paper on the
website of Biochemistry (Moscow) (http://protein.bio.
msu.ru/biokhimiya)). Such a replacement does not affect
the behavior of the kinetic curves qualitatively (see Fig.
S2 in the Supplement), but it results in that the physio-
logical (“locking”) pmfis reached much more rapidly (cf.
Fig. 1 and Fig. S2, where the time scale is changed by a
factor of 10), and hence the local pH changes will be larg-
er at a given relaxation rate of non-equilibrium protons.
Variations of Apl. + will result only in changes in the time
to reach the locking pmf at which the current drops sig-
nificantly. The role of this parameter will be discussed in
the “Discussion” section.

Drachev et al. [19, 20] postulated a model in which,
when pumps are switched on, the pmf immediately jumps
up to a “working” value and then smoothly varies when
the consumers come into play and the slow processes of
potassium and sodium exchange begin. In contrast, we
are considering the fast process of the pmf buildup, for it
is during this process the possibility arises to create a local
ApH at the membrane. In the following sections we will
show how this occurs and what ApH can be obtained.

PHYSICAL MECHANISMS OF GENERATION
OF LOCAL ApH AND CONDITIONS
FOR THEIR REALIZATION

Numerous experiments have established that pro-
tons can travel along artificial and natural biological
membranes over macroscopically long distances, up to
hundreds of microns (see review [17]), which corre-
sponds to an apparent proton retention time at the sur-
face of the order of 1 s. On the other hand, estimates of
the actual retention time show that the time for sponta-
neous proton detachment, k;f'f,sp is quite short (see [18]
and Table 2). To explain this phenomenon, we proposed
a model according to which attraction of the dissociated
protons by the negatively charged surface and quasi-one-
dimensional type of their diffusion away from the surface
lead to frequent returns of the protons from the bulk; as
a result, the protons diffuse along the surface by making
excursions to the bulk and back (see [18] and references
therein). This model does not apply to mitochondria and
bacteria directly, where no space is available for long pro-
ton translocations because of small dimensions of the
membranes and high density of their coverage by
enzymes [26]. Yet membrane attraction can locally affect
the concentration of free protons and the kinetics of its
changes.

Let the attraction create a potential well of depth U
and width d (region a) near the membrane surface. The
equilibrium constant between a and the adjacent region b
is expressed by the formula [18]:
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Table 2. Calculated parameters
Parameter Comment Fig. 2 Fig. 3
kb proton exit time from a to b 0.1 us 0.1 us
t, equilibration time between a and b at N side 0.7 ps 0.7 ps
tg same at P side 0.7 ps ~10% ps
V' number of returns from b to a before equilibrium is reached at N side 7 7
v same at P side 7 ~10°
Ty EP rise time due to pumping 30 us 20 us
TopH pH rise time due to pumping 10 ps 10 ps
Ly y+ = d exp(U/RT). (7) reached (just as the rate of the pmf change) at small pmf

The equilibrium concentrations in a and b are related by:

_ U/RT
Ca,eq,H"' - Cb,eq,H+e )

CheqHT = loipr’eq M. (8)

The parameter estimates are given in [18]: d = 0.6 nm and
U = (5-16)RT. The presence of the barrier results in a
local decrease in the equilibrium pH, ., with respect to
bulk pH, .., but we will assume that this decrease is the
same at both sides of the membrane and hence does not
contribute to the difference ApH,= pH,— pH//, which is
created only by the pumping and is determined by the
competition between the proton pumping and the proton
exchange with region b.

The total rate of proton escape from a to b is
expressed by the formula'

ka,off = kzz,off,sp + ka,off,B_, (9)

which accounts for both the spontaneous detachment of
the protons and their escape due to collisional transfer to
the deprotonated buffer B~ (it is assumed that buffer does
not penetrate to a). The constant k, . - is proportional to
the mobile buffer concentration cg, which is much small-
er than the total concentration estimated in the limits of
10-100 mM [20, 24]; for calculations, we take cg= 1 mM
[27]. The estimates of the constants are given in the
Supplement and Table 2; for a barrier height U = 10RT,
the value of kgf%,sp = (.1 ps is obtained. This should be com-
pared with the maximal rate of the pH change, which is

'Here and below, for the sake of argument, we are talking about
the P side, the full description being given in the Supplement.
In particular, the back flow from b to a is given by (S36) of the
Supplement.
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values. The rate of the pH change depends not only on the
pumping rate, but also on the pH value and the amount of
buffer. If it is comparable with the rate of escape from a to
b, then the local ApH, will be generated (mechanism 1).
If, on the contrary, the protons escape from a to b
faster than they are pumped, mechanism 1 does not work,
and then one has to consider what happens with the pro-
tons in region b itself. As protons are transferred from a to
b, in region b adjacent to a non-equilibrium proton con-
centration builds up; it dissipates with time due to diffu-
sion, but this is a slow process as compared to pumping.
The estimates show (see Supplement and Table 2) that the
characteristic time of this process, #, (see definition in
(S21) and (S16) of the Supplement), is long compared to
the time for detachment from the surface (the so-called
regime of fast surface—bulk exchange [17, 28-30]):
fo >> kb (10)
In the presence of the buffer, the non-equilibrium pro-
tons are in the bound state, BH, while in the absence of
the buffer they are “free” protons?, H; in both cases,
however, the overall picture is the same. Owing to (10),
i.e. due to slow diffusion of the protons (free or bound) in
the direction away from the surface, the non-equilibrium
protons accumulate near the surface and create the back
flow to the surface, which delays the equilibration
between the surface and the bulk. As a result, local ApH is
generated (mechanism 2).
Let us formulate the quantitative conditions for the
efficient generation of local ApH,. The proton pumping
creates both ApH, and Ay = FA@/RT, and it stops upon

2 In fact, they are associated with water molecules in the form
of hydronium ions, but this is of no importance in the present
context.
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reaching the limiting pmf. Therefore, it is necessary that
the characteristic time for the ApH, buildup is smaller
than the time for the Ay buildup:

TapH S Ty (11)

Formulae for both characteristic times are derived in
the Supplement (see (S66) and (S69)):

TapH = Naeq,H Tpumps (12)
Ty = Ve Toumps (13)

where
Ngequt = VuNAca,eq,m (14)

is equilibrium proton number in region a, V,= S, c.p @, Na
is Avogadro number, and

_Fo,
RT

v, (15)

is the dimensionless potential gradient arising at the mem-
brane on the transfer of a single proton (see (S68) in the
Supplement). According to the reasoning presented above,
mechanisms 1 and 2 are realized under the conditions
Le <<ty (16)

Topn S Ky,

a,

and

k;,loff << Ta,pH < th (17)
respectively. Formulae for calculations of &, . and 7, are
given in the Supplement (see (S1)-(S7), (S20), and
(521)).

RESULTS OF CALCULATIONS

To examine the time dependence of the membrane
potentials and pmf, it is necessary to solve a system of
coupled kinetic equations describing the evolution of EP
and CP at both sides of the membrane as well as the pro-
ton distribution in the bulk near the surface. We will
assume that the membrane is charging from zero poten-
tial, and we are interested in how the pmf is reaching its
maximum value. One can also say that we consider the
response function of the membrane to a sharp or sudden
change in the state of the system when the pmf drops to
zero, and we want to examine how the pmf is restoring to
its steady-state value.

The mathematical formulation of the problem and
its solution are given in the Supplement. The results of
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Fig. 2. Kinetics of generation of local pH changes at the internal
(1, I') and external (2, 2') sides of a mitochondrial membrane and
proton motive force (3, 3') at two concentrations of the mobile
buffer: 1 mM (solid lines 7/-3) and 0.5 mM (dotted lines /'-3").

the calculations with the parameters from Tables 1 and 2
are given in Fig. 2 for mitochondrial membrane M and in
Fig. 3 for bacterial membrane B. As seen from Table 2,
for the selected parameters (Table 1), conditions (10)
and (11) are fulfilled, whereas the left inequality (16) is
not, i.e. mechanism 1 does not work; this is because of
the insufficiently fast change in pH,. As follows from Eq.
(12), one can accelerate this process, i.e. decrease 1, ,p,
by lowering the equilibrium proton concentration in
region a. This can be achieved by increasing pH, ., by 2
units and more. Investigation of alkaliphiles is beyond
the scope of the present paper because, for them, one
probably has to change the pump formulae (3) and (6).
Lowering the barrier will give no effect since ka‘,lOff will
shorten simultaneously with t,,;; and proportionally to
it.

Condition (17) for realization of mechanism 2 is ful-
filled only partly: the left inequality is obeyed in all cases,
whereas the right one is valid only at the P side of mem-
brane B, i.e. in the absence of buffer, when the solution
contains only free protons and #,is long enough (while the
free protons diffuse much faster than the bound ones,
they have to cover much longer distance L, y+ to escape to
the bulk (see (S16) in the Supplement)). We note, howev-
er, that breaking the right inequality (17) does not mean
that mechanism 2 is disabled completely. As a matter of
fact, proton dissipation to the bulk proceeds extremely
slowly by the power law [18]:

BIOCHEMISTRY (Moscow) Vol. 79 No. 5 2014
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1

Pa(t)=1+m )

where p,(?) is the fraction of the pumped protons remain-
ing in region a at moment ¢. Even at ¢ > ¢,, region a still
contains a sufficiently large number of protons because of
the power-law decay. For example, for #,= 0.7 us, at t =
T.pn = 10 ps, in region a there still remains some 13% of
the non-equilibrium protons, which can result in appre-
ciable changes of pH, due to the small volume of region
a. This is demonstrated by the results shown in Figs. 2-4,
which are discussed in the “Discussion” section.

At a given side of the membrane, the local change in
pH is defined via the logarithm of the ratio of the current
concentration to the equilibrium one in region a,

(18)

SpHa = _IOg(ca,H+/cu,eq,H+)’ (19)
whereas the transmembrane gradient is defined as:
ApH, = dpH, — 6pH]. (20)

Figure 2 shows 6pH/, (curve I), dpH. (curve 2), and pmf
(curve 3) at membrane M as functions of time counted
from the moment when the pumps were turned on. At ¢ <
T.ou = 10 ps, both dpH}, and dpH, increase in absolute
magnitude, but simultaneously the pmf increases and the
proton current decreases accordingly. Appreciable
changes in the local pH begin at ¢ ~ 1, ,y when pmf is still

1
0.4 10
0.2- 1-50
0.0- 4 -100
£
s 1-150 £
IQ -0.21 E
w o
04 4 -200
. 5 3
4 -250
-0.61
4 -300
-0.8-
4 -350
—1.0 +m—rrr—

1E-3 0.01 0.1 1 10

t, ms

Fig. 3. Kinetics of generation of local pH changes at the internal
(1) and external (2) sides of a bacterial membrane and proton
motive force (3).
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Fig. 4. Dependence of maximal ApH, (/) and time #4, that is
required for pmf to reach —180 mV (2) at mitochondrial mem-
brane upon buffer concentration.

small. The competition between proton pumping and
proton escape to region b results in a maximum at ¢ =
100 pus at the mobile buffer concentration of 1 mM
(curves I and 2); the maximum sharply increases and
shifts toward smaller 7 at concentration 0.5 mM (curves [’
and 2'). The height of this maximum increases with
increase in the relaxation time of the surface protons, #y;
this time is inversely proportional to the square of the
mobile buffer concentration ¢y (see (S21) and (S16) in
the Supplement). An interesting parameter is the time to
reach the value of pmf = —180 mV, which also depends on
cp; these dependences are shown in Fig. 4 and Fig. S10
(see Supplement).

These results will be discussed in greater detail in the
next section; here, one additional remark is necessary.
Despite the fact that the time to reach the full a <> b equi-
libration at the mobile buffer concentration of 1 mM in
Fig. 2 (¢, = 0.7 ps) is one order of magnitude shorter than
the pH, pumping time (t, ,y = 10 ps), the transmembrane
ApH, has enough time to increase to a value ~1 owing to
the above-mentioned effect of slow relaxation. In such a
case, the local pH change at the P side is much smaller
than that at the N side although the membrane properties
and pH, ., are identical on both sides of the membrane.
The difference is merely explained by the fact that pH is
the logarithm of concentration, and the logarithm
increases from a given value much more slowly than it
decreases. In other words, at a given number of the
pumped protons and equal volumes of regions a on both
sides of the membrane (and equal proton concentrations
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therein), opH/, will increase by a larger extent than 6pH/
decreases. The identical conditions on both sides explain
why the maximum of 6pH/, and minimum of dpH/] occur
simultaneously.

Similar curves for membrane B are shown in Fig. 3.
Since the conditions at the N side did not change, the
qualitative behavior of curve 7 did not change either. The
decrease in its maximum compared to Fig. 2 is explained
by the strongly changed conditions at the P side, there-
upon the pmf at membrane B increases faster (hence, the
pumps “die” earlier) than at membrane M. On the con-
trary, the behavior of curve 2 changes significantly
because of nearly absent a <> b relaxation at times short-
er than # ~ 10 ps (see Table 2), which would restrict the
rise of OpH/, in absolute value at these times. As a conse-
quence, the minimum of dpH! is reached later and is
deeper than in Fig. 2.

When barrier U is decreased, the characteristic times
T,,0u and fyare reduced (see Table S1 in the Supplement).
This results in more efficient pumping at short times (Fig.
S5 in the Supplement). In comparison, when the barrier
is increased, the maximum and minimum of 6pH, shift to
longer times and their magnitudes decrease (Fig. S6 in
the Supplement).

The lack of equivalence of two sides of the mem-
brane has another important consequence: two local
OpH, values depend on the buffer concentration differ-
ently. When the buffer concentration at the P side vanish-
es (membrane B; Fig. 3), the peak of |SpH/| on the P side
increases by only a small amount, whereas the increase of
OpH. on the N side is much more pronounced.

We also calculated the global ApH in the absence of
the surface effect. The corresponding formulae are given
in the Supplement, and the calculated results are present-
ed in Figs. S7-S9 for mitochondria (see the Supplement).
Here the distinction between the free and bound protons
is of no importance, and the total buffer concentration is
high. At cg = 100 mM and physiological pmf, the global
ApH does not exceed 0.1. However, when cg< 10 mM, the
ApH can be on the order of unity.

DISCUSSION

The starting point of our analysis is formula (3),
which expresses the dependence of the intensity of proton
pumping upon the pmf. The remarkable feature of this
formula is that it predicts the maximum attainable, limit-
ing pmf values close to the observed (physiological) value
of 200 mV. It is essential that this result was achieved
without any parameter adjustments and that the limiting
pmf only weakly depends on the extremely variable mem-
brane and solution parameters. This suggests that formu-
la (3) basically correctly describes the kinetics of pmf gen-
eration. Its shortcoming is too fast transition from the
regime of intense pumping, at low pmf, to the regime of
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slow pumping, at high pmf, close to the physiological
value. This shortcoming is removed in its modified ver-
sion (formula (6)) with the introduction of one adjustable
parameter, whose meaning is as follows.

Strictly speaking, the limiting pmf depends not only
on the pumps, the pmf generators, but also on the pmf
consumers (as well as the membrane leaks).
Unfortunately, at present there are no sufficient data to
model the proton current of the consumer by a formula
similar to (3) or (6). It is only known with certainty that
the time scale of the work of the consumers is approxi-
mately the same as that of the generators (which is obvi-
ously necessary for the self-consistent operation of the
system), i.e. milliseconds. Given the uncertainties, the
consumers were not explicitly included in our present
model. In the future advanced models, the above-men-
tioned parameter can be used for a better description of
time coordination of the work of the generators and con-
sumers.

In the absence of the consumers, the pmf increases.
However, the pmf buildup sharply slows when the pmf
approaches its physiological value (Fig. 1). This occurs
because the efficiency of the proton pumps declines very
rapidly with growing pmf, which is directed against the
proton pumping. In other words, the pmf is restricted by
the thermodynamic limit, which is defined by the bal-
ance between the forward and backward currents. The
work of the consumers at a high pmf does not affect the
limiting pmf significantly. Therefore, their explicit inclu-
sion is not critical. In what follows, when discussing the
kinetic curves, we will always assume that they are
restricted along the time axis by the work of the con-
sumers.

Formulae (3) and (6) imply that the proton current
depends only on the total pmf rather than on its compo-
nents Ay and ApH individually. As can be seen in Fig. 1,
the pmf kinetics and the limiting value of the pmf only
weakly depend on the parameters of the membrane and
medium; this is not so for individual pmf components.
However, since the details of the roles of Ay and ApH in
the work of the generators and consumers are not suffi-
ciently clear at present, we will not discuss them further.
Instead, in this paper we wanted to examine under which
conditions one could expect generation of local or global
ApH gradient that could significantly affect the work of
the consumers. The answer depends on the composition
of the medium and on the volume where the proton gra-
dients are created. If the protons rapidly come into equi-
librium with the medium, they nearly all bind to the
buffers. In mitochondria, this occurs at buffer concentra-
tion on the order of 100 mM; in bacteria, the internal
medium is also saturated by buffers, and the outer medi-
um is a large volume, a “Pacific Ocean” [4]. Our calcula-
tion shows that generation of an appreciable global ApH
can be expected only at buffer concentrations of less than
10 mM. Therefore, the main purpose of the present paper
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is to estimate the local ApH generated by the proton
pumps.

We assume that a narrow, two H-bonds wide attrac-
tive water layer exists near the membrane surface (region
a) that retains protons. The pumps take up protons in
region a on the N side and pump them to region a on the
P side. The membrane attraction creates a potential well
in region a that prevents proton exchange with the adja-
cent bulk (region b). In region a, this gives rise to a local
perturbation, dpH,,, of pH from its equilibrium value (see
Eq. (19)). The actual values of 6pH,, created by the pumps
on both sides of the membrane depend on the competi-
tion of several processes. First, the increase in ApH, (see
Eq. (20)) is accompanied by a simultaneous increase in
|Ay(; by our estimates, the increase in ApH, can outpace
that of |Ay], so that a significant ApH, can develop before
the “locking”, limiting value of pmf is reached. Second,
the protons can leave region a either spontaneously, due
to thermal fluctuations, or because of collisions of the
mobile buffer molecules with the interface between
regions a and b (it is supposed that buffer does not pene-
trate into region a). Obviously, large ApH, could arise in
the case that the full lifetime of the protons in region a is
longer than the rise time of ApH, (mechanism 1). Our
estimates show, however, that mechanism 1 cannot be
realized in mitochondria and neutrophilic bacteria, but
there is a possibility, in principle, of its realization in alka-
liphiles. Yet this possibility is not considered here
because, first, the formulae for current need modifica-
tion, and second, there exists a possibility for alkaliphiles
to perform ATP synthesis via a sodium cycle [26].

The basic results of the present paper relate to the
analysis of mechanism 2, which describes what happens
with the pumped protons when they escape the attractive
well on the surface. We find that the protons that left the
attractive region a do not come into equilibrium with the
bulk region b immediately, this requires some time neces-
sary for diffusion over quite a long distance from the sur-
face; this time is longer the stronger the membrane
attraction. Moreover, the kinetics of depletion of the
near-surface region occurs by a very slow, power law, so
that the non-equilibrium proton concentration
(increased at the P side and decreased at the N side) at the
interface between regions a and b is preserved for a long
time. The calculated results in Figs. 2-4 show that this can
lead to generation of a significant local ApH,. The
increased value of ApH, arises, however, only transiently,
over a short time interval, after which the relaxation
processes deplete the non-equilibrium protons. Figure 2
shows how the maximal ApH, value and the time during
which the pmf is restored to its initial level depend on the
concentration of the mobile buffer.

Figure 4 demonstrates the strong dependence of the
maximal values of the local ApH,upon the mobile buffer
concentration (curve 7). The largest effect is obtained at
low concentrations where the time of equilibration
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between the surface and the bulk is long (Fig. S10 in the
Supplement). It is seen that at relatively low mobile buffer
concentrations, the pmf buildup basically occurs due to
the surface protons, i.e. due to ApH,. This is easy to
rationalize: in this case the protons do not leave the sur-
face during the time of their pumping from one side of the
membrane to the other. As soon as the pmf reaches the
limiting value, the proton pumps sharply slow down and
the proton equilibrium is restored; once equilibrium is
reached, the total pmf mainly consists of its electrical
component Ay.

It is interesting to note that in parallel with the
decrease of the mobile buffer concentration and with the
respective increase of the contribution of the surface pro-
tons, the restoration time of the surface potential decreas-
es. For the sake of the discussion, we define the restora-
tion time as the time required for the pmf to reach the
value of —180 mV, and we denote it #,4, (curve 2). It is seen
that the potential is restored about ten times faster at the
low buffer concentration of 0.1 mM than at a high 1 mM.
In other words, at small ¢z, when the surface protons play
an important role, the system responds to the changes of
the membrane potential very quickly, restoring the
steady-state value of the potential. As a result, any poten-
tial change induced by an external source is immediately
compensated by translocation of the surface protons and
the membrane potential is quickly restored. Such a quick
response of the membrane to a change in the external
conditions results in a more stable pmf on the membrane,
and hence, a more stable work of the ATP synthase. The
role of the surface protons in the work of the respiratory
chain described above is probably the most important
result of the present work.

For reasons of mathematical convenience, following
the papers by Drachev et al. [19, 20], we considered the
problem of the non-equilibrium ApH, generation under
the condition that the pumps are switched on at some ini-
tial moment of time, before which the system was resting
at thermodynamic equilibrium. In reality, there is no such
initial switching-on condition; rather, there is an “active”
State 3, in which the intense processes of pmf generation
and its consumption for ATP synthesis are occurring, and
a “passive” State 4 where these processes are strongly
inhibited either because of no “demand” of the organism
for the ATP production or because of the lack of ener-
gy/fuel sources. Therefore, it is useful to discuss the
results obtained in terms of a relation between the pmf
and the pump current. Figure 1 demonstrates the obvious
relation: the lower the pmfthe larger the current. In Figs.
2 and 3, one should disregard the initial parts of the curves
before they reach their maxima and minima, where the
influence of the switching-on moment is still strong;
then, the following correlation becomes noticeable. If the
pmf is high, in the range of 150-250 mV, the proton
pumps work slowly and cannot compete with the process
of equilibration between regions a and b; this results in a
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decrease in the local pH changes. Alternatively, if the pmf
is low, the pumps work fast and are able to create appre-
ciable dpH, on both sides of the membrane.

Consider the transitions between States 4 and 3 from
this point of view. According to the arguments presented,
the pmf in State 4 is large (this is confirmed by the data
for rat liver mitochondria where it is equal to 230-235 mV
[2]), the local 6pH,s are not produced, and the system
uses only Ay and the global ApH, no matter how small
the latter is (or it is not used at all). Now, a “request” for
massive ATP production comes in by means of “injec-
tion” of massive amounts of ADP and/or phosphate. The
pmf drops sharply, the pumps start to work intensely, and
the local dpH,s arise at both sides of the membrane, i.e.
the system makes the transition to State 3. It is essential
that the response of the system to these changes is nearly
instantaneous: as is seen in Figs. 2-4, it takes microsec-
onds for the current to increase after the pmf drop, which
is due to a large number of pumps on the membrane.
Intensive consumption of the pumped protons maintains
the pmf at a low level maintaining the intensive pumping
as long as the conditions for ATP production in large
amounts are preserved. But as soon as these conditions
are broken, the pmf increases and the system returns to
State 4. These arguments assume that ApH is absolutely
necessary for ATP synthesis in State 3.

In conclusion, we repeat the main result of our work.
Under conditions where the surface protons play a role,
i.e. at low enough concentration of mobile buffer, upon
sudden changes in the membrane potential, they facilitate
quick and neutralizing response of the membrane to such
changes, resulting in stabilization of the membrane pmf
and fast communication between the generators and con-
sumers, whereas their contribution to the steady-state
energetics is insignificant.
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