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Abstract: A transmembrane difference in the electrochemical potentials of protons (∆µH+) serves as a
free energy intermediate in energy-transducing organelles of the living cell. The contributions of two
components of the ∆µH+ (electrical, ∆ψ, and concentrational, ∆pH) to the overall ∆µH+ value depend
on the nature and lipid composition of the energy-coupling membrane. In this review, we briefly
consider several of the most common instrumental (electrometric and EPR) methods for numerical
estimations of ∆ψ and ∆pH. In particular, the kinetics of the flash-induced electrometrical measure-
ments of ∆ψ in bacterial chromatophores, isolated bacterial reaction centers, and Photosystems I
and II of the oxygenic photosynthesis, as well as the use of pH-sensitive molecular indicators and
kinetic data regarding pH-dependent electron transport in chloroplasts, have been reviewed. Further
perspectives on the application of these methods to solve some fundamental and practical problems
of membrane bioenergetics are discussed.

Keywords: biomembranes; electrochemical potential; photosynthesis; electrometrical technique;
electron paramagnetic resonance

1. Introduction

The transmembrane difference in the electrochemical potential of protons plays a key
role in energy transduction in photosynthetic organisms, mitochondria, and bacterial cells.
The difference in proton potential across the energy-transducing membranes (∆µH+, often
termed as the proton motive force, pmf ) serves as the driving force for the operation of
the membrane-bound ATP synthase, which catalyzes the ATP formation from ADP and
inorganic phosphate Pi [1–7]. Along with the energy role in membrane bioenergetics, the
proton potential also participates in the regulation of electron transport processes and
metabolic processes in living cells of different origins (for references, see [8–13]).

In energy-transducing membranes of photosynthetic organisms, mitochondria, and
bacterial cells, generation of the pmf is associated with the functioning of electron transport
chains (ETC). In photosynthetic systems of an oxygenic type (chloroplasts of high plants,
algae, and cyanobacteria), the ETC includes two membrane-bound protein complexes,
Photosystems I and II (PSI and PSII), which are interconnected via the cytochrome (Cyt)
complex b6f and mobile electron carriers (plastoquinone and plastocyanin) [14]. Operating
in tandem, PSI and PSII facilitate the transfer of electrons from the water molecule, oxidized
by the water-splitting complex of PSII, to NADP+, the terminal electron acceptor of PSI
(Figure 1). The light-induced electron transfer induces the translocation of protons into the
intra-thylakoid volume (lumen) of chloroplasts, accompanied by the acidification of the
lumen (pHin↓) and alkalization of the chloroplast stroma (pHout↑), causing the generation
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of pmf, which consists of two components: ∆pH (the trans-thylakoid pH difference) and
∆ψ (the trans-thylakoid difference of electric potentials). Along with the energetic role,
pmf is involved in the feedback regulation of photosynthetic electron transport: the lumen
acidification retards electron transfer between PSII and PSI at the level of plastoquinol
(PQH2) oxidation by the Cyt b6f complex [15–19] and attenuates the PSII activity [9,10,20].
The alkalization of stroma activates the Calvin–Benson cycle (CBC) reactions [8,21]. In
bacterial chromatophores, the cyclic electron transfer results in the translocation of protons
inside chromatophores, generation of a transmembrane electric potential difference (∆ψ),
and ATP synthesis.
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The adjustment of photosynthetic apparatus to variable environmental conditions should 
provide a proper balance between the electron and proton transport processes for gener-
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Figure 1. Scheme illustrating noncyclic electron transport (blue lines) and interaction between
the electron transport complexes embedded in the thylakoid membrane (PSI, PSII, and the b6f
complexes) and the mobile electron carriers (plastoquinone, PQ, plastocyanin, Pc, and ferredoxin,
Fd). FNR—ferredoxin NADP reductase. P700 and P680 denote primary electron donors in PSI and
PSII, respectively. The light-induced accumulation of hydrogen ions inside the chloroplast lumen
and the transmembrane proton fluxes from the lumen to stroma are indicated by red lines. Arrows
indicated by symbols JATP and Jpass symbolize the transmembrane proton fluxes coupled to operation
of the membrane-bound ATP synthase complex and passive efflux of protons through the thylakoid
membrane, respectively.

The acclimation of photosynthetic apparatus to variable environmental conditions
establishes an optimal balance between different metabolic processes in the plant cell.
The effects of temperature are among the clue factors of the regulation of photosynthetic
processes, because plants growing under a fluctuating temperature have no intrinsic mech-
anisms of temperature control, which are peculiar to animals (for references, see [22–24]).
The adjustment of photosynthetic apparatus to variable environmental conditions should
provide a proper balance between the electron and proton transport processes for gen-
eration of optimal pmf, used for efficient ATP synthesis. The light-induced regulation of
pmf determines the photosynthetic efficiency and plant survival under the light fluctua-
tions [23,24]. In chloroplasts, the composition of pmf (the proton-dependent concentration
and electric components, ∆pH and ∆ψ) is controlled by several factors. The parsing of ∆pH
and ∆ψ would change upon variations in temperature, light intensity, and nutrition [25,26].
In particular, the acclimation of photosynthetic apparatus to low temperatures induces
the alteration in the membrane fatty acid composition, leading to the adjustment of the
membrane fluidity and stabilization of proteins (for a review, see [24]).

In this paper, we briefly discuss some biophysical methods used for measuring pmf
in photosynthetic energy-transducing systems of different origin (photosynthetic bacteria,
plant chloroplasts, and cyanobacteria). Our main attention has been focused on photosyn-
thetic electron transport complexes (bacterial reaction centers, PSI, and PSII), chloroplasts,
and chromatophores. We also consider the perspectives of the fabrication of artificial energy-
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transducing systems based on the use of photosynthetic energy-transducing complexes
and analyze some fundamental aspects of their use in bioenergetics.

2. The Proton Motive Force in Membrane Bioenergetics

The transmembrane difference in the electrochemical potentials of protons (∆µH
+),

expressed in electrical units, can be written as

∆µH
+ = ∆ψ + (2.3RT/F) ∆pH, (1)

where ∆ψ = ψin − ψout is the trans-thylakoid difference in electric potentials, ∆pH =
pHout − pHin is the trans-membrane pH difference, F and R stand for Faraday’s and the
universal gas constants, and T is temperature. Both components of ∆µH+, ∆ψ, and ∆pH
are competent for driving ATP synthesis [3,4,27–30].

In chloroplasts, ∆pH is usually considered the basic contributor to ∆µH
+ [10,31–33].

The energy stored in the form of ∆pH (∆pH~1.0–1.5 or higher, which is equivalent to
60–90 mV) is sufficient to sustain efficient ATP synthesis, providing the stoichiometric ratio
H+/ATP ≥ 4–5 (for references, see [34]). The steady-state values of ∆ψ are usually insignif-
icant (∆ψ < 20 mV). However, under certain experimental conditions, the deposition of ∆ψ
to pmf cannot be ignored [10,31–33]. Although the ∆pH difference is usually considered
the dominant component of ∆µH+, the relative contributions of ∆ψ and ∆pH to the overall
value of ∆µH+ may vary, depending on the nature and lipid composition of the thylakoid
membranes. The relatively low steady-state values of ∆ψ in chloroplasts can be explained
by different reasons, e.g., due to peculiarities of the lipid composition and the ion-exchange
processes in the thylakoid membranes. In particular, the light-induced pumping of protons
into the thylakoid lumen is electrically compensated by the inward movements of Cl−

ions and the efflux of Mg2+ and K+ ions [35]. Although the secondary transport of ions
would decrease ∆ψ, the trans-thylakoid pH difference (∆pH) would build up, supporting
the operation of the ATP synthase.

In the energy-transducing membranes of mitochondria and bacteria, in contrast
to chloroplasts, the electric potential difference ∆ψ serves as the basic component of
pmf [36,37]. One of the reasons for such a difference may be associated with the different
compositions of the lipid membranes. The membranes of mitochondria and bacterial cells
consist predominantly of phospholipids with polar heads [38–42]. This property may put
restrictions on the membrane permeability for ions, suggesting that mitochondrial and bac-
terial membranes exhibit a rather high ability to maintain ∆ψ. Note that the ion-exchange
processes may include the protonation of acidic groups of membrane proteins and lipids
(A− + H+ ↔ AH and/or B + H+ ↔ BH+). However, the protonation/deprotonation events
of this kind would not change, per se, the electric charges on both sides of the energy-
coupling membranes, and, therefore, the proton-binding reactions should not suppress
the generation of ∆ψ. In the meantime, the processes associated with the proton exchange
for cations (e.g., Mg2+ and/or K+) would reduce the activity of H+ ions in the bulk phases
around energy-transducing membranes, thereby reducing ∆pH. Therefore, the mitochon-
drial energy-transducing membranes would be able to maintain a sufficiently high ∆ψ,
while the ∆pH value will be reduced due to the H+ binding to the proton-accepting groups
of membrane proteins and lipids. According to textbooks on bioenergetics [36,37], the
dominant point of view is that in mitochondria, the ∆ψ values reach ~150–200 mV, while
the characteristic pH difference between the outer (the intermembrane space) and internal
(matrix) volumes does not exceed ∆pH~0.5–1.0 (about 30–60 mV).

The mechanisms of pmf regulation in chloroplasts is important for the productivity of
plants in field crops [25]. Variability of pmf and relatively low steady-state values of ∆ψ in
chloroplasts can be compensated for by the movements of other ions across the thylakoid
membranes [35]. Also, we cannot ignore the “structure-function” reasons for the domina-
tion of ∆pH in the thylakoid membranes and the enhanced values of ∆ψ in mitochondria
associated with different lipid bilayer compositions in chloroplasts and mitochondria. In
chloroplasts, the electrically neutral galactolipids (monogalactosyldiacylglycerol (MGDG),
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and digalactosyldiacylglycerol (DGDG)) are the basic constituents of the lipid bilayer.
Sulfoquinovosyldiacylglycerol (SQDG) and phospholipid phosphatydilglycerol (PG) are
the minor components of the thylakoid membranes. In Arabidopsis, for example, MGDG
constitutes about 52%, DGDG 26%, SQDG 6.6%, and PG 9.5% of the total membrane
lipids [43–45]. MGDG and DGDG are electrically neutral lipids, while SQDG and PG
are anionic lipids at physiological pH. One third of the total fractions of PG molecules in
thylakoids of plants and cyanobacteria is integrated with protein complexes (PSI, PSII, and
Cyt b6f ), providing the structural organization of photosynthetic apparatus and optimal
functioning of photosynthetic ETC [45]. Since the content of electrically neutral MGDG and
DGDG is about 80% of the total number of the thylakoid membrane lipids, one may expect
that the thylakoid membranes, containing predominantly uncharged galactolipids, reveal
relatively high ion permeability, thereby providing a decrease in ∆ψ. In the meantime, the
thylakoid membranes maintain a sufficiently high ∆pH, at the levels sufficient to facilitate
the operation of the ATP synthase.

Mitochondrial membranes are enriched with the lipids containing charged groups:
phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, phosphatidylser-
ine, and phosphatidic acid. In yeasts and higher eukaryotes, phospholipids make up
75–95% of total mitochondrial membrane lipids [38–42]. This peculiarity of mitochondrial
membranes would lead to more resistance for the passive proton transfer of ions, thereby
supporting the maintenance of a sufficiently high ∆ψ. In favor of this explanation, we
can compare earlier data on measuring the ion permeability of planar (artificial) lipid
membranes fabricated from galactolipids and lecithin [46,47]. It was demonstrated that the
specific ion conductivity of planar bilayers formed from thylakoid lipids was about one
order of magnitude higher than that of lecithin bilayers [47]. Note that the permeability
to protons of the phospholipid bilayers and the membranes formed from galactolipids
(10−8–10−4 cm s−1) are significantly higher than the permeability to other monovalent
cations. The permeability coefficient for protons is about six orders of magnitude higher
than the permeability for K+ ions [48,49].

Concerning the molecular mechanisms of a fast proton flow through the energy-
transducing membranes, there are good reasons to believe that the proton flow across
the membranes could proceed by means of a jump along transient H+-bonded strands of
water molecules inside the membranes (for references, see [50–56]). It has been suggested
that protons cross the lipid bilayer by moving along the proton-conducting “water wires”
supported by the oxygen atoms of lipids [55]. The weak acid groups of the membrane
proteins may also contribute to the H+ flux across the lipid bilayer (for example, see [56]).

Comparing the proton conductivities through the artificial lipid bilayers and the
thylakoid membranes, the authors of work [47] concluded, however, that the passive per-
meability for protons cannot be determined solely by the properties of the galactolipid
domains of the thylakoid membranes. They emphasize the essential role of ion channels in
the regulation of ∆ψ generation in chloroplasts, rather than the passive efflux of protons
through the bulk of the membrane lipids. The light-induced generation of ∆ψ would be
restricted due to the ion-exchange fluxes. An increase in the lumen electric potential ψin,
induced by proton pumping into the lumen, would be neutralized (at least partly) by
the influx of anions to the lumen and the outflow of cations from the lumen to stroma.
It has been reported recently that the thylakoid membranes contain the VCCN1 protein,
which manifests the Cl− channel activity [57]. The data obtained suggest that VCCN1 is
involved in dissipating the ∆ψ component at high-light irradiation. The establishment of
the electric potential difference ∆ψ across the thylakoid membranes is a dynamic process.
The thylakoid membranes of Arabidopsis contain other ion transport proteins (the K+ efflux
antiporters KEA1, KEA2, and KEA3 [58,59]), which are involved in osmo- and pH regu-
lation in chloroplasts. The ion fluxes through the K+ channels would reduce ∆ψ, shifting
the pmf value toward ∆pH. The putative K+/H+ antiporter KEA3 stimulates the ∆ψ gener-
ation. The importance of the mechanisms of the down-regulation of ∆ψ is supported by
the finding that a sudden increase in ∆ψmay cause damage to PSI and PSII [60–62]. It is
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important to note that although the steady-state values of ∆ψ in illuminated chloroplasts
may be relatively small, the ∆pH difference, induced by proton pumping, would maintain
∆pH at sufficiently high levels, thereby facilitating efficient ATP synthesis.

The energy-transducing membranes of cyanobacteria are of peculiar interest for mem-
brane bioenergetics: these membranes contain both the photosynthetic and respiratory
components of ETC, incorporated into the same membrane [63,64]. Cyanobacterial mem-
branes are characterized by a higher content of anionic lipids [65] compared with thylakoid
membranes of plant chloroplasts. Therefore, there are good reasons to expect that the
energy-transducing membranes of cyanobacteria can maintain a sufficiently high level of
∆ψwhen used as the energy supply for driving the ATP synthase.

3. Overview of the Methods for Measuring ∆ψ and ∆pH in Biomembranes

Bearing in mind the importance of pmf as a free energy intermediate, it is not surprising
that a great number of works in the field of membrane bioenergetics have been devoted
to the determination of pmf values and numerical parsing of ∆ψ and ∆pH in energy-
transducing biological systems (for references, see [3,4,27–34]). In this section, we present a
brief overview of the widely used methods for monitoring the ∆ψ and ∆pH components of
pmf by using electrometrical, optical, and electron paramagnetic resonance (EPR) methods.
Our attention is focused on photosynthetic energy-transducing systems. Besides the
scientific importance of photosynthetic membranes, these systems attract scientists because
they allow us to study the fast kinetics of charge transfer processes due to the convenient
initiation of electron transport by short light pulses. In order to illustrate the methodological
aspects of measuring pmf via biophysical (instrumental) methods, we briefly consider the
approaches for determination of ∆ψ and ∆pH that have been used in our scientific groups.

3.1. Synthetic Penetrating Ions

A method based on using the membrane-penetrating synthetic ions was developed
in the laboratories of E.A. Liberman and V.P. Skulachev [66]. According to this method,
an artificial phospholipid membrane (ALM) was used to separate two compartments of
the measuring cell, serving as a selective electrode for the synthetic penetrating anions,
such as phenyldicarbaundecaborane and tetraphenylborate. The uptake of these anions
by submitochondrial particles, chromatophores, or bacteriorhodopsin-containing proteoli-
posomes, initiated by the addition of substrates or illumination, caused a decrease in the
anion concentration inside the compartment of the experimental cell, where the vesicles
were added and induced the appearance of a potential difference across the ALM [67,68].
The employment of the different membrane porous filters as the frames for ALM expanded
the application of the method by using penetrating cations. This allowed the researchers to
monitor the ∆ψ generation in vesicles with a negative potential inside, like mitochondria,
bacteria, and some types of proteoliposomes [69].

3.2. Electrochromic Band Shift of Carotenoid Spectrum

A method based on the detection of the carotenoid absorption changes due to elec-
trochromic shifts in their spectra in response to membrane potential generation was com-
monly used for ∆ψ measurements in photosynthetic organisms [70]. The amplitude of
the carotenoid absorption changes induced by an electric field was shown to be a linear
function of the transmembrane potential [70,71]. This approach has been widely used
in studies on electrogenic reactions in the chromatophores of purple bacteria and the
thylakoids of chloroplasts. The method, however, was ineffective in studies on isolated
pigment–protein complexes in model systems and cyanobacterial cells. In addition, the
carotenoid shift was characterized by a relatively low signal-to-noise ratio, which required
signal averaging of the kinetic traces. It should be noted that, later, Joliot and Joliot [72]
developed a “kinetic” spectrophotometer that achieves a higher signal-to-noise ratio by
utilizing differential optics and a series of relatively intense light pulses from a flash lamp
or laser instead of a continuous beam to probe the sample. Nevertheless, the data obtained
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by measuring the carotenoid band shifts for a quantitative evaluation of ∆ψ generation
should be considered with caution, because they reflect the appearance and decay of local
charges on redox cofactors in the course of electron transfer and depend on the relative
arrangement of the charged redox cofactors and carotenoid molecules.

Recently, using PSI complexes from cyanobacteria and monitoring the recombination
kinetics from the reduced plastoquinone acceptors A1A

− and A1B
− in the symmetrical

branches of redox cofactors to the photo-oxidized primary electron donor P700
+, we came to

the conclusion that the carotenoid molecules located in the vicinity of A1A and A1B revealed
different sensitivies to the negative charges on A1A

− and A1B
− [73]. It was shown that the

amplitude of the carotenoid band shift measured at 480 nm It was shown that the amplitude
of the carotenoid bandshift measured at 480 nm and attributed to recombination from A1A

−

should be multiplied by a factor of 2.3 to obtain the true relative contribution of electron
transfer from P700

+ to A1A. This correction is reasonable given that the arrangement of
carotenoid molecules within the protein in relation to A1A and A1B is different.

3.3. The Direct Electrometrical Method of ∆ψ Measurements

The direct electrometrical method was first used in studies on electrogenesis in the
membranes of proteoliposomes containing bacteriorhodopsin, mitochondrial Cyt c oxidase,
and H+-ATPase [74]. The method is based on the association of closed protein-lipid–vesicles
(proteoliposomes or bacterial chromatophores) with an ALM and on ∆ψ measurements
with Ag/AgCl macroelectrodes immersed in an electrolyte solution on both sides of the
ALM and connected to an electrometric voltmeter (or to a broad-band-operating amplifier
when detecting fast kinetics). The incubation of vesicles for ~1 h in the presence of the
divalent cations (Ca2+or Mg2+) was required to neutralize negative charges at the surfaces
of the ALM and vesicle membranes and resulted in the association of vesicles with the
ALM. The ALM-bound vesicles retained their inner aqueous phase (see simplified scheme
of measurements in Figure 2 [75]).

In early experiments with continuous illumination of the system, ALM represented
a thick membrane formed from phosphatidylcholine solution in n-decane [74]. An up-
grade of the measuring system included the use of membrane porous filters such as the
ALM frame [69]. However, the low electric capacitance of a thick ALM (Cm), which was
comparable to the input capacitance Cin of the operational amplifier (~5 pF), resulted in
distortion of the kinetics of the ∆ψ rise, induced by short laser pulses. A thin but suffi-
ciently stable collodion (nitrocellulose) film impregnated with phospholipid solution with
much higher capacitance Cm was used in our experiments for detecting fast kinetics of ∆ψ
generation [76].

The resistance of the collodion membrane Rm was significantly lower than internal
resistance Rin of the amplifier, whereas its capacitance (Cm~5000 pF) was larger by three
orders of magnitude than the internal capacitance Cin of the operational amplifier. The use
of the phospholipid-impregnated collodion film as an ALM provided an opportunity to
detect undistorted electric signals with a time resolution of ~200 ns.
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Figure 2. A schematic diagram of the direct electrometrical measurements in the reaction center
(RC) containing proteoliposome–ALM system. CP, RP, CM, RM, CF, RF—the electric capacitances (C)
and resistances (R) of the proteoliposome membrane (CP, RP), ALM (CM, RM), and a fusion region
of the proteoliposome and ALM (CF, RF), respectively; V—electrometric voltmeter or operational
amplifier with high internal resistance Rin and low internal capacitance Cin. Adapted from [75], with
permission.

3.4. The Use of pH-Sensitive Molecular Probes

For many years, the question “How acidic is the lumen?” was the focus of bioen-
ergetics [77]. It has become the textbook view that the trans-thylakoid pH difference
(∆pH = pHout − pHin) provides the main contribution to pmf in chloroplasts [36,37]. How-
ever, the data available from the literature are often ambiguous, supporting either a mod-
erate acidification of the intra-thylakoid volume (pHin~5.8–6.5) or strongly acidic lumen
(pHin < 5). According to most earlier works, ∆pH reaches up to ∆pH > 3–3.5 (for references,
see [17]). In this subsection, we consider the use of pH-sensitive molecular probes for
measuring ∆pH in chloroplasts. Our particular interest will concern the advantages of
using the electron paramagnetic resonance (EPR) technique for noninvasive determination
of ∆pH in chloroplasts in situ.

There are several kinds of molecular indicators used for measuring ∆pH; for example,
the fluorescence dyes, the optical absorption, and fluorescence spectra, which are sensitive
to pH changes (e.g., neutral red, NR). In particular, pH-sensitive dyes were often used in
earlier works on tracking the proton release inside the thylakoids [78,79]. The basic problem
of using pH-sensitive dyes is that most of the widely used molecular indicators bind to
the thylakoid membranes, leading to overestimations of ∆pH by 1.0–1.5 pH units [80,81].
According to Junge et al. [78], NR is one of the “clean” indicators of the intra-thylakoid
pH (pHin), with which spectral changes show no response to other light-induced events
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in chloroplasts. Another problem is that the absorption and fluorescence spectra of the
pH-sensitive dyes often overlap with the spectra of photosynthetic pigments, thereby
complicating ∆pH measurements. Also, determinations of the inner volume of thylakoids
(Vin), which is necessary for estimations of ∆pH from partitioning the pH indicators
between the inner and outer volumes of a suspension, can be obscured by osmotic effects.
Thus, it is not surprising that the records of ∆pH in chloroplasts are often ambiguous (see,
for comparison, the works [82–85]).

The electron paramagnetic resonance (EPR) technique helps overcome the above-
mentioned methodological problems. In general, there are two basic approaches to mea-
suring pHin by EPR: (1) the use of pH-sensitive molecular indicators (paramagnetic spin
probes, for references, see [34,86–89]), and (2) the determination of pHin based on measur-
ing the rates of pH-dependent steps of electron transport in chloroplasts [90–92]. These
approaches have been used in our previous works; some of the examples illustrating these
methods are presented below.

3.4.1. Partitioning the Indicator Molecules between the Lumen and External Volume

In earlier works, ∆pH values in chloroplasts were derived from partitioning the
penetrating amine derivatives between different compartments separated by the thylakoid
membrane [83–85]. Paramagnetic derivatives of amines (the nitroxide radicals containing
the amine groups) are the most suitable ∆pH indicators of this type, which accumulate
inside the thylakoids in response to the lumen acidification in the result of the protonation of
spin probe molecules. Similar to other amines used to measure ∆pH [86–89], paramagnetic
derivatives of amines are taken up by thylakoids in response to ∆pH generation.

Figure 3 demonstrates a distribution of a spin probe Tempamine (4-amino-2,2,6,6-
tetramethylpiperidine-1-oxyl, TA) between the chloroplast lumen and the outer bulk phase.
One of the advantages of using TA as the ∆pH indicator is that TA molecules do not bind
to the thylakoid membranes. An experimenter can calculate ∆pH as:

∆pH = log([H+]in/[H+]out) ≈ (Ain/Vin)/(Aout/Vout), (2)

where Vin and Vout stand for the relative volumes of the lumen and the outer space [83–85].
An experimenter can distinguish the EPR spectra of the indicator molecules localized inside
and outside the thylakoids. This is possible because the EPR signals from spin probes
accumulated in the osmotic volume of thylakoids (lumen) would reveal EPR spectra that
are different from the spectra of a spin probe localized in the water bulk phase outside
the thylakoids (for references, see [88,89]). The internal concentration of a spin probe (Ain)
and the internal volume of thylakoids (Vin) can be found by measuring a number of TA
molecules located in the bulk phase of the lumen. The observation of the EPR spectra
of spin probes localized in the lumen can be performed by quenching the EPR signal of
the external spin probe molecules, using chemically inactive paramagnetic agents (e.g.,
chromium oxalate molecules), which do not penetrate into the lumen (for technical details,
see explanations in [34]). Thus, by measuring the amounts of indicator molecules inside and
outside the vesicles (Ain and Aout), and determining the ratio Vin/Vout, we can calculate
∆pH via Equation (2).

A sophisticated method for measuring ∆pH with TA, which does not need the knowl-
edge of the internal volume Vin, has been developed in our work [89]. This method is
based on the threshold effect of the concentration-dependent broadening of the EPR signal
from TA molecules accumulating in the thylakoid lumen. An increase in the concentration
of TA molecules inside the lumen ([TA]in) leads to the broadening of their EPR spectra
due to spin–spin interactions. The broadening effect reveals itself when [TA]in overcomes
the threshold level [TA]th ≈ 2–2.5 mM. Measuring the light-induced responses of the EPR
spectra at different concentrations of TA in the chloroplast suspension, we were able to find
the concentration of TA outside the thylakoids, [TA]out, which corresponded to the internal
concentration [TA]in = [TA]th. Then, using the formula ∆pH ≈ log10([TA]in/[TA]out), we
can calculate ∆pH. It is important to stress that this approach allowed us to avoid difficulties
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that might be caused by osmotic events (e.g., the light-induced swelling of thylakoids) [89].
This is because we determine the concentrations of TA inside and outside the thylakoids
directly, on the basis of the EPR broadening effect, avoiding the measurements of a number
of spin probe molecules, the lumen, and its volume.
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Figure 3. Panel (a) is an illustration of the light-induced redistribution of amine-based pH indicator
Tempamine (4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl, TA) between the outer space and the
internal volume (lumen) of a chloroplast thylakoid. Panel (b) shows the deprotonated and protonated
forms of the spin probe TA. Two different vertical arrows (continuous and dashed lines) symbolize the
high and low permeability of the neutral and charged forms of TA through the membrane. Modified
Figure 3 from [88], with permission.

3.4.2. The Light-Induced Changes in the EPR Spectra of pH-Sensitive Spin Probes

This approach to the determination of pHin relies on measuring the EPR spectra of
specially tailored nitroxide radicals, the EPR signals of which are sensitive to changes
in pH [34,93]. Loading the thylakoid lumen with the pH-dependent spin probes, an
experimenter can determine pHin from the EPR spectra of these molecules. Among different
kinds of pH probes, imidazolidine and imidazoline derivatives of nitroxide radicals are the
most suitable pH indicators for measuring pHin in chloroplasts [34].

Figure 4 illustrates how the light-induced acidification of the lumen of isolated bean
chloroplasts induces changes in the line shapes of two different spin probe molecules local-
ized inside the thylakoids. We could extract these EPR signals using the line-broadening
technique based on the addition of the membrane’s impermeable chromium oxalate (CrOx)
molecules to the chloroplast suspension. Paramagnetic CrOx molecules caused signifi-
cant broadening of the EPR signal of spin probe molecules dissolved in the aqueous bulk
phase outside the thylakoids but did not influence the EPR signal of spin probe molecules
localized in the lumen. Therefore, we were able to monitor the light-induced changes
in pHin. Having an appropriate calibration curve (the pH dependence of the EPR spec-
trum parameters of spin probes), we could determine the light-induced changes in the
lumen pHin (for experimental details, see [34]). According to our study, in isolated bean
chloroplasts functioning in the state of photosynthetic control (without the net proton
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efflux from the lumen to stroma via the ATP synthase), we determined pHin ≈ 5.4–5.7 in
illuminated bean chloroplasts suspended at pHout = 7.8–8.0. In chloroplasts functioning
under photophosphorylation conditions, pHin decreased to pHin ≈ 6.2. Such a decrease
in pHin is consistent with a point of view that under steady-state conditions, the proton
gradient ∆pH is the main contributor to the proton motive force driving the operation of
ATP synthesis.
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Figure 4. The high-field components of the EPR spectra of pH-sensitive nitroxide radicals 4-
amino-2,2,5,5-tetramethyl-2,5-dihydro-1H-imidazol-1-oxyl (a) and 4-dimethylamino-2,2-diethyl-5,5-
dimethyl-2,5-dihydro-1H-imidazol-1-oxyl (b) localized inside bean thylakoids. In both cases, illumi-
nation of chloroplasts by white light leads to the low-field shifts of the lines due to the acidification
of the radical surroundings. Arrows at the top symbolize the protonation/deprotonation of the N
atoms of the spin probes. Modified fragments of Figure 3 (panels b and c) from [34], with permission.

The structural features of CF0CF1-type ATP synthase put some demands on pHout
and pHin, the values of which ensure the enzyme operation in the ATP synthesis mode.
Rotation of the cn-ring of the membrane-bound protein ensemble CF0 in the direction
that is necessary for ATP synthesis would proceed if pHin ≤ pKA ≤ pHout. Here, pKA is
the effective pK value of crucial proton-accepting groups of the enzyme involved in the
H+ translocation through the ATP synthase [17]. If these conditions hold true, then the
reiterating protonation/deprotonation events in the CF0CF1 complex would ensure the ATP
formation. The thermodynamic requirement for ATP synthesis is given by the relationship
∆GATP ≤ m·∆µH

+, where ∆GATP is the standard Gibbs free energy for ATP formation from
ADP and inorganic phosphate (Pi), and m = H+/ATP is the number of protons pumped
through the ATP synthase per ATP formed [4–7]. One complete turn of the ring cn yields
the formation of three ATP molecules. The stoichiometric ratio m = H+/ATP is determined
by a number n of c subunits (m = n/3) that compose the cn ring of the membrane-buried
fragment of the ATP synthase. The number of c subunits per one ATP synthase varies
between species from 8 to 17 [94–98]. The free energy ∆GATP required for ATP synthesis in
chloroplasts depends on the metabolic status of the system. In chloroplasts functioning
under physiological conditions, this value is about 50 kJ/mol (the energy equivalent of
pmf is about 530 eV [96]). The apparent H+/ATP ratio in chloroplasts (m ≈ 4.7) allows



Membranes 2023, 13, 866 11 of 22

photosynthetic organisms to produce ATP at relatively low pmf [98]. Summing up the
energies of m protons translocated through the CFo complex, and assuming that under
physiological conditions, pmf is stored mainly in the form of ∆pH, we obtain that the energy
of several protons (m = 4–5) should be enough to sustain the steady-state ATP synthesis if
∆pH = 1.8 (at pHout = 8) [34].

3.4.3. Surface Potential Measurements

In addition to measuring pHin with pH-sensitive spin probes, one can use amphiphilic
spin probes for detection of the light-induced changes in the thylakoid membrane surface
potential (∆ψs). This approach is based on the fact that charged amphiphilic molecules,
which have paramagnetic fragments (nitroxide radicals), are distributed between the lipid
moiety of the membrane and the water bulk phase [99–101]. EPR spectra of amphiphilic
nitroxide radicals are sensitive to the polarity of their local surroundings. The light-
induced changes in the membrane potential would lead to the redistribution of spin probe
molecules between the membrane moiety and the water bulk phase. Positively charged
probe molecules get involved in the lipid membrane when the membrane surface acquires
a negative charge; otherwise, negatively charged probe molecules are expelled from the
membrane. Thus, monitoring the EPR spectra of appropriate amphiphilic spin probes,
an experimenter could determine the light-induced changes in the surface potential and
calculate ∆ψs values. In bean chloroplasts, the light-induced decrease in the surface
potential ψs was estimated as ∆ψs ≈ −15 mV [101].

3.5. pH-Dependent Kinetics of Photosynthetic Electron Transport in Chloroplasts

Independently of using the spin probe techniques described above, an experimenter
can determine pHin via the so-called “kinetic” method, which relies on the study of the rates
of electron transport processes controlled by the intra-thylakoid pHin [14,15,17,90–92]. In
chloroplasts, the pH-dependent stage of electron transfer between PSII and PSI is associated
with the electron flow from the plastoquinol pool (PQH2) to oxidized reaction centers P700

+

(via the Cyt b6f complex and plastocyanin) [15–19]. Measuring the rate of electron transport
and having an appropriate calibration dependence (the rate of electron transfer vs. pHin),
an experimenter can determine pHin in different metabolic states of chloroplasts. We can
say that the electron transport chain serves as a “local pH-meter”, which measures pHin
in the intra-thylakoid domains adjoining the Cyt b6f complex. An important advantage
of this method is that it provides a noninvasive instrument for determination of pHin: an
experimenter does not need to introduce into the system special pH-indicating molecules
that might disturb the operation of the chloroplast ETC. Under experimental conditions,
when the ATP synthase does not work, this method yields a ∆pH values close to that
determined with spin probes (∆pH≈ 2.0–2.5). Under the photophosphorylation conditions,
when the leak of protons through the ATP synthase complexes occurs efficiently, the results
of pHin measurements via spin probe and “kinetic” methods may be different. The “kinetic”
method often yields less significant ∆pH values (∆pH~1.0–1.8) compared with spin probe
methods. According to [34,91,102], these ∆pH can ensure ATP synthesis from ADP and
orthophosphate Pi.

3.6. Lateral Heterogeniety of ∆pH

We can explain the inconsistence in the results of ∆pH measurements through dif-
ferent methods (spin probe techniques and kinetic data), taking into account the lateral
heterogeneity of the chloroplast lamellar system. The uneven distribution of electron
transport and ATP synthase complexes paves the way for different ∆pH values established
across the membranes of grana- and stroma-exposed thylakoids. Significant parts of the
proton pumps and proton sinks are located in different chloroplast domains: (a) most
of the protons released from H2O molecules oxidized in PSII enter the lumen of granal
thylakoids; (b) the proton leak from the stromal thylakoids occurs through the ATP syn-
thase complexes localized predominantly in stroma-exposed thylakoids. Our argument
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in favor of the uneven distribution of ∆pH was based on the comparison of the results
of ∆pH measurements via different methods. A similar notion about the heterogeneous
lateral profile of pHin was reached by Haraux, de Kouchkovsky, and collaborators, who
investigated the isotopic exchange effects (H2O/D2O substitution) on energy-coupled
processes in chloroplasts [103,104].

A sketch, illustrating the appearance of the nonuniform lateral profile of ∆pH, is shown
in Figure 5. The leakage of protons from the lumen through the ATP synthase complexes
of stroma-exposed thylakoids would cause a less significant decrease in ∆pH established
across the membranes of the stromal thylakoids compared with ∆pH established across
the membranes of granal thylakoids (Figure 5a). A hindrance to the long-range lateral
diffusion of H+ ions from the lumen of granal thylakoids to the ATP synthases would
provide the establishment of the lateral gradient of protons along the chloroplast lamellas.
If the ATP synthase complexes are inactive, a proton equilibrium between the lumens of
grana and stromal thylakoids would be established (Figure 5b). A mathematical model
described in [93] supports the notion that the restrictions to the long-range obstructed
diffusion of protons inside the lumen could influence the lateral profiles of ∆pH along
the thylakoid membranes. The model predicts the establishment of nonuniform lateral
profiles of ∆pH under the photophosphorylation conditions and significant alkalization of
the inter-thylakoid gap. Theoretical analysis of the problem suggests that the hindrance to
the long-range diffusion of protons inside the gap is due to significant alkalization of the
inter-thylakoid gap (for details, see [102] and references therein).
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Panel a in Figure 5 illustrates how the obstructed long-range diffusion of H+ ions
from the lumen of granal thylakoids to the lumen of stroma-exposed thylakoids (enriched
with the ATP synthases) hinders the establishment of the proton equilibrium between
these thylakoids under photophosphorylation conditions. In this case, ∆pH across the
membranes of stroma-exposed thylakoids is smaller than that in grana-exposed thylakoids,
without randomization of protons between the thylakoids of both kinds. A fast leakage of
protons from the lumen of stroma-exposed thylakoids through the ATP synthases would
restrict a too strong acidification of the lumen of stromal thylakoids. Due to the slowing
down of the long-range diffusion of protons inside the lumen, the lateral gradient of pH
along the chloroplast lamellas will be established.

Panel b in Figure 5 symbolizes the uniform distribution of protons inside the granal
and stromal thylakoids when the ATP synthase complexes do not work. In this case,
randomization of protons inside the thylakoids of both kinds will take place.

4. Basic Results of pmf Measurements
4.1. Direct Electrometrical Measurements

Initially, the direct electrometrical method was used for the demonstration of electro-
genic activity of different membrane proteins participating in the transmembrane charge
transfer, including bacteriorhodopsin, mitochondrial Cyt c oxidase, H+-ATPase [66], and
bacterial reaction centers (bRC) incorporated into proteoliposome membranes. Besides,
using natural closed vesicles (chromatophores) the electrogenic charge transfer due to the
functioning of the photosynthetic electron transfer chain, inorganic pyrophosphatase, and
H+-ATPase have been shown [105].

These results directly demonstrated the existence of the membrane proteins generating
the transmembrane electric potential difference. This finding strongly supported one of
the most important predictions of Peter Mitchell’s chemiosmotic theory, for which he was
awarded the Nobel Prize in Chemistry in 1978.

An electrometric technique was used later to study the kinetics of the electrogenic
events accompanying charge transfer in bRC and two photosystems, PSI and PSII, from
cyanobacteria and spinach (for details of 3D crystal structures of PSI and PSII, see [106,107]
and references therein). It has been shown that in all types of RCs, the fast electrogenic
reactions occur with a lifetime shorter than 200 ns between the chlorophyll (Chl) or bac-
teriochlorophyll (BChl) special pair dimer and quinone acceptors via monomeric (B)Chl
and (in the case of PSII and bRC) via pheophytin (bacteriopheophytin). The rise time of
the fast kinetic phase was limited by the electrical parameters of the operational amplifier
and electrodes. In the case of PSII, electrogenic reactions on the donor side included the
reduction of the (B)Chl dimer from the water soluble Cyt c or plastocyanin in the case of
PSI and bRC (characteristic time τwas in the range of 1–100 µs) and the sequential reduc-
tion from redox-active tyrosine Yz (τ~30 ns) and the water-oxidizing complex (τ~50 µs).
Electrogenesis on the acceptor side included protonation of the double-reduced secondary
quinone in bRC and PSII (τ~200 µs) and electron transfer from the quinone(s) to the 4Fe4S
clusters FX, FA, and FB (τ~200 ns) and further to ferredoxin (τ in the range of 1–100 µs).
These measurements, together with potentiometric titration of certain kinetic components,
allowed us to identify the nature of all electron donors and acceptors as well as the sequence
of charge transfer reactions. Moreover, the comparison of the relative contribution of charge
transfer reactions to the overall electrogenesis with the projection of the distance vector
between redox cofactors to the normal membrane allowed us to estimate the pattern of the
intraprotein dielectric profile in bRC, PSI, and PSII [108].

The electrometric data revealed a notable variation in the dielectric properties of PSI
in the normal direction to the membrane plane: the polarity was found to be lower in the
middle of the membrane than at its edges [108]. Figure 6 shows the profiles of polarity and
dielectric permittivity (ε) along the PSI complex. For the hydrophobic core of the complex,
a low value of ε equal to 3.5 was accepted. The pattern of dielectric permittivity obtained
by the electrometric data correlates strongly with the polarity of the PSI molecular structure.
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The microscopic polarity has a wide minimum in the middle of the membrane around
the accessory chlorophyll A0 (approximately between the chlorophyll dimer P700 and the
phylloquinone molecules A1) and gradually increases toward both edges of the complex.
In the acceptor part of the PSI, the pattern of polarity reveals a maximum between 4Fe4S
clusters FX and FA and a local minimum between FA and FB. The profile of protein polarity
is in qualitative agreement with the dielectric profile (red line in Figure 6, bottom panel)
obtained via electrometric measurements.
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Figure 6. Distribution of polarity and dielectric permittivity along PSI complex. The 3D structure
of the PSI complex was taken from [108]. Top panel shows three-dimensional (3D) structures of
cyanobacterial PSI at 2.5 angstroms resolution (PDB code: 1jb0), spinach plastocyanin, Pc (PDB code:
1ag6), and distribution of oxygen and nitrogen atoms of polar amino acid side chains (red) and
crystallographic water (blue) in relation to the redox cofactors in PSI complex. Pc structure was
produced using Accelrys DV visualizer software package (http://www.accelrys.com). Bottom panel:
distribution of the average protein polarity (blue triangles) and the effective dielectric permittivity ε
(red line) across the membrane. Open circles along the “distance” axis mark the places of cofactors
localization (see inscriptions above the protein structure). Polarity was defined as the number of
polar atoms within a 4 Å thin layer parallel to the membrane plane divided by the whole number
of atoms within this layer. Dielectric permittivity is determined from the electrometric experiments.
The 3D structure of the PSI complex and the protein 577 polarity profile are adopted from [108], with
permission.

http://www.accelrys.com
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Figure 7 shows the distribution of polarity in the 3D structure of PSII. The polarity
profile on the donor side of PS II is rather heterogeneous. There are two low-polar domains
in the generally high-polar donor side of PS II. One of them is located in the vicinity of the
Mn cluster; the others are closer to the protein–water boundary.
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Figure 7. Panel (a): Distribution of relative polarity in PSII. The 3D structure of the PSII complex
(PDB code: 2axt). The protein atoms are colored according to their local polarity: red, white, and blue
colors correspond to low, intermediate, and high values of polarity, respectively. The polarity degree
was calculated as the number of polar groups of protein side chains and hetero atoms localized
within the sphere of 7 Å radius divided by the total number of heavy atoms within the sphere. Redox
cofactors are colored yellow. Abbreviations: PQA and PQB, primary and secondary plastoquinones;
PheD1 and PheD2, pheophytin molecules associated with the protein subunits D1 and D2 of PSII;
P680, special pair of chlorophyll molecules; YZ, redox-active tyrosine; Mn4CaO5, water-oxidizing
manganese cluster. Panel (b): Polarity profile averaged for the structure shown in (a). The polarity
profile marked by black circles along the “distance” axis correlates with the 3D structure shown in
Figure 7a. Figure 7 is adapted from [109], with permission.

4.2. EPR Measurements of ∆pH in Chloroplasts

Summarizing the results on ∆pH measurements in chloroplasts based on the use of the
EPR techniques (spin probes, kinetics of pH-dependent electron transport), we conclude
that the methods described above provide adequate measurements of the intra-thylakoid
pHin established in different metabolic states of chloroplasts. The results of the ∆pH
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estimations in isolated bean chloroplasts via two different methods (the use of pH-sensitive
spin probes and the kinetic method) led us to virtually the same values of ∆pH as measured
in the state of photosynthetic control, when the ATP synthase complexes were inactive
(∆pH ≥ 2.0–2.5 at pHout ≈ 7.8–8.0). Under the photophosphorylation conditions, when
the operation of the ATP synthase accelerates the efflux of protons from the lumen, ∆pH
decreased (∆pH ≈ 1.0–1.8) due to the proton drain from the lumen to the stroma. In this
state, pHin values usually did not drop below pHin ≈ 6.0–6.2, facilitating ATP synthesis
from ADP and orthophosphate Pi [34,88,91,102].

Our studies of ∆pH generation based on the use of EPR techniques led us to a
re-examination of the problem of the lateral heterogeneity of ∆pHin in thylakoid mem-
branes [102]. Note that correct measurements of pHin in different domains of chloroplasts
are complicated by the nonuniform partitioning of the protons pumped into the lumen of
granal (stacked) and stroma-exposed thylakoids. When we compared the results of ∆pH
estimations in isolated bean chloroplasts obtained with pH-sensitive spin probes and from
the post-illumination kinetics of P700

+ reduction, we found that both methods led to virtu-
ally the same values of ∆pH, as measured in the state of photosynthetic control, when the
ATP synthase complexes were inactive. Under the photophosphorylation conditions, ∆pH
decreased due to the proton drain from the lumen to the stroma via the active ATP synthase
complexes. In this state, however, ∆pH values derived from kinetic data were smaller than
∆pH measured with the pH-probing amines [88,89]. Such a discrepancy has been explained
by the coexistence of thylakoids with different pHin established in the granal and stromal
thylakoids. This is because the kinetic method provides the “local pH-meter” technique,
which is sensitive to a less significant decrease in pHin inside the stroma-exposed thy-
lakoids enriched with the ATP synthase complexes (Figure 5a). Otherwise, pH-indicating
spin probes localized inside the thylakoids of both types give information on pHin values
averaged out at both the granal and stromal thylakoids (Figure 5b).

5. Future Directions
5.1. Fundamental Studies

The electrometrical method previously used for the study of ∆ψ generation in bRC
from purple bacteria, PSI from spinach and cyanobacteria, and PSII from spinach can
be extended for other photosynthetic samples, including RCs from green photosynthetic
bacteria, heliobacteria, and PSI/PSII complexes from cyanobacteria and algae living under
extreme conditions such as drought, high temperatures, and high light. Adaptation of
photosynthetic organisms to extreme conditions can be reflected in changes in the kinetics
and thermodynamics of electron transfer, as well as in the mutual arrangement of cofactors
and protein dielectric properties.

Recently, the effects of natural bioprotector disaccharide trehalose on the kinetics of
electron transfer in PSI, PSII, and bRC have been studied in dry trehalose matrix and in
solution (reviewed in [110]). It was shown that the desiccation in the trehalose matrix
retarded the kinetics of forward electron transfer and significantly stabilized the pigment–
protein complexes at room temperature by hindering diffusion, modifying the system
of hydrogen bonds, and fixing the proteins in optimal conformational states. However,
the effect of trehalose on the kinetics of ∆ψ generation was not studied so far. Such
experiments may shed light on the mechanisms of the protein functioning under restricted
conformational mobility and on the mechanism of trehalose’s exceptional protective effects.

Correct measurements of ∆pH in chloroplasts are complicated by the existence of
membrane-bound proton acidic groups [111–115], pH probes binding to membranes, and
osmolarity effects [116–118], as well as by the uneven partitioning of the protons pumped
into the lumen of the granal (stacked) and stroma-exposed thylakoids [102]. Such a discrep-
ancy can be explained by the coexistence of thylakoids with different pHin, established in
the lumen of the granal- and stroma-exposed thylakoids. We hope that future studies of
∆pH generation in chloroplasts will help solve the problem of lateral heterogeneity of the
proton distribution in chloroplasts. Probably, the advances in high-resolution fluorescence



Membranes 2023, 13, 866 17 of 22

confocal microscopy and the use of pH-sensitive fluorescence proteins [119–122] might
help solve the above task in future work. It is noteworthy that the uneven lateral pH profile
along the p-side of mitochondrial cristae in situ has been determined with fluorescent
pH-sensitive green fluorescent protein (GFP) attached to OXPHOS complex IV in respiring
HeLa cells [121]. The authors reported that the local pH at F0F1 dimers was 0.3 pH units
less acidic than in the vicinity of complex IV.

Another urgent task of membrane bioenergetics concerns the nature of the driving
force used for the operation of the ATP synthase. According to the orthodox Peter Mitchell’s
point of view, only delocalized proton gradients (not constrained to membrane domains)
are required for proton-driven ATP formation [1,2]. An alternative concept implies the
participation of the membrane-localized protons, because the essential portion of hydrogen
ions consumed by chloroplasts is constrained to sequestered domains within the thy-
lakoids [111–115]. This might necessitate a modification of Mitchel’s proposal concerning
the bulk-to-bulk pmf difference. We hope that future structural studies, based on the use of
high-resolution cryo-EM techniques [19,123], will help clarify this problem.

5.2. Practical Implications

The future perspectives on the practical implications of light-induced membrane
potential generation measurements lie in the further development of the electrometrical
methods and in the search for the most appropriate systems, which could provide high
voltage for long time periods at room temperature.

The photoelectrochemistry of PSII and PSI was previously studied mostly by measur-
ing the photocurrent using a three-electrode mode set up by applying an external potential
within the range of the open-circuit potential of the RC [124–127].

Recently, the stable ∆ψ generation by PSI, PSII, and bacterial chromatophores in the
presence of trehalose has been measured using the modification of the direct electrometrical
method (see [128] and references therein). This new approach was based on the use of
the nitrocellulose membrane porous filters impregnated with pigment–protein complexes
and sandwiched between two semiconductive indium tin oxide-coated transparent glass
slides. In the presence of trehalose, a stable photovoltage was observed under steady-state
illumination for about an hour at room temperature. The signal retained for approximately
24 h until the filter dried and could be mostly restored upon the addition of fresh buffer
and redox mediators after one month of storage at room temperature. The data obtained
provided a functional basis for the conversion of light energy into electricity upon prolonged
light irradiation. The immersion of PSI, PSII, and chromatophores into a nitrocellulose
membrane filter in the presence of a natural bioprotector—disaccharide trehalose—opens
a prospective strategy for preventing their aggregation and denaturation over time. This
approach can be used as a starting point for creating highly efficient and environmentally
friendly devices for the stable conversion of light energy into electrical form. The energy
role of the protons constrained to sequestered domains within the thylakoids needs future
developments of the methods described above.

6. Conclusions

The consideration of biophysical methods of ∆ψ and ∆pH measurements based on
the direct electrometry and EPR spectroscopy and the main results obtained by the study
of different photosynthetic systems demonstrate that these methods remain relevant at
present, and that they may have important fundamental and practical implications in
the future. Such fundamental studies may clarify the molecular mechanisms of ∆ψ and
∆pH generation by the photosynthetic membrane proteins and intracellular organelles of
organisms dwelling under extreme conditions of draught, high salinity, high temperature,
and intense sunlight irradiance. The future practical application lays in the fact that
the results obtained will be used for the creation of highly efficient and environmentally
friendly solar-to-electricity converters capable of long-term functioning under physiological
conditions.



Membranes 2023, 13, 866 18 of 22

The experimental approaches described in this article provide the means for numerical
determinations of both components of the protonmotive force, the electric potential, and
the transmembrane pH difference, generated in different systems (biological and model
membranes). We have illustrated these points by examples mainly borrowed from our
previous publications. The advantages of using these methods are that they allow us
to measure the ∆ψ and ∆pH values at different levels of the structural and functional
organization of the membrane systems (membrane vesicles and energy-transducing or-
ganelles). One of the reasons for the scattering of ∆pH estimates could be the structural
and functional variability of photosynthetic apparatus. The consideration of the results of
∆pH measurements based on different experimental methods (the noninvasive “kinetic”
method and the use of pH-dependent spin probes), and their comparison with theoretical
studies, allows us to make conclusions about the lateral heterogeneity of the ∆pH profile
along the thylakoid membranes.

Author Contributions: A.Y.S.: planning the work, writing the manuscript (electrometrical measure-
ments); A.N.T.: planning the work, writing the manuscript (EPR studies). All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation (Grant № 23-74-00025 to AYuS)
and by the State Scientific Program of Russian Federation Physical basis of structure, functioning
and regulation of biological processes (Faculty of Physics, Moscow State University, Registration
№ 01200408535 to ANT).

Informed Consent Statement: This article does not contain any studies with human participants or
animals performed by the authors.

Acknowledgments: We thank Yu.N. Antonenko, G.E. Milanovsky, and S.A. Siletsky for useful advice.

Conflicts of Interest: The authors declare no competing interest.

References
1. Mitchell, P. Coupling of phosphorylation to electron and hydrogen transfer by a chemi-osmotic type of mechanism. Nature 1961,

191, 144–148. [CrossRef] [PubMed]
2. Mitchell, P. Chemiosmotic coupling in oxidative and photosynthetic phosphorylation. Biol. Rev. 1966, 41, 445–502. [CrossRef]

[PubMed]
3. Gräber, P. Phosphorylation in chloroplasts: ATP synthesis driven by ∆ψ and by ∆pH of artificial or light-generated origin. Curr.

Top. Membr. Transp. 1982, 16, 215–245.
4. Hangarter, R.P.; Good, N.E. Energy thresholds for ATP synthesis in chloroplasts. Biochim. Biophys. Acta 1982, 681, 397–404.

[CrossRef]
5. Boyer, P.D. The ATP synthase—A splendid molecular machine. Annu. Rev. Biochem. 1997, 66, 717–749. [CrossRef]
6. Junge, W.; Nelson, N. ATP synthase. Annu. Rev. Biochem. 2015, 83, 631–657. [CrossRef]
7. Lai, Y.; Zhang, Y.; Zhou, S.; Xu, J.; Du, Z.; Feng, Z.; Yu, L.; Zhao, Z.; Wang, W.; Tang, Y.; et al. Structure of the human ATP synthase.

Mol. Cell 2023, 83, 2137–2147.e4. [CrossRef]
8. Edwards, G.E.; Walker, D.A. C3, C4: Mechanisms, and Cellular and Environmental Regulation of Photosynthesis; Blackwell: Oxford,

UK, 1983.
9. Blankenship, R.E. Molecular Mechanisms of Photosynthesis; Blackwell Science: Oxford, UK, 2002.
10. Ruban, A. The Photosynthetic Membrane: Molecular Mechanisms and Biophysics of Light Harvesting; Wiley-Blackwell: Oxford, UK,

2012.
11. Kramer, D.M.; Avenson, T.J.; Edwards, G.E. Dynamic flexibility in the light reactions of photosynthesis governed by both electron

and proton transfer reactions. Trends Plant. Sci. 2004, 9, 349–357. [CrossRef]
12. Skulachev, V.P.; Vyssokikh, M.Y.; Chernyak, B.V.; Mulkidjanian, A.Y.; Skulachev, M.V.; Shilovsky, G.A.; Lyamzaev, K.G.; Borisov,

V.B.; Severin, F.F.; Sadovnichii, V.A. Six functions of respiration: Isn’t it time to take control over ROS production in mitochondria,
and aging along with it? Int. J. Mol. Sci. 2023, 24, 12540. [CrossRef]

13. Eberhard, S.; Finazzi, G.; Wollman, F.A. The dynamics of photosynthesis. Annu. Rev. Genet. 2008, 42, 463–515. [CrossRef]
14. Haehnel, W. Photosynthetic electron transport in higher plants. Annu. Rev. Plant Physiol. 1984, 35, 659–693. [CrossRef]
15. Cramer, W.A.; Hasan, S.S. Structure-function of the cytochrome b6f lipoprotein complex. In cytochrome complexes: Evolution,

structures, energy transduction, and signaling. Adv. Photosynth. Respir. 2016, 41, 177–207.
16. Mulkidjanian, A.Y. Proton translocation by the cytochrome bc1 complexes of phototrophic bacteria: Introducing the activated

Q-cycle. Photochem. Photobiol. Sci. 2007, 6, 19–34. [CrossRef] [PubMed]

https://doi.org/10.1038/191144a0
https://www.ncbi.nlm.nih.gov/pubmed/13771349
https://doi.org/10.1111/j.1469-185X.1966.tb01501.x
https://www.ncbi.nlm.nih.gov/pubmed/5329743
https://doi.org/10.1016/0005-2728(82)90181-5
https://doi.org/10.1146/annurev.biochem.66.1.717
https://doi.org/10.1146/annurev-biochem-060614-034124
https://doi.org/10.1016/j.molcel.2023.04.029
https://doi.org/10.1016/j.tplants.2004.05.001
https://doi.org/10.3390/ijms241612540
https://doi.org/10.1146/annurev.genet.42.110807.091452
https://doi.org/10.1146/annurev.pp.35.060184.003303
https://doi.org/10.1039/b517522d
https://www.ncbi.nlm.nih.gov/pubmed/17200733


Membranes 2023, 13, 866 19 of 22

17. Tikhonov, A.N. pH-Dependent regulation of electron transport and ATP synthesis in chloroplasts. Photosynth. Res. 2013, 116,
511–534. [CrossRef] [PubMed]

18. Sarewicz, M.; Pintscher, S.; Pietras, R.; Borek, A.; Bujnowicz, Ł.; Hanke, G.; Cramer, W.A.; Finazzi, G.; Osyczka, A. Catalytic
reactions and energy conservation in the cytochrome bc1 and b6f complexes of energy-transducing membranes. Chem. Rev. 2021,
121, 2020–2108. [CrossRef]

19. Malone, L.A.; Proctor, M.S.; Hitchcock, A.; Hunter, C.N.; Johnson, M.P. Cytochrome b6f —Orchestrator of photosynthetic electron
transfer. Biochim. Biophis. Acta 2021, 1862, 148380. [CrossRef]

20. Li, Z.; Wakao, S.; Fischer, B.B.; Niyogi, K.K. Sensing and responding to excess light. Annu. Rev. Plant Biol. 2009, 60, 239–260.
[CrossRef]

21. Gurrieri, L.; Fermani, S.; Zaffagnini, M.; Sparla, F.; Trost, P. Calvin–Benson cycle regulation is getting complex. Trends Plant Sci.
2021, 26, 898–912. [CrossRef]

22. Pfalz, J.; Liebers, M.; Hirth, M.; Grübler, B.; Holtzegel, U.; Schröter, Y.; Dietzel, L.; Pfannschmidt, T. Environmental control of
plant nuclear gene expression by chloroplasts redox signals. Front. Plant Sci. 2012, 3, 129–137. [CrossRef]

23. Yamori, W.; Hikosaka, K.; Way, D.A. Temperature response of photosynthesis in C3, C4, and CAM plants: Temperature acclimation
and temperature adaptation. Photosynth. Res. 2014, 119, 101–117. [CrossRef]

24. Tikhonov, A.N.; Vershubskii, A.V. Temperature-dependent regulation of electron transport and ATP synthesis in chloroplasts
in vitro and in silico. Photosynth. Res. 2020, 146, 299–329. [CrossRef] [PubMed]

25. Kromdijk, J.; Glowacka, K.; Leonelli, L.; Gabilly, S.T.; Iwai, M.; Niyogi, K.K.; Long, S.P. Improving photosynthesis and crop
productivity by accelerating recovery from photoprotection. Science 2016, 354, 857–861. [CrossRef] [PubMed]

26. Armbruster, U.; Galvis, V.C.; Kunz, H.-H.; Strand, D.D. The regulation of the chloroplast proton motive force plays a key role for
photosynthesis in fluctuating light. Curr. Opin. Plant Biol. 2017, 37, 56–62. [CrossRef] [PubMed]

27. Turina, P.; Petersen, J.; Gräber, P. Thermodynamics of proton transport coupled ATP synthesis. Biochim. Biophys. Acta 2016, 1857,
653–664. [CrossRef]

28. Turina, P. Influence of transmembrane electrochemical proton gradient on catalysis and regulation of the H+-ATP synthase from
Rhodobacter capsulatus. Bioelectrochem. Bioenerg. 1994, 33, 31–43. [CrossRef]

29. Junesch, U.; Gräber, P. The rate of ATP-synthesis as a function of ∆pH and ∆ψ catalyzed by the active, reduced H+-ATPase from
chloroplasts. FEBS Lett. 1991, 294, 275–278. [CrossRef]

30. Soga, N.; Kinosita, K., Jr.; Yoshida, M.; Suzuki, T. Kinetic equivalence of transmembrane pH and electrical potential differences on
ATP synthesis. J. Biol. Chem. 2012, 287, 9633–9639. [CrossRef]

31. Cruz, J.A.; Sacksteder, C.A.; Kanazawa, A.; Kramer, D.M. Contribution of electric field (∆ψ) to steady-state transthylakoid
proton motive force (pmf ) in vivo and in vitro. Control of pmf parsing into ∆ψ and ∆pH by ionic strength. Biochemistry 2001, 40,
1226–1237. [CrossRef]

32. Kramer, D.M.; Sacksteder, C.A.; Cruz, J.A. Balancing the central roles of the thylakoid proton gradient. Trends Plant Sci. 2003, 8,
27–32. [CrossRef]

33. Johnson, M.P.; Ruban, A.V. Rethinking the existence of a steady-state ∆ψ component of the proton motive force across plant
thylakoid membranes. Photosynth. Res. 2014, 119, 233–242. [CrossRef]

34. Tikhonov, A.N.; Agafonov, R.V.; Grigor’ev, I.A.; Kirilyuk, I.A.; Ptushenko, V.V.; Trubitsin, B.V. Spin-probes designed for measuring
the intrathylakoid pH in chloroplasts. Biochim. Biophys. Acta 2008, 1777, 285–294. [CrossRef] [PubMed]

35. Barber, J. Influence of surface charges on thylakoid structure and function. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1982, 33,
261–295. [CrossRef]

36. Nickolls, D.G.; Ferguson, S.J. Bioenergetics 3; Academic Press, Inc.: New York, NY, USA, 2002.
37. Skulachev, V.P.; Bogachev, A.V.; Kasparinsky, F.O. Principles of Bioenergetics; Springer: Berlin/Heidelberg, Germany, 2012.
38. van Meer, G.; Voelker, D.R.; Feigenson, G.W. Membrane lipids: Where they are and how they behave. Nat. Rev. Mol. Cell Biol.

2008, 9, 112–124. [CrossRef] [PubMed]
39. Horvath, S.E.; Daum, G. Lipids of mitochondria. Prog. Lipid Res. 2013, 52, 590–614. [CrossRef]
40. Osman, C.; Voelker, D.R.; Langer, T. Making heads or tails of phospholipids in mitochondria. J. Cell Biol. 2011, 192, 7–16.

[CrossRef]
41. Mejia, E.M.; Hatch, G.M. Mitochondrial phospholipids: Role in mitochondrial function. J. Bioenerg. Biomembr. 2016, 48, 99–112.

[CrossRef]
42. Mårtensson, C.U.; Doan, K.N.; Becker, T. Effects of lipids on mitochondrial functions. Biochim. Biopys. Acta 2017, 1862, 102–113.

[CrossRef]
43. Wada, H.; Murata, N. Lipids in thylakoid membranes and photosynthetic cells. In Lipids in Photosynthesis: Essentials and Regulatory

Functions; Springer: Berlin/Heidelberg, Germany, 2009; pp. 1–9.
44. Zhou, Y.; vom Dorp, K.; Dörmann, P.; Hölz, G. Chloroplast Lipids. In Chloroplasts. Current Research and Future Trends; Kirchhoff,

H., Ed.; Caister Academic Press: Poole, UK, 2016; pp. 1–24.
45. Wada, H.; Murata, N. The essential role phosphatidylglycerol in photosynthesis. Photosynth. Res. 2007, 92, 205–215. [CrossRef]
46. de Gier, J. Permeability barriers formed by membrane lipids. Bioelectrochem. Bioenerg. 1992, 27, 1–10. [CrossRef]
47. Fuks, B.; Homble, F. Permeability and electrical properties of planar lipid membranes from thylakoid lipids. Biophys. J. 1994, 66,

1404–1414. [CrossRef]

https://doi.org/10.1007/s11120-013-9845-y
https://www.ncbi.nlm.nih.gov/pubmed/23695653
https://doi.org/10.1021/acs.chemrev.0c00712
https://doi.org/10.1016/j.bbabio.2021.148380
https://doi.org/10.1146/annurev.arplant.58.032806.103844
https://doi.org/10.1016/j.tplants.2021.03.008
https://doi.org/10.3389/fpls.2012.00257
https://doi.org/10.1007/s11120-013-9874-6
https://doi.org/10.1007/s11120-020-00777-0
https://www.ncbi.nlm.nih.gov/pubmed/32780309
https://doi.org/10.1126/science.aai8878
https://www.ncbi.nlm.nih.gov/pubmed/27856901
https://doi.org/10.1016/j.pbi.2017.03.012
https://www.ncbi.nlm.nih.gov/pubmed/28426975
https://doi.org/10.1016/j.bbabio.2016.02.019
https://doi.org/10.1016/0302-4598(94)87030-6
https://doi.org/10.1016/0014-5793(91)81447-G
https://doi.org/10.1074/jbc.M111.335356
https://doi.org/10.1021/bi0018741
https://doi.org/10.1016/S1360-1385(02)00010-9
https://doi.org/10.1007/s11120-013-9817-2
https://doi.org/10.1016/j.bbabio.2007.12.002
https://www.ncbi.nlm.nih.gov/pubmed/18226594
https://doi.org/10.1146/annurev.pp.33.060182.001401
https://doi.org/10.1038/nrm2330
https://www.ncbi.nlm.nih.gov/pubmed/18216768
https://doi.org/10.1016/j.plipres.2013.07.002
https://doi.org/10.1083/jcb.201006159
https://doi.org/10.1007/s10863-015-9601-4
https://doi.org/10.1016/j.bbalip.2016.06.015
https://doi.org/10.1007/s11120-007-9203-z
https://doi.org/10.1016/0302-4598(92)85001-V
https://doi.org/10.1016/S0006-3495(94)80931-2


Membranes 2023, 13, 866 20 of 22

48. Hauser, H.; Oldani, D.; Phillips, M.C. Mechanism of ion escape from phosphatidylcholine and phosphatidylserine single bilayer
vesicles. Biochemistry 1973, 12, 4507–4517. [CrossRef] [PubMed]

49. Deamer, D.W. Proton permeation of lipid bilayers. J. Bioenerg. Biomembr. 1987, 19, 457–479. [CrossRef] [PubMed]
50. Gutknecht, J. Proton/hydroxide conductance and permeability through phospholipid bilayer membranes. Proc. Natl. Acad. Sci.

USA 1987, 84, 6443–6446. [CrossRef]
51. Marrink, S.J.; Jahnig, F.; Berendsen, H.J. Proton transport across transient single file water pores in a lipid membrane studied by

molecular dynamics simulations. Biophys. J. 1996, 71, 632–647. [CrossRef] [PubMed]
52. Mulkidjanian, A.Y.; Heberle, J.; Cherepanov, D.A. Protons @ interfaces: Implications for biological energy conversion. Biochim.

Biophys. Acta 2006, 1757, 913–930. [CrossRef] [PubMed]
53. Mulkidjanian, A.Y. Proton in the well and through the desolvation barrier. Biochem. Biophys. Acta 2006, 1757, 415–427. [CrossRef]
54. Springer, A.; Hagen, V.; Cherepanov, D.A.; Antonenko, Y.N.; Pohl, P. Protons migrate along interfacial water without significant

contributions from jumps between ionizable groups on the membrane surface. Proc. Natl. Acad. Sci. USA 2011, 108, 14461–14466.
[CrossRef]

55. Bozdaganyan, M.E.; Lokhmatikov, A.V.; Voskoboynikova, N.; Cherepanov, D.A.; Steinhoff, H.-J.; Shaitan, K.V.; Mulkidjanian, A.Y.
Proton leakage across lipid bilayers: Oxygen atoms of phospholipid ester linkers align water molecules into transmembrane
water wires. Biochim. Biophys. Acta 2019, 1860, 439–451. [CrossRef]

56. Hasan, S.S.; Yamashita, E.; Baniulis, D.; Cramer, W.A. Quinone-dependent proton transfer pathways in the photosynthetic
cytochrome b6f complex. Proc. Natl. Acad. Sci. USA 2013, 110, 4297–4302. [CrossRef]

57. Herdean, A.; Teardo, E.; Nilsson, A.K.; Pfeil, B.E.; Johansson, O.N.; Unnep, R.; Nagy, G.; Zsiros, O.; Dana, S.; Solymosi, K.; et al. A
voltage-dependent chloride channel fine-tunes photosynthesis in plants. Nat. Commun. 2016, 7, 11654. [CrossRef]

58. Armbruster, U.; Carrillo, L.R.; Venema, K.; Pavlovic, L.; Schmidtmann, E.; Kornfeld, A.; Jahns, P.; Berry, J.A.; Kramer, D.M.;
Jonikas, M.C. Ion antiport accelerates photosynthetic acclimation in fluctuating light environments. Nat. Commun. 2014, 5, 5439.
[CrossRef] [PubMed]

59. Kunz, H.H.; Gierth, M.; Herdean, A.; Satoh-Cruz, M.; Kramer, D.M.; Spetea, C.; Schroeder, J.I. Plastidial transporters KEA1, -2,
and -3 are essential for chloroplast osmoregulation, integrity, and pH regulation in Arabidopsis. Proc. Natl. Acad. Sci. USA 2014,
111, 7480–7485. [CrossRef] [PubMed]

60. Suorsa, M.; Jarvi, S.; Grieco, M.; Nurmi, M.; Pietrzykowska, M.; Rantala, M.; Kangasjarvi, S.; Paakkarinen, V.; Tikkanen, M.;
Jansson, S.; et al. PROTON GRADIENT REGULATION5 is essential for proper acclimation of Arabidopsis photosystem I to
naturally and artificially fluctuating light conditions. Plant Cell 2012, 24, 2934–2948. [CrossRef]

61. Suorsa, M.; Grieco, M.; Jarvi, S.; Gollan, P.J.; Kangasjarvi, S.; Tikkanen, M.; Aro, E.M. PGR5 ensures photosynthetic control to
safeguard photosystem I under fluctuating light conditions. Plant Signal. Behav. 2013, 8, e22741. [CrossRef]

62. Davis, G.A.; Kanazawa, A.; Schottler, M.A.; Kohzuma, K.; Froehlich, J.E.; Rutherford, A.W.; Satoh-Cruz, M.; Minhas, D.; Tietz, S.;
Dhingra, A.; et al. Limitations to photosynthesis by proton motive force-induced photosystem II photodamage. eLife 2016, 5,
e16921. [CrossRef]

63. Peschek, G.A. Respiratory electron transport. In The Cyanobacteria; Fay, P., Van Baalen, C., Eds.; Elsevier: Amsterdam, The
Netherlands, 1987; pp. 119–161.

64. Schmetterer, G. Cyanobacterial respiration. In The Molecular Biology of Cyanobacteria; Bryant, D.A., Ed.; Kluwer: Dordrecht, The
Netherlands, 1994; pp. 409–435.

65. Kobayashi, K.; Endo, K.; Wada, H. Roles of lipids in photosynthesis. In Lipids in Plant and Algae Development. Subcellular
Biochemistry; Nakamura, Y., Li-Beisson, Y., Eds.; Springer: Berlin/Heidelberg, Germany, 2016; Volume 86, pp. 21–49.

66. Grinius, L.L.; Jasaitis, A.A.; Kadziauskas, P.; Liberman, E.A.; Skulachev, V.P.; Topali, V.P.; Tsofina, L.M.; Vladimirova, M.A.
Conversion of biomembrane-produced energy into electric form. I. Submitochondrial particles. Biochim. Biophys. Acta 1970, 216,
1–12. [CrossRef]

67. Isaev, P.I.; Liberman, E.A.; Samuilov, V.D.; Skulachev, V.P.; Tsofina, L.M. Conversion of biomembrane-produced energy into
electric form. III. Chromatophores of Rhodospirillum rubrum. Biochim. Biophys. Acta 1970, 216, 22–29. [CrossRef]

68. Kayushin, L.P.; Skulachev, V.P. Bacteriorhodopsin as an electrogenic proton pump: Reconstitution of bacteriorhodopsin proteoli-
posomes generating ∆ψ and ∆pH. FEBS Lett. 1974, 39, 39–42. [CrossRef]

69. Drachev, L.A.; Kaulen, A.D.; Semenov, A.; Severina, I.I.; Skulachev, V.P. Lipid-impregnated filters as a tool for studying the electric
current-generating proteins. Analyt. Biochem. 1979, 96, 250–262. [CrossRef]

70. Junge, W.; Witt, H.T. On the ion transport system of photosynthesis. Investigations on a molecular level. Z. Naturforsch. 1968, 23,
244–246. [CrossRef]

71. Jackson, J.B.; Crofts, A.R. The high energy state in chromatophores from Rhodopseudomonas sphaeroides. FEBS Lett. 1969, 4, 185–189.
[CrossRef] [PubMed]

72. Joliot, P.; Joliot, A. Electron transfer between the two photosystems. I. Flash excitation under oxidizing conditions. Biochim.
Biophys. Acta 1984, 765, 210–218. [CrossRef]

73. Kurashov, V.; Gorka, M.; Milanovsky, G.E.; Johnson, W.; Cherepanov, D.A.; Semenov, A.; Golbeck, J.H. Critical evaluation of
electron transfer kinetics in P700–FA/FB, P700–FX, and P700–A1 Photosystem I core complexes in liquid and in trehalose glass.
Biochim. Biophys. Acta 2018, 1859, 1288–1301. [CrossRef] [PubMed]

https://doi.org/10.1021/bi00746a032
https://www.ncbi.nlm.nih.gov/pubmed/4796045
https://doi.org/10.1007/BF00770030
https://www.ncbi.nlm.nih.gov/pubmed/2447068
https://doi.org/10.1073/pnas.84.18.6443
https://doi.org/10.1016/S0006-3495(96)79264-0
https://www.ncbi.nlm.nih.gov/pubmed/8842203
https://doi.org/10.1016/j.bbabio.2006.02.015
https://www.ncbi.nlm.nih.gov/pubmed/16624250
https://doi.org/10.1016/j.bbabio.2006.04.023
https://doi.org/10.1073/pnas.1107476108
https://doi.org/10.1016/j.bbabio.2019.03.001
https://doi.org/10.1073/pnas.1222248110
https://doi.org/10.1038/ncomms11654
https://doi.org/10.1038/ncomms6439
https://www.ncbi.nlm.nih.gov/pubmed/25451040
https://doi.org/10.1073/pnas.1323899111
https://www.ncbi.nlm.nih.gov/pubmed/24794527
https://doi.org/10.1105/tpc.112.097162
https://doi.org/10.4161/psb.22741
https://doi.org/10.7554/eLife.16921
https://doi.org/10.1016/0005-2728(70)90153-2
https://doi.org/10.1016/0005-2728(70)90155-6
https://doi.org/10.1016/0014-5793(74)80011-6
https://doi.org/10.1016/0003-2697(79)90580-3
https://doi.org/10.1515/znb-1968-0222
https://doi.org/10.1016/0014-5793(69)80230-9
https://www.ncbi.nlm.nih.gov/pubmed/11947178
https://doi.org/10.1016/0005-2728(84)90015-X
https://doi.org/10.1016/j.bbabio.2018.09.367
https://www.ncbi.nlm.nih.gov/pubmed/30463673


Membranes 2023, 13, 866 21 of 22

74. Drachev, L.A.; Jasaitis, A.A.; Kaulen, A.D.; Kondrashin, A.A.; Liberman, E.A.; Nemecek, I.B.; Ostroumov, S.A.; Semenov, A.Y.;
Skulachev, V.P. Direct measurement of electric current generation by cytochrome oxidase, H+-ATPase and bacteriorhodopsin.
Nature 1974, 249, 321–324. [CrossRef]

75. Drachev, L.A.; Frolov, V.N.; Kaulen, A.D.; Liberman, E.A.; Ostroumov, S.A.; Plakunova, V.G.; Semenov, A.; Skulachev, V.P.
Reconstitution of biological molecular generators of electric current. Bacteriorhodopsin. J. Biol. Chem. 1976, 251, 7059–7065.
[CrossRef]

76. Drachev, L.A.; Kaulen, A.D.; Khitrina, L.V.; Skulachev, V.P. Fast stages of photoelectric processes in biological membranes. I.
Bacteriorhodopsin. Eur. J. Biochem. 1981, 117, 461–470. [CrossRef]

77. Kramer, D.M.; Sacksteder, C.A.; Cruz, J.A. How acidic is the lumen? Photosynth. Res. 1999, 60, 151–163. [CrossRef]
78. Junge, W.; Ausländer, W.; McGeer, A.J.; Runge, T. The buffering capacity of the internal phase of thylakoids and the magnitude of

the pH changes inside under flashing light. Biochim. Biophys. Acta 1979, 546, 121–141. [CrossRef]
79. Junge, W. Electrogenic reactions and proton pumping in green plant photosynthesis. Curr. Top. Membr. Transp. 1982, 16, 431–463.
80. Grzesiek, S.; Dencher, N.A. The ‘pH’-probe 9-aminoacridine: Response time, binding behaviour and dimerization at the

membrane. Biochim. Biophys. Acta 1988, 938, 411–424. [CrossRef]
81. Lolkema, J.S.; Hellingwerf, K.J.; Konings, W.N. The effect of ‘probe binding’ on the quantitative determination of the proton-motive

force in bacteria. Biochim. Biophys. Acta 1982, 681, 85–94. [CrossRef]
82. Azzone, G.F.; Piewboron, D.; Zoratti, M. Determination of the proton electrochemical gradient across biological membranes. Curr.

Top. Bioenerg. 1984, 13, 1–77.
83. Rottenberg, H.; Grünwald, T.; Avron, M. Determination of ∆pH in chloroplasts: I. Distribution of (14C) methylamine. Eur. J.

Biochem. 1972, 25, 54–63. [CrossRef] [PubMed]
84. Schuldiner, S.; Rottenberg, H.; Avron, M. Determination of ∆pH in chloroplasts: II. Fluorescent amines as a probe for the

determination of ∆pH in chloroplasts. Eur. J. Biochem. 1972, 25, 64–70. [CrossRef] [PubMed]
85. Rottenberg, H.; Grünwald, T. Determination of ∆pH in chloroplasts: III. Ammonium uptake as a measure of pH in chloroplasts

and subchloroplast particles. Eur. J. Biochem. 1972, 25, 71–74. [CrossRef]
86. Cafiso, D.S.; Hubbel, W.L. Estimation of transmembrane pH gradients from phase equilibria of spin-labeled amines. Biochemistry

1978, 17, 3871–3877. [CrossRef]
87. Quintanilha, A.T.; Mehlhorn, R.J. pH gradient across thylakoid membranes measured with a spin labeled amine. FEBS Lett. 1978,

91, 104–108. [CrossRef]
88. Tikhonov, A.N. Photosynthetic electron and proton transport in chloroplasts: EPR study of ∆pH generation, an Overview. Cell

Biochem. Biophys. 2017, 75, 421–432. [CrossRef]
89. Trubitsin, B.V.; Tikhonov, A.N. Determination of a transmembrane pH difference in chloroplasts with a spin label Tempamine. J.

Magn. Reson. 2003, 163, 257–269. [CrossRef]
90. Rumberg, B.; Siggel, U. pH changes in the inner phase of the thylakoids during photosynthesis. Naturwissenschaften 1969, 56,

130–132. [CrossRef]
91. Tikhonov, A.N.; Khomutov, G.B.; Ruuge, E.K.; Blumenfeld, L.A. Electron transport control in chloroplasts. Effects of photosyn-

thetic control monitored by the intrathylakoid pH. Biochem. Biophys. Acta 1981, 637, 321–333. [CrossRef]
92. Tikhonov, A.N.; Khomutov, G.B.; Ruuge, E.K. Electron transport control in chloroplasts. Effects of magnesium ions on the electron

flow between two photosystems. Photobiochem. Photobiophys. 1984, 8, 261–269.
93. Khramtsov, V.V.; Volodarsky, L.B. Use of imidazoline nitroxides in studies of chemical reactions: ESR measurement of concentra-

tion and reactivity of protons, thiols and nitric oxide. In Biological Magnetic Resonance; Berliner, L.J., Ed.; Plenum Press: London,
UK, 1998; Volume 4, pp. 109–180.

94. Pogoryelov, D.; Reichen, C.; Klyszejko, A.L.; Brunisholz, R.; Muller, D.J.; Dimroth, P.; Meier, T. The oligomeric state of c rings from
cyanobacterial F-ATP synthases varies from 13 to 15. J. Bacteriol. 2007, 189, 5895–5902. [CrossRef] [PubMed]

95. Pogoryelov, D.; Klyszejko, A.L.; Krasnoselska, G.O.; Heller, E.M.; Leone, V.; Langer, J.D.; Vonck, J.; Müller, D.J.; Faraldo-Gómez,
J.D.; Meier, T. Engineering rotor ring stoichiometries in the ATP synthase. Proc. Natl. Acad. Sci. USA 2012, 109, E1599–E1608.
[CrossRef]

96. Silverstein, T.P. An exploration of how the thermodynamic efficiency of bioenergetic membrane systems varies with c-subunit
stoichiometry of F1F0 ATP synthases. J. Bioenerg. Biomembr. 2014, 46, 229–241. [CrossRef]

97. Hahn, A.; Vonck, J.; Mills, D.J.; Meier, T.; Kühlbrandt, W. Structure, mechanism, and regulation of the chloroplast ATP synthase.
Science 2018, 360, eaat4318. [CrossRef]

98. Davis, G.A.; Kramer, D.M. Optimization of ATP synthase c–rings for oxygenic photosynthesis. Front. Plant Sci. 2020, 10, 1778.
[CrossRef]

99. Castle, J.D.; Hubbell, W.L. Estimation of membrane surface potential and charge density from the phase equilibrium of a
paramagnetic amphiphile. Biochemistry 1976, 15, 4818–4831. [CrossRef]

100. Cafiso, S.; Hubbell, W.L. EPR determination of membrane potentials. Annu. Rev. Biophys. Bioeng. 1981, 10, 217–244. [CrossRef]
101. Khomutov, G.B.; Gilmiarova, S.G. A surface potential of the thylakoid membrane and energy transduction processes in chloro-

plasts. II. A surface potential and buffer properties chloroplast membranes. Biol. Membr. 1989, 6, 705–719.
102. Vershubskii, A.V.; Trubitsin, B.V.; Priklonskii, V.I.; Tikhonov, A.N. Lateral heterogeneity of the proton potential along the thylakoid

membranes of chloroplasts. Biochim. Biophys. Acta 2017, 1859, 388–401. [CrossRef] [PubMed]

https://doi.org/10.1038/249321a0
https://doi.org/10.1016/S0021-9258(17)32940-X
https://doi.org/10.1111/j.1432-1033.1981.tb06361.x
https://doi.org/10.1023/A:1006212014787
https://doi.org/10.1016/0005-2728(79)90175-0
https://doi.org/10.1016/0005-2736(88)90139-3
https://doi.org/10.1016/0005-2728(82)90281-X
https://doi.org/10.1111/j.1432-1033.1972.tb01666.x
https://www.ncbi.nlm.nih.gov/pubmed/5023580
https://doi.org/10.1111/j.1432-1033.1972.tb01667.x
https://www.ncbi.nlm.nih.gov/pubmed/5023581
https://doi.org/10.1111/j.1432-1033.1972.tb01668.x
https://doi.org/10.1021/bi00611a030
https://doi.org/10.1016/0014-5793(78)80027-1
https://doi.org/10.1007/s12013-017-0797-2
https://doi.org/10.1016/S1090-7807(03)00110-1
https://doi.org/10.1007/BF00601025
https://doi.org/10.1016/0005-2728(81)90171-7
https://doi.org/10.1128/JB.00581-07
https://www.ncbi.nlm.nih.gov/pubmed/17545285
https://doi.org/10.1073/pnas.1120027109
https://doi.org/10.1007/s10863-014-9547-y
https://doi.org/10.1126/science.aat4318
https://doi.org/10.3389/fpls.2019.01778
https://doi.org/10.1021/bi00667a011
https://doi.org/10.1146/annurev.bb.10.060181.001245
https://doi.org/10.1016/j.bbamem.2016.11.016
https://www.ncbi.nlm.nih.gov/pubmed/27916634


Membranes 2023, 13, 866 22 of 22

103. Haraux, F. Localized or delocalizes protons and ATP synthesis in biomembranes. Physiol. Vég. 1985, 23, 397–410.
104. Sigalat, C.; de Kouchkovsky, Y.; Haraux, F.; de Kouchkovsky, F. Shift from localized to delocalized energy coupling in thylakoids

by permeant amines. Biochim. Biophys. Acta 1988, 934, 375–388. [CrossRef]
105. Drachev, L.A.; Frolov, V.N.; Kaulen, A.D.; Kondrashin, A.A.; Samuilov, V.D.; Semenov, A.Y.; Skulachev, V.P. Generation of

electric current by chromatophores of Rhodospirillum rubrum and reconstitution of electrogenic function in subchromatophore
pigment–protein complexes. Biochim. Biophys. Acta 1976, 440, 637–660. [CrossRef] [PubMed]

106. Jordan, P.; Fromme, P.; Witt, H.T.; Klukas, O.; Saenger, W.; Krauss, N. Three-dimensional structure of cyanobacterial photosystem
I at 2.5 angstroms resolution. Nature 2001, 411, 909–917. [CrossRef]

107. Loll, B.; Kern, J.; Saenger, W.; Zouni, A.; Biesiadka, J. Towards complete cofactor arrangement in the 3.0 Å resolution structure of
photosystem II. Nature 2005, 438, 1040–1044. [CrossRef]

108. Semenov, A.; Cherepanov, D.A.; Mamedov, M.D. Electrogenic reactions and dielectric properties of photosystem II. Photosynth.
Res. 2008, 98, 121–130. [CrossRef]

109. Ptushenko, V.V.; Cherepanov, D.A.; Krishtalik, L.I.; Semenov, A. Semi-continuum electrostatic calculations of redox potentials in
photosystem I. Photosynth. Res. 2008, 97, 55–74. [CrossRef]

110. Gorka, M.; Cherepanov, D.A.; Semenov, A.; Golbeck, J.H. Control of Electron Transfer by Protein Dynamics in Photosynthetic
Reaction Centers. Crit. Rev. Biochem. Mol. Biol. 2020, 55, 425–468. [CrossRef]

111. Kell, D.B. Localized protonic coupling: Overview and critical evaluation of techniques. Methods Enzymol. 1986, 127, 538–557.
112. Dilley, R.A.; Theg, S.M.; Beard, W.A. Membrane–proton interactions in chloroplast bioenergetics: Localized proton domains.

Annu. Rev. Plant Physiol. 1987, 37, 348–389.
113. Ewy, R.G.; Dilley, R.A. Distinguishing between luminal and localized proton buffering pools in thylakoid membranes. Plant

Physiol. 2000, 122, 583–595. [CrossRef] [PubMed]
114. Dilley, R.A. On why thylakoids energize ATP formation using either delocalized or localized proton gradients—A Ca2+ mediated

role in thylakoid stress responses. Photosynth. Res. 2004, 80, 245–263. [CrossRef] [PubMed]
115. Wolf, S.; Freier, E.; Gerwert, K. A delocalized proton-binding site within a membrane protein. Biophys. J. 2014, 107, 174–184.

[CrossRef] [PubMed]
116. Haraux, F.; de Kouchkovsky, Y. Measurement of chloroplast internal protons with 9-AA. Probe binding, dark proton gradient,

and salt effects. Biochim. Biophys. Acta 1980, 592, 158–168.
117. Hong, Y.Q.; Junge, W. Localized or delocalized protons in photophosphorylation? On the accessibility of the thylakoid lumen for

ions and buffers. Biochim. Biophys. Acta 1983, 722, 197–208. [CrossRef]
118. Hope, A.B.; Matthews, D.B. Adsorption of amines to thylakoid surfaces and estimation of ∆pH. Aust. J. Plant Physiol. 1985, 12,

9–19. [CrossRef]
119. Chudakov, D.M.; Matz, M.V.; Lukyanov, S.; Lukyanov, K.A. Fluorescent proteins and their applications in imaging living cells

and tissues. Physiol. Rev. 2010, 90, 1103–1163. [CrossRef]
120. Rodriguez, E.A.; Campbell, R.E.; Lin, J.Y.; Lin, M.Z.; Miyawaki, A.; Palmer, A.E.; Shu, X.; Zhang, J.; Tsien, R.Y. The Growing and

Glowing Toolbox of Fluorescent and Photoactive Proteins. Trends Biochem. Sci. 2017, 42, 111–129. [CrossRef]
121. Rieger, B.; Junge, W.; Busch, K.B. Lateral pH gradient between OXPHOS complex IV and F0F1 ATP-synthase in folded mitochon-

drial membranes. Nature Commun. 2014, 5, 3103. [CrossRef]
122. Toth, A.; Meyrat, A.; Stoldt, S.; Santiago, R.; Wenzel, D.; Jakobs, S.; von Ballmoos, C.; Ott, M. Kinetic coupling of the respiratory

chain with ATP synthase, but not proton gradients, drives ATP production in cristae membranes. Proc. Natl. Acad. Sci. USA 2020,
117, 2412–2421. [CrossRef] [PubMed]

123. Sarewicz, M.; Szwalec, M.; Pintscher, S.; Indyka, P.; Rawski, M.; Pietras, R.; Mielecki, B.; Koziej, Ł.; Jaciuk, M.; Glatt, S.; et al.
High-resolution cryo-EM structures of plant cytochrome b6f at work. Sci. Adv. 2023, 9, eadd9688. [CrossRef] [PubMed]

124. Zhang, J.Z.; Reisner, E. Advancing photosystem II photoelectrochemistry for semi-artificial photosynthesis. Nat. Rev. Chem. 2020,
4, 6–21. [CrossRef]
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