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Abstract Photosynthetic reaction center (RC) is the minimal
nanoscopic photoconverter in the photosynthetic membrane
that catalyzes the conversion of solar light to energy readily
usable for the metabolism of the living organisms. After
electronic excitation the energy of light is converted into
chemical potential by the generation of a charge separated
state accompanied by intraprotein and ultimately transmem-
brane proton movements. We designed a system which fulfills
the minimum structural and functional requirements to inves-
tigate the physico/chemical conditions of the processes: RCs

F. Milano + M. Trotta (D<)

Institute for Physical and Chemical Processes (IPCF),
Bari division, Italian National Research Council (CNR),
Via Orabona 4,

70126 Bari, Italy

e-mail: m.trotta@ba.ipcf.cnr.it

M. Dorogi - B. Fischer *+ P. Mar6ti * L. Nagy

Institute of Medical Physics and Informatics, University of Szeged,
Rerrich B. tér 1,

6720 Szeged, Hungary

L. Giotta

Department of Material Sciences, University of Salento,
Strada per Monteroni,

73100 Lecce, Italy

A. Agostiano

Department of Chemistry, University of Bari,
Via Orabona 4,

70126 Bari, Italy

L. Kélman
Department of Physics, Concordia University,
Montreal, QC, Canada

were reconstituted in closed lipid vesicles made of selected
lipids entrapping a pH sensitive indicator, and electron donors
(cytochrome ¢, and K4[Fe(CN)4]) and acceptors (decylubi-
quinone) were added to sustain the photocycle. Thanks to the
low proton permeability of our preparations, we could show
the formation of a transmembrane proton gradient under illu-
mination and low buffering conditions directly by measuring
proton-related signals simultaneously inside and outside the
vesicles. The effect of selected ionophores such as gramicidin,
nigericin and valinomycin was used to gain more information
on the transmembrane proton gradient driven by the RC
photochemistry.
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Abbreviations

RC Reaction center

POPC  1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine

PE 1,2-Diacyl-sn-glycero-3-phosphoethanolamine

PG 1,2-Diacyl-sn-glycero-3-phosphoglycerol

PI 1,2-Diacyl-sn-glycero-3-phosphoinositol

DMPC 1,2-Dimyristoyl-sn-glycero-3-phosphocholine

DPPC  1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
CL Cardiolipin

gly-gly Glycylglycine

Ch Cholate

LDAO N,N-dimethyldodecylamine-N-oxide

oG Octyl glucoside
pmf Proton motive force
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Introduction

The conversion of light into chemical potential by photo-
synthesis is one of the basic processes in nature and it was
subjected to intensive research, specially, in the last decades.
By now, thanks to the extensive efforts of research we have
quite solid knowledge about the very first steps of these
processes, which take place in the reaction center (RC)
protein. Much less is known, however, about the structure
and function of this protein in the membrane in vivo and
specially, how the light induced redox reactions are coupled
to proton translocation processes and, as a consequence,
about the energization of the membrane.

The photosynthetic reaction center of purple bacteria
undergoes a photocycle resulting in the double reduction
and double protonation of the loosely bound lipophilic
electron carrier ubiquinone-10 (UQ) upon light absorption
and in the presence of the exogenous electron donor cyto-
chrome ¢,?" (cyt®") which is oxidized to cyt®". The light-
generated ubiquinol (UQH,) leaves the RC and reaches a
second redox enzyme, the ubiquinol:cytochrome ¢ oxidore-
ductase, which catalyzes the reverse reaction, namely the
reduction of cyt’" to cyt’” by UQH, that is oxidized and
releases the protons taken up from the cytoplasm into the
periplasm, generating the transmembrane proton-gradient
required for the metabolic activities of the cell. For reviews
see e.g. (Sebban et al. 1995; Allen and Williams 1998;
Okamura et al. 2000; Paddock et al. 2003; Wraight 2004).
The pH difference built up by the electron transport across the
energy converting membranes plays a central physiological
role and has been investigated in the literature intensively. a)
The proton motive force (pmf), which is created by the trans-
membrane proton gradient serves the free energy source for
the metabolic processes of the living cells (Blankenship et al.
1995). b) Pmf gives rise to a thermodynamic back-pressure to
the light initiated electron transport, that inhibits the charge
stabilization in the RC protein (van Rotterdam et al. 2001). ¢)
The different pH on the opposite sites of the membrane has
differential regulatory effects on the reaction kinetics of the
overall electron transport around the transmembrane protein
(Faxen and Brzezinski 2007).

Numerous papers in literature deal with photosynthetic sys-
tems reconstituted into lipid vesicles in order to study the pmf
generation and its effect on the energization of the membrane
using different approaches: Light harvesting complex (LHC) of
the photosystem II (PSII) (Wardak et al. 2000), photosystem I
(PS I) and ATP-synthesizing complexes (Hauska et al. 1980),
RCs of purple bacteria with light harvesting (LHC) complexes
(Molenaar et al. 1988) and very recently PS I (Yang et al. 2005)
and PS II (Petrova et al. 2011) were also reconstituted into lipid
vesicles and their functions were studied.

The redox cycle around the RCs of purple bacteria, which
is usually visualized in the literature by the separation of the
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cytochrome turnover on the donor (outer, periplasmic)
side of the membrane and by the quinone cycle on the
acceptor (internal, cytoplasmic) side of the membrane
(see e.g. (Shinkarev and Wraight 1993)) is a very com-
plex redox and acid/base reaction (Osvath and Maroti
1997; Milano et al. 2007) which is far from complete
understanding. The contribution of redox partners,
namely the UQ/UQH,//cyt**/cyt>" couple to the acid/
base change of the RC/vesicular system was demonstrated
also by Hellingwerf (Hellingwerf 1987). This author
showed the acidification of the outer medium of the recon-
stituted system mediated by UQ/UQH, across the bilayer
membrane at very high pH (with the optimum around 9.5).

When isolated RCs are illuminated in the presence of an
exogenous electron donor (e.g. cyt’" or ferrocene) and a
quinone pool, an alkalization of the medium is measured if
the buffering capacity of the solution is kept low. The increase
of the pH accompanying the photocycle can easily be fol-
lowed by the fluorescence of a pH sensitive dye, pyranine, as
demonstrated in Triton X-100 micelles (Agostiano et al.
2004). Being a highly charged molecule, pyranine is very
suitable for investigating pH changes in liposomal systems
(Kano and Fendler 1978; Holoubek et al. 2007; Wiedenmann
et al. 2008). It has been used successfully to follow the proton
uptake/release in various systems, associated with the
function of membrane bound proteins like FoF;-ATPase
during continuous ATP biosynthesis in lipid coated glu-
cose oxidase (GOD) microcapsules (Duan et al. 2009)
as well as during photoinduced quinone reduction cata-
lyzed by the RC (Agostiano et al. 2004).

To model the structure and function of biological mem-
brane, different types of phospholipids (e.g. 1,2-Dimyristoyl-
sn-glycero-3-phosphocholine (DMPC), 1,2-Dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), 1-Palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), soybean or egg yolk lec-
ithin) were used because phospholipids are major components
of the biological membranes (ranging from 25 % to 55 %
depending on the types of the membrane) and the structures of
the artificial membranes prepared by using these lipids resem-
ble that of the in vivo membrane from many points of view
(Lande et al. 1995; Krishnamoorthy and Krishnamoorthy
2001; Brzustowicz et al. 2002; Trotta et al. 2002; Barlic et
al. 2004; de Almeida et al. 2005; Gensure et al. 2006; Filizola
etal. 2006; Pandit et al. 2007). Besides the zwitterionic POPC,
other phospholipids such as 1,2-diacyl-sn-glycero-3-phos-
phoethanolamine (PE), 1,2-diacyl-sn-glycero-3-phosphogly-
cerol (PG), cardiolipin (CL) are also very common in the
bacterial membranes (Nagy et al. 1999; Donohue et al.
1982; Wood et al. 1965; Steiner et al. 1970; Onishi and
Niederman 1982) and proved to have specific functions in
the membrane (Pilotelle-Bunner et al. 2009). The role of the
cholesterol (or its derivatives) as a major constituent in the
artificial membrane is also widely demonstrated (Brzustowicz
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et al. 2002; Barlic et al. 2004; de Almeida et al. 2005; Hen-
riksen et al. 2006; Kahya and Schwille 20006).

By using different lipids with different head groups and
hydrocarbon side chains we managed to prepare lipid
vesicles with relatively low proton conductivity. When
pyranine-containing RC-vesicles are illuminated in the pres-
ence of suitable donor-acceptor system the internal pH
increases, as indicated by the fluorescence signal, and rea-
ches a maximum. When the light is switched off, the fluo-
rescence signal decays due to passive transport of protons
across the bilayer. The permeability of the bilayer to differ-
ent ions has been modulated by the addition of suitable
ionophores. The resulting time-course of the light-induced
membrane energization will be shown and discussed.

Materials and methods

Cell culturing and protein purifications Rb. sphaeroides
R-26 cells were grown photoheterotrophically under anaer-
obic conditions. RCs were prepared by N,N-dimethyldode-
cylamine-N-oxide (LDAO) solubilization followed by
ammonium sulfate precipitation and DEAE Sephacel anion
exchange chromatography (Tandori et al. 1995).

Liposome and proteoliposome preparation Throughout the
paper vesicles containing RC are called proteoliposomes to
distinguish them from pure lipid liposomes. Liposomes
were prepared by a gel filtration micelle-to-vesicle transition
technique. The appropriate amounts of phospholipids
(POPC, PG) and cholesterol are dissolved in chloroform
and dried on the wall of a conical tube under a nitrogen
stream forming a thin film. In all experiments 4 mg POPC
are used and throughout the paper the bilayer composition is
given in molar ratio with respect to this amount of POPC.
The film is dissolved with 0.5 ml of 1.4 % cholate (Ch) or
4 % octyl glucoside (OG) in phosphate buffer (10 uM
potassium phosphate, 10 mM KCI, 1 mM pyranine,
pH 7.2). The solution is sonicated in ice with the titanium
probe of Branson sonifier Mod. 250 (10 shots, output power
is about 25 W, duty cycle 40 %) to form clear mixed
phospholipid/detergent micelles. For proteoliposomes prep-
aration, a small volume of the RC solution is added at this
stage and vigorously shaken to allow the phospholipid/pro-
tein/detergent micelles formation. The solution is then load-
ed on a 20 cm Sephadex G-50 superfine gel filtration
column (exclusion limit 8—10 kDa), previously equilibrated
with phosphate buffer (10 uM potassium phosphate, 10 mM
KCl, I mM pyranine, pH 7.2). Effective removal of the
detergent during column elution (Milano et al. 2009)
resulted in the formation of vesicles that were collected
and loaded on a second column equilibrated with
pyranine-free buffer (10 uM potassium phosphate, 16 mM

KCIl, pH 7.2) in order to remove the external pyranine
(Trotta et al. 2002). The KCI concentration is increased from
10 to 16 mM in order to make the solutions with and without
pyranine isotonic.

Fluorescence measurements Pyranine is a water-soluble
fluorescent dye whose fluorescence yield is very sensitive
to pH in the interval close to the pK, = 7.2 of the ionization
of the hydroxyl group of the molecule in aqueous solution.
The ratio of fluorescence at 510 nm between the excitation
peaks excited at 405 nm and 465 nm can be calibrated and
used as an internal pH indicator regardless the absolute
value of the emission intensity (Kano and Fendler 1978;
Wiedenmann et al. 2008). This allows us to estimate the
initial and final pH values in the vesicles. The steady state
fluorescence excitation spectra and kinetic traces were mea-
sured by a Perkin Elmer MPF 44-A spectrofluorimeter,
which was supplied with a homemade sample holder assur-
ing quick and continuous stirring during pH adjustment and
chemical treatment. The RC photocycle was driven by a
150 W projector lamp whose light was directed to the side
wall of the cuvette with a light guide and filtered with a red
filter in order to minimize the light induced photolysis of [Fe
(CN)e]*” which results in an unwanted alkalization of the
solution (Deamer and Harang 1990). The signal of the
spectrofluorimeter was fed to one of the channels of an
USB analog/digital converter (Picoscope 2203) connected
to PC for storing and analyzing.

pH measurements In order to measure the light induced pH
changes simultaneously outside and inside the vesicles a pH
electrode was immersed in some experiments in the reaction
mixture placed in a spectroscopic cuvette containing a stirrer
bar and its signal was connected to the second channel of the
Picoscope.

Fluorescence microscopy Pyranine-containing liposomes
were diluted by phosphate buffer pH 7.0 as needed and cast
on a microscopy glass. Fluorescence images were recorded
using an epifluorescence microscope (Axiomat, Zeiss, Ger-
many) with excitation at 450-490 nm, emission at 515 nm
and a magnification factor of 50-fold.

All the chemicals for bacteria culturing, RC extraction
and purification, vesicles preparation and photochemical
measurements were purchased from Sigma and Molar
Chemicals Ltd and used without further purification.

Results and discussion
Vesicles prepared by gel filtration micelle-to-vesicle transi-

tion technique showed an elevated proton permeability that
did not allow the establishment of permanent proton
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gradient across the bilayer. We have improved the protocol
for both liposomes and proteoliposomes preparation with
entrapped pyranine and low buffering capacity, which
showed a rather high degree of impermeability to proton
diffusion across the bilayer. Proteoliposomes prepared by
this protocol can be used to investigate the photoinduced
proton translocation across the lipid bilayer.

Liposomes

In order to demonstrate the effective entrapment of pyranine
in the internal aqueous compartment of the liposomes, a
fluorescence micrograph has been taken. The concentrated
sample showed diffuse green fluorescence due to the high
liposome concentration that uniformly covered the micros-
copy glass. Upon dilution, as high as 1000-fold, large
aggregates were detected; above this dilution, large numbers
of small spots were observed (Fig. 1). It is worthwhile to
underline that the green spots are not due to single lip-
osomes, rather to clusters, but it is clearly seen that pyranine
still remained within the aggregates.

The response of liposome suspension to the addition of
base (100 uM KOH) was checked by measuring the fluo-
rescence of entrapped pyranine at 510 nm with excitation at
465 nm. The percentage of leakage was determined by the
ratio of the fluorescence increase upon addition of the base
and addition of Triton X-100 that breaks the liposomes and
equilibrates the internal and external pH.

Figure 2 shows the kinetic traces of the fluorescence of
pyranine entrapped into liposomes of different composition
prepared by using Ch or OG.

First, we prepared liposomes either with pure POPC and
with a mixture of POPC:cholesterol 5:1 using 1.4 % Ch as
solubilizing agent. In the first case the percentage of leaking
is very high, 84 % and decreased to 74 % in the presence of
cholesterol. The origin of this improvement is discussed
later. Second, we used 4 % OG as solubilizing agent and

20um

Fig. 1 Fluorescence micrograph of pyranine-containing liposomes at
50x magnification, with excitation at 450-490 nm and emission at
515 nm. The sample was diluted 1:1000
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obtained significant improvement of the liposome sealing
with a leakage of 57 %. Finally, by adding PG to the lipid
mixture the leakage dropped to 37 %. at the final composi-
tion of POPC:cholesterol:PG with molar ratios of 5:1:1,
respectively. This latter improvement is most likely due to
the negative charge of PG, which electrostatically repels the
negatively charged pyranine and prevents its association
with the liposome surface.

The effect of exchange of Ch by OG is more complicated
to understand. The role of some residual detergent mole-
cules concentrated at the interfaces, or at different domains
in the bilayer cannot be excluded. Also, the domain forma-
tion of the membrane can be different in the presence of
different types of detergents. Although traces of detergents
are not effective in altering the main phase behavior (e.g.
melting temperature) of the lipid (Riegler and Mohwald
1986), it is expected that they can facilitate the proton
conductivity across the membrane. One of the possible
reasons of the unexpectedly high proton conductivity of
the membranes is the presence of traces of contaminants,
like weak acids or bases (Gutknecht 1987). Traces of cho-
late, as solubilizing agent act as weak acid and can compro-
mise the sealing of the vesicles, which is not the case for
OG.

Furthermore, the leakage of the liposomes depends on the
identity of the chemical added to increase the pH. When
exposing the liposomes to a 1 pH unit jump by addition of
KOH, glycylglycine (gly-gly) or Tris—HCI (Fig. 3) we ob-
served striking differences: the addition of KOH results in a
sudden increase of the pyranine fluorescence, but the result
shows that the pH in the internal and external compartments
is not completely equilibrated. In the case of the addition of
gly-gly the internal pH remained almost unchanged, while
upon addition of Tris—HCI the internal and external pH
equilibrated within about 100 s. This observation can be
explained by the different ionic state of the solutions. With
the ionic KOH or gly-gly a transmembrane proton gradient
is built up, which is eliminated by breaking the vesicles with
TX-100. Anyway, OH, like H" as well, has a quite high
membrane permeability due to its small size and it can cross
the bilayer using a special (Grotthuss) mechanism involving
water chains always present in the membrane. The best
sealing is obtained if the pH is increased by gly-gly which
is charged in both protonated and deprotonated form. On the
other hand, Tris—HCI can cross the bilayer in its neutral
deprotonated form and the inside and outside pH equili-
brates by the addition of this buffer. No substantial change
can be measured with TX-100 in this case.

Proteoliposomes

When the RC is incorporated in the bilayer at a 1:1000 ratio
with respect to POPC, the proton leakage of the
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Fig. 2 Kinetics of the pyranine 120
fluorescence entrapped in
liposomes prepared from
POPC, PG and cholesterol as
100

indicated. The solubilizing
detergents were Ch and OG.
Arrows indicate the addition of
KOH (in order to increase the
external pH) or TX-100 (to
break the liposomes). The
numbers in percentage show the
degree of leakage that was esti-
mated from the stationary levels
of the pyranine fluorescence
before and after addition of TX-
100. Aexe: 465 nm, Agpy: 510 nm

oo
o
1

Fluorescence (rel.)
(@)
S
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d a) POPC Ch 89%
b) POPC:Cholest Ch 84%
¢) POPC:Cholest OG 57%
Time 0% . d)POPC:Cholest:PG OG 37%

0 TP

proteoliposome increases (ca 60 %, data not shown). We
could obtain better sealing by progressively increasing the
cholesterol concentration up to a bilayer composition of
POPC:cholesterol:PG 5:5:1 for which a leakage of about
30 % was obtained. Above this cholesterol concentration the
proteoliposome suspension becomes too scattering with
high tendency to sediment. If PG is substituted with an equal
amount of 1,2-Diacyl-sn-glycero-3-phosphoinositol (PI)
similar results are obtained. The different proton leakage
values for different preparations and measuring conditions
are summarized in Table 1.

The method of mixture of membrane proteins with differ-
ent phospholipids (DMPC, DPPC, POPC, soybean or egg
yolk lecithin) is widely used if the structure and function of
biological membrane are tried to model. POPC is of special
interest, since at around physiological temperature it is in a
fluid phase, having the phase transition temperature of =5 °C
(Thewalt and Bloom 1992). The effect of high concentration

of cholesterol is ambiguous. On one hand, above the melting
temperature, it increases the microviscosity. On the other hand
it induces the heterogeneity in the distribution of membrane
domains and the liquid-disordered L4 and liquid-ordered L,
phases. Although it has been reported that proton permeability
correlates weakly with fluidity (Lande et al. 1995), the reports
on the effect of the increasing cholesterol concentration on the
proton permeability is inconclusive in the literature. It is
generally accepted that in PC membranes cholesterol reduces
the proton conductivity, probably decreasing the water content
and thereby decreasing the probability of formation of the H-
bonded water wire across the membrane (Deamer and Nichols
1989; Krishnamoorthy and Krishnamoorthy 2001).
Unfortunately the proton leakage cannot be eliminated
completely. Proteins tend to show a certain preference to
bind to the boundaries between the immiscible ordered and
disordered regions, which could facilitate membrane perme-
abilization (Barlic et al. 2004). The RC/lipid complexes

Fig. 3 Kinetics of the pyranine 120 -
fluorescence of POPC/ a) + TRIS-HCI 1 +T X-100
cholesterol/PG (5:1:1) b) + KOH
liposomes, prepared by OG 100 c) +gly-gly
solubilization. KOH, Tris—HCI
or glycylglycine and TX-100 _
was added in order to induce e 80
pH change and to break the o
liposomes, respectively (see the E
arrows). Aexe: 465 nm, Agp: g 60 4
510 nm s
=
40 A
20 A
. 20s
Time (s) ]
0
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Table 1 The summary of different proton leakage values for different
preparations and measuring conditions. Measurement was done as
described in Figs. 2 and 3. The mixed micelles were prepared by the
detergents cholate or OG, and the pH change was induced by addition

of KOH, Tris-HCI or gly-gly as indicated. The leakage values are
indicated in percentage of the equilibrium reached after destroying
the vesicles by the addition of the detergent TX-100

Lipid Cholesterol Detergent pH jump Leakage (%)
Liposomes POPC - Cholate KOH 84

POPC +* Cholate KOH 74

POPC +* oG KOH 57

POPC/PG +* oG KOH 37

POPC/PG +° 0G Tris-HCl 100

POPC/PG +b 0G gly-gly 20
Proteoliposomes® POPC/PG +° oG gly-gly 60

POPC/PG +¢ oG gly-gly 30

2 /POPC:cholesterol = 5:1; b/POPC:choles’terol:PG::S:1:1; ¢ /POPC:cholesterol:PG:=5:5:1; d/RC:lipid =1:1000

made by different chain length lipids also indicated that lipid
packing defects and differences in membrane thickness at
the interfaces might contribute to the redistribution of lipid
molecules around the protein and to modify the interaction
(Riegler and Mohwald 1986).

The characterization of the proton sealing/conducting
capacity of the proteoliposome requires careful determina-
tion of the buffering capacity and activity of protons in our
systems. This is not an easy task as they are sensitive to the
solute constitution and pH: e.g. for example the activity
coefficients of H' ion (f;1:) are 0.33 for 0.03 % Triton X-
100, and only 0.12 for 0.04 % dodecylmaltoside (Kalman et
al. 1997). Further to the complicated initial conditions of the
very heterogencous lipid/RC system the pH, and conse-
quently the buffering capacity or fi;+ show a transient
change in time. This transient let us to give a good estimate
of the pH, however, further investigations are needed to give
a more precise quantitative description of the system.

RC photocycle

As already mentioned, when the RC is in the presence of the
electron donor cyt®" and the electron acceptor quinone pool, the
continuous illumination of the system results in the production
of cyt®” and quinol and the alkalization of the solution in low
buffer conditions. A result of typical experiment is shown in
Fig. 4., where the pyranine fluorescence is recorded as a
function of time to monitor pH change associated with the
RC photocycle. The proteoliposomes eluted from the second,
pyranine-free column, are diluted 1:10 in 10 pM potassium
phosphate and 16 mM KCl at pH 7.0. Under these conditions
the RC final concentration is typically 0.1-0.2 uM. As
electron donor we added 2 uM horse heart cyt ¢ and 1.5 mM
[Fe(CN)s]*". Neither cytochrome ¢ nor [Fe(CN)g]*~ cross the
membrane, making the RC function asymmetric since during
the photocycle, only the RCs with dimer facing the external
solution can operate, and the uptake of protons occurs from

Fig. 4 Kinetics of pyranine 97
fluorescence of POPC/
cholesterol/PG (5:5:1) 8
proteoliposomes due to the light |
induced protonation processes 7
with or without TX-100 (as in- —_ 6 -
dicated). Conditions: 0.2 uM 'ES
RC, 100 uM decylubiquinone, 5 5
2 uM cyt ¢** and 1.5 mM g -TX-100
[Fe(CN)s]*~ were added for g 47
keeping the photocycle. Ag.: e
465 nm, Ayy: 510 nm. Solid g 37
lines indicate the fitted curves = 5 +TX100
by the parameters summarized
in Table 1 1 -
0" T T T T T T T 1
| 100 300 500 700 900 1100 1300 1500

@ Springer

Time (s)



J Bioenerg Biomembr (2012) 44:373-384

379

the interior of the proteoliposomes. Cyt must be added at the
lowest possible concentration since it quenches the pyranine
fluorescence and reduces the vesicle stability. The presence of
[Fe(CN)]*™ ensures that the oxidized cytochrome is rapidly re-
reduced, so that the reaction can continue without being limited
by cyt*" consumption. Also, we checked that the [Fe(CN)s]*~
itself in the absence of cytochrome, cannot drive the photocycle
(data are not shown). As electron acceptor, UQq is not suitable,
since it can be added only at the beginning in the mixed
micelles during the proteoliposomes preparation and its final
concentration can hardly exceed 5 pM. The water soluble
analog ubiquinone-0 was also ruled out due to its poor
interaction with the Qg site. Faster and larger photoin-
duced pH changes were obtained with decylubiquinone
(2,3-dimethoxy-5-methyl-6-decyl-1,4-benzoquinone,
DQ). This ubiquinone synthetic analog is an exogenous,
hydrophobic quinone that has a saturated 10-carbon side
chain with a methyl group at the end and can easily
penetrate into the liposomal membrane when added as
concentrated ethanolic stock solution(Telford et al.
2010). DQ final concentration was typically 50 uM,
but was varied in some experiments.

The excitation spectra of the pyranine fluorescence were
also measured in different samples and phases of the kinetic
transients. When the analysis was carried out it should be
considered that the addition of reagents, specially the ab-
sorption by the cytochrome Soret band, modified the spec-
trum of the untreated sample (Fig. 5). This figure shows that
the actinic light induced an alkalization inside the proteoli-
posomes which was partly eliminated by the addition of
ionophore (in this case nigericin).

A simple model can be constructed to describe the fluo-
rescence increase in the light and the following dark phases
of the transients.

When the light is switched on the alkalization of the
internal compartment can be observed due to the RC pho-
tochemistry as explained above. However, the existing pH
gradient induces passive proton translocation across the
membrane, so an increase of the external pH is also
expected and the pH gradient can be evidenced only if the
photocycle is driven faster than proton leakage, occurring
with a rate constant k... Another process to be taken into
account is the reoxidation (characterized by the rate con-
stant k,,) of dihydroubiquinol (DQH,) which accumulates
during the continuous turnover of the RC under light
excitation. DQH,, together with its oxidized form DQ,
can easily cross the membrane and is in interaction with
the redox systems in the inner and the outer compart-
ments. Outside of the vesicles the DQH, releases the
protons after oxidation by the [Fe(CN)g]® /[Fe(CN)s]* //
cyt ¢**/eyt ¢ system. This process itself would result in
the acidification of the outer compartment as found by
Hellingwerf (Hellingwerf 1987) at very high pH values.
However, in our system, the created pH difference in the
two sides of the membrane tends to equilibrate due to the
proton translocation so we never observed the external
acidification. We found that the initial rate of the light
reaction is proportional to the light intensity (Table 2),
indicating that, at the concentration used, the RC photo-
chemistry is not limited by the turnover rates of the pools
on the donor and on the acceptor sides.

The fluorescence change in the light phase after some
time reaches a plateau which depends on the light
intensity and several opposing processes like proton
consumption by the RC photochemistry, proton wiring across
the membrane, quinol reoxidation. The resulting trace can be
approximated by an exponential rise to maximum according
to the equation:

a) no addition
b) cytochrome
¢) light on

d) nigericin

Fig. 5 Fluorescence excitation 7 7
spectra of different
proteoliposome samples
measured at 510 nm. “no 6
addition” indicate the sample
without addition of reagents, ~ 5
“cytochrome” refers to a sample Tﬁ
that was treated by cytochrome ~
¢,, decylubiquinone and g 41
[Fe(CN)g]* as described in §
“Materials and methods”. “light @ 3 -
on” and “nigericin” indicate the 5
spectra measured at the plateau =
of the light phase without and = 2
with ionophore (nigericin in
this case), respectively 1
0 C) T
400 420

440 460 480 500
Wavelength (nm)
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Table 2 The initial rate of the pyranine fluorescence rises due to pH
changes when the RC photochemistry was initiated by light. Transients
were measured as shown in Fig. 4 at different light intensities as
indicated. The initial rate was calculated as the first derivative of the
fitted curves (see details in the text)

Light intensity (W/cm?) 0.6 1.2 22 32

Initial slope (s") 0016 0030 0055  0.089

I —
Flight = Auigh (1 — e~)

where Fjigp is the change in the fluorescence intensity in the
light and Aj;ep is fluorescence intensity at the plateau and ;g
is the rate constant.

When the light is switched off the kinetics is changed
because the continuous and fast proton consumption by the
RC turnover is stopped, so that the fluorescence kinetics will
be determined only by the pH changes connected to the quinol
reoxidation and to the proton wiring according to the equation:

Faak = Agarke ™" + A,

where Fy,y is the change in the fluorescence intensity in the
dark, Ag4.q is the fluorescence intensity at the end of the light
phase, kqaq 1S the rate constant and A, is an additive constant
accounting for the non-complete relaxation of the system. It is
important to note that kg, is strongly affected by additions of
ionophores or detergent. In fact in the dark phase we observe a
decay reflecting the slower process, either proton leaking or
quinol oxidation. In the absence of ionophores, if the vesicles
are sealed enough, we have that ki, < ko, SO in this case kgak
~ kieak; the constant term A, accounts probably for a popula-
tion of better sealed vesicles. In the presence of ionophores
kiealc Increases and if the slower process becomes quinol oxi-
dation we can write that kg, ~ kox and 4., becomes also very
small. In the presence of the detergent TX-100 0.3 % the
vesicular system is broken (Fig. 4). The photocycle can pro-
ceed with all RC interacting with cytochrome but the light
phase rate is not faster since this high concentration of deter-
gent makes the RC photochemistry less efficient. The dark
recovery is faster due to the elimination of the proton wiring
process, reflecting only the quinol reoxidation process.

Table 3 Kinetic parameters of pyranine fluorescence transients mea-
sured for samples without or with the addition of the detergent TX-100
at a concentration of 0.3 %, as indicated. Transients were measured as
shown in the protocol in Fig. 4. kjjgne and kgqy are the calculated rates

The results of the fitting and the parameters are summa-
rized in Fig. 4 and Table 3, respectively.

Figure 6 shows that the kinetics of both the light and the
dark phases of the cycle depend on the quinone concentra-
tion as well. If DQ is not added no photocycle can be
measured; increasing the DQ concentration more turnovers
can be measured (i.e. the amplitude of the fluorescence rise
increases) without significant effect on the initial slope of
the signal. Additionally, the rate of the dark relaxation phase
increases with the quinone concentration.

This latter finding would reflect that this process follows
a second order kinetic reaction, in accordance with our
earlier studies (Milano et al. 2007) as well. However, a
relatively large amount of [Fe(CN)s]>", a potential quinol
oxidant formed after the addition of [Fe(CN)e]*", is always
present in the solution, making the reaction “pseudo-first
order”, so that the decay will be monoexponential with the
rate constant of kox ~ kgark-

The actual generation of a transmembrane proton gradi-
ent can be evidenced comparing the kinetics in the presence
or absence of ionophores that change the proton redistribu-
tion on the two sides of the proteoliposome membrane.
When these chemicals are added to the sample in the form
of concentrated ethanolic solution (i.e. the small amount of
ethanol itself has no effect on the membrane permeability)
they are solved relatively rapidly in the membrane and
depending on the species they have different effects on the
transmembrane proton gradient. The ionophores were added
in saturating concentration after the plateau of the light
phase is reached while the light was still on. The effects of
the different ionophores, gramicidin, nigericin and valino-
mycin are explained here and the parameters of the kinetic
traces are summarized in Table 4.

Gramicidin A This ionophore is a linear pentadecapeptide
that forms a channel permeable to most monovalent cations,
while excluding divalent cations and anions. When grami-
cidin was added to the sample the rate of the light reaction
decreased from 14.6x107 s™' t0 8.9x 10 s~', while that of
the dark reaction increased (from 4.7x107° s™' to 6.9x
107 s7"). When this chemical was added at the plateau of

of the fluorescence increase in the light and the decrease in the dark
phases, respectively. Ajign,, Adgark and A, are the preexponential con-
stants referring to the relative contributions of the components to the
fluorescence rise. The maximum error of the measurement was 10 %

Light phase Dark phase

Ajign(rel.) Kiign(x107> s7") Agan(rel.) k(107 57 Ayfrel)
— TX-100 7.6 8.2 4.3 7.4 3.1
+ TX-100 4.0 5.6 3.2 9.6 0.2
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Fig. 6 The effect of the 7 7
quinone concentration on the
time course of pyranine
fluorescence. Measuring 6
conditions are same as
described in Fig. 4, but different
quinone concentrations were 5
applied as indicated by the —_
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the light phase a new equilibrium was reached at the level of
about 80 % of the maximum (data are shown later). After
switching the light off, the signal decayed with a rate con-
stant ko = 6.9-x107> s, These findings can be easily
explained since, as already mentioned, the traces reflect the
simultaneous light-induced proton uptake by the RC and
several dark processes among which the passive proton
translocation across the membrane and the reoxidation of
the quinol. After addition of gramicidin the passive proton
flow rate is increased, so that the rate of the light phase
decreased and the lower plateau is reached (data are shown
later). At the plateau of the light phase, the rates of proton
pumping and dark processes are equal giving rise to a steady
state. After addition of gramicidin the steady state shifts
downwards to a lower pH. For the same reason the dark
relaxation is faster in the presence of this chemical, having a
constant of 6.9 x10 > s' compared to the value of 4.7 x
10 5! obtained for the untreated sample.

Table 4 Kinetic parameters of pyranine fluorescence transients mea-
sured for samples without (No addition) and with ionophores (as
indicated). Transients were measured as shown in the protocol in
Fig. 4. kjjghe and kyqy are the calculated rates of fluorescence increase
due to the RC photochemistry and passive proton translocation in the

100 s

Time F——m

Nigericin is a well-known representative of naturally
polyether ionophore antibiotics. It is able to form pseudo-
macrocyclic complexes with mono and divalent cations and
transport of the cations across cellular membrane. Most
commonly it is an antiporter of H™ and K. The time course
of the fluorescence after the addition of nigericin resembles
the kinetics of gramicidin with slight differences. The rise
time of the fluorescence change slightly increased for the
light and decreased for the dark phases (kijjgne = 6.9 X
1072 s and kgae = 5.9 X102 s! for the nigericin),
respectively.

Valinomycin is a dodecadepsipeptide, made of twelve
alternating amino acids and esters to form a macrocyclic
molecule. It functions as a potassium-specific transporter
and facilitates the movement of K through lipid membranes
“down” an electrochemical potential gradient. There is only
a moderate effect on the kinetics in the light phase (kjjgn
decreased to kjjgne = 9.1 X 107 sfl) while the dark relaxation

light phase, respectively. Data were calculated according to the equa-
tion  Fligh = diight - (1 — exp(—kiigh - 7)) and Fark = Adark - €XP
(—Kgark + 1) + Ao for the light and dark phases, respectively and
explained in the text. The measuring light intensity was 3 W/cm?>.
The maximum error of the measurement was 19 %

No addition Gramicidin Nigericin Valinomicyn

Arel)®  kx1070 (s H® A@el) @ kx1070 6 H® A@el) @ kx-107 H® A@el) @ kx 107 s7H®
Light 100 14.6 100 8.9 100 6.9 100 9.1
Dark 94 4.7 98 6.9 100 5.9 100 3.8

(6)(C) (2)(0)

@ A(rel.) = Ajigneand A(rel.) = Agayc-for the light and dark relaxation phases, respectively; ® j= kiign and k = kgay for the light and dark relaxation

phases, respectively; © A, in the dark relaxation phase
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Fig. 7 The relative increase of 8.0 1
the pyranine fluorescence (thick
lines) inside and the change of
the pH outside (thin lines) the
RC/lipid vesicles. The later was
measured directly by a pH
electrode immersed into the
reaction mixture. The
fluorescence signal was
normalized to the trace of the
gramicidin treated signal in
order to compare the rates of the
changes. 10 pg/ml gramicidin
was added from ethanolic
solution when indicated

pH, Fluorescence (rel.)

7.2 1

l gram

gramicidin
from the beginning

7.0 T l

phase was not speeded up, even more it became a little bit
smaller (kga = 3.8 X102 s~ '). It is inferred that valinomy-
cin does not affect the proton permeability of the membrane
noticeably.

Further evidence of transmembrane proton gradient pho-
togeneration is given by the simultaneous measure of inside
and outside pH during illumination. In order to monitor the
pH changes parallel in- and outside of the vesicles we
immersed a pH electrode in the RC mixture and the output

T
40 80 120
Time (s)

T 1
160 180

signal of the pH meter was connected to one channel of an
USB analog/digital converter, while the other channel mon-
itored the signal of the pyranine fluorescence. The typical
signal can be seen in Fig. 7 where is shown that both the
outside and the inside pH increase under illumination; how-
ever, there is a steeper increase in the fluorescence signal
indicating more and faster alkalization inside the vesicles.
Addition of gramicidin, as it was expected, resulted in a
sudden, about ApH = 0.3 pH change and since the RC

Fig. 8 The scheme of the Fe(II)Cy Fe(II)Cy
overall processes, the

photochemical generation of

delta pH and the effect of the cyt ¢

ionophores. The explanations
are given in the text

»wrong” sided RC

H+

gramicidin o

nigericin
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photochemistry is still driven by the light a new equilibrium
is created slowly. Finally, if the gramicidin is present from
the beginning of the experiment, the inside and outside pH
is changing simultaneously with the same rate. These results
confirm our model describing the system in terms of equi-
librium between proton consumption driven by the photo-
cycle, passive proton wiring across the membrane (and the
quinol reoxidation—this latter can be neglected here). Alka-
lization in both sides of the membrane during the light phase
is expected due to the proton membrane permeability, but
proton equilibration is slow enough so that pH changes
faster inside than outside. After addition of gramicidin to
the sample protons are quickly equilibrated across the mem-
brane, so that the difference disappears.

Conclusions

Proteoliposomes were prepared with low proton permeabil-
ity that were found to be suitable for photogeneration of a
transmembrane proton gradient. The main requirements for
an enhanced proton sealing ability in our experiments were:
a) presence of palmitoyl and oleoyl groups that provide
proper physico/chemical nature (microviscosity) of the
membrane by the relatively low melting temperature as well
as eliminating the hydrophobic mismatch between the hy-
drophobic thicknesses of the transmembrane o-helices of
the RC and the lipid bilayer (Katona et al. 2003); b) pres-
ence of cholesterol that modulates the packing of the phos-
pholipid molecules in the lipid bilayer and changes the
water content, consequently the distribution of water wires
in the membrane. This packing is very important for the
proper rigidity, durability and passive permeability. ¢) pres-
ence of PG or PI (both are anionic lipids and are natural
constituents of the bacterial membrane), that prevent the
attachment of pyranine on the surface of the bilayer. d) use
of OG instead of Ch to solubilize the lipids into mixed
micelles. Different detergents may also modify the domain
formation (structure and distribution) of the membrane.

In the POPC/cholesterol/PI (5:5:1 molar ratio) proteoli-
posomes with proper donor/acceptor system the RC’s pho-
tochemistry can generate a trans membrane proton gradient.
It is collapsed by detergent TX-100. The kinetics of the
photochemical building up of the ApH and the passive
recovery can be modified with ionophores gramicidin,
nigericin and valinomycin and the kinetics of the reoxida-
tion of the reduced quinols. The overall processes, the ApH
photochemical generation and the effects of the ionophores
are summarized in Fig. 8. The experimental arrangement
what we designed and presented here provides a useful tool
for future studies of the membrane permeabilization by
photosynthetic systems which includes the proton

conductivity as a complex combination of lipid phase be-
haviour, domain distribution, protein rearrangement, inter-
action of redox centers and membrane dynamics.
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