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Abstract—Quantum dots (QDs) can absorb ultraviolet and long-wavelength light energy much more efficiently than natu-
ral light-harvesting proteins and transfer the excitation energy to photosynthetic reaction centers (RCs). Inclusion into lipo-
somes of RC membrane pigment—protein complexes combined with QDs as antennae opens new opportunities for using
such hybrid systems as a basis for artificial energy-transforming devices that potentially can operate with greater efficiency
and stability than devices based only on biological components. RCs from Rhodobacter sphaeroides and QDs with fluores-
cence maximum at 530 nm (CdSe/ZnS with hydrophilic covering) were embedded in lecithin liposomes by extrusion of a
solution of multilayer lipid vesicles through a polycarbonate membrane or by dialysis of lipids and proteins dispersed with
excess detergent. The dimensions of the resulting hybrid systems were evaluated using dynamic light scattering and by trans-
mission cryoelectron microscopy. The efficiency of RC and QD interaction within the liposomes was estimated using fluo-
rescence excitation spectra of the photoactive bacteriochlorophyll of the RCs and by measuring the fluorescence decay
kinetics of the QDs. The functional activity of the RCs in hybrid complexes was fully maintained, and their stability was even

increased.
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A photosynthetic reaction center (RC) is a natural
mesoscopic structure with dimensions of ~10 nm [1-3].
The main cofactors involved in the light energy conver-
sion into electrochemical potential in pigment—protein
complexes of RCs are porphyrins: (bacterio)chlorophylls,
photoactive dimers of (bacterio)chlorophylls, (bacte-
rio)pheophytin, and some other auxiliary pigments. The
structure of cofactors optimized during billions of years of
evolution as well as their position in the protein allows
photosynthetic RCs to convert light energy into electro-

Abbreviations: BChl, bacteriochlorophyll; BPheo, bacterio-
pheophytin; D-D, detergent- and dialysis-based method of
liposomes preparation; RC, photosynthetic reaction center;
QDs, quantum dots.

* To whom correspondence should be addressed.

chemical potential with an efficiency of ~100%.
According to calculations, the efficiency coefficient of
hybrid phototransformers based on native RCs is signifi-
cantly (several times) higher than the efficiency coeffi-
cient of existent silicon solar cells, for which the limiting
values are 12-15% [4].

However, for creating a RC-based hybrid energy
transformer it is necessary to solve some problems. First,
it is necessary to obtain a high stability of photosynthetic
pigment—protein complexes in vitro, because without
photoprotection and repair systems they are subject to
pronounced photodestruction. Second, the solar light
absorption by the pigment—protein complexes of RCs is
not equally efficient throughout the whole spectrum: the
main absorption bands of the RC pigments are in the blue
and near infrared regions of the spectrum, and it is impor-
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tant to fill the optical transparency window in the ultravi-
olet and visible range. Light harvesting can be increased,
in particular, by creating a hybrid structure composed of
RCs and semiconductor nanocrystals with very high
extinction just in the range of UV and visible absorption
regions.

Fluorescent semiconductor nanocrystals — quantum
dots (QDs) — have unique optical characteristics such as
a large absorption section, extremely high photostability,
wide absorption spectrum, and a narrow band of photolu-
minescence. The quantum yield of QD fluorescence
reaches 70%, and their extinction coefficient is tenfold
higher than the extinction coefficients of organic dyes [3,
6]. Moreover, the emission maximum of QDs is deter-
mined by their diameter. Particles of cadmium selenide
coated with a zinc sulfide envelope (CdSe/ZnS nanocrys-
tals) with diameters of the nucleus (CdSe) from 2.5 to
6 nm can emit fluorescence quanta in the range of 480-
600 nm [6, 7]. Coating QDs with an additional envelope
of bi- or trifunctional polymers makes them water-soluble
due to polar groups and allows them to bind to biomole-
cules [8, 9]. These properties of QDs underlie their grow-
ing application in biology and medicine [6, 10].

Recent studies have shown that QDs can be used as
additional light-harvesters for natural pigment—protein
complexes, including photosynthetic RCs of bacteria,
and can ensure high (up to 90%) efficiency of energy
transfer. Increasing fluorescence of acceptors (photosyn-
thetic proteins) can reach 4-5 units [11, 12]. We have
shown that using QDs makes it possible to increase the
efficiency of light absorption of synthetic porphyrins by
Furster’s inductive-resonance mechanism of energy
transfer [13]. This allows us to consider the creation of
hybrid energy phototransformers with increased efficien-
cy as a technically solvable problem.

The stability (regarding time, temperature, etc.) of
such hybrid systems can be increased by embedding them
into liposomes. Liposomes are known to model the natu-
ral environment of membrane proteins and have long
been successfully used for this purpose [14]. Because of
interaction with environmental lipids, the transmem-
brane helices of membrane proteins are sensitive to lipid
characteristics such as lateral wrapping, thickness of the
hydrophobic area, and charge of the heads. This can
influence the structure and functions of intact membrane
proteins, in particular through lateral association of
transmembrane segments and their inclination to the
normal to the bilayer [15]. The lipid bilayer protects
membrane proteins against denaturation and provides the
environment required for interaction between different
enzymes involved in catalytic cycles. In many cases, lipids
also regulate catalytic activities of the enzymes [16, 17].
The interaction of the membrane protein and the envi-
ronmental lipids can be a prerequisite for providing a
conformational mobility of the enzyme necessary for its
functioning [18]. All this is also true for photosynthetic
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pigment—protein complexes, including purple bacterial
RCs responsible for the primary separation of electric
charges. The lipid composition of photosynthetic mem-
branes of bacteria varies depending on conditions of their
growth, in particular, on oxygen content, but phos-
phatidylcholine is always one of major components of the
lipids [19, 20]. Some lipids remain bound to the proteins
of RCs isolated from the membrane even after intensive
purification. The RCs from Rhodobacter (Rb.) sphaeroides
retain tight binding with three lipid molecules: cardio-
lipin, phosphatidylcholine, and glucosyl galactosyl di-
acylglycerol [21]. This suggests that specific interactions
exist between phospholipids and RCs. Thermodynamic
and kinetic parameters of electron transfer via the
quinone acceptor of the purple bacteria RCs were found
to depend on the presence of physiologically important
lipids (phosphatidylcholine, phosphatidylglycerol, phos-
phatidylethanolamine, cardiolipin) in their environment
[22, 23]. The mechanism of the lipid influence on the
photosynthetic energy transformation is still unclear,
although it was supposed [22] that anionic phospholipids
should influence the primary quinone acceptor of RCs
with the appearance of a long-living charge separated
state. However, earlier we showed that electron transfers
in RCs, in particular processes involving quinone recep-
tors, are essentially associated with the structural and
dynamic state of the RCs. Studies on temperature and
hydration degree dependences revealed clear correlations
between the intramolecular mobilities of different parts of
photosynthetic preparations and changes in the efficien-
cy of electron transfer in the photosynthetic chain of
electron transfer [24-26].

The purpose of the present work was to embed RCs
and nanocrystals capable of absorbing light over a wide
spectral range into liposomes prepared from phos-
phatidylcholine (lecithin) and to study the energetic
interaction of components of such hybrid complexes
within the liposome structure.

MATERIALS AND METHODS

Cells of the purple bacterium Rb. sphaeroides were
broken with an ultrasonic disintegrator. Chromatophores
separated by centrifugation were incubated for 30 min at
4°C in 0.01 M sodium phosphate buffer (pH 7.0) supple-
mented with 0.5% of the zwitterionic detergent lauryl
dimethylamine oxide (LDAOQO). Then the chromatophores
were centrifuged at 144,000g for 90 min at 4°C. The frac-
tion of RCs that was present in the supernatant was sepa-
rated by chromatography on a column with hydroxyap-
atite as described in detail previously [27]. The concen-
tration of the resulting RCs suspended in 0.01 M sodium
phosphate buffer (pH 7.0) supplemented with 0.05%
LDAO was ~10 uM. Photoreactions were studied using a
single-beam differential spectrophotometer (in the Q,
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absorption band of bacteriochlorophyll (BChl) P870 (at
870 nm).

CdSe/ZnS quantum dots with a luminescence max-
imum at ~530 nm functionalized with a hydrophilic poly-
meric coating with carboxyl COOH-groups were used
(Rusnanotech, Russia).

To prepare liposomes, L-oa-lecithin from soybean
(Sigma, USA) was used. Two methods were used. The
first was a comparatively new method of preparing single-
walled vesicles by repeated pressing (extrusion) of a mul-
tilayer lipid vesicle suspension through a porous polycar-
bonate membrane (in our case the pore size was 0.1 pm)
in a special device — Extruder (Avanti Polar Lipids, Inc.,
USA). In another method, both detergent and dialysis
were used (D-D).

The method of preparing vesicles using detergent
and dialysis (D-D) included the following steps: 1) 50 mg
lecithin was dissolved in 0.5 ml of chloroform and evapo-
rated; 2) the lipid film was covered with 2 ml of 50 mM
Tris-HCIl buffer (pH 8) containing 2% sodium cholate; 3)
the lipid suspension was sonicated with a UZDN-2T
ultrasonic disintegrator (Soyuz-Pribor, Russia) until it
became clear; 4) a 0.5-ml aliquot of the resulting lipid
solution in Tris buffer was supplemented with 0.2 ml of
Tris buffer, sonicated for 5 s, and used for preparing
lecithin liposomes; 5) a 0.5-ml aliquot of the resulting
lipid solution in Tris buffer was supplemented with 0.1 ml
of Tris buffer and 0.1 ml of RCs (42 uM), sonicated for
5 s, and used for preparing RC-containing proteolipo-
somes; 6) a 0.5-ml aliquot of the resulting lipid solution in
Tris buffer was supplemented with 0.1 ml of Tris buffer
and 0.1 ml of quantum dots (43 uM), sonicated for 5 s,
and used for preparing QD-containing liposomes; 7) a
0.5-ml aliquot of the resulting lipid solution in Tris buffer
was supplemented with 0.1 ml of RCs (42 uM) and 0.1 ml
of quantum dots (43 uM), sonicated for 5 s, and used for
preparing RC/QD-containing proteoliposomes; 8) the
samples (4-7) were placed into dialysis bags and on a stir-
rer placed into a refrigerator to dialyze against 1 liter of
50 mM Tris-HCI buffer (pH 8).

Using the extruder, 50 mg lecithin was also dissolved
in 0.5 ml of chloroform (analytical grade) and the solvent
was slowly evaporated. Then 2 ml of 50 mM Tris-HCI
buffer (pH 8) was added and the lipid was dissolved in the
buffer using a vortex mixer. To accelerate dissolution, the
suspension was frozen and thawed repeatedly. Solutions
containing lipids and QDs, lipids and RCs, and also lipids
and mixtures of QDs with RCs were prepared in the same
ratios as described above for the D-D method, but instead
of the ultrasonic treatment the solutions were mixed with
a vortex mixer. Later, the lipid solution or lipids contain-
ing QDs, RCs, and RCs/QDs were thirteen times pressed
through a membrane with 0.1 um pores using the extrud-
er.

The mean size of the resulting liposomes was meas-
ured with a Z-sizer (Malvern, USA) that allowed us to
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determine the hydrodynamic radius of the particles by
changes in their light scattering. Each measurement was
repeated five times, and the results were averaged.

Samples for transmission cryoelectron microscopy
were prepared in the Shubnikov Institute of
Crystallography, Russian Academy of Sciences, using a
Vitrobot Mark IV device (FEI, Netherlands) that auto-
matically controls the humidity and temperature.
Technical details of the device and method are described
in [28, 29]. A support (Quantifoil, Germany) pretreated
for 45 s in a smoldering charge atmosphere was placed
into a chamber with controlled temperature and ultra-
sound emitter to create humidity (up to 100% relative
humidity). On the support, 3 pl of the sample suspension
was placed. The excess fluid was automatically removed
with paper filters. Thin films produced in the support
holes were instantly frozen by quick submerging of the
sample into liquid ethane. In our experiments, the sam-
ples were pretreated at 37°C and 100% relative humidity.

The supports with the samples were examined with a
CM-12 transmission electron microscope (Philips,
Netherlands). During the experiment the voltage was
120 kV and the pressure <0.2:1073 Pa. Microphotographs
were obtained using the technology of imaging plates
under standard conditions of exposure in the regime of
“low dose” of electrons per A%

For electrophoresis, 10-ul aliquots of freshly pre-
pared aqueous samples (for the doubling experiment a
twofold greater volume was taken) were placed into 1%
agarose gel prepared in 0.25x TBE buffer (54 g Tris, 27.5¢g
boric acid, 20 ml of 0.5 M EDTA, pH 8.0) and then
placed into an electrophoretic cell with 0.5x TBA buffer.
The gel was kept for 60 min at a voltage of 80 V using a
BioRad electrophoretic system (USA) and then pho-
tographed under ultraviolet illumination on a
GeneGenius system (USA).

The fluorescence excitation spectra of the samples
were recorded using a SPEX Fluorolog II spectrofluo-
rimeter (Jobin Yvon, France). Fluorescence kinetics were
measured using a pulse fluorimeter excited with picosec-
ond light pulses (A., = 532 nm, FWHM ~ 20 ps) at a fre-
quency of 1 Hz from a PIKAR-1 laser (Moscow State
University, Russia). A sample of 0.5 ml was placed into a
cuvette of 2 mm thickness, the optical density at A =
532 nm being 0.1. The fluorescence kinetics were record-
ed using an AGAT SFZ electro-optical chamber (Proton,
Russia) connected with a computer through a C7041
multichannel matrix detector and a C7557 controller
(HAMAMATSU, Japan). The time resolution of the sys-
tem was ~2 ps. During the experiment, the samples were
stirred with a magnetic stirrer. To improve the
signal/noise ratios, 50 kinetic traces were accumulated
and averaged. The accumulated experimental kinetics
were approximated bi-exponentially by modeling the
curve as I(t) = Aexp(—t/t,) + A,exp(—t/t,) and the
apparent characteristic function of the fluorimeter, where
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1(t) is the fluorescence change of the sample with time;
and 1,, T, and A, A, are lifetimes and amplitudes of the
fast (1) and slow (2) components of the fluorescence
decay kinetics (A, + A, = 1).

RESULTS AND DISCUSSION

The main advantages of preparing liposomes by
extrusion through a porous polycarbonate membrane are
the simplicity of the method and the possibility to widely
vary the size of vesicles by changing the size of the poly-
carbonate filter pores (from tens of nanometers to
microns). Our measurements by dynamic light scattering
of the size of lecithin liposomes prepared by extrusion
through the porous polycarbonate membrane with pores
of 0.1 um showed that the average size of the particles was
~100 nm. However, the extrusion of the lipid mixture con-
taining the RC proteins resulted in insufficiently homoge-
nous proteoliposomes, which indicated poor incorpora-
tion of the proteins into the structure of the vesicles. For
preparing proteoliposomes, it was better to use the other
method with the lipid and the protein dispersed in excess
detergent and subsequent removal of the detergent, e.g. by
dialysis (the detergent-dialysis method, D-D). The lipid
bilayer thickness was in good correlation with the size of
the membrane proteins that promoted the formation of
stable closed structures, and the orientation degree of the
proteins on such incorporation was >80%. The proteoli-
posome diameter in this case depended on the nature of
the detergent and on the rate of its removal. We used this
approach for preparation of proteoliposomes containing
proteins of the RCs from the purple bacterium Rb.
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sphaeroides and quantum dots. The average diameter of
lecithin liposomes prepared by the D-D method was
~40 nm. This value correlates with results of other studies.
In particular, it was shown in [30] that the size of proteoli-
posomes depended on the lipid/protein ratio in the initial
mixture: the greater the amount of lipid, the smaller the
liposomes. For the lipid dioleoylphosphatidylcholine and
RCs from Rb. sphaeroides at ratios of 8000 : 1, 2000 : 1,
and 1000 : 1, the hydrodynamic radii obtained in this work
for the particles were, respectively, 21 + 2, 35 + 3, and
55 £ 6 nm. In our case the average hydrodynamic radius
of the RC-containing liposomes was 39 £ 4 nm, of the
liposomes containing RC and QD — 38 + 3 nm, and of the
liposomes containing only QD — 27 + 2 nm.

The orientation of RCs from Rb. sphaeroides in pro-
teoliposomes obtained by dialysis of the detergent sodium
cholate was studied in work [31] by the functional inter-
action of RCs with exogenously added cytochrome c,
which is a natural donor of electrons for the photoactive
BChl. The transmembrane orientation of the RCs within
the proteoliposomes showed, that the donor part of the
RC (the BChl dimer — P870) exposed to the outside was
increased from 45 to 85% with increase in the size of the
vesicles.

We studied the liposomes prepared by the two meth-
ods by electron microscopy. The liposomes prepared by
extrusion were characterized by two clearly pronounced
layers, and the inner layer diameter was ~60 nm and that
of the outer layer was ~120 nm (Fig. 1). Because of the
large size of such liposomes, the image is only an optical
section, and the greater part of their surface is invisible, as
well as the QDs that occur outside of the focal plane,
which explains their small number in the photograph.

Fig. 1. Transmission electron microphotograph of liposomes pre-
pared by the extrusion method. The marker corresponds to
120 nm.

Fig. 2. Transmission electron microphotograph of liposomes pre-
pared by the D-D method. The label corresponds to 120 nm.
Arrows designate QDs.

BIOCHEMISTRY (Moscow) Vol. 79 No. 11 2014
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Liposomes prepared by dialysis (Fig. 2) were typical-
ly spheres with a diameter of ~25 nm and also larger elon-
gated structures with diameters of 25-30 nm and lengths
of 120-250 nm. The latter shape seemed to be caused by
fusion of smaller particles on the support. In images of
samples with quantum dots added during their prepara-
tion denser objects can be seen — the quantum dots indi-
cated by arrows. We concluded this based on the follow-
ing reasons:

— the sizes of these particles are ~5 nm, which is in
good agreement with the theoretical size of the QD
nucleus corrected for focusing; the same sizes were
recorded in [32];

— the detected objects are in direct contact with the
liposomes, which is in agreement with the electrophoret-
ic data regarding QD and liposome aggregation (see fur-
ther). It is interesting to note that QDs interact with the
lipid bilayer of the phosphatidylcholine liposome but are
not simply encapsulated in it [33].

The interaction of QDs with liposomes in our prepa-
rations was also evident by results of electrophoresis in
agarose gels. The QDs (in aqueous solution) did not dif-
fuse in the gel under the influence of the electric field —
a bright spot of the UV-excited fluorescence of QDs
remained at the origin. This was clearly because of the
small charge of the individual particles. However, QD-
containing liposomes carrying on their surface many
charges of lipid polar heads markedly diffused in the elec-
tric field. However, the fluorescent spot was blurred obvi-
ously due to the liposome distribution in size and weak-
ened as a result of a partial quenching of the QD fluores-
cence by phospholipids [33, 34]. Liposomes containing
QDs and liposomes containing both QDs and RC pro-
teins have virtually the same electrophoretic mobilities.
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Fig. 3. Absorption spectra of lecithin proteoliposomes with RCs
from Rb. sphaeroides (1), proteoliposomes with both RCs and
quantum dots (2), and liposomes with only quantum dots (3).

BIOCHEMISTRY (Moscow) Vol. 79 No. 11 2014

1187
2
2 ]
¢ T
S —0.004 A
2
<
§ -0.008 !
3
o
£ -0.012+
c
o
&
2 -0.0161
5
g -00200+—mF——F——
2 0 1 2 3 4
<

Time, s

Fig. 4. Kinetics of absorption changes of the photoactive bacterio-
chlorophyll at 870 nm induced by laser illumination in proteoli-
posomes containing RCs of Rb. sphaeroides (1) and proteolipo-
somes containing both RCs and QDs (2).

Absorption spectra of RC-containing proteolipo-
somes, of RC/QD-containing proteoliposomes, and also
of quantum dots QD530 with a nucleus of CdSe in aque-
ous suspension are presented in Fig. 3. The RC absorp-
tion spectrum essentially corresponds to the spectrum of
the initial RC suspension before the incorporation proce-
dure. However, attention should be given to the disap-
pearance of characteristic absorption bands of
carotenoids because of their extraction due to the ultra-
sonic treatment of the aqueous mixture of RC with lipids
in 2% sodium cholate solution that was used by us to
improve the dispersion of individual components. If the
short-term ultrasonication of the mixture before the dial-
ysis was omitted, the resulting liposomes displayed all
absorption bands characteristic for RCs, including the
carotenoid band. In vesicles containing only QDs or both
QDs and RCs, one can clearly see characteristic absorp-
tion bands of the QDs in the region of 400-550 nm. The
functional activity of RCs — the ability to reversibly pho-
tooxidize the BChl RC (P870) under the pulsed illumina-
tion of the proteoliposomes — was also retained (Fig. 4).
This was also true for hybrid liposomal structures con-
taining RCs and QDs. The kinetics of photoinduced
changes in the P870 absorption presented in Fig. 4 reflect
the charge separation between the primary electron
donor, P870, and the quinone acceptors (Q,, Qg) with
their subsequent dark recombination. The Kkinetics
recorded in RC-containing vesicular preparations reflect-
ing the dark recombination of P* and Qg was close to the
kinetics for the original RC preparation in aqueous buffer.
The recombination kinetics in proteoliposomes contain-
ing RCs and QDs was faster than in vesicles containing
only RCs without QDs (Fig. 4). Obviously, this is associ-
ated with changes in the efficiency of the transient elec-
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tron stabilization at the quinone acceptor component of
the RCs in QD-containing preparations. An effective
electrostatic stabilization of electrons at the quinone
acceptors Q4 and Qg in RCs of purple bacteria was asso-
ciated with displacements of protons in their protein
environment. Moreover, not only protonated amino acid
residues of the nearest environment of quinone cofactors
were involved in these processes. It was shown earlier that
changes in the charge of the quinones could be accompa-
nied by changes in the pK of protonated amino acids at
distances of 15-17 A [35, 36]. As noted in [37], the rate
constant of the dark recombination of the electron from
Qg to P* was sensitive to the ionization state of all
charged residues in the environment of Qg. The influence
of QDs on the transient stabilization of separated charges
seems to indicate that their closeness to RCs in liposomes
is sufficient to influence the structural dynamics of
peripheral regions of the RCs, which was reflected in the
recorded recombination kinetics.

The effective interaction of RCs and QDs was also
confirmed by the fluorescence characteristics of the hybrid
complexes. Figure 5 (a and b) presents fluorescence exci-
tation spectra of photoactive BChl P870 in proteolipo-
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Fig. 5. Fluorescence excitation spectra of proteoliposomes con-
taining RCs (/) and in liposomes containing both RCs and QDs
(2) recorded at 775 nm (a) and 910 nm (b).
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somes (/) and in the RC/QD-containing liposomal prepa-
rations (2) recorded at 775 and 910 nm. The fluorescence
excitation spectrum of the RC-containing preparation
without QDs virtually coincided with the absorption spec-
trum of the RCs. The figure also shows a strong increase in
the fluorescence signal of the preparation containing both
RCs and QDs due to absorption of light energy by quan-
tum dots in the range of 250-550 nm and its efficient
transfer to the RCs. Considering that we used QDs with an
emission maximum at 530 nm that coincided with the Q,
absorption band of bacteriopheophytin (BPheo) in RCs
(bacteriochlorophylls in RCs have a maximum of the Q,
absorption band at ~590 nm), the fluorescence signal of
the hybrid complexes was the highest when luminescence
was recorded at 775 nm, i.e. near the BPheo fluorescence
maximum (the Q, absorption band of BPheo has a maxi-
mum at ~760 nm). The excitation energy trapped by
BPheo molecules was transferred to BChl monomers with
an absorption maximum in the Q, region of 800 nm and
further to the photoactive BChl dimer with an absorption
Q, maximum near 870 nm with fluorescence at 910 nm.
The excited state of QDs was effectively quenched as
a result of the interaction of the QDs with the RCs in the
liposomes, which was also confirmed by measurements of
the QD fluorescence decay kinetics. The fluorescence
decay kinetics averaged from 50 measurements were
approximated with a biexponential function of the type:
A= Ae(—t/1)) + Ase(—t/1,), where A,, T, are the ampli-
tude and characteristic time, respectively, of the first
decay component and A,, 1, are the amplitude and char-
acteristic time of the second decay component. The aver-
age lifetime of the fluorescence decay was characterized
by the ratio as follows: T,, = (A1, + Ay10)/(A; T Ay).
Preparations of QD-containing liposomes were sup-
plemented with RCs at concentrations increasing from 1
to 11 uM. Parameters of the obtained kinetic curves (for
the biexponential approximation) are given in the table.
An increase in the amount of RCs was accompanied
by a decrease in the characteristic lifetime of the fluores-
cence decay, which indicated the dynamic character of its
quenching. This conclusion was confirmed by the plot of
the dependence of fluorescence quenching (ratio of max-
imal fluorescence to fluorescence observed upon addition
of a quencher), i.e. on the RC concentration in
Stern—Volmer coordinates (Fig. 6). This plot indicated
that this ratio increased with increasing concentration and
was linear, which confirms the dynamic character of QD
fluorescence quenching [38]. It should be noted that dur-
ing this experiment QDs were in a liposomal environment
(some QDs were encapsulated in the interior of the lipo-
somes, and others were incorporated into the lipid bilay-
er), whereas RCs were in the aqueous medium. In this
case, quenching of QD fluorescence by RCs was lower
than during the titration with QDs in solution. This could
be expected because QDs localized within liposomes
could not interact with the RCs localized outside. The
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Amplitudes (A) and characteristic lifetimes (T) of decay kinetics of the QD fluorescence in proteoliposomes contain-
ing RCs of Rb. sphaeroides depending on the concentration of RCs added

Sample Amplitude A, Time T, ps Amplitude A, Time T, ps Time T,,, ps
QD, 1 uyM 11 205 18 4047 2633
QD+ 1 upM RC 15 241 18 3785 2154
QD +2uM RC 16 221 16 3274 1764
QD+ 5uM RC 22 214 17 2337 1139
QD + 8 uM RC 31 208 19 1832 826
QD + 11 pM RC 37 183 21 1540 677

purpose of this experiment was to show that the QD par-
ticles incorporated into the lipid bilayer retained their flu-
orescence properties and could form complexes with RCs
localized on the surface of the liposomes. Unfortunately,
it was technically impossible to obtain preparations of
proteoliposomes with both QDs and RC proteins local-
ized only within the lipid bilayer in different ratios and to
perform kinetic measurements. But in liposomal prepara-
tions 6 and 7 (see “Materials and Methods”) with the
same contents of QDs a noticeable decrease in the life-
time of the QD excited state in the presence of RCs was
found (data not presented). This indicates the formation
of a molecular QD/RC complex with energy transfer from
QDs to RCs within the liposomes.

To assess the stability of RC function within proteoli-
posomes, we studied the temperature dependence of the
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Fig. 6. Quenching of QD fluorescence in preparations of proteoli-
posomes with different concentrations of RCs from Rb.
sphaeroides in Stern—Volmer coordinates.
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characteristic lifetimes of dark recombination of P* and Q;,
in Rb. sphaeroides RCs at temperatures above room tem-
perature (Fig. 7). This functional parameter is an informa-
tive index of the structural-dynamical state of the RCs that
determines their activity. We found earlier that in an aque-
ous suspension of isolated RCs the characteristic time of
this reaction decreased with increase in temperature above
room temperature (up to 45-50°C the recorded functional
effects were reversible [39]), which suggests a decrease in
the time of stabilization of the photoseparated charges
between P* and Qj as a result of the increased probability
of their recombination. We associate this observation with
specific features of the temperature dependence of the state
and dynamics of hydrogen bonds influencing the stabiliza-
tion of separated charges in the environment of the elec-
tron transfer cofactors in the RC structure [40, 41].
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Fig. 7. Temperature dependence of the characteristic lifetime of
dark recombination of photoseparated charges between bacterio-
chlorophyll P and the primary quinone acceptor for the Rb.
sphaeroides RCs within lecithin liposomes (/) and RCs in aqueous
buffer (2).
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To study the temperature dependence of the P* and
Q, charge recombination in RCs in proteoliposomes, RC
preparations were pretreated with o-phenanthroline (to
10~ M), which inhibits electron transfer from the pri-
mary quinone acceptor to the secondary one. The sam-
ples were excited by separate light flashes. Figure 7 shows
that at room temperature values of the recombination rate
for RCs within liposomes and in control RCs in aqueous
buffer solution were similar: t,, were ~100 and 95 ms,
respectively. It should be noted that addition of QDs to
preparations of RC-containing proteoliposomes had vir-
tually no influence on the value of this functional param-
eter. However, during the subsequent heating of RC-con-
taining liposome samples, significant differences were
observed from the control (RCs in buffer): the character-
istic reaction time not only did not decrease with heating
up to 50°C but even slightly increased — to 110 ms (Fig.
7). In other words, the efficiency of charge stabilization in
the P™-Qj ion-radical pair did not decrease in RCs in the
liposomal environment even on heating up to 50°C, as
compared to RCs in aqueous buffer. It seemed that the
interaction of RCs with the artificial lipid membrane
strongly influenced the temperature dependence of elec-
tron transfer within the RC structure. The incorporation
of RCs into the lipid bilayer led to a significant increase in
its thermostability. This was also directly evidenced by the
absence of any sign of the protein degradation in the
absorption spectra of proteoliposomes containing Rb.
sphaeroides RCs during heating to 50°C. The ratio of the
absorption bands of the RC porphyrin pigments in the
near IR region (760 nm — BPheo, 800 nm — monomeric
BChl, 870 nm — photoactive BChl dimer) was virtually
unchanged for RCs in liposomes, whereas at 50°C
changes specific for pheophytinization were observed for
RCs in aqueous buffer, i.e. BChl molecules lost the cen-
tral Mg atom, the amplitude of the BPheo absorption
bands at 800 and 870 nm decreased, and the amplitude of
its absorption band at 760 nm increased.

In the present work the possibility has been shown of
creating efficient hybrid constructs composed of photo-
transforming RCs and inorganic nanocrystals embedded
into artificial membranous vesicular particles. Stable
structures have been prepared with RCs fully retaining
their functional activity and quantum dots effectively
transmitting the absorbed energy to the RCs. Reliable
functional contact was shown to exist in the QD/RC
complex in the lipid bilayer structure, with QDs acting as
an additional light-harvesting component. In addition,
the hybrid complexes were produced by self-assembly due
to electrostatic interactions. The liposomal structure was
responsible for the high resistance of their protein com-
ponent to denaturing exposures that was shown by the
influence of temperature on RCs in aqueous buffer and
within the artificial membranous system. Note that just
the comparative study on functional parameters of the
phototransforming activity of RCs in aqueous buffer or

ZAGIDULLIN et al.

within natural or artificial membranous structures is cur-
rently an urgent problem for investigations of fundamen-
tal regulatory mechanisms of light energy conversion in
photosynthetic RCs. On the other hand, it can be stated
that liposomal structures possess obvious virtues also for
applied developments of light-capturing devices based on
natural photosensitive proteins.
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