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The membrane pigment–protein complexes of
photosynthetic reaction centers (RCs) are unique nat�
ural macromolecular structures that enable us to study
the mechanisms of highly efficient electron transfer in
biological systems and the role of molecular dynamics
in the regulation of these processes. RCs are conve�
nient and informative models for investigating the
relationship between the functional properties of a
protein and its structural dynamics because (i) the
electron transport activity of RCs can be monitored
using modern spectral kinetics assays and (ii) various
electron transfer stages within the structure of the
transmembrane proteins of RCs are accomplished on
time scales ranging from hundreds of femtoseconds to

seconds [1–3]. The pigment–protein complexes of
the RCs of the bacterium Rhodobacter sphaeroides
consist of three subunits with a total molecular mass of
about 100000. They include the following protein�
embedded components: the bacteriochlorophyll
dimer P, the primary electron donor; two molecules of
monomeric BChl (ВА and ВВ) located in the active (A)
and in the inactive (B) branch of the electron transfer
system; two bacteriopheophytin molecules (НА and
НВ); and two quinone acceptor (ubiquinone�10) mol�
ecules (QA and QB).

The sequence of events taking place in isolated bac�
terial RC is schematically represented below:

PIQAQB
hν PI*QAQB

<4 ps P+I–QAQB
150–200 ps P+IQAQB

– 100–200 μs P+IQAQB
–

�10 ps

�100 ms

≥1 s

The RC photoactivation is followed by electron
transfer from the excited form P* (bacteriochlorophyll
dimer) of the primary donor to a bacteriopheophytin
molecule (I) that is accomplished in 3–4 ps. The elec�
tron from I passes in ~200 ps to the primary acceptor
molecule (QА) and then in 150–200 μs, to a molecule
of the secondary acceptor pool (ubiquinones�10). In
the preparations lacking external electron donors for
the light�oxidized P, the time of the dark backward
transfer of the electron to Р+ (with the subsequent
stages of forward electron transport blocked) is ~10 ns,
~100 ms, and ~1 s for the recombination of P+ and I⎯,

P+ and  and Р+ and , respectively. EfficientQA
–

, QB
–

electrostatic stabilization of the light�mobilized elec�
tron on the quinone acceptors that accounts for the
above times of dark backward electron transfer to Р+ is
due to proton shifts in the protein environment of the
acceptors. These processes involve protonated amino
acid residues in the vicinity of the quinone cofactors
and amino acids located within a distance of up to 15–
17 Å.

The molecular dynamics of the protein is influ�
enced by its interactions with chemical chaperones
(CCs) [4], i.e., low molecular weight compounds that
are capable of correcting the structural and dynamic
state of proteins, including those responsible for the
development of a number of health problems (Alzhe�
imer’s and Parkinson’s diseases and prion infections)
[5]. Particularly well characterized CCs include poly�
atomic alcohols (glycerol), sugars (trehalose), trime�
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thylamine�N�oxide (TMAO), dimethyl sulfoxide,
amino acids (glycine and betaine), and alkylated
hydroxybenzenes (AHBs), which can enhance the
functional and operational stability of a number of
enzyme proteins (hydrolases) [6, 7]. AHBs are synthe�
sized by microorganisms and plants as a mixture of
isomers and homologues that differ in the number and
position of substituents in the aromatic nucleus and in
alkyl radical length. These differences affect the reac�
tivity and biological activity of AHBs [8]. The AHB
effect on multisubunit proteins has not yet been inves�
tigated.

The goal of this work was to investigate the effect of
AHBs on the operation of the photosynthetic RCs of
purple bacteria and assess the possible application of
RCs for the purpose of selecting the biologically active
substances influencing the structural and dynamic
state of functional proteins.

The bacterium Rhodobacter sphaeroides (Collection
of Microorganisms of the Moscow State University,
no. 284) was cultivated in liquid Ormerod medium
under anaerobic conditions in a luminostat at 30°C for
3 days. To isolate RC from the photosynthetic mem�
branes, a chromatophore suspension was supple�
mented with 0.5% solution of the detergent lauryldim�
ethylamine oxide (LDAO) and incubated for 30 min at
20°C. Membrane debris was removed by centrifuga�
tion (144000 g, 60 min, 4°С). The proteins were pre�
cipitated with ammonium sulfate (22%). The resulting
RC�containing clot was dissolved in phosphate buffer
containing 0.05% LDAO and dialyzed against the
same buffer to remove ammonium sulfate (24 h, 4°С).
The RC preparation was purified by chromatography
on a granulated oxyapatite (or aluminum oxide) col�
umn eluted with 0.01 M phosphate buffer (pH 7.2).
The RC concentration in these studies was 18 μM
(measured at λ = 800 nm, ε = 294 mM–1 cm–1). The
photochemical activity of the samples was measured
with a single�beam differential spectrophotometer.
The kinetics of light�induced changes in bacterioclo�

rophyll P absorbance in RC samples was recorded in
the Qy absorbance band (870 nm). One�electron
transfer between the photoactive bacteriochlorophyll
and the quinone acceptors was monitored (the prepa�
rations lacked a physiological electron donor for the
light�oxidizable P such as cytochrome с or exogenous
reductants). After the flash excitation of photoreac�
tions, three or four signals were accumulated and the
kinetic curves of dark Р+ reduction were resolved into
exponents using the Marquardt method of nonlinear
regression analysis [9].

The following AHB were used as structural modifi�
ers of the RC protein complex: 5n�methylresorcinol
(5MR), 4n�hexylresorcinol (4HR), and 2�(4�hydrox�
yphenyl)ethanol (tyrosol, T) (Sigma), as well as 2n�
methylresorcinol (2MR) and 5n�ethylresorcinol
(5ER) (VKG, Estonia). The photochemical activity
was recorded 5 min after supplementing an RC sample
with aqueous solution of AHB at a concentration of
0.5–4.0 mg/ml (not exceeding 2 mg/ml for 4HR
because micelle formation occurred at higher 4HR
concentrations). One RC molecule corresponded to
200–1600 molecules of AHB (to 150–600 molecules
for 4HR). Our measurements demonstrated that the
dark P+ reduction kinetics did not change upon
increasing the time of RC and AHB incubation to
40 min.

In order to investigate the influence of structurally
different AHBs on the temporary stabilization of the
electron on the primary quinone acceptor of RCs, the
tested samples were preincubated with o�phenanthro�
line (10–2 M) that blocks the electron transfer from
Q⎯

A  to QB. The characteristic time of dark P+–QA
–

recombination was about 80 ms in the control sam�
ples. The addition of all tested AHB to RC preparation
resulted in an increase in characteristic time of the
P+–QA

– recombination (table). The extent of the
effect produced by them depended on both the AHB
concentration and structure. It increased in the
sequence T, 2MR, 5MR, 5ER, and 4HR, which corre�

AHB influence on the characteristic time of P+ and  recombination in the RC of Rhodobacter sphaeroides (the samples contained

o�phenanthroline (10–2 M)

AHB concentration, 
mg/ml

Characteristic time of P+ and  recombination, ms (% of control)

T 2MR 5MR 5ER 4HR

Control 79 (100) 79 (100) 79 (100) 79 (100) 79 (100)

0.5 82 (104) 85 (108) 84 (106) 84 (106) 94 (119)

1.0 82 (104) 85 (108) 86 (109) 89 (113) 102 (129)

1.5 82 (104) 86 (109) 89 (113) 91 (115) 108 (137)

2.0 83 (105) 88 (111) 92 (116) 95 (120) 114 (144)

3.0 83 (105) 89 (113) 93 (118) 98 (124) *

4.0 87 (110) 90 (114) 100 (127) 102 (129) *

* Micelle formation and the opacification of the samples occurred.

QA
–

QA
–

,
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lated with the hydrophobicity degree of these AHB.
The maximum effect was caused by 4HR, which had
the longest alkyl radical. The modification of hydro�
lases by the tested AHBs within a wide range of con�
centrations resulted in an increase in their catalytic
activity (for 4HR, this only occurred at low concentra�
tions) [6, 7]. In contrast, the AHB effect on RC prep�
arations slowed down the tested reaction, while the
efficient concentrations of AHB were an order of mag�
nitude above those for hydrolases. These differences
may be due to the different structural features of the
two systems and dieefernces in their different hydro�
phobicity. Unlike water�soluble hydrolases, the tested
hydrophobic membrane multisubunit protein was sol�
ubilized in an aqueous system by a ring composed up
of ~150 LDAO molecules. For RC crystals, the esti�
mated thickness of the ring is 25–30 Å (perpendicular
to the plane of the photosynthetic membrane). The
increase in characteristic time of P+ and QA

–  recombi�
nation upon addition of the tested AHB to RC prepa�
rations may be due to the functioning of the alkyl rad�
icals in the AHBs’ aromatic nucleus and their hydroxyl
groups. The hydroxyl groups obviously exert an influ�
ence on the RC system of hydrogen bonds the state of
which affects the functional activity of the RCs [2, 3].
This is consistent with the higher efficiency of 5MR
compared to 2MR, the alkyl radical of which screens
the hydroxyl groups. These findings are in line with the
fact that the electron transfer in the RC structure is
decelerated by the triatomic alcohol glycerol, the
addition of which to RC at a concentration of 75%
(vol/vol) increased the characteristic reaction time
1.2�fold. However, the manifest dependence of the
modifying effect of exogenous substances on the
hydrophobicity degree of their molecules suggests a
decisive role of hydrophobic interactions between
AHB and the RC protein.

Thus, this work demonstrated for the first time that
AHBs exert a regulatory influence on the functional
activity of the multi�subunit protein complex of the
photosynthetic RCs of purple bacteria. The biological
goal of the regulatory influence of AHBs that function
as adaptogens [8] may be a more efficient stabilization
of the light�induced charge separation between the
bacteriochlorophyll and the quinone acceptor. This
stabilization decreases the potential probability of
generating reactive oxygen species from bacteriochlo�
rophyll triplets that result from the dark recombina�
tion of separated charges.

The results obtained indicate that the RC of purple
bacteria can be used as a convenient model system for
the primary testing of biologically active substances for
the purpose of assessing their potential employment as
efficient modifiers of the functional activities of
biopolymers.
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