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Abstract—Effect of dipyridamole (DIP) at concentrations up to 1 mM on fluorescent characteristics of light-harvesting
complexes LH2 and LH1, as well as on conditions of photosynthetic electron transport chain in the bacterial chromatophores
of Rba. sphaeroides was investigated. DIP was found to affect efficiency of energy transfer from the light-harvesting complex
LH2 to the LH1—reaction center core complex and to produce the long-wavelength (“red”) shift of the absorption band
of light-harvesting bacteriochlorophyll molecules in the IR spectral region at 840-900 nm. This shift is associated with the
membrane transition to the energized state. It was shown that DIP is able to reduce the photooxidized bacteriochlorophyll of
the reaction center, which accelerated electron flow along the electron transport chain, thereby stimulating generation of the
transmembrane potential on the chromatophore membrane. The results are important for clarifying possible mechanisms of
DIP influence on the activity of membrane-bound functional proteins. In particular, they might be significant for interpret-

ing numerous therapeutic effects of DIP.
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INTRODUCTION

Dipyridamole is a modified purine (2,6-bis(dietha-
nolamino)-4,8-dipiperidino-pyrimidino (5,4-d)pyrimi-
dine). Structural formula of the molecule is shown below
(scheme).
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The chemical structural formula of dipyridamole

This drug is widely used in medicine as a coro-
nary vasodilator and antithrombotic agent that inhib-
its platelet aggregation. The proposed mechanism of its
antithrombotic activity is inhibition of the platelet ac-
tivation that alters the shape of platelets, thus initiating
their aggregation. This process results from the action
of dipyridamole (DIP) on phosphodiesterase that regu-
lates the signal transduction pathway mediated by cyclic
nucleotides (cGMP and cAMP) [1]. DIP also acts as an
effective inhibitor of the transmembrane P-gp protein,
an ATP-dependent pump of lipophilic compounds that
pumps antitumor drugs out of cancer cells [2, 3]. It has
been suggested that suppression of this membrane trans-
porter may stem from the direct inhibition of the bind-
ing sites of transported substrates or from disorders in

Abbreviations: BChl, bacteriochlorophyll; DIP, dipyridamole; LH1 and LH2, light-harvesting complexes; P, photoactive bacte-
riochlorophyll; Qa, primary quinone acceptor; Qg, secondary quinone acceptor; RC, reaction center; TMPD-H,, N,N,N' N'-

tetramethyl-p-phenylenediamine reduced by ascorbate.
* To whom correspondence should be addressed.
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the coupled process of ATP binding and hydrolysis [4].
DIP also promotes a few other biological activities in-
cluding anti-inflammatory, antioxidant, and antiviral
functions. Because of the wide range of pharmacolog-
ical activity of DIP (vasodilating, antithrombotic, an-
ti-inflammatory, and antioxidant), there are theoretical
bases for the use of dipyridamole as a therapeutic agent
in the treatment of patients with COVID-19. The coro-
navirus-19 disease begins as a respiratory infection but it
may be accompanied by a hypercoagulable state, severe
inflammation due to excessive cytokine production, and
by the potentially significant oxidative stress [5, 6]. How-
ever, despite the long-term medical use of dipyridamole,
the detailed mechanisms of its numerous therapeutic ef-
fects remain unclear.

In our previous works we studied the mechanisms of
DIP interaction with biological structures by analyzing
effects of dipyridamole and its derivatives on photoin-
duced electron and proton transport in the photosynthet-
ic reaction centers (RC) of the purple bacteria and in the
purple membranes of the bacteriorhodopsin-containing
halobacteria [7-9]. In these studies, the transmembrane
photosensitive protein complexes were used as convenient
informative test systems for studying molecular mecha-
nisms of the dipyridamole impact on membrane proteins.
It was shown that, in the RC preparations isolated from
Rba. sphaeroides, DIP accelerates dark recombination
between the photooxidized bacteriochlorophyll (BChl)
dimer P" and the reduced primary quinone acceptor Qsx.
In the chromatophore membranes of these bacteria,
dipyridamole slows down formation of the fully reduced
secondary quinone acceptor, QzH, hydroquinone, that
transfers reducing equivalents from the RC protein into
the photosynthetic membrane. The effect of DIP on bac-
teriorhodopsin photocycle was manifested by the decel-
erated decay of the M-intermediate, which is associated
with the re-protonation of the Schiff base.

As noted above, DIP exhibits also antioxidant prop-
erties, inhibiting, in particular, lipid peroxidation due to
its capability of one- and two-electron oxidation [10-12].
Therapeutic effects of this chemical might be due to its
antioxidant capacity [10, 13]. Influence of antioxidant
agents on the P-gp protein was shown using several fla-
vonoids as examples [14]. In our previous studies we
showed the possibility of generating DIP cation radical
during DIP interaction with both isolated RC protein—
pigment complexes of Rba. sphaeroides and with the
chromatophore membranes of these bacteria [15, 16].
We also suggested that the putative electron—donor prop-
erties of DIP provide prerequisites for energization of the
energy-coupling membranes [16].

The effects of DIP on functional biological mem-
branes and interactions of their integral components
clearly deserve further study. The aim of this work was to
study effects of DIP on the energy transfer from light-har-
vesting protein—pigment complexes to photosynthetic
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RC in the Rba. sphaeroides bacteria and to characterize
electron-donor properties of DIP using high-resolution
fluorescence and absorption spectroscopy among other
methods.

MATERIALS AND METHODS

Photosynthetic membranes of chromatophores from
the wild-type strain of purple nonsulfur bacteria Rhodo-
bacter sphaeroides were isolated using fresh cells of a 5- to
6-day culture after washing the cells with sodium phos-
phate buffer (100 mM, pH 7.5). Following ultrasonic
disintegration of cells, the remaining unbroken bacterial
cells and large particles were separated by centrifugation
at 40,000g for 15 min; chromatophores were obtained by
centrifugation of the supernatant at 144,000g for 120 min
with L5-50 Beckman ultracentrifuge. Chromatophores
were suspended in a 20 mM sodium phosphate buffer,
pH 7.5. Before measurements, they were diluted with a
buffer to ~10 uM concentration of the photoactive pig-
ment. The preparations exhibited well pronounced pho-
toinduced electron transport activity despite the initially
low rate of cyclic electron flow. The latter feature was
apparently related to a significant loss of cytochrome ¢,
a water-soluble mobile electron carrier.

Dipyridamole is poorly soluble in water but its sol-
ubility increases in the acidic pH range. Therefore, the
20 mM DIP stock solution was acidified to pH 4.5. How-
ever, even the highest final concentration of DIP (1 mM)
obtained by addition of 50 ul DIP to 950 ul chromato-
phores had no significant influence on the pH value in
the sample because of the high buffer capacity of the sus-
pension medium.

An aqueous solution of TMPD (N,N,N',N'-tetra-
methyl-p-phenylenediamine, Sigma-Aldrich, USA) at a
concentration from 1 uM to 1 mM in combination with
sodium ascorbate (sodium L-ascorbate, Sigma-Aldrich)
was used as an exogenous electron donor. Sodium
L-ascorbate was added at a concentration one order of
magnitude higher than the concentration of TMPD.

Absorption spectra were recorded using a modified
Hitachi-557 spectrophotometer (Japan); fluorescence
spectra were recorded using a Fluorolog 3 spectrofluoro-
meter (Horiba Jobin Yvon, Japan) equipped with a cooled
Hamamatsu-5509 photomultiplier tube highly sensitive
in the IR spectral range. Fluorescence was excited at the
Soret absorption band (400 nm) of porphyrin pigments.
Fluorescence decay kinetics were recorded using photon
counting at a wavelength of 880 nm with a Becker & Hickl
(Germany) system in the time-correlated single photon
counting (TCSPC) mode. An HPM-100-07 hybrid pho-
todetector provided instrumental function of the recording
system of approximately 16 ps. A Tema-150 femtosecond
laser system (Avesta-Proekt, Russia) that generated light
pulses with a wavelength of 400 nm, duration of 300 fs,
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and repetition rate of 80 MHz (the average radiation pow-
er was 2.8 W was used as an excitation light source; energy
of a single laser pulse was 34 nJ). In our experiments, en-
ergy of the excitation light pulses was reduced by means of
neutral light filters to a level determined by the sensitivity
of the recording system; average radiation power density
was 3:10~ W/cm? A two-exponential approximation was
used to fit fluorescence kinetics.

Photoinduced absorbance changes in the region of
740-920 nm were recorded under stationary monochro-
matic illumination at 10 nm intervals using a single-beam
differential spectrophotometer with mechanical light
modulation. The sample was illuminated for 5 s with red
light (A > 620 nm). Differential “light minus dark” ab-
sorbance spectrum was constructed from the data points
using the Origin 8.1 program (OriginLab, USA) and the
“spline” smoothing function.

Absorbance changes induced by a single flash
(532 nm, duration 7 ns, pulse energy 10 mJ, YAG-Nd
laser LS-2131M LOTIS TII, The Republic of Belarus)
were recorded with a flash photolysis system featuring
double monochromatization of the probing light. The sig-
nal-to-noise ratio was improved by averaging 50-100 in-
dividual signals with a Gage Octopus CompuScope 8327
analog-to-digital converter (Canada). Multiexponential
approximation of kinetic curves was carried out with the
Origin 8.1 program (OriginLab).

All measurements were repeated at least three times,
and the results were averaged. Data represent mean val-
ues and their standard errors.

RESULTS

Photosynthetic apparatus of the purple bacterium
Rba. sphaeroides contains light-harvesting complexes of
two types (LH1 and LH2), cytochrome bc, reaction center
complexes, and ATP synthetase [17]. In the membrane,
the RC and LH1 form an LH1-RC complex, in which
each RC is surrounded by an LH1 ring protein structure
containing 32 linked BChl molecules. The Q, absorption
band of LH1 has a maximum at 875 nm; fluorescence
spectrum of this complex shows a peak at 885 nm. In con-
trast to LH1, the LH2 complex includes two spectrally
different types of BChl molecules. The short-wavelength
antenna type is formed by nine BChl molecules that ab-
sorb light quanta at 800 nm; the remaining 18 BChl mol-
ecules form a closely packed structure that absorbs light at
850 nm. Excitation energy is rapidly transferred from the
B800 ring complex to the ring of the B850 complex that is
able to emit fluorescence. The peak of B850 fluorescence
spectrum is at 860 nm [18].

Kineticsofthe fluorescence decayintheisolated chro-
matophores of Rba. sphaeroides cells that were grown under
standard conditions contains usually three components
with lifetimes ~100, 200-300, and 700-1000 ps [19, 20].

KNOX et al.

The authors believed that the fast component with ~100 ps
lifetime is associated with the excitation trapping from
LH1. The second component is related either to the en-
ergy transfer from LH2 to LH1 or to the charge recom-
bination in the P"H™ pair, where P is photoactive BChl
dimer and H is bacteriopheophytin. The third long-lived
component reflects fluorescence lifetime of the LH2
complexes that are not bound to LH1. It should be noted
that the energy connectivity of LH2—LH1 complexes de-
termines both lifetime of LH2 fluorescence and probabil-
ity of occupation of LH1 complexes [21]. The kinetics of
fluorescence decay in chromatophores of Rba. sphaeroi-
des was analyzed in detail in our work [22].

The absorption spectra of Rba. sphaeroides chro-
matophores showed no apparent differences under the
control conditions and in the presence of DIP (0.25,
0.5, and 1 mM). At the same time, characteristics of the
chromatophore fluorescence were evidently affected by
DIP. In the control samples (Fig. 1), the main maximum
at ~890 nm is due to the fluorescence of LH1 complex
that accepts energy absorbed by the light-harvesting pig-
ments of the LH2 chromatophore complex. The well-
defined shoulder at ~855 nm represents contribution of
the LH2 fluorescence to the fluorescence emission spec-
trum. Figure 1 shows fluorescence spectra of the chro-
matophores and the results of their decomposition into
two Gaussian components with maxima at ~890 nm and
~855 nm corresponding to the emission of LH1 and LH2
complexes, respectively. Comparison of the spectra shows
that the fluorescence of LH2 increases after addition of
1 mM DIP. In the control sample, the ratio of areas un-
der the Gaussian curves of LH1 and LH2 fluorescence
spectra was approximately 35, but this value decreased
to 20 in the presence of DIP. Addition of TMPD-H,
had no influence on the fluorescence spectra (data not
shown). An even more significant increase in the inten-
sity of LH2 fluorescence and, accordingly, relative de-
crease in the LH1 fluorescence were found in our recent
work dealing with the effects of cationic antiseptics on
the energy transfer in the same preparations of bacterial
chromatophores [22]. These changes were found to arise
from disruption of the functional connectivity between
the peripheral pigment—protein complexes LH2 and the
core complexes LH1—RC manifested by the reduced ef-
ficiency of the energy transfer between these complexes.
Apparently, a similar though less prominent effect also
took place when Rba. sphaeroides chromatophores were
treated with dipyridamole.

Since the membranes of isolated Rba. sphaeroides
chromatophores retain closed vesicular structure and cou-
pled energy-transduction systems, it is possible to study
not only electron transport processes, but also conver-
sion of the absorbed light energy into the energy of trans-
membrane charge separation. The shifts in carotenoid
absorption bands in the spectral region of 400-500 nm
arise in response to both local charge separations in the
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Fig. 1. Fluorescence spectra of a suspension of Rba. sphaeroides chromatophores (a) under control conditions and (b) in the presence of | mM DIP.
Original spectra (dotted line 7) were approximated by the sum of two Gaussian components (solid black curve 4). The component with maximum
near 855 nm (solid gray curve 2) represents fluorescence of the LH2 complex, and the band with maximum at 890 nm (solid gray line 3) displays

fluorescence of the LH1 complex.

reaction centers and generation of transmembrane elec-
tric field that polarizes the protein matrix [23]. At the
same time, the long-wavelength (so-called “red”) shift
of the absorption band of light-harvesting BChl mole-
cules, observed in the IR spectral region at 840-900 nm,
reflects mainly energization of the chromatophore mem-
brane and is insensitive to the individual local electron
transport steps at the chain segment P-Q,~Qg. These
changes of absorbance were observed both in the whole
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cells of various species of purple bacteria and in the iso-
lated chromatophores with closed vesicular structure, as
in bacteria R. rubrum, Rba. sphaeroides, and Ch. minutis-
simum [24, 25]. This energy-dependent “red” shift in the
BChl absorption was observed under conditions when
the transmembrane electron transfer was accompanied
by the antibiotic proton transport in the form of reduced
secondary hydroquinone as a result of the Q-cycle op-
eration involving the cytochrome bc¢; oxidoreductase



1142 KNOX et al.
20
e 154
T =< 10+
[2]
15 = 54
50
1 S -5 \/
10 - g—’IO— ' ' ‘ ' ' . ‘ ,
o | 760 780 800 820 840 860 880 900
= nm
2 7
=
] - //
8 " P
5
10 -
15

| ! | |
760 780 800

820

840 860 880 900 920

Wavelength, nm

Fig. 2. Differential (light-minus-dark) spectra of Rba. sphaeroides chromatophores. Curves: /) under control conditions, 2) in the presence of 10 mM
of electron transfer inhibitor orthophenanthroline, and 3) in the presence of | mM DIP. Differential “spectrum 3 minus spectrum 2” after normal-

ization of both spectra to absorption at 790 nm is shown in inset.

complex. When an exogenous electron donor (2,6-di-
chlorophenolindophenol, DCPIP, with excess ascorbate)
was added to the medium, this red shift was enhanced
under stationary light due to activation of the cyclic elec-
tron transport in those RCs where the electron donor cy-
tochrome c, was absent.

At the same time, blocking of electron transport in
the region between the primary and secondary quinone
acceptors by means of specific inhibitor of o-phenanthro-
line led to the complete suppression of the red shift [26].

Figure 2 shows differential (light-minus-dark) ab-
sorption spectra of Rba. sphaeroides chromatophores un-
der control conditions (/), after treatment with electron
transfer inhibitor o-phenanthroline (2), and in the pres-
ence of DIP (3). The spectrum of the control sample in
the near IR region comprises a positive peak at 790 nm
and three negative maxima at 820, 840, and 880 nm.
This type of spectrum indicated that the native structure
of the chromatophore membranes was undisturbed and
that generation of the electric potential difference at the
membrane produced the “red” shift in the absorption
band of the light-harvesting BChl. Since no exogenous
electron donor was added, cyclic activity of the photo-
synthetic apparatus was apparently low, and no positive
changes were observed in the region of 8§50-900 nm.
After the blockage of electron transport by o-phenanth-
roline, only the absorption changes due to the pigment P
photooxidation were retained. These changes were char-
acterized by bleaching of the band at 870 nm and con-

comitant short-wavelength shift of the absorption band of
monomeric BChl at 800 nm, with differential spectrum
maximum at 790 nm and minimum at 8§20 nm (Fig. 2,
curve 2).

Addition of DIP enhanced the energy-dependent
absorption changes. In the differential absorption spec-
trum, positive changes in the region of 850-900 nm with
maximum around 860 nm were due to the superimposed
redox changes of RC components (photooxidized P*) and
changes caused by the action of transmembrane electric
field on light-harvesting BChl. This view is supported by
the complex kinetics of the oppositely directed photoin-
duced absorption changes in the aforementioned spectral
region after switching off the activating light. The kinet-
ic curves indicate existence of the slowly relaxing “pos-
itive” and fast-relaxing “negative” absorption changes.
The former changes are presumably associated with the
“red” shift of the absorption of antenna pigments, and
the latter are supposedly caused by the redox transfor-
mations of P. Light curves measured in the spectral re-
gion characteristic of only the second type of absorption
changes (e.g., at 790 nm) and in the region where both
types of changes are superimposed (around 860 nm) also
confirm the above conclusion (Fig. 3). Data presented in
Fig. 3 suggest that the positive photoinduced absorption
changes associated with the long-wavelength shift of the
BChl band due to the charge separation demonstrate sat-
uration at lower light intensities than the negative absorp-
tion changes caused by the bleaching of photoactive P.

BIOCHEMISTRY (Moscow) Vol. 87 No. 10 2022
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Fig. 3. Amplitudes of photoinduced absorbance changes in the chromatophores of Rba. sphaeroides in the presence of | mM DIP as a function
of light intensity. Absorbance changes at 790 nm (curve /) reflect redox transformations of the photoactive P and absorbance changes at 860 nm
(curve 2) represent superposition of the redox conversions and energy-dependent red shift of the 850 nm band.

It should be pointed out that the field strength across the
membrane can be as high as 10° V/m [27].

By subtracting spectrum 2 from spectrum 3 (see
inset in Fig. 2) we obtain differential spectrum for the
voltage-dependent absorption changes. Structure of the
differential spectrum indicates that energization of the
chromatophore membranes results in the long-wave-
length shift of the absorption band of light-harvesting
BChl molecules at 850 nm.

As noted above, Rba. sphaeroides contain two types
of antenna complexes: LH2, i.e., molecules with absorp-
tion maxima at 800 and 850 nm (BChl 800-850), and
LH1 with an absorption maximum at 870 nm (BChl 870).
According to the X-ray diffraction data [28, 29], the BChl
850 molecules reside in a substantially hydrophobic envi-
ronment; they are densely packed, and the planes of their
porphyrin rings are oriented perpendicular to the plane
of the chromatophore membrane. At the same time, the
BChl 800 monomeric molecules are located between the
outer helixes of the protein component; they are oriented
parallel to the membrane plane, and interact with the po-
lar medium. Perpendicular orientation of the BChl 850
molecules to the membrane plane and low dielectric
constant of their membrane environment are apparently
the main factors underlying the long-wavelength elec-
trochromic shift of their absorption band (Stark effect)
caused by the high-intensity electric field associated with
generation of the transmembrane potential difference.

BIOCHEMISTRY (Moscow) Vol. 87 No. 10 2022

The effect of DIP on energization of the chromato-
phore membranes could be explained by assuming that
this agent is capable of donating electrons to photooxi-
dized P, similarly to the action of redox mediators DCPIP
and TMPD in the presence of sodium ascorbate. Stimu-
lating effect of the later chemicals on energization of the
chromatophore membranes has long been known [25]
and involves enhancement of the cyclic electron trans-
port due to electron supply from the reduced form of
TMPD to the photooxidized pigment P. The recorded
dark reduction of P* is accelerated in this case.

Figure 4 shows kinetic curves of the photoinduced
absorption changes in the chromatophores at 790 nm —
spectral band indicative of the redox conversions — un-
der control conditions and after addition of TMPD-H,
or DIP.

As can be seen in Fig. 4, dark reduction of the pig-
ment was substantially accelerated in both cases, which
confirms the assumed electron-donor properties of DIP.
However, these properties of DIP are much less pro-
nounced compared to those of TMPD-H,. The highest
acceleration of the reduction Kinetics in the presence of
DIP was achieved at concentration of 1 mM. Further
increase of DIP concentration did not accelerate dark
reduction of P*. It should be noted that the red shift of
BChl 850 band manifested under continuous illumi-
nation as a positive absorption change at 860 nm also
reached its highest value at DIP concentration of 1 mM.
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Fig. 4. Kinetics of P* dark reduction in the chromatophores of Rba. sphaeroides after activation with a single laser flash (532 nm, 7 ns) under control
conditions (/), in the presence of | mM DIP (2), and in the presence of TMPD-H, at concentrations of 1 uM (3) and | mM (4).
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Fig. 5. Rate constants of P* dark reduction in the chromatophores of Rba. sphaeroides (black circles) after illuminating the sample with a laser flash
(532 nm, 7 ns) in the presence of TMPD-H; at various concentrations. Calculations are based on the time during which the light-induced absorbance
change decreased 2.7-fold. The graph also shows effect of TMPD-H, concentration on the decay time T of the fast BChl fluorescence component
(open circles) with amplitude of approximately 95%.

Obviously TMPD-H, is a much more efficient electron to concentration of 1 mM substantially increased the rate
donor. At TMPD-H, concentration of ~1 uM the accel-  constant of P* reduction (Fig. 5).

erated kinetics of P* reduction was already similar to that We also investigated changes of the fluorescence
observed with 1 mM DIP; further addition of TMPD-H, lifetime in the Rba. sphaeroides chromatophores upon

BIOCHEMISTRY (Moscow) Vol. 87 No. 10 2022
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Fig. 6. Fluorescence decay kinetics in the chromatophores of Rba. sphaeroides under control conditions (7), in the presence of 1 mM DIP (2),
and in the presence of TMPD-H; at concentrations of 1 uM (3) and 1 mM (4). Curve 5 is the instrumental function with width ~16 ps. Dots are
experimental data; solid lines show the result of two-exponential approximation.

addition of DIP and TMPD-H, (Fig. 6, table, lifetimes
and amplitudes of the fluorescence decay kinetics pre-
sented in the table were obtained with a two-exponential
approximation).

As can be seen in Fig. 6, this kinetics is accelerated
upon addition of both DIP and TMPD-H,. This is ex-
plained as follows. Although the intensity of excitation
light was very low, at the photoexcitation frequency of
80 MHz, when the light pulses follow every 12.5 ns, part
of the photoactive pigment in the chromatophores ex-
ists permanently in the oxidized state (because, as noted
above, initial cyclic activity of the photosynthetic appa-
ratus evaluated from the red shift was low). Addition of

the external electron donor TMPD-H, increases the level
of reduction of the photoactive P in the course of these
kinetic measurements.

It is known that lifetime of the fluorescence of LH1
antenna complexes depends significantly on the redox
state of photoactive RC pigment. In the samples with re-
duced RCs, the fluorescence lifetime is ~80 ps. In the
case of oxidized RCs, duration of the fast component
of the fluorescence decay Kkinetics increases to ~200 ps.
As can be seen from the kinetics in Fig. 6, the absorbed
light energy was used more effectively in the photochemi-
cal reactions in RCs when DIP and TMPD-H, were add-
ed, and the recorded fluorescence lifetime was shorter.

Lifetimes (1, ps) and amplitudes (a, %) of the fluorescence kinetic components* in the Rba. sphaeroides chromato-
phores under control conditions and in the presence of DIP and TMPD-H, at various concentrations

Chromatophores of Rba. sphaeroides

Lifet.imes Control +DIP, +DIP, +DIP, +TMPD, +TMPD, +TMPD, + TMPD,

amplitudes 0.1 mM 0.5 mM 1 mM 1 uM 10 uM 100 uM 1 mM
T 131+£6 125+5 123+5 112+4 117+ 6 92+6 86 L5 83+4
T 581+ 17 602+ 15 597 £ 15 616 = 14 767 £ 15 873116 878 = 14 889 £ 14
a 96.0 £4.3 95.2+4.7 942 +3.5 939144 95.2+5.1 95.1+4.6 95.2+39 94,9 £5,3
a 4.0+0.8 4.8t 1.1 58+£09 6.1+0.4 48109 4.9+0.7 48+0.6 5,12 1,0

* Data are presented as mean values and standard errors obtained for three measurements.
Aex = 400 nm, Ae = 880 nm.

BIOCHEMISTRY (Moscow) Vol. 87 No. 10 2022



1146

Based on the comparison of the effects of DIP and
TMPD-H, on the fluorescence lifetime for isoeffective
concentrations of these agents causing equal acceler-
ation of P* reduction (1 mM and 1 uM, respectively),
we can state that the effects are quite similar. However,
lifetime T of the fast component of the fluorescence ki-
netics continued to decrease at higher concentrations
of TMPD-H,, which corresponds to the results of the
absorption measurements (Fig. 5). Extrapolation of the
dependences shown in Fig. 5 yields a value of approxi-
mately 80 ps. Based on the literature data and the results
of this work, we believe that the value of 80 ps is the time
of excitation trapping in the LH1 complex by the reaction
centers with the reduced photoactive pigment.

DISCUSSION

It should be noted that the accelerated delivery of
excitation energy (by ~10%) to the photoactive RC pig-
ment in the presence of DIP (Fig. 6) was accompanied
by a certain decrease in the efficiency of energy transfer
from LH2 to LHI—RC complexes. This is indicated by
nearly 1.7-fold increase in the fluorescence intensity of
LH2 complex with the maximum at 855 nm in the sta-
tionary fluorescence spectrum (Fig. 1) and simultane-
ous ~1.6-fold increase in the contribution of the slow
(hundreds of picoseconds) component of the fluores-
cence decay kinetics recorded at 860 nm, which reflects
intrinsic fluorescence of LH2 (data not shown). Com-
paring contributions of the slow component of fluores-
cence decay kinetics at 880 nm in the control samples
and in the preparations supplemented with 1 mM DIP
(table) leads us to the same conclusion. Important-
ly, addition of TMPD-H, causes reduction of only the
lifetime of the fast (~100 ps) component, while the ratio
of amplitudes of the two phases remained almost unaf-
fected. It is possible that DIP disrupts spatial packing of
lipids, leading to the changes in mutual arrangement of
LH2 and LHI1—-RC complexes. We have previously ob-
served a similar phenomenon when the photosynthetic
membranes of Rba. sphaeroides were exposed to cationic
antiseptics [22]. This analogy may be due to the similar
modifying effects of antiseptics and DIP on biomem-
branes. The effects of cationic antiseptics involve charge
interactions with the membrane surface, because positive
charges on the nitrogen atoms are spatially separated in
the molecular structure of these agents. Under exper-
imental conditions used, dipyridamole molecules also
generated a cation radical with the positive charges local-
ized on nitrogen atoms.

While discussing the electron-donor capabilities
of DIP, it should be noted that the mechanism of DIP
oxidation is still a controversial issue. According to the
results of voltammetric studies [30], oxidation of DIP
in aqueous solutions comprises either two consecutive
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events controlled by one-electron diffusion or one-step
oxidation involving two electrons. Stoichiometry of
the anodic oxidation of DIP in aqueous solutions cor-
responds to the detachment of two electrons from each
DIP molecule, which is accompanied by the release of
one proton per oxidized molecule [31]. It is assumed in
[32] that electrooxidation of DIP results in reorganiza-
tion of the piperidine rings, which leads to the appear-
ance of a positive charge on their nitrogen atoms. Do-
nation of electrons by DIP molecule into the electron
transport chain of RC cofactors is accompanied by for-
mation of the reduced hydroquinone (quinol) Qp-H,.
The latter enters the membrane, being rapidly replaced
by ubiquinone-10 from the membrane pool, the size of
which equals to 20-30 ubiquinone molecules per the
reaction center [33, 34]. Oxidation of ubiquinol by the
cytochrome bc; membrane complex in the presence of
molecular oxygen can produce superoxide anion [35].
Consumption of molecular oxygen during this reaction
by the chromatophore membranes of purple bacteria un-
der conditions of cyclic electron transport was demon-
strated long ago [36]. The superoxide produced in the
membrane can react with DIP. The latter reaction was
demonstrated in our work with preparations of the isolat-
ed RCs capable of generating superoxide radicals under
continuous illumination [37]. Quenching of free radicals
by DIP molecules could be caused, among other things,
by the proton transfer coupled with the detachment of an
electron from various nitrogen atoms [13].

According to the modern concepts [38], complete
reaction cycle of the cytochrome bc; complex comprises
oxidation of two quinol molecules with production of two
quinone molecules. These reactions proceed at the Q, site
of the cytochrome bc; complex on the membrane side
that is opposite to the location of the quinone acceptor
site of the RC. Next, the two electrons out of four from
the Q, site reduce the mobile electron carrier, cyto-
chrome ¢, involved in the reduction of photooxidized P*.
The other two electrons reduce one quinone molecule
from the membrane pool to quinol in the Q; site of the
complex on the other side of the membrane. The latter
reaction is accompanied by the additional uptake of two
protons from the medium. In the presence of molecular
oxygen, O, easily diffuses into the cytochrome bc; com-
plex, where it can be reduced in a side reaction to super-
oxide at the Q, site [38]. Also, molecular oxygen can itself
accept a hydrogen atom from a quinol molecule [35], thus
producing protonated superoxide (O, H). The latter dif-
fuses into the aqueous phase and generates superoxide via
deprotonation.

In our experiments, transfer of electrons to oxygen
and protonation of the produced superoxide by DIP mol-
ecules are probably one of the sources for energization
of photosynthetic membrane observed upon activation of
chromatophores by continuous light. Energization seems
to be the result of uptake and transmembrane movement

BIOCHEMISTRY (Moscow) Vol. 87 No. 10 2022



EFFECTS OF DIPYRIDAMOLE ON CHROMATOPHORE MEMBRANES

of protons by the functional cytochrome bc; complex.
It is also likely that the electron-donating ability of DIP
promotes the light-induced cyclic transport involv-
ing water-soluble mobile molecules of cytochrome c,.
The latter molecules are partially lost during the isolation
of chromatophores [39]. This loss may account for the
initially low cyclic activity in the preparations of chro-
matophores (Fig. 2, curve 1).

CONCLUSIONS

In summary it can be stated that the results of this
study confirm that the mechanisms discussed in the liter-
ature for the effects of DIP on the interactions of mem-
brane proteins and the electron-donor properties of DIP
could indeed affect activity of the functional membrane
proteins. This provides additional motivation for consid-
ering the analyzed possibilities when studying the mech-
anisms of therapeutic effects of DIP, including its effect
on the activity of the transmembrane protein P-gp that
facilitates multiple antitumor drug resistance.
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