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Abstract

:

The effects of the novel [CuL2]Br2 complex (L = bis{4H-1,3,5-triazino [2,1-b]benzothiazole-2-amine,4-(2-imidazole)}copper(II) bromide complex) on the photosystem II (PSII) activity of PSII membranes isolated from spinach were studied. The absence of photosynthetic oxygen evolution by PSII membranes without artificial electron acceptors, but in the presence of [CuL2]Br2, has shown that it is not able to act as a PSII electron acceptor. In the presence of artificial electron acceptors, [CuL2]Br2 inhibits photosynthetic oxygen evolution. [CuL2]Br2 also suppresses the photoinduced changes of the PSII chlorophyll fluorescence yield (FV) related to the photoreduction of the primary quinone electron acceptor, QA. The inhibition of both characteristic PSII reactions depends on [CuL2]Br2 concentration. At all studied concentrations of [CuL2]Br2, the decrease in the FM level occurs exclusively due to a decrease in Fv. [CuL2]Br2 causes neither changes in the F0 level nor the retardation of the photoinduced rise in FM, which characterizes the efficiency of the electron supply from the donor-side components to QA through the PSII reaction center (RC). Artificial electron donors (sodium ascorbate, DPC, Mn2+) do not cancel the inhibitory effect of [CuL2]Br2. The dependences of the inhibitory efficiency of the studied reactions of PSII on [CuL2]Br2 complex concentration practically coincide. The inhibition constant Ki is about 16 µM, and logKi is 4.8. As [CuL2]Br2 does not change the aromatic amino acids’ intrinsic fluorescence of the PSII protein components, it can be proposed that [CuL2]Br2 has no significant effect on the native state of PSII proteins. The results obtained in the present study are compared to the literature data concerning the inhibitory effects of PSII Cu(II) aqua ions and Cu(II)-organic complexes.
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1. Introduction


Weeds, especially fast-growing and continuously emerging herbicide-resistant species, are one of the main factors limiting the yield of economically important crops. Advanced technology to increase yields through the creation of genetically modified plant species involves the simultaneous application of herbicides to kill weeds. Resistance to these herbicides has been created in cultivated plants through gene manipulation [1]. However, even with such approaches, it is necessary to search for more effective inhibitors that should act at the maximal low concentrations and should be capable of selectively suppressing photosynthesis reactions that are only characteristic of plant cells and, therefore, perhaps they could be safer for humans and fauna [2].



Photosynthesis ensures the growth and development of plants at the expense of the energy from the Sun, which is a unique characteristic of plant cells. Photosystem II (PSII), one of the main complexes of the photosynthetic apparatus (PA), splits water into electrons, protons, and oxygen [3]. Among all of the PA complexes, PSII and its oxygen-evolving complex (OEC) are the site of damages due to many stresses and agents [4], including the formation of reactive oxygen species [5]. To kill weeds without harming mammals, it is possible to suppress the activity of any PA component. However, it is more effective to suppress the most vulnerable part of PA, namely, the PSII OEC. This is how most herbicides, inhibitors of photosynthesis such as derivatives of urea, triazine, as well as phenolic inhibitors act [6].



Along with mentioned inhibitors of the photosynthetic electron transport chain, and mainly PSII, several attempts have been made to develop new inhibitory organic complexes [7,8,9,10], complexes of organic ligands with semimetals (Sb, As, etc.) [11], and transition metals (Fe, Pb, Co, Ni, Cr, Zn) [12,13,14], including copper (Cu(II))-based organometallic complexes [15,16].



Most of the used semimetals and metals (including copper cations) are practically not found in a free form in the environment due to their high ability to enter into various chemical reactions, as well as their low solubility in hydrophobic media. Copper cations (Cu2+) easily interact with various organic ligands, including ethylenediaminetetraacetic acid [17,18,19], and components of both organic (TRICINE, ADA, PIPES, ACES, Cholamine chloride, BES, Tris, TES, HEPES, MES, Acetamidoglycine, BICINE, Glycylglycine) and inorganic phosphate buffer solutions [20], as well as with various redox agents exogenous electron donors and acceptors, such as ascorbic acid [21], hydroxylamine [22], dithionite [23], diphenylcarbazide (DPC) [24,25], NADH [26], various quinones [27], and ferricyanide [28] widely applied in photosynthesis experiments. Therefore, in the soils, in aqueous solutions, and in various biological systems, copper is mostly present in the form of chelate organometallic complexes [29].



The complexation of a metal with an organic ligand(s) can significantly expand the possibilities of using a metal ion as an inhibitor of biological activity since it allows tuning the availability of the metal to a specific site of action by changing a number of properties of such a complex agent by selecting the optimal ligand(s), as shown, for example, for complexes of synthetic water oxidation catalysts [30,31]. The complexation of the metal with the ligand(s) endows the complex with new specific properties, facilitating the creation and maintenance of the required architecture under different conditions, increasing selectivity and the possibility of easy coordination with the target, thus enhancing the overall inhibition efficiency [32]. In the complex, not only the metal but also the ligand(s) can be biologically active, thus enhancing the overall activity of the organometallic complex. The ligand(s) may be biologically inactive but stabilize or protect the reactive metal from indiscriminate interaction with unwanted targets. In the complex based on metal that is not directly coordinated to the target, the ligand(s) can ensure the complex binds to the binding site [32]. Nevertheless, in the biological effects of organometallic complexes, the main role is still mostly played by the metal. This also applies to organometallic complexes based on copper.



Various sites and effects of Cu2+ aqua ions have been shown on various PSII components. Investigating the inhibitory effect of copper aqua ions on PSII, different researchers found numerous often-contradictory effects on the donor and acceptor sides, as well as on the components of the PSII reaction center. Copper Cu(II) ions replace the magnesium in the chlorophylls and bacteriochlorophyll [33]. The Cu binding site is near the OEC [34]. The inhibition of the DPIP-Hill reaction through PSII by Cu2+ was restored by Mn(II) but only in a phosphate (not in Hepes) buffer [35]. By suppressing the secondary electron transfer on the PSII donor and acceptor sides by incubation with linolenic acid, it was shown that copper (CuCl2) inhibits the primary charge separation in the PSII RC, presumably by creating damage near the RC and enhancing the dissipation of the incoming excitation energy into heat [36]. The fact that 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) does not change the Cu2+ inhibition pattern of the room temperature fluorescence induction of chloroplasts supposes that Cu2+ and DCMU do not compete with each other, and consequently, have different inhibitory sites within PSII [36]. However, the opposite results [37] showed that the fluorescence intensity at room temperature decreased upon the addition of cupric sulfate and was partially restored by adding DCMU, testifying to the fact that Cu2+ and DCMU do compete with each other, and consequently, the Cu2+ inhibitory site within PSII coincides with that for DCMU, at least partially. Cu(II) has a specific inhibitory binding site by interacting with an essential amino acid group(s) that can be protonated or deprotonated at the inhibitory binding site, and the Cu(II) inhibitory mechanism is non-competitive with respect to 2,6-dichloro-1,4-benzoquinone (DCBQ) and DCMU and competitive with respect to H+ [38]. Cu influences the PSII electron transport on the acceptor side of the Pheo-Fe-QA domain [39,40]. CuCl2 greatly reduces the binding affinity of atrazine for PSII (KD) but does not change the number of binding sites compared to the control [41]. Furthermore, 100 μM CuSO4 does not affect the charge separation and the formation of (P680+QA−) but changes the properties of TyrZ and/or its immediate microenvironment, thus blocking the electron transfer to P680+ [42]. Cu2+ (CuSO4) inhibits TyrZ oxidation by P680+, eliminating the light-induced EPR signal II rapidly, and the effect cannot be reversed by EDTA [43]. On PSII membranes, when using picosecond time-resolved fluorescence, it was shown that Cu(II) does not affect primary radical pair formation but strongly affected the formation of a relaxed radical pair by neutralizing the negative charge on QA− and eliminating the repulsive interaction between Pheo− and QA− and/or by modifying the general dielectric properties of the protein region surrounding these cofactors. Furthermore, a close attractive interaction between Pheo−, QA−, and Cu2+ has been supposed [44]. In a PSII membrane, Cu enhances photoinhibition [45], catalyzing the production of hydroxyl radicals [45]. Ca2+ competitively prevents Cu2+ inhibition of O2 evolution activity in NaCl-washed PSII membranes [46]. As part of a Cu-based complex, Cu substitutes endogenous Ca2+ and Mn2+ ions from the OEC [15]. Cu ions of the compounds studied in [15] and other aqua Cu-based complexes [47] affect both the TyrZ of D1 and the TyrD of D2 proteins of the PSII reaction center. CuCl2 oxidizes both forms (LP and HP) of cytochrome b559, at low (1–10 μM) and higher (10–100 μM) concentrations, respectively, as well as chlorophyll Z, and these sites are a source of copper-induced fluorescence quenching and the inhibition of oxygen evolution in PSII [48]. Comprehensive reviews of the different sites and effects of Cu2+ aqua ions on various PSII components are detailed in several publications [49,50]. The aim of this work was to investigate the possible effects of a novel Cu(II) organometallic complex (bis{4H-1,3,5-triazino [2,1-b]benzothiazole-2-amine,4-(2-imidazole)}copper(II) bromide complex) (CuL2]Br2) on photosystem II. To analyze the effects of this complex on the activity of PSII membranes isolated from spinach, we studied photosynthetic oxygen evolution by PSII membranes; the photoinduced changes of the PSII chlorophyll fluorescence yield (Fv) related to the photoreduction of the primary quinone electron acceptor, QA; as well as intrinsic fluorescence of aromatic amino acids (components of the PSII proteins); at different [CuL2]Br2 concentrations. The results obtained in the present study are compared to the literature data on the inhibitory effects of PSII Cu(II) aqua ions and Cu(II)-organic complexes.




2. Materials and Methods


2.1. Thylakoids Isolation


Thylakoids were isolated from the leaves of the greenhouse spinach (Spinacia oleracea L.) according to a method similar to the one described previously [51], and were suspended in a medium (A) containing 20 mM Mes–NaOH (pH 6.5), 0.33 M of sucrose, 15 mM of NaCl, 10 mM of MgCl2, and 10% glycerol and kept at −80 °C.




2.2. PSII Membranes Isolation


The oxygen-evolving PSII-enriched thylakoid membrane fragments (PSII membranes) were isolated from the leaves of the greenhouse spinach (Spinacia oleracea L.), as described earlier [52], with a little modification as in [53]. A similar PSII membrane ratio of RC (determined from pheophytin photoreduction)-to-chlorophyll molecules is about 1/200–220 was used [54]. The membranes were capable of evolving photosynthetic oxygen with rates of 400–500 μmol O2 (mg Chl)−1 h−1 under saturating light in the presence of 0.1 mM 2,5-dichloro-p-benzoquinone and 1 mM K3Fe(CN)6 as electron acceptors. The PSII membranes were suspended in a medium (A) and were fast frozen for storage at −80 °C. The total chlorophyll concentration of the PSII membranes was determined using 96% (v/v) ethanol, as described earlier [55].




2.3. Photosynthetic Oxygen Evolution Measurements


The rate of steady-state light-induced oxygen evolution using the PSII membranes was measured polarographically in Medium A under continuous saturating red light (λ > 650 nm, 1200 μmol photon s−1 m−2) at 25 °C using a Clark-type Hansatech oxygen electrode (Hansatech Instruments Ltd., Norfolk, UK) connected to a water-temperature-controlled thermostat in the presence of a combination of two artificial electron acceptors: 100 µM of a strongly lipophilic dichloro-p-benzoquinone (DCBQ) dissolved in dimethyl sulfoxide (DMSO) and 1 mM potassium ferricyanide (FeCN) as additional electron acceptors to keep DCBQ in an oxidized state [56]. The PSII membrane concentration was equivalent to 20 µg mL–1 of chlorophyll. The rates were estimated from the slope of the kinetics during the first 30 s after turning on the actinic light. Previously [57], according to the data on the dependence of the photoinduced oxygen evolution rate by PSII particles upon DCBQ concentration, it was shown that the highest oxygen yields were recorded in the presence of 25–200 µM DCBQ.




2.4. Photoinduced Changes of the PSII Chlorophyll Fluorescence Yield Measurements


The photochemical activity of the PSII was also analyzed by measuring the kinetics of the light-induced changes of the PSII chlorophyll fluorescence yield (ΔF), related to the photoreduction of the PSII primary electron acceptor, plastoquinone QA, with a pulse-amplitude modulation (PAM) fluorometer (XE-PAM, Heinz Walz, Germany) and accompanying software Power Graph Professional 3.3 in Medium A in a 10-mm cuvette at room temperature. The characteristic values FV, F0, FM, and the maximum quantum photochemical yield of PSII (ratio FV/FM), as well as the ratio FV/F0, were determined. Here, F0 is the level of fluorescence before actinic light is applied, measured under weak measuring light illumination, and FM is the maximum fluorescence level, FV = FM − F0. To record the F0 level of fluorescence, the preliminary dark-adapted sample was illuminated using weak probe pulses of measuring light (λ = 490 nm; 4 µmol m–2 s–1; Xenon-Measuring Flash Lamp, 64 Hz, BG39, Schott). For the registration of the photoinduced changes in PSII chlorophyll fluorescence yield (FV), the dark-adapted samples were illuminated by the light of saturating intensity (λ = 490 nm; 1000 µmol m–2 s–1, BG39, Schott).




2.5. Interaction between PSII and PSI through the Electron Transport Chain Measurements


The effect of the [CuL2]Br2 complex on the interaction between PSII and PSI through the electron transport chain was studied on thylakoids by a characteristic decrease in the yield of PSII chlorophyll fluorescence due to the oxidation of QA− upon the additional excitation of PSII by the so-called Light 1, which predominantly excites PSII, as in [58]. Light 1 was obtained by combining two light glass filters, SZS20 and KS19. The transmission spectrum of the light filters combining (Light 1) is shown on the corresponding Figure lower in paragraph 3.7. The sequence of actions was as follows. After the FM level was reached (QA was completely reduced) as a result of the illumination of the thylakoids, with Light 2 predominantly exciting PSII, Light 2 was switched off, and during the dark decline of FM (dark oxidation of QA−), Light 1 was switched on. In this case, when the interaction between PSII and PSI (control) is not inhibited, an acceleration of the dark decay of FM (oxidation of QA−) was observed due to the additional predominant excitation of PSI by Light 1.




2.6. Aromatic Amino Acids Fluorescence Measurements


Possible changes in the state, structure, and the environment of protein(s) (including PSII proteins) as a result of the binding caused by an inhibitory agent can be detected by changes in the intrinsic fluorescence (mainly fluorescence intensity changes) of amino acids with aromatic ring side chains (tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe)), predominantly Trp and Tyr [8,9,59]. The probable interaction of [CuL2]Br2 with PSII membrane proteins was investigated by monitoring the changes in the intrinsic fluorescence of the aromatic amino acids of these proteins according to the methods described previously in [8,9,59]. The fluorescence emission spectra of the aromatic amino acids suspended in the PSII membranes were recorded on an Agilent Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, Inc., Santa Clara, CA, USA). The samples of the PSII membrane suspension with and without the studied complex, [CuL2]Br2, were excited at a wavelength of 275 nm, with an excitation spectral slit width of 20 nm, and fluorescence emission was registered in a range from 290 nm to 420 nm, with an emission spectral slit width of 10 nm. Before the measurements, the samples were incubated in the presence of the studied complex in the dark for 3 min (or 21 min). The complex was added to the PSII membrane suspension in the DMSO solution. The DMSO concentration in all of the samples was the same as in the control (not more than 5%). The PSII–membrane concentration was equivalent to 10 µg mL−1 of chlorophyll.





3. Results


3.1. Synthesis of Ligand and the Copper(II) Complex [CuL2]Br2


3.1.1. Synthesis of Ligand


Ligand 4H-1,3,5-triazino [2,1-b]benzothiazole-2-amine,4-(2-imidazole) was synthesized for the first time by a condensation reaction between aldehydes (2-thiophenecarbaldehyde/2-imidazolecarbaldehyde) and 2-guanidobenzimidazole or 2-benzothiazoleguanidine. A solution of 2-benzothiazoleguanidine (0.192 g) in methanol (25 mL) was treated with 2-imidazolcarboxylaldehyde (0.096 g) and two drops of piperidine. The mixture was stirred at 60 °C for 5 days. The resulting orange solid was separated by filtration, washed with methanol, and dried under a vacuum. Calculated for C12H10N6S (mol. wt. 270.31): C, 53.32; H, 3.73; N, 31.09; S, 11.86. Found: C, 53.39; H, 3.79; N, 31.11; S, 11.89. IR (KBr,   ν ¯  /cm−1): 3412, 3296, 1639, 1509, 1249. LC-MS: m/z = 270.31 (M+). 1H-NMR(400 MHz, DMSO-d6) δ: 6.65 (1H, s)




3.1.2. Electrochemical Synthesis of the Copper(II) Complex [CuL2]Br2


The new copper(II) complexes [CuL2]Br2 were synthesized using an electrochemical method [60], using a Pt wire as the cathode (1 cm × 1 cm) and a copper plate as the sacrificial anode. Thus, a methanol solution (30 mL) of the ligand (~1 mmol) containing about 15 mg of tetrabutylammonium bromide as the supporting electrolyte in a beaker (100 mL) was electrolyzed at room temperature for 3 h. An applied voltage of 5 V allowed for sufficient current flow for the smooth dissolution of the copper. The obtained solid was isolated, washed with water, and dried under a vacuum. The structure of the tested ligand (4H-1,3,5-triazino [2,1-b]benzothiazole-2-amine,4-(2-imidazole)) and Cu(II)-complex (Bis{4H-1,3,5-triazino [2,1-b]benzothiazole-2-amine,4-(2-imidazole)}copper(II) bromide) is shown in Figure 1A,B, the expanded structural formulas; C, the optimized molecular structures. C24H22Br2CuN10: IR (KBr,   ν ¯  /cm−1):3402, 3251, 1600, 1552, 1263. LC-MS: m/z = 566.58 (M+2). Elemental analysis: C:39,49; H:3,04; Br:21,90; Cu:8,71; N:26,87.





3.2. Effects of [CuL2]Br2 on the Photosynthetic Oxygen Evolution


Because the aqua ions of Cu(II) (1) can oxidize many inorganic and organic compounds (shown upper) (2), stimulate photosynthetic oxygen evolution at low concentrations [61,62], and (3) possible aqua ions of Cu(II) saved these abilities as part of [CuL2]Br2, we tested [CuL2]Br2 as an artificial electron acceptor for PSII in a photosynthetic oxygen evolution reaction. However, in the presence of only [CuL2]Br2 (from 1 µM up to 30 µM) in the absence of other artificial electron acceptors (AEA), no oxygen evolution by PSII membranes was observed, as seen in Figure 2 (kinetics 6).



In the presence of AEA (DCBQ plus FeCy) without [CuL2]Br2 (control), the PSII membranes generate oxygen under continuous illumination with saturating light at a rate of about 480 μmol O2 (mg Chl h)−1 (Figure 2, kinetics 1). This activity is comparable to that described earlier for similar PSII membranes [63,64]. [CuL2]Br2 inhibits oxygen evolution in a concentration-dependent manner. At concentrations of 3 µM (2), 20 µM (3), 50 µM (4), and 100 µM the reaction rate is decreased by about 15%, 43%, 59%, and 69% versus the control (100%) (Figure 2, kinetics 2–5). The reaction is suppressed almost completely by 10 mM [CuL2]Br2 (not shown). The degree of PSII membrane inhibition does not depend on the duration of the incubation (5–20 min) in the presence of [CuL2]Br2.




3.3. Effects of [CuL2]Br2 on the Photoinduced Changes of the PSII Chlorophyll Fluorescence Yield


The suppression of photosynthetic oxygen evolution is one of the most significant indications that the present agent is indeed an inhibitor of PSII functional activity. However, the results obtained in our study do not make it possible to judge whether (1) this agent acts on the donor or acceptor side or at the RC level, or (2) which intermediate of the PSII electron transport chain is affected by this agent, and (3) whether this agent acts as an electron transfer inhibitor or as an exogenous electron donor (acceptor) capable of effectively competing with native endogenous components and thus disrupting the normal course of PSII photochemical reactions. Information (a) on the localization of the inhibition site of this inhibitor in PSII, (b) on the number of sites of action and location of the main and/or additional site(s) of inhibition, and (c) on the possible mechanism of action of the inhibitor can be obtained using the photoinduced changes of the PSII chlorophyll fluorescence yield (FV) related to the photoreduction of the primary quinone electron acceptor, QA, including the using the exogenous electron donors (acceptors) and/or known inhibitors with well-studied effects on PSII. Therefore, we decided to use this method in order to obtain more detailed information about the site(s) and mechanism of the inhibitory effect of [CuL2]Br2 on PSII. The results of these studies are presented in Figure 3.



Figure 3 shows the kinetics of the photoinduced changes of the PSII chlorophyll fluorescence yield (FV) related to the photoreduction of the primary quinone electron acceptor, QA, in the PSII sub-chloroplast membrane particles in the absence of any additions (kinetics 1) and in the presence of [CuL2]Br2 at concentrations of 8 µM (kinetics 2), 30 µM (kinetics 3), and 100 µM (kinetics 4). In these experiments, we determined the values of F0 and FM as the maximum and minimum fluorescence yield of chlorophyll “a” in the dark-adapted samples. Correspondingly, FV calculated as FM–F0, the ratio of Fv/FM, recorded the possible changes in these parameters caused by the action of the inhibitor compared to the control. The control kinetics (measured in the absence of an effector) had an FV/FM ratio of 0.79 ± 0.02. This value indicates a rather high photochemical activity of PSII in the used PSII membranes. In the presence of [CuL2]Br2, a significant decrease in the FM level occurs (kinetics 2), and this decrease in the FM level is greater at higher concentrations of added [CuL2]Br2 (kinetics 3 and 4). It is very important to note here that at all of the studied concentrations of [CuL2]Br2, the decrease in the FM level occurs exclusively due to a decrease in FV; [CuL2]Br2 does not cause any changes in the F0 level (neither increase nor decrease) (kinetics 2–4). Therefore, to estimate [CuL2]Br2 inhibitory efficiency, we chose FV as a percentage relative to the control. The inhibition of PSII photoinduced FV is 66%, 48%, and 32% at [CuL2]Br2 concentrations of 8 µM (kinetics 2), 30 µM (kinetics 3), and 100 µM (kinetics 4), respectively. These data are in good agreement with the data obtained in experiments on photosynthetic oxygen evolution (Figure 2). It is also necessary to note one more important experimental fact that, in the presence of all of the studied concentrations of [CuL2]Br2, there is (a) both slowing down and acceleration of the dark relaxation of FM, reflecting that the dark reoxidation of the reduced QA occurs; (b) no retardation of the photoinduced rise in FM also occurs. Exogenous electron donors (sodium ascorbate, DPC, Mn2+) do not remove the inhibitory effect of [CuL2]Br2 on FV, regardless of the sequence of addition of these reagents (not shown). Moreover, the degree of FV suppression by the same concentration of [CuL2]Br2 does not increase with increasing incubation time (3 and 21 min) in the presence of this inhibitor in the dark (not shown).




3.4. Dependence of the PSII Membranes Photochemical Activity Inhibition on [CuL2]Br2 Concentration


Figure 4 shows the dependence of the PSII membranes photochemical activity inhibition on [CuL2]Br2 concentration, measured as both photosynthetic oxygen evolution (black squares) and as light-induced changes in the PSII chlorophyll fluorescence yield (red circles). Both of the presented dependences were measured at a PSII membranes concentration equivalent to 20 µg mL–1 of chlorophyll. The dependence of the oxygen evolution inhibition almost completely coincides with that of the suppression of the photoinduced changes in the PSII chlorophyll fluorescence yields over the entire range of the investigated agent concentrations. Usually, a special indicator is used to quantitatively assess inhibitor potency. It is IC50 (or pIC50—the IC50 value converted to a negative decadic logarithm of IC50 (-logIC50) for unification)—the concentration of agent needed to inhibit the investigated activity to half that of the initial value (control) [65,66]. IC50 is an operational parameter to assess the effective strength of a particular inhibitory compound, and it is strongly dependent on PSII membrane concentration, and is usually expressed as the concentration of chlorophyll [67,68]. In 1972 Cedeno-Maldonado et al. [69] also showed that the inhibition of uncoupled electron transport in chloroplasts by copper ions Cu2+ occurs at the PSII level and depends on the inhibitor/chlorophyll ratio. At high concentrations of chlorophyll, more Cu2+ ions are required to achieve the same degree of inhibition [69].



As can be seen from the data presented in Figure 4, for both of the measured characteristics of the PSII photochemical reactions, the values of the [CuL2]Br2 concentrations induce the suppression of half of the maximal studied activities (IC50), are about 30 µM. [CuL2]Br2 in concentrations of a little bit more than 0.1 µM only induces a very weak suppression of these PSII photochemical activities. An almost complete (more than 90% versus control) suppression of both reactions was observed at an agent concentration of 10 mM. It should be noted that all of the presented data were obtained at a concentration of PSII membrane of 20 µg mL−1 chlorophyll.




3.5. Graphic Determination of Ki Value


Because IC50 depends on PSII membranes concentration, it cannot be used to compare the results obtained from different inhibitors or for the same inhibitors obtained by various scientific groups without specifying the target concentration for which that particular IC50 value was determined. In contrast to IC50, another parameter, Ki (the inhibition constant characterizing the intrinsic measure of binding affinity between the inhibitor and its target site), does not depend on the concentration of the PSII membranes. It is a known method for determining Ki based on the IC50 values data obtained for different concentrations of the target (in our case, PSII membranes) [67]. We also applied this method (Figure 5). We determined the IC50 values for the suppression of light-induced oxygen evolution by [CuL2]Br2 for nine different concentrations of PSII membranes. We then plotted IC50 as a function of chlorophyll concentration as a line plot and extrapolated the resulting line to a zero chlorophyll concentration, as described previously [67]. The resulting IC50 value that corresponds to a zero chlorophyll concentration is Ki (Figure 5). In our case, Ki is about 16 µM (16.2 ± 0.2), and –logKi is 4.8. Based on the explanation and equation (I50 = Ki + 1/2 xt) given by [67], it is possible to estimate the concentration of the [CuL2]Br2-specific binding sites (xt) to the chlorophyll concentration. In the case of the PSII membrane concentrations used by us, for example, equal to 20 μg ml−1 or about 22 μM, we determined that xt equals 1, i.e., one [CuL2]Br2 molecule on one chlorophyll molecule.




3.6. Graphic Estimation of the [CuL2]Br2 Binding Sites Number


It is known [68] that if the available inhibition data present a so-called Hill plot (dependence of log(inhibition/(1-inhibition)) on the log (inhibitor concentration), then it will be possible to estimate the number of binding sites on the acceptor molecule based on the slope of the obtained line. We used this method for the inhibition data of the PSII light-induced oxygen evolution by various [CuL2]Br2 concentrations. Figure 6 shows such a Hill plot of these data. As follows from Figure 6, the slope of the obtained line is about 1 (0.87 ± 0.03).




3.7. Effects of [CuL2]Br2 on Interaction between PSII and PSI through the Electron Transport Chain Measurements


A significant number of known inhibitors that affect PSII, act on its acceptor side, blocking the re-oxidation of reduced QA by PSI [70]. In addition to the main site of action, many of them have at least one other additional site of action. The effects of the inhibitor on the main and additional sites of inhibition are observed at different concentrations of the inhibitor. The inhibition at the additional site occurs at higher concentrations of the suppressor [70]. Given the above information, we decided to test how [CuL2]Br2 affects the efficiency of light-induced oxidation by PSI of pre-reduced QA.



The light-induced interaction of PSI with PSII is possible to estimate when measuring the dark relaxation of the photoinduced changes in the PSII chlorophyll fluorescence yield (variable F) related to the dark oxidation of the reduced QA (QA−) from the FM-level to level F0 and to switch it on at a determined moment of actinic Light 1 (L1), predominantly exciting PSI (λ > 700 nm). The transmission spectrum of Light 1 is shown in Figure 7B. In this case, induced by Light 1, the acceleration of QA− re-oxidation is observed. For comparison, we used DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) and DBMIB (2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone). DCMU and DBMIB are available, well studied, and the most often and ubiquitously used in scientific research inhibitors. The mechanisms of the inhibitory actions of these agents are well studied. DCMU blocks QA−, the oxidation by plastoquinone (PQ) from the membrane pool by binding instead of PQ with the QB-plastoquinone-herbicide-binding protein (QB-site of D1-protein) of the PSII reaction center [70]. DBMIB blocks oxidation driven by PSI through the cytochrome (cyt) b6f of plastoquinol (PQH2) from the membrane PQ pool [70]. DBMIB binds to the Qo (Qp) site of the cytochrome b6f complex or very close to it [70,71].



The results of such experiments on thylakoids are shown in Figure 7A. In the absence of any inhibitors (control, kinetics 1), actinic Light 1 induced an appreciable acceleration of QA− oxidation. In the presence of DCMU (0.5 µM), actinic Light 1 did not induce the acceleration of QA− oxidation. Instead of this, Light 1 induced an increase in PSII chlorophyll fluorescence (kinetics 2). This does not indicate the oxidation of QA−, but, on the contrary, the reduction of those QA molecules that had time to oxidize in the process of the dark relaxation of fluorescence before the moment actinic Light 1 was turned on. Why is this occurring? Light 1 excites not only PSI but also PSII, but to a much lesser extent because Light 1 contains a negligible fraction of the light that is absorbed by the main PSII pigments (Figure 7B). On the other hand, it has been shown that the far-red light limits of PSII photochemistry in the PSII membranes from spinach expend up to 800 nm, but this light has a substantially decreased efficiency for PSII [72]. In our case (when QA− oxidation is blocked by DCMU), the substantially decreased efficiency of PSII actinic Light 1 is enough to induce the photoaccumulation of reduced QA, and it is revealed as an increase in the PSII chlorophyll fluorescence yield. The effect of DBMIB (7 µM) on the interaction of PSI with PSII, revealed by the changes in the PSII chlorophyll fluorescence yield, is practically similar to the effect of DCMU (Figure 7A kinetics 3). As in the case of DCMU, the presence of DBMIB Light 1 induces an increase in PSII chlorophyll fluorescence yield, but in this case, the increase in fluorescence occurs at a slightly slower rate than in the case of DCMU. These comparative experiments with DCMU and DBMIB showed that the appearance of the increase in the PSII chlorophyll fluorescence yield under Light 1 illumination during the dark relaxation of FM is a reliable pointer to the fact that QA− oxidation by PSI was inhibited at least at the QB− or Qo site and we could use the pointer to check the [CuL2]Br2 results. The investigations of the [CuL2]Br2 effect on the interaction of PSI with PSII are shown in Figure 7A kinetics 4. As can be seen in this figure, no increase in the PSII chlorophyll fluorescence yield occurs in response to the illumination with actinic Light 1. There is only a very slight slowdown in the dark fluorescence decay compared to the control. It should be noted that this effect (very slight slowdown of the florescence dark decay) of [CuL2]Br2 is observed when FM is already suppressed by more than 50%.




3.8. Effects of [CuL2]Br2 on the Aromatic Amino Acids Intrinsic Fluorescence


Many organic and inorganic substances can affect the structural and functional properties of proteins. Damage and/or changes in the native structure of the proteins that make up photosystem complexes or the properties of their surrounding environment may be one of the causes of disturbances in the photosynthetic electron transfer and the inhibition of photosynthesis in general [8,9,10,13]. Heavy metal ions and their complexes, including Cu ions and Cu complexes, can also act in a similar way. Copper(II) has been shown to inhibit photosynthetic oxygen evolution by binding to a non-protonated protein residue of a component very close to the PSII water-splitting system [73]. At the same time, such changes in PSII proteins can be caused both by the action of metal ions in the composition of the organometallic complex (Cu) [15] and by the action of the ligand, which is the organic part of such a complex [8,9,10,13].



Three amino acids with aromatic circular side chains—phenylalanine, tyrosine, and especially tryptophan—are sensitive to the local environment in the proteins, and these AAA undergo changes in the wavelength and/or intensity of their intrinsic fluorescence upon any impact on the protein [74]. One of the most accessible, and at the same time, quite reliable and informative methods for detecting possible similar effects on photosystem proteins, is the method of recording the intrinsic fluorescence of aromatic amino acids (AAA) that make up proteins, but mainly the intrinsic tryptophan and tyrosine fluorescence [59]. It was shown that some of the previously studied organic [8,9,10] and organometallic complexes [15], as well as free metal cations [13], which have an inhibitory effect on the photochemical activity of PSII, also caused a significant concentration-dependent decrease in the intensity of the intrinsic fluorescence of the PSII protein aromatic amino acids. It could be assumed that some negative effect(s) of the studied [CuL2]Br2 on the native state and/or structure of the PSII protein(s) is the reason for, or at least contribute to, the suppression of photosynthetic oxygen evolution and the magnitude of the photoinduced changes in PSII chlorophyll fluorescence yield. Therefore, we decided to test whether [CuL2]Br2 affects the structure of the PSII proteins by comparing the parameters of the AAA intrinsic fluorescence in the suspension of the PSII membranes without and with [CuL2]Br2. The results of these studies are presented in Figure 8.



Figure 8 shows the fluorescence emission spectra of the AAA of the untreated PSII membranes (spectrum 1) and the PSII membranes treated with [CuL2]Br2 at various times (spectra 2, 3). Upon excitation with light at a wavelength of 275 nm, a broad band was observed in the emission spectrum with a broad maximum at 330 nm and a shoulder at 350 nm. This is the emission of the intrinsic fluorescence of tyrosine, tryptophan, and phenylalanine [15,75]. Since this fluorescent emission is sensitive to changes in the local environment of the above aromatic amino acids, and if we assume that [CuL2]Br2 has any effect on PSII proteins, then we could expect any changes in the intensity and/or any shift in the maxima of this fluorescence if the native configuration of the PSII proteins will be disturbed due to the action of [CuL2]Br2 or as a result of binding to the PSII proteins of the [CuL2]Br2 complex or the Cu2+ ions released from [CuL2]Br2. It is known that, in parallel with a decrease in the intensity of the intrinsic fluorescence of AAA in the protein, a shift in the F maximum is also possible. This indicates a change in the fluorophore microenvironment as a result of the effector impact [76].



However, in all of the cases (3 min and 21 min incubation of the PSII membranes with [CuL2]Br2 at a concentration of 30 μM), the intensity of the intrinsic fluorescent emission of PSII proteins did not decrease in the presence of [CuL2]Br2 at any of the indicated wavelengths (Figure 8 spectra 2, 3). Furthermore, no pronounced shifts of these emission maxima or changes in the shape of these spectra were observed (Figure 8 spectra 2, 3). This indicates the absence of any effect of [CuL2]Br2 on the native structure of PSII proteins or the absence of [CuL2]Br2 binding to any PSII protein. In addition, no new fluorescence bands were observed in this wavelength range, which could indicate the possible formation of a complex between [CuL2]Br2 and the PSII proteins. Similar results were obtained in the presence of [CuL2]Br2 at a concentration of 90 μM, inducing an almost complete suppression of the photochemical activity of PSII (not shown).





4. Discussion


As there is no photosynthetic oxygen evolution due to the PSII membranes observed in the absence of artificial electron acceptors, but in the presence of the studied agent at a concentration of 0.1 mM (Figure 2, kinetics 6), it can be concluded that the studied agent [CuL2]Br2 (or, for example, its putative oxidized form), obviously, is not able to act as an exogenous PSII electron acceptor. These results could be taken as an indication that the copper cation in the complex is sufficiently strongly bound to the ligand, and the charge on the copper cation is balanced by a total charge on the ligand sufficient to prevent the possible interaction of the copper cation with other components of the environment as electron acceptor. The previously observed stimulation of the photosynthetic oxygen evolution by the Cu2+ at low concentrations [61,62] could be due to Cu2+ functioning as an uncoupler at this concentration, as was proposed earlier [35] based on the stimulation of the overall electron transfer rate by low Cu2+ concentration at least in the case of Lemna fronds [61]. In thylakoids (closed membrane vesicles–organelles of chloroplasts, plant cells), electron transfer is coupled with proton transfer from outside (stroma) inside the thylakoid (lumen) with the formation of a proton gradient. Uncouplers disturb the conjugation between electron transfer and proton gradient formation, and all of the energy is only used for electron transport. The PSII membranes are open grana membrane fragments and not whole-membrane vesicles. Therefore, in PSII membranes, a proton gradient does not form. Consequently, uncouplers do not affect the efficiency of electron transfer in PSII membranes, as this one has a place in thylakoids. The decrease in the photosynthetic oxygen evolution rate in the PSII membranes in the presence of exogenous electron acceptors is observed if [CuL2]Br2 is present in the measurement medium; it may indicate that [CuL2]Br2 inhibits the functional activity of some PSII electron transport chain components. However, it can also be assumed that this observed effect is the result of a direct chemical interaction between AEA-s and [CuL2]Br2 (for example, oxidation of AEA-s by [CuL2]Br2) leading to the depletion of AEA-s concentrations and, as a consequence, to the decrease in the rate of oxygen evolution. It can be assumed that such an AEA in the used pair of AEA-s can be each of these agents or one of them: DCBQ or FeCN. If we compare the potentials of substances oxidized by the Cu(II) cation: ascorbate Em,7 = +60 mV [77]; 1,5-diphenylcarbazide Em,7 = −300 mV [78]; glutathione Em,7 = −240 mV [79]; NADH Em,7 = −320 mV [77]; DCBQ Em,7 = +309 mV [80] and FeCN Em,7 = +420 mV [81], it is obvious that such an AEA can be DCBQ and not FeCN. On the other hand, it was shown that the redox potential of Cu(II) in the complex could differ from the reduction potential of the Cu(II) Cu(I) aqua couple (164 mV) [82] and be significantly more positive [83], for example, including a number of copper proteins: Rusticyanin (bacteria) 680 mV; Plastocyanin (plants) 370 mV; Amicyanin (bacteria) 294 mV; Stellacyanin (plants) 285 mV; and Azurin (bacteria) 276 mV [84]. Taking these data into account, it can be assumed that FeCN can also be depleted due to direct chemical interaction with [CuL2]Br2. However, the following experimental facts testify against this assumption: (1) The absence of changes in the absorption spectra of both FeCN and [CuL2]Br2 upon mixing and co-incubation for a sufficient time under the conditions of measuring the photosynthetic oxygen evolution rate but in the absence of the PSII membranes (not shown); (2) [CuL2]Br2 does not have any absorption bands in the red region of the spectrum (λ > 650 nm) (not shown). Therefore, a [CuL2]Br2 concentration-dependent decrease in the rate of the photosynthetic oxygen evolution is not result of the actinic light screening by [CuL2]Br2. The hypothesis that the decrease in the photosynthetic oxygen evolution by PSII membranes is a consequence of the direct interaction of [CuL2]Br2 with DCBQ or FeCN could be tested by increasing the concentration of FeCN and/or DCBQ. If the inhibition efficiency did not change, then this would testify against the above proposal. However, the concentration of FeCN is already quite high (1 mM), above which it is quite possible to expect non-specific effects of FeCN on the PSII-membranes. On the other hand, it is not recommended to use DCBQ at concentrations above 250–300 µM. Based on the experimental data, it is proposed that DCBQ taking an electron from the reduced species in PSII may then donate it to P680+˙ or TyrZ˙, while ferricyanide prevents this process through the oxidation of the reduced DCBQ [85]. Therefore, the addition of FeCN is required to prevent the accumulation of reduced DCBQ [56,86]. At the same time, other authors, for example [38], measured the oxygen evolution activity of PSII membranes (500 µmol O2 mg Chl−1 h−l) in the presence of DCBQ (without FeCN). It can be assumed that [CuL2]Br2 acts as an exogenous electron donor capable of competing with the endogenous OEC for positive equivalents from RC and, therefore, for the ability to supply electrons for the reduction of the DCBQ + FeCN pair, not directly as a result of a direct chemical reaction, but through the components of RC. This could be manifested as a decrease in the rate of light-induced oxygen evolution with an increase in the concentration of [CuL2]Br2. However, the above indirect data on the redox properties of Cu2+ aqua ions and the effect of organic ligands on them makes this assumption unlikely. The fact that the degree of inhibition of the photosynthetic oxygen evolution rate by PSII membranes does not depend on the time of incubation in the presence of [CuL2]Br2 in the dark (effect measured after 3 min is equal to that after 21 min) indicates that [CuL2]Br2 sufficiently reaches the target quickly, apparently localized in the hydrophobic region of the PSII pigment–protein complex. This assumption is also supported by the fact that [CuL2]Br2 is very poorly soluble in an aqueous media and, therefore, a stock solution of [CuL2]Br2 was prepared in DMSO. Based on the above reasoning, we are inclined to assume that the decrease in the photosynthetic oxygen evolution rate by PSII membranes observed in the presence of [CuL2]Br2 is the result of inhibition by [CuL2]Br2 of the functional activity of some component of the PSII electron transport chain. Earlier [87], it was shown that PSII oxygen evolution inhibition induced by Cu(II) is reversible in the presence of a Cu(II)-chelating agent (EDTA), but the reversibility is strongly dependent on the incubation time with Cu(II) in light. Only 30 s of illumination in the presence of Cu(II) is enough for the inhibition of PSII by the cation and would be totally irreversible by EDTA.



The PSII maximum quantum photochemical yield of the dark-adapted samples φPo = Fv/FM being equal to 0.79 ± 0.02 testifies to the fact that the photochemical activity of PSII in the used PSII membranes is rather high, and these PSII membranes can be used to explore the [CuL2]Br2 inhibitory effects on PSII. The effective decrease in FM caused by [CuL2]Br2 may be due to the fact that (a) no separation and stabilization of charges in the RC occurs; (b) due to the inhibition of the functioning of some components of the OEC, electrons from the OEC through the RC to QA are not supplied, which are necessary for the photoaccumulation of the reduced QA and, therefore, FM cannot reach a level as in the control; (c) [CuL2]Br2 acts as an exogenous electron acceptor that removes an electron from QA more efficiently than the OEC supplies electrons to QA and therefore photoaccumulation of the reduced QA does not occur, and it is revealed as a decrease in FM. (c) [CuL2]Br2 is a quencher of the excited states of chlorophyll, and this manifests itself as the quenching of chlorophyll fluorescence. Let us consider these assumptions in reverse order.



(d) [CuL2]Br2 only selectively reduces the intensity of the variable chlorophyll fluorescence (Fv) and does not affect the level of F0 (Figure 3). Taking into account the fact that [CuL2]Br2 does not decrease the F0 level, as well as the absence of any [CuL2]Br2 absorption bands in the range of the chlorophyll fluorescence emission spectrum (not shown), the assumption that [CuL2]Br2 acts as a fluorescence quencher seems unlikely.



(c) If [CuL2]Br2 acted as a very efficient exogenous electron acceptor, then (1) the dark decay of FV reflecting the rate of reoxidation of reduced QA could be greatly accelerated; (2) the photoinduced growth rate of FM could be decreased; (3) we could observe light-induced oxygen evolution in the absence of exogenous electron acceptors; (4) there could be spectral changes in the absorption spectrum of [CuL2]Br2, indicating the formation of the reduced form of this agent. However, none of the abovementioned occurs (Figure 2 and Figure 3). So [CuL2]Br2 does not act as an electron acceptor.



(b) It could be assumed that [CuL2]Br2 is incorporated somewhere on the donor side or between its components and blocks and/or slows down normal electron donation and/or acts as an exogenous “poor” electron donor to the RC, unable to provide efficient photoaccumulation of reduced QA. However, the lack of slowdown in the rate of FM rise in the presence of [CuL2]Br2 (Figure 3 kinetics 2–4), and especially the inability of exogenous electron donors to overcome the inhibition by [CuL2]Br2 and thus restore FM to its original level (not shown) is the evidence against the fact that the donor side is the site of the inhibitory action of this agent. In addition, the indirect data on the redox properties of [CuL2]Br2 discussed above also testify against this assumption.



(a) Thus, the main site of the inhibitory effect of [CuL2]Br2 most likely is the components of the PSII reaction center. This assumption is quite convincingly confirmed by all the considerations discussed above, which reject other sites of action of this agent on PSII. In addition, as it was considered in the introduction, the most likely and the most experimentally substantiated main site of action among several auxiliary sites of action of both Cu2+ aqua ions and organometallic complexes based on Cu2+ seems to be components of the PSII reaction center.



The calculated IC50 (30 µM) at a concentration of PSII membranes of 20 µg mL−1 chlorophyll is quite comparable with the data obtained by other authors. The value(s) IC50 of the PSII oxygen evolution activity inhibition by CuCl2 (1) in spinach chloroplasts at a Chl concentration of 20 µg mL−1 was 18–20 µM [36]; in the presence of DCBQ or ferricyanide, the values were, respectively, 6.6 μM and 20.7 μM at Chl concentrations of 6.66 μg mL−1 or 19 μg mL−1 in the PSII membranes and thylakoids, respectively [39]; in the PSII membranes at a Chl concentration of 20 µg mL−1, it was 8–10 µM [41]; in the PSII membranes at a Chl concentration of 10 µg mL−1, it was 7 µM [88]. The inhibitory activity of diaqua-(N-pyruvidene-β-alaninato) copper(II) monohydrate (Cu(pyr-β-ala)) expressed by the IC50 value, as compared with the control samples, was 136 µM at a chlorophyll concentration equal to 30 µg mL−1 [15]. The Ki (16 µM), –logKi (4.8), and xt equals one [CuL2]Br2 molecule on one chlorophyll molecule, or 220–250 inhibitor molecules per one PSII reaction, are different from the data. DCMU: 1 DCMU molecule per around 300 molecules of chlorophyll [67,68], but comparable with the data for a potent inhibitor of photosynthesis, 4,6-dinitro-o-cresol (DNOC): 1 binding site per 2.3 chlorophyll molecules [68]. The values of Ki for the inhibition of oxygen evolution activity by Cu2+ aqua ions (as CuCl2) or DCMU in the presence of 0.5 mM DCBQ as an artificial electron acceptor obtained by Yruela et al. in 1992 [38] were 5.88 (5.32) µM and 0.023 µM, respectively. As for the [CuL2]Br2 binding site, the data that [CuL2]Br2 independently binds with only one binding site per acceptor molecule are a similar conclusion that was drawn for the inhibitor, 4.6-dinitro-o-cresol [68].



Comparing the effects of DCMU and [CuL2]Br2 on the interaction of PSI with PSII (Figure 7A), it can be roughly estimated that the [CuL2]Br2 effect is no more than 5–10% of the DCMU effect. Comparing the effects of [CuL2]Br2 on FM (50%) and on the interaction of PSI with PSII (see above), it is reasonable to propose that the latter effect is probably additional and not main. The existence of additional sites (effects) to the main known that is assumed and experimentally shown for many inhibitors of photosynthesis [6,70], including the aqua ions of Cu2+ [50,89]. Using different methods, the additional effects of diuron (1,1-dimethyl, 3-(3’,4’-dichlorophenyl) urea) [90,91,92,93,94], dinoseb (6-sec-butyl-2,4-dinitrophenol) [58,95], and other phenolic TNP inhibitor (2,4,6-trinitrophenol) [96] on the donor side of PSII, have been noted. DBMIB (2,5-dibromo-3-methyl-6-isopropylbenzoquinone), as a strong quencher of the excited state of chlorophyll in the PSII antenna [97], has been identified. Moreover, different authors often indicate completely different loci as the main loci of all of the identified binding sites (effects and mechanisms of action) for the same inhibitor. The dominance of any effects (both on the donor and acceptor side of PSII) depends on the concentration of both the inhibitor and the biological sample [67].



The absence of any change in the AAA fluorescence spectra in the presence of [CuL2]Br2 compared to the control (including [CuL2]Br2 concentrations at which the photoinduced electron transfer in PSII is almost completely suppressed, especially during prolonged incubation in the presence of [CuL2]Br2) indicates that (1) neither the whole [CuL2]Br2 complex nor the copper ion that could be released from this complex had no significant effect on the AAA PSII proteins native state; (2) and, therefore, there evidently is no release of the copper ion from the [CuL2]Br2 complex. Previously, it was shown that a number of water-soluble organometallic complexes based on Cu(II) effectively quench the intrinsic fluorescence of AAA of PSII proteins. Based on these and other data, it was proved that copper ions are released from these complexes and bind to tryptophan and tyrosine, thus inhibiting the functioning of the components of the PSII donor side [15]. These complexes, in their case, served as a kind of means of delivering copper ions to the site of action. This is one of the most likely common tasks and roles of the corresponding organic ligands in the composition of organometallic complexes. The combination of metal ions with the corresponding organic ligands makes it possible to obtain complexes that not only maintain the initial biological activity of the metal ions but also have high solubility in an appropriate media and the ability to deliver the metal ions to the site of its action practically in the initial biological activity state.



On the basis of the experimental data obtained, it could be assumed that the site of action of [CuL2]Br2 is a component of the PSII reaction centre. These data are consistent with the fact that Cu(II) aqua ions also act on PSII RC components [45]. At first glance, it is not easy to imagine how a relatively large [CuL2]Br2 molecule can penetrate into RC components located in a relatively densely packed and hydrophobic RC region. However, on the one hand, [CuL2]Br2 itself is a highly hydrophobic compound (see above), and, on the other hand, it has been theoretically substantiated and experimentally shown that the RC as a whole and its individual protein components undergo numerous conformational changes in the process of functioning, as well as at different reversible and irreversible impacts [98,99,100,101,102,103,104,105]. Taking these data into account, the assumption that the RC components are the object of [CuL2]Br2 inhibition seems to be quite realistic. The data on the absence of quenching the intrinsic fluorescence of AAA by [CuL2]Br2 do not in the least contradict the assumption that the site of action of [CuL2]Br2 is RC. There are circular dichroism data that indicate that even in the case of a significant quenching of AAA intrinsic fluorescence by Cu2+ aqua ions due to their binding to a red fluorescent protein (DsRed) or to its derivatives, no effect of the Cu2+-binding on the secondary structure or on the conformation of these proteins was revealed [106].




5. Conclusions


According to the purpose of the work, to investigate the possible effects of a new organometallic complex, (CuL2]Br2) PSII, (1) several different interesting effects were identified and studied at the level of different PSII regions. (2) The assumption was confirmed that the presence of a ligand significantly changes the possible site and mechanism of the inhibitory action of copper ions. The experimental data at the time of writing this article can be explained by the fact that a possible mechanism of inhibition could be some conformational changes in the structure of the reaction center due to its interaction with the inhibitory agent, especially during photoaccumulation. To elucidate the exact mechanism and site of the inhibitory action of this agent, it is planned to significantly expand the list of research methods and the types of biological samples and apply the method of stabilizing the structure of the reaction center. The results obtained can be used in the development of methods for the guaranteed delivery of the active element to the site of its main activity in the organic complex.







Author Contributions


S.K.Z., V.D.K., S.A. and S.I.A. conceived and designed the research; M.S.K., N.K. and K.B.A. synthesized complexes, S.K.Z., M.S.S. and M.V.R. performed the experiments; S.K.Z., I.M.H., V.D.K., S.A. and S.I.A. wrote the manuscript. All authors contributed to data evaluation and interpretation. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the Russian Science Foundation (19-14-00118) to S.K.Z., V.D.K. and S.I.A., M.S.S. were supported by grant from AzSF (EİF-GAT-6-2021-2(39)-13/06/3-M-06). Figure 7 was obtained under the state contract of the Ministry of Science and Higher Education of the Russian Federation (Project No. 122050400128-1). S.A. would like to thank the Distinguished Scientists Fellowship Program, King Saud University, Saudi Arabia, for their support.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


No conflicts, informed consent, human or animal rights are applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding authors.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Ahmad, N.; Mukhtar, Z. Genetic Manipulations in Crops: Challenges and Opportunities. Genomics 2017, 109, 494–505. [Google Scholar] [CrossRef] [PubMed]

	



Schütte, G.; Eckerstorfer, M.; Rastelli, V.; Reichenbecher, W.; Restrepo-Vassalli, S.; Ruohonen-Lehto, M.; Saucy, A.G.W.; Mertens, M. Herbicide Resistance and Biodiversity: Agronomic and Environmental Aspects of Genetically Modified Herbicide-Resistant Plants. Environ. Sci. Eur. 2017, 29, s12302–s123016. [Google Scholar] [CrossRef]

	



Nelson, N.; Junge, W. Structure and Energy Transfer in Photosystems of Oxygenic Photosynthesis. Annu. Rev. Biochem. 2015, 84, 659–683. [Google Scholar] [CrossRef]

	



Vass, I. Molecular Mechanisms of Photodamage in the Photosystem II Complex. Biochim. Biophys. Acta Bioenerg. 2012, 1817, 209–217. [Google Scholar] [CrossRef] [PubMed]

	



Pospíšil, P. Production of Reactive Oxygen Species by Photosystem II as a Response to Light and Temperature Stress. Front. Plant Sci. 2016, 7, 1950. [Google Scholar] [CrossRef]

	



Zharmukhamedov, S.K.; Allakhverdiev, S.I. Chemical Inhibitors of Photosystem II. Russ. J. Plant Physiol. 2021, 68, 212–227. [Google Scholar] [CrossRef]

	



Semelkova, L.; Konecna, K.; Paterova, P.; Kubicek, V.; Kunes, J.; Novakova, L.; Marek, J.; Naesens, L.; Pesko, M.; Kralova, K.; et al. Synthesis and Biological Evaluation of N-Alkyl-3-(Alkylamino)-Pyrazine-2-Carboxamides. Molecules 2015, 20, 8687–8711. [Google Scholar] [CrossRef] [PubMed]

	



Jampilek, J.; Kralova, K.; Pesko, M.; Kos, J. Ring-Substituted 8-Hydroxyquinoline-2-Carboxanilides as Photosystem II Inhibitors. Bioorganic Med. Chem. Lett. 2016, 26, 3862–3865. [Google Scholar] [CrossRef]

	



Gonec, T.; Kralova, K.; Pesko, M.; Jampilek, J. Antimycobacterial N-Alkoxyphenylhydroxynaphthalenecarboxamides Affecting Photosystem II. Bioorganic Med. Chem. Lett. 2017, 27, 1881–1885. [Google Scholar] [CrossRef]

	



Gonec, T.; Kos, J.; Pesko, M.; Dohanosova, J.; Oravec, M.; Liptaj, T.; Kralova, K.; Jampilek, J. Halogenated 1-Hydroxynaphthalene-2-Carboxanilides Affecting Photosynthetic Electron Transport in Photosystem II. Molecules 2017, 22, 1709. [Google Scholar] [CrossRef]

	



Karacan, M.S.; Rodionova, M.V.; Tunç, T.; Venedik, K.B.; Mamaş, S.; Shitov, A.V.; Zharmukhamedov, S.K.; Klimov, V.V.; Karacan, N.; Allakhverdiev, S.I. Characterization of Nineteen Antimony(III) Complexes as Potent Inhibitors of Photosystem II, Carbonic Anhydrase, and Glutathione Reductase. Photosynth. Res. 2016, 130, 167–182. [Google Scholar] [CrossRef] [PubMed]

	



Karki, L.; Lakshmi, K.V.; Szalai, V.A.; Brudvig, G.W. Low-Temperature Turnover Control of Photosystem II Using Novel Metal- Containing Redox-Active Herbicides. J. Am. Chem. Soc. 2000, 122, 5180–5188. [Google Scholar] [CrossRef]

	



Santillo, S.; Moriello, A.S.; Di Maio, V. Electrophysiological Variability in the SH-SY5Y Cellular Line. Gen. Physiol. Biophys. 2014, 33, 121–129. [Google Scholar] [CrossRef]

	



Karacan, M.S.; Zharmukhamedov, S.K.; Mamaş, S.; Kupriyanova, E.V.; Shitov, A.V.; Klimov, V.V.; Özbek, N.; Özmen, Ü.; Gündüzalp, A.; Schmitt, F.-J.; et al. Screening of Novel Chemical Compounds as Possible Inhibitors of Carbonic Anhydrase and Photosynthetic Activity of Photosystem II. J. Photochem. Photobiol. B Biol. 2014, 137, 156–167. [Google Scholar] [CrossRef]

	



Sersen, F.; Kral’Ova, K.; Bumbalova, A.; Svajlenova, O. The Effect of Cu(II) Ions Bound with Tridentate Schiff Base Ligands upon the Photosynthetic Apparatus. J. Plant Physiol. 1997, 151, 299–305. [Google Scholar] [CrossRef]

	



Rodionova, M.V.; Zharmukhamedov, S.K.; Karacan, M.S.; Venedik, K.B.; Shitov, A.V.; Tunç, T.; Mamaş, S.; Kreslavski, V.D.; Karacan, N.; Klimov, V.V.; et al. Evaluation of New Cu(II) Complexes as a Novel Class of Inhibitors against Plant Carbonic Anhydrase, Glutathione Reductase, and Photosynthetic Activity in Photosystem II. Photosynth. Res. 2017, 133, 139–153. [Google Scholar] [CrossRef]

	



Anderegg, G. Critical Survey of Stability Constants of EDTA Complexes. Critical Evaluation of Equilibrium Constants in Solution: Stability Constants of Metal Complexes, 1st ed.; International Union of Pure and Applied Chemistry (IUPAC), Pergamon Press: Oxford, UK; New York, NY, USA; Paris, France; Frankfurt, Germany, 1977; ISBN 978-0-08-022009-3, eBook ISBN: 9781483137940. [Google Scholar] [CrossRef]

	



Martell, A.E.; Smith, R.M. Critical Stability Constants; Springer: New York, NY, USA, 1982; pp. 1–604. ISBN 978-1-4615-6761-5. [Google Scholar]

	



Smith, R.M.; Martell, A.E. Critical Stability Constants: Second Supplement; Springer: New York, NY, USA, 1989; pp. 1–647. ISBN 978-1-4615-6764-6. [Google Scholar]

	



Good, N.E.; Winget, G.D.; Winter, W.; Conolly, N.T.; Izawa, S.; Singh, R.M.M. Hydrogen Ion Buffers for Biological Research. Biochemistry 1966, 5, 467–477. [Google Scholar] [CrossRef]

	



Weissberger, A.; LuValle, J.E. Oxidation Processes. XVII. The Autoxidation of Ascorbic Acid in the Presence of Copper. J. Am. Chem. Soc. 1944, 66, 700–705. [Google Scholar] [CrossRef]

	



Anderson, J.H. The Copper-Catalysed Oxidation of Hydroxylamine. Analyst 1964, 89, 357–362. [Google Scholar] [CrossRef]

	



Keller, R.N.; Wrcoff, H.D. Copper(I) Chloride. In Inorganic Syntheses; Fernelius, W.C., Ed.; McGraw-Hill Book Company, Inc.: New York, NY, USA, 1946; pp. 1–4. ISBN 9780470131619. [Google Scholar]

	



Balt, S.; Van Dalen, E. The Reactions of Diphenylcarbazide and Diphenylcarbazone with Cations. Anal. Chim. Acta 1963, 29, 466–471. [Google Scholar] [CrossRef]

	



Crespo, G.A.; Andrade, F.J.; Iñón, F.A.; Tudino, M.B. Kinetic Method for the Determination of Trace Amounts of Copper(II) in Water Matrices by Its Catalytic Effect on the Oxidation of 1,5-Diphenylcarbazide. Anal. Chim. Acta 2005, 539, 317–325. [Google Scholar] [CrossRef]

	



Oikawa, S.; Kawanishi, S. Site-Specific DNA Damage Induced by NADH in the Presence of Copper(II): Role of Active Oxygen Species. Biochemistry 1996, 35, 4584–4590. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, X.; Pham, A.N.; Miller, C.J.; Waite, T.D. Copper-Catalyzed Hydroquinone Oxidation and Associated Redox Cycling of Copper under Conditions Typical of Natural Saline Waters. Environ. Sci. Technol. 2013, 47, 8355–8364. [Google Scholar] [CrossRef] [PubMed]

	



López-Cueto, L.; Casado-Riobó, J.A. Catalytic Effect of Copper on the Hexacyanoferrate(III)-Cyanide Redox Reaction-I. The Uncatalysed and Catalysed Reactions. Talanta 1979, 26, 127–132. [Google Scholar] [CrossRef]

	



Flemming, C.A.; Trevors, J.T. Copper Toxicity and Chemistry in the Environment: A Review. Water Air Soil Pollut. 1989, 44, 143–158. [Google Scholar] [CrossRef]

	



Garrido-Barros, P.; Gimbert-Suriñach, C.; Matheu, R.; Sala, X.; Llobet, A. How to Make an Efficient and Robust Molecular Catalyst for Water Oxidation. Chem. Soc. Rev. 2017, 46, 6088–6098. [Google Scholar] [CrossRef]

	



Matheu, R.; Garrido-Barros, P.; Gil-Sepulcre, M.; Ertem, M.Z.; Sala, X.; Gimbert-Suriñach, C.; Llobet, A. The Development of Molecular Water Oxidation Catalysts. Nat. Rev. Chem. 2019, 3, 331–341. [Google Scholar] [CrossRef]

	



Kilpin, K.J.; Dyson, P.J. Enzyme Inhibition by Metal Complexes: Concepts, Strategies and Applications. Chem. Sci. 2013, 4, 1410. [Google Scholar] [CrossRef]

	



Kim, W.S. Copper Replacement of Magnesium in the Chlorophylls and Bacteriochlorophyll. Z. Naturforsch. B 1967, 22, 1054–1061. [Google Scholar] [CrossRef]

	



Vierke, G.; Struckmeier, P. Binding of Copper(II) to Proteins of the Photosynthetic Membrane and Its Correlation with Inhibition of Electron Transport in Class II Chloroplasts of Spinach. Z. Fur Naturforsch. Sect. C J. Biosci. 1977, 32, 605–610. [Google Scholar] [CrossRef]

	



Samuelsson, G.; Öquist, G. Effects of Copper Chloride on Photosynthetic Electron Transport and Chlorophyll-Protein Complexes of Spinacia Oleracea. Plant Cell Physiol. 1980, 21, 445–454. [Google Scholar] [CrossRef]

	



Hsu, B.D.; Lee, J.Y. Toxic Effects of Copper on Photosystem II of Spinach Chloroplasts. Plant Physiol. 1988, 87, 116–119. [Google Scholar] [CrossRef] [PubMed]

	



Shioi, Y.; Tamai, H.; Sasa, T. Inhibition of Photosystem II in the Green Alga Ankistrodesmus Falcatus by Copper. Physiol. Plant. 1978, 44, 434–438. [Google Scholar] [CrossRef]

	



Yruela, I.; Montoya, G.; Picorel, R. The Inhibitory Mechanism of Cu(II) on the Photosystem II Electron Transport from Higher Plants. Photosynth. Res. 1992, 33, 227–233. [Google Scholar] [CrossRef]

	



Yruela, I.; Montoya, G.; Alonso, P.J.; Picorel, R. Identification of the Pheophytin-QA-Fe Domain of the Reducing Side of the Photosystem II as the Cu(II)-Inhibitory Binding Site. J. Biol. Chem. 1991, 266, 22847–22850. [Google Scholar] [CrossRef]

	



Yruela, I.; Alfonso, M.; De Zarate, I.O.; Montoya, G.; Picorel, R. Precise Location of the Cu(II)-Inhibitory Binding Site in Higher Plant and Bacterial Photosynthetic Reaction Centers as Probed by Light-Induced Absorption Changes. J. Biol. Chem. 1993, 268, 1684–1689. [Google Scholar] [CrossRef]

	



Renger, G.; Gleiter, H.M.; Haag, E.; Reifarth, F. Photosystem II: Thermodynamics and Kinetics of Electron Transport from QA- to QB(QB-) and Deleterious Effects of Copper(II). Z. Fur Naturforsch. Sect. C J. Biosci. 1993, 48, 234–240. [Google Scholar] [CrossRef]

	



Schroder, W.P.; Arellano, J.B.; Bittner, T.; Baron, M.; Eckert, H.J.; Renger, G. Flash-Induced Absorption Spectroscopy Studies of Copper Interaction with Photosystem II in Higher Plants. J. Biol. Chem. 1994, 269, 32865–32870. [Google Scholar] [CrossRef]

	



Jegerschold, C.; Arellano, J.B.; Schroder, W.P.; van Kan, P.J.M.; Barón, M.; Styring, S. Copper(II) Inhibition of Electron Transfer through Photosystem II Studied by EPR Spectroscopy. Biochemistry 1995, 34, 12747–12754. [Google Scholar] [CrossRef]

	



Yruela, I.; Pueyo, J.J.; Alonso, P.J.; Picorel, R. Photoinhibition of Photosystem II from Higher Plants: Effect of Copper Inhibition. J. Biol. Chem. 1996, 271, 27408–27415. [Google Scholar] [CrossRef]

	



Yruela, I.; Gatzen, G.; Picorel, R.; Holzwarth, A.R. Cu(II)-Inhibitory Effect on Photosystem II from Higher Plants. A Picosecond Time-Resolved Fluorescence Study. Biochemistry 1996, 35, 9469–9474. [Google Scholar] [CrossRef]

	



Sabat, S.C. Copper Ion Inhibition of Electron Transport Activity in Sodium Chloride Washed Photosystem II Particle Is Partially Prevented by Calcium Ion. Z. Fur Naturforsch. Sect. C J. Biosci. 1996, 51, 179–184. [Google Scholar] [CrossRef]

	



Král’ová, K.; Sersen, F.; Blahová, M. Effects of Cu(II) Complexes on Photosynthesis in Spinach Chloroplasts. Aqua(Aryloxyacetato)Copper(II) Complexes. Gen. Physiol. Biophys. 1994, 13, 483–491. [Google Scholar]

	



Burda, K.; Kruk, J.; Schmid, G.H.; Strzalka, K. Inhibition of Oxygen Evolution in Photosystem II by Cu(II) Ions Is Associated with Oxidation of Cytochrome B559. Biochem. J. 2003, 371, 597–601. [Google Scholar] [CrossRef]

	



Barón, M.; Arellano, J.B.; Gorgé, J.L. Copper and Photosystem II: A Controversial Relationship. Physiol. Plant. 1995, 94, 174–180. [Google Scholar] [CrossRef]

	



Yruela, I. Copper in Plants. Braz. J. Plant Physiol. 2005, 17, 145–156. [Google Scholar] [CrossRef]

	



Khorobrykh, S.A.; Ivanov, B.N. Oxygen Reduction in a Plastoquinone Pool of Isolated Pea Thylakoids. Photosynth. Res. 2002, 71, 209–219. [Google Scholar] [CrossRef]

	



Berthold, D.A.; Babcock, G.T.; Yocum, C.F. A Highly Resolved, Oxygen-Evolving Photosystem II Preparation from Spinach Thylakoid Membranes. FEBS Lett. 1981, 134, 231–234. [Google Scholar] [CrossRef]

	



Ford, R.C.; Evans, M.C.W. Isolation of a Photosystem 2 Preparation from Higher Plants with Highly Enriched Oxygen Evolution Activity. FEBS Lett. 1983, 160, 159–164. [Google Scholar] [CrossRef]

	



Klimov, V.V.; Allakhverdiev, S.I.; Shuvalov, V.A.; Krasnovsky, A.A. Effect of Extraction and Re-Addition of Manganese on Light Reactions of Photosystem-II Preparations. FEBS Lett. 1982, 148, 307–312. [Google Scholar] [CrossRef]

	



Arnon, D.I. Copper Enzymes in Isolated Chloroplasts. Polyphenoloxidase in Beta Vulgaris. Plant Physiol. 1949, 24, 1–15. [Google Scholar] [CrossRef]

	



Xiong, J.; Minagawa, J.; Crofts, A. Govindjee Loss of Inhibition by Formate in Newly Constructed Photosystem II D1 Mutants, D1-R257E and D1-R257M, of Chlamydomonas Reinhardtii. Biochim. Biophys. Acta Bioenerg. 1998, 1365, 473–491. [Google Scholar] [CrossRef]

	



Dennenberg, R.J.; Jursinic, P.A.; McCarthy, S.A. Intactness of the Oxygen-Evolving System in Thylakoids and Photosystem II Particles. Biochim. Biophys. Acta Bioenerg. 1986, 852, 222–233. [Google Scholar] [CrossRef]

	



Klimov, V.V.; Allakhverdiev, S.I.; Zharmukhamedov, S.K. Redox Interactions of the Phenolic Herbicide Dinoseb and Chlorophyll-P680-Pheophytin Pair [P680(+•)PP(–•)] in the Reaction Center of Photosystem- II in Plants. Sov. Plant Physiol. 1989, 36, 633–640. [Google Scholar]

	



Servusová, B.; Eibinová, D.; Doležal, M.; Kubíček, V.; Paterová, P.; Peško, M.; Král’ová, K. Substituted N-Benzylpyrazine-2-Carboxamides: Synthesis and Biological Evaluation. Molecules 2012, 17, 13183–13198. [Google Scholar] [CrossRef]

	



Tuck, D.G. Direct Electrochemical Synthesis of Inorganic and Organometallic Compounds. Pure Appl. Chem. 1979, 51, 2005–2018. [Google Scholar] [CrossRef]

	



Prasad, M.N.V.; Malec, P.; Waloszek, A.; Bojko, M.; Strzalka, K. Physiological Responses of Lemna Trisulca L. (Duckweed) to Cadmium and Copper Bioaccumulation. Plant Sci. 2001, 161, S0168–S9452. [Google Scholar] [CrossRef]

	



Burda, K.; Kruk, J.; Strzalka, K.; Schmid, G.H. Stimulation of Oxygen Evolution in Photosystem II by Copper(II) Ions. Z. Fur Naturforsch. Sect. C J. Biosci. 2002, 57, 853–857. [Google Scholar] [CrossRef]

	



Yanykin, D.V.; Malferrari, M.; Rapino, S.; Venturoli, G.; Semenov, A.Y.; Mamedov, M.D. Hydroxyectoine Protects Mn-Depleted Photosystem II against Photoinhibition Acting as a Source of Electrons. Photosynth. Res. 2019, 141, 165–179. [Google Scholar] [CrossRef]

	



Davletshina, L.N.; Semin, B.K. PH Dependence of Photosystem II Photoinhibition: Relationship with Structural Transition of Oxygen-Evolving Complex at the PH of Thylakoid Lumen. Photosynth. Res. 2020, 145, 135–143. [Google Scholar] [CrossRef]

	



Oettmeier, W.; Masson, K. Picrate as an Inhibitor of Photosystem II in Photosynthetic Electron Transport. Eur. J. Biochem. 1982, 122, 163–167. [Google Scholar] [CrossRef]

	



Matsue, T.; Koike, S.; Uchida, I. Microamperometric Estimation of Photosynthesis Inhibition in a Single Algal Protoplast. Biochem. Biophys. Res. Commun. 1993, 197, 1283–1287. [Google Scholar] [CrossRef]

	



Tischer, W.; Strotmann, H. Relationship between Inhibitor Binding by Chloroplasts and Inhibition of Photosynthetic Electron Transport. BBA Bioenerg. 1977, 460, 113–125. [Google Scholar] [CrossRef]

	



Van Rensen, J.J.S.; Wong, D. Govindjee Characterization of the Inhibition of Photosynthetic Electron Transport in Pea Chloroplasts by the Herbicide 4,6-Dinitro-o-Cresol by Comparative Studies with 3-(3,4-Dichlorophenyl)-l, l- Dimethylurea. Z. Fur Naturforsch. Sect. C J. Biosci. 1978, 33, 413–420. [Google Scholar] [CrossRef]

	



Cedeno-Maldonado, A.; Swader, J.A.; Heath, R.L. The Cupric Ion as an Inhibitor of Photosynthetic Electron Transport in Isolated Chloroplasts. Plant Physiol. 1972, 50, 698–701. [Google Scholar] [CrossRef]

	



Trebst, A. Inhibitors in the Functional Dissection of the Photosynthetic Electron Transport System. Photosynth. Res. 2007, 92, 217–224. [Google Scholar] [CrossRef]

	



Roberts, A.G.; Kramer, D.M. Inhibitor “Double Occupancy” in the Q o Pocket of the Chloroplast Cytochrome b 6 f Complex. Biochemistry 2001, 40, 13407–13412. [Google Scholar] [CrossRef]

	



Thapper, A.; Mamedov, F.; Mokvist, F.; Hammarström, L.; Styring, S. Defining the Far-Red Limit of Photosystem II in Spinach. Plant Cell 2009, 21, 2391–2401. [Google Scholar] [CrossRef]

	



Vierke, G.; Struckmeier, P. Inhibition of Millisecond Luminescence by Copper(II) in Spinach Chloroplasts. Z. Für Naturforsch. C 1978, 33, 266–270. [Google Scholar] [CrossRef]

	



Callis, P.R. Binding Phenomena and Fluorescence Quenching. II: Photophysics of Aromatic Residues and Dependence of Fluorescence Spectra on Protein Conformation. J. Mol. Struct. 2014, 1077, 22–29. [Google Scholar] [CrossRef]

	



Yang, H.; Xiao, X.; Zhao, X.; Wu, Y. Intrinsic Fluorescence Spectra of Tryptophan, Tyrosine and Phenyloalanine. In Proceedings of the 5th International Conference on Advanced Design and Manufacturing Engineering, Shenzhen, China, 19–20 September 2015; Atlantis Press: Paris, France, 2015. [Google Scholar]

	



Śliwa, E.I.; Śliwińska-Hill, U.; Bażanów, B.; Siczek, M.; Kłak, J.; Smoleński, P. Synthesis, Structural, and Cytotoxic Properties of New Water-Soluble Copper(II) Complexes Based on 2,9-Dimethyl-1,10-Phenanthroline and Their One Derivative Containing 1,3,5-Triaza-7-Phosphaadamantane-7-Oxide. Molecules 2020, 25, 741. [Google Scholar] [CrossRef]

	



Foyer, C.H.; Noctor, G. Stress-Triggered Redox Signalling: What’s in PROSpect? Plant. Cell Environ. 2016, 39, 951–964. [Google Scholar] [CrossRef]

	



Kaparwan, A.G.; Singh, N.J.; Sathe, P.A. Electrochemical Study of Direct and Indirect Oxidation of 1,5- Diphenylcarbazide in Water Mixed Solvent Systems by Differential Pulse Voltammetry. Eurasian J. Anal. Chem. 2011, 6, 59–69. [Google Scholar]

	



Rost, J.; Rapoport, S. Reduction-Potential of Glutatione. Nature 1964, 201, 185. [Google Scholar] [CrossRef]

	



Petrouleas, V.; Diner, B.A. Light-Induced Oxidation of the Acceptor-Side Fe(II) of Photosystem II by Exogenous Quinones Acting through the QB Binding Site. I. Quinones, Kinetics and PH-Dependence. Biochim. Biophys. Acta Bioenerg. 1987, 893, 126–137. [Google Scholar] [CrossRef]

	



McCormick, A.J.; Bombelli, P.; Lea-Smith, D.J.; Bradley, R.W.; Scott, A.M.; Fisher, A.C.; Smith, A.G.; Howe, C.J. Hydrogen Production through Oxygenic Photosynthesis Using the Cyanobacterium Synechocystis Sp. PCC 6803 in a Bio-Photoelectrolysis Cell (BPE) System. Energy Environ. Sci. 2013, 6, 2682. [Google Scholar] [CrossRef]

	



Badarau, A.; Dennison, C. Thermodynamics of Copper and Zinc Distribution in the Cyanobacterium Synechocystis PCC 6803. Proc. Natl. Acad. Sci. USA 2011, 108, 13007–13012. [Google Scholar] [CrossRef]

	



Cope, J.D.; Valle, H.U.; Hall, R.S.; Riley, K.M.; Goel, E.; Biswas, S.; Hendrich, M.P.; Wipf, D.O.; Stokes, S.L.; Emerson, J.P. Tuning the Copper(II)/Copper(I) Redox Potential for More Robust Copper-Catalyzed C–N Bond Forming Reactions. Eur. J. Inorg. Chem. 2020, 2020, 1278–1285. [Google Scholar] [CrossRef]

	



Jo, M.-J.; Shin, S.; Choi, M. Intra-Electron Transfer of Amicyanin from Newly Derived Active Site to Redox Potential Tuned Type 1 Copper Site. Appl. Biol. Chem. 2018, 61, 181–187. [Google Scholar] [CrossRef]

	



Yanykin, D.V.; Khorobrykh, A.A.; Khorobrykh, S.A.; Klimov, V.V. Photoconsumption of Molecular Oxygen on Both Donor and Acceptor Sides of Photosystem II in Mn-Depleted Subchloroplast Membrane Fragments. Biochim. Biophys. Acta Bioenerg. 2010, 1797, 516–523. [Google Scholar] [CrossRef]

	



Brinkert, K.; Le Formal, F.; Li, X.; Durrant, J.; William Rutherford, A.; Fantuzzi, A. Photocurrents from Photosystem II in a Metal Oxide Hybrid System: Electron Transfer Pathways. Biochim. Biophys. Acta Bioenerg. 2016, 1847, 379–389. [Google Scholar] [CrossRef]

	



Arellano, J.B.; Lazaro, J.J.; Lopez-Gorge, J.; Baron, M. The Donor Side of Photosystem II as the Copper-Inhibitory Binding Site. Photosynth. Res. 1995, 45, 127–134. [Google Scholar] [CrossRef]

	



Yruela, I.; Alfonso, M.; Baron, M.; Picorel, R. Copper Effect on the Protein Composition of Photosystem II. Physiol. Plant. 2000, 110, 551–557. [Google Scholar] [CrossRef]

	



Burda, K.; Kruk, J.; Strzałka, K.; Stanek, J.; Schmid, G.; Kruse, O. Mössbauer Studies of Cu(II) Ions Interaction with the Non-Heme Iron and Cytochrome b 559 in a Chlamydomonas Reinhardtii PSI Minus Mutant. Acta Phys. Pol. A 2006, 109, 237–247. [Google Scholar] [CrossRef]

	



Renger, G. The Action of 2-Anilinothiophenes as Accelerators of the Deactivation Reactions in the Watersplitting Enzyme System of Photosynthesis. BBA Bioenerg. 1972, 256, 428–439. [Google Scholar] [CrossRef]

	



Klimov, V.V.; Shuvalov, V.A.; Heber, U. Photoreduction of Pheophytin as a Result of Electron Donation from the Water-Splitting System to Photosystem-II Reaction Centers. Biochim. Biophys. Acta Bioenerg. 1985, 809, 345–350. [Google Scholar] [CrossRef]

	



Carpentier, R.; Fuerst, E.P.; Nakatani, H.Y.; Arntzen, C.J. A Second Site for Herbicide Action in Photosystem II. Biochim. Biophys. Acta Bioenerg. 1985, 808, 293–299. [Google Scholar] [CrossRef]

	



Klimov, V.V.; Allakhverdiev, S.I.; Ladygin, V.G. Photoreduction of Pheophytin in Photosystem II of the Whole Cells of Green Algae and Cyanobacteria. Photosynth. Res. 1986, 10, 355–363. [Google Scholar] [CrossRef]

	



Hsu, B.-D.; Lee, J.-Y.; Pan, R.-L. The Two Binding Sites for DCMU in Photosystem II. Biochem. Biophys. Res. Commun. 1986, 141, 682–688. [Google Scholar] [CrossRef]

	



Allakhverdiev, S.I.; Zharmukhamedov, S.K.; Klimov, V.V.; Vasil’ev, S.S.; Koratovskii, B.N.; Pashchenko, V.Z. Effect of Dinoseb and Other Phenolic Compounds on the Fluorescence Decay Kinetics of Photosystem Ii Chlorophyll in Higher Plants. Biol. Membr. 1989, 6, 1147–1153. [Google Scholar]

	



Roberts, A.G.; Gregor, W.; Britt, R.D.; Kramer, D.M. Acceptor and Donor-Side Interactions of Phenolic Inhibitors in Photosystem II. Biochim. Biophys. Acta Bioenerg. 2003, 1604, 23–32. [Google Scholar] [CrossRef]

	



Belatik, A.; Joly, D.; Hotchandani, S.; Carpentier, R. Re-Evaluation of the Side Effects of Cytochrome B6f Inhibitor Dibromothymoquinone on Photosystem II Excitation and Electron Transfer. Photosynth. Res. 2013, 117, 489–496. [Google Scholar] [CrossRef]

	



Hasni, I.; Yaakoubi, H.; Hamdani, S.; Tajmir-Riahi, H.-A.; Carpentier, R. Mechanism of Interaction of Al3+ with the Proteins Composition of Photosystem II. PLoS ONE 2015, 10, e0120876. [Google Scholar] [CrossRef]

	



Ho, F.M. Uncovering Channels in Photosystem II by Computer Modelling: Current Progress, Future Prospects, and Lessons from Analogous Systems. Photosynth. Res. 2008, 98, 503–522. [Google Scholar] [CrossRef]

	



Kulik, N.; Kutý, M.; Řeha, D. The Study of Conformational Changes in Photosystem II during a Charge Separation. J. Mol. Model. 2020, 26, 75. [Google Scholar] [CrossRef]

	



Moise, N.; Moya, I. Correlation between Lifetime Heterogeneity and Kinetics Heterogeneity during Chlorophyll Fluorescence Induction in Leaves. Biochim. Biophys. Acta Bioenerg. 2004, 1657, 33–46. [Google Scholar] [CrossRef]

	



Schansker, G.; Tóth, S.Z.; Holzwarth, A.R.; Garab, G. Chlorophyll a Fluorescence: Beyond the Limits of the QA Model. Photosynth. Res. 2014, 120, 43–58. [Google Scholar] [CrossRef]

	



Sipka, G.; Magyar, M.; Mezzetti, A.; Akhtar, P.; Zhu, Q.; Xiao, Y.; Han, G.; Santabarbara, S.; Shen, J.-R.; Lambrev, P.H.; et al. Light-Adapted Charge-Separated State of Photosystem II: Structural and Functional Dynamics of the Closed Reaction Center. Plant Cell 2021, 33, 1286–1302. [Google Scholar] [CrossRef]

	



Sirohiwal, A.; Neese, F.; Pantazis, D.A. Protein Matrix Control of Reaction Center Excitation in Photosystem II. J. Am. Chem. Soc. 2020, 142, 18174–18190. [Google Scholar] [CrossRef]

	



Wöhri, A.B.; Katona, G.; Johansson, L.C.; Fritz, E.; Malmerberg, E.; Andersson, M.; Vincent, J.; Eklund, M.; Cammarata, M.; Wulff, M.; et al. Light-Induced Structural Changes in a Photosynthetic Reaction Center Caught by Laue Diffraction. Science 2010, 328, 630–633. [Google Scholar] [CrossRef]

	



Rahimi, Y.; Goulding, A.; Shrestha, S.; Mirpuri, S.; Deo, S.K. Mechanism of Copper Induced Fluorescence Quenching of Red Fluorescent Protein, DsRed. Biochem. Biophys. Res. Commun. 2008, 370, 57–61. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 11 02680 g001 550] 





Figure 1. Tested ligand (4H-1,3,5-triazino [2,1-b]benzothiazole-2-amine,4-(2-imidazole)) (A) and Cu(II)-complex (Bis{4H-1,3,5-triazino [2,1-b]benzothiazole-2-amine,4-(2-imidazole)}copper(II) bromide) (B,C). (A,B), expanded structural formulas. (C), optimized molecular structures. 
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Figure 2. Kinetics of the PSII membranes oxygen evolution in the absence of any additions (1) and in the presence of [CuL2]Br2 at concentration of 3 µM (2); 20 µM (3); 50 µM (4); 100 µM (5). The assay medium contained 50 mM MES (pH 6.5), 0.33 M sucrose, 15 mM NaCl, 0.1 mM DCBQ, 1 mM FeCy. ↑ and ↓—light (λ = 650 nm, 1200 μmol photon s−1 m−2) on and light off, respectively. The kinetic 6 was measured in the absence of artificial electron acceptors but in the presence of 30 μM [CuL2]Br2. The fact that PSII-membranes evolve no oxygen at this condition testifies that [CuL2]Br2 can’t serve as artificial electron acceptor. The PSII membranes concentration was equivalent to 20 µg mL–1 of chlorophyll. 
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Figure 3. Kinetics of the photoinduced changes of the PSII chlorophyll fluorescence yield (ΔF) related to the photoreduction of the primary quinone electron acceptor, QA, in PSII membranes in the absence of any additions (kinetics 1) and in the presence of [CuL2]Br2 at concentration of 8 µM (kinetics 2), 30 µM (kinetics 3) and 100 µM (kinetics 4). Triangle symbol indicates the moment of switching on the measuring light (λ = 490 nm, 4 μmol photons m−2 s−1) exciting PSII chlorophyll fluorescence, F0 (λ ≥ 650 nm). The upward ↑ and downward ↓ arrows indicate the moment of respective switching on and off the actinic light (λ > 600 nm, 1000 μmol photons m−2 s−1). The PSII membranes concentration was equivalent to 20 µg mL–1 of chlorophyll. 
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Figure 4. Dependence of the PSII membranes photochemical activity inhibition on [CuL2]Br2 concentration, measured both as the photosynthetic oxygen evolution (black squares) and as light-induced changes of the PSII chlorophyll fluorescence yield (red circles). Data from four independent experiments are represented as mean ± SD. The PSII membranes concentration was equivalent to 20 µg mL–1 of chlorophyll. 
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Figure 5. Changes of I50 values of the PSII oxygen evolution inhibition by various [CuL2]Br2 concentrations in dependence on PSII membrane concentrations used in the experiments expressed as concentrations of chlorophyll. Reaction medium and measurement conditions are described in the legend of Figure 1. 
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Figure 6. Dependence of Log(inhibition/(1-inhibition)) on Log([CuL2]Br2 concentration) (Hill plot) calculated from the inhibition data of the PSII light-induced oxygen evolution by various [CuL2]Br2 concentrations. Reaction medium and measurement conditions are described in the legend of Figure 1. 
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Figure 7. (A). Kinetics of the photoinduced changes of the PSII chlorophyll fluorescence yield (ΔF) related to the photoreduction of the primary quinone electron acceptor, QA, in spinach thylakoids in the absence of any additions (kinetics 1) and in the presence of 0.5 µM DCMU (kinetics 2), 7 µM DBMIB (kinetics 3) and 100 µM [CuL2]Br2 (kinetics 4). Triangle symbol indicates the moment of switching on the measuring light (λ = 490 nm, 4 μmol photons m−2 s−1), exciting PSII chlorophyll fluorescence, F0 (λ ≥ 650 nm). The upward and downward arrows with L2 indicate the moment of respective switching on and off the actinic Light-2 (L2), exciting both photosystems (λ > 600 nm, 1000 μmol photons m−2 s−1). Arrows pointing up at an angle and down at an angle with L1 indicate the moment of respective switching on and off so-called Light 1 (L1), exciting predominantly PSI (λ > 707 nm, 800 μmol photons m−2 s−1). The spinach thylakoids concentration was equivalent to 20 µg mL–1 of chlorophyll. (B). Transmission spectrum of so-called Light 1 (L1) light, exciting predominantly PSI (shown by black dash line), was obtained by combination of glass light filers SZS20 (shown by green dot line) plus KS19 (shown by red line). 
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Figure 8. Emission spectra of the aromatic amino acids intrinsic fluorescence (mainly Trp, Tyr) of components of the PSII proteins in the PSII membranes suspension without (1) and with 30 µM [CuL2]Br2 (2, 3) measured after the PSII membranes incubation with [CuL2]Br2 in the dark for 3 min (2) and 21 min (3). Excitation wavelength 275 nm. Fluorescence emission was recorded in the range from 290 nm to 420 nm. The DMSO concentration in all samples was the same as in the control (not more than 1%). The PSII membranes concentration was equivalent to 10 µg mL−1 of chlorophyll. 
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