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Abstract

:

For the first time AFM (atomic-force microscopy) was used to record significant changes in the geometric parameters of the image of erythrocytes in vitro under conditions of glycolytic starvation (ATP (Adenosine triphosphate) deficiency). The difference in the action of antioxidants, phenosan K, and Ihfan-10 on erythrocytes that we detected with AFM seems to be mainly due to their difference in hydrophobicity. We used the AFM method to research the self-organization of the components of the active center of P450 (Porphyrin-450) metalloenzymes that are part of a class of hemoproteins with functions of affinity to molecular oxygen O2. Stable supramolecular nanostructures in the form of triangular prisms based on the iron porphyrin complex with amino acids due to self-assembly involving intermolecular hydrogen bonds were received. A possible scheme for the formation of such structures is proposed.
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1. Introduction


The main function of erythrocytes is the transport of oxygen and other substances from the lungs to the tissues of the body, participation in the regulation of acid-base balance, and maintenance of isotonicity of blood and tissues. An insufficient supply of oxygen to the tissues of the bodies of animals and humans, as well as a violation of its utilization in the process of biological oxidation, leads to hypoxia [1,2]. Favism uniquely arises from a genetic defect of the Glucose-6 Phosphate Dehydrogenase (G6PD) enzyme and results in a severe reduction of erythrocytes (RBCs), reducing power that impairs the cells’ ability to respond to oxidative stresses [3]. Atomic-force microscopy (AFM) methods are increasingly being used in biology, medicine, and pharmacology. AFM has advantages compared with optical and electron microscopy in that the atomic-force microscopy method gives a truly three-dimensional relief of the investigated surface, in order to make measurements in various media, which opens up wide opportunities for studying biomolecules and living cells [2]. Flavin and redox-active disulfide domains of ferredoxin-dependent flavin thioredoxin reductase (FFTR) homodimers should pivot between flavin-oxidizing (FO) and flavin-reducing (FR) conformations during catalysis, but only FR conformations have been detected by X-ray diffraction and scattering techniques. Atomic-force microscopy (AFM) is a single-molecule technique that allows the observation of individual biomolecules with sub-nm resolution in near-native conditions in real-time, providing sampling of molecular property distributions and identification of existing subpopulations. In [4] the authors show that AFM is suitable to evaluate FR and FO conformations.



For registration of erythrocytes in the AFM method, various fixation methods are used, which have a number of disadvantages [5,6]. It was noted that when scanning on AFM, erythrocytes fixed with methanol lose their native shape, and membrane distortion occurs; at the same time, scanning air-dried erythrocyte preparations gave clear images of undeformed cells. The preliminary fixation with glutaraldehyde, which was used in AFM studies of erythrocytes, allows fixing of the shape of the erythrocyte.



Currently, the study of phenolic antioxidants and their use for the prevention and treatment of cancer and neurodegenerative and other diseases is relevant in vivo [7]. In this regard, the effect of the antioxidants phenosan K and Ihfan-10 on the erythrocytes of mice was studied for the first time by the AFM statistic method. All experiments in this research were carried out in vitro (in contrast to previous in vivo studies on erythrocytes).



Supramolecular chemistry is a field of research that has grown significantly in recent years. A concept has been developed for research of intermolecular bonds, including coordination bonds, halogen bonds, and hydrogen bonds at molecular organization on surfaces [8]. The formation of supramolecular complexes and the role of hydrogen bonds in the formation of these structures based on metal complexes, which are catalysts for oxidation processes and models of active centers of enzymes, were first studied by AFM [9]. Here we used the AFM method to research the self-organization of the components of the active center of Hem proteins and of the P450 metalloenzymes that are part of a class of hemoproteins, with functions to bind molecular oxygen O2 and transport it in the form of oxyhemoglobin throughout the body to organs and tissues, or to activate O2.




2. Material and Methods


2.1. AFM Research of Erythrocytes


Sample Preparation of Erythrocytes and Instrumentation


When carrying out the in vitro experiments, the studied heparin erythrocytes of mice were incubated in PBS buffer with 10 mM glucose for 1 h with various concentrations of antioxidant at 37 °C. Then the erythrocytes were fixed on a substrate with 2% glutaraldehyde for 30 min and washed three times with distilled water.



In the AFM study, we used the scanning probe AFM microscope SOLVER P47 SMENA10 (Adm. Distr. Zelenograd of Moscow, Russia) at a frequency of 150 kHz, using an NSG30 cantilever with a radius of curvature of 10 nm, a resonance frequency of 300 kHz, and a force constant of 22–100 N/m in the tapping mode. Polished quartz with a roughness Ra = 6 nm was used as a substrate.



When this cantilever passes over the surface of fixed erythrocytes in the tapping mode, it does not leave any traces of passage on the surface. The survey scan range is 30 × 30 μm (the step was 117 nm); a range of 15 × 15 μm was used to obtain the parameters of individual erythrocytes (the step was 59 nm). To obtain the parameters of 100 erythrocytes, several scans were performed in different areas of the substrate.



The resulting scans in the form of mdb files were processed using an Image Analysis program (NT MDT) to obtain the necessary parameters (area, volume, and average height).





2.2. AFM Studies of Model Porphyrin Complexes


AFM studies of supramolecular structures were carried out on similar equipment. We used an NSG30_SS cantilever (NanosensorsTM Advanced TecTM AFM probes, CH-2000 Neuchatel, Switzerland) with a radius of curvature of 2 nm, a resonance frequency of 300 kHz, and a force constant of 22–100 N/m in the tapping mode. To form nanostructures on the surface of a silicon substrate, the sample was prepared using a spin-coating process from an aqueous-alcohol solution of the mixture {Hem + Tyr + His} (Hem = hemin, Tyr = L-tyrosine, His = L-histidine) with a molar ratio of 1:1:1. Self-assembly of supramolecular structures is due to intermolecular interactions with a certain coordination of these interactions, which may be a consequence of the properties of the components themselves, the participation of hydrogen bonds and other non-covalent interactions, as well as the balance of the interaction of these components with the surface.





3. Results and Discussion


3.1. Imaging Erythrocyte Shape Using the AFM Method


It was noted in [10] that fixation of erythrocytes with glutaraldehyde in the AFM method is best suited for fine topographical imaging. In addition, the work notes that the presence of adenosine triphosphate (ATP) in the buffer is very important for maintaining the shape of the erythrocyte in the form of a discocyte and also has a significant effect on the deformability of erythrocytes. Without ATP, erythrocytes lose their biconcave shape and become precursors of echinocytes. Membrane fluctuations are observed that change the mechanical properties of erythrocytes, which suggests metabolic remodeling of the lipid part of the membranes and the structure of the spectrinal network.



Depending on the environmental conditions, the shape of the erythrocyte can be distorted, and certain parameters in the architectonics of erythrocytes change. Moreover, although the volume of an erythrocyte is a dynamic value, depending on the ratio of the concentrations of many substances on both sides of the membrane, it is strictly controlled by a complex ion-transport system of ion pumps and channels in the membrane, which allows maintaining the shape of the erythrocyte [11].



In Figure 1, we show the AFM image of a mouse erythrocyte, which in blood usually has the shape of a discocyte (a), and a typical scanning area of 30 × 30 μm2 (b).



Erythrocytes adsorb glucose, proteins, lipids, and amino acids from blood plasma and transport them to tissues. Since glucose is the main indicator of carbohydrate metabolism, i.e., the body’s primary source of energy, red blood cells are completely dependent on glucose levels for their consumers. The concentration of glucose in the body plays a leading role in energy metabolism, and its maintenance at the proper level is essential and decisive for vitality [1].



We used the AFM method for detection of changes in the functional state of erythrocytes. Previously, a number of important structural changes that occur with the participation of ATP were indicated. Therefore, in our work, the task was set to check the possibility of the AFM method and the technique of fixation with glutaraldehyde in the study of morphological changes that occur in erythrocytes in the presence and absence of a substrate necessary for glycolysis, the main source of ATP in erythrocytes in the in vitro system. For this, erythrocytes were incubated in a standard phosphate-buffered saline for 1–4 h in the presence of 10 mM glucose and without it, i.e., with glycolytic starvation of erythrocytes.



Statistical processing of the AFM images of these preparations showed that the distribution of the volume of erythrocytes was close to normal, both in the presence of glucose and without it. Incubation of erythrocytes for an hour in a buffer with and without glucose insignificantly affected the size of erythrocytes. However, incubation in a buffer containing no glucose for 4 h led to a significant decrease in the dimensional parameters of the AFM image of erythrocytes. The results are shown in Figure 2 and Figure 3.



Histograms of the distribution of the average height of the AFM image and the perimeter of the AFM image of mouse erythrocytes, under conditions similar to those shown in Figure 3, have similar distribution characteristics, and the estimate of the change in mean height has a 95% confidence interval.



From these results, it follows that AFM is used to record significant changes in the geometric parameters of the image of erythrocytes under conditions of glycolytic starvation (ATP deficiency). The data on the effect of glucose concentration on the state of the erythrocyte (SEM method) [12] do not contradict our results.



Indeed, the lack of ATP leads to changes in the operation of ATP-dependent ion pumps and a change in the osmotic state of the cell and a decrease in all measured parameters of the AFM image of the erythrocyte.



Taking into account the obtained above results, experiments on the influence of biologically active compounds on morphology erythrocytes were carried out in a buffer containing 10 mM glucose when incubating erythrocytes for 1 h.




3.2. AFM Research of the Effects of Phenolic Antioxidants


The effect of the antioxidants phenosan K and Ihfan-10 on the erythrocytes of mice were studied using the tapping mode of the AFM method (Figure 4).



With the introduction of phenosan K into the suspension of erythrocytes in vitro, insignificant changes in the volumetric parameters of AFM images of erythrocytes were observed (Figure 4a). These facts indicate that there are no effects on the osmotic state of erythrocytes. With the introduction of Ihfan-10 into the suspension of erythrocytes in the in vitro system, starting from a low concentration of 10−11 M, an increase in the volume of erythrocytes was observed (Figure 4b). The data on changes in the architectonics of erythrocytes with the introduction of Ihfan-10 in vitro do not contradict the data obtained by electron microscopy and spin labels. For example, it was previously shown that Ihfan-10 in vitro, at a concentration of 10−4 M, causes a change in the shape of discocytes and, within a certain time (hours), converts them into the form of stomatocytes and echinocytes [13,14].



Such a difference in the action of phenosan K and Ihfan-10 may be explained next. Infan-10 can penetrate the lipid components of the membrane and affect the membrane-bound enzymes that regulate water metabolism. It is possible that the effect of Ihfan-10 on these enzymes in low concentrations is due to exposure through lipid or peptide rafts. Ihfan-10 is capable of being fixed on the surface of the erythrocyte membrane and partially penetrates into the lipid part of the membrane [13], changing the osmotic state and volume of the cell.




3.3. AFM Research of Model Porphyrin Complexes


Iron porphyrins are in hemoglobin, which is part of red blood cells and in plasma in free form. The main function of hemoglobin is to bind molecular oxygen and transport it in the form of oxyhemoglobin throughout the body to organs and tissues.



The family of Cytochrome P450-dependent monooxygenases is part of a class of hemoproteins with extremely diverse functions. The importance of H-bonds for coordination of molecular oxygen O2 and activation of O2 by P450 metalloenzymes has been well-studied [15].



We propose to use the AFM method [9] to study the possibility of the formation of supramolecular structures, as well as the role of intermolecular hydrogen bonds (and other non-covalent interactions) in the mechanisms of enzymatic catalysis by heteroligand complexes of nickel and iron, simulating the active centers of enzymes [15].



The coordination sphere of the active centers of proteins plays a considerable role in determining the properties of metallic cofactors. The tyrosine residues adjacent to the C termini of the hemoglobin (Hb) subunits, αY140 and βY145, are expected to play important structural roles, because the C termini are the loci of T-state quaternary salt-bridges, and because the tyrosine side-chains bridge the H and F helices due to H bonds to the αV93 and βV98 carbonyl groups. These roles have been investigated via measurements of oxygen binding, 1H NMR spectra, resonance Raman (RR) spectra, and time-resolved resonance Raman (TR3) spectra on site mutants in which the H• • •F• • •H bonds are eliminated by replacing the tyrosine residues with phenylalanine. The TR3 spectra confirm the hypothesis, based on TR3 studies of wild-type Hb, that the H• • •F• • •H bonds break and then re-form during the sub-microsecond phase of the R–T quaternary transition [16].



In nature, various types of binding of amino acids to metalloporphyrins are observed, and Tyr (tyrosine) is able to form hydrogen bonds with His (histidine) [17,18,19].



Based on published data on the regulatory role of His and Tyr fragments, as well as porphyrins in the functioning of enzymes (Hem proteins) of the P450 family [20,21,22], one could expect self-organization of nanostructures of these complexes. Porphyrin linkage through H-bonds is the binding type generally observed in nature. One of the simplest artificial self-assembling supramolecular porphyrin systems is the formation of a dimer based on carboxylic acid functionality [17]. The fact of the formation of such supramolecular structures can be used to analyze non-covalent molecular interactions [20,21] involved in the mechanism of enzymatic catalysis.



The AFM method was used for the first time to study the formation of supramolecular structures, based on model porphyrin metal complexes with amino acids tyrosine and histidine, which are part of the active centers of enzymes: in particular, the Hem proteins family [9].



Figure 5a,b shows that the AFM image of stable nanostructures of model systems {Hem + Tyr + His} (Hem = Hemin, Tyr = L-tyrosine, and His = Histidine) has a form of triangular prisms. These structures are apparently formed due to the coordination of intermolecular interactions of the components of the {Hem·Tyr·His} complex during spontaneous self-organization with the participation of mainly hydrogen bonds and possibly other intermolecular non-covalent interactions.



One of the possible schemes for the formation of triangular complexes based on the {Hem + Tyr + His} system (and then prisms) due to H-bonds (NH•••O or N•••HO) [15,16,17,18] can be seen in Figure 6a,b. The combination of individual triangles ({Hem·Tyr·His} complex, Figure 6a) into triangular structures like Sierpinski triangular motifs [23] (Figure 6b) due to H-bonds, and then π–π intermolecular interplanar interactions, can lead to the formation of triangular prisms (Figure 5).





4. Conclusions


We used AFM to record significant changes in the geometric parameters of the image of erythrocytes under conditions of glycolytic starvation (ATP deficiency). We established that the difference in the action of antioxidants phenosan K and Ihfan-10 on erythrocytes might be mainly due to their difference in hydrophobicity. Ihfan-10 is capable not only of being fixed on the surface of the erythrocyte membrane, but also partially penetrating into the lipid part of the membrane, changing the osmotic state and volume of the cell.



Using the more sensitive AFM method, it is possible to observe the self-organization of systems {Hem·Tyr·His} (Hem = Hemin, Tyr = L-Tyrosine, His = L-Histidine) into stable nanostructures in a form of triangular prisms due to H-bonds and possibly other non-covalent interactions. A possible scheme for the formation of such structures is proposed. The received data are considered as a step towards understanding the regulator activity of Tyr and His in relation to the active sites of Hem proteins that have affinity to molecular oxygen O2—to bind O2 and transport O2 in the form of oxyhemoglobin to organs and to tissues of the body, or to activate O2.
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Abbreviations




	AFM method
	Atomic-force microscopy method



	ATP
	Adenosine triphosphate



	Glu
	glutamic acid residue



	Hem
	Hemin



	His
	L-Histidine



	Ihfan-10
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	PBS
	Phosphate buffered saline–buffer solution of salts, NaCl, Na2HPO4, KCl, and KH2PO4, used in biological research. The osmolarity and concentrations of ions in the solution usually correspond to concentrations in the human body (i.e., this buffer solution is isotonic).



	Phenosan K
	Phenozan potassium–potassium compound based on synthetic phenolic antioxidant β-(4-hydroxy-3,5-di-tert-butylphenyl) propionic acid



	P450
	Porphyrin-450



	Tyr
	L-Tyrosine
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Figure 1. Three-dimensional AFM image of a single erythrocyte on a silicon substrate fixed with glutaraldehyde (a) and two-dimensional area (30 × 30 μm2) AFM image of erythrocytes (b). 
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Figure 2. Histogram of the distribution of the area of the AFM image of the erythrocytes of mice after their incubation 1 h (“1”-blue), 2 h (“2”-green), and 3 h (“3”-red) in the absence of glucose and approximation by a normal distribution–(a) Changes in the area of the AFM image of erythrocytes (mean) of mice during their incubation in the presence of glucose ● (+) and glucose absence ■ (−). A 95% confidence interval is shown-(b). 
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Figure 3. Histograms of the distribution of the volumes of the AFM image of the erythrocytes of mice after their incubation 1 h: blue–“1”, 2 h: green–“2” and 3 h: red–“3” in the absence of glucose and approximation by normal distribution-(a) Changes in the volume of the AFM image of erythrocytes (average) of mice during their incubation in the presence of glucose ● (+) and its absence ■ (−). A 95% confidence interval is shown-(b). 
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Figure 4. Changes in the volume of AFM images of mouse red blood cells when phenosan K–(a), and Ihfan-10–(b), were injected into a suspension of red blood cells in a phosphate-salt buffer (in vitro), depending on its concentration. A 95% confidence interval is shown. 
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Figure 5. AFM two-(a) and three-dimensional (b) image of stable nanostructures based on model {Hem·Tyr·His} complexes. 
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Figure 6. One of the possible triangular structures of {Hem·Tyr·His} complex that is formed as result of intermolecular interaction due to H-bonds NH•••O or N•••HO (marked with blue arrows) (a). The combination of individual triangles into structures like Sierpinski triangular motifs (b). 
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