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Abstract

:

The effect of a range of synthetic charged polymers on alpha-synuclein aggregation and amyloid formation was tested. Sulfated aromatic polymers, poly(styrene sulfonate) and poly(anethole sulfonate), have been found to suppress the fibril formation. In this case, small soluble complexes, which do not bind with thioflavin T, have been formed in contrast to the large stick-type fibrils of free alpha-synuclein. Sulfated polysaccharide (dextran sulfate), as well as sulfated vinylic polymer (poly(vinyl sulfate)) and polycarboxylate (poly(methacrylic acid)), enhanced amyloid aggregation. Conversely, pyridinium polycation, poly(N-ethylvinylpyridinium), switched the mechanism of alpha-synuclein aggregation from amyloidogenic to amorphous, which resulted in the formation of large amorphous aggregates that do not bind with thioflavin T. The obtained results are relevant as a model of charged macromolecules influence on amyloidosis development in humans. In addition, these results may be helpful in searching for new approaches for synucleinopathies treatment with the use of natural polymers.
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1. Introduction


Alpha-synuclein is the main protein involved in the development and progression of various synucleinopathies [1,2,3], especially Parkinson’s disease [4,5,6,7]. It can form two different types of amyloid structures: toxic oligomers and amyloid fibrils [8,9]. The pathological role of the latter seems to be disputable since the deposition of the amyloid fibrils and the formation of so-called Lewy bodies can serve as a protective mechanism against the toxic effect of alpha-synuclein oligomers toward nerve cells [10,11]. Despite numerous studies on the amyloid transformation of alpha-synuclein, the mechanism underlying this process and approaches for prevention synucleinopathies remain unclear.



Several approaches for the prevention and treatment of amyloidosis, including synucleinopathies, were proposed. For example, the use of molecular chaperones is a promising approach to treat amyloidosis [12,13]. Thus, overproduction of Hsp70 and Hsp104 inhibits the propagation of yeast prion and huntingtin [14,15,16]. The therapeutic effect of Hsp70 has also been shown for Alzheimer’s disease [17]. Despite a high complexity of the chaperone system and sometimes opposite effects of different chaperones on amyloid aggregation [16,18], few chaperone-based treatments were suggested as a promising platform for the treatment of diseases associated with proteinopathies [19].



Synthetic charged polymers can be considered as artificial chaperones, which can protect enzymes against amorphous aggregation and inactivation [20,21,22,23]. The efficiency of sulfated polymers can be even higher than the activity of natural chaperones [24]. Furthermore, it was shown that polymers are able to extract the enzyme from pre-formed aggregates with its subsequent partial reactivation in solution [25], as well as in a microgel form with subsequent reactivation using cyclodextrin [26,27]. The action and efficiency depend on many factors such as polyelectrolyte charge [28], the nature of its charged groups [29], the hydrophobicity of the polymer [30], degree of polymerization [21] and other factors [31,32].



Interaction of some polyanions, sulfated glycosaminoglycans, with amyloidogenic proteins was studied previously [33]. Thus, heparin and heparan sulfate were shown to induce amyloid aggregation of apolipoprotein A-I [34,35] and serum amyloid A [36]. Noteworthy, electrostatic interactions are of special importance for amyloid aggregation [37]. The results of the inhibition of amyloid aggregation by synthetic polymers have also been described. For example, cationic pyridylphenylene [38,39] and polyamidoamine [40] dendrimers exhibited anti-amyloid activity. Heparin was shown to modulate the aggregation of amyloid-beta peptide [41]. In addition, we have recently found that the treatment of amyloid fibrils of ovine prion protein with poly(styrene sulfonate) enhances its proteolytic degradation [42]. As for alpha-synuclein, some sulfated polysaccharides stimulated its fibrillation (heparin, heparin sulfate, etc.), but some of them did not (for example, keratan sulfate) [43,44]. Thus, there is extensive, but controversial and unsystematic information about the influence of biopolymers on the amyloid transformation of amyloidogenic proteins and, especially, little information about alpha-synuclein transformation.



In the present work, we examined the influence of a set of synthetic polyanions and polycations on the amyloid aggregation of human alpha-synuclein, to reveal the effect of different biomolecules on its amyloid conversion. The understanding of this effect is required to select biopolymers that can be used as anti-aggregation agents for the prevention and treatment of synucleinopathies. The polymers differed in the nature of the charged groups, in their structure and degree of polymerization. We measured the kinetics of amyloid aggregation, and also determined the size and structure of the particles formed. Sulfated aromatic polyanions, poly(styrene sulfonate) and poly(anethole sulfonate), have been found to inhibit fibril formation unlike other polyanions. Pyridinium polycation, poly(N-ethylvinylpyridinium), switched the mechanism of alpha-synuclein aggregation from amyloidogenic to amorphous.




2. Materials and Methods


2.1. Purification of Human Recombinant Alpha-Synuclein


Human recombinant alpha-synuclein was isolated from the E. coli producer strain using acid precipitation of contaminating proteins with subsequent sulfate ammonium precipitation, and the final purification on a thiol-Sepharose column [45]. Briefly, the pH value of the original cell extract was adjusted to 2.8 by adding 9% HCl, and the aggregated proteins were removed by centrifugation (15000× g, 5 min, 4 °C). The pH value of the supernatant was adjusted to 7.5 with 1 M potassium phosphate solution, pH 11. Then, sulfate ammonium was added to the supernatant to reach 40% saturation, and the suspension was left overnight at 4 °C. The resulting preparation of human recombinant alpha-synuclein contained an admixture of Tyr136Cys substituted alpha-synuclein that was produced due to the translational error. Tyr136Cys substituted alpha-synuclein was removed on a thiol-Sepharose column.




2.2. Polymers


Structures of the used polymers are shown in Scheme 1. Samples of sodium poly(styrene sulfonate) (PSS) with a polymerization degree of 1700 (350 kDa), sodium poly(anethole sulfate) (PAS) with an approximate polymerization degree of 800 (200 kDa), sodium dextran sulfate (DS) with a molecular mass of 100 kDa (approximately 250 repeated units and 600 charged groups), potassium poly(vinyl sulfate) (PVS) with an approximate polymerization degree of 1100 (180 kDa) and polymethacrylic (PMA) acid with an approximate polymerization degree of 1800 (150 kDa) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Poly(N-ethyl-4-vinylpyridinium) bromide (PEVP) with a polymerization degree of 1600 (340 kDa), as well as a statistical copolymer of N-ethyl-4-vinylpyridinium bromide and 4-vinylpyridine (PEVP-50%) were synthesized by alkylation of the poly(4-vinylpyridinium) sample with ethyl bromide as described in [46] and kindly provided by Prof. Vladimir Izumrudov from Lomonosov Moscow State University (Moscow, Russia). Polyelectrolyte concentrations were expressed in the terms of the molar concentration of charged groups excepting PEVP-50%, in which the molar concentration of chains was the same as PEVP.




2.3. Aggregation Assay


Amyloid aggregation of alpha-synuclein was achieved by intense shaking of its solution in 10 mM potassium phosphate buffer, pH 4.0, containing 137 mM sodium chloride and 2.7 mM potassium chloride at 37 °C. Two series of experiments with no significant difference in aggregation levels were performed: in 96-well FLUOTRAC 200 black immunology plates (100 µL) and in glass vials (300 µL) as described in [47]. The size of the formed particles and scattering intensity were estimated by dynamic light scattering measurement on a Zetasizer NanoZS (Malvern Instruments, Worcestershire, UK) instrument, using a scattering angle of 173° and wavelength of 633 nm, without centrifuging the samples. Amount of amyloid structures was determined from the increase of thioflavin T fluorescence at 480 nm after excitation at 435 nm. Measurements were performed in 96-well FLUOTRAC 200 black immunology plates (Greiner, Kremsmünster, Austria) using a VICTOR X5 Light Plate Reader (PerkinElmer, Waltham, MA, USA). Protein concentration was 0.4 mg/mL (29 µM), concentration of polymers’ charged groups was 5 mM (that is approximately 3 µM, 4.5 µM, 3 µM, 6 µM, 9 µM, 3 µM and 3 µM for PMA, PVS, PSS, PAS, DS, PEVP and PEVP-50%, respectively), thioflavin T (ThT) was added 15 min before the first measurement in 10-fold molar excess. The values of ThT fluorescence in the absence of protein (i.e., controls for free polymers) were subtracted from the values obtained for the main mixtures of alpha-synuclein and corresponding polymers. The final curves are the average of three independent experiments.




2.4. Circular Dichroism Spectroscopy


Circular dichroism measurements were performed using a Chiroscan CD spectrometer (Applied Photophysics, Leatherhead, Surrey, UK) in a 0.1-mm-pathlength cell. Spectra were recorded in the range of 195–260 nm and were baseline corrected by subtracting the buffer spectrum. Each point was measured for 1 s. For each system, 3–6 measurements were performed and averaged. The observed value was converted into mean residue molar ellipticity.




2.5. Transmission Electron Microscopy


The samples of free alpha-synuclein without additions, as well as its mixtures with polymers, were incubated in 250-µL glass vials with intense shaking at 37 °C for 36 h. Protein and polymer concentrations were 0.4 mg/mL (29 µM of alpha-synuclein monomers) and 5 mM (in terms of charged groups), respectively. The same buffer system as in other experiments was used. Immediately before application, the samples were diluted with pure water in the ratio of 1:1. The samples were adsorbed onto a Formvar film attached to 300-mesh copper grids and contrasted with 1% uranyl acetate aqueous solution. The specimens were observed in a JEOL JEM-1400 electron microscope (JEOL, Akishima, Japan) at 100 kV × 40,000 magnification. The length and diameter of fibrils were determined from the images using ImageJ (https://imagej.nih.gov/ij/) software.





3. Results and Discussion


First, we studied the kinetics of amyloid aggregation of alpha-synuclein without additions and in the presence of polymers monitoring the binding with thioflavin T (ThT). Structures of the used polymers are shown in Scheme 1: polyanions sodium poly(styrene sulfonate) (PSS) with a polymerization degree of 1700 (350 kDa), sodium poly(anethole sulfate) (PAS) with an approximate polymerization degree of 800 (200 kDa), sodium dextran sulfate (DS) with a molecular mass of 100 kDa (approximately 250 repeated units and 600 charged groups), potassium poly(vinyl sulfate) (PVS) with an approximate polymerization degree of 1100 (180 kDa) and polymethacrylic acid (PMA) with an approximate polymerization degree of 1800 (150 kDa); polycations poly(N-ethyl-4-vinylpyridinium) bromide (PEVP) with a polymerization degree of 1600 (340 kDa) and a statistical copolymer of N-ethyl-4-vinylpyridinium bromide and 4-vinylpyridine (PEVP-50%). All sulfated polymers bear a strong negative charge under the selected conditions; PMA is partially negatively charged; both polycations are strongly positively charged; alpha-synuclein is slightly positively charged since its pI is 4.7. Free alpha-synuclein formed amyloid structures and reached a plateau in less than one day (Figure 1A, line 1). In the presence of both sulfated aromatic polymers, poly(styrene sulfonate) and poly(anethole sulfonate), ThT fluorescence did not increase from the initial level for 2–3 days (Figure 1A, lines 2–3). According to visual observations, the mixtures of alpha-synuclein with PSS and PAS remained clear solutions, unlike the sample of free alpha-synuclein, which became relatively turbid after 15–20 h because of fibril formation. Thus, scattering intensities at 173° were 4 ± 0.2, 12 ± 3 and 156 ± 7 Mcps for alpha-synuclein incubated in the presence of PSS, PAS and in free form, respectively (Figure 2). On the contrary, dextran sulfate significantly enhanced the level of amyloid aggregation of alpha-synuclein (Figure 1A, line 4). It is consistent with the data of other research groups about the influence of sulfated polysaccharides, glycosaminoglycans, such as heparin, heparan sulfate, etc., on the amyloid transformation of alpha-synuclein and other amyloidogenic proteins [34,35,36,43]. Poly(vinyl sulfate) had a similar but even more pronounced effect (Figure 1A, line 5). A similar picture was observed in the case of the carboxylic polymer, poly(methacrylate). The mixture of alpha-synuclein and PMA became turbid rapidly, then large flakes were formed, and ThT fluorescence increased significantly (Figure 1A, line 6). In other words, PMA did not inhibit alpha-synuclein aggregation.



Pyridinium polycation, poly(N-ethyl-4-vinylpyridinium) (PEVP), was found to inhibit ThT fluorescence growth (Figure 1B, line 7). However, the solution became turbid almost immediately after mixing indicating the formation of large aggregates. We also tested a partially alkylated poly(4-vinylpyridine) sample, PEVP-50%, in which only 50% of repeated units were charged. Its inhibiting efficiency toward amyloid fibrils formation was lower compared with PEVP (Figure 1B, line 8).



Thus, two sulfonated polymers, PAS and PSS, as well as polycations, PEVP and PEVP-50%, seem to inhibit amyloid fibrils formation, and therefore these systems were studied in details. The size of the particles formed over three days, which did not bind with ThT, was measured using dynamic light scattering. Small complexes with a hydrodynamic diameter of 25–30 nm were formed in the presence of both polyanions, PSS and PAS, (Figure 2). Of course, these values most likely do not reflect the actual particle size because of the non-spherical shape of the particles. However, comparing them with the values for fibrils formed by free alpha-synuclein (2–3 µm, see Figure 2, gray) makes the difference clear. A completely different picture was observed for the mixture of alpha-synuclein and polycation, PEVP. The extremely large particles were formed (Figure 2, pink). In other words, PEVP did not inhibit aggregation, but, on the contrary, increased the particle size. However, these large particles did not bind with ThT (Figure 1, line 7) suggesting their non-amyloid nature.



For additional characterization of the influence of polymers on alpha-synuclein aggregation, circular dichroism measurements were performed (Figure 3). After one day of the incubation, the ellipticity in the spectrum region corresponding to random coil decreased, while the ellipticity in the region corresponding to β-structures increased (Figure 3A, lines 0 and 1), indicating an increase of the β-structure content [48] because of amyloid-like conversion. A more pronounced increase of the β-structure content was observed in the presence of PSS and, especially, PAS (Figure 3A, lines 2–3). After one more day of incubation, no ellipticity peaks were observed in the spectrum of free alpha-synuclein (Figure 3B, line 1) because of intensive aggregation and the formation of large particles that hinders measurement. SDS-PAGE of the supernatant and pellet fractions from the samples centrifuged for 10 min at 12,000× g also indicates aggregation of fibrils (Figure 3C). A similar effect was observed for the mixture of alpha-synuclein and both polycations (PEVP and PEVP-50%) (Figure 3B, lines 4–5, Figure 3C). On the contrary, β-structures were observed in the presence of PAS, suggesting that PAS induced amyloid conversion of alpha-synuclein, but inhibited aggregation (Figure 3B,C). This suggestion agrees well with the data of ThT fluorescence measurements: the initial level of ThT binding by particles formed in the presence of PAS was higher than that in the case of free alpha-synuclein, but it did not change for 2–3 days unlike free alpha-synuclein (Figure 1). PSS demonstrated similar behavior, but the content of β-structures (Figure 3B, line 2), as well as the initial ThT binding level (Figure 1), were much lower compared to PAS.



Electron microscopy data corroborated our suggestions. Thus, free alpha-synuclein efficiently formed rod-like tightly packed fibrils, sticking to each other by lateral sides (Figure 4A). The length and diameter of individual fibrils were estimated to be 88 ± 23 nm and 10.8 ± 1.0 nm, respectively. Such fibrils were described in [49] as one of two types of alpha-synuclein fibrils, short rod-like and long flexible fibrils. A completely different picture was observed for the mixture of alpha-synuclein and sulfated aromatic polymers, PSS and PAS (Figure 4B,C). In the presence of PAS, the particles similar to fibrils were almost single and did not stick to each other (Figure 4B). The length of individual fibrils increased up to 155 ± 50 nm, although the diameter did not change (10.4 ± 1.9 nm). Noteworthy, the particle size in the presence of PAS was lower than in the absence of polymer, since the sticking seems to be blocked, suggesting a partial suppression of amyloid aggregation. In the presence of PSS, much smaller particles were formed (Figure 4C). They looked like a kind of short fibrils that did not interact with each other. The average length of such particles was 60 ± 14 nm, which was lower compared to the control fibrils, though the diameter did not change (10.6 ± 0.7 nm). Summarizing the results mentioned above, we can conclude that both sulfated aromatic polymers pronouncedly influence on alpha-synuclein aggregation, and PSS significantly suppresses the formation of amyloid fibrils.



As for the polycation, the complexes formed in the presence of PEVP were large and did not bind with ThT demonstrating an amorphous structure (Figure 4D). In other words, addition of PEVP switched the mechanism of alpha-synuclein aggregation from amyloidogenic to amorphous: the turbid system contained large complexes, which did not bind ThT. Noteworthy, the anti-aggregation activity of partially alkylated polymer, PEVP-50%, was less efficient. Although the large aggregates formed in the presence of PEVP-50% looked roughly similar to the aggregates formed in the presence of PEVP, they were denser and contained a significant amount of tightly packed amyloid fibrils (Figure 4E, black arrows). This finding agrees well with the ThT fluorescence data: despite PEVP-50% retarding the amyloid fibrils formation, after 36 h incubation, the amount of amyloid structures became pronounced (Figure 1B, line 8).



Summarizing the results (Scheme 2), we conclude that sulfated aromatic polymers, especially poly(styrene sulfonate), significantly suppress alpha-synuclein fibrillation. Since the initial ThT fluorescence in the mixture of alpha-synuclein and PAS was slightly higher than that of free alpha-synuclein, binding to the polyanion probably altered the protein conformation and thus induced amyloid conversion of the initial monomeric forms. This hypothesis is also corroborated with CD data, which indicated a high content of β-structures in alpha-synuclein samples incubated with PAS. However, sulfated polymers, which may be considered as artificial chaperones [24], appear to retard protein–protein interactions, and therefore the fibril formation is inhibited. This statement was confirmed by transmission electron microscopy data: in the presence of both sulfated polymers, PSS and PAS, we observed no sticking of fibril-like structures to each other in contrast to free alpha-synuclein fibrils, which efficiently stuck to each other, forming large aggregates (Figure 4). Other polyanions, including polycarboxylate, did not protect alpha-synuclein against amyloid aggregation. This finding agrees well with the data that chaperone-like activity of phosphate- or carboxylate-based polyanions is lower than that of sulfated and sulfonated polymers [29]. At the same time, the polycation, PEVP, was found to switch the mechanism of aggregation from amyloidogenic to amorphous. Thus, we conclude that charged polymers, especially sulfated polymers, may be considered as a new class of prospective anti-amyloid agents. Moreover, they can be created on the basis of natural polymers, which will facilitate their therapeutic usage.



The obtained results are of special interest as a model of interactions that occur in humans during the development and propagation of amyloidosis associated with alpha-synuclein. Human cells contain many charged polymers, including heparan sulfate and other sulfated glycosaminoglycans [37]. Their influence on amyloidogenic proteins, including alpha-synuclein, was studied in a few works [34,35,36,43]. According to published results and our data on a similar polymer, dextran sulfate, sulfated polysaccharides can enhance or even induce amyloid transformation and aggregation of amyloidogenic proteins. However, our results show that this effect is not the same for all polyanions. Anyway, interaction with polyanions and polycations seems to be an important factor (and, maybe, a key factor), influencing the amyloidosis development, and it should be taken into account in studies. Furthermore, synthetic polymers can be considered as a simplified model of proteins since many proteins have charged regions on their surfaces. Non-specific interactions with these proteins may affect alpha-synuclein aggregation, as it was, for example, in the case of the glycolytic enzyme, glyceraldehyde-3-phosphate dehydrogenase: binding with the anion-binding groove of the enzyme inhibited the amyloid aggregation of alpha-synuclein [47].



Thus, on the basis of the obtained results, it is possible to predict the effect of the natural polymers present in the cell on the amyloid transformation of alpha-synuclein and, therefore, on the development of synucleinopathies. The possibility to predict the effects of various posttranslational modifications (glycation, oxidation, phosphorylation, sulfation, etc.) of both alpha-synuclein and its partner proteins on the amyloidosis genesis of this type is of special significance [50]. In addition, a comparison of the effects of polymers of different nature on amyloidogenic transformation provides a fundamental basis for the rational selection of potential anti-amyloid agents, both among synthetic and natural compounds.
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Scheme 1. Structures of the tested polyanions and polycations. 
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Figure 1. Kinetics of fibril formation detected by thioflavin T (ThT) fluorescence assay. (A) Free alpha-synuclein (1), alpha-synuclein in the presence of 5 mM poly(styrene sulfonate) (PSS) (2), poly(anethole sulfate) (PAS) (3), dextran sulfate (DS) (4), poly(vinyl sulfate) (PVS) (5) and polymethacrylic acid (PMA) (6). (B) Free alpha-synuclein (1), alpha-synuclein in the presence of 5 mM poly(N-ethyl-4-vinylpyridinium) bromide (PEVP) (7) and PEVP-50% (8). Fluorescence intensity is presented as a percentage of the maximum for free alpha-synuclein. The values of ThT fluorescence in the presence of polymers without protein are subtracted. 
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Figure 2. Hydrodynamic diameter of particles formed after 2-day incubation of alpha-synuclein in the absence (gray) and in the presence of 5 mM PSS (blue), PAS (orange) or PEVP (pink). Squares represent scattering intensity, the color and position of each square coincide to those of the corresponding hydrodynamic diameter distribution peak. 
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Figure 3. Circular dichroism spectra of intact alpha-synuclein monomers before incubation under fibrillation conditions (0) and after the incubation for 21 h (A) and 45 h (B) in free form (1) and in the presence of 5 mM PSS (2), PAS (3), PEVP (4) and PEVP-50% (5). (C) SDS-PAGE of supernatant (S) and pellet (P) fractions of the same samples 0–5 centrifuged for 10 min at 12,000× g. 
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Figure 4. Electron micrographs of amyloid fibrils of free alpha-synuclein (A) and particles formed after 1.5-days of incubation of alpha-synuclein with 5 mM PAS (B), PSS (C), PEVP (D) and PEVP-50% (E). Black arrows in (E) show amyloid fibrils. Scale bar is 100 nm in all panels. 
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Scheme 2. Schematic summary of influence of the tested polymers on amyloid aggregation of alpha-synuclein. 
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