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Chapter 4 

 

Influence of solution conditions on 

α-synuclein aggregation kinetics 

Abstract 

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the presence of 

abnormal deposits of aggregated proteins known as Lewy bodies in brain tissue. The major 

components of Lewy bodies are aggregates of a small presynaptic protein known as α-

synuclein (α-syn). Despite a significant research effort the mechanism of oligomer and fibril 

formation and the conditions which trigger the aggregation process are not well understood. 

The aim of this study was to determine the effect of solution conditions on seeded α-syn 

aggregation and fibril growth by the use of a Thioflavin T fluorescence assay. The 

relationship between α-syn elongation kinetics of ionic strength and pH was measured, and a 

detailed analysis is presented in terms of a kinetic model. The effect of pH and of salt 

concentration on elongation kinetics of preformed α-syn fibrils deviates significantly from 

their effect on the lag phase, suggesting that the mechanism for α-syn nucleation and fibril 

elongation are different. 
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4.1. Introduction 

Amyloid fibrils are in the spotlight of the scientific community not only for their relevance in  

diseases such as Parkinson’s and Alzheimer’s disease [1], but also for their application in 

nanotechnology and biotechnology [2]. Discovering the steps in the conversion of functional 

proteins into amyloid fibrils [3] is crucial for understanding their origin and proliferation and 

for understanding how amyloid fibrils are associated with a range of health disorders [4]. The 

past decade has seen numerous theoretical and experimental studies attempting to determine 

and characterize the kinetic process involved in the self-assembly of amyloid proteins into 

fibrils [5–7]. However, the outcomes of the experiments often differ [8], which is usually 

connected to the heterogeneity in the early events of the fibrillization process. Interestingly, 

despite their very different primary peptide sequences, amyloid fibrils share common 

structural features, such as their micrometer length, twisted appearance [9,10] and rich β-

sheet structure [11]. It has been reported that many amyloid fibrils, including α-syn, elongate 

by binding of monomers to fibril ends [12,13]. Mechanisms of the de novo fibril formation  

include oligomerization [14], fibril breaking [15–17] and fibril–catalyzed secondary 

nucleation [18].  

Protein aggregation is often monitored using an assay based on the fluorescence enhancement 

of Thioflavin T (ThT) dye, which specifically binds to β-sheets structures [19]. It has been 

previously reported that a typical aggregation curve, as followed by ThT fluorescence, has a 

sigmoidal shape and is described by first order kinetics [20] (see Chapter 1, Figure 1.3). The 

aggregation curve is determined by nucleation (lag phase), growth (exponential phase) and 

saturation (plateau phase). During the lag phase initiation of aggregation occurs by forming 

the nuclei for the start of the reaction, described in the literature as primary nucleation [21]. 

At this stage there is no ThT fluorescence increase. The growth phase is characterized by 

exponential growth of the ThT fluorescence. Several processes are underlying it, such as 

elongation of existing aggregates by monomer addition to fibril end(s) [22] and formation of 

new growing centers by breaking of existing fibrils [15] – so called secondary nucleation. In 

the saturation phase ThT fluorescence reaches a plateau, where most of the monomer pool 

has been depleted by incorporation into aggregates [3] and the rate of the monomer addition 

to the fibril ends is equal to the dissociation rate. The time scale for primary nucleation of α-

syn aggregation is highly variable, and though the nucleation phase is most important in the 

aggregation process it is still not very well understood. Concerning the overall mechanism of 
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α-syn aggregation, the rate-limiting steps, the role and nature of intermediates still remain not 

well elucidated [5,6,8]. The lag phase that represents the primary nucleation [6] can be 

largely eliminated by using preformed fibrils (seeds) and, provides a convenient way to focus 

especially on the elongation reaction of α-syn fibrils. 

Effects of solution conditions on α-syn aggregation were studied by bulk experiments [23,24] 

and atomic force microscopy [25]. In the study by Hoyer and coworkers [23] the effect of 

solution conditions on the overall rate of α-syn aggregation was reported, together with the 

change in aggregate morphology, especially at low pH. Their finding indicates that adding 

200 mM NaCl can accelerate the formation of aggregation nuclei [21]. Buell et al. [13] 

showed that primary and secondary nucleation govern the proliferation of aggregates at pH 7, 

with secondary nucleation being particularly prominent at pH below 6. They also reported 

that the fibril elongation rate is strongly influenced by the salt concentration. As α-syn 

aggregation kinetics and morphology depend significantly on pH, ionic strength, temperature 

etc., it is important to determine which phase of the process is affected the most and to gain 

new information about it. 

Here we report to what extent the fibrillar growth phase of α-syn aggregation is affected by 

solution conditions, in particular ionic strength and pH, based on a recording of the α-syn 

fibril elongation kinetics in bulk. The bulk fibrillar growth was monitored by the ThT assay, 

and the average initial elongation rate of the fibrils was measured. To skip largely the 

nucleation phase and focus on fibril elongation only, we monitored WT α-syn in the presence 

of preformed fibrils (seeds). Under those conditions the lag phase is effectively suppressed in 

the growth kinetics. The present study resulted in direct experimental evidence that the initial 

elongation rate of the α-syn fibrils increases at relatively low concentrations of sodium 

chloride (up to 30 mM NaCl) and decreases at higher NaCl concentrations. No particular 

trend is observed in the pH dependence of the initial growth rate, consistent with earlier 

reports [13].  

4.2. Materials and Methods 

4.2.1. Expression and purification of α-syn 

Preparation and purification of α-syn was performed as described elsewhere [26]. WT α-syn 

was expressed in E.coli BL21 (DE3) transformed with the pT7-7 plasmid carrying the α-syn 

gene. Culturing was done in lysogeny broth medium with 100 µg/ml ampicillin. After 
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induction by addition of isopropylthio-β-galactoside (1 mM, 4 h) bacterial cell pellets were 

harvested by centrifugation (6,000 × g, 10 min), resuspended in 10 mM Tris–HCl, pH 8.0, 1 

mM ethylenediaminetetraacetic acid (EDTA) and 1mM phenylmethylsulfonyl fluoride (10% 

of the culture volume) and stirred for 1 h at 4°C. Cells were lysed by sonication for 2 min and 

centrifuged (10,000 × g, 20 min, 4°C).  

By adding streptomycin sulfate (1%, 15 min, 4°C) DNA was precipitated and removed by 

centrifugation at 13,500 × g for 30 min. Next, α-syn was salted out from the solution by 

slowly adding ammonium sulfate up to a concentration of 0.295 g/ml and mild stirring (1 h, 

4°C). Precipitated α-syn was collected by centrifugation (13,500 × g, 30 min, 4°C). The pellet 

was gently resuspended in 10 mM Tris–HCl, pH 7.4 and the solution was eluted over a 6 ml 

ResourceQ anion exchange column (GE Healthcare) using the Äkta Purifier system (GE 

Healthcare) and a linear gradient of NaCl (0–500 mM) in 10 mM Tris–HCl, pH 7.4 at a 

flowrate of 3 ml/min. Fractions containing α-syn (eluted at ~300 mM NaCl) were pooled, 

concentrated (Vivaspin-20, 10 kDa; GE Healthcare) and  desalted using a PD-10 column (GE 

Healthcare) in 10 mM Tris–HCl pH 7.4 (containing 1 mM DTT in the case of cysteine 

mutant). Protein concentration was determined on the basis of the tyrosine absorption at 275 

nm by using 5600 M
-1

 cm
-1

 for the extinction coefficient of WT [24].   

4.2.2. Kinetic model of aggregation 

 

Figure 4.1: Kinetic model of α-syn aggregation, which includes three steps: initiation, growth and formation of new 

fibril ends, where [M] is the monomer concentration, [E] the concentration of active growing ends, [F] the amount of 

fibrillar α-syn, k+ the elongation rate and kb the breaking rate (Figure reprinted with permission from 15 given by 

ACS Publications). 
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The data were analyzed with a kinetic model which is described in detail elsewhere [15]. In 

this proposed model [15] α-syn aggregation includes three steps (see Figure 4.1). It starts 

with an initial phase, where new aggregates are formed spontaneously and it continues with a 

growth phase, where mostly monomers bind to existing fibril ends and fibrils get elongated. 

The fluorescence intensity growth is nonlinear, and upon monomer depletion slows down. 

During the aggregation process, especially under agitation, fibrils can break which produces 

new fibril ends. In the presence of seeds and at the time scale of the experiments reported 

here, the initial increase in ThT fluorescence is governed by seed elongation. Ignoring the 

primary nucleation, seed elongation can be described by following equation: 

Δ𝐹(𝑡)

Δ𝑡
=

𝐹𝑡 − 𝐹0

(𝑡 − 𝑡0)
= 𝑘+[𝑀][𝐸] 

Here ΔF(t) is the change in concentration of fibrillized protein during the time interval of Δt, 

F0 is the concentration of the fibrillized protein at t0 while Ft is the concentration of the 

fibrillized protein at a later time t. The change in fluorescence intensity is converted to 

equivalent monomer concentration by scaling to the intensity in the plateau phase where we 

assume that all α-syn is in aggregated form. [M] is the monomer concentration, [E] the seed 

concentration and k+ the fibril elongation rate. The initial elongation rate was measured by 

following the increase of the ThT signal during the first 30000 s of the measurement, where 

the increase in the ThT fluorescence was linear in time. It was assumed that during the first 

30000 s fibril breaking did not occur which means that [E] is essentially constant. Longer 

fibrils are more prone to breaking, but during the first 30000 s of seed elongation long fibrils 

are not common. Control experiments under identical conditions, but in the absence of seeds, 

showed that at this time scale primary nucleation did not make a significant contribution to 

the ThT signal. Thus we have for k+: 

𝑘+ =
𝐹𝑡 − 𝐹0

(𝑡 − 𝑡0) [𝑀][𝐸]
  

The units of k+ are mM
−1

 s
−1

.  

4.2.3.  Kinetic measurements and the aggregation model 

The aggregation experiments were performed in a Tecan Infinite M200pro plate reader and 

seed elongation was monitored by recording the ThT fluorescence. All experiments were 

performed at 37°C, under shaking conditions (300 s of linear shaking with 6 mm amplitude) 
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in 384 well plates (Nunc, Thermo Fisher Scientific) sealed with a transparent, polyolefin film 

(Viewseal, Greiner Bio One) to avoid evaporation, using a volume of 50 μL per well. The 

final solution used for aggregation contained 6 mM sodium phosphate buffer at pH 4-10, 0-

200 mM NaCl, 9 mM NaN3, 0.1 mM EDTA (to remove divalent ions), and 5 μM ThT (≥ 5% 

of α-syn concentration). The α-syn monomer concentration was 100 μM unless otherwise 

indicated. Samples were measured in at least 8 replicates. Fluorescence of ThT was always 

recorded from the bottom of the plate. Excitation was at 446 nm, emission at 485 nm, 

excitation and emission spectral bandwidths were set at 9 and 20 nm, respectively. 

A solution of mature α-syn fibrils was obtained by combining four separately aggregated 100 

µM α-syn samples that had reached the plateau phase of ThT fluorescence, all grown under 

the same experimental conditions, in 6 mM phosphate buffer pH 7.2 with 150 mM NaCl, at 

37ºC, using constant agitation.. A stock solution of seeds was obtained by sonicating 

approximately 200 µl of this solution of mature fibrils for 300 s in a water bath sonicator 

(VWR 75D ultrasonic cleaner, power 90 W, bath volume 2.5 L). All experiments were 

performed with the same stock solution of seeds.  

4.3. Results 

4.3.1. Initial aggregation rate at different salt concentrations 

To determine to what extent the ionic strength of the solution has an influence on α-syn 

elongation the NaCl concentration was varied in the range of 0 to 200 mM. For this purpose 

WT α-syn seeds were added to a solution of 100 µM WT α-syn monomers, with a final 

concentration of 0.16 nM. The initial elongation rate was determined based on the increase of 

the ThT fluorescence signal in time during the first 30000 s as described in Materials and 

Methods, applying the kinetic model established by Shvadchak and coworkers [15].  

 shows the dependence of the average initial elongation rate on NaCl concentration. The error 

bars denote standard deviations of the initial elongation rate. The data show that the average 

initial elongation rate increases with increasing NaCl concentrations up to 30 mM NaCl and 

decreases after that. 
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Figure 4.2: (A) Initial elongation kinetics of WT α-syn seeds before secondary nucleation sets in, measured by ThT 

fluorescence. Each curve is an average of 8 samples. (B) The initial elongation rate as a function of NaCl 

concentration. The initial elongation rate decreased with NaCl concentrations above 30 mM. All measurements were 

performed under the same conditions: samples contained 0.16 nM α-syn preformed seeds in the presence of 100 µM 

α-syn, 6 mM sodium phosphate buffer at pH 7.2, 0-200 mM NaCl, and 0.1 mM EDTA, at 37°C, under shaking. The 

error bars represent the standard deviation. 

4.3.2. Initial aggregation rate as a function of pH 

Previous studies reported structural changes of α-syn when the pH was varied [27], 

differences in aggregate morphology between pH 4 and 7 [21] and variation of fibril growth 

kinetics in going from neutral to lower pH [13]. However, detailed information about the 

kinetics of fibrillar growth from seeds as a function of pH is still incomplete and we aimed to 

test the effect of a wider range of pH values on α-syn elongation. Our experiments were 

performed in 6 mM sodium phosphate buffer from pH 4 to 10 in the presence of 0 and of 150 

mM NaCl, respectively, while keeping constant the other experimental conditions such as 

protein and seeds concentration, temperature and shaking. 

Figure 4.3 shows the initial elongation rates of α-syn seeds as a function of pH, where the red 

and black symbols apply to 0 and 150 mM NaCl respectively. In general, the average initial 

elongation rates are higher in case of the former.  

4.4. Discussion  

Using the ThT aggregation assay in the presence of preformed fibrils (seeds) we observed 

that the average initial elongation rate of α-syn showed a pronounced dependence on salt 

concentration. The highest average initial elongation rate was measured at 30 mM NaCl. It is 

concluded that electrostatic interactions play an important role during the elongation process. 

In general, proteins can be stabilized or destabilized by the presence of salts in solution. This 
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may also apply to the range of conformational structures that α-syn can adopt. The high 

negative charge of the C-terminal domain will be effectively screened at high salt 

concentrations which will affect Coulombic intra- and intermolecular interactions. 

 

Figure 4.3: Dependence of the initial elongation rate on pH of 0.16 nM WT α-syn seeds in the presence of 100 µM WT 

α-syn monomers at two different NaCl concentrations, obtained from plate reader measurements. Black: 150 mM 

NaCl, red: 0 mM NaCl. The error bars show the standard deviation of the initial elongation rate of 8 replicates. 

This point has been used to explain the effect of salt on the aggregation rate of (monomeric) 

α-syn [28] and to account for the different conformations reported for α-syn at 0 and 150 

mM, respectively [29]. At high salt concentrations α-syn aggregates assemble within hours, 

whereas the lag phase extends to several days under low-salt conditions [25,29]. Moreover, 

these two salt conditions result in different fibril morphologies. In a recent study employing 

19F-NMR Bai et al. [28] showed that α-syn adopts a more compact structure in the absence 

of NaCl, consistent with a reduced hydrodynamic radius [29]. Long-range interaction of the 

C-terminal with the N-terminal domain appears to play a key role.  

The data on the pH dependence of the initial elongation rate of α-syn seeds (Figure 4.3) do 

not show a clear trend in the data other than that the measured rates are higher in the case of 0 

mM NaCl. In the mild acidic range we observe a relatively large standard deviation in the 

results from 8 replicate measurements. We attribute this spread in the rates to the fact that 

secondary nucleation can probably not be neglected under the shaking conditions in the 

present experiments. Buell et al. [13], for example, have shown that the rate of secondary 
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nucleation increases dramatically in going from neutral to pH 5.2. In line with their results we 

conclude that the initial elongation rate of α-syn seeds does not show a strong variation in the 

range of pH 4 to 8 at 150 mM NaCl, although at 0 mM NaCl the initial elongation rates do 

vary somewhat with pH. 

This is in contrast to an earlier report by Uversky et al. [30], where it was shown that the rate 

of fibrillization of α-syn was strongly pH dependent. In their case, however, the experiment 

involved the aggregation kinetics of monomers in solution and the data show that the pH 

dependence is dominated by the variation in lag time. They concluded that a decrease in pH 

leads to the formation of a precursor, possibly a partially folded intermediate, with a strongly 

enhanced propensity for the formation of α-syn fibrils [30]. Indeed, it is generally assumed 

that conformational intermediates play a key role in the nucleation dependent pathway of α-

syn aggregation. The large change in net charge of α-syn and in its internal charge 

distribution as a function of pH is believed to be involved in concomitant changes of the 

molecular conformation associated a collapse of the normally highly acidic and extended C-

terminal tail at low pH [27]. Most likely as a result of long-range interactions α-syn at low pH 

appears to adopt a more compact conformation, which presumably exhibits a larger rate of 

aggregation [30].  

However, this precursor or intermediate does not lead to enhancement of the elongation rate 

of existing fibrils according to our conclusion above. Thus, we surmise that the affinity of 

this intermediate to bind to the fibril end is not significantly affected by the pH. This suggests 

that the mechanism of nucleation is possibly different from that of fibril elongation. An 

explanation may be that the α-syn fibrils are stabilized by a change of conformation of the 

constituent initial aggregate, i.e., the fibrillar template is formed in a secondary step after 

nucleation. Such a conformational change may lead to a different reactivity for binding of α-

syn monomers to the fibril end compared to primary nucleation.  

These previous reports [25,29,30] build a strong case for the effect of solution conditions on 

the α-syn monomeric structure. Thus, solution conditions may affect the kinetics of fibril 

formation and fibril morphology. We note, however, that they specifically apply to 

measurements of aggregation in monomeric α-syn solutions and that they show that in 

particular the duration of the lag phase is affected by the presence of salt [6,25,29].    
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The results in Figure 4.2 apply to seeded aggregation where the lag phase is largely absent, 

and where the initial rate is dominated by fibril elongation. Here the difference in rates is 

significant between low salt (0 mM NaCl) and high salt (~150 mM NaCl) conditions, but the 

highest at 30 mM NaCl. Presumably the α-syn monomer addition to the fibril end involves a 

different molecular conformation than the one which promotes nucleation, being stabilized at 

the lower salt concentration of around 30 mM and that might point to the different nucleation 

and elongation mechanism. 

4.5. Conclusion 

Our results address the effect of solution conditions on the seeded aggregation of α-syn by 

using the ThT fluorescence assay. The effect of pH on the initial elongation rate is not 

significant, in contrast to its effect on the lag phase. Also the influence of salt on the 

elongation rate deviates from that on the lag phase. Both observations suggest that the 

nucleation and elongation proceed by different mechanisms. 
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