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The effects of crowding, using the crowding agent Ficoll 70, and the presence of beta-synuclein on the fibrillation process of alpha-synuclein were studied by spectroscopic techniques, transmission electron microscopy and ThT-assays. This combined approach, where all techniques were applied to the same original sample, generated an unprecedented understanding of the effects of these modifying agents on the morphological properties of the fibrils. Separately, crowding gives rise to shorter mutually aligned fibrils while beta-synuclein leads to branched, short fibrils. The combination of both effects leads to short, branched, mutually aligned fibrils. Moreover, it is shown that the non-destructive technique of vibrational circular dichroism is extremely sensitive towards the length and the higher order morphology of the fibrils. 

INTRODUCTION
Aggregates having alpha-synuclein (asyn) as a key component occur in a number of neurodegenerative diseases, including Parkinson’s disease.1,2 In vitro, monomeric asyn is found to be intrinsically disordered3, but it can undergo structural change in defined conditions to a form with a high beta-sheet structural content, inducing the formation of fibrils.4 The formation of these fibrils, and possible inhibitors or promotors of that process, are of high interest, as interference with this process could prevent the formation of aggregates, hence obstructing the onset of disease.5 
One of the promotors of the fibrillation process is the crowding effect.6 The theory of crowding states that the space, occupied by macromolecules, is mutually impenetrable. As the overall concentration of macromolecules in the cell can amount to ~400 mg mL-1 , this so-called excluded volume induces nonspecific steric repulsion, hence rendering a part of the intracellular volume unavailable for other macromolecules.7 Studies in the past have shown that the presence of crowding agents, macromolecules used to mimic the crowded environment of the cell, accelerates the fibrillation process.6,8–10 Moreover, the resulting fibrils are suggested to aggregate in clumps, rather than long, singular fibrils.6
A possible inhibitor of the fibrillation process of asyn is the presence of beta-synuclein. Beta-synuclein (bsyn) has been shown to prolong the lag phase, and affects the speed of the nucleation phase, of fibrillation.11 Because it is lacking the stretch of hydrophobic residues that are found in the middle region of the asyn protein, bsyn was not incorporated into the fibrils. 11 It is of vital interest to determine the combined effect of a crowded environment, mimicked by the presence of Ficoll 70 (F70) and bsyn on the fibrillation process of asyn, as both effects will occur simultaneously in cellular environments.9,12 In order to examine this combined effect, the fibrillation process in different experimental conditions was studied. A survey of the performed experiments can be found in Table 1.
Table 1. A survey of the performed experiments in this study.
	Sample name
	Contents solution

	asyn
	alpha-synuclein (asyn) 

	F70asyn150
	asyn and 150 mg mL-1 Ficoll 70 (F70)

	F70asyn300
	asyn and 300 mg mL-1 Ficoll 70 (F70)

	asynbsyn
	asyn and beta-synuclein (bsyn) (1:1 ratio)

	F70asynbsyn150
	asyn, bsyn (1:1 ratio) and 150 mg mL-1 Ficoll 70 (F70)

	F70asynbsyn300
	asyn, bsyn (1:1 ratio) and 300 mg mL-1 Ficoll 70 (F70)



The effect of these different conditions on the kinetics of the fibrillation study was monitored using a Thioflavin T-assay (ThT-assay). Because of its enhanced fluorescence upon binding to amyloid fibrils, ThT is often used to monitor the formation of beta-fibrils. 13 The results, plotting the amount of fluorescence versus time, can be fitted to the Finke-Watzky equation14,15, resulting in quantitative information on the kinetics of the fibrillation process. 
In order to study the resulting morphology of the fibrils formed at the different conditions, the secondary structure of the fibrils was estimated from electronic circular dichroism (ECD) and Fourier transform infrared (FTIR) spectroscopy, while the nature of the supramolecular structures was studied using transmission electron microscopy (TEM) and vibrational circular dichroism (VCD). The  latter shows unprecedented spectroscopic sensitivity towards the presence of fibrils16, even to the morphology of those fibrils.17–19 A more detailed description of our methods can be found in the supporting information. 
The combined results of these experiments gave, in our opinion, exceptional insight in the effect of both the presence of crowding agents and bsyn on the fibrillation process of asyn. It was found that the promotion of the fibrillation process by the crowding effect can be counteracted by the presence of bsyn. The resulting structure of the fibrils, which are short and mutually aligned, is rationalized as a combination of the crowding effect and the effect of the presence of bsyn, and is neither dominated by the effect of the presence F70, nor by the effect of the presence of bsyn. 

MATERIALS AND METHODS
Asyn was expressed and purified by using a previously published method.20 The bsyn construct was a gift of Prof. Veerle Baekeland (KU Leuven). The expression and purification of bsyn is described in the supplementary information. The concentration of the protein preparations were determined to be 14 mg mL-1 for asyn and 5.6 mg mL-1 for bsyn. The protein concentration was determined by A280nm (εbsyn 5960 M-1 cm-1 and εasyn 5800 M-1 cm-1) and, independently, by Pierce BCA protein assay (calibrated with BSA). F70 was acquired from Sigma-Aldrich®.
Samples were made with compositions detailed in Table 2. Each sample contained 0.06 mM ThT, and 6 times 100 µL were loaded into a 96-well plate. The fibrillation assay was run on Tecan infinite M200 with following settings: 37 °C, 600 kinetic cycles, 20 minutes shaking before assay, 15 minutes shaking in between measurements, measuring intervals of 20 minutes for a total of 150 hours, absorbance wavelength 350 nm, excitation wavelength 446 nm and emission wavelength 482 nm. After fibrillation, the curves were analyzed, after which the Y-axis was modified to represent the percentage of RFU’s relative to the total fluorescence amplitude at the end of the fibrillation reaction. All samples were harvested at the end of the fibrillation process of 150 hours, after all samples had reached an equilibrium state. However, the ‘plateau’ at the end of the fibrillation process showing this equilibrium phase was left out of figure 2 for clarity.
After the fibril formation, the samples were frozen at -20°C. To measure the ECD-spectra, the original samples were diluted to a concentration of 0.2 mg mL-1 alpha-synuclein or 0.05 mg mL-1 beta-synuclein. 3 accumulations from 250 to 180 nm were taken with 0.5 s and 1 nm on a ChiraScan® spectrometer in a cell with a path length of 0.05 cm. Corresponding backgrounds were measured and subtracted from the results. Deconvolution of the spectra was not attempted for this study, as spectra recorded down to 180 nm are needed for an accurate description of the amount of beta-sheet present in the sample. However, below 190 nm, ECD measurements were unreliable due to interference of the solvent and of Ficoll 70. Moreover, most deconvolution software is based on globular protein basis set, and the reliability towards fibril structures has not been proven.
Table 2. A survey of the performed experiments in this study.
	Sample name
	Concentration F70 
[mg mL-1]
	Concentration bsyn 
[mg mL-1]
	Concentration asyn 
[mg mL-1]

	F70
	300
	0
	0

	Bsyn
	0
	2
	0

	F70bsyn300
	300
	2
	0

	F70bsyn150
	150
	2
	0

	asyn
	0
	0
	2

	F70asyn300
	300
	0
	2

	F70asyn150
	150
	0
	2

	Asynbsyn
	0
	2
	2

	F70asynbsyn300
	300
	2
	2

	F70asynbsyn150
	150
	2
	2

	F70150
	150
	0
	0


As any method, known to us, used to obtain the increased protein concentration necessary for the IR and VCD measurements, might have an effect on the fibril integrity, it was opted to use lyophilization and a solvent exchange to D2O on the harvested samples. In this way, both samples with enhanced VCD spectra and ‘normal intensity’ VCD spectra would be treated similarly, and in our opinion a qualitative comparison between the measurements would make sense. Therefore, to acquire the IR and VCD-spectra, the samples, collected after the fibrillation process, were lyophilized to extract all the H2O, then dissolved in an abundance of D2O (pD 7.44) and placed at 4 °C overnight to exchange all the exposed H-atoms for D-atoms.  Next, the samples were lyophilized one additional time, and re-dissolved in D2O to achieve a concentration of approximately 20 mg mL-1 of alpha-synuclein, and measured in a 50 µm path length cell for 8 times 60 minutes on a Bruker PMA 37 VCD attachment coupled to a Bruker IFS 66v/s infrared spectrometer.21

[image: ]Figure 1. FTIR spectra, vibrational circular dichroism spectra and TEM images of alpha-synuclein fibrillated solely in solution (left), fibrillated in the presence of 150 mg mL-1 Ficoll 70 (middle) and in the presence of 300 mg mL-1 Ficoll 70 (right). The scale bar in the TEM images represents 250 nm. The arrows on the TEM images indicate some clear examples of the alignment of the fibrils in side-by-side orientation. The IR and VCD spectra have been normalized to a maximum absorbance of 1 in the amide I region.

An ECD spectrum was also measured from each of the VCD samples, 100 times diluted with D2O, and found to be identical to the ECD spectra in H2O, indicating that the samples were not destroyed during the lyophilization process. (Figures S6 and 7). The effect of the lyophilization process on the VCD spectrum of asyn fibrils was also deemed minimal (Figure S8).
The resulting spectra are an average of these 8 accumulations. Corresponding backgrounds were measured similarly, and subtracted from the raw spectra. The IR- and VCD-spectra were normalized to A=1 for the amide I region. The intensity of the signal of the VCD-spectra was determined by calculating the peak-to-peak value and dividing this by the corresponding intensity of the IR-signal. The resulting g-factors were divided by the g-factor of the corresponding sample without crowding agent. The resulting factor was determined to be a measure of the level of enhancement in the spectrum. The samples from the ECD-measurements, with a concentration of 0.2 mg mL-1, were also used for the TEM-measurements. To this end a droplet of 2.5 µL of sample was deposited on a 300 mesh copper EM-support grid and blotted after 1,5 mins. Then, the samples were stained for 1 minute with 1% uranyl acetate and subsequently dried. The images were taken at a magnification of 6000x and 10000x on a JEOL JEM 1400 (Japan, Tokyo), equipped with an EMSIS Quemesa 11Mpxl camera operated at 80kV.




RESULTS AND DISCUSSION
Crowding effects on asyn fibril formation. 
The FTIR spectra, VCD spectra a TEM images for asyn with different concentrations of F70, are presented in figure 1. While asyn is ubiquitously acetylated at the N-terminus in vivo,22,23 it has been independently determined and reported that the modified protein has very close aggregation propensities in comparison to the non-acetylated protein.24 It was also determined that the resulting fibrils have similar morphology.25 
The sample of asyn alone forms long, unbranched fibrils (see figure 1G). The IR-spectrum (see figure 1A) suggests the presence of both disordered structure and beta-sheet structure in the protein, as determined by the presence of features at 1645 cm-1   and 1625 cm-1  , respectively, in the second derivative (see figure S4A). The presence of beta-sheet structural content is supported by the VCD-spectrum, as broad negative feature at 1632 cm-1   is very similar to the features linked to concanavalin A, a protein with high beta-sheet structural content.26 The ECD-spectrum also indicates the presence of beta-sheet structural content (see figure S1A). The signal intensity of the VCD spectrum (see figure 1D) of this sample is within the expected range for VCD-spectra, indicating that the fibrils do not possess any kind of alignment or order in between themselves, as one would expect an enhancement of the VCD-signal if that were the case.27 It also needs to be noted that the nature of the sample induces artefacts in the baseline in the VCD spectrum, as the signal-to-noise ratio of the measurements of other samples are proven to be comparable to the one in other instruments (see SI). The lack of alignment between the fibrils is confirmed by the TEM-images, as they show long, randomly distributed fibrils. The kinetics of this fibrillation process is taken as a reference point to determine the observed effects qualitatively. The quantitative data, on which this qualitative description is based, can be found in the supporting information, while the results of the ThT-assay can be found in figure 2.
Upon the addition of 150 mg mL-1  F70 during the fibrillation process, the lag-time reduces significantly, while the elongation phase is slightly steeper (see figure 2). There also seems to be a difference in the structure of the resulting fibrils, as suggested by the different ECD spectrum of these fibrils. (See figure S1B) The solutions before fibrillation however are identical in all cases, suggesting that the change in structure only occurs upon fibrillation. The VCD-signal (see figure 1E) has a shape similar to the shape of fibrils of previously published VCD for a C-terminal truncated version of asyn,28 and is enhanced by a factor 14. It is important to note that the lyophilization procedure, used in the preparation of the samples, might have decreased the final intensity of the enhanced VCD signal. As all samples were treated similarly, the relative final intensities of the VCD spectra will be used for a qualitative comparison. 
This induced change in VCD sign pattern has previously been assigned to an inversion of fibril supramolecular chirality.18,29 The TEM-images lack any evidence of a twist in the fibrils, which has previously been linked to this kind of enhancement.18,19,27On the other hand, it can be observed that the fibrils align themselves in a side-by-side orientation. This alignment between fibrils thus suggests a dipolar coupling on the supramolecular level, between the fibrils, and is most likely the cause of the enhancement in this case. Furthermore, the high level of supramolecular orientation can also be identified as the cause of the previously reported clusters of aggregates observed for fibrils of asyn grown in a crowded environment.6
The crowding effect on the fibrillation process also depends on the concentration of the crowding agent, as the addition of 300 mg mL-1  F70 during the fibrillation process reduces the lag-time even further (see figure 2). The elongation phase seems to be less steep than with the F70asyn150 sample, although still slightly steeper than witnessed with the asyn sample.  This difference in kinetics also results in a different fibril morphology, as the TEM-image (see figure 1I) illustrates that the addition of 300 mg mL-1  F70 during the fibrillation process shortens the fibrils. As crowding increases the number of nucleation sites, relatively more fibrils are initiated, which could account for the overall smaller lengths.
It appears however, that although the fibrils are significantly shorter, the mutual alignment of the fibrils is retained upon increasing the concentration of crowding agent, resulting in an enhancement of a factor 10 in the VCD-spectrum (see figure 1F), compared to the spectrum of asyn fibrillated solely in solution (see figure 1D). While the VCD-spectrum is similar in shape in comparison with the previously discussed VCD-spectrum, we believe that the smaller enhancement of the VCD-signal is due to the shorter fibrils, as mutual alignment of smaller aggregates would occur less frequently, which in turn shows that VCD spectroscopy is sensitive both to the size and alignment of the fibrils. The ECD-signal (see figure S1C) and the IR-signal of the F70asyn300 fibrils look similar to the spectra of the F70asyn150 fibrils. This suggests that the presence of F70 induces a small difference in the secondary structure of the fibrils, independent of the concentration of the crowding agent, while the resulting overall morphology of the collection of fibrils depends directly on the concentration crowding agent used during the fibrillation process. 
bsyn effects on asyn fibril formation. 
The effect of the presence of a 1:1 ratio asyn:bsyn during the fibrillation process significantly increases the lag phase as compared to pure asyn (see figure 2), while the slope of the elongation phase is less pronounced. This results in fibrils that contain, based on analysis of the second derivative and the corresponding IR-spectrum, a higher contribution of disordered secondary structure in comparison with the fibrils of the asyn sample (see Figure S5A). This is supported by analysis of the ECD-and VCD-spectra of this sample, as these spectra clearly are a superposition of a disordered pattern combined with a beta-sheet contribution (see figures 3D and S2A). We believe 
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Figure 2. Normalized relative fluorescence units of the Thioflavin T-assay of alpha-synuclein (black), alpha-synuclein in the presence of 150 mg mL-1 (dark blue) and 300 mg mL-1 (light blue) Ficoll 70, alpha-synuclein in a 1:1 presence of beta-synuclein (dark green) and alpha-synuclein in a 1:1 presence of beta-synuclein and in the presence of 150 mg mL-1 (brown) and 300 mg mL-1 (light green) Ficoll 70. The fluorescence of ThT was monitored as a function of time under continuous shaking at 37°C. The solid lines represent the average of a minimum of 4 experiments, while the dotted lines represent the fit of the Finke-Watzky function. The corresponding parameters can be found in the SI. The Y-axis represents the percentage of RFU’s relative to the total fluorescence amplitude at the end of the fibrillation reaction.


that this observation is either due to differences in the secondary structure of asyn when interacting with bsyn, or due to the fact that bsyn itself does not fibrillate in the timescale of this experiment and thus remains present as an unstructured protein in solution. This observation is supported by the TEM-image (see figure 3G), where only small aggregates of protein are visible. However, despite their longer lag time, the resulting fibrils are also shorter and more branched than the fibrils of the asyn sample. The lack of visible overall alignment of the sample is also confirmed by the lack of enhancement in the VCD-spectrum, as is demonstrated in figure 3D. 
The addition of 150 mg mL-1 F70 during the fibrillation process once again reduces the lag time of the fibrillation process (see figure 2). This addition does not seem to have a big impact on the secondary structure of the proteins, as the IR- and ECD-spectra are comparable (see figures 3B and S2B). However, the higher order structure of the fibrils is different, as the shape of the VCD-spectrum is similar to the shape of VCD-spectrum of the fibrils of the F70asyn150 sample (see figure 1E). This VCD-signal is also enhanced, but only by a factor 4.5, significantly smaller than the enhancement factors observed before. This is in accordance with the TEM-image (see figure 3H), where the resulting fibrils are significantly shorter than the ones shown in figure 1H and I, but still do align. 
Finally, the addition of 300 mg mL-1 F70 during the fibrillation process of the 1:1 mixture of asyn and bsyn decreases the lag time even further (see figure 2), retaining the dependency on the concentration of crowding agent. Although the elongation phase is steeper in comparison with the elongation phase of the asynbsyn sample, it is still less steep than the elongation phase of the asyn sample, suggesting that neither effect completely dominates the kinetics of the fibrillation process, but that the resulting fibrillation process is influenced by a combination of both effects. The effect of the concentration of crowding agents on the structure of the fibrils is also retained, as the addition of 300 mg mL-1 F70 during the fibrillation process results in even shorter fibrils, which even so still do align. This is visible in the TEM-image, but also deductible from the enhancement of the VCD-signal (see figure 3I and F). The enhancement factor only amounts to a factor 2.5, while retaining the shape of the 
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Figure 3. FT-IR spectra, vibrational circular dichroism spectra and TEM images of alpha-synuclein: beta-synuclein (1:1) fibrillated solely in solution (left), fibrillated in the presence of 150 mg mL-1 Ficoll 70 (middle) and in the presence of 300 mg mL-1 Ficoll 70 (right). The scale bar in the TEM images represents 250 nm. The arrows on the TEM images indicate some clear examples of the alignment of the fibrils in side-by-side orientation. The IR and VCD spectra have been normalized to a maximum absorbance of 1 in the amide I region.

VCD- spectrum similar to the shapes of the VCD spectra of all the fibrils grown in the presence of F70.The IR- and ECD-spectra still suggest a similar secondary structure for these fibrils as the fibrils originating from the F70asynbsyn150 sample and the asynbsyn sample. 
CONCLUSION
These results all indicate that neither the effect of bsyn nor the effect of F70 on the fibrillation process of asyn dominate the final fibrillation process. The ThT-results suggest that the presence of bsyn delays the fibrillation process, while the crowding effect promotes it. When both are present, the effects compete with each other, resulting in a fibrillation process that is an intermediate of both separate effects. The higher order structure of the fibrils however seems to result from a combination of both effects, giving rise to short, mutually aligned fibrils. This highlights the importance of taking a combination of several effects into account when studying the fibrillation process of asyn. 
Most importantly, these results have also shown that VCD, a non-destructive technique, is a versatile tool and can be used to determine the higher order structural properties of the fibrils, as it is sensitive to and the mutual alignment of the fibrils and their length. The presence of an enhanced VCD signal will also enable the measurement of more complicated, physiologically relevant samples. As the resulting signal is significantly larger than that of interfering proteins, for example as is demonstrated with the asyn:bsyn samples, the interference of the disordered signal of bsyn is rendered trivial in the enhanced spectra. The authors therefore believe that a full understanding of this phenomenon will open the door to the measurement of real pathological samples. 
Finally, these results indicate that bsyn is, also in cellular environments, a moderator of the fibrillation process of asyn, and thus an interesting target for research concerning neurodegenerative diseases. 
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