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ABSTRACT Aggregation of neuronal protein a-synuclein leads to the formation of amyloid fibrils, which are associated with the
development of Parkinson’s disease. The mechanism of a-synuclein pathology is not fully understood and is a subject of active
research in the field. To tackle this problem, the fusions of fluorescent proteins to a-synuclein C-terminus are often used in
cellular and animal studies. The effects induced by such a-synuclein sequence extension on a-synuclein aggregation propensity
are, however, not systematically examined despite the evidence that the negatively charged C-terminus plays a critical role in
the regulation of a-synuclein aggregation. In this work, we investigated how the charge and length variations of the C-terminus
affect the aggregation propensity of a-synuclein. To address these questions, we prepared mutants of a-synuclein carrying additional moieties of different charge and length at the protein C-terminus. We determined the rates of two different aggregation
stages (primary nucleation and elongation) based on a thioflavin T kinetic assay. We observed that all mutants bearing neutrally
charged moieties of different length fibrilized slower than wild-type a-synuclein. The primary nucleation and elongation rates
strongly decreased with increase of the C-terminal extension length. Meanwhile, charge variation of the C-terminus significantly
changed the rate of a-synuclein nucleation, but did not markedly affect the rate of fibril elongation. Our data demonstrate that
both the charge and length of the C-terminus play an important role at the stage of initial fibril formation, but the stage of fibril
elongation is affected mainly by the length of C-terminal extension. In addition, our results suggest that there are at least two
steps of incorporation of a-synuclein monomers into the amyloid fibril: namely, the initial monomer binding to the fibril end
(charge-dependent, relatively fast), and the subsequent conformational change of the protein (charge-independent, relatively
slow, and thus the rate-limiting step).

INTRODUCTION
a-Synuclein (AS) is a small (140-amino acid, aa) intrinsically disordered protein that is highly expressed in neurons (1–3). The exact physiological function of AS
remains poorly understood, although there are some indications that AS is involved in maintaining synaptic vesicle
homeostasis and neurotransmitter release (4,5). Misfolding of AS into amyloid fibrils that form pathological
inclusions in brain (Lewy bodies) is the major hallmark
of Parkinson’s disease (6–10). Such amyloid fibrils consist
of several thousands of AS molecules bound by intermolecular hydrogen bonds (11). In a fibrillar state, AS contains several b-strands in the NAC region of the protein
forming b-sheets (12,13), which are responsible for the
tight interaction of neighboring protein molecules within
the fibril. The N-terminal and C-terminal parts are flexible
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and do not possess any distinct secondary structure
(12,13). Nevertheless, they were shown to be important
for the interaction between protofibrils that form mature
fibrils (14).
The process of AS fibrillization starts with primary
nucleation, which is the formation of initial fibrils from
monomeric AS (15,16). The exact mechanism of nucleation
is not yet understood, but it is known to be a relatively slow
process (17–19). The second stage of AS fibrillization is
elongation of initial fibrils by addition of monomers to
the fibril ends (10,20–22), which is a much faster process
than fibril nucleation (17). The mechanism of AS fibrillization might be similar to the mechanism of amyloid b and
prion protein fibril formation, but the process is slower
(23,24). After reaching a certain length, AS fibrils can
break, leading to the formation of new fibril ends that serve
as new centers of fibril growth (22). Therefore, aggregation
of AS is an autocatalytic process, which is very slow on the
initial stages but accelerates after the formation of the first
fibrils (22).

Fusions and a-Synuclein Aggregation

For in cellulo studies, the AS sequence is often decorated
with fluorescent protein fusions such as GFP (25–31), CFP
(26), mPlum (32), or YFP (26,33,34). These fluorescent tags
allow quantitative visualization of the protein and are especially useful for studies in living systems. However, a
dramatic (almost threefold) change of the protein size
(14 kDa of AS versus 27 kDa for GFP) may significantly
affect AS behavior (35). In this respect, a 12-aa tetracysteine
tag (36,37) is a prospective alternative to fluorescent protein
fusions. Although fusion of the tetracysteine tag introduces
a slightly bigger modification of AS than labeling with
organic fluorescent dyes (15,18,38–41), it can be applied
for imaging of AS amyloid aggregates (42) and for monitoring their formation in living cells (37).
Despite a wide application of fluorescent tags for exploring
AS aggregation and toxicity in cells, investigation of any
effects induced by AS sequence extension on AS aggregation
propensity is not reported to the best of our knowledge.
In addition to size extension, decoration of the protein with
the fusion tags also usually leads to modification of the protein net charge. This is particularly important, as AS charge
was previously shown to strongly affect the aggregation
propensity of this protein. Indeed, diminishing the AS C-terminus negative charge by truncation at aa 89–135 or mutation
of negatively charged aa at the C-terminus to neutrally
charged aa led to faster fibrillization of truncated or mutated
variants compared to AS-wild-type (wt) (43–46). In line with
that, acceleration of initiation of AS-wt aggregation was
reached also by addition of polycations (46,47) or salts
(43,46) to the protein solutions or by lowering pH (46) that
lead to the decrease of the effective charge of the C-terminus.
Interestingly, all these factors had only a minor effect on
mutants with truncated C-termini (43,46), highlighting the
important role of the C-terminal charge.
It is worth mentioning that in the majority of AS studies,
aggregation is analyzed as a single-stage process despite the
fact that AS fibrillization is a multistage process (20,22).
Hence, every stage can be differently influenced by protein
modifications, and therefore they should be treated separately.
In this work, we aimed to investigate whether the AS
sequence extension and the C-terminal charge modification
caused by introducing protein tags affect AS fibrillization.
We studied how the decoration of AS C-terminus with
fusions of different size (from 6 to 250 aa) and different
charge influences the aggregation property of AS. We performed a systematic kinetic study of two different stages
of the aggregation process: primary nucleation (initiation)
and elongation (fibril growth).

MATERIALS AND METHODS
Protein expression and purification
A plasmid for AS-wt expression (pT7-7-SNCA-wt) was kindly provided by
Vinod Subramaniam, University of Twente. Plasmids for expression of the

extended mutants were prepared by basic molecular cloning starting from
the AS-wt plasmid. A construct for AS-GFP expression (pETM11SUMO3-SNCA-GFP) was prepared by basic molecular cloning from
pT7-7-SNCA-wt and pETM11-SUMO3-GFP plasmids, kindly provided
by the EMBL Protein Facility (Heidelberg, Germany). Detailed protocol
of protein expression and purification is available in the Supporting
Material.

Kinetic measurements
Aggregation experiments were performed using an Infinite M1000 plate
reader (Tecan, M€annedorf, Switzerland), and monitored by Thioflavin
T (ThT) fluorescence. All experiments were performed at 37 C, with
shaking (orbital, 3 mm amplitude). ThT fluorescence was measured every
300 s (5 s shaking between measurements). Excitation wavelength was
441 nm (slit 5 nm), emission was 480 nm (slit 6 nm), and the fluorescence
signal was collected from the bottom. Experiments were performed in
384-well plates (optical bottom, Cat. No. 242764; Nunc/Thermo Fisher
Scientific, Waltham, MA) sealed with film (Viewseal; Greiner BioOne, Kremsmuenster, Austria) to avoid evaporation. Sample volume was
50 mL per well, which allowed efficient mixing of sample during shaking.
Test aggregations with sample volumes of 75 and 100 mL per well showed
no significant difference compared to samples with 50 mL volume (for details, see Fig. S1). The final solution used for aggregation experiments contained 6 mM pH 7.2 Na-PO4 buffer, 15 or 140 mM NaCl, 10 mM NaN3
(overall salt concentration was therefore 25 or 150 mM), 1 mM EDTA
(to remove divalent ions bound to AS), and 5 mM ThT. Protein concentration was 60 mM. Protein solutions were centrifuged 30–45 min at 13,500g
before experiments to remove particulates, and concentrations of proteins
were measured after the centrifugation.

Lag time measurement
We performed three independent aggregation experiments with 8–12
repeats for each protein. Aggregation reaction was left to run for either
200 h (for mutants with modified charge) or 72 h with later measurement
at 360 h (for extended mutants), and the fluorescence signal was analyzed.
Time during which ThT signal did not exceed the baseline fluorescence was
taken as a lag time. For samples that did not start to aggregate by the end of
the experiment (200 or 360 h), the rate of primary nucleation was taken
as zero. For samples that started to aggregate between 72 and 360 h (no
measurement was performed), the rate of primary nucleation was calculated
from time 216 h (median between 72 and 360 h).

Fibril elongation rate measurement in the
presence of seeds
Seeds were prepared by mixing several aggregated AS-wt samples that
reached the plateau of ThT fluorescence. The obtained solution was sonicated in an Eppendorf tube (Hamburg, Germany) for 10–15 min in a
low-power bath sonicator (Sonorex Digitec DT 100; Bandelin, Berlin,
Germany). Sonication and seeds addition to the reaction mixture were
performed directly before the start of measurements (not longer than 1 h
from the sonication to the beginning of the measurements, because seeds
gradually lose their activity with time).
At physiological (150 mM) salt concentration, we performed seven
(charge dependence) or three (size dependence) independent aggregation
experiments with 6–8 repeats (wells) per protein per experiment. Experiments were conducted in the presence of seeds (short AS-wt fibrils prepared
by sonication) in the amounts of 1.0, 1.5, or 2.0 mol %, with respect to
protein concentration. To convert ThT fluorescence intensity to the fraction
of the fibrilized protein, we normalized it to the fluorescence intensity at the
aggregation curve plateau (Fig. 4, A and E). In the case of AS-5Lys samples,
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the plateau value of AS-wt was used (for details, see Supporting Material;
Fig. S7). The fibril elongation rate was calculated from the initial linear part
of the kinetic curve, usually 1000–3000 s (Fig. 4 B).
The difference in seed efficiencies between experiments leads to variation in absolute rates of fibril elongation. To overcome this variability, we
calculated the relative rates (RR) by dividing the values of the fibril elongation rate for each individual sample to the average value for AS-wt samples
from the same experiment (Fig. S8). The relative rates are presented in
Fig. 4, C and F. The relative error of ratio of rates (RERR) is a sum of relative
errors for those rates (SDRR/RR) þ (SDWT/RWT). The relative error for the
AS-wt fibril elongation rate (SDWT/RWT) was calculated in each experiment
and the maximal value was used (for details, see Table S5). The absolute
errors of relative rate (ERR) were calculated from its relative errors and
used for the error bars in Fig. 4, C and F.
At low (25 mM) salt concentration, we performed three independent aggregation experiments in the presence of 1.5 or 2.0 mol % AS-wt seeds.
Each of them was accompanied by control samples for each protein at physiological (150 mM) salt concentration. As aggregation curves of AS-5Lys at
low salt concentration were smooth (no fibril clustering; for details, see
Supporting Material; Fig. S7), they were normalized to their own highest
points, whereas curves for AS-5Lys samples at physiological salt concentration were still normalized to the AS-wt highest values. We calculated ratios of fibril elongation rates of AS-wt and studied mutants at low salt
concentration with mean value of each corresponding protein at physiological salt concentration taken as a reference (Fig. 4 D). Respectively, RE was
calculated as a sum of SDRR/RR (low salt) þ SDRR/RR (physiological salt).

Atomic force microscopy measurements
Fibrilized protein (2 mL of 60 mM) in sample buffer (6 mM pH 7.2 Na-PO4
buffer, 140 mM NaCl, 10 mM NaN3, 1 mM EDTA, and 5 mM ThT) was
resuspended in 300 mL of deionized water. Aliquots of 2 mL were placed
on the surface of a fresh mica disk and air-dried. Atomic force
microscopy (AFM) images were collected with a Nanowizard 3 (JPK Instruments, Berlin, Germany) combined with a IX73 microscope (Olympus,
Melville, NY). The measurements of fibril length and height were done in
semicontact mode (i.e., AC Mode) and an ACTA cantilever from AppNano
(Mountain View, CA) was used. At least six different regions of each sample (fibrils on mica) were examined to verify that the observed structures
demonstrate similar properties throughout the whole sample. Image resolution was 512  512 pixels for sizes 10  10, 20  20, and 5  5 mm, and in
the case of 1  1 mm, the resolution was 256  256 pixels.
Fibril height and fibril length were measured on 20  20 mm images. The
fibril length was calculated from 100 to 105 measurements of individual
fibrils per sample. In the fibril height measurements, depending on the
length of the fibril, three to eight measurements of its height were done
per single fibril and data were averaged. The average height value was
calculated from 45 to 72 fibrils per sample.
For fibril periodicity measurements, semicontact mode with a Multi75
cantilever was used. The size of images was 1  1 mm with a resolution of
256  256. The height profile was measured along the fibril, and distance
between the two lowest points was taken as the fibril periodicity. 48 to 94
measurements were performed and averaged per each sample.

aging nine scans. All spectra were corrected by subtracting the background
spectrum of the buffer. The value obtained by averaging the signal from
219.4 to 220.6 nm was taken for the determination of b-sheet content.

RESULTS
Design of AS mutants
AS is a 140-aa protein that structurally can be divided into
three regions: N-terminus, amyloidogenic NAC region,
and C-terminus. N-terminal and NAC regions are slightly
positively charged (total charge þ3) whereas C-terminus
is negatively charged (charge 12). Thus, the total charge
of AS molecule at physiological conditions is 9 (Fig. 1).
To explore the influence of AS sequence extension on its
aggregation propensity, we created three AS mutants,
AS-2Asn, AS-5Asn, and AS-9Asn, with short fusions of
6, 12, and 22 aa, respectively, at the protein C-terminus.
The fused moieties are flexible unstructured peptides,
composed of alternating glycines and asparagines. All three
extended mutants have the same charge as AS-wt (Fig. 1).
We compared the influence of such relatively small fusions
with the influence of a widely used fluorescent tag, GFP,
which together with a short linker consists of 250 aa.
With the aim to explore the role of C-terminal charge on
AS aggregation propensity, we designed mutants similar to
AS-5Asn but bearing fusions of different charge. Namely,
the neutrally charged asparagines were replaced with positively charged lysines (mutant AS-5Lys) or negatively
charged aspartic acid residues (mutant AS-5Asp) (for sequences see Supporting Material). The introduced moieties
affect the net charge of the entire AS molecule (Figs. 1 and
S2), but increase the length of the protein only by 8.5%.
The rate of primary nucleation depends on the
C-terminus charge
The process of AS fibrillization starts with primary nucleation, which is the formation of initial fibrils from

Circular dichroism
Circular dichroism (CD) spectra were recorded with a J210 spectropolarimeter (JASCO, Oklahoma City, OK). Samples of 60 mM fibrilized protein
were diluted to a working concentration of 6 mM and sonicated for
10 min in a low-power bath sonicator (Sonorex Digitec DT 100; Bandelin)
to ensure uniform distribution of fibrils in solution. The spectra were
recorded using a cuvette with a 2 mm path length at room temperature, scanning from 215 to 250 nm with a step size of 0.2 nm and a scanning speed of
50 nm/min. The signal/noise ratio was improved by accumulating and aver-
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FIGURE 1 Schematic representation of AS-wt, designed mutants, and
AS-GFP highlighting length (in aa) and charge of studied proteins.

Fusions and a-Synuclein Aggregation

monomers (Fig. 2 A). This process requires association and
conformational change of several monomeric proteins and
therefore is quite slow. After formation of the first fibrils
their further elongation by stepwise addition of monomers
to fibril ends is relatively fast (20–22). The slow initial
stage, when overall fibril concentration is too low to be
detected, is called ‘‘lag phase’’ and its duration (‘‘lag
time’’) is mainly determined by the rate of primary nucleation (16,17). We investigated the influence of the AS C-terminal modifications on the primary nucleation rate by
analyzing the lag times of AS-wt and its mutants.
To monitor the concentration of fibrilized protein in
solution as a function of time during AS aggregation, we
employed ThT. This fluorogenic dye demonstrates a strong
enhancement in fluorescence upon binding to fibrils (48). In
this work, we define lag time as the time of AS aggregation
during which the intensity of ThT fluorescence does not
exceed the baseline intensity (ThT fluorescence intensity
in the presence of monomeric AS) (Fig. 2 B).
The primary nucleation rates of the studied proteins were
estimated as reciprocal values of lag time (17). Then they
were normalized to the value of the AS-wt nucleation rate.
Because fibril growth is an autocatalytic and stochastic
process, the lag times observed for a given protein usually
show dramatic sample-to-sample variability (22,24,49) and
strongly depend on the experimental conditions including

protein concentration, temperature, and sample shaking
(43,45,46,50,51) (for details, see Supporting Material;
Table S3). For example, in our work lag times for AS-wt
varied between 24 and 190 h. Thus, for proper comparison
of lag times of the investigated mutants, we analyzed cumulative curves that show the fraction of samples that started to
aggregate at a given time point (Fig. 2, C and E).
Because a strong influence of the AS C-terminal charge
on the lag time was shown by several research groups
(43,45,46), we expected to observe significant differences
in the lag times of studied mutants. Indeed, at physiologically relevant salt concentration (150 mM) the mutant
with positively charged moiety, AS-5Lys, had shorter lag
times than AS-wt (Fig. 2 C), which reflects an approximately twofold increase in the primary nucleation rate
(Fig. 2 D). Notably, all AS-5Lys samples started to aggregate within 96 h (Fig. 2 C). Such a dramatic decrease in
lag time of AS-5Lys is probably due to lowering of intermolecular electrostatic repulsion induced by the addition of a
positively charged moiety to the negatively charged AS
C-terminus. Meanwhile, the lag times of the AS-5Asp
mutant, which bears the negatively charged moiety, were
longer (Fig. 2 C), corresponding to an approximately
twofold decrease in its primary nucleation rate when
compared to AS-wt (Fig. 2 D). The percentage of AS-5Asp
samples that started to aggregate within the time of the

FIGURE 2 (A) Schematic representation of AS aggregation. (B) An example of an aggregation kinetic curve (60 mM protein, 150 mM salt). The
same curve in logarithmic scale is presented in the insert. Lag time is highlighted with braces. (C) The cumulative distribution curves of lag times
(total of 32 samples per protein in three independent experiments) and (D) primary nucleation rates of AS-wt and mutants with modified charge
(n ¼ 32). (E) Cumulative distribution curves of lag times (total of 24 samples per protein in three independent experiments) and (F) primary nucleation rates
of AS-wt and extended mutants (n ¼ 24). (D and F) The box covers 50% of the data points; whiskers show the full data range excluding 10% lowest and
10% highest values; the mean value is shown as a big circle, and the median value is shown as a line inside the box; individual data points are presented to the
right of each box.
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experiment was also lower compared to AS-wt (78 and 97%,
respectively) (Fig. 2 C).
The effects induced by introducing the 12-aa moieties of
different charges are almost independent of the ionic
strength of the protein solution. Indeed, at a lower concentration of salt (25 mM), we observed similar changes of
lag times for all AS mutants with modified charge (for
details see Supporting Material; Fig. S4).
Although the aggregation lag times of the mutants obviously depend on the C-terminus charge, we could not exclude
the possible contribution of the protein extension to the
observed difference. Therefore, we compared lag times of
AS-wt and the extended mutant AS-5Asn decorated at the
C-terminus with a noncharged moiety. The AS-5Asn mutant
demonstrated a notable increase in lag time (Fig. 2 C) corresponding to the approximately threefold decrease in the
primary nucleation rate compared to AS-wt (Fig. 2 D). Moreover, during the 200-h-long experiment, only one-third
(31%) of AS-5Asn samples started to aggregate, whereas
the AS-wt majority of the samples (97%) began to aggregate
within this time (Fig. 2 C).
Such a marked difference between the AS-wt and the
mutant bearing the noncharged 12-aa moiety was very surprising. To investigate the influence of protein extension on
the primary nucleation rate, we performed another set of aggregation experiments with AS mutants bearing moieties of
different length (Fig. 2, E and F). We observed that even a
6-aa fusion in AS-2Asn mutant slowed down the primary
nucleation 1.2-fold compared to AS-wt (Fig. 2, E
and F). Moreover, only 79% of AS-2Asn samples started
to aggregate during 360 h, which is notably less than the
100% samples of AS-wt. A 12-aa fusion of AS-5Asn mutant
had a more pronounced effect, as described above. Mutant
AS-9Asn with 22-aa extension had comparable to AS-5Asn
behavior during the initial 72 h of experiment, although
AS-9Asn samples had shorter lag times. However, only
42% of AS-9Asn samples showed aggregation at the final
measurement at 360 h, whereas this value reaches 58%
for AS-5Asn (Fig. 2 E). Most strikingly, AS with GFP
fusion did not show any sign of aggregation within 360 h
(Fig. 2, E and F; Supporting Material; Fig. S5).
Such gradual decrease of the primary nucleation rate
upon protein elongation is probably caused by an increase
in the entropy of nucleation. Interaction between two molecules in an appropriate spatial arrangement is a necessary
precondition of initial fibril formation. Increase in the molecule length may reduce the probability of adopting the
necessary amyloid conformation after collision of protein
molecules, leading to a decreased primary nucleation rate.
Designed mutants elongate AS-wt seeds, forming
fibrils with the same structural properties as AS-wt
After the nucleation step, when initial AS fibrils are formed,
they can be further elongated via binding of monomeric AS
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to the fibril ends (20,21) (Fig. 2 A). We examined whether
the designed mutants can bind to the ends of AS-wt fibrils
similarly to AS-wt monomers. Specifically, we tested if
such mutants can elongate very short AS-wt fibrils (seeds).
Seeds were prepared from mature fibrils of AS-wt by sonication and were added in catalytic amounts (1–2 mol %) to
the solutions of monomeric mutants. The conversion of
monomers to fibrils was monitored over time after ThT fluorescence. As expected, the samples with AS-wt seeds
showed rapid formation of fibrils with no lag phase
(Fig. 3 A, solid lines), in contrast to the samples without
seeds (Fig. 3 A, dashed lines).
After the ThT signal reached a plateau, the samples were
subjected to AFM investigation. Because seeds were added
to monomers in ratio 1:100 or 1:50, we expected to obtain
the fibrils that are 100-fold longer than the seeds. Indeed,
AFM measurements demonstrated that all the mutants
formed 4 mm fibrils, which is 80-fold longer than the
average length of seeds (50 nm; Figs. 3, B and C, and
S6 A; Supporting Material).
Structural properties of AS fibrils can vary depending on
the aggregation conditions such as concentration of salts
(50,51) and pH (46,50,52), as well as on the alteration of
the AS sequence (e.g., deletion of N- or C-terminus)
(14,44,53). To examine whether the fibrils formed by the
mutants have the same morphology as AS-wt fibrils, we
investigated their height and periodicity.
The typical height of AS-wt fibrils, measured by AFM,
ranges from 9 to 13 nm (12,14,44,49,52–54). The height
of fibrils in our experiment was in this range with almost no
difference between AS-wt and its mutants (Fig. 3 D, see
Table S4 for details), indicating that there is the same number of protofibrils (number of protein molecules per fibril
cross section) in the formed fibrils.
The fibril periodicity reflects the level of protofibrils
twisting and was reported to be in the range from 65 to
150 nm (51,54–57). We did not observe a significant
difference between the periodicities of fibrils formed by
AS-wt and its mutants (Fig. 3 E, see Table S4 for details).
We also measured b-sheet content in the formed fibrils by
CD spectroscopy and found no difference between the
mutants and AS-wt (Fig. S6 B; Table S4). These results,
together with AFM data, suggest that the studied mutants
form fibrils structurally similar to AS-wt fibrils.
C-terminal charge influences fibril elongation
rates at low but not at physiological salt
concentrations
Unlike the initiation of fibrillization, which is stochastic,
fibril elongation is a more homogenous and reproducible
process. The rate of fibril elongation can be efficiently
measured upon addition of a known number of seeds
(very short fibrils) to the solution of monomeric AS. Indeed,
in the presence of seeds the rate of fibrillization is

Fusions and a-Synuclein Aggregation

FIGURE 3 (A) Normalized aggregation curves of AS-wt and mutants with modified charge in the absence (dashed lines) and in the presence (solid lines) of
2 mol % AS-wt seeds. (B and C) Atomic force microscopy images of seeds (B) and fibrils (C) formed by AS-wt and the mutants. Measurements were
performed in semicontact mode by Nanowizard 3 (JPK Instruments). White scale bar corresponds to 2 mm. Insets represent the height profile of the fibrils
measured at the sites marked with arrows. (D) Height of the fibrils formed by AS-wt and mutants with modified charge (45–72 fibrils, with 3–8 height
measurements per single fibril; error bars show SD). (E) Periodicity of the fibrils formed by AS-wt and mutants with modified charge (n ¼ 48–94; error
bars show SD).

predominantly determined by the rate of monomer binding
to fibril ends (20–22). Therefore, to investigate the influence
of the C-terminal modifications on the fibril elongation rate
separately from the rate of the initial fibril formation, we
performed aggregation of AS mutants in the presence of
AS-wt seeds. Namely, we added 1.0, 1.5, and 2.0 mol %
of AS-wt seeds to 60 mM AS monomer (approximately
one seed per 5500–10,000 AS monomers) and monitored
fibrillization by ThT fluorescence. Because ThT fluorescence is proportional to the concentration of the fibrilized
protein, each kinetic curve was normalized to convert fluorescence intensity into the fraction of the fibrilized protein
(Fig. 4, A and E). The starting fibril elongation rate was
calculated from the slope of the initial linear part of the
curve (usually 1000–3000 s; Fig. 4 B). Within this time
interval, the concentration of monomeric protein in the reaction can be considered as constant and close to the initial
concentration. As the fibril elongation rate is proportional
to the concentration of seeds and depends on their quality
(22), we analyzed not the absolute values of the fibril elongation rates, but the values normalized to the AS-wt rate
obtained in the same experiment (for more details see Supporting Material; Fig. S8).
Because AS-wt and mutants with altered C-terminal
charge showed notable differences in primary nucleation
rates, we expected to see pronounced differences also in
the fibril elongation rates of studied proteins. Surprisingly,
fibril elongation rates of both mutants bearing charged
moieties were very similar and only 1.3 times lower

than those of AS-wt (Fig. 4 C). The AS-5Asn mutant
bearing the noncharged moiety showed 1.8-fold decrease
in the rate of fibrillization compared to AS-wt. The obtained
value is slightly lower than the values of mutants with
charged fusions (AS-5Lys and AS-5Asp), but the difference
is not significant. We assume that this decrease is predominantly caused by the sequence extension.
Such a surprisingly low effect of charge on the rate of
AS fibril elongation at physiological salt concentration
(150 mM) can be explained by masking protein charges
by counterions of salt. This prompted us to measure the
fibril elongation rates of mutants at low salt concentration
(25 mM). We compared the effects of salt concentration
decrease on the fibril elongation rates for each protein to
understand the effect of charge unmasking. In 25 mM
salt, the fibril elongation rate of AS-wt decreased
1.7-fold compared to the corresponding rate in
150 mM salt (Fig. 4 D). The extended mutant AS-5Asn
demonstrated a similar decrease, 1.5-fold. The mutant
with the negatively charged moiety AS-5Asp demonstrated
a slightly stronger rate decrease, 2.2-fold (Fig. 4 D). In
contrast, for the mutant with the positively charged moiety
AS-5Lys, we observed a 2.5-fold increase in the fibril elongation rate.
We also performed aggregation experiments with
extended mutants of AS (Fig. 4 E) and found that their rates
of fibril elongation decreased gradually with the length of
protein fusion. Namely, the elongation rate of AS-2Asn
mutant with 6-aa fusion was 1.3-fold lower than the rate

Biophysical Journal 113, 2182–2191, November 21, 2017 2187

Afitska et al.

FIGURE 4 (A) Normalized aggregation curves of AS-wt and mutants
with modified charge in the presence of 2 mol % AS-wt seeds (average
of six samples). (B) Initial linear parts of the curves, used for calculations.
(C) Normalized fibril elongation rates of AS-wt and mutants with modified charge at 150 mM salt (average of 34–39 samples in seven independent experiments). (D) Relative change of the fibril elongation rates of
AS-wt and charged mutants at 25 mM salt compared to 150 mM salt
(10–18 samples in three independent experiments). (E) Normalized aggregation curves of AS-wt and extended mutants in the presence of 1 mol %
AS-wt seeds (average of eight samples). (F) Normalized fibril elongation rates of AS-wt and extended mutants (average of 24 samples in
three independent experiments). For details of the estimation of error
bars for (C), (D), and (F), see Materials and Methods and the Supporting
Material.

of AS-wt, whereas the rate of AS-9Asn (22-aa extension)
was approximately sevenfold lower compared to AS-wt
(Fig. 4 F). Moreover, in the case of AS-GFP we did not
observe any fibril growth (Figs. 4 F and S5 C).
DISCUSSION
Understanding the mechanism of AS aggregation leading to
amyloid fibril formation is an important precondition for
understanding Parkinson’s disease. In this work, we investi-
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gated the influence of the C-terminus charge and the protein
length on AS aggregation properties.
The aggregation propensity of AS is determined by the
interplay of two independent factors: primary nucleation (formation of fibrils from monomers), and fibril elongation by
binding monomers to fibril ends. We found that the primary
nucleation rate strongly depends on both the charge and the
length of AS (Fig. 5). Increase of AS length by 6, 12, and
22 aa without altering its charge decreases the primary nucleation rate of AS 1.2, 3, and 6.5-fold, respectively (Fig. 2, D
and F). Fusion of the 250-aa GFP tag had an even more pronounced effect, such that we did not observe any AS-GFP aggregation in the same experimental conditions (Fig. S5 A).
The charge of the C-terminus also plays an important role
in the primary nucleation of AS. The AS-5Lys mutant with
a less negatively charged molecule (net charge 4) demonstrates a nucleation rate twice as high as that of AS-wt (net
charge 9) and a more than four times higher nucleation
rate than that of the mutant with the same length but with
no charge alternation (AS-5Asn). Meanwhile, increase of
the negative charge at the C-terminus leads to a less pronounced alteration of the primary nucleation rate. Average
aggregation lag time for AS-5Asp is almost twice as long
as AS-wt (which corresponds to the twice lower nucleation
rate; Fig. 2 D) and is only slightly different from the rate of
the mutant with a neutral moiety of the same length.
Our data are in line with several previous independent reports that employed different approaches to investigate the
role of AS elongation or protein charge in AS aggregation:
i.e., our results correlate well with the work demonstrating
the difference in aggregation rates of truncated mutants
bearing the same net charge but having different protein
molecule length (46); with the works demonstrating that
various AS mutants with truncated C-termini undergo faster
fibrillization compared to AS-wt due to the difference in
charge (43–46); and with the works demonstrating that the
modification of AS C-termini with charged fluorescent
dyes (39) or EGFP (35) leads to alteration of AS fibril structure and stability. However, such a pronounced effect of AS
extension on its primary nucleation is demonstrated for the
first time to our knowledge.
Fibril elongation is the second stage of AS fibrillization.
Its rate is determined by the rate of bimolecular reaction
between the monomer and the fibril end. Because such interaction includes an electrostatic component, we expected it
to be noticeably dependent on charge. Nevertheless, modification of the AS C-terminal charge did not significantly
affect the fibril elongation rates at physiological salt concentration (Figs. 4 C and 5). Namely, both AS mutants with
altered charges, AS-5Asp and AS-5Lys, displayed very
similar rates, which differed <30% from the values for
AS-wt and AS-5Asn. Such a poor dependence of the fibrillization rate on the AS charge indicates that the rate-limiting
step of the interaction between the AS monomer and the
fibril end is not significantly influenced by charge.
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FIGURE 5 Schematic representation of the
effects induced by AS extension (upper panel)
and charge variation (lower panel) on the rates of
two separate stages of AS aggregation: primary
nucleation and elongation.

Binding of the monomer to the fibril end is possible only
if the distance between them is in the range of the hydrogen
bond length. The probability of the monomer to approach
the fibril at such distance (to collide) depends on the electrostatic repulsion between the monomer and the fibril. Therefore, the frequency of such collisions should strongly
depend on the net charge of the protein. Because we did
not observe a significant dependence of the fibril elongation
rate on the protein charge, we conclude that the collision is
not the rate-limiting step of fibril elongation. Consequently,
incorporation of the AS monomer in the fibril includes more
than one step (Fig. 6). Hence, after collision there must be a
slower step that does not depend on electrostatic interactions. We suppose that the first step is a rapid transient binding of the AS monomer to the fibril end. The second step is
adoption of the amyloid conformation by a newly attached
monomer. This step is relatively slow, as it involves the
formation of 50 new intermolecular hydrogen bonds
between amino acids within the amyloid core region of
loosely bound monomers and the protein molecule on the
fibril end (Fig. 6). According to our model, such a conformational rearrangement is the rate-limiting step of the fibril
elongation reaction.
This two-step binding model also explains the observed
behavior of AS-wt and the mutants with modified charge

FIGURE 6 Proposed two-step mechanism of AS fibril elongation.

at low salt concentration. Unmasking of the protein charges
by decreasing the ionic strength of the solution increases
electrostatic repulsion and therefore decreases the frequency
of collisions of the monomers and the fibril ends. As the rate
of this step decreases, it starts to influence the overall elongation reaction rate. Such an influence is reflected in a stronger dependence of the fibril elongation rate on mutant
charge at low salt concentration (Fig. 4 D). It also explains
the observed decrease of the overall elongation reaction
rates at low salt concentration for AS-wt, AS-5Asn, and
AS-5Asp mutants, as well as the corresponding increase
for the AS-5Lys mutant with the lowest net molecule charge
(Fig. 4 D).
The proposed two-step mechanism for AS fibril elongation correlates well with a reported template-dependent
dock-lock mechanism described for another amyloid protein
Ab. According to the dock-lock mechanism, the monomer
initially binds to the template reversibly and only then
changes its conformation and thus becomes irreversibly
associated (58). Conformational conversion after monomer
binding was also shown to be the limiting factor for growth
of prion fibrils (59–61).

CONCLUSIONS
In summary, we investigated the effects induced by C-terminal modifications on AS aggregation propensity. We found
that even short extensions (6–22 aa) of the AS molecule alter
AS aggregation properties, whereas fusion of GFP fully prevents AS from aggregation under the same experimental conditions. Moreover, we showed that C-terminal charge
modifications have different effects on the two key stages
of AS aggregation, namely, on nucleation and fibril elongation. We demonstrated that the primary nucleation is affected
by the net charge of the protein molecule. However, the fibril
elongation rate does not significantly depend on the protein charge. Our data indicate that incorporation of the
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monomeric AS in fibrils during their elongation stage is a process that has at least two steps, which, we assume, are the
initial binding of the monomer to the fibril and the following
adopting of amyloid conformation by the monomer.
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