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The neuronal protein a-synuclein (aS) is a protein of
140 amino acid which is abundantly expressed in the human
nervous system.[1] The aS protein is considered to play
a critical role in the onset and progression of Parkinson�s
disease. Fibrillar aggregates of aS are the main constituents of
the Lewy bodies found in the brains of Parkinson patients.[2]

Recent reports suggest that aS physiologically occurs as
a helically folded tetramer in vivo,[3] but these observations
remain a matter of considerable debate.[4] However, growing
evidence suggests that oligomeric aggregates are significantly
more toxic to cells than fibrillar aggregates,[5] while little is
known about the molecular details of these oligomers.
Previous reports have proposed sizes up to 70 monomers
per oligomer, depending on preparation protocols and
specific stage in the aggregation process.[6] Small angle X-
ray scattering (SAXS),[7] atomic force microscopy (AFM),[8]

and electron microscopy (EM),[9] have been used to study the
morphology of aS oligomers, indicating a variety of different
shapes. Yet, there is little definitive evidence for the
composition of, that is, the number of monomers in, aS
oligomers.

For large supramolecular protein assemblies like aS
oligomers it is very difficult to accurately determine their
molecular weight, and hence the number of monomers per
oligomer. One commonly used method for molecular weight
determination is size exclusion chromatography (SEC).[9]

However, SEC yields unreliable results especially for intrinsi-
cally disordered proteins such as aS, which have larger
apparent hydrodynamic radii compared to globular proteins.
Alternatively, ion mobility mass spectrometry is used on
protein complexes.[10] However, mass spectrometry is limited
regarding the maximum molecular weight it can determine.
This limitation makes the application of the technique to large

molecular weight aggregates challenging. Consequently, esti-
mates for the number of monomers forming an aS oligomer
range from 8–20 derived from size exclusion chromatography
data[11] to 12–60 derived from scanning transmission electron
microscopy (STEM) images.[9] To date it still remains unclear
if this spread originates from the presence of a variety of
different oligomers, or is attributable to the methods used.

Single-molecule photobleaching allows for direct probing
of the number of monomers per oligomer without relying on
the determination of the molecular mass, a reference, or the
need for an extremely high spatial resolution. Conventional
single-molecule photobleaching experiments rely on labeling
all subunits in a supramolecular assembly.[12] The aggregates
are then individually analyzed. Sequential photobleaching of
all fluorescent labels incorporated into the oligomer will
generate discrete steps in the fluorescence intensity. Counting
the bleaching steps yields insight into the number of labels in
the respective oligomer, and therefore the number of mono-
mers. However, if the oligomer consists of a large number of
monomers, as is expected for aS oligomers, it is impossible to
accurately determine the number of photobleaching steps,
since the fluorescence intensity decrease converges to an
exponentially decaying curve.[13] Additionally, the presence of
a large number of fluorescent labels may influence the
aggregation process and result in a different oligomeric
species. To overcome these problems, we have extended the
single-molecule photobleaching method to be used in combi-
nation with sub-stoichiometric labeling techniques. In this
approach, only a fraction of the monomers contains a fluo-
rescent label.

The exact label probability mass function (PMF) can be
calculated for a stochastic incorporation of labeled monomers
in an oligomer during the aggregation if the label density, that
is, the percentage of fluorescently labeled monomers, at the
start of the aggregation is known (see Figure 1). The label
PMF gives the probability that an oligomer with a defined
number of monomers contains a specific number of labels. In
principle, the number of labels can vary between zero and the
total number of monomers in an oligomer. The observed
number of bleaching steps determined individually for a large
number of sub-stoichiometrically labeled single oligomers
will always show a distribution.

Hence, in contrast to conventional photobleaching experi-
ments using 100 % labeling, the bleaching trace of one
oligomer in our experiment, where we use sub-stoichiometric
labeling, will not directly yield any information about the
number of monomers forming the oligomer. When using sub-
stoichiometric labeling techniques, it is essential to count the
bleaching steps for a statistically relevant number of oligo-
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mers to determine the distribution of the number of labels in
the oligomers. This distribution then is linked to the total
number of monomers, labeled and unlabeled, in the oligomer
through the label PMF. By using different label densities, it is
even possible to investigate the influence of fluorescent labels
on the aggregation process.

If the prepared oligomers consist of multiple species with
a distribution of the number of monomers rather than a single
species with a specific number of monomers, the measured
histogram of bleaching steps will be broadened compared to
the bleaching histogram for a single well-defined oligomeric
species. The histogram of bleaching steps for a single well-
defined oligomeric species is fully explained by the label PMF
for a fixed number of monomers per oligomer. Any broad-
ening of the histogram of bleaching steps compared to the
label PMF must originate from a distribution of the number of
monomers per oligomer. This broadening can be directly
accessed by comparing the measured histogram of bleaching
steps with the label PMF calculated for a fixed number of
monomers per oligomer to obtain information about any
distribution of the number of monomers per oligomer.

Expression and purification of aS wild-type and mutant aS
A140C was performed as previously published;[14] for more
details see section S1 in the Supporting Information. Fluo-
rescently labeled aS oligomers were prepared with different
label densities, namely 7.5, 15, 20, and 30%, according to the
protocol described in section S1 in the Supporting Informa-
tion. Since wild-type aS does not contain a cysteine residue
required for labeling, we used the A140C mutant with Alexa
Fluor 488 as fluorescent label. To check for influences of the
fluorescent label on the aggregation, the preparation at
a label density of 15 % was repeated with Atto 488 as label.
After the aggregation, the oligomers were purified using a gel
filtration column to separate nonaggregated monomers from
oligomers. The oligomeric species were spread over four
elution fractions. A typical elution profile for a label density
of 7.5% is shown in section S2 in the Supporting Information.

A thin polyvinylalcohol (PVA) layer containing the
oligomers at low concentrations was spincoated on top of
a glass microscope cover slip to spatially separate and

immobilize the oligomers (for details see section S3
in the Supporting Information). The bleaching traces
were recorded using a custom-built confocal micro-
scope (see section S4 in the Supporting Information
for details).

We also analyzed the bleaching behavior of the
labeled monomers. These studies showed the expected
typical one step bleaching (see section S5 in the
Supporting Information), confirming the presence of
a single fluorescent label on the monomer and
excluding any effects arising from dye/protein or
dye/matrix interaction giving rise to multiple step
bleaching.

Sequential photobleaching of all the fluorescent
labels in an oligomer results in discrete steps in the
fluorescence intensity, see Figure 2. The number of
fluorescent labels present in each oligomer was

determined by counting the number of bleaching steps for
each time trace. The analysis of a complex time trace is shown
in section S6 in the Supporting Information. For each label
density and analyzed elution fraction, we recorded bleaching
traces from a minimum of 100 distinct oligomers.

To verify that the spread of the oligomers over four
elution fractions was solely because of a broadening inherent
to the column used and not because of the differences in
oligomer size, we determined the number of monomers per
oligomer for the outer elution fractions and the center
fraction for a label density of 15%, see section S7 in the
Supporting Information. We found no differences in oligomer

Figure 1. During the aggregation process, the incorporation of labeled mono-
mers in the oligomer is a stochastic process. Therefore, the number of labels
can vary between zero and the total number of monomers. Because of the
stochastic incorporation we can predict the label probability mass function and
link the number of fluorescent labels to the total number of labeled and
unlabeled monomers.

Figure 2. Three typical time traces with increasing number of bleaching
steps. The graphs show two-step bleaching (top), four-step bleaching
(middle), and five-step bleaching (bottom). The intensity is back-
ground subtracted.
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composition between the three fractions and therefore chose
to use the center fraction, containing the highest oligomer
concentration, for all other label densities. By counting the
number of photobleaching steps for each distinct oligomer,
we obtained a histogram of bleaching steps for each label
density. Figure 3 shows the photobleaching histograms for
label densities of 7.5, 15, 20, and 30%. As expected, there is
a clear shift of the histograms to a larger number of steps as
a result of the increasing label density.

The stochastic incorporation of labeled or unlabeled
monomers is described by Poisson statistics. Therefore, the
bleaching histogram for each label density was fitted with
a Poisson distribution from which the mean number of labels
per oligomer was determined (Figure 3, solid lines). Since the
width of the distribution is a result of the stochastic
incorporation of labeled monomers and hence does not
describe the experimental error, we determined the error
from the uncertainty in the mean of the distribution. Using
the exact label density, the mean number of monomers per
oligomer is determined at 31� 2, 32� 1, 30� 2, and 25� 1 for
the 7.5, 15, 20, and 30% label densities, respectively. The PMF
is calculated from the mean number of monomers per
oligomer and the label density (Figure 3, squares). The
number of monomers that form an oligomer for the label
densities of 7.5, 15, and 20 % is remarkably uniform.

The small variation in the number of monomers that form
an oligomer indicates that the number of labeled monomers
does not influence the aggregation process. Furthermore, this
small variation shows that the incorporation of labeled
monomers during the aggregation process is indeed a truly
stochastic process. If the process were not truly stochastic, one
would expect a systematic increase or decrease in the number
of monomers per oligomer with the label density, reflecting

a preference for incorporating a labeled or unlabeled
monomer. The number of monomers in combination with
the label density gives the label PMF. Comparing the widths
of the histograms and the label PMFs yields insight into the
distribution of the number of monomers comprising one
oligomer. The total widths of the measured histograms are
fully explained by the widths of the label PMF, implying that
the oligomers are present as a single species.

The deviation that we observe at a label density of 30%
clearly shows the limitations of the photobleaching technique.
We see different effects that can contribute to an imprecise
determination of the distribution of the number of labels in
the oligomers. Brighter oligomers are imaged as brighter
spots in the scanned area and make the less bright oligomers
less visible. As a consequence, the brighter oligomers are
inadvertently selected more often, which would result in
seemingly larger oligomers since bright oligomers contain
more fluorescent labels. However, for an oligomer containing
a larger number of fluorescent labels it is more likely that the
number of bleaching steps is underestimated since the
probability that two fluorophores bleach in a short time
period increases. We believe that this effect results in an
underestimation of the number of labels that in our case
outweighs the apparent increase of the number of labels
because of the choice of brighter oligomers. Since this
limitation already arises with the sub-stoichiometric labeling
approach used here, it is obvious that conventional photo-
bleaching with 100 % labeling is not suitable for large
aggregates (see section S8 in the Supporting Information for
a typical time trace for 100 % labeled oligomers). Finally, the
variation found for a labeling density of 30% might also be an
indication that the relatively high density of the fluorescent
label has an influence on the aggregation behavior.

To test whether the results are reproducible, we prepared
two different batches of oligomers labeled at label density of
7.5%. We found for both batches the same number of
monomers per oligomer. Since the fluorescent label itself can
also influence the aggregation process, we prepared two
separate batches of oligomers labeled at a label density of
15% with a different fluorescent label, namely Alexa Fluor
488 and Atto 488, and compared both histograms. We found
no difference, and can therefore conclude that the labels used
at position 140 of the amino acid sequence of aS do not
influence the aggregation.

We expect that coupling or energy transfer between
fluorophores will have only minor, if any, effect on our study.
For small numbers of fluorophores per oligomer, as we used
here, the average distance between fluorophores will be
larger than the coupling range considering the estimated
oligomer diameter of about 10–30 nm.[15] By embedding the
oligomers in a PVA matrix, the fluorophores will not be able
to rotate freely which will influence both the excitation and
detection efficiencies. However, it has been shown that the
largest difference between the most efficient and least
efficient orientation is a factor of about 3 for a high numerical
aperture (NA) objective as used in our experiments.[16] This
difference will only influence the step size, and not the
number of bleaching steps observed.

Figure 3. Histograms of the number of bleaching steps observed for
the oligomers with label densities of 7.5, 15, 20, and 30%. The
histograms are fitted by Poisson distributions (solid lines). The mean
values of the Poisson distributions give the average number of labels
incorporated into the oligomer, which was then used to calculate the
label PMF (squares).
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In conclusion, we have developed a new method using
single-molecule photobleaching in combination with sub-
stoichiometric labeling techniques that allows us to analyze
large macromolecular protein assemblies. We can determine
the composition, probe the distribution of the number of
monomers per oligomer, and investigate the influence of the
fluorescent label on the aggregation process.

We showed that for a-synuclein aggregation the fluores-
cent labels used do not have an influence. Moreover, we find
no distribution of the number of monomers per oligomer and
find a single, well-defined a-synuclein oligomeric species
consisting of 31 monomers per oligomer.

However, previous studies reported in the literature
showed differences in a-synuclein oligomers, but the origin
of these differences is unclear. The variations in oligomer
characteristics may reflect different stages in the aggregation
process, and possibly a combination of conformational and
structural differences rather than only specific numbers of
monomers per oligomer.
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