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ABSTRACT: Protein misfolding into amyloid-like aggregates
underlies many neurodegenerative diseases. Thus, insights into
the structure and function of these amyloids will provide
valuable information on the pathological mechanisms involved
and aid in the design of improved drugs for treating amyloidbased disorders. However, determining the structure of
endogenous amyloids at high resolution has been diﬃcult.
Here we employ binding-activated localization microscopy
(BALM) to acquire superresolution images of α-synuclein
amyloid ﬁbrils with unprecedented optical resolution. We
propose that BALM imaging can be extended to study the
structure of other amyloids, for diﬀerential diagnosis of
amyloid-related diseases and for discovery of drugs that perturb amyloid structure for therapy.
KEYWORDS: Alzheimer’s disease, Parkinson’s disease, amyloid, superresolution, neurodegenerative diseases, binding-activated,
localization microscopy, diagnosis, alpha-synuclein
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the disease and for developing urgently needed new therapeutic
agents.
Optical imaging is a powerful method to gain insight into the
structure and assembly of amyloid ﬁbrils in vitro and in
physiological contexts.5 For ﬂuorescence-based optical imaging
techniques, amyloids need to be labeled with ﬂuorophores.
Common approaches include fusion to ﬂuorescent proteins
such as the green ﬂuorescent protein (GFP) or covalent
labeling with organic dyes. Since ﬂuorescent proteins are
considerably larger than the aggregating protein or peptide, in
many cases this induces artifacts.6,7 Moreover, covalent linking
of ﬂuorophores to monomeric proteins can interfere with the
packing of amyloids.6
To avoid such artifacts and to enable visualization of amyloid
structures in their natural environment, amyloid reactive dyes

he aggregation of unfolded or misfolded proteins into
amyloid ﬁbrils and the accumulation and progressive
spread of the aggregates over time has been linked to several
neurodegenerative diseases including Alzheimer’s and Parkinson’s disease.1 In addition to these pathological aspects,
amyloid proteins have also been recently shown to have crucial
physiological functions, for example, in melanin deposition and
hormone storage.2,3 Both functional and pathological amyloids
are highly ordered, insoluble protein deposits that share
common structural features, regardless of the primary sequence
of the protein or peptide of origin. Amyloids are formed from
the monomeric counterparts through their assembly into cross
β-sheet rich ﬁlaments. This cross β-sheet signature is a unique
fold that characterizes and deﬁnes most amyloid structures.4
Since this conformation is causatively associated with many
neurodegenerative diseases, compounds targeted to disaggregate these structures constitute strong drug candidates. Thus,
information on the structural details of amyloid formation and
stability is crucial for both the understanding of the etiology of
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such as congo red or Thioﬂavin T have been used. Recently,
luminescent conjugated polyelectrolyte probes, also called
luminescent conjugated oligothiophenes (LCOs), have been
utilized to identify and image amyloid deposits.8 LCOs can be
used to distinguish diﬀerent strains of amyloids using
conventional optical imaging and ﬂuorescence methods.9
Unfortunately, the resolution of optical microscopes is
fundamentally limited by diﬀraction to about 200 nm,
precluding the detailed study of structure of amyloid ﬁbrils.
To overcome this limitation, superresolution techniques that
provide up to 10-fold higher resolution have been developed.
These techniques include stimulated emission depletion
(STED10) and localization microscopy.11,12 Localization
microscopy relies on the stochastic activation and subsequent
localization of individual ﬂuorophores. The basic principle
behind this approach is that the position of a single emitter can
be localized with high (nm) accuracy if a suﬃcient number of
photons are collected and if no other emitting molecules are
within a diﬀraction-limited spot. In each imaging cycle, most
molecules remain dark, but a small percentage of molecules is
stochastically switched on, imaged and then localized.
Repeating this process for many cycles allows the reconstruction of a superresolution image. Recent extensions to multiple
emitting molecules with overlapping point spread functions
greatly increase data acquisition speeds, but come at the
expense of reduced resolution and are computationally
demanding.13,14
Localization microscopy was used to study Aβ ﬁbrils,15 αsynuclein aggregates,16 and Huntingtin protein aggregates17 at a
resolution of 20 nm, both in vitro and in ﬁxed cells. However,
all these approaches relied on the incorporation of ﬂuorescently
labeled monomers into the ﬁbrils. This has several disadvantages.6,7 On the one hand, it precludes the study of endogenous
ﬁbrils; on the other hand, labeling can potentially interfere with
the function and aggregation properties of these proteins. In
addition, dynamic measurements to follow amyloid growth over
time are diﬃcult because labeled monomers in solution create a
high ﬂuorescence background. As an alternative, immunolabeling has been used.8,15 However, the size of the antibodies leads
to a signiﬁcant decrease in resolution thus masking the actual
size of the aggregates. Finally, for the studies using localization
microscopy with organic dyes, a thiol-containing buﬀer is
required and labeling densities are limited by the contrast
between dark and bright states and their duty cycle (ratio
between lifetime of the dark and bright state).
To overcome these limitations, here we establish superresolution microscopy on amyloid ﬁbrils using the principle of
binding-activated localization microscopy (BALM18,19). The
objective is to use unlabeled target structures in combination
with ﬂuorogenic target-binding probes in buﬀer solution at a
very low concentration. Whenever an amyloid-speciﬁc ﬂuorophore binds to the target, it becomes highly ﬂuorescent and
can be localized with high precision before it turns dark due to
photobleaching (Figure 1). The advantages of this approach are
that there is no ﬂuorescent background on the target structures,
and that the density of activated ﬂuorophores can be controlled
by the concentration of the probes. Moreover, prelabeling of
the monomers or immunolabeling of the ﬁbrils is not required.
Therefore, the density of localizations is no longer limited by
the photophysics of the dyes but only by the density of probe
binding sites. Since the labeling occurs during the experiment,
interference of the label with the function of the target
molecules is minimized. We hypothesized that BALM could be

Figure 1. Principle of binding-activated localization microscopy
(BALM) on amyloids. Amyloid binding dyes at low concentration in
solution undergo a strong ﬂuorescence enhancement upon binding.
Bright bound ﬂuorophores can be imaged and localized before they are
bleached.

applicable to study amyloid structures by using LCOs, since
these labels show a marked increase in ﬂuorescence speciﬁcally
upon binding to the amyloid state of proteins20 but not to
monomers. Here we demonstrate the feasibility of BALM for
superresolution imaging of amyloids by imaging α-synuclein
ﬁbrils in vitro using the LCO pentamer-formyl thiophene acetic
acid (p-FTAA) as the binding-activated probe.

■

RESULTS AND DISCUSSION
We performed binding-activated localization microscopy on αsynuclein ﬁbrils in vitro using the luminescent conjugated
oligothiophene p-FTAA.20 A comparison of the diﬀractionlimited image (Figure 2a) with the reconstructed superresolution image of the same region (Figure 2b, magniﬁcations
of selected regions in Figure 2c,d) shows a greatly increased
resolution and a much higher level of detail. Fibrils of various
diameter and length form bundles and branching structures.
To quantify the resolution, we calculated intensity proﬁles
across thin ﬁlaments (Figure 2e). We measured a width of 14
nm full width at half-maximum (fwhm). Due to curvature and a
ﬁnite diameter of the ﬁbrils, which increases the apparent
thickness, the actual resolution could be even higher. However,
this is suﬃcient to distinguish two ﬁlaments with a distance of
less than 50 nm (Figure 2f). On average, 2000 photons per
localization were detected.
It should be noted that in localization microscopy the
resolution can be tuned by rejecting localizations with a large
error, resulting in a trade-oﬀ between localization precision and
labeling density. With binding-activated localization microscopy
high labeling densities can be reached such that lower cutoﬀ
values can be chosen without compromising the outline of the
structure of interest, which ﬁnally allows higher resolution.
Superresolution imaging with binding-activated probes
allowed us to obtain high-resolution images (<20 nm) of αsynuclein ﬁbrils in vitro. Compared to standard localization
microscopy with prelabeled structures this approach has several
advantages as discussed in the following paragraph. The
foremost advantage is that no prelabeling either with large
fusion proteins like GFP or with chemical linkers is required,
avoiding labeling artifacts that could interfere with amyloid
formation6,7 and opening the possibility to directly visualize the
endogenous proteins aggregating into amyloids. The ﬁlaments
can assemble undisturbed, since the labeling process takes place
only during the measurement and after the protein has acquired
its typical cross-β-sheet rich structure. With this method,
unassembled protein monomers in solution are invisible and
thus do not generate any high background. This should make
1058
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Figure 2. BALM imaging of α-synuclein ﬁbrils. (a) Diﬀraction limited image and (b) superresolution image of α-synuclein ﬁbrils obtained with
BALM using the LCO p-FTAA. (c,d) Magniﬁcations of (b) (positions as indicated in (b)). (e) proﬁle of a thin structure (blue) and ﬁt to Gaussian
(green) to determine the resolution of this approach. The apparent thickness of the structure is 14 nm (fwhm). (f) Proﬁle across two neighboring
ﬁbrils with a distance of 47 nm that can be distinguished. Scale bars 1 μm (a,b) and 200 nm (c,d). Regions of interest used to construct the proﬁles
(e,f) are marked in (b).

dynamic measurements of ﬁbril growth and elongation feasible.
In the beginning of the measurement, ﬁbrils that have already
assembled could be imaged until all binding sites are occupied
by bleached ﬂuorophores. Then the pre-existing amyloids can
be used as seeds for newly added monomers. The growth
process can be monitored following the binding of the
ﬂuorophores to the newly assembled structures. Reconstruction
of superresolution images from subsets of the data would allow
generating movies following amyloid ﬁbril formation at
unprecedented resolution.
When assembling ﬁbrils from covalently labeled monomers,
an excess of unlabeled monomers is required in order to avoid
artifacts in amyloid formation, leading to reduced labeling
densities. Immunostaining also reaches only moderate labeling
densities, with the added disadvantage of additional loss in
resolution due to the large size of the antibodies. With BALM,
the labeling densities can be much higher since the only
limiting factor in this case is the number of ﬂuorophore binding
sites present on the amyloid ﬁbrils.
Since BALM works under physiological buﬀer conditions on
unlabeled proteins, it should be, theoretically, applicable also to
tissue slices or cultured cells. The speciﬁcity of LCOs to
amyloid ﬁbrils and the contrast in diﬀraction-limited microscopy are suﬃciently high for BALM.
LCOs are sensitive to the structure of amyloid ﬁbrils and
have been used to distinguish diﬀerent conformational states of
amyloid proteins9,21 based on spectral shifts in the emission.
The use of BALM with these dyes using two spectral channels
would oﬀer the exciting possibility to visualize diﬀerent amyloid
conﬁgurations within one structure with nm resolution. BALM
has the potential to probe in vivo amyloid aggregate formation

on the nanometer scale. Extension of this technique might
allow us in the future to distinguish diﬀerent amyloid-related
structures in brain sections for diﬀerential diagnosis of
neurodegenerative diseases.

■

METHODS

Sample Preparation. α-Synuclein monomers were puriﬁed as
previously described.22 The sample was ﬁbrillized by incubating the
monomer solution in PBS at 37 °C with continuous shaking. Nitric
acid treated coverslip was coated with poly-L-lysine (1 mg/mL in
borate buﬀer) for 2 h. The coverslip was washed twice with double
distilled water. Then 20 μL of solution containing α-synuclein ﬁbrils
was placed in the center of the coverslip and was left to stand for 30
min at room temperature. The coverslip was mounted into the sample
holder in 200 μL of Tris buﬀered saline.
Microscopy Setup. Measurements were performed on a custombuilt single-molecule microscope. A 473 nm laser (100 mW, Pusch
OptoTech, Baden-Baden, Germany) was mode-cleaned with a pinhole,
intensity-modulated via an AOTF and focused onto the back-focal
plane of a TIRF objective (NA 1.49, 60×, Olympus) for highly
inclined illumination (illumination intensity ∼ 1.5 kW/cm2). Emission
light was ﬁltered by a 617/73 band-pass (AHF, Tubingen, Germany)
and focused by a 500 mm tube lens onto the chip of a back-illuminated
EM-CCD camera (Evolve, Photometrics) that was water-cooled to
−85 °C. The objective was moved with a piezo objective positioner
(MIPOS, Piezo Systems Jena, Germany). A focus lock was
implemented by an electronic feedback loop (LabView, National
Instruments) based on the total internal reﬂection of a red laser at the
coverslip and its detection by a quadrant photodiode; the z-stability
was greater than ±10 nm over several hours. The lateral drift was
typically smaller than 50 nm/h; a drift-correction was implemented on
the level of the analysis software (see below).
Binding-Activated Localization Microscopy. Mounted samples
were prestained with an ultralow (picomolar) concentration of p1059
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FTAA, which facilitated focusing and ﬁnding of a region of interest. pFTAA was added to a ﬁnal concentration of approximately 30 nM, and
data acquisition was started immediately. Typically 20−30 000 frames
with an exposure time of 35 ms could be acquired before speciﬁc
binding stopped due to full coverage of the binding sites.
Localization Analysis. The data was analyzed as described.19
Brieﬂy, possible locations of single ﬂuorophores were determined by
smoothing, nonmaximum suppression, and thresholding. Selected
regions of interest were ﬁtted by a pixelized Gaussian function and a
homogeneous photonic background with a maximum likelihood
estimator (MLE) for Poisson distributed data using a freely available,
fast GPU ﬁtting routine23 on a GeForce GTX275 (Nvidia).
Lateral drift was corrected for based on the imaged features: blocks
of typically 5000 frames were used to reconstruct one PALM image.
Displacements between all reconstructed images were determined by
image correlation and ﬁtting of the maximum with an elliptical
Gaussian. Displacements corresponding to each time point were
averaged using a robust estimator, interpolated by a spline and used to
correct the position of each localization. We estimate that the residual
error for the corrected positions is about 2 nm.
Localization bursts with a distance smaller than 90 nm in
consecutive frames (interrupted by not more than 2 dark frames)
were grouped into a single localization. Finally, localizations with an
uncertainty of 18 nm were discarded.
The localization data were rendered using a Gaussian with a width
according to the localization precision of the respective localization,
determined from the ﬁtted number of photons and background. All
analysis software was written in MATLAB.
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