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Misfolding and aggregation of proteins are characteristics of a range of
increasingly prevalent neurodegenerative disorders including Alzheimer's
and Parkinson's diseases. In Parkinson's disease and several closely
related syndromes, the protein α-synuclein (AS) aggregates and forms
amyloid-like deposits in specific regions of the brain. Fluorescence
microscopy using fluorescent proteins, for instance the yellow fluorescent
protein (YFP), is the method of choice to image molecular events such as
protein aggregation in living organisms. The presence of a bulky
fluorescent protein tag, however, may potentially affect significantly the
properties of the protein of interest; for AS in particular, its relative small
size and, as an intrinsically unfolded protein, its lack of defined
secondary structure could challenge the usefulness of fluorescent-
protein-based derivatives. Here, we subject a YFP fusion of AS to
exhaustive studies in vitro designed to determine its potential as a means
of probing amyloid formation in vivo. By employing a combination of
biophysical and biochemical studies, we demonstrate that the conjugation
of YFP does not significantly perturb the structure of AS in solution and
find that the AS-YFP protein forms amyloid deposits in vitro that are
essentially identical with those observed for wild-type AS, except that
they are fluorescent. Of the several fluorescent properties of the YFP
chimera that were assayed, we find that fluorescence anisotropy is a
particularly useful parameter to follow the aggregation of AS-YFP,
because of energy migration Förster resonance energy transfer (emFRET
or homoFRET) between closely positioned YFP moieties occurring as a
result of the high density of the fluorophore within the amyloid species.
Fluorescence anisotropy imaging microscopy further demonstrates the
ability of homoFRET to distinguish between soluble, pre-fibrillar
aggregates and amyloid fibrils of AS-YFP. Our results validate the use
of fluorescent protein chimeras of AS as representative models for
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studying protein aggregation and offer new opportunities for the
investigation of amyloid aggregation in vivo using YFP-tagged proteins.
© 2009 Elsevier Ltd. All rights reserved.
Keywords: protein misfolding; protein aggregation; fluorescence anisotropy
imaging microscopy; Parkinson's disease; fluorescence protein
Edited by S. Radford
Introduction

Parkinson's disease and dementia with Lewy
bodies are characterized by the deposition of
cytoplasmic, protein-rich inclusions in certain
regions of the brain, known as Lewy bodies.1 The
major constituent of such deposits is the 140-residue
protein α-synuclein (AS), together with several
minor components such as chaperones and
ubiquitin.2 Direct evidence for the involvement of
AS in disease arises from the identification of point
mutations and duplication of the AS locus linked
with the early onset of neurodegeneration.3–7 The
biological function of AS appears to be related to
synaptic plasticity by enhancing the priming step in
the formation of synaptic vesicles, directly acting on
the folding of SNARE proteins, possibly as a
chaperone.8 Gene knock-out studies have shown,
however, that AS is not an essential protein, at least
in rodents, which strongly suggest that the link to
disease arises from a toxic gain of function.9 AS is
intrinsically unfolded in the cytoplasm but acquires
substantial α-helical structure in its first 100 residues
upon binding to lipid membranes.10,11 Although it
lacks defined secondary structure, long-range ter-
tiary interactions exist and may help to prevent it
from misfolding and aggregation to form amyloid
deposits.12–15 Interestingly, however, amyloid fibrils
may not represent the species most toxic to neurons;
instead, soluble oligomeric species and insoluble
pre-fibrillar precursors to such fibrils appear to
generate toxicity in cells.16–20

The vast majority of studies on amyloidogenic
proteins have been carried out in vitro or ex vivowith
material extracted from living organisms, as a
consequence of the lack of suitable means of
addressing the process of protein oligomerization
and conformational changes in intact living cells.
Recent technical advances in fluorescence microsco-
py, however, provide a wealth of tools that are
uniquely suited for probing heterogeneous and
transient species in the complex environment of a
cell.21 Fluorescence imaging offers many advantages
for the study of misfolding and amyloid formation,
in particular as observations can be made both in
vitro and in vivo, facilitating direct comparison
between both environments. Indeed, several
approaches, such as tetracysteine FlaSH-ReaSH
tagging, fluorescent protein tagging, split-fluores-
cent protein reconstitution (BiFC), and PDZ conju-
gation, have been used successfully to image AS
misfolding and fibrillization.18,22–25 Of these techni-
ques, fluorescent protein tagging is of special interest
as fluorescent protein derivatives come in a variety
of spectral and photoswitchable variants that allow
multicolor and high-resolution imaging.21,26 Fur-
thermore, fluorescent proteins are a very valuable
tool for live imaging in whole organisms such as the
nematode worm Caenorhabditis elegans, the fruit fly
Drosophila melanogaster, and even mice. Indeed,
many animal models of disease have been estab-
lished, employing fluorescent protein tagging to
studymisfolding and accumulation of AS,27–31 along
with other misfolding disease-related proteins.32–35
Conjugation of proteins by fluorescent proteins

may, however, perturb the native structure and
function of the tagged protein given the bulkiness of
the fluorescent moiety (∼28 kDa). In the case of AS,
this may be of particular concern, not only because
of its relatively small size (∼14 kDa) but also
because of its lack of persistent structure in solution.
It is possible, therefore, that fluorescent protein
tagging may affect the intrinsic propensity of AS to
form fibrils and thus render the conjugate less
valuable than one might hope for studying the
behavior of native AS. Not surprisingly, some
controversy has been raised from studies of AS
misfolding and aggregation using fluorescent pro-
teins in vivo, and the validation of this system by
biophysical techniques is essential. Here, we con-
duct a detailed biophysical characterization of AS
tagged C-terminally with the yellow fluorescent
protein variant Venus 36 (termed here AS-YFP) and
investigate its use as a reporter of AS misfolding and
aggregation. We further examine the fluorescence
properties of aggregated AS-YFP and demonstrate
the applicability of fluorescence anisotropy imaging
microscopy (FAIM) in the characterization of amy-
loid aggregation of proteins.

Results

AS-YFP forms amyloid fibrils in vitro in a similar
manner to wild-type AS

A fluorescent protein chimera of AS was con-
structed by fusing the YFP gene (named Venus) to
the C-terminus of AS, separated by a short linker
peptide (AlaProValAlaThr), designed to minimize
any effects of the fusion process on both proteins.35

To investigate the amyloid aggregation behavior of
AS-YFP, we performed protein aggregation assays
on the purified chimeric protein; as a control, wild-
type AS was assayed in parallel. Both proteins were
subjected to standard in vitro aggregation proce-
dures, incubating the purified proteins at 37 °C with
constant agitation. Aliquots were taken from both



Fig. 1. AS-YFP and AS aggre-
gate in vitro in a similar manner.
Analysis of the aggregation kinetics
of AS-YFP and AS. (a) ThT fluores-
cence for AS-YFP (filled bars) and
AS (open bars). (b) Normalized ThT
fluorescence for AS-YFP (filled cir-
cles) and AS (open diamonds). (c)
Aggregation kinetics of AS-YFP
(continuous line) and AS (broken
line) in the presence of SDS. Plotted
are time traces of fitted average ThT
fluorescence traces. The standard
deviation of the lag phase is indi-
cated with errors bars. (d) Absolute
ThT fluorescence intensity of AS-wt
and AS-YFP at the endpoint of the
SDS-containing aggregation assay.
(e) SDS-PAGE of the soluble frac-
tion obtained by high-speed centri-
fugation of the samples withdrawn
at each time point of the assay
shown in (b). (f) Densitometry
analysis of the amount of soluble
protein remaining as resolved by
SDS-PAGE in (d), for AS-YFP (filled
circles) and AS (open diamonds).

629A YFP Model of α-Synuclein Amyloid Formation
samples every 24 h during the aggregation time
course to measure binding of thioflavin T (ThT) and
to examine the aggregate morphology by transmis-
sion electron microscopy (TEM). ThT is an amyloid-
sensitive dye, which develops fluorescence at
480 nm upon binding to the β-sheet-rich amyloid
fibrils.37 Moreover, the analysis of the normalized
time dependence of the ThT fluorescence intensity
allows the kinetics of amyloid formation to be
defined for the proteins under investigation. Upon
aggregation, both AS-YFP and AS samples show
increasing ThT fluorescence, indicative of amyloid
formation (Fig. 1a).
The kinetics of the fluorescence rise were found to

be similar for the two proteins (Fig. 1b), although at
the end of the assay, the ThT signal of AS-YFP was
considerably lower in intensity than that of AS (by
85%). This latter effect can be attributed either to
hampered binding of the dye in the presence of YFP
or to the transfer of energy between the two
fluorophores. Indeed, significant energy transfer
between ThT and YFP was observed in the
aggregates (data not shown), arguing against
utilization of ThT binding as the sole indicator of
protein aggregation in this case. Still, both proteins
display similar aggregation kinetics, with the AS-
YFP protein aggregating slightly faster than the
wild-type protein. We also probed the aggregation
of AS-YFP in the presence of SDS, a membrane-
mimetic environment, since lipids have been pro-
posed tomediate AS inclusion formation in vivo.38 In
the presence of SDS, AS-YFP amyloid formation was
slightly retarded in comparison to AS (halftime for
aggregation was 42±8 h for AS-YFP versus 29±8 h
for AS). Again, the final ThT intensity in AS-YFP
aggregates was reduced, reaching only 35% of that
in the wild-type protein (Fig. 1c and d). To estimate
the amount of protein aggregated in a ThT-
independent manner, we determined the relative
amount of soluble protein at each time point of the
assay; the supernatants of each sample were
analyzed by SDS-PAGE after centrifugation at
13,000 rpm to remove aggregated species. Both AS
and AS-YFP showed a time-dependent decrease in
the quantity of protein remaining in solution by
SDS-PAGE (Fig. 1e), and densitometric analysis of



Fig. 2. AS-YFP and AS form
amyloid-like deposits in vitro. (a)
Aggregated AS-YFP at day 5 show-
ing apple-green birefringence when
visualized by polarized light upon
CR binding. (b) TEM images of AS-
YFP. Note the very densely packed
aggregated material, with fibrils
stemming out. (c) High-magnifica-
tion TEM images showing the
detailed fibrillar morphologies for
AS and AS-YFP.
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the gel bands shows that the rate of aggregation was
comparable for both proteins, indicative of similar
aggregation kinetics (Fig. 1f).
Next, we assayed the AS-YFP aggregates for

binding of Congo red (CR), an amyloid-specific
dye that binds to the β-sheet-rich structure of the
fibrils and displays apple-green birefringence upon
exposure to polarized light.37 Aggregated AS-YFP
shows, like AS itself, this characteristic birefringence
when stained by CR, further indicating the amyloid-
like character of these deposits (Fig. 2a). To assess
the structure of the amyloid deposits of AS-YFP, we
analyzed the samples by TEM. Amyloid-like fibrils
were observed in the AS-YFP sample, which are
comparable in width and length to AS fibrils (Fig.
2b). Very densely packed aggregates were also
observed in the AS-YFP sample, however, with
fibrils stemming out from them, which suggests an
enhanced cluster of the fibrils with YFP attached.
The AS-YFP filaments obtained were straighter than
those of AS, and the characteristic twist was not
readily observed in these fibrils, due to insufficient
contrast enhancement after negative staining
(Fig. 2c). This effect could be a consequence of the
conjugated YFP molecule; indeed, detailed analysis
of the morphology of AS-YFP deposits shows that
the fibrils have irregular edges, probably reflecting
the attachment of the flexibly linked YFP moiety.
Analysis of the width of individual fibrils shows no
differences between wild-type AS and AS-YFP (17±
3 nm versus 16±2 nm, respectively). Moreover, in
both cases, fibrils typically reached between 500 nm
and 1 μm in length. Taken together, these results
provide strong evidence that AS-YFP forms amy-
loid-like fibrils with similar properties to AS.

NMR spectroscopy demonstrates that YFP
fusion does not perturb the structural properties
of AS

We next investigated whether the conjugation of
YFP alters the structural properties of AS in solution.
To probe the conformation of AS-YFP with residue-
specific resolution, we employed heteronuclear
NMR spectroscopy with isotopically labeled (15 N)
AS and AS-YFP. The 1 H–15N heteronuclear single
quantum coherence (HSQC) spectrum of AS-YFP is
essentially identical with that of AS, with only minor



Fig. 3. NMR demonstrates that the YFP fusion does not significantly perturb the backbone structure of AS. (a)
Overlaid 1H–15N HSQC spectra of AS (blue) and AS-YFP. (b) Mean weighted chemical shift differences for backbone
1H–15N resonances between AS and AS-YFP. (c) Normalized 1H–15N HSQC peak intensities for AS (blue) and AS-YFP
(red).
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(b0.1 ppm) chemical shift differences located at the
very end of the C-terminus, where the YFP moiety is
attached (Fig. 3a and b). A few small (b0.04 ppm)
chemical shifts are also observed for N-terminal
residues but can be attributed to a slight variation in
the pH of the samples. A comparison of the
normalized intensities of 1H–15N cross peaks, a
parameter highly sensitive to changes in the
dynamics of the conformation of AS and its
interaction with the solvent,39–41 revealed more
subtle YFP-mediated perturbations to the C-termi-
nal region of the protein comprising residues 120 to
140 (Fig. 3c). Overall, therefore, the observed
structural and dynamical perturbations are minor
and restricted to the local region in which the YFP
has been attached.
Only a very few YFP peaks, all with low intensity,

are observed in the HSQC spectra of AS-YFP, an
effect attributable to the large line widths of these
resonances due to the size and, hence, slow tumbling
rate (τC∼20 ns) and relaxation properties of this
folded region of the construct. These effects are
particularly significant for experiments conducted at
such low temperature (10 °C), chosen to enable clear
detection of resonances of the monomeric AS. A
recent NMR study of isolated YFP was successfully
conducted using a sample that was 10 times more
concentrated than that used here, and at 37 °C,
thereby increasing the tumbling rate of the YFP and
reducing the peak line widths.42 Indeed, when the
temperature of the AS-YFP sample was increased to
37 °C, YFP peaks were detectable in the HSQC
spectrum (Supplementary Fig. 1); the AS resonances
were, however, severely diminished relative to those
at 10 °C due to solvent exchange properties.40,41

AS-YFP but not BS-YFP forms fluorescent
amyloid-like aggregates

We next set out to address the possibility of
fluorescent-protein-mediated interactions in the
aggregation of AS-YFP and therefore studied a
YFP chimera of β-synuclein (BS-YFP), the somewhat
less amyloidogenic homologue of AS. BS lacks a
stretch of hydrophobic residues within the central
region of the protein, a property that is believed to
contribute, along with some more specific residue-
specific factors, to its very low aggregation
propensity.43,44 Indeed, BS does not detectably
aggregate at physiological conditions in aqueous
solution, even after long periods of time, and has in
addition been shown to inhibit amyloid formation
by AS.45,46 Based on these studies, BS-YFP is not
expected to form fibrils under conditions relevant to
studies of AS aggregation and constitutes an
effective negative control for our in vitro studies.
When subjected to our standard in vitro fibrilliza-

tion assay (37 °C and shaking), AS-YFP, but not
BS-YFP, formed insoluble fluorescent aggregates
(Fig. 4a). Quantitative determination of the YFP
fluorescence in the samples showed that, simulta-
neously with the appearance of aggregates in the
AS-YFP sample, YFP fluorescence was depleted
from the soluble fraction, falling to less than 20%
by the end of the assay (Fig. 4b). Experiments with
BS-YFP, by contrast, showed that 90% of its YFP



Fig. 4. AS-YFP but not BS-YFP forms fluorescent amyloid-like aggregates. Analysis of the aggregation kinetics of AS-
YFP and BS-YFP. (a) UV excitation of aliquots withdrawn from the aggregation assays on a daily basis. (b) Relative
fluorescence intensity of the soluble fraction obtained by high-speed centrifugation of samples shown in (a). (c) ThT
fluorescence of the samples shown in (a). (d) Densitometry analysis of the amount of soluble protein detected by SDS-
PAGE. (e) TEM image of aggregated protein present at the endpoint of the aggregation assay. (f) In-gel visualization of YFP
fluorescence of aggregated AS-YFP and BS-YFP (day 6) separated on a native agarose gel (1%). (g) Confocal fluorescence
image of an AS-YFP deposit (60× oil objective, 10× digital zoom). In all the plots, AS-YFP is represented as filled circles and
BS-YFP is represented as open triangles.
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fluorescence is retained in the soluble fractions at the
endpoint of the assay. In line with the absence of
aggregated material, no ThT binding was detected
in the BS-YFP sample (Fig. 4c). Furthermore, SDS-
PAGE analysis of the soluble fraction demonstrated
that the concentration of BS-YFP protein remained
essentially constant during the assay, in contrast to
experiments with AS-YFP in which soluble protein
concentration decreased by some 75% at the end of
the assay (Fig. 4d).
Consistent with these findings, no fibrils could be

found by TEM in solutions in which a BS-YFP
sample was incubated for 6 days, whereas fibrils
were the predominant species observable in the AS-
YFP sample (Fig. 4e). Native gel electrophoresis
showed that AS-YFP samples remained in the
loading well of the gel whereas BS-YFP migrated
through the gel and could be resolved, indicating
the presence of aggregated fluorescent material
solely in the AS-YFP sample (Fig. 4f). Finally, we
explored the feasibility of imaging AS-YFP aggre-
gates in a confocal fluorescence microscope. Depos-
its of AS-YFP were easily identified on a microscope
slide given their brightness, and it was even possible
to observe some structural features of the aggre-
gates, despite the low resolution of the confocal
microscope when compared with TEM (Fig. 4g).
Taken together, these data indicate that amyloid
deposits of AS-YFP remain fluorescent and can be
imaged and that fibril formation results from the
amyloidogenic character of the AS protein rather
than from interactions mediated by YFP.

Characterization of the fluorescent properties of
fibrillar deposits of AS-YFP

We next focused our studies of AS-YFP by
assessing its spectral properties during amyloid
formation. Both AS-YFP and BS-YFP exhibit fluo-
rescence excitation and emission spectra that are
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indistinguishable from those of the isolated YFP
(Supplementary Fig. 2a). In general, fluorescence of
this particular YFP variant (Venus) is less sensitive
to the environment than is the fluorescence of the
rest of the fluorescent proteins, but it is still possible
that properties such as the spectrum and the
fluorescence intensity could be altered upon protein
aggregation.36 Indeed, some variations in the
fluorescence properties of AS-YFP were observed
during the aggregation time course, in a manner that
was dependent on the fraction of protein aggregated
(Fig. 5). Analysis of the fluorescence emission
spectra of the samples during different time points
of the aggregation assay shows that approximately
50% of the AS-YFP fluorescence is quenched upon
amyloid formation (Fig. 5a). As expected, the
fluorescence of the soluble fraction was also re-
duced, consistent with the decrease of monomeric
AS-YFP protein in the supernatant (Fig. 5b and c).
Comparison of the spectra of the soluble and

aggregated forms of the protein revealed a spectral
red shift of 2 nm upon AS-YFP aggregation (Fig. 5c
and d). This small shift is indicative of the occurrence
of inner filter effects (i.e., reabsorption of emitted
Fig. 5. Characterization of the
spectral properties of fibrillar
deposits of AS-YFP. AS-YFP was
allowed to aggregate and the fluo-
rescence properties of the YFP mol-
ecule were measured. (a and b)
Fluorescence spectra of total frac-
tion (a, total) or soluble fraction
(b, supernatant) of AS-YFP at
different time points during aggre-
gation: day 0 (black), day 2 (red),
day 4 (green), and day 6 (blue). (c)
Fluorescence spectra of soluble ver-
sus aggregated AS-YFP: total sam-
ple day 0 (black), total sample day 6
(red), soluble fraction day 6 (green),
aggregated fraction day 6 (blue). (d)
Normalized data shown in (c),
highlighting a 2-nm spectral shift
between the soluble and aggregated
AS-YFP (inset). (e) Relative fluores-
cence intensity per unit of mass
(brightness) of soluble and aggre-
gated AS-YFP at the endpoint of the
time course (day 6) with respect to
the initial sample (day 0): the rela-
tive brightness is calculated as the
ratio of fluorescence intensity (red)
over the mass of protein aggregated
(black). The data for BS-YFP spectral
characteristics at the endpoint of the
assay are shown for comparison. (f)
Time-dependent determination of
fluorescence anisotropy in the ag-
gregated samples of AS-YFP (black)
and BS-YFP (blue). (g) HomoFRET
is the cause for loss of anisotropy
upon aggregation in AS-YFP. Time
dependence of the fluorescence an-
isotropy corresponding to aggregat-
ing pure AS-YFP (100%, black) and
samples containing a fraction of AS
(50%, green, and 90%, yellow). In
red, change in fluorescence anisot-
ropy for the soluble fraction of AS-
YFP (100%) at each time point of the
assay. (h) Comparison of the fluo-
rescence anisotropy of the soluble
(plain bar) and aggregated (hatched
bar) fractions corresponding to sam-
ples in (g) at the end of the aggre-
gation assay.
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light) due to the high local concentration of
fluorophores in the aggregate.47,48 A time-depen-
dent reduction in brightness, that is, the relative
change in fluorescence intensity per unitmass, of AS-
YFP also accompanied amyloid formation, resulting
in a decrease of ∼60% relative to that of monomeric
AS-YFP at the end of the assay (Fig. 5e and
Supplementary Fig. 2b). In addition to the above-
mentioned inner filter effect, we note that absorption
flattening (i.e., reduced absorption of photons by the
chromophores due to shielding effects at high
concentrations) is likely to be another major optical
effect limiting the excitation of the YFP fluorophore
in the aggregated sample.49 Reduced fluorescence
intensity could also result from the misfolding of a
partial population of YFPmolecules in the fibril state,
as reported for some green fluorescent protein (GFP)
chimeras of amyloidogenic peptides,35 giving rise to
a decrease in the extinction coefficient and quantum
yield of the fluorophore. Absorption spectroscopy
showed, however, that aggregated AS-YFP main-
tains the ratio of both chromophore/aromatics
absorbance and YFP fluorescence/absorbance com-
pared to monomeric AS-YFP, suggesting that mis-
folding of YFP is not amajor cause for the decrease in
brightness in this case (Supplementary Fig. 2c–f). As
a control, we followed the variation in fluorescence
intensity for BS-YFP during the aggregation assay
and found that 90% of the brightness was retained
and no spectral shift was evident (Supplementary
Fig. 2c–f). This result is in line with BS-YFP
remaining essentially soluble and monomeric
throughout the time course of aggregation.
Another fluorescence-based phenomenon that

could occur upon self-association of AS-YFP is
energy transfer between the identical YFP mole-
cules, termed energy migration Förster resonance
energy transfer (emFRET) or homoFRET. Energy
migration between the same type of molecule
typically occurs for fluorophores that display small
Stokes shift (i.e., which have a high overlap between
their excitation and emission spectra) and is readily
observed as a decrease in steady-state anisotropy of
the fluorophore.48,50 Indeed, homoFRET between
fluorescent proteins has been used previously to
study protein oligomerization in vitro and in the
cellular environment.51 When we measured the
steady-state fluorescence anisotropy of AS-YFP
and BS-YFP along the aggregation time course, we
observed a strong decrease in anisotropy for the AS-
YFP sample concomitant with the formation of
amyloid fibrils, a result indicative of the occurrence
of energy migration between identical molecules
(Fig. 5f). Anisotropy in a solution containing only
monomeric AS-YFP (day 0) was∼0.31, similar to the
value of untagged YFP (0.30) and BS-YFP (0.32). This
parameter then decreased to 0.16 at the endpoint of
the assay for the AS-YFP sample, while it remained
constant for BS-YFP.
If the observed loss of anisotropy is a consequence

of homoFRET, it should be sensitive to the extent of
labeling with the fluorophore, as energy migration
depends on the distance between the acceptor and
donor fluorophores.50 In order to demonstrate that
homoFRET is the dominant phenomenon causing
depolarization, we performed aggregation experi-
ments in samples containing different ratios of AS-
YFP and AS. At the endpoint of the aggregation
assay in a sample containing 10% AS-YFP and 90%
AS, the loss of anisotropy was reduced to an
endpoint value of 0.22, indicating that homoFRET
is indeed the prevalent mechanism for depolariza-
tion (Fig. 5g). Interestingly, a 50% AS-YFP sample
showed a similar time-dependent decrease in
anisotropy as the 100% AS-YFP sample, revealing
an extremely high efficiency of energy migration
that must arise from the close proximity of the YFP
molecules in the aggregates (Fig. 5g). The conclusion
that the insoluble amyloid fraction is responsible for
the lower anisotropy registered in the sample is
further verified by measuring the anisotropy of the
isolated soluble and insoluble fractions at the end-
point of the aggregation time course (Fig. 5f–h). The
anisotropy of the insoluble fraction (in buffer
suspension) for a 100% AS-YFP sample reached
0.08, while it increased slightly for the samples con-
taining AS, as a function of the decrease in fluoro-
phore concentration (0.09 for 50% AS-YFP and 0.16
for 10% AS-YFP). Taken together, these fluorescence
anisotropy studies strongly indicate the occurrence
of homoFRET between neighboring YFP molecules
in the aggregated state of AS-YFP.

FAIM of AS-YFP probes amyloid formation

The final step in our studies was aimed to explore
the feasibility of anisotropy-based identification of
amyloid deposits in a microscope, exploiting the
phenomena of homoFRET. FAIM of soluble mono-
meric AS-YFP showed the expected value of 0.31,
while aggregated AS-YFP evidenced a significant
decrease in anisotropy, down to 0.10, due to the strong
occurrence of homoFRET in the amyloid state (Fig.
6a–c). Pixel-based analysis of the images allowed us
to investigate the anisotropy of the aggregates with
high spatial resolution, a parameter that turned out to
be very homogeneous throughout all the deposits
examined (Fig. 6b). Notably, we found a very close
correlation between the value of the anisotropy
obtained by using a spectrofluorometer (Fig. 5h) and
that determined in the studies using FAIM, strongly
supporting the validity of the observations.
The usefulness of the fluorescent protein deriva-

tive of AS in FAIM is revealed by comparison to a
derivative taggedwith the small organic fluorophore
Alexa-488 (AS-A488). Because of its short rotational
correlation time, this fluorophore has a very low
anisotropy in solution (rb0.02) (Fig. 6d). Upon
aggregation, the anisotropy of AS-A488 increased
to 0.09. Although significant, the contrast between
the soluble and aggregated form of AS-A488 is
limited in comparison to that observed for AS-YFP.
Indeed, the increase in anisotropy resulting from the
increase in rotational correlation time associated
with aggregation is counteracted by the efficient
homoFRET between closely spaced Alexa-488



Fig. 6. Fluorescence anisotropy
imaging detects amyloid formation
by AS-YFP. (a) Intensity (top) and
anisotropy images (bottom) of solu-
ble YFP (left), soluble AS-YFP (mid-
dle), and aggregatedAS-YFP (right).
A reduction of anisotropy is evident
following aggregation as shown
also by the anisotropy histograms
(b) and statistical analysis (c). (d)–(f)
show the same measurements, but
with AS-Alexa 488. Note that the
broad distribution of anisotropy (e)
for the 1% AS-488 sample is caused
by the lower concentration of fluor-
ophores, which result in lower
signal-to-noise ratios, rather than
representing an effect of biological
significance. The scale bar repre-
sents 5 μm.
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molecules. Utilization of a sample containing only
1% of labeled protein impaired energy transfer and
did allow a much better assessment of differences
between soluble and aggregated AS-A488 (anisotro-
py ∼0.19) employing fluorescence anisotropy imag-
ing (Fig. 6e and f). This approach, however, requires
a much higher laser power, increases the noise in the
images, and is not readily applicable in vivo,
highlighting the usefulness of the AS-YFP chimera.
FAIM was also employed to assess pre-fibrillar

aggregates occurring during the process of AS-YFP
amyloid formation, suggested to contain aggregation
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species toxic to neurons.17,52 AS-YFP aggregated in
vitro, at a relatively lowprotein concentration (50μM),
showed an extended lag phase (6 days) allowing for
visualization of aggregation intermediates by FAIM
and TEM on a daily basis (Fig. 7). As observed by
TEM, almost no aggregatedmaterialwas foundatday
2 of the assay, whereas pre-fibrillar aggregates were
Fig. 7. The aggregation pathway of AS-YFP as visualized b
TEM images corresponding to the aggregation intermediates
bars represent 200 nm. (b) Pixel intensity ratio for aggregated/
from the confocal fluorescence anisotropy images. Note how
particularly high as a consequence of both fluorophore dens
fluorescence anisotropy image corresponding to AS-YFP pre-f
(day 8). The scale bar represents 5 μm. (d) Anisotropy histog
various time points during the fibrillation of AS-YFP. Anisotr
from the analysis of different regions of interest in the same
amyloid (right) and the initial soluble species (left) are shown a
aggregated AS-YFP determined from the global analysis o
individual images. Error bars correspond to the standard dev
observed from day 4. The highest amount of pre-
fibrillar aggregateswas observed at day 6, afterwhich
predominantly amyloid fibrils were observed (day 8)
(Fig. 7a). Pre-fibrillar aggregation intermediates ofAS-
YFP (days 4–6) displayed much lower fluorescence
thanmature amyloid deposits (day 8) but higher than
the monomeric protein in solution, a sign of the
y fluorescence anisotropy microscopy. (a) Representative
populated during AS-YFP amyloid fibril formation. Scale
soluble species along the aggregation pathway determined
the pixel intensity ratio in amyloid deposits (day 8) is

ity and reduced soluble protein remaining. (c) Confocal
ibrillar aggregates (day 6) and deposits of amyloid fibrils
rams of soluble (left) and aggregated (right) fractions at
opy for soluble and aggregated fractions was determined
image. In gray, anisotropy histograms corresponding to
s references. (e) Plot of average anisotropy for soluble and
f the images. Circles represent average of averages for
iation of the average.
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high density of fluorophores present in the aggre-
gated state (Fig. 7b). Notably, FAIM showed that
fluorescence anisotropy of such pre-fibrillar aggre-
gates remained considerably high (∼0.27) in con-
trast to amyloid deposits of AS-YFP, which displayed
strongly decreased anisotropies of about 0.10 (Fig. 7c).
Therefore, because soluble and aggregated protein

can be distinguished based on fluorescence intensity,
the anisotropy for different species could bemeasured
within the same FAIM image (Fig. 7d and e). A
decrease in anisotropy for soluble AS-YFP species
compared to the monomeric protein was observed,
particularly at day 4, indicative of efficient transfer of
energy between AS-YFP molecules, probably due to
the presence of fast exchanging diffusive small
oligomeric species.53 Pre-fibrillar insoluble species
(days 4 to 6) showed, surprisingly, higher anisotropy
than soluble oligomeric AS-YFP, indicative of a less
efficient transfer of energy. The apparent reduced
occurrence of homoFRET within pre-fibrillar aggre-
gates compared to soluble oligomers is not related to a
low degree of compactness in the former but likely
reflects the YFP adopting certain preferential orienta-
tions in the aggregates that precludes efficient transfer
of energy (see Discussion). In amyloid fibrils, con-
versely, the efficiency of energy transfer is maximal,
suggestive of a very densely packed and ordered
state. These data demonstrate the applicability of
FAIM to distinguish between aggregation intermedi-
ates and mature amyloid fibrils in vitro and the
remarkable potential of the technique to investigate
amyloid formation in vivo.
Discussion

During the past decade, a large number of studies
have addressed the amyloid-forming capabilities of
AS and the toxicity of intermediates in the aggrega-
tion pathway.17,54 The mechanisms by which AS
aggregation, in a cellular context, causes degenera-
tion of dopaminergic neurons are, however, not well
understood. One of the reasons that studies of AS
aggregation in vivo are very challenging is that it is
difficult to characterize the heterogeneous aggregat-
ed AS species in tissue, a task for which multi-
parametric fluorescent imaging is ideally suited.55,56

Several studies have already employed fluorescent
protein fusions to probe AS misfolding, aggregation,
and toxicity in a wide range of model organisms and
cells in culture. In yeast cells, AS-GFP localizes first in
the plasmamembrane, after which it accumulates into
small fluorescent cytoplasmic inclusions that consist
of vesicular clusters.18,38 The expression of AS-GFP
causes a defect in membrane trafficking as a first sign
of toxicity in yeast cells,31 and non-fibrillar lipid-rich
AS-GFP deposits are observed in such models. In
another study, AS-GFP was expressed in a neuronal
cell line and in mouse brains, and in this case, discrete
granular fluorescent aggregates were found both in
cells and in tissue.29 Indeed, in the brain, electron-
dense bodies and vacuolar structures indicative of
neurodegeneration were also observed. In C. elegans,
we and others recently reported that AS-YFP inclu-
sions accumulateduring aging;27,28 in old age animals,
the deposition of AS-YFP into immobile aggregates
was revealed by a lack of recovery of YFP fluorescence
following laser-induced photobleaching.27 In such
studies of AS amyloid formation, however, the
relative small size and unfolded nature of AS could
question the reliability of fluorescent protein tagging.
For this reason, we considered that a detailed
biophysical characterization of the fused protein was
required for the validation of the findings drawn from
these models of disease and for the development of
fluorescence microscopy-based assays employing
fluorescent-protein-tagged AS.
Our detailed biophysical study of the AS-YFP

fusion protein demonstrates that this protein is a
very robust model of AS amyloid formation for the
following reasons: (1) AS-YFP forms amyloid-like
fibrils comparable to those formed by the native AS
protein; (2) AS-YFP deposits show ThT and CR
binding characteristic of amyloid formation; (3) the
kinetics of amyloid formation are similar for AS and
AS-YFP in the presence and absence of lipidmimetics;
(4) the YFP moiety attached to the C-terminus of AS
does not perturb significantly the structure of the
protein; and (5) the aggregation of AS-YFP is solely
triggered by the amyloidogenicity of AS. The similar-
ity in the behavior of the C-terminally tagged YFP
fusion can be explained, at least in part, by the fact that
the C-terminus of AS, rich in proline residues, is not
incorporated into the amyloid structure and remains
disordered and in solution.57–59 Our studies establish
in addition that the BS-YFP chimera should constitute
a valuable negative control for amyloid-related in vivo
studies, since it does not form fibrillar aggregates in
vitro under the conditions assayed.
From amethodological point of view, the results of

this study highlight the fact that the fluorescence
properties of the YFP moiety can be exploited as a
valuable probe through which to assess the aggre-
gation state of AS, not only in isolation but also in
imaging studies using multiparametric fluorescence
microscopy. Upon amyloid formation, the fluores-
cence emission maximum of AS-YFP displays a
slight red shift, probably reflecting the occurrence of
inner filter effects as the protein coalesces into
aggregates and increases its local concentration.47,48

This conversion is also accompanied by a strong
reduction in the brightness of the YFP moiety,
causing a reduction in the apparent fluorescence
intensity per YFPmolecule in the aggregates of about
60%. Such spectral changes have been shown not to
be indicative of a fraction of YFP in a misfolded non-
fluorescent state, as has been suggested for amyloid
deposits of the Alzheimer's Aβ peptide–GFP
fusion60 and other amyloidogenic peptides.35 We
cannot completely rule out, however, the presence of
a small fraction of YFP in a dark state with similar
absorption characteristics as soluble AS-YFP, but not
fluorescent. Instead, the loss of fluorescence intensity
in amyloid deposits of AS-YFP reports on the
phenomena of absorption flattening and inner filter
effects due to the high local density of fluorophores,
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by which YFP molecules could “shadow” or
reabsorb photons from neighboring molecules ren-
dering the aggregate less fluorescent.49

The most sensitive YFP fluorescence parameter
that reports on AS-YFP aggregation, however,
appears to be fluorescence polarization anisotropy
that results from homoFRET, a phenomenon of
energy migration between fluorophores of the same
chemical nature. Upon amyloid formation, AS-YFP
shows strong homoFRET, measured as a decrease in
steady-state fluorescence anisotropy, indicative of a
very close proximity of the YFP molecules in the
aggregated state. Such perturbations of the fluores-
cent properties of the YFP moiety are not observed
for BS-YFP, indicating that these parameters are
valuable probes of amyloid formation. We observed
that ThT fluorescence is detected prior to changes in
fluorescence anisotropy, probably because in the
latter, the relative weight of the signal arising from
the fibrils (rb0.1) is masked by the signal from the
monomeric fraction (rN0.3). Anisotropy is very
sensitive to the size and hydrodynamic properties
of the fluorophore, in such a way that a rise in
anisotropy occurs with an increase in size. In the
system under study, two opposing effects contribute
to the measured anisotropy: homoFRET, which
reduces the anisotropy, and an increase in size due
to oligomerization, which increases it. Time-re-
solved anisotropy measurements, in which rotation-
al correlation times of individual species can be
determined, would therefore allow the tracking of
the oligomerization state of AS-YFP at early stages
of aggregation, as previously shown for other
amyloid species, including pyrene-labeled AS.61,62

The short fluorescent lifetime of the YFP fluores-
cence (τ∼3 ns) is, however, not likely to provide a
window of time resolution long enough to probe
large oligomeric species, due to the fact that their
rotational correlation times would be much larger
than the lifetime of the fluorophore.
Interestingly, a property such as homoFRET can

be easily exploited in FAIM, providing extra
resolution for the investigation of molecular interac-
tions by means of microscope-based anisotropy
measurements.63 In fact, the occurrence of homo-
FRET has been used previously to assess the
oligomerization state of several proteins in living
cells, indicating that such fluorescence anisotropy
measurements should enable amyloid formation to
be probed in vivo.64,65 Indeed, simply using a
polarization beam splitter cube at the output port
of a standard confocal microscope permits the
simultaneous resolution of the parallel and perpen-
dicular components of the fluorescence emission,
thereby allowing us to identify AS-YFP fibrillar
deposits due to their very low anisotropy in
comparison to the soluble protein.
Additionally, we gained insight into the structural

mechanism of AS amyloid assembly from FAIM-
based analysis of the aggregation pathway of AS-
YFP. Soluble intermediates present during the early
stages of the lag phase of aggregation display values
of anisotropy lower than monomeric AS-YFP,
indicative of transfer of energy between AS-YFP
molecules due to protein oligomerization. Notably,
pre-fibrillar intermediates of aggregation show a
much higher anisotropy than soluble oligomeric
species. A possible explanation for this has its
origins in the FRET formalism. Successful energy
transfer between two fluorophores depends not
only on proximity and spectral overlap but also on
the orientation between the transition dipole
moments of the FRET pair (termed κ2).48,66 Because
of its dynamic nature, soluble oligomeric species of
AS-YFP would allow the fluorophore to adopt
various orientations, increasing the probability of
energy transfer and, for this reason, decreasing
anisotropy. Conversely, the relatively high anisot-
ropy evidenced in pre-fibrillar aggregates would
then arise from the YFP moiety positioned in a
restricted subset of orientations, not highly efficient
for energy transfer. In amyloid fibrils, the orienta-
tion between the fluorophores would continue to be
less productive for energy transfer; however, the
high fluorophore density of the amyloid state
dramatically increases the probability of energy
migration, thereby decreasing anisotropy.
From a mechanistic point of view, the low homo-

FRET in pre-fibrillar aggregates reflects the less
compact and disordered architecture of this species
in comparison to amyloid fibrils, supported by other
biophysical evidence published elsewhere.17,52 More-
over, the width and irregular shape of the anisotropy
histograms corresponding to early pre-fibrillar aggre-
gates are a consequence of the heterogeneousmixture
of morphologies previously evidenced for such
species.17,54 Interestingly, our FAIM data on AS-YFP
suggest that the maturation from pre-fibrillar aggre-
gates to amyloid fibrils in AS occurs post-insolubili-
zation. The results obtained in these in vitro
experiments pave the way to further use of FAIM to
investigate amyloid formation in vivo, exploiting the
occurrence of homoFRET.
It is important to note that the use of homoFRET

for probing amyloid deposition largely depends on
the choice of a fluorophore with intrinsically high
anisotropy, such as fluorescent proteins. Hence,
tagging amyloidogenic proteins with small organic
dyes (rb0.02) would not allow straightforward
homoFRET-based differentiation of soluble and
amyloid fractions. We have demonstrated here,
however, that anisotropy measurements could still
be used in such cases to follow the increase in size of
the protein assembly involved and the enhanced
rigidity of the dye, provided that homoFRET is
avoided by reducing the fraction of labeled mole-
cules (in our case about to 1%), as recently shown in
a high-throughput study.67

In conclusion, our results strongly support the use
of the AS-YFP protein as a robust and reliable model
for AS amyloid aggregation. Moreover, this work
demonstrates how the use of fluorescent-protein-
based quantitative fluorescence microscopy, and in
particular anisotropy-based imaging, is a valuable
approach for noninvasive identification and moni-
toring of the amyloid aggregation of proteins.
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Materials and Methods

Expression and purification of proteins

Recombinant expression of AS in the pT7.7 vector and
purification to homogeneity followed previously reported
protocols.68 The cDNAs of AS-YFP and BS-YFP gene
constructs were amplified from the C. elegans expression
plasmids pENG001 and pENG002, derived from the
pPD30.38 vector, employing PCR with specific primers,
and cloned in frame into the vector PET41C (Novagen)
employing NdeI-HindIII restriction sites. This vector adds
an octarepeat of His residues at the C-terminus of the
exogenous gene under the control of the T7 promoter. YFP-
containing proteins were expressed in Escherichia coli (BL21)
and purified by nickel affinity chromatography as follows.
The cell pellet was resuspended in buffer A (50 mM Tris–
HCl, pH 8.0, and 20 mM imidazole), and the bacterial cells
were lysed by sonication on ice (12×15 s pulses, 45 s
recovery). Cell debris was spun down by centrifugation
(30 m, 22,000g), and Ni-NTA resin (equilibrated in lysis
buffer) was added to the supernatant and incubated at 4 °C
to allowbinding. The protein-bound resinwaswashed three
times with buffer B (50 mM Tris–HCl, pH 8, and 50 mM
imidazole) for 15 min at 4 °C, followed by centrifugation.
The protein was eluted with 500 mM imidazole (in 50 mM
Tris–HCl, pH 8). The eluted protein was concentrated using
Vivaspin centrifugal devices (10 kDa, Millipore) and then
dialyzed against 10 mM Tris–HCl, pH 8. The protein was
loaded onto a Superdex S200 column, equilibrated with
25 mM Tris–HCl, pH 7.4, and 100 mM NaCl, allowing
isolation of a 95% pure monomeric protein, as judged by
SDS-PAGE. The aliquots containing the protein of interest
were pooled and concentrated with a Vivaspin centrifugal
device. Protein concentration was determined by the
absorbance of the protein at 514 nm using an extinction
coefficient of 84,000 M−1 cm−1. For preparation of 15N-
labeled protein, the same protocolwas followed, except that
LB medium was replaced by M9 minimal medium
supplemented with 15NH4Cl (Cambridge Isotope Labora-
tories). Alexa-488-labeled AS was a kind gift from Dr. N.
Cremades, University of Cambridge. Preparation of Alexa-
488 AS was achieved by followed standard protocols of
cysteine chemistry and instructions from the manufacturer
conjugating Alexa Fluor 488 C5 maleimide (Invitrogen) to a
Cys-containing mutant of AS (Ala90Cys) following previ-
ously reported protocols.13

Amyloid formation assays

Aggregation assays for AS, AS-YFP, and BS-YFP were
performed in Eppendorf tubes at 37 °C with gentle
agitation (220 rpm) in total volumes of 500 μl (100 μM
protein, 25 mM Tris–HCl, pH 7.4, 100 mM NaCl, and
0.01% NaN3). Fifty-microliter aliquots were taken every
24 h for 6 days and subjected to the required procedures.
Aggregated protein was separated from soluble protein
by centrifugation for 10 min at 13,000g. Aggregation
assays with mixtures of AS and AS-YFP (1:1, 9:1) were
performed under the same conditions. Aggregation assays
for studies employing FAIMwere performed as above but
with 50 μM protein concentration. For the SDS-containing
aggregation assays, 200-μl aliquots of protein solution
(20 μM protein, 25 mM Tris–HCl, pH 7.4, 100 mM NaCl,
20 μMThT, 250 μMSDS, and 0.01%NaN3) were incubated
in a 96-well plate, at 37 °C, under constant shaking
(300 rpm) in a fluorescence plate reader (Fluostar Optima,
BMG). Samples were assayed in triplicate. Images of the
aggregated proteins in the Eppendorf tubes were obtained
by UV-mediated excitation using a transilluminator.

Fluorescence spectroscopy

All the fluorescence determinations were performed on
a Cary-Eclipse Spectrofluorimeter (Varian). Samples for
the ThT binding studies were prepared by adding 10 μl of
sample into 1 ml of ThT solution (20 μM in phosphate-
buffered saline). Samples were measured in quartz
cuvettes with an excitation wavelength of 446 nm, and
emission spectra were collected from 460 to 600 nm. The
fluorescence of YFP in the total, soluble, and aggregated
samples was measured in diluted samples to minimize
absorption (1/10 dilution, 10 μM maximum protein
concentration). Excitation was set to 515 nm, and emission
spectra were collected from 520 to 650 nm. Fluorescence
anisotropy was measured on the same samples as above
but with the inclusion of manual polarizers, set both on
the excitation and emission light pathways. The G factor
for the instrument at the excitation and emission
wavelengths was determined before each round of
measurements. Excitation was set to 515 nm, and the
parallel and perpendicular emissions were collected at
530 nm, for 5 s, and three measurements were averaged.

Absorbance spectroscopy

Determinations of the absorbance spectra of AS-YFP
and BS-YFP samples were performed on a Cary 400
spectrophotometer (Varian). Absorption spectra of aggre-
gated samples were corrected for scattering according to
Mach and Middaugh.69

CR staining

Aggregated AS-YFP (100 μM) was spun down by
centrifugation, and the pellet was resuspended in a similar
volume of ethanol (100%). Samples for the CR binding
studies were prepared by pipetting 10 μl of aggregatedAS-
YFP sample (in ethanol) on a glass slide. After drying for
2 min, the slide was fixed in acetone for 15 min. Staining
was performed according to Puchtler and Sweat.70 Slides
were imaged on an Olympus BX50 microscope to assess
CR binding birefringence in polarized light.

SDS-PAGE

Samples from the aggregation assays were centrifuged
(10 min, 13,000g) to determine the loss of soluble protein,
and the supernatant fraction (1/5 dilution) was resolved
on SDS-PAGE under reducing conditions, using NuPAGE
gels (4–12% gel, Invitrogen). The gels were stained with
Coomassie blue and scanned, and the density of the bands
was determined with the software ImageJ (National
Institutes of Health).

NMR spectroscopy

1H–15N HSQC experiments were performed on 15N-
labeled AS and AS-YFP at various temperatures on a 500-
MHz TCI Bruker spectrometer equipped with a triple-
resonance cryo-probe. Solvent suppression followed the
water flip back scheme of pulses. Sample conditions were
35- to 50-μM samples in 25 mM Tris–HCl, pH 7.4, 100 mM
NaCl, and 10% D2O. Spectra were acquired using Bruker
TopSpin 1.3 and analyzed using Sparky (T. D. Goddard
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and D. G. Kneller, SPARKY 3, University of California,
San Francisco, CA).

Transmission electron microscopy

For TEM analysis of in vitro aggregated samples, a 1:10
dilution of the sample in water was made, which was then
applied to Formvar/carbon-coated 400-mesh copper grids
(Agar Scientific). Samples were stained with 2% (w/v)
uranyl acetate. Images were obtained at various magnifica-
tions using a Phillips CEM100 transmission electron
microscope. Analysis of fibril width and length was
performed employing ImageJ (National Institutes ofHealth).

Fluorescence anisotropy imaging

Fluorescence polarization anisotropy images were
acquired with a customized Olympus FV300 confocal
microscope. YFPwas excited at 503 nm andAlexa-488 was
excited at 495 nm, selecting the respective wavelengths
with an acousto-optic tunable filter placed in front of a
supercontinuum source (SC450 by Fianium). After the
acousto-optic tunable filter, the excitation light is linearly
polarized and the plane of polarization was rotated with
an achromatic half-wave plate in order to maximize the
contrast between the two acquisition channels by imaging
a mirror. The system operates with an 80/20 beam splitter
in place of a dichroic mirror to allow flexible tuning of the
light source.71 The emitted light was collected by a 60× oil
objective, filtered by a 515-nm long-pass filter and focused
onto a 300-μm pinhole. The light was then reflected
outside the scan head by a mirror, split into the two
polarization components with a polarizer beam splitter,
and acquired by two fiber-coupled photomultiplier tubes.
Anisotropy measurements were calibrated by the estima-
tion of the relative transmission (G) of parallel and
perpendicular components, using solutions of known
anisotropy: 1 μM YFP solution with r=0.30 or soluble
1 μM Alexa-488 AS with r=0.00. Anisotropy was
computed according to the following equation:48

r =
I== − GI8
I== + 2GI8

ð1Þ

Image processing and data analysis were carried out
with in-house-developed Matlab (Mathworks) toolbox
ImFluo†. Briefly, homogeneous images of fluorescent
solutions were processed as acquired by applying Eq.
(1); images of aggregates were thresholded in order to
discriminate the background (soluble species); the average
background intensity was estimated by the average values
computed over manually selected region of interest, and
these values were subtracted from the intensity acquired
on the two channels. Typically, between 5 and 10 images
were collected for each sample and time point. Data are
presented as mean±standard deviation, and two-tailed
unpaired t tests were performed to confirm the statistical
significance of their difference.
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