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Abstract

Accumulation of chemically altered proteins is a noted characteristic of biological aging, and increasing
evidence suggests a variety of deleterious cellular developments associated with senescence. Concom-
itantly, the “‘aging” of protein deposits associated with numerous neurological disorders may involve
covalent modifications of their constituents. However, the link between disease-related protein
aggregation and chemical alterations of its molecular constituents has yet to be established. The
present study of amyloidogenic a-synuclein protein points to a decisive change in the biophysical
behavior of growing protein aggregates with progressive photo-activity in the visible range of the
electromagnetic spectrum. I hypothesize that the photo-activity induced by filament formation is
governed by the same mechanism as seen for the intrinsic chromophore of 4-(p-hydroxybenzylidene)-5-
imidazolinone-type in the family of green fluorescent proteins. This type of the covalent alterations is
initiated concurrently with amyloid elongation and involves a complex multi-step process of chain
cyclization, amino acid dehydration, and aerial oxidation. Given that different stages in filament
formation yield distinct optical characteristics, the photo-activity induced by amyloidogenesis may have
application in molecular biology by enabling in vivo visualization of protein aggregation and its impact
on cellular function.
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Biological aging is a fundamental process that results in
a progressive decline in cellular function over time and
constitutes the major risk factor with respect to the
development of cancer, neurodegenerative, cardiovascu-
lar, and other human diseases. A certain dichotomy cur-
rently exists with respect to contemporary views of
biological aging, and it remains uncertain whether aging
is a developmental process that is ultimately controlled by
a genetic program involving a limited number of genes or
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rather represents an accumulation of stochastic events
that damage the soma and thereby cause a physiological
decline of the organism. The latter perspective accentu-
ates the role of chemical alteration of proteins in func-
tional determinism recognized by biology.

A large variety of cellular malfunctions might trigger
detrimental modifications of proteins in vivo and cause a
decline of physiological activities and the proliferation of
“negative”” functions. For instance, impairment of mito-
chondrial oxidative metabolism and an imbalance in the
production of cellular peroxidases result in elevated
levels of reactive oxygen species (ROS) that may exceed
the antioxidant capacity of the cell, thereby contributing
to the etiology of age-related abnormalities. In fact, under
normal cellular conditions, only a small fraction of the
total consumed oxygen is expected to be reduced to
ROS to form hydroperoxide with subsequent degradation
to water (Stadtman 1992; Berlett and Stadtman 1997;
Squier and Bigelow 2000; Stadtman and Levine 2000;
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Shringarpure and Davies 2002). Yet, hydroperoxide gen-
erates the highly reactive hydroxyls that nonspecifically
react with a wide range of amino acids yielding aldehydes
and ketones (Levine et al. 1994; Squier and Bigelow
2000; Stadtman and Levine 2000; Shringarpure and
Davies 2002). Reactive species generated following lipid
peroxidation can also react with proteins to yield carbon-
yls (Levine et al. 1994). Altogether, evaluation of the age-
related increase in carbonyl content of proteins isolated
from a broad range of tissues reveals that almost 50% of
the total protein might be oxidized in aged humans
(Stadtman 1992). Further, oxidative stress provokes the
nitration of intracellular proteins through the formation of
peroxynitrite from nitric oxide and hydroxyl ions (Squier
and Bigelow 2000; Aulak et al. 2004; Koeck et al. 2004).
To this end, tyrosine nitrosylation is known to interfere
with intracellular signaling pathways by preventing the
phosphorylation of tyrosines (Hanafy et al. 2001),
whereas within structural proteins (e.g., actin and neuro-
filaments) nitrotyrosines affect protein polymerization
and disrupt cytoskeletal elements (Crow et al. 1997;
Eiserich et al. 1999). Chemical damage such as deamidation
of N and Q residues is common in proteins, and the age-
related deamidation of N residues to a mixture of iso-
aspartate and aspartate weakens protein stability and affects
enzymatic activity (Gafni 1997). Cyclic imides formed by D
and E side chains lead to isomerization, enantiomerization,
and peptide bond cleavage (Means and Feeney 1971; Gafni
1997). Deamidated material has been detected in insulin
amyloids (Nilsson and Dobson 2003), and minor deami-
dation (<5%) of amylin-derived peptides was sufficient to
initiate protein aggregation (Nilsson et al. 2002).
Altogether, the detrimental modifications of protein
molecules in vivo suggest an imbalance of ROS produc-
tion, impairment of the antioxidant defense system, and
malfunction of the cellular mechanism of protein turn-
over. This progressive metabolic failure might initiate
various folding disorders and encourage disease-specific
protein—protein interactions. Note that protein aggregates
in the form of fibrous deposits constitute the primary
pathological hallmarks of various neurodegenerative dis-
eases (e.g., Alzheimer’s, Parkinson’s, prion diseases,
multiple system atrophy, etc.) that usually emerge in late
adulthood. Whether the chemical stabilization of growing
protein aggregates (e.g., proto-fibers) is likely to require
for accretion of insoluble aggregates (e.g., fibers) that, in
turn, causes cell degeneration remains to be investigated.
Over the last decade, several model systems have
emerged for studies of neurological disorders associated
with excessive protein filament formation in the brain.
One example is a-synuclein (aS) that belongs to a gene
family of the closely related «-, B-, and vy-synucleins
(Lavedan 1998). In the brain, only a- and B-synucleins
are expressed, and they are enriched at presynaptic
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terminals in songbirds, rats, and humans. The biological
function of synucleins in mammals remains unknown.
Mounting evidence indicates, however, that oS is the
actual building block of the fibrillary component of
Lewy bodies and neuritis that are found in the brains
of Parkinson’s disease (PD) patients (Spillantini and
Goedert 2000). Furthermore, this protein was found in a
distinct type of pathological structures in related disor-
ders such as multiple system atrophy (Galvin et al. 1999;
Spillantini and Goedert 2000), Hallervorden-Spatz syn-
drome (Arawaka et al. 1998), and sporadic and familial
forms of Alzheimer’s disease (Nussbaum and Ellis 2003;
Bennett 2005). The involvement of the synucleins in the
etiology of a large number of human amyloidal diseases
makes them an important subject of intensive investigation
and potential targets for pharmaceutical and therapeutic
intervention. Here a new emphasis is placed on the oS
aggregation to elucidate the progression of protein chemical
modification and its impact on filament protein polymer-
ization. Overall, biophysical assessment of the aS aggrega-
tion revealed unique photo-physical features of oS amyloids
that are similar to those of chromoproteins of the green
fluorescent protein (GFP) family. These findings provide
insights into the molecular mechanism of amyloidal dis-
eases and suggest a new approach for imaging protein
aggregation and aging in vivo.

Results

The primary sequence of human aS is comprised of 140
amino acid residues that can be divided into three distinct
domains (Fig. 1). The positively charged residues are
located mainly in the N-terminal region (residues 1-60),
whereas the negatively charged residues cluster in the
C-terminal part of the protein (residues 96-140). Both
positively and negatively charged regions are separated
by a hydrophobic domain (residues 61-95), providing
thereby an amphiphilic triblock polypeptide. The N-
terminal domain assimilates three disease-causing muta-
tion sites (A30P, E46, and A53T) and covers the majority
of the six imperfect repeats of KTKEGV that approach
a-helical conformation in phospholipid membranes (Ulmer
et al. 2005; Beyer 2006). The highly hydrophobic central
region is essential for aS aggregation and forms the core
of amyloid fibrils (Giasson et al. 2001; Du et al. 2003).
The acidic C-terminal part regulates amyloid aggregation
and locates on the fibril surface (Hoyer et al. 2004).
Residues 109-140 are organized as a tandem repeat of
16 residues that constitutes specific binding sites for Ca**,
Cu®*, and other ions (Hoyer et al. 2004). Further, the
C-terminal portion of the aS appears to be rather rigid,
as seen in its relative resistance to extensive proteolytic
degradation (Hoyer et al. 2002, 2004; de Laureto et al.
2006). Overall, oS belongs to a family of natively unfolded
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Figure 1. (A) Schematic presentation of human a-synuclein. The central most hydrophobic domain, N-, and C-terminal regions are
shown in gray, red, and green, respectively. (B) Ab initio protein structure prediction with the HMMSTR/Rosetta algorithm (http://
www.bioinfo.rpi.edu/~bystrc/hmmstr/server.php). Arrows identify the location of a single W residue incorporated into the protein by
site-directed mutagenesis. (C) Diagram shows the imperfect repeats of KTKEGV (dashed), the autosomal mutations A30P, E46, and
AS53T (yellow), the tripeptide GYQ that represents a potential site for an intrinsic chromophore (gray). The single mutations of F94 and

Y125 are underlined.

proteins that are characterized by a high net charge and low
hydropathy.

A wide variety of factors facilitate the formation of aS
amyloids in vitro, indicating a high propensity of this
sequence for intermolecular interactions. Filament forma-
tion can be caused by mono- and polyvalent ions, elevation
of temperature, small amines and synthetic macromolecules,
oxidative and nitrative stresses, and many other environ-
mental insults (Uversky et al. 2001b; Hoyer et al. 2002;
Goers et al. 2003 a,b; Norris et al. 2003; Rochet et al. 2004;
Bennett 2005; Uversky et al. 2005; Du et al. 2006).
Interestingly, the time required for aS fibril formation in
physiological buffers varies from 90 to 300 h without major
impact on the amyloid growth phase (Hoyer et al. 2002;
Goers et al. 2003b) but with significant variation of the
duration of the lag phase. Furthermore, the shaking
arrangements and solvent viscosities both affect the rate
of aggregation in a nonmonotonic manner (Munishkina
et al. 2004). All this raises a serious question about the role
of random diffusion on disease-related protein aggregation
and amyloid growth.

Protein aggregation

The oS aggregation reactions were initiated by incubation
of a freshly prepared monomeric protein solution (70-300
nM) at 37°C with constant stirring. Aliquots were with-
drawn at different time points and diluted to appropriate
concentrations for biophysical characterization. To eluci-
date the role of the C-terminal and central hydrophobic
regions in filament formation, the fluorescent analogs of
aS, F94W, and Y125W, with a single aromatic residue
(F or Y) substituted by W residue were used (Fig. 1). This

mapping strategy allowed one (1) to engage a variety of
spectroscopic techniques in studies of protein aggregation
as well as (2) to recognize the specific structural shifts
required for aS amyloid fibril growth and stability.
Initially, the kinetics of the aggregation process were
monitored by binding of the amyloid-specific dye thio-
flavin T (TfT), which is a sensitive probe for protein
filament formation (Nilsson 2004). As expected, TfT
fluorescence changed abruptly after several days of
incubation, indicating growth of oS amyloids (Hoyer
et al. 2002; Goers et al. 2003b; Hoyer et al. 2004). In
general, the TfT binding curves (Fig. 2, dashed line) can
be reduced to three distinct stages: (I) The lag phase
without obvious structural changes, (I) the transition per
se as indicated by the sudden increase in TfT fluores-
cence, and (III) the post-transition stage where the dye
fluorescence leveled off, indicating that the aggregation
reaction had reached an apparent equilibrium state (i.e.,
steady-state stage). Although TfT-experiments with wild-
type proteins and its F94W or Y125W variants have
produced essentially similar results, the intrinsic W fluo-
rescence pointed to gradual structural changes at an early
stage of the aggregation reaction, i.e., during the lag
phase of TfT-kinetic curves (Fig. 2, solid line). In the case
of Y125W mutant, a threefold increase in W fluorescence
intensity was observed after 10 h of reaction followed by
another 20-fold increase prior to the amyloid growth
phase. In fact, both spectral parameters—emission inten-
sity (Fig. 2A) and peak position (Fig. 2B)—indicated the
multi-step structural shift during the lag phase of aggre-
gation, i.e., before formation of the amyloidal binding
sites recognized by the TfT-dye. Experiments with FO4W
mutant reproduced the first increase in W emission
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Figure 2. Aggregation kinetics of aS(Y125W) variant as probed by the W fluorescence intensity (A) and the position of the W
emission spectrum (B). The excitation was set at 295 nm and the spectra were recorded over the 310-450 nm range for 6 WM protein
probes. The kinetics profile monitored by TfT binding is also shown for comparison (dashed line). Incubation conditions: 70 uM

protein in PBS (pH 7.4) at 37°C.

intensity, whereas the second transition apparently did not
occur (data are not shown). Thus, it appears that the first
stage in aS aggregation involves a major conformational
rearrangement, whereas the second transition is restricted
to a small domain surrounding W125, i.e., residing within
the C-terminal portion of the oS protein.

To visualize the molecular forms accumulated during
the aggregation, transmission electron microscopy images
of protein solutions were collected at different times over
the entire reaction trace (Fig. 3). During the lag phase
(<100 h), all samples were dominated by spheroid
particles of ~30 nm in diameter (panel A). Given the
monomeric protein size of ~3 nm (Uversky et al. 2001a),
these spheroids might contain up to 10 aS molecules.
Temperature-induced aggregation encouraged the spher-
oids to merge and, in some cases, one-dimensional
aggregates comprised from merged sheroids are clearly
visible. At the steady-state phase (>200 h), amyloids with
a width of 4-9 nm and length of >100 nm constitute the
major population among the protein aggregates (panel B).
Further aging of the protein solution (>300 h) led to the
formation of an extensive network of mature tightly
packed amyloids and the number of spheroidal colonies
decreased dramatically (panel C).

Photo-physical behavior of mature aS amyloids

To elucidate the structural pathways leading to proteina-
cious fibrils, the electronic spectra of aS solutions were
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monitored at various stages of aggregation reaction. The
most striking discovery involved the steady-state stage of
amyloidal aggregation. In particular, UV-VIS spectros-
copy revealed that the aged aS protein (e.g., 300 h of
reaction) produces a major absorbance/excitation peak at
280 nm (associated with aromatic residues in the protein)
together with the second peak at 380 nm and a small
shoulder at 450 nm of unknown origin (Fig. 4A).

Figure 3. Negatively stained transmission electron micrographs of aS
aggregates after 30 (A), 200 (B), and 400 (C) h of reaction. Aggregates
accumulated in the presence of PVP-8 (D), PVP-58 (E), or polylysine-83
(F) after 300 h of reactions are also shown. Incubation conditions: 70 pM
protein in 150 mM NaCl/25 mM Tris-HCl (pH 7.4) at 37°C. Polymer
concentration was 1 g/L. Bar scales 100 nm.
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Figure 4. Photo-activity of mature a-synuclein amyloids. (A) Fluorescence excitation spectra of aS in 150 mM NaCl/25 mM Tris-HCI (1), PBS (2), and
25 mM Tris (3). (Inset) Fluorescence emission spectra with excitation at 450 nm. (B) Normalized fluorescence emission spectra of mature oS amyloids with
excitation at 280, 350, 380, and 450 nm (left to right). (Inset) Alterations in emission intensity (green) and peak position (red). Aggregation reactions were
carried out on 150 uM protein at 37°C for 300 h. Spectra were recorded for 6 uM protein probe.

Importantly, all three electronic states are able to produce
greenish fluorescence in the 500 nm range. Quantum
yield of the amyloidal emission depends strongly on
solvent conditions and rises with increasing ionic strength
of the solution (inset). Below, the electronic states
associated with the excitation bands at 280, 380, and
450 nm will be referred to as the A-, B-, and C-forms,
respectively.

Amyloid emission varies considerably with excitation
wavelength, indicating the presence of distinct fluores-
cent forms (Fig. 4B). For instance, the excitation of the
A-forms provided a strong emission at 350 nm with a
small shoulder at 450 nm, whereas the B-forms yielded
fluorescence near 480 nm, and allows for almost 10-fold
attenuation in emission efficiency (inset). Finally, the
C-forms became fluorescent upon irradiation with blue
light, with a maximum emission at 520 nm. Variation of
the excitation conditions from 280 nm to 450 nm yields a
set of distinct emission bands in the range of 300-600 nm
and allows for an adjustment in the emission efficiency by
two orders of magnitude (inset). Importantly, emission
heterogeneity of the aS solutions suggests diverse molec-
ular architectures that present in the ensemble of mature
amyloids.

Spectroscopic examination of F94W and Y125W pro-
teins provided further insight into the mechanism of
photo-activity induced by filament formation. In this
case, the maturation of amyloids was also accompanied

by the appearance of a new emission band in the visible
range. In fact, both samples exhibited spectacular trans-
formation of a fluorescence emission at 350 nm (asso-
ciated with intrinsic W fluorescence) to blue fluorescence
centered at 480 nm (Fig. 5A). Absorbance/excitation
spectra showed peaks at 280 nm and 380 nm together
with the featured peak at 450 nm. It appears that there is
a mutual inter-conversion between A-, B-, and C-forms,
given that the decreasing peaks at 280 and 380 nm are
followed by the growing absorbance at 450 nm. Further-
more, there is a striking correlation between the excita-
tion peak at 450 nm and emission at 480 nm, as well as
between excitation peak at 380 nm and emission band at
520 nm. Indeed, these spectral sets are nearly mirror
images of one another, and in some cases the emission
arises from contributions from distinct chromophore units
as judged from absorbance. These data suggest that
during the oS amyloid formation a chemical modification
of the polypeptide is likely to occur, producing new
fluorescent moieties (new light emitters) that have dis-
tinct electronic structures.

Generally speaking, the amyloidal emission can be
initiated either by direct activation of the A-, B-, and C-
forms or by means of fluorescence resonance electronic
energy transfer (FRET) among the relevant molecular
forms. Note that the absorbance spectrum of the B-form
(Amax = 380 nm) overlaps well with the emission
spectrum of W residues (Ap.x = 350 nm), thereby

565
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Figure 5. (A) Fluorescence excitation (A < 450 nm) and emission (N > 450 nm) spectra of wild-type aS protein (green) and its
fluorescent analogs F94W (red) and Y125W (gray). Reactions were carried out by incubating the 150 wM sample in PBS (pH 7.4) at
37°C for 570 h. The emission difference between Y125W and F94W samples is shown by open circles. Each spectrum is normalized to
the maximum intensity. (B) Effect of aggregation on the population of B- (1) and C- (2, 3) forms. The B-form (1) was generated with
150 uM wild-type protein, while the C-form was accumulated employing 150 uM (2) or 300 uM (3) F94W samples. (Inset)
Fluorescence excitation (left) and emission (right) spectra of F94W after 470 h and 670 h of maturation (bottom to top). All spectra

were recorded for 6 WM protein probe.

enabling FRET between aromatic residues of A-forms as
donors and B-forms as acceptors. The experiments with
the Y125W mutant provided strong support for this notion.
The kinetic profile of Y125W polymerization reveals almost
a 20-fold increase in W emission at the beginning of the
amyloid growth and later a rapid decrease while the amyloids
grow (Fig. 2). Given that W residues emit the light at the
range from 350 to 370 nm, the decreasing W125 fluorescence
most likely reflects the FRET between WI125 and the
growing population of the B-form, yielding an absorbance
at 380 nm. Thus, the chemical modification of the aggre-
gating proteins occurs concurrently with amyloid elongation,
involves aromatic residues of the polypeptide, and may be
required for stabilization of the growing protein aggregate.

Correlations with filament formation

The kinetic aspects of photo-activity induced by the
filament formation were studied by monitoring optical
parameters of the aS proteins over the entire course of the
aggregation reaction (Fig. 5B). Experiments with wild-
type protein showed the accumulation of B-forms (\,ps
380 nm) after 100 h of reaction (curve 1), i.e., concom-
itantly with accretion of amyloidal binding sites. Fluo-
rescent analogs revealed a growing population of the
C-forms at later stages of filament formation. In fact, the

566 Protein Science, vol. 16

characteristic excitation peak at 450 nm slowly rose after
200 h of incubation, and an increase in protein concen-
tration promoted this transformation (curves 2 and 3).
Furthermore, the C-form appears to be important for
stability of protein aggregates, given that aS samples
with a higher concentration of C-forms exhibit high
tolerance to harsh experimental conditions (Fig. 6A).

To localize the potential sites for protein modification,
the aggregation reactions were performed under condi-
tions that allow controlling the final morphology of the
protein solution by the presence of synthetic polymers.
This issue has been investigated in significant detail, and
speculations have been raised that polycations promote
aS oligomerization through the formation of specific
complexes with the C-terminal region of the protein,
whereas neutral polymers enhance amyloid formation
due to the excluded volume effects (Goers et al. 2003b;
Munishkina et al. 2004). In the present study, the aggre-
gation reactions were carried out in the presence of
polylysines of 22 kDa and 83 kDa, while the poly(vinyl
pyrrolidone) (PVP) polymers of 8 kDa and 53 kDa were
chosen as neutral initiators of the aggregation reaction.
The transmission electron microscopy (TEM) images
(Fig. 3D-F) were collected after the completion of the
amyloid growth, as indicated by the TfT binding curves.
Altogether, the small neutral polymers (e.g., PVP-8)
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Figure 6. (A) Fluorescence emission spectra of aS amyloids grown at protein concentration of 175 wM (1, 3) and 300 uM (2, 4). Spectra
were recorded before (1, 2) and after (3, 4) the exposure of the oS amyloids to pH 11.0 for 24 h. (B) Fluorescence excitation spectra of
oS amyloids grown at 70 uM without (1) and in the presence of PVP-8 (2), PVP-58 (3), and polylysine-83 (4). The emission spectra are
shown in the inset. Morphologies of protein aggregates are displayed in Fig. 3. All aggregation reactions were carried out in PBS (pH 7.4)
at 37°C for 300 h. Polymer concentration was 1 g/L. Spectra were recorded for 6 uM probe. The excitation was set at 450 nm.

stabilized small spheroidal aS aggregates and, in fact,
inhibited filament formation (panel D). The large poly-
mer molecules enhanced oS oligomerization and net-
working (panels E and F). Importantly, the morphology of
protein solutions was clearly different, yielding colonies
of spheroids (panel D), branched amyloids with trapped
spheroids (panel E), or long amyloidal aggregates with a
twist in the direction of propagation (panel F). Despite
these significant morphological differences, all samples,
however, had rather similar photo-physical behavior.
They produced two fluorescence excitation peaks at
280 nm and 380 nm with a single major emission peak
at 520 nm, similar to the amyloids grown without polymers
(Fig. 6B). Thus, the residues engaged in the formation of
the photo-active site are located away from the molecular
interfaces essential for protein oligomerization. Given
that the C-terminal region of oS is located on the outer
amyloidal surface, it seems likely that the C terminus pro-
vides a prime location for the photo-active site associated
with amyloid emission.

Altogether, this study suggests a number of important
hypotheses, which stress on causes of photo-activity
induced by amyloidogenesis. First, the formation of oS
amyloid entails chemical alterations of the aromatic
residues (A,ps = 280 nm) to the relevant forms that
provide absorbance at 380 nm. Notably, the electronic
spectra of mature aS amyloids exhibit a large red shift of

>100 nm from that of aromatic residues as compared to a
~30-nm red shift in proteins with oxidized or dimerized
tyrosines (Means and Feeney 1971; Conway et al. 2001;
Krishnan et al. 2003; Malencik and Anderson 2003).
Second, the chemical modification of polypeptide occurs
at early stages of amyloid formation concurrently with
amyloid elongation and leads to the formation of new
light emitters. Third, the chromophore structure changes
continuously over the entire course of filament formation.
This process involves the expansion of conjugated double
bonds along the surrounding residues providing the red
shift of the electronic spectrum (\,,s = 450 nm). Fourth,
the formation of the photo-active site in aS involves the
C-terminal region, which contains the phosphorylation
site S129. Fifth, the high stability of the C-form accu-
mulated in concentrated samples points to the role for
longitudinal fibril interfaces in chemical modification of
oS amyloids and stabilization of insoluble protein aggre-
gates. Whether this phenomenon involves intermolecular
bridging or reflects the formation of the distinct environ-
ment required for chemical modifications to proceed is a
topic of our ongoing investigation.

Discussion

It is generally assumed that the polypeptides present in
amyloid fibers differ solely in conformation from their
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soluble, native counterparts. This view, however, requires
further revision, since small amounts of chemically
altered proteins are difficult to detect. I demonstrate that
maturation of protein amyloids lead to the occurrence of a
new emission band in the visible range of the electro-
magnetic spectrum. This phenomenon points to the
formation of the intrinsic chromophore within the protein
aggregates, with involvement of the aromatic residues
(tyrosine and tryptophan) of the protein. The filament
formation proceeds with concomitant conversion of
chemically altered side chains, and the overall amyloid
emission represents a fluorescent timeline of the aggre-
gation reaction: “Young’ protein produces UV fluores-
cence, while the ““aged’” amyloid protein yields emissions
in the visible range. Fluorescent analogs of amyloidal
proteins offer an easy tool to manipulate the optical
properties of the growing protein aggregates. Altering
the location of a single W probe along the protein
sequence allows both shifting the amyloidal excitation/
emission conditions over a wide spectral range and
controlling quantum yield of amyloidal emission. For
instance, the emission spectrum of matured aS(Y125W)
variant exhibits a 40-nm blue shift and 100-fold enhance-
ment of amyloid emission when compared to wild-type
protein. Indeed, fluorescent analogs of amyloidogenic
proteins could eventually constitute a new class of non-
invasive markers for protein localization and relative
age of protein aggregation, offering new implements for
biological imaging. Given that macro-crowding effects
in vivo significantly accelerate amyloid formation
(Munishkina et al. 2004), this approach might become a
useful tool for imaging the protein deposition in living
cells in real-time experiments.

Mechanism of chromophore formation

To provide some clues as to the origin of the photo-
activity induced by protein aggregation, it is helpful to
address the family of green fluorescent proteins (GFP)
that are widely used in cell imaging as reporter-proteins
for monitoring gene expression in eukaryotic and pro-
karyotic cells (Tsien 1998; Guerrero and Isacoff 2001;
Miyawaki et al. 2003). In particular, the GFP-like
proteins have the unique ability to form internal chromo-
phores (usually one per chain) by self-catalyzed modifi-
cation of the protein chain without participation of any
external cofactors except oxygen (Tsien 1998; Zimmer
2002). The chromophore formation involves a series of
chemical events (e.g., chain cyclization, amino acid
dehydration, and aerial oxidation) that occur concomitant
with protein folding and lead to creation of 4-(p-hydroxy-
benzylidene)-5-imidazolinone (Niwa et al. 1996, Tsien
1998). In fact, several chemical reactions occur in
proteins, albeit they are difficult to detect (Beyer 2006;
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Chiarugi and Buricchi 2007). Many of them have in
common the involvement of a G residue, a unique amino
acid with respect to conformational variability in phi/psi
space. The formation of 4-(p-hydroxybenzylidene)-5-
imidazolinone in wild-type GFP involves a nucleophilic
attack of a G67 amide on the carbonyl group of S65
residue, followed by conjugation of C,—Cg bond of Y66
residue and dehydrogenation of its aromatic ring (Tsien
1998; Zimmer 2002). This multi-step chemical reaction
results in a system of conjugated double bonds that are
capable of absorbing and emitting visible light. Alto-
gether, the intrinsic chromophore consists of an imid-
azolone ring structure and the light emitter is the singlet
excited state of its phenolate anion. The chromophore
emission is highly dependent on the microenvironment
and molecular dynamics. The inhibition of isomerization
of the exo-methylene double bond of the chromophore
accounts for efficient light emission of native GFPs,
whereas the internal rotations, which distort the copla-
narity of the chromophore (e.g., under the denaturing
conditions), result in significant loss of GFPs fluores-
cence (Niwa et al. 1996, Chirico et al. 2003). The detailed
scheme of this covalent modification includes a number
of intermediate forms that are subject to FRET (Verkhusha
et al. 2004). Chromophore emission can be tuned by mod-
ification of its local environment, providing a large diversity
of fluorescent proteins (Chudakov et al. 2003). Noteworthy,
this type of photo-activity induced by protein folding relies
largely on the presence of a tripeptide of a XYG-type with
residue X being S, R, Q, H, K, N, or D (Chudakov et al. 2003).

I report a novel class of biological molecules that produce
visible emission during the formation of super-molecular
amyloidal structures. More specifically, I hypothesize that
during the oS aggregation new intrinsic chromophores are
formed and populated over the course of amyloid matura-
tion. Indeed, the spectroscopic trends of chromophore
development in GFP-like proteins strongly resemble that
measured for mature oS amyloids. The most notable
similarities involve (1) the excitation peak at 380 nm
associated with the dehydrogenation of the Y residue, i.e.,
a major aromatic part of the developing chromophore, (2)
the red shift of the protein emission (from 350 to 540 nm)
due to the augmentation of the conjugated double bonds
through the protein structure, (3) the impact of folding
conditions on chromophore optical properties, and finally
(4) the amplification of chromophore emission via FRET
between relevant fluorescent forms.

The C terminus accounts for chromophore formation
in aS proteins

Analysis of the aS sequence revealed three residues
(G132-Y133-Q134) within the C-terminal domain that
represent the reverse version of the active tripeptide in
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GFP-like chromoproteins (Chudakov et al. 2003) and
might provide a potential site for the chromophore
formation in oS amyloids. In fact, the GYQ tripeptide
presents in all known products of alternative oS splicing
and are missed in less amyloidogenic - or y-synucleins
(Biere et al. 2000; Beyer 2006). The formation of 4-(p-
hydroxybenzylidene)-5-imidazolinone in «S proteins
could involve covalent bonding between the Q134 amide
and the carbonyl group of G132 residue, followed by
conjugation of the C,—Cg bond of Y133 residue caused
by the dehydration and aerial oxidation (Fig. 7). Cis-trans
isomerization of multiple prolines within the C-terminal
domain would facilitate the initial step in chromophore
formation (i.e., cyclization) by populating configurations
with proximal reacting groups. Furthermore, the C-terminal
residues 109-140 have the apparent ability to organize a
tandem repeat of 16 residues providing binding sites for
multivalent ions (Hoyer et al. 2004). This conformational
arrangement brings multiple K residues to close proximity
of GYQ carbonyl groups. The hydrogen bond network
among these groups may also contribute to chromophore
formation. Note that pathological forms of aS in Lewy
bodies include specific truncations at Y133 and D135, at
D-115, D-119, and N-122 (Anderson et al. 2006). Finally,
high local concentration of aromatic Y residues (125, 133,
and 136) assures multiple FRET from the Y125 or Y136
to the developing chromophore at Y133 by means of the
so-called ‘“‘antenna effect” (Guillet 1985). One should not
rule out the possibility, however, that the protein aggregation
might encourage the interactions between the positively
charged N-terminal part of the proteins and the negatively
charged C-terminal domain. In this case, the modification
might involve formation of intra- or intermolecular covalent
dimers by tyrosines with the involvement of Y39.

To specifically test this hypothesis, several mutants of
oS protein were generated by site-directed mutagenesis to
explore the role of aromatic residues (Y133V) and local
flexibility (G132V or G132L) in chromophore formation.
The proteins lacking G132 or Y133 residues formed fibrils

[¢]

o]

NH{ NH

I\{H
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Hy
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to the same extent as the wild-type protein, but they lost the
ability to yield *“‘greenish” amyloidal emission at 520 nm.
Hence, both G132 and Y133 residues are important for the
formation of new light emitters within the mature oS
amyloids. Whether this type of photo-activity is associated
with the biological function of the protein or presents a by-
product of protein aging requires further investigation. It is
clear, however, that this process occurs concurrently with
amyloid elongation and promotes accumulation of insoluble
protein aggregates.

Materials and Methods

Expression and purification of a-synuclein and its
fluorescent analogs

The recombinant plasmid pT7-7, encoding oS, was kindly
provided by the laboratory of Dr. Peter T. Lansbury, Jr. (Harvard
Medical School, Cambridge, MA). Mutants F94W and Y125W
were constructed using the QuikChange method (Stratagene).
In particular, forward and reverse mutagenic primer pairs were
designed with nucleotide changes converting F94 or Y125
residue into the tryptophan codons. The mutations were verified
by DNA sequence analysis. Escherichia coli BL21(DE3) was
transfected with appropriate plasmids, and the cells were grown
in LB media in the presence of ampicillin (100 g/L). Protein
expression was induced with 1 mM isopropyl-1-thio-B3-D-
galactopyranoside. Cells were cultured at 37°C for 4 h and
harvested by centrifugation at 8000g. The cell pellet was
collected by centrifugation at 4500g, resuspended in lysis buffer
containing 10 mM Tris-HCI (pH 8), 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, freeze-
thawed three times, and sonicated. DNA was removed by
precipitation with streptomycin sulfate, as follows. First, the
cell suspension was boiled for 20 min and centrifuged at
22,000g. Second, streptomycin sulfate was added to the super-
natant to a final concentration of 10 g/L, and the mixture was
stirred for 15 min at 4°C. After centrifugation at 22,000g, the
supernatant was collected, and ammonium sulfate was added to
a final concentration of 361 g/L for protein extraction. The
solution was stirred for 30 min at 4°C and centrifuged at
22,000g. The precipitate was resuspended in 25 mM Tris-HCl
(pH 8.0), dialyzed against water at 4°C and lyophilized for

dehydrat:on N\g\(
aenal oxidation

OH I1+

Figure 7. Mechanism proposed for the formation of an intrinsic chromophore in human a-synuclein comprising the tripeptide GYQ
(residues 132—134). The residues proceeding and following the GYQ fragment are denoted as R,, and R,,4. The formation of the
putative chromophore results in the formation of conjugated double bonds and stabilizes the H-bonds between the amine of the G

residue and the carbonyls of the Q residue.

www.proteinscience.org 569



Tcherkasskaya

storage. The purity of each sample was >97% according to
electrospray ionization-mass spectrometry and analytical
HPLC. Mutants G132V, G132L, and Y133V were generated
employing essentially similar approach.

Chemicals and solutions

Samples were prepared by dissolving lyophilized proteins in
sterile H,O/NaOH (pH 11.0) for 20 min on ice, followed by
neutralization with an appropriate buffer (pH 7.4) for 30 min.
The solutions were centrifuged at 50,000g for 10 min to pellet
any insoluble material. Protein concentration was estimated by
spectroscopic means using a Cary 300BIO UV-VIS spectropho-
tometer. The molar extinction coefficient at 280 nm was
calculated based on the composition of aromatic residues using
the values of 5960, 11,460, and 9970 M~'ecm ™" for the wild-type
protein, F94W, and Y125W, respectively. Ultrapure, spectro-
scopic grade phosphate-buffered saline (PBS) was purchased
from BioSource, and Tris and NaCl were purchased from Fluka.
The amyloid-specific dye thioflavin T was purchased from
Sigma and used as received.

Aggregation studies

Time course changes accompanying oS aggregation were
performed by sampling aliquots of aggregation reactions at
different time points. The reactions were initiated by incubation
of 500 mL of freshly prepared monomeric protein solution (70—
300 uM) at 37 £ 0.05°C with constant stirring at 300 rpm
(controlled by an Eppendorf Thermomixer R). Three reaction
buffers were used: 150 mM NaCl/25 mM Tris-HCI (pH 7.4),
25 mM Tris (pH 7.4), and PBS (pH 7.4). Aliquots (20 pL) were
withdrawn from the reactions and diluted to a concentration of
6 uM for biophysical characterization. In several cases, sodium
azide (0.02%) was added to the protein incubations to avoid
potential contaminations. This, however, showed no effect on
recovered experimental parameters.

Steady-state fluorescence measurements

Fluorescence emission spectra were obtained for 6 wM protein
samples on a QuantaMaster QM-4/2003SE spectrofluorometer
(PTI) using the FeliX32 software (data interval of 1 nm, scan
speed of 20 nm/min, both excitation and emission bandwidths of
5 nm). Measurements were carried out using 4.5-mL quartz
cuvettes (NSG Precise Cell Ins.) with a l-cm light path.
Emission was measured in the ratio mode and corrected for
the appropriate solvent blanks as well as for wavelength-
dependent bias of the optics and detection system. The emission
spectrum (averaged over four scans) was characterized by
fluorescence intensity integrated over the relevant range (as
stated in the text)
A

F:/FWA (1)

A\

and by the position of the intensity maximum, {Agac),
calculated as an intensity-weighted average emission wave-
length:
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Here F(A,) is the fluorescence intensity measured at the
emission wavelength A,. This approach avoids the effects by
spectral shifts and allows monitoring the conformational diver-
sity of the protein ensemble with a single W residue presenting a
single protein chain. To compare kinetic curves accumulated in
different buffers, the spectral parameters were normalized to
that of monomeric solution at zero time of the reaction.

Thioflavin T binding assay

The amyloid-specific dye thioflavin T was used to monitor
the formation of protein amyloids during the aggregation
reaction. Stock solutions of TfT (2.4 mM) were prepared in
50% DMF (v/v) in water. Aliquots (25 pL) were added to 2 mL
of 6 uwM protein to yield a protein/TfT ratio of 1:5. The
excitation was set at 450 nm and the fluorescence emission
spectra were recorded from 470 to 600 nm. Kinetic traces were
generated from time traces of TfT fluorescence intensity
integrated over the range of 470-550 nm and normalized to
that of free dye:

X Xpound
X - f bound (ﬂ -
\free free

1)+ 1 3)

In Equation 3 the TfT intensity measured at a given time of
reaction is denoted as X, and Xyoung and X are the values of
intensity of the bound and free TfT molecules, respectively.
Quantum yields of free and bound TfT molecules were deter-
mined using dye solutions without protein and by titration of
TfT solutions with several protein concentrations. Assuming a
two-state model, the X parameter is proportional to the fraction
of dye molecules that are bound to the protein aggregate.

Transmission electron microscopy

An aliquot was withdrawn from the incubation mixture and
placed onto 200-mesh copper grids coated in formvar and
carbon (Ted Pella, Inc.). The adsorption continued for 2 min,
after which the grids were rinsed with a few drops of filtered
aqueous 2% uranyl acetate (Ted Pella, Inc.), blotted with filter
paper, and air-dried. The samples were examined with a Hitachi
7600 transmission electron microscope at an accelerating
voltage of 60-80 kV under magnification ranging from 20,000
to 70,000. Initially, the grids were scanned at low magnification
for biological material, and then five to 10 images were taken of
samples at different magnifications. A background image was
taken for each grid to note the difference in staining and coat
abnormalities. The imaging procedure was repeated after several
hours and days of storage to estimate the effects of preparation
on the quality of the image (Nilsson 2004). All negatives were
scanned with a DuoScan T2500 scanner (Agfa) at 1200 dots per
inch. For printing, images were flattened using a high-pass
filter with a radius of 250 pixels and subsequently adjusted for
contrast/brightness using Adobe Photoshop. Representative
images of dominant morphology were chosen for presentation.
The bar scale in each final figure is 100 nm.
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