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Multiparametric Fluorescence Detection of Early Stages
in the Amyloid Protein Aggregation of Pyrene-labeled
a-Synuclein
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The aggregation of a-synuclein, a presynaptic protein, has an important role
in the etiology of Parkinson’s disease. Oligomers or protofibrils adopting the
cross-B-sheet structure characteristic of fibrillating amyloid proteins are
presumed to be the primary cytotoxic species. Current techniques for
monitoring the kinetics of a-synuclein aggregation based on fluorescent
dyes such as Thioflavin-T and Congo red detect only the terminal fibrillar
species, are discontinuous and notoriously irreproducible. We have devised
anew fluorescence aggregation assay that is continuous and provides a large
set of fluorescence parameters sensitive to the presence of oligomeric inter-
mediates as well as fibrils. The approach involves tagging functionally
neutral Ala-to-Cys variants of a-synuclein with the long-lifetime fluoro-
phore pyrene. Upon induction of aggregation at 37 °C, the entire family of
steady-state descriptors of pyrene emission (monomer intensity, solvent
polarity ratio (I;/1;;), and anisotropy; and excimer intensity) change dra-
matically, particularly during the early stages in which oligomeric inter-
mediates form and evolve. The pyrene probe senses a progressive decrease
in polarity, an increase in molecular mass and close intermolecular asso-
ciation in a manner dependent on position in the sequence and the presence
of point mutations. The time-resolved decays (0-160 ns) of intensity and
anisotropy exhibited complex, characteristic features. The new assay
constitutes a convenient platform for the high-throughput screening of
agents useful in the diagnosis and therapy of Parkinson’s disease as well as
in basic investigations.
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arising during amyloid aggregation have acquired
great priority due to recent evidence indicating that
such “precursors”, rather than mature fibrils may be
the primary cytotoxic agents leading to neuronal
loss.12

PD is the most prevalent neurodegenerative motor
disease of humans, arising from the loss of dopami-
nergic neurons in the substantia nigra of the midbrain.'
a-Synuclein (AS), a natively unfolded presynaptic
protein of 140 amino acid residues,” is the principal
filamentous component of the Lewy bodies that
appear in the brains of patients suffering from PD
and other synucleopathies."” NMR measurements

Introduction

Protein misfolding and anomalous aggregation
are features common to many progressive neuro-
degenerative disorders such as Parkinson’s disease
(PD) and Alzheimer’s disease. In each case, the
proteins adopt a cross-B-sheet structure, character-
istic of amyloid fibrils and tangles present in the
brains of affected individuals.!? The identification,
isolation and characterization of oligomeric species

*Corresponding author. E-mail address: jovin@gwdg.de.
Abbreviations used: PD, Parkinson’s disease; AS,
a-synuclein; ThioT, Thioflavin T.

based on paramagnetic relaxation enhancement
and dipolar couplings indicate the existence of an
ensemble of conformations of AS, stabilized by long-
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range tertiary mteractlons actmg to inhibit sponta—
neous aggregation.* The primary sequence is sub-
divided into three main domains: a N-terminal region
(1-60) comprising six imperfect 11 residue KTKEGV
repeats and several sites of point mutation (30, 46, and
53) identified in familial PD; a central hydrophobic
NAC domain (61-95) serving as the core for aggrega-
tion; and a C-terminal domain (96-140) encompassmg
the numerous acidic residues and prohnes The pre-
fibrillar oligomeric forms of the two AS missense mu-
tations A53T and A30P accumulate more rapidly and
persist longer than in the case of wild-type AS, sup-
porting the existence of a direct link between the
formation of oligomers and cytopathology.”

The aggregation of AS is generally viewed as a
mechanism involving nucleation and exponential
growth, manifested by an apparent initial lag phase
followed by a rapid conversion of the monomenc/
oligomeric protein to the terminal fibrillar forms.'
The kinetics of amyloid formation are monitored
in vitro by the binding of ﬂuorescent dyes such as
Thioflavin T (ThioT) and Congo red,® which exhibita
sharp increase in fluorescence intensity upon inter-
action with the fibrillar structures. However, due to
their inherent properties and low concentrations, the
intermediate species formed during the lag phase are
not detected by the fluorescent probes or by physmal
methods such as turbidimetry and sedimentation.’
This circumstance is particularly unfortunate from
a biomedical perspective in view of the possibility
that the prolonged preclinical phases characteristic
of most neurodegenerative diseases may reflect the
lag processes observed in vitro.”

In view of the putative involvement of cytotoxic
oligomers, elucidating the molecular events that
initiate oligomerization is essential for understanding
the underlying pathology and for developing poten-
tial therapeutic agents. In this context, access to sen-
sitive methods for the detection of early stages of AS
oligomerization is a high-priority objective. Although
fluorescence correlation spectroscopy (FCS),? electro-
chemical techmques, electron Imcroscopy (EM),°
and atomic force microscopy.®'"'* have proven very
useful, the routine application of such techniques for
large-scale assays of therapeutically relevant interac-
tions or diagnostic procedures is not feasible. Oligo-
meric intermediates have been characterized using
intrinsic tryptophan fluorescence (Y39W;'? FRET stu-
dies of YI25W/Y133F/Y136F'*). Yet to the best of
our knowledge a continuous assay to monitor the
formation of early intermediates during AS aggrega-
tion has not been reported.

To achieve both sensitivity and selectivity suffi-
cient for the detection of early aggregates, the very
large background signal originating from excess mo-
nomeric protein has to be suppressed. We have add-
ressed this issue by the site-specific introduction into
the AS molecule of a long-lived and environmentally
sensitive fluorescent probe, pyrene. The entire gamut
of fluorescence phenomena (intensity, spectral dis-
tribution, lifetime, anisotropy) provides a sensitive
indicator of all phases of aggregation, particularly
the heretofore elusive initial stages that may extend

to dimers putatively involved in nucleation." In ad-
dition, the pyrene probe distinguishes between wild
type and mutant forms and can be adapted to conti-
nuous, highly parallelized analytical determinations,
such as high-throughput (HTP) drug screening.

Results and Discussion

Monomer suppression: rationale and strategy

N-(1-Pyrene) maleimide was chosen for modifica-
tion of AS owing to its negligible fluorescence in water
and strong emlssmn upon reaction with a cysteine
thiol group.'® Pyrene has ideal properties as a poten-
tial probe for monitoring structural and dynamic
changes during protein aggregation: a long fluores-
cent lifetime extending beyond 100 ns under suitable
conditions,'” a relat1vely high extinction coefficient
(36,000 M ! em '), excimer formation and solvent-
sensitive fluorescence spectra. These diverse fluores-
cent parameters have been employed w1dely to assess
conformational transitions, polarity'”'® and probing
spatial proximity.'****' Pyrene has been used to in-
vestigate the spatial positioning of the N-terminal and
C-terminal segments of AS bound to a membrane,”
but not for monitoring aggregation.

Despite the diverse applications of the unique
spectroscopic properties of pyrene, reports based on
fluorescence anisotropy have been relatively few.
The appropriate range of recoverable rotational cor-
relation times (¢) for a fluorophore with a fluores-
cence lifetime (1), is dictated by the relationship
0.1<o=1/¢<10.23 Free pyrene exhibits low steady-
state fluorescence anisotropy as a consequence of its
long fluorescence lifetime, which in many cases ex-
ceeds the rotational correlation times of the macro-
molecules to which it is conjugated. This circum-
stance applies in particular to monomeric AS, which
exhibits an apparent ¢ of 1-2 ns (Ref. 24, this study
and Bertoncini, C. W. et al., unpublished data). Thus,
in the case of protein aggregation, one would
anticipate a pronounced increase in the anisotropy
of conjugated pyrene within the temporal window
dictated by its inherently long fluorescence lifetime,
particularly if the latter increases (as observed) due
to polarity effects. These expectations were realized
in the present study, in which significant changes in
fluorescence anisotropy were detected immediately
after the initiation of aggregation of a mixture of
pyrene-labeled AS and unlabeled protein.

The primary sequence of wild-type AS lacks cys-
teine, necessitating the introduction of Ala-to-Cys
mutations to provide sites for labeling. Our studies
were carried out with three variants of the wild-type
AS with cysteine replacements at positions 18, 90,
and 140 (A18C, A90C and A140C; Fig. 1a). The in-
troduction of pyrene by reaction with these residues
did not significantly alter the UV CD spectrum (see
Supplementary Data, Fig. 1). The peak in the vacuum
UV region of 190-205 nm characteristic of the un-
structured monomer protein was retained and we
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Fig. 1. (a) Primary sequence of AS. The disease-related familial mutations are in red (A30P, A53T, and E46K) and the
cysteine variants are in blue. Below, the sequence of AS as a polypeptide backbone indicating the points of attachment of
the pyrene fluorophore. (b) Absorption, fluorescence excitation and emission spectra of pyrene-labeled wild-type AS
cysteine variants. Normalized (at 343 nm) excitation (emission at 375 (===) o1 465 (===) nm) and absorption spectra (=) for
AS-A90C_Py. Emission spectra for AS-A18C_Py (===), AS-A90C_Py (mmm), and AS-A140C_Py (=) normalized at 375 nm.
The inset shows the normalized emission spectra of AS-A90C_Py, with excitation at 340 nm (M) and 352 nm (). Protein,
17 pM; pyrene, 6 pM in buffer 25 mM sodium phosphate, pH 6.2.

attribute the slight changes in ellipticity to contribu-
tions from the pyrene moiety.*

Fluorescence properties of pyrene-labeled AS

The fluorescence emission spectra of all the
pyrene-labeled cysteine variants displayed three
well-defined pyrene monomeric peaks in the near-
UV at 375 nm, 395 nm and 415 nm (Fig. 1b)."® An
additional low-intensity broad shoulder at 465 nm
was present in the case of AS-A90C_Py and AS-
A18C_Py, attributable to an excimer band that
characteristically lies in the region of 450-475 nm.
The excimer is a dimer of an excited state pyrene and
a second molecule in the ground state.? Its forma-
tion requires close proximity (<5 A) achieved either
by judicious intramolecular placement of two probes
or via translational diffusion and intermolecular
collisional encounter of single-labeled proteins at
concentrations of >10-100 pM.*”

The excitation peaks of the excimer were broader,
and the two shoulders at 266 nm and 312 nm were
less distinct than in the case of the monomer. Similar
data for other pyrene-protein adducts have been
reported.”’ The excimer fluorescence also increased
with red-edge excitation (Fig. 1b, inset) and was re-
duced by addition of excess unlabeled protein in the
case of the label at position 18 but not at position 90.
These properties suggest that the excimer fluores-
cence originated from a distinct yet low-abundance
sub-population of pyrene-labeled molecules, e.g. AS
dimers such as those postulated to act as nucleation
centers." In the case of AS-A90C_Py, the excimer is
apparently stabilized by ground state pyrene—py-
rene contacts acting synergistically with the hydro-
phobic NAC region at the intermolecular interface,
and thereby fulfills the definition of a “static exci-
mer”.”® The very low excimer level of AS-A140C_Py
can be attributed to the extended conformation
adopted by the highly negatively charged C term-
inus,’ (Fig. 1a), which remains unstructured even in
fibrillar states.”®

Aggregation kinetics of pyrene-labeled AS
monitored by pyrene fluorescence

The aggregation of pyrene-labeled AS prepara-
tions was generally followed in three or more repli-
cates by measuring the steady-state fluorescence
intensity and fluorescence anisotropy of the pyrene
probe, in parallel with ThioT fluorescence of aliquots
removed periodically from the incubations. Pyrene-
labeled wild-type and mutant AS added in trace
amounts (pyrene to protein ratio of 1:16) to solutions
of the corresponding unlabeled protein aggregated
at the same rate as the latter, according to the ThioT
assays (Supplementary Data, Fig. 2).

The fluorescence spectra of AS-A18C_Py, AS-
A90C_Py, AS-A140C_Py, and the two mutants AS-
A30P-A90C_Py and AS-A53T-A90C_Py changed
dramatically and exhibited distinctive profiles dur-
ing the course of aggregation (Fig. 2). The fluores-
cence intensity at the four vibrational maxima of
pyrene (375 nm, 383 nm, 395 nm, and 405 nm), and
the excimer emission at 465 nm are shown in Fig. 3.
The pyrene monomer bands of AS-A18C_Py and AS-
A140C_Py increased by >100% during the first 36 h
and continued to increase, corresponding to the rise
in ThioT signal denoting the fibrillization of the bulk
protein. We attribute the appearance of distinct
emission peak at 385 nm (Fig. 2) to a local increase
in the hydrophobicity of the protein rather than ami-
nolysis,?® since protein labeling and aggregation
were performed at low pH (6.2). The third positional
variant of wild-type AS, AS-A90C_Py, displayed a
different spectral profile during aggregation (Fig.
2b), featuring a large increase, not observed with AS-
A18C_Py, of the pre-existent excimer peak and an
accompanying quenching of the monomer (clearly
seen in the 28 h data). After fibrillization, the 385 nm
peak had the highest intensity.

The final intensity of the excimer signal increased
dramatically with the fractional concentration of the
pyrene-labeled protein in the aggregation mixture
(Fig. 2b, inset; Supplementary Data Fig. 3). The cor-
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Fig. 2. Emission spectra of pyrene-labeled AS cysteine variants after incubation at 37 °C for different lengths of time.
(a) AS-A18C_Py; (b) AS-A90C_Py; (c) AS-A140C_Py; (d) AS-A30P-A90C_Py; (e) AS-A53T-A90C_Py.The pyrene-labeled
protein was diluted 16-fold with the corresponding unlabeled protein (wild-type AS for the three wild-type cysteine
variants; AS-A30P for the AS-A30P-A90C, and AS-A53T for AS-A53T-A90C). The fluorescence spectra correspond to one
of the replicates. Protein, 100 uM; pyrene, 6 uM. The inset in b shows the excimer fluorescence intensity at different dye—
protein ratios at the end of aggregation.
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responding ThioT and anisotropy curves for the dif-
ferent fractional concentration of pyrene are given in
Supplementary Data Fig. 4. For the pyrene-total pro-
tein ratios, o, of 1:16, 1:7, and 1:3 the relative excimer
intensity after completion of aggregation was 1:4:8.
Thus, the excimer signal constitutes a very sensitive
indicator of association, reflecting stacking interac-
tions of pyrene promoted by the tertiary and quater-
nary structural features of both oligomeric and
fibrillar forms of AS. During aggregation, AS adopts
the cross-p-conformation characteristic of all amy-
loid fibrils, but the relative orientation of the cons-
t1tuent protein monomers is a matter of controver-
sy Assummg that a pyrene at position 90 of the
AS core (NAC) in a fibrillar substructure can po-
tentially engage in excimer-forming mteractlons
with neighbors above, below, and opposite,” the
relative probability of encountering a second pyrene
in one of the available loci would be approximately
proportional to «, with relative excimer yield esti-
mates of 1:2:5, values in reasonable agreement with
the experimental findings. Thus, the excimer data
point to an “in-register” orientation of the B-sheets in
the core region. The documented unfolded and dis-
ordered states of the N and C termini in fibrillar
bundles®® would not favor the encounter of two
pyrene molecules to form excimers, accounting for
the absence of increase in excimer intensity upon
aggregation of AS.

The two familial AS mutants A53T-A90C_Py and
A30P-A90C_Py, although labeled at the identical
position, showed strikingly different spectral signa-
tures (Figs. 2 and 3). As expected, the ThioT signals
from these aggregation-prone mutants of AS in-
creased earlier in the incubation, albeit more gra-
dually in the case of A30P-A90C. The pyrene mono-
mer intensities, including the 385 nm component,
increased as before with AS-A53T-A90C_Py but de-
creased with AS-A30P-A90C_Py due to the devel-
opment of the enhanced excimer signal at the cost of
the monomer. In contrast, only very low excimer
fluorescence appeared during the final stages of
aggregation of AS-A53T-A90C_Py. Apart from the
difference in their rates of aggregation, these two PD
variants also differ with respect to lipid binding,
toxicity m yeast -based assays, 2 and protofibrillar
structure.® The small excimer signal exhibited by
A53T-A90C_Py denotes the existence of distinctive
conformational features preventing intermolecular
pyrene—pyrene interactions, whereas the opposite
holds for A30P-A90C_Py. Solid-state NMR studies
are being conducted by the group of M. Baldus to
elucidate the distinctive structural features at the
fibrillar level responsible for these phenomena.

In comparative aggregation assays with mixtures
of A30P-A90C_Py and unlabeled genetic mutant
A30P or wild-type AS, the pyrene-labeled “mutant”
mirrored the aggregation kinetics of the bulk protein
(Supplementary Data Fig. 5). In addition, the pyrene
exhibited the spectral properties corresponding to
the “majority” protein. Thus, pyrene-based aggrega-
tion assays reveal a previously undetected capability
of AS for “molecular adaptation” to the structural

framework dictated by other co-aggregating mole-
cules present in excess. This principle may well apply
to the heterogeneous molecular associations char-
acteristic of the aggregopathy diseases in general.'

The pyrene |,/l;, ratio: a sensitive indicator of
early oligomers

The relative changes in intensity of the character-
istic vibronic bands of pyrene monomer fluorescence
reflect the changing polarity of the microenviron-
ment. The ratio of the intensities of the third (385 nm)
and first (375 nm) bands, 1;/1;; forms the basis of the
Py scale of polanty A lower I;/1I;; band ratio cor-
responds to a non-polar environment (cyclohexane:
0.58) whereas a higher value indicates greater
polarity (DMSO: 1.95). The initially high I,/I;; value
of pyrene, conjugated to AS (Fig. 3f-j) was close to
that observed in methanol, a result consistent with
the low overall hydrophobicity of natively unfolded
protems A significant and continuous drop inI;/ I
ratio during the pre-fibrillar phase of aggregation, in
the case of all the labeled AS variants (Fig. 3f-),
attested to a gradual increase in the local hydropho-
bicity of the protein, presumably due to the progres-
sion of small oligomeric precursors to higher-order
proto-fibrillar filamentous intermediates of AS.

Steady-state fluorescence anisotropy of
pyrene-labeled AS

In the case of an isotropic rotator undergoing hin-
dered (anisotropic) motion, the steady-state aniso-
tropy is related to the fluorescence lifetime normal-
ized by the rotational correlation time, according to
the expression r=(r,+7.,0) / (1+0), where r, and r.,
are the fundamental (initial) and limiting (terminal)
anisotropies, respectively, dictated by the orienta-
tions of the absorption and emission transition
moments of the fluorophore relative to themselves
and to the molecular frame before and after rotation.
For molecules isotropically distributed in solution,
0.4>r>-0.2. The great sensitivity of fluorescence
anisotropy in the context of the system reported here
derives from the dual circumstance alluded to
earlier: the operational suppression of the monomer
contribution and the influence of varying o ratios
during oligomerization.

All pyrene-labeled AS variants demonstrated a
very large rise in the steady-state anisotropy mea-
sured at the monomer emission band from an initial
value <0.1 to a final level of >0.25 (Fig. 3f—). The time-
course paralleled the decrease in I;/Ij; values and
preceded the rise in ThioT signals. The final r of 0.25—
0.27 was close to the intrinsic 7, of pyrene; i.e. for the
immobilized probe (r,=0.3 in 3-methylpentane glass
at 77 K).%

The fluorescence anisotropy of a labeled protein at
any given time is an intensity-weighted average of
the individual values of the various species present
in the molecular population. In the case of aggregat-
ing AS: (i) monomer, oligomers, protofibrils during
the lag phase (ThioT negative); and (ii) fibrils present
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during the final stages of aggregation (ThioT posi-
tive) coexisting with the species cited under (i). The
fluorescence anisotropy achieved its maximal value
at the time-point corresponding approximately to
the t1,, of the ThioT signal. ThioT interacts specifi-
cally with the cross-p-sheet structure common to
amyloid fibrils, and the binding is mdependent of the
primary structure of the protein.”® Only the multi-
meric fibrillar forms give rise to a significant fluo-
rescence emission upon binding of the dye. Thus, we
attribute the changes in fluorescence intensity and
fluorescence anisotropy of pyrene during the lag
phase defined by the ThioT progress curve to the for-
mation of “protofibrillar” oligomeric species, spher-
oids, chains of spheres etc. as revealed by atomic force
microscopy.'!?” This determination obliges us to
consider intermediate kinetic steps of oligomerization
in the nucleation-propagation model, involving mole-
cular species differing in important respects from the
ultimate fibrillar form. Details of such a model will be
presented elsewhere.

A semi-quantitative comparison of the changes in
the steady-state spectroscopic signature of labeled
pyrene in the wild-type and mutant forms of AS are
summarized in Supplementary Data Table 1. All the
photophysical parameters of labeled pyrene (fluor-
escence intensity, solvent polarity ratio I;/I;;, exci-
mer formation, and anisotropy), provide a conve-
nient means for monitoring AS oligomerization and
fibrillization in vitro in the very early stages.

Fluorescence lifetime of pyrene-labeled AS

Time-resolved fluorescence anisotropy has been
used to monitor the aggregation of a commercially
avallable AB 1-40 fluoropeptide bearing a fluores-
cein tag.’® However, the short excited state lifetime
of fluorescein (3—4 ns) precludes the quantification of

aggregates undergoing rotational depolarization on
a timescale much longer than that of the probe itself.
The utility of long-lived fluorescent probes such as
pyrene was already manifested in the steady-state
measurements discussed above, but mechanistic stu-
dies of the kinetics and pathways of oligomerization
as well as the implementation of new assay/diag-
nostic procedures required recourse to time-resolved
determinations.

The fluorescence lifetime of all the pyrene-labeled
AS preparations at room temperature exhibited tr1-
exponential decays typical for this fluorophore,®
with a short-lived component of 2-10 ns, an inter-
mediate component of 10-35 ns, and a long-lived
component of 45-120 ns (Fig. 4). The three fluores-
cence lifetimes doubled, and their respective frac-
tional contributions varied, during all phases of
aggregation, indicating systematic changes in the
microenvironment(s) of the pyrene probe. A53T-
A90C_Py, was the notable exception, with lifetime
values that were high from the onset (>100 ns) and
remained fairly constant. The finding that the
fractional contribution of the shortest lifetime was
greater for the end-labeled molecules and decreased
during aggregation was not unexpected. In contrast,
the intermediate lifetime of the A90C_Py variants
made the highest initial contribution, which then
decreased during the aggregation, probably due to
competition from the excimer. As a consequence, the
longest component increased in amplitude.

The multi-exponential decay of single-site pyrene-
labeled AS molecules may reflect the different modes
of association of the pyrene ring with the protein
surface; i.e. with the bulk of the ring buried and the
succinimide moiety exposed to water or vice versa.- 3
It is equally, or more, probable that the complex
temporal pattern reflected in the lifetime (and aniso-
tropy, see below) data reflects the different, coexist-
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Residual anisotropy (right-hand axis), 7., 5 (A). The indicated error bar is the standard deviation.



1070

Aggregation of Pyrene-labeled «-Synuclein

ing, and evolving protein species and environments
detectable by the pyrene probe. The fluorescence
lifetimes of pyrene monitored via the excimer emis-
sion band (2.8 ns, 13 ns, 48 ns, for AS-A90C_Py) were
in the same range as the monomer components. The
fluorescence of pyrene, either free or as a covalent
protein adduct, is subject to collisional quenching by
molecular oxygen. Pyrene exhibits a single long
fluorescence lifetime of ~300 ns in benzene in the
absence of oxygen.'” Oxygen-scrubbed (using glu-
cose oxidase) solutions of AS-A90C_Py showed an
increase in the steady-state excimer and a decrease in
the monomer emissions. The fluorescence lifetimes
of the monomer and excimer also increased from
45 ns to 73 ns, and from 48 ns to 53 ns, respectively.
The measurements otherwise reported in this study
were performed in oxygen-saturated solutions.
Comparable hydrostatic pressures are required for
dissociation of oligomeric proteins and amyloid
fibrils, suggesting the existence of packing defects
and hydrophobic pockets in the latter.*’ These struc-
tural elements constitute the targets for hydrophobic
compounds such as N-arylaminonaphthalene-
sulfonates® but are apparently also sensed by the
pyrene probes attached to the protein backbone, as
manifested by the trends in fluorescence lifetimes
during the course of aggregation. The observation
that the fluorescence lifetimes of the pyrene-labeled
PD variant AS-A53T were long and relatively in-
variant during aggregation, and that this mutant is
more susceptible to pressure-induced disruption™
point to possible differences in fibrillar architecture
of the wild-type and genetic AS mutants. Solid state
NMR studies by H. Heise and M. Baldus on fibrils of
wild-type AS and the genetic AS mutant A53T reveal
differences in the core domain (unpublished results).

Time-resolved fluorescence anisotropy: “rising”
anisotropy curves

The concerted decays of fluorescence intensity and
anisotropy of a pyrene-labeled protein during the
aggregation were measured and interpreted accord-
ing to an associated exponential model in which the
fluorescence lifetime and amplitude of the total
intensity decay components are linked specifically
with individual anisotropy parameters.

(0= fblt) )
i=1

where:

n

o —t/Ti i
i) :fTT,IT(t) =Z we T (2)

and:
ri(t) = (ro; — rwi)e ¥ 4+ 1., (3)
The latter expression represents the simplest possible

representation of the hindered rotational relaxation
alluded to above; ¢; is the ith apparent rotational

correlation time, r(t), a; and T; are the ith fluorescence
amplitude and lifetime, and 7,; is the initial pre-
rotational anisotropy. The time-resolved anisotropy
was fit with Kaleidagraph (v3.5, Synergy Software) to
a function in which each rotational component was
weighted by its respective intensity function (Eq. (1)),
the parameters of which were obtained from the
analysis of the associated intensity decay data. We
assumed (and confirmed in most cases) that the AS
monomer, present at the start of incubation, under-
went a virtually isotropic decay, i.e. with 7, = 0.

In most cases, the three resolved fluorescence
lifetimes were fit successfully to two rotational
correlation times ¢, and a third infinite component
corresponding to an immobile species (over the time-
course of the measurement). In the case of AS-A30P-
A90C_Py, three finite rotational correlation times
were required at the start of incubation to obtain an
adequate fit. The rotational correlation times and the
values of 7., 3 during the aggregation assay are shown
in Fig. 4f-.

At the beginning of aggregation, the fluorescence
anisotropy of the pyrene-labeled proteins, with the
exception of A53T-A90C_Py, decayed to values close
to zero (0.002) with two rotational correlation times
of the order 1 ns to 5 ns. From 45 min to 3 h after the
start of incubation, the limiting anisotropy, 7.3 in-
creased significantly (0.02) and thereafter rose to va-
lues in the range of 0.2+0.05. The complex interplay
between the decay of intensity and rotational motion
resulted in the time-dependent anisotropy (AS-
A90C_Py) shown in Fig. 5. Such unusual bimodal
anisotropy “decay” curves clearly reflect a hetero-
geneous environment, with a long-lifetime compo-
nent coupled to a long (or virtually “infinite”) rota-
tional correlation time. The observed trend in the
anisotropy decay curves arise as a result of multiple
species with different parameters. (Rising anisotropy
curves are observed when the major contribution to
the fluorescence decay is from the fast component
and the ratio of the long to short lifetimes is >3.*")

The behavior of time-resolved anisotropy can be
interpreted in terms of the various AS molecular
species as follows. The anisotropy decay at time zero
represents the AS monomer, whereas the major con-
tribution to the anisotropy decay with high residual
anisotropy observed at the end of aggregation de-
rives from AS fibrils. The anisotropy curves observed
at the intermediate time-points of aggregation reflect
the contribution of monomeric and oligomeric AS.
The initial stages of aggregation, i.e. the ThioT-nega-
tive phase, are witnessed by an increase in the resi-
dual anisotropy with the time-resolved anisotropy
decay showing an upward signature and two rota-
tional correlation times of 1-5 ns. During this phase,
the rotational correlation time associated with the
intermediate lifetime component either equals or is
greater to that associated with fast decay component
(Fig. 4g). The rising anisotropy curves report the
formation of oligomers with a rotational correlation
time greater than that of the monomer.

As the aggregation proceeds, the magnitude of the
upward trend in anisotropy increases as the oligo-
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mers grow in number and size, reflected in a prog-
ressively increasing .. 3. The leveling out of residual
anisotropy close to the limiting anisotropy value of
pyrene® occurs when the ThioT signal reaches half
its maximal value. The incorporation of oligomers
and other higher aggregates into protofibrils or fib-
rillar material results in an increase in the correlation
time associated with the long lifetime component to
almost ten times its initial value (~60 ns for AS-
A90C_Py). The fibrils themselves are virtually im-
mobile during such measurements; the short rota-
tional correlation times recovered even during the
final stages of aggregation are presumably due to the
residual fraction of monomeric AS. In general the
longest resolved rotational correlation time recov-
ered for all the pyrene-labeled protein was in the
range of 60-150 ns, with the exception of AS-A53T-
A90C_Py, for which the rotational correlations times
were as long as 250 ns at the end of the reaction.

An exception to the course of anisotropy in the
pyrene-labeled AS variants was provided by A53T-
A90C, which exhibited an upward curvature right
from the start of incubation (Supplementary Data
Fig. 6). It is noteworthy that this genetic mutant of AS
also differed from the other molecules by virtue of
exhibiting a long fluorescence lifetime that remained
virtually unaltered throughout the aggregation
assay. However, the high residual anisotropy of
AS-A53T-A90C_Py could have reflected the exis-
tence of small preformed nucleation sites or incipient
aggregates of appreciable size and rigidity. Such
molecular species would have to have persisted after
the step of ultracentrifugation preceding the incuba-
tion and/or to have formed spontaneously through
fairly rapid equilibration.

During the completion of this manuscript, a
fluorescence polarization assay for rapid screening
of AS oligomerization/fibrillization inhibitors was

50 100 150200 250 300350 400
Time (ns)

11h,0.18; (g) 14 h, 0.20; (h) 35 h, 0.19;
(i) 52 h, 0.19.

reported.*” The measurements were based on ran-
dom labeling with short lifetime fluorophores and
thus lacked the selectivity and sensitivity afforded by
both the steady-state and time-resolved intensity and
anisotropy signals reported here, both of which offer
great potential for high throughput screening (HTS)
in drug discovery. The pyrene-based assay reveals
important molecular changes during aggregation via
an array of fluorescence parameters, shedding light on
the key roles of molecular segments such as the N and
the C termini, and the core NAC region during early,
middle, and late phases of AS aggregation. This feature
is of particular importance in view of the fact that
potential therapeutic PD drugs are generally screened
for their ability to inhibit fibril formation, without
addressing their effects on critical prefibrillar inter-
mediates.>” We also anticipate the application of
pyrene conjugates of AS to study aggregation in vivo
(cellular systems) by monitoring the pyrene monomer
anisotropy and excimer fluorescence.

Methods

Protein expression, purification, and labeling

Recombinant human wild-type and the genetic (A53T
and A30P) mutants of AS were expressed and purified as
described."! The cysteine variants of AS (A18C, A90C,
A140C, A53T-A90C, and A30P-A90C) were constructed
using the Quick-Change site-directed mutagenesis kit (Stra-
tagene), and the introduced modifications were verified by
DNA sequencing.

Labeling of AS with N-(1-pyrene) maleimide

The protein preparations were labeled with N-(1-
pyrene) maleimide (Molecular Probes, Invitrogen) as
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suggested by Molecular Probes (Supplementary Data) in
25 mM sodium phosphate, pH 6.2. The labeling efficiency
(70-85%) was calculated using a molar extinction co-
efficient of 36,000 M~ ' cm™' at 343 nm for pyrene.* For
details refer to Supplementary Data.

Steady-state and time-resolved spectroscopic
measurements

The corrected excitation and emission spectra of pyrene
labeled AS variants were measured on a Cary Eclipse
spectrofluorimeter with slit-widths of 5/5 nm. Time-
resolved fluorescence and anisotropy was recorded in the
forward mode using an IBH 5000 U fluorescence lifetime
spectrometer equipped with LED light sources and a TBX-
04-A detector. More detailed description of these and other
procedures can be found in the Supplementary Data.
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