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Interactions of Neurodegenerative Disease Positron
Emission Tomography Imaging Probe Candidates
with the C-Terminus of α-Synuclein Fibrils
Kyle D. Shaffer, Ryann M. Perez, Marshall G. Lougee, Vinayak V. Pagar, Hee Jong Kim,
Ho Young Kim, Benjamin A. Garcia, Robert H. Mach, and E. James Petersson*

Fibrillar aggregation of α-synuclein (αS) is a hallmark of
Parkinson’s disease (PD) and related disorders, including multiple
system atrophy (MSA) and dementia with Lewy bodies (DLB).
Herein, the fibril interactions of two candidate positron emission
tomography (PET) imaging ligands, M503 and HY-215, being
developed for imaging of PD/DLB and MSA, respectively, are
investigated. Photo-crosslinking mass spectrometry is used to
determine the sites of their binding to in vitro fibrils, and

Förster resonance energy transfer with fluorescently labeled pro-
teins is used to analyze conformational changes in the disordered
αS C-terminus. Taken together, these studies show that the
MSA-selective PET lead, HY-215, interacts with the C-terminus,
unlike the PD-selective lead M503. This study indicates that inter-
actions with the often-ignored disordered regions of αS fibrils
should be considered in the development of PET probes and
other therapeutic small molecules.

1. Introduction

Alpha-synuclein (αS) is an intrinsically disordered protein known
to form fibrillar intracellular aggregates that are associated with
the pathology of several neurodegenerative disorders, termed
synucleinopathies, including Parkinson’s disease (PD), dementia
with Lewy bodies (DLB), and multiple system atrophy (MSA).[1]

Although these diseases all feature αS aggregation, they vary
in their clinical and biochemical characteristics. Additionally,
MSA is known to have two subtypes: cerebellar ataxia–
predominant (MSA-C) and parkinsonism-predominant (MSA-P),
characterized by increased copathology of amyloid beta (Aβ)
and tau, respectively.[2] Cryogenic electron microscopy (cryo-
EM) and solid-state nuclear magnetic resonance (ssNMR) studies
have shown that αS can adopt a number of different polymorphs

in these fibrillar aggregates.[3–6] The differences in these poly-
morphs may be partially attributed to differences in physiopa-
thology between diseases. Fibrillar αS in PD/DLB accumulates
as insoluble inclusions in neurons, known as Lewy bodies,
whereas in MSA, the fibrils accumulate in glial cells, forming glial
cytoplasmic inclusions.[7] A variety of polymorphs have been
observed for in vitro αS preparations, and there are significant
differences in the polymorphs seen in cryo-EM and ssNMR studies
of fibrils purified or amplified from PD/DLB patients and those
from MSA patients (Figure 1).[3,4,8] These structural differences
are undoubtedly related to the different pathological character-
istics of PD and MSA, and they provide an opportunity to develop
molecular tools for tracking the progression of the diseases.

Advancements in the study of Alzheimer’s disease have
employed positron emission tomography (PET) as a noninvasive
method of imaging and quantifying aggregates of tau and Aβ.[9]

Using small molecule PET tracers that bind specifically to tau or
Aβ fibrils allows for early detection and monitoring of changes in
fibril burden during disease progression and treatment. For PD
and MSA, no such compounds have been approved for clinical
use to date, but several αS PET radiotracers are under develop-
ment.[10] These include the early lead compound BF-2846, and
derivatives M503 and HY-215, which have advanced to human
trials for imaging of PD and MSA, respectively (Figure 1).[11,12]

In order to optimize the affinity and selectivity of αS PET probe
candidates, we and others have worked to obtain structural infor-
mation on their interactions with fibrils through direct methods
like cryo-EM and ssNMR, as well as indirect methods like photo-
crosslinking and fluorescence studies.[12–17] While cryo-EM and
ssNMR can provide high resolution data on binding in the
well-folded fibril core (typically composed of residues 35–100),
the molecular interactions and conformational dynamics of the
disordered N- and C-termini are critically unresolved for these
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methods. However, low resolution models of disordered regions
can be constructed from Förster resonance energy transfer (FRET)
measurements to provide valuable insight into interactions that
can influence polymorph selectivity.[18]

FRET is a powerful tool for probing protein structure and
dynamics, taking advantage of nonradiative energy transfer
resulting from resonance interactions of the electronic transition
dipoles of chromophores.[19] The efficiency of this energy transfer
(EFRET) is very sensitive to changes in distance (R), with a depen-
dance of R�6.[20] Using an appropriate fluorescence donor and
acceptor pair, FRET may be used as a molecular ruler, with sen-
sitivities of sub-angstrom resolution within the working range of a
FRET pair, centered about the Förster distance (R0), or distance of
half-maximal energy transfer.[21] FRET has been utilized for prob-
ing inter- and intramolecular interactions of proteins in vitro and
in vivo. However, since environmental factors, such as solvent

exposure and composition, can have large effects on EFRET, many
factors must be controlled for and monitored, such as the donor
quantum yield (ϕ), acceptor molar extinction coefficient (ε), and
overlap of donor emission and acceptor excitation spectra.[17,22]

Acridon-2-ylalanine (Acd, δ) is an intrinsically fluorescent, small
(222 Å3, only 45% larger than tryptophan) and uncharged nonca-
nonical amino acid (ncAA) with a high ϕ in aqueous media (0.95), a
long fluorescence lifetime (8–14 ns), and high photostability
(Figure 2).[23–25] Additionally, Acd may be incorporated site specifi-
cally into a protein of interest using amber stop codon suppression
with a cognate tRNA/tRNA synthetase pair orthogonal to an
expression host’s native translationmachinery, also termed genetic
code expansion (GCE).[23,24,26,27] With excitation maxima at 385/
400 nm and emission maxima at 420/450 nm, Acd may act as both
a donor for common longer-wavelength chromophores, including
fluorophores such as boron dipyrromethene (BODIPY, Bdp) and

Figure 1. αS fibril and ligand structures. Top: In vitro ssNMR or cryo-EM fibril structures and ex vivo PD/PDD/DLB or MSA fibril structures rendered from
noted PDB ID coordinates and colored according to the rainbow scheme below the structures.[3,4,8,36] Binding sites identified in computational analysis of
PDB ID 2n0a are noted with gray circles.[33] Bottom: Candidate PET ligand structures and crosslinkable analogs used in XL-MS.
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quenchers like copper 1,4,7,10-tetraazacyclododecane, as well as
an acceptor for shorter-wavelength fluorescent molecules such
as tryptophan and methoxycoumarin.[17,24,28–32] BODIPY is a partic-
ularly good FRET acceptor for Acd since it has a narrower excitation
peak than similar fluorophores like fluorescein, giving it a lower
extinction coefficient in the 400 nm region where Acd is excited,
thereby minimizing direct excitation in doubly labeled FRET con-
structs (Figure 2).[17]

We desired to use Acd/Bdp FRET to observe potential confor-
mational shifts in αS fibrils upon addition of ligands developed as
radiotracer leads for PD and MSA PET imaging probes. Photo-
crosslinking and mass spectrometry (XL-MS, Figure 3A) indicate
that the lead molecule BF-2846 binds in the well-folded αS fibril
core, and autoradiography in patient tissue shows that BF-2846 is
nonselective for PD versus MSA. In contrast, M503 and HY-215
bind selectively to PD and MSA patient tissue, respectively,
and XL-MS indicates that HY-215 interacts with a region in the
αS C-terminus.[11,12] Thus, we wished to understand differences
in interactions with this region among these three structurally
related ligands, which might help to explain their selectivity pro-
files. To do this, we generated several fluorescently labeled αS
constructs, formed fibrils in mixtures with wild-type (WT) αS,
and measured fluorescence spectra to track any conformational
changes induced by ligand binding.

2. Results and Discussion

2.1. Binding Site Identification

Our development of PET ligands for PD and MSA began with the
identification of potential ligand binding pockets observed in the
original ssNMR structure of αS fibrils (Protein data bank ID
(PDB ID): 2n0a).[8,33] Several binding sites were hypothesized in
this study, shown in Figure 3. Site 2 is located near residues
Y39-E46 in the ssNMR structure, and site 9 is located near residues
G86-K96. These sites presented deeper binding pockets than site
3 (K43-H50), site 7 (V63-G67), or site 8 (T81-E83), the only other
sites that were surface accessible and in the ordered regions of
the fibril. For purposes of clarification, ex vivo fibrils refer to struc-
tures isolated directly from patient tissues, whereas in vitro fibrils
refers to structures generated in a laboratory setting which may
or may not have been seeded with fragments of fibrils isolated
from patient tissues. More recent cryo-EM structural data (exem-
plified by PDB ID: 6h6b) shows that in vitro αS fibrils commonly
exist as multiprotofilament structures and that this can result in a
rearrangement of site 2 and site 3 (backbone rotation that places
Y39 and H50 on the same face of the protofilament) to form a site
that we will refer to as site 2* (Figure 1).[34] Indeed, recent studies
on the binding of site 2* ligands indicate that the conditions used
for our fibril preparation in our studies generate fibrils with a
6h6b-like morphology (PDB ID: 904b),[35] but with a more ordered
N-terminus, similar to that recently reported by Jiang et al. (PDB
ID: 9c5r).[36] The more ordered N-terminus presents site 1 (G14-
T22), as a potential ligand-binding location. The 6h6b, 904b,
and 9c5r structures bear substantial similarity to ex vivo struc-
tures of fibrils from MSA patients (exemplified by PDB ID:
6xyo),[3] particularly at the level of the conformation within a sin-
gle fibril strand, with varied strand–strand packing (Figure 1).
Both the in vitro and ex vivo MSA structures differ significantly
from the ex vivo structure of fibrils from PD patients
(Figure 1)[4] as well as the structure of in vitro fibrils formed by
seeding with material from Lewy body dementia patients.[5]

Thus, we interpret our ligand binding and XL-MS data with in vitro
fibrils primarily in terms of the 9c5r structure, since this recapit-
ulates many features of other in vitro αS fibril folds, but resolves
portions of the C-terminus relevant to the current study. We note
that site 8 is blocked by this positioning of the C-terminus and is
not fully available in either the PD or MSA ex vivo structures, so it
will not be discussed further.

In Figure 3, XL-MS data for the three ligands are mapped onto
the in vitro ssNMR and cryo-EM structures, and the highest-
confidence data for selective ligands are mapped onto the PD
ex vivo structure (M503) and the MSA structure (HY-215). Initial
XL-MS with αS fibrils using an azide derivative of BF-2846 and
matrix-assisted laser desorption ionization MS (MALDI-MS) iden-
tified site 9 as the primary binding site,[15] and subsequent XL-MS
using a diazirine CLX derivative and electrospray ionization MS
(ESI-MS) identified other binding sites near site 2 and site 3
(Figure 3B and ESI, Figure S1–S2, Supporting Information).
These XL-MS sites are consistent with BF-2846 binding being
largely, but imperfectly, orthogonal to compounds that bind to

Figure 2. Acd and BODIPY spectra, structures, and FRET distance depen-
dance. Top: Acd (blue) and BODIPY (green) absorption (solid lines) and
emission (dashed lines) spectra, with spectral overlap region shaded.
Absorption spectra are scaled according to ε at their absorption maximum
(left y-axis). Emission spectra are normalized to their emission maximum
(right y-axis). Bottom: Distance dependance of EFRET for Acd and BODIPY
based on spectral data and ϕ= 0.95. Acd and BODIPY structures shown
with BODIPY in the form of a CBDP conjugate.
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site 2*, such as Tg-190b.[33] HY-215 has also been synthesized with
a CLX tag (Figure 1), and XL-MS identified binding to site 1, site 2*,
site 7, and site 15 (D115-E123), a region that had not been previ-
ously observed for XL-MS of any other ligands (Figure 3B).
Although this was predicted as a weak binding site in early
computational studies,[33] it was not seriously considered since
this region has been disordered in almost all cryo-EM and
ssNMR structures reported to date.[6] However, in the 9cr5 struc-
ture it packs against site 7, creating a binding pocket.[36] M503
binding has not been previously studied by XL-MS, so we pre-
pared a CLX derivative (Figure 1) and photo-crosslinked it to fibrils
prepared using our typical aggregation conditions. Following dis-
aggregation to αS monomers and digestion with trypsin (cleaves
at Lys and Arg residues) or GluC (cleaves at Asp and Glu residues),
we identified crosslinked peptides using MALDI-MS. Collisional
MS/MS fragmentation was used to determine the specific resi-
dues with M503 crosslinks (Figure S3, Supporting Information).
From these data, we see that M503 binds to sites 1, 2*, and 9
(Figure 3B). Thus, it seems that replacing the piperazine group
in BF-2846 with a 3.8-diazabicyclo [3.2.1]octane in HY-215

reduced site 9 binding and generated new site 1 and site 15 inter-
actions. In contrast, replacement of the aniline ring of BF-2846
with a carboxypyrimidine bearing an exocyclic amine in M503
favors site 2 binding and does not generate interactions with sites
7 and 15. Given the overall similarity of these ligands and the
unusual site 15 interaction of HY-215, we were interested in
determining whether conformational changes in the C-terminus
played a role in binding for any of the three ligands.

2.2. Protein Design, Expression, and Labeling

FRET studies require production of doubly labeled protein, and
proper interpretation of distance information also requires pro-
duction of donor-only and acceptor-only control proteins. We
used the available structural information to choose label sites
for our αS constructs that would effectively report on conforma-
tional changes and minimize any disruptive effects of the fluores-
cent probes. The residues we chose to mutate were Ser9, Phe94,
Glu114, and Tyr125, placing a FRET donor in the N-terminus to be
paired with a FRET acceptor at site 9 (94), or on either side of site

Figure 3. Photo-crosslinking sites mapped onto αS sequence and fibril structures. A) XL-MS workflow. B) Crosslink mapping: For both sequences and struc-
tures, regions corresponding to peptides observed in XL-MS experiments are highlighted in red (BF-2846), blue (M503), or green (HY-215), with asterisks
showing the specific crosslinked residues identified by MS2 fragmentation. For the structures (shown in the same orientations as in Figure 1), binding sites
identified in an initial computational screen are identified with gray spheres. For the sequences, the intensity of shading indicates the confidence in XL-MS
assignment, based on spectra counts, multiple overlapping peaks identified, or identification of the same site with multiple probes. XL-MS experiments
were performed on in vitro fibrils, and all XL-MS data are shown on the ssNMR and cryo-EM structures. Only the highest confidence M503 sites are shown
on the PD structure, and only the highest confidence HY-215 sites are shown on the MSA structure. Some HY-215 and BF-2846 XL-MS data have been
published previously.[12,15]
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15 (114 and 125). These sites have previously shown to be non-
perturbative to mutation in previous fluorescent labeling stud-
ies.[18,37] Based on the 2n0a (ssNMR) and 9c5r (cryo-EM)
structures, we were able to estimate the distances between pairs
of these residues, with separations of 9/94: 45 Å, 9/114: 65 Å, and
9/125: >40 Å. Since the 125 position is not fully resolved in any
available structure, we were only able to estimate a lower bound
for the 9/125 distance. This information allowed us to choose a
FRET donor/acceptor pair with an appropriate working distance
range. We have previously labeled αS with cyanophenylalanine/
Trp, cyanophenylalanine/ thioamide, Trp/Acd, Acd/methoxycou-
marin, fluorescein/rhodamine FRET pairs, as well AlexaFluor, or
Atto dyes for single-molecule FRET studies.[17,18,28,37–42] Here, we
chose Acd/Bdp, because the R0 of about 42 Å for this pair gives
a working range of 30–65 Å (10%–90% EFRET) that is well-matched
to the expected residue-to-residue distance ranges. Additionally,
Acd/Bdp double labeled constructs can be fairly easily produced
through Acd incorporation by GCE and labeling of a Cys residue
with BODIPY maleimide (Bdp-Mal) to produce CBdp (Figure 2);[17]

the visible wavelength nature of these probes reduces artifacts
due to light scattering experienced with UV probes like Trp;[43]

and the smaller size of Acd makes it less likely to disrupt protein
interactions than fluorescein and rhodamine.[44] Taken together,
these characteristics make Acd/Bdp an ideal, minimalist FRET pair
for studying changes in αS fibril structure.

Double-labeled constructs, along with the corresponding
Acd-only or Bdp-only single-labeled control constructs, were cre-
ated by inserting TAG and/or TGC codons for respective amber
suppression and cysteine insertion in the pTXB1-αS expression
plasmid. The pTXB1 plasmid includes a C-terminal intein and
His6 tag, which is convenient to eliminate protein truncation that
may occur due to incomplete suppression of the stop codon.[45]

These plasmids were then transformed into BL21-DE3 E. coli cells
for expression, along with a pDule2 plasmid containing sequen-
ces for the Acd aminoacyl tRNA synthetase (RS) and cognate tRNA
pair, derived from a Methanocaldococcus jannaschii RS/tRNA pair
(Figure 4).[26] Protein constructs were expressed and purified
using Ni-agarose resin, fast protein liquid chromatography
(FPLC), and high performance liquid chromatography (HPLC).
Mutant cysteine containing constructs were labeled with Bdp-
Mal and purified once again by HPLC. Final protein yields for
Acd-only constructs were about 50% of WT αS, and yields for
Bdp-labeled constructs were about 25% of WT αS (Table S1,
Supporting Information). Final labeled protein purity was con-
firmed by MALDI-MS (Figure S4–S5, Supporting Information).
Calculated versus observed masses may be found in Table S1,
Supporting Information.

2.3. Fibril FRET Studies

Labeled proteins were mixed in a ratio of 95:5 with WT αS, and
aggregated at 100 μM total protein concentrations in monomer
units in phosphate buffered saline (PBS) with 1300 rpm orbital
shaking in a 37 °C incubator for 5 days (Figure 5). This
WT/labeled ratio allows for good fluorescence signal while

maintaining native fibril structure and minimizing intermolecu-
lar FRET interactions, which would confound interpretation of
intramolecular distance changes.[46] The aggregated constructs
were then diluted and their emission spectra from 430 to
600 nm were acquired, with excitation at 410 nm. In previous
FRET studies with this pair in αS, this wavelength was found
to sufficiently excite the donor fluorophore with minimal direct
Bdp excitation.[17] Direct excitation of the Bdp in double-labeled
and Bdp-only fibrils at 490 nm was also used to determine
whether any quenching of the acceptor occurred. The fibril sol-
utions were then treated with BF-2846, M503, or HY-215 and
allowed to incubate, with shaking, for 4 or 24 h. The emission
spectra were acquired again using the same excitation and
emission wavelengths. All experiments were performed in trip-
licate and averaged. A spectrum of 100% WT αS taken under
identical compound treatment conditions was used for back-
ground correction of all spectra.

Before performing more in-depth analysis, we normalized
the spectra for the double-labeled constructs to determine
whether any change in FRET was apparent in the presence of
the compounds (Figure 6). No change in the ratio of Acd emis-
sion at 445 nm to Bdp emission at 510 nm is observed in the
dimethyl sulfoxide (DMSO) treated fibrils for any of the three
donor–acceptor combinations. This indicates that there are

Figure 4. αS Acd/Bdp construct expression and labeling strategy. Top:
Escherichia coli (E.coli) cells are transformed with a plasmid for the AcdRS/
tRNA pair and a plasmid for the protein (αS) with a Cys mutation at the
site of BODIPY labeling and a TAG codon at the site of Acd labeling. The
protein is expressed as a His6-tagged intein fusion, purified, labeled with
Bdp-Mal, the intein cleaved, and the protein further purified to give the
Acd/Bdp double-labeled protein (αS-CBDP

9δn, n= 94, 114, 125) for FRET
studies. Bottom: Model of fluorophore placement (colored ovals) and bind-
ing sites (gray spheres) on in vitro αS fibrils based on 904b and 9c5r cryo-
EM structures and 2n0a ssNMR structure.[8,35,36]
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no background conformational changes upon DMSO addition,
consistent with our previous studies.[17] In examining the Acd/
Bdp ratios in the compound-treated fibrils, several things are
clear immediately. HY-215 has the most significant effect on
the fibrils, decreasing the Acd/Bdp ratio for all three FRET pairs,
with a particularly strong effect on 9–125. BF-2846 and M503
have almost no effect on 9–94 of 9–114, and a smaller effect
than HY-215 on 9–125. Finally, in all cases, the 4 and 24 h spectra
are nearly identical, implying that the conformational changes
take place shortly after compound addition. These observations

are consistent with the XL-MS data that show crosslinking to the
C-terminus only for HY-215.

We then used nonnormalized data to perform a more in-
depth analysis of HY-215 induced conformational changes. As
shown in Figure 7, there is overall quenching of fluorescence
upon addition of HY-215 to the labeled fibrils. Similar effects
were observed with BF-2846 and M503, but not the DMSO vehi-
cle (Figure S6–S17, Supporting Information). Thus, changes in
FRET must be interpreted carefully using donor-only and
acceptor-only controls. For example, for the 9–94 FRET pair

Figure 5. αS fibril FRET. Experimental scheme for making fibrils with 5% αS-CBdp
9δn, n= 94, 114, or 125 (double-labeled) and treating them with BF-2846,

M503, or HY-215. Inset: Control experiments with fibrils made from 5% αS-δn, n= 94, 114, or 125 (donor-only) or 5% αS-CBdp
9 (acceptor-only).

Figure 6. Normalized spectra for αS Acd/Bdp fibrils. Changes in the relative intensity of the Bdp peak at 510 nm reflect changes in FRET efficiency resulting
from changes to chromophore environments and interchromophore distances.
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one can see that there are changes in the αS-δ94 and αS-CBdp
9

spectra in the presence of HY-215, indicating that there are
effects that are independent of FRET. When one compares
the sum of the donor-only and acceptor-only spectra to the
spectrum of the double-labeled protein, it is clear that there
is a decrease in Acd emission and an increase in CBdp emission,
demonstrating a FRET interaction in untreated fibrils (Figure 7D).
Although there is an overall decrease in emission intensity for
the double-labeled protein (Figure 7C), when one examines the
donor-only and acceptor-only spectra (Figure 7A,6B), one can
see that the relative intensities are nearly identical, implying
that 9–94 FRET is unchanged upon addition of HY-215, consis-
tent with our analysis of the normalized spectra. Donor-only and
acceptor-only spectra are also essential to FRET-based calcula-
tions of distance changes.

To determine EFRET, we fit the αS-CBdp
9δn doubly labeled spec-

trum to a linear combination of the singly labeled spectra by
adjusting the A and B parameters in this equation to minimize
the square difference

X

λ

I λð ÞDA � AI λð ÞD þ BI λð ÞAð Þð Þ2 (1)

where I(λ)DA, I(λ)D, and I(λ)A represent the fluorescence intensity at
a given wavelength from double-labeled αS-CBdp

9δn, donor-only
αS-δn, and acceptor-only αS-CBdp

9, respectively (Figure 7E, Figure
S15–S17, Supporting Information). From this fit, EFRET is then
calculated as

EFRET ¼ SA ∗ 1� Að Þ þ SB ∗
εA
εD

� �
B� 1ð Þ

� �
(2)

where εA=εD is the ratio of the acceptor and donor extinction
coefficients at the excitation wavelength (410 nm) and the
weighting factors of SA and SB reflect the relative contributions
of the donor-only and acceptor-only spectra. For untreated
fibrils (t= 0 h), we obtain EFRET values of 0.42 � 0.02,
0.38� 0.04, and 0.45� 0.01 for 9–94, 9–114, and 9–125 FRET
pairs, respectively. The small standard deviations show that
we are able to make consistent measurements across the differ-
ent fibril samples, as seen in the agreement between t= 0 h val-
ues for the fibrils to be treated with BF-2846, M503, or HY-215,
which should all be identical prior to compound addition
(Table S2, Supporting Information). Using the same approach,
we determined EFRET for all three FRET pairs after 4 or 24 h treat-
ments with HY-215 (Figure 7F). There is essentially no change for
the 9–94 FRET pair, and a very minor change for 9–125, but a
significant decrease in EFRET for 9–114.

To properly estimate interchromophore distance from EFRET,
we must determine R0 for Acd and CBdp in this environment
by comparing the emissions of the Acd-only construct and free
Acd amino acid to calculate the donor quantum yield ϕD in the
fibril in the presence of the compound. We find that Acd is
quenched significantly, with ϕD decreasing from 0.95 for the free
amino acid in water to 0.69 at position 94, 0.79 at position 114,
and 0.71 at position 125 in untreated fibrils (Table S3, Supporting
Information). A fully rigorous determination of R0 would also

Figure 7. αS fibril FRET. Top: Raw spectra for untreated fibrils (0 h) and fibrils treated for 4 or 24 h with HY-215; A) donor-only controls, B) acceptor-only
controls, C) double-labeled fibrils. Bottom: D) FRET analysis of untreated fibrils showing a comparison of the double-labeled spectrum to the sum of donor-
only and acceptor-only spectra, E) an example EFRET calculation for untreated fibril data showing the weighted donor-only and acceptor-only spectra as well
as their sum compared to the double-labeled spectrum, and F) a chart showing EFRET for each FRET pair for untreated fibrils (0 h) and after 4 or 24 h of
HY-215 treatment.
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require determining the acceptor extinction coefficient, εA, and
the spectral overlap integral, J, in the fibril environment.
However, these values do not typically change with environment
as much as ϕD and can be difficult to measure for dilute samples.
Using the ϕD correction, we determine an R0 value of 44.7� 0.6 Å
for 9–94 in untreated fibrils, from which we calculate a distance, R,
of 47.2� 0.2 Å. This result is in reasonable agreement with the
Cα–Cβ distance for Gly14 (the last resolved N-terminal residue in
the 9c5r structure) and Phe94 of 44 Å.

By performing the same fitting procedure for the fibril spectra
in the presence of the compounds, we can determine EFRET and
the corresponding Acd-Bdp distance, R, after correcting for
changes in ϕD. The 9–94 distance is shortened by 2–4 Å under
all treatment conditions, including DMSO vehicle. Thus, it seems
that there is not a significant change in the fibril core upon com-
pound binding, consistent with most cryo-EM structures of fibrils
with compounds bound that have been reported to date.[13,14,35]

While one might be concerned that compound binding to site 9
would affect FRET measurements, since only 1-in-20 αS molecules
has Acd at position 94, the vast majority of the binding sites are
unperturbed. Distance data for all FRET pairs and conditions are
summarized in Figure 8 and Table S6, Supporting Information.
Experimental error of <2 Å is estimated based on the variance
among the three replicate spectra which were averaged for each
donor-only, acceptor-only and double-labeled spectrum used in
the calculations (Figure S18 and Table S2, Supporting
Information). This can also be seen by comparison of the average
distance for each FRET pair across all samples to the distance cal-
culated for each condition at t= 0 h (Figure 8). Since these are all
untreated fibrils, the distances should be identical.

In contrast to 9–94, differences in effects between the three
compounds are seen for Acd label sites in the C-terminus. For
9–114 FRET pairs, a slight compaction is seen for BF-2846 or
M503 after 4 or 24 h of treatment, with a more significant expan-
sion from 53 Å to 59 Å for HY-215 after 24 h. For 9–125 FRET pairs,
small compactions are seen for all three ligands. In general, these
changes are consistent with the interpretation from simple

inspection of the normalized spectra for the double-labeled con-
structs (Figure 6). However, it is notable that the apparent decrease
FRET seen for the 9–125 pairs in the normalized spectra becomes a
negligible change in interchromophore distance when one cor-
rects for effects of the donor-only or acceptor-only control spectra.
This is particularly significant for HY-215 data, where binding in the
C-terminus appears to quench Acd fluorescence, necessitating cor-
rections for the donor spectra and ϕD (see Table S3–S5, Supporting
Information). Additional investigations of these binding phenom-
ena would be advisable using nonphotometric methods such as
calorimetry, surface plasmon resonance, NMR, or electron para-
magnetic resonance with spin-tagged probes.

Taken together, these experiments show that unlike the non-
selective parent compound BF-2846 or the PD-selective com-
pound M503, HY-215 binds to the region around Asp115 (site
15) and induces a conformational change in that region. While
there are differences in strand–strand packing between the in
vitro fibril structures (e.g. PDB ID 9c5r) and the MSA fibril struc-
tures, there is similarity in the site 7 region and presumably in the
way that the C-terminus packs against it (Figure 3) that could be
exploited to design MSA-specific compounds.

3. Conclusion

Our findings provide further insight into the differential binding
of these PET imaging probe candidates. While the primary bind-
ing sites of all three ligands are expected to be in the well-folded
fibril core, the different interactions with the C-terminus that we
have observed may play an important role in their selectivity. In
particular, for HY-215, transient folding of the region around
Asp115 may allow it to bind, followed by a conformational
change to form a more stable binding pocket. However, one must
keep in mind that these experiments were done on in vitro fibrils.
While these are expected to have substantial similarity to MSA
fibrils, particularly at the level of the fold in an individual strand,
the structures of in vitro fibrils are not identical to the ex vivo MSA

Figure 8. Distance changes in fibrils. R for each FRET pair for untreated fibrils and after 4 or 24 h of compound or DMSO treatment. Expansion is observed
for 9–94 under HY-215 treatment. Compaction is observed for all other FRET conditions, including DMSO treatment. Open squares indicate the average dis-
tances for all untreated samples. R values given in Table S6, Supporting Information. Only the HY-215 9–114 distance change at 24 h is statistically signifi-
cant relative to both untreated fibril measurements and DMSO-treated fibril measurements (both p< 0.0001, ****). Full analysis of the statistical significance
of distance measurements is given in Table S7, S8, Supporting Information.
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fibril structures (Figure 1). Additionally, since ex vivo PD fibrils
structures are significantly differently than MSA or in vitro fibril
structures, M503 may interact quite differently with PD fibrils,
in spite of the tempting interpretation that its interactions with
site 2 confer PD-selectivity. Another factor that may complicate
relating these effects to fibrils in vivo is posttranslational modifi-
cation, particularly phosphorylation of Ser129 (pS129), the most
common modification of αS, and one often used as a biomarker
for pathological αS.[47,48] To investigate compound binding to PD
fibril polymorphs, we can use methods for templating aggrega-
tion using patient material which have been shown to success-
fully replicate the fold of αS from Lewy bodies (i.e. PD).[5] In fact,
we have previously used PD and MSA patient material seeding
methods in which we incorporated fluorescently labeled protein
in the templated fibrils for cell uptake studies.[49] Moreover, we
have shown that we can synthesize or express αS with a variety
of posttranslational modifications, including pS129, and that these
can be combined with fluorescent labeling.[40,50,51] Thus, we can
investigate the effects of modifications like pS129 on binding of
HY-215 and M503, and this can even be done in the context
of fibrils templated with PD patient material.

4. Experimental Section

Construction of pTXB1-αS–S9C, F94TAG, E114TAG, and Y125TAG
Plasmids

Site directed mutagenesis was performed on three previously con-
structed pTXB1_αSyn-Mxe-His6 mutants, F94TAG, E114TAG, and
Y125TAG. Quikchange polymerase chain reaction using Q5 Hotstart
High-Fidelity DNA Polymerase was performed on each TAG contain-
ing mutant to generate the double mutants, and once on the wild-
type αSyn to generate the single S9C mutation, all bearing a
polyhistidine-tagged GyrA intein from Mycobacterium xenopi (Mxe)
fuzed to the C-terminus of the αSyn to aid in purification.

αS-WT and αS-C9 Expression

αS mutant plasmids (pTXB1_αS-WT-Mxe-His6 or pTXB1_αS-C9-Mxe-
His6) were transformed into competent E. coli BL21(DE3) cells and
plated onto LB agar plates supplemented with ampicillin (Amp) over-
night at 37 °C. Single colonies were used to inoculate 5 mL of LB
media supplemented with Amp (100 μgmL�1). Primary cultures were
incubated at 37 °C with shaking at 250 rpm overnight. A single pri-
mary culture was used to inoculate L of LB media supplemented with
AMP (100 μgmL�1) and grown at 37 °C and shaking at 250 rpm until
OD600 was measured between 0.6 and 0.9. Expression was then
induced with IPTG (1 mM) and then placed at 18 °C with shaking
at 250 rpm overnight.

αS-δ94, αS-δ114, αS-δ125, αS-C9δ94, αS-C9δ114, and αS-C9δ125
Expression

αS mutant plasmids (pTXB1_αS-TAG94-Mxe-His6, pTXB1_αS-
TAG114-Mxe-His6, pTXB1_αS-TAG125-Mxe-His6, pTXB1_αS-C9TAG94-
Mxe-His6, pTXB1_αS-C9TAG114-Mxe-His6, or pTXB1_αS-C9TAG125-
Mxe-His6) and an AcdRS/tRNA plasmid (pDule2_MjAcdRSA9) were

transformed into competent E. coli BL21(DE3) cells and plated onto
LB agar plates supplemented with Amp and streptomycin (Strep),
overnight at 37 °C. Single colonies were selected and used to inoc-
ulate 5 mL of LB supplemented with Amp and Strep (100 μg mL�1

of each) and left to shake at 250 rpm and 37 °C overnight. Single
primary cultures were used to inoculate 1 L of M9 media (100 mL
10x M9 salts, 2 mM MgSO4, 15 μg mL�1 FeCl2, 15 μg mL�1 ZnCl2,
10 nM CaCl2, 0.02% yeast extract, 0.5% glucose) supplemented
with Amp and Strep at 37 °C and shaking at 250 rpm until
OD600 was between 0.6 and 0.9. At this time, Acd amino acid
was added (0.5 mM) and culture was allowed to incubate for five
more minutes. Expression was then induced by adding IPTG
(1 mM) and the culture was placed at 18 °C shaking at 250 rpm
overnight.

Purification of αS Constructs

Cells were harvested by centrifugation at 4,000 rpm in a GS3 rotor
and Sorvall RC-5 centrifuge for 20 min at 4 °C. The supernatant was
discarded and the cell pellet was resuspended in 20 mL of resuspen-
sion buffer (40 mM Tris, pH 8.3) containing PMSF (0.1 mM) and two
Roche protease inhibitor cocktail pills (cOmplete, Mini, EDTA-free
protease inhibitor cocktail, glass vial, Roche cat. #11836170001).
Resuspended cells were then lysed by sonication on ice (Amp:
30, process time: 5 min, pulse on: 1 sec, pulse off: 2 sec) and then
pelleted at 14,000 rpm in a Sorvall RC-5 centrifuge with an SS-34
rotor for 20 min at 4 °C. The supernatant was collected and incu-
bated with Ni2þ-NTA resin (5 mL column volume) for 1 h at 4 °C with
rotation. The slurry was then added to a fritted column and the liq-
uid allowed to flow through. The resin was then washed with
2� 13 mL of wash buffer A (50 mM HEPES, pH 7.5) and
2� 13 mL of wash buffer B (50 mM HEPES, 5 mM imidazole, pH
7.5). The protein constructs were eluted from the resin with
2� 6 mL of elution buffer (50 mM HEPES, 300 mM imidazole, pH
7.5). The elution fractions were then pooled and treated with
β-mercaptoethanol (βME, 200mM) for intein cleavage at RT for 18 h
on a rotisserie. The resulting cleavage solution was then dialyzed
against 20mM Tris pH 8.0 overnight. The dialyzed solution was then
reapplied to 5mL of Ni2þ-NTA and allowed to incubate at 4 °C with
rotation for 1 h. The slurry was then applied to a fritted column
and allowed to flow through. The resin was washed once with
13mL of wash buffer A and pooled with previously collected flow-
through and dialyzed against a 20mM Tris, pH 8.0 buffer at 4 °C over-
night. Prior to FPLC purification, all Cys containing constructs were
treated with TCEP Bond-Breaker (1 mM) to reduce any disulfides
formed between αS proteins and/or βME. Each construct was purified
by ion exchange chromatography using a HiTrap Q HP column (5mL)
on an ÄKTA FPLC using a 65min NaCl gradient (0 to 450mM NaCl in
20mM Tris, pH 8.0). The fractions containing pure product were iden-
tified using MALDI-MS. The αS Cys containing mutant constructs were
dialyzed against a 20mM Tris, pH 8.0 buffer at 4 °C overnight. αS-WT
and αS-δAcd containing mutant constructs were dialyzed against
1 x PBS buffer (137mM NaCl, 2.7 mM KCl, 10mM Na2HPO4, 1.8mM
KH2PO4, pH 7.4) at 4 °C and further purified via HPLC with a protein
C4 column (Phenomenex Jupiter #00G-4168-N0) with pure fractions
being identified by MALDI-MS. Pure protein fractions were pooled
and dialyzed against 1x PBS buffer at 4 °C overnight. Following dialysis,
proteins were concentrated via centrifugation with a 3 kDa cutoff filter,
stored at �80 °C in 1mL aliquots, and thawed once for experiments.
The Cys containing mutants were immediately subject to labeling fol-
lowing purification.
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αS Labeling with Bdp-FL-Mal

The Cys containing protein solutions following post-FPLC purifica-
tion dialysis (ca. 10–20 mL) were separated into 5 mL aliquots and
treated with TCEP Bond-Breaker (1 mM). To each protein solution
was added 50 mM Bdp-Mal in DMSO to a final concentration of
200 μM in dye. The labeling reaction was allowed to proceed for
3 h on a rotisserie at RT. Each step was monitored by MALDI-MS.
After labeling was deemed complete, each solution was dialyzed
against a 20 mM Tris, pH 8.0 buffer at 4 °C for 4 h to remove extreme
excess of dye. The dialyzed solution was concentrated via centrifu-
gation with a 3 kDa cutoff filter (Cytiva # 28,932,358). The concen-
trated solution was then additionally purified via HPLC with a
protein C4 column (Phenomenex Jupiter #00G-4168-N0) and pure
protein fractions were identified via MALDI-MS. Pure protein frac-
tions were pooled and dialyzed against 1 x PBS buffer at 4 °C over-
night. Following dialysis, proteins were concentrated via
centrifugation with a 3 kDa cutoff filter, stored at �80 °C in 1 mL
aliquots, and thawed once for experiments.

αS FRET Measurements: Fibril Preparation

Protein construct concentrations were determined by detergent
compatible assay analysis. αS monomer was combined to a final
concentration of 100 μM and 95:5 unlabeled to labeled construct
in 1x PBS. Each aliquot was treated with sodium azide to a final con-
centration of 0.2% to restrict bacterial growth. The tubes were
sealed with Teflon and Parafilm and incubated at 37 °C with shaking
at 1300 rpm for 3–5 days. The fibrils were then pelleted and the
supernatant removed to get rid of any unincorporated monomer.
Pellets were then reconstituted in fresh 1x PBS with 0.2% sodium
azide.

αS FRET Measurements: FRET Measurements

αS fibrils were diluted to a final concentration of 10 μM (relative to
αS monomer) into 1x PBS buffer and pipetted in triplicate into
nonsterile Greiner black, flat μClear, 96 well half area microplates
(#675096) to a final volume of 100 μL. Additionally, Bdp dye, Acd
amino acid, αS-CBdp

9, αS-δ94, αS-δ114, αS-δ125, αS-CBdp
9δ114, and

αS-CBdp
9δ125 monomer were all diluted to 0.5 μM and subject to

the same conditions as below to act as controls and as comparison
for data analysis. Prior to small molecule addition, fluorescence
intensity values were obtained for each construct to optimize
gain and Z-position using λex = 385� 5 nm and reading at
λem = 420� 5 nm since Acd is expected to have the highest fluo-
rescence intensity. Additionally, fluorescence intensity was
measured exciting at 490� 5 nm and reading at 515� 5 nm to
optimize gain and Z-position for direct Bdp excitation. T0h emis-
sion scans were obtained for each construct prior to small
molecule addition using the parameters previously acquired
and optimized, exciting at λex = 410� 5 nm, scanning from
λem = 425 to 600� 5 nm, in 1 nm increments, and a 40 μs integra-
tion time. Direct excitation of Bdp was also acquired at
λex = 490� 5 nm and measuring from λem = 505 to 600� 5 nm
using the same step size and integration time as previously men-
tioned. Small molecule was then added in triplicate to a final
concentration of 10 μM. The plates were then covered with an
anti-evaporation guard and placed at 37 °C with shaking at
500 rpm. Measurements were taken using the same parameters
at 4 h and 24 h post-small molecule addition. Spectra for al con-
structs and data fitting to determine FRET parameters are
described in Supporting Information.

Supporting Information

Additional mass spectrometry and fluorescence data as well as
descriptions of chemical synthesis and mass spectrometry proce-
dures. The authors have cited additional references within the
Supporting Information.[11,12,17,18,24,52–54]
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