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Characterization of the amyloidogenic Parkinson’s Disease protein a-synuclein (aS) has proven difficult due to its structural
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plasticity. Here, we present a number of complementary methods to site-specifically introduce fluorescent probes to

examine aS fibril formation and cellular uptake. By using various combinations of conventional Cys modification, amber

codon suppression, transferase mediated N-terminal modification, and native chemical ligation, several variants of singly-

and doubly-labeled aS were produced. We validated the nonperturbative nature of the label by a combination of in vitro

aggregation kinetics measurements and imaging of the resulting fibrils. The labeled aS can then be used to monitor

conformational changes during fibril formation or cellular uptake of asS fibrils in models of disease propagation.

Introduction

Our understanding of the dynamics of protein folding, protein-
protein interactions, cellular trafficking, and the effects of
protein post-translational modifications can be facilitated by
labeling proteins with appropriate reporters. Two classes of

proteins of particular current interest are intrinsically
disordered proteins and amyloidogenic proteins. These
proteins, which are refractory to traditional structural

characterization techniques, can be labeled with fluorophores
so that methods such as Forster resonance energy transfer
(FRET) or fluorescence quenching can be used to monitor their
conformations in vitro and in vivo.>’? To do so, one must find a
way to selectively introduce multiple site-specific labels that
can effectively report on protein dynamics without being
disruptive to the native structure of the protein. Here, we
describe combinations of genetic, chemoenzymatic, and semi-
synthetic means of site-specifically labeling the Parkinson’s
disease related protein a-synuclein (aS) for studies of protein
misfolding and aggregate propagation in cellulo.

In order to frame our discussion of how the following
labeling techniques may be used together, we must first
introduce them individually. The most time-tested method is
Cys modification, which is typically done through reaction with
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an alkyl halide or maleimide label.? However, Cys modification
will only be site-specific if the protein contains no other Cys
residues or if reaction conditions can be used to suppress the
reactivity of the undesired sites.

The amber codon suppression method developed by
Schultz and co-workers can be used to site-specifically
incorporate an unnatural amino acid (Uaa) into a protein at an
amber (UAG) stop codon.*  Efficient incorporation into
recombinant proteins is typically accomplished using evolved
orthogonal tRNA/aminoacyl tRNA synthetase (aaRS) pairs to
generate the requisite Uaa-tRNA for ribosomal incorporation
of the Uaa. The Uaa can either feature an intrinsic label such
as a fluorophore, or a bioorthogonal reactive handle for
further modification such as an azide. The Uaa mutagenesis
method has been expanded by Chin, Liu, and others to enable
the incorporation of multiple Uaas, albeit with limited yields.s'
12

Single-residue chemoenzymatic modification be
achieved using the E. coli aminoacyl transferase (AaT). AaT is
an enzyme that transfers Leu, Phe, Met, or hydrophobic Uaas
to proteins containing an N-terminal Lys or Arg.13 AaT uses
either aminoacyl tRNA or a minimalist aminoacyl adenosine a
Uaa donor.™ Importantly, one can control the timing of AaT
modification to introduce a second label following co-
translational introduction of a primary modification.

Finally, one of the most versatile and general methods for
protein modification is native chemical ligation (NCL).® Like
AaT modification, NCL requires only a single amino acid
substitution (Cys) at the site of ligation, and through the use of
B-thiol Cys analogs and desulfurization, even this single amino
acid motif can be “erased.” Although one can conceivably
introduce all desired modifications through NCL, due to its
labor-intensive nature, it is not always the optimal technique.

can
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The ideal synthesis of a site-specific, multiply labeled
protein is likely to involve a judicious combination of the
techniques outlined above. Cys modification, amber codon
suppression, AaT modification, and NCL are techniques that
can be combined for protein multifunctionalization using Uaas.
While we stress these are general techniques, we will
demonstrate all of them in syntheses of asS.

asS is an intrinsically disordered 140 amino acid protein,
aggregates of which are among the hallmarks of Parkinson’s
disease.’® Despite considerable effort, there is still little
understanding of the aggregation process of aS or its structure
within fibrils. Prior NMR and EPR studies have attempted to
define the fibril core of aS, but have not achieved sufficient
resolution to arrive at a consensus tertiary structure.r”?°
Recent work employing cryo-electron diffraction has provided
insight into the fibril structure of short peptides derived from
the asS core, though it remains to be seen if this method can be
employed to define full fibril structures.”

Fluorescence spectroscopy has previously been employed
to study the misfolding and fibrillization of aS in vitro and in
vivo. Macromolecular labeling has relied on the corporation of
fluorescent protein fusions or immuno-tags to study
fibrillization in vitro.*?? Imaging of fibrillization in living cells
was accomplished by inserting the CysCysProGlyCysCys motif
at the C-terminus of oS and labeling using biarsenical
fluorophore reagents (i.e., FIAsH).23 However, these
techniques require significant alteration of the aS sequence,
which can be disruptive to the folding/misfolding processes of
aS. As a result, our laboratory and others have focused on aS
labeling through modification of single amino acid residues.

Unnatural Amino Acids
and Labeling Reagents

///
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Fig. 1 Methods for Amino Acid Incorporation and Modification. Left: Cysteine (Cys, C),

g

azidophenylalanine (Azf, Z), propargyl tyrosine (Ppy, m), azidohomoalanine (Aha, £), and
thioglutamate (Glu®, E%) are incorporated by at least one of the following methods:
simple mutation (Mut.), native chemical ligation (NCL), amber suppression (UAG), or
aminoacyl transferase (AaT) and may be modified with the reagents shown.

Cys-maleimide fluorophore labeling was combined with Trp
fluorescence to generate a FRET pair to probe oS
conformational dynamics just prior to aggregation.24 Other
groups have prepared doubly labeled aS through stochastic
labeling of two Cys residues, leading to product mixtures
which can be difficult to separate.25 % Using a combination of
Cys labeling and pH-dependent N-terminal a-amine labeling, it
was shown that a conformational change precedes fibril

2| J. Name., 2012, 00, 1-3

formation and that fibril nucleation is concentration
dependent.27 Lashuel, Brik, and Pratt have used both semi-
synthesis and total synthesis through NCL to incorporate
authentic post-translational modifications at many sites in aS,
including ubiquitination and phosphorylation.zs"30 Pielak and
coworkers have used amber suppression to incorporate o
NMR probes into asS for folding studies.*

Our laboratory has focused on the development of
methods to incorporate minimally perturbing probes into asS.
In prior work, we have demonstrated the co-translational
incorporation of spectroscopic probes by amber codon
suppression including p-cyanophenylalanine (Cnf) and
acridonylalanine.gz’ 3 Double labels, such as the
fluorophore/quencher pair of fluorescein and a thioamide
have been incorporated by semisynthetic means.*® We have
also combined NCL and amber codon suppression to attach
Cnf/thioamide pairs.32 We have further combined these
methods with AaT modification to enable the traceless
incorporation of N-terminal modifications into as.*® While
these combinations of methods have allowed us to multiply
label aS, due to the labor-intensive nature of the peptide
synthesis in NCL, we have continued to examine other
combinations of techniques that can be wused in a
straightforward manner to generate large quantities of protein
for in vitro and cellular aggregation studies. Here, we compare
combinations of a number of labeling methods to generate
homogeneous, multiply labeled versions of asS.

Results and Discussion

In using combinations of labeling methods, it is important to
consider whether any given pair of methods satisfies the
criteria for orthogonality and for sequential use. We deem
methods to be orthogonal if one type of reaction can be
carried out in the presence of a functional group for the other
type of reaction; we do not require that they be used in one
pot. Some reactions are inherently sequential, such as the co-
translational incorporation of an intrinsic spectroscopic probe
and the post-translational attachment of a second probe.
Other pairs of reactions could be carried out in either order,
but we have identified a preferred sequence. Techniques
requiring click chemistry modification and Cys modification fall
into this category. Finally, some combinations are only
practical in a certain order. We have generated at least one
example of every labeling combination, and for several
examples, we have explored multiple strategies. Of course,
before generating any doubly labeled constructs, we assessed
the corresponding singly labeled constructs. Purified, labeled
proteins were characterized by whole protein matrix-assisted
laser desorption ionization mass spectrometry (MALDI MS) as
well as trypsin digestion followed by MALDI MS to confirm the
extent and specificity of labeling.

Single Modifications.

Cys Modification. While several types of reactions are

available for Cys modification, including radical-mediated thiol-

This journal is © The Royal Society of Chemistry 20xx
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ene coupling, photochemically-controlled reactions, and
elimination/addition chemistry; simple Sy2 or Michael
additions are by far the most common Cys reactions, with a
great number of reagents commercially available.® In addition,
we expected either reaction with the Cys nucleophile to be
compatible with the other labeling reactions considered here.
Since aS has no endogenous Cys residues, we easily generated
two singly modified aS constructs by expressing aS-Cq (1a) and
aS-Cy14 (2a), labeled them in a semi-pure state with
fluorescein-maleimide (Fam) to generate aS—CFamg (1b) and oS-
C™™..4 (2b), and purified the products by high performance
liguid chromatography (HPLC). Analyses of the crude labeling
reactions indicated that the yields of aS-C™™, (1b) and aS-
C™™..4 (2b) were quantitative (see ESI). While MS analysis is
not strictly quantitative without the use of isotopic standards,
the simplicity of this method makes it ideal for in situ analysis
of reaction progress. After purification, whole protein and
trypsin digestion MALDI MS confirmed complete and site-
specific labeling in the products (Fig. 2). Trypsin digestion
MALDI MS also revealed that ring-opening hydrolysis of the
maleimide unit (corresponding to a mass increase of + 18 Da in
the observed fragment) occurred during the labeling and
purification procedures.

Uaa Mutagenesis. For Uaa modification, we have previously
made use of two types of Uaas: those with bioorthogonal
reactive handles (i.e., azides and alkynes) and intrinsic probes
such as the fluorescent amino acid acridonylalanine.33' 34
While intrinisic probes are valuable, they are often limited in
their functionality by their need to remain compatible with the
translational machinery. Thus, several RS/tRNA pairs derived
from the Methanococcus jannaschii (Mj) TyrRS/tRNA have
been selected for Uaas amenable to post-translational
modification through click chemistry reactions, including
pXFRS both  azidophenylalanine (Azf, Z) and
propargyltyrosine (Ppy, m). Selective post-translational
reactions with Azf and Ppy can be used to derivatize them with
virtually any type of label. Using an aS plasmid containing a
TAG codon at position 94 with the pDULE2-pXF plasmid to
incorporate Azf, aS-Zy, (3a) was expressed and labeled with
fluorescein-dibenzocyclooctyne (Fco) to give aS-ZFc°94 (3b).
MALDI MS analysis of the crude labeling mixture showed that
the labeling yield was incomplete (data not shown). Aryl
azides such as Azf are subject to both chemical reduction and
photodegradation that could prevent complete Iabeling.35
Although light exposure is easily limited by working in the
semi-dark, some Azf reduction can occur in cells or during
handling of the proteins. Unfortunately, Azf-containing
peptide fragments are ionized to p-aminophenylalanine
species during MALDI MS analysis, so it is difficult to directly
determine the extent of Azf reduction, and we infer it from the
yields of reactions with alkynes. Suspecting that the problem
lay in the kinetics of the cyclooctyne reaction, we subjected
aS-Zy, (3a) to Cu-catalyzed cycloaddition reactions with
fluorescein-alkyne (Fak) to give aS-ZFak94 (3c). We observed
slightly higher modification yields (by MALDI MS) than for
strain-promoted cycloaddition with Fco, but the Ilabeling
reaction did not go to completion (data not shown).

for

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Single Labeling of aS Using Cys Modification or Uaa Mutagenesis. Left: Whole
protein and trypsin digestion as-c™y (1b) MALDI MS demonstrate labelling and
MALDI MS data show that the purified
protein is homogeneously labeled. Calcd m/z for whole protein with maleimide
hydrolysis [M+H]": 14924, Obs 14925. Calcd m/z for trypsin fragment 7-10 [M+H]":
865.3, Obs 865.2. Right: Whole protein and trypsin digestion aS-t""s, (5b) MALDI MS
data show that the purified protein is homogeneously labeled. Calcd m/z for whole
protein [M+H]": 15029, Obs 15026. Calcd m/z for trypsin fragment [M+H]" 81-96:
2047.0, Obs 2046.9. The asterisk (*) indicates a matrix adduct observed in all whole
protein MALDI spectra of aS (+207 Da). The double asterisk (**) corresponds to the
expected mass of each unmodified trypsin fragment.

subsequent maleimide hydrolysis (inset).

Unlike azides, which can be reacted with alkynes through

either  strain-promoted cyclizations  or  Cu-catalyzed
cyclizations, terminal alkynes like Ppy must be reacted with
azides using Cu catalysis. We expressed aS-m3q (4a) and aS-mg,
(5a) using the aS plasmids and the pDULE2-pXF plasmid, and
derivatized the Ppy residues with tetramethylrhodamine-azide
(Raz) to give oS- "3 (4b) and aS-t "%, (5b, Fig. 2). When the
proteins were analyzed by MALDI MS to confirm the extent
and specificity of labeling, we observed near quantitative
labeling at both sites (see ESI). We believe that the lower
labeling efficiency of Azf relative to Ppy under otherwise
identical Cu-catalyzed conditions is the result of reduction of
some of the Azf residues.
AaT Modification. We have previously shown that AaT is
capable of modifying protein N-termini with Uaas using semi-
synthetic aminoacyl adenosine donors.** Our laboratory and
others have also used RSs to generate aminoacyl tRNA
substrates for AaT in situ.**** An aS construct with an N-
terminal Lys was generated by inserting a 10 His tag with a
Factor Xa proteolysis site at the protein N-terminus, deleting
Metl, and making the mutation Asp2Lys (His1g-aS,.140-K5, S1a).
Following Ni-NTA affinity purification, the His;o tag was cleaved
with Factor Xa and the N-terminal Lys was revealed. This
construct, aS,.140-K, (S1b), could then be modified with a
variety of Uaas using an RS/AaT protocol, including Azf, Ppy, or
azidohomoalanine (Aha, £). For example, Aha was transferred
to aS,.140-K, (S1b) and subsequently modified with Fco or
dibenzylcyclooctyne tetramethylrhodamine (Rco) using strain-
promoted azide-alkyne cycloaddition to give 0S,.140-KoC
(S1d) or aS;.140-Ko5"y (S1e), respectively (see ESI).

J. Name., 2013, 00, 1-3 | 3
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Multiple Modifications.

NCL then Cys Modification. We have previously shown that we
can label aS with spectroscopic probes at either the C-
terminus or the N-terminus through NCL. While there are a
great many modifications possible, here we restrict ourselves
to thioamide fluorescence quenching probes since there is no
equivalent way of installing these backbone modifications
through any of the other labeling methods. We examined two
modifications, Aspsz and Glusl37, where we denote the
presence of the thioamide by adding the superscript “S” to the
one or three letter code for the corresponding natural amino
acid (Note that we have previously used a prime symbol, but
we have recently changed this convention to avoid confusion
with prime symbols in protease nomenclature). To insert the
Aspsz modification, we expressed the truncated construct
His,o-0Sg.149-Co (6a), cleaved the N-terminal His,;q tag with
Factor Xa, and ligated the resulting aSq_149-Co (6b) fragment to
the synthetic thioester peptide aSl_g-Dsz-SR (6¢c), where SR is
methyl 3-mercaptopropionate, in quantitative yield (MALDI
analysis, see ESI). We have previously described insertion of
the Glu®137 modification, where we expressed the intein
fusion construct aS;i3-IntHg, cleaved the C-terminal intein
with mercaptoethanesulfonate (MESNA), and ligated the
resulting thioester fragment aS;_113-SR to the synthetic peptide
a5114_140-C114E5137.33 The crude proteins, aS'Dsz(:g (6d) and aS-
C114E5137, were taken forward to the second labeling step
where they were incubated with Fam. The doubly labeled
proteins aS-D°,C™™, (6e) and aS-C™™;,E%5, were then
purified and characterized by MALDI MS.

HS.

6e

1. Factor Xa (6a —> 6b)

*

00 13500 14000 14500 15000 15500 16000 16500 17000

2 Mass (m/z)
‘| Ac-aS-DS,-SR | 6¢
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~ i M+HIG,,
[ Ac-0S-DS,Cqy ] 6d H | 9283
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Fam

Fig. 3 NCL and Cys Modification to Generate Ac-aS-DSZC 5 (6€). Hisyo-IEGR-0Sg.149-Co
(6a) was cleaved using Factor Xa to give aSg 140-Co (6b), which was subjected to NCL
with Ac—aS—DSZ-SR (6¢) to generate AC-QS‘DszCQ (6d). Following the ligation reaction, Ac-
aS-DSZCQ (6d) was labeled with Fam to yield the doubly-labeled protein Ac-aS—DSZCFE"'g
(6e). Whole protein and trypsin digestion MALDI MS data show that the purified
protein is homogeneously labelled (again, with maleimide hydrolysis). Top MALDI MS:
Calcd m/z for whole protein [M+H]": 14980, Obs 14981. Middle MALDI MS: Calcd m/z
for trypsin fragment 1-6 [M+H]": 828.3, Obs 828.3. Bottom MALDI MS: Calcd m/z for
trypsin fragment 7-10 [M+H]": 865.3, Obs 865.2. The asterisk (*) indicates a matrix
adduct observed in all whole protein MALDI spectra of aS (+207 Da). The double
asterisk (**) corresponds to the expected mass of each unmodified trypsin fragment.

4| J. Name., 2012, 00, 1-3

Uaa Mutagenesis then AaT. The examples of amber
suppression and AaT modification considered thus far have
involved bioorthogonal chemistry. Because one can control
the timing of the AaT modification, azide/alkyne cycloadditions
can easily be used for both modification steps when combining
AaT and amber suppression. To develop procedures for these
modifications, we generated two constructs by introducing
amber codons into the His;g-aS,.140-K, construct at either
Tyr39 or Phe94. Azf was incorporated during expression in E.
coli cells using the pDULE2-pXF plasmid, and then the process
of Azf labeling with Rco, Factor Xa proteolysis, Aha transfer
with AaT, and N-terminal Aha labeling with Fco was performed
to produce aS,140-KoC CNZ" 59 (S2€) and aS;.140-KoE NZF
(S3e, see ESI). While we were able to produce doubly labeled
protein, since labeling in this way is labor-intensive and limited
in scope (to placing one label at the N-terminus), we ultimately
chose to focus on combining Cys and Uaa labeling.

Cys Modification and Uaa Mutagenesis. Cys modification and
Uaa mutagenesis are perhaps the most versatile and obvious
combination of methods for doubly labeling a protein. In spite
of this, there are relatively few examples of their use
together.as'40 For both methods, many substitutions are
possible. To produce doubly-labeled proteins for fluorescence
experiments, we began with Cys modification of a Ppy-labeled
protein. TAG mutations were introduced into the Cys mutant
plasmids at positions 39 and 94, then aS-Cqmtg,s (7a) and aS-
m39C114 (8a) were expressed using the standard amber
suppression protocols with pDULE2-pXF. We performed the
Cys modification with Fam first, giving aS-C™"g7o, (7b) and oS-
TcRaZ39C114 (8b), and then the Cu-catalyzed addition of Raz to
Ppy. We found that both reactions occurred in high yields to
give as-C™"gn™¥y, (7¢) and aS-n*’35C™™ 1, (8¢), respectively
(see ESI).

We have recently reported the use of inteins as purification
tags for the recombinant expression of proteins containing
Uaas.”* We expressed an aS construct with a Hisg-tagged Mxe
GyrA intein fusion, aS-Comzg-MxeHg (9a), using standard amber
suppression protocols with pDULE2-pXF and isolated the
intein-tagged protein from cell lysate by Ni-NTA affinity
chromatography. The intein was cleaved by addition of B-
mercaptoethanol (BME), and semi-crude aS-Cgmtzg (9b) was
then labeled in successive steps with Fam, giving aS'CFamgngg
(9¢), followed by Cu-catalyzed Raz labeling of Ppy to give aS-
™™™, (9d). We found that both reactions utilizing semi-
crude aS-CgTi39 occurred in high yields. Here, the intein can be
used to improve protein throughput by facilitating isolation of
the desired protein and may improve expression yield. We
have observed that several Uaa-containing aS constructs are
isolated in higher yields when expressed as the C-terminal
intein fusion, which may be a result of improved solubility or
differences in the expression protocol.“' 42 Leaving the intein
intact for the Fam labeling step can aid in purification after the
first labeling step (see ESI). However, inconsistent Raz labeling
was observed in the presence of the intein, presumably due to
binding of copper to the His residues. Therefore, we advise
cleavage with BME prior to labeling the alkyne.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Uaa Mutagenesis and Cys Modification Using Intein Handle to Generate aS-
C™y"* (9d). Semi-pure aS-Comss (9b) was reacted first with Fam and then with Raz
using Cu-catalyzed conditions. Whole protein and trypsin digestion MALDI MS data
show that the purified protein is homogeneously labeled. Top MALDI MS: Calcd m/z for
whole protein [M+H]": 15454, Obs 15473. Middle MALDI MS: Calcd m/z for trypsin
fragment 7-10 [M+H]": 865.3, Obs: 865.3. Bottom MALDI MS: Calcd m/z for trypsin
fragment 35-43[M+H]": 1501.7, Obs: 1501.9. The asterisk (*) indicates a matrix adduct
observed in all whole protein MALDI spectra of aS (+207 Da). The double asterisk (**)
corresponds to the expected mass of each unmodified trypsin fragment.

Assessment and Applications of Labeled Proteins.

Assessment of Label Positions. Making useful multiply labeled
proteins involves more than just the ability to label a protein
effectively, it is also important to determine whether the
locations of those labels are perturbing to native protein
folding and function. We have evaluated our labeled
constructs using the following metrics: 1) aggregation kinetics
as determined by a method that is not sensitive to the
presence of the fluorescent label, 2) labeled protein
incorporation percentage in fibrils, and 3) fibril morphology as
determined by transmission electron microscopy (TEM). We
have performed these tests on singly labeled constructs,
added at 5% of the total protein concentration in a WT aS
background. In all cases, the performance of the labeled
construct was quantitatively compared to that of WT aS. For
measurements of aggregation kinetics, the extent of
fibrillization was determined using a UV/Vis absorbance-based
Congo Red (CR) binding assay, which should be insensitive to
the presence of our fluorophore (unlike a fluorescence-based
thioflavin T assay). In gel fluorescence measurements were
made on resolubilized fibrils after aggregation was complete to
ensure that the labeled protein was incorporated into fibrils
stoichiometrically (see ESI, Fig. S20). For TEM imaging, we
assessed the widths and length distributions of mature fibrils
(48 h aggregation). Data for aS-C™", (1b), aS-C™™ 4, (2b),
and aS-n"%, (5b) are shown in Figure 5 and in ESI (Figs. S33,
S34; Table S4). No label position examined dramatically
disrupted fibril formation kinetics, incorporation percentage,
or morphology.

This journal is © The Royal Society of Chemistry 20xx
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Since our asS constructs are fluorescently labeled, we were
able to record changes in fluorescence during the course of
aggregation. For all constructs singly labeled with fluorescein,
a decrease in the fluorescence intensity was found to follow
the same kinetics as the CR absorbance changes (see ESI).
These data imply that our fluorescently-labeled aS constructs
were incorporated into coaggregates with the WT aS, and no
separate populations of labeled aS fibrils formed. Thus, one
could use the labeled oS at a low percentage as a method for
monitoring fibril formation, either through steady state or
fluorescence polarization measurements.

WT oS

aS-CFamg (1b)
aS-CFamy44 (2b)
aS-ntRazg, (5b)

CR Absorbance

Fig. 5 Aggregation Analysis of Singly Labeled aS Constucts. Fibrils formed from
either 100% WT aS or a 5% mixture of aS-C™™ (1b), aS-C™™ 14 (2b), or aS-TT"g,
(5b) with WT aS. Top Left: In vitro aggregation kinetics monitored by the ratio of

Congo Red (CR) absorbance ratio (540nm/480 nm). Primary data can be found in
ESI. Transmission electron micrograph (TEM) images of fibrils (48 h aggregation
time) deposited on copper grids and negatively stained with ammonium
molybdate.

Applications of Labeled Proteins. Constructs either singly or
multiply labeled at validated positions can be used in a number
of applications. Of particular interest to our laboratory are
experiments in which conformational changes during
aggregation are monitored using FRET between pairs of
fluorescent labels, and experiments in which singly labeled aS
is used to monitor the seeding of aggregation in live cells.
FRET experiments can help to elucidate the mechanism by
which aggregation occurs, which is in itself a complex protein
biophysics problem and may help to guide the development of
drugs that block or reverse aggregation. However, FRET
experiments performed in vitro do not allow one to fully
understand the pathology of Parkinson’s disease in vivo.
Recent studies by Lee, Trojanowksi, and coworkers have
shown that intrastriatal injection of pre-formed fibrils (PFFs) of
aS was sufficient to trigger Parkinson’s-like formation of Lewy
body aggregates in mice.*® Moreover, their laboratory has
shown that similar incubation with PFFs can be used to initiate
aggregation in cultured cells, including mouse neurons.** **
Here, we demonstrate that one can use this method to form
coaggregates of site-specifically labeled oS with endogenous
mouse aS in order to study the mechanisms of uptake and
fibril seeding in the propagation of Parkinson’s disease
pathology.
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We have used FRET measurements to study the change in
the distance between residues 9 and 94 upon fibrillization.
(Fig. 6) To initiate aggregation for FRET studies, aS proteins
were shaken in buffer according to standard protocols.
Although we test the levels of label perturbation using 5%
labeled protein (above), we carry out FRET studies using 1%
labeled protein with 99% unlabeled background to further
minimize any chances of cross-talk between labeled proteins.
Thus, our FRET measurements should report exclusively on
intramolecular conformational changes in aS. In order to
properly interpret FRET measurements in complex mixtures, it
is essential that one perform certain control experiments using
singly labeled constructs. Indeed, the fluorescence of the
donor only construct shows that there is substantial quenching
of fluorescein emission that is independent of FRET (see ESI
Figs. S25, S30). Nonetheless, we are able to correct for this
quenching by using time correlated single photon counting
(TCSPC) measurements to determine the fluorescence
lifetimes of the doubly labeled species (t) and the donor only
species (1p). It should be noted that unlike steady state
fluorescence, independent of
concentration, and thus serve as a better measure of FRET.

fluorescence lifetimes are
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Fig. 6 FRET Studies of aS Aggregation. Top Left: Aggregation experiments were
performed with 1% aS-C™"gn"*s, (7c) and 99% WT aS. Top Right: Fluorescence
emission from aS-C™"yn"*, (7c) at various times of aggregation. Bottom Left:
Fluorescence lifetimes determined from TCSPC data for aS-C™"gn"*, (7¢, 1) and
aS-C™™, (1b, T,) at t = 48 h are used to determine FRET efficiency (Egger = 1 - /7).
Bottom Right: Interchromophore distance calculated from Eger and Congo Red

(CR) absorbance ratio at 540 and 480 nm at various times of aggregation.

We use lifetime measurements to calculate FRET efficiency
= 1 - t/15) and determine an interchromophore
For aS-C™™yn™, (7c), we
observe a small increase in Egzer, corresponding to a change in
the average separation of the labeled residues from 67 A to 58

A. Similar aggregation experiments were performed with the

(EFRET
separation using Forster theory.

aS-DSZCFamg (6e) construct, but no significant differences in
Fam quenching were observed between the monomer and

6 | J. Name., 2012, 00, 1-3

fibril states (see ESI, Fig. S30-S32, Table S3). Making a large
number of such FRET or PET measurements using a library of
labeled constructs will allow one to map out the tertiary
structure of each monomer unit within an aS fibril.

Singly labeled aS constructs can be used to study the
biological mechanisms by which pathological oS is taken up
and trafficked. To demonstrate this, CD-1 hippocampal
neurons were incubated with fibrils containing 25% aS—CFam114
(2b) for 6 h. The cells were then fixed and stained against an
intracellular marker of lysosomes, LAMP1, and DAPI to identify
cell nuclei. Imaging of these samples at 100x magnification
showed internalization of aS-C™,,, (2b) PFFs in similar
quantities to unlabeled controls, stained with the monoclonal
antibody (mAb) Syn204, and in good agreement with a
previous study (Fig. 7 and ESI Fig. S35).46 Additionally, the
number of cells in which aS-C™™;;, (2b) co-localized with
LAMP1 was equivalent to control experiments using 100% WT

aS, suggesting that the two species are processed similarly
(see ESI Fig. S35).

Fig. 7 Neuronal Uptake of Labeled aS. Left: Imaging of WT PFFs (Syn204 oS
antibody, green), lysosomes (LAMP1 antibody, red) and nuclear staining (DAPI,
blue) in the cell body of a primary non-Tg hippocampal neuron shows an
internalized particle of exogenously added WT PFFs. Right: Imaging of cells
transduced with fibrils made from 25% uS—CFamm (2b) using fluorescein
fluorescence (green), along with staining of lysosomes (LAMP1, red), and nuclei
(DAPI, blue) shows that internalization is not disturbed by the incorporation of a
single label at position 114. In both images, an internalized oS aggregate is
identified in the crosshairs. The white outline is included to guide the eye in
defining the cell body. Slabs at right and below the main images (XY plane) are

scans in the YZ and XZ planes, respectively.

When transduced onto CD-1 primary hippocampal neurons
for 7d, PFFs made from 5% or 25% aS-C™;, showed a
potency of >80% that of comparable WT asS fibrils for inducing
misfolding of the endogenously expressed aS. Potency was
determined by comparing the levels of staining of insoluble aS
with phosphorylation at Ser129 (using mAb 81a), a marker of
aS pathology (Fig. 8 and ESI Figs. S36, 537).44' 4
together, these data demonstrate that the introduction of a

Taken

fluorophore at position 114 in aS does not significantly perturb
its ability to seed aggregation in living cells. Furthermore, with
a validated system in hand using fluorescently labeled PFFs,
work on the Dbiological
underpinning aggregate uptake, transport/degradation, and
recruitment of endogenous protein can now more rapidly be

understanding mechanisms

pursued via live cell imaging.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 Determination of Aggregation Seeding Capacity of Internalized 25%
asSC™™,,1, Fibrils. Left: Treatment of non-transgenic mouse primary hippocampal
neurons with WT aS or 25% aS-C™*"

progressive accumulation of Lewy body-like insoluble, phosphorylated aS (pSyn)

114 PFFs (0.5 pg/coverslip) results in

protein, as detected by immunostaining with phosphorylated Ser129 specific
(81A, red) antibody. Nuclei were stained with DAPI (blue). Right: Quantitation
of coverslips treated with WT aS PFFs or 25% as-c™M
capacity for seeding pSyn aggregates. Error bars = SEM.

114 PFFs reveals a similar

Conclusions

Since aS and other amyloidogenic proteins are generally not
amenable to traditional structural studies, many laboratories
are interested in functionalizing these proteins in order to
study the aggregation process in vitro and in vivo. Here, we
have employed several strategies to multifunctionalize aS with
fluorophores using various combinations of conventional Cys
modifications, amber codon suppression, AaT mediated N-
terminal modification, and NCL. The combinations of
techniques considered here fulfill the requirements of being
either mutually orthogonal or able to be carried out
sequentially.

Our findings are as follows. Cys modification can be used
in combination with amber codon suppression, and this pair of
techniques is applicable to aS, but may not be feasible in
proteins with multiple Cys residues. Since AaT modification
takes place post-translationally,
combination with amber suppression, one can use similar
types of bioorthogonal reactions in both labeling steps and
control the position of the labels by reaction sequence. We
find that when using azide/alkyne cycloaddition reactions for
labeling after unnatural amino acid mutagenesis, it is best to
incorporate the alkyne moiety during in vivo biosynthesis as
we observe incomplete reactivity of azides incorporated co-
translationally. For post-translational modifications with AaT,
either the azide or the alkyne moiety may be transferred
chemoenzymatically and then modified. The combination of
AaT and Uaa mutagenesis, which has some attractive features
such as tolerance to native Cys residues, was ultimately found
to involve too many steps to be practical. NCL is the most
versatile labeling strategy, but also the most laborious, so we

when one wuses it in

This journal is © The Royal Society of Chemistry 20xx

reserve it for incorporation of thioamide probes that cannot
currently be introduced biosynthetically or post-
translationally. By borrowing the use of inteins from NCL
methods, we have developed an efficient method of protein
handling for rounds of Cys labeling and Cu-catalyzed click
labeling of Ppy incorporated by unnatural mutagenesis. This
allows us to rapidly generate doubly labeled aS, and our
extensive construct validation assays can be used to show that
these modification techniques do not alter the structure or
conformational dynamics of asS.

A variety of in vitro and in vivo experiments can be
performed using fluorescently-labeled aS in order to better
understand the role of this important protein in Parkinson’s
Disease. Here, we have shown that site-specifically labeled aS
can be used to monitor conformational changes during fibril
formation or neuronal uptake of proteins in models of disease
propagation. For such studies, it is important that one validate
the labeled constructs as having near WT behavior. We have
done so using a combination of measurements of fibrillization
rates and TEM imaging of the mature fibrils. We will continue
to build a library of proteins with well-tolerated label positions
and use those constructs to gain a greater understanding of
the mechanisms of oS aggregation as well as routes to
potential therapeutics.
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