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ABSTRACT: A variety of post-translational modifications
(PTMs) are believed to regulate the behavior and function of α-
synuclein (αS), an intrinsically disordered protein that mediates
synaptic vesicle trafficking. Fibrils of αS are implicated in
neurodegenerative disorders such as Parkinson’s disease. In this
study, we used chemical synthesis and biophysical techniques to
characterize the neuroprotective effects of glutamate arginylation, a
hitherto little characterized PTM in αS. We developed semi-
synthetic routes combining peptide synthesis, unnatural amino acid
mutagenesis, and native chemical ligation (NCL) to site-
specifically introduce the PTM of interest along with fluorescent
probes into αS. We synthesized the arginylated glutamate as a
protected amino acid, as well as a novel ligation handle for NCL, in
order to generate full-length αS modified at various individual sites or a combination of sites. We assayed the lipid−vesicle binding
affinities of arginylated αS using fluorescence correlation spectroscopy (FCS) and found that arginylated αS has the same vesicle
affinity compared to control protein, suggesting that this PTM does not alter the native function of αS. On the other hand, we
studied the aggregation kinetics of modified αS and found that arginylation at E83, but not E46, slows aggregation and decreases the
percentage incorporation of monomer into fibrils in a dose-dependent manner. Arginylation at both sites also resulted in
deceleration of fibril formation. Our study represents the first synthetic strategy for incorporating glutamate arginylation into
proteins and provides insight into the neuroprotective effect of this unusual PTM.

■ INTRODUCTION

α-Synuclein (αS) is a 14 kDa protein found at the synaptic
termini of neurons. An intrinsically disordered protein, it is
normally monomeric and does not have a stable, globular fold
in solution. The purported native role of αS is to mediate
synaptic vesicle fusion, contributing to the relaying of chemical
signals between neurons. The abnormal aggregation of αS
underlies a class of neurodegenerative diseases known as
synucleinopathies. The accumulation of αS in fibrillar deposits
known as Lewy bodies is observed in patients with Parkinson’s
disease.1

While the molecular details of αS’s native role and pathology
have not been fully elucidated, a variety of post-translational
modifications (PTMs) have been shown to modulate the
structure and function of αS in vivo. PTMs are chemical
modifications made to proteins after translation, largely
through enzymatic processes that give rise to the diversity of
forms in which proteins exist and thus the complexity of their
behavior. One PTM that was uncharacterized until recently is
arginylation, the post-translational transfer of this amino acid
onto a protein by Arg-tRNA-protein-transferase (ATE1).2

Mass spectrometry methods allowed initial identification of

arginylation at the N-terminus of a variety of proteins that play
critical roles in cardiovascular development and angio-
genesis.3,4 Later, it was found that ATE1 also catalyzes the
arginylation of protein side chain carboxylates, including two
arginylated glutamate (EArg, Scheme 1) sites in αS.5

In studies to date, arginylation of αS glutamates 46 and 83
has been proposed to serve a neuroprotective role. Notably, αS
does not contain any native arginine residues. The occurrence
of EArg has been observed in vivo and is thought to reduce αS
accumulation in cells, as demonstrated by a resistance to the
induction of aggregate formation by preformed αS fibrils in
ATE1-expressing neurons.6 Previously published work by the
Kashina laboratory has studied these effects using Ala
mutations at arginylation sites Glu46 and Glu83. In these
mutant constructs, arginylation has no means to occur (i.e.,
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none of the remaining Glu sites are expected to be modified),
leading to increased aggregate formation and neurotoxicity.6

Given that Glu46 and Glu83 are each found in one of the
KTKEGV-type repeats of αS and that E46K mutations are
associated with Parkinson’s disease,7,8 one study has also
examined the effect of substituting these residues for a Lys or
an Ala. The mutants, in particular, Ala46 and Ala83, were
shown to increase αS fibrillization in vitro,7 suggesting the
importance of these amino acid positions in the assembly
process, as well as the necessity of investigating the effect of an
authentic arginylated glutamate at these positions.
Despite initial results suggesting the neuroprotective nature

of arginylation, the PTM itself has not been studied in
chemical detail. Here, we utilize site-specific incorporation
strategies to directly examine the effect of arginylation at each
position on αS lipid binding affinity and aggregation, respective
in vitro models for αS function in health (modulating vesicle
trafficking) and in the formation of pathological fibrils.
Building on previous syntheses of αS bearing PTMs and/or
probes (see comparison of methods in the Discussion
section),9−19 we develop several methods for the semisynthesis
of αS bearing EArg at specific sites. To this end, we synthesize a

protected EArg amino acid monomer for incorporation into full-
length αS by solid phase peptide synthesis (SPPS) and native
chemical ligation (NCL). We present the semisynthesis of
various constructs of αS with EArg at site 46, site 83, or both,
combined with an orthogonally installed fluorophore. We
compare strategies and present an optimized synthetic strategy
to produce various single EArg αS constructs, as well as a
streamlined ligation strategy to access doubly arginylated αS.
We demonstrate the synthesis of a novel ligation handle and its
utility in a multistep ligation reaction. We determine by
fluorescence correlation spectroscopy (FCS) and aggregation
assays that arginylated αS binds to lipid vesicles with the same
affinity as unmodified protein but reduces fibril formation,
demonstrating the effects of this unusual PTM on αS function
and behavior in disease.

■ RESULTS

Synthesis of EArg Monomer, SPPS, and Expression of
Protein Fragments for NCL. To incorporate arginylated
glutamate site-specifically, we developed several semisynthetic
strategies corresponding to each construct (refer to Supporting
Information Table S1 for a list of all peptide/protein constructs

Scheme 1. Semisynthesis of Arginylated, Fluorescently-Labeled αSa

aTop: αS sequence with positions 46 and 83 indicated by ∗. Bottom: Synthesis of Fmoc-Glu(Arg(Pbf)-OtBu)-OH (3) and incorporation into αS
fragments via SPPS, combined with unnatural amino acid mutagenesis, simultaneous “click” labeling and deprotection of the expressed protein
fragment, and NCL for arginylated αS. The semisynthetic scheme for αS-EArg

83π
488

114 (11) is given as a representative example. Reaction
conditions: NCL fragments dissolved to 2−3 mM final concentration, pH 7.0, incubation at 37 °C with agitation several hours to overnight,
MESNa activation of ligation intermediate at room temperature with stirring for 15−20 min, desulfurization at 37 °C with agitation overnight.
Details for reaction conditions and schemes for the synthesis of other constructs are given in Supporting Information.
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and yields). First, we synthesized fluorenylmethyloxycarbonyl
(Fmoc) and pentamethyldihydrobenzofuran-5-sulfonyl (Pbf)
protected EArg, Fmoc-Glu(Arg(Pbf)-OtBu)-OH (3), for
incorporation into peptides by SPPS. This PTM-bearing
amino acid was synthesized from N-terminally Fmoc-
protected, C-terminally allylated, but side-chain unprotected
glutamate (Fmoc-Glu-OAll, 1), and side-chain protected
arginine (H-Arg(Pbf)-OtBu, 2). Notably, after silica column
purification including 0.125% acetic acid in the eluent, the

combined fractions were azeotroped at least four times with
toluene to completely remove acetic acid to avoid acetyl
capping of the growing peptide during SPPS. Pure product 3
was obtained in 65% yield (Figure S1, Supporting
Information).
The EArg precursor 3 was then used in SPPS to generate

peptides for incorporation of the PTM into full-length αS (see
Scheme 1 for the synthesis of αS-EArg

83π
488

114 (where π is
propargyl tyrosine); see Schemes S1−S4 for the syntheses of

Scheme 2. NCL Strategy for the Synthesis of Doubly Arginylated αSa

aThe semisynthetic scheme for αS-EArg
46E

Arg
83 (20) is given as a representative example, illustrating the use of Alloc-protected Cys or Pen (red)

and the final MTG-mediated ligation step. Reaction conditions: C-terminal fragment (13 in this case) dissolved to 2 mM final concentration, 1.2−
1.5 equiv of each subsequent fragment added relative to the preceding one, incubation at 37 °C with agitation for 3 h each, deprotection with 2
equiv of Pd to protein at 37 °C for 10 min, final NCL and desulfurization at 37 °C overnight. Details for reaction conditions and schemes for the
synthesis of other constructs are given in Supporting Information.
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other constructs). To synthesize αS with the EArg at residue 46,
we divided the protein sequence into three segments. We
synthesized αS77−90-V*77E

Arg
83-NHNH2 (4) bearing arginy-

lated glutamate at position 83, a penicillamine (Pen, V*)
ligation handle20 that could be desulfurized after NCL to afford
the native valine at position 77, and a C-terminal acyl
hydrazide. Coupling of the Fmoc-Glu(Arg(Pbf)-OtBu)-OH
amino acid 3 was carried out at 37 °C using 2 equiv of amino
acid, 2 equiv of 7-azabenzotriazol-1-yloxy)tripyrrolidino-
phosphonium hexafluorophosphate (PyAOP), and 4 equiv of
N,N-diisopropylethylamine (DIPEA) and proceeded to com-
pletion after single coupling, as confirmed by Kaiser test, but
was doubly coupled for good measure. Coupling of trityl-
protected penicillamine (Fmoc-Pen(Trt)-OH) was effective
when carried out using HBTU as previously described,16 but
for consistency of coupling agent used in one peptide, we also
employed alternative conditions, which consisted of stirring 4
equiv of amino acid at a concentration of 0.4 M with 4 equiv of
PyAOP, 4 equiv of HOBt, and 8 equiv of DIPEA at 60 °C for 1
h. Pure peptide αS77−90-V*77E

Arg
83-NHNH2 4 was obtained in

28% yield (Figure S3, Supporting Information). The N-
terminal fragment αS1−76 was expressed as an intein fusion,
which was cleaved with sodium 2-mercaptoethanesulfonate
(MESNa) to convert the fragment to a thioester (αS1−76-MES,
5, 24.1 mg per L of culture) for ligation. For the C-terminal
fragment of the protein, we expressed a fragment of the native
protein to synthesize unlabeled, arginylated αS as well as a
fluorescently labeled version to synthesize an arginylated αS for
biophysical studies. For the unlabeled construct, fragment
αS91−140-C91 (13, Scheme 2 and Scheme S3, Supporting
Information) was expressed as a deletion construct as
previously described, and the thiazolidine formed from
intracellular methionine aminopeptidase activity was depro-
tected using methoxyamine to expose the reactive cysteine for
NCL (yield = 15.4 mg per L of E. coli culture). To generate a
fluorescently labeled construct, we expressed the same
fragment with an unnatural amino acid, propargyl tyrosine
(π), at position 114 using amber codon suppression,21 in order
to attach the fluorophore Atto 488 via click chemistry,22,23

affording the fragment αS91−140-C91π
488

114 (9, yield = 8.5 mg
per L of culture). Similarly, to synthesize full-length αS with an
arginylated glutamate at residue 46 (Schemes S1 and S2,
Supporting Information), we expressed αS1−36 as a MES
thioester (19, yield = 13.7 mg per L of culture), synthesized
αS37−55-V*37E

Arg
46-NHNH2 (S3) via SPPS as an acyl hydrazide

(19% yield), and recombinantly produced an unlabeled
αS56−140-C56 (S7, yield = 17.9 mg per L of culture) and a
fluorescent αS56−140-C56π

488
114 (S11, yield = 2.6 mg per L of

culture) for use in NCL.
Role of Copper in the Deprotection, Click Labeling,

and Oxidation of Peptides. In generating the fluorescent C-
terminal fragments of αS for the synthesis of both the EArg

46
and the EArg

83 constructs, we observed some interesting
phenomena regarding the reactivity of copper toward the
peptides. Each fragment, such as αS56−140-C56π114 S10 and
αS91−140-C91π114 8, was expressed as a thiazolidine-protected
fragment and deprotected using methoxyamine. Since the
thiazolidines are formed in cells after cleavage of the initiator
methionine followed by reactions with various carbonyl
compounds present in the cell, we observed that both the
native and the π-bearing purified fragments were protected by
a mixture of thiazolidines formed from formaldehyde,
acetaldehyde, pyruvate, and other aldehydes. In all cases, the

methoxyamine reaction afforded a clean deprotection to reveal
the reactive cysteine (Figure S10, Supporting Information).
When we then attempted to label the purified π-bearing
peptide using Atto 488-azide and a catalytic mixture consisting
of 2 equiv of copper sulfate, 10 equiv of tris(3-hydroxypropyl-
triazolylmethyl)amine (THPTA), and 20 equiv sodium
ascorbate, we observed a mass of +16 Da higher than the
expected mass using matrix-assisted laser desorption ionization
(MALDI) mass spectrometry (MS) (Figure S10, Supporting
Information). It appears that the additional mass corresponded
to the oxidation of the N-terminal cysteine, as the peptide was
unreactive in NCL. This result was surprising, as previously
reported interactions between copper and N-terminal
cysteine24 show that in the presence of sodium ascorbate, N-
terminal cysteine of a peptide does not undergo oxidation even
in the absence of a protective disulfide-forming internal
cysteine. Since copper has been reported to be able to
deprotect thiazolidines24 and selenazolidines,25 we employed
an alternative strategy whereby purified, thiazolidine-protected
αS91−140-C91π114 was simultaneously deprotected and click
labeled using the copper catalytic mixture.26 The thiazolidine-
protected peptide was dissolved in argon-sparged buffer,
fluorophore-azide and catalytic mixture were added, and the
reaction was degassed again and incubated in the dark at 37 °C
for 15 min. The copper catalytic mixture was able to deprotect
all thiazolidines except for pyruvate-derived thiazolidines. The
copper was also able to simultaneously catalyze the click
labeling of an azide derivative of the Atto 488 dye (Atto488-
N3) onto the protein fragment (Figure S11, Supporting
Information). A small amount of oxidation of deprotected
cysteine was still observed by MALDI-MS even though
complete suppression of oxidation was seen in previous
reports using CuCl to deprotect thiazolidine under argon
atomosphere25 or using CuSO4 and ascorbate under ambient
atmosphere.24 Nevertheless, when we conducted the simulta-
neous click and deprotection reaction in an anaerobic
chamber, the side product was not detectable by analytical
high-performance liquid chromatography (HPLC), indicating
that it was not produced in significant amounts (Figure S13,
Supporting Information). Pure preparative HPLC fractions of
labeled, deprotected αS91−140-C91π

488
114 (9) were kept for later

use in NCL, whereas fractions of labeled, pyruvate-derived
thiazolidine-protected αS91−140-C91π

488
114 were pooled and

subjected to another round of deprotection mediated by
methoxyamine (Figure S12, Supporting Information). This
reaction afforded cleanly deprotected αS91−140-C91π

488
114 (9,

59% yield over all steps). The same was done for αS56−140-
C56π

488
114 (S11, 41% yield over all steps).

Native Chemical Ligation To Produce αS EArg46 and
EArg83. To generate full-length αS bearing EArg at residue 83,
we performed NCL between the αS1−76-MES thioester (5) and
αS77−90-V*77E

Arg
83 hydrazide peptide (4). Although the Ala76

thioester was unhindered, the steric bulk of V*77 required the
reaction to be incubated overnight. After HPLC purification,
the intermediate was obtained in 61% yield (Figure S20,
Supporting Information). This ligated fragment, αS1−90-
V*77E

Arg
83, was then ligated to αS91−140-C91 by in situ

conversion of the αS1−90-V*77E
Arg

83 acyl hydrazide (6) to a
thioester using 4-mercaptophenylacetic acid (MPAA). Follow-
ing HPLC purification (32% yield), the penicillamine and
cysteine ligation handles were desulfurized to the respective
valine and alanine, and the products were purified (15% yield).
Full-length αS-EArg

83 (S16) product was obtained in 2.4%
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overall yield (Figure S21, Supporting Information). The same
strategy was executed to produce αS-EArg

46 (S9). Ligation
between αS1−36-MES (19) and αS37−55-V*37E

Arg
46 hydrazide

(S3) produced the intermediate αS1−55-V*37E
Arg

46 hydrazide
(S4) in 79% yield (Figure S14, Supporting Information). Over
all steps, full length unlabeled αS EArg

46 (S9) was obtained in
4.1% yield (Figure S15, Supporting Information).
Comparison of Aryl vs Alkyl Thiol Additives in

Hydrazide Conversion NCL. To improve upon these yields,
we tested an alternative strategy that allowed for the second
ligation and desulfurization to be done in situ. A previous
report demonstrated that an alternative thiol additive, methyl
thioglycolate (MTG), can be used to generate the C-terminal
thioesters of protein fragments and allows for desulfurization
without purification of the ligation product.27 We therefore
attempted to use MTG as the thiol additive in place of MPAA
in the second ligation so as to bypass a purification step
between this ligation and the desulfurization, which we
thought may improve the yield. We dissolved the intermediate
fragment αS1−55-V*37E

Arg
46-NHNH2 (S4) in pH 3 buffer,

activated the acyl hydrazide using 10 equiv of NaNO2,
followed by addition of 100 equiv of MTG (as a neutral
buffered solution) in place of MPAA. After the partner peptide
(αS56−140-C56 S7) was added to the reaction, we examined the
sample by MALDI-MS and observed product formation after 3
h. However, we also observed various additional masses on the

remaining αS56−140-C56 fragment (Figure S16, Supporting
Information). Importantly, these additional masses were not
incorporated into the product, indicating the possible
formation of oxidization adducts on the N-terminal cysteine
ligation handle. In the previously reported case study, the
researchers preconverted the peptides of interest into MTG
thioesters and purified them before use in ligation with the C-
terminal fragment27 so that no free cysteine was present in the
same pot as NaNO2.
We therefore instead opted to convert the intermediate

product, αS1−55-V*37E
Arg

46 acyl hydrazide (S4) into a MES
thioester (S5), which is known to be a stable thioester, and
purify it before use in the second ligation. Although this
strategy introduced another purification step before the second
ligation, its compatibility with in situ desulfurization allowed us
to forgo a purification step after the ligation and importantly to
recover more product by reducing the number of times the
full-length αS is purified or lyophilized, as it is more
aggregation-prone than the N-terminal fragments. The
hydrazide to MES thioester conversion always proceeded to
completion and was isolated in 85% yield (Figure S17,
Supporting Information). In situ conversion of the MES
thioester to MTG thioester in the NCL reaction was rapid, and
despite the known slower reactivity of MTG compared to
MPAA, compounded by the steric bulk of the V55 thioester
under attack, our MTG-mediated NCL was complete after

Figure 1. Synthesis of αS-EArg
83π

488
114: (A) MALDI-MS of product αS1−90-V*77EArg

83-NHNH2 (6) resulting from NCL between αS1−76-MES (5)
and αS77−90-V*77E

Arg
83-NHNH2 (4); (B) MALDI-MS of conversion of intermediate 6 to αS1−90-V*77E

Arg
83-MES (7); (C) analytical HPLC

(gradient, 10−50% B over 30 min) of MTG-mediated NCL between αS1−90-V*77E
Arg

83-MES (7) and αS91−140-C91π
488

114 (9) to give αS-
V*77EArg

83C91π
488

114 (10); (D) analytical HPLC of in situ desulfurized product αS-EArg
83π

488
114 (11).
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overnight incubation. Overall, this route allowed us to isolate
desulfurized, unlabeled αS-EArg

46 (S9) in 14.4% yield (Figure
S18, Supporting Information) and fluorescent αS-EArg

46π
488

114
(S13) in 37.7% yield (Figure S19, Supporting Information),
representing an improvement over the MPAA-mediated
ligation strategy. Encouraged by this, we used the same
strategy to produce αS arginylated at residue 83. After ligation
between αS1−76 MES thioester (5) and αS77−90-V*77E

Arg
83 (4),

the conversion of the αS1−90-V*77E
Arg

83 hydrazide intermediate
(6) to the MES thioester (7) proceeded to completion and
was isolated in 87.5% yield (Figure S22, Supporting
Information). The MTG-mediated approach resulted in
unlabeled αS-EArg

83 (S16) in 32.5% yield (Figure S23,
Supporting Information) and fluorescent αS-EArg

83π
488

114
(11) in 15.4% yield over all steps (Figure 1 and Figure S24,
Supporting Information), demonstrating once again the
superiority of the method amenable to desulfurization without
intermediate purification.
Generation of Peptides for Synthesis of Doubly

Arginylated αS. In order to study the combined effects of
arginylation at both positions 46 and 83, we synthesized full-
length constructs simultaneously bearing EArg at both sites. To
this end, we developed a streamlined C-to-N terminal synthetic
scheme inspired by a previously published one-pot ligation
strategy for histone total synthesis.28 We divided full-length αS
into four segments for ligation: αS1−36, αS37−68, αS69−90, and
αS91−140. Capitalizing on the existence of αS1−36 MES thioester
(19) and αS91−140-C91 (13) or αS91−140-C91π

488
114 (9)

constructs from our syntheses of singly arginylated αS, we
produced these fragments for the synthesis of doubly
arginylated αS as well. As for fragments bearing our PTM of
interest, we targeted the synthesis of αS37−68-V*37E

Arg
46 and

αS69−90-C69E
Arg

83 as N-terminally allyloxycarbonyl- (Alloc-)
protected peptides so that they could be added sequentially in
one-pot reactions. We chose Val37 as the ligation site so as to
make all of the protein segments an appropriate length.
Another ligation site that is nearby would be Ala30, but this
would require the use of αS30−68 for the fragment containing
arginylated glutamate at position 46 which is likely to be lower
yielding. For similar reasons, we chose to divide αS into four
fragments since this was the minimal number of fragments that
would allow for incorporation of EArg at positions 46 and 83
while keeping each peptide fragment at a reasonable length for
good yield.
To synthesize the appropriate fragment peptides, we carried

out the synthesis of Alloc-Cys(Trt)-OH (S1, Supporting
Information Scheme S4) as previously described.28 For the
synthesis of Alloc-protected penicillamine, the starting material
H-Pen(Trt)-OH was reacted with 1.5 equiv of allyl
chloroformate in dioxane and 2% Na2CO3 in H2O, as in the
synthesis of Alloc-Cys(Trt)-OH. Formation of Alloc-Pen(Trt)-
OH (S2, Supporting Information Scheme S4) proceeded to
completion in 1 h. In contrast to the synthesis of its cysteine
counterpart, the crude reaction mixture of Alloc-Pen(Trt)-OH
was not acidified with HCl, as the end point pH was measured
to be at pH 3−4. After workup, Alloc-Pen(Trt)-OH was
obtained in quantitative yield, and the product could be used
for SPPS without further purification (Figure S25, Supporting
Information).
Using our Alloc-amino acids and Fmoc-Glu(Arg(Pbf)-

OtBu)-OH3, we synthesized the Alloc-αS37−68-V*37E
Arg

46
(15) and Alloc-αS69−90-C69E

Arg
83 (12) peptides as C-terminal

acyl hydrazides. Owing to the steric bulk of its β-branching and

side-chain protection, Alloc-Pen(Trt)-OH coupling was
incomplete under standard conditions (double coupling at
room temperature for 30 min). We found that optimal
coupling resulted from double coupling 4 equiv of Alloc-
Pen(Trt)-OHS2 using 4 equiv of PyAOP, 4 equiv of ethyl
cyano(hydroxyimino)acetate (Oxyma Pure), 4 equiv of
hydroxybenzotriazole (HOBt), and 8 equiv of DIPEA at 37
°C for 1 h. Using these conditions, SPPS of Alloc-αS37−68-
V*37E

Arg
46 15 was achieved. After the acyl hydrazide peptide

was cleaved from resin and precipitated with ether, the dried
precipitate was redissolved in 0.2 M sodium phosphate buffer
at pH 3 and converted to a stable thioester using 10 equiv of
NaNO2 and 100 equiv of MESNa. The conversion proceeded
to completion, and the peptide thioester was purified by HPLC
and isolated in 14.8% yield overall (Figure S26, Supporting
Information). Similarly, Alloc-αS69−90-C69E

Arg
83 12 was synthe-

sized, with coupling of Alloc-Cys(Trt)-OH S1 done under
standard conditions. However, upon addition of 0.2 M sodium
phosphate buffer to the dried ether precipitate, the peptide
formed a gel that was irreversible, despite our attempts through
addition of denaturant, purification, or lyophilization and
resolvation. We reasoned that this was because fragment 69−
90 consists of the non-amyloid-β component (NAC) of αS, a
region abundant with hydrophobic residues making it prone to
aggregation.29 Therefore, we adopted an alternative strategy
whereby the dried ether precipitate of Alloc-αS69−90-C69E

Arg
83

acyl hydrazide 12 was redissolved in 6 M guanidinium and 0.2
M phosphate at pH 3 for the conversion to MESNa thioester.
The reaction proceeded to completion in 15−20 min. The
crude mixture was diluted to reduce the guanidinium
concentration to <1.5 M and immediately purified by HPLC
without filtration. Pure peptide was obtained in 19.6% yield
over all steps (Figure S27, Supporting Information).

Semisynthesis of Doubly Arginylated αS EArg46E
Arg

83.
We used the Alloc-protected arginylated peptides along with
the already available αS fragments to effectuate the semisyn-
thesis of unlabeled and fluorescent doubly arginylated αS-
EArg

46E
Arg

83 (Scheme 2 and Supporting Information, Scheme
S4). Toward these doubly arginylated αS constructs, we
carried out a streamlined sequence of C-to-N terminal NCL
reactions by first ligating αS91−140-C91 13 (or αS91−140-
C91π

488
114 9) with Alloc-αS69−90-C69E

Arg
83 MES thioester 12.

Upon completion of the ligation in 3 h, deprotection of Alloc-
αS69−140-C69E

Arg
83C91 14 was carried out in the same pot using

palladium acetate (Pd(OAc)2) and 3,3′,3″-phosphanetriyltris-
(benzenesulfonic acid) trisodium salt (TPPTS) ligand to give
αS69−140-C69E

Arg
83C91 16 in 10 min. The next fragment, Alloc-

αS37−68-V*37E
Arg

46 MES thioester 15, was added as a dry
powder. Formation of the ligated product Alloc-αS37−140-
V*37E

Arg
46C69E

Arg
83C91 17 was complete in 3 h, and Pd-

catalyzed Alloc deprotection was performed again. Here, rather
than completing the ligation sequence with the addition of
αS1−36 MES thioester 19, we developed an alternative strategy
in which deprotected H2N-αS37−140-V*37E

Arg
46C69E

Arg
83C91 18

was purified by HPLC and ligated to αS1−36 MES 19 in a
separate pot. We opted for this strategy for two reasons. First,
while the one-pot ligation required the use of MPAA to
inactivate Pd before addition of the next fragment, the separate
pot ligation with αS1−36 MES 19 allowed us to use MTG as a
thiol additive, which permitted subsequent desulfurization
without intermediate purification. This approach would result
in the same total number of reaction vessels and purification
steps, while affording some advantages: we could add more
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than 1.2 equiv of peptide for each sequential ligation to totally
consume the C-terminal fragment, which was the limiting
reagent (especially αS91−140-C91π

488
114 9, bearing a fluoro-

phore), and we could also reduce the number of times the full-
length αS is lyophilized, maximizing recovery of the final
product. The second reason for which we adopted the multipot
ligation-and-desulfurization strategy was that we observed an
unusual interaction between Pd and penicillamine. In the Alloc
deprotection procedure, upon completion of deprotection by
Pd-TPPTS, TCEP is added to inactivate the catalyst. In the
cases of both Alloc-cysteine and Alloc-penicillamine peptides,
deprotection was complete in 10 min; the reaction mixture was
incubated with TCEP for an additional 10 min, and the sample
was ready for the next ligation. However, in the case of the

Alloc-penicillamine αS37−140 fragments (e.g., conversion of 17
to 18), we observed an additional mass of +357 on the peptide
which rendered it unreactive to αS1−36, suggesting that a
TCEP·Pd adduct had formed on the ligation handle (Scheme
2, 18a; see also Figure S32, Supporting Information). The
additional mass was not removed by addition of 1,4-
dithiothreitol (DTT), ethanedithiol (EDT), or other bidentate
ligands. However, upon addition of 1 equiv of free penicill-
amine amino acid (H-Pen-OH), the additional mass was
eliminated, resulting in reactive αS37−140 fragments (Figure
S32, Supporting Information). We hypothesize that upon Alloc
deprotection and inactivation of Pd by TCEP, the N-terminal
penicillamine coordinated Pd-TCEP in a rigid five-membered
structure (18a) because of the Thorpe−Ingold effect30,31

Figure 2. NCL for the synthesis of αS-EArg
46E

Arg
83 (20). Left: Analytical HPLC (gradient, 10−50% B over 30 min) of first NCL, between Alloc-

αS69−90-C69E
Arg

83 (12) (elutes early and has minimal absorbance) and αS91−140-C91 (13) to generate Alloc-αS69−140-C69E
Arg

83C91 (14), first NCL
Alloc deprotection to generate αS69−140-C69E

Arg
83C91 (16), second NCL between 16 and Alloc-αS37−68-V*37EArg

46 (15) to generate Alloc-αS37−140-
V*37E

Arg
46C69E

Arg
83C91 (17), and second Alloc deprotection to generate αS37−140-V*37E

Arg
46C69E

Arg
83C91 (18). Top right: Analytical HPLC of

product αS-EArg
46E

Arg
83 (20) after third NCL between αS1−36-MTG thioester (19) and 18, followed by desulfurization and preparative HPLC

purification. Bottom right: MALDI-MS analysis of purified 20.

Figure 3. Structure and monomeric state of arginylated αS vs control. Left: CD spectra of αS EArg
46, E

Arg
83, or E

Arg
46E

Arg
83 in comparison to WT αS,

with characteristic negative Cotton effect at 200 nm indicative of random coil. Right: Diffusion time and normalized counts per molecule (CPM) of
fluorescently labeled αS-π488114 WT control, EArg

46π
488

114, E
Arg

83π
488

114, or E
Arg

46E
Arg

83π
488

114, determined by FCS. For protein in buffer without
lipids, 10 autocorrelation curves were averaged in each measurement, and measurement sets were performed in independent triplicates. Primary
FCS data are shown in Supporting Information, Figure S33.
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afforded by its two β-carbon methyl groups which are absent in
the N-terminal cysteine and the common bidentate ligands.
Thus, the αS37−140 intermediate products were purified in
35.2% yield for unlabeled αS (18, Figure S28, Supporting
Information) and 41.7% yield for fluorescent αS (S20, Figure
S29, Supporting Information). In a separate pot, these
fragments were ligated to αS1−36 19 using MTG and
desulfurized. The semisyntheses resulted in unlabeled αS-
EArg

46E
Arg

83 20 in 6.1% yield (Figure 2 and Figure S29,
Supporting Information) and fluorescent αS-EArg

46E
Arg

83π
488

114
S21 in 7.2% yield over all steps (Figure S31, Supporting
Information).
Arginylated αS Is Monomeric and Disordered, Similar

to Wild Type (WT) αS. After synthesis of our various αS
constructs, we investigated whether arginylation altered the
secondary structure of αS by circular dichroism (CD)
spectroscopy. Each singly and doubly arginylated αS was
compared to WT in phosphate buffer, pH 7.4. The spectrum of
each variant displays the same negative Cotton effect at 200
nm, characteristic of a random coil, indicating that no
significant secondary structure was induced by the arginylation
modifications (Figure 3, left). We also verified that the
arginylated αS proteins are monomeric by FCS, like wild type
(WT) αS. Fluorescence emission was collected from singly
arginylated αS-EArg

46π
488

114 (S13) or αS-EArg
83π

488
114 (11) or

from doubly arginylated αS-EArg
46E

Arg
83π

488
114 (S21) diffusing

through the focal volume, and the resulting autocorrelated
signals were fit to an autocorrelation function consisting of a
single diffusing species. Diffusion time is a physically relevant
output parameter in FCS that allows for relative comparisons
of particle size when measured on the same system. All
arginylated αS constructs were characterized by the same
diffusion time (∼0.5 ms) as that of the WT control αS-π488114,
demonstrating their monomeric nature (Figure 3, right).
Furthermore, we calculated the counts per molecule (CPM) of
each αS, which represents the amount of fluorescence detected
per particle; oligomeric proteins are expected to have higher
CPM. The CPM was obtained by dividing the average
intensity of the measured signal by the number of molecules
in the focal volume and normalized to the CPM of a freely
diffusing fluorescent standard, Alexa Fluor 488. These
normalized CPMs were the same for all arginylated αS and

control, showing that each particle traversing the focal volume
carries one fluorophore and therefore that each arginylated αS
is monomeric.

Lipid Binding Measurements Suggest That Arginyla-
tion Does Not Perturb αS Native Function. Next, we
investigated the effect of arginylation on the interactions of αS
with lipid vesicles, measurements that often serve as a
surrogate for αS function. Since αS has a high affinity for
negatively charged lipid vesicles, we synthesized vesicles
composed of 50:50 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine (POPS) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC). Vesicle size distribution was
centered around ∼80 nm in diameter, and samples were
monodisperse, as verified by dynamic light scattering (Figure
S34, Supporting Information). We then assayed the lipid
binding affinity of our arginylated αS constructs by FCS, using
αS-π488114 as a WT control. To various concentrations of lipid
vesicles were added 20 nM singly arginylated αS-EArg

46π
488

114
(S13) or αS-EArg

83π
488

114 (11) or doubly arginylated αS-
EArg

46E
Arg

83π
488

114 (S21). The respective characteristic diffusion
times of protein and vesicle were measured beforehand and
fixed to these known quantities in the fitting of the two-
component data. The fraction of protein bound to vesicle was
obtained from these fits.32 We found that, in comparison to
control, all of the arginylated αS variants have essentially the
same affinity for the lipid vesicles, suggesting that this PTM
does not alter the native role of αS (Figure 4). The apparent
dissociation constants (Kd,app) obtained from the binding
curves were 9.8 ± 1.0 μM accessible lipid for WT (αS-π488114),
8.9 ± 1.0 μM for EArg

46 (αS-E
Arg

46π
488

114, S13), 12.8 ± 2.7 μM
for EArg

83 (αS-EArg
83π

488
114, 11), and 11.9 ± 2.2 μM for the

doubly arginylated EArg
46E

Arg
83 protein (αS-EArg

46E
Arg

83π
488

114,
S21). For comparison, it is known that the disease mutation
E46K enhances the binding of αS to lipid vesicles.32−34

Consistent with previous observations, we found that αS-
K46π

488
114 displayed enhanced binding to our synthetic vesicles

(Kd,app = 4.4 ± 0.5 μM) in comparison to control.
Arginylation Decelerates Aggregation and Reduces

Incorporation of αS into Fibrils. In addition to the effects
on the native role of αS, we wished to examine the purported
protective effects of arginylation against disease. To this end,
we assayed the kinetics and thermodynamics of the aggregation

Figure 4. Vesicle binding affinity of αS. All arginylated αS variants display comparable apparent dissociation constants (Kd,app), suggesting that
arginylation does not alter the native role of αS. The disease mutant αS-K46 displays enhanced binding, consistent with literature. Primary FCS data
and individual binding curves are shown in Supporting Information, Figures S35 and S36.
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of arginylated αS. To test the impact of arginylation on
aggregation kinetics, we prepared samples of 100 μM protein
monomer in buffer (20 mM Tris, 100 mM NaCl, pH 7.4)
consisting of wild type αS (unlabeled) or WT mixed with
different percentages of αS-EArg

46 (S9) or αS-EArg
83 (S16) or

the doubly arginylated αS-EArg
46E

Arg
83 (20). Samples were

aggregated in vitro by agitating at 37 °C at 13 000 rpm, and the
extent of aggregation was monitored by absorption of Congo
Red in samples at various time points. We found that
arginylation at glutamate 83 slows down aggregation and
decreases the percentage incorporation of monomer into fibrils
in a dose-dependent manner, with 10% EArg

83 exhibiting a
greater effect than 5% EArg

83. On the other hand, EArg
46 showed

no difference in aggregation kinetics in comparison to WT.
Interestingly, the doubly arginylated protein EArg

46E
Arg

83 slowed
down aggregation more than EArg

83 alone, suggesting that the
compound effect of double arginylation was more significant

than a simple additive effect of the individual arginylations
(Figure 5).
To determine the effect of arginylation on the thermody-

namic aspects of aggregation, we examined the percentage of
starting monomer incorporated into the final fibrils in each
sample. At the 48 h time point, samples were each centrifuged
to pellet the fibrils. Supernatant containing any unincorporated
monomer was discarded, and the fibrils were resuspended and
quantified by the intensity of bands on a polyacrylamide
(SDS−PAGE) gel. We found that when the starting material
contained higher levels of arginylated αS, total incorporation of
monomer into fibril was decreased (Figure 6). This effect was
seen most strongly for the 83 position. While EArg

46 again
showed no difference in monomer incorporation, the doubly
arginylated EArg

46E
Arg

83 protein decreased incorporation to a
similar extent to EArg

83, suggesting that most of the protective
effect may be attributed to the 83 site.

Figure 5. Aggregation kinetics for singly and doubly arginylated αS. αS monomers consisting of WT mixed with different percentages of αS-EArg

were aggregated by agitation at 37 °C. The extent of aggregation was monitored by absorption of Congo Red. Left: Arginylation at glutamate 83
slows down aggregation of αS in a dose-dependent manner, and doubly arginylated αS EArg

46E
Arg

83 slows down aggregation more than EArg
83 alone.

Individual aggregation curves are shown in Supporting Information, Figure S37. Right: T1/2 values determined relative to WT value. Results are
shown as the mean with standard error (n = 3): *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

Figure 6. Percentage monomer incorporation for singly and doubly arginyalted αS. αS monomers consisting of WT mixed with different
percentages of αS-EArg were aggregated by agitation at 37 °C. End point samples were centrifuged, and pelleted fibrils were quantified by gel band
density to determine percentage monomer incorporation. Left: Representative gel data showing standards used for quantification. Right: αS EArg

83
decreases the percentage incorporation of monomer into fibrils. Results are shown as the mean with standard error (n ≥ 3): *p < 0.05; **p < 0.01;
ns, not significant.
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■ DISCUSSION

In this study, we report the first synthesis of αS bearing
arginylation, an unusual PTM, and the generation of singly
arginylated and doubly arginylated αS as well as variants
bearing a fluorophore for biophysical studies. To accomplish
this, we developed the synthesis of the novel PTM-bearing
amino acid, Fmoc-Glu(Arg(Pbf)-OtBu)-OH and incorporated
it into peptides for NCL. The arginylated glutamate allowed
for facile incorporation into peptides at 37 °C, despite the fact
that Fmoc-Arg(Pbf)-OH is known to be difficult to
incorporate due to its sterically hindered protected side-
chain. In our case, the protected arginine is found at the end of
the extended glutamate chain, attached through a peptide
bond, making this PTM-bearing amino acid relatively sterically
unhindered. Alternative strategies, such as incorporating Alloc-
protected Glu and attaching Arg on resin, are also being
investigated.
In generating the fragments of αS for the synthesis of full-

length arginylated protein, we uncovered some unexpected
effects of the copper sulfate/THPTA/sodium ascorbate
catalytic system used in click reactions. We noticed that the
copper was able to deprotect N-terminal thiazolidines derived
from acetaldehyde and formaldehyde, consistent with
previously published results,24 but not thiazolidines derived
from pyruvate. This selective reactivity may be due to steric or
electronic effects of the carboxylate group on copper
coordination to the cysteine sulfur. We also observed, in
contrast to the previous report,24 that the copper led to
oxidation of unprotected N-terminal cysteine but that this side
reaction could be reduced by argon sparging. Our method for
simultaneously deprotecting an N-terminal thiazolidine and
labeling an alkynyl amino acid with a fluorophore-azide, used
in the synthesis of αS56−140-C56π

488
114 (S11) and αS91−140-

C91π
488

114 (9), may be of great utility to future semisynthetic
endeavors.
In the semisynthesis of full-length arginylated αS, we

explored different synthetic schemes for an N-to-C three-part
ligation and investigated the reactivity of MPAA and MTG
thiol additives. We developed a novel ligation strategy that
involves conversion of the ligation intermediate into a stable
MES thioester in order to generate an MTG-thioester in situ
for reaction with the C-terminal fragment in the second
ligation. The higher pKa and lesser oxidation potential of MTG
are likely responsible for its inability to quench excess NaNO2
and therefore prevent it from being a substitute for MPAA
during in situ conversion of the peptide acyl hydrazide to
thioester in a ligation reaction. In standard NCL reactions
using MPAA as a thiol additive, following the acyl hydrazide to
azide conversion by NaNO2, the MPAA that is added in excess
not only allows for thioester formation but also quenches any
remaining NaNO2 so that it does not oxidize the ligation
handle of the partner peptide.35 The thiol additive likely
eliminates the nitrosonium ion generated in situ from NaNO2
through nucleophilic addition. In our reactions, considering
the higher pKa of MTG (pKa = 7.9) versus that of MPAA (pKa
= 6.6), we reasoned that the MTG was not an effective
quencher of NaNO2 compared to MPAA, which, being present
predominantly as a thiolate, acts as a better nucleophile. We
also cannot exclude the possibility that some of the adducts
were due to reactive oxygen species generated in situ by NO+

during the diazotization reaction. Owing to its greater
oxidation potential as an aryl thiol, MPAA is known to be a

radical quencher,36 which may serve to protect the N-terminal
cysteine of the partner fragment. Other strategies have been
developed that employ milder conditions for thioester
generation from acyl hydrazide peptides, for example, via
acyl pyrazoles, but this weakly activated species requires
MPAA for efficient exchange and is therefore incompatible
with radical desulfurization.37 However, our intermediate
conversion MTG-thioester generation strategy that allowed
for desulfurization without intermediate purification, and thus,
the ability to eliminate a lyophilization step, is especially useful
for the synthesis of aggregation-prone proteins.
Current semisynthetic methods for the incorporation of a

single PTM into αS largely involve deconstructing the protein
into two or three fragments.13 When the modification of
interest is found near the terminus, it is possible to
semisynthesize the site-specifically modified αS using two
fragments such as a recombinant N-terminal fragment and a
synthetic C-terminal peptide for phosphorylated Y1259 or
S129.12 For modification sites farther away from the termini,
three-piece ligations have been successfully demonstrated for
αS, including that phosphorylated at Y39,11 nitrated at Y39,38

or glycosylated at a variety of Ser or Thr sites.14 These
semisyntheses commonly use an N-terminal fragment prepared
either by expression in E. coli or by SPPS, a synthetic middle
fragment bearing the PTM, and an expressed C-terminal
fragment. One advantage of the middle fragment being
synthetic is that it is possible to carry out a one-pot C-to-N
ligation by methoxyamine-mediated activation of the thiazo-
lidine-protected ligation intermediate, although the depro-
tection takes several hours and necessitates a lowering of pH in
addition to requiring purification and lyophilization of the full-
length αS before desulfurization. Our N-to-C semisynthesis for
singly arginylated αS, with its MES-activated intermediate,
MTG-thioester formation, and in situ desulfurization, offers a
way to overcome these issues.
Alongside the semisynthesis of singly arginylated αS, we

established a method to synthesize αS bearing double
arginylation and optionally a fluorophore, for a total of three
modifications. A number of previous semisyntheses have
successfully introduced multiple modifications in αS. Provided
that the sites of interest are in proximity, a synthetic middle
fragment in a three-piece NCL allows for incorporation of
multiple PTMs, as has been shown for αS triply glycosylated at
T72/T75/T81.14 For certain enzymatic PTMs, the strategy of
chemoenzymatic semisynthesis, involving the ligation between
two recombinant fragments of αS, allows for orthogonal
incorporation of multiple modifications: not only PTMs but
also fluorophores by thiol-maleimide conjugation and click
chemistry.16 Some other PTMs that are originally enzymatic
can be closely mimicked through attachment aided by a small
molecule: disulfide-directed ubiquitination15 or SUMOyla-
tion10 using αS with a cysteine mutation at the site of interest
is also compatible with incorporation of modifications at more
than one site. In our study, access to triply modified αS having
two PTMs and a fluorophore, with each site being in a
different region of the protein, is enabled by the C-to-N
multipart ligation. Our strategy takes advantage of previously
established one-pot ligation methods but optimizes them by
maximizing recovery of product when the target protein is
aggregation-prone. We synthesized a new ligation handle
Alloc-Pen(Trt)-OH and optimized its incorporation into
peptides, expanding the toolbox of protected thiol-bearing
amino acids for NCL. While Fmoc-protected Pen usage in
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ligation is relatively common, the Alloc-protected version
permitted the use of Pd-catalyzed in situ deprotection, which
proceeds to completion in a few minutes. In using Alloc-Pen,
we uncovered an unexpected thiol−metal interaction in the
form of Pd-TCEP with N-terminal penicillamine, which was
absent for the N-terminal cysteine peptides, suggestive of a
rigidifying effect exerted by the two methyl groups unique to
penicillamine. We found that the use of free H-Pen-OH to
strip the Pd allowed this method to be used effectively, but
additional investigation could further improve it, and the Pd
adduct may serve as an orthogonal N-terminal protecting
group. Overall, the strategies that we developed in the
semisynthesis of doubly arginylated αS demonstrate a
streamlined way to synthesize proteins bearing multiple
PTMs and/or fluorophores.
When we investigated the biological effects of arginylation,

we found that the modified αS showed no difference in affinity
for lipid vesicles compared to WT control. The first ∼30
residues in αS are known to contribute, to various extents, to
the energetics of binding to large lipid vesicles,39 where αS
adopts an extended helix. A model has also been proposed in
which the first ∼90 residue segment of lipid-bound αS displays
two α11/3 helical regions with a single break, resulting in an
amphipathic structure with well-defined hydrophobic and
hydrophilic faces.40 While the glutamate side chain is
negatively charged and the arginine side chain is positively
charged at physiological pH, the arginylated glutamate is
zwitterionic (Figure 1). Obviously, the arginylated glutamate is
also much larger than any canonical amino acid. The fact that
arginylation at either glutamate 46 or 83 or both had no impact
on the affinity of αS to lipid vesicles implies that these residues
may not contribute significantly to lipid binding. The EArg

46
result is consistent with the α11/3 helix model that places E46
facing away from the lipid membrane but is in contrast to
results showing that the disease mutation E46K enhances the
binding of αS to lipid vesicles.33,34 Our results show that the
precise chemical nature of the PTM must be taken into
account and caution one against drawing conclusions regarding
PTMs from corresponding mutations to canonical amino acids.
Finally, when investigating the effect of arginylation on αS

aggregation, we identified a protective effect of this PTM
against fibril formation, slowing kinetics and reducing
monomer incorporation into fibrils. Arginylation at E83 slowed
aggregation, and double arginylation displayed protective
effects that were more significant than would be predicted by
a simple combination of each individual arginylation effect.
The fact that arginylation of E46 alone did not contribute to
deceleration of fibril formation or monomer incorporation is
somewhat surprising, as E46 forms a salt bridge with K80 in
most polymorphs of WT αS fibrils,41 and the switch from the
negatively charged glutamate to the net neutral EArg would be
expected to destabilize such an interaction. The mutation E46K
is implicated in Parkinson’s disease8,42 and is known to disrupt
fibril formation,43 but EArg

46 does not seem to interfere with
this process. The significant effect that arginylation at E83
displays in reducing monomer incorporation into fibrils may be
due to the fact that it is immediately adjacent in sequence to
the innermost β-sheet of the core (residues 71−82) in the
“Greek key” motif of αS fibrils, which is established by a
hydrophobic pocket.41 The fibril-destabilizing effect of
arginylation at site 83 and the combined effect of arginylation
at both sites corroborate the purported neuroprotective role
for arginylation in Parkinson’s disease. It is interesting that

doubly arginylated αS dramatically slows aggregation but does
not alter monomer incorporation to a greater degree than a
single EArg

83 modification, implying a complex interplay of
kinetic and thermodynamic effects on fibril formation.

■ CONCLUSION
In this study, we integrated a multitude of techniques to access
arginylated αS and identified the effect of this PTM on the
protein’s native role and behavior in disease. By assaying its
aggregation, we determined that arginylated αS displays
neuroprotective effects, slowing the formation of fibrils and
reducing monomer incorporation. Through biophysical
characterizations of the interaction between arginylated αS
and lipid vesicles, we determined that the PTM does not alter
the native role of αS. In the case of an understudied PTM such
as arginylation, semisynthesis of the modified protein is
invaluable, as it allows site-specific installation of the
modification. Synthesis of the novel arginylated glutamate
amino acid allowed us to study the authentic PTM, offering an
advantage over site-directed mutagenesis to a natural amino
acid mimic, as these often do not recapitulate the effects of the
authentic modification. By optimizing the incorporation of
arginylation by SPPS and NCL, we developed methods more
straightforward than the laborious screening process needed to
evolve a tRNA/synthetase pair that would recognize and
incorporate EArg recombinantly and at more than one site. Our
ligation strategies for both singly and doubly arginylated aS are
also amenable to the installation of fluorophores, which are
indispensable in biophysical studies that characterize the
behavior of biologically relevant macromolecules. The Alloc-
penicillamine that we synthesized adds another ligation handle
to the NCL toolbox and expands the possible sites of one-pot
ligation from native alanines to also include native valines. The
synthesis of an unusual PTM-bearing amino acid, incorpo-
ration of a novel ligation handle by SPPS and NCL, and
semisynthetic methods for multiply modified αS that we have
developed here pave the way for further investigation of
complex PTMs and their cooperative effects in disordered
proteins and beyond.
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