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Introduction

Chemical synthesis of site-selective advanced
glycation end products in a-synuclein and its
fragments+t

Clara Bosbach,®® Luisa Maria Gatzemeier,?® Katja llme Bloch von Blottnitz,?
Annekatrin Kénig,? Ulf Diederichsen,3? Claudia Steinem (2 *@ and
Tiago Fleming Outeiro 2 *§><

Advanced glycation end products (AGEs) arise from the Maillard reaction between dicarbonyls and pro-
teins, nucleic acids, or specific lipids. Notably, AGEs are linked to aging and implicated in various dis-
orders, spanning from cancer to neurodegenerative diseases. While dicarbonyls like methylglyoxal prefer-
entially target arginine residues, lysine-derived AGEs, such as N(6)-(1-carboxymethyl)lysine (CML) and
N(6)-(1-carboxyethyl)lysine (CEL), are also abundant. Predicting protein glycation in vivo proves challen-
ging due to the intricate nature of glycation reactions. In vitro, glycation is difficult to control, especially in
proteins that harbor multiple glycation-prone amino acids. a-Synuclein (aSyn), pivotal in Parkinson's
disease and synucleinopathies, has 15 lysine residues and is known to become glycated at multiple lysine
sites. To understand the influence of glycation in specific regions of aSyn on its behavior, a strategy for
site-specific glycated protein production is imperative. To fulfill this demand, we devised a synthetic route
integrating solid-phase peptide synthesis, orthogonal protection of amino acid side-chain functionalities,
and reductive amination strategies. This methodology yielded two disease-related N-terminal peptide
fragments, each featuring five and six CML and CEL modifications, alongside a full-length aSyn protein
containing a site-selective E46CEL modification. Our synthetic approach facilitates the broad introduction
of glycation motifs at specific sites, providing a foundation for generating glycated forms of synucleinopa-
thy-related and other disease-relevant proteins.

related synucleinopathies, is prone to misfolding and self-
association into high molecular weight species, ultimately

Post-translational modifications (PTMs)' are among other
crucial factors responsible for the accumulation of misfolded
proteins.” As an example, a-synuclein (aSyn), a 140 amino acid
protein strongly associated with Parkinsons disease (PD) and
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forming Lewis bodies. PTMs have a direct impact on the aggre-
gation and toxicity of this protein. aSyn undergoes several
PTMs such as acetylation and glycation,’® as well as oxidation,
phosphorylation, nitration, sumoylation, and ubiquitination.*
Previously, we have shown that acetylation protects aSyn from
aggregation and toxicity,” whereas glycation exacerbates oligo-
merization and cytotoxicity, which is a generally observed
phenomenon in neurodegenerative diseases,”” inducing dopa-
minergic neuronal death.® Besides misfolding and aggregation
of aSyn being a key process in synucleinopathies, glycation can
also affect the protein’s normal physiological function, which
is still not fully understood but is thought to be partially
related to synaptic vesicle biology.>*

To directly address glycation in aSyn, we here focussed on a
synthetic route to produce advanced glycation end products
(AGEs)."® AGEs are formed mainly under oxidative stress and
can initiate a proinflammatory cascade by binding to the mul-
tiligand surface receptor for AGEs (RAGE), leading to impaired
cellular defense mechanisms and increased cell death."* AGEs

This journal is © The Royal Society of Chemistry 2024
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are predominantly found at the amino side-chains of lysine
(Lys) and arginine (Arg), either through direct glycation with
reactive dicarbonyls or via the formation of a Schiff base and
Amadori product as early-stage glycation intermediates along
the Maillard pathway.'>'® To date, almost 20 different and very
diverse AGEs have been described.'> Among them, N(6)-(1-car-
boxymethyl)lysine (CML) and N(6)-(1-carboxyethyl)lysine (CEL)
are particularly highly abundant modifications (Fig. 1).'7'®
Both are often referred to as glycoxidation products because of
the requirement for glycation as well as oxidation in their
formation."®

The amphiphilic N-terminus (amino acids 1-60, segment 1)
(Fig. 2a) of aSyn harbors a large number of lysine residues (11
of the total 15 Lys in aSyn) providing a significant positive
charge density strongly contributing to the protein’s inter-
action with membranes that are negatively charged.”® The
hydrophobic core region, also known as the non-amyloid com-
ponent (NAC) region, (amino acids 61-95, segment 2) is prone
to aggregation and is distinguished from the C-terminus
(amino acids 96-140, segment 3) (Fig. 2a).>!

Glycation targeting one or several lysine residues reduces
the molecule’s total charge, thereby affecting the binding and

COOH COOH
NH, NH NH
HoN COOH HoN COOH HoN COOH
Lysine CML CEL

Fig. 1 Chemical structures of the amino acid lysine (Lys) and its gly-
cated forms CML and CEL. Glycations are highlighted in red.
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Fig. 2 Design of model peptides. (a) Localization of aSyn model pep-
tides in the full-length sequence (highlighted in red). The three func-
tional fragments of aSyn are depicted as black-surrounded blocks. The
numbers are the amino acid positions. (b) Amino acid sequence of the
target peptides Pepl (amino acids 5-23) and Pep2 (amino acids 32-60)
with carboxymethylated (1 and 2) and carboxyethylated variants
(3 and 4).
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folding of aSyn.>*> Thus, glycation can induce misfolding
and accumulation of oligomeric species, which can lead to
neuronal dysfunction and death.***** However, despite the
intense study of aSyn glycation, current in vitro glycation
methods, involving methylglyoxal (MGO) for CEL and ribose
for CML, lack specificity and do not allow selectively targeting
multiple defined positions within the protein’s sequence.””>®
Recently, Marifio et al. yielded a homogeneously CEL-glycated
aSyn with all 15 Lys residues glycated.”” Others made great
efforts in incorporating single CML and CEL as designed
building blocks for solid-phase peptide synthesis (SPPS) into
peptide structures.?®*® However, to the best of our knowledge,
the selective glycation of more than two Lys residues in one
peptide has not yet been achieved.*’

Here, we address these limitations and report on the modi-
fication of two N-terminal fragments of aSyn with five and six
CML and CEL glycations by combining methods for orthog-
onal peptide protection and on-resin reductive amination tech-
niques with SPPS. Furthermore, the native chemical ligation
(NCL) of chemically synthesized aSyn fragments yielded the
full-length protein with a defined E46CEL glycation, modeling
the possible effect of the E46K substitution found in familial
forms of PD.*! The newly developed approach will facilitate
access to multiple defined, site-selective glycations in aSyn and
other proteins prone to glycation.

Results and discussion

Design of CML and CEL-glycated peptides and synthetic
strategy

The Lys residues of the N-terminus of aSyn (Fig. 2a) are par-
ticularly affected by glycation.> To develop a method that
allows the simultaneous glycation of several lysine (Lys, K) resi-
dues in one peptide, two aSyn peptide mimics consisting of 19
and 29 amino acids were designed (Fig. 2). These peptides
contain all 11 Lys positions in the N-terminus of aSyn and
their lengths make them readily accessible by common SPPS
procedures. Pepl harbors five Lys residues with a total length
of 19 amino acids, whereas Pep2 contains six Lys residues with
a total length of 29 amino acids (Fig. 2b). The goal was to
obtain the target structures 1 (carboxymethylated Pep1), and 2
(carboxymethylated Pep2), as well as 3 (carboxyethylated Pep1)
and 4 (carboxyethylated Pep2).

We started the synthesis with N-terminal fluorenylmethoxy-
carbonyl (Fmoc)-protected and side-chain tert-butyloxycarbo-
nyl/tert-butyl (Boc/tBu)-protected CML and CEL building
blocks based on the work of Gruber et al. with slight modifi-
cations.*® However, using these building blocks during SSPS
did not result in the desired peptides 2, 3, and 4. Only 1 could
be synthesized in pure form with moderate yield.

We thus pursued a different approach. First, Pep1 and Pep2
were synthesized with orthogonal side-chain protected Lys that
are selectively deprotected after SPPS while maintaining all
other side-chain protecting groups of the peptide on resin.*?
For the orthogonal protection we introduced all Lys as Fmoc-
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Fig. 3 Synthetic strategy to obtain glycated peptides (example with four Lys, schematically highlighted). The solid phase resin is depicted as black
dot. First, SPPS with Fmoc-Lys(Alloc)-OH for each Lys in the peptide was used to obtain the protected peptide. After orthogonal Alloc deprotection,
reductive amination with the protected carbonyl compound yields the side-chain protected glycated Lys residues (Glyc(PG)). The final cleavage step

releases the modified glycated peptide carrying glycated Lys residues (Glyc).

Lys(Alloc)-OH protected building blocks during SPPS (Fig. 3).
The Alloc-group was effectively and selectively removed by
treatment with a palladium catalyst and phenylsilane.’ Then,
the free primary amino groups in the Lys side-chains were gly-
cated by reductive amination with the protected carbonyl com-
ponents (aldehyde or ketone, respectively). This two-step pro-
cedure inspired by Pels et al. follows the natural mechanism of
the reductive amination reaction.** Acidic cleavage from the
resin yielded all desired modified peptides with Lys residues
replaced by CML or CEL. Of note, the general approach with
Alloc- or nosylamide-(Ns) protected Lys is literature known.
However, reports on the simultaneous glycation of more than
one position are rare.**"”

() 0 W 0
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88% 007 \’< 21% Sf \’<
0 0
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5
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Fig. 4 Synthesis of reactive aldehyde 6 for CML peptides. tBu-bromoa-
cetate was treated with AQNO3 in acetonitrile (MeCN) to obtain nitrate 5
which was subsequently oxidized with sodium acetate (NaAc) in
dimethyl sulfoxide (DMSO) to target aldehyde 6. Reagents and con-
ditions: (i) 2.00 eq. AQNO3, MeCN, rt, 48 h; (ii) 0.88 eq. NaAc, DMSO, rt,
20 min.

Synthesis of CML-glycated aSyn peptides 1 and 2

First, the tBu-protected aldehyde 6 (Fig. 4), required for reduc-
tive amination, was synthesized according to Yao et al. and
Yamamoto et al. yielding pure ¢tBu-protected oxoacetate in 19%
yield over two steps.*®?°

The peptides Pepl and Pep2 were coupled automatically on
a LibertyBlue® Synthesizer with Fmoc-Lys(Alloc)-OH preloaded
Wang resin using N-terminal Fmoc-protected and acid labile
side-chain protected amino acids and Alloc side-chain pro-
tected Lys residues. The final amino acid was introduced with
an N-terminal Boc-protection. After Alloc deprotection, the
resin was treated with 15 eq. of aldehyde 6 for each Lys to
obtain the respective imine intermediate. The latter was finally
reduced with NaBH, yielding the carboxymethylated com-
pound (Fig. 5). After acidic cleavage from the resin and HPLC
purification, peptides 1 and 2 were obtained in 8% and 4%
yield, respectively. Both peptides were of high purity (>99% for
1 and 95% for 2 as calculated from UHPLC analysis).

Synthesis of CEL-glycated aSyn peptides 3 and 4

For peptides 3 and 4, a similar procedure was pursued. In this
case, the ketone 7 was required for reductive amination.
Ketone 7 was synthesized by protecting pyruvic acid with tert-
butanol in the presence of pyridine and mesyl chloride (Fig. 6).

COO1Bu COO1Bu
NH, N NH
0) (ii)
— —_—
AA AA
BocHN/[ N [ ]X\O BocHN/[AA]X\N [AA]X\O BocHN/[AA]X\N [AA]X\O
H H
o) o) o)

Fig. 5 Reductive amination procedure for CML peptides 1 and 2 (example for a single Lys). For each Lys in the sequence, 15 eq. of aldehyde 6 and
10 eq. of reducing agent NaBH, were used. Reagents and conditions: (i) 15 eq. 6, dimethylformamide (DMF), rt, 1 h; (ii) 10 eq. NaBH,, dichlor-

methane/methanol (DCM/MeOH) 3:1, rt, 1 h.
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Fig. 6 Synthesis of tBu-protected ketone 7. Pyruvic acid was treated
with tert-butanol, pyridine and mesyl chloride in tetrahydrofuran (THF).
Reagents and conditions: (i) 2.0 eq. tert-butanol, 2.5 eq. pyridine, 1.2 eq.
mesyl chloride, THF, 0 °C to rt, over night.
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Fig. 7 Reductive amination procedure for CEL peptides 3 and 4
(example for a single Lys). For each Lys in the sequence, 15 eq. of ketone
7 and 15 eq. of reducing agent NaBH3CN were used. Reagents and con-
ditions: (i) 15 eq. 7, 15 eq. NaBH3CN, N-methyl-2-pyrrolidone (NMP)/iso-
propyl alcohol 3:1 + 5% acetic acid, rt, 24 h.

[AAL

BocHN” [AAK \H

The product was obtained in 54% yield.*® For this pro-
cedure, the reductive amination was performed in one step,
with 15 eq. of ketone 7 and 15 eq. of reducing agent NaBH;CN
per Lys present in the peptide sequence (Fig. 7).*" Upon clea-
vage and HPLC, the purified peptides were obtained in 14%
yield and 95% purity (3) and 3% yield and 95% purity (4).

Synthesis of full-length aSyn with E46K and E46CEL

Based on the successfully established carboxymethylation and
carboxylethylation strategy of defined aSyn motifs using Alloc
side-chain protected Lys, we further exploited the method to
modify the full-length aSyn with one CEL glycation at amino
acid position 46. In natural aSyn, amino acid 46 is a glutamic
acid (Glu, E). This position is of particular interest, as the
point mutation E46K is related to an early onset of familiar
forms of Parkinson’s disease.*! It was found that the exchange
of the acidic, negatively charged amino acid Glu with a basic,
positively charged Lys induces subtle conformational changes
in the protein that alters its aggregation behavior.*> The
mutation E46K is associated with an increased ability of the
protein to bind to negatively charged vesicles and an increased
fibril formation.**** Besides these findings, the E46K
mutation also raises the question, of whether the introduced
Lys is yet another site for glycation in the protein and whether
this alters its structure. However, as yet, the influence of the
glycation of K46 on the structure and function of aSyn is
largely unexplored, as conventional glycation methods do not
allow the site-selective glycation of the Lys position.>

Recently, we published a new strategy for ligating three
aSyn fragments of defined length to obtain the native full-
length aSyn sequence, several disease-relevant mutations, and
a PTM using native chemical ligation (NCL).*> This general

This journal is © The Royal Society of Chemistry 2024
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strategy enabled us to synthesize aSyn with an E46K mutation
and the corresponding glycated variant.

NCL relies on the reaction between a C-terminal peptide
thioester and a peptide fragment carrying an N-terminal
cysteine (Cys, C).*® Thioesters can be obtained by on-resin pre-
cursor strategies or by in situ thioesterification and were intro-
duced with the hydrazide technique for our peptides.*”*® As
aSyn contains no native Cys, we used the ligation-desulfuriza-
tion method that allows reversible incorporation of a Cys for
ligation at an alanine (Ala) position and conversion back to Ala
after ligation.”® This approach was used for the sequential
assembly of other synuclein family members as well.”® The lig-
ation sites were further chosen to enable good reaction kine-
tics at non-hindered glycines (Gly) and to obtain fragments of
suitable length for SPPS.>" In detail, an N-terminal fragment
with 68 (1-68), a central fragment with 38 (69-106) and a
C-terminal one with 34 amino acids (107-140) were designed,
encompassing the ligation sites at amino acids 68-69 and
106-107 with two Gly-Ala motifs. All peptide fragments were
synthesized via microwave-assisted SPPS (ESIf), and then
ligated (Fig. 8).

As the solid phase, either a functionalized 2-chlorotrityl
chloride (CTC) resin for hydrazide thioester precursor peptides
8, 9, and 10 (highlighted in blue and green) or an Ala-pre-

H
aS [69-106] A69Thz —N—NH, aS [107-140] A107C

10 1"
| |

NCL, Thz Deprotection J

[C(S [69-140] A69C, A1 07C}

12
CEL
H H
oS [1-68] E46K |—N—NH, or [aS[1-68] —N—NH,
8 9

NCL, Desulfurization

CEL

[aS [1-140] E46K] or [as [1-140]]

13 14

Fig. 8 Schematic ligation pathway of aSyn variants with NCL from the
C- to N-terminus. First, Thz-protected hydrazide peptide 10 (green) and
C-terminal Cys peptide 11 (red) were ligated and subsequently Thz
deprotected to obtain Cys peptide 12. The latter fragment was further
ligated either with N-terminal fragment 8 with an E46K mutation or with
fragment 9 with E46CEL. The resulting aSyn peptides with two Cys
mutations underwent desulfurization to the final aSyn variants 13 (E46K)
and 14 (E46CEL).
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loaded CTC resin for the C-terminal fragment 11 (red) was
used.”® Amino acids 107 and 69 were introduced as Cys or as
the Cys precursor thiazolidine (Thz) to prevent side reactions
for the central fragment.”® Peptide 10 was obtained in 23%
yield with 96% purity, peptide 11 with 8% yield and 95%
purity, respectively. For the N-terminal fragments, either E46
was replaced for SPPS by a Fmoc-Lys(Boc)-OH building block
for peptide 8 or by Fmoc-Lys(Alloc)-OH for CEL peptide 9.

The glycated peptide variant CEL 9 was obtained by on-
resin Alloc deprotection and reductive amination as described
for peptides 3 and 4. The yield of peptide 8 was 2% with 99%
purity and 1% with 86% purity for 9, sufficient for NCL. For
comparison, the native N-terminal sequence (peptide 15, ESI{)
was obtained in around 2% yield. The coupling of a Lys build-
ing block instead of a Glu during SPPS did not affect the
overall yield.

The first NCL between hydrazide Thz peptide 10 and Cys
peptide 11 was performed in ligation buffer with 4-mercapto-
phenylacetic acid (MPAA) and tris(2-carboxyethyl)phosphine
(TCEP) at pH 7. Beforehand, the peptide hydrazide precursor
10 was converted to the respective MPAA thioester in the pres-
ence of acetylacetone in situ. Subsequently, after completed lig-
ation, a one-pot Thz deprotection at pH 4 with methoxylamine
was performed. Peptide 12 was obtained in 19% yield and
99% purity after HPLC purification and was either ligated with

1
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N-terminal fragment 8 for the E46K mutation or fragment 9
for the CEL mutation. After final desulfurization to the native
aSyn sequence, both peptides were successfully purified and
isolated. aSyn E46K 13 was obtained in 8% overall yield with
80% purity after three steps, aSynCEL 14 in 4% and 89%,
respectively. As a reference, wild type (wt) aSyn 16 was also
ligated in the same way by using N-terminal fragment 15, with
a final 8% overall yield and 78% purity (not shown in Fig. 8,
detailed synthesis in ESIY).

Circular dichroism of glycated aSyn protein and fragments

All three aSyn variants (wt 16, E46K 13 and E46CEL 14) as well
as the three N-terminal hydrazide fragments (wt 15, E46K 8,
and E46CEL 9) were investigated with CD spectroscopy.> The
method allows gathering structural information by dis-
tinguishing secondary structure elements like o-helices,
B-sheets and turns.>*

Fig. 9a displays the CD spectra of the native full-length aSyn
and the mutated E46K and E46CEL proteins. Fig. 9c shows the
respective spectra of the N-terminal variants. Using the BeStSel
algorithm, the relative fractions of secondary structure
elements were calculated (Fig. 9b and d).

The results show that independent of the mutation, more
than 50% of the proteins adopt a random coil structure with a
characteristic minimum at 198 nm.>®* These results are in

b) I aSyn wt 16

[ aSyn E46K 13

50| [ EEaSyn E46CEL 14
40
30
201
10
04

Helices  Antiparallel sheets  Turns Others

%

60 -
I NTerm wt 15

NTerm E46K 8
I NTerm E46CEL 9

50

40

30

204

Helices Antiparallel sheets Turns Others

Fig. 9 Spectroscopic CD analysis of native and modified aSyn and its N-terminal fragments. (a) and (c): CD spectra of aSyn variants and N-terminal
fragments at 10 uM in water. (b) and (d): Estimation of the secondary structure composition (a-helix, antiparallel -sheet, f-turns, other structures)

from the CD spectra.
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agreement with those obtained for aSyn and aSyn E46K that
were recombinantly expressed. In these studies, CD analysis as
well as nuclear magnetic resonance (NMR) and small-angle
scattering (SAS) revealed that aSyn appears as an intrinsically
disordered protein (IDP).>>° Also for E46CEL, the same sec-
ondary structure elements were observed. This result indicates
that neither the E46K nor the E46CEL mutation alters the
structure of aSyn in a way that it can explain the observed
increase in fibril formation. The same results were found for
the N-terminal peptides.

Conclusions

aSyn is a central player in PD and related synucleinopathies.
The protein tends to fold incorrectly and forms large mole-
cular structures through self-association. The likelihood of
protein aggregation is influenced by alterations in the natural
amino acid sequence and PTMs. Therefore, obtaining a pure
protein that can be selectively modified chemically is crucial
for understanding the impact of PTMs on its aggregation be-
havior. Chemical peptide synthesis is a powerful tool for the
controlled production of various modifications. Our developed
synthetic route, utilizing solid-phase peptide synthesis,
enables the incorporation of multiple modifications (CML and
CEL) into aSyn peptide fragments. This synthetic approach
provides a versatile method for introducing glycation motifs at
specific sites, serving as the foundation for creating glycated
forms of synucleinopathy-related and other disease-relevant
proteins.
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