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Abstract

Alterations to the global levels of certain types of post-translational modifications (PTMs) are 

commonly observed in neurodegenerative diseases. The net influence of these PTM changes to 

the progression of these diseases can be deduced from cellular and animal studies. However, at 

the molecular level, how one PTM influences a given protein is not uniform and cannot be easily 

generalized from systemic observations, thus requiring protein-specific interrogations. Given that 

protein aggregation is a shared pathological hallmark in neurodegeneration, it is important to 

understand how these PTMs affect the behavior of amyloid-forming proteins. For this purpose, 

protein semi-synthesis techniques, largely via native chemical and expressed protein ligation, have 

been widely used. These approaches have thus far led to our increased understanding of the 

site-specific consequences of certain PTMs to amyloidogenic proteins’ endogenous function, their 

propensity for aggregation, and the structural variations these PTMs induce towards the aggregates 

formed.
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Introduction

Amyloid proteins are soluble polypeptides capable of forming fibrillar, β-sheet-rich 

aggregates under certain conditions. Although the amyloidogenesis of some of these proteins 

is required for normal cellular function, more commonly, the aggregation of a given 

amyloid protein is responsible for (or indicative of) a number of human disease states1. 

Of these diseases, the majority are neurodegenerative, the more well-known of which 

include Alzheimer’s, Parkinson’s, and Huntington’s diseases, as well as amyotrophic lateral 

sclerosis.

Alzheimer’s disease (AD) is the most common cause of dementia worldwide, marked 

by a continuing decrease in cognitive function caused by progressive neuronal cell death 

and synaptic damage2. This pathogenesis has been attributed in part to the aggregation 

of two amyloid proteins: amyloid beta (Aβ) and tau2,3. Aβ is a short peptide generated 

from the sequential cleavage of the membrane protein, amyloid precursor protein (APP) 

by β- and γ-secretases in disease-state cells3. Isoforms of differing lengths (ranging from 

37–49 residues) exist as a result of processing by these secretases, although Aβ(1–42) and 

Aβ(1–40) predominate3,4. These cleavage products are highly amyloidogenic and form large 

plaques in neuronal cells, resulting in oxidative stress, aberrant metabolism and homeostasis, 

and cell death3. Tau is a large protein that functions mainly in microtubule binding and 

stabilization. However, tau is unstructured in solution and can also form amyloid fibers 

leading to the deposition of insoluble neurofibrillary tangles (NFTs), which interfere with 

neuronal signaling and later result in cellular degeneration3,5.

Similarly, Parkinson’s disease (PD) is a neurodegenerative disease that causes motor 

symptoms such as tremors, rigidity, and issues with balance and speech resulting from 

a steady loss of dopamine-producing cells in the substantia nigra6. The putative cause 

of this neuronal cell death is the aggregation of α-synuclein (αSyn), a small protein 

which localizes to the presynaptic termini where it plays roles in the trafficking of 

neurotransmitters6,7. These αSyn aggregates transmit rapidly from cell to cell, are the major 

component of Lewy bodies (LBs), and are highly cytotoxic, contributing to the rapid onset 

of severe symptoms6–8. Additionally, αSyn aggregates have been shown to take up different 

substructures as a result of different conditions or disease states, and these architectures 

have been shown to be differently toxic in in vivo models9,10. Further, tau and αSyn 

display notable interplay: tau NFTs have been found in brain specimens of synucleinopathy 

patients11, and LBs are often identified in AD patient samples12. These two proteins have 

been shown to form hybrid oligomeric structures13, and genetic studies have linked tau’s 

gene (MAPT) with an increased risk of PD14.

There also exist more rare neurodegenerative diseases. For example, Huntington’s disease 

(HD) is an inherited neurodegenerative disease characterized by an unsteady gait and 

involuntary movements which progress over time from small twitches to life-threatening 

choreatic spasms15,16. It is caused by an elongation in the CAG repeat of the gene coding 

for huntingtin (htt), a protein involved in synaptic function15. The pathologic region of the 

protein is its N-terminus, which is generated both by splicing and by proteolytic cleavage, 

the rate of which is directly proportional to the protein’s concentration and the length of 
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the polyglutamine sequence encoded by the CAG repeat region15,16. These fragments are 

amyloidogenic (to an extent also dictated by the length of the polyglutamine sequence), 

yielding aggregates that disrupt transcription and mitochondrial function, resulting in a 

loss of synaptic and axonal function16. Finally, amyotrophic lateral sclerosis (ALS) is 

a primarily-motor disease resulting in progressive deterioration of muscle due to the 

neurodegeneration of the motor cortex, brain stem, and the spinal column’s anterior horn17. 

These phenotypes correlate with neuronal protein inclusions containing the TAR DNA 

binding protein 43 (TDP-43), which is natively responsible for myriad DNA/RNA-related 

processes, but accumulates and aggregates in the cytoplasm in the disease state, leading 

to impairment of protein clearance pathways, RNA metabolism pathways, and ultimately, 

neuronal death18.

Post-translational modifications (PTMs) of proteins and their consequences are of high 

interest in the study of amyloid proteins, and we will highlight several of them here (Figure 

1 & Table 1). PTMs are chemical or biological functional groups which are covalently 

linked to their client proteins and serve to broaden the functional complexity of these 

clients through a number of molecular mechanisms. Because PTMs can alter such varied 

substrate characteristics such as folding, activity, subcellular localization, degradation, and 

protein-protein interactions, aberrant up- or down-regulation of many PTMs have been 

implicated in several human diseases, including neurodegenerative disorders19,20. The effect 

of a given PTM can vary markedly between protein substrates (and between sites on a 

given protein); therefore, the consequences of PTMs must be studied in protein-specific and 

site-specific contexts.

The study of site-specific consequences of PTMs is significantly impeded by a lack of 

techniques with which to generate homogenous protein samples for study. For example, 

co-incubation of a modification’s writer with its protein substrate yields products mixed in 

terms of both modification site and stoichiometry. Some PTMs can be approximated by 

amino acid mutations, for example phosphoserine with glutamic acid, but this approach 

is not general and is an approximation at best. This necessitates the use of chemical 

biology tools to create and study these modifications of interest. To date, the most powerful 

technique to this end is the combination of solid-phase peptide synthesis (SPPS) and native 

chemical ligation (NCL)21 or expressed protein ligation (EPL)22 (Figure 2). NCL allows 

for the traceless ligation of two polypeptide fragments: one bearing an N-terminal cysteine 

residue, and the other a C-terminal thioester. In this ligation, the cysteine’s thiol displaces 

that of the thioester, which subsequently undergoes an S-to-N acyl shift to form a native 

amide bond. SPPS can be used to generate a peptide bearing the modification of interest, 

as well as a free N-terminal Cys, a C-terminal thioester, or both. This peptide can then 

be ligated to either peptide or recombinant protein fragments bearing the corresponding 

ligation partners to yield the full-length, site-specifically modified product. To avoid the 

requirement for Cys, the thiol on the side chain can be desulfurized after the ligation to 

yield an alanine at the ligation junction23. Additionally, a number of other thiol-bearing, 

non-native amino acids can be used in the place of cysteine and then desulfurized to 

their native counterparts, and recombinant protein thioesters can be generated in EPL via 

intein technology, expanding the range of potential synthetic routes.24,25. Finally, other 
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ligation reactions (e.g., serine/threonine ligation and KAHA ligation) have been developed 

for synthetic protein fragments26,27.

This review seeks to compile recent studies in which posttranslationally-modified variants 

of the amyloid proteins tau, Aβ, αSyn, or htt are generated through semisynthetic means. 

We highlight not only the synthetic routes by which these proteins were made, but also the 

consequences of these modifications on the corresponding protein’s characteristics and on 

the neurodegenerative disease phenotype.

Phosphorylation

Phosphorylation appends anionic character to otherwise neutral serine, threonine, or tyrosine 

residues, thus altering the tendency of these modified sites to form hydrogen bonds, or 

salt bridges28. Phosphorylation consequently influences the intramolecular fold of a protein 

and its ability to participate in protein-protein interactions. In amyloidogenic proteins, 

phosphorylation can affect the rate of monomer self-association and the stability of resulting 

aggregates29. Although the site-specific effects of phosphorylation in neurodegeneration 

have also been studied through enzymatic modification with highly specific kinases or 

with “phosphomimicry” via Ser/Thr to Asp/Glu mutations, this section will highlight recent 

works that utilized synthetic incorporation of phosphorylated amino acid residues during 

peptide or protein synthesis.

Two phosphorylation sites have been investigated for Aβ. Ser8 site was initially 

demonstrated to undergo phosphorylation by extracellular kinase PKA30 and this site was 

later confirmed to be phosphorylated in late stage AD31. Ser8-phosphorylated amyloid 

beta monomers (pS8-Aβ) can be readily prepared by SPPS and exhibited an increased 

rate of aggregation and the resulting aggregates showed greater mechanical and proteolytic 

stability30,32,33. While phosphomimicry at this position in Drosophila models indicated 

greater neurotoxicity, no such effect for synthetic pS8-Aβ peptides was observed in primary 

mouse cortical neurons or live mice34. More recently, the structure of pS8-Aβ(1–40) fibrils 

was characterized via solid state NMR showing a distinct morphology as well as enhanced 

seeding properties over wild-type Aβ(1–40) fibrils35. Additionally, Aβ is phosphorylated 

by cdc2 kinase at Ser26, where in this case the modification inhibits fibril formation but 

stabilizes an oligomeric conformation36. pS26-Aβ also showed increased neurotoxicity 

and promoted the intracellular accumulation of this peptide in neurons along with other 

amyloidogenic proteins which is not surprising given that oligomers are generally accepted 

to be the more toxic aggregate species in AD models37.

Tau has over 20 known phosphorylation sites scattered throughout its 441-amino acid 

sequence38. Clinically, tau is hyperphosphorylated in AD brains39 leading to the hypothesis 

that phosphorylation is detrimental, either by interfering with tau’s native function of tubulin 

binding or by promoting the process of misfolding and aggregation. Phosphomimetic40 

and enzymatic approaches41 have been used to support this hypothesis but more recent 

works utilizing synthetic protein chemistry indicate that the effects of phosphorylation are 

more complex. Tau was a challenging protein to prepare synthetically due to its size and 

the presence of multiple cysteine residues within its primary sequence. Initial efforts to 
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synthesize tau allowed installation of the phosphorylated residue at the C-terminal region 

of the protein (within residues 390–441)42,43. A major limitation of this approach was 

the introduction of an artificial alanine-to-cysteine mutation at position 390 (A390C) that 

was required for expressed protein ligation but could not be removed specifically without 

affecting other endogenous cysteine residues. Although monophosphorylated (Ser404) and 

triphosphorylated (Ser396/400/404) were prepared using this approach, no elucidation of 

the consequences of these modifications were reported. An elaborate strategy was also 

introduced by the Lashuel lab that enabled installation of PTMs within a wider range 

of residues (247–441) without the insertion of any primary sequence alterations44. This 

synthesis provided access to PTMs that occur in the microtubule binding domain of tau 

(MTBD, residues 243–372, also denoted ‘K18’), an important region for the protein’s 

endogenous function and propensity for aggregation. Using this approach, the authors 

successfully prepared monophosphorylated (Tyr310) and diphosphorylated (Ser396/404) 

tau, but again without functional characterization of these modifications. Later application 

of this synthetic strategy allowed determination of the effects of Ser293 and Ser305 

monophosphorylations within the MTBD. It was shown that these modifications do 

not affect tubulin binding; however, phosphorylation at either site inhibited aggregation, 

indicated by overall reduced aggregate formation (as with pS293-tau) or delayed onset 

of aggregation (as with pS305-tau)45. The site-specific differences in the magnitude of 

inhibition were ultimately rationalized based on the proximity of the phosphorylation sites 

to the highly aggregation-prone motif 306VQIVYK311, where the Ser305 would have a 

greater influence. More recently, phosphorylations on the isolated K18 domain were also 

studied where it was shown that although phosphorylation at Ser262 does interfere with 

tubulin binding, phosphorylations at this and other sites (namely Ser258 and Ser356) have 

predominantly inhibitory effects towards aggregation, with additive effects based on the 

degree of phosphorylation46.

Due to its small size and the absence of native cysteine residues, semi-synthesis of α-Syn 

is rather convenient. Multiple synthetic strategies have been implemented, generally through 

strategic introduction of alanine-to-cysteine mutations to facilitate NCL/EPL, followed 

by desulfurization to revert to the native sequence47,48. Akin to tau, phosphorylation of 

α-Syn, specifically at Ser129, is observed in late-stage Lewy bodies and inclusions in 

PD patients. Semi-synthetic pS129-αSyn demonstrated faster aggregation kinetics and the 

resulting fibrils elicited greater cellular toxicity compared to unmodified fibers49. In this 

case, results from semi-synthetic phosphorylated protein were consistent with those obtained 

by enzymatic modification50. Interestingly, further structural characterization of the pS129-

αSyn aggregates indicated the formation of a distinct morphology with slower propagation 

efficiency in vitro, arguing for the formation of a PTM-based strain. In addition to Ser129, 

other phosphorylation sites occurring at the C-terminal tail of α-Syn are on tyrosines, 

specifically residues 125, 133, and 136. Notably, phosphotyrosine modifications do not have 

suitable phosphomimetic substitutes; hence, the consequences of modifications at these sites 

are only more recently studied with protein semi-synthesis. Prompted by previous works 

demonstrating that pY125-αSyn levels decline with age and that pY125 regulates pS129 

levels in a fly model51, the Tyr125 modification site was recently examined. Semi-synthetic 

pY125-αSyn showed similar monomeric structure, membrane binding, and aggregation 
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propensity as unmodified protein. Contrary to the purported crosstalk in the fly model, 

Tyr125 phosphorylation did not directly prevent Ser129 phosphorylation in in vitro kinase 

experiments, and vice versa52. Another phosphorylation site on α-Synuclein this time at the 

N-terminal region is Tyr39. Similar to pS129, Tyr39 phosphorylation by the kinase c-Abl53 

is also known to increase with age. Semisynthetic pY39-αSyn showed altered binding 

to membrane lipids but reduced aggregation kinetics in vitro54. FRET studies on pY39-

αSyn illustrated that this modification site can actually accelerate or decelerate aggregation 

kinetics depending on the fraction of phosphorylated protein55. A cryo-EM structure of the 

fibrils generated from semisynthetic pY39-αSyn was recently determined, confirming the 

formation of another phosphorylation-induced fiber strain56. Interestingly, the pY39-αSyn 

structure has a markedly different and much larger core structure in comparison to the 

“Greek key” beta sheet topology observed for most in vitro and clinical αSyn aggregate 

structures10. Given that NMR studies on pY39-αSyn show that this modification does not 

alter monomeric structure, it is likely that the observed perturbations in aggregation kinetics 

are due to the effects of the altered fiber morphology54,57.

Semi-synthetic htt proteins corresponding to exon1 (httex1) with variable glutamine repeat 

lengths (Qn) have also been prepared and studied using a 2-fragment strategy involving EPL 

and radical desulfurization. A first iteration of this synthetic strategy allowed the installation 

of PTMs within the first 9 amino acids of httex1, enabling the study of phosphorylation at 

Thr3. This phosphorylated protein, termed pT3-httex1-Q23, showed slower oligomerization 

and fibrillization rate compared to unmodified protein58. In a mutant httex1 with a 43­

glutamine repeat region, phosphorylation stabilized the α-helical conformation of the 

monomer and again slowed the aggregation of the protein59. In a succeeding paper that 

reported hypophosphorylation of Thr3 in neuronal induced pluripotent stem cells, peripheral 

blood mononuclear cells, and mice models of Huntington’s disease, a FRET study on 

synthetic proteins was used to show that Thr3 phosphorylation decreases conformational 

rigidity in the mutant Q43 but not the Q23 variant60. More recently, another synthetic strategy 

was developed to extend the accessible sequence for installation of PTMs to the first 17 N­

terminal amino acids of httex161 which are known critical modulators of htt aggregation62. 

Although this approach introduces a Q18A substitution as trace of the EPL-desulfurization 

reactions, this mutation did not affect the process of aggregation. From this strategy, Ser13 

and Ser16 phosphorylation sites were studied and these sites once again showed inhibition 

of the aggregation of httex1-Q22 and the mutant Q43 form. Meanwhile, pS13 and pS16­

httex1 did not show stabilization of the N-terminal α-helical conformation that was observed 

for the pT3 variant. Additionally, pS13 and pS16-httex1 aggregates showed increased 

cellular uptake and nuclear localization. Importantly, comparisons between semi-synthetic, 

phosphorylated httex1 were compared against T3D, S13D or S16D phosphomimetic variants 

in these studies, ultimately demonstrating how phosphomimicry can only partially impart the 

effects of this PTM.

The effect of phosphorylation at Ser404 (pS404) on the prion-like domain of TDP43 

(TDP43PLD; residues 260–414) was also recently studied63. The semi-synthetic strategy 

involved native chemical ligation of two fragments, a phosphorylated peptide (residues 388–

414 obtained from solid-phase peptide synthesis), and a protected thioester corresponding 

to residues 260–387 that was expressed recombinantly then activated using S-cyanylated 
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cysteine-promoted C-terminal hydrazinolysis. pS404-TDP43PLD exhibited an increased 

propensity to oligomerize and form fibrillar aggregates compared to unmodified control. 

Given that TDP-43 causes cytotoxicity that correlates with its aggregation property, the 

authors also looked at the effect of phosphorylation to this property. pS404-TDP43PLD 

monomers and aggregates showed enhanced toxicity towards mice neuroblastoma N2a 

cells. Transient overexpression in N2a cells of phosphomimic mutants S404E or S404D 

of full-length TDP-43 also recapitulated the cytotoxic properties, resulting in slower 

proliferation rates compared to wild-type transfected cells. Altogether, this work suggests 

that phosphorylation of TDP43 at Ser404 can potentially aggravate pathology of TDP43 in 

ALS and FTLD.

Acetylation

Acetylation occurs on amino groups of proteins, predominantly on lysine residues. The 

installation of the acetyl group is often catalyzed by lysine acetyltransferases (KATs) but 

non-enzymatic mechanisms have also been described. Acetyl groups are also removable 

by lysine deacetylases (KDACs) or sirtuin enzymes. As a reversible modification that can 

transiently mask the polarity of the amino group, acetylation can dynamically regulate the 

structure, interaction networks, catalytic activity, and other functions of proteins64. Aside 

from side chain acetylation, N-terminal acetylation also occurs via N-acetyltransferase 

(NAT) enzyme catalysis. N-terminal acetylation is well-accepted to be irreversible, as 

N-terminal deacetylases (NDACs) have not yet been discovered65. Thus, N-terminal 

acetylation tends to be ubiquitous and can have long-term effects on protein solubility, 

stability, folding, and subcellular targeting.

Effects of acetylation on Aβ at Lys16 and Lys28 were recently shown to have site-specific 

differences66. AcK28-Aβ aggregated at an inhibited rate although the resulting fibrillar 

aggregates had similar morphology as those obtained from unmodified peptide. Given that 

Lys28 is known to participate in salt bridging that stabilizes the fibril structure67, acetylation 

likely blocks the charge from this residue thus rationalizing the slower rate of fibrillization. 

On the other hand, AcK16-Aβ does not form fibrils but instead generates hydrophobic, 

flexible oligomers that elicit greater cytotoxicity than unmodified or AcK28-Aβ fibers. The 

effect on Lys16 predominates in a doubly-acetylated variant which also formed amorphous, 

hydrophobic and highly cytotoxic aggregates.

Using the same approach for generating phosphorylated tau at the MTBD, the Lashuel group 

also generated AcK280-tau44. This modified variant had a faster rate of aggregation but 

only generated oligomers or short fibrils instead of the long, flexible fibers characteristic 

of unmodified tau aggregates. Acetylation at Lys280 also impaired microtubule binding and 

polymerization. Additionally, a comparison of authentic acetylation versus the acetylation 

mimetic mutation Lys-to-Gln (K280Q) was performed in this study, demonstrating once 

again that the mimicry approach merely approximates the effect of this PTM.

While lysine acetylation occurs on α-Syn, most of the studies investigate the consequences 

of N-terminal acetylation, likely since this modification is stoichiometric in vivo at 

stoichiometric levels68. N-terminally acetylated α-Syn can be prepared conveniently via co­
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expression of the yeast N-acetyltransferase B enzyme (NatB) during recombinant production 

in E. coli. An early work using this fully recombinant method showed that N-terminally 

acetylated α-Syn is monomeric, has increased helicity and has mildly inhibited fibril 

elongation kinetics69. On the other hand, a separate work presented evidence that N-terminal 

acetylation stabilizes an α-Syn tetrameric (instead of monomeric) native form that was 

proposed to exist in vivo70. A semi-synthetic approach was also developed, allowing 

comparison to the fully recombinant N-terminal acetylation approach, but also corroboration 

of conflicting prior observations71. Ultimately, it was concluded that although both the 

recombinant or semi-synthetic approaches showed comparable consequences, N-terminal 

acetylation does not substantially affect the monomeric status, kinetics of aggregation, or 

affinity of membranes both in vitro and in cells. More recently, semi-synthetic, N-terminally 

acetylated α-Syn was also used in a single-molecule detection experiment to show that this 

modification indeed favors a monomeric native state72.

Acetylation of a model peptide for httex1 was studied using chemical modification with 

N-hydroxysuccinimide acetate (NHSA) that non-specifically targeted three lysine residues, 

Lys6, Lys9 and Lys15. Addition of this reagent led to heterogeneous acetylation with 

dose-dependent but substoichiometric (<80%) efficiency even at the highest concentration 

of NHSA tested73. Acetylation of Q31 and Q51 versions of this model peptide showed 

inhibition of fibrillization and reduced ability to disrupt lipid surfaces. Later, the Lashuel 

lab utilized semi-synthesis to study these acetylation sites in homogeneously, and singly­

modified proteins59. In contrast to the previous results, acetylation at Lys9 and Lys15 

did not inhibit httex1-Q23 or Q43 aggregation, while Lys6 only showed a mild effect. 

Additionally, the potential crosstalk of httex1 acetylation and phosphorylation was also 

explored, revealing that Lys6 but not Lys9 or Lys15 acetylation reverses the inhibitory effect 

of Thr3 phosphorylation.

O-Glycosylation

O-Glycosylation is a posttranslational modification wherein a protein is appended at Ser/Thr 

hydroxyls with various sugar moieties, with two of the most common being O-GlcNAc 

and O-GalNAc. O-GlcNAcylation is the enzymatic addition of a single monomer of N­

acetylglucosamine (O-GlcNAc) to serine and threonine residues of intracellular proteins as 

dynamically catalyzed and removed by O-GlcNAc transferase and O-GlcNAc hydrolase, 

respectively. The moiety is installed from a high-energy UDP-sugar donor generated by 

the hexosamine biosynthetic pathway, coupling the prevalence of the modification to the 

metabolic state of the cell74. Additionally, aberrant O-GlcNAc levels have been seen 

in patients diagnosed with neurodegenerative disorders, suggesting a correlation between 

the PTM and these disease states75–77. Similarly, O-GalNAcylation is the addition of a 

monomer of N-acetylgalactoseamine (O-GalNAc) to proteins, but the modification differs 

in that the molecule typically functionalizes transmembrane or extracellular proteins and 

is primarily elaborated upon by many other glycosyltransferases to yield extensive mucin 

glycoproteins.

Full-length, O-GlcNAc-modified tau (gS400) has been generated via SPPS, NCL, and EPL 

by the Hackenberger lab, although the O-GlcNAcylated protein was not studied for the 
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modification’s effect on aggregation78. Several works by our lab have extensively studied 

the O-GlcNAc modification of αSyn using protein and peptide chemistry. We have shown 

that αSyn variants O-GlcNAc-modified at Thr72, Ser87, Thr75, Thr81, and triply-modified 

at Thr72/75/81 are less prone to aggregation in vitro to site-dependent extents. Additionally, 

these PTMs showed no impact on the protein’s membrane binding and many of them 

exhibit decreased toxicity in vivo79–81. We have also shown that the glycosylated gT72- 

and gS87-αSyn variants are less susceptible to cleavage by calpain, and that the PTMs 

differentially modify the sites cleaved by the protease82. We have further shown that this 

modification is singularly anti-aggregatory by mechanisms beyond properties imparted 

by its polyhydroxylated steric bulk. In comparing this gT72-αSyn to variants bearing 

different sugars (O-GalNAc, O-Man, and O-Glu), we found that only O-GlcNAcylation was 

consistently inhibitory across a panel of four biochemical and biophysical assays, implying a 

more interesting route of inhibition than we had hypothesized83.

Mass spectrometry proteomics from Alzheimer’s patients has revealed an 

increase in the glycosylation of Aβ compared to controls, particularly the 

(Neu5Ac)1–2Hex(Neu5Ac)GalNAc-O-glycosylation of Tyr1084. To begin to investigate the 

consequences of these glycans a O-GalNAc-T10-Aβ peptide was prepared synthetically85. 

Characterization of this peptide showed that O-GalNAc significantly reduce the peptide’s 

ability to bind copper (I) ions, a property with implications in amyloid plaque biology and 

cytotoxicity.

Ubiquitylation and SUMOylation

Ubiquitylation and SUMOylation of proteins are the additions of ubiquitin (Ub) and 

SUMO, respectively, which are small proteins themselves. These moieties are ligated onto 

substrates by cascades of E1, E2, and E3 ligating enzymes, and are joined by an isopeptide 

bond formed between their C-termini and a substrate lysine residue. Ubiquitination has 

been tied to neurodegenerative diseases primarily via the ubiquitin-proteasome pathway 

and the autophagy pathway, wherein proteins are poly-ubiquitinated and thus targeted for 

degradation by proteasomes or autophagosomes; many of these putative proteins are known 

to be ubiquitinated, and the activities of these clearance pathways are hindered during aging 

and neurodegeneration86. Similarly, these proteins have also been shown to be SUMOylated, 

and SUMOylation is known to be important for neuronal function yet decreases during 

aging87.

We have used cysteine chemistry to study the effects of ubiquitylation and SUMOylation 

on the aggregation of αSyn (Figure 3). We cleaved a recombinant Ub-intein fusion with 

cysteamine, yielding Ub functionalized with a free, C-terminal thiol. We then ligated 

these activated thiols to αSyn variants bearing selective K-to-C point mutations (K6C, 

K23C, K96C) through disulfide bonds, forming analogs of the native ubiquitin isopeptide 

bond. These proteins revealed that ubiquitylation at nine physiologically-relevant lysines 

differentially inhibits the aggregation of αSyn, and that, ubiquitylation at K96 resulted in 

an amyloid architecture distinct from the wild-type protein88,89. We have also determined 

that a number these ubiquitylation events promote monomeric αSyn degradation by the 

proteasome90. Using a similar strategy with SUMO, we showed that modification of αSyn 
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at Lys96 and Lys102 by SUMO1 and SUMO3 is also inhibitory but with site- and isoform­

dependent differences91. To circumvent the redox lability of this linkage, we have also 

ligated similarly prepared Ub- and SUMO-thiols to αSyn cysteine mutants (K6C, K23C, 

K43C, K96C, K102C) via a bis-thio-acetone linker, and showed that these phenotypes were 

recapitulated92. Mono- and polyubiquitylated αSyn has also been prepared using SPPS and 

NCL/EPL to tracelessly recreate the lysine-ubiquitin isopeptide bond.

Specifically, SPPS was used to introduce a protected δ-thiolysine, which, following 

αSyn ligation steps, can be leveraged for ligation to a ubiquitin thioester before 

desulfurization47,93. Using this strategy, the Lashuel and Brik labs have studied the 

effect of the αSyn polyubiquitylation on aggregation, cross-talk with phosphorylation, and 

proteasomal clearance93.

Recently, the D’Onofrio lab used the above disulfide strategy to prepare both mono- 

and polyubiquitylated protein fragments corresponding to tau4RD, an aggregation-prone 

sequence of tau containing its microtubule binding domain94,95. Their results show that 

ubiquitin at Lys353 of tau4RD aggregates significantly slower than control and suggest that 

the presence of Ub at Lys311 hampers the structural changes that lead to the formation 

of amyloids94. Similarly, tau4RD diubiquitylated (linked at UbK48 and UbK63) at Lys353 

aggregated with increased lag and elongation time than unmodified control95.

Glycation

Protein glycation involves the non-enzymatic nucleophilic addition of amino groups 

to reducing sugars, followed by extensive rearrangements and structural diversification 

generating advanced glycation end products (AGEs). It is a highly heterogeneous form 

of post-translational modification that accumulates in aging cells. It also accumulates in 

various types of neurodegenerative disorders such as AD, PD, amyotrophic lateral sclerosis 

(ALS) where protein glycation is largely believed to be detrimental for neuronal health96. 

Glycated amyloidogenic proteins for biochemical characterization have been prepared 

through chemical treatment with methylglyoxal which reacts with multiple lysine/arginine 

residues. Glycated Aβ showed slower fibrillization in vitro leading to the proposition that 

the higher toxicity of glycated Aβ is due to longer persistence of the more toxic oligomers97. 

Similarly, MGO-treated α-Synuclein showed slower fibrillization, increased amorphous 

oligomerization, and even impaired vesicle binding properties98. Aside from nonspecific, 

chemical glycation, semi-synthesis was also used to study the effect of this modification to 

tau45. A carboxymethyllysine modification was installed at Lys294 where it was found that 

this form of glycation did not affect the aggregation kinetics of tau but impaired its ability to 

polymerize tubulin.

Nitrotyrosination

Dysregulation of redox systems is a common physiological hallmark in both AD and 

PD. Unfortunately, because of the brain’s high demand for oxygen, neuronal health 

is highly susceptible to oxidative stress brought about by the buildup of reactive 

oxygen species (ROS) when cellular redox balance is impaired99. Proteins may thus 
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undergo several forms of non-enzymatic oxidative PTMs that have been detected in 

neurodegenerative diseases, one type of which is the nitration of tyrosine residues. 

Since Aβ(1–42) only has a single tyrosine residue (Tyr10) in its sequence, specific and 

homogeneous nitrotyrosination was performed chemically with the peroxynitrite donor 

3-morpholinosydnonimine hydrochloride100. nY10-Aβ showed impaired fibrillization, 

favoring an oligomer state that impaired calcium homeostasis and exerted greater N-methyl­

D-aspartate receptor-mediated cytotoxicity. For α-Syn, nitration can occur on multiple 

tyrosine sites (29, 125, 133, 136) and chemical modification with trinitromethane (TNM) 

results in nonspecific and heterogeneous nitration of the four residues101. TNM-nitrated 

α-Syn was more prone to forming oligomers that have low ThT staining and cytotoxicity. 

Notably, oligomerization from TNM nitration includes covalently-linked monomers via 

dityrosine linkages. Site-specific investigations were later employed using semi-synthetic 

mono-nitrated α-Syn at either Tyr39 or Tyr125, demonstrating that modification at either 

site reduces affinity for membranes and alters aggregation kinetics. Semi-synthetic proteins 

were also compared to TNM-nitrated α-Syn. Whereas the TNM-nitrated α-Syn only formed 

oligomers, mono-nitrated α-Syn monomers were able to form short, morphologically 

distinct fibrils. Time-resolved electron microscopy analyses were used to show that nY39- 

and nY125-αSyn initially forms insoluble, amorphous oligomers which eventually transition 

to fibers that are structurally different from unmodified protein102.

Conclusions

We have summarized a number of post-translational modifications whose levels are 

markedly altered in neurodegenerative diseases, particularly highlighting the effects of 

these PTMs on the function and aggregation of amyloidogenic proteins. By looking at 

individual proteins, it becomes clear that most of these PTMs do not have a universally 

generalizable effect on every protein’s endogenous function, the process of aggregation, 

or the resulting cytotoxicity of aggregates. Instead, the magnitude and direction of these 

PTMs’ influence on protein biochemistry are highly dependent on the protein target and 

the position of the modifications within the primary sequence and aggregate structure. 

Thus, careful analyses of site-specific consequences are necessitated, highlighting the unique 

value of synthetic protein chemistry for generating homogeneously modified proteins. In 

this regard, semi-synthesis is the most conclusive approach for direct interrogation of 

modification sites, as mutagenic mimicry or chemical modifications often do not provide 

the most accurate picture. Semi-synthesis has since been useful in providing insight about 

the role of phosphorylation, O-glycosylation, acetylation, ubiquitylation, glycation and 

nitrotyrosination and its utility is further expanding. More recently it has been used to 

study a newly discovered form of PTM on α-Syn called arginylation, which involves the 

modification of glutamate residues with arginine moieties103. Through EPL, arginylation 

of α-Syn at Glu83 and double arginylation at Glu46/Glu83 were found to have inhibitory 

effects against aggregation without altering α-Syn’s lipid binding activity. Looking forward, 

it will be interesting to see how protein semi-synthesis will be developed for more 

widespread application to other types of PTMs (e.g. arginylation103), protein targets (e.g. 

TDP43 phosphorylation63), or modification sites in order to expand our understanding of the 

many complex mechanisms at play in neurodegenerative diseases.
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Figure 1. Posttranslational modifications examined using peptide and/or protein synthesis.
Aβ is a short peptide prone to amyloid aggregation in Alzheimer’s disease. αSyn is a 

short protein with a central, hydrophobic NAC (non-amyloid component) required for 

amyloid formation in Parkinson’s disease. Tau is expressed as a mixture of isoforms 

containing different numbers of N-terminal (N) and microtubule binding repeats (R). The 

MTBR (also called the MTBD) is responsible for driving Tau aggregation in Alzheimer’s 

disease. Hutingtin is a very large scaffolding protein that forms amyloids in Huntington’s 

disease upon expansion of a polyglutamine (poly-Q) track in its N-terminus. TDP43 forms 

aggregates in ALS due to its low complexity domain (LCD)
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Figure 2. Protein ligation techniques for the synthetic installation of PTMs.
a) Native chemical ligation (NCL) is the selective reaction of a peptide containing a C­

terminal thioester and another peptide with an N-terminal cysteine. The ligation begins with 

a reversible transthioesterification reaction followed by an C to N acyl-shift to generate a 

native amide bond. b) Expressed protein ligation (EPL) extends the power of NCL through 

the generation of recombinant protein thioesters. Specifically, protein fragments can be 

recombinantly expressed as N-terminal fusions to a mutant intein protein. This results in the 

formation of a protein-intein thioester bond that can be intercepted by exogenous thiols.
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Figure 3. Disulfide-directed and dibromoacetone (DBA) ubiquitination can be used to install 
ubiquitin analogs.
a) Disulfide-directed ubiqutination. A ubiquitin-intein fusion is first thiolyzed to generate a 

C-terminal thiol. This thiol can then be activated as a disulfide and reacted with a protein of 

interest containing a surface exposed cysteine residue. b) DBA ubiquitination. A ubiquitin­

intein fusion is again thiolyzed to generate a C-terminal thiol. This thiol is then activated by 

reaction with dibromoacetone and subsequently reacted with a protein of interest containing 

a surface exposed cysteine residue.

Moon et al. Page 21

Curr Opin Chem Biol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Moon et al. Page 22

Table 1.

PTMs on amyloid proteins studied using peptide/protein synthesis. PTMs studied by other methods and their 

associated consequences are not included.

Protein Modification Site Consequences

amyloid β

phosphorylation
S8 Increased aggregation rate and aggregate stability, altered morphology34–37

S26 Inhibition of fibril formation, stabilization of oligomers, increased neurotoxicity36,37

acetylation

K16
Inhibition of fibril formation, formation of hydrophobic oligomers, enhanced 

cytotoxicity66

K28 Inhibition of aggregation rate66

K16/K28 Formation of hydrophobic oligomers, enhanced cytotoxicity66

O-GalNAcylation Y10 Decreased affinity for Cu+85

tau

phosphorylation

S258 Inhibition of aggregation46

S262 Impaired tubulin binding, inhibition of aggregation46

S293 Decreased aggregation extent45

S305 Decreased aggregation rate45

Y310 No consequences studied44

S356 Inhibition of aggregation46

S396/404 No consequences studied44

S396/400/404 No consequences studied42,43

S404 No consequences studied42,43

acetylation K280
Increased aggregation rate, formation of oligomers/shorter fibers, impaired microtubule 

binding44

O-GlcNAcylation S400 Effects not studied78

ubiquitylation
K311 Possible inhibition of amyloidogenic structural changes94

K353 Decreased aggregation rate, increased lag and elongation time94,95

glycation K294 No impact on aggregation, impairment of tubulin polymerization activity45

α-synuclein

phosphorylation

Y39 Decreased membrane binding and aggregation rate, altered fibril structure54–56

Y125 No significant effect52

S129 Enhanced aggregation rate and cytotoxicity, altered fibril morphology49

acetylation N-terminal No effect on monomeric status, aggregation kinetics, and membrane binding71,72

O-GlcNAcylation

T72
Inhibited aggregation, decreased cytotoxicity, and altered susceptibility to proteolytic 

cleavage79,81,82

T75
Inhibited aggregation, decreased cytotoxicity, and altered susceptibility to proteolytic 

cleavage81

T81 Inhibition of aggregation and altered susceptibility to proteolytic cleavage81

T72/75/81 Inhibition of aggregation, inhibition of aggregation of the unmodified protein81

S87 Inhibition of aggregation and altered susceptibility to proteolytic cleavage80–82

ubiquitylation
K6 Decreased rate and extent of aggregation, decreased cytotoxicity88,89,92

K10 Decreased rate and extent of aggregation88
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Protein Modification Site Consequences

K12
Decreased rate and extent of aggregation, increased resistance to proteasomal 

clearance88,93

K21 Decreased rate and extent of aggregation88

K23 Decreased rate and extent of aggregation, decreased cytotoxicity88,89,92

K32
Decreased rate and extent of aggregation88

K34

K43 Decreased rate and extent of aggregation, decreased cytotoxicity88,92

K96
Decreased rate and extent of aggregation, altered fibrillar architecture, decreased 

cytotoxicity88,89,92

SUMOylation
K96 Inhibition of aggregation91,92

K102 Inhibition of aggregation, decreased cytotoxicity91,92

nitrotyrosination
Y39

Altered aggregation kinetics and fibrillar morphology, reduced membrane affinity102

Y125

arginylation E46/E83 Inhibition of aggregation103

huntingtin

phosphorylation

T3 Inhibition of fibril and oligomer formation, stabilization of monomer conformation58,59

S13
Inhibition of aggregation, increased uptake and nuclear localization61

S16

acetylation

K6 Mild inhibition of aggregation, counteracts inhibitory effect of pT3 modification59

K9
No anti-aggregatory behavior found59

K15

TDP43 phosphorylation S404 Accelerated aggregation, increased cytotoxicity63

Curr Opin Chem Biol. Author manuscript; available in PMC 2022 October 01.


	Abstract
	Graphical Abstract
	Introduction
	Phosphorylation
	Acetylation
	O-Glycosylation
	Ubiquitylation and SUMOylation
	Glycation
	Nitrotyrosination
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.

