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Abstract

α-Synuclein is an intrinsically disordered protein that plays a critical role in the pathogenesis 

of neurodegenerative disorders, such as Parkinson’s disease. Proteomics studies of human brain 

samples have associated the modification of the O-linked N-acetyl-glucosamine (O-GlcNAc) 

to several synucleinopathies; in particular, the position of the O-GlcNAc can regulate protein 

aggregation and subsequent cell toxicity. There is a need for site specific O-GlcNAc α-synuclein 

screening tools to direct better therapeutic strategies. In the present work, for the first time, 

the potential of fast, high-resolution trapped ion mobility spectrometry (TIMS) preseparation 

in tandem with mass spectrometry assisted by an electromagnetostatic (EMS) cell, capable 

of electron capture dissociation (ECD), and ultraviolet photodissociation (213 nm UVPD) is 

illustrated for the characterization of α-synuclein positional glycoforms: T72, T75, T81, and S87 

modified with a single O-GlcNAc. Top-down 213 nm UVPD and ECD MS/MS experiments of 

the intact proteoforms showed specific product ions for each α-synuclein glycoforms associated 

with the O-GlcNAc position with a sequence coverage of ~68 and ~82%, respectively. TIMS-MS 

profiles of α-synuclein and the four glycoforms exhibited large structural heterogeneity and 

signature patterns across the 8+−15+ charge state distribution; however, while the α-synuclein 

positional glycoforms showed signature mobility profiles, they were only partially separated 

in the mobility domain. Moreover, a middle-down approach based on the Val40-Phe94 (55 

residues) chymotrypsin proteolytic product using tandem TIMS-q-ECD-TOF MS/MS permitted 

the separation of the parent positional isomeric glycoforms. The ECD fragmentation of the ion 

mobility and m/z separated isomeric Val40-Phe94 proteolytic peptides with single O-GlcNAc 

in the T72, T75, T81, and S87 positions provided the O-GlcNAc confirmation and positional 

assignment with a sequence coverage of ~80%. This method enables the high-throughput 

screening of positional glycoforms and further enhances the structural mass spectrometry toolbox 

with fast, high-resolution mobility separations and 213 nm UVPD and ECD fragmentation 

capabilities.

Graphical Abstract
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INTRODUCTION

α-Synuclein is an intrinsically disordered protein of 14.5 kDa (140 residues, Figure 1a) 

that is highly expressed in neurons and plays a critical role in regulating neurotransmitter 

release for normal brain function.1,2 This 140 amino acid residue protein can be divided 

in three distinct domains, including a N-terminal amphipathic (1−60 residues, highlighted 

in blue in Figure 1a), a disordered acidic C-terminal (95−140 residues, highlighted in 

red), and a hydrophobic nonamyloid β-component (NAC, 61−94 residues, highlighted in 

yellow) regions.1,3 The N-terminal amphipathic domain is a positively charged region 

(lysine-rich) defined by a helical folding propensity, which plays a major role for membrane 

binding.4,5 The C-terminal acidic domain is a highly negatively charged region that 

modulates α-synuclein aggregation and binds protein partners, small molecules, and metal 

ions.6,7 The NAC central domain of α-synuclein contains a highly hydrophobic motif, 

which is responsible for promoting fibril formation and protein aggregation.8 α-Synucleins 

are mostly monomeric in healthy cells but can misfold and aggregate into oligomers 

and fibrils, which are toxic to cells and can disrupt normal cellular function.1,3,9 The 

accumulation of α-synuclein toxic aggregates in brain cells has been associated with 

neurodegenerative disorders, such as Parkinson’s disease,10–12 Alzheimer’s disease,13,14 

and dementia with Lewy bodies (DLB).15,16 Understanding the mechanisms of α-synuclein 

aggregation and developing new therapeutic targets are still active areas of research in 

neuroscience. A compelling link has emerged between the α-synuclein post-translational 

modification (PTM) via O-linked N-acetyl-glucosamine (O-GlcNAc, Figure 1b) and its 

aggregation, for which O-GlcNAc plays an important role in the regulation of α-synuclein 

toxicity by preventing protein aggregation.17–19 In fact, diverse ex vivo and in vivo studies 

from mouse and human models have contributed to identify up to nine different sites of 

O-GlcNAc modification on α-synuclein, for which several are located within the protein 

aggregation NAC region (highlighted in yellow in Figure 1a).20–24 In addition, a recent 

study demonstrated that ~20% of total synuclein is O-GlcNAc modified in a mouse 

model that expresses human synuclein.25 Therefore, the comprehensive characterization of 

O-GlcNAc α-synuclein glycoforms of the O-GlcNAc is of high interest to gain a better 
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understanding of the mechanisms for preventing protein aggregation that can be used as a 

potential therapeutic strategy in neurodegenerative diseases.

The biological complexity and dynamic nature of α-synuclein make their study challenging 

using traditional biochemical techniques. Mass spectrometry (MS) using proteomic 

approaches has emerged as a powerful tool for the structural characterization of α-

synuclein, allowing for the identification and quantification of the post-translational 

modifications,19,26,27 interactions with other proteins,28,29 and structural changes upon 

protein aggregation.30,31 In particular, the development and advancement of electron-

based fragmentation (ExD)32–34 techniques have greatly improved the middle- and 

top-down approaches by increasing the sequence coverage as well as the level of 

confidence in assigning binding partners and the nature/position of labile PTMs, such as 

O-GlcNAc.19,35–38 The successful implementation of the electromagnetostatic (EMS)39,40 

cell in widespread MS platforms (e.g., quadrupole,41–43 q-ToF,44,45 and Orbitrap46,47 mass 

spectrometers) has made electron capture dissociation (ECD) more accessible and cost-

effective for proteomic analysis.

Top-down MS workflows have increasingly adopted ion mobility spectrometry in tandem 

with mass spectrometry (IMS-MS/MS) due to its superior speed and selectivity as compared 

to traditional liquid chromatography-based approaches.48–51 The EMS cell has recently been 

incorporated into commercially available IMS-MS-based platforms (e.g., Agilent DTIMS-q-

ToF MS,52 Waters q-TWIMS-ToF MS,53 and Bruker TIMS-q-ToF MS54) and showed the 

benefit of combining IMS with ECD for a comprehensive protein structural characterization. 

Notably, the recent integration of the EMS cell into a TIMS-q-ToF MS instrument has 

shown significant potential in separating and distinguishing isomeric and isobaric histone 

proteoforms at the middle-down level.54,55

In the present work, for the first time, the potential of fast, high-resolution trapped ion 

mobility spectrometry (TIMS) in tandem with mass spectrometry assisted by an EMS cell, 

capable of ECD, and UVPD is illustrated for the characterization of α-synuclein positional 

glycoforms. Mobility-dependent ECD and UVPD MS/MS separation is showcased for the 

first time for positional isomers of α-synuclein with single O-GlcNAc modifications (e.g., 

T72, T75, T81, and S87, Figure 1). In the following discussion, a special emphasis is placed 

on the comparison between the top-down and middle-down results based on the potential 

for ion mobility separation, PTM assignments, and sequence coverage for α-synuclein 

positional isomer glycoforms.

EXPERIMENTAL SECTION

Materials and Reagents.

Four positional α-synuclein isomers with a single O-GlcNAc modification in biologically 

relevant positions (e.g., T72, T75, T81, and S87) and the unmodified protein (Figure 1) were 

synthesized using the expressed protein ligation methodology, as previously described.56 

The α-synuclein glycoforms were analyzed at a concentration of 15 μM in 100 mM aqueous 

ammonium acetate (NH4Ac), obtained from Fisher Scientific (Pittsburgh, PA). Middle-down 

glycoforms were generated by digestion with chymotrypsin, resulting in the formation of 
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seven peptides that are 7−86 residues in length. Low-concentration Tuning Mix standard 

(G1969–85000), obtained from Agilent Technologies (Santa Clara, CA), was used for 

external ion mobility and mass calibration of the TIMS-ToF MS instrument.

UVPD-TIMS-q-ECD-ToF MS Instrumentation.

The TIMS, ECD, and UVPD capabilities were integrated into a Bruker Maxis Impact II 

ToF MS (Bruker Daltonics Inc., Billerica, MA) instrument equipped with a nESI source, 

as depicted in Figure S1. A detailed layout of this experimental apparatus is described 

elsewhere.55,57 nESI emitters were pulled in-house from quartz capillaries (O.D. = 1.0 mm 

and I.d. = 0.70 mm) using a Sutter Instruments Co. P2000 laser puller (Sutter Instruments, 

Novato, CA). Protein solutions were loaded in a pulled-tip capillary housed in a mounted 

custom-built XYZ stage in front of the MS inlet; the nESI emitters contained a tungsten wire 

biased at ~1000 V relative to the MS inlet.

A custom-built 19 mm long EMS (e-MSion Inc., Corvallis, OR) cell was attached to a 

custom-built collision cell and mounted between the quadrupole exit and pulsing plates of 

the ToF MS instrument (Figure S1). The filament was operated at a current of 2.5 A. The 

collision cell was operated by using high-purity argon (oxygen free) to enhance the cooling 

of the ions. Additional details on the ECD operation are described elsewhere.54,58 ECD 

spectra were collected on quadrupole isolated (mass window of 5 Da) precursor ions, where 

each of the ECD events was synchronized with the ion mobility scan step, allowing for 

precursor-fragment ion mobility alignment. UVPD experiments were performed using a 213 

nm laser beam generated from the fifth harmonic of a Nd:YAG laser (NL204, EKSPLA, 

Vilnius, Lithuania). The UV laser was aligned with a 203 mm long UVPD linear ion trap 

(quadrupolar design) incorporated prior to the TIMS 2 analyzer and operated at a repetition 

rate of 1 kHz with an energy of ~0.2 mJ per pulse (Figure S1). Additional details on 

the UVPD operation can be found elsewhere.55,57 UVPD spectra were collected without 

mass isolation; molecular ions were UV irradiated with ~155 laser pulses in the UVPD 

trap. 2D-UVPD-TIMS-MS/MS and 2D-TIMS-q-ECD MS/MS spectra were summed every 

15.5 s (100 acquisitions of 155 ms) and averaged for 50 (~13 min) and 100 (~25 min) 

frames, respectively. The UVPD/ECD spectra were deconvoluted using UniDec59 v4.4.0, 

and assignments were performed using ProSight Lite v1.4. The UVPD/ECD spectra were 

annotated with a mass error of <20 ppm with a S/N >4.

The general fundamentals of TIMS as well as the calibration procedure have been described 

in the literature.60–63 TIMS experiments were carried out using nitrogen (N2) as buffer gas, 

at ambient temperature (T) with a gas velocity defined by the funnel entrances (P1 = 3.9 

mbar/P3 = 2.1 mbar) and exits (P2 = 2.6 mbar/P4 = 0.74 mbar) pressure differences (Figure 

S1). TIMS 1 was operated in transmission mode (rf voltage of 160 Vpp at 755 kHz). Ion 

mobility separation of the intact α-synuclein glycoforms and middle-down peptides was 

performed in TIMS2 (rf voltage of 250Vpp at 880 kHz). A deflector voltage of 300 V, a 

TIMS 1 voltage of 170 V, a TIMS exit lens (gate 1) of 169 V, a multipole exit lens (gate 2) 

of 135 V, and a TIMS 2 ramp voltage of −150 to −50 V were used for all the experiments 

(Figure S1). The scan rate (Sr = ΔVramp/tramp) was optimized for the binary mixtures to 

maximize the ion mobility separation.
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RESULTS AND DISCUSSION

TIMS-MS Analysis of α-Synuclein Glycoforms.

The nESI-MS analysis of the unmodified α-synuclein (~14.5 kDa) and the four GlcNAc α-

synuclein glycoforms (~14.7 kDa) in native-like solution conditions (i.e., 100 mM aqueous 

NH4Ac), exhibited a broad charge state distribution ranging from [M + 8H]8+ to [M + 15H] 
15+ molecular ions species, centered at 11+ (Figure 2a). The presence of a wide charge 

state distribution was streamlined as a structural change in the native-like protein states 

(folded conformations) toward more elongated structures, probably due to exposure of the 

basic residues (lysine-rich protein) together with the presence of an unrestricted C-terminal 

domain (highlighted in red in Figure 1a).

In addition, the TIMS mobility profiles of the unmodified α-synuclein and the four 

GlcNAc α-synuclein glycoforms (Figure 2b) exhibited large structural heterogeneity 

over a wide collision cross section (CCS) range (~1750−3800 Å2), supporting the 

conformational diversity across the charge state distribution. These characteristic features 

are well-known and consistent with intrinsically disordered proteins.64,65 Most of the α-

synuclein glycoforms displayed characteristic ion mobility features, for which the GlcNAc 

position influences the intramolecular network, leading to conformational changes (Figure 

2b). However, while the structural changes in GlcNAcT72 (green), GlcNAcT75 (blue), 

GlcNAcT81 (purple), and GlcNAcS87 (red) provided signature mobility profiles, only a 

partial ion mobility separation was obtained at the protein level, as illustrated in Figure 

2b. TIMS-MS profiles of α-synuclein and the four glycoforms exhibited large structural 

heterogeneity and signature patterns across the 8+−15+ charge state distribution

Top-Down ECD MS/MS Analysis of α-Synuclein Glycoforms.

The unmodified α-synuclein sequence and GlcNAc PTM position on each of the α-

synuclein glycoforms were confirmed using top-down MS experiments. The ECD MS/MS 

spectra of the quadrupole isolated [M + 11H]11+ (m/z 1314.7) molecular ions of unmodified 

α-synuclein (magenta) and the GlcNAcT72 (green), GlcNAcT75 (blue), GlcNAcT81 

(purple), and GlcNAcS87 (red) glycoforms (m/z 1333.2) are illustrated in Figure S2. 

Inspection of the ECD MS/MS spectra showed typical ci′/zj
• product ions with a sequence 

coverage of ~82%. The ECD fragmentation patterns showed [c3′ to c71′] and [z4
• to z52

•] 

product ions without any mass shift, indicating that all serine and threonine residues in these 

regions are not carrying the GlcNAc PTM. Reporter product ions were obtained for each 

α-synuclein glycoforms; a characteristic mass shift of 203 Da was obtained between [c72′ 
to c139′]/[z72

• to z139
•],[c75′ to c139′]/[z72

• to z139
•],[c82′ to c139′]/[z65

• to z139
•], and [c87′ 

to c139′]/[z65
• to z139

•] fragment ions, supporting the presence of GlcNAc PTMs at Thr72, 

Thr75, Thr81, and Ser87 residues, respectively (Figure S2).

Top-Down UVPD MS Analysis of α-Synuclein Glycoforms.

The integration of the UVPD trap prior to the TIMS 2 allowed for additional top-down 

MS using 213 nm UVPD fragmentation capabilities without mass selection (Figure S1). 

The UVPD MS spectra of intact α-synuclein GlcNAcT72 (green), GlcNAcT75 (blue), 

GlcNAcT81 (purple), and GlcNAcS87 (red) glycoforms are illustrated in Figure S3. Typical 
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ai,bi,ci/xj,yj,zj product ions were observed with a sequence coverage of ~68%. The UVPD 

and ECD-based top-down MS were found to be consistent in terms of GlcNAc PTM 

assignments. The low abundance of the reporter UVPD fragment ions did not allow 

additional tandem ion mobility-selected ECD experiments, as compared to previously 

studied histone proteoforms (Figure S3).55

Middle-Down TIMS-MS Analysis of α-Synuclein Glycoforms.

A middle-down approach was considered using chymotrypsin (Figure 3). Note that 

chymotrypsin was selected due to the low number of aromatic residues, favoring the 

generation of middle-down peptide size. The middle-down TIMS-MS analysis resulted in 

the observation of seven proteolytic peptide fragments: Met5-Tyr39 (35 residues, 3546.9 Da, 

dark green), Met1-Tyr39 (39 residues, 4039.2 Da, light blue), Val40-Phe94 (55 residues, 

5468.9 Da, dark blue), Val95-Tyr125 (31 residues, 3427.6 Da, light purple), Val40-Tyr125 

(86 residues, 8878.5 Da, brown), Glu126-Tyr133 (8 residues, 940.4 Da, pink), and Gln134-

Ala140 (7 residues, 850.3 Da, light green). Among the seven proteolytic peptide fragments, 

Val40-Phe94 is of particular importance since it contains all four GlcNAc PTM sites(Figure 

3) and comprises the entire NAC region responsible for the protein aggregation. Note that 

the Met1-Tyr39, Val95-Tyr125, and Glu126-Tyr133 α-synuclein fragments did not show any 

GlcNAc PTMs at serine and threonine residues, in good agreement with the top-down MS 

experiments.

The ion mobility and m/z isolation of the peptide molecular ion of interest removed potential 

isobaric interferences prior to ECD fragmentation. A charge state distribution, ranging from 

[M + 4H]4+ to [M + 6H] 6+ molecular ion species, was observed for the Val40-Phe94 

peptide. TIMS mobility profiles of the Val40-Phe94 proteolytic peptides, carrying the 

GlcNAc PTM sites, exhibited large conformational heterogeneity across the charge state 

distribution, for which characteristic ion mobility features (i.e., CCS and number of IMS 

bands) were observed between the glycoforms (Figure 4). The [M + 4H]4+ molecular 

species of the Val40-Phe94 glycoforms with GlcNAcT72 (green), GlcNAcT75 (blue), 

GlcNAcT81 (purple), and GlcNAcS87 (red) were separated in the ion mobility domain using 

a TIMS scan rate of Sr ≤0.14 V/ms (Figure 4). The [M + 5H]5+ and [M + 6H]6+ molecular 

species showed a large conformational heterogeneity with higher ion mobility overlap across 

the positional isomers.

To further evaluate the analytical power of this approach, binary mixtures were considered 

using GlcNAcT72 (green)/GlcNAcT81 (purple; Figure S4) and GlcNAcT72 (green)/

GlcNAcT75 (blue, Figure 5) glycoforms. A TIMS scan rate of Sr ≤0.14 V/ms was 

sufficient to baseline separate GlcNAcT72 and GlcNAcT81 (apparent mobility resolving 

power (R) of ~115, Figure S4a). Moreover, a slower TIMS scan rate of Sr ≤0.07 V/ms 

was required to separate ion mobility GlcNAcT72 from GlcNAcT75 (apparent mobility 

R ~180, Figure 5a). The ion mobility and m/z-selected ECD MS/MS spectra of the [M 

+ 4H]4+ molecular species (m/z 1368.2) for GlcNAcT72/GlcNAcT75 and GlcNAcT72/

GlcNAcT81 are illustrated in Figure 5b and Figure S4b, respectively. The assigned ECD 

MS/MS product ions accounted for a sequence coverage of ~83% for all glycoforms. 

The [c4′ to c32′/c36′ to c54′]/[z6
• toz19

•/z37
• to z54

•] and [c4′ to c32′/c42′ to c54′]]/[z6
• 
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to z7
•/z37

• to z54
•] product ions were common between GlcNAcT72/GlcNAcT75 and 

GlcNAcT72/GlcNAcT81, respectively. Moreover, reporter ci′/zj
• fragments were observed 

for the Val40-Phe94 GlcNAc peptide positional isomers, including [c33′ to c35′]/[z22
•] 

for GlcNAcT72/GlcNAcT75 and [c33′ to c40′]/[z15
• to z22

•] for GlcNAcT72/GlcNAcT81 

(Figure 5b). Inspection of the ion mobility and m/z-selected ECD MS/MS spectra of the 

GlcNAcT72/GlcNAcT75 binary mixtures confirmed the GlcNAc PTM position for IMS 

bands 1 (GlcNAcT75) and 3 (GlcNAcT75) and for IMS band 2 (GlcNAcT72). Analogously, 

the ion mobility and m/z-selected ECD MS/MS spectra of the GlcNAcT72/GlcNAcT81 

binary mixtures confirmed the GlcNAc PTM position for IMS band 1 (GlcNAcT81) and for 

IMS band 2 (GlcNAcT72).

The present workflow allowed for clear ion mobility separation and localization of the O-

GlcNAc sites for the α-synuclein glycoforms. Although the top-down approach was limited 

in terms of ion mobility separation between the positional glycoforms, the middle-down 

strategy using chymotrypsin presented the advantage of digesting α-synuclein into large 

peptide fragments, and more specifically the digested Val40-Phe94 peptide, which comprises 

the entire NAC region (highlighted in yellow in Figure 1a) responsible for the protein 

aggregation. In addition, the middle-down strategy exhibited better sensitivity and ion 

mobility separation as well as accounted for higher sequence coverage when compared to 

the top-down approach. However, potential challenges for direct ion mobility-based middle-

down ExD analysis are (1) the need for preconcentration due to the lack of chromatography-

based techniques combined with relatively low ECD fragmentation efficiency and (2) need 

for high-resolution ion mobility to separate more complex glycoforms (e.g., containing 

multiple O-GlcNAc per glycoform).

CONCLUSIONS

The potential of top- and middle-down MS using TIMS in tandem with ECD, UVPD, and 

ToF MS/MS was demonstrated for the first time for the comprehensive characterization of 

α-synuclein positional isomers containing single O-GlcNAc modifications (e.g., T72, T75, 

T81, and S87). The mobility analysis at the protein level provided partial mobility separation 

of the intact glycoforms, where characteristic/signature IMS bands were observed as a 

function of the charge state distribution. This is also the first report of top-down ECD and 

213 nm UVPD of O-GlcNAc modified proteins; both techniques provided high sequence 

coverage (over 80%) and unambiguous localization of the O-GlcNAc position.

The online nESI-TIMS-q-ECD-ToF MS/MS analysis of chymotrypsin treated α-synuclein 

positional isomers, containing a single O-GlcNAc modification, resulted in the unambiguous 

identification of all four positional isomers. A proteolytic peptide comprising the entire NAC 

region responsible for the protein aggregation with site modifications (Val40-Phe94) enabled 

the positional isoform identification in their mixture.

Middle-down ECD provided high sequence coverage and unambiguous localization of the 

O-GlcNAc modification. The need for high-resolution trapped ion mobility spectrometry 

was shown for the case of some positional isomers where their separation requires an 

apparent mobility resolving power higher than ~180).
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This first demonstration of top- and/or middle-down technology can be extended to clinical 

screening for α-synuclein-modified O-GlcNAc to further evaluate the biological activity 

(e.g., neurotoxicity). The shorter analysis time when compared to chromatography-based 

workflows makes these approaches more valuable and cost-effective.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Schematic, tertiary structure, and sequence of the α-synuclein monomer, showing the 

N-terminal amphipathic (blue), hydrophobic nonamyloid β-component of plaque (NAC, 

yellow), and acidic unstructured C-terminal (red) domains. (b) The structure and position of 

the single O-GlcNAc modification at T72 (green), T75 (blue), T81 (purple), and S87 (red).
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Figure 2. 
nESI TIMS-MS analysis showing native (a) MS and (b) TIMS mobility profiles 

(TIMSCCSN2) for α-synuclein unmodified (magenta), GlcNAcT72 (green), GlcNAcT75 

(blue), GlcNAcT81 (purple), and GlcNAcS87 (red) glycoforms.
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Figure 3. 
Middle-down TIMS-MS analysis showing the α-synuclein sequence map as well as the 

directly infused 2D nESI-TIMS-MS contour map of the peptide fragments obtained using 

chymotrypsin digestion.
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Figure 4. 
nESI TIMS-MS analysis showing the TIMS mobility profiles for the α-synuclein proteolytic 

Val40-Phe94 peptide carrying the GlcNAc PTM sites: GlcNAcT72 (green), GlcNAcT75 

(blue), GlcNAcT81 (purple), and GlcNAcS87 (red) glycoforms.
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Figure 5. 
TIMS-ECD analysis showing the (a) TIMS mobility profiles (TIMSCCSN2) of α-synuclein 

Val40-Phe94 GlcNAcT72 (green) and GlcNAcT75 (blue) with the binary mixture (black) 

and (b) ion mobility-selected ECD spectra of the selected [M + 4H]4+ species of 

GlcNAcT72 and GlcNAcT75 (m/z 1368.2). The fragments comprising the PTM are 

highlighted in green and blue for GlcNAcT72 and GlcNAcT75, respectively.
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