
Capillary zone electrophoresis-tandem mass spectrometry with 
activated ion electron transfer dissociation for large-scale top-
down proteomics

Elijah N. McCool1,ǂ, Jean M. Lodge2,3,ǂ, Abdul Rehman Basharat4, Xiaowen Liu4,5, Joshua 
J. Coon2,3,6, Liangliang Sun1,*

1Department of Chemistry, Michigan State University, 578 S Shaw Lane, East Lansing, Michigan 
48824, United States

2Genome Center of Wisconsin, University of Wisconsin-Madison, Madison, Wisconsin 53706, 
United States

3Department of Chemistry, University of Wisconsin-Madison, Madison, Wisconsin 53706, United 
States

4Department of BioHealth Informatics , Indiana University-Purdue University Indianapolis, 719 
Indiana Avenue, Indianapolis, Indiana 46202, United States.

5Center for Computational Biology and Bioinformatics, Indiana University School of Medicine, 410 
West 10th Street, Indianapolis, Indiana 46202, United States.

6Department of Biomolecular Chemistry, University of Wisconsin-Madison, Madison, Wisconsin 
53706, United States

Abstract

Capillary zone electrophoresis (CZE)-tandem mass spectrometry (MS/MS) has been recognized as 

an efficient approach for top-down proteomics recently for its high-capacity separation and highly 

sensitive detection of proteoforms. However, the commonly used collision-based dissociation 

methods often cannot provide extensive fragmentation of proteoforms for thorough 

characterization. Activated ion electron transfer dissociation (AI-ETD), that combines infrared 

photoactivation concurrent with ETD, has shown better performance for proteoform fragmentation 

than higher energy-collisional dissociation (HCD) and standard ETD. Here, we present the first 

application of CZE-AI-ETD on an Orbitrap Fusion Lumos mass spectrometer for large-scale top-

down proteomics of Escherichia coli (E. coli) cells. CZE-AI-ETD outperformed CZE-ETD 

regarding proteoform and protein identifications (IDs). CZE-AI-ETD reached comparable 

proteoform and protein IDs with CZE-HCD. CZE-AI-ETD tended to generate better expectation 

values (E-values) of proteoforms than CZE-HCD and CZE-ETD, indicating higher quality of 
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MS/MS spectra from AI-ETD respecting the number of sequence-informative fragment ions 

generated. CZE-AI-ETD showed great reproducibility regarding the proteoform and protein IDs 

with relative standard deviations less than 4% and 2% (n=3). Coupling size exclusion 

chromatography (SEC) to CZE-AI-ETD identified 3028 proteoforms and 387 proteins from E. coli 
cells with 1% spectrum-level and 5% proteoform-level false discovery rates. The data represents 

the largest top-down proteomics dataset using the AI-ETD method so far. Single-shot CZE-AI-

ETD of one SEC fraction identified 957 proteoforms and 253 proteins. N-terminal truncations, 

signal peptide cleavage, N-terminal methionine removal and various post-translational 

modifications including protein N-terminal acetylation, methylation, S-thiolation, disulfide bonds, 

and lysine succinylation were detected.
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Introduction

Top-down proteomics aims to characterize proteoforms in their intact state and often in 

complex protein mixtures [1,2]. Most practitioners of the method employ reversed-phase 

liquid chromatography (RPLC) for proteoform separation followed by electrospray 

ionization-mass spectrometry and tandem mass spectrometry (ESI-MS and MS/MS) for 

determining masses of proteoforms and their corresponding fragment ions. The state-of-the-

art RPLC-MS/MS-based systems have achieved identification, and even quantification, of 

thousands of proteoforms from complex samples [3–6]. Much effort has been made to 

improve the separation of proteoforms with RPLC. Monolithic columns and packed columns 

with beads having various sizes, different lengths of carbon chains and varied porosity have 

been investigated for proteoform separation [4, 7–9]. However, several challenges remain for 

top-down proteomics, including high-capacity separations of proteoforms and achieving 

informative MS/MS dissociation of proteoforms.
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Capillary zone electrophoresis (CZE)-MS and MS/MS has been recognized as an alternative 

approach for top-down proteomics because of its high efficiency for proteoform separation 

and high sensitivity for proteoform detection [10–15]. Also, the recent improvements in CE-

MS interface have facilitated the CZE-MS/MS for top-down proteomics [16–18]. The 

McLafferty group reported identifications (IDs) of intact proteins using CZE-MS with 

attomole amounts of materials in 1996 [10]. The Yates group demonstrated that CZE-MS 

achieved similar signal-to-noise ratios to RPLC-MS for analysis of a protein complex 

sample with 100-fold less sample consumption [12]. The Dovichi group has reported 600 

proteoform IDs using RPLC-CZE-MS/MS from yeast cells [13]. And, for large protein 

characterization, the Kelleher group identified 30 proteins with masses in a range of 30–80 

kDa from Pseudomonas aeruginosa PA01 cell lysate using CZE-MS/MS [14], demonstrating 

the potential of CZE-MS/MS for characterization of large proteins.

Challenges remain for large-scale top-down proteomics using CZE-MS/MS, including the 

narrow separation window (typically 30 min) and low sample loading capacity (low nL) of 

CZE. Recently, our group achieved a 90-min separation window and a 1-μL sample loading 

volume using CZE-MS for analysis of an Escherichia coli (E. coli) cell lysate, leading to IDs 

of 600 proteoforms in a single CZE-MS/MS run [19,20]. We employed a separation 

capillary with high-quality linear polyacrylamide (LPA) coating on its inner wall to 

eliminate electroosmotic flow in the capillary, widening the separation window [21]. We 

used a protein stacking method, dynamic pH junction [22,23], for highly efficient and online 

concentration of proteins in the capillary, boosting the sample loading volume. We coupled 

size exclusion chromatography (SEC)-RPLC fractionation to the dynamic pH junction-based 

CZE-MS/MS for deep top-down proteomics of E. coli cells [24]. Nearly 6,000 proteoforms 

and 850 proteins were identified using the multi-dimensional system. The dynamic pH 

junction-based CZE-MS/MS has established the foundation of top-down proteomics using 

CZE-MS/MS.

Extensive fragmentation of proteoforms in the gas phase is another challenge in top-down 

proteomics. Collision-based dissociation methods (e.g., higher energy-collisional 

dissociation, HCD) are widely used for fragmentation of proteoforms [3–8, 11, 13–15]. 

However, HCD often fails to provide extensive fragmentation of proteoforms, and has 

preferential cleavage sites [25,26], limiting its utility for thorough characterization of 

proteoforms. Alternative fragmentation methods are vital for top-down proteomics. 

Recently, an activated ion electron transfer dissociation (AI-ETD) method that combines 

infrared photoactivation concurrent with ETD has been developed and systematically 

evaluated for fragmentation of intact proteins [27–30]. RPLC-AI-ETD has been evaluated 

for high-throughput top-down characterization of intact proteins (less than 20 kDa) in human 

colorectal cancer cells with a production of 935 proteoforms and 295 proteins [30]. More 

importantly, AI-ETD showed better performance than HCD and standard ETD regarding 

sequence coverage of identified proteoforms and proteoform characterization scores. CZE 

has also been coupled with AI-ETD for top-down characterization of a standard protein 

mixture and a bacterial secretome sample [31]. About 40 proteoforms were identified using 

the CZE-AI-ETD from the secretome sample, and other results have demonstrated a good 

complementarity of HCD and AI-ETD for intact protein fragmentation.
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In this work, for the first time, we coupled the dynamic pH junction-based CZE to the AI-

ETD on an Orbitrap Fusion Lumos mass spectrometer for large-scale top-down proteomics. 

An E. coli cell lysate was employed to evaluate the performance of the system. First, we 

investigated how the laser power used for the AI-ETD influenced the proteoform IDs. Then 

we compared CZE-AI-ETD and CZE-ETD, as well as CZE-AI-ETD and CZE-HCD, for 

top-down proteomics of the E. coli cells. After that, we optimized the electric field and the 

data dependent acquisition method for the CZE-AI-ETD system. After evaluating the 

reproducibility of the CZE-AI-ETD system, we coupled SEC fractionation to CZE-AI-ETD 

for large-scale top-down proteomics of the E. coli cells.

Experimental Procedures

Details of “Materials and Reagents”, “Sample Preparation”, and “SEC Prefractionation” are 

described in Supporting Information I.

CZE-ESI-MS and MS/MS

An ECE-001 CE autosampler and a commercialized electro-kinetically pumped sheath flow 

CE-MS interface from CMP Scientific (Brooklyn, NY) were used in all experiments [17,18]. 

The automated CE system was coupled to an Orbitrap Fusion Lumos mass spectrometer 

(Thermo Fisher Scientific, Waltham, MA) via the electro-kinetically pumped sheath flow 

interface. A 1-meter-long fused silica capillary (50 μm i.d., 360 μm o.d.) with LPA coating 

on the inner wall was used for CZE separation. The LPA coating was made based on the 

procedure in references [20] and [21]. One end of the capillary was etched with hydrofluoric 

acid to reduce the outer diameter of the capillary to ~70–80 μm based on the procedure 

described in reference [20]. (Caution: use appropriate safety procedures while handling 

hydrofluoric acid solutions)

The sample was injected into the capillary via applying 5-psi pressure for 95 s 

corresponding to a 500-nL volume based on the Poiseuille’s law. The separation voltage 

applied at the injection end was either 10 kV for 240 min, 20 kV for 120 min, or 30 kV for 

90 min. Between CZE-MS/MS runs, the separation capillary was flushed with a background 

electrolyte (BGE) using a 10-psi pressure for 10 min. For optimizing the laser power for AI-

ETD and comparing the AI-ETD and ETD, 30 kV for 90 min was applied. For comparing 

the AI-ETD and HCD, optimizing the data-dependent acquisition method, and evaluating the 

reproducibility of the CZE-AI-ETD, 20 kV for 120 min was applied. For analyzing the SEC 

fractions of the E. coli proteome, 20 kV for 120 min was used for the first 9 fractions and 30 

kV for 120 min for the last 5 fractions. The ESI voltage was 2–2.3 kV. The ESI spray emitter 

was pulled from a glass capillary (1.0-mm o.d., 0.75-mm i.d., 10 cm long) with a Sutter 

P-1000 flaming/brown micropipette puller. The size of the emitter orifice was 20–40 μm. 

The BGE for CZE was 5% (v/v) acetic acid (pH 2.4) and the sheath buffer for ESI consisted 

of 0.2% (v/v) formic acid and 10% (v/v) methanol.

An Orbitrap Fusion Lumos mass spectrometer was used for all experiments. For all 

experiments, data-dependent acquisition (DDA) was utilized with intact protein mode turned 

on, advanced peak determination set to True, and default charge state set to 10. The ion 

transfer tube temperature was set to 275 °C. Charge exclusion and exclude isotopes settings 
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were turned on for proteins with charge state between 7–24 able to be fragmented. Include 

undetermined charges states was set to False and include charge states 25 and higher was set 

to True. Dynamic exclusion was used with a setting of 30 s. The same MS settings were 

used for all experiments. Use wide quad isolation was set to True, the orbitrap resolution 

was 120,000, scan range was 600–200 m/z, maximum injection time was 100 ms, AGC 

target was 500,000, the number of microscans was 4, and the RF lens (%) was 60.

For optimizing the laser power for AI-ETD (12, 18, 24, and 30 W) and comparing AI-ETD 

and ETD, a Top 2 DDA method was used. The option for performing dependent scan on 

single charge state per precursor was set to False. For MS/MS, the isolation window was set 

to 3, orbitrap resolution was 60,000, maximum injection time was 118 ms, AGC target was 

500,000 and the number of microscans was 4. For AI-ETD and ETD, the ETD reaction time 

was set to 20 ms, ETD reagent target was 700,000, and maximum ETD reagent injection 

time was 200 ms. For optimizing the DDA methods (Top N) for AI-ETD (18 W laser 

power), Top 2, Top 4, and Top 5 DDA methods were investigated. The option to perform 

dependent scan on single charge state per precursor only was set to True. For optimizing the 

separation voltage, the AI-ETD method (18 W laser power) including a Top 2 DDA method 

was used. For analyzing the SEC fractions of the E. coli proteome, AI-ETD with 18 W laser 

power and a Top 4 DDA method were employed. The option to perform dependent scan on 

single charge state per precursor only was set to True. For comparing the AI-ETD (18 W) 

and HCD, Top 5 DDA methods were used for both AI-ETD and HCD. The details of 

MS/MS with AI-ETD were the same as that described above. For MS/MS with HCD, a 

normalized collision energy 20% was used for fragmentation. Other parameters were the 

same as that for AI-ETD.

Data Analysis

For the raw files from single-shot analyses of the whole E. coli cell lysate, we employed the 

Proteome Discoverer 2.2 (Thermo Fisher Scientific) with the ProSight PD Top Down High/

High node for database search. Briefly, MS/MS spectra of proteoforms were deconvoluted 

with Xtract (signal to noise ratio threshold of three) and searched against the whole E. coli 
database downloaded from the http://proteinaceous.net/database-warehouse-legacy/. A three-

tier search was used. Tier one consisted of an absolute mass search with 2.0 Da precursor 

mass tolerance and 10 ppm fragment ion mass tolerance. Tier two contained a biomarker 

search with 10 ppm precursor mass tolerance and 10 ppm fragment ion mass tolerance. Tier 

three had an absolute mass search with 1000 Da precursor mass tolerance and 10 ppm 

fragment ion mass tolerance. Only b and y types of fragment ions were considered for HCD 

fragmentation; only c and z types of fragment ions were considered for ETD and AI-ETD 

fragmentation. The target-decoy approach was used to evaluate the false discovery rates 

(FDRs) of proteoform spectrum match (PrSM) and proteoform IDs [32,33]. A 1% spectrum-

level FDR was used to filter the PrSMs and a 5% proteoform-level FDR was used to filter 

the proteoform IDs.

For the raw files from the fractionated E. coli sample using SEC, we employed the TopFD 

(TOP-down mass spectrometry feature detection) and TopPIC (TOP-down mass 

spectrometry based proteoform identification and characterization) pipeline for database 
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search [34]. The 14 raw files corresponding to the 14 SEC fractions were analyzed. First, the 

14 raw files were converted into 14 mzML files with the Msconvert tool [35]. Then, the 

spectral deconvolution was performed with TopFD to generate msalign files for database 

search using TopPIC (version 1.2.2). The E. coli (strain K12) UniProt database 

(UP000000625, 4313 entries, version June 28, 2018) was used for database search. The 

database search parameters were as follows. The maximum number of unexpected 

modifications was 2. The precursor and fragment mass error tolerances were 15 ppm. The 

maximum mass shift of unknown modifications was 500 Da. The FDRs were estimated 

using the target-decoy approach [32,33]. To reduce the redundancy of proteoform IDs, we 

reviewed the proteoforms that were identified by multiple MS/MS spectra as one same 

proteoform ID if these MS/MS spectra corresponded to the same proteoform feature 

reported by the TopFD or those proteoforms were from one same protein and had smaller 

than 1.2-Da mass differences.

Two steps of analyses were performed. In the first step, we used TopPIC to search each raw 

file against the E. coli proteome database separately. In the second step, we combined all the 

PrSMs identified from the 14 data files, and filtered the PrSM IDs with a 1% spectrum-level 

FDR. The proteoform IDs were then filtered with a 5% proteoform-level FDR. The 

identified proteoforms are listed in Supporting Information II.

Results and discussion

Comparing CZE-AI-ETD, CZE-ETD, and CZE-HCD for top-down proteomics

We first optimized the laser power for AI-ETD before comparing it with ETD and HCD. The 

laser power can significantly affect the performance of AI-ETD based on a very recent 

RPLC-AI-ETD report [30]. Here, we evaluated the performance of CZE-AI-ETD with four 

different laser powers: 12 W, 18 W, 24 W, and 30 W, Figure S1. The CZE-MS system 

obtained a 1-hour separation window and reasonably good signal (NL: 5.8E8) with only 1 

μg of E. coli proteins. CZE-AI-ETD with the 18-W laser power produced over 20% and 8% 

more PrSMs and proteins than other three laser powers. The 18-W laser power generated 

over 5% more proteoform IDs than 12-W and 24-W laser powers and yielded similar 

proteoform IDs to the 30-W laser power.

We then compared the performance of CZE-AI-ETD (18 W) and CZE-ETD for top-down 

characterization of the E. coli proteome. CZE-AI-ETD identified about 12% more 

proteoforms and proteins compared to CZE-ETD, Figure 1a. More importantly, CZE-AI-

ETD tended to obtain better expectation values (E-values) of proteoform IDs than CZE-

ETD, Figure 1b. E-value represents a nonlinear transformation of the number of matching 

fragment ions in a spectrum. The data suggest that AI-ETD can produce better 

fragmentation of proteoforms compared to ETD. As shown in Figure S2, AI-ETD (18 W) 

yielded much better residue cleavage and a much higher number of matching fragment ions 

than ETD (52% vs. 8%; 73 vs. 9 fragment ions) for thioredoxin 1. The disulfide bond was 

localized accurately based on the fragment ions from AI-ETD. The 18 W laser power was 

used in all following AI-ETD experiments.
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We further compared the CZE-AI-ETD (18 W) with CZE-HCD. Single-shot CZE-HCD 

identified 994 PrSMs, 363 proteoforms and 195 proteins from the E. coli sample. CZE-HCD 

produced a moderate increase in PrSMs and slightly better proteoform and protein IDs than 

CZE-AI-ETD, Figure 1c. In the experiments, CZE-HCD generated 50% more MS/MS 

spectra than CZE-AI-ETD per 120 min analysis but resulted in only minor improvement in 

the number of proteoform and protein IDs. Interestingly, CZE-AI-ETD inclined to gain 

better E-values of proteoform IDs than HCD, Figure 1d. We need to note that different CZE 

separation conditions (30 kV for 90 min vs. 20 kV for 120 min) and MS/MS conditions (Top 

2 vs. Top 5 DDA methods) were used for the experiments for Figure 1a and Figure 1c, 

leading to significant differences in the number of IDs from the CZE-AI-ETD.

Optimizing the CZE-AI-ETD method for top-down proteomics

We optimized the CZE separation voltage and the maximum number of MS/MS spectra 

followed by one MS spectrum in the DDA method (Top N). A high separation voltage 

shortens the analysis time but produces limited number of MS/MS spectra for proteoform 

IDs. A low separation voltage slows down the separation, allowing the acquisition of a large 

number of MS/MS spectra for proteoform IDs. However, the low separation voltage results 

in wider protein peaks and lower protein signal, which certainly affect the quality of MS/MS 

spectra. The Top N method in DDA influences the number of proteoform IDs because of the 

production of different numbers of MS/MS spectra.

When the separation voltage of CZE was changed from 30 kV to 10 kV, the analysis 

required much longer time, and the protein signal decreased significantly, Figure S3a. CZE 

with 20 kV separation voltage produced better separation efficiency than 30 kV and 10 kV, 

Figure S3b. The separation efficiency was up to half a million for one proteoform (m/z 

775.05, charge +9). CZE-AI-ETD with 20 kV voltage generated more proteoform IDs than 

that with 10 kV and 30 kV voltages (292 vs. 278 or 255), Figure S3c. Interestingly, CZE-AI-

ETD with 30 kV voltage identified 5% and 12% more proteins than that with 20 kV and 10 

kV voltage, respectively. CZE-AI-ETD with 10 kV separation voltage gained the highest 

number of PrSMs, most likely due to the wider proteoform peaks generated using the lower 

voltage. The 20 kV separation voltage was employed in the following experiments.

We then optimized the DDA method by comparing the proteoform and protein IDs from Top 

2, Top 4, and Top 5 methods. The Top 4 method identified 384 proteoforms and 191 proteins 

in a single CZE-AI-ETD run, and the number of proteoform IDs was 4% and 9% higher than 

that from the Top 2 and Top 5 methods. The Top 4 method identified 2% and 7% more 

proteins than the Top 2 and Top 5 methods. The Top 4 method was used in the following 

experiments.

We also evaluated the reproducibility of the optimized CZE-AI-ETD method for top-down 

characterization of the E. coli proteoform, Figure 2. The CZE-AI-ETD system produced 

reproducible separation profiles and base peak intensity across triplicate analyses, Figure 2a. 

The relative standard deviations (RSDs) of PrSM IDs, proteoform IDs, and protein IDs were 

12%, 3% and 1%, respectively, Figure 2b. We further examined the protein-level and 

proteoform-level overlaps among the three CZE-AI-ETD runs, Figures 2c and 2d. The 

overlaps were about 58% (protein-level) and 37% (proteoform-level) among the three runs.
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SEC-CZE-AI-ETD for large-scale top-down characterization of the E. coli proteome

We fractionated the E. coli proteome into 14 fractions using SEC based on the size of 

proteoforms. Each SEC fraction was analyzed by the optimized CZE-AI-ETD in 120 min. 

Analyses of these 14 SEC fractions took 28 hours. As shown in Figure 3a, the SEC fraction 

12 was analyzed by the CZE-AI-ETD system, and a 50-min separation window was 

obtained in the run. The base peak electropherograms of the 14 SEC fractions are shown in 

Figure S4 and Figure S5. The corresponding raw files have been deposited to the 

ProteomeXchange Consortium via the PRIDE [36] partner repository with the dataset 

identifier PXD012247.

Nearly 12,000 PrSMs, 3,028 proteoforms, and 387 proteins were identified from the E. coli 
proteome using the SEC-CZE-AI-ETD system with 1% spectrum-level and 5% proteoform-

level FDRs. The list of identified proteoforms is shown in Supporting information II. The 

data represents the largest top-down proteomics dataset using the AI-ETD method so far. 

The PrSM, proteoform and protein IDs were not uniformly distributed across the 14 SEC 

fractions, Figure 3b. The number of proteoform IDs per SEC fraction ranged from as few as 

25 proteoforms (Fraction 2) to 957 proteoforms (Fraction 14). On average 216 proteoforms 

were identified per SEC fraction. Later SEC fractions tended to produce more PrSM, 

proteoform and protein IDs. We need to note that single-shot CZE-AI-ETD of the SEC 

fraction 14 identified 957 proteoforms and 253 proteins in 120 min, and the number of 

proteoform and protein IDs from the fraction accounted for about 32% and 65% of the total 

proteoform and protein IDs.

The 3,028 proteoforms corresponded to 387 E. coli genes, an average of about 8 

proteoforms per gene. The genes were classified into three categories based on the number 

of identified proteoforms: one proteoform per gene for 191 genes, 2–10 proteoforms per 

gene for 127 genes, and 10–144 proteoforms per gene for 69 genes, Figure 3c. We identified 

144, 130 and 111 proteoforms for genes rbsB, rplL, and mglB, respectively. The mass of 

identified proteoforms ranged from 1 kDa-35 kDa, and most of the proteoforms (89%) were 

smaller than 20 kDa, Figure 3d. 325 proteoforms from 51 proteins and 30 proteoforms from 

6 proteins were larger than 20 kDa and 30 kDa, respectively. The proteoforms larger than 30 

kDa were identified with at least 7 fragment ions, and the average number of matching 

fragment ions was 18.

The number of matching fragment ions of identified proteoforms ranged from 6 to nearly 

100, Figure 3e. The mean was 23, and the median was 17. Roughly, 25% of the proteoforms 

were identified with fewer than 10 fragment ions. The proteoform mass influenced the 

number of matching fragment ions, Figure 3f. The number of fragment ions of each 

proteoform was normalized to the length of each corresponding proteoform, and the 

normalized number of fragment ions was used to evaluate the performance of AI-ETD for 

generation of sequence-informative fragment ions. When the proteoform mass increased, the 

performance of AI-ETD tended to decrease, Figure 3f. However, the normalized number of 

fragment ions varied obviously for proteoforms with similar masses, suggesting that the 

performance of AI-ETD for proteoform fragmentation was also influenced by other 

proteoform features.
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Post-translational modifications with SEC-CZE-AI-ETD

We detected several kinds of post-translational modifications (PTMs) from the E. coli 
proteome, including protein N-terminal acetylation, methylation, S-thiolation, disulfide 

bonds, and lysine succinylation, Figure 3g. Only a few proteins in the E. coli sample had 

these PTMs. We detected 28 proteins with N-terminal acetylation, 56 proteins with 

methylation, 25 proteins with S-thiolation, 15 proteins with disulfide bonds (S-S), and 7 

proteins with lysine succinylation. We identified 712 proteoforms from 113 proteins with N-

terminal methionine removal, 800 proteoforms from 137 proteins with potential signal 

peptide cleavage, and 1,041 proteoforms from 206 proteins with N-terminal truncations, 

Figure 3h.

The N-terminal acetylation was determined by the TopPIC software with a 42-Da mass shift 

at the N-terminus of one proteoform. The methylation was determined with a 14±1 Da or 

28±1 Da mass shift. The S-thiolation was determined with a 305±2 Da mass shift for 

glutathionylation and a 119±2 Da mass shift for cysteinylation. We also manually checked 

that there was one cysteine residue in the sequence corresponding to the mass shift. For the 

S-S, if they are reported in the literature, we confirmed the detection through a – (2±1) Da 

mass shift and two cysteine residues for one S-S, and through a – (4±1) Da mass shift and 

four cysteine residues for two S-S. If the S-S were not reported before, we required more 

accurate masses of the mass shifts (−2 Da for one S-S and −4 Da for two S-S). The lysine 

succinylation was determined with a 100±2 Da mass shift for one succinylation site, a 200±2 

Da mass shift for two succinylation sites, and a 300±2 Da mass shift for three succinylation 

sites. If the first 7–50 amino acids of a proteoform were cleaved from its N-terminus, we 

considered the proteoform had a potential signal peptide cleavage based on information from 

the “Center for Biological Sequence Analysis” (http://www.cbs.dtu.dk/services/SignalP-1.1/

sp_lengths.html). If more than 50 amino acids were cleaved from the N-terminus of one 

proteoform, we reviewed the proteoform as truncated.

S-thiolation is a kind of PTM in which free thiol groups on proteins react with low mass 

thiols (e.g., glutathione and cysteine) to form disulfides. S-glutathionylation and S-

cysteinylation are two kinds of S-thiolation. Protein S-thiolation can occur in response to 

oxidative stress and protect cysteine from irreversible oxidation, and it can happen under 

physical conditions to influence protein function [37–39]. Recently, Ansong et al. reported 

that Gram-negative bacteria cultured in Lysogeny broth (LB) medium preferred to use S-

glutathionylation as a way for thiol protection [6]. We cultured the E. coli cells in LB 

medium for the experiment. We detected 25 proteins with S-glutathionylation PTM and only 

four proteins with S-cysteinylation PTM. Interestingly, the four cysteinylated proteins had 

both cysteinylated and glutathionylated proteoforms. Information of these proteins is listed 

in Supporting Information II. We compared the relative abundance of cysteinylated and 

glutathionylated proteoforms of two proteins, Figures 4a and 4b. The glutathionylated 

proteoform showed much higher intensity than the cysteinylated proteoform, suggesting that 

the E. coli cells cultured in LB medium preferentially used S-glutathionylation as a 

mechanism for thiol protection. Figure S6 shows the sequences and fragmentation patterns 

of the cysteinylated and glutathionylated proteoforms of the two proteins.
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We identified 15 proteins with S-S, including 9 proteins with one and 5 proteins with two. 

Interestingly, we also identified one protein, RNA polymerase-binding transcription factor 

DksA, which had one proteoform with one S-S and another proteoform with two S-S. Five 

out of the 15 proteins have been reported as S-S containing proteins in the literature. 

Information of the 15 proteins is listed in Supporting Information II. Figures 4c and 4d show 

two examples of these proteins. These two proteins, Thioredoxin 1 and DksA, were well 

fragmented with AI-ETD. The disulfide bonds were well localized based on the matching 

fragment ions. Thioredoxin 1 has one S-S between the two cysteine residues highlighted in 

red in Figure 4c [40]. Figure 4d and Figure S7 show the sequences and fragmentation 

patterns of DksA proteoforms with two and one S-S between the cysteine residues 

highlighted in red. DksA does not have S-S based on the literature, and instead, it binds one 

zinc ion through the four cysteine residues highlighted in Figure 4d [41]. The detected S-S 

on protein DksA might be endogenous or might form after cell lysis because the E. coli cells 

were lysed under a denaturing condition and the DksA-zinc complex was most likely 

destroyed during the process.

We also identified seven proteins with the lysine succinylation PTM, and these seven 

proteins were reported as succinylated proteins in the literature [42]. Three proteins had one 

modification site (100 Da mass shift), two proteins had three modification sites (300 Da 

mass shift), and one protein had two modification sites (200 Da mass shift). Interestingly, 

the lysine residues on ribose import binding protein RbsB were not succinylated consistently 

across different proteoforms. Two RbsB proteoforms had two succinylation sites, but the 

sites were different between the proteoforms. We also identified one RbsB proteoform with 

only one succinylation site. The information of proteins with lysine succinylation is shown 

in Supporting Information II. As shown in Figure 4e, the three modification sites on DNA-

binding protein HU-alpha were localized based on the fragment ions generated by AI-ETD. 

Figure 4f shows the sequence and fragmentation pattern of another succinylated protein, 

DNA-binding protein HU-beta, indicating one succinylation site on one of the three lysine 

residues highlighted in red.

Conclusions

We demonstrated the first application of CZE-AI-ETD for large-scale top-down proteomics. 

CZE-AI-ETD outperformed CZE-ETD and CZE-HCD considering the number of 

proteoform and protein IDs as well as the number of sequence-informative fragment ions 

generated. Coupling SEC fractionation to CZE-AI-ETD enabled IDs of 3,028 proteoforms 

and 387 proteins from the E. coli proteome, which represents the largest top-down 

proteomics dataset using the AI-ETD method so far. The SEC-CZE-AI-ETD system 

detected various PTMs, including protein N-terminal acetylation, methylation, S-thiolation, 

disulfide bonds, and lysine succinylation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Summary of the comparisons between CZE-AI-ETD and CZE-ETD as well as CZE-AI-ETD 

and CZE-HCD. (a) Number of IDs from AI-ETD (18 W) and ETD. (b) Distribution of –log 

(E-value) of identified proteoforms using AI-ETD (18 W) and ETD. (c) Number of IDs from 

AI-ETD (18 W) and HCD. (d) Distribution of –log (E-value) of identified proteoforms using 

AI-ETD (18 W) and HCD.
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Figure 2. 
Evaluation of reproducibility of the optimized CZE-AI-ETD system for top-down 

proteomics. (a) Base peak and total ion current (TIC) electropherograms of the E. coli 
sample analyzed by the optimized CZE-AI-ETD in triplicate. (b) Numbers of PrSMs, 

proteoforms, and proteins identified by the optimized CZE-AI-ETD. The error bars show the 

standard deviations of the IDs from the triplicate CZE-AI-ETD analyses. (c) The protein-

level overlaps among the CZE-AI-ETD runs. (d) The proteoform-level overlaps among the 

CZE-AI-ETD runs.
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Figure 3. 
SEC-CZE-AI-ETD for large-scale top-down proteomics of the E. coli cells. (a) Base peak 

electropherogram of SEC fraction 12 of the E. coli proteome analyzed by the optimized 

CZE-AI-ETD. (b) Distributions of the PrSM, proteoform and protein IDs across the 14 SEC 

fractions. (c) Distribution of the number of proteoform IDs per gene. (d) Distribution of the 

mass of identified proteoforms. (e) Box chart of the number of matching fragment ions of 

identified proteoforms. (f) Correlation between the proteoform mass and the normalized 

number of matching fragment ions. The number of matching fragment ions was normalized 

to the proteoform length that is the number of amino acid residues in a proteoform sequence. 

(g) Summary of the detected post-translational modifications. (h) Summary of the detected 

N-terminal methionine (M) removal, potential signal peptide cleavage, and N-terminal 

truncations.
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Figure 4. 
Examples of the S-thiolation, disulfide bond, and lysine succinylation PTMs. (a) Extracted 

ion electropherogram of the dnaK proteoforms with S-glutathionylation and S-

cysteinylation. m/z 1022.66 (charge +8) and m/z 944.49 (charge +8) were extracted with a 

20-ppm mass tolerance for the S-glutathionylation and S-cysteinylation proteoforms. (b) 

Extracted ion electropherogram of the ridA proteoforms with S-glutathionylation and S-

cysteinylation. m/z 920.02 (charge +15) and m/z 907.55 (charge +15) were extracted with a 

20-ppm mass tolerance for the S-glutathionylation and S-cysteinylation proteoforms. (c) The 

sequence and fragmentation pattern of thioredoxin 1. The sequence underlined with a green 

line had a −3 Da mass shift corresponding to a disulfide bond between the two cysteine 

residues. (d) The sequence and fragmentation pattern of DksA. The sequence underlined 

with a green line had a −4 Da mass shift corresponding to two disulfide bonds between the 
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four cysteine residues. (e) The sequence and fragmentation pattern of DNA-binding protein 

HU-alpha. The sequence underlined with a green line had a 300 Da mass shift corresponding 

to succinylations on the three lysine residues. (f) The sequence and fragmentation pattern of 

DNA-binding protein HU-beta. The sequence underlined with a green line had a 99 Da mass 

shift corresponding to succinylation on one of the three lysine residues.
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