
Toward a Universal Sample Preparation Method for Denaturing 
Top-Down Proteomics of Complex Proteomes

Zhichang Yang, Xiaojing Shen, Daoyang Chen, Liangliang Sun
Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, United 
States;

Abstract

A universal and standardized sample preparation method becomes vital for denaturing top-down 

proteomics (dTDP) to advance the scale and accuracy of proteoform delineation in complex 

biological systems. It needs to have high protein recovery, minimum bias, good reproducibility, 

and compatibility with downstream mass spectrometry (MS) analysis. Here, we employed a lysis 

buffer containing sodium dodecyl sulfate for extracting proteoforms from cells and, for the first 

time, compared membrane ultrafiltration (MU), chloroform-methanol precipitation (CMP), and 

single-spot solid-phase sample preparation using magnetic beads (SP3) for proteoform cleanup for 

dTDP. The MU method outperformed CMP and SP3 methods, resulting in high and reproducible 

protein recovery from both Escherichia coli cell (59 ± 3%) and human HepG2 cell (86 ± 5%) 

samples without a significant bias. Single-shot capillary zone electrophoresis (CZE)-MS/MS 

analyses of the prepared E. coli and HepG2 cell samples using the MU method identified 821 and 

516 proteoforms, respectively. Nearly 30 and 50% of the identified E. coli and HepG2 proteins are 

membrane proteins. CZE-MS/MS identified 94 histone proteoforms from the HepG2 sample with 

various post-translational modifications, including acetylation, methylation, and phosphorylation. 

Our results suggest that combining the SDS-based protein extraction and the MU-based protein 

cleanup could be a universal sample preparation method for dTDP. The MS raw data have been 

deposited to the ProteomeXchange Consortium with the data set identifier PXD018248.
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INTRODUCTION

Denaturing top-down proteomics (dTDP) aims to delineate proteoforms in cells with high 

throughput.1–3 It is becoming an important tool for gaining a better understanding of protein 

function in disease and development.3,4 For mass spectrometry (MS)-based dTDP, 

tremendous efforts have been made in boosting proteoform liquid-phase separation,5–15 

improving MS instrumentation,8,16–18 and developing new bioinformatics tools for 

proteoform identifications (IDs) through database search,19–21 leading to thousands of 

proteoform IDs from a complex proteome. The Kelleher group integrated three-dimensional 

(3D) liquid-phase separations (isoelectric focusing (IEF), gel-eluted liquid fraction 

entrapment electrophoresis (GELFrEE), and reverse-phase liquid chromatography (RPLC)) 

and a 12 T FT-ICR mass spectrometer for large-scale dTDP of human cells, enabling over 

3000 proteoform IDs.5 Anderson et al. showed that coupling 2D GELFrEE-RPLC separation 

to a 21 T FT-ICR mass spectrometer identified over 3000 proteoforms from human cancer 

cells.8 The Ge group combined 2D size exclusion chromatography (SEC)-RPLC separation 

and a Q-TOF mass spectrometer for dTDP, detecting 5000 different proteoforms from heart 

tissues.9 Our group coupled a 3D SEC-RPLC-capillary zone electrophoresis (CZE) 

separation to an Orbitrap mass spectrometer for dTDP and identified nearly 6000 

proteoforms from Escherichia coli cells.11 The Wu group developed a 2D-RPLC system for 

high-capacity proteoform separation and identified 2778 proteoforms from HeLa cell 

lysates.12 The Paŝa-Tolić group developed a high-capacity RPLC system for proteoform 

separation via using an 80 cm-long RPLC column, enabling 1665 proteoform IDs from 

bacteria with an Orbitrap mass spectrometer.13 Recently, our group employed a 1.5 m-long 

capillary for CZE separation of proteoforms and coupling the CZE separation to an Orbitrap 

mass spectrometer enabled the identification and quantification of thousands of proteoforms 

from zebrafish brain samples using hundreds of nanograms of protein materials.14

The development of large-scale dTDP underlines the importance of a standardized and 

universal sample preparation method to achieve comprehensive extraction of proteins from 

biological samples with high recovery, good reproducibility, minimum bias, and the absence 

of MS incompatible salts, chaotropes, and detergents. Protein extraction using a cell lysis 

buffer containing chaotropic agents or detergents and protein sample cleanup before MS 

with ultrafiltration or precipitation have been suggested as efficient approaches for 

preparation of protein samples for MS.22 Sodium dodecyl sulfate (SDS) is an extremely 
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efficient detergent for solubilizing and denaturing proteins, making it widely used in 

proteomics studies for protein extraction.23 However, higher than 0.01% (w/v) SDS can be 

detrimental to chromatography separation and suppress the ESI.24 Highly efficient depletion 

of SDS before MS analysis is critical. Multiple methods have been evaluated for SDS 

removal for bottom-up proteomics and/or dTDP, including membrane ultrafiltration,25 

chloroform-methanol precipitation (CMP),26 and single-spot solid-phase sample preparation 

using magnetic beads (SP3).27,28

Membrane ultrafiltration (MU) has been widely used by the bottom-up proteomics 

community for the filter-aided sample preparation (FASP) method to remove SDS before 

enzymatic digestion of proteins.25 Basically, a protein sample in 1–5% (w/v) SDS solution is 

loaded onto a commercialized membrane filter unit with a 10–30 kDa molecular weight 

cutoff (MWCO), followed by washing with an 8 M urea solution to remove SDS, which is 

based on the fact that 8 M urea can destroy the hydrophobic interaction between SDS and 

proteins. MU has also been routinely deployed for buffer exchange for TDP sample 

preparation.22 CMP is a well-recognized method for removing SDS from proteins in the 

dTDP workflow, and the Kelleher group has utilized CMP for cleaning the protein samples 

after GELFrEE fractionation in their large-scale dTDP works.5,6,8 Briefly, a protein sample 

dissolved in an SDS solution is mixed with methanol, chloroform, and water. After 

centrifugation, three phases form and the proteins precipitate at the interphase. After 

removing the upper phase, more methanol is added and the purified protein pellet is obtained 

after centrifugation. SP3 has been suggested as an efficient sample preparation method for 

bottom-up proteomics and various detergents can be removed from proteins using the SP3 

method.27,28 Recently, the Webb group evaluated the SP3 method for preparing intact 

protein samples for dTDP, demonstrating the great potential of the SP3 method as a 

universal sample preparation method for both bottom-up proteomics and dTDP.29 For SP3, a 

protein sample in an SDS buffer was mixed with magnetic beads and acetonitrile (ACN). 

Under a high concentration of ACN, proteins are adsorbed on the beads. Then, the beads are 

washed with organic solvents (i.e., ethanol and ACN) to clean up the proteins followed by 

on-bead digestion for bottom-up proteomics27,28 or recovering proteins from beads with 

cold 80% (v/v) formic acid for dTDP.29

In this work, for the first time, we compared MU with a 30 kDa MWCO membrane, CMP, 

and SP3 methods for cleaning up proteins extracted from E. coli cells using 1% (w/v) SDS 

for dTDP. The MU method showed the best results regarding the protein recovery and 

compatibility with the follow-up MS analysis. We further tested the MU method for human 

cells (HepG2). We analyzed the prepared E. coli and HepG2 samples using our CZE-

MS/MS system. Our data demonstrated that coupling the SDS-based protein extraction with 

the MU-based sample cleanup could be a universal sample preparation method for dTDP 

with high protein recovery, no significant protein bias, good reproducibility, and great 

compatibility with follow-up MS analysis.

EXPERIMENTAL SECTION

Details of materials and reagents are listed in Supporting Information I.
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Protein Extraction from E. coli and HepG2 Cells

E. coli (strain K-12 substrain MG1655) was cultured in the LB (Luria-Bertani) medium at 

37 °C until OD600 reached 0.7. The E. coli cells were harvested by centrifugation at 4000 

rpm for 10 min. The cell pellet was washed with PBS (phosphate-buffered saline) buffer 

three times to remove the leftover culture medium. After that, 400 μL of a lysis buffer 

containing 1% (w/v) SDS, 100 mM NH4HCO3, protease inhibitors, and phosphatase 

inhibitors (pH 8.0) was added into an Eppendorf tube containing the E. coli cells. The cells 

were pipetted up and down a couple of times and lysed by ultrasonication (Branson Sonifier 

250, VWR Scientific, Batavia, IL) on ice for 10 min. After cell lysis, the cell lysates were 

then centrifuged at 14,000g for 5 min. After that, the protein concentration of the 

supernatant was measured with the BCA (bicinchoninic acid) assay. The supernatant was 

then aliquoted into 100 μg/tube (4 mg/mL protein concentration) and stored at −80 °C before 

use. The cultured HepG2 cells were kindly provided by Prof. David Lubman at the 

Department of Surgery Research of University of Michigan. After cell culture, the HepG2 

cells were harvested through centrifugation at 100g for 5 min and were washed with the PBS 

buffer three times. The cell lysis protocol was the same as the E. coli cells described above. 

After the BCA assay for protein concentration measurement, the extracted proteins were 

aliquoted into 100 μg/tube (4 mg/mL protein concentration) and stored at −80 °C before use.

Protein Sample Cleanup with Various Methods before MS Analysis

SP3 Method.—The SP3 procedure was performed according to the literature with some 

modifications.27,28 The two types of carboxylate-modified paramagnetic beads (10, 100, and 

500 μg) were added into 100 μg of E. coli protein extract followed by addition of acetonitrile 

(ACN), ensuring ACN concentration higher than 70% (v/v). The E. coli protein extract was 

incubated in the presence of magnetic beads and ACN for 18 min at room temperature and 

then was placed on a magnet for 2 min. The supernatant was taken out and dried, and the 

protein concentration was measured through the BCA assay. Ethanol (200 μL) was used to 

rinse the beads twice, and 200 μL of ACN was used to rinse the beads once. A 60 μL 

solution of 100 mM NH4HCO3 (pH 8) was then added into the bead solution, and the 

resulting solution was sonicated for 10 min. The solution was then placed on a hotplate at 95 

°C for 15 min. The supernatant containing proteins was taken out and the protein 

concentration was measured with the BCA assay. The SP3 method was also applied on the 

HepG2 cell lysate with the same procedure.

CMP Method.—The CMP procedure was processed based on the literature.26 Briefly, 400 

μL of methanol, 100 μL of chloroform, and 300 μL of water were added into 100 μg of E. 
coli cell lysate (1 μg/μL, 1% (w/v) SDS) successively. Every addition of the reagent was 

followed by a thorough vortex. The mixture was then centrifuged at 14,000g for 1 min. The 

solution separated into three layers after centrifugation. The top aqueous layer was carefully 

removed without disturbing the protein flake. Methanol (400 μL) was then added into the 

solution followed by a thorough vortex. The mixture was then centrifuged at 20,000g for 5 

min. The supernatant was removed. The protein pellet was suspended in a 50 μL buffer 

containing 100 mM NH4HCO3 (pH 8) with or without 1% (w/v) SDS with gentle pipetting. 

We also vortexed and sonicated the sample solution gently for a short period of time to 
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improve the protein recovery. After centrifugation, the protein solution was analyzed by the 

BCA assay to determine the protein concentration.

MU Method.—A 100 μL solution of 8 M urea in 100 mM NH4HCO3 (pH 8) was first 

added into 100 μg of E. coli cell lysate, producing a protein solution with an ~0.80 mg/mL 

protein concentration. The mixture was then loaded onto a membrane filtration unit (30 kDa 

MWCO membrane). The filtration unit was centrifuged at 14,000g to make sure that all the 

solution went through the membrane. The membrane was then washed with 100 μL of 8 M 

urea in 100 mM NH4HCO3 twice followed by membrane washing with 100 μL of 100 mM 

NH4HCO3 three times. After the washing, 50 μL of 100 mM NH4HCO3 was loaded onto the 

membrane followed by pipetting up and down a few times. The filtration unit was then 

vortexed for 5 min and flipped over followed by a quick spin-down to recover the proteins 

from the membrane. The protein concentration in the collected solution was measured 

through the BCA assay. The same procedure was utilized for the HepG2 cell lysate.

SDS-PAGE and CZE-MS/MS Analysis

The E. coli and HepG2 cell lysates before and after cleanup with the three methods were 

analyzed by SDS-PAGE according to the procedure in the literature.30

For CZE-MS/MS, a linear polyacrylamide (LPA)-coated capillary (50/360 μm i.d./o.d.) with 

one end etched by hydrofluoric acid was used for CZE separation.31–33 The commercialized 

electrokinetically pumped sheath flow CE-MS interface (EMASS II, CMP scientific, 

Brooklyn, NY) was used to couple CZE to MS.34,35 The automated CZE operations were 

implemented with an ECE-001 autosampler (CMP scientific). A Q-Exactive HF mass 

spectrometer (Thermo Fisher Scientific) was used for all CZE-MS/MS analyses. A data-

dependent acquisition (DDA) method was employed. The details of SDS-PAGE and CZE-

MS/MS analysis are described in Supporting Information I.

Data Analysis

The TopPIC (top-down mass spectrometry-based proteoform identification and 

characterization) software was applied for proteoform IDs via database search for all E. coli 
and HepG2 data.19 Briefly, the RAW files were converted into mzML files using the 

msconvert tool.36 The mzML files were then processed by the TopFD (Top-down mass 

spectrometry feature detection) tool for spectral deconvolution. The resulted msalign files 

were then processed by TopPIC (v1.3.1) for database searching. UniProt databases of E. coli 
(UP000000625) and Human (UP000005640) were used for search. For the database search, 

the maximum number of mass shifts was 1. All other parameters were kept as default. The 

target-decoy approach was employed to evaluate the false discovery rate (FDR) of 

proteoform spectrum match (PrSM) and proteoform IDs.37,38 The database search results 

were filtered with a 1% PrSM-level FDR and a 5% proteoform-level FDR. The proteoforms 

identified from E. coli and HepG2 cells are listed in Supporting Information II. The MS raw 

data have been deposited to the ProteomeXchange Consortium via the PRIDE39 partner 

repository with the data set identifier PXD018248.
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The Retrieve/ID mapping tool from the UniProt was used for Gene Ontology (GO) analysis. 

Grand average of hydropathy (GRAVY) values of proteoforms were calculated through a 

GRAVY calculator (http://www.gravy-calculator.de/). Positive GRAVY values suggest 

hydrophobic, and negative values indicate hydrophilic. The transmembrane domains 

(TMDs) of identified membrane proteins were predicted using the TMHMM software 

(http://www.cbs.dtu.dk/services/TMHMM/).

RESULTS AND DISCUSSION

Comparison of MU, CMP, and SP3 Methods for Cleanup of Cell Lysates Containing SDS 
before MS

SDS has been widely used in proteomics studies to facilitate protein extraction from cells 

and protein solubilization. However, a trace amount of SDS could be detrimental to 

downstream processes such as enzymatic digestion in bottom-up proteomics, 

chromatographic separation, and MS detection.24,40 It is vital to remove SDS from cell 

lysates before top-down MS analysis. MU, CMP, and SP3 methods have been used in dTDP 

for removing detergents (e.g., SDS) from proteins.5,6,8,22,29 Here, for the first time, we 

compared the MU, CMP, and SP3 methods for preparation of E. coli and human (HepG2) 

cell lysates containing 1% (w/v) SDS for dTDP regarding protein recovery and protein bias. 

For each method, 100 μg of proteins dissolved in 1% (w/v) SDS was used as the starting 

material. The BCA assay and SDS-PAGE were used to evaluate the performance of the three 

methods. To make the sample preparation method compatible with follow-up dynamic pH 

junction-based CZE-MS/MS analysis,41 100 mM NH4HCO3 (pH 8.0) was used to redissolve 

the proteins after removing SDS with the three methods.

For the SP3 method, we first tested the loading capacity of magnetic beads by incubating 

100 μg of E. coli proteins with three different amounts of magnetic beads, 10, 100, and 500 

μg. The protein recovery based on the BCA assay was ~60% and had no obvious difference 

among the three different bead amounts, Figure 1A. We also measured the amount of 

proteins that were not bound to the magnetic beads at the first step with the BCA assay, 

Figure 1B. The unbound protein amount was ~5 μg, indicating that the magnetic beads 

captured proteins with high efficiency. Considering the recovered proteins (~60 μg) and 

unbound proteins (~ 5 μg), we noted that ~35% of the loaded proteins were lost somewhere 

during the SP3 process. We speculated that those proteins were still adsorbed on the 

magnetic beads and were not eluted by the 100 mM NH4HCO3 (pH 8.0) buffer. We further 

analyzed the proteins prepared by the SP3 method with the three different bead amounts 

using SDS-PAGE, Figure S1 in Supporting Information I. The three E. coli protein samples 

after the SP3 cleanup show no significant difference regarding the molecular weight (MW) 

distributions. The results indicate that 10 μg of magnetic beads is good enough to prepare 

100 μg of proteins from a complex proteome, which agrees well with the data in the 

literature.27,28 We utilized 10 μg of beads for all the following SP3 experiments. We also 

noted that the SP3 method-based sample cleanup introduced an obvious bias against large 

proteins (higher than 50 kDa) compared to the sample before cleanup, Figure S1. The bias 

was also observed in the HepG2 human cell lysate processed by the SP3 method, Figure S2. 

We used 100 mM NH4HCO3 (pH 8.0) to extract the proteins from the beads in order to 
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make the method compatible with follow-up CZE-MS/MS analysis, which might lead to 

relatively low efficiency of redissolving large proteins, because it has been suggested that a 

buffer containing detergents is essential for completely extracting proteins bound to beads in 

SP3.27–29

We then employed the MU, CMP, and SP3 methods for preparing aliquots of the E. coli cell 

lysate dissolved in 1% (w/v) SDS. Each aliquot contained 100 μg of proteins, and four 

aliquots were prepared by each method. The MU and SP3 methods generated much higher 

protein recovery than the CMP method (~60% vs 5%) with good reproducibility (RSD < 

12%) when a solution containing 100 mM NH4HCO3 (pH 8.0) was used to redissolve the 

protein pellet from CMP, Figure 1C. We noted that the protein pellet from CMP was hard to 

be dissolved in the NH4HCO3 buffer, which resulted in a low protein recovery. We further 

tried to use a buffer containing 1% (w/v) SDS and 100 mM NH4HCO3 (pH 8.0) to 

redissolve the protein pellet and obtained a 50% protein recovery with high precision (RSD, 

4%). We then analyzed the E. coli cell lysates before and after cleanup using the three 

methods by SDS-PAGE, Figure 1D. For the CMP method, we used the protein sample 

redissolved in the 1% (w/v) SDS solution for SDS-PAGE. Two batches of prepared samples 

with the three methods were analyzed. The MU and CMP method show comparable protein 

MW distributions, which are similar to the original E. coli sample without cleanup. As we 

discussed before, the SP3 method had trouble recovering large proteins with the 100 mM 

NH4HCO3 (pH 8.0) buffer. All the three methods show good reproducibility regarding the 

SDS-PAGE data. Based on the discussed protein recovery, protein bias, and compatibility 

with the CZE-MS/MS analysis of the three sample cleanup methods, the MU method 

outperformed the CMP and SP3 methods. We further employed the MU method for 

preparation of the HepG2 cell lysate in 1% (w/v) SDS. The SDS-PAGE and BCA assay data 

clearly show that the MU method can achieve reproducible preparation of the human cell 

lysate with high protein recovery and precision (86 ± 5%), Figure 1E,F. All the results 

demonstrate that the MU method could be a universal method for sample preparation in 

dTDP of complex proteomes. We obtained a higher protein recovery for the human cell 

lysate than the E. coli cell lysate (86% vs 60%) using the MU method, presumably due to 

the fact that E. coli proteins tend to be smaller than human proteins in the length range of 1–

250 amino acids based on the data in Swiss-Prot database, Figure S3, resulting in a higher 

chance for protein to flow through the membrane (30 kDa MWCO) for the E. coli sample.

We also noted that for the MU method, when the centrifugal force is too high (i.e., 16,800g), 

the protein recovery can be reduced drastically compared to the typical centrifugal force 

(14,000g) used in the procedure (33% vs 86%), possibly due to membrane clogging by 

proteins or impurities in the extraction solution. We suggest a pre-centrifugation operation 

for protein samples to remove any precipitate before the MU procedure, which will ensure 

the straightforward MU operations and good protein recovery.

Coupling SDS-Based Protein Extraction and MU-Based Sample Cleanup to CZE-MS/MS for 
dTDP

We further coupled the SDS-based protein extraction and the MU-based protein sample 

cleanup to our dynamic pH junction-based CZE-MS/MS for dTDP of E. coli cells. 
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Approximately 500 nL of the E. coli protein solution in 100 mM NH4HCO3 (pH 8.0) after 

cleanup was injected into the CZE capillary for analysis. The injected protein amount was 

roughly 400 ng. The BGE of CZE was 20% (v/v) acetic acid. We performed CZE-MS/MS 

analysis of two batches of the E. coli sample prepared by the MU method. Figure 2A shows 

the base peak electropherograms of the two E. coli samples, and Figure 2B shows the 

numbers of identified proteins, proteoforms, and PrSMs. The whole workflow shows good 

reproducibility regarding the CZE separation profile, base peak intensity (Table S1), and 

identifications. Single-shot CZE-MS/MS identified 832 ± 65 proteoforms (n = 2) with a 5% 

proteoform-level FDR. When we used a 1% proteoform-level FDR, 821 ± 67 (n = 2) 

proteoforms corresponding to 219 ± 21 proteins were identified in a single CZE-MS/MS 

run, Figure 2B. On average, ~20 fragment ions were matched to each identified proteoform, 

Figure 2C, suggesting the high confidence of the proteoform identifications. We noted that 

mass of identified proteoforms ranged from 1 to 25 kDa and over 70% of the identified 

proteoforms had a mass smaller than 6 kDa. We also analyzed the GO information of the 

identified proteins, Figure 2D, and ~30% of the proteins were membrane proteins. We 

finally analyzed the hydrophobicity of the identified proteoforms and compared it with our 

previous work in which 8 M urea was used for protein extraction from E. coli cells.41 As 

shown in Figure 2E, the E. coli proteoforms identified in this work show higher 

hydrophobicity than the ones identified in our previous work, most likely due to the fact that 

SDS has stronger solubility for hydrophobic proteins than 8 M urea. We also noted that 

compared to the protein samples extracted with 8 M urea,41 the samples from the 1% (w/v) 

SDS extraction required a higher acetic acid concentration in the BGE of CZE (20% vs 5% 

(v/v) acetic acid) to achieve reproducible CZE separations, which might be due to the higher 

hydrophobicity of proteoforms from the 1% (w/v) SDS extraction. We need to point out that 

when a high amount of acetic acid (i.e., 20%) is used as the BGE for CZE separation, the 

sample dissolved in the NH4HCO3 buffer in a sample vial could be acidified by the BGE 

during the sample injection process, which will influence the dynamic pH junction sample 

stacking obviously. When the sample volume is small (i.e., <5 μL), the issue becomes 

severe. Immersing the sample injection end of the capillary in a 100 mM NH4HCO3 buffer 

for seconds before moving it into the sample vial for sample injection can eliminate the issue 

based on our experience.

We also analyzed the HepG2 cell proteins prepared by the MU method using our dynamic 

pH junction-based CZE-MS/MS. The same CZE and MS conditions as those for the E. coli 
samples were used here except that we employed 40% (v/v) acetic acid as the BGE of CZE 

due to the much higher complexity of the human cell line sample compared to the E. coli 
sample. The CZE-MS/MS identified 534 proteoforms and 248 proteins in a single run with a 

5% proteoform-level FDR. When a 1% proteoform-level FDR was used, 516 proteoforms 

corresponding to 241 proteins were identified. Figure 3A shows the base peak 

electropherogram of the CZE-MS/MS run. The mass of identified proteoforms ranged from 

~1 kDa to roughly 24 kDa, Figure 3B. Over 200 proteoforms had a mass higher than 10 

kDa. Out of the 248 identified proteins, 125 proteins are membrane proteins, 112 proteins 

are located in the nucleus, and 22 proteins belong to chromatin according to the information 

from the UniProt Knowledgebase (https://www.uniprot.org/). Sequences and fragmentation 

patterns of two transmembrane proteins (6.8 kDa mitochondrial proteolipid and cytochrome 
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c oxidase subunit 6A1, mitochondrial) are shown in Figures 3C,D. The two membrane 

proteins were identified with high confidence, and the TMDs were cleaved reasonably well 

in the gas phase by HCD. Figure 3E,F shows the mass spectrum and fragmentation pattern 

of one proteoform of C1QBP (complement component 1 Q subcomponent-binding protein, 

mitochondrial) having a mass of 23767.7 Da. The proteoform had clear signals in the mass 

spectrum and was identified by MS/MS through the database search with 18 matched 

fragment ions and a 2.53 × 10−11 E value. An N-terminal truncation was determined for the 

proteoform.

The CZE-MS/MS data further indicate that the sample preparation procedure (SDS-based 

protein extraction and MU-based sample cleanup) is efficient for extraction and preparation 

of proteins including membrane proteins from bacterial and human cells. The sample 

preparation procedure should be also compatible with widely used RPLC-MS/MS, although 

we only used CZE-MS/MS in this work.

Proteoforms with Post-translational Modifications (PTMs)

We also performed another CZE-MS/MS run of the prepared E. coli sample from the MU 

method under very clean CZE and MS conditions to pursue a higher number of proteoform 

identifications, leading to an identification of 1336 proteoforms corresponding to 301 

proteins with a 1% proteoform-level FDR. Various protein modifications were detected, 

including but not limited to N-terminal methionine removal, N-terminal truncation, N-

terminal acetylation, and disulfide bond, Figure 4A. Two truncated proteoforms of 50S 

ribosomal protein L7/L12 at the N-terminus with or without lysine methylation are shown in 

Figures 4B,C. The fragmentation patterns show extensive backbone cleavages of the two 

proteoforms. We also observed that the abundance of the methylated proteoform was ~50% 

of the non-methylated proteoform according to the mass spectrum in Figure 4D. The 

methylation at Lys-82 detected in our work agrees well with the data in the literature.42 We 

identified 15 proteoforms with one or two disulfide bonds, and those proteoforms are listed 

in Supporting Information II. Sequences and fragmentation patterns of two proteoforms with 

one and two disulfide bonds are shown in Figure 4E,F. Interestingly, for Figure 4E, the 

location of the disulfide bond was previously reported as the zinc ion binding position.43 For 

the 50S ribosomal protein L31, the literature data suggested that C16 was responsible for 

zinc ion binding, but our data show that C16, C18, C37, and C40 form two disulfide bonds, 

Figure 4F. The disulfide bonds might form endogenously or develop after cell lysis due to 

the loss of zinc ions during sample preparation.

We identified proteoforms with various PTMs in the HepG2 data, including but not limited 

to N-terminal acetylation (205), phosphorylation (11), and disulfide bonds (8), Figure 5A. 

The proteoforms with phosphorylation and disulfide bonds are listed in Supporting 

Information II. We identified one proteoform of programmed cell death protein 5 with N-

terminal acetylation and one serine phosphorylation (Figure 5B), one proteoform of 60S 

acidic ribosomal protein P2 with two serine phosphorylations (Figure 5C), and one 

proteoform of small ubiquitin-related modifier 1 with both acetylation and phosphorylation 

at the N-terminal serine residue (Figure 5D). The PTM information of these three 

proteoforms matches well with the UniProt Knowledgebase (https://www.uniprot.org/). We 
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noted that the three serine residues marked in red in the underlined region in Figure 5C 

could be phosphorylated according to the UniProt Knowledgebase, and our data show that 

only two of them are actually phosphorylated in the proteoform. We also identified one 

proteoform of 60S ribosomal protein L32 with one disulfide bond, Figure S4, which is not 

reported in the literature according to the UniProt Knowledgebase. Prothymosin alpha 

(PTMA) is a histone-binding protein, and it can regulate gene transcription.44 Prothymosin 

alpha has eight phosphorylation sites according to the UniProt Knowledgebase. Our data 

revealed one phosphorylation site (mass shift of 79.97 Da) in the underlined region (S85 or 

T87) in Figure S5A, which is not reported previously. We also compared the relative 

abundance of the identified phosphorylated proteoform of PTMA and the corresponding 

unphosphorylated proteoform based on the extracted base peak electropherogram, Figure 

S5B. The unphosphorylated proteoform had ~5-times higher abundance than the 

phosphorylated one. Additionally, CZE separated the phosphorylated and unphosphorylated 

proteoforms very well with an 8 min difference in migration time and the phosphorylated 

one migrated obviously slower than the unphosphorylated one in CZE due to the charge 

reduction from the phosphorylation, which agrees well with the previous reports.45–48 The 

migration time shift between unphosphorylated and phosphorylated proteoforms provides 

additional evidence for the phosphorylation PTM. Figure S5C,D shows mass spectra of the 

unphosphorylated and phosphorylated proteoforms, indicating a difference between them 

regarding charge distribution. We speculate that the phosphorylation could influence the ESI 

of prothymosin alpha to some extent.

Histone PTMs are extremely important for regulating gene expression, and dTDP is an 

invaluable approach for delineating the histone code in a proteoform-specific manner.49–52 

In this work, we identified 94 histone proteoforms from the HepG2 sample in a single CZE-

MS/MS run without any histone purification. The histone proteoforms are listed in 

Supporting Information II. The 94 histone proteoforms covered the five major histone 

variants, H1 (11), H2A (39), H2B (36), H3 (1), and H4 (7), Figure 6A. We observed various 

PTMs on the histone proteoforms, including acetylation, methylation, and phosphorylation, 

Figure 6B–F. Sequences and fragmentation patterns of two histone H4 proteoforms are 

shown in Figure 6B,C. We observed both N-terminal acetylation and a 28 Da mass shift, 

most likely corresponding to two methylations within the underlined region in the two 

proteoforms. Due to the limited backbone cleavage coverages for the two proteoforms, it is 

difficult to localize the methylation PTM. Interestingly, there are no literature reports about 

methylation or dimethylation PTM in the two regions of histone H4 underlined in Figure 

6B,C according to the UniProt Knowledgebase. We also identified one histone H4 

proteoform with a 337 Da mass shift, Figure 6D. The mass shift corresponds to a region 

with four lysine residues (K6, K9, K13, and K17). According to the UniProt 

Knowledgebase, these four lysine residues could have acetylation (+42 Da), propionylation 

(+56 Da), crotonylation (+68 Da), butyrylation (+70 Da), succinylation (+100 Da), and 

glutarylation (+114 Da). We speculate that the 337 Da mass shift is most likely produced by 

a combination of these various PTMs. The data further suggest the importance of improving 

the backbone cleavage coverage for comprehensive characterization of proteoforms.

We identified one proteoform of histone H2A type 1-J with a 122 Da mass shift in the 

underlined region, Figure 6E. We speculate that the mass shift corresponds to an acetylation 
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(+42 Da) and a phosphorylation (+80 Da). It has been reported that the K6 and K10 residues 

could be acetylated.53 However, no literature information about the phosphorylation at T17, 

S19, or S20 in the mass shift corresponding region according to the UniProt 

Knowledgebase. We also identified one histone H2A type 1 proteoform with an 83 Da mass 

shift in the underlined region, Figure 6F. The K96 and K100 in the mass shift-corresponding 

region could be acetylated based on the previous reports53,54 and the information from 

PhosphoSitePlus v6.5.8 (https://www.phosphosite.org/). Two lysine acetylation 

modifications produce an 84 Da mass shift, which is 1 Da heavier than the observed mass 

shift. The 1 Da difference could be due to a misassignment of the monoisotopic peak of the 

protein, which resulted in a 1 Da error of the proteoform’s monoisotopic mass. Therefore, 

the observed 83 Da mass shift is most likely due to the acetylation at both K96 and K100.

CONCLUSIONS

We performed comprehensive comparisons of the MU, CMP, and SP3 methods for cleanup 

of proteome samples in a lysis buffer containing SDS regarding protein recovery, protein 

bias, and compatibility with follow-up MS analysis. Our data indicate that the SDS-based 

protein extraction and the MU-based protein cleanup could be a universal sample 

preparation procedure for dTDP of complex proteome samples. The procedure produced a 

reproducible sample preparation with high protein recovery for both E. coli and human cell 

line samples. Single-shot CZE-MS/MS analysis of the prepared E. coli and HepG2 cell 

proteome samples (400 ng proteins consumed) identified up to 1336 proteoforms (301 

proteins) and 516 proteoforms (241 proteins) with a 1% proteome-level FDR, respectively. 

Single-shot CZE-MS/MS analysis of the HepG2 cell sample identified 125 membrane 

proteins and 94 histone proteoforms. The sample preparation procedure including the SDS-

based protein extraction and the MU-based protein cleanup should be also compatible with 

the widely used RPLC-MS/MS approach, although we only used CZE-MS/MS in this work.

We need to point out that when the sample complexity and protein hydrophobicity increase, 

the BGE composition of CZE needs to be adjusted to ensure good solubility of proteins 

during CZE separation. We are working on optimizations of CZE-MS conditions for 

characterization of proteome samples with high hydrophobicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
BCA and SDS-PAGE results on the (A–D) E. coli cell proteins and (E, F) HepG2 cell 

proteins when different SDS removal methods were applied. (A) Protein recovery (%) of the 

SP3 method for 100 μg of E. coli proteins when different amounts of magnetic beads were 

used (n = 2). (B) Amounts of unbound proteins to magnetic beads as a function of the 

magnetic bead amount (n = 2). (C) Protein recovery (%) of the SP3, CMP, and MU methods. 

The protein pellets from the CMP method were dissolved in 100 mM NH4HCO3 (ABC is 

short for ammonium bicarbonate) (pH 8) with or without 1% (w/v) SDS (n = 4). (D) SDS-

PAGE data of the recovered E. coli proteins using the SP3, CMP, and MU methods (n = 2) 

as well as the E. coli cell lysate in 1% (w/v) SDS before sample cleanup (original). For the 

CMP method, the protein pellet dissolved in 100 mM NH4HCO3 (pH 8) with 1% (w/v) SDS 
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was used for the analysis. For each sample, an aliquot of 10 μg of proteins was loaded for 

SDS-PAGE. (E) SDS-PAGE data of the HepG2 cell protein samples before (original) and 

after sample cleanup with the MU method (n = 2). For each sample, an aliquot of 6 μg of 

proteins was loaded for SDS-PAGE. (F) Protein recovery data of the HepG2 cell samples 

after the MU method-based sample cleanup (n = 4). The error bars in the figures represent 

the standard deviations of protein recovery or protein amount.
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Figure 2. 
CZE-MS/MS data of E. coli samples prepared with the MU method. (A) Base peak 

electropherograms of two batches of prepared E. coli protein samples after CZE-MS/MS 

analysis. (B) Numbers of proteins, proteoforms, and PrSM identifications from the two 

CZE-MS/MS runs. The error bars represent the standard deviations of the number of 

identifications. (C) Box chart of the number of matched fragment ions of identified E. coli 
proteoforms. (D) Gene Ontology cellular component analysis of identified E. coli proteins 

from the two CZE-MS/MS analyses. (E) Box charts of GRAVY values of the identified 

proteoforms from the two CZE-MS/MS analyses in this work (SDS-batch 1 and SDS-batch 

2) and from our previous work in ref 41 (8 M urea).
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Figure 3. 
CZE-MS/MS data of the HepG2 cell protein sample prepared with the MU method. (A) 

Base peak electropherogram of the protein sample after CZE-MS/MS analysis. (B) Mass 

distribution of the identified proteoforms from the HepG2 protein sample. (C, D) Sequences 

and fragmentation patterns of two transmembrane proteins with one TMD. The regions 

corresponding to TMDs are underlined. (E) Mass spectrum of the identified proteoform of 

C1QBP (Complement component 1 Q subcomponent-binding protein, mitochondrial) with a 

mass of 23767.7 Da. (F) Sequence and fragmentation pattern of the C1QBP proteoform in 

(E).
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Figure 4. 
CZE-MS/MS data of the E. coli sample regarding PTMs. (A) Distribution of some 

modifications on the identified proteoforms. (B) Sequence and fragmentation pattern of the 

50S ribosomal protein L7/L12 proteoform with one methylation at the marked lysine residue 

and N-terminal truncation. (C) Sequence and fragmentation pattern of the 50S ribosomal 

protein L7/L12 proteoform with only N-terminal truncation. (D) Mass spectrum of one 

charge state (+6) of the 50S ribosomal protein L7/L12 proteoforms in (B) and (C). (E) 

Sequence and fragmentation pattern of one proteoform of the aspartate carbamoyltransferase 

regulatory chain with one disulfide bond between the two marked cysteine residues and 

truncations at the termini. (F) Sequence and fragmentation pattern of one proteoform of 50S 

ribosomal protein L31 with two disulfide bonds among the four marked cysteine residues, 

removal of two amino acid residues at the N-terminus, and truncation at the C-terminus.
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Figure 5. 
CZE-MS/MS data of the HepG2 sample regarding PTMs. (A) Distribution of some 

modifications on the identified proteoforms. Sequences and fragmentation patterns of some 

proteoforms (B) with one phosphorylation site and N-terminal acetylation, (C) with two 

phosphorylation sites, and (D) with phosphorylation and acetylation on the N-terminal 

serine residue.
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Figure 6. 
CZE-MS/MS data of the HepG2 sample regarding histone proteoforms. (A) Distribution of 

the identified histone proteoforms as a function of major histone variants. Sequences and 

fragmentation patterns of three H4 proteoforms with (B) a 28 Da mass shift, (C) a 28 Da 

mass shift, and (D) a 337 Da mass shift. Sequences and fragmentation patterns of (E) histone 

H2A type 1-J proteoform with a 122 Da mass shift and (F) histone H2A type 1 proteoform 

with an 83 Da mass shift.
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