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Abstract

Mass spectrometry (MS)-based top-down characterization of integral membrane proteins (IMPs) 

is crucial for understanding their functions in biological processes. However, it is technically 

challenging due to their low solubility in typical MS-compatible buffers. In this work, for 

Corresponding Author: Liangliang Sun – Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, 
United States; Phone: 1-517-353-0498; lsun@chemistry.msu.edu. 

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.analchem.3c02346.

Experimental details; the electropherogram and MS/MS spectra of single-shot CZE-MS/MS; mass distribution of the identified 
proteoforms for CZE-MS/MS and SEC-CZE-MS/MS; overlap of identified proteoforms between CZE-MS/MS and SEC-CZE-
MS/MS; the electropherogram and mass spectra of SEC fraction 1, fraction 3, fraction 4; the extracted ion electropherograms of 
selected proteoforms in SEC fraction 3 and fraction 4 (PDF)

Lists of identified proteoforms (XLSX)

Complete contact information is available at: https://pubs.acs.org/10.1021/acs.analchem.3c02346

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2024 August 29.

Published in final edited form as:
Anal Chem. 2023 August 29; 95(34): 12590–12594. doi:10.1021/acs.analchem.3c02346.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pubs.acs.org/doi/10.1021/acs.analchem.3c02346
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c02346/suppl_file/ac3c02346_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c02346/suppl_file/ac3c02346_si_002.xlsx
https://pubs.acs.org/10.1021/acs.analchem.3c02346


the first time, we developed an efficient capillary zone electrophoresis (CZE)-tandem MS 

(MS/MS) method for the top-down proteomics (TDP) of IMPs enriched from mouse brains. Our 

technique employs a sample buffer containing 30% (v/v) formic acid and 60% (v/v) methanol for 

solubilizing IMPs and utilizes a separation buffer of 30% (v/v) acetic acid and 30% (v/v) methanol 

for maintaining the solubility of IMPs during CZE separation. Single-shot CZE-MS/MS identified 

51 IMP proteoforms from the mouse brain sample. Coupling size exclusion chromatography 

(SEC) to CZE-MS/MS enabled the identification of 276 IMP proteoforms from the mouse brain 

sample containing 1–4 transmembrane domains. This proof-of-concept work demonstrates the 

high potential of CZE-MS/MS for the large-scale TDP of IMPs.

Graphical Abstract

Integral membrane proteins (IMPs) embedded within the lipid bilayer membranes are 

fundamental for essential cellular functions as transporters, receptors, channels, and 

enzymes, and they are also important drug targets.1,2 While membrane protein-coding 

genes with transmembrane domains (TMDs) were predicted to make up 26%–36% of 

the human protein-coding genes, IMPs are underrepresented in most proteomic studies 

due to their relatively low abundance and high hydrophobicity.3–5 Although bottom-up 

proteomics (BUP) has great success in the identification of IMPs by their peptides, their 

intact pictures are lost.6–10 Top-down proteomics (TDP) will provide us with a bird’s 

eye view of intact proteoforms from the same gene. Proteoforms from the same gene 

due to genetic variations, alternative splicing, and post-translational modifications (PTMs) 

can have different biological functions.11–15 PTMs of IMPs are related to their stability 

and functional regulation as well as apoptosis.16,17 Therefore, TDP analysis of IMPs in 

a proteoform-specific manner will offer a much better understanding of their biological 

functions.

Top-down MS characterization of IMPs is a hot research topic, and great effort has 

been made to study well-purified specific IMPs or IMP complexes.18–25 Some studies 

have been performed on coupling offline or online liquid-phase separation methods (e.g., 

liquid chromatography (LC)) to MS/MS for proteome-scale studies of IMPs.26–30 The 

Kelleher group employed a sodium dodecyl sulfate (SDS) buffer for IMP solubilization, 
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followed by gel-eluted liquid fraction entrapment electrophoresis (GELFrEE) fractionation 

and LC-MS/MS for the identification of IMP proteoforms from human cell lysates.27,28 

Whitelegge et al. utilized high-concentration formic acid (FA) to dissolve IMPs, followed 

by size-exclusion chromatography (SEC) and reversed-phase LC separations before MS and 

MS/MS.29 The Ge group also used a similar protein solubilization and separation procedure 

for TDP of IMPs purified from human embryonic kidney cells and cardiac tissue lysates, 

identifying up to nearly 200 IMPs.30

Capillary zone electrophoresis (CZE)-MS/MS has been proven as a valuable tool for TDP 

of complex biological samples due to its high separation efficiency and high sensitivity 

for proteoform separation and detection.31–34 For example, recently our group reported 

the identification of over 23,000 proteoforms from human cancer cell lysates using 

CZE-MS/MS, advancing the TDP for global proteoform identifications substantially.33 

CZE-MS/MS for TDP analysis of single human cells has also been reported.34 CZE for 

membrane protein analysis started in the 1990s using background electrolytes containing a 

high concentration of salts or detergents.35,36 CZE-MS methods have also been developed 

for BUP of hydrophobic peptides.37,38 However, to the best of our knowledge, there is no 

report on coupling CZE to MS/MS online for TDP of IMPs.

Herein, we demonstrate the first example of CZE-MS/MS for the TDP of IMP proteoforms 

purified from mouse brains. Briefly, the IMPs were extracted from the mouse brain and 

purified by an alkaline and urea wash following procedures in the literature.39,40 After 

chloroform–methanol precipitation, 120 μg of IMPs was dissolved in a buffer containing 

30% (v/v) FA and 60% (v/v) methanol, followed by SEC fractionation using a mobile phase 

(5% FA, 60% methanol, v/v). Each SEC fraction was analyzed by CZE-MS/MS with a BGE 

containing 30% (v/v) acetic acid (AA) and 30% (v/v) methanol, Figure 1A. The proteoform 

identification was performed via database search against a UniProt mouse database 

(UP000000589, 55315 entries) using TopPIC software (TOP-down mass spectrometry-based 

proteoform identification and characterization, versions 1.6.0 and 1.6.2).41 The proteoform 

identification was filtered by a proteoform-level false discovery rate (FDR) of less than 5%. 

The number of transmembrane domains (TMDs) of identified proteoforms was predicted by 

Deep TMHMM, which is a deep learning model for transmembrane topology prediction.28 

TMHMM has been widely used to predict the transmembrane helices with a high accuracy 

since the first version in 2001.42 The detailed experimental procedures are described in 

Supporting Information I.

Single-shot CZE-MS/MS analysis identified 21 proteins and 65 proteoforms from the 

mouse brain. Of the proteoforms identified, 51 (79%) have at least one TMD predicted 

by Deep TMHMM. The data demonstrate that our CZE-MS/MS method is efficient for 

IMP proteoform identification. We also checked the mass shifts of identified proteoforms 

for potential formylation modifications [+28 Da] due to the high concentration of FA that 

was used for the solubilization of IMPs before CZE-MS/MS. We did not see any 28-Da 

mass shifts in the identified proteoforms. We suspect the lack of artifactual formylation is 

due both to our storage of the FA solution at −20 °C before use and to the rapid dilution 

after solubilization.43 We noted that all of the identified IMP proteoforms were smaller than 

18 kDa. As shown in Figure S1, the mouse brain IMP proteoforms migrated through the 
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CZE capillary within the time window of 40–90 min. The earlier peaks during 40–50 min 

correspond to proteoforms smaller than 18 kDa. The later peaks during 50–90 min are most 

likely relatively large proteoforms, and there are no clear charge state distributions in those 

mass spectra under our instrument conditions.

To improve the identification of large proteoforms, we further fractionated the mouse 

brain IMP fraction dissolved in 30% (v/v) FA and 60% (v/v) methanol by SEC into four 

fractions to reduce the sample complexity. The mobile phase of SEC was kept at a high 

concentration of FA (5%) and methanol (60%) to maintain the solubility of IMPs. Each 

SEC fraction was analyzed by CZE-MS/MS in a technical duplicate. We identified 42, 107, 

191, and 57 proteoforms from SEC fractions 1, 2, 3, and 4, respectively, Figure 1B. In 

total, 65 proteins and 343 proteoforms were identified from the mouse brain sample using 

SEC-CZE-MS/MS. Out of the identified proteoforms, 276 proteoforms are IMP proteoforms 

and had 1–4 TMDs, including proteoforms from enzymes (e.g., ATP synthase, Cytochrome 

c oxidase, and NADH dehydrogenase), channels (i.e., voltage-dependent anion-selective 

channel protein 1), and receptors (i.e., mitochondrial import receptor). The number of IMP 

proteoforms from SEC-CZE-MS/MS is improved by more than 5-fold compared to that 

from single-shot CZE-MS/MS (276 vs 51). We need to highlight that SEC-CZE-MS/MS 

identified 13 proteoforms higher than 18 kDa and that single-shot CZE-MS/MS did not 

identify any proteoforms larger than 18 kDa. The data clearly indicate that our SEC-CZE-

MS/MS technique could be a useful tool for the proteome-scale characterization of IMP 

proteoforms. The proteoforms identified by SEC-CZE-MS/MS are listed in Supporting 

Information II. The MS raw files have been deposited to the ProteomeXchange Consortium 

via the PRIDE partner repository with the data set identifier PXD042298.44 We noted that 

most of the identified IMP proteoforms had one TMD, which is consistent across all of 

the SEC fractions, Figure 1B. The phenomenon is most likely due to the relatively small 

proteoforms identified in this study. As shown in Figure S2, CZE-MS/MS alone identified 

proteoforms in the mass range of 3–17 kDa, with the majority in the range of 5–10 kDa. 

SEC-CZE-MS/MS identified proteoforms in a mass range of 3–22 kDa, producing much 

more proteoforms larger than 10 kDa compared to CZE-MS/MS alone. Identification of 

large proteoforms (i.e., >30 kDa) from complex proteomes by TDP is challenging due to 

their low signal-to-noise ratios caused by wide charge state distributions and due to the 

limited mass resolution of commonly used mass spectrometers in TDP studies.30,32,33 Figure 

S3 shows a Venn diagram about the proteoforms identified by CZE-MS/MS and SEC-CZE-

MS/MS. Interestingly, although SEC-CZE-MS/MS identified many more proteoforms than 

CZE-MS/MS alone (343 vs 65), only less than 50% of proteoforms from CZE-MS/MS alone 

are covered by SEC-CZE-MS/MS.

We further studied the proteoform overlaps between any two SEC fractions, as shown in 

Figure 1C. The proteoform overlap ranges from 2% to 51% and becomes smaller when the 

two fractions have a bigger elution time difference. This suggests that SEC can fractionate 

the mouse brain IMP proteoforms efficiently. Figure 1D shows the violin plots of mass 

distributions of identified proteoforms from CZE-MS/MS alone (no-SEC) and the four SEC 

fractions. It is clear that the median proteoform mass gradually decreases from fraction 1 

(SEC-1, ~15 kDa) to fraction 3 (SEC-3, ~8 kDa), indicating a reasonably good separation 

of SEC for the proteoforms by their size. Fractions 3 and 4 (SEC-3 and SEC-4) have 
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comparable mass distributions, although substantially more proteoforms were identified in 

F3 compared to F4 (191 vs 57). SEC-CZE-MS/MS improved the identification of relatively 

large proteoforms compared to that of CZE-MS/MS alone (no-SEC).

Figure 2 shows the representative electropherogram of CZE-MS/MS analysis of SEC 

fraction 2 including three examples of IMP proteoforms identified in the CZE-MS/MS run 

at different migration times. These three proteoforms were identified with low E-values 

ranging from 8.3 × 10−24 to 7.3 × 10−38, indicating high-confidence identifications. 

These three proteoforms all contain one TMD, and good backbone cleavage coverages 

were achieved for the TMDs using the higher energy collision dissociation (HCD) 

method. Electropherograms of SEC fractions 1, 3, and 4 as well as some example 

proteoforms identified in those fractions are shown in Figures S4–S6. We determined N-

terminal methionine removal (ATP synthase subunit e, Figure S5), N-terminal truncation, 

mitochondrion transit peptide cleavage (Cytochrome c oxidase subunit 4 isoform 1, 

mitochondrial, Cox4i1, Figure S4), N-terminal acetylation, phosphorylation (cell cycle 

exit and neuronal differentiation protein 1, Cend1, Figure S5), and myristoylation on the 

N-terminal glycine residue (Brain acid soluble protein 1, Basp1, Figure S4) on those 

proteoforms. The Basp1 proteoform has a mass shift of 79.160 Da on the first ten 

amino acid residues, which matches with the methionine removal and myristoylation on 

N-terminal glycine [210.198 Da–131.040 Da = 79.159 Da]. The PTM information matches 

well with that in the UniProt database (https://www.uniprot.org/uniprotkb/Q91XV3/entry). 

The N-myristoylation is required for Basp1 as a transcriptional corepressor to remove 

histone modifications H3K9ac and H3K4me3.45 We identified over 60 Cend1 proteoforms 

(Supporting Information II), and the majority of them have N-terminal acetylation. We also 

detected various mass shifts (e.g., 78–81 Da, 122 Da, 159–161, 238, and 478 Da) on the 

Cend1 proteoforms. Those mass shifts could be explained as single phosphorylation (80 Da), 

multiple phosphorylation (i.e., 160, 240, and 480 Da), or a combination of phosphorylation 

and acetylation (i.e., 122 Da). Cend1 has multiple phosphorylation sites according to the 

UniProt database and PhosphoSitePlus database (https://www.phosphosite.org). Cend1 is a 

neuronal protein highly expressed in the postnatal mouse brain and modulates cell cycle 

exit and neuronal differentiation.46 However, the functions of specific phosphorylated Cend1 

proteoforms are still not known. Extracted ion electropherograms of some of the example 

proteoforms are shown in Figures S7 and S8.

In summary, for the first time, we developed a CZE-MS/MS technique for TDP of IMPs, 

and by employing SEC-CZE-MS/MS, we achieved the identification of hundreds of IMP 

proteoforms from mouse brains. We expect that coupling SEC fractionation with CZE-

MS/MS will be a useful tool for large-scale TDP of IMPs. The current limitation of the 

technique is the identification of large IMP proteoforms due to the limited mass resolution 

of the mass spectrometer used in this study. We believe that coupling our SEC-CZE 

separations to a high-end Orbitrap,47 FT ion cyclotron resonance (ICR),48 or time-of-flight 

(TOF)49 mass spectrometers will improve the characterization of large IMP proteoforms 

substantially.
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Figure 1. 
Intact integral membrane protein (IMP) analysis by CZE-MS/MS. (A) Flowchart of SEC-

CZE-ESI-MS/MS for profiling IMPs of mouse brains, created with Biorender. (B) The 

identification number of proteoforms from each SEC fraction and the combined result 

from the four fractions. Different colors represent the number of predicted transmembrane 

domains (TMDs) based on the proteoform sequence by DeepTMHMM. (C) Heatmap of 

proteoform overlaps between any two SEC fractions. (D) Violin plots of mass distributions 

of identified proteoforms from the four SEC fractions and CZE-MS/MS alone (No-SEC).
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Figure 2. 
Mouse brain IMP data of SEC fraction 2 by CZE-MS/MS. The electropherogram of SEC 

fraction 2 and mass spectra of three IMP proteoforms identified at three different migration 

times are presented. The proteoform sequences and fragmentation patterns of the three IMP 

proteoforms are also shown. The TMD of proteoforms are marked in red in the proteoform 

sequences. The detected mass shifts and PTMs are labeled.
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