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The establishment of a highly sensitive method for obtaining structural information on proteins and protein complexes in vivo has long been a technological challenge in structural biology. In recent years, protein structure analysis approaches using top-down mass spectrometry, native mass spectrometry, and cross-linking mass spectrometry, among others, have been developed, and these techniques have emerged as the most promising methods for obtaining comprehensive structural information on the cellular proteome. However, information obtained by MS alone is derived mainly from protein components that are abundant in vivo, with insufficient data on low abundance components. For the detection of those low abundance components, sample fractionation prior to mass spectrometry is highly effective because it can reduce the complexity of the sample. Polyacrylamide gel electrophoresis (PAGE), which is widely used in biochemical experiments, is an excellent technique for protein separation in a simple straightforward procedure and is also a promising fractionation tool for structural proteomics. The difficulty of recovering proteins in gels has been an obstacle, thus far limiting its application to structural mass spectrometry. With the breakthrough of PEPPI-MS, an exceptionally efficient passive extraction method for proteins in gels that appeared in 2020, various PAGE-based proteome fractionation workflows have been developed, resulting in the rapid integration of structural mass spectrometry and PAGE. In this paper, we describe a simple and inexpensive PAGE-based sample preparation strategy that accelerates the broad use of structural mass spectrometry in life science research, and discuss future prospects for achieving in-depth structural proteomics using PAGE.
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INTRODUCTION
One of the most successful application of mass spectrometry (MS) in protein science is its use in proteomics, the analysis of protein components in biological systems. Large-scale detection of protein components in vivo is made possible by the use of a liquid chromatography-MS (LC-MS) system that integrates LC and an electrospray ionization (ESI) MS (McCormack et al., 1997). Protein components extracted from biological samples are first denatured by chemical treatment and then enzymatically digested to a peptide size suitable for highly sensitive detection before LC-MS analysis. This analytical approach, called bottom-up MS, has strongly driven proteome analysis in various model organisms to date (Müller et al., 2020).
In MS-based proteomics, in-depth analysis is heavily dependent on the sample separation process prior to MS: even if the protein detection capability of LC-MS is extremely high (Hebert et al., 2014), LC alone cannot sufficiently separate complex proteome samples, rendering the detection of trace components often difficult. The now available ion mobility, an orthogonal separation process, allows for the detection of approximately 10,000 protein components in a human cultured cell sample in a single analysis (Kawashima et al., 2022), resulting in a coverage comparable to transcriptome analysis.
Information on protein components obtained by bottom-up proteomics is derived from digested peptides detected by MS. Digestion, though necessary, allows only the existence of particular proteins to be detected, not their structure. Therefore, the majority of bottom-up proteomics studies have unfortunately provided very limited information on the actual chemical structure of proteins in vivo, omitting conformational information.
Recent advances in MS technology have enabled highly sensitive and throughput protein structure analysis, leading to a significant decrease in the gap between MS-based proteomics and structural biology. To comprehensively obtain structural information on proteins in vivo, the following initiatives toward structural proteomics have emerged.
1) Top-down MS: Unlike bottom-up MS, this MS method ionizes proteins in their intact form and fragments them inside the MS instrument to obtain comprehensive chemical structural information.
2) Cross-linking MS (XL-MS): An MS method that chemically cross-links protein molecules in solution and reveals the cross-linking sites by bottom-up MS, enabling analysis of protein-protein interactions.
3) Native MS: An MS method for non-denatured proteins. Detection of protein ions that maintain higher-order structure is achieved by suppressing structural destruction of protein complexes in solution as they are transferred to the gas phase during ionization by ESI.
Common to bottom-up MS as well as any of the structural MS methods is the necessity of suitable sample preparation so that the number of detectable components can be increased as much as possible. In many cases, LC or capillary electrophoresis (CE) with on-line connectivity to MS can sufficiently fulfill this role, but for enhanced depth of analysis, additional fractionation of the sample prior to LC/CE is desirable. Polyacrylamide gel electrophoresis (PAGE), which allows protein separations despite being simple and inexpensive, has long been used in bottom-up proteomics as a powerful proteome fractionation tool. In the last several years, its use in sample preparation for structural MS has been gaining attention. In this article, we present examples of protein structure analysis combining proteome fractionation by various PAGE and structural MS techniques, and propose novel gel-based structural proteomics strategies.
GELC-MS WORKFLOW FOR TOP-DOWN PROTEOMICS
For proteome separations, sodium dodecyl sulfate (SDS)-PAGE is often used for size-based separations of proteins denatured with SDS, a strong anionic surfactant. Its effectiveness as sample pre-fractionation for in-depth analysis has been repeatedly demonstrated in bottom-up proteomics. In particular, GeLC-MS, a combined SDS-PAGE separation and LC-MS workflow, is widely used to realize in-depth proteome analysis (Pflieger et al., 2002; Schirle et al., 2003). However, GeLC-MS for bottom-up proteomics employs an approach in which enzymatic digestion is performed in the gel (Shevchenko et al., 2006) so the proteins are recovered as short peptide fragments. Generally, proteins after PAGE must be recovered from the gel for separation by LC, and it has long been a challenge to efficiently recover intact proteins that are tightly trapped in the insoluble N,N′-Methylenebisacrylamide (Bis) cross-linked polyacrylamide gel that are predominantly used for SDS-PAGE. For this recovery process, electroelution, in which an electric field is applied to extract proteins from the inside of the gel (Seelert and Krause, 2008; Razunguzwa et al., 2009; Hao et al., 2016; Chen et al., 2017), and passive extraction, in which proteins are recovered by diffusion from the gel through shaking, have been used (Cohen and Chait, 1997; Ehring et al., 1997; Galvani et al., 2000), but both methods often suffer from low recovery rates and long manipulation times. Since SDS-PAGE targets denatured proteins, it is more appropriate to combine SDS-PAGE with chemical structure analysis by top-down MS rather than 3D structure analysis. In particular, SDS-PAGE can demonstrate its maximum potential in the large-scale analysis of intact proteoforms by top-down MS, known as top-down proteomics (Smith and Kelleher., 2013; Smith et al., 2021). The long-standing obstacle to applying SDS-PAGE to top-down proteomics was the absence of a highly efficient protein recovery method which was finally overcome in 2020.
Passively eluting proteins from polyacrylamide gels as intact species for MS (PEPPI-MS), an innovative passive extraction technique developed by our group in 2020 (Takemori et al., 2020), successfully solves the fixation problem by using Coomassie Brilliant Blue (CBB), a reversible protein staining dye (Fazekas de St Groth et al., 1963; Diezel et al., 1972), as an extraction enhancer. Proteins are recovered from a wide range of molecular weights (MWs) with high reproducibility after 10 min of shaking (Figure 1). Most remarkably, the protein recovery rate is high, with a mean value of 68% in the MW range below 100 kDa (Takemori et al., 2020). The recovery rate for proteins larger than 100 kDa, however, is slightly lower (57%). Since the PEPPI workflow includes organic solvent precipitation for purification of recovered proteins, the difficulty of re-dissolving high MW proteins compared to low MW proteins may have affected the recovery rate. Although proteins above 50 kDa are difficult to analyze with most current top-down MS, it is necessary to introduce a purification approach that does not include precipitation treatment to improve the recovery rate of high MW regions. Rapid and highly efficient in-gel protein recovery by PEPPI-MS has enabled the introduction of GeLC-MS workflow in top-down proteomics. The use of specialized preparative electrophoresis devices such as gel-eluted liquid fraction entrapment electrophoresis (GELFrEE) (Tran and Doucette, 2008; Tran and Doucette, 2009) is currently the mainstream for gel-electrophoresis-based sample pre-fractionation in top-down proteomics (Tran et al., 2011), but PEPPI-MS fractionation does not require any special equipment and can be easily done in most general biochemical laboratories. The first GeLC-MS for top-down proteomics was conducted using an experimental workflow combining PEPPI-MS fractionation with a powerful LC-MS system consisting of reversed-phase ultra-high performance LC and 21 T Fourier transform ion cyclotron resonance MS, and demonstrated performance that was comparable to proteoform identification results using GELFrEE fractionation (Takemori et al., 2020). A three-dimensional separation approach integrating gel, liquid, and gas phase separations dramatically increased the depth of analysis, as was reported last year in a top-down proteomics workflow combining the LC-FAIMS-Orbitrap MS system with PEPPI-MS (Takemori et al., 2022). Although PEPPI fractionation has a cost advantage over LC fractionation, it does not support the automation found in many LC fractionations. Therefore, LC currently has the advantage in processing multiple samples, and the need for the development of automated PEPPI systems will arise in the future.
[image: Figure 1]FIGURE 1 | Proteome fractionation by PEPPI-MS. (A) SDS-PAGE separation of human cell protein extract (HCPE); Promega’s standard HCPE sample (40 μg) was separated by Invitrogen’s NuPAGE 4%–12% gel (Invitrogen) and stained with aqueous CBB (ATTO EzStain AQua). (B) Fractionation of the sample lanes. The molecular weight region from 245 kDa to 11 kDa was divided into eight parts by referring to the molecular weight markers on both sides (Wako WIDE-VIEW Pre-stained Protein Size Marker III). (C) In-gel protein recovery process by PEPPI-MS. Step 1: Preparation of equipment for PEPPI-MS. Protein recovery from the cut gel pieces is completed in a disposable plastic homogenizer (Nippi’s Bio Masher II). Step 2: Homogenization of gels. Thoroughly grind the gel with a pestle to facilitate extraction. Step 3: Passive extraction. By shaking the gel in 0.05% SDS/100 mM ammonium bicarbonate solution for 10 min, the proteins in the gel are released with CBB into the extraction solution. (D) SDS-PAGE image of the PEPPI fraction. The fractions were again separated by SDS-PAGE and stained with CBB.
While the use of PEPPI-MS for sample pre-fractionation in top-down proteomics is expected to spread rapidly in the near future, it is forecast to also expand the scope of targets for analysis when combined with various SDS-PAGE applications. For example, the Bis-Tris gel currently used in PEPPI cannot separate proteoforms below 10 kDa, but the combination of a Tris-Tricine gel that can separate proteoforms down to 1 kDa may be instrumental in the attempt to improve detection of proteoforms in the low MW range (Schägger and von Jagow, 1987; Schägger, 2006). In addition to size-based separation, SDS-PAGE also allows separation based on specific post-translational modifications by adding functional molecules to acrylamide. In particular, Phos-Tag PAGE (Kinoshita et al., 2006), a technique allowing electrophoretic separation of phosphorylated and non-phosphorylated proteins, is of particular interest in examining phosphorylated proteins, which are the primary target of top-down proteomics analysis. The approach of two-dimensional electrophoretic separation by a combination of SDS-PAGE and Phos-Tag PAGE (Kinoshita et al., 2009) will be of significant value when considering the construction of GeLC-MS top-down workflow for proteome-wide phosphorylation analysis.
PROTEIN-PROTEIN INTERACTION ANALYSIS COMBINING XL-MS AND PEPPI-ANEXSP
SDS-PAGE is frequently used for XL-MS analysis of protein complexes because SDS-PAGE allows the separation of samples that have been cross-linked in solution (Iacobucci et al., 2018). Data quality is improved through selectively recovering the MW of interest. An alternative is the use of Blue-native (BN)-PAGE, which separates protein complexes in a non-denaturing state (Schägger et al., 1994). In 2020, A. Heck’s group reported sample preparation for XL-MS whereby protein complexes are encapsulated in a gel by BN-PAGE, which can then be replaced by a suitable solvent for cross-linking reactions, allowing the protein complexes to be directly cross-linked in the gel (Hevler et al., 2021). After separation with SDS-PAGE or BN-PAGE, cross-linked protein complexes are generally analyzed by a bottom-up approach, whereby the cross-linking sites are identified after enzymatic digestion in the gel. However, the large size and high hydrophobicity of cross-linked peptides greatly reduce the recovery rate from the gel. With large amounts of cross-linked proteins, reduced recovery rate is not a crucial problem, but with smaller amounts, it leads to an increase in undetectable cross-linked sites. Further drawbacks include the complexity of the process that comprises decolorization and washing as well as time-consuming overnight digestion reactions.
In-gel protein recovery by PEPPI-MS, which we developed in 2020, can be an effective solution to the above problems in bottom-up MS-based XL-MS analysis because it can shift the field of digestion from in-gel to in-solution with greater degrees of freedom. However, samples recovered by PEPPI contain large amounts of CBB and SDS and cannot be used directly for downstream processes. Purification by organic solvent precipitation is effective in removing these contaminants (Wessel and Flugge, 1984; Nickerson and Doucette, 2020), but re-dissolution of precipitated samples often becomes difficult, and the risk of loss is high when applied to small sample volumes. In 2022, we developed an enhanced sample preparation method, AnExSP (anion-exchange disc-assisted sequential sample preparation) (Takemori et al., 2022), which can perform enzymatic digestion while removing CBB and SDS by using an anion-exchange stop-and-go-extraction tip (StageTip) (Rappsilber et al., 2007), a microliter-size spin column with an anion-exchange solid-phase extraction (SPE) disc fitted inside a disposable pipette tip. When a PEPPI-MS recovery solution is loaded onto the StageTip, proteins, CBB, and SDS in the solution are captured on the SPE disc. Proteins are enzymatically digested directly on the disc, and only the digested peptides are recovered from the disc through elution with .5% formic acid/30% acetonitrile solution, while the CBB and SDS are retained on the disc. Enzymatic digestion with AnExSP is characterized by a very fast reaction time compared to that normally performed overnight in solution, with trypsin/Lys-C digestion of a 10 µg sample taking only 1–4 h.
The combined PEPPI-AnExSP workflow, in which in-gel proteins after SDS-PAGE separation are recovered to solution by PEPPI-MS and rapidly digested by AnExSP, successfully solves the problems of conventional GeLC-MS that mainly stem from in-gel digestion. Comparison of the performance of PEPPI-AnExSP and conventional GeLC-MS in bottom-up proteomics of human cell extracts showed that AnExSP identified a greater number of peptides, especially in the identification of long chain peptides of 14 amino acids or more (Takemori et al., 2022). The time required for sample pretreatment was significantly lower with PEPPI-AnExSP (1–2 h), allowing MS analysis to begin within 4.5 h of sample pretreatment after completion of electrophoresis. Preliminary studies with hemoglobin complexes have shown that SDS-PAGE-separated cross-linked hemoglobin can be successfully recovered into solution by PEPPI-MS with high efficiency, and MS analysis of the AnExSP digestion products after recovery into solution showed a significant improvement in the number of detectable cross-linked peptides compared to conventional in-gel digestion. The superior performance of PEPPI-AnExSP will make it a powerful tool in sample preparation for XL-MS.
Although the current mainstream of XL-MS analysis is based on purified samples, the application of XL-MS to large-scale analysis of protein complexes in vivo, known as complexome analysis, is one of the many challenging issues in the field of structural biology (Sinz, 2018; Yu and Huang, 2018). With the advent of the latest innovative XL-MS workflow using cleavable cross-linkers, the capacity to identify cross-linking sites by MS has dramatically improved (Steigenberger et al., 2020), resulting in rapid progress in complexome research using proteome-wide XL-MS analysis (Liu et al., 2015; Arlt et al., 2016; Liu et al., 2017; Klykov et al., 2018). Despite advances in XL-MS technology, increasing the depth of analysis remains a major challenge, requiring sample pre-fractionation techniques. In addition to the current mainstream of size-exclusion chromatography, a cost-effective PAGE-based approach will be a promising alternative. An in-depth sample fractionation strategy using PAGE has not yet been reported for complexome analysis, but MW-based fractionation of a cross-linked proteome by SDS-PAGE is feasible with PEPPI-AnExSP, resulting in a dramatically increased number of detectable complexes by XL-MS.
FEASIBILITY OF GEL-BASED NATIVE PROTEOMICS
The sample prefractionation approaches for top-down MS and XL-MS described so far involve complete denaturation of the steric structure of the protein sample. Native MS, in contrast, requires that the three-dimensional structure of the protein is maintained throughout the sample fractionation process. For example, new workflows for conformational analysis combining native MS with protein fractionation methods in non-denaturing conditions, such as native GELFrEE (Skinner et al., 2015), size-exclusion chromatography–capillary zone electrophoresis (Shen et al., 2018), or native GELFrEE-ion exchange chromatography (Skinner et al., 2018), are slowly being adopted for the characterization of protein complex structures in vivo.
Native PAGE, which has long been used for gel electrophoresis under non-denaturing conditions, is an interesting technology that has the potential to be developed into a gel-based conformational analysis workflow in combination with native MS. One type, BN-PAGE, in which proteins are mildly negatively charged by the addition of CBB and then subjected to non-denaturing PAGE separations, has been widely used in biochemical experiments because of its high resolution (Wittig et al., 2006). Although Heck’s group successfully combined BN-PAGE with XL-MS (Hevler et al., 2021), it is unfortunately not practical to combine BN-PAGE with native MS because of the difficulty in removing CBB from proteins after BN-PAGE separation without affecting its conformation. Thus, instead of CBB, the use of the other type, clear native PAGE with a mild surfactant that reversibly adds to the protein (Wittig and Schägger, 2005; Wittig et al., 2007; Wittig and Schägger, 2008), is preferable.
Nonetheless, native PAGE alone is not sufficient for fractionation of crude cell extracted samples in native proteomics, a large-scale analysis of protein complexes in vivo. Two-dimensional native PAGE, which combines isoelectric focusing (IEF) with size-based PAGE separation under non-denaturing conditions, does allow detailed complex separations (Manabe et al., 1979), but the process of transferring samples from IEF gels to native PAGE gels is technically demanding and has the disadvantage of poor throughput. PEPPI-MS may be the link between native PAGE and native MS: by providing highly efficient recovery of in-gel protein complexes separated by native PAGE, it can then be combined with gel-based fractionation approaches compatible with native MS analysis. The use of the original PEPPI-MS protocol, however, which uses CBB for recovery after separation, is not suitable for native MS due to the need for CBB removal just as in BN-PAGE. As an alternative, the mild surfactant n-Octyl-β-D-glucoside (OG) is a promising candidate as an extraction enhancer to replace CBB, as it does not affect protein ionization by ESI at low concentrations (Loo et al., 1994). Our PEPPI-MS workflow using .1% (w/v) OG instead of CBB successfully recovered hemoglobin tetramers after separation by native PAGE in a measurable state by native MS (Takemori et al., 2020). To date, we have successfully recovered complexes up to 480 kDa using PEPPI-MS by OG, and although further optimization is needed, it appears to be applicable to protein complex analyses for a wide range of MWs.
Through fusion with top-down MS, native MS is evolving into native top-down MS, which simultaneously obtains structural information on protein complexes and the chemical structures of their constituent subunits (Zhang et al., 2015; Li et al., 2017; Li et al., 2018; Zhou et al., 2020), and is expected to lead to the development of native proteomics for large-scale analysis of protein complexes in vivo in the future (Ruotolo, 2022). While sample pre-fractionation, which enables in-depth analysis, is indeed important in native proteomics, the combination of native electrophoresis and high-throughput PEPPI-MS fractionation has the potential to become a powerful strategy. The aforementioned OG-based PEPPI-MS, which allows protein complexes to be freely recovered from the gel matrix, will facilitate the transfer of protein complexes from IEF to PAGE, enabling a high-throughput workflow for gel-based native proteomics.
DISCUSSION
PAGE, which has long been widely used in life science research for protein separations, is now being reevaluated as a new tool for structural analysis of proteins in vivo through integration with the latest structural MS. The effectiveness of proteome fractionation strategies combining denaturing and non-denaturing PAGE and highly efficient passive extraction of proteins in gels, as exemplified by PEPPI-MS, has been successfully demonstrated with top-down, native, and XL-MS (Figure 2), and will be further extended to other structural MS techniques.
[image: Figure 2]FIGURE 2 | Sample preparation workflow for structural MS analyses incorporating PAGE separations under denaturing and non-denaturing conditions.
The use of gel-based sample fractionation in structural MS is still in its infancy, and more new methods are expected in the future. For the pre-fractionation processing of samples using gels, in addition to passive extraction methods described above, specialized polyacrylamide gels that can be dissolved as needed may also be a promising tool for integration with downstream structural MS. In particular, polyacrylamide gels prepared with N,N′-bis(acryloyl)cystamine (BAC) as a disulfide bonded cross-linker can be rapidly dissolved by reduction treatment and proteins in the gel can be recovered in solution without loss (Hansen, 1976; Takemori et al., 2014; Takemori et al., 2017). We have already successfully used BAC gels for sample fractionation for bottom-up proteomics (Takemori et al., 2021), and the gel dissolution process shows advantages in the recovery of high MW protein components that are difficult to recover with high efficiency by PEPPI-MS. The establishment of an efficient removal method for dissolved acrylamide is the key to practical application, and once it has been achieved, the technology is expected to be combined with top-down and XL-MS in the future.
Protein structure analysis by MS has traditionally been a difficult field for budding researchers because it requires expensive MS equipment and difficult sample preparation processes. Recently, however, the number of MS facilities available for shared use has been increasing, giving rise to the hope that some of the obstacles to entering the field are about to change for the better. In an effort to support the next-generation of researchers, the sample preparation methods introduced here are based on PAGE, which is frequently used by life science researchers, and are relatively simple and inexpensive to perform. In addition, the use of protein samples in gels that are stable at room temperature has the advantage of facilitating sample transfer between facilities, further helping to advance the widespread use of MS in protein structure studies.
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