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SUMMARY:
Here, we present a protocol for an on-membrane digestion technique for the preparation of samples for mass spectrometry. This technique facilitates the convenient analysis of protein–protein interactions. 

ABSTRACT:
Numerous intracellular proteins physically interact in accordance with their intracellular and extracellular circumstances. Indeed, cellular functions largely depend on intracellular protein–protein interactions. Therefore, research regarding these interactions is indispensable to facilitating the understanding of physiologic processes. Co-precipitation of associated proteins, followed by mass spectrometry (MS) analysis, enables the identification of novel protein interactions. In this study, we have provided details of the novel technique of immunoprecipitation-liquid chromatography (LC)-MS/MS analysis combined with on-membrane digestion for the analysis of protein–protein interactions. This technique is suitable for crude immunoprecipitants and can improve the throughput of proteomic analyses. Tagged recombinant proteins were precipitated using specific antibodies; next, immunoprecipitants blotted onto polyvinylidene difluoride membrane pieces were subjected to reductive alkylation. Following trypsinization, the digested protein residues were analyzed using LC-MS/MS. Using this technique, we were able to identify several candidate associated proteins. Thus, this method is convenient and useful for the characterization of novel protein–protein interactions.

INTRODUCTION:
Although proteins play constitutive roles in living organisms, they are continually synthesized, processed, and degraded in the intracellular environment. Furthermore, intracellular proteins frequently physically and biochemically interact, which affects the function of one or both1-3. For example, the direct binding of spliceosome-associated protein homolog CWC22 with eukaryotic translation initiation factor 4A3 (eIF4A3) is necessary for the assembly of the exon junction complex4. Consistent with this, an eIF4A3 mutant that lacks affinity for CWC22 fails to facilitate exon junction complex–driven mRNA splicing4. Thus, the study of protein interactions is crucial for the precise understanding of physiologic regulation as well as of cellular functions. 

Recent advances in mass spectrometry (MS) have been applied to the comprehensive analysis of protein–protein interactions. For instance, the co-precipitation of endogenous proteins or exogenously introduced tagged proteins with their associated proteins, followed by MS analysis, enables the identification of novel protein interactions5. However, one major bottleneck of MS/MS analysis is poor recovery from tryptic digests of protein samples. For conducting proteomic analyses on cell lysates, in-gel and on-membrane digestion techniques are generally employed to prepare MS/MS samples. We have previously compared an in-gel digestion procedure with an on-membrane digestion technique6, and showed that the latter was associated with better sequence coverage. Polyvinylidene difluoride (PVDF) membrane may be suitable for this purpose because it is mechanically robust and resistant to high concentrations of organic solvents7,8, permitting the enzymatic digestion of immobilized proteins in the presence of 80% acetonitrile9. Furthermore, immobilization on a membrane can induce conformational changes in target proteins, leading to improvements in tryptic digestion efficiency10. Accordingly, in this article, we have described the use of immunoprecipitation-LC/MS/MS analysis of protein interactions using an on-membrane digestion technique. This simple method facilitates the convenient analysis of protein–protein interactions even in non-specialist laboratories. 

PROTOCOL:

1. Immunoprecipitation

NOTE: We used non-sodium dodecyl sulfate (SDS) lysis buffer and citrate elution, as described in the following sections. However, the use of an alternative in-house immunoprecipitation technique may be also applicable for preparing LC-MS/MS samples. 

1.1. Transfect cultured cells with vectors encoding an epitope tag alone or a fusion protein. For acquiring representative data, transfer J774 cells (1 x 106) with vectors encoding green fluorescent protein (GFP) alone or GFP-fused Capn6 (calpain-6 gene) using cationic liposomes.

1.2. Conjugate antibody to magnetic beads. 

1.2.1. For this purpose, mix anti-GFP antibody (2 μL/reaction) with magnetic beads (25 μL/reaction) in 500 µL of citrate phosphate buffer (24.5 mM citric acid, 51.7 mM dibasic sodium phosphate; pH 5.0) in a 1.5 mL test tube. 

1.2.2. Rotate the mixture at 50 rpm for 1 h at room temperature. Then, wash the IgG-conjugated beads three times with citrate phosphate buffer containing 0.1% Polyoxyethylene (20) sorbitan monolaurate.

1.3. Lyse the transfected cells using an appropriate lysis buffer. For acquiring representative data, lyse the transfected cells for 30 min on ice in 400 µL of lysis buffer (50 mM Tris-HCl; pH 7.5, 120 mM NaCl, 0.5% poly(oxyethelene) octylphenyl ether) containing 40 μmol/L phenylmethylsulfonyl fluoride, 50 μg/mL leupeptin, 50 μg/mL aprotinin, 200 μmol/L sodium orthovanadate, and 1 mM ethylene glycol tetraacetic acid (EGTA) in 1.5 mL test tubes 24 h after transfection.

1.4. Clear the lysate by centrifuging at 15,000 x g for 5 min and collect the supernatant.

1.5. Preclear the lysate. Add unlabeled magnetic beads (25 μL/reaction) in a 1.5 mL-test tube. Wash the beads three times with 500 µL of citrate phosphate buffer. After the removal of citrate phosphate buffer in final wash, add the cell lysate over the magnetic beads. Rotate the mixture using rotator at 50 rpm for 30 min at room temperature. 

1.6. Place the test tube on a magnetic stand for 5 min for magnetic separation, and collect the cell lysate. Use of the magnetic stand designated by the manufacturer is recommended.

1.7. Bind the target proteins to the conjugated beads. Place the immunoglobulin (Ig)G-conjugated beads on a magnetic stand for 5 min for magnetic separation, discard the citrate buffer, and then add the cell lysate to the separated beads. 

1.8. Rotate the mixture at 50 rpm for 1 h at room temperature.

1.9. Separate the target proteins from free non-target proteins. Wash the beads three times using 500 µL of citrate phosphate buffer containing 0.1% Polyoxyethylene (20) sorbitan monolaurate. After the final wash, add 30 µL of citrate buffer (pH 2–3), and incubate for 5 min at room temperature to elute the target proteins.

NOTE: If recovery from the immunoprecipitation is insufficient, the use of alternative epitope tags, such as FLAG or HIS, may improve the efficiency. If the efficiency of the elution is insufficient, the use of other eluants, such as an SDS-based solution, may improve the efficiency.

2. On-membrane digestion of proteins

NOTE: Using protein-free materials and equipment is necessary to avoid contamination with exogenous proteins. In addition, it is recommended that the operator wear a surgical mask and gloves to avoid contamination by human proteins. 

2.1. Cut PVDF membranes into 3 mm x 3 mm pieces using surgical scissors that have been wiped with methanol and dried immediately prior to use.

2.2. Add 2–5 µL of ethanol on the pieces of PVDF membrane on clean aluminum foil.

2.3. Before they dry completely, add the eluant (2–5 µL each, 4–6 pieces per sample) onto the hydrophilic PVDF membranes, and then air-dry the membranes until the membrane surface becomes matte. Dried membranes can be stored at 4 °C.

2.4. Transfer the all membranes into 1.5 mL plastic tubes, add 20–30 µL of ethanol to make the membranes hydrophilic, and then remove the ethanol using a pipette.

2.5. Before the membrane dries out completely, add 200 µL of dithiothreitol (DTT)-based reaction solution (80 mM NH4HCO3, 10 mM DTT, and 20% acetonitrile) and incubate it at 56 °C for 1 h.

2.6. Replace the reaction solution with 300 µL of iodoacetamide solution (80 mM NH4HCO3, 55 mM iodoacetamide, and 20% acetonitrile), and incubate for 45 min at room temperature in the dark.

2.7. Wash the membranes twice with 1 mL of distilled water and once with 1 mL of 2% acetonitrile by vortex mixing for >10 s.

2.8. Dissolve lyophilized MS-grade trypsin (Table of Materials) directly in the reaction solution (30 mM NH4HCO3 containing 70% acetonitrile). Add 100 µL of the reaction solution containing 1 μg of trypsin (Table of Materials) (30 mM NH4HCO3 containing 70% acetonitrile) and incubate at 37 °C overnight.

2.9. Transfer the reaction solution containing the tryptic digests into a clean 1.5 mL test tube using a pipette.

2.10. Add 100 µL of wash solution (70% acetonitrile/1% trifluoroacetic acid) to the membrane and incubate it at 60 °C for 2 h. Collect the wash solution and mix it with the reaction solution. Repeat this process twice.

2.11. Dry the solution using a vacuum concentrator.

2.12. Dissolve the residue in 10 µL of 0.2% formic acid. After centrifugation (12,000 × g, 3 min at room temperature), transfer the supernatant into a sample tube.

NOTE: The washes are the critical steps of this section. During on-membrane protein digestion, the washing of the membranes containing the immobilized proteins after reduction and alkylation with distilled water, followed by 2% acetonitrile, for more than 10 sec each, is critical for the removal of the reagents.

3. LC–electrospray ionization (ESI)-MS/MS analysis

3.1. Activate an ESI-MS/MS instrument (Table of Materials) coupled with a nano-LC HPLC system (Table of Materials). Link a pre-column (Table of Materials) and an analytical column (Table of Materials).

3.2. Prior to the analysis, calibrate the mass spectrometer using tryptic digests of bovine serum albumin dissolved in 0.2% formic acid, which provides standard peptides.

3.3. Analyze the samples using positive ion mode and a mass range of 400–1,250 m/z; then acquire up to 10 MS/MS spectra (100 ms each) with a mass range of 100–1,600 m/z and a linear gradient of 2%–80% acetonitrile and 0.2% formic acid for 80 min at a flow rate of 300 nL/min.

3.4. Analyze the output data using software for protein identification (Table of Materials) to identify the candidate associated proteins. For the positive identification of a candidate protein, detection of at least one high-fidelity peptide fragment (> 95% fidelity) is required.

3.5. Omit the proteins that are similarly precipitated in GFP-expressing lysates (transfection of vector expressing a GFP tag alone) from the list of candidate proteins.

NOTE: If few proteins are identified in the database analysis, modification of the MS/MS acquisition conditions (e.g., changing the time from 100 ms each to 50 ms each) may increase the number of proteins identified.

REPRESENTATIVE RESULTS:
By means of the above-described procedure, immunoprecipitants were analyzed using LC-MS/MS (Figure 1). After the exclusion of exogenously derived proteins (proteins from other species and IgGs), 17 proteins were identified in calpain-6-associated immunoprecipitants (Table 1) and 15 proteins were identified in GFP-associated immunoprecipitants (Table 2). Of the calpain-6 and GFP-associated proteins, 11 were identified in both immunoprecipitants (Figure 2). Once these and calpain-6 itself were excluded, five candidate calpain-6-associated proteins remained: complement C1q subcomponent subunit C, keratin type II cytoskeletal 8, IgE-binding protein, ADP/ATP translocase 1, and ubiquitin. 

Figure 1. Scheme for the on-membrane digestion technique
Cell lysates were precipitated using magnetic beads conjugated with specific antibodies. The eluant from the immunoprecipitation was blotted onto pieces of PVDF membrane. Subsequently, the membranes were treated with reagents for reductive alkylation, and then incubated with trypsin. The reaction solution was then analyzed using LC-MS/MS.

Figure 2. Overview of the representative data
Seventeen proteins were identified in the calpain-6-associated immunoprecipitant and 15 proteins were detected in the GFP-associated immunoprecipitant. Of these, 11 proteins were identified in both immunoprecipitants.

Table 1. Calpain-6-associated proteins

Table 2. GFP-associated proteins

DISCUSSION:
We have previously described an analysis of the oxidative modifications of apolipoprotein B-100 in oxidized low-density lipoprotein using LC-MS/MS preceded by an on-membrane digestion technique6. In the present study, we combined this technique with immunoprecipitation and have identified several calpain-6-associated proteins. This novel technique represents a convenient method of screening for candidate associated proteins. Calpain-6 is a non-proteolytic member of the calpain proteolytic family11 that has reportedly modify cellular functions through its protein–protein interactions12,13. Using an on-membrane digestion technique, we have previously identified other calpain-6-associated proteins employing a different MS set-up12. Therefore, we recommend testing several MS conditions for maximizing the number of candidates identified. For the same reason, the evaluation of the immunoprecipitation conditions, such as the types of epitope tag, detergent, and elution solution used, is important for obtaining optimal outputs. 

In the present study, we identified 11 proteins in both calpain-6- and GFP-associated immunoprecipitants. The majority of the overlapping proteins were actin isotypes, and contamination with actin cytoskeletal proteins is common in the analyses of cellular protein–protein interactions because the expression levels of these proteins are very high. These candidates should therefore be omitted from further analysis. In addition, elongation factors were detected in both immunoprecipitants. They regulate the speed and fidelity of protein synthesis and affect protein-folding14, and, therefore, the co-immunoprecipitation of elongation factors is not surprising. These proteins should also be omitted from further evaluation. 

Immunoprecipitants can be subjected to reductive alkylation and enzymatic digestion directly in the elution solution15, and this in-solution digestion method may also be applied for the preparation of samples for MS/MS. However, we consider the use of on-membrane digestion to have considerable advantages over in-solution digestion. PVDF membrane serves as a scaffold for the subsequent reductive alkylation and enzymatic digestion, meaning that the solvents required for these processes can be replaced easily. Consequently, it is possible to use a variety of elution solutions for immunoprecipitation. Conversely, for in-solution digestion, it may be challenging to use SDS-based or low pH elution solutions because protease activity may be limited under such conditions. Furthermore, immobilization of the target proteins can make the subsequent washing procedure easier. Hence, on-membrane digestion is highly suitable for the preparation of immunoprecipitants for MS/MS analysis. A limited number of proteases may be appropriate for this protocol. Thus far, only Lysyl-C, other than trypsin, is reportedly active in the presence of up to 80% acetonitrile6,9,10,15.

Our on-membrane digestion technique is suitable for the identification of proteins in a small quantity of immunoprecipitant with a highly sensitive detection limit. However, it should be remembered that the detection efficiency for a target protein depends on the amount present. Proteins that are present in larger quantities are preferentially detected and they may prevent other proteins present in smaller amounts being detected by MS. Nevertheless, under normal circumstances numerous proteins are detected using LC-MS/MS analysis, and other assays must be used for clarify which of the candidate proteins are of appropriate biologic significance. 

In this study, we have evaluated an on-membrane digestion technique for the analysis of immunoprecipitants. Such a convenient and comprehensive method for the analysis of protein–protein interactions should be widely applicable to improve the throughput of future proteomic analyses. 
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