Purification of thiol-containing proteins using Activated Thiol Sepharose
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Short abstract

Protein active thiols and oxidised variants were purified on activated thiol sepharose (ATS) resin. This method also facilitates the investigation of redox status of protein thiols. Selected proteins were separated with distinct two dimensional electrophoresis patterns followed by in-gel tryptic digestion and peptide mass fingerprinting by liquid chromatography-tandem mass spectrometry. Sequence analysis showed that they all contained cysteine.

Long abstract

Contact with reactive oxygen species (ROS) can lead to changes in the covalent structure of proteins with consequent complication of the proteome. Proteins absorb approx. 70% of ROS. As a consequence, this leads to changes in the covalent structure of proteins by introducing covalent changes to amino acid side-chains, hence result in complication of the proteome (Davies, 2005, Dowling et al, 2006).

Protein cysteines are not very abundant in proteins but are often phylogenically conserved in proteins. They are especially sensitive to oxidative stress, being easily converted to redox-induced variants, making them of particular interest both as targets during oxidative stress and as redox sensors in sub-stress scenarios (Hansen et al, 2009). The sulphydryl group of cysteines (-SH) can exist in a range of oxidation states and these can have functional significance in certain proteins.

Protein active thiols (–SH) can be reversibly modified to –SOH (sulphenic acid), inter/intrachain disulphides (-S-S-), mixed disulphides, and to nitrosothiols (-SNO) (Eaton, 2006).

In the current study, we describe the use of Activated Thiol Sepharose (ATS) to trap proteins containing intact thiols or sub-categories of oxidized thiols. Reversibly oxidised thiols can be studied by blocking thiols and then selectively reducing oxidised variants back to –SH using mild reducing agents followed by trapping on ATS (Hu et al., 2010). To demonstrate the method, we show results of menadione-induced oxidative stress in the bacterium Escherichia coli, by selecting for either -SH or S-S containing proteins using ATS. Selectivity for thiol-containing proteins was maintained by selecting for protein thiols under denaturing conditions. Proteins were then separated by one- and two-dimensional polyacrylamide gel electrophpresis, and thiols were visualised by direct fluorescence tag labelling (Winterbourn, 2006; Baty et al., 2002). Proteins of interest were indentified with LC tandem MS, showing that ATS achieves rapid enrichment of thiol-containing proteins.

Protocol  Text for JOVE:

1)  E. coli Culture and protein extract

1.1) E. coli strain DH5α pre-cultures (10ml) were grown in Luria-Bertani (LB) broth under constant agitation overnight and then added to 250ml cultures for growth over an 8h period at 37oC with constant agitation until the OD600 reached 0.4. 

1.2) Cultures were grown in a control condition and also in the presence of 1mM menadione. 

1.3) Cells were collected by centrifugation at 10,000g for 10 min. 

1.4) E. coli cell pellets were collected and suspended in Hepes buffer (10 mM Hepes [N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)], pH 7.0) for sonication (Soniprep 150) at 14 µm amplitude 10 times for 15 s with a 1 m in interval (on ice). 

1.5) Cell debris was collected by centrifugation (12,000g, 5 min). Protein extracts were stored at -20oC until required. Total protein concentration was determined by the method of (Bradford, 1976) using bovine serum albumin as a standard. 

2) Selection of proteins containing thiol (ATS) groups

2.1) Protein extracts (2 mg of protein) were diluted with 8 M urea to a final urea concentration of 5 M and incubated for 10 min at room temperature to unfold protein. 

2.2) ATS (20mg of unswollen resin) and 200µl of binding buffer solution (0.1 M Tris-HCl [pH 7.5], 0.5 M NaCl, and 1 mM ethylenediaminetetraacetic acid [EDTA]) were then added, followed by incubation on ice for 1.5 h with gentle shaking every 15 min to ensure that thiol-containing proteins completely bound to the beads. 

2.3) Samples were centrifuged (11,000g, 3 min), the supernatant discarded (or retained to follow the purification) and the pellets washed with 500 µl of binding buffer. This was repeated eight times to ensure removal of non-specifically-bound proteins. 

2.4) Elution buffer (200µl, binding buffer containing 25mM DTT) was added to the resin after the final washing step, and beads were incubated for 1h with gentle shaking every 15 min to release thiol-containing proteins. 

2.5) The beads were centrifuged briefly (11,000g, 3 min), and the supernatant collected. 

3) Electrophoresis procedures

3.1) Protein samples were precipitated with cold (-20oC) acetone and protein (~100µg) was loaded and separated in 12% sodium dodecyl sulfate (SDS) polyacrylamide gels for one-dimensional electrophoresis (1DE) on an Atto AE-6450 mini polyacrylamide gel electrophoresis (PAGE) system (Atto, Tokyo, Japan). 

3.2) For two-dimensional gel electrophoresis (2DE), non-protein contaminants were first removed from protein aliquots (200µg) by precipitation and centrifugation, first with 10% trichloroacetic  acid and then with acetone.  

3.3) The resulting pellet was re-suspended in rehydration buffer containing 5 M urea, 2 M thiourea, 2% Chaps, 4% carrier ampholyte (Pharmalyte 3-10, GE Healthcare), 1% Destreak reagent (GE Healthcare), and a trace amount of bromophenol blue. 

3.4) Final volumes of 125 µl were loaded on 7 cm pH 3 to 10 nonlinear immobilized pH gradient (IPG) strips (Bio-Rad, Hercules, CA,USA) and rehydrated overnight for at least 15 h. 

3.5) IPG strips were focused on a Protean isoelectric focusing (IEF) cell (Bio-Rad) with linear voltage increases according to the manufacturer’s instructions. Following IEF, strips were equilibrated for 20 min in equilibration buffer (6 M urea, 0.375 M Tris [pH 8.8], 2% SDS, and 20% glycerol) containing 2% DTT and then for 20 min in equilibration buffer containing 2.5% iodoacetamide. 

3.6) Equilibrated strips were embedded in molten agarose (0.5%) containing trace bromophenol blue atop 12% SDS-polyacrylamide gels and were electrophoresed at a constant voltage (150 V) at 4oC using an Atto AE-6450 mini PAGE system until the dye front reached the end of the gel. After separation, gels were silver stained followed by densitometry scanning. 

4) Protein Identification

4.1) Following 2DE, proteins were visualized with colloidal Coomassie Brilliant Blue G-250 (Dyballa and Metzger, 2009) and spots of interest were excised from the gel. 

4.2) Protein spots were sent for in-gel tryptic digestion followed by liquid chromatography-tandem mass-spectrometry for identification (Proteomics Facility, University of Aberdeen, Scotland).

Representative results: 

Two typical 2DE separations, one for the total E. coli proteome and one for the ATS-selected proteome, are presented in figure 1(A,B) . These show clearly that ATS selects for a specific subproteome and can enrich for some low-abundance proteins not normally seen in separations of the total proteome. Selecting for oxidised variants (disulphide bridges in this case achieved by pre-blocking thiols with N-ethyl maleimide followed by reduction with DTT, desalting and trapping on ATS) also shows a unique spot pattern, again indicating the specificity of the method (figure 1C). To demonstrate that only thiol-containing proteins are enriched, it is possible to use thiol-labelling compounds such as iodoacetamidofluorescein (Baty et al. 2002) to detect thiols that are regenerated upon release from the beads. 

One-dimensional electrophoresis can be used to quickly verify the specificity of the method, by blocking thiols prior to incubation with ATS and then confirming that no proteins can be released from the beads, indicating that they could not bind, an example of this is shown in figure 2.

When studying OS, changes in the protein expression pattern would normally be expected. Thus, a reduction in spot abundance or loss of certain spots would be expected following oxidative stress when thiol-containing proteins are selected by ATS, while an increase in spot number or abundance can be expected when oxidised thiol variants are enriched (figure 3).

Discussion

The covalent chromatography method presented here enables one-pot purification of thiol-containing proteins in a simple and efficient way. The stability of the disulphide bridge formed between the thiol-containing proteins and the ATS makes this method particularly robust as both native and denaturating conditions can be used to wash out undesired proteins. This is combined with facile and quantitative release of proteins using DTT or mercaptoethanol. As the whole preparation is based on a solid support, it can be used in columns or in a batch format - either in microcentrifuge tubes as presented here, or using spin columns. As the resin is compatible with a wide pH range and various buffer systems, conditions can easily be modified to prepare the released proteins for proteomic analyses. Thus, ATS can easily be used as a part of a gel-based or a gel-free proteomic approach.

Other approaches have already been developed to study the thiol redox proteome (Izquierdo-Álvarez and Martínez-Ruiz, 2011), but most rely on the use of labels, and do not lead to isolation of the thiol-containing sub-proteome. This is of particular importance when protein identification is the final aim, as the proteins of interest can sometimes be present in very small amounts, or be only one of several forming the spot of interest in 2DE, thus compromising unambiguous MS-based identification.

The same chemistry has also been used to purify thiol-containing peptides, instead of whole proteins (Liu et al., 2005), enabling a better coverage of the proteome than without prior enrichment (Tambor et al., 2012). Cysteines are often the target of choice for selection of sub-proteomes in shotgun proteomics because of their reactivity and relatively low abundance in proteins (Tambor et al., 2012).

Covalent chromatography offers the advantage of simpler handling compared to some other affinity chromatography based approaches. These may require labelling of protein thiols with biotin or another molecule that can then be selected from a complex mixture. As surfactants and chaotropes will affect affinity chromatography, these approaches often do not allow the use of denaturating conditions. Additionally, some of the issues surrounding labelling specificity (Izquierdo-Álvarez and Martínez-Ruiz, 2011) do not apply with the mixed-disulfide formed with ATS. 

The robustness of the method is shown by its applicability to various biological systems (Hu et al, 2010b) as well as the possibility to reduce various oxidised forms of cysteine to thiols, which can then be trapped by ATS, as shown here for disulphide bridges. Sulfenic acids (Saurin et al., 2004) and nitrosothiols (Jaffrey et al., 2001) can also be specifically reduced, thus generating free thiols amenable to ATS purification.

An important drawback of the method is the possibility of saturating the binding sites of the resin with small thiol-containing molecules. This can be prevented by first titrating the thiol-content of a sample using 2-pyridil-disulphide. If small molecules are a problem with a given samples, those can easily be removed using ultrafiltration, gel filtration, dialysis or other desalting methods. This can improve the amount of proteins collected by ATS, but the impact of such a procedure depends on the sample (Hu et al, 2010b).
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Figure 1

a) Total E.coli proteins separated by IPG 2DE
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b) ATS-selected thiol-containing proteins from E. coli 
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c) E. coli disulphide bridge-containing proteins selected by ATS
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Figure 2 : Specificity of ATS trapping. Trapping is reversed by NEM pre-blocking of thiols
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Figure 3

a) ATS-selected thiol-containing proteins from control E. coli cells
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b) ATS-selected thiol-containing proteins from menadione-treated E. coli cells
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