Membrane Strep-protein interaction experiment (Membrane-SPINE): A biochemical tool to identify-protein protein interactions of membrane proteins in vivo
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Short Abstract: (50 words maximum)
A biochemical approach to identify protein-protein interactions (PPI) of membrane proteins is described. The method combines in vivo cross-linking with affinity purification and mass spectrometry analysis by this applicable for the identification of even transient PPIs. This technique is adaptable to almost any cell type or organism.
Long Abstract: (150 words minimum, 400 words maximum)
Membrane proteins are essential for cell viability of have become into the focus as important therapeutical targets1-3. Because membrane proteins function in complexes4, methods that identify and characterize protein-protein interactions (PPI) of membrane proteins are required. To this end, we developed the Membrane Strep-protein interaction experiment (Membrane-SPINE)5 that bases on the SPINE method which  is limited to soluble proteins6. 

Membrane-SPINE benefits on two advantages of the cross-linking agent formaldehyde: First, formaldehyde can easily penetrate membranes and by this generates a precise snapshot of the interactome of a living cell7. Second, formaldehyde cross-links can be reversed by boiling8. In Membrane-SPINE these two advantages are used to identify not only permanent but also transient PPIs of membrane proteins5.
In brief, a Strep-tag is fused to the C terminus of the integral membrane bait protein. Cells expressing the membrane bait protein are incubated with formaldehyde which cross-links prey proteins to the membrane bait protein (Figure 1). A modification of the prey protein is not needed. Next, the membrane fraction is prepared, membrane proteins are solubilzed by detergent treatment and the solubilized membrane bait protein together with the cross-linked prey proteins are co-purified using an affinity column. Subsequently, the cross-link is reversed by boiling and the membrane bait protein and the co-eluted prey proteins are separated by SDS-PAGE. Finally, the prey proteins can be identified by either immunoblot analysis or Mass spectrometry. 

This technique is highly adaptable making it applicable as screening tool to identify even transient PPIs of membrane proteins. 
Protocol Text: 

1.) Fixation of protein-protein interactions by formaldehyde crosslinking and cell fractionation
1.1) Integrate your membrane bait protein of interest with a C-terminal Strep-tag fusion in an appropriate vector for your cells. Transform your cells.

1.2) Grow cells under specific conditions. (this protocol is aimed on 300 mL as culture volume. It can be upscaled if appropriate) 
E.g. we compare protein-protein interactions in stressed and non-stressed E. coli cells. Expression of the membrane bait protein is induced at early-log phase and formaldehyde crosslinking is performed at late log phase. 
1.3) Add formaldehyde to a final concentration of 0.6% and grow cells for further 20 min at unchanged growth conditions
1.4) Harvest cells by centrifugation and discard supernatant carefully (e.g. 6x50 mL Falcon-tubes in a swing out at 4,000rpm for 40 min)
1.5) Suspend the cell pellet in 10mL P1 (20 mM Tris-HCl, 0.5 M sucrose, pH 8.0).

1.6) Add 1 mL freshly prepared buffer P2 (2 mg/ml lysozyme in 0.1M EDTA; pH 7.5) and incubate on ice for at least 30 min.

1.7) Harvest spheroplasts by centrifugation in a swing out at 4,000rpm for 40 min. without brakes. Discard the supernatant carefully.

1.8) Incubate the pellet at -20°C for at least 30 min.

1.9) Suspend pellet in freshly prepared P3 (20 mM Tris-HCl, pH 8.0 containing 0.1 mM PMSF and 1 mg DNaseI) in a 15 mL Falcon-tube.

1.10) Sonicate the sample four times for 1 min on ice.

1.11) Centrifuge the sample at 10,000xg for 10 min to harvest cell debris. Collect the supernatant with a pipette.

1.12) Centrifuge the supernatant at 100,000xg for 30 min to pellet the membrane fraction. Wash the pellet in 20 mM Tris-HCl; pH 8.0. Carefully remove the supernatant and dry the tube with a Kleenex. Make sure not to disturb the pellet.

1.13) Carefully suspend the pellet (= membranes) in 1 mL 20 mM Tris-HCl; pH 8.0. Take an 20 µL aliquot to determine the protein concentration. 

1.14) Determine the protein concentration of the membrane fraction using BCA-protein assay kit.

2.) Purification of Strep-tag membrane protein (bait)
2.1) Adjust the protein concentration of the membrane fraction to 5 mg/mL with 20 mM Tris-HCl; pH 8.0.
2.2) Take 1 mL membrane fraction (5 mg/mL) in a 2 mL Eppendorf-tube and add 0.2 mL of 10fold concentrated detergent. 
The correct detergent has to be tested for each membrane protein with respect to solubilization efficiency.
2.3) Add a micro-magnetic rod and stir on ice for 1 h. 

2.4) Centrifuge at 100,000xg for 30 min to pellet the insoluble membrane fraction. Take the supernatant of with a pipette for further purification. 

2.5) Take 1 ml Strep-Tactin superflow gravity flow column and equilibrate with 8ml buffer W (1fold, containing detergent). 
It is important to add the detergent used for solubilization in a concentration 5fold above the critical micelle concentration (cmc) in any buffer during the purification procedure. 
2.6) Add 1 mL supernatant to the column. Run the column only with gravity flow. 

2.7) Wash column with 10 x 10 ml buffer W (1fold, containing detergent).

2.8) Elute bait proteins with 10 x 0.5 mL buffer E (1fold, containing detergent).

2.9) Concentrate the elution fractions 6fold with an Amicon® Ultra-4 centrifugal filter unit.

3.) Immuno-blot analysis to monitor protein-protein interaction

3.1) In general perform for each sample and/or condition you are testing two kinds of preparation: one with formaldehyde treatment the other without to avoid false positives due to unspecific interactions. 
3.2) Boil an 25 µL aliquot of each preparation for 20 min at 95°C. Mix with 5x SDS-PAGE loading dye (0,3125 M Tris-HCl, pH 6.8; 10% SDS; 0.5 M DTT; 50 % glycerol; 0.05% bromphenol blue).
3.3) Load 30 µL each of the four samples on SDS-PAGE and 5 µL of prestained protein marker.

3.4) Perform immunoblotting using e.g. a semi-dry blotting system. Cut the blot in two parts with respect to the size of the the bait protein and the second protein that should interact with (prey). 

3.5) Use an HRP-linked antibody as sesond antibody and develop the two parts of the immunoblot using SuperSignal®West Pico Chemiluminescent substrate (Fig. 2).

4.) NanoLC-ESI-MS/MS high resolution experiments to identify interaction partners

4.1) Perform steps 3.1) to 3.3) 

4.2) Silver stain the SDS-PAGE using FireSilver Staining Kit according to the manufacturers instruction (Fig. 3).

4.3) Excise respective bands and analyze these by NanoLC-ESI-MS/MS high resolution experiments. 
Representative Results: 
An example to use Membrane SPINE analysis as a tool to monitor and to identify PPI of a membrane protein is presented in Figures 2 and 3. As membrane bait protein the membrane integral sensor kinase CpxA of Escherichia coli was used (Hunke et al., 2012; Müller et al., 2011). CpxA consists of an N-terminal sensor domain with two transmembrane domains (TMD) integrating a large extracytoplasmic sensor domain and a C-terminal highly conserved cytoplasmic catalytic domain (Weber and Silverman, 1988). The Strep-tag is fused to the C terminus. PPI of CpxA-Strep with its cognate response regulator protein CpxR as prey protein is only detectable in the presence of formaldehyde (Figure 2, compare line 4 with line 2). Formaldehyde treated fractions were also silver stained by silver staining and analyzed by MS to identify interaction partners of the CpxA membrane bait protein5. 
Tables and Figures:  

Figure 1: Flow chart of the Membrane-SPINE procedure using an Escherichia coli membrane protein as bait protein. A) Bacteria expressing the Strep-tagged membrane bait protein are treated with formaldehyde. Formaldehyde penetrates membranes and cross-links prey proteins to the membrane bait protein. B) The membrane fraction is prepared and membrane proteins are solubilized by detergent treatment. Subsequently, prey proteins are co-purified with the bait protein. C) Formaldehyde cross-links are reversed by boiling and proteins are separated by SDS-PAGE. Finally, prey proteins are either monitored by immune-blotting (D) or identified by MS-analysis (E).
Figure 2: Representative immunoblot used to monitor a PPI of a membrane protein. Bacteria producing CpxA-Strep from a plasmid as the membrane bait protein, were grown in 2xTy medium at pH 8.0 to an OD600 of 1 and exposed to formaldehyde (CH2O) for 20 min. The inner membrane fraction was prepared, membrane proteins were solubilized by detergent treatment and CpxA-Strep was purified (lanes 3 and 4). Bacteria producing CpxA-Strep without formaldehyde treatment served as control (lanes 1 and 2). Aliquots of each sample were boiled at 95°C for 20 min (lanes 2 and 4) to separate cross-linked proteins from CpxA-Strep. Proteins were separated in a 12.5% SDS-PAGE. Immunoblotting was performed and the blot was separated according the size of CpxA-Strep (kDa) and the respective prey proteins CpxR (kDa). The two parts of the immunoblot were incubated with polyclonal antibodies raised against CpxA and CpxR, respectively, further treated with an anti-rabbit horse (HRP) antibody and developed using the SuperSignal®West Pico Chemiluminescent substrate. Arrowhead marks degradation products of CpxA; Lane K is loaded with the purified proteins as blotting control. 
Figure 3: Representative silver-stained SDS-PAGE used for the identification of an interaction partner of a membrane protein by MS analysis. Fractions 3 and 4 of Figure 2 were silver stained. Arrowhead marks a band which was analyzed by MS analysis and which confirmed CpxR as interaction partner of CpxA5. Lane 3 gives purified CpxR-His6 protein.
Discussion: 
There are several critical steps using Membrane-SPINE. First off all, the appropriate detergent has to be determined. It is important to mention that not all detergents are well compatible with the Strep-Tag column. There is no general good detergent for all proteins. We always test for each membrane bait protein several detergents and found that even for the same protein but from different bacterial species (S. Typhimurium versus E. coli) we had to change the detergent. In addition, the copy number of the vector used to overproduce the membrane bait protein has to be balanced between a high level to allow sufficient membrane protein purification and a low level to prevent unspecific interactions. Finally, the silver staining procedure has to be compatible with subsequent MS analysis. We have comparable good results with the SilverQuest® Silverstaining kit and the FireSilver Staining Kit. 
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Table of specific reagents and equipment:

	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	37% Formaldehyde
	Roth
	4979.1
	Should not be older than one year

	DNaseI
	Sigma
	DN25
	

	BCA protein assay kit
	Pierce
	23225
	

	Micro magnetic rod
	Roth
	0955.2
	5 mm in length,

2 mm in diameter

	n-Dodecyl-ß-maltoside
	Glycon
	D97002-C
	

	1 ml Strep-Tactin superflow gravity flow column
	IBA
	2-1207-050
	

	Strep-tag protein purification buffer set
	IBA
	2-1002-001
	Contains buffer W and buffer E

	Amicon® Ultra-4 centrifugal filter
	Millipore
	UFC803024
	

	SuperSignal®West Pico Chemiluminescent substrate
	Pierce
	34080
	

	SilverQuest® Silverstaining kit
	Invitrogen
	LC6070
	

	Trans-Blot SD Semi-Dry Transfer Cell
	BioRad
	170-3940
	

	FireSilver Staining Kit
	Proteome Factory 
	P-S-2001
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