Immunoprecipitation of plasma membrane receptor-like kinases for identification of phosphorylation sites and associated proteins
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Summary

Membrane proteins are difficult to study for numerous reasons. The surface of membrane proteins is relatively hydrophobic and sometimes very unstable, additionally requiring detergents for their extraction from the membrane. This leads to challenges at all levels, including expression, solubilisation, purification, identification of associated proteins and the identification of post-translational modifications.  However, recent advances in immunoprecipitation technology allow to isolate membrane proteins efficiently, facilitating the study of protein-protein interactions, the identification of novel associated proteins and to identify post-translational modifications, such as phosphorylation. Here, we describe an optimized immunoprecipitation protocol for plant plasma membrane receptor-like kinases. 
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1. Introduction

The plasma membrane separates the cytoplasm of plant cells from the outside environment. Therefore, there are numerous receptors recognizing a variety of environmental signals at the plasma membrane. Receptor-like kinases (RLKs) are a family of transmembrane proteins with versatile N-terminal extracellular domains and C-terminal intracellular kinases. Receptor-like proteins (RLPs) have a similar structure as RLKs, but lack a kinase domain. These proteins control a wide range of physiological responses in plants such as plant immune responses, hormone signalling, danger signalling and development, among others (1-7). RLKs and RLPs transduce downstream signalling by phosphorylation of substrates, which themselves might be kinases. Generally, the analysis of interactions of membrane proteins is difficult because of the hydrophobic nature of these proteins. Moreover, the kinase-substrate interactions can be weak and can occur only transiently. However, recent advances in the co-immunoprecipitation (CoIP) technology are now allowing the identification of protein interactors of plant RLKs and RLPs efficiently (8-12) and also identify important phosphorylation sites during activation (13). 
Plants recognize pathogen-associated molecular patterns (PAMPs) at the plasma membrane. The leucine-rich repeat (LRR)-type RLKs FLS2 and EFR are the receptors for bacterial flagellin and elongation factor Tu (EF-Tu), respectively (1). Binding of flg22 or elf18 (the immunogenic peptides of flagellin or EF-Tu in Arabidopsis, respectively) to FLS2 or EFR, respectively, induces their instant association with the LRR-RLK BAK1, phosphorylation of both proteins, and initiation of downstream responses, such as the production of a reactive oxygen species (ROS) burst, transcriptional reprogramming, and ultimately immunity (9, 14-19). CoIP of EFR successfully identified several BAK1 homologues and RBOHD, a NADPH oxidase responsible for PAMP-induced ROS production (8, 9). The finding of EFR complex components led to the identification of a novel activation mechanism of RBOHD by the EFR receptor complex via the EFR-associated cytoplasmic kinase BIK1 (9). Immunoprecipitation (IP) of EFR followed by a selected reaction monitoring approach using liquid chromatography-tandem mass spectrometry (LC-MS/MS) also allowed the identification of a tyrosine phosphorylation site essential for the full activation of EFR (13). These results show that immunoprecipitation is a very powerful and useful technique to identify regulatory mechanisms of RLKs and RLPs in plants, as well as to clarify their signal transduction to downstream components at the molecular level. Here, we describe an optimized protocol for the isolation by immunoprecipitation of plasma membrane proteins, especially RLKs, from Arabidopsis thaliana to identify their associated proteins and their phosphorylation sites in vivo.


2. Materials

2. 1 Protein extraction components

1. Extraction buffer: 50 mM Tris-HCl pH 7.5, 100-150 mM NaCl, 10% glycerol, 5 mM DTT*, 1% (v/v) Protease inhibitor cocktail (P9599, Sigma)*, 0.5-2% (v/v) IGEPAL CA-630, 1 mM Na2MoO4･2H2O*, 1 mM NaF*, 1.5 mM *Activated sodium orthovanadate (Na3VO4), 1 mM EDTA (Optional), 1% (v/v) *Protein phosphatase inhibitor cocktail 2 & 3 from Sigma (optional). 
N.B.: Ingredients labelled with * should be added right before each use. Decide the concentration of NaCl and IGEPAL CA-630 depending on your purpose and characteristic feature of your protein (see Note 1).
2. Mortars and pestles.
3. Empty fritted 20 mL-columns (Econo column, 732-1010, Biorad).
4. Phenylmethanesulfonyl fluoride (PMSF) 100 mM in isopropanol.
5. Sand (50-70 mesh particle size, 274739 Sigma).
6. Low protein binding tubes 1.5 mL.
7. Bradford Protein Assay kit (BioRad).
8. Protein low binding tubes (Eppendorf).

2.2 Magnetic beads CoIP system from Miltenyi Biotec

1. µMACS Separator.
2. µColumns.
3. Parafilm.
4. µMACS GFP beads.
5. Elution buffer (SDS buffer from Miltenyi Biotec): 50 mM Tris HCl (pH 6.8), 50 mM DTT, 1% SDS, 1 mM EDTA, 0.005% bromphenol blue, 10% glycerol.
6. Peristaltic pump with small tube to connect to µColumns.

2.3 Agarose beads CoIP system from Chromotek

1. GFP antibody conjugated to agarose beads (GFP-trap_A, Chromotek).
2. LDS Sample Buffer (NuPAGE®, Invitrogen).
3. Sample Reducing Agent (NuPAGE®, Invitrogen).


3. Methods

3.1 Preparing plant material

· Generation of transgenic Arabidopsis plants (see Note 2, 3). 
· Sterilize the seeds.
· Sow seeds on MS 1% sucrose agar plates and keep in a cold room in the dark for 2-3 days.
· Grow them for 7 days in a growth room (our conditions: illumination of 120-130 µmol/m2sec, 16h light/8h dark cycle, temperature of 22-23°C) and then transfer the seedlings into 6-well plates containing 5 mL MS medium with 1% sucrose in each well (5 seedlings per well).
· After transfer, grow for 7-10 days more and collect samples.

Prepare 5 plates per treatment (10-15 g fresh weight) for large scale IP or IP for the identification of phosphorylation sites. Use 1 plate per treatment (2-3 g fresh weight) for small scale IP.

3.2 Ligand treatment

· Dilute PAMP stock solution in distilled water (1 µM for flg22 or elf18).
· Prepare two different sizes of beakers (for example, 300 mL and 200 mL beakers).
· Put all Arabidopsis seedlings (after removal of MS media using paper towels) into a bigger beaker.
· Add PAMP solution or water for mock treatment in the bigger beaker with seedlings and put the small beaker on top of it. Make sure all seedlings are under the water (see Note 4). 
· Put the beaker sandwich into a vacuum chamber and apply vacuum for 2 min. 
· Release the pressure slowly and start counting the time. You can see that the PAMP solution gets into the plants as the colour of the leaves becomes darker. If some parts are not infiltrated, repeat the vacuum infiltration process.  
· After 5 min (or 10-15 min depending on your purpose), discard the PAMP solution.
· Put the seedlings on paper towels and dry them. 
· Immediately, freeze them in liquid nitrogen and keep samples at -80 C.

The same protocol for PAMP treatment and CoIP can be used for Nicotiana benthamiana leaves transiently expressed tagged protein by using different buffer (see Note 5).

3.3 Grinding the samples

· Grind frozen tissue until converted into fine powder using a mortar and pestle with liquid nitrogen. The use of sand (50-70 mesh particle size, 274739 Sigma) improve the efficiency of the grinding process, usually resulting in more extracted protein. 
· Optional: Add 0.5 g polyvinylpolypyrrolidone (PVPP) to remove phenolic compounds.
· Transfer the powder into a 50 mL tube and make a tiny hole on the lid of the tube to prevent explosion. The volume of the powder must be around 35 mL. 
· Keep in -80C until protein extraction (see Note 6).

3.4 Protein extraction

· Prepare fresh extraction buffer (40 mL per sample for large scale IP and 15 mL for small scale IP).
· Add extraction buffer (2 mL/g tissue) in the tube with ground powder and add 1 mM PMSF (PMSF is degraded after 30-60 min in aqueous solutions).
· Mix quickly using a spoon and vortex so that all the ground powder is quickly mixed with extraction buffer. The ground powder that melts without mixing with extraction buffer may get degraded or dephosphorylated. Change the lid for a new one without a hole. 
· Incubate at 4C for 1h with gentle rolling to solubilize the plasma membrane.

3.5 Centrifugation of crude extracts

· Centrifuge at 15,000 x g at 4 C for 20 min.
· Pass the extract through an empty fritted column (20 mL, Bio-Rad) to trap cell debris.
· Centrifuge at 1,500 x g at 4 C for 1 min to remove cell debris or PVPP completely and transfer the supernatant into a new tube.

3.6 Determination of protein concentration

· Determine the protein concentration using 1/10-diluted samples (Protein Assay kit, Bio-Rad). 
· Dilute samples to 3-5 mg/mL protein using extraction buffer and transfer to 15 mL or 50 mL tubes. Higher concentration of extract sometimes causes protein aggregation during the incubation with antibodies.
· Take a small aliquot to use as Input, mix with LDS sample buffer and reducing agent from Invitrogen Nupage system, and freeze it ASAP.

3.7 Immunoprecipitation

Selection of the IP system
	
It is very important to choose the best IP system for your purpose. Here, we describe optimized IP protocols using a magnetic beads system from Miltenyi biotec (which we use for the identification of protein interactors in plants) (see Note 7) and an agarose beads system from Chromotek (GFP-trap), which we use for the identification of phosphorylation sites in RLKs (see Note 8 & 9).

IP using magnetic beads
· Add 50 µL (for small scale IP) or 250 µL (for large scale IP) of magnetic beads to the crude extract and incubate on a roller mixer for 0.5-1 h at 4C.
· Connect µ-columns and empty fritted columns (20 mL Econo column from Bio-Rad) very tightly with parafilm (Figure 1). 
· Place the assembled columns in the magnetic field of µMACS Separator and bring them to a cold room. 
· Apply 1 to 5 mL of the extraction buffer for the equilibration of the assembled columns.
· Apply the crude extract to the assembled column and discard the flow through. 
From this step, DO NOT take the column off from the µMACS Separator until the elution step (beads and IPed proteins will go through the column if they were separated from the magnetic field).
· If the flow rate is very slow, you can apply suction from the bottom of the column using a peristaltic pump. Take off the empty fritted column from the µ-column after all the extract has passed through the column.
· Wash 3-5 times with 500 µL of extraction buffer.
· If the outer surface of the column is dirty, clean up using a pipette or a paper towel. 

Elution with SDS buffer
· Heat the elution buffer from Miltenyi biotec on a heat block at 99C. Remove the buffer in the column by applying suction with a peristaltic pump from the bottom of the µ-column.
· Bring the columns and the µMACS Separator next to the heat block.
· Place a low protein binding tube under the column.
· Add 20 µL of heated elution buffer in the column and immediately press the column slightly with your thumb or fingers with clean gloves, so that boiled elution buffer go into the black part of the column where the magnetic beads are located.
· Wait for 5 min and press the column again to elute.
· Add another 20-30 µL of heated elution buffer and repeat the process. 

Determining total amount of beads collected by column:
· After the IP, check the amount of magnetic beads that were collected in the column.
· Take the column off from the µMACS Separator and put on the new 1.5 mL tube. Then, add 1 mL of extraction buffer in the column and press with fingers. The brown-coloured beads will be released from the column. 

IP using agarose beads

· Remove storage buffer and wash agarose beads 2-3 times with extraction buffer.
· Add 50 µL 50% agarose to each 15 mL crude extract using a cut tip and incubate on a roller mixer at 4C for 2-4 h. 
· Centrifuge 500 x g for 1 min at 4C.
· Remove supernatant using a pipette or a vacuum pump.
· After adding a small amount of extraction buffer, transfer the agarose beads to a new 1.5 mL protein low binding tube using a 1 mL cut tip.
· Wash the 50 mL tube with 1 mL of fresh extraction buffer to collect all the agarose beads attached to the surface of the tube and transfer to the 1.5 mL tube.
· Centrifuge 30 s at 500 x g at 4 ºC.
· Remove the supernatant.
· Re-suspend the beads in 1 mL extraction buffer.
· Centrifuge 30 s at 500 x g.
· Wash 2-4 more times with 1 mL extraction buffer.
· Remove washing buffer.

Elution from agarose beads
· Prepare 2x LDS buffer with sample reducing agent.
· Add 40 µL of 2x LDS buffer to the agarose beads.
· Heat at 70C 15 min or 50 C 20 min (see Note 10). For proteins highly attached to the plasma membrane, elution should be performed at lower temperatures.  
· Apply everything to a mini spin column and centrifuge for 1 min at the maximum speed. 
· Add 10 µL of 2x LDS buffer to agarose and centrifuge for 1 min at the maximum speed. 
· Freeze the samples in -80C. Freeze/thaw cycles reduces the protein signal on the western blotting. We recommend making aliquots to prevent freeze-thaw cycles. 


3.8 SDS page for LC-MS/MS analysis

· For LC-MS/MS analysis, we perform the SDS-PAGE using commercially available pre-cast gels to obtain consistent band patterns and to remove contaminants that may affect the subsequent LC-MS/MS analysis. For example, we use NuPAGE® Bis-Tris Gel 1.5 mm 10 Well, NuPAGE® MOPS SDS Running Buffer and NuPAGE® Antioxidant (see Note 11). 
· Run at 200 V for 50 min. If you apply large volume of sample, it is better to run at lower voltage (100 V) (see Note 11).
· Take the gel and place it in a new plastic case. 
· Wash the gel with ultrapure water 3-5 times for 10 min to remove SDS from the gel.
· Stain the gel with SimplyBlueTM SafeStain from Life technologies. 
· Cut bands of interest for LC-MS/MS analysis or cut the whole lane into several pieces and proceed to tripsin digestion and LC-MS/MS analysis.

4. Notes

1. If you want to identify phosphorylation sites or if you think the phosphorylation state is important for the interactions of associated protein to RLKs, add protein phosphatase inhibitor cocktails and EDTA in the extraction buffer. EDTA chelates Zn2+ causing the inactivation of Zn2+–dependent metalloproteases. However, some proteins require cations to achieve their proper structure and their interactions with binding partners. EDTA also inhibits protein phosphatase 2C by chelating Mg2+ and Mn2+. Thus, for identification of phosphorylation sites, adding EDTA and protein phosphatase inhibitor cocktails is required. However, for Ca2+-dependent kinases, do not add EDTA if you want to maintain the activity. Higher detergent concentrations may favour the solubilization of plasma membrane proteins, but generates more stringency, and may weaken the detection of protein-protein interactions. You can also change the salt concentration. The normal concentration range from 100-150 mM NaCl, but higher or lower concentrations can be used depending on your purpose.

2. The expression of good amounts of active RLK fused to a tag with proper localization is one of the most important steps for the success of IP experiments to identify phosphorylation sites or to identify novel protein interactors. We recommend generating stable transgenic plants expressing epitope-tagged RLKs by using genomic DNA constructs driven by their own promoters. It is unlikely to identify biologically relevant interactors by using miss-localized or non-functional RLKs. As far as we experienced, it is better to get several hundred nanograms of RLK after IP to isolate interactors and identification of phosphorylation sites.

3. Extracting proteins strongly attached to the plasma membrane can also lead to the immunoprecipitation of plasma membrane fragments. You can break the plasma membrane by using higher concentrations of detergent, but it is recommended to use a good negative control. For example, we are currently using the 35S:GFP-LTI6b transgenic line as a negative control of IP of GFP-fusion protein localized at the plasma membrane. LTI6b is a plasma membrane marker (20). 
 
4. If the aim is to identify specific protein interactors of activated RLKs or their phosphorylation sites, you have to elicit as many RLKs in the cells of plants as possible. If you get only 10% of activated RLKs, 90% of non-activated RLKs would just generate background causing a very small chance of getting specific interactors or identify their phosphorylation sites. Therefore carefully consider the concentration of PAMPs and perform carefully the vacuum infiltration. 

5. [bookmark: _GoBack]You can also use this protocol for CoIP of tagged proteins transiently expressed in Nicotiana benthamiana by using Agrobacterium tumefaciens. However, over-expressing proteins in limited compartments such as the plasma membrane or organella could cause false interactions. Therefore, it is necessary to use good negative controls. The extraction buffer for N. benthamiana is the same as the one for Arabidopsis, except that we use higher concentration of Tris-HCl (150 mM) and DTT (10 mM). PVPP is required to remove phenolic compounds from extracts of N. benthamiana leaves.

6. To perform IP of several samples at the same time, you need to grind samples in advance and keep them in -80C so that you can add the extraction buffer at the same time. 

7. If the aim is to identify novel interactors, it is essential to isolate protein complexes that contain your RLK without losing interactors. Too much washing can reduce non-specific interactions of sticky proteins but you may also break your complex of interest and lose true interactors. Too much washing may also release ligands from RLKs thus loosing ligand-dependent interactions. The magnetic bead system allows us to isolate RLK complexes very quickly using non-aggressive conditions, because magnetic beads are extremely small (50 nm diameter) and you can collect them by a column set on a magnetic field of µMACS Separator instead of centrifugation. Thus, this system is suitable for the identification of the interactors of RLKs, while the capacity of the column to capture magnetic beads is limited.

8. In order to identify RLK phosphorylation sites, it is necessary to purify large amounts of RLK in conditions where protein phosphatase activity is inhibited. Thus the IP system that gives you the best yield of the RLK is needed. You also need to wash the beads many times with buffer containing protein phosphatase inhibitors to get pure RLK protein without dephsphorylation by protein phosphatases.  GFP-trap, agarose conjugated antibody, interacts very strongly with GFP, therefore allowing the purification of a high amount of GFP-fusion protein. Thus, this system is suitable for the identification of phosphorylation sites of RLKs.  

9. We tested the efficiency of the IP systems.  EFR forms a very stable complex with BAK1 in an elf18-dependent manner.  We normally get more GFP protein by GFP-trap, but we get more BAK1 by the magnetic bead system (Figure 2). This suggests that the magnetic bead system is better to isolate EFR complexes from the plasma membrane.

10. Some membrane proteins are very unstable at high temperature even after mixing with SDS or LDS buffer and you may lose these proteins if you boil them.  Instead of boiling your samples with SDS buffer, you can heat at lower temperature 25-75C for longer time.  

11. Note that highly helical proteins run faster in lower SDS page gel and faster in higher SDS page gel than the expected speed from molecular size (21). 
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Figure legends


Fig. 1 The assembly of columns and perisita pump on the magnetic µMACS Separator. A 20 mL empty column (Econo Solomon, Biorad) is connected tightly with a µColumn to apply large amount of crude extract. Magnetic beads are tiny enough to go through the filter of the empty column, but cell debris will stop at the filter even if it gets contaminated to the extract. When the flow rate is too slow or to remove all the liquid during washing, you can apply suction with a peristaltic pump from the bottom of the µ column.


Fig. 2 Comparison of the amount of activated EFR complex isolated by two different IP system. EFR-GFP protein is coimmunoprecipitated by GFP-trap from Chromotek and anti-GFP magnetic beads from Miltenyi biotec by using efr-1/p35S:EFR-GFP transgenic Arabidopsis plants. The ratio of the quantitative value of IPed EFR-GFP and co-eluted endogenous BAK1 protein calculated based on the data of LC-MS/MS  analysis were shown.  Although the yield of the EFR-GFP protein is always higher in the GFP-trap system (data not shown), more endogenous BAK1 were co-eluted with EFR-GFP from elf18 treated samples in magnetic beads system. This data show that the magnetic bead system is more suitable to isolate EFR complex. Data are mean ±SE of 4 independent IP data. 
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