
ix

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                          	 v
Contributors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                          	 xi

Part I  Expression and Purification of PRKs

  1	 Expression of Plant Receptor Kinases in E. coli . . . . . . . . . . . . . . . . . . . . . . . . .                         	 3
Moneeza Akbar Agha, David Lightfoot, and Ahmed Jawaad Afzal

  2	 Expression of Plant Receptor Kinases in Yeast . . . . . . . . . . . . . . . . . . . . . . . . . .                         	 21
María Laura Barberini and Jorge P. Muschietti

  3	 Expression of Plant Receptor Kinases in Tobacco BY-2 Cells  . . . . . . . . . . . . . .              	 29
Hidefumi Shinohara and Yoshikatsu Matsubayashi

  4	 Cell-Free Synthesis of Plant Receptor Kinases . . . . . . . . . . . . . . . . . . . . . . . . . .                         	 37
Akira Nozawa, Keiichirou Nemoto, Shunsuke Nomura,  
Satoshi Yamanaka, Kohki Kido, and Tatsuya Sawasaki

  5	 Purification of Plant Receptor Kinases from Plant Plasma Membranes . . . . . . . .       	 47
Jin Suk Lee

Part II  Ligand Binding and Activation of PRKs

  6	 Photoaffinity Labeling of Plant Receptor Kinases . . . . . . . . . . . . . . . . . . . . . . .                       	 59
Hidefumi Shinohara and Yoshikatsu Matsubayashi

  7	 Quantitative Detection of Oxidative Burst upon Activation  
of Plant Receptor Kinases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 69
Markus Albert and Ursula Fürst

Part III � In silico Methods for Identification  
and Analyses of PRKs

  8	 Extraction and Curation of Gene Models for Plant Receptor Kinases  
for Phylogenetic Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         	 79
Aleksia Vaattovaara, Jarkko Salojärvi, and Michael Wrzaczek

  9	 In Silico Prediction of Ligand-Binding Sites of Plant Receptor  
Kinases Using Conservation Mapping  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 93
Russell J. S. Orr and Reidunn Birgitta Aalen

Part IV � Identification of Enzymatic Functions  
and Interacting Partners of PRKs

10	 Co-immunoprecipitation of Plant Receptor Kinases . . . . . . . . . . . . . . . . . . . . .                     	 109
María Laura Barberini and Jorge P. Muschietti

Contents



x

11	 Autophosphorylation Assays Using Plant Receptor  
Kinases Synthesized in Cell-Free Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                             	 113
Keiichirou Nemoto, Akira Nozawa, Satoshi Yamanaka,  
Shunsuke Nomura, Kohki Kido, and Tatsuya Sawasaki

12	 Investigation of Autophosphorylation Sites of Plant Receptor Kinases 
and Phosphorylation of Interacting Partners . . . . . . . . . . . . . . . . . . . . . . . . . . .                          	 121
Matthew R. Meyer, Shweta Shah, and A. Gururaj Rao

13	 In Vitro Assessment of Guanylyl Cyclase Activity  
of Plant Receptor Kinases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 131
Misjudeen Raji and Chris Gehring

14	 BiFC Assay to Detect Calmodulin Binding to Plant Receptor Kinases . . . . . . . .        	 141
Cornelia Fischer, Margret Sauter, and Petra Dietrich

15	 Pull-down Assay to Characterize Ca2+/Calmodulin Binding  
to Plant Receptor Kinases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 151
Christine Kaufmann and Margret Sauter

Part V  Imaging of PRK Dynamics

16	 The Use of FRET/FLIM to Study Proteins Interacting  
with Plant Receptor Kinases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 163
Stefanie Weidtkamp-Peters and Yvonne Stahl

17	 Detection and Analyses of Endocytosis of Plant Receptor Kinases . . . . . . . . . . .           	 177
Jenna Loiseau and Silke Robatzek

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                                	 191

Contents


	Preface
	Investigating Plant Receptor Kinases

	Contents
	Contributors
	Part I: Expression and Purification of PRKs
	Chapter 1: Expression of Plant Receptor Kinases in E. coli
	1 Introduction
	2 Materials
	2.1 Bioinformatics Tools
	2.2 PCR Amplification of the Coding Sequence
	2.3 Gel Elution of the PCR Product
	2.4 PCR Product Ligation into pGEMT
	2.5 Colony PCR
	2.6 Restriction Digestion of Insert and Recipient Expression Vector
	2.7 Ligation of the Insert with the Vector
	2.8 Transformation of the Ligation Reaction
	2.9 Induction of Recombinant Protein Expression
	2.10 Protein Extraction
	2.11 SDS-PAGE
	2.12 Western Blotting

	3 Methods
	3.1 Bioinformatics Analysis
	3.2 Cloning the Expression Construct
	3.3 IPTG Induction of Recombinant Protein Expression
	3.4 Analyzing Total Recombinant Protein Expression
	3.5 Analyzing Recombinant Protein Solubility
	3.6 Verification of RLK Expression by Western Blotting

	4 Notes
	References

	Chapter 2: Expression of Plant Receptor Kinases in Yeast
	1 Introduction
	2 Materials
	2.1 Yeast Strain
	2.2 Plasmids
	2.3 Reagents

	3 Methods
	3.1 Yeast Transformation
	3.2 Expression of Receptor Kinases
	3.3 Immunoblot of Expressed Receptor Kinases

	4 Notes
	References

	Chapter 3: Expression of Plant Receptor Kinases in Tobacco BY-2 Cells
	1 Introduction
	2 Materials
	2.1 Transformation of BY-2 Cells
	2.2 Preparation of Microsomal Fraction from Receptor-­Expressed BY-2 Cells
	2.3 Visualization of HaloTag-Fused Receptor by Incorporating the Fluorescent Dye TMR

	3 Methods
	3.1 Transformation of BY-2 Cells
	3.2 Preparation of Microsomal Fraction from Receptor-­Expressing BY-2 Cells
	3.3 Visualization of HaloTag-Fused Receptor by Incorporating the Fluorescent Dye TMR

	4 Notes
	Reference

	Chapter 4: Cell-Free Synthesis of Plant Receptor Kinases
	1 Introduction
	2 Materials
	2.1 Purification of Wheat Embryo Particles
	2.2 Preparation of the Cell-Free Extract
	2.3 Preparation of Template for Transcription
	2.4 Preparation of mRNA
	2.5 Protein Synthesis

	3 Methods
	3.1 Purification of Wheat Embryo Particles
	3.2 Preparation of the Cell-Free Extract
	3.3 Preparation of Template for Transcription
	3.4 Preparation of mRNA
	3.5 Cell-Free Protein Synthesis

	4 Notes
	References

	Chapter 5: Purification of Plant Receptor Kinases from Plant Plasma Membranes
	1 Introduction
	2 Materials
	2.1 Purification of Microsomal Membrane Fractions
	2.2 Membrane Protein Extraction
	2.3 Immuno�precipitation
	2.4 On-chip Receptor Protein Purification

	3 Methods
	3.1 Preparing Plant Material
	Arabidopsis Seedlings
	Nicotiana benthamiana Leaves

	3.2 Purification of Microsomal Membrane Fraction
	Arabidopsis Microsomal Membrane Fraction
	Tobacco Microsomal Membrane Fractions

	3.3 Membrane Protein Extraction
	3.4 Immuno�precipitation
	3.5 On-chip Receptor Protein Purification

	4 Notes
	References


	Part II: Ligand Binding and Activation of PRKs
	Chapter 6: Photoaffinity Labeling of Plant Receptor Kinases
	1 Introduction
	2 Materials
	2.1 Preparation of Photoreactive 4-Azidosalicylic Acid (ASA)-Marked Peptide
	2.2 Radioactive Iodination of ASA-­Marked Peptide
	2.3 Photoaffinity Labeling

	3 Methods
	3.1 Preparation of Photoreactive 4-Azidosalicylic Acid (ASA)-Marked Peptide
	3.2 Radioactive Iodination of ASA-­Marked Peptide
	3.3 Photoaffinity Labeling

	4 Notes
	References

	Chapter 7: Quantitative Detection of Oxidative Burst upon Activation of Plant Receptor Kinases
	1 Introduction
	2 Materials
	2.1 Plant Material and Sample Preparation
	2.2 Tools to Set Up the Assay

	3 Methods
	3.1 Preparation of Plant Leaf Pieces
	3.2 Preparation of Samples Prior to Luminescence Measurements, Next Day
	3.3 Luminometer Measurements

	4 Notes
	References


	Part III: In silico Methods for Identification and Analyses of PRKs
	Chapter 8: Extraction and Curation of Gene Models for Plant Receptor Kinases for Phylogenetic Analysis
	1 Introduction
	2 Materials
	2.1 Choosing the Relevant Species for Analyses
	2.2 Collecting the Data from Databases
	2.3 Motifs
	2.4 Computational Environment

	3 Methods
	3.1 Identification of Proteins of Interest
	3.2 Evaluation of Results
	3.3 Manual Annotation

	4 Notes
	References

	Chapter 9: In Silico Prediction of Ligand-Binding Sites of Plant Receptor Kinases Using Conservation Mapping
	1 Introduction
	2 Materials
	3 Methods
	3.1 BLAST
	3.2 Aligning Protein Sequences and Editing Alignment
	3.3 Phylogenetic Inference
	3.4 Generation of Heatmaps

	4 Notes
	References


	Part IV: Identification of Enzymatic Functions and Interacting Partners of PRKs
	Chapter 10: Co-immunoprecipitation of Plant Receptor Kinases
	1 Introduction
	2 Materials
	2.1 Yeast Material
	2.2 Reagents

	3 Methods
	3.1 Co-immuno�precipitations
	3.2 SDS-PAGE and Immunoblotting

	4 Notes
	References

	Chapter 11: Autophosphorylation Assays Using Plant Receptor Kinases Synthesized in Cell-Free Systems
	1 Introduction
	2 Materials
	2.1 An In Vitro Kinase Assay for Biotinylated PRKs
	2.2 Autopho-sphorylation Analysis of Biotinylated PRKs by Using the Luminescence System “AlphaScreen”

	3 Methods
	3.1 The In Vitro Kinase Assay of Biotinylated PRKs Performed Using Biotin-Streptavidin Affinity Purification Technology
	3.2 Autopho-sphorylation Analysis of Biotinylated PRKs Performed Using Luminescence System “AlphaScreen”

	4 Notes
	References

	Chapter 12: Investigation of Autophosphorylation Sites of Plant Receptor Kinases and Phosphorylation of Interacting Partners
	1 Introduction
	2 Materials
	2.1 In Vitro Phosphorylation Assay
	2.2 Phosphopeptide Enrichment
	2.3 LC-MS Analysis of Phosphopeptides
	2.4 Site-Directed Mutagenesis of Kinase Domains
	2.5 In Vitro Phosphorylation of Putative Substrate Proteins by Receptor-­like Kinase

	3 Methods
	3.1 In Vitro Autophosphorylation
	3.2 Sample Digestion and Phosphopeptide Enrichment
	3.3 LC-MS Analysis of Phosphopeptides
	3.4 Production of Kinase-Inactive Mutants
	3.5 In Vitro Phosphorylation of Putative Substrate Proteins by Receptor-­like Kinase

	4 Notes
	References

	Chapter 13: In Vitro Assessment of Guanylyl Cyclase Activity of Plant Receptor Kinases
	1 Introduction
	2 Materials
	2.1 Obtaining Recombinant or Synthetic GCs
	2.2 GC In Vitro Assay and Preparation of cGMP Sample
	2.3 Chromatography
	2.4 Spectrometry
	2.5 Data Analyses Software

	3 Methods
	3.1 In Vitro GC Assay
	3.2 Separation and Quantification of cGMP

	4 Notes
	References

	Chapter 14: BiFC Assay to Detect Calmodulin Binding to Plant Receptor Kinases
	1 Introduction
	2 Materials
	2.1 Choice of Vectors and Controls
	2.2 Agrobacterium-­Mediated Transformation of Nicotiana benthamiana Leaf Cells
	2.3 Evaluation of Fluorescence

	3 Methods
	3.1 Infiltration
	3.2 Microscopy
	3.3 Quantification of BiFC Fluorescence

	4 Notes
	References

	Chapter 15: Pull-down Assay to Characterize Ca2+/Calmodulin Binding to Plant Receptor Kinases
	1 Introduction
	2 Materials for Pull-down Assay
	2.1 Choice of Vectors
	2.2 Materials Used to Express MaBP-CaM-FLAG
	2.3 Materials for the Expression of the His-Tagged Kinase Domain of a Receptor-like Kinase (H6-RLK-KD)
	2.4 Materials for Pulldown

	3 Pull-down Methods
	3.1 Expression of MaBP-CaM-FLAG
	3.2 Expression of H6-RLK-KD
	3.3 Isolation of MaBP-CaM-FLAG and H6-RLK-KD
	3.4 Purification (See Note 6) and Auto-­phosphorylation (See Note 7) of H6-­RLK-­KD (Optional Steps)
	3.5 Pulldown

	4 Notes
	References


	Part V: Imaging of PRK Dynamics
	Chapter 16: The Use of FRET/FLIM to Study Proteins Interacting with Plant Receptor Kinases
	1 Introduction
	1.1 FRET
	1.2 FRET Measurements Using Acceptor Photobleaching (FRET-APB)
	1.3 FRET Measurements Using Fluorescence Lifetime Imaging Microscopy (FRET-FLIM)
	1.4 Which FRET Pair to Choose?

	2 Materials
	2.1 Equipment and Solutions
	2.2 Plant Material

	3 Methods
	3.1 Mounting of Plant Material
	3.2 Calibration Measurements for FRET-FLIM
	3.3 FRET-APB Measurements
	3.4 FRET-APB Data Quality Criteria
	3.5 FRET-FLM Measurements
	3.6 FRET-FLIM Data Quality Criteria
	3.7 Potential Pitfalls and Points of Consideration

	4 Notes
	References

	Chapter 17: Detection and Analyses of Endocytosis of Plant Receptor Kinases
	1 Introduction
	2 Materials
	2.1 Samples
	2.2 Experiment/Treatments
	2.3 Confocal Microscopy
	Sample Mounting
	Image Acquisition
	Image Processing


	3 Methods
	3.1 Samples
	3.2 Treatment
	3.3 Experiment/Treatment
	3.4 Confocal Microscopy
	Image Acquisition
	Image Processing


	4 Notes
	References


	Index

