


M e t h o d s  i n  M o l e c u l a r  B i o l o g y ™

Series Editor
John M. Walker

School of Life Sciences
University of Hertfordshire

Hatfield, Hertfordshire, AL10 9AB, UK

 For further volumes:
 http://www.springer.com/series/7651



wwwwwwwwwwwwwwwww



Plant Kinases

Methods and Protocols

Edited by

Nico Dissmeyer

Leibniz Institute of Plant Biochemistry (IPB), Halle (Saale), Germany

Arp Schnittger

Institut de Biologie Moléculaire des Plantes  
Centre National de la Recherche Scientifique (IBMP-CNRS), Strasbourg, France



ISSN 1064-3745 e-ISSN 1940-6029
ISBN 978-1-61779-263-2 e-ISBN 978-1-61779-264-9
DOI 10.1007/978-1-61779-264-9
Springer New York Dordrecht Heidelberg London

Library of Congress Control Number: 2011933668

© Springer Science+Business Media, LLC 2011
All rights reserved. This work may not be translated or copied in whole or in part without the written permission of the 
publisher (Humana Press, c/o Springer Science+Business Media, LLC, 233 Spring Street, New York, NY 10013, USA), 
except for brief excerpts in connection with reviews or scholarly analysis. Use in connection with any form of information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology now known or 
hereafter developed is forbidden.
The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are not identified 
as such, is not to be taken as an expression of opinion as to whether or not they are subject to proprietary rights.

Cover illustration: The title image is a collage of three different Arabidopsis thaliana plants. The endogenous activity of 
one of the major cell cycle kinases cyclin-dependent kinase A;1 (CDKA;1) increases from left to right. The two left 
individuals are cdka;1 homozygous null mutants that were partially complemented by phosphorylation-site substituted 
CDKA;1 variants and are compared to a wild type plant of the accession Columbia-0 on the right. The phosphosite 
mutants were expressed from the endogenous CDKA;1 promotor. The CDKA;1 variant on the left carries the double 
phospho-mimetic substitution T14D/Y15E in the ATP-binding pocket (P-loop) and that one in the center the single 
amino acid substitution T161D in the activation loop (T-loop). Both domains of CDKA;1 are required for catalysis and 
substitutions lead to a tremendous reduction in kinase activity. For reference, see Dissmeyer N. et al., Plant Cell (2007), 
Dissmeyer N. et al., Plant Cell (2009), and Chapter 6 of this book. Photographs by MAret-Linda Kalda, Max Planck 
Institute for Plant Breeding Research, Köln, Germany.

Printed on acid-free paper

Humana Press is part of Springer Science+Business Media (www.springer.com)

Editors
Nico Dissmeyer, Ph.D. 
Leibniz Institute of Plant Biochemistry (IPB) 
Independent Junior Research Group on Protein 
Recognition and Degradation 
Weinberg 3, D-06120 Halle (Saale)  
Germany 
nico.dissmeyer@ipb-halle.de

Arp Schnittger, Ph.D. 
Institut de Biologie Moléculaire des Plantes 
Centre National de la Recherche  
Scientifique (IBMP-CNRS)  
Unité Propre de Recherche 2357 
12, rue du Général Zimmer  
F-67000 Strasbourg, France 
arp.schnittger@ibmp-cnrs.unistra.fr



v

Preface

Modification of target protein properties by reversible phosphorylation events has been 
found as one of the most prominent cellular control processes in all organisms. Recent 
advances in the area of molecular biology and biochemistry, for instance mass spectrometry-
based phosphoproteomics or fluorescence spectroscopical methods are opening new 
possibilities to reach an unprecedented depth and a proteome-wide understanding of phos-
phorylation processes in plants and other species. Moreover, the growing number of model 
species now allows deepening evolutionary insights into kinase/phosphatase systems and 
extracting general principles of regulation through phosphorylation.

The book Plant Kinases from the Methods in Molecular Biology™ series focuses on 
plant protein kinases and provides a compendium of state-of-the-art techniques that are 
written by experts in the field having hands-on experience with the particular methods. The 
major goal is to provide the experimentalist with a detailed account of the practical steps 
necessary for carrying out each protocol successfully in his or her own laboratory. We hope 
that both novice and seasoned researchers will find Plant Kinases a useful lab companion 
for years to come and that Plant Kinases will facilitate the practical work leading to new and 
exciting insights. Plant protein kinases specifically addressed in this book are members of 
the plant MAP kinase cascade, cyclin- and Calcium-dependent protein kinases, and plant 
sensor and receptor kinases.

We greatly acknowledge the contribution of the authors in writing this book and thank 
for the clear and detailed descriptions of the procedures and for many useful hints in the 
notes sections. We wish to acknowledge John M. Walker, the series editor, for his support, 
and the team at Humana Press and Springer for their help in producing this volume.

Let us get started: To the bench!

Halle (Saale), Germany Nico Dissmeyer  
Strasbourg, France Arp Schnittger
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N. Dissmeyer and A. Schnittger (eds.), Plant Kinases: Methods and Protocols, Methods in Molecular Biology, vol. 779,
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Chapter 1

Guide to the Book Plant Kinases

Nico Dissmeyer and Arp Schnittger

The growing number of fully annotated genomes of model and 
nonmodel plant species, such as Arabidopsis, Brachypodium, 
 grapevine, maize, rice, rape seed, soybean, tomato, and others, has 
led to a tremendous increase in sequence information. The novel 
genome information has been translated into the putative pro-
teomes and set the ground for a wealth of yet to be explored 
kinomes. At the same time, cellular pathways are now analyzed in 
model plants with an unprecedented depth revealing new 
 mechanisms of regulation and integration of individual modules 
into regulatory networks. These studies are promoted by new 
developments in biochemical, molecular, and cell biological tech-
niques of which we provide a comprehensive and state-of-the-art 
overview in the present methods book (Fig. 1).

Plant Kinases is intended to be a benchtop manual and guide 
for both those who are new to the techniques and for those who 
wish to compare their approaches with established ones from other 
laboratories. It equally aims to further methodological inspiration. 
By providing a compendium of methods adapted to be successfully 
used in plants, this volume addresses scientists who desire to test 
their results and expand their analyses into further research areas.

Plant Kinases is laid out to provide the experimentalist with a 
full account of the practical steps that are necessary for the success-
ful completion of each protocol. Thus, the Materials as well as the 
Methods sections contain detailed step-by-step descriptions of all 
procedures. Moreover, each chapter opens with an Introduction 
which describes the basic theory underlying both the biology and 
the method being used to present each technique in the context of 
a particular biological question. The final Notes section comple-
ments the protocol with hands-on comments as suggested by 
 experienced users.
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Plant Kinases is divided into four major sections comprising 
a total of 17 chapters. It starts with (I) an introductory chapter 
(Chapter 2) where we review general structural and functional 
aspects of protein kinase function highlighting several regulatory 
signaling networks related to this methods book. In addition, we 
provide a compendium of databases and Web tools for plant 
kinase research. Part (II) covers expression, purification, activity 
monitoring, and reporter gene assays of plant protein kinases; 
part (III) addresses the study of kinase function at the cellular 
level by chemical genetics, microscopy- and spectroscopy-based 
techniques; and part (IV) provides information on the identifi-
cation of kinase substrates and phosphorylation-site detection 
via interaction assays, substrate labeling protocols, and proteom-
ics (Fig. 1).

Part II (Chapters 3–8) starts off by providing several methods 
for protein production and isolation, for instance, through immu-
noprecipitation from plant extracts (Chapters 4 and 5). Of par-
ticular relevance to the study of kinases and substrates for which 
only low amounts can be isolated from plant extracts, in vitro pro-
tein production, such as cell-free systems (Chapter 3), or bacterial 
and viral expression systems (Chapter 4), might be considered. 

Fig. 1. Approaches to the study of protein kinase function found in this book. All examples are taken from this book, indicat-
ing in which chapter the respective methodologies can be found.
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Protein expression is typically followed by protein purification steps 
and protocols are provided in Chapters 3 and 4. The ultimate step 
is a functional assay, for instance, by affinity-coupled kinase 
(Chapters 4 and 6) and phosphatase assays (Chapter 8). In parallel, 
activity can be monitored in planta by reporter gene assays (Chapter 
5) or in heterologous systems such as bacteria (Chapter 7; Fig. 1).

Part (III) (Chapters 9–13) addresses the study of kinase 
 function at the cellular level through the lens of chemical genetics 
(Chapters 9 and 10), microscopy, and spectroscopy (Chapters 
11–13). The modulation of kinase activity with inhibitor mole-
cules has become a very powerful tool as outlined in Chapter 9. 
Recent advances in inhibitor studies make use of ATP-competitive 
molecules and engineered inhibitor-sensitive protein kinase vari-
ants that are replacing the wild-type copy (Chapter 10). Highly 
sensitive microscopical techniques are applied to reach a quantita-
tive level in detecting and monitor protein–protein interactions. 
Standard fluorescence or confocal laser scanning microscopy (CLSM; 
Chapters 12 and 14) are used to elaborate the transient associa-
tions of proteins by Förster/fluorescence resonance energy transfer 
measurements (FRET; Chapters 11 and 13) and fluorescence life-
time imaging microscopy (FLIM; Chapter 11). These techniques 
were further specialized and new spectroscopical  methods have 
evolved such as fluorescence fluctuation analysis (FFA; Chapter 
11), fluorescence correlation or cross-correlation spectroscopy 
(FCS/FCCS; Chapters 11 and 13), photon counting histogram 
analysis (PCH; Chapter 11), and fluorescence recovery after photo-
bleaching (FRAP; Chapter 13; Fig. 1).

Part (IV) (Chapters 14–17) provides information on the 
 identification of kinase substrates and phosphorylation-sites via inter-
action assays, substrate labeling protocols, and mass spectrometry 
(MS)-based proteomics. Chapter 14 describes a procedure for bimo-
lecular fluorescence complementation (BiFC or split YFP) which 
allows detecting kinase–substrate interactions in vivo. Following a 
chemical genetics approach, the use of ATP-analogous compounds 
enables the researcher to specifically mark substrates of kinase X 
among the pool of other kinases (Chapter 15). The preservation, 
detection, and identification of the actual site(s) of phosphoryla-
tion are experimentally difficult but fundamentally important for 
the characterization of a kinase cascade. Therefore, strategies for 
both the isolation of plant phosphopeptides and their identifica-
tion by mass spectrometry in combination with 2D-PAGE and 
MS-related technologies have been developed. Recent modifica-
tions of existing MS-based protocols such as metal oxide affinity 
chromatography (MOAC), isobaric tags for relative and absolute 
quantization (iTRAQ), and stable isotope labeling (SILAC) allow 
the researcher to further purify and enrich the phosphorylated 
 target sequences for subsequent spectrometric analysis (Chapters 
16 and 17; Fig. 1).
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Chapter 2

The Age of Protein Kinases

Nico Dissmeyer and Arp Schnittger

Abstract

Major progress has been made in unravelling of regulatory mechanisms in eukaryotic cells. Modification 
of target protein properties by reversible phosphorylation events has been found to be one of the most 
prominent cellular control processes in all organisms. The phospho-status of a protein is dynamically 
controlled by protein kinases and counteracting phosphatases. Therefore, monitoring of kinase and 
phosphatase activities, identification of specific phosphorylation sites, and assessment of their functional 
significance are of crucial importance to understand development and homeostasis. Recent advances in the 
area of molecular biology and biochemistry, for instance, mass spectrometry-based phosphoproteomics 
or fluorescence spectroscopical methods, open new possibilities to reach an unprecidented depth and a 
proteome-wide understanding of phosphorylation processes in plants and other species. In addition, the 
growing number of model species allows now deepening evolutionary insights into signal transduction 
cascades and the use of kinase/phosphatase systems. Thus, this is the age where we move from an under-
standing of the structure and function of individual protein modules to insights how these proteins are 
organized into pathways and networks. In this introductory chapter, we briefly review general definitions, 
methodology, and current concepts of the molecular mechanisms of protein kinase function as a founda-
tion for this methods book. We briefly review biochemistry and structural biology of kinases and provide 
selected examples for the role of kinases in biological systems.

Key words: Kinase, Phosphorylation, Phosphatase, Development, Cascade, Signalling, Plant

Kinases or phosphotransferases are per definitionem enzymes that 
catalyze the transfer of the g-phosphate group from high-energy 
donor molecules such as adenosine-5′-triphosphate (ATP; some-
times guanosine-5′-triphosphate, GTP) preferentially to alcohol or 
hydroxy groups (OH) but also to nucleophilic centres of other 
functional groups of acceptor molecules, i.e. oxygen-, sulphur-, 
and nitrogen-containing ones (for details, see below; (1)). The 
process of attaching such a phosphorous-containing group is 
termed phosphorylation and leads to a phosphono or, in short, a 

1. A Primer  
on Protein Kinase 
Biochemistry

1.1. Phosphotransfer
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phospho group in the acceptor molecule and is derived from 
phosphonic or phosphorous acid (H3PO3). This functional group 
is often also called a “phosphoryl” group which is not correct but 
regarded as acceptable (2).

Together with the eight other families such as amino- and gly-
cosyltransferases, kinases form the “transferase group” of enzymes 
classified as EC 2 according to the enzyme commission (EC). One 
of the largest groups of kinases are protein kinases (PKs), which act 
on and modify the activity of specific proteins. Depending on the 
species, PKs represent about 2–4% of all eukaryotic genes (Table 1 
and references therein; (3, 4)) and it has been estimated that 
approximately one-third of all proteins in animal and yeast cells are 
phosphorylated on at least one position (5, 6).

PKs, as phosphorous-transferring enzymes, constitute the 
group EC 2.7 which is further broken up with respect to the 
acceptor sites (Table 2): It is the hydroxy (OH), the carboxy- 
(COOH), or nitrogenous (nitrogen-, N-containing) group of the 
side chains of the basic amino acids histidine (His; H), arginine 
(Arg; R), and lysine (Lys; K) as well as the sulphur-containing 
group of cysteine (Cys; C) side chains that serve as phosphoaccep-
tors typically located on the surface of specific target molecules or 
substrates. In His, it is the imidazole (C3H3N2

+) sidechain, in Arg, 
a guanidinium (CH6N3

+) group, in Lys, the terminal amino (NH2) 
group, and in Cys, the sulfhydryl or hydrosulphide group (SH). 
Besides phosphorylation on the OH-groups of Ser/Thr and Tyr 
that forms a phosphate ester bond (O-phosphono group or 
O-phosphate; Fig. 1a, b), phosphorylation of the nitrogen of His, 
Arg, and Lys forming a phosphoramidate linkage (N-phosphono 
group or N-phosphate; Fig. 1c), the sulphur of Cys forming a 
phosphate thioester (S-phosphono group, thio or S-phosphate), 
and the carboxy group of aspartate (Asp; D) and glutamate (Glu; 
E) forming an acid anhydride (acyl phosphate) can also occur. In 
eukaryotic cells, hydroxy-linked phosphorylation is by far the most 
studied and thio and acyl phosphates are extremely rare (7).

Analysis of the abundance of phosphorylation sites revealed 
that the most prominent phospho acceptors of a typical PK are the 
three amino acids with side chains containing hydroxy groups: 
Ser, Thr, and Tyr (7). Accordingly, kinases have been classified into 
protein serine/threonine kinases (PSTKs) and protein–tyrosine 
kinases (PTKs). In all organisms studied so far, protein phosphory-
lation does not occur to the same extent at all potential acceptor 
side chains; serine phosphorylation occurs much more frequently 
than threonine or tyrosine phosphorylation. Phosphorylation of 
eukaryotic proteins occurs mainly on Ser (86%) and Thr (12%) 
residues and to a lesser extent on Tyr (2%) (8).

Despite the fact that Tyr phosphorylation seems to be under-
represented compared to Ser/Thr phosphorylation, it appears to 
be very dynamic (9, 10) and crucial in building extensive networks 
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with interaction partners through their specific binding domains 
(11). When discussing this issue, one has to keep in mind that also 
the general abundance of the amino acid Tyr is much lower than 
that for Ser and Thr.

In plants, however, it was assumed for a long time that there is 
no Tyr phosphorylation at all. This was due to the lack of classic 
PTKs. But recent studies clearly show that Tyr phosphorylation is 
as extensive in plants (12–14) as it is in mammals (15, 16) and 
most probably performed by dual-specificity kinases (DSKs). Still, 
it remains open if there are Tyr-specific kinases in plants (17).

His phosphorylation has been reported in all kingdoms, and 
His kinases are prominent in plants and bacteria. However, N-linked 
phosphorylation is highly acid-labile and remained undiscovered 
for a long time due to the harsh experimental methods of N-terminal 
sequencing (Edman degradation) used in conventional protein 
chemical studies. Its relative contribution to the total phospho-
amino acids of eukaryotic cells has now been estimated at 5–10% of 
total protein phosphorylation (for examples, see refs. 18, 19). 
However, this is up to roughly 10- to 100-fold more than tyrosine 
phosphorylation in eukaryotic cells, whereas Arg and Lys phos-
phorylation constitute less than 0.1% (20).

A phospho group has a pKa of approximately 6.7 and appears 
predominantly dianionic at physiological pH, i.e. it forms two 
negative charges. Noteworthy, dianions do not occur within any of 
the protein-coding amino acids. The addition of a phosphoryl 

1.2. Biochemical  
and Structural 
Changes upon 
Phosphorylation

Fig. 1. Transition states for phospho or phosphoryl transfer. (a) Dissociative mechanism with a metaphosphate intermediate 
transition state. (b) The associative mechanism proceeds through a pentavalent transition state in which the incoming 
group has substantial bond formation before the leaving group has left. In the dissociative mechanism, there is accumula-
tion of charge on the phosphoryl oxygen that links the b- and g-phosphate groups of ATP. In the associative mechanism, 
there is an accumulation of charge on the peripheral oxygens of the departing g-phosphate. Both mechanisms lead to a 
phosphate ester or phosphodiester bond. Transition states are shown in brackets. (c) Minimal reaction mechanism of 
phosphoramidate formation in phosphohistidine. (a) and (b) redrawn from ref. 166, (c) modified from ref. 167.
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group can have major impacts on the net charge of the substrate 
(21, 22) and can thus change the conformation of a protein 
(23, 24). Therefore, this often has profound effects on its func-
tional properties such as activity, localization, and stability. The 
transferred phosphoryl oxygens impart a high negative charge to 
the target protein that on the one hand might cause a repulsion of 
other negative charges and on the other hand enables the forma-
tion of ion pairs with positively charged amino acid side chains, 
such as Arg that contains a positively charged guanidinium group 
with a pKa of >12. This positively charged planar moiety interacts 
perfectly with the phosphoryl oxygens and is able to form multiple 
hydrogen bonds producing very strong bidentate interactions (25). 
Further interactions of the phosphoryl group predominantly 
involve main-chain nitrogens at the start of a-helices attracted by 
the positive charge of the helix dipole. The conformational and 
structural consequences of phosphorylation result from the sum of 
the newly formed and broken hydrogen bonds.

Phosphorylation can further change a protein’s activation state, 
alter the binding efficiency for other proteins (substrates, regula-
tors, interactors, or other kinases) and influence protein stability. 
For example, phosphoserine or -tyrosine residues, located within 
particular amino acid sequence motifs, may constitute binding sites 
for recognition (26). Some kinases require a hierarchical substrate 
phosphorylation with the first phosphorylation creating a recogni-
tion site for the kinase catalyzing the second phosphorylation and 
so on. Conversely, removal of a phosphate group can of course also 
change and reverse, for example, the catalytic activity of an enzyme 
and all the other aforementioned effects. Often the conformational 
changes result in an activation or inactivation of the protein itself 
which holds true both for enzymes and substrates as well, thereby 
regulating protein functions. For example, the conversion of an 
inactive to an active kinase can involve conformational changes at 
multiple loci in the enzyme structure, enabling the enzyme to bind 
substrates, orient catalytic groups, and release steric blocking of 
catalytic or ATP-binding sites. Intramolecular movements of the 
activation segment upon phosphorylation, especially of the activa-
tion loop, play key roles in kinase activation. But it is also very 
common that proteins are phosphorylated in order to target them 
to the destination site where they function in the cell, and phos-
phorylation sites can connect the members of a cascade with down-
stream events by interaction with signalling proteins that themselves 
contain specific phosphomotif-binding domains (11). In contrast, 
phosphorylation can lead to the dissociation of protein/protein 
complexes, e.g. in the case of Retinoblastoma protein (Rb) com-
plexed with E2F/DP transcription factors upon phosphorylation 
by Cdk1 (27).

Kinases may themselves require activation by phosphorylation 
by another upstream kinase (e.g. cyclin-dependent kinase 1 [Cdk1] 
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by CDK-activating kinase 1 [Cak1]) (28) or by autophosphorylation 
(e.g. cAMP-dependent PK [cAPK]). In all these cases, activatory 
phosphorylation of the kinase introduces a structurally required 
double negative charge in form of the phosphono group in the 
activation loop. This leads to a critical re-orientation and proper 
alignment of catalytic residues such as aspartate and arginine that 
can be found in the catalytic cores or active sites of each and every 
eukaryotic PK (EPK). Only after having undergone these intramo-
lecular changes, these sites together with the phosphorylated 
activation loop can support a nucleophilic attack of the donor 
phosphate (e.g. from ATP) to be finally transferred to the accep-
tor-site of the substrate by the kinase. However, inhibitory phos-
phorylation can regulate enzyme activity by initiation of 
conformational changes which may directly block access to the 
active site and/or the ATP-binding pocket, a catalytic core domain 
of kinases (e.g. for Cdk1; (29)), or lead to reduced substrate binding 
of the kinase (30). However, phosphoryl groups may also act solely 
as steric blocking agents without any conformational change such 
as in the case of isocitrate dehydrogenase (31).

Other needs for phosphorylation are when a potential phos-
phoacceptor site in a substrate must be brought into the proper 
orientation in order to be fully phosphorylated in a subsequent 
kinase reaction, and thus can regulate the interaction among 
protein partners that are required to – at least transiently – form 
complexes in order to function (e.g. mitogen-activated PKs 
(MAPKs); (32, 33)).

All EPKs are structurally related to one another (34, 35); all 
harbour a conserved catalytic domain which consists of approxi-
mately 200–300 residues that can be further subdivided into certain 
characteristic domains. While the catalytic core can be separated by 
large amino acid insertions, the residues involved directly in catalysis 
are always 100% conserved. In all cases, the catalytic domain con-
sists of two lobes where the typically small amino-terminal lobe 
binds and orientates ATP, and the typically large, predominantly 
a-helical, carboxy-terminal lobe is required for substrate binding 
and the initiation of the phosphoryl transfer (Fig. 2). This struc-
tural feature of EPKs is also known as the protein kinase fold. The 
amino-terminal domain is composed of a five-stranded b-sheet and 
one a-helix (the C-helix) which serves as an interaction domain 
and harbours a catalytic glutamate. The small lobe contains a glycine 
(Gly; G)-rich loop with the consensus Rossmann motif GxGxxG 
located in the phosphate binding loop (P-loop) which lies within 
the ATP-binding pocket. This structure is required for anchoring 
the non-transferable a- and b-phospho groups of ATP via back-
bone interactions and to orient the g-phospho group for catalysis 
(Fig. 2). Structural analyses of the ATP-binding site and the cata-
lytic lobes revealed that EPKs exist mainly in two conformations, 

1.3. Kinase Structure 
and Function



Fig. 2. Structural comparison of the catalytic cores of PEKs from different kinase families. All EPKs share highly conserved 
domains and catalytic residues required for their enzymatic function. (a) Schematic representation of catalytic EPK domains 
and residues, i.e. the N-terminal b-sheet with Rossmann motif in the P-loop and the a- or C-helix; the P + 1 and T-loop, 
the HRD (eponymous with the “RD kinases”), DFG, and APE motifs in the central part of the EPKs and several highly con-
served Lys, Asp, Arg, and Glu residues including the catalytic base (shaded in grey). (b)–(l) Structural representations of 
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i.e. open and closed (36). In the open conformation, ATP can 
easily access and ADP is released from the binding pocket, and in 
the closed form, both substrate and kinase residues are brought 
into proper orientation to enable catalysis. A closer look at the 
ATP-binding site demonstrated that five further and much more 
distinct pockets can be exploited for binding of chemical inhibitors 
by interaction with specific functional groups (37). These pockets 
are those utilized for adenine- and ribose-binding, the so-called 
p38 or gatekeeper pocket, the lysine or hydrophobic pocket below 
the adenine and the type II inhibitor pocket between the C-helix 
and the activation segment (38). The structural and atomic mecha-
nistics of regulation of kinase activation/inactivation via protein 
phosphorylation are resolved on an atomic level and are reviewed 
by Johnson (39). Many inhibitor studies involve chemical com-
pounds capable of specifically targeting the ATP-binding pocket of 
a specific kinase, which is so highly conserved throughout this 
enzyme family.

EPKs share a conserved catalytic domain containing likewise 
highly conserved lysine and aspartate residues such as Lys30, 
Asp125, or Asp143 (numbering refers to an approximate location 
within most EPK sequences, for more details see refs. 35, 40–42). 
The sequences of these cores serve to determine the relationships 
between kinases (43) and, interestingly, catalytic residues and 
domains of various kinases have been evidenced to adopt strikingly 
similar structures in their active conformation (40).

In human cyclin-dependent kinase 2 (Cdk2), the phosphate 
contacts three arginine residues in the C-helix (Arg50), in the cata-
lytic strand (Arg126), and in the start of the activation segment 
(Arg150). In Cdks, the C-helix is also known as the Cyclin-binding 
PSTAIRE domain and represents a vital element of the kinase core 

Fig. 2. (continued) the kinase folds of entire or catalytic regions of 11 representative members of the six major kinase 
families AGC, CaMK (two examples shown), CMGC (five examples shown), conventional PTK, TKL, and others. (b) Indicated 
are the small and large lobes with the N-terminal uppermost and C-terminal lowermost in the cartoon. (c) TK: human proto-
oncogene PTK Src-c (PDB ID: 1FMK; (168)). Src has an uncommon T-loop-like structure which is significantly reduced in 
length and missing critical elements, and is located at the backside of the kinase fold. (d) TKL: human B-Raf proto-
oncogene PSTK in complex with an inhibitor (PDB ID: 3C4C; (169)). Raf has an uncommon T-loop-like structure which is 
significantly reduced and lacking a clear P-loop. (e) AGC: catalytic subunit of human PKA/cAPK complexed with a peptide 
inhibitor (PDB ID: 1ATP; (170)). The P-loop-like structure is located at the backside of the kinase fold. (f, g) CaMK. (f) 
Human cell cycle checkpoint kinase (Chk1; PDB ID: 1IA8; (171)). (g) Regulatory apparatus of CDPK from Arabidopsis thaliana 
(PDB ID: 2AAO; (172)). This structure is very small and only a fragment. (h–l) CMGC class. (h) T-loop-phosphorylated 
human Cdk2 bound to cyclin A (cyclin moiety not shown, PDB ID: 1JST; (28)). (i) Binary complex of the catalytic subunit of 
maize CK2a (PDB ID: 1LP4; (173)). (j) Phosphorylated human MAPK ERK2 (PDB ID: 2ERK; (174)). (k) Phosphorylated human 
MAPK p38-g (PDB ID: 1CM8; (175)). The P-loop-like structure is located at the backside of the kinase fold. (l) Human 
GSK-3b (PDB ID: 1H8F; (176)). (m) Others: kinase domain of human Wee1 complexed with an inhibitor (PDB ID: 1X8B; 
(177)). The P- and T-loops and conserved motifs such as active clefts, and catalytically active sites or their equivalent posi-
tions in the sequence are indicated by shading and labels as follows. P ATP-binding or P-loop, T activation segment or 
T-loop, D DFG motif. Open gaps in the visualized structure result from the masking of subunits and/or other binding part-
ners within the crystal. The structures were derived from the RCSB Protein Data Bank (PDB) and Pymol (178) used for 
visualization. This figure is displayed in greyscale in the print edition but available in color in the electronic version.
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involved in peptide-substrate recognition together with the 
“activation segment.” In EPKs, this sequence starts with the con-
served region extending from the DFG (Asp-Phe-Gly) to the APE 
(Ala-Pro-Glu) motif that swings down upon activatory phosphory-
lation to allow access to the catalytic cleft (44–46). The activation 
segment usually has a size of roughly 20–40 amino acids and 
includes, from the N- to C-terminus, secondary elements serving 
as Mg2+-binding loop containing the DFG motif, b9, an activation 
loop (T-loop) and a P + 1 loop that includes the APE motif. In 
many but not all EPKs, a highly conserved threonine residue plays 
a pivotal role in functional activation of the activation loop, there-
fore, named the T-loop. In cAPK, this is a Thr-197 residue beside 
another autophosphorylation site, i.e. in Cdks a threonin close to 
the residue 160.

The so-called “invariant aspartate” (Asp166 in cAPK) within 
the HRDLKxxN motif (in short: HRD) of the catalytic loop func-
tions as the “catalytic base” and “proton trap,” most likely by acti-
vating the incoming substrate hydroxy group (Fig. 2). Most PSTKs 
and all TPKs belong to the group of RD kinases (47) which are 
defined as those kinases in which the conserved catalytic aspartate 
is preceded by an arginine residue. The arginine builds up ionic 
interactions with a phosphate or a carboxylate group (see above). 
Most, but not all RD kinases are activated by activation loop phos-
phorylation; these always contain an RD motif at the invariant 
aspartate (Table 3). Crystallography revealed that a cluster of basic 
residues, partially originating from the RD motif, is involved in 
charge neutralization of the phosphorylated amino acid of the acti-
vation loop. The dianionic phosphoryl group of such a phospho-
threonine functions in stabilization of the previously mentioned 
positively charged cluster of Arg, Lys, and His side chains and 
directs the orientation of the catalytic base aspartate by producing 
the required electrostatic environment (35).

Interestingly, phosphorylase kinase (PhK) has a negative charge 
through the presence of the glutamate side chain and protein 
kinase CK1 accomplishes charge neutralization of the catalytic 
arginine in the HRD motif by binding a sulphate (SO4

2−) dianion 
in close proximity both replacing a phosphoamino acid dianion. In 
CK2a, the catalytic subunit of the holoenzyme protein kinase 
CK2, the activation segment is unphosphorylated. Under crystal-
lization conditions, a sulphate anion occupies the activation segment 
and marks the site that recognizes the acidic side chain in CK2 
substrates at P + 3 (48).

The catalytic base is possibly involved in forming an alcoholate 
or phenolate anion with the hydroxy rest coming from a serine, 
threonine, or a tyrosine that is going to be phosphorylated. This 
anion then further attacks the g-phospho group of ATP and 
results in phospho transfer. The activation loop undergoes enor-
mous conformational changes upon phosphorylation and virtually 
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leads to a switch from an inactive to an active form of the kinase. 
In many cases, an unphosphorylated activation loop serves as a 
blocking structure, sterically hindering both ATP and the substrate 
from entering the catalytic cleft and distorting the Mg2+-anchor of 
the DFG motif (41). Also unphosphorylated kinase with a deformed 
activation segment might still bind to ATP (49). However, confor-
mational plasticity of switching EPK activation and deactivation is 
one of the major reasons for the rapid response of kinase cascades.

The invariant aspartate residue of the DFG motif chelates the 
Mg2+ and helps to position the phosphate for transfer (40, 50). 
Moreover, the phenylalanine serves as an intramolecular binding 
interface for the C-helix and this region often contains further con-
served phosphoacceptor sites such as the signature T-x-Y of MAPKs 
and those of MAPK kinases (MAPKKs/MAP2Ks) and Cdks (51). 
Phosphorylation of serine/threonine and/or tyrosine residues in 
these segments has the capacity to modify the overall fold between 
the DFG and APE motifs. This, in turn, is a key event necessary for 
the correct positioning of the two kinase lobes to form an active 
conformation ready for catalysis (40).

Table 3 
RD kinases and EPKs dependent and independent on phosphorylation in the activation 
segment

Phosphorylated activation segment Unphosphorylated activation segment

RD kinases RD kinases

Single phospho-site CaMK family: PhK, Chk1, CaMII

AGC family: PKA/cAPKa, PKB, PKC CK1 family: CK1

CMGC family: PSTAIRE-Cdks,  
Cak/Cdk7, GSK-3b (phosphorylation  
at secondary siteb)

CMGC family: CK2a, some non-PSTAIRE-Cdks 
(human Cdk5/6)

TK family: VEGFR and PDGFR TKs, Src family 
membersa

CaMK family: CaMKI

TKL family: Raf TK family: EGFR TK

STE family: MAPKK/MEK1

Dual phospho-site Non-RD kinases

AGC family: Aurora A CaMK family: SKY1, MLCK

CMGC family: p38/MAPK/ERK2 CMGC family: DAPK

TK family: IRAK Others: Wee1

RD kinases: the conserved catalytic aspartate is preceded by an arginine residue
Details are taken from refs. 35, 41, 148
a Autophosphorylation
b In all the phosphorylated kinases, phosphorylation occurs at the “primary site,” if not mentioned
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For successful phosphoryl transfer, kinases require on the one 
hand consensus target amino acid sequences at the phosphoac-
ceptor site. For Cdk1, this is K/RS/TPxK/Rx with S/TP being 
the minimal motif (52, 53). Substrate recognition, on the other 
hand, is mediated through the primary sequence surrounding the 
phosphorylatable residues in the target sequence, as well as through 
other docking sites further apart in the substrate’s structure (54). 
Cdks, for example, are proline (Pro; P)-directed kinases, i.e. their 
its consensus target phosphorylation sites must not only contain a 
Pro residue but also have to be positioned at a very specific site 
immediately after the S/T residue to allow modification. As an 
example from the CMGC kinases, in human Cdk2, a valine (Val; 
V)-rich segment of the highly preferred phosphoacceptor site in 
the activation loop 160-TxxVVTL-166 is part of the P + 1 loop and 
contributes to an unusual left-handed conformation. Here, the 
side chain is recognized C-terminally of the phosphoacceptor site. 
This results in a tight association with two main-chain carbonyl 
oxygen atoms of another conserved Arg and forms a pocket that 
solely accommodates a Pro residue. Any other amino acid side 
chain containing a peptide amino group would need a supplemen-
tary hydrogen-binding partner in order to be properly accommo-
dated (55, 56).

The activation segment of kinases is also known to literally 
form “assembly platforms” whereby catalytic residues of the kinase 
and substrate phosphoacceptors can approach in the closest prox-
imity for a successful nucleophilic phosphoryl transfer (40, 46).

With some of the early crystal structures of human EPKs, such 
as for Cdk2 and MAPK, it was shown that the activation loop 
reduces access to the substrate site (Cdk2 (57) and MAPK (58)). 
However, with other EPKs, e.g. PKA (protein kinase A/cAMP-
dependent PK/cAPK), a different role was proposed. Dephospho- 
and phosphomimetic substitutions of the activation loop Thr 
showed little change in peptide-substrate affinity, highlighting a 
more crucial role of phosphorylation at this residue in catalysis 
than that in substrate recruitment (59). Contrarily, bimolecular 
fluorescence complementation (BiFC) experiments demon-
strated that hypomorphic alleles and dephospho variants with 
modified T-loops of Arabidopsis thaliana CDKA;1 displayed 
reduced binding to bona fide substrates (60, 61) (see also Chapter 
14 in this book).

Some eukaryotic kinases, such as Cdks, appear to contain little 
more than the PK catalytic core and are almost fully inactive as 
monomer (62). In addition, EPKs exhibit to some extent variability 
in parts of the kinase domain and may contain additional domains, 
additional subunits, divergent intramolecular regulation mecha-
nisms, or all of these. Thus, EPKs can be controlled through 
various means such as by binding to additional subunits (cyclin, 
Cdk subunit), domains (cyclin, SH2 and SH3, 14-3-3; (63, 64)), 
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ligands (cyclic adenosine monophosphate (cAMP), Ca2+/calmodulin, 
diacyl glyerol), by controlling the abundance and/or stability of 
these factors (cyclin degradation by the anaphase-promoting com-
plex/cyclosome (APC/C)), by inhibitor proteins, by phosphory-
lation/dephosphorylation, or via subcellular localization.

Outside their catalytic domain, PKs possess a wide diversity of 
recognition/interaction domains, including those for dimerization, 
(auto)phosphorylation, docking, acylation (membrane targeting), 
and recruitment (membrane, nucleus, cytosol), but also for rapid 
degradation (for instance, a PEST domain, a motif consisting of a 
hydrophilic stretch of at least 12 amino acids in length with a high 
local concentration of the amino acids Pro, Asp, or Glu, and Ser or 
Thr; PEST domains critically reduce the halflife of proteins).

Phosphorylation is a sub-stoichiometric process. This means 
that not the entire pool of a certain substrate protein is phospho-
rylated at the same time. Consequently, both quantification and 
even detection can be extremely difficult for low abundance phos-
phorylation sites. Besides that, protein phosphorylation is very 
abundant in multicellular eukaryotes containing a high number of 
kinases (Table 1) that target a multitude of substrates. This enzyme–
substrate interaction can be either specific in a one-to-one fashion 
or, which is very common, in a much more complex way where 
one protein is substrate of multiple kinases with different consen-
sus and target sites. However, it is also common that one site in 
one substrate is operated by a number of distinct kinases (65).

At the moment, more than 17,000 kinases have been described 
overall, including more than 10,000 protein kinases, the class of 
enzymes with other proteins as a target (66). Thus, PKs in general 
are one of the largest families of kinases, and indeed one of the 
largest of all protein families, and are highly conserved across 
species. With as many as 518 in humans and 540 putative members 
in mice, PKs constitute the largest single enzyme family in mam-
malian genomes (http://kinase.com/, (67, 68)), and are also 
highly abundant in other model species (Table 1). In yeast, 
Drosophila, mammals, and Arabidopsis, it has been predicted that 
PKs phosphorylate 30% of cellular proteins (69). Plants, for exam-
ple, Arabidopsis or rice, have about twice the number of PKs found 
in mammals, i.e. more than 1,000, which is a significantly higher 
number of genes than in any of the aforementioned organisms 
(Fig. 4, Table 5; (67, 70–73)). The PlantsP database already holds 
1,112 (as of July 2010) entries for Arabidopsis kinases and in this 
species, protein phosphorylation utilizes more than 5% of the 
genes: 4.5% encode PKs, 0.5% encode protein phosphatases, and 
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the PSTKs themselves represent about 4% of the entire Arabidopsis 
genome, i.e. almost 1,000 different enzymes (74, 75). The high 
abundance of PSTKs seems to be limited to multicellular eukary-
otes and if one takes into account that approximately 30% of the 
proteome is phoshorylated, each of the thousand plant kinases 
should be responsible for modification of seven proteins on average. 
This is probably an underestimation since many proteins are 
regulated by multisite phosphorylation, closely related PKs might 
overlap in their specificities, some PKs are highly specific for one or 
a few substrates only (e.g. MAP2K), and many phosphorylation 
sites are known to have no function (76).

The EPK superfamily can be broadly split into two groups 
according to their molecular phylogeny: conventional and atypical 
PKs (APKs). The conventional group is the largest and its mem-
bers have further been sub-classified, first into five (43), then into 
seven (3), and finally into eight major phylogenetic groups accord-
ing to sequence similarity between catalytic and accessory domains, 
and their mode of regulation (Table 4). The eight conventional 
EPK groups are: (1) AGC, (2) CaMK, (3) CMGC, (4) CK1, (5) 
RGC, (6) STE, (7) conventional PTK, and (8) TKL ((77); for 
abbreviations, see Table 4 and Appendix). CMGC, CaMK, AGC, 
and STE belong to the large paraphyletic clade of non-receptor 
PSTKs. The Arabidopsis and Oryza sativa (rice) kinomes contain 
members of six of these, but lack members of the Tyr kinase group. 
A total of 75% of all rice kinases are TKLs (Tyr kinase-like PKs), 
which includes the large Interleukin-1 receptor associated kinase 
(IRAK) family and both receptor and cytoplasmic TKs (78).

The Atypical PKs (APKs) group is composed of a small set of 
EPKs whose kinase domains do not share significant sequence sim-
ilarity with conventional EPKs. APKs have been sorted into four 
groups having PK activity: (1) alpha, (2) phosphatidyl inositol 3′ 
kinase-related kinase (PIKK), (3) pyruvate dehydrogenase kinase 
(PDHK), and (4) RIO (right open reading frame; Table 4). 
Sequence similarity networks are useful tools for exploration of the 
kinase superfamily and visually display related kinases in proper 
relation (Fig. 3; (79)).

Some Arabidopsis PSTKs do not fall into either category, 
including the Raf (“rapidly growing fibrosarcoma or rat fibrosar-
coma”) or the receptor-like kinase (RLK) families, but instead 
constitute small clusters such as the Cdk-like kinases (CKL/
CLK)/LAMMER clade (named after a short conserved stretch of 
Leu-Ala-Met-Met-Glu-Arg residues), CK1, and NIMA (Never in 
mitosis A)/NIMA-related kinase (NEK), or represent orphan 
sequences such as Cdk-activating kinase 1 (Cak1), phosphati-
dylinositol-4-phosphate 5' kinase (PPK1) and TOUSLED. The 
modules of the MAPK cascade MAPK (MPK) > MAP2K (MKK/
MEK) > MAP3K (MEKK) > MAP4K all belong to the CMGC 
family (for MAPK nomenclature, please see Note 1).



Table 4 
Eukaryotic protein kinase classificationa

Group Definition Examples

Conventional EPKs

AGC The name of the AGC kinases is derived from the member as 
follows: cyclic nucleotide-dependent family (PKA/cAPK and 
PKG), the “PKC” family, PKB/Akt/RAC-alpha PSTK, 
bARK, the ribosomal S6 kinase family, and other close 
relatives. These kinases have a strong preference for phospho-
rylation of Ser/Thr residues that are located in a consensus 
sequence containing the basic amino acids Lys and Arg

PKA/cAPK (PKACa), PKG, 
PKC, Akt, MAST, 
MASTL, PVPK

CaMK The members of the CaMK group take their name from  
Ca2+/CaM-regulated kinases and structurally related 
families including CaMK and SNF1/AMP-activated PKs. 
Most of the members of this group exhibit activation by 
the binding of Ca2+ or CaM to a small C-terminal domain in 
close proximity to the catalytic core. These kinases tend to be 
directed towards substrates containing basic residues. Plant 
CDPKs contain an intrinsic CaM-like domain allowing 
these enzymes to self-activate in the presence of Ca2+

CaMK, CaMK-like, CDPK, 
MAPK-associated PK, 
MLCK, TRIBBLES, 
KIN1/SNF1/Nim1, and 
AMPK, EF2K, PhK

CMGC This group is named after the member families of Cdks and 
MAPKs/ERK, SHAGGY/GSK-3b, Prk, and the Cdc2-like 
kinases (CLK/CKL or LAMMER) to which the CK2 family 
also belongs to. The CMGC kinases are an essential and 
typically large group of kinases found in all eukaryotes. 
CMGC kinases display unique features such as the “CMGD-
arginine” which is located right before the APE motif (i.e. 
“RAPE”) near the substrate phosphorylation site in the 
activation loop. This Arg plays a role in substrate recognition 
and kinase activation. The so-called “CMGC-insert region” in 
the C-terminal lobe is a CMGC family specific docking region 
to anchor proteins. This region can be found between the 
APE motif and the C-terminus and is typical for all CMGC 
kinases. It is also called the “CDK insert” region as Cak binds 
here for T-loop activation by phosphorylation [41, 149]

Cdk1, MAPK/ERK, 
GSK-3b/SHAGGY, 
CLK/CKL, CK2a, SRPK, 
DYRK

CK1 The protein kinase CK1 (formerly called Casein Kinase 1)  
group represents a typically small but essential group  
of EPKs found in all eukaryotes

CK1, Tau tubulin kinase

RGC The members of the small group of receptor guanylate 
cyclases (RGCs) are similar in sequence to the metazoan 
Tyr kinases which are lacking in plants, fungi, and protists. 
Their properties are distinct from other known EPKs; the 
RGC kinase domains appear to be all but catalytically 
inactive. It is thought that this group evolved late in the 
expansion of the EPK superfamily

Photoreceptor membrane 
guanylate cyclase

STE The STE group includes homologs of the S. cerevisiae sterile 
kinases sterile 7, sterile 11, and sterile 20. This group 
contains the MAPK cascade kinases that act upstream of 
MAPKs of the CMGC group, where a MAPK is phospho-
rylated and activated by a MAP2K/MAPKK/MEK, which 
itself is activated by a MAP3K/MAPKKK/MEKK. The 
family of Raf-related MAP4K/MAPKKKK is structurally 
distinct from the Ste20 family, and is contained in the 
TKL group

Ste7-like (MAP2K/
MAPKK/MEK, NIMA/
NEK and NEK-like), 
Ste11-like (MAP3K/
MAPKKK/MEKK, Cdc7), 
Ste20-like (MAP4K/
MAPKKKK)

(continued)
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Group Definition Examples

TK The Tyr kinase (TK) group contains conventional phospho-
tyrosine kinases (PTKs). The active members specifically 
phosphorylate tyrosine residues of proteins, are distinct from 
DSKs which also phosphorylate Ser/Thr and are scattered 
within other kinase groups. TKs are found in metazoans 
but not in single celled fungi and play important roles in 
intracellular signalling cascades. Proteins phosphotyrosine 
were first characterized in plants and algae

EGFR, Jak, VEGFR, Src, 
LRR-TK, Abelson kinase 
(c-Abl), LCK

TKL The Tyr kinase-like (TKL) group is the most diverse of all 
groups, is closely related to TKs, and is integrated within 
important signalling pathways. However, TKLs are in fact 
serine/threonine protein kinases and present in metazoans 
and plants but virtually absent from fungi. TKLs represent  
the largest group of EPKs in land plants, whe re they often 
constitute up to 80% of the kinome

LRR kinases, MLKs, 
TGFbR1, Raf, IRAK, 
RLK/PELLE family 
(RTK-like, Pti1-like, 
WAK-like)

Atypical EPKs

Alpha The Alpha group of kinases is a small and only recently 
discovered group of atypical EPKs (APKs). In mammals, 
channel-kinases are members of Alpha APKs. Alpha kinases 
contain both a fold similar to EPKs and key amino acid 
residues known to be important for catalysis from EPKs

EEF2K, Dictyostelium 
MHCK, two channel-
kinases, TRPMs ion 
channel-kinases

PIKK The members of the small phosphatidyl inositol 3¢ kinase- 
related kinase (PIKK) family are involved in signalling of 
DNA damage and cell growth. PIKK kinases have a high 
molecular weight and in mammals, five of the six members 
act as PSTKs

PIKK, ATM, ATR, mTOR, 
DNA-PK, SMG-1

PDHK The pyruvate dehydrogenase kinases (PDHKs) are a small and 
ubiquitous group of APKs; five members were identified 
in humans. PDHKs phosphorylate a subunit of the 
pyruvate dehydrogenase multienzyme complex and this 
plays an important role in oxidative metabolism, i.e. in 
controlling glucose and lipid oxidation

PDHK, PKAK1

RIO The RIO (“right open reading frame”) group is named after 
the divergently transcribed founding member which was one 
of the two adjacent genes. RIO is a small group of 
essential eukaryotic APKs. They share the overall EPK 
fold, however, distinct substrate-binding domains were 
not yet discovered and the mode of ATP-binding also 
seems to be different  
from other kinases. Some RIO kinases autophosphorylate

Rio1-family and Rio2

Others This group contains several kinases and families that do not  
fit within any of the other main kinase groups

Wee1, Myt1/Mik1, Caks, 
CAKAK, Aurora, Mos, 
CaMKK, NIMA/NEK, 
TOUSLED, PPK1

Further references available at http://kinase.com/, http://www.compbio.dundee.ac.uk/kinomer/, and http://www.
bio.unipd.it/molbinfo/PTKtable.html
a For abbreviations, see this table and Appendix

Table 4
(continued)
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Fig. 3. A sequence similarity network visualizing the human kinome by kinase class. The 
network is composed of 513 human kinase domains and results from the analysis of 
sequences of a published phylogenetic tree (3) generated from alignments using pairwise 
BLAST E-values. Such networks visualize functional trends across protein superfamilies 
based on sequence similarity. Accordingly, functional themes and outliers can be identified. 
In the presented network, each kinase class appears in different greyscales according to 
the kinase classification listed in Table 4. This network highlights the relationship of kinase 
classes as well as sequence similarities and conservation. Modified and reprinted with 
permission from The Public Library of Science (PLoS) according to the Creative Commons 
Attribution License (CCAL) (79). For abbreviations, see Table 4 and Appendix. This figure is 
displayed in greyscale in the print edition but available in color in the electronic version.

The first plant protein kinase sequences were reported in 1989, 
and 10 years later more than 500 had been identified, including 
175 in Arabidopsis (80). Nowadays, it is known that some of the 
Arabidopsis kinase families are specific to or largely expanded in 
the plant genomes, such as the approximately 600 members of 
the RLKs, the 30 members related to Cdks, the 34 CDPKs, 8 
CRKs, 2 phosphoenolpyruvate carboxylase kinases (PPCKs), 2 
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PPCK-related kinases (PEPRK), 39 AGC members, the 25 CBL-
interacting PSTKs, 16 His kinases, the RKL gene family which 
counts 307 members, the 38 Snf1-related kinases (SnRKs), the 
123 genes coding for putative MAPK signalling components 
(including 20 MAPKs, 10 MAPKKs, 80 MAPKKKs, 10 
MAPKKKKs), and the 29 CLK/CKL or LAMMER kinases (TAIR 
and PlantsP database; (74, 75, 81–85)).

In the wild grass Brachypodium distachyon, protein kinase gene 
families consist of 140 kinase subfamilies with 1,177 predicted 
members of which 904 are PSTKs. Comparison of the kinomes 
of rice (1,637 members, Rice Kinase Database), Arabidopsis (1,112 
members, KinBase), and poplar (black cottonwood, Populus 
trichocarpa; 919 results for “kinase” in PopulusDB in July 2010 
(86, 87)) to the Brachypodium kinome (a total of 1,440 PKs for 
annotated PSTKs and TKs/TKLs, with DSKs counted in both 
groups (88)) demonstrates similar composition to rice but with 
fewer members. Both rice and Brachypodium encode the same 
kinase subfamilies of a very similar size, with the exception of eight 
RLK subfamilies. These subfamilies account for nearly all (252 of 
268) of the total difference in kinome size. The greatest differ-
ences were found among the non-RD kinase subclass, predicted to 
encode pattern recognition receptors.

In another example from the plant kingdom, 1,485 protein 
kinase-like (PKL) genes were annotated in grapevine (Vitis vin-
ifera); with 2.3% of PKL genes found within the top 50 InterPro 
hits in the filtered gene set. 1,312 PKLs were predicted to contain 
TPK and 1,271 to have PSTK activity which could be interpreted 
as a plant-specific, very broad functional assignment as DSKs (89).

Remarkably, the rice kinome, for example, contains – depending 
on the reference source – 31 to 47% more kinases than Arabidopsis 
and is three times larger than the human kinome (Fig. 4, Table 5; 
(70–72, 90–92)).

It is important to note that all of the numbers quoted above 
are approximate because of the presence of genes encoding atypical 
kinases and the frequent inclusion of catalytically inactive members 
where usually highly conserved core residues got substituted. 
Because kinase family structures are not well defined in plants, 
kinases are assigned to subfamilies based on putative function.

After the completion of sequencing of the Arabidopsis genome 
(70), it became apparent that plant genomes, e.g. Arabidopsis 
(~4%), rice (~6%), and maize (~12%), encode higher percentages of 
PK-coding genes than yeast (~2%), Caenorhabditis elegans (~2%), 
Drosophila (~3%), and humans (~2%; Tables 1 and 5; Fig. 4).

Comparative analyses suggest that plants have evolved both 
their own signalling molecules and signal transduction pathways. 
One supported idea is evolutionary combination or shuffling of 
novel sequences; however, conserved motifs are apparent in the 

2.1. Kinome 
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high number of plant paralogues of PSTKs as a result of gene 
duplications. Furthermore, plant-specific modules of ligand recep-
tion and signal transduction cascades have developed. A good 
example is the machinery involved in ethylene reception, which 
perceives the gaseous phytohormone by a two-component His 
kinase and further transmits the signal by MAPK cascade elements, 
see also step 1 of Subheading 1.3. Thus, gene duplication has radically 

Fig. 4. Pie chart of human, rice, and Arabidopsis kinases. Distribution of kinases within the 
eight main kinase groups: AGC, CaMK, CMGC, CK1, STE, TK, TKL, and others according to 
Table 5. (a) Human, (b) rice, and (c) Arabidopsis kinomes. (d) Absolute numbers of afore-
mentioned major kinase groups per kinome; the number of genes is shown on the y axis, 
subfamilies are listed along the x axis. Remarkably, the TK group (arrowhead in (a) and (d)) 
is missing entirely in both plant species (b, c). However, the TKL family (asterisk ) is highly 
overrepresented in plants (a–d). Data from KinBase, The Arabidopsis Information Resource 
(TAIR), and Rice Kinase Database (RKD).
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influenced the structure, organization, and function of plant PK 
genes and cascades leading to novel properties (93).

Genomics has also revealed that animal genomes contain 
PSTKs, PTKs, and His PKs, whereas in plants, PSTKs and His PKs 
are present exclusively. In Arabidopsis, most PKs are PSTKs. Plants 
share histidine kinases with prokaryotes and yeast (94). A couple of 
PK families are specific to plants, for example, the family of RLKs, 
absent in yeast, which play a very important role in intercellular 
signalling in plants. In Arabidopsis, the 4% of PSTKs are split up 
into 2.6% RLKs, 1.2% non-RLKs, and 0.2% Rafs.

Although plant genomes encode many of the animal-type 
kinases and hundreds of RLKs, they lack classical PTKs. The 
Arabidopsis genome encodes more than 200 leucine-rich repeat 
(LRR) RLKs with an organization of functional domain organiza-
tion similar to that of animal receptor kinases and more than 600 
RLKs, which is the largest kinase superfamily in plants and a major 
part of the PSTKs (90). Thus, they do not possess the typical genes 
encoding components similar to those of the major animal signal-
ling pathways, which interact with ligands at the plasma membrane 
and subsequently mediate the extensive cascade of downstream 
Tyr phosphorylations. Receptor PTKs (RTKs), epidermal growth 
factor receptor (EGFR), Hedgehog, Jak/STAT, Notch, Wingless, 
and also transmembrane receptor-like PTKs from RTK-Ras path-
ways are lacking in plants.

In contrast, signalling in Arabidopsis involves a huge number 
of protein serine/threonine receptor kinases, i.e. RLKs that were 
first discovered in the plant kingdom, and two-component histidine 
kinases present in both bacteria and plants. The Ser/Thr RLKs 
make up roughly one-third of all PSTKs. This composition of 
kinase specificity seems to be a characteristic feature of higher 

Table 5 
List of human, rice, and Arabidopsis kinases by groupa

Human Rice Arabidopsis

AGC 69 35 39

CaMK 88 100 83

CMGC 63 85 50

CK1 12 15 10

STE 49 49 100

TK 94 0 0

TKL 43 1,104 600

Other 82 23 79
a Graphical illustration in Fig. 4
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plants and it is speculated that signalling mechanisms have diverged 
considerably in plants compared to other phyla due to the vast 
number of environmental and intracellular signals to be integrated 
by plants, which mirrors the same vague theory provided to explain 
extensive gene duplication and redundancy in plants (76).

The presence of a large number of PSTKs has lead to the 
opinion that plant Tyr phosphorylation might be less frequent 
than in animals (17, 95). However, bioinformatics helped to iden-
tify putative DSKs and also candidates for PTKs (96–98). This 
might hint towards a situation similar to that of Saccharomyces 
cerevisiae, which also lacks PTKs but harbours a battery of DSKs. 
On the contrary, only recently, mass spectrometry indicated that 
Tyr phosphorylation is as extensive in plants as it is in animals (17). 
Nevertheless, a significant difference is noted between animals 
and plants regarding the function of protein phosphorylation in 
signal transduction (19).

Almost every aspect of cellular life relies on kinase function.  
A paradigm is signalling networks that enable a cell to quickly 
respond to environmental stimuli and internal cues such as in nutrient 
and hormone reception and stress sensing. Besides being fast and 
reversible, protein phosphorylation is tightly regulated, highly 
specific, and allows signals to be sustained or attenuated via ampli-
fication, feedback, and crosstalk. Target protein phosphorylation 
often results in the modification of its activities that in turn might 
serve as another downstream signal for further changes in a cascade 
of protein activities. In this context, protein phosphorylation and 
dephosphorylation reactions play a pivotal role (99).

In addition to that, also protein stability is often regulated by 
the state of phosphorylation. Target proteins may contain phos-
phoacceptor sites that function as so-called “phosphodegron 
motifs.” These in turn can be recognized by 14-3-3 proteins and/
or SCF (S-phase kinase-associated protein (Skp)-Cullin-F-box 
containing complex), a E3 ubiquitin ligase of the ubiquitin 
proteasome system (UPS). This ubiquitin ligase catalyzes target 
protein ubiquitination, ultimately leading to its degradation by 
the proteasome, a way of rapid depletion (100). The COP9 sig-
nalosome (CSN) regulates, for example, the ubiquitin-dependent 
degradation of transcription factors via phosphorylation (101–103) 
and phosphodegron-containing cyclins (104, 105), and CDK-
inhibitors (106) can be destructed in a similar way. On the other 
hand, phosphorylation events can also increase the stability of a 
protein such as for transcription factors which are substrates of 
c-Jun (102, 107).

3. Biological Roles 
of Kinases
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The specificity in signalling is, in part, achieved by two means. 
Catalytic specificity of protein kinases and phosphatases provides 
the basis for site-specific phosphorylation and dephosphorylation, 
respectively (34). Specific tyrosine and serine/threonine phospho-
rylation sites and their surrounding sequences, in turn, provide 
selective binding sites for conserved protein modules found in 
most cytoplasmic signalling molecules (8, 33). Identifying the sites 
of protein phosphorylation and the nature of the phosphorylated 
residue is therefore crucial in the study of signal transduction.

Phosphorylation and dephosphorylation of a protein often 
serves as an “ON/OFF” switch in the regulation of cellular activi-
ties, and protein phosphorylation appears to be involved in almost 
all signalling pathways throughout the kingdoms. For optimal 
function within the phosphorylation network, kinases and phos-
phatases must strike a balance in any given cell. However, only a 
very small fraction of the thousands of protein kinases and phos-
phatases in plants have yet been studied experimentally, but critical 
functions for these enzymes have been demonstrated many times 
in growth and development.

This section and the kinases mentioned hereafter represent a 
couple of examples related to this book and are referenced with 
those chapters presenting technologies for their study.

Similar to the highly expanded families of RLKs and the MAPK 
cascade members, the number of putative CDKs and CKL/CLK/
LAMMERs is also increased in plants (82). Arabidopsis has one 
central CDK, namely CDKA;1 (108, 109). The main CDKs such 
as human Cdk1, yeast Cdc2+/Cdc28p, and also Arabidopsis 
CDKA;1, contain the archetypically conserved PSTAIRE hallmark 
in the C-helix of the N-terminal cyclin-binding domain (residues 
42–57 in human Cdk2; (110)). However, so-called non-PSTAIRE-
Cdks with different functions also exist.

Harashima et al. present detailed procedures both on expression 
of Arabidopsis CDKA;1 in insect cells and tobacco cell suspension 
cultures in Chapter 4. Furthermore, they describe immunoprecipita-
tion-coupled and affinity purification-based kinase assays on purified 
CDK/Cyclin complexes. In Chapter 14, Pusch et al. give a detailed 
view of BiFC assays on CDKA;1 phospho-site mutants, and 
Dissmeyer and Schnittger highlight a complete procedure on phos-
pho-site substitution, mutant transformation and in vitro kinase 
assays of Arabidopsis CDKA;1 in Chapter 6 of this book.

MAPK cascades are highly conserved modules in all eukaryotes. 
In plants, these participate in hormonal responses (auxin, abscis-
sic acid (ABA), and possibly ethylene and cytokinins), cell cycle 
regulation, pathogen defence (by pathogens themselves or 
pathogen-derived elicitors), wounding response, hypersensitive 

3.1. Examples

3.1.1. CDKs

3.1.2. MAPK
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response (HR)-like programmed cell death (PCD), and mediate 
external stresses (111, 112). In addition, MAPK cascades are 
also involved in responses to a diversity of physical environmental 
stimuli and abiotic stresses including cold, heat, high UV, salinity, 
drought, and reactive oxygen species (ROS) (reviewed in refs. 
113, 114) and function in interplay with CDPKs (reviewed in 
ref. 115).

Arabidopsis MAPK 6 (MPK6) can regulate signalling of the 
gaseous phytohormone ethylene via phosphorylation of an in vivo 
substrate transcription factor (116) and control ethylene synthesis 
via phosphorylation of ethylene biosynthetic enzymes (117, 118). 
Chapters 3 and 5 by Sonkoly et al. and Dóczi et al. focus on the 
purification of Arabidopsis MAP kinase 9 (MPK9) and on general 
MAPK activity and reporter gene assays. In Chapter 9, Li et al. 
describe MAPK inhibitor studies to investigate their role in PCD in 
pollen, and Salomon et al. write about chemical genetics approaches 
for the study of tomato MPK3 in Chapter 10. Umbrasaite et al. 
give a detailed protocol for inhibition of Arabidopsis PP2C-type 
protein phosphatase which counteracts MPK6 activity in order to 
regulate developmental and stress signalling pathways in Chapter 
8. In addition, in Chapter 15, Böhmer et al. present the generation 
of Arabidopsis plants overexpressing inhibitor-sensitive CALCIUM-
DEPENDENT PROTEIN KINASE 1 (CPK1).

Genetic and biochemical studies indicate specific functions for 
plant PSTKs in development and in sensing of environmental stimuli. 
The LRR-RLKs ERECTA, CLAVATA 1 (CLV1), TOUSLED, and 
HAESA are required to establish important developmental pro-
cesses such as apical meristem identity and organ morphology 
(119–123). Proteomic approaches complemented genetical studies 
and this interplay lead to a breakthrough in the identification of 
members of the signal transduction cascade of growth-promoting 
brassinosteroid (BR) hormones in plants. This includes BR percep-
tion by the putative receptor of BR, BRASSINOSTEROID 
INSENSITIVE 1 (BRI1) receptor kinase at the cell surface 
(reviewed in refs. 4, 76, 124). Chapters 11 (Hink et al.), 12 
(Geldner et al.), and 13 (Kwaaitaal et al.) describe spectroscopical 
and microscopical techniques used to study some of these RLKs, 
e.g. by addressing receptor kinase dimerization kinetics, stability, 
and localization.

Genetic evidence has identified the Brassica napus (rape seed) 
S-receptor-like kinase (SRK) as the female determinant of the 
self-incompatibility (SI) recognition response (reviewed in refs. 
125–127). The SI recognition response in pollen–pistil interactions 
in the pollination process of plant sexual reproduction is based on 
secreted S-locus glycoprotein (SLG) and a transmembrane SRK 
(reviewed in refs. 123, 126). Inhibitor studies on the SI response 
are described in Chapter 9 by Li et al.

3.1.3. RLKs
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Ethylene is perceived through a two-component His kinase 
receptor (128) which interacts physically with CONSTITUTIVE 
TRIPLE RESPONSE 1 (CTR1) kinase, a Raf MAP3K/MEKK, 
the upstream element of a MAPK module. The three Arabidopsis 
cytokinin receptors ARABIDOPSIS HISTIDINE KINASE 2 
and 3 (AHK2 and 3) as well as CYTOKININ RESPONSE 1 
(CRE1; (129)) are His kinases like the five ethylene receptors 
ETHYLENE RESPONSE 1 and 2 (ETR1/2), ETHYLENE 
SENSOR 1 and 2 (ERS1/2), and ETHYLENE INSENSITIVE 
4 (EIN4; (130–132)). These kinases are altogether vital for 
proper plant development. The Arabidopsis histidine kinase 
CYTOKININ-INSENSITIVE 1 (CKI1) was recently shown to 
be required for female gametophyte and vegetative growth 
(133), and a bacterial assay to study plant sensor histidine kinases 
is presented in Chapter 7 by Spíchal et al.

See Table 6

 1. According to Champion et al., a new nomenclature for the 
plant MAPK cascade was suggested (81): MAPK is now MPK, 
MEK is MAPKK/MAP2K, and MEKK is MAPKKK/MAP3K. 
Moreover, for Arabidopsis, MKK for MEK/MAP2K and MPK 
for MAPK were introduced.
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Table 6 
List of useful online databases and tools

Name Description Availability References

Plant sequence databases

BrachyBase Displays the JGI 8× Brachypodium 
distachyon genome assemblies with 
MIPS/JGI gene predictions, 
Brachypodium EST alignments, 
Illumina-based RNAseq data, and 
empirical TAU gene model 
predictions

http://www. 
brachybase.org/

BRACHYPODIUM.
ORG

The Brachypodium distachyon 
Information Resource. Genetic  
stocks, tools, search, brachy sequence 
resource

http://www. 
brachypodium. 
org/

Brachypodium genome 
database

Genome view, comparative map viewer, 
data overview, search and search for 
protein domains

http://mips. 
helmholtzmuenchen.
de/plant/ 
brachypodium/
index.jsp

Lotus japonicus genome 
database

Genome view, comparative map viewer, 
data overview, search, and search for 
protein domains

http://mips. 
helmholtzmuenchen.
de/plant/lotus/
index.jsp

MAtD The MIPS Arabidopsis thaliana genome 
database. Genome view, comparative 
map viewer, data overview, search  
and search for protein domains, and 
chromosomal heatmaps

http://mips. 
helmholtzmuenchen.
de/plant/athal/ 
index.jsp

Medicago MT3 genome 
database

UMN Medicago resources. Information 
about the genome sequencing project 
(MT3.0 assembly release) Medicago 
and other legume resources and links

http://www. 
medicago.org

MaizeGDB Maize genetics and genomics database http://www. 
maizegdb.org/

MaizeSequence Maize genome browser http://maizesequence.
org/

MGSP The maize genome database. Genome 
view, comparative map viewer, data 
overview, search and search for 
protein domains

http://mips. 
helmholtz-muenchen.
de/plant/maize/
index.jsp

(147)

modelcrop.org The Brachypodium distachyon compara-
tive genomics resource. Comparative 
genomics tools and resources

http://www. 
modelcrop.org/

(continued)
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Name Description Availability References

MOsDB The rice genome database. Genome 
view, comparative map viewer, data 
overview, search and search for 
protein domains, and comparative 
map viewer

http://mips. 
helmholtzmuenchen.
de/plant/rice/ 
index.jsp

PlantsDB MIPS plant database for monocots 
(maize, rice, Sorghum, Brachypodium) 
and dicots (Arabidopsis, Medicago, 
Lotus, tomato)

http://mips. 
helmholtzmuenchen.
de/plant/

PoplarDB Poplar functional genomics database 
with search, BLAST, and DB browser

http://mycor.nancy.
inra.fr/poplardb/

PopulusDB Resource for tree genomics, including 
Populus DNA microarray database

http://www.populus.
db.umu.se/

(86)

Sorghum genome 
database

Genome view, comparative map viewer, 
data overview, search and search for 
protein domains, and comparative 
map viewer

http://mips. 
helmholtzmuenchen.
de/plant/sorghum/
index.jsp

TAIR The Arabidopsis Information Resource. 
The world’s leading database of 
genetic and molecular biology data  
for the model higher plant Arabidopsis 
thaliana and important resources. 
Complete genome sequence, gene 
structure, gene product information, 
metabolism, gene expression, DNA 
and seed stocks of mutants, genome 
maps, genetic and physical markers, 
publications, and information about 
the Arabidopsis research community

http://www.
Arabidopsis.org/

Tomato genome  
database

Genome view, comparative map viewer, 
data overview, search and search for 
protein domains, and comparative 
map viewer

http://mips. 
helmholtzmuenchen.
de/plant/tomato/
index.jsp

UrMeLDB The Medicago MT3 genome database. 
Genome view, comparative map 
viewer, data overview, search and 
search for protein domains

http://mips. 
helmholtzmuenchen.
de/plant/medi3/
index.jsp

UK CropNet Databases Combination of six UK CropNet 
databases as CropSeqDB with data  
on crop plants and grasses 
(Arabidopsis Genome Resource, 
BarleyDB, BrassicaDB, FoggDB, 
MilletGenes)

http://ukcrop.net/
db.html

Table 6
(continued)

(continued)
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Name Description Availability References

Plant phosphorylation

PepBase A peptide database with MS/MS 
spectra, consists of experimental data 
focused on phosphoproteomics and 
membrane proteomics. PepBase is 
divided into two tools: Phospho-
PepBase and MembranePepbase

http://pepbase.iab. 
keio.ac.jp/phospho/
msb/

PhosPhAt 3.0 http://phosphat. 
mpimp-golm.mpg.
de/

(150, 151)

PlantsP Functional genomics database for plant 
phosphorylation, comprises informa-
tion from all plant species (i.e. 
kingdom viridiplantae). PlantsP 
provides a resource for information  
on a collection of T-DNA insertion 
mutants (knockouts) in each kinase 
and phosphatase, primarily in 
Arabidopsis thaliana

http://plantsp.sdsc.
edu/

(74, 75)

Plant tools

ABRC Arabidopsis Biological Research Centre. 
Resource centre at the Ohio State 
University which collects, reproduces, 
preserves, and distributes seed and 
DNA resources of Arabidopsis 
thaliana and related species. Stock 
information and ordering for the 
ABRC are fully integrated into TAIR

http://Arabidopsis. 
org

Arabidopsis eFP  
Browser

“Electronic Fluorescent Pictograph” 
browser for exploring and analyzing 
large-scale biological data sets

http://www.bar.
utoronto.ca/efp/

(152)

Genevestigator Database of gene expression and 
regulation in a broad variety of 
contexts summarizing and interpret-
ing microarray data

https://www. 
genevestigator.com/

KOME Knowledge-based Oryza molecular 
biological encyclopaedia full-length 
cDNA database; full-length cDNA 
clones from rice (Oryza sativa L. ssp. 
japonica cv. Nipponbare)

http://cdna01.dna.
affrc.go.jp/cDNA/

(153)

NASC Nottingham Arabidopsis Stock Centre http://Arabidopsis.info

SIGNAL Genomic DNA flanking sequences of 
the T-DNA insertion for most of  
these populations are searchable here

http://signal.salk.edu/
cgi-bin/tdnaexpress

(154)

Table 6
(continued)

(continued)



36 N. Dissmeyer and A. Schnittger

Name Description Availability References

TIGR The Institute of Genomic Research ftp://ftp.tigr.org/ 
pub/data/
Eukaryotic_
Projects/o_sativa/

TILLING Targeting Induced Local Lesions in 
Genomes; Arabidopsis TILLING 
Project (ATP)/Seattle TILLING 
Project (STP)

http://tilling. 
fhcrc.org/

(155–157)

Kinase databases and tools

kinase.com Genomics, evolution, and function of 
protein kinases

http://kinase.com/

KinBase The kinase database at Sugen/Salk http://kinase.com/
kinbase/

(67)

KinG Database of protein kinases in genomes, 
kinase domains identified. 
Comprehensive collection of serine/
threonine/tyrosine-specific kinases 
and their homologues identified in 
various completed genomes using 
sequence and profile search methods. 
Catalytic domain search tool

http://hodgkin.mbu.
iisc.ernet.in/king/

(158)

Kinomer Characterized Kinomes. Protein kinase 
classifcation HMM library and 
database. Multilevel HMM library 
that models these protein kinase 
groups. It allows accurate identifica-
tion of protein kinases and classifica-
tion to the appropriate kinase group

http://www.compbio.
dundee.ac.uk/
kinomer/kinomes.
html

(98, 159)

Kinomer Search Tool Precalculated Kinome Search http://www.compbio.
dundee.ac.uk/
kinomer/bin/
kinomes.pl

(98, 159)

KSD Kinase Sequence Database. Collection  
of protein kinase sequences grouped 
into families by homology of their 
catalytic domains

http://sequoia.ucsf.
edu/ksd/

MOLBINFO Molecular Biology and Bioinformatics 
Unit

http://www.bio.unipd.
it/molbinfo/
PTKtable.html

PhosphoBase See Phospho.ELM

Phospho.ELM Formerly PhosphoBase; a database of 
phosphorylation sites includes the 
Phospho.ELM BLAST Search tool

http://phospho.elm.
eu.org/

(160)

Table 6
(continued)

(continued)
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Name Description Availability References

Protein Kinase Resource Collection of services, tools, and 
information about kinases

http://pkr.sdsc.edu/
html/index.shtml

(161)

RKD Rice Kinase Database. Platform to 
display user selected functional 
genomic data on a phylogenetic tree

http://rkd.ucdavis.edu (78)

Protein and proteomics

Brenda Enzyme Information System http://www. 
brendaenzymes.org/

ConSurf Server for the Identification of 
Functional Regions in Proteins by 
Surface-Mapping of Phylogenetic 
Information

http://consurf.tau.ac.il/

EBI Analysis Tools at European 
Bioinformatics Institute

http://www.ebi.ac.uk/
Tools/index.html

ExPASy Proteomic tools http://www.expasy.ch/
tools/

Search tools

BLAST Basic Local Alignment Search Tool of 
the National Center for 
Biotechnology Information; finds 
regions of similarity between biologi-
cal sequences

http://www.ncbi.nlm.
nih.gov/

BLAST2 Advanced BLAST2 Search Server http://dove. 
embl-heidelberg. 
de/Blast2/

BLASTP Protein BLAST to search protein 
databases using a protein query

http://www.ncbi.nlm.
nih.gov/

PatScan Pattern scan of proteins or nucleotides http://www-unix.mcs.
anl.gov/compbio/
PatScan/HTML/
patscan.html

Peptide Search Protein identification by peptide 
mapping or peptide sequencing

http://www.mann.
embl-heidelberg.de/
GroupPages/
PageLink/ 
peptidesearchpage.
html

PROPSEARCH Compositional search using a sequence http://www.infobiosud.
univ-montp1.fr/
SERVEUR/
PROPSEARCH/
propsearch.html

Table 6
(continued)

(continued)
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Name Description Availability References

PSI-BLAST Position Specific Iterative BLAST, 
identification of protein kinases

(162)

RPS-BLAST Reverse position specific BLAST; 
identification of protein kinases

(162)

Databases of structural protein properties

CDD Conserved Domain Database:  
a curated Entrez database of con-
served domain alignments

(163)

Consensus sites ScanProsite http://www.expasy.
org/tools/
scanprosite/

DOMO Database of homologous protein 
domains

http://www. 
infobiogen.fr/srs6bin/
cgi-bin/wgetz?-
page+LibInfo+-
lib+DOMO+-newId

PDB The Research Collaboratory for 
Structural Bioinformatics (RCSB) 
Protein Data Bank. Obtain PDB 
structure

http://www.pdb.org/

PFAM Protein families database of alignments 
and HMMs (hidden Markov models)

http://bioinformatics.
weizmann.ac.il/
Pfam/

(164)

PRODOM The protein domain database http://www.toulouse.
inra.fr/prodom.html

PROSITE Database of protein families and 
domains

http://www.expasy.ch/
prosite/

SCOP Structural classification of proteins http://scop.mrc-lmb.
cam.ac.uk/scop/

Proteomics databases

Matrix Science Mascot (Searches based on mass spectrometry 
data, generally very fast!)

http://www. 
matrixscience.com/
search_form_select.
html

MOWSE At the HGMP-RC, searches based on 
peptide masses

http://srs.hgmp.mrc.
ac.uk/cgi-bin/
mowse

Peptide Mass Calculates mass from a sequence http://us.expasy.org/
tools/peptide-mass.
html

Table 6
(continued)

(continued)
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Name Description Availability References

ProFound Searches based on mass spectrometry 
data

http://129.85.19.192/
profound_bin/
WebProFound.exe

ProteinProspector Searches based on mass proteometry 
data

http://prospector.ucsf.
edu/

SWISS-2DPAGE Human 2-D PAGE databases for 
proteome analysis in health and 
disease

http://www.expasy.ch/
ch2d/

General sequence databases

Animal Genome Size 
Database

Collection of services, tools, and 
information

http://www. 
genomesize.com/

dictyBase Central resource for Dictyostelid 
genomics

http://dictybase.org/

DOGS Database of Genome Sizes http://www.cbs.dtu.
dk/databases/
DOGS/

Uniprot Universal Protein Resource http://www.uniprot.
org/

(165)

Interpro Integrated database of predictive protein 
“signatures” used for the classification 
and automatic annotation of proteins 
and genomes, i.e. IPR011009 Protein 
kinase-like, IPR000719 Protein 
kinase, IPR001245 Tyrosine protein 
kinase, and IPR002290 Serine/
threonine protein kinase

http://www.ebi.ac.uk/
interpro/

EBI European Bioinformatics Institute http://www.ebi.ac.uk/

EMBL European Molecular Biology 
Laboratory, service and tools Web 
pages

http://www. 
emblheidelberg.de/
Services/index.html

KEGG Kyoto Encyclopaedia of Genomes  
and Genes

http://www.genome.jp

Kimball’s Biology Pages Collection of services, tools, and 
information

http://users.rcn.com/
jkimball.ma.ultranet/
BiologyPages/

MIPS Munich Information Center for Protein 
Sequences hosted by The Institute of 
Bioinformatics and Systems Biology 
(IBIS) of the Helmholtz Zentrum 
München

http://mips. 
helmholtzmuenchen.
de/

Table 6
(continued)

(continued)
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Name Description Availability References

NCBI National Center for Biotechnology 
Information

http://www.ncbi.nlm.
nih.gov/

Royal Botanic Gardens Kew Plant DNA C-values database http://data.kew.org/
cvalues/

SWISS-PROT Collection of services, tools, and 
information

http://www.expasy.
org/sprot/

Table 6
(continued)

Abbreviations and Synonyms

ABA Abscissic acid
AGC  Group consisting of the cyclic nucleotide-dependent 

family (PKA, PKG), the PKC family and the ribosomal 
S6 kinase family

AHK2/3 ARABIDOPSIS HISTIDINE KINASE 2/3
APC/C Anaphase-promoting complex/cyclosome
APK Atypical PK
bARK G-protein-coupled b-adrenergic RK
ATM Ataxia telangiectasia mutated kinase
ATR Ataxia telangiectasia and Rad3-related kinase
BiFC Bimolecular fluorescence complementation
BR Brassinosteroid
BRI1  BRASSINOSTEROID INSENSITIVE 1 receptor 

kinase
Cak Cdk-activating kinase
CAKAK Cak-activating kinase
CaM Calmodulin
CaMII Ca2+/CaM-dependent kinase II
CaMK Ca2+/CaM-regulated kinase
CaMK  Group consisting of CaMK interacting proteins and 

SNF1 proteins
CaMKK CAMK kinase
cAMP Cyclic adenosine monophosphate
cAPK cAMP-dependent PK
Cdc Cell division control
Cdk Cyclin-dependent (protein) kinase
CDPK Ca2+-dependent PK/CaM-like domain PK
cGMP Cyclic guanosine monophosphate
CK1/2  Protein kinase 1/2, name derived from Casein Kinase 

1/2

Appendix A
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CKI1 CYTOKININ-INSENSITIVE 1
CKL/CLK Cdk-like kinases
CLV1 CLAVATA 1
CPK1  Arabidopsis CALCIUM-DEPENDENT PROTEIN 

KINASE 1
CRE1 CYTOKININ RESPONSE 1
CTR1 CONSTITUTIVE TRIPLE RESPONSE 1
DNA-PK DNA-dependent protein kinase
DSK Dual-specificity kinase
DYRK Dual-specificity Tyr-regulated kinase
EEF2K Elongation factor-2 (eEF-2) kinase
EF Elongation factor
EGFR Epidermal growth factor receptor
EIN4 ETHYLENE INSENSITIVE 4
EPK Eukaryotic PK
ERK Extracellular signal-regulated kinase (MAPK)
ERS1/2 ETHYLENE SENSOR 1/2
ETR1/2 ETHYLENE RESPONSE 1/2
GSK Glycogen synthase kinase
IRAK Interleukin-1 receptor associated kinase
JAK/STAT  Janus family of TK/signal transducer and activator 

of transcription
LAMMER  Subfamily of kinases possessing a LAMMER (or 

related) amino acid sequence
LCK Lymphocyte-specific PTK
LRR Leucine-rich repeat
MAP2K  MAPK kinase, MAP kinase kinase, MAPKK, now 

MEK in plants and MKK in Arabidopsis*
MAP3K  MAP2K kinase, MAP kinase kinase kinase, MAPKKK, 

also known as MEKK*
MAP4K  MAP3K kinase, MAP kinase kinase kinase kinase, 

MAPKKKK*
MAPK Mitogen-activated PK; now MPK in plants*
MAPKK MAPK kinase*
MAPKKK MAPKK kinase*
MEK  MAP/ERK kinase, MAPKK, also known as MKK/

MAP2K*
MEKK MEK kinase, MAPKKK, canonical MAP3K*
MHCK Myosin heavy chain kinase
Mik1 Schizosaccharomyces pombe mitotic inhibitor kinase 1
MKK  New name for Arabidopsis MEK/MAP2K/

MAPKK*
MKK New name for Arabidopsis MAP2K*
MLK Mixed lineage kinase
MLK Mixed lineage kinase
MPK New name for Arabidopsis MAPK*
mTOR Molecular target of rapamycin
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Myt1 Membrane-associated Tyr/Thr PK 1
NEK NIMA/NIM-A related kinase (NRK)
NIMA “Never in mitosis A” (NIM-A)
PDGFR Platelet-derived growth factor receptor
PDHK Pyruvate dehydrogenase (acetyl-transferring) kinase
PEPRK PPCK-related kinases
PhK Phosphorylase kinase
PIKK Phosphatidyl inositol 3¢ kinase-related kinase
PK Protein kinase
PKA, C, G  Cyclic nucleotide-regulated protein kinase A, C,  

or G
PKA/B/C Protein kinase A/B/C
PKACa PKA catalytic subunit a
PKAK1 Pyruvate dehydrogenase kinase
PKL Protein kinase-like
PPCK Phosphoenolpyruvate carboxylase kinase
PPK1 Phosphatidylinositol-4-phosphate 5¢ kinase
Prk Phosphoribulokinase
PRKIN Protein kinase also called MHK
PSTK Protein serine/threonine kinase
Pti1 Pto-interacting 1
PTK Protein–tyrosine kinases
Raf  “Rapidly growing fibrosarcoma or rat fibrosarcoma,” 

cellular homolog of oncogene products from murine 
sarcoma virus, or cellular homolog of v-raf, the trans-
forming gene from an avian retrovirus (MAP3K)

Rb Retinoblastoma protein
RD  Kinase kinase containing invariant Asp residue as cat-

alytic base preceded by an Arg
RGC Receptor guanylate cyclase
RIO Right open reading frame
RK Receptor kinase
RLK Receptor-like kinase (protein Ser/Thr RLK)
ROS Reactive oxygen species
RTK Receptor Tyr kinase
SH Hydrosulphide or sulfhydryl group (in Cys)
SHAGGY GSK from Drosophila
SI Self-incompatibility
SILAC Stable isotope labelling
SLG S-locus glycoprotein
SMG-1 Suppressor of morphogenesis in genitalia-1
SNF1 Sucrose non-fermenting 1
SnRK SNF1-related kinase
SRK S-receptor-like kinase
STE  Family including MAP2K, MAP4K, CDCs, MEKK, 

and related sequences; kinase group consisting of 
Sterile 20 and p21Ras-activated PK (MAP4K)

TGFb Transforming growth factor-b
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TGFbR1  Transforming growth factor-b receptor kinase 1 
(TGFBR1)

TK Tyr kinase
TKL Tyr kinase-like
TRPM Transient receptor potential ion channel melastatin
VEGFR Vascular endothelial growth factor receptor
WAK Cell wall-associated kinase

*New MAPK cascade nomenclature after (81)
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Chapter 3

Expression and Purification of Active Protein Kinases  
from Wheat Germ Extracts

Boglárka Sonkoly, Viola Bardóczy, and Tamás Mészáros

Abstract

In vitro functional studies of eukaryotic kinases are often constrained by the availability of pure and 
 enzymatically active kinase of interest. Though numerous proteins have been synthesized by cell-based 
systems, in vivo production of properly folded, eukaryotic proteins remains a challenging task. Current 
wheat-germ-based cell-free in vitro translation systems present a plausible alternative for protein synthesis 
since majority of eukaryotic proteins could be obtained in their native folded form with general protocols. 
The use of special in vitro translation vectors with ligation-independent cloning sites and cleavable affinity 
tags eliminates further bottlenecks of the protein producing procedure and makes this system a reasonable 
method for simultaneous generation of active kinases.

Key words: Active kinase, In vitro translation, Wheat germ, Ligation-independent cloning, Affinity 
purification, TEV protease

Escherichia coli-based protein overexpression systems are the 
 traditional method of choice for targeted protein synthesis; however, 
application of these systems is severely limited by the fact that 
 multidomain eukaryotic proteins tend to form aggregates in prokary-
otic cells. Various alterations have been made to the E. coli system to 
alleviate this inherent limitation, but there are no general methods 
for successful protein production in prokaryotic cells, which makes 
the procedure laborious (1). The eukaryotic cell-based expression 
systems offer advantage over the bacterial systems in terms of protein 

1. Introduction
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folding and posttranslational modifying capacity, but often require 
laboratories with dedicated instrumentation and are not suitable for 
parallel production of a panel of proteins.

The robustness of the translation apparatus is known since the 
1950s, but only the latest technical improvements made the 
 cell-free translation a reasonable alternative of cell-based protein 
synthesis (2). Various sources of translation machinery could be 
used in cell-free in vitro translation systems, but – due to the 
prokaryotic nature of protein translation and folding – E. coli 
extract is not optimal for the production of eukaryotic proteins. 
Cell-free systems originated from reticulocytes, yeast, and insect 
cells provide eukaryotic proteins in their native folded form but all 
suffer from low productivity. Presently, wheat-germ-derived extract 
seems the most promising choice for preparative protein in vitro 
translation for these systems cost-effectively synthesize properly 
folded eukaryotic proteins at mg/ml scale (3).

 1. High-fidelity DNA polymerase.
 2. PCR cleaning-up buffer: 26.2% (w/v) PEG 8000, 6.6 mM 

MgCl2, 0.6 M NaOAc, pH 5.2 (4).
 3. SspI restriction endonuclease, T4 DNA polymerase, 10 mM 

dNTP mix, and 100 mM dCTP and dGTP stock solutions.
 4. TAE buffer: 40 mM Tris–acetate, 1 mM EDTA, pH 8.0.
 5. 5 mM EDTA.
 6. 0.8% (w/v) agarose gel in TAE buffer.
 7. Agarose gel staining solution: 2× GelGreen (Biotium) in H2O 

with 100 mM NaCl.
 8. Commercial agarose gel extraction kit.
 9. SOC medium: 0.5% (w/v) yeast extract, 2% (w/v) tryptone, 

10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 
20 mM glucose.

 10. Standard competent cells.
 11. LB agar plates containing 100 mg/ml carbenicillin.
 12. PureYield Plasmid Miniprep System (Promega).
 13. RNase-free water, barrier tips.
 14. pEU vector specific primers: 

pEUE01 forward: CGATTTA GGTGACACTATAGAACTC
pEU3-NII forward: CACTATAGGGTACACGGAATTCGC 
pEU reverse: TATAGGAAGGCCGGATAAGACG.

 15. FastDigest NotI (Fermentas).

2. Materials

2.1. Cloning and 
Purification of In Vitro 
Translation Vectors
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 1. Wheat germ in vitro protein translation kit: RTS 100 Wheat 
Germ CECF Kit (5 Prime) and ENDEXT Wheat Germ 
Expression H or ENDEXT Wheat Germ Expression G Kit 
(CellFree Sciences) for bilayer translation.

 2. MagneHis or MagneGST Protein Purification System 
(Promega) with an appropriate magnetic separation device.

 3. PBS buffer: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 , 
1.47 mM KH2PO4 , pH 7.4.

 4. Modified PBS buffer for His-tagged proteins: add 10 mM 
 imidazole, 500 mM NaCl, and 0.2% (v/v) Triton X-100 final 
concentration to standard PBS.

 5. 100 mM Imidazole, 5 M NaCl, and 2% (v/v) Triton X-100 to 
adjust concentrations in translation mixture.

 6. Modified PBS buffer for GST-tagged proteins: add 0.2% (v/v) 
Triton X-100 to standard PBS.

 7. Standard SDS-PAGE solutions and instrumentation.
 8. Fast Coomassie Brilliant Blue staining solution: Paper filtered 

0.2% (w/v) Coomassie R 250 and 0.2 M citric acid solution.
 9. TEV protease (5).
 10. TEV protease buffer: standard PBS containing 2 mM DTT.
 11. 96-Well titer plates for ENDEXT Wheat Germ Expression 

Kits.

Protein synthesis by in vitro translation could be carried out by 
technically different approaches. The batch translation takes place 
in a homogenous solution, and the protein synthesis ceases in 
approximately 3–4 h when one of the substrates is used up or 
byproducts cause translation inhibition. Although, this mode of 
translation is convenient for rapid checking of protein function and 
interaction, its productivity does not meet the protein needs of 
biochemical studies.

Much higher protein yields could be ensured by constant 
replenishment of substrates and removal of byproducts. The 
continuous-exchange cell-free (CECF) protein synthesis system tack-
les this technical difficulty with application of dialysis membranes. 
The membrane permits passive exchange of small molecular weight 
compounds between the reaction chamber containing the transla-
tion machinery and the feeding chamber containing the consum-
able substrates; thus extends the lifetime and, consequently, 

2.2. In Vitro 
Translation  
and Purification  
of Proteins

3. Methods
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productivity of in vitro translation. The invention of CECF resulted 
in systems that could work efficiently for days, and synthesize 
 exogenous proteins up to several mg/ml (6).

In order to meet the demands of whole-proteome scale 
 functional studies, a technically more simple wheat germ in vitro 
translation system – bilayer cell-free protein synthesis – has been 
devised. The bilayer reaction circumvents application of dialysis 
membrane by simply overlaying the substrate providing solution 
onto the batch translation reaction. This arrangement allows 
 constant exchange of byproducts and substrates by diffusion via 
the border layer between the translation and substrate mixtures 
resulting in at least ten times higher productivity in comparison to 
batch translation (7).

Although production of wheat germ protein extract is 
 theoretically simple, the quality of in vitro translation mixture is 
greatly determined in practice by the primary wheat germ source. 
Thus, the application of commercial translation systems is the 
rational decision for general biochemical laboratories. The yields of 
commercially available CECF and bilayer systems are comparable; 
both are expected to produce proteins at 0.2–1 mg/ml scale, an 
ample amount for in vitro kinase activity studies.

 1. Ligation-independent cloning (LIC) ready translation vectors 
are made by SspI digestion and T4 DNA polymerase treatment 
of relevant pEU-LIC vectors (see Note 1). The vectors are 
hydrolyzed with a tenfold excess of SspI for 2 h at 37°C, 
 separated on 0.8% agarose gel, and purified with a gel extrac-
tion kit (see Note 2).

 2. To generate the cohesive ends, 1 mg linearized vector is 
 incubated for 10 min at 37°C with 1 U T4 DNA polymerase 
in presence of the provided buffer and 1 mM dGTP. The 
reaction is stopped by heat inactivation for 20 min at 75°C. 
The treated vector can be further stored at −20°C for 
 subsequent use.

 3. Primers for LIC should be designed with the following 
appended sequences: Forward 5¢-TACTTCCAATCCAAT 
GCAATG-15-20N-3¢ and reverse 5¢-TTATCCACTTCCA 
ATGTCA-15-20N-3¢ (in italics: nucleotides of the gene  specific 
sequence).

 4. The coding sequence is amplified with a standard 50 ml PCR 
(see Note 3).

 5. The PCR product is precipitated by the addition of an equal 
volume of PCR clean-up buffer and thorough mixing. After 
10 min at room temperature, the sample is spun at full speed 
in a microcentrifuge for 10 min, and then the supernatant is 

3.1. Insertion of 
Kinases of Interest 
into Translation 
Vectors
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carefully removed. The pellet is washed once with ethanol, air 
dried, then dissolved in 20 ml water.

 6. After checking the PCR efficiency and specificity on a 0.8% 
agarose gel, 10 ml of purified PCR product is treated for 10 min 
at 37°C with 1 U T4 DNA polymerase in presence of the pro-
vided buffer and 1 mM dCTP. The reaction is terminated by 
heat inactivation for 20 min at 75°C.

 7. 60 ng Vector and 30 ng PCR fragment resulting from T4 
DNA polymerase treatment are mixed and adjusted to 
12.5 ml final volume with 5 mM EDTA. This annealing reac-
tion is incubated at room temperature for 20 min, and then 
competent cells are transformed with 6 ml of the annealing 
reaction. The transformed cells are incubated in 500 ml SOC 
solution for 30 min at 37°C, and then 200 ml is plated onto 
LB agar plates containing 100 mg/ml carbenicillin for 
selection.

 8. Although LIC produces very few background clones lacking 
an inserted fragment, colonies should be tested by colony PCR 
using primers that anneal to the vector sequences.

 9. Plasmids of positive colonies are then isolated by PureYield 
Plasmid Miniprep System (see Note 4).

 10. The purified plasmids are linearized by 30 min incubation at 
37°C with FastDigest NotI enzyme at 1 mg/10 U concentra-
tion in 1× FasDigest buffer (see Note 5). The treated plasmids 
can be directly applied in the next step without any further 
processing.

 1. The lyophilisates of the CECF Kit are reconstituted with the 
provided buffers and kept on ice until setting up the reaction 
(see Note 6). In order to alleviate the nonspecific binding of 
wheat germ proteins to affinity matrices, the reconstituted 
wheat germ lysate can be preincubated for 30 min at 4°C with 
2 ml beads of the respective MagneHis or GST Protein 
Purification System.

 2. The solutions are prepared according to the manufacturer’s 
instructions and 1 ml of feeding and 50 ml reaction mix com-
pleted with 2 mg T7 promoter-driven plasmid is added into the 
lower, feeding and upper, reaction chambers of the translation 
system, respectively (see Notes 7 and 8). Further explanations 
for feeding and reaction chambers can be found in the intro-
duction of the methods part.

 3. The module is carefully closed with adhesive film and fastened 
onto a regular orbital shaker and incubated at 250 rpm and 
24°C for 24 h.

3.2. Protein Translation 
with CECF System
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 4. The efficiency of translation is checked by separating 1 ml of 
reaction mix on SDS-PAGE. The in vitro translated 
 exogenous protein is generally clearly visible following 
Coomassie staining. Example of successful translation is 
shown in Fig. 1. The protein solution is stored on ice until 
further processing.

 1. In vitro transcription is set up with 2 mg SP6 promoter-driven 
plasmid in 20 ml reaction volume according to the manufac-
turer’s instructions and incubated for 6 h at 37°C.

 2. The quantity and quality of transcribed mRNA is checked by 
separating 1 ml of transcription reaction on a 0.8% agarose gel. 
The produced mRNA generally forms a smear-like pattern but 
small molecular weight products below 1 kb are indicative of 
RNA degradation. A preparation containing these should not 
be used for further in vitro translation. Results of in vitro tran-
scription are presented in Fig. 2.

 3. The translation mixture is prepared by using half of the tran-
scription reaction (10–20 mg mRNA) following the manufac-
turer’s instructions.

 4. The feeding solution is transferred into a well of a 96-well titer 
plate. The translation mixture is carefully pipetted into the 
bottom of the well to form the two layers.

 5. The plate is sealed and incubated at 24°C for 16 h, and then 
stored on ice until further processing.

 6. The productivity of translation is analyzed by separating 3 ml of 
the reaction solution via SDS-PAGE.

3.3. Protein Translation 
with Bilayer System

Fig. 1. SDS-PAGE analysis of in vitro translated protein kinase. His-tagged Arabidopsis 
MAP kinase 9 (MPK9) has been produced by continuous-exchange cell-free (CECF) in vitro 
translation and total translation mixture has been separated on a 10% SDS-PAGE. 
Following Coomassie staining, the translated exogenous protein (indicated by the dot) is 
clearly visible at the expected size.
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 1. The reaction mix of CECF is diluted five times with the 
 modified PBS buffer for His-tagged proteins (completed with 
imidazole, NaCl, and Triton X-100) and added to 15 ml 
MagneHis (see Note 9) particles pre-equilibrated in the same 
buffer. The translation mixture of the bilayer system is comple-
mented with 100 mM imidazole, 5 M NaCl, and 2% Triton 
X-100 to achieve the concentrations of the modified PBS, and 
then applied to the same volume of MagneHis particles.

 2. In case of GST-tagged proteins, the reaction solution of CECF 
is mixed with five times modified PBS buffer for GST-tagged 
proteins and added to 7 ml pre-equilibrated MagneGST beads. 
The translation solution accompanying the bilayer system kit 
is completed with Triton X-100 before addition to the 
MagneGST beads.

 3. After 1 h incubation with rotation at 4°C, the affinity purifica-
tion matrix is washed three times with 200 ml of modified PBS 
buffer for GST-tagged proteins.

 4. The tagged proteins are cleaved from the particles by TEV pro-
tease treatment in 20 ml TEV protease buffer at 4°C for 16 h.

 5. In order to expel the TEV protease, supernatant of TEV pro-
tease-treated GST-labeled proteins is incubated with 1 ml 
MagneHis particles at room temperature for 15 min.

 6. 1 ml of supernatants are separated by SDS-PAGE, and stained 
with Coomassie solutions to check efficacy of purification.

 7. Activity of purified kinase is determined by using 10–100 ng of 
protein in an appropriate in vitro kinase assay (see Note 10).

3.4. Purification  
of Affinity-Labeled 
Proteins

Fig. 2. Agarose gel analysis of translation ready mRNA. pEU-E01-HLIC vectors with 1.5 
(lane 1) and 1.7 kb (lane 2), exogenous protein coding insertion has been in vitro 
 transcribed, and checked on a 0.8% agarose gel.
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 1. pEU3-NII-GLIC, pEU-E01-GLIC for N-terminal GST-
tagging and pEU3-NII-HLIC, pEU-E01-HLIC for 
N-terminal His-tagging. pEU3-NII and pEU-E01 vectors are 
suitable for T7 and SP6 promoter-driven in vitro transcrip-
tion, respectively (8).

 2. Careful separation of linearized vector from uncut vector is 
critical to produce high-quality LIC vectors. The separation 
time should be approximately 4 h at 100 V.

 3. Due to the nature of applied template, the actual PCR condi-
tions and protocols may differ, thus have to be optimized case 
by case.

 4. Special attention should be paid to keep the plasmid prepara-
tion free of RNase since its contamination severely decreases 
the transcription, and thus the translation productivity. If the 
RNase contamination persists, standard phenol/chloroform 
purification of isolated plasmids can be applied.

 5. Linearization of plasmids is generally not required, but it could 
significantly increase the transcription efficiency with certain 
plasmids constructs.

 6. Wheat germ lysates can loose their activities upon thawing 
more than three times. It has to be aliquoted according to your 
needs and thaw under running tap water without vigorous 
shaking. The reaction devices are stored at room temperature 
for at least one day before starting the translation.

 7. In CECF system, in vitro transcription and translation can be 
coupled in space and time; hence template DNA is directly 
added to the reaction solution.

 8. The majority of plant kinases produced by wheat germ in vitro 
translations possess high kinase activity, but it can be increased 
further by co-translation with the relevant activators. In cases 
when the kinase of interest is activated by phosphorylation, the 
template plasmids should be added in a 10:1 kinase:activator 
ratio. If the kinase activity depends on complex formation, the 
ratio of kinase and regulatory subunit coding vectors should be 
kept at 1:1.

 9. Considering the expected yield of the described in vitro trans-
lation reactions, the target proteins can be efficiently purified 
by few micro liter of beads, and addition of affinity matrix in 
surplus increases binding of nonspecific proteins deteriorating 
the efficiency of purification. Working with such volumes is an 
arduous task with traditional affinity matrixes, therefore appli-
cation of magnetic particles is recommended.

4. Notes
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 10. Most of the kinases could be stored in the TEV protease buffer 
with 50% glycerol at −20°C for up to a few months. However, 
certain kinases tend to loose their activity upon long-term stor-
age and freeze/thaw cycles, and should be kept on ice and not 
used over multiple days.
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Chapter 4

Measurement of Plant Cyclin-Dependent Kinase Activity 
Using Immunoprecipitation-Coupled and Affinity 
Purification-Based Kinase Assays and the Baculovirus 
Expression System

Hirofumi Harashima and Masami Sekine

Abstract

Orderly progression of the eukaryotic cell cycle is governed by a coordinated response to intrinsic and 
extracellular cues through activation of cyclin-dependent kinases (CDKs). It is therefore important to 
verify the kinase activity of distinct types of CDKs during the cell cycle. The immunoprecipitation-coupled 
kinase assay is a useful procedure to evaluate CDK activity in vivo. Although a specific antibody is usually 
required for immunoprecipitation, transgenic plant cells expressing tag- or marker protein-fused CDKs are 
also suitable for this purpose. In addition, the baculovirus expression system is a valuable tool for analyzing 
CDK activity in vitro, because activation of CDKs is regulated by posttranscriptional modification systems 
that are active in the insect host cells.

Key words: CDKA, Kinase activity, BY-2, Baculovirus, Sf 9, Immunoprecipitation, Affinity  
purification, p13suc1

Cyclin-dependent kinases (CDKs) are a family of serine/threonine 
protein kinases that play important roles in cell-cycle progression 
in plants as well as yeasts and vertebrates (1, 2). Activation of CDKs 
requires the binding of a regulatory cyclin subunit and phosphory-
lation of a conserved threonine residue in the T-loop by CDK-
activating kinase (CAK). The activity of CDKs is also regulated by 
inhibitory phosphorylation and activating dephosphorylation at 
the ATP-binding sites, threonine 14 and tyrosine 15 (3). Plants 
have several types of CDKs, two of which, A-type (CDKA) and 
B-type CDK (CDKB), are principally responsible for cell-cycle 

1. Introduction
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control (4). CDKA, which includes the canonical PSTAIRE motif, 
has been implicated in the control of both the G1/S and G2/M 
transitions (1, 2). CDKB is a plant-specific CDK which shows cell 
cycle-regulated expression and is mostly active during G2 phase 
(1, 2). A T-DNA insertional mutant of the single Arabidopsis CDKA 
gene (CDKA;1) is homozygous lethal because proliferation of 
 generative cells during male gametogenesis is blocked (5, 6).

We have used tobacco Bright Yellow-2 (BY-2) cells to evalu-
ate the kinase activities of various types of CDK/cyclin complexes 
(7–11). BY-2 cells have been extensively studied as a model 
 suspension culture cell, because they are highly homogeneous 
and their cell cycle can be synchronized up to a high degree with 
a combination of aphidicolin and propyzamide (12). In addition, 
the production of recombinant proteins by the baculovirus 
expression system provides several advantages. First, insect cells 
have the capability of proteolytic processing such as disulfide 
bond formation, glycosylation, and phosphorylation of the 
recombinant protein. Second, multiple proteins can be expressed 
in this system. Thus, these advantages are useful to analyze which 
pair of cyclins and CDKs possesses kinase activity in vitro. In this 
chapter, we describe the method for an immunoprecipitation-
coupled kinase assay using suspension culture cells (BY-2) express-
ing GFP-fused tobacco CDKA and insect cells expressing 
FLAG-tagged tobacco CDKA.

 1. Glycerol stock of Escherichia coli expressing p13suc1 protein 
such as E. coli BL21 (DE3); pET-Suc1.

 2. 2× YT medium: Bacto-tryptone 16 g/L, Bacto-yeast extract 
10 g/L, NaCl 5 g/L.

 3. 3-L Baffled flasks.
 4. Isopropyl-b-d-thiogalactopyronoside (IPTG, Nacalai tesque): 

prepare 1 M stock. Store in aliquots at −20°C.
 5. Buffer 1: 20 mM Tris–HCl, 2 mM EDTA, pH 8.0.
 6. Buffer 2: buffer 1 containing 1 M NaCl.
 7. 50-mL Tubes.
 8. Sonicator (such as Astrason XL2020 Ultrasonic Processor 

using a microtip probe set at 3).
 9. 10% (w/v) Polyethylene glycol mono-p-isooctylphenyl ether 

(Triton X-100).
 10. Water bath.
 11. FPLC system (GE Healthcare).
 12. HiTrap DEAE FF 5-mL column (GE Healthcare).

2. Materials

2.1. Preparation  
of p13 suc1 Beads
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 13. Superose 12 HR 10/30 column (GE Healthcare).
 14. Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-10 

membrane (Millipore).
 15. CNBr-activated Sepharose 4B (Amersham).
 16. Econopack column (Bio-Rad).
 17. Coupling buffer: 0.2 M NaHCO3, 0.5 M NaCl, pH 8.0.
 18. Blocking buffer: 0.1 M Tris–HCl, pH 8.0.
 19. Wash buffer: 0.1 M sodium acetate, 0.5 M NaCl, pH 4.0.
 20. Phosphate-buffered saline (PBS): 140 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4 (see Note 1).
 21. PBS containing 0.05% NaN3.

 1. Modified Linsmaier and Skoog (LS) medium (12) (see Note 2).
 2. 300-mL Erlenmeyer flasks (Iwaki).
 3. Silicon caps.
 4. 10-mL Komagome pipette (Iwaki) and nipple.
 5. Shaker (such as BR-3000LF, Taitec).
 6. BY-2 cells expressing GFP-fused tobacco CDKA proteins.

 1. IP buffer: 25 mM Tris–HCl, 75 mM NaCl, 15 mM MgCl2, 
15 mM EGTA, 0.1% NP-40 (Nonidet P-40), pH 7.5.

 2. Complete EDTA-free protease inhibitor cocktail tablets 
(Roche): prepare 25× solution by dissolving one tablet in 2 mL 
of water. Store in aliquots at −20°C.

 3. Phosphatase inhibitors: 100 mM NaF, 50 mM b-glycerophos-
phate and 100 mM sodium orthovanadate. Store in aliquots 
at −20°C.

 4. Handy Sonic model UR-10P (Tomy Seiko): adjust power 
 output to 8.

 5. nProtein A Sepharose 4 Fast Flow (GE Healthcare).
 6. Ultrafree-MC, HV, 0.45 mm (Millipore).
 7. Anti-GFP antibody (Roche): dissolve the lyophilizate in 

 distilled water and prepare a 0.4 mg/mL stock. Store in 
 aliquots at −20°C.

 8. Kinase buffer: 50 mM Tris–HCl, 10 mM MgCl2, 1 mM EGTA, 
pH 7.5.

 1. Grace’s insect cell culture medium (GIM) (Invitrogen) and 
GIM supplemented with 10% fetal bovine serum (FBS) (Japan 
Bioserum) and 50 mg/mL gentamicin (Sigma) (see Note 3).

 2. Sf 9 insect cells (Invitrogen).
 3. TE buffer: 10 mM Tris–HCl, pH 7.0, 1 mM EDTA.
 4. 125-mL Spinner flasks (Wheaton Science Products).

2.2. Plant Suspension 
Cell Culture and 
Subculture

2.3. Preparation  
of Plant Suspension 
Cell Extracts

2.4. Preparation  
of Insect Cell Culture 
and Recombinant 
Baculovirus
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 5. Magnetic stirrer (MCS-101, EYLA).
 6. Incubator (MIR-153, Sanyo) set at 27°C.
 7. 35- and 60-mm dishes (Corning).
 8. Cell scrapers (Iwaki).
 9. Purified recombinant bacmid DNA in the appropriate  pFastBac 

(Invitrogen) construct in TE buffer.
 10. Cellfectin Transfection Reagent (Invitrogen).

 1. TBS: 50 mM Tris–HCl, 150 mM NaCl, pH 7.5.
 2. Complete EDTA-free (Roche), prepare working solution as 

above.
 3. Phosphatase inhibitors: prepare working solution as above.
 4. Handy Sonic model UR-10P (Tomy Seiko).
 5. Anti-FLAG M2 beads (Sigma): prepare 50% slurry.
 6. Kinase buffer: 50 mM Tris–HCl, 10 mM MgCl2, 1 mM EGTA, 

pH 7.5.
 7. Liquid nitrogen.

 1. [g-32P]-ATP (9.25 MBq, GE Healthcare).
 2. Histone H1 (Calbiochem): prepare a 10 mg/mL solution in 

PBS. Store in aliquots at −80°C.
 3. Block incubator (Astec).
 4. SDS-PAGE sample buffer (4×): 250 mM Tris–HCl, 40% (v/v) 

glycerol, 8% SDS, 20% (v/v) 2-mercaptoethanol, 0.1% (w/v) 
bromophenol blue. Store in aliquots at −80°C.

 1. Separating buffer (8×): 3 M Tris–HCl, pH 8.8.
 2. Stacking buffer (4×): 0.5 M Tris–HCl, pH 6.8.
 3. Thirty percent acrylamide/bis solution (37.5:1, 2.6% C) and 

N,N,N ¢,N ¢-Tetramethyl-ethylenediamine (TEMED, Nacalai 
tesque). Store at 4°C.

 4. 10% SDS.
 5. 10% Ammonium persulfate (APS, Nacalai tesque) in water. 

Store in aliquots at −20°C.
 6. Running buffer (10×): 250 mM Tris–HCl, 1.92 M glycine, 1% 

(w/v) SDS. Store at room temperature.
 7. Prestained molecular weight markers (Bio-Rad).
 8. CBB staining solution: stir 1 g Coomassie Brilliant Blue R-250 

(CBR-250) in 500 mL methanol, 100 mL acetic acid, and 
400 mL H2O overnight to dissolve the Coomassie powder. 
Filter the solution through a filter paper (No. 2, Advantec). 
Store at room temperature.

2.5. Preparation of 
Insect Cell Extracts

2.6. Kinase Assay

2.7. SDS-
Polyacrylamide Gel 
Electrophoresis
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 9. Destaining solution: 12% methanol, 7% acetic acid. Store at 
room temperature.

 10. Mini slab gel electrophoresis unit (NA-1012, Nihon-Eido) 
and power supply (NC-1017, Nihon-Eido).

 11. 1-mL syringe with 23-Gauge needle.
 12. Kimwipe tissue.
 13. 3MM Chr paper (Whatman).
 14. DE81 paper (Whatman).
 15. Saran Wrap (Asahikasei).
 16. HydroTech Gel Drying System (Bio-Rad) set to 80°C.

Because CDK activity is regulated by phosphorylation of a spe-
cific amino acid residue, the active phosphorylated CDKs tend to 
be labile owing to protein phosphatase activities within the cell. 
To obtain reliable and reproducible results, therefore, phos-
phatase inhibitors must be added to the extraction buffer to 
inhibit protein phosphatase activities during the preparation of 
cell extracts. It is also important to check whether the antibody 
can be used for immunoprecipitation of active CDK/cyclin com-
plexes: in particular, when the antibody is prepared against a cata-
lytic subunit, it is necessary to check whether the antibody masks 
the activity, since antibody binding can affect the conformation 
of the catalytic site.

Although p13suc1-beads have been used widely for detecting his-
tone H1 kinase activity in plants, p13suc1-beads can bind to CDKA 
and, to a lesser extent, CDKB in Arabidopsis (13). In addition, we 
found that p13suc1-beads can bind to both CDKA and CDKB in BY-2 
cells, with a higher affinity for CDKA than for CDKB (7). Therefore, 
it is necessary to identify the extent of CDK binding in your 
samples.

 1. Inoculate a 10-mL overnight culture of E. coli BL21 (DE3) cells 
transformed with the plasmid pET-Suc1, which produces p13suc1 
under control of the T7 promoter, into 1 L 2× YT medium 
containing 100 mg/mL ampicillin in a 3-L Baffled flask and 
grow at 37°C to an OD600 of 0.6.

 2. Add 300 mL of 1 M IPTG to induce p13suc1 production and 
cultivate for a further 6 h at 37°C.

 3. After cooling the culture on ice for 10 min, harvest the cells by 
centrifugation at 4,000 × g for 15 min at 4°C. Discard the 
supernatant.

3. Methods

3.1. Preparation  
of p13 suc1 Beads
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 4. Wash the cells once with 100 mL buffer 1. Centrifuge at 
4,000 × g for 15 min at 4°C. Discard the supernatant.

 5. Resuspend the cells in 50 mL buffer 1, and dispense into two 
50-mL tubes. Freeze at −20°C overnight.

 6. Thaw the cell suspension in an ice water bath, and disrupt the 
cells by sonication by applying ten pulses of 10 s at 10-s  intervals 
on ice.

 7. Add one-fiftieth volume of 10% (w/v) Triton X-100 to the 
lysate and incubate at 4°C for 20 min with gentle agitation.

 8. Centrifuge at 10,000 × g for 40 min at 4°C, and incubate the 
supernatant in a water bath at 70°C for 3 min. Centrifuge 
again at 10,000 × g for 20 min at 4°C.

 9. Apply the supernatant to a HiTrap DEAE FF column and pool 
the eluate fractions containing p13suc1 (flow rate: 2.5 mL/min; 
gradient: 0–100% buffer 2 in 20 column volumes).

 10. Apply the elution pool to a Superose 12 HR 10/30 column 
equilibrated with coupling buffer (flow rate: 0.5 mL/min) and 
concentrate the p13suc1 protein with an Amicon Ultra-15 
Centrifugal Filter Unit with Ultracel-10 membrane.

 11. Suspend 0.3 g CNBr-activated Sepharose 4B in 10 mL 1 mM 
HCl and pour the slurry into an empty Econopack column. 
Wash the medium with 60 mL 1 mM HCl.

 12. Cap the bottom, add p13suc1 protein suspended in coupling 
buffer, and cap the top. Incubate for 1 h at room temperature 
with gentle agitation.

 13. Remove both caps to permit flow of coupling buffer.
 14. Replace the bottom cap, add 5 mL of blocking buffer, and 

then replace the top cap. Leave the column for 2 h at room 
temperature.

 15. Remove both caps to start blocking buffer flow. Load 5 mL 
wash buffer followed by 5 mL coupling buffer. Repeat this 
wash step twice.

 16. Equilibrate the beads with PBS, and then suspend them in the 
same volume of PBS containing 0.05% (w/v) NaN3 to obtain a 
50% slurry of p13suc1 beads. This stock is stable at 4°C for 1 year.

 1. Culture tobacco BY-2 cells in a 300-mL Erlenmeyer flask 
 containing 95 mL modified LS medium with shaking at 
130 rpm in the dark at 27°C.

 2. Every 7 days, subculture 2 mL aliquots of stationary-phase 
 culture into 95 mL fresh medium with a 10-mL Komagome 
pipette (see Note 4).

3.2. Preparation of 
Cyclin/CDK Complexes 
from BY-2 Cell 
Extracts

3.2.1. Suspension Cell 
Culture
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 1. Stand the flask for 7 min. Transfer 1.4 mL of the BY-2 cells 
from the bottom to a 1.5-mL microtube with a tip-cut 1-mL 
microtip.

 2. Centrifuge the microtube at 500 × g for 1 min at room 
 temperature. Remove the supernatant.

 3. Freeze samples in liquid nitrogen, and store at −80°C.
 4. Add 700 mL of IP buffer containing protease and phosphatase 

inhibitors to each sample. Lyse the BY-2 cells by sonication by 
applying ten pulses of 10 s at 5-s intervals on ice.

 5. Centrifuge the microtube at 10,000 × g for 30 min at 4°C. 
Transfer the supernatant to a new 1.5-mL microtube, and 
 centrifuge at 100,000 × g for 1 h at 4°C.

 6. Determine protein concentration by the Bradford method 
(14) using BSA as a standard.

 7. Dispense the sample into a new 1.5-mL microtube at a 
 concentration of 300 mg overall protein in 150 mL IP buffer.

 1. Add 20 mL of a 50% slurry of p13suc1-conjugated Sepharose 4B 
to each sample, and incubate at 4°C for 1 h with rotation.

 2. Centrifuge the microtube at 10,000 × g for 30 s, and remove 
the supernatant.

 3. Add 300 mL of IP buffer, centrifuge at 10,000 × g for 30 s, and 
remove the supernatant. Repeat this step twice to wash the 
beads.

 4. Add 300 mL of kinase buffer, centrifuge at 10,000 × g for 30 s, 
and remove the supernatant. Repeat this step twice to 
 equilibrate the beads.

 5. Add 10 mL of kinase buffer, and suspend with a tip-cut 200-mL 
microtip. Transfer 15 mL of the resultant 50% slurry of p13suc1-
conjugated Sepharose 4B to a new microtube.

 1. Add 20 mL of a 50% slurry of nProtein A Sepharose 4 Fast Flow 
to each sample, and incubate at 4°C for 1 h with rotation.

 2. Centrifuge the microtube at 10,000 × g for 30 s, and transfer 
the suspension to a filter unit.

 3. Centrifuge the filter device at 10,000 × g for 30 s, and transfer 
the flow through to a new 1.5-mL microtube.

 4. Add 4 mg of monoclonal anti-GFP antibody, and incubate at 
4°C for 1 h with rotation. Centrifuge the microtube at 
10,000 × g for 30 s.

 5. Add 20 mL of a 50% slurry of nProtein A Sepharose 4 Fast 
Flow, and incubate at 4°C for 1 h with rotation. Centrifuge the 
microtube at 10,000 × g for 30 s, and remove the supernatant.

3.2.2. Preparation of Cell 
Extracts from Plant Cell

3.2.3. Affinity Purification 
from Plant Suspension Cell 
Extracts Using p13 suc1 
Beads

3.2.4. Immunoprecipitation 
from Plant Suspension Cell 
Extracts
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 6. Add 300 mL of IP buffer, centrifuge the microtube at 10,000 × g 
for 30 s, and remove the supernatant. Repeat this step twice to 
wash the beads.

 7. Add 300 mL of kinase buffer, centrifuge the microtube at 
10,000 × g for 30 s, and remove the supernatant. Repeat this 
step twice to equilibrate the beads.

 8. Add 10 mL of kinase buffer, and suspend with a tip-cut 200-mL 
microtip. Transfer 15 mL of the 50% slurry of anti-GFP beads 
to a new microtube.

 1. When the cells in the Spinner flask reach a density of 
1 × 106 cells/mL, dilute to one-fourth (remove the cell culture 
down to 30 mL then add fresh GIM supplemented with 10% 
(v/v) FBS and 50 mg/mL gentamicin up to 125 mL).

 2. Loosen the side arm caps and incubate the Spinner flask at 
27°C with constant stirring at 60 rpm in the dark for 3 or 4 
days (see Note 5).

 1. Seed a 35-mm dish with 106 Sf9 cells. Allow the cells to attach 
to the surface of the dish for 40 min at room temperature (see 
Note 6).

 2. Prepare bacmid DNA: Cellfectin Reagent complexes as follows 
in a 1.5-mL sterile microtube.
(a) Dilute 1 mg purified bacmid DNA in 100 mL GIM.
(b) Mix Cellfectin Reagent thoroughly before use by invert-

ing the tube five to ten times. Add 6 mL of Cellfectin 
Reagent to 100 mL GIM.

(c) Combine the diluted bacmid DNA with the diluted 
Cellfectin Reagent. Mix gently and incubate for 20 min at 
room temperature.

 3. While the DNA:lipid complexes are incubating, remove the 
medium from the cells and wash once with 2 mL GIM. Remove 
the wash medium.

 4. Add 0.8 mL of GIM to each tube containing the DNA:lipid 
complexes. Mix gently and transfer to the cells.

 5. Incubate the cells for 5 h at 27°C.
 6. Remove the DNA:lipid complexes and add 2 mL of complete 

growth medium to the cells.
 7. Incubate the cells for 3 days at 27°C.
 8. Collect the medium containing baculovirus from each dish and 

transfer to sterile 15-mL snap-cap tubes. Centrifuge the tubes 
at 500 × g for 5 min.

 9. Transfer the supernatant (P1 viral stock) to fresh 15-mL 
 snap-cap tubes wrapped with aluminum foil to protect from 
light. Store at 4°C.

3.3. Preparation of 
Cyclin/CDK Complexes 
Using Baculovirus 
Expression System

3.3.1. Insect Cell Culture

3.3.2. Preparation of 
Recombinant Baculovirus
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 1. Plate Sf 9 cells at 3 × 106 cells per 60-mm dish. Incubate cells 
for 40 min at room temperature.

 2. Discard the medium and add 5 mL of GIM supplemented with 
10% (v/v) FBS and 50 mg/mL gentamicin.

 3. Add 0.5 mL of P1 viral stock to the dish and incubate the cells 
for 3 days at 27°C.

 4. Collect the medium containing baculovirus and transfer to a 
sterile 15-mL snap-cap tube. Centrifuge the tube at 500 × g for 
5 min.

 5. Transfer the clarified supernatant (P2 viral stock) to a new 
15-mL snap-cap tube wrapped with aluminum foil to protect 
from light. Store at 4°C (see Note 7).

 1. Seed a 60-mm dish with 3 × 106 Sf 9 cells. Let the cells attach 
for 40 min at room temperature.

 2. Remove the medium and replace with 5 mL GIM supple-
mented with 10% (v/v) FBS and 50 mg/mL gentamicin. Add 
100 mL of P2 baculoviral stock. Seal the dish with Parafilm and 
incubate the cells at 27°C.

 3. Collect Sf9 cells expressing FLAG-CDKA and/or CYCD3 
using a cell scraper, 60 h after infection, and transfer to a sterile 
15 mL snap-cap tube. Centrifuge the tube at 1,000 × g for 
5 min at 4°C. Discard the supernatant and resuspend the cells 
in 1 mL TBS. Transfer the suspension to a new 1.5-mL micro-
tube. Centrifuge the tube at 10,000 × g for 1 min at 4°C. 
Remove the supernatant.

 4. Freeze samples in liquid nitrogen, and store at −80°C.
 5. Add 1 mL of TBS containing protease and phosphatase inhibi-

tors. Disrupt the Sf 9 cells by sonication by applying ten pulses 
of 10 s at 5-s intervals on ice.

 6. Centrifuge the tube at 10,000 × g for 30 min at 4°C. Transfer 
the supernatant to a new 1.5-mL microtube, and centrifuge at 
100,000 × g for 1 h at 4°C.

 7. Divide the sample into 90-mL aliquots, and add 60 mL of 
TBS to each. Freeze samples in liquid nitrogen, and store at 
−80°C.

 1. Thaw the frozen lysate on ice. Add 20 mL of a 50% slurry of 
anti-FLAG M2 beads. Incubate for 1 h at 4°C.

 2. Centrifuge at 10,000 × g for 30 s at 4°C, and remove the 
 supernatant. Add 300 mL of TBS, centrifuge again at 10,000 × g 
for 30 s at 4°C, and then remove the supernatant. Repeat this 
step twice.

 3. Add 300 mL of kinase buffer, centrifuge at 10,000 × g for 30 s 
at 4°C, and then remove the supernatant. Repeat this step two 
more times.

3.3.3. Baculovirus 
Amplification

3.3.4. Preparation of Cell 
Extracts from Insect Cell

3.3.5. Immunoprecipitation 
from Insect Cell Extracts
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 4. Add 10 mL of kinase buffer, and suspend with a tip-cut 200-mL 
microtip. Transfer 15 mL of the resultant 50% slurry of anti-
FLAG M2 beads to a new microtube.

 1. Mix 4.5 mL kinase buffer, 0.25 mL 10 mg/mL histone H1 
stock solution and 0.25 mL [g-32P]ATP (see Notes 8 and 9).

 2. Incubate at 30°C for 30 min and then chill on ice.
 3. Add 5 mL of 4× SDS-PAGE sample buffer. Mix by tapping and 

centrifuge the microtube at 10,000 × g for 1 min.
 4. Incubate at 95°C for 3 min. Centrifuge the microtube at 

10,000 × g for 1 min.

 1. Prepare a 1-mm thick, 12.5% separating gel by mixing 0.83 mL 
8× separating buffer with 2.75 mL acrylamide/bis solution, 
2.95 mL water, 66 mL 10% (w/v) SDS, 7 mL TEMED, and 
66 mL 10% (w/v) APS. Cast the gel, leaving space for a stack-
ing gel, and overlay with isopropanol. The gel should polymer-
ize in about 30 min.

 2. Pour off the isopropanol and rinse the top of the gel twice with 
distilled water.

 3. Prepare the stacking gel by mixing 0.5 mL 4× stacking buffer 
with 1.23 mL distilled water, 0.25 mL acrylamide/bis solu-
tion, 20 mL 10% (w/v) SDS, 2 mL TEMED, and 20 mL APS.

 4. Remove the comb carefully and rinse the gel unit briefly with 
distilled water.

 5. Add 1× running buffer to the lower chamber, insert the gel 
unit and then add running buffer to the upper chamber. Wash 
the wells using a 1-mL syringe fitted with a 23-Gauge needle.

 6. Load 15 mL of sample prepared in Subheading 3.4 per well, 
leaving one well for prestained molecular weight marker.

 7. Connect to a power supply and run at 25 mA constant current. 
Run until the dye front has almost moved through the entire 
gel. In case the dye fronts run off the gel, the buffer will con-
tain most of the unincorporated radiolabel.

 1. Add the CBB staining solution to a suitable container and soak 
the gel for 20 min at room temperature with gentle agitation.

 2. Discard the CBB staining solution and rinse the gel briefly with 
50 mL destaining solution.

 3. Add 100 mL destaining solution and two sheets of Kimwipe, 
which accelerate the destaining, and incubate overnight at 
room temperature with gentle agitation.

3.4. Kinase Assay

3.5. SDS-PAGE

3.6. Staining and 
Autoradiography
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 4. Transfer the gel onto a wet 3MM paper, and put it on DH81 
paper. After wrap with Saran Wrap, set these sheets in the gel 
dryer. Dry the gel for 25 min.

 5. Detect phosphorylated histone H1 by autoradiography. 
Alternatively, place the dry gel in contact with an IP plate for 
25 min and scan with an imaging system (e.g., BAS, Fujifilm) 
(see Note 10). Examples of signals for active CDKA are shown 
in Figs. 1 and 2.

Fig. 1. Immunoprecipitation-coupled kinase assay using BY-2 cells expressing GFP-fused tobacco CDKA. (a) Fluorescence 
microscopic images showing BY-2 cells at 3 days after induction with estrogen. One day after induction with 4 mM b-estradiol, 
(b) crude extracts and immunoprecipitates were prepared from BY-2 cells expressing GFP (lane 1), CDKA(WT)-GFP (lane 
2), CDKA(D146N)-GFP (lane 3), and CDKA(T161A)-GFP (lane 4). WT: wild type CDKA, D146N is a dominant-negative variant, 
and T161A lacks the Thr161 that is activatorily phosphorylated by CAKs in the T-loop of CDKA. Crude extracts were sub-
jected to western blotting with a GFP antibody. Immunoprecipitates were prepared with a GFP antibody from BY-2 cells 
expressing the GFP-fusions of the CDKA variants and used for western blots with a GFP antibody to detect the fusion 
proteins. (c) Immunoprecipitates were also used for in vitro histone H1 kinase assays. The samples were separated by 
12.5% SDS-PAGE and a CBB stain of the gel is shown (CBB, lower panel ). (d) Total kinase activity was evaluated by 
measurement as p13suc1-associated histone H1 kinase activity. Samples were prepared from BY-2 cells expressing 
CDKA(WT)-GFP (lane 1), CDKA(D146N)-GFP (lane 2), and CDKA(T161A)-GFP (lane 3) and separated by 12.5% SDS-PAGE, 
followed by CBB staining (lower panel ). (Reproduced from ref. 7 with permission from Blackwell Publishing).
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 1. Unless otherwise stated, all solutions should be prepared in dis-
tilled water or water purified using a Milli-Q system (Millipore).

 2. LS medium can be made by preparing stock solutions or by 
using appropriate reagents which are available from commer-
cial sources (e.g., Murashige and Skoog (MS) Basal Salt 
Mixture, Sigma).

 3. FBS is available from other commercial sources. Lot checking 
of FBS should be undertaken for insect cells under the condi-
tions you use.

 4. The cell material will be very viscous at stationary phase and 
thus hard to pipette. The easiest is to use the Komagome 
pipette or, if not available, a wide-mouthed pipette to transfer 
the cell suspension to fresh medium. Other valuable technical 
notes for maintaining BY-2 cells can be found in (15).

 5. This protocol is based on the instruction manual of the Bac-to-
Bac® baculovirus expression system (Invitrogen).

 6. It is necessary to verify, using an inverted microscope, that 
insect cells are attached to the surface of the culture dish. 
Viable cells usually attach within 5 min.

4. Notes

Fig. 2. Kinase assay using insect cells expressing FLAG-tagged CDKA. His-tagged tobacco cyclin (CYCD3) and FLAG-tagged 
tobacco CDKA and its mutants were expressed individually or co-expressed in insect cells as indicated. Cell lysates from 
the insect cells were immunoprecipitated with anti-FLAG M2 beads and the immunoprecipitates were tested in in vitro 
histone H1 kinase assays. Cell lysates were used for western blots with anti-CYCD3 antibody and anti-FLAG M2 antibody. 
The same membrane was probed sequentially with each antibody. The asterisk at the right in the top panel marks bands 
cross-reacting nonspecifically with the antibody. The 12.5% SDS-PAGE gel used for histone H1 kinase assays was stained 
with CBB (bottom panel ). (Reproduced from ref. 7 with permission from Blackwell Publishing).
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 7. We did not check baculovirus titer or multiplicity of infection, 
but two rounds of amplification are usually sufficient to obtain 
baculovirus which can be used to produce enough target pro-
teins in the subsequent steps.

 8. For convenience, we routinely prepare a mixture (the total vol-
ume is 5 mL × sample number) containing kinase buffer, histone 
H1 stock solution, and [g-32P]ATP in the ratio of 18:1:1.

 9. Other than histone H1, retinoblastoma-related protein (RBR) is 
one of the most important CDK substrates in plants. Since the 
molecular weight of RBR protein is more than 110 kDa, it is 
difficult to obtain sufficient amounts of purified full-length RBR 
from E. coli. Therefore, we usually use glutathione S-transferase 
(GST)-fused C-terminal domain of RBR as a substrate (7, 9). 
GST fusion proteins are purified using glutathione Sepharose 
4B beads according to the manufacturer’s instructions.

 10. Quantification of data may be desirable, and this can be done 
by scanning and densitometry of the films. Care should be 
taken to ensure that the signal has not saturated. Alternatively, 
chemiluminescent signals can be captured digitally with an 
instrument such as a BAS-2500 (Fujifilm).
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Chapter 5

Mitogen-Activated Protein Kinase Activity  
and Reporter Gene Assays in Plants

Róbert Dóczi, Elizabeth Hatzimasoura, and László Bögre

Abstract

Mitogen-activated protein (MAP) kinase pathways are conserved in eukaryotes and transmit a plethora of 
stimuli. MAP kinases (MAPKs) are part of signalling modules that consist of three to four tiers of protein 
kinases in a phosphorylation cascade. MAPKs are known to phosphorylate specific substrates at specific sites 
at a  threonine or serine residue followed by proline, but the surrounding amino acids of the phospho-
rylation site and docking interactions are also important for substrate recognition. MAPK activity can be 
assayed by detecting their phosphotransferase activity, their activation state, or detecting the switching on 
or off reaction of specific genes, or cellular responses. Prior to the kinase assay, specific MAPK proteins can 
be immunoprecipitated either by MAPK-specific antibodies or by the introduction of C-terminal epitope 
tags and expression of the fusion proteins in planta or transiently in protoplasts. Protoplasts derived from 
Arabidopsis thaliana cell cultures or leaves provide a valuable tool to co-express multiple gene constructs, 
thus in this system MAPKs can be co-expressed with upstream regulatory components or downstream tar-
gets. In protoplasts, the signalling activity through MAPK pathways can also be monitored by  co-transforming 
reporter genes fused to target promoters. Furthermore, components of the MAPK  signalling pathways can 
be silenced by co-transformation of RNAi or amiRNA constructs, and the impact of silencing on MAPK 
activation or gene expression can thus be determined.

Key words: Mitogen-activated protein kinase, MAP kinase, MAPK, Protoplast, Immunoprecipitation, 
Phosphotransferase activity, Myelin basic protein, MBP, Promoter activity, Arabidopsis cell suspension 
culture

Mitogen-activated protein (MAP) kinase signal transduction mod-
ules mediate the transfer of information from extracellular  signals 
to cellular responses. These signalling pathways are ubiquitously 
found from yeast to animal and plant cells throughout eukaryotes. 

1. Introduction
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MAP kinases (MAPK) cascades are composed of distinct combinations 
of three to four families of protein kinases: MAP kinase kinase kinase 
kinase (MAP4K), MAP kinase kinase kinase (MAP3K/MEKK), 
MAP kinase kinase (MAP2K/MEK/MKK), and MAP kinase 
(MAPK/MPK), which are activated in a sequential  phosphorylation 
cascade (1, 2). The activated MAPK then phosphorylates  various 
downstream components, including  transcription factors and other 
kinases thereby modulating their activity, stability, or localisation. In 
Arabidopsis thaliana, genes encoding 20 MPKs, 10 MKKs, and 
60–80 MAP3Ks and 10 MAP4Ks were identified based on the 
annotation of the genome sequence (3, 4).

In plants, MAPK signalling pathways play important  regulatory 
roles in several processes such as biotic and abiotic stress, as well as 
hormone and developmental signalling (1, 5). MAPK activities are 
rapidly and in most cases transiently switched on in response to spe-
cific signals, and therefore appropriate time-course experiments that 
typically span 0, 1, 2, 5, 10, 20, 30, and 60 min are used. Detection 
of MAPK activity status under various conditions is an important 
part of functional MAPK analysis. MAPK activity in plants is most 
commonly determined by measuring the phosphotransferase activity 
by use of radiolabelled ATP and measuring the amount of incorpo-
rated 32PO4

3− into a MAPK artificial substrate such as myelin basic 
protein (MBP) (e.g. (6–8)). To this end, MAPKs can be immuno-
precipitated from crude protein extracts (immunocomplex kinase 
assay) or the reaction can be performed after separation of protein 
samples by polyacrylamide gel electrophoresis (PAGE) where the 
MBP substrate is incorporated into the gel (in gel kinase assay) (7). 
The third approach to detect MAPK activities is the use of antibod-
ies specific to the phosphorylated form of MAPKs (9). Currently, 
only antibodies against the  phosphorylated form of animal MAPKs 
are commercially available. The threonin, glutamate, tyrosine (TEY) 
motif that gets phosphorylated during the activation of MAPKs by 
MEKs is conserved and present in a number of plant MAPKs, but 
the surrounding amino acids are not fully conserved. Therefore, the 
phospho-ERK  (animal extracellular (signal-)regulated kinase; one of 
the prominent  models for MAPKs) antibodies, which are widely 
used against phospho-MAPKs, only weakly recognise plant MAPKs, 
and thus can only be used with variable success.

Protoplasts are plant cells of which cell walls have been enzy-
matically removed. Protoplasts are responsive to external stimuli 
such as hormones, stresses, and microbial elicitors (10). What is 
more, protoplasts can be transformed with multiple gene constructs 
for transient expression, thus providing a system to study their 
interactions. To this end, a variety of biochemical experiments can 
be applied such as co-immunoprecipitation, GFP localisation, bimo-
lecular fluorescence complementation (BiFC), and promoter analy-
sis with reporter genes (11), kinase, and phosphatase assays. Further 
important application of the protoplast system is the  possibility to 
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silence genes specifically using RNAi or amiRNA constructs. It is 
important to note that the transformation  efficiency is only around 
20–40%, but the co-transformation efficiency with another con-
struct is close to 100%. Therefore, it is possible to develop readouts 
for the effect of silencing a gene by co-transfection of downstream 
components of the regulatory pathway. For example one can silence 
receptors and search for downstream  signalling components by 
detecting their activity after co-transformation. Similarly, one can 
silence signalling components and determine their effects on the 
expression of target genes using promoter-reporter constructs.

Here, we describe methods to test MAPK activities based 
either on testing their phosphotransferase activity to substrate 
 proteins or detecting reporter gene induction based on their 
 transcriptional regulatory roles. We provide a detailed protocol to 
prepare and transform Arabidopsis thaliana cell culture-derived 
protoplasts; however, protoplasts from leaf mesophyll cells can also 
be used to carry out the same techniques (12).

 1. Arabidopsis medium: 4.414 g/l MS (Murashige and Skoog) + B5 
vitamins (Duchefa), 30 g/l sucrose, and 1 mg/l 2,4-dichloro-
phenoxyacetic acid (2,4-D), adjust pH to 5.7 with 0.1 M 
KOH, and autoclave.

 1. 50 and 15 ml Falcon tubes.
 2. Eppendorf 5810 R or similar centrifuge that fits 50- and 15-ml 

Falcon tubes.
 3. Large Petri dishes.
 4. Sterile plastic Pasteur pipettes (~2–3 ml).
 5. Fuchs–Rosenthal counting chamber.
 6. Inverted microscope.
 7. B5 0.34 M glucose-mannitol medium (B5-GM): 3163.98 mg/l 

B5 powder (Duchefa), 0.34 M glucose, and 0.34 M mannitol, 
adjust pH to 5.5 with 0.1 M KOH, autoclave.

 8. B5 0.28 M sucrose medium (B5-SM): 3163.98 mg/l B5 
 powder (Duchefa) and 0.28 M sucrose, adjust pH to 5.5 with 
0.1 M KOH, autoclave.

2. Materials

2.1. Protoplast Isolation 
from Arabidopsis 
Suspension Culture 
Cells

2.1.1. Maintaining 
Arabidopsis Cultured Cells

2.1.2. Protoplasting  
the Cells
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 9. Enzyme solution: 1% cellulase (Yakult or Serva), 0.2% 
macerozyme (Yakult or Serva) in B5-GM. Stir for 30 min and 
filter through Whatman paper or centrifuge at 3200 rcf 
10 min. Filter sterilise. Prepare freshly before use.

 1. Plasmid(s) to be transformed.
 2. Salmon sperm DNA (10 mg/ml).
 3. PEG solution: 25% PEG 6000, 0.45 M mannitol, and 0.1 M 

Ca(NO3)2 (see Note 1).
 4. 0.275 M Ca(NO3)2, pH 5.6 (with 0.1 M KOH).
 5. Vacuum pump.
 6. 24-Well plates.

 1. Liquid nitrogen.

 1. TissueLyser (Qiagen) or quartz sand and grinder, vortexer.
 2. Cooled microcentrifuge (such as from Eppendorf).
 3. Bradford protein assay kit (BioRad).
 4. Spectrophotometer.
 5. Lacus buffer: 25 mM Tris–HCl, 10 mM MgCl2, 15 mM 

EGTA, 75 mM NaCl, 1 mM DTT, 1 mM NaF, 0.5 mM 
Na3VO4, 15 mM b-glycerolphosphate, 15 mM p-nitrophe-
nylphosphate, 0.1% Tween 20, 0.5 mM phenylmethylsulfonyl 
fluoride (PMSF), 5 mg/ml leupeptine, and 5 mg/ml aprotinin. 
Store at −20°C.

 1. Rolling incubator.
 2. Insulin syringe and needles.
 3. Protein A or G Sepharose (GE Healthcare).
 4. Anti-HA or anti-c-myc monoclonal antibodies (Roche).
 5. Anti-Arabidopsis MAPK antibodies (a-AtMPK3, a-AtMPK4, 

and a-AtMPK6; Sigma).
 6. SUC1 buffer: 50 mM Tris–HCl, 250 mM NaCl, 5 mM EGTA, 

5 mM EDTA, 0.1% Tween 20, 5 mM NaF, 0.1% Nonidet 
P-40, and 0.5 mM PMSF. Store at −20°C (see Note 2).

 7. Kinase buffer: 20 mM HEPES, pH 7.5, 15 mM MgCl2, 5 mM 
EGTA, and 1 mM DTT. Prepare a 10× stock solution and 
store at −20°C.

2.2. Protoplast 
Transformation  
and Treatments

2.2.1. Protoplast 
Transformation

2.2.2. Protoplast 
Treatments

2.3. MAPK Activity 
Assays

2.3.1. Total Protein 
Extraction

2.3.2. Protein 
Immunoprecipitation from 
Total Protein Extracts
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 1. SDS-PAGE equipment.
 2. Vacuum gel-dryer and heating block.
 3. Phosphorimager or autoradiography film.
 4. Whatman 3MM paper.
 5. Coomassie Brilliant Blue G 250 (CBB-G) staining solution: 

0.12 w/v % Coomassie Blue R250, 0.03 w/v %g Comassie 
Blue G250, 45 v/v % methanol, and 10 v/v % acetic acid.

 6. Coomassie Brilliant Blue G 250 (CBB-G) destaining solution: 
45 v/v % methanol and 10 v/v % acetic acid.

 7. 10 mg/ml MBP (myelin basic protein) (see Note 7).
 8. 1 M DTT.
 9. 10 mM ATP.
 10. [g-32P]-ATP (3,000 Ci/mmol).
 11. 5× SDS loading buffer: 1M TRIS, pH 6.8, 500 mM DTT, 10% 

SDS, 0.5% bromophenol blue, and 62.5% glycerol.
 12. Kinase assay buffer: 50 mM Hepes-HCl, pH 8.0, 2.0 mM 

DTT, 0.1 mM EGTA, and 20 mM MgCl2.

 1. 12.5% SDS-PAGE gel containing 0.5 mg/ml of MBP.
 2. 20% 2-propanol in 50 mM Tris–HCl, pH 8.0.
 3. Buffer A: 50 mM Tris–HCl, pH 8.0, 5 mM DTT.
 4. Denaturation buffer: 6 M guanidine-HCl (Ultrapure, ICN), 

20 mM DTT, 2 mM EDTA, and 50 mM Tris–HCl, pH 8.0.
 5. 10% Trichloroacetic acid.
 6. 1% Sodium pyrophosphate.
 7. Tween-40.
 8. ATP
 9. [g-32P]-ATP (3,000 Ci/mmol).

 1. 1.5-ml microcentrifuge tubes.
 2. Bradford protein assay kit (BioRad).
 3. GUS extraction buffer (EB): 50 mM Na phosphate pH 7.0, 

1 mM Na2EDTA, 5 mM DTT, and 0.1% Triton-X 100, aliquot 
and store at 4°C for up to 1 month.

 1. Titre plates.
 2. Plate-reader fluorimeter.

2.3.3. Protein Kinase 
Activity Assay  
of Immunoprecipitated 
MAPKs (Immunocomplex 
Kinase Assay)

2.3.4. Phosphotransferase 
Activity Assay of MAPKs  
in SDS-PAGE (In-Gel 
Kinase Assay)

2.4. Detection of MAPK 
Activity by Using 
Reporter Gene 
Constructs

2.4.1. Protein Extraction 
for MUG Assay

2.4.2. MUG Assay Using  
a Microtitre Plate-Reader 
Fluorimeter
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 3. 1 mM 4-methyl-umbelliferyl-ß-glucuron (MUG) in EB. 
Prepare 1 ml aliquots, store at −20°C.

 4. 10 mM 4-methyl-umbelliferyl (MU) in H2O.
 5. Stop reagent: 0.2 M Na2CO3.

The most important factor in protoplast transformation is the 
 starting material: the Arabidopsis cell culture. Every cell culture 
responds differently to the protoplasting, protoplast isolation, and 
transformation protocols. Our protocol has been developed for the 
cell culture initiated from Arabidopsis Col-0 (ecotype Columbia-0) 
roots in Csaba Koncz’s laboratory (Max-Planck-Institut für 
Pflanzenzüchtungsforschung, Köln, Germany) (13, 14).

To maintain the culture, dilute cells weekly 1:5 in Arabidopsis 
medium (10 ml cells with 40 ml fresh medium). The growth of the 
culture should be regularly checked, if the culture has not reached 
the stationary phase, adopt a lower dilution, e.g. 1:4. The culture 
fails to grow at low density.

This protocol is intended to prepare protoplasts from 50 ml 
culture.

 1. Collect 3–4-day-old Arabidopsis cells by centrifuging them in 
a 50-ml Falcon tube for 5 min at 290 rcf (i.e. 1,500 rpm in an 
Eppendorf 5810 centrifuge with rotor no. F34-6-38) (see 
Note 3).

 2. Discard supernatant by decanting. There should be approxi-
mately 10–15 ml of pelleted cells left.

 3. Mix cells with 25 ml of enzyme solution and fill up to 50 ml 
with B5-GM (B5 0.34 M glucose-mannitol medium).

 4. Split the content into two large Petri plates, and add 25 ml of 
B5-GM to both plates.

 5. Shake carefully and slowly at 30–40 rpm/min for approxi-
mately 3 h and check protoplasts in an inverted microscope 
every 30 min to decide on the timing for harvesting. When 
about 80% of the cells start to look spherical (indicating that 
they are fully protoplasted), allow to shake a further 20–30 min 
and then start the protoplast isolation by transferring the con-
tents of the dish to two 50-ml Falcon tubes.

3. Methods

3.1. Protoplast Isolation 
from Arabidopsis 
Suspension Culture 
Cells

3.1.1. Maintaining 
Arabidopsis Cultured Cells

3.1.2. Protoplasting  
the Cells
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 6. Centrifuge for 5 min at 290 rcf.
 7. Discard supernatant by carefully decanting. Resuspend pellets 

in 25 ml B5-GM.
 8. Centrifuge for 5 min at 130 rcf (1,000 rpm in an Eppendorf 

5810 with rotor no. F34-6-38).
 9. Discard supernatant and resuspend pellets in 5 ml B5-SM (B5 

0.28 M sucrose medium) and then transfer to 15-ml Falcon tubes.
 10. Centrifuge for 7 min at 130 rcf (800 rpm in an Eppendorf 

5810, rotor no. A-4-62). Cells should float, if not increase 
spinning time. Failure to float prevents protoplast isolation and 
is a typical symptom of a change in cell culture growth.

 11. Transfer floating cells with sterile wide-mouthed plastic Pasteur 
pipettes to a new 15-ml Falcon tube.

 12. Determine the number of cells/ml: dilute 1:50 in B5-SM, fill 
an aliquot into a Fuchs–Rosenthal counting chamber, count 
the number of protoplasts in 3–4 large squares, and calculate 
the average number. Concentration of the protoplasts is 
 determined by the following formula:

 average number dilution factor 5,000 protoplasts per ml× × =

 13. Dilute the protoplasts with B5-SM to a final concentration of 
6 × 106/ml.

 14. Use the protoplasts for transformation immediately or store 
them at 4°C for up to 24 h.

 1. Use 1–5 mg of each plasmid per transformation. Several 
 constructs can be combined for co-transformation. To increase 
transformation efficiency, 10 mg of salmon sperm DNA can be 
added here (see Note 4).

 2. Add 1–3 × 105 protoplasts in 50 ml per tube and mix by  carefully 
flicking the tube for a few times (see Note 5).

 3. Immediately add 150 ml of PEG solution by using wide-
mouthed pipette tips (e.g. cut off the tip) and mix by flicking.

 4. Incubate for 10–15 min at room temperature in the dark.
 5. Add 1 ml of 0.275 M Ca(NO3)2 and mix by inverting the tubes 

a couple of times. Make sure all the viscous PEG on the  bottom 
of tubes are mixed into the Ca(NO3)2 solution.

 6. Centrifuge for 5 min at 130 rcf.
 7. Aspirate off the supernatant with a vacuum pump.
 8. Add 0.5 ml of B5 GM. Place the tubes in the dark in a vertical 

position for cultivation. Alternatively, protoplasts can be 

3.2. Protoplast 
Transformation  
and Treatments

3.2.1. Protoplast 
Transformation
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transferred to a 24-well plate. Add sterile water in between the 
wells on the plate to prevent the cells from drying out. Incubation 
can be for 4 h up to 3–4 days, as necessary for your experiment. 
Transient expression starts at around 4–6 h (see Note 6).

For convenience, protoplasts are often cultivated overnight after 
transformation. Samples transformed with the same plasmid(s) can 
be pooled to reduce variations between independent transforma-
tions and have identical samples for treatments. Pooled protoplasts 
can then be re-aliquoted as required, but have to be rested for at 
least 2 h to avoid possible activation of signalling pathways due to 
mechanical stress caused by pooling. Protoplasts then can be sub-
jected to various treatments (e.g. temperature, osmotic stress, and 
pathogenic elicitors) and collected by a brief centrifugation (30 s at 
290 rcf). Aspirate off the medium with a vacuum pump and freeze 
protoplasts in liquid nitrogen. Store at −80°C.

Total protein extract, e.g. from Arabidopsis protoplasts, cells, or 
from seedlings can be used.

 1. Frozen Arabidopsis tissue can be broken up either by using a 
TissueLyser or by homogenising with quartz sand and a 
grinder. Add 100–200 ml of Lacus buffer. Thaw frozen proto-
plasts on ice and add 100–200 ml of Lacus buffer. No homoge-
nisation is required for protoplasts cultured overnight.

 2. Centrifuge at 15,400 rcf for 40 min at 4°C in a cooled 
Eppendorf microcentrifuge.

 3. Transfer the supernatant into fresh tubes.
 4. Total protein concentration can be determined by the Bradford 

protein assay kit: 800 ml of H2O + 200 ml of assay reagent + 2–4 ml 
of total protein extract. Vortex and incubate at room tempera-
ture for 5 min. Measure the A595 and the protein concentration 
is determined against a calibration curve.

 1. Add 30 ml of Protein A or G Sepharose and the appropriate 
antibody to 100–150 mg protein extract (adjust to equal final 
volumes by Lacus buffer). For immunoprecipitation of HA- or 
myc-tagged MPKs and MKKs, typically 0.8 mg of anti-HA or 
anti-c-myc monoclonal antibodies are used, or comparable 
amount of specific MAPK antibodies. Specific antibodies 
against Arabidopsis MAP kinases (a-AtMPK3, a-AtMPK4, 
and a-AtMPK6) are commercially available. Incubate at 4°C 
for at least 3 h or overnight with constant rolling.

 2. Centrifuge at 290 rcf for 1 min at 4°C.
 3. Wash the beads 3× with 1 ml SUC1 buffer. Centrifuge at 290 

rcf for 1 min at 4°C and aspirate off the supernatant with a 
vacuum pump, care should be taken not to remove the beads.

3.2.2. Protoplast 
Treatments

3.3. MAPK Activity 
Assays

3.3.1. Total Protein 
Extraction

3.3.2. Protein 
Immunoprecipitation from 
Total Protein Extracts
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 4. Wash the beads with 1 ml kinase buffer. Centrifuge at 290 rcf 
for 1 min at 4°C and aspirate off the supernatant with the 
vacuum pump. Remove the residual buffer with a thin needle, 
e.g. 27 Gauge, connected to an insulin syringe.

 1. Prepare the kinase buffer master mix and add per sample: 14 ml 
of kinase buffer, 0.01 ml of 1 M DTT, 0.1 ml of 10 mM ATP, 
and 1 ml of 10 mg/ml MBP (see Note 7). Finally, add the 
radioisotope to the master mix: 0.2 ml of [g-32P]-ATP (2 mCi).

 2. Add 15 ml of master mix to the immunoprecipitate prepared as 
described in Subheading 3.3.2, mix, and incubate at room 
temperature for 30 min.

 3. Terminate the reaction by adding 4 ml of 5 × SDS loading 
 buffer, mix, and heat at 95°C for 3 min. Collect contents by a 
brief spin.

 4. Load 8 ml of the kinase reaction onto a 15% SDS-polyacrylamide 
gel. The rest of the reaction can be kept at −20°C for maxi-
mum of 2 weeks. Run at 15 mA per gel. Phosphorylated MBP 
migrates as a 20-kDa protein in a 15% SDS-polyacrylamide gel 
(see Note 8).

 5. Stain gels with Coomassie brilliant blue G 250 (CBB-G) and 
destain with at least five changes of destaining solution 30 min 
each, the last destaining should last overnight.

 6. Place gels on Whatman 3MM paper for drying on a vacuum 
gel-dryer.

 7. For quantification use a phosphorimager or expose dry gels to 
autoradiography film and scan these (see Note 9).

It has been shown that certain monomeric protein kinases can be 
renatured after SDS-PAGE, and retain their protein kinase activi-
ties. Based on this, the in-gel kinase assay has been developed, 
where the activity of the protein kinase is measured after separa-
tion in SDS-PAGE (15). The advantage of using in-gel kinase 
assay to immunocomplex kinase assay is that this approach does 
not require specific antibodies and multiple MAPK activities can 
be monitored in parallel for each sample. The identity of the pro-
tein kinase must not necessarily be known, only its (theoretically 
calculated) mobility in the SDS gel. By using knockout mutants 
for the most commonly observed MAPKs that have prominent 
activities in plant extracts, such as MPK3, MPK4, and MPK6, the 
identity can be determined by comparison. This method requires 
large amount of radiolabelled nucleotides and the described pro-
tocol is based on (15).

 1. Prepare a 12.5% SDS-PAGE gel (8 × 12 × 1 mm) containing 
0.5 mg/ml of MBP in the resolving gel. The stacking gel is 
prepared without the substrate. Load 25 mg protein and run at 

3.3.3. Protein Kinase 
Activity Assay of 
Immunoprecipitated 
MAPKs (Immunocomplex 
Kinase Assay)

3.3.4. Phosphotransferase 
Activity Assay of MAPKs in 
SDS-PAGE (In-Gel Kinase 
Assay)
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110 V, 12 mA for about 3–4 h, run until the dye front and also 
the 25 kDa marker band runs out of the gel.

 2. After electrophoresis, wash the gel with 100 ml 20% 2-propa-
nol in 50 mM Tris–HCl (pH 8.0) for 1 h at room temperature 
with continuous agitation and change the wash buffer at least 
twice to remove most of the SDS. Incubate the gel for 1 h in 
150 ml buffer A with continuous agitation.

 3. Incubate the gel in 50 ml denaturation buffer for 30 min at 
room temperature with continuous agitation. Repeat this 
step once.

 4. Renaturation is normally performed overnight by incubating 
the gel without agitation in buffer A containing 0.04% Tween 
40 for 12–18 h at 4°C with at least five buffer changes of 
200 ml each (e.g. 3 × 1 h, 1 × 10 h, and 3 × 1 h).

 5. Prior to the kinase assay pre-incubate the gel in 10 ml kinase 
assay buffer at room temperature with continuous agitation for 
30 min.

 6. For the kinase assay, incubate the gel for 1 h at room tempera-
ture in kinase assay buffer containing 30 mM ATP and 50 mCi 
[g-32P]-ATP (3,000 Ci/mmol) (see Note 10).

 7. Wash the gel at least five times for 15 min with 10% (w/v) 
trichloroacetic acid and 1% sodium pyrophosphate. The washes 
should be performed repeatedly for about 1.5 h to reduce the 
background.

 8. Place the gel on Whatman 3MM paper for drying on a vacuum 
gel-dryer.

 9. For quantification, use a phosphorimager or expose the dry gel 
to autoradiography film and scan. MAPK activity is indicated 
by the phosphorylation of MBP adjacent to the MAPKs of 
molecular weight of 42–44 kDa.

In many cases, MAPKs regulate gene expression by modifying 
transcription factors. Thus, a MAPK activity can also be monitored 
by detecting target promoter activities using reporter genes (e.g. 
(8)). Here, we describe the use of promoter:GUS fusions, which 
can be co-transformed into protoplasts with combinations of over-
expression or RNAi constructs to MAP kinases, MAPK kinases, or 
any other putative upstream signalling components and may also 
be subjected to different treatments.

This assay is used to quantify the activity of the ß-glucuronidase 
(GUS) enzyme that cleaves 4-methyl-umbelliferyl-ß-glucuron 
(MUG) substrate into 4-methyl-umbelliferyl (MU) that can be 
quantified fluorimetrically.

Protoplast transformation, cultivation, collection, and storage 
are carried out as described in Subheadings 3.1–3.2.

3.4. Detection of MAPK 
Activity by Using 
Reporter Gene 
Constructs



895 Mitogen-Activated Protein Kinase Activity and Reporter Gene Assays in Plants 

 1. Thaw the frozen protoplasts on ice and add 300 ml of GUS 
extraction buffer (EB). Vortex for resuspension and cell 
break-up.

 2. Centrifuge for 10 min at 15,400 rcf at 4°C.
 3. Remove supernatant and transfer into new tubes. Use 200 ml 

for the GUS assay and 100 ml to measure protein concentra-
tion (Bradford reaction).

 1. Add 225 ml of stop reagent per well and cover. Best is to load 
the standard curve in one row, i.e. B2-B9 and the time points 
for each reaction consecutively. This will give immediate 
impression of linearity for each reaction. Avoid loading at 
the edges of the plate, indicated by the asterisk in Fig. 1 
(see Note 11).

 2. Prepare serial dilutions of MU for calibration curve: standards 
of MU serially diluted in EB are freshly used to produce a cali-
bration curve. Prepare serial dilutions starting from a 10 mM 
MU stock.

 3. Prepare serial dilutions for 100, 40, 20, 10, 5, 2.5, 1.25, and 
0.625 mM in EB. Add 25 ml of the standards into 225 ml stop 
reagent per well. Use a blank with 25 ml EB added into 225 ml 
of stop reagent.

 4. Add 200 ml of 1 mM MUG into 200 ml protein extract in a 
microcentrifuge tube. Mix and immediately transfer 25 ml of 

3.4.1. Protein Extraction 
for MUG Assay

3.4.2. MUG Assay Using  
a Microtitre Plate-Reader 
Fluorimeter

Fig. 1. Schematic representation of practical sample arrangement in a microtitre plate for MUG assay. Rows and columns 
are indicated by letters and numbers respectively. Loading wells at the edges of the plate should be avoided (indicated by 
asterisks). Serial dilutions of MU for calibration curve are placed in one row (row B), MU concentration values are given in 
mM. The remaining wells are used for sample measurements, according to reaction time points.
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the reaction mixture into one well with stop reagent. This is 
time point t0.

 5. Incubate the reaction mixture at 37°C and collect time points 
for 5, 10, and 20 min by repeating the process as for t0 min: 
incubate at 37°C, remove 25 ml, and add it into one well for t5, 
t10, t20, etc. Do not touch the stop reagent with the pipette tip. 
When the GUS activities are low, use more crude extract and 
measure at 1 and 2 h. Measure MU contents according to the 
guidelines of the particular fluorimeter available in your labo-
ratory. GUS activity is expressed as pmol MU·mg−1·protein·min−1, 
subtract the value obtained with untransformed protoplasts.

 1. PEG is very viscous, stir and let it fully dissolve for 1–2 h. Set 
pH to 9.0 with 0.1 M KOH drop by drop, check the pH 3–4 
times at 1-h intervals. Leave stirring overnight, re-adjust the 
pH, and store as 15 mL aliquots at −20°C. Do not re-freeze 
after use.

 2. A commercially available protease inhibitor cocktail is also suit-
able for Lacus and SUC1 buffer preparation. We have used 
Complete EDTA-free protease inhibitor tablets (Roche).

 3. For all centrifuging steps of protoplasts, reduce brake intensity: 
e.g. brake level 5–6 in an Eppendorf 5810 R centrifuge, or 
omit braking.

 4. Carry out at least two independent transformations per experi-
mental sample to increase protein yield and reduce variations. 
Optimal plasmid size is 4–6 kb (e.g. pRT100 derivatives); large 
binary vectors have lower transformation efficiency, in that case 
use higher amounts of plasmids. Set the volume to 15 ml in 
microcentrifuge tubes. Up to 10 mg carrier DNA (e.g. salmon 
sperm DNA from a 10 mg/ml stock) may be used to increase 
transformation efficiency, but it can lead to arrest of cell  division 
in long-term cultures, probably by activating a DNA damage 
checkpoint signalling.

 5. For all pipetting steps involving protoplasts or the viscous PEG 
solution, use wide-mouthed pipette tips that were opened by 
cutting off the tip.

 6. Always check transformation efficiency by transfecting a con-
trol sample with a Pro35S:GFP construct (Pro35S: strong 
almost ubiquitously active promoter derived from cauliflower 
mosaic virus). 20–50% transformation efficiency is required for 
further experiments.

4. Notes
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 7. MBP is an artificial phosphorylation substrate, which is a 
 suitable tool to assay MAPK activity status. On the contrary, 
the above method can also be used to test whether specific 
proteins are substrates of specific MAPKs. To this end, use 
1 mg purified recombinant proteins instead of MBP. Several 
protein expression systems are available for optimal expres-
sion of your protein of interest. MAPKs may be activated 
either by treating protoplasts by activating stimuli, or by co-
expression of MAP kinase kinases. Constitutively active 
mutant MKK variants are generated by replacing the serine/
threonine residues of their phosphorylation sites by aspar-
tate or glutamate. Recently, intrinsically active yeast and 
animal MPK mutant forms have also been reported (yeast 
MPK1-R68S, mammalian ERK1-R84S, ERK2-R65S) (16). 
Although the activity of such plant MPK variants has not yet 
been demonstrated, the corresponding motif is also con-
served in Arabidopsis MPKs (Arg106 in AtMPK6). Similarly, 
immunoprecipitated MAP kinase kinases can be assayed for 
their ability to phosphorylate recombinant MAP kinases. In 
order to prevent MAPK  autophosphorylation, kinase inac-
tive MPK versions have to be generated by exchanging the 
conserved lysine residues in the MPK ATP-binding domains 
to methionine and arginine (e.g. K66M and K67R for 
MPK3; K72M and K73R for MPK4; and K92M and K93R 
for MPK6).

 8. The migration contains the majority of unincorporated radio-
active nucleotides, which contaminates the running buffer. 
Care should be taken to collect and appropriately discard the 
running buffer as radioactive liquid waste. Stain/destain gels 
with Coomassie brilliant blue G 250 (CBB-G) for determina-
tion of equal loading of MBP and immunoglobulins.

 9. A portion of the same protein samples is subjected to immu-
noblotting with MAPK-specific or epitope-specific (if epitope 
tag fusion constructs are used) antibodies to test MAPK 
protein levels in the samples. Equal protein loading is tested 
by Ponceau S staining of the membranes prior to antibody 
reaction.

 10. Make sure the entire gel is covered with the reaction mixture, 
which usually requires 15–20 ml for a 14-cm gel. Prepare a 
small container from Parafilm within a box to reduce the 
 volume, and facilitate the safe disposal of radioactivity. This 
volume can be further reduced if the reaction is carried out in 
a plastic bag (10 ml).

 11. The reaction may also be carried out in tubes, using a  traditional 
fluorimeter without plate-reading function.
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Chapter 6

Use of Phospho-Site Substitutions to Analyze  
the Biological Relevance of Phosphorylation  
Events in Regulatory Networks

Nico Dissmeyer and Arp Schnittger

Abstract

Biological information is often transmitted by phosphorylation cascades. However, the biological relevance 
of specific phosphorylation events is often difficult to determine. An invaluable tool to study the effect 
of kinases and/or phosphatases is the use of phospho- and dephospho-mimetic substitutions in the respec-
tive target proteins. Here, we present a generally applicable procedure of how to design, set-up, and carry 
out phosphorylation modulation experiments and subsequent monitoring of protein activities, taking 
 cyclin-dependent kinases (CDKs) as a case study. CDKs are key regulators of cell cycle progression in 
all eukaryotic cells. Consequently, CDKs are controlled at many levels and phosphorylation of CDKs 
 themselves is used to regulate their kinase activity. We describe in detail complementation experiments of 
a mutant in CDKA;1, the major cell cycle kinase in Arabidopsis, with phosphorylation-site variants of 
CDKA;1. CDKA;1 versions were generated either by mimicking a phosphorylated amino acid by replacing 
the respective residue with a negatively charged amino acid, e.g., aspartate or glutamate, or by mutating it 
to a non-phoshorylatable amino acid, such as alanine, valine, or phenylalanine. The genetic complementa-
tion studies were accompanied by the isolation of these kinase variants from plant extract and subsequent 
kinase assays to determine changes in their activity levels. This work allowed us to judge the importance of 
 posttranslational regulation of CDKA;1 in plants and has shown that the molecular mechanistics of CDK 
function are apparently conserved across the kingdoms. However, the regulatory wiring of CDKs is 
 strikingly different between plants, animals, and yeast.

Key words: Cyclin-dependent kinase, CDKA;1, Cdk1, Suc1, Cks, Plant cell cycle, Kinase assay, 
Phosphorylation, Phospho-mimicry, Phospho-mimetic, Phospho-site, Substitution

Modulation of protein activities through phosphorylation and 
de-phosphorylation is a recurrent theme in most if not all regula-
tory cascades. Typically, this modulation is repeated such as protein 

1. Introduction
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A phosphorylates protein B, which becomes activated by this and 
subsequently phosphorylates protein C (a well-studied example are 
MAP kinase cascades, see also Chapters 2, 4, 7, 8, 9, and 14). The 
consecutive change in protein activities serves many purposes. 
Among others, it allows information to be transmitted from one 
compartment, e.g., from the cell membrane to the nucleus. In 
addition, the initial information becomes amplified since one 
upstream kinase might activate several downstream kinases. 
Moreover, especially long cascades allow the integration of several 
information pathways and different inputs can be compared with 
each other, resulting in a fine-tuned response. These cascades in 
turn might be coupled to threshold levels of protein activities, 
resulting in very sensitive biological switches. A paradigm for such 
a wiring of phosphorylation cascades is cell cycle regulation in 
which extrinsic (environmental) cues such as temperature or light 
are integrated with intrinsic (developmental) information such as 
tissue or organ cues.

The prototypical mitotic cell cycle in plants and in other eukary-
otes is composed of four phases: DNA synthesis or S phase when 
replication events take place, M phase or mitosis when chromo-
somes are separated and cells subsequently divide, and gap phases 
G1 (after M) and G2 (after S), in which most of the cell-physiolog-
ical processes take place. The progression through the mitotic cell 
cycle is regulated by the protein kinase activity of a heterodimeric 
complex formed by a substrate-specific cyclin protein and a cata-
lytically active cyclin-dependent kinase (Cdk) subunit. The small 
34-kDa serine/threonine protein kinase in yeast designated p34, 
Cdc2+ (Schizosaccharomyces pombe), and CDC28p (Saccharomyces 
cerevisiae), or the homologous cyclin-dependent kinase 1 (Cdk1) 
in humans is a key regulator of the eukaryotic cell cycle, and con-
trols entry into S- and M-phase (for a general review, see (1)). 
Similarly, the Arabidopsis homolog of Cdk1, designated CDKA;1, 
was found to be involved in the regulation of both cell cycle check-
points (2, 3). Studies in yeast and human cell cultures have demon-
strated that monomeric CDKs have no detectable activity and 
need to bind their cyclin cofactors (1). Different cyclins can form 
 complexes with CDKs that are implicated at specific cell cycle 
phases such as, for instance, B-type cyclins for mitosis. CDK activ-
ity is also negatively regulated by cofactors, called CDK inhibitors 
(CKIs) that are – like cyclins – themselves under strict transcrip-
tional and proteolytic control. Similar to cyclin families, there exist 
especially in plants large families of CKIs (4).

Besides the binding of positive or negative cofactors, CDK-
cyclin activity has been found to be strongly modulated by phos-
phorylation at two different sites in the protein, the so-called 
T- and P-loop (1). Phosphorylation in the T-loop at a highly 

1.1. Regulation of CDK 
Activity During Cell 
Cycle Progression  
by Phosphorylation
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 conserved threonine residue around position 160 (depending on 
the homolog, for instance in Arabidopsis position 161) is required 
for kinase activity and was recently shown to be essential in 
Arabidopsis, too (5, 6). T-loop phosphorylation is catalyzed by 
CDK-activating kinases (CAKs) (7). In Arabidopsis, at least four 
putative CAKs can be found, called CDKD1-D3 and CDKF, that 
can all phosphorylate CDKA;1 in vitro (8). However, which 
kinase(s) are functioning as CAKs in vivo is not clear yet.

In contrast to T-loop phosphorylation, phosphorylation of the 
conserved residues Thr14 and/or Tyr15 (or the homologous 
 position) in the P-loop inhibits CDK activity in animals and yeast. 
Phosphorylation of the P-loop is executed by WEE1-, MYT1-, or 
MIK1-like tyrosine or dual-specificity kinases in animals and yeast. 
Phosphorylation of the P-loop is reverted by CDC25-like phos-
phatases and the wiring of positive (CDC25) with negative (WEE1, 
MYT1, and MIK1) regulators gives rise to oscillating levels of CDK 
activity that drive cell cycle progression (9). In addition, negative 
phosphorylation is crucial for cell cycle arrest upon DNA damage 
to allow sufficient time for repair.

Whether Arabidopsis CDKA;1 is also subject to P-loop 
 phosphorylation control was not clear since the identified CDC25 
candidate gene from Arabidopsis does not contain the hallmark of 
CDC25 phosphatases, i.e., a very large N-terminal regulatory 
region (10, 11). Moreover, the CDC25 candidate was found to 
have arsenate reductase activity, questioning further an involve-
ment in cell cycle regulation (10, 12, 13). A straight-forward 
approach was, therefore, to test the importance of phospho- and 
dephosphorylation events in the P-loop of CDKA;1 by phospho-
mimetic mutants.

As phospho-site mutations, the charged residues aspartate and 
 glutamate are used to mimic phosphorylation, whereas a  constitutive 
dephosphorylation is mimicked by Ala, Val, or Phe substitutions. 
To pay attention to overall sterical considerations and to reduce 
the effect of unspecific effects, one might consider replacing Ser 
with Ala and Asp, Thr with the slightly larger Val and Glu, and the 
much larger phospho-acceptor Tyr with Phe. However, there are 
also cases where substitution of any hydroxy group-containing 
amino acid with any charged amino acid or any small non-phos-
phorylatable amino acid was conclusive. Examples of the use of 
phosphorylation-site mutants in the cell cycle field are listed in 
Table 1.

Examples of phospho-site substitutions in Arabidopsis outside 
the cell cycle field are experiments on nitrate reductase, transcrip-
tion factors, oxidases, receptors, and kinases. A selection is listed 
in Table 2.

1.2. Application  
of Phospho-Site 
Mutations
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Table 1 
Effects of phospho-site mutations in CDK homologs

Homolog Mutationa Effect References

Substitutions of the P-loop
SpCDC2 T14F15 Advances cells prematurely into mitosis [14]
GgCDC2 A14 No significant changes [15]
GgCDC2 F15 No significant changes [15]
GgCDC2 A14F15 Much higher in vitro kinase activity than in wild-type; 

premature entry into mitosis in transfected HeLa cells
[15]

GgCDC2 T14E15 or 
E14Y15

Dominant negative cell cycle arrest when overexpressed [16]

GgCDC2 D14F15 or 
A14D15

Dominant negative [16]

GgCDC2 A14Y15 or 
T14F15

Rescue of temperature-sensitive cdc mutant [16]

GgCDC2 A14F15 Rescue of temperature-sensitive cdc mutant; advanced  
and premature mitosis; loss of coordination between  
cell cycle events; cells fail to respond normally to 
checkpoint controls at S-phase and mitosis; increased 
levels of histone H1 kinase activity

[16]

GgCDC2 A14T15  
or T15

Dominant negative cell cycle arrest; possibly production  
of nonfunctional kinase

[16]

Substitutions of the T-loop
HsCDC2 V161 Inhibits association with A- and B-type cyclins; causes a 

lethal phenotype in the S. pombe
[17]

HsCDC2 E161 Potentially mimicking phosphorylation, causes loss of 
coordination of mitosis and multiple cytokinesis

[17]

GgCDC2 A161 or D161 Nonfunctional; dominant cell cycle arrest [16]

GgCDC2 E161 Nonfunctional; gave rise to slowly growing cells showing 
abnormalities in septation and cell separation; might 
retain partially active

[16]

SpCDC2 A167 No in vitro kinase activity [18]

AtCDKA;1 D161 Generation of a weak allele that can partially rescue  
cdka;1 mutant plant. The same construct is dominantly 
negative in S. Pombe

[5, 6]

AtCDKA;1 V161 Nonfunctional; construct behaves dominantly negative 
 in S. pombe

[5, 6]

Triple mutants of both the P- and T-loop
GgCDC2 A14F15D161 Dominant cell cycle arrest [16]

a The wild-type residues of the phosphor-acceptor sites are Thr14; Tyr15; Thr161 (Hs and Gg)/Thr167 (Sp).  
Sp Schizosaccharomyces pombe (fission yeast), Gg Gallus gallus (chicken), Hs Homo sapiens (human), At Arabidopsis 
thaliana
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To test the importance of CDKA;1 phosphorylation, the following 
mutants were generated: Thr14, Tyr15 ® Asp14, Glu 15 (short DE) 
and Thr14, Tyr15 ® Val14, Phe15 (short VF). The so-modified 
cDNAs were cloned behind a promoter fragment of CDKA;1 that 
was known to fully complement cdka;1 mutants when driving the 
unmodified CDKA;1 cDNA. Heterozygous cdka;1 mutants were 
transformed with the individual constructs, and the T2 generation 
was screened for the appearance of homozygous cdka;1 mutants 
that harbored the phospho-mutant construct.

A morphological analysis of these isolated plants revealed that 
DE could not fully rescue cdka;1 mutants and only small and sterile 
plants were recovered (5, 10). Subsequent kinase assays showed 
that DE plants indeed displayed very little kinase activity in com-
parison to wild-type plants. These results were consistent with an 
inhibitory function of P-loop phosphorylation on CDK activity.  
In contrast, the dephosphomutant VF could fully rescue cdka;1 
mutants and in contrast to studies in animals and yeast, VF plants 
neither proceed faster through mitosis nor display hypersensitivity 
against genotoxic stress. Together with the observation that  neither 
mutants in the CDC25 candidate gene in Arabidopsis displayed 
any alteration of the cell cycle nor plants overexpressing the CDC25 
candidate showed any enhancement of cell proliferation, we con-
clude that phosphorylation of CDKA;1 does not play such a major 
role as CDK phosphorylation does in animals or yeast.

Many studies in the animal and yeast fields investigating CDK 
activities have employed a cell lysate system to produce active 
 complexes in vitro mostly using bacterial, insect cell, or cell-free 
(rabbit reticulocyte or wheat germ lysate) expression systems. One 
advantage of using E. coli or cell-free expression systems besides 
simplicity is that far fewer contaminating protein kinases might be 
present than in eukaryotic cells. However, especially when it comes 
to multicompound protein kinase complexes that must be formed 
from individual binding partners and – like in the case of CDK/
cyclin complexes – even activated by further cofactors, one might 
desire to use in vivo expression systems as far as possible to reduce 
contamination or unwanted protein modifications by the host 
organism. Although the recent literature reports in vivo and in vitro 
binding partners of Arabidopsis CDKA;1 in detail (44–47), the 
actual requirements of these protein complexes to promote cell 
cycle  progression, e.g., the G2-M transition, are still unclear. Thus, 
one possibility was to try to complement the cdka;1 mutant with 
the CDKA;1 variants and to pull down active complexes in their 
in vivo composition to further study them in kinase activity assays.

The core part of the protocol describes the purification and kinase 
assay of CDKA;1 variants complexed with their in vivo subunits. 
Different approaches can be followed in order to purify the desired 
CDK/cyclin complexes. For example, immunoprecipitation (IP)  

1.3. Generation  
of Phospho-Site 
Mutations in CDKA;1 
and Analysis

1.4. Purification via 
CKS-Affinity Binding
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is widely used to co-precipitate active complexes, but some domains 
of both the CDK and cyclin can be masked in active complexes and 
are, therefore, not accessible by the antibody. The powerful anti-
PSTAIRE antibodies raised against the conserved PSTAIRE motif 
in the cyclin-binding domain can only recognize the unbound and 
inactive CDK subunit. Thus, they are solely useful for immunob-
lotting but cannot be used for co-IPs of active kinase complexes 
since they would precipitate monomeric CDK (48).

We use a p13Suc1-affinity matrix for CDK/cyclin purification (see 
also Chapter 4). Suc1 stands for “suppressor of cdc2” from S. pombe 
and is a member of the so-called CKS (CDK subunit) subfamily of 
CDK adaptor proteins, see Fig. 1. The matrix is comprised of Suc1 
protein (MW 13 kDa) that is either covalently cross-linked to or non-
covalently associated with the agarose bead material and represents 
the method of choice for obtaining semi-purified mitotic CDK activ-
ity in a quantitative scale (52–54) (see Note 1). Suc1 and its Cks1 
homologs from S. cerevisiae, human, or Xenopus, and CKS1 in 
Arabidopsis have all been found to bind to CDK complexes. These 
can be specifically precipitated with these beads and it was shown that 
CKS directly binds to the CDK polypeptide chain (Fig. 1; (49)).

Also, other proteins of the CKS family can be used as an affin-
ity matrix. Besides S. pombe p13Suc1, these include p9Cks1 from 
Xenopus and humans as well as Arabidopsis p10CKS1 and bind a 
number of CDK/cyclin complexes in cell lysates – notably CDK/
cyclin B that is present at the G2/M transition – with high affinity. 
De Veylder et al. describe a method to precipitate different plant-
specific CDKs selectively by using subsequent purification steps of 

Fig. 1. Cks1 binds to the C-terminal part of Cdk2. A and B crystal structures of human Cdk2 bound to either the cell cycle 
regulatory protein Cks1 (a) or human Cyclin A (b) in a similar orientation. For better orientation, the subunits are separated 
by a dashed line and the N- and C-terminals of Cdk2 are indicated by letters (N, C). (a) Side view of the crystal structure of 
a human Cdk2-Cks1 kinase complex (PDB ID: 1BUH; [49]). Cks1 binds via four beta strands to the Cdk2 C-terminal lobe. 
The mode of binding suggests that Cks1 may target Cdk2 to other proteins during the cell cycle. (b) Structure of a complex 
of human Cdk2-Cyclin A (PDB ID: 1QMZ; [50]) to illustrate the site of Cks1-binding in a possible multimeric complex (close 
to the C-terminal (C) and below the Cdk2-Cyclin A complex in the figure). There is no crystallographic data available for a 
Cdk-Cyclin-Cks complex up to now. Visualized with PyMOL [51].
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either p9 (human Cks1) or p10 (Arabidopsis CKS1) beads (55). 
Human p9Cks1 binds selectively to CDKA;1, whereas Arabidopsis 
p10CKS1 and S. pombe p13Suc1 bind to both A- and B1-type CDKs 
(5, 55, 56). The preparation of a CKS affinity medium is, besides 
the laborious protein expression and purification steps, quite 
straight forward (57) (see also Chapter 4 and Note 2).

In order to obtain highest saturation of the beads with mitotic 
CDK/cyclin complex, yeast or human cell cultures can be arrested 
in mitosis with nocodazole for maximum activity. Since this is 
impossible in our case where in planta material is to be assayed, we 
depend on the use of proliferative material with a high mitotic 
index. The optimal material is the shoot apical meristem including 
flower buds with its rapidly dividing tissues.

The methodology of affinity binding to directly agarose- or 
sepharose-coupled bait proteins can be transferred to other pro-
teins by adapting the actual coupling (not described here) and 
assay protocols. However, most commonly, baits are either fused 
to entire helper proteins or parts such as glutathione S-transferase 
(GST), maltose-binding protein (MBP), avidin, calmodulin, thi-
oredoxine, ubiquitin-binding domains, and lectins, or to small 
peptide tags such as Strep, tandem-affinity purification (TAP), 
hemagglutinin (HA), myc, FLAG, or His that indirectly lead to 
binding of the target protein to the bait bound to the matrix via 
these tags.

In this chapter, we describe an integrated series of subsequent 
protocols to test the activity of different CDKA;1 phospho-site 
variants isolated from the cdka;1 mutant background. These kinases 
are purified using CKS beads and subjected to a phosphorylation 
reaction involving bovine histone H1 as an in vitro substrate 
together with radioactively labeled g-ATP (see Note 3).

Most of the experiments do not necessitate special infrastructure. 
However, the plant cultivation and transformation steps have to be 
prepared and completed in either greenhouses or – better – climate 
chambers in a highly controllable environment. For the key part of 
the kinase assay, the phosphorylation reaction, a distinct laboratory 
is required where radioisotopes can be used under authorized 
conditions.

Climatized greenhouse or growth chambers.
Fridge or cold room with tumbler.
Cooling microcentrifuge or regular microcentrifuge in cold room.

2. Materials

2.1. General 
Equipment  
and Infrastructure
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Gloves (due to the use of carcinogenic acrylamide and radioisotopes).
Safety goggles (due to the use of b-irradiating radioisotopes).
Radiation safety equipment (for further details, see Subheading 2.6).
1.5-mL microcentrifuge tubes, prechilled to 4°C.
Forceps, tweezers, and scissor (used for sample collection, radio-

isotope handling, or Western blotting).
Dewar container with swimmer, liquid nitrogen.
Clean, ethanol-rinsed plastic pistils (Roth or Eppendorf) or clean 

porcelain pestle and mortar (autoclave and bake, for 
example).

Ice bucket and wet ice.
Vortex mixer.
Graduated cylinders and containers for reagent preparation and 

storage.
Pipets accurately delivering 2.5, 20, 200, and 1,000 mL.
Soil mixture for Arabidopsis cultivation, selection, and propaga-

tion: mix, e.g., 8 bags of MiniTray® (70 L/bag, Balster 
Einheitserdewerk) and add 50 L water containing 800 mL 
Osmocote® Start (Scotts International BV) and 250 g 
BioMükk® (Sautter & Stepper, see Note 4).

cDNA from Arabidopsis thaliana (L.) Heynh., ecotype Columbia-0 
(Col-0).

Standard cloning equipment.
Site-specific oligonucleotides (see Table 3).
Proofreading polymerase such as Pfu (Fermentas).
ExoSAP-IT® (usb/Affymetrix).
Gateway® BP and LR kits (Invitrogen).
Gateway®-compatible Entry vector such as pDONR201 

(Invitrogen).
DH5a® or equivalent cloning hosts (Invitrogen).
Binary Gateway®-compatible Destination vector such as pAM-

PAT-ProCDKA;1 containing the endogenous promoter of 
CDKA;1 (3).

Agrobacterium tumefaciens strain GV3101-pMP90RK, which is 
compatible with pAM-PAT binary Destination vector (58, 59), 
store in 25 mL aliquots at −80°C.

Luria–Bertani (LB) medium for E. coli.

2.2. Generation  
of Transgenic Plant 
Material

2.2.1. Cloning of the 
Expression Constructs

2.2.2. Plant Transformation 
and Selection  
of Transformants
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YEB medium for Agrobacterium; for 1 L: each 5 g meat extract, 
tryptone/peptone, and sucrose; 1 g yeast extract; and 2 mL 
MgSO4 1 M; sterilize by autoclaving.

Carbenicillin 50 mg/mL, this semi-synthetic analog was replaced 
by ampicillin in our laboratory due to its increased thermo- 
and pH stability and resistance in the presence of ß-lactamase; 
store at −20°C.

Kanamycin 25 mg/mL, store at −20°C.
Rifampicin 50 mg/mL in DMSO, dissolves only if warmed up to 

30–40°C; store at −20°C.
Sucrose (saccharose/household sugar works great).
Arabidopsis thaliana cdka;1 mutant seeds, line SALK_106809 

(Nottingham Arabidopsis Stock Center, Nottingham, UK, cat. 
no. N606809).

Silvet L–77® surfactant (“Vac-In-Stuff”; OSi Specialties Inc. or GE 
Silicones, see Note 5).

Dismozon® pur (oxygen-active broad-spectrum disinfectant, Bode 
Chemie).

BASTA® (alternative names: phosphinothricin (PPT), glufosinate 
ammonium, 2-amino-4-(hydroxy-methyl-phosphinyl)-butanoic 
acid; Bayer Group, see Note 6).

Pressure sprayer to spread BASTA® solution (standard gardening 
quality, capacity of 10 L, e.g., from GLORIA or Birchmeier).

Table 3 
Examples for cloning and mutagenesis oligonucleotides used in CDKA;1 studies (5)

Name 5¢-Sequence-3¢

attB1 fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAACAATGGATCAGTA 
CGAGAAAG

attB2 rev GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAAGGCATGCCTCCAAG

T161D fwd GTCAGGACATTTGATCATGAGGTTGTTACT

T161D rev AGTAACAACCTCATGATCAAATGTCCTGAC

T14D/Y15E fwd ATTGGTGAAGGAGATGAGGGTGTGGTTTAT

T14D/Y15E rev ATAAACCACACCCTCATCTCCTTCACCAAT

T14V/Y15F fwd 1 ATTGGTGAAGGAGTTTTCGGTGTGGTTTAT

T14V/Y15F rev 1 ATAAACCACACCGAAAACTCCTTCACCAAT

T14V/Y15F fwd 2 TGAGAAGATTGGTGAAGGAGTCTTCGGTGTGGTTTATAAGGCACG

T14V/Y15F rev 2 CGTGCCTTATAAACCACACCGAAGACTCCTTCACCAATCTTCTCA
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1.2 mL 96-well storage plates, polypropylene (“collection blocks”, 
alphanumeric grid-referenced, U-shaped bottom; Thermo 
Scientific/ABgene, cat. no. AB-0564). Do not use polystyrene 
blocks, they break or burst easily.

Stainless steel beads (e.g., Brammer 3.5 mm, cat. no. KU.4 G28, 
or Mühlmeier 3.175 mm, cat. no. 75306).

Bead dispenser, 96-well, fits one 3.00–3.5-mm bead per well 
adapted to the collection blocks, can be made from Plexiglas®/
Perspex® by drilling 96 holes.

Collection microtube caps (polypropylene, 960 in strips of 8, 
perfectly matching onto the collection blocks, Qiagen, cat. 
no. 19566).

Sealing mats, 96-well, round (silicon, Thermo Scientific/ABgene, 
cat. no. AB-0674).

Bead mixer mill (Retsch MM 200 or Qiagen TissueLyser, cat. no. 
69984).

Adapter set plates 2 × 96 for use with Qiagen collection microtubes, 
racked, matches perfectly with ABgene storage plates (Qiagen, 
cat. no. 69984).

45° Long-nosed pliers (from crafting or hardware store).
PCR plates, 96-well, cheapest quality.
Long pipette tips for up to 10 mL (e.g., Starlab TipOne pipette tip, 

0.1–10 mL, extended length, cat. no. S1110–3000).
Multichannel pipette (Eppendorf or Thermo Labsystems).
Home-made Taq polymerase.
Allele-specific oligonucleotides (see Table 4).
Laboratory detergent.
Rubbing alcohol.
Eau de Javel (household bleach, e.g., from FLOREAL Haagen).
Extraction buffer for genomic plant DNA (“sucrose solution/ 

buffer” or “Magic buffer”). For 1 L: 50 mL 1 M Tris–Cl, pH 
7.5 (for 50 mM), 60 mL 5 M NaCl (for 300 mM), and 100 g 
sucrose (for 300 mM), adjust to 1 L; sterilize by autoclaving.

10× PCR buffer (“Direct buffer” with gel-tracking dyes). For 1 L: 
24.23 g Tris (for 200 mM), 37.275 g KCl (for 500 mM), and 
4.07 g MgCl2 hexahydrate (for 20 mM) to pH 8.7 with ~5 mL 
HCl. Add 1.5 g/L xylene cyanol FF (a blue, strongly quench-
ing band runs at about 5 kb; Sigma cat. no. 95600) and 
1.5 g/L Orange G (a yellow, weakly quenching band runs at 
approximately 100 b and an additional blue band that is only 
visible under UV runs directly at the migration border; Sigma 
cat. no. O3756); sterilize by autoclaving.

2.2.3. Genotyping
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Chemicals and reagents to be used in the following procedures 
should be of the best grade commercially available and all solutions 
prepared with sterile Milli-Q ultrapure water. All temperature-
labile compounds must be added immediately before use and the 
completed buffer has to be kept on ice. Individual buffers and 
solutions should be autoclaved beforehand whenever possible. 
Most prepared solutions of the fine chemicals (such as inhibitors) 
used in this protocol should be stored in small aliquots at −20°C, 
unless otherwise indicated. Under these conditions, they are usu-
ally stable for at least a couple of months. All assay buffers should 
be prepared fresh on the day of assay and stored on ice. Storage of 
the completed solutions containing sensitive reagents and fine 
chemicals overnight at 4°C can lead to a significant loss of measur-
able kinase activity in the assay (60). Add the protease inhibitors 
immediately before use to prevent their degradation and avoid 
freeze–thawing of aliquoted stocks. In some cases, a 1:100 dilution 
of commercially available protease inhibitor cocktail (Sigma or 
Roche) is advisable. The mixtures include inhibitors of serine and 
cysteine proteases, which are the most prevalent protease classes in 
plant extracts (see Note 7).

500 mM tris(hydroxymethyl)aminomethane (Tris–Cl) at both pH 
7.8 and pH 7.6.

150 mM magnesium chloride (MgCl2).
2.5 M sodium chloride (NaCl).
50 mM ethylenediaminetetraacetic acid disodium salt (Na2-EDTA, 

pH 8.0, see Note 8).
50 and 150 mM ethylene glycol-bis(2-aminoethylether)-

N,N,N¢,N¢-tetraacetic acid disodium salt (Na2-EGTA),  
pH 8.0.

5 and 50 mM dithiothreitol (DTT).

2.3. Phosphoprotein 
Extraction

2.3.1. Stock Solutions

Table 4 
Allele-specific genotyping oligonucleotides

Name Target 5¢-Sequence-3¢

N034 CDKA;1 exon CCAGATTCTCCGTGGAATTGCG

N048 CDKA;1 intron CAGATCTCTTCCTGGTTATTCACA

N049 CDKA;1 intron TGTACAAGCGAATAAAGACATTTGA

SALK-LB Salk T-DNA, left 
border

GCGTGGACCGCTTGCTGCAACTCTCTCAGG
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10% Igepal CA-630 or Nonidet P-40 (Sigma, the latter is not  
longer commercially available).

10% Tween 20.

Use of inhibitors, see also Note 9.
50 mM sodium fluoride (NaF, Fluka; toxic).
10 mM sodium orthovanadate (Na3VO4, Sigma; toxic, must be 

activated, see Note 10).
150 mM p-nitrophenylphosphate disodium salt 

(p-NO2PhePO4Na2).
500 mM b-glycerophosphate disodium salt.
100 mM phenylmethanesulfonyl fluoride (PMSF, Fluka, see 

Note 11).
100 mM benzamidine hydrochloride (Sigma).
1 mg/mL antipain dihyrochloride (Sigma).
1 mg/mL aprotinin from bovine lung (Fluka, store at −80°C).
1 mg/mL soybean trypsin inhibitor (STI, Fluka).
Extraction buffer: 25 mM Tris–Cl, pH 7.6, 85 mM NaCl, 15 mM 

MgCl2, 2.5 mM NaF, 15 mM EGTA, 1 mM Na3VO4, 15 mM 
p-NO2PhePO4, 60 mM b-glycerophosphate, 5 mM DTT, 
0.1% Tween 20, 0.1% Igepal, and a protease inhibitor cocktail 
composed of 1 mM PMSF or 10 mg/mL AEBSF, 10 mg/mL 
antipain, 10 mg/mL aprotinin, 10 mg/mL STI, and 0.1 mM 
benzamidine.

Optional protease inhibitors, to achieve a broader range of 
protease inhibition (see Note 9):
1 mg/mL chymostatin (Sigma, in DMSO).
1 mg/mL leupeptin hemisulfate (Fluka, store at −80°C).
1 mg/mL pepstatin A (Fluka, store at −80°C).
1 mg/mL 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochlo-

ride (AEBSF, Sigma; store at −80°C). Some of these inhibitors 
can also be purchased in a mixture as follows:

Protease inhibitor cocktail (Sigma cat. no. P8340, or Roche 
Applied Science cat. no. 1836153).

Protein Assay Dye Reagent Concentrate (Bio-Rad).
1 mg/mL bovine serum albumin (BSA).
Cuvettes with 1-cm path length matched to laboratory 

spectrophotometer.
Spectrophotometer set to 595 nm.

2.3.2. Inhibitors

2.4. Protein 
Concentration 
Determination
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p13Suc1 agarose conjugate (GST-Suc1 fusion protein, non-covalently 
bound to agarose, do not freeze or vortex, store at 4°C; 
Upstate/Millipore, cat. no. 14–122).

1-mL syringes and 21-G needles, prechilled to 4°C.
End-over-end rotator or rotating wheel.
Bead or wash buffer: 2,000 mL/sample is required. Add 50 mM 

Tris–Cl, pH 7.6, 250 mM NaCl, 5 mM NaF, 5 mM EDTA, 
5 mM EGTA, 1 mM Na3VO4, 10 mM b-glycerophosphate, 
1 mM DTT, 0.1% Tween 20, 0.1% Igepal, 1 mM PMSF or 
10 mg/mL AEBSF, 10 mg/mL antipain, 10 mg/mL aprotinin, 
10 mg/mL STI, and 0.1 mM benzamidine. Store on ice.

Pre-kinase buffer: 500 mL/sample is required. Add 50 mM 
Tris–Cl, pH 7.8, 15 mM MgCl2, 5 mM EGTA, 2 mM DTT, 
1 mM PMSF or 10 mg/mL AEBSF, 10 mg/mL antipain, 
10 mg/mL aprotinin, 10 mg/mL STI, and 0.1 mM benzami-
dine. Store on ice.

Heating block or thermo shaker that rises up to 95°C (see 
Note 12).

Needle to eventually punch holes into tube lids.
Screw-cap microcentrifuge tubes (optional).
Histone H1 (10 mg/mL in water, store aliquots at −80°C, 

Millipore/Upstate, cat. no. 14–155).
10 mM adenosine-5¢-triphosphate, lithium salt (Li-ATP, store in 

small aliquots at −20°C, Roche Applied Science cat. no. 
11140965001, see Note 13).

1 mM Li-ATP.
[g-33P]-ATP (or [g-32P]-ATP both at 10 mCi/mL, >6,000 Ci/mmol 

(220 TBq/mmol, see Note 14), Hartmann Analytic or 
Amersham), both stabilized and conveniently delivered and 
stored at +4°C instead of −20°C, preferentially colored (in red) 
for convenient monitoring of the radionuclide during the 
pipetting steps.

Kinase buffer: 31 mL/sample is required. Add per sample 11.75 mL 
water, 3.5 mL each of 500 mM Tris–Cl, pH 7.8 (for 50 mM), 
150 mM MgCl2 (for 15 mM), 50 mM EGTA (for 5 mM), 
10 mM DTT (for 1 mM), and complement with 1.75 mL his-
tone H1 (stock 10 mg/mL). Store on ice.

ATP mix: 5 mL/sample is required. Add per sample 4.1 mL water, 
0.3 mL 1 mM Li-ATP (here 60 mM), and 0.6 mL = 6 mCi [g-33P]-
ATP (here 200 nM, calculated from a fresh stock of 10 mCi/mL; 
if 32P is preferred as tracer, use same volumes/amounts/activities 
of [g-32P]-ATP). The overall specific activity of both cold and 

2.5. p13Suc1-Sepharose 
Affinity Binding and 
Pull-Down

2.6. Phosphorylation 
Reaction
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hot ATP in this mixture is 20 mCi/mmol with 0.3 nmol ATP 
or 6 mCi per 5 mL. Store on ice behind b-shielding in a 
Plexiglas®/Perspex® block in an ice bucket.

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) equipment 
and power supply, we preferentially use large gel systems such 
as a PerfectBlue® Twin M (PeqLab).

Magnetic stirrer.
30% Acrylamide mix (30% acrylamide/N,N¢-methylenebisacrylamide 

solution, ratio 37.5:1 in water, see Note 15).
1.5 M Tris–Cl, pH 8.8 (for separating gel).
1 M Tris–Cl, pH 6.8 (for stacking gel).
10% Ammonium persulfate (APS, immediately freeze upon 

 preparation in single-use aliquots, store at −20°C).
10% Sodium dodecyl sulfate (SDS, sodium lauryl sulfate).
N,N,N¢,N¢-tetramethylethylenediamine (TEMED, see Note 16).
Isopropanol (see Note 17).
Gel loading tips, extended length.
Protein gel running buffer 10×; for 1 L: 30.2 g Tris–HCl, 144.2 g 

 glycine, and 10 g SDS in water.
Pre-stained molecular weight markers such as Precision Plus 

Protein Standard All Blue (Bio-Rad).
5× SDS sample buffer: 0.225 M Tris–Cl, pH 6.8, 50% glycerol,  

5% SDS, 0.05% bromophenol blue, and 0.25 M DTT.
Laemmli sample buffer 2×: 4% SDS, 20% glycerol, 200 mM 

DTT, 120 mM Tris–Cl, pH 6.8, and 0.02% bromophenol 
blue (61).

Prepare gel volumes according to the sizes of your gel system, all 
percentages in (v/v), modified from ref. 62:
For a 12% separating gel, add 33% water, 40% acrylamide mix 

(30%), 25% 1.5 M Tris–Cl, pH 8.8, 1% SDS (10%) and 
APS (10%), and 0.04% TEMED.

For a 5% stacking gel, add 68% water, 17% acrylamide mix 
(30%), 12.5% 1.5 M Tris–Cl, pH 8.8, 1% SDS (10%) and 
APS (10%), and 0.1% TEMED.

Tank blot apparatus (such as Tankblot SCIE-PLAS EB10).
Magnetic stirrer.
Power supply.
Filter paper (Whatman®).
Nitrocellulose membrane (Amersham).

2.7. SDS-
Polyacrylamide Gel 
Electrophoresis

2.8. Western Transfer 
of Radioactive 
Proteins
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Ice bucket and wet ice.
Rabbit anti-Cdc2 antibody (polyclonal a-PSTAIRE; Santa Cruz 

cat. no. sc-53).
Goat anti-rabbit HRP-conjugated antibody ImmunoPure peroxi-

dase (Pierce, included in cat. no. 1858415).
Saran wrap or plastic disposal bags.
Enhanced chemiluminescent reagents for chemiluminescent 

imaging (ECL, SuperSignal West Femto, Pierce, cat. no. 
1858415).

BioMax Light film for chemiluminescent imaging (Kodak).
Tris-buffered saline (TBS) 10×; for 1 L, solve 87.66 g NaCl and 

12.11 g Tris–Cl in water; adjust to pH 7.5.
TBST; for 1 L, add 100 mL 10× TBS (for 150 mM NaCl and 

10 mM Tris, pH 8.0) and 10 mL 10% Tween 20 (for 0.1% 
v/v) to water.

Towbin wet blot transfer buffer 10×; for 1 L, add 30.3 g Tris (for 
25 mM), 144 g glycine (for 192 mM), and 100 mL 10% SDS 
(for 1%). For 1×, add 100 mL 10× buffer and 200 mL metha-
nol to 1 L. Use ice cold.

Autoradiography cassette.
Autoradiography film (GE Healthcare Hyperfilm MP or Kodak 

Bio-Max MR).
Film developing unit.
PhosphorImager scanner with screen (MolecularDynamics or 

Amersham).

The methods described below outline (1) the construction and 
transformation of expression plasmids harboring phospho-site vari-
ants of CDKA;1, (2) the extraction and purification of the CDK/
cyclin complex from proliferating plant material, and (3) the phos-
phorylation reaction. The following procedure is a modification of 
the methods of De Veylder et al. (55) and Bögre et al. (63) and has 
been used successfully in our laboratory (5, 10).

Here, we also highlight several references presenting a wide 
variety of protocols for analyzing the cell cycle (64–66), giving 
more details for analyzing CDK activity (67, 68), and presenting 
excellent information on handling radioisotopes and safety precau-
tions (69–71).

2.9. Autoradiography

3. Methods
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In our case of assaying for mutant variants of Arabidopsis CDKA;1, 
we prefer to run a procedure that includes a transfer of the radio-
actively labeled substrate protein onto nitrocellulose membrane via 
Western blotting before autoradiography (see Note 18). To obtain 
reliable results, the samples of choice must be prepared and lysed 
under the same conditions. It is always preferable to process the 
samples to be compared simultaneously and run with one assay 
master mix on one SDS-PAGE gel. Thus, all samples must be sub-
jected to one and the same blotting and evaluation procedure. 
Otherwise, it will be difficult or even impossible to determine 
whether a change in radiolabel incorporation is due to the amino 
acid substitution or treatment, or if that came along with running 
on and blotting from a different gel, for example.

If you are planning to run the experiment, especially the kinase 
assay, for the first time, it is highly recommended to start with a 
practice run and process no more than a small number of samples 
at a time. For example, wild-type Arabidopsis and one phospho-
mutant could be harvested and processed simultaneously in order 
to test the degree of reproducibility of the approach and, more 
importantly, to allow the experimenter to get used to the method-
ology. A typical time frame from start to finish for the whole pro-
tein procedure is approximately 5 days. It includes approximately 
8–12 h for the main assay part, depending not only on the number 
of samples, but also on the skill level of the researcher and optional 
preparation that might speed up the entire procedure. Thus, it 
might be more convenient to harvest and deep-freeze the flowers 
1 day before the actual kinase assay experiment and get an early 
start the next day. The main assay day should end right after stop-
ping the kinase assay, by loading the samples onto the gel and run-
ning the gel overnight or best already by overnight Western 
blotting. The next days have little hands-on work and require anti-
body incubation and autoradiography steps.

We applied classical PCR cloning strategies to obtain the mutant 
alleles of Arabidopsis CDKA;1. This protocol was based on subse-
quent two-step fusion PCR steps and is explained in the following 
(see Note 19).

In brief, primers containing the Gateway® attB1 and attB2 sites 
(Table 5) were used for flanking the 5¢- and 3¢-ends of each final 
fusion construct. The substitution was introduced according to the 
Arabidopsis codon usage (see Note 20) and a silent restriction site 
was incorporated to later on allow tracking of the mutated version 
in planta (see Note 21). First, the separate 5¢- and 3¢-parts of the 
overall construct containing the attB sites were amplified, and the 
PCR product cleaned from the remaining oligonucleotides by 
treating with ExoSAP-IT® (usb/Affymetrix) and fused in a second 

3.1. Overview

3.1.1. Time Considerations

3.2. Generation  
of Transgenic  
Plant Material

3.2.1. Cloning  
of the Expression 
Constructs
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round of PCR. The obtained fragments were cloned into 
pDONR201 vector using Gateway® BP clonase enzyme mix 
(Invitrogen) and the obtained plasmids analyzed via restriction 
digest and sequencing. A list of cloning and sequencing primers 
can be found in Table 5. Thereafter, the insert of the resulting 
entry vector was recombined into the respective plant transforma-
tion destination vector (in this case, pAM-PAT-ProCDKA;1; (3)) 
using Gateway® LR clonase enzyme mix (Invitrogen), giving rise 
to the binary plant expression vector. For further details on the 
procedures, see ref. 72.

The isolated expression vector was transformed into 
Agrobacterium tumefaciens GV3101-pMP90RK (59). Be aware of 
the high transformation efficiency of this strain and streak out the 
transformed clones thoroughly. We typically transform 25 mL of 
thawed Agrobacterium suspension with 0.2 mL vector (that can also 
just be “a little remainder” in a crystal tip), incubate it for 45 min at 
28°C, plate 400 mL of YEB onto the selective plates, and inoculate 
this puddle with 1 or 2.5 mL of the actual transformation reaction.

Before plant transformation, the presence of the constructs in 
the Agrobacterium strain was verified by plasmid isolation and sub-
sequent restriction digestion. Since often the expression vectors 
can only be isolated in low concentrations or purity, a clearer result 
can be obtained by back-transforming the plasmid isolated from 
Agrobacterium in E. coli followed by plasmid isolation and a repeti-
tion of the digests. Unless stated otherwise, all manipulations were 
performed using standard molecular methods (73).

Heterozygous cdka;1 mutant plants were transformed according to 
a modified “floral dip” method (74). In our hands, the best trans-
formation results were obtained with healthy plants that are in full 
blossom, e.g., grown at 18°C until the first filled siliques appeared. 
Four days before plant transformation, 50 mL Agrobacterium pre-
culture was inoculated in selective YEB medium (50 mg/mL each 

3.2.2. Plant Transformation 
and Selection of 
Transformants

Table 5 
Gateway® attB-recombination recognition sites  
for BP cloning of PCR fragments

Name 5¢-Sequence-3¢

attB1 ggggACAAGTTTGTACAAAAAAGCAGGCTtc

attB2 ggggACCACTTTGTACAAGAAAGCTGGGTc

SelA TCGCGTTAACGCTAGCATGGATCTC

SelB GTAACATCAGAGATTTTGAGACAC

gggg extra base pairs; tc and c spacer base pairs; SelA and SelB are standard 
sequencing primers annealing at either the 5¢- or 3¢-attB-sites, respectively
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of rifampicin/kanamycin/carbenicillin) by a single Agrobacterium 
colony and incubated for approximately 2 days at 28°C and 250 rpm 
in the shaking incubator until opaque. This pre-culture was used to 
inoculate the final 500 mL culture, which was then incubated again 
for approximately 2 days with shaking under the same conditions. 
Before transformation, 5% sucrose and 0.05% Silvett L-77 surfac-
tant were added to the culture. Flowering parts of the plants were 
immersed in this solution as long as properly wetted, laid down in a 
plastic tray, and afterward covered with a lid to keep moist. The lid 
was removed on the following day and all contaminated waste was 
autoclaved or decontaminated according to good microbiological 
practice, for instance with Dismozon® pur (Bode Chemie). Typically, 
4 weeks after transformation, the seeds are ripe and can be col-
lected. The T1 generation was then sowed on large trays containing 
soil, stratified at 4°C in the dark for 4–5 days, and transferred to the 
greenhouse. To identify the transformants, plants were grown on 
soil for 10–15 days until the cotyledons have formed and then 
sprayed with a 0.001% BASTA® solution. The spraying was repeated 
twice in an interval of 2–4 days to select for the plants carrying the 
construct.

Allele-specific PCRs were carried out to determine the T-DNA 
insertion and for isolating hetero- and homozygous cdka;1 trans-
genics using the primers SALK-LB (left border T-DNA primer for 
the cdka;1 SALK line) and N034 or N049 (anneals within genomic 
wild-type CDKA;1). To identify homozygous knockout plants res-
cued by a ProCDKA;1:CDKA;1 construct, the primers N048 and 
N049 were used. The latter two are intron specific to avoid bind-
ing with the transgenes. Plant DNA material was prepared in a 
modified protocol according to ref. 75.
Prepare bead dispenser with 96 stainless steel beads.

Transfer beads into 96-well polypropylene collection block by 
turning the dispenser/collection block setup overhead. Label 
blocks with water-proof marker for permanent identification.

Before starting to twitch leaves, check for the correct orientation 
(A to H and 1 to 12) of the collection blocks! Use a 96-formatted 
collection plan referring to the sample setup in the block itself.

With fine forceps, collect one or more samples per individual 
plant and add to the bead in the tube. Try to restrict yourself 
to collect leaf material of an approximate maximum size of 
the larger upper diameter of a 1,000 mL pipet tip and use 
young, still dividing tissue only. Take a small leaf rather than 
parts of a bigger and older one.

Complement samples to be genotyped with controls (e.g., Col-0 
and/or water).

3.2.3. Genotyping



114 N. Dissmeyer and A. Schnittger

After collection, close blocks with 96-well sealing mat and – if sam-
ples cannot be processed the same day – deep-freeze and store 
at −80°C.

Add 500 mL of extraction buffer for genomic plant DNA prepara-
tion (“sucrose solution/buffer” or “Magic buffer”) and seal the 
wells with polypropylene collection microtube caps. If less 
material was collected, downscale the buffer accordingly.

Make sure that all the sample tubes are equally filled with sucrose 
buffer.

Shake blocks in the mixer mill at a frequency of about 25 Hz for 
2 min in one orientation of the collection block. Make sure 
that the leaf suspensions are greenish and that there is only 
little unsmashed plant material left in the tubes.

If necessary, spin down, open strips and push unsmashed leaves 
back into the tube, close lids, and shake again for 1–2 min.

Briefly spin down collection blocks at 1,500 RCF to avoid cross-
contamination via sample splashing during the opening proce-
dure of the caps.

Grip blocks properly and carefully, rip off 8-well strips with pliers 
and discard.

Samples in the closed collection blocks (use silicone sealing mats) 
can be stored at −20°C for many months. The crude suspen-
sion can be kept at 4°C for about 1 week without any remark-
able loss in sample quality. Caution: Do not invert collection 
blocks closed with the silicon mats because they do not com-
pletely seal the tubes.

For PCR, prepare a master mix with some volumes in excess (e.g., 
prepare for 25 mL but pipet just 23 mL into the PCR plates). 
For 25 mL PCR setup, we use 18.8 mL water, 2.5 mL 10× PCR 
buffer (“Direct buffer”), 0.45 mL 10 mM dNTP, 1 mL of each 
primer, and 0.5 mL Taq polymerase.

Check for equal filling of PCR plate tubes with master mix; adjust 
if necessary. Use clear pipet tips and a multichannel pipet (8- or 
12-channel) for transferring 1.5 mL of the cleared template 
suspension directly from the spinned plant sucrose buffer prep-
aration. In case only small volumes such as 100 mL have been 
used for tissue lysis, only extended tips that reach the bottom 
of the U-shaped bottom can be used.

Always check for equal filling of the tips. If unsure, repeat transfer 
with fresh tips. You can leave the filled sample tips in the PCR 
wells for the purpose of overview. In addition, after having 
transferred all DNA samples, this will help to pipet up and 
down once with a volume of 10 mL into the PCR plate. Discard 
tips. If necessary, briefly spin down PCR plates at 1,500 RCF.
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Use a hot-start PCR setup with, for example, 35 cycles for geno-
typing such as the following:

95°C for 5:00 min
95°C for 0:30 min
58°C for 1:00 min × 35
72°C for 2:00 min
72°C for 10:00 min
15°C forever
Underlined temperatures should be cycled about 35×.
After the PCR, check for possible evaporated PCR product and 

repeat reaction for eligible sample(s).
To clean the steel beads, do not acid-wash beads. Used beads can be 

cleaned by soaking them for a couple of hours or overnight in a 
solution of laboratory detergent in warm water. Rinse several 
times with warm tap water, then deionized water, and option-
ally with rubbing alcohol. Dry the beads in an open tray at 
40–70°C or fill them in bottles for autoclaving (see Note 22).

In cells, CDKs exist as phosphoproteins themselves and the main-
tenance of their phosphorylation state is crucial for their kinase 
activity. Thus, it is essential to attempt to preserve the phosphate 
groups linked to a particular threonine in the activation loop by 
inhibiting protein phosphatases, and appropriate inhibitors must 
be added to the extraction buffer immediately before use. For our 
experiments, we use flowering, approximately 4–6 weeks old trans-
genic Arabidopsis thaliana plants (see Note 23). Most experiments 
require that exactly the same growth conditions are used for all 
tests done. In addition, the material should be frozen only once 
since multiple cycles of freezing and unfreezing tissue lower the 
quality of the material and it starts to degrade. The plant protein 
extracts should be used immediately for the assays until proper 
storage conditions (e.g., −70°C and liquid nitrogen) have been 
determined. It may not be possible to store the extract to be used 
for activity measurements at all. Ideally, samples should be assayed 
in multiple replicates and it is recommended to always load those 
samples on one single gel which should be actually compared 
because only in this case, all samples will be treated identically.

The lysed plant material should not be frozen and stored for 
another round of kinase assays; all CDKs of interest have to be ana-
lyzed in parallel on the same day. Storing the supernatant for further 
use as normal protein extract, for experiments other than those rely-
ing on the presence of phosphoproteins, is usually not a problem.

All protein manipulation steps are carried out on either wet ice 
or at 4°C; this is to preserve the activity of the kinase as close as 
possible to its original state. Therefore, always use prechilled micro-
centrifuge tubes for extract and bead handling.

3.3. Phosphoprotein 
Extraction
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Harvest plant flower material (see Note 24) and either snap-freeze 
in liquid nitrogen and store at −80°C, or immediately grind 
with a plastic pistil first and then in ice-cold extraction buffer 
on ice. Larger amounts can be ground in a mortar that is deep-
frozen with liquid nitrogen. Use 2 mL buffer per g fresh 
weight. 100 mg fresh weight will give about 2 mg overall pro-
tein; thus, if 100 mg tissue is taken up in 200 mL buffer, one 
will end up with about 10 mg/mL overall protein.

Continue immediately with processing the suspension for the next 
steps and finally the in vitro kinase reaction (see Note 25).

Pellet the debris by centrifugation. Spin down the crude extract in 
a precooled microcentrifuge at maximum speed for 10–20 min 
at 4°C.

Transfer the supernatant containing the proteins to a fresh tube 
and re-spin for another 10 min.

Transfer the supernatant to a new chilled microcentrifuge tube on 
ice. Be careful not to include any of the pellet.

Discard the pellet and proceed with the supernatant.

Use your favorite method to determine the overall protein content 
of the cleared supernatant and follow the manufacturer’s instruc-
tions (see Note 26). A decent BSA calibration curve is received 
when a protein standard such as BSA (stock is 1 mg/mL) is added 
in steps of 0, 2, 4, 6, 8, 10, 12, 16, 20, 24 mL + 2 mL extraction 
buffer to each tube. The concentrations usually represent the con-
centrations present in the supernatants to be tested. The linear 
range of the assay for BSA is 0.2–0.9 mg/mL.
Prepare as many cuvettes as needed with protein assay components 

(800 mL water and 200 mL Bio-Rad Protein Assay solution).
Add 2 mL of each sample to the sample cuvettes.
Invert the cuvettes wearing gloves, make sure not to carry over any 

protein from one assay to the other by wiping the gloves with 
paper towels.

Incubate at room temperature for at least 5 min. Absorbance will 
increase over time; samples should be incubated at room tem-
perature for no more than 1 h.

Measure the absorbance at 595 nm.
Plot the standard and the sample values to extrapolate the protein 

concentrations.
Adjust protein concentrations either to 1 mg/mL or to the lowest 

concentration within the sample series with extraction or bead 
buffer.

Use the supernatants to purify the CDK/cyclin complex using 
p13Suc1-conjugated agarose beads (see Note 27).

3.4. Protein 
Concentration 
Determination
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Throughout this step, use prechilled microcentrifuge tubes and 
perform the actual pull-down incubation at 4°C either in a 
cold room or a fridge. Two problems occur when using com-
mercially available affinity matrix. First, the bead material is 
expensive and second, it is very difficult to aliquot. The matrix 
sediments quickly and will cover the surface of all used pipet 
tips, soon coming along with a partial loss of material. We 
found that the best way is to take approximately 30 mL of the 
50% (v/v) slurry per kinase reaction plus one backup volume 
extra that will be lost during the procedure. The amount con-
tained in 30 mL pulls down enough complex material even 
from samples of poor concentration in larger volumes.

Spin down the beads at 400 RCF for 2 min at 4°C and wash two 
times with 500 mL ice-cold bead buffer.

Now, it is crucial to survey the applied volumes of actual bead 
material and those of added wash buffer. According to the pro-
tocol below, 15 mL of the actual solid agarose conjugate 
remaining per reaction that have to be taken up by 500 mL buf-
fer overall.

Thoroughly aspirate the washes from the beads with a syringe 
equipped with a 27-G needle. Always keep the pellet on ice 
(see Note 28).

After the first two washes, the beads must be distributed evenly into 
the fresh and prechilled assay tubes. It might be appropriate to 
use either screw-cap microcentrifuge tube or safe-lock micro-
centrifuge tubes at this point because they will be used all the 
way until loading the SDS-PAGE gel. The use of these tubes can 
prevent further radioactive contamination; see Subheading 3.6.

Thus, take the respective volume of a well-mixed but not vortexed 
(!) bead suspension to each tube:

 ( ) ( )30 L bead slurry no. of assays 0.5 500 L bead buffer
no. of assays

volume to be aliquoted into each tube

µ × × + µ

=

 

Make sure to flip the tube before every pipetting procedure. The 
beads precipitate fast and it is of utmost importance to have 
the same amount of beads in each and every assay tube. 
Different bead loading gives rise to incomparable results after 
the actual kinase assay due to different amounts of bound 
CDK/cyclin complex.

Per desired kinase reaction, equal amounts of total protein (we 
use roughly 150 mg total protein per assay) were added to the 
pellet of initially 30 mL of p13Suc1-agarose 50% (v/v) bead slurry 
in a prechilled 1.5-mL microcentrifuge tube on ice (see Note 29).

Spin down the mixture at 400 RCF for 2 min at 4°C.

3.5. p13 Suc1-Sepharose 
Affinity Binding and 
Pull-Down
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Wash the beads three times with 500 mL ice-cold bead buffer until 
the yellow-greenish color of the p-NO2PhePO4 and/or the 
chlorophyll has almost disappeared.

Wash once with 500 mL pre-kinase buffer (see Note 30).
After the final wash, thoroughly aspirate the buffer from the beads. 

Take care neither to aspirate the beads nor to dry out the pellet 
(see Note 28).

Keep the pellets permanently on ice.

At this point, the pellet consists of the purified CDK/cyclin com-
plex non-covalently bound to the p13Suc1 affinity matrix and is 
ready for the in vitro kinase reaction. The following steps involve 
radioisotopes and must be carried out behind a b-shield to protect 
the experimenter from the emitted radiation. 32P was formerly the 
label of choice but nowadays it gets often substituted by 33P, which 
has a lower emission energy and therefore displays a lower radia-
tion hazard (69). Always wear safely goggles and the follow the 
safely rules for working with radioisotopes. Especially the hard 
b-irradiation of the 32P isotope is known to harm both the cornea 
and the eye lens strongly (see Note 31).

In this part of the experiment, hot g-ATP, histone H1, and the 
desired concentration of unlabeled ATP are subsequently added to 
the beads. Within the reaction, about 1 mM ATP is required to 
enhance phosphorylation of co-precipitated substrates and up to 
100 mM to favor linearity of the kinase reaction and histone H1 phos-
phorylation. The overall kinase reaction takes place in a volume of 
36 mL (including g-ATP-labeling mix, see Note 32).

If the SDS-PAGE should be run at the same day as the kinase assay, 
prepare the acrylamide mixes and cast the gels during the incu-
bation time.

Prepare the assay reaction by adding to each pellet 31 mL of the 
kinase buffer.

Start the reactions by adding 5 mL of the ATP mix.
From now on, the samples are radioactive and have to be treated 

with proper caution. Keep the tubes in a b-shielded container.
Make sure that the reaction mix is properly mixed. If 32P is used, 

according to our experiences, the best way to achieve this is to 
use a pair of tweezers with a solid grip to take out the sample 
tubes from the Plexiglas®/Perspex® rack at the cylindrical part 
and mix the content by carefully flipping the reagent-containing 
bottom with a glass rod or a similar tool to avoid any unnecessary 
radiation exposure of the finger tips. However, it is important 
to manipulate the tube both safely and quickly when handling 
outside the shielding, so use tools that you are familiar with 
rather than risk a possible accident by losing control.

3.6. Phosphorylation 
Reaction
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Incubating for 45 min at room temperature or 30°C (see Note 33).
Flip the tubes once in a while, e.g., every 10–15 min.
Vortex the samples briefly and then spin the tubes for 1 s to collect 

the mix at the bottom of the tube.
Terminate the reactions by adding 7.5 mL 6× SDS sample buffer 

and boiling for 5 min at 95°C or heating for 10 min at 85°C in 
a heating block. Heat the samples either in screw-cap micro-
centrifuge tubes or in regular safe-lock microcentrifuge tubes 
under a radionuclide fume hood to reduce the risk of contami-
nation by vaporizing radioisotope.

Centrifuge at maximum speed for about 1 min. The samples are 
now ready for immediate loading onto the SDS-PAGE gel. 
Either keep the tubes on ice until ready to run the gel or 
alternatively, the samples can be frozen and stored overnight 
at −20°C.

The SDS-PAGE also needs to be run behind a b-shield. We recom-
mend the use of large gel sizes (16 or 20 cm width, such as 
PerfectBlue® Twin M, PeqLab) for optimal separation of the pro-
tein bands and a possible resolution of hypo- or hyperphosphory-
lated substrates. Employ neither thin nor small mini-gels. The large 
gel size conveniently accommodates the sample volume and at a 
thickness of 1.5 mm, the gel is also relatively robust for the subse-
quent handling. Phosphorylation or phospho-mimetic substitu-
tions of CDK (e.g., on Thr161) may lead to an increased or reduced 
mobility of the protein on SDS-PAGE that can be detected as a 
band-shift on regular immunoblots.

Place the fully assembled SDS-PAGE gel apparatus onto the bench 
and rinse carefully all the gel pockets that should be used. It 
helps to run some 2× sample buffer on top of the pockets to 
visualize where improperly polymerized or clogging polyacryl-
amide is remaining.

Purge the pockets with a 1,000-mL or 200-mL tip full of running 
buffer and straighten the pockets with a needle or fine gel load-
ing tip if necessary.

Load the molecular weight marker on both sides of the samples. 
Also load the wells that remain empty and are directly adjacent 
to the sample wells with SDS-PAGE sample buffer. We use 
200-mL gel-loading pipet tips with extended length to load the 
samples onto a gel. This helps to avoid spillover but the thin 
lumen tends to get clogged easily from the agarose bead matrix 
or the gel itself.

Mount the b-shielding.

3.7. SDS-
Polyacrylamide Gel 
Electrophoresis
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Load the samples very carefully into the gel since even a small spill 
into the upper buffer chamber can make the whole gel radioactive. 
Make sure that they have been centrifuged at full speed to pel-
let the agarose beads that otherwise will clog the pipet tips. 
Load only the supernatant, which contains the CDK variants, 
cyclins, histone H1 substrate, recombinant p13Suc1:GST, and 
other soluble proteins precipitated on the beads. Importantly, 
the supernatant also contains the non-incorporated g-ATP that 
represents the majority of the radioactivity actually involved in 
the entire experiment.

Carefully close the SDS-PAGE tank behind the b-screen.
Run the gel according to the manufacturer’s instructions. For 

example, set the power supply initially to 100 V and then, 
after 15 min or entry of the dye front into the separating gel, 
increase the voltage to 150 V. Use cooling devices if possible 
(see Note 34).

Make sure that the clearly visible running front is kept inside and 
does not run out of the gel into the bottom reservoir because 
it contains almost all of the non-incorporated radioisotope. 
Thus, stop the run with the running front at least 1 cm away 
from the end of the gel. It will require much more effort to 
dispose the radioactive waste properly and to take care of the 
additional and stronger contamination. In a well-run experi-
ment, the bottom reservoir will contain almost no measurable 
radioactivity.

Completely disconnect the gel unit from the power supply, disas-
semble the apparatus, quickly measure the activity of the  buffers 
to obtain an estimate of it’s radioactivity, and keep the glass 
plates containing the gel behind a b-shield.

Cut off the very radioactive dye front and the separating gel below 
and dispose it as soon as possible into the solid radioactive waste 
to clear your working area from the bulk of the radioisotope. If 
this procedure has not been accomplished properly, there will 
still be some non-incorporated radioisotope present in the gel, 
and the free g-ATP can diffuse within the gel and cause a signifi-
cant increase in the general background of the whole gel.

Cut between the stacking and the separating gel to remove and 
discard the stacking gel and cut the remaining part vertically if 
not all the pockets of the gel have been loaded to remove and 
discard the empty lanes.

Cut off a small piece from a corner to mark the orientation of the gel. 
All unnecessary gel goes directly into the solid radioactive waste.

Rinse the gel briefly with water in a metal or glass tray and 
 discard the wash into the radioactive waste, if necessary (see 
Note 35).
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In the following part, the proteins contained in the kinase reactions 
are blotted to nitrocellulose, probed with a Cdc2 antibody 
(a-PSTAIRE), and detected via chemoluminescence. This allows 
the proper correlation of CDKA;1 abundance with incorporation 
of the label and thus to estimate the ratio of mutant CDKA;1 vari-
ant to its activity toward histone H1. These directions assume the 
use of a tank blot transfer system that can be cooled and gently run 
overnight.

For each blot, prepare six sheets of Whatman® filter paper and one 
sheet of nitrocellulose membrane of the appropriate size, 
slightly larger than the gel.

Fill the transfer tank three-fourth with ice-cold transfer buffer and 
add a stir bar.

In a clean, fat-free glass or metal tray, allow the foam sheets and 
filter papers to wet by capillary action and equilibrate the mem-
brane (see Note 36).

Assemble the lower part of the blotting sandwich: start with the 
bottom of gel cassette that will face the anode (red, +), foam 
sheet, three filter papers, and membrane.

Make sure to keep all the layers moist and take precautions not to 
include air bubbles in the setup. Roll out the air in all the layers 
using a rinsed test tube or glass rod.

Carefully lay the separating gel on top of the nitrocellulose mem-
brane. Douse with transfer buffer repeatedly.

Add remaining three sheets of filter paper and the foam, ensuring 
that no bubbles are trapped in the resulting sandwich.

Close transfer cassette and assemble transfer unit. Place the cas-
sette into the transfer tank so that the nitrocellulose mem-
brane is enclosed between the gel and the anode (red, +). It is 
vitally important to ensure that this orientation or the pro-
teins will be lost!

This procedure is preferentially continued in the cold room at 4°C. 
If done at room temperature, flood the cooling water system 
of the tank blot and start circulation to maintain the tempera-
ture between 10 and 15°C. Start stirring regardless of how you 
decided to blot.

Activate the power supply and transfer at roughly 0.65 mA/cm2 gel 
size (height × width × 0.65 = mA/gel). The transfer can be accom-
plished at either 80 mA overnight or 400 mA for 1–2 h at 4°C.

Once the transfer is complete, take the cassette out of the tank and 
disassemble carefully. Monitor the radioactivity of the transfer 
buffer and proceed accordingly.

Leave the gel in place on top of the membrane and mark the shape 
of the gel. The remaining radioactivity can now be found on 

3.8. Western Transfer 
of Radioactive 
Proteins
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the membrane. However, both the gel and excess nitrocellu-
lose are to be discarded in the solid radioactive waste.

Label the membrane at the rims with a pencil or water-proof pen: 
marker and other important positions and, optionally, also the 
description of the antibody to be used.

The success of transfer can be estimated by the appearance of the 
pre-stained molecular weight marker, and phosphorylated his-
tone H1 can usually be detected on the dried membrane with 
a hand-held b-counter (see Note 37).

Rinse the membrane briefly twice in TBST.
Incubate the nitrocellulose in 10 mL blocking buffer (3% BSA/

TBST) for 1 h at room temperature on a rocking platform.
Discard the buffer and rinse the membrane quickly in TBST prior 

to addition of the primary antibody dilution of rabbit 
a-PSTAIRE 1:1,000 in 3% BSA/TBST (Santa Cruz).

Incubate with primary antibody overnight at 4°C while rocking.
Remove the primary antibody and wash the membrane three times 

for 5 min each with 50 mL TBST (see Note 38).
Freshly prepare the secondary horseradish-conjugated antibody 

dilution of goat a-rabbit 1:5,000 in 3% BSA/TBST (Pierce) 
and add to the membrane for 1 h at room temperature on a 
rocking platform.

Discard the secondary antibody and wash the membrane three 
times for 10 min each with TBST.

After the final wash, briefly dry the membrane on filter paper and 
label if not done previously.

Line the X-ray film cassette with Saran wrap or a plastic bag and 
position the blot into a wrap or plastic pocket to separate the 
membrane to be soaked from the film.

Mix the ECL reagents (SuperSignal West Femto, Pierce) in a ratio 
of 1:1, immediately spread it over the membrane, rotate it by 
hand, and incubate at room temperature for 1 min to ensure 
even coverage.

Squeeze out excess liquid, blot with tissue paper, and move toward 
the dark room where the remaining steps are done under safe 
light conditions.

Expose the first film for a suitable exposure time, typically a few 
minutes, and determine optimal exposure time later on.

Phosphorylated histone is detected after Western blot and 
immunostaining via autoradiography or densitometry using 
PhosphorImager scanning. Typically, activity is high enough to have 
strong H1 bands in a 10–16-h exposure, see Fig. 2 (see Note 39).

3.9. Autoradiography
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Fig.  2. Comparison of the phosphorus isotopes used in in vitro kinase assays. Two protein 
samples each of Col-0 flower material were subjected to p13Suc1-mediated pull down 
and further assayed in in vitro histone H1 kinase assays. On the left hand, [g-32P]-ATP was 
used in the kinase reaction, on the right hand [g-33P]-ATP. Using 32P, both films and 
screens can easily be overexposed by the high energy emission of b-particles. This can 
be avoided by using 33P which – in the case of histone H1 as a substrate – gives the 
characteristic doublet band pattern of ohosphorylated H1. Equal loading was confirmed by 
immunoblotting of the same membrane used for kinase assay by a-PSTAIRE antibody.

Fig. 3. Flowchart of the analysis of kinase activity in variants of CDKA;1. The steps of the 
entire procedure described in this chapter are listed in the chart with focus on the kinase 
assay part. Steps assembled within one black box should be done within one working day. 
The dashed box indicates the involvement of radioisotopes.
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Put the sealed membrane into a film cassette with intensifying 
screen, assemble the film between gel and screen and transfer the 
entire cassette to a −80°C freezer during exposure of the film.

Alternatively, measure the amount of incorporated label using 
a PhosphorImager (see Note 40).

If the assay does not work, confirm that both the g-ATP and the 
substrate protein have been added at the correct concentrations. It 
is also crucial to keep the phosphoprotein extract as source of the 
active kinase complex on ice before use and to always keep it on ice 
between experimental steps. The problem might be due to a poor 
storage of the labile enzyme, for example. It will always be better 
to use freshly harvested flower material. Further on, experimental 
errors can occur if a proper Western transfer failed. This can easily 
be checked by using the transfer efficiency of pre-stained markers 
or via the reversible Ponceau S staining.

 1. Cyanogen bromide-activated agarose or sepharose matrix can 
be cross-linked with recombinant Suc1 in the laboratory or 
can be purchased (Millipore/Upstate). The matrix is simply 
used by incubating it in a cell or tissue extract, much as an IP 
would be done. If necessary, the activity can also be eluted 
from the beads using excess soluble Suc1 competitor. A Suc1 
bead assay is much more sensitive and specific than an assay 
based on crude extract, but a disadvantage is that the definite 
composition of the CDK/cyclin complexes bound to it is not 
clear. Thus, there might be certain CDK/cyclin complex that 
fails to bind to the beads. In addition, there might be also 
kinases bound such as MAP kinases, possibly leading to a high 
background in the activity assay.

 2. The binding capability of CDK catalytic-site mutants such as 
R126A, D127A/E, or R150A (all residues according to human 
Cdk2) to an affinity resin with a broader specificity such as 
ATP-agarose can be tremendously impaired, presumably due 
to alterations in the ATP-binding site (76). CKS affinity is not 
affected and can easily be double checked via Western blotting 
for CDK, which is also to be considered as mandatory to 
exclude unequal CDK loading.

 3. One disadvantage of the kinase assay protocol included in this 
chapter is that it requires the use of a radioactive tracer iso-
tope, either 33P or 32P, with the latter being a high-energy 
b-emitter. There are a few examples of kinase assays that do 
not require [g-32P]-ATP, but they tend to be more specialized 

3.10. Troubleshooting

4. Notes
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and generally not as widely applicable. However, we present 
here the use of 33P as a safer alternative with reduced irradia-
tion energy coming along with the very positive side effect of 
producing much sharper bands on the films of the final assay 
blots or gels. Furthermore, nonradioactive kinase assays could 
provide decent alternatives to the use of radioisotopes 
(KinaseGlo® and ProFluor®, Promega, or PolarScreenT CDK 
Assay Kit®, Invitrogen).

 4. This is the soil composition commonly used at our plant facili-
ties. BioMükk® is a non-poisonous, high-potency biological lar-
vicide that selectively acts against mosquitoes (Culicidae), 
blackflies (Simuliidae), and fungus gnats (Sciaridae). It contains 
main protein compounds of Bacillus thuringiensis var. israelensis 
(Bti, 3,000 international units (ITU)/mg). BioMükk® can be 
replaced by 14 g Confidor® WG 70, which is a systemical insec-
ticide and molluscicide and contains 700 g/kg Imidacloprid 
(Bayer CropScience).

 5. Silvet L-77® is a silicone-polyether copolymer and a mixture of 
polyalkyleneoxide-modified heptamethyltrisiloxane (84%) and 
allyloxypolyethyleneglycol methyl ether (16%). It is an essen-
tial infiltration media ingredient for all Agrobacterium-based 
transformations of Arabidopsis and other plants. 1 mL is suffi-
cient quantity to prepare 3.3 L of vacuum infiltration medium 
when used at the recommended rate of 0.033% (v/v). We use 
it, however, at a low concentration as 0.0002%, i.e., 200 ppm.

 6. Phosphinothricin-N-acetyltransferase (PAT, from Streptomyces 
viridochromogenes) is a gene that confers resistance against the 
herbicide PPT, the active ingredient in the herbicides Basta, 
Rely, Finale, and Liberty. It is widely used as a selection marker 
enabling identification of transformed plant cells and as a 
source of resistance to the herbicide phosphinothricin for 
transgenic plants. This is especially due to its easy application, 
i.e., spraying of the small 1- to 3-week-old plantlets. PPT acts 
by inhibiting the plant glutamine synthetase, the only enzyme 
in plants that detoxifies ammonia by incorporating it into glu-
tamine. Inhibition of this enzyme leads to an accumulation of 
ammonia in the plant tissues, which kills the plant within hours 
of application. PAT catalyzes the acetylation of the herbicide 
and thus detoxifies the chemical into an inactive compound.

 7. Another well-intentioned advice is to always prepare sufficient 
amounts of “master mixes” of the reaction buffers, for example, 
the volume for one reaction in excess, also of the hot ATP mix. 
Prepare the mixes in a single Falcon or microcentrifuge tube for 
samples by multiplying the quantities for a single reaction by 
the total number of reactions plus 1 or 2. Then, the total vol-
ume of each reaction mixture can be added to each sample or 
tube, very conveniently reducing the risk of pipetting errors.
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 8. The chelators EDTA (Ca2+, Zn2+, Mg2+) and EGTA (Ca2+, 
Zn2+) strongly inhibit metalloproteases and also both act as 
potent inhibitors of kinases that require divalent metal ions to 
be activated.

 9. The Na3VO4 is both a potent and nonselective tyrosine phos-
phatase and kinase inhibitor. The inclusion of NaF (and option-
ally tetra-sodium pyrophosphate, Na4P2O7) should effectively 
inhibit most serine/threonine phosphatases. NaF inhibits both 
the pyrimidine nucleoside monophosphate kinase and the pro-
tein phosphatase 2A (PP2A). To generally inhibit proteases, a 
cocktail of benzamidine, PMSF, pepstatin A, antipain, leupeptin, 
EDTA, and EGTA is found to be most effective. Benzamidine 
hydrochloride inhibits peptidases, Pepstatin A (Isovaleryl-L-
Val-L-Val-statinyl-L-Ala-statin) specifically inhibits aspartic 
proteases and might precipitate from solutions. Aprotinin is 
also known as bovine pancreatic trypsin inhibitor (BPTI), 
trypsin kallikrein inhibitor (TKI), or Trasylol® (Bayer). 
Leupeptin (Ac-Leu-Leu-argininal) was isolated as a peptide 
antibiotic from Streptomyces and reversibly inhibits serine and 
cysteine proteases. Soybean trypsin inhibitor (STI) is a protein 
and thus cannot be dissolved in organic solvents and is heat 
sensitive. Both b-glycerophosphate and p-nitrophenylate 
(p-NO2PhePO4) compete as phosphatase substrates. Acting as 
potent inhibitors, they strongly stabilize the H1 kinase activity. 
The latter hydrolyzes to yellow p-nitrophenylate in basic pH 
ranges that absorbs at 405 nm and might interfere with cer-
tain spectrophotometric measurements. Sometimes we include 
4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride 
(AEBSF) (to replace the highly toxic PMSF), leupeptin, 
pepstatin, and/or chymostatin in the extraction buffer, 
although this will greatly increase the cost of the solution with 
relatively little gain in quality of the data.

 10. Orthovanadate VO4
3− is an analog of the phosphate ion PO4

3−. 
Activation depolymerizes the vanadate, converting it to a more 
potent inhibitor of protein phosphotyrosyl phosphatases (77). 
Activation protocol: Prepare 200 mM sodium orthovanadate 
(MW 183.9, e.g. ,0.37 g to 10 mL solution) in water. Adjust pH 
to 10.0 with either 1 M NaOH or 1 M HCl, depending on the 
lot supplied by the manufacturer. At pH 10.0, the solution turns 
yellow. Boil the solution until it turns colorless, this might take 
up to 15 min. Allow the solution to cool to room temperature. 
Readjust pH to 10.0 and repeat the steps until the solution 
remains colorless and the pH stabilizes at 10.0. Store in aliquots 
at −20°C. Caution: adding DTT rapidly inactivates sodium 
orthovanadate and the inhibition of cystein proteases can also 
be reversed by reduced thioles such as DTT. Vanadate influ-
ences certain standard methods used for protein concentration 
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determination. Coomassie brilliant blue will be negatively affected, 
but Lowry, BCA, or Bradford still can be used (78, 79). Vanadate 
polymers that reform in aqueous solution turn the buffers used 
here into a yellowish color (see Note 22).

 11. PMSF is highly toxic for mucous membranes, eyes, and skin. 
Every exposure has to be avoided. It is recommended to be 
replaced by the equally effective, less harmful but more expen-
sive AEBSF. PMSF is a serine protease inhibitor and inhibits 
ATPase, alkaline, protein phosphotyrosyl, and other dual-spe-
cific phosphatases. It is soluble in water-free DMSO, metha-
nol, ethanol, or best in isopropanol. Can be stored at 4°C or is 
even stable for months at room temperature. At −20°C, PMSF 
precipitates from isopropanol. PMSF is poorly soluble in water 
and since it has a short half-life in aqueous solutions, PMSF 
should be made fresh and added to all buffers shortly before 
they are used, and they should be used within 1 or 2 h. The 
concentrated PMSF should be added to a vigorously stirred 
solution to prevent the PMSF from precipitating.

 12. Either use screw-cap microcentrifuge tubes when boiling the 
samples to reduce the risk of vaporizing radioisotope or work 
under a radionuclide fume hood, and punch holes into the lids 
to prevent that they open during heating and deliver droplets 
of their radioactive content in the working area.

 13. Usually, ATP is purchased as a disodium salt (Na2-ATP); how-
ever, most kinases require it to be complexed with Mg2+ (or 
Mn2+) for being an efficient kinase substrate. If no Li-ATP, as 
suggested in this chapter, is available, a Mg2+-ATP solution can 
easily be prepared from 20 mM MgCl2 (or MgSO4) and 20 mM 
Na2A-TP stock solutions by mixing of equal volumes and adjust-
ing the pH to 7.4 with 100 mM HCl or 100 mM NaOH. Mg2+-
ATP solution can be stored in small single-use aliquots at −20°C. 
Precipitation might occur if the pH is not properly adjusted.

 14. g-ATP is usually available at a variety of specific activities.  
A good specific activity to use is >3,000 Ci/mmol or even the 
highest one at approximately the double activity as mentioned 
in this protocol. The activity is normally provided at a concen-
tration of 10 mCi/mL, ready to use. Here, we recommend 
using high specific activity to reduce the impact of “contami-
nation” of cold ATP within the isotope lot itself.

 15. Acrylamide is a neurotoxin and carcinogenic in the unpolymer-
ized form (of which even the polymerized gel contains still 
traces of ) and thus, has to be handled very carefully. Any waste 
has to be disposed off accordingly.

 16. TEMED is best stored at room temperature in a desiccator. 
Buy small bottles as it may decline in quality after opening and 
thus, gels will take longer to polymerize.
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 17. To prevent bubbles at the border of the separating gel, it is 
overlaid with either isopropanol or water-saturated isobutanol. 
For the latter, shake equal volumes of water and isobutanol in 
a glass bottle and allow separation. Use the top layer. Store at 
room temperature.

 18. If the experimenter desires the protocol to be altered from the 
way presented here in terms of including a cold Western blot 
for determining the amount of CDK in the samples, the pull-
down material has to be split in two for Western blotting 
pull-down control and actual kinase assay reaction. We recom-
mend to subject 150 mg total protein to the kinase assay and 
pull-down control if done as described in the main protocol, or 
if a separate cold blot is desired, then one could use 30 mg of 
extra total protein for this purpose.

 19. Alternatively, site-directed or megaprime mutagenesis can be 
applied to receive the desired mutant variants. In our case, we 
tried the QuikChange Site-Directed Mutagenesis Kit, PfuTurbo 
and PfuUltra proofreading polymerases (all from Stratagene). 
These polymerases have sixfold or even a higher fidelity in 
DNA synthesis than regular Taq or Pfu enzymes. The error 
rate is also drastically reduced. The procedure utilizes a super-
coiled donor vector with the insert of interest and two 
synthetic oligonucleotide primers containing the desired 
mutation(s) which were designed according to the manufac-
turer’s instructions and had a minimal overlap of 15 base pairs 
from the actual site of mutagenesis. A small amount of starting 
template plasmid, the high fidelity of the DNA polymerase, 
and the low number of thermal cycles contribute to the high 
mutation efficiency and decreased potential for generating ran-
dom mutations during the reaction. The method used here 
allowed using miniprep double-stranded DNA plasmids and 
this template can be directly subjected to the mutagenesis pro-
cedure. The procedure was used to generate single or multiple 
point mutations and multiple base pair exchanges both to 
switch amino acids and to introduce unique restriction sites for 
screening purposes. For single point mutations, 12 cycles were 
used and for single amino acid changes, 16 cycles. Proper 
amplification was verified by electrophoresis of several microli-
ters of the PCR product on a 1% agarose gel. Following tem-
perature cycling, the parental DNA template has to be removed 
of the PCR product by treatment with DpnI endonuclease 
(Fermentas). A prerequisite for the use of DpnI is that the 
template DNA must be isolated from E. coli strains such as 
DH5a that dam methylates its DNA. After digestion, the 
remaining nicked vector DNA containing the desired muta-
tions was directly transformed into DH5a electrocompetent 
cells. It is not uncommon to observe very low numbers of 
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colonies, especially when generating large mutations. Most of 
the colonies that do appear will contain mutagenized plasmid. 
Due to the sometimes occurring leakiness of the DpnI diges-
tions, the use of fusion PCRs instead of the site-directed 
method was often more efficient in our hands.

 20. The Arabidopsis relative synonymous codon usage (RSCU) is 
the observed frequency divided by the expected frequency 
assuming random codon usage in the respective organism. 
Tables can be accessed at http://www.nal.usda.gov/pgdic/
Probe/v4n1_2/table1a.html or http://www.kazusa.or.jp.

 21. The silent mutation restriction enzyme scan (SILENT) is avail-
able at the Mobyle portal at http://bioweb.pasteur.fr/seqa-
nal/interfaces/silent.html.

 22. If nucleic acids are isolated from disrupted tissue as in our case, 
beads can also be soaked in a 1:10 dilution of Eau de Javel 
(store-bought household bleach, FLOREAL Haagen) for 
5 min. This both cleans and sterilizes the beads and completely 
destroys contaminating nucleic acids (80).

 23. The beginning of flowering strongly depends on the growth 
conditions applied in the greenhouse or the phytochambers 
and it is strongly recommended to always grow the different 
genotypes to be compared in their kinase activity at the same 
time under exactly the same conditions and to treat the crude 
material all the way equally. Besides that, when Agrobacterium 
transfer DNA (T-DNA) is transformed into Arabidopsis, it is 
randomly integrated into the genome. Thus, insertions occur 
by chance in hetero- or euchromatic regions, in single or 
multiple copies, in tandem, inverted repeats or truncated 
 versions which can explain the consequent variability of 
expression. It is, therefore, recommended to test the expres-
sion level of several individual transgenic lines of the same 
construct, preferably by Western blotting, as it is necessary to 
both have high and comparable amounts of kinase to perform 
the activity assay.

The binary vectors that we use for Agrobacterium-mediated 
transformation carry several selection markers, e.g., nptII/neo 
(neomycin phosphotransferase II gene from transposon Tn5, 
against Neomycin/Kanamycin), hph (Hygromycin-
phosphotransferase from E. coli, destroys Hygromycin), sul2 
(dihydropteroate synthase, degrades the sulfonamide antibi-
otic Sulfadiazine), or most conveniently, PAT (resistance 
against BASTA®). It is highly advisable to not treat differen-
tially with these agents, e.g., spray a construct carrying thus 
resistant subpopulation of the individuals to be tested with the 
selective agents and keep other lines, e.g., the wild-type con-
trol or mutants without the specific transgene conferring the 
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resistance, only untreated (because they are sensitive). Different 
treatments of subpopulations will invariably result in differ-
ences in growth and development, and at least retard the 
treated population in terms of flowering start compared to the 
nontreated plants. This would give rise to a difference in har-
vesting date and quality of the flower material to be assayed.

 24. Flower buds contain meristematic and thus highly dividing tis-
sues, with high levels of CDK expression. Try to collect only 
closed flower buds using fine forceps. We found CDK/cyclin 
activity from flower material to be stable at −80°C and reliable 
assays were possible even up to 1 year after harvest.

 25. Once the flower buds have been lysed by the addition of extrac-
tion buffer and grinding, the proteins will have to be processed 
all the way to the step where the kinase reaction products are 
loaded onto the SDS-PAGE gel. Flower buds can be preserved 
quite easily at −80°C and the next “storage format” or possi-
bility to end the working day is only the radioactive kinase 
assay products from the stopped reaction. Before this, the 
experimenter has to deal with unstable complexed subunits 
and activatory phosphorylations that have to be preserved and 
must not be frozen in order to give reliable results. Thus, once 
the lysate is produced, it should not be stored but used imme-
diately. Freezing and storing the cells in lysis buffer even for 
just 1 day can result in marked loss of kinase activity (81).

 26. For the determination of the overall protein concentration in 
each sample, we routinely use the Protein Assay Kit from Bio-
Rad that is based on the method of Bradford. Vanadate influ-
ences certain standard methods used for protein concentration 
determination (see Note 6). We usually add 800 mL water with 
200 mL protein assay solution to each cuvette, add 2 mL of 
supernatant, and incubate for 5 min at room temperature. In 
case we expect unusually low yield (<1 mg/mL), we scale up 
the assay conditions in terms of transferred supernatant vol-
ume. The standard curve is established by using different 
amounts of BSA. To each BSA sample, we also add the same 
volume of extraction buffer (2 mL) that is contained in the 
unknowns; this compensates for the slight coloring from the 
inhibitors.

 27. Preservation of CDK activity seems to be a very sensitive issue 
as often mentioned in animal or yeast protocols. Brooks et al. 
postulate that CDK activities in frozen lysates could remain 
measurable for 2–3 days after extraction when stored in liquid 
nitrogen. However, the degree of measurable activity deterio-
rates rapidly such that only 50–75% of original activity in freshly 
prepared lysates remains after 1 day of storage and 25–50% 
after 2 days (60).
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 28. During the wash steps of the bead material and the pull downs, 
it is crucial to not lose any of the pellet, but at the same time 
to wash it most efficiently. In order to remove the superna-
tant as completely as possible after each centrifugation step, 
we use syringe and fine needle (27 gauge/“27 G” or 0.4 mm 
in diameter and ¾ in. or 2 cm in length, gray color code; the 
higher the G or gauge number, the smaller the lumen of 
the needle) to aspirate the supernatant. The lumen of the 
needle tip is kept toward the wall of the tube and it must be 
prevented to insert the needle right into the pellet, because 
this will soon clog the very fine needles, whereas with needles 
of larger diameters, this procedure will lead to some loss of 
pellet and irreproducible results.

 29. We routinely use this commercially available liquid suspension 
of recombinant p13Suc1:GST fusion protein (source of Suc1 is 
S. pombe, MW of fusion protein is 39 kDa) that is non-covalently 
bound to glutathione-agarose. In these lots, 2.5 mg p13Suc1:GST 
is bound to 250 mL of agarose beads provided as a 50% (v/v) 
gel slurry in PBS containing 50% glycerol and 0.05% sodium 
azide. Given the MW of 13 kDa of Suc1, 26 kDa of GST, and 
the stoicheometric binding of CKS to CDK/cyclin complex at 
a ratio of 1:1 (49), the content of one tube with its 2.5 mg 
binding partner could theoretically precipitate about 1.6 mg 
CDK. Since the association of the glutathione and the GST is 
not cross-linked and the bead material is quite sensitive per se, 
the material must not be vortexed.

 30. If a separate pull-down control is desired, the pellet can now 
be splitted in two for Western blotting. At the same time, an 
optional additional pull-down step can be included: after cen-
trifugation, fresh beads can be added to the supernatant and 
incubated for an additional time to increase the amount of 
extracted CDK/cyclin complex.

 31. Working with 33P and 32P requires caution. This assay uses 
radioactively labeled g-ATP that contains a covalently linked 
32P-orthophosphate group at the g-position of the triphos-
phate. This phosphate is – in the case of 32P – a strong emitter 
of b-particles of high energy which should be handled and 
 disposed off according to the federal and institutional radiation 
protection procedures applicable to work with the respective 
radioactive isotope. Contact your institutional radiation safety 
representative for proper handling and disposal procedures. 
Some standard protocols about good laboratory practice with 
regard to working with 33P and 32P can be found in the appen-
dix (literature: Radiation safety, (69–71)). Make sure to use 
Plexiglas®/Perspex® shields while in the vicinity of radiation 
and also take precaution for proper shielding for your lab 
mates. Never use plain lead with its high atom weight to 
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 “protect” against b-irradiation emitted from 32P because the 
high energy will be transferred further to Bremsstrahlung, 
which is as difficult to shield as g-irradiation or X-rays and mul-
tiplies the risk of radiation exposure. Just use Plexiglas®/
Perspex®, glass, or water, which are materials with a low atom 
weight and high shielding capacity toward b-particles.

In this experiment, either 33P- or 32P-labeled g-ATP can be 
used. Most protocols rely on 32P, maybe because “it has always 
been that way” and the use of 32P is well established in the 
laboratory due to the lower cost compared to that of 33P. 
However, we strongly recommend the use of 33P for several 
reasons such as remarkably better experimental performance 
and radiation safety. 33P offers clear advantages over 32P with 
respect to the ease of handling because the maximum energy 
of the emitted b-radiation is between that one of 35 S 
(0.17 MeV) and 32P (1.71 MeV) and does not require as 
much shielding as is needed for 32P. The effects of the use of 
a “safer radionuclide” must not be underestimated because 
the experimenter will have less trouble with, e.g., handling 
and this can easily advantageously result in a higher confi-
dence throughout performing the experiment. Thus, the 
replacement might turn out to be conductive for a more cool-
headed working. The range of 32P-b in air is up to 790 cm, 
and in water and Plexiglas® about 0.8 cm. 33P-b reaches only 
49 cm in air and shielding is not necessarily needed for activ-
ity amounts typically used in the laboratory (71). In fact, the 
b-radiation emitted from 33P (Emax = 0.25 MeV) can barely 
penetrate through two pairs of gloves and the outer dead 
layer of skin, so the external exposure hazard associated with 
even mCi amounts of 33P is minimal. 33P preparations are 
accordingly only delivered in plain plastic containers instead 
of in the heavily lead-shielded ones for the transport of 32P 
products. The best way to determine whether additional 
shielding is needed when using this isotope is to monitor the 
source using a b-sensitive radiation meter. If counts can be 
detected, add a layer of Plexiglas® as described for 32P. Another 
great advantage of using 33P is that gel bands visualized on 
autoradiographs of 33P-labeled compounds are much sharper 
than bands labeled with 32P because the low-energy b-radia-
tion does not scatter as the high-energy b-radiation of 32P. 
For 33P, a much higher specific activity can be achieved due 
to the longer half-life of 33P (25 days compared to 14 days 
for 32P), which also allows a broader time frame for experi-
mental planning. Despite the slightly higher cost of 33P, these 
distinct features make 33P-labeled nucleotides very interesting 
for use in experiments where discrimination of closely spaced 
gel bands is important.
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Good ranges for the final overall ATP concentration is up to 
100 mM (including negligible amounts of the g-ATP and at a 
specific activity of approximately. 1 mCi/mL reaction volume).

 32. Controls are important to evaluate the results of your experi-
ments. You should always include a no-substrate control, a no-
enzyme source control, and a heat-denatured enzyme control 
in your assays. As a further test for the specificity of the kinase 
assay, a parallel set of controls can be inhibited with chemical 
inhibitors of the CDK/cyclin complex. Two of the most spe-
cific inhibitors are probably roscovitine (5 mM) and olomou-
cine (10 mM). They can be added to a separate reaction to 
indicate whether the bulk of the kinase activity is due to a 
CDK/cyclin complex.

 33. The enzymatic activity assayed is the initial rate of the reaction 
when the substrates are not limiting. The number of moles of 
reaction product formed after a certain time (number of moles 
of phosphate transferred to H1 histone) is a measure of the 
initial reaction rate if the reaction is still linear at this time. 
The assay described here fulfils these conditions: neither ATP 
nor histone is limiting and the reaction is still linear even 
toward the end of the incubation time. It is often advanta-
geous to perform kinase assays at 30°C rather than 37°C 
because the lower temperature makes it easier to stay within 
the linear range of the phosphotransfer reaction catalyzed by 
the kinase, thus providing more control over the assay. Most 
kinases have a Km for ATP of 1–100 mM and if there is too 
much ATP in the reaction mixture, it will be difficult to mea-
sure phosphotransfer. An ATP concentration of 50–100 mM 
tends to work well; at this concentration, the enzyme should 
be working in the range of 50% of maximum, depending on 
its apparent Km for ATP. Usually, the substrate concentration 
is high so that the enzyme is working at or close to Vmax. The 
concentration of radioactive g-ATP is negligible compared to 
the added cold ATP.

 34. Some instruments allow cooling via water tubes, which might 
help to chill down the buffer tank and the gels during a long 
run. One can also run the gel overnight, e.g., at 35–50 V 
according to the apparatus of choice. In this case, in the next 
morning, the voltage can be increased again to complete the 
run, if required.

 35. At this point, the SDS-PAGE gel can be processed in two 
different ways. We prefer the hot Western blot to correlate 
the histone H1 kinase activity directly with the abundance 
of – desirably equal – CDKA;1 loading monitored by immu-
noprobing with a-PSTAIRE antibody. However, if the 
experimenter decides to just check overall protein abun-
dance and/or only incorporation of radiolabel, the gel can 
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be optionally stained with Coomassie Brilliant Blue (CBB). 
CBB staining solution is 50% methanol, 10% glacial acetic 
acid, and 0.12–0.25% Coomassie blue R-250 in water; 
destaining solution is 10–50% methanol and 10% glacial 
acetic acid in water. After staining, the gel can be fixed with 
fixing solution (25–50% methanol and 7–10% acetic acid) 
for 45 min to 1 h and then soaked in anti-cracking solution 
(7% methanol, 7% glacial acetic acid, and 1% glycerol) for 
5 min. Place the gel on a sheet of Whatman® 3MM filter 
paper and cover with cellophane paper or plastic wrap and 
dry at 80°C for 30–120 min under a vacuum using a con-
ventional gel dryer with safety Woulff bottle and (oil) vac-
uum pump; dry completely. The solutions must be disposed 
into the radioactive waste, if necessary. Photo- and autora-
diograph. In general, a Coomassie stain could be used to 
check for equal amounts of substrate in each samples. In our 
special case, however, where not only a doublet of histone 
H1 runs at about 30–34 kDa but also multiple variants of 
CDKA;1 at 34 kDa, that might be difficult. The same is true 
for Ponceau S staining of blotted Western membranes.

 36. Equilibration of different membranes: nitrocellulose is briefly 
immersed in water and then in transfer buffer. Immobilon 
(Millipore) is briefly wetted in methanol, then kept for 2 min 
in water, and moved for 5–10 min into transfer buffer; PVDF 
should be wetted briefly in 60% methanol and then in transfer 
buffer, and assembled with the glossy side toward the gel.

 37. The membrane can be dried between Whatman® filter paper 
and optionally stained with Ponceau S red dye (either 0.1–0.22% 
Ponceau S in 1–3% acetic acid or 2% Ponceau S in 30% 
trichloroacetic acid (TCA) and 30% sulfosalicyclic acid, can be 
re-used multiple times). Immerse membrane in stain, shake for 
10 min, and destain by rinsing with water. In general, a Ponceau 
S stain could be used to check for equal amounts of substrate 
in each samples. The same is true for Coomassie staining, see 
also Fig. 2 and Note 31.

 38. The primary antibody can be saved for subsequent experiments 
in the presence of 0.02% sodium azide (NaN3, stock 10%, store 
at room temperature) and stored at 4°C. NaN3 is very toxic 
and must be strictly kept away from heavy metal salts under all 
circumstances because explosive azides can form that are highly 
sensitive to touch and warmth. Primary antibodies conserved 
like this can be used for many blots over several months; how-
ever, the length of exposure to film upon ECL treatment might 
have to be adjusted.

 39. On a 12% SDS-PAGE, the labeled histone H1 will appear as a 
doublet of two distinct bands running at ~32 and 34 kDa, 
compare to Fig. 2.
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 40. Given the limited linear response of X-ray film, densitometry is 
an inaccurate way to measure the incorporation of label. It will 
provide only a rough guide to the relative amount of kinase 
activity in each sample. A much better way to quantify the 
kinase activities would be to use liquid scintillation counting 
for either 33P or 32P.
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Chapter 7

Bacterial Assay to Study Plant Sensor Histidine Kinases

Lukáš Spíchal 

Abstract

Cytokinins, like other phytohormones, act in plants as signaling molecules at very low concentrations. The 
system that mediates between their chemical recognition and the responses that they induce requires a 
hormone receptor that, together with down-stream located elements, forms a signaling network, converting 
the signal into a specific response. Identification of the cytokinin-binding histidine kinases CRE1/AHK4, 
AHK3, and AHK2 as cytokinin receptors in Arabidopsis was an important milestone in the elucidation of 
cytokinin signal transduction pathways. Their molecular characterization through the use of transgenic 
E. coli strains revealed that a variety of cytokinin compounds may have signaling functions, but only with 
specific receptors. This indicates that differential ligand specificities of the receptors may be a mechanism 
to fine-tune the various cytokinin responses. This chapter describes the detailed protocol of a method 
employing transgenic E. coli which substantially contributes to our understanding of cytokinin perception, 
a crucial step in the cytokinin regulation of diverse plant growth and development processes.

Key words: Sensor histidine kinase, AHK3, CRE1/AHK4, Hormone receptor, Cytokinin, Transgenic 
Escherichia coli, Arabidopsis thaliana

In 2001 receptors of cytokinins (an important group of plant 
hormones) were identified as members of the family of histidine kinases 
(1, 2). Histidine kinases form the sensor part of two-component 
signal transduction pathways that are known to respond to various 
external stimuli in prokaryotes and lower eukaryotes. Their func-
tion in perception of cytokinins in higher plants was confirmed 
using heterologous complementation of yeast and bacterial two-
component regulatory pathways ((1, 2), reviewed in ref. 3). In the 
latter case, expression of histidine kinases CRE1/AHK4 and AHK3 
in the eubacterium E. coli resulted in the first demonstration of 

1. Introduction
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functional complementation of an E. coli sensor mutant by a plant 
receptor gene (2, 4). AHK histidine kinases share some structural 
features with the RcsC receptor, the part of the two-component 
signaling pathway that leads to activation of the cps (capsular poly-
saccharide synthesis) operon through phosphorylation of the Hpt 
element YojN and the response regulator RscB (5). When CRE1/
AHK4 or AHK3 are expressed in the DrcsC and cps::lacZ mutant 
strain, b-galactosidase, which can easily be determined quantita-
tively, is produced in the presence of cytokinin (Fig. 1). This bacte-
rial assay has been used to confirm the ability of cytokinin receptors 

Fig. 1. Bacterial assay based on expression of histidine kinases CRE1/AHK4 and/or AHK3 in E. coli sensor mutant. AHK 
histidine kinases share some structural features with the RcsC receptor, the part of the two-component signaling pathway 
leading to activation of the cps operon through the phosphorylation of the Hpt element YojN and the response regulator 
RscB (5). Activation of the cytokinin receptor in the DrcsC and cps::lacZ mutant strain can easily be scored by quantitative 
fluorometric assay using the fluorogenic substrate of b-galactosidase, MUG and/or by the formation of blue colonies on 
X-Gal-containing medium. Abbreviations: D receiver domain, Da and Db receiver domains of a and b, respectively, H histi-
dine kinase, MUG 4-methyl umbelliferyl galactoside, X-Gal 5-bromo-4-chloro-3-indolyl-b-d-galactoside. This figure is 
displayed in greyscale in the print edition but available in color in the electronic version.
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of Arabidopsis thaliana and Zea mays to perceive cytokinins in vitro 
and for their molecular and biochemical characterization (1–3, 6, 7). 
This works revealed that the receptors recognize naturally occur-
ring isoprenoid and aromatic cytokinins and also, albeit to varying 
extents, synthetic cytokinins derived from phenylurea. Furthermore, 
they allowed the demonstration that individual receptors of 
Arabidopsis and maize differ in ligand specificity, being most sensi-
tive to the bases of the isoprenoid-type cytokinins trans-zeatin and 
isopentenyladenine but differing significantly in the recognition of 
cytokinin ribosides and ribotides. Using this assay cis-zeatin, which 
was generally believed to be an inactive or only weakly active cyto-
kinin, was shown to activate some of the Arabidopsis and maize 
cytokinin receptors. Doležal et al. have used the assay to study the 
biological activity of aromatic cytokinins. Whereas the majority of 
synthetic derivatives of N6-benzyladenine prepared in this work 
exhibited high activity in classical cytokinin bioassays (the tobacco 
callus growth, wheat leaf senescence, and Amaranthus bioassays), 
surprisingly all were recognized with much lower sensitivity than 
trans-zeatin in both the A. thaliana AHK3 and AHK4 receptor 
assays (8). Together the results obtained employing the bacterial 
receptor assay indicated that differences in the ligand specificities 
of the receptors may be a way of fine-tuning the various cytokinin 
responses and that diverse cytokinin compounds might have spe-
cific functions which depended on the different receptors for them 
and the associated signaling pathways.

Romanov et al. used the approach described above to charac-
terize the interaction of the receptor with cognate ligand, employ-
ing intact transgenic bacteria expressing a functionally active 
eukaryotic receptor protein CRE1/AHK4 and AHK3 in binding 
assays and comparing the binding data with results obtained from 
isolated membranes (9, 10). They showed that these strains can be 
used in a live cell hormone-binding assay to determine the most 
important characteristics of the hormone–receptor interaction. 
The detailed protocol is described by Romanov in ref. 11.

The assay described here in this chapter can be used as rapid 
and sensitive cytokinin bioassay. The short incubation time (up to 
a few hours) reduces metabolic conversion of the tested com-
pounds and the breakdown that usually occurs in plant tissues dur-
ing the long-term incubation necessary in classical cytokinin 
bioassays. The assay also offers the advantages of allowing the use 
of 96-well plates to both culture the bacteria and subsequently to 
determine marker enzyme activity. This makes the assay a high-
throughput procedure allowing different concentrations of a num-
ber of compounds to be tested with a high degree of replication in 
one run. In comparison to published alternative yeast assays (1, 2), 
the bacterial assay is more convenient because of the antibiotic 
resistance of receptor-expressing bacteria, obviating the need for 
strictly sterile conditions during performance of the test. Using 
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this method, activation of cytokinin receptors can easily be scored 
by the formation of blue colonies on X-Gal-containing media and/
or by quantitative fluorometric assay using the fluorogenic sub-
strate of b-galactosidase MUG.

 1. Solid M9 minimal medium: 47.76 mM Na2HPO4, 22.2 mM 
KH2PO4, 8.6 mM NaCl, 18.7 mM NH4Cl, 2.0 mM MgSO4, 
22.2 mM glucose, 0.1 mM CaCl2; for right procedure of media 
preparation follow detailed protocol (12).

 2. M9 minimal medium supplemented with 0.1% (w/v) casamino 
acids (casein hydrolysate, acid hydrolyzed; Merck): first dissolve 
agar in water (at 15 g/L in the volume recommended in the 
standard protocol for liquid media) and sterilize by autoclaving. 
To sterile agar solution, cooled to approximately 50°C, add 
salts following the standard protocol for liquid media and sup-
plement with 0.1% (v/v) casamino acids (20% stock solution in 
water sterilized by passing through a 0.22-mm filter, store at 
4°C). Add antibiotics before filling the plates. Solid M9 medium 
(without antibiotics) is stored at room temperature.

 3. Antibiotics: ampicilin/carbenicilin for culturing of CRE1/
AHK4 and chloramphenicol for culturing of AHK3-expressing 
bacteria (see Note 1).

 4. Control cytokinins: 10 mM stock solutions of trans-zeatin or 
N 6-benzyladenine in 100% DMSO, store at −20°C. Working 
solutions are prepared by dilution in sterile water to 100 mM 
(final concentration of DMSO is 1%).

 5. 20 mg/mL 5-bromo-4-chloro-3-indolyl-b-d-galactoside (X-Gal; 
Sigma): dissolve in N,N-dimethylformamide, store in 0.5 mL ali-
quots at −20°C.

 6. Standard sterile Petri dishes (10 cm).

 1. E. coli strains KMI001 (DrcsC, cps::lacZ) carrying the vectors 
pINIIIDEH or pSTV28, which expresses the Arabidopsis histi-
dine kinases CRE1/AHK4 and AHK3, respectively (2, 4).

 2. Liquid M9 minimal medium (12) supplemented with 0.1% 
(w/v) casamino acids (casein hydrolysate, acid hydrolyzed; 
Merck) and antibiotics (ampicilin/carbenicilin, and chloram-
phenicol for culturing of CRE1/AHK4- and AHK3-expressing 
bacteria, respectively (see Note 1)). Complete liquid M9 
medium is stored at 4°C.

 3. Casamino acids are dissolved at 20% (w/v) in water, sterilized 
by passing through a 0.22-mm filter before adding to M9 diluted 
salts. The stock casamino acid solution is stored at 4°C.

2. Materials

2.1. Control  
of AHK-Expressing 
Strain Identity

2.2. Preparation  
of Preculture and 
Culture of Cells  
in a 96-Well Plate
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 4. Sterile standard microtiter plates with six wells (for cultivation 
of preculture; for alternative see Note 2) and 96 wells (for bac-
terial assay).

 5. Multichannel and multistep pipettes.
 6. Thermomixer for incubation in microtiter plates (see Note 3).

 1. 4-Methyl umbelliferyl galactoside (MUG, Sigma) is dissolved 
in dimethyl sulfoxide (DMSO) at 25 mM and stored in 0.5 mL 
aliquots at −20°C (see Note 4).

 2. 4-Methyl umbelliferone (4MU) standard: 50 nM 4MU in 
glycine carbonate stop buffer, prepared just before use from 
1 mM water stock (store at 4°C, away from light).

 3. Glycine carbonate stop buffer: 133 mM glycine, 83 mM 
Na2CO3, pH 10.7 with concentrated NaOH.

 4. Nonsterile standard microtiter 96-well plates (see Note 5).
 5. Multichannel and multistep pipettes.
 6. Spectrophotometer for measurement of absorbance/optical 

density in microtiter plates (see Note 6).
 7. Fluorometer for measurement of fluorescence in microtiter 

plates (e.g., Fluoroscan Ascent, Labsystems), excitation and 
emission wavelengths of 365 and 460 nm, respectively.

The assay consists of bacterial cultivation and measurement of 
b-galactosidase activity, both in 96-well microtiter plate. Before 
carrying out the assay the identity of stored bacterial strain should 
be checked. In the case of newly transformed bacteria, it is recom-
mended that the kinetics of cytokinin-dependent induction of 
b-galactosidase (b-gal) activity is checked, using standard cytokinin 
(e.g., trans-zeatin or isopentenyladenine) so that the preculture 
dilution and time of culturing can be optimized. The assay should 
always include controls: a positive control with standard cytokinin, 
a negative control (e.g., adenine), a noninduced control and, 
importantly, a solvent control (solvents can increase background 
readings). Note that precise temperature control is very important 
to obtain reproducible results.

 1. The Petri dishes are filled in a flow-box with solid M9 medium 
containing an appropriate antibiotic.

 2. 20 mL of 100 mM cytokinin and 25 mL of X-Gal are applied on 
the surface of solid media and stirred till dry. Dishes without 
cytokinin are used as a control.

2.3. Measurement  
of b-Galactosidase 
Activity in a 96-Well 
Microtiter Plate

3. Methods

3.1. Control  
of AHK-Expressing 
Strain Identity
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 3. The bacteria are streaked from frozen culture (or culture freshly 
prepared by transformation) and cultivated 1–2 days at 25°C 
in the dark. Active colonies are stained blue compared to the 
white control.

 1. The E. coli strains are grown overnight at 25°C (see Note 3) in 
liquid M9 media enriched with 0.1% casamino acids and anti-
biotics until the OD600 reaches approx. 1. Such precultures can 
be stored at 4°C up to 4 days.

 2. The preculture is diluted 1:600 (see Note 7) in M9 medium 
(containing 0.1% casamino acids and antibiotics) to a volume 
that is sufficient to fill up every well of a 96-well plate with 
200 mL of the diluted culture (minimum volume required is 
20 mL).

 3. 1 mL stock solution of either the tested compound or solvent 
control is added and cultures are further grown while shaking 
for 17 h at 25°C in a thermomixer (see Note 8).

 1. 50 mL aliquots of the culture are transferred to a microtiter 
plate containing 2 mL of 25 mM MUG/well. The plate is sub-
sequently incubated for 30 min at 37°C and the reaction is 
stopped by adding 100 mL glycine carbonate stop buffer.

 2. During the incubation the OD600 of remaining culture is deter-
mined using a spectrophotometer designed to measure samples 
in microtiter plates (see Note 9).

 3. Fluorescence is measured using a fluorometer for measuring in 
mictrotiter plates at the excitation and emission wavelengths of 
365 and 460 nm, respectively. The 4MU standard is used to 
generate a calibration curve.

 4. b-Galactosidase activity is calculated as nmol 4-methylumbel-
liferone × OD600

−1 × h−1 (see Note 10).

 1. Stocks of antibiotics are prepared, stored, and added to M9 
media as recommended in standard laboratory manuals. We 
use a concentration of 50 mg/mL (w/v) for preparing the 
stock solution and add this to the working solution at 50 mg/
mL (w/v). We recommend the use of carbenicilin instead of 
ampicilin due to its better stability in the medium.

 2. Alternatively, the preculture can be prepared in the standard 
way, e.g., in 10 mL glass tubes with a screw cap. However, the 
cultivation temperature is critical (as described in Note 3) and 

3.2. Preparation  
of Preculture and 
Culture of Cells  
in a 96-Well Plate

3.3. Measuring  
of b-Galactosidase 
Activity in a 96-Well 
Microtiter Plate

4. Notes
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the use of a six-well plate for the preparation of precultures in 
a thermomixer designed for mixing microtiter plates gives the 
advantage of precisely controlled and reproducible 
conditions.

 3. The temperature is very critical. Cultivation at temperatures 
higher than 25°C leads to the formation of inclusion bodies 
and decreases the proportion of functional cytokinin receptors 
bound to bacteria plasma membranes. Thus, the capacity of 
bacteria to perceive cytokinin is decreased. A thermomixer with 
a high level temperature stability thermoblock (with cooling), 
designed for incubating and mixing aqueous solutions in 
microtiter plates (e.g., Thermomixer comfort, Eppendorf) is 
highly recommended to increase reproducibility of the assay. 
The uniformity of heating allows the use of all wells of the 
96-well microtiter plate.

 4. Do not expose the solution to light during the assays; aluminum 
foil can be used to cover the tubes.

 5. For the measurement of b-galactosidase activity, sterile condi-
tions are not needed. The use of nonsterile standard microtiter 
plates thus decreases the expenses for the assay.

 6. A spectrophotometer to measure the OD600 of the culture 
directly in the microtiter plates (e.g., Tecan Sunrise) is 
needed.

 7. Dilution depends on the time adjustment of the cultivation. 
Growth curves of bacteria grown in wells of microtiter plate 
from different dilutions should be checked. It is better to avoid 
performing the assaying with the culture in its late stationary 
phase of growth, and thus two parameters – the time and dilu-
tion of the preculture – can be combined. One should also 
keep in mind the time course of the experiment; overnight 
(17 h) culturing with a starting dilution of 1:600 was appropriate. 
We suggest optimizing the conditions so that the standard 
cytokinin control reaches the receptor saturation at the highest 
concentration applied. An example of the kinetics of cytokinin-
dependent induction of b-galactosidase activity in E. coli 
expressing CRE1/AHK4 and cultivated for different times 
with a starting dilution of 1:100 is shown in Fig. 2.

 8. Especially when different concentrations of a compound are 
assayed, the tested compound can be predissolved separately in 
volumes sufficient for triplicate assays. After the wells of a 
96-well plate have been filled, a multichannel pipette can be 
used to further dilute the culture containing the highest con-
centration of tested compound directly in the plate. This saves 
time and allows the testing of compounds in over a range of 
concentrations so that dose-dependent curves of cytokinin-like 
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activity can be constructed. Because the temperature is very 
critical, the use of a special incubator for microtiter plates with 
high temperature uniformity (see Note 3) is recommended, 
otherwise reproducibility of the test may be affected in differ-
ent parts of the plate.

 9. Alternatively, the cultures can be centrifuged using adapters for 
centrifugation of microtiter plates and 50 mL aliquots of the 
supernatant can then be used for measurements of enzyme 
activity. In this case, the OD600 of each culture has to be deter-
mined before centrifugation.

 10. Specific activity of enzymes is usually expressed per unit of pro-
tein. The measurement of total protein content would involve 
cell lysis of 96 samples, which is time-consuming and can be 
problematic because of the volume and number of samples. To 
simplify the assay and avoid measurement of total protein con-
tent, the OD600 of each culture is used instead as the total 
amount of biomass reflects the total protein content.
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Fig. 2. Kinetics of cytokinin-dependent induction of b-galactosidase activity in E. coli. CRE1/
AHK4-expressing E. coli were incubated with different concentrations of trans-zeatin for 
the indicated time. The preculture was diluted 1:100. The b-galactosidase activity in the 
noninduced strain (control) is indicated by the dotted line. Error bars show SD (n = 2).
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Chapter 8

Substrate Analysis of Arabidopsis PP2C-Type  
Protein Phosphatases

Julija Umbrasaite, Alois Schweighofer, and Irute Meskiene 

Abstract

Protein phosphorylation by protein kinases can be reversed by the action of protein phosphatases. In 
plants, the Ser/Thr-specific phosphatases dominate among the protein phosphatase families with the type 
2C protein phosphatases (PP2Cs) being the most abundant among them. PP2Cs are monomeric enzymes 
that require metal cations for their activity and are insensitive to known phosphatase inhibitors. PP2Cs 
were shown to counteract the mitogen-activated protein kinase (MAP kinase/MAPK) activities in plants 
and to regulate developmental and stress signaling pathways. Studies of PP2C activities can be performed 
in vitro using recombinant proteins. The potential substrates of PP2Cs can be tested for dephosphoryla-
tion by the phosphatase in vitro. We have found that the stress-induced PP2Cs from alfalfa and Arabidopsis 
interact with stress-activated MAPKs in yeast two-hybrid (Y2H) screens. Consequently, recombinant 
MAPKs were employed as substrates for dephosphorylation by selected PP2Cs from different family clus-
ters. The members of the PP2C phosphatase family demonstrated specificity toward the substrate already 
in vitro, supporting the notion that protein phosphatases are specific enzymes. The PP2C from Arabidopsis 
thaliana cluster B, Arabidopsis PP2C-type phosphatase (AP2C1), and its homolog from Medicago sativa, 
Medicago PP2C-type phosphatase (MP2C), were able to dephosphorylate and inactivate MAPKs, whereas 
the ABSCISIC ACID (ABA)-INSENSITIVE 2 (ABI2) and HOMOLOGY TO ABI1 (HAB1) PP2Cs 
from the distinct Arabidopsis cluster A were not able to do so. The method described here can be used for 
the determination of PP2C protein activity and for studying the effect of mutations introduced into their 
catalytic domains.

Key words: protein phosphatase, PP2C, specificity of protein phosphatases, specificity to substrate, 
selectivity of substrate, protein kinase, mitogen-activated protein kinase, MAPK, MPK6, AP2C1, 
HAB1, ABI2, in vitro dephosphorylation, Arabidopsis, loss-of-function phosphatase

Reversible protein phosphorylation, performed by protein kinases 
(PKs) and protein phosphatases (PPs), is one of the most common 
mechanisms to control protein function and thereby regulating 

1. Introduction
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multiple processes in plants. Phosphorylation, performed by PKs, can 
be reversed by the action of PPs, leading to the dephosphorylation of 
substrate proteins. A variety of proteins can be targets for the revers-
ible protein phosphorylation, including protein kinases themselves.

PKs are represented by 1,126 members in Arabidopsis and 
1,496 in rice (Oryza sativa) according to the Kinomer v. 1.0 data-
base (http://www.compbio.dundee.ac.uk/kinomer/) (1) and the 
Rice Kinase Database (http://rkd.ucdavis.edu/) (2), respectively 
(see Note 1). Interestingly, PPs are represented only by 150 mem-
bers in Arabidopsis (3, 4) and 194 phosphatase loci in rice (Rice 
Genome Annotation; see Note 1; (2, 5)). The discrepancy in gene 
numbers between kinases and phosphatases might create the impres-
sion that PPs are “pleiotropic” enzymes that would dephosphory-
late protein substrates unspecifically. However, physiological studies 
have shown that different stimuli modulate a subset of phosphory-
lation events to regulate selected aspects of mammalian cell physiol-
ogy (6) and plant PP2Cs show specificity in substrate recognition 
and dephosphorylation (7, 8). Our results demonstrate that even 
members from the same phosphatase family retain strict specificity 
toward the protein substrate in vivo and in vitro (7, 8), underlining the 
applicability for testing enzyme specificity already by in vitro assays.

The specificity toward the protein substrate may be attained 
through gene expression, protein localization, regulatory proteins, 
and specific domains in protein structure. According to the struc-
ture and specificity to substrate phospho-amino acids (phosphoser-
ine, phosphothreonine, and phosphotyrosine), eukaryotic PPs are 
classified into several families (9, 10). Protein tyrosine phosphatases 
(PTPs) dephosphorylate phosphotyrosine (tyrosine-specific PTPs) 
or all three amino acids (dual specificity protein phosphatases; 
DSPs), whereas phosphoprotein phosphatase (PPP), metallo-
dependent protein phosphatase (PPM), and aspartate-based phos-
phatases (FCP-like and HAD-family phosphatases) dephosphorylate 
phosphoserine and phosphothreonine residues. PPP and PPM 
families represent the majority of eukaryotic serine/threonine 
phosphatases. They contain structurally similar protein catalytic 
sites, but the sequence divergence suggests that these families 
evolved independently (4). The PPM family is represented by the 
type 2C PPs (PP2Cs) that act as monomers, require Mn2+ or Mg2+ 
for their activity, and are insensitive to known phosphatase inhibi-
tors, including okadaic acid (OA). Recently, compounds inhibiting 
the mammalian PP2Ca in vitro at micromolar range have been 
identified (11). Among other regulators of PP2C activities, unsat-
urated fatty acids were observed to activate mammalian PP2Ca 
(12), but long-carbon-chain polyunsaturated fatty acids and 
a-linolenic acid inhibited MP2C, the PP2C from alfalfa (Medicago 
sativa; (13)). The identification of specific inhibitors would favor 
the analysis of numerous PP2C phosphatase groups in plants.

In Arabidopsis, 76 members of the PP2C gene family (14) and 
four PP2C-like candidate genes (15) were identified by global 
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genome bioinformatics analysis. Only few of these phosphatases are 
characterized (10). The structural diversity of PP2Cs is attributed 
to N- or C-terminal extensions that harbor regulatory sequences. 
The N-terminal domain of several cluster B-PP2Cs from Arabidopsis 
contains a regulatory sequence, the MAPK-interacting motif (KIM) 
in the noncatalytic part of the protein (Fig. 1). MAPKs are known 
to mediate developmental and environmental signals from the cell 
membranes to the nucleus, where they regulate transcription fac-
tors and gene activities. The putative KIM motif [(K/R)3-4X1-6(L/I)
X(L/I)] is identified in transcription factors, PKs (e.g., MAPK 
kinases/MAPKK/MAP2K/MEK/MKK), PPs, and other MAPK-
interacting proteins in yeast, mammals, and plants (16, 17).

The activities of MAPKs to perform their functions on substrate 
proteins depend on the phosphorylation of their activation loop. 
Plant PPs being able to dephosphorylate the MAPK-activation loop 
phosphoamino acids pTXpY are identified as MAPK phosphatases 
(MKPs). MKPs include enzymes from the DSP phosphatase subfam-
ily (18–20) and from PP2Cs (7, 8). Both plant PTPs and PP2Cs that 
interact with and inactivate MAPKs contain the KIM motif (8, 21).

PP2Cs are known as negative regulators of MAPKs in budding 
and fission yeasts (22–26), Drosophila (27, 28), and mammalian 
cells (29). In plants, stress-induced PP2Cs switch off MAPK 
signaling cascades (7, 8).

Fig. 1. Scheme of action of plant PP2Cs. (a) Plant PP2C AP2C1/MP2C in the MAPK pathway 
and (b) the KIM-containing Arabidopsis PP2Cs of cluster B. This figure is displayed in 
greyscale in the print edition but available in color in the electronic version.
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Protein–protein interactions can be identified by Y2H assays or 
screens. The PP2C MP2C from Medicago suppresses the yeast 
pheromone-induced MAPK signaling pathway (26). MAPKs inter-
acting with PP2C-type phosphatase MP2C and its Arabidopsis 
homolog PP2C-type phosphatase AP2C1 were identified in Y2H 
screens (7, 8). The specific interactions between AP2C1 and MPK4 
or MPK6 were demonstrated by Y2H with 18 MAPKs (Fig. 2). To 
test whether the interacting proteins are the substrates for PP2Cs, 
the phosphatase activities toward the potential protein substrates 
were investigated in vitro. The activities of PP2Cs were tested on 
phosphocasein as a common substrate and recombinant MAPK 
proteins, phosphorylated in vitro with 32P. AP2C1 recombinant 
protein dephosphorylated both substrates: phosphocasein and 
phospho-MPK6 (Fig. 3).

Fig. 2. Y2H assays demonstrate MAPKs as potential substrates for AP2C1. (a) MAPK and AP2C1 interactions tested by yeast 
selection on SD media without adenine, (b) AP2C1 protein interactions tested with 18 Arabidopsis MAPKs. (c) Mutations in 
the phosphatase KIM motif consensus abolishes AP2C1 and MAPK interactions, (d) the alignment of KIM-motif found in 
Arabidopsis phosphatases MKP1, AP2C1, alfalfa MP2C, Arabidopsis MAPKK AtMKK4 with mouse and human transcription 
factor E-26-like protein (ELK)-KIM motif. Figure 2b,c is reproduced from Schweighofer et al. (8) http://www.plantcell.org, 
Copyright American Society of Plant Biologists. This figure is displayed in greyscale in the print edition but available in color 
in the electronic version.

Fig. 3. In vitro phosphatase assays. (a) Phosphatase activities of recombinant GST-fusions AP2C1, AP2C1lof, ABI2, and 
HAB1 proteins (0.1 mg used in each reaction) toward 32P-phosphocasein (12.5 mg used in each reaction) monitored by 
measuring the released free phosphate. (b and c) Phosphatase activities on [32P] phospho-GST-MPK6. (b) GST fusions of 
AP2C1, AP2C1lof, ABI2, and HAB1 proteins (0.5 mg per reaction) incubated with (~1 mg MPK6 per reaction), and the 
released free phosphate was measured by scintillation counter (c) kinetics of dephosphorylation reaction at 0, 30, and 
60 min.
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Thus, the analysis of phosphatase activities by recombinant 
protein approach provides the possibility to test if the phosphatase 
acts on the substrate kinase directly. To assess if the inactivation of 
MAPK by PP2Cs is specific, the activities of Arabidopsis PP2Cs, 
such as AP2C1 (14), HOMOLOGY TO ABI1 (HAB1; (30)) and 
ABSCISIC ACID (ABA)-INSENSITIVE 2 (ABI2; (31, 32)) were 
assayed on phospho-MPK6. AP2C1 is the closest homolog of 
Medicago MP2C and belongs to the cluster B of PP2Cs. ABI2 and 
HAB1 phosphatases belong to the cluster A of PP2Cs and are 
involved in abscisic acid (ABA)-signaling. All tested PP2Cs dephos-
phorylated the common substrate phosphocasein, but the specific-
ity toward MAPKs was maintained in the PP2C cluster B as AP2C1 
but not ABI2 and HAB1 was able to dephosphorylate MPK6. 
Both AP2C1 and MP2C, but not the PP2Cs from the A cluster, 
inactivated MAPKs also in isolated protoplasts (7, 8, 33). The 
identification of MAPKs as the substrates of PP2C phosphatase 
in vitro and the analysis of kinase activities in plants indicates the 
regulation of kinases by specific PP2Cs (7, 8). In contrast to AP2C1 
wild-type recombinant protein, the AP2C1-G178D mutant (cre-
ated based on the G180D loss-of-function mutation in the ABI1 
phosphatase (abi1-1; (37))) of the AP2C1 phosphatase had low 
activity toward casein and MPK6 (Fig. 3). The phosphatase activity 
assay in vitro indicated that the point mutation in catalytic domain 
strongly reduces phosphatase activity of AP2C1 toward the casein 
and even stronger toward the substrate MAPK.

The products of the dephosphorylation reaction in vitro are 
measured in a scintillation counter as released inorganic phosphate 
(32Pi) during the dephosphorylation reaction, or they can be moni-
tored by autoradiography after SDS-PAGE to visualize the phos-
phorylation of substrate proteins. The sets of experiments described 
above provide the tools to study PP2C phosphatase activities and 
investigate the potential substrates and inhibitors.

 1. pGEX-4T-1 vector (GE Healthcare) containing the cDNA of 
PP2C.

 2. E. coli strain BL21 (F-ompT hsdSB (rB- mB-) gal dcm).
 3. LB media with 100 mg/mL ampicilin (LBAmp).
 4. 1 M isopropyl-b-d-thiogalactopyranoside (IPTG; see Note 2).
 5. Lysis buffer with and without protease inhibitors: 50 mM 

Tris–HCl (pH 8.0), 10 mM MgCl2, 150 mM NaCl, 1% (v/v) 
NP-40. Use 1 tablet of protease inhibitor cocktail (Roche) in 
50 mL of lysis buffer, if required (see Note 3).

2. Materials

2.1. Isolation  
of Recombinant PP2C 
Proteins from E. coli
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 6. GSH-sepharose 4B (GE Healthcare).
 7. Elution buffer: 50 mM Tris–HCl (pH 8.0), 10 mM MgCl2, 

and 10 mM reduced GSH.
 8. Coomassie Blue staining solution: 12.5% (v/v) glacial acetic 

acid, 50% (v/v) methanol, and 0.25% (w/v) Coomassie Briliant 
Blue R-250.

 9. Destaining solution: 45% (v/v) methanol, 10% (v/v) acetic 
acid.

 10. Polypropylene columns (Qiagen).
 11. Bradford reagent (BioRad).
 12. Sodium dodecyl sulfate (SDS) loading buffer (4×): 200 mM 

Tris–HCl (pH 6.8), 400 mM DTT, 8% (w/v) SDS, 40% (v/v) 
glycerol, and 0.1% (w/v) bromophenol blue.

 13. 10–15% poly-acrylamide (PAA)/SDS gel.
 14. SDS-running buffer: 0.025 M Tris base, 0.192 M glycine, and 

0.1% (w/v) SDS.
 15. Filter paper (3MM paper; Whatman).
 16. 50 mL tubes (Falcon) and microcentrifuge tubes.
 17. Vacuum dryer.
 18. Optional: NanoDrop (Qiagen).

 1. Partially dephosphorylated casein lysate (Sigma C-4765).
 2. Bovine heart PK A catalytic subunit (PKA bovine heart A-kinase; 

Sigma P-2645). Reconstitute PKA catalytic subunit by adding 
50 mM DTT to make 5 U/mL solution (see Note 4).

 3. 10 mCi/mL [g-32P]-ATP, 6,000 Ci/mmol (Amersham 
Biosciences; see Note 5).

 4. Kinase A buffer: 0.05 M Tris (pH 7.0), 5 mM MgCl2.
 5. 20% (v/v) trichloroacetic acid (TCA) in 20 mM NaH2PO4.
 6. Norit A solution: 0.9 M HCl, 90 mM Na4P2O7, 2 mM 

NaH2PO4, and 4% (w/v) Norit A (see Note 6).
 7. Liquid scintillation counter.
 8. 100 mM okadaic acid (from Prorocentrum concavum, Sigma) in 

DMSO. Aliquot and store in −20°C (see Note 7).
 9. 0.2 M Tris (pH 8.0). Add okadaic acid to final concentration 

of 100 nM before use.

 1. 10 mCi/mL [g-32P]-ATP, 6,000 Ci/mmol.
 2. Buffer I: 50 mM Tris–HCl (pH 8.0), 10 mM MgCl2, and 

1 mM DTT.
 3. PD-10 Desalting column (GE Healthcare).

2.2. Phosphorylation 
of Substrate Casein  
by PKA

2.3. Phosphorylation 
of Substrate MAPK  
by MAPKK
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 4. Norit A solution: 0.9 M HCl, 90 mM Na4P2O7, 2 mM 
NaH2PO4, and 4% (w/v) Norit A (see Note 6).

 5. Liquid scintillation counter.

 1. Phosphatase buffer: 50 mM Tris–HCl (pH 8.0), 10 mM 
MgCl2, 0.1 mM EGTA, and 1 mM DTT. Add okadaic acid to 
final concentration of 100 nM before use.

 2. Norit A solution: 0.9 M HCl, 90 mM Na4P2O7, 2 mM 
NaH2PO4, and 4% (w/v) Norit A.

 3. Liquid scintillation counter.

 1. Inoculate E. coli strain BL21 containing GST-recombinant 
protein expression plasmid (pGEX-4T-1 containing the cDNA 
of PP2C) in 10 mL of LBAmp media and cultivate at 37°C 
overnight.

 2. Dilute the overnight culture in 100 mL of LBAmp to OD600 of 
0.1 and cultivate to OD600 of 0.8 at 37°C.

 3. Save a 300-mL aliquot of the culture as a negative control 
before induction with IPTG. Centrifuge for 1 min at max 
speed in a microcentrifuge. Remove the supernatant and resus-
pend the pellet in 50 mL of running buffer and add SDS load-
ing buffer (4×). Store at −20°C.

 4. Add IPTG into the rest of the culture to a final concentration 
of 0.1–1 mM and cultivate at 28°C for 2 h (see Note 8).

 5. For the control after the induction with IPTG, save a 300-mL 
aliquot of the culture. Centrifuge for 1 min at max speed. 
Remove the supernatant and resuspend in the pellet in 50 mL 
of running buffer and add SDS loading buffer (4×). Store at 
−20°C.

 6. After 2 h of cultivation in the presence of IPTG, place the flask 
with the culture on ice for 2–3 min.

 7. Aliquot the culture to two 50-mL tubes and centrifuge at 
3,220 rcf (4,000 rpm Eppendorf 5810 R centrifuge) for 10 min 
at 4°C.

 8. Discard the supernatant (see Note 9).
 9. Resuspend the pellet in 20 mL of lysis buffer with protease 

inhibitors on ice.
 10. Sonicate the suspension in the 50-mL tubes twice for 10 s with 

1–2-min pause between the pulses. Keep the tube on ice all the 
time (see Note 10).

2.4. In Vitro 
Dephosphorylation  
of Substrates by PP2C

3. Methods

3.1. Isolation  
of Recombinant PP2C 
Proteins from E. coli



1578 Substrate Analysis of Arabidopsis PP2C-Type Protein Phosphatases

 11. Centrifuge at 23,400 rcf (14,000 rpm on Sorvall RC5C 
centrifuge) for 10 min at 4°C.

 12. Transfer the supernatant to a new test tube and keep it on ice.
 13. Add 150–200 mL of GSH-sepharose 4B and roll the mixture 

for 30 min at 4°C. Transfer the sepharose beads to the poly-
propylene column (see Note 11).

 14. Wash the sepharose with 10 mL of lysis buffer containing pro-
tease inhibitors and three times (10 mL each) with lysis buffer 
without protease inhibitors. Let it flow through.

 15. Elute GST-fused protein in five aliquots each with 100 mL of 
elution buffer. Collect the elution fractions into separate micro-
centrifuge tubes.

 16. Measure protein concentration or by Bradford assay, if avail-
able with a NanoDrop.

 17. For Bradford assay, mix in cuvettes 800 mL of water with 1 mL 
of protein aliquot from eluted fraction and 200 mL of Bradford 
reagent. Mix well by vortexing and measure with spectropho-
tometer at the wavelength of 595 nm and compare the data 
against the BSA calibration curve to calculate the values.

 18. Mix 10 mL from each elution fraction with SDS loading buffer 
(4×), heat for 3 min at 95°C and run on SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) together with 10 mL of each control. 
Control samples are taken before and after induction with IPTG.

 19. Stain the PAA gel with Coomassie Blue solution to check pro-
tein size and evaluate relative amounts in eluted fractions. Place 
the PAA gel on filter paper and vacuum-dry at 80°C for 1 h.

 20. Aliquot the protein elution fractions and store at −80°C. Avoid 
repeated thaw–freeze cycles (see Note 12).

 1. Add 100 mCi of [g-32P]-ATP to ~1 mg of casein and 25 U of 
PKA in 100 mL of kinase A buffer.

 2. Incubate the reaction for 30 min at 30°C.
 3. Stop the reaction by adding 500 mL of 20% (v/v) TCA (in 

20 mM NaH2PO4) and keep the mixture for 20 min on ice.
 4. Centrifuge the precipitates at max speed for 10 min at room 

temperature (RT). Discard the supernatant.
 5. Wash the pellet with 0.7 mL of 20% (v/v) TCA in 20 mM 

NaH2PO4 and centrifuge at max speed for 1 min at RT.
 6. Transfer 500 mL of the supernatant to new microcentrifuge 

tube. Measure the radioactivity of the supernatant in the scin-
tillation counter. Repeat the washing until the radioactivity of 
the supernatant is less than 200 cpm (counts per minute).

 7. Remove supernatant completely and resuspend the pellet in 
400 mL of 0.2 M Tris pH (8.0) containing 100 nM okadaic 
acid.

3.2. The Phosphoryl
ation of Substrate 
Casein by PKA
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 8. Measure the radioactivity of 5 mL of the labeled casein: mix 
5 mL of labeled casein with 750 mL of Norit A solution. 
Incubate for 10 min at RT. Centrifuge for 5 min at max speed. 
Transfer 500 mL of the supernatant to new microcentrifuge 
tube. Place the tube into the scintillation vial and measure the 
radioactivity in the scintillation counter. The radioactivity of 
5 mL of 32P-casein should be more than 200,000 cpm for a 
good dephosphorylation assay.

 9. Aliquot the labeled casein and store at −20°C. Avoid repeated 
thawing and freezing; this preparation is stable up to 4 weeks.

The recombinant kinase-inactive MAPK (loss-of-function muta-
tion in the ATP-binding site, such as K93R in Arabidopsis MPK6) 
and upstream activating MAPKK proteins are isolated from E. coli 
as described in Subheading 3.1.

 1. Mix 25 mg of kinase-inactive MAPK with 1 mg of MAPKK and 
50 mCi of [g-32P]-ATP in buffer I in 100-mL reaction volume.

 2. Incubate the reaction for 1 h at 30°C.
 3. Preequilibrate a PD-10 desalting column with buffer I accord-

ing to the manufacturer’s recommendations.
 4. Flow the solution through a PD-10 desalting column.
 5. Elute proteins in 10 fractions of 500 mL each of buffer I, i.e., 

in overall 5 mL.
 6. Measure the efficiency of the 32P-incorporation in each fraction: 

mix 5 mL of eluted fraction with 750 mL of Norit A solution. 
Incubate for 10 min at RT. Centrifuge for 5 min at max speed. 
Transfer 500 mL of the supernatant to a new microcentrifuge 
tube. Place the tube into the scintillation vial and measure the 
radioactivity in scintillation counter. Use only the fractions that 
give 15,000–75,000 cpm/5 mL.

Mix 0.5–1 mg of isolated recombinant phosphatase with 5 mL of 
labeled casein in 50 mL of phosphatase buffer containing 100 nM 
okadaic acid.

 1. Incubate the reaction for 30 min at 28°C.
 2. Stop the reaction by adding 750 mL Norit A solution. Mix and 

incubate at RT for 10 min.
 3. Centrifuge the mixture at max speed for 5 min.
 4. Transfer 500 mL of supernatant to new microcentrifuge tube 

avoiding contamination of the sample with any charcoal parti-
cles (see Note 13).

 5. Place the tube into the scintillation vial and measure the radio-
activity of released 32P by scintillation counting.

3.3. The Phosphoryl
ation of Substrate 
MAPK by MAPKK

3.4. In Vitro 
Dephosphorylation  
of Phosphocasein  
by PP2C
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 1. Mix 0.5–1 mg of isolated recombinant phosphatase with 5 mL 
of labeled MAPK in 50 mL of phosphatase buffer containing 
100 nM okadaic acid.

 2. Incubate the reaction for 30 min at 28°C.
 3. Stop the reaction by adding 750 mL of Norit A solution. Mix 

and incubate at RT for 10 min.
 4. Centrifuge the mixture at max speed for 5 min.
 5. Transfer 500 mL of supernatant to a new microcentrifuge tube 

avoiding contamination of the sample with any charcoal 
particles.

 6. Place the tube into the scintillation vial and measure the radio-
activity of released 32P by scintillation counting.

 1. These databases can be accessed using the following Web 
addresses: Kinomer v. 1.0 database: http://www.compbio.
dundee.ac.uk/kinomer/ (1) and Rice Kinase Database: 
http://rkd.ucdavis.edu/ (2). The Rice Genome Annotation: 
http://rice.plantbiology.msu.edu/ (2, 5).

 2. Sterilize IPTG stock solution by filtration through a 0.2-mm 
filter. Aliquot and store at −20°C.

 3. Add 1 tablet of protease inhibitor cocktail (Roche) in 50 mL of 
lysis buffer before use.

 4. Use only freshly prepared PKA or store reconstituted PKA on 
ice for 2–3 days. Do not freeze-thaw the enzyme, as it will 
decrease its activity.

 5. There are generally two products of [g-32P]-ATP of lower and 
higher specific activity (3,000 and 6,000 Ci/mmol) available. 
Use [g-32P]-ATP of the highest specific activity of 6,000 Ci/
mmol.

 6. Mix well before use. Pipette with wide-open tip.
 7. PP2C type phosphatases are insensitive to okadaic acid (34, 

35) which specifically inhibits PP1 and PP2A PPs (36).
 8. The concentration of IPTG may vary depending on the 

requirements for expressing the recombinant protein, i.e., on 
the nature of the vector and especially the E. coli strain used. 
Increase the concentration of IPTG, if needed, depending on 
the success and level of protein expression.

 9. Completely remove the medium. At this point, the pellet can 
be stored in 50-mL tubes at −80°C.

3.5. In Vitro 
Dephosphorylation  
of PhosphoMAPK  
by PP2C

4. Notes
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 10. All the time during the protein extraction and purification, 
keep the proteins on ice and use prechilled, ice-cold 
solutions.

 11. All the work of protein binding to sepharose, washing, and 
elution should be done in a cold room (4°C), using prechilled, 
ice-cold solutions.

 12. Freezing–thawing of proteins will decrease enzyme activity.
 13. Trapping charcoal particles in the supernatant might strongly 

affect the activity measurement; to reduce such a contamina-
tion, respin the sample, if necessary.
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Chapter 9

Modulating and Monitoring MAPK Activity During 
Programmed Cell Death in Pollen

Shutian Li and Vernonica E. Franklin-Tong 

Abstract

Signal transduction through mitogen-activated protein kinase (MAPK) cascades regulates many cellular 
responses. One example of a stimulus-mediated MAPK signaling network in plants is the self-incompati-
bility (SI) response in Papaver rhoeas, which represents an important mechanism to prevent self-fertilization. 
This involves interaction of pistil S-locus determinants with a pollen receptor in an incompatible interaction, 
resulting in a Ca2+-dependent signaling network involving activation of a MAPK, p56, and stimulation of 
several caspase-like activities, resulting in programmed cell death (PCD). MAPK inhibitors provide a useful 
tool to dissect these mechanisms and distinguish their regulation by different signaling pathways. U0126 
is a potent, noncompetitive, and specific inhibitor of MAPK signaling pathways that result in the inhibition 
of MAPK activation. Here, we describe the use of this drug in combination with a TEY (threonine–
glutamic acid–tyrosine) antibody to alter and monitor MAPK activation, together with a range of markers 
for PCD to implicate a role for MAPK activation in signaling to PCD in pollen tubes. These techniques 
may be potentially adapted for use in other plant tissues to investigate MAPK activation in other physio-
logically relevant systems.

Key words: Self-incompatibility, U0126, MAPK, PCD, Caspase-3-like activity, Papaver rhoeas

Signal transduction through mitogen-activated protein kinase 
(MAPK) cascades regulates many cellular responses. MAPKs trig-
ger diverse signaling cascades in response to a variety of signals and 
stimuli (1–6). Experimental evidence has demonstrated the involve-
ment of MAPKs in activation of defense responses, resulting in 
programmed cell death (PCD) and resistance to pathogens (3–6). 
The challenge in this area is to assign these modules to specific 
signaling pathways with defined functions.

1. Introduction
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One example of a stimulus-mediated MAPK signaling network 
in plants is the self-incompatibility (SI) response in the field poppy 
(Papaver rhoeas), which is an important mechanism to prevent 
inbreeding through specific recognition and rejection of incompat-
ible (“self ”) pollen. SI in Papaver rhoeas can be induced by the 
addition of recombinant pistil S-proteins (PrsS, Papaver rhoeas 
stigma S-proteins) (7) to pollen tubes growing in vitro, allowing 
analysis of events triggered specifically in incompatible pollen. The 
SI interaction triggers a Ca2+-dependent signaling network, involv-
ing rapid increases in cytosolic free Ca2+ (8), depolymerization of 
F-actin and microtubules (9–11), Ca2+-dependent hyperphospho-
rylation of two soluble inorganic pyrophosphatases (12) and con-
sequent rapid arrest of pollen tube growth, activation of a 
p56-MAPK (13, 14), cytochrome c leakage into the cytosol, acti-
vation of several caspase-like activities ultimately resulting in cel-
lular dismantling and DNA fragmentation (15, 16). Activation of 
p56-MAPK was shown to peak at 10 min after SI induction (13), 
which is after initial arrest of pollen tube growth, indicating that it 
might be involved in later events triggered by SI.

MAPK cascades consist of three kinase modules (MAP kinase 
kinase kinase: MAP3K/MEKK, MAP kinase kinase: MAPKK/
MAP2K/MEK/MKK, and MAP kinase: MAPK/MPK), which are 
linked to upstream receptors and downstream targets. MAPKs are 
highly conserved Ser/Thr kinases across eukaryotes that are acti-
vated by dual phosphorylation of Thr and Tyr residues in a TEY/
TDY (threonine–glutamic acid/aspartic acid–tyrosine) motif via 
specific upstream MAPK kinases (MAP2K/MAP3K). A commer-
cially available, anti-active (-phosphorylated) MAPK pTEpY/
pTDpY antibody (p: pohosphorylated residue) recognizes dually 
phosphorylated MAPKs and hence allows monitoring of MAPK 
activity by Western blotting (17, 18). Cell-permeable MAPK path-
way inhibitors serve as a powerful tool to dissect MAPK-mediated 
signaling pathways. U0126 is a chemically synthesized organic 
compound and a highly potent inhibitor of MAPK cascades (19, 20). 
Unlike PD098059 that only inhibits activation of inactive MAPKs, 
U0126 inhibits both active and inactive MAPKs (21, 22). U0126 
has been widely used to block MAPK cascades and assign them to 
specific signaling pathways with known functions in both animal 
and plant cells (19, 20, 22).

Here, we describe methods used to implicate a MAPK involve-
ment in mediating PCD in incompatible pollen (14). Briefly, 
U0126 and its inactive and noninhibiting analog U0124 were used 
to prevent p56-MAPK activation. We use a pTEpY antibody, which 
cross-reacts specifically with activated MAPKs, to monitor MAPK 
activity in extracts from pollen tubes subjected to different treat-
ments and thereby verify whether MAPK activity was effectively 
inhibited or not. This antibody is useful to investigate how many 
MAPKs are activated by the treatment, their relative activity, and 
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their molecular weights. In parallel, we monitor samples for evidence 
of PCD, using DNA fragmentation, a PARP-cleavage assay, and a 
caspase-3 substrate as markers (14). These tools help to provide 
evidence for a link between MAPK activation and induction of 
PCD, as inhibition of MAPK activation alleviated the incidence 
of PCD. Pretreatment of growing pollen tubes with U0126 
inhibits SI-mediated activation of p56-MAPK and also reduces 
DNA fragmentation, compromises PARP cleavage and caspase-3-
like/DEVDase activity, whereas pretreatment with its inactive 
analog U0124 does not. Together, these experiments implicate the 
involvement of p56-MAPK in signaling to SI-induced PCD (14).

 1. Germination medium (GM) salt stock solution: 2% (w/v) 
KNO3, 2% (w/v) H3BO3, 2% (w/v) Mg(NO3)2·6H2O, and 
7.2% (w/v) CaCl2·2H2O in 100 mL H2O, sterilize by filtration 
and store at 4°C.

 2. Liquid GM: 1.35 g sucrose in 10 mL H2O, add 50 mL of GM 
salt stock solution.

 3. Solid GM: 13.5 g sucrose, 1.2 g agarose, and 500 mL of GM 
salt stock solution in 100 mL H2O; heat to dissolve all solutes, 
allow to cool down, and then make plates. Store plates at 4°C.

 4. Pollen collected from S1S8 (incompatible) and S2S6 (compati-
ble) plants of the field poppy (Papaver rhoeas), store at −20°C.

100 mM U0126 (1,4-diamino-2,3-dicyano-1,4-bis(2-
aminophenylthio)-butadiene; Calbiochem) and 100 mM U0124 
(1,4-diamino-2,3-dicyano-1,4-bis(methylthio)-butadiene; 
Calbiochem) in dimethyl sulfoxide (DMSO), store at −20°C, 
tightly sealed and protected from light.

 1. 2 M Tris–HCl (pH 7.8), autoclave.
 2. 1 M NaCl, autoclave.
 3. 1 M MgCl2, autoclave.
 4. 1 M EGTA: adjust pH to 8.0 by adding NaOH pellets, sterilize 

by filtration and store at 4°C.
 5. 1 M b-glycerophosphate.
 6. 1 M DTT, sterilize by filtration, aliquot, and store at −20°C.
 7. 1 M NaF, sterilize by filtration, aliquot, and store at −20°C.
 8. 1 M Na3VO4, sterilize by filtration, aliquot, and store at −20°C.
 9. 2 mg/mL leupeptin: sterilize by filtration, aliquot, and store at 

−20°C.

2. Materials

2.1. Pollen Growth 
Medium and SI 
Induction

2.2. MAPK Inhibitor 
U0126

2.3. Protein Extraction 
from Plant Tissues
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 10. 2 mg/mL aprotinin: sterilize by filtration, aliquot, and store  
at −20°C.

 11. 1 M 4-nitrophenyl phosphate: filter-sterilize, aliquot, and store 
at −20°C.

 12. 100 mM phenylmethanesulfonyl fluoride (PMSF) in isopropa-
nol or ethanol, aliquot and store at −20°C (see Note 1).

 13. 5× Immunoprecipitation (IP) buffer: 125 mM Tris–HCl (pH 
7.8), 375 mM NaCl, 75 mM EGTA, 75 mM b-glycerophos-
phate, 75 mM 4-nitrophenyl phosphate, 50 mM MgCl2, 5 mM 
dithiothreitol (DTT), 5 mM NaF, 2.5 mM Na3VO4, 2.5 mM 
PMSF, 50 mg/mL leupeptin, 50 mg/mL aprotinin, and 0.5% 
(v/v) Tween-20. Prepare fresh just before use and keep on ice 
until use.

 14. Protein assay kit II (Bio-Rad).

 1. 1 1.5 M Tris–HCl (pH 8.8), autoclave.
 2. 1 M Tris–HCl (pH 6.8), autoclave.
 3. 10% (w/v) sodium dodecyl sulfate (SDS).
 4. 10% (w/v) ammonium persulfate (APS), store at −20°C.
 5. N,N,N¢,N¢,-tetramethyl-ethylenediamine (TEMED), store at 

4°C.
 6. 30% (v/v) acrylamide/bis solution (29:1), store at 4°C (see 

Note 2).
 7. Isobutanol.
 8. 10× running buffer: 151.4 g Tris base, 720.7 g glycine, and 

50 g SDS in 5 L H2O. If necessary, adjust pH to ca. 8.3.
 9. 50% (v/v) glycerol: autoclave.
 10. 1% (w/v) bromophenol blue in H2O, remove unsolved solid 

particles through filtration.
 11. b-Mercaptoethanol, store at 4°C.
 12. 5× loading buffer: 0.6 mL 1 M Tris–HCl (pH 6.8), 5 mL 50% 

(v/v) glycerol, 2 mL 10% (w/v) SDS, 1 mL 1% (w/v) bro-
mophenol blue, and 0.5 mL b-mercaptoethanol, fill up to 
10 mL. Aliquot and store at −20°C.

 13. SeeBlue Plus2 Prestained Standard (Invitrogen).

 1. 10× blotting buffer: 30.3 g Tris base and 144 g glycine in 1 L 
H2O. If necessary, adjust pH to ca. 8.3. Autoclave.

 2. 1× blotting buffer: 100 mL 10× blotting buffer, 200 mL 
methanol, and 700 mL H2O (see Note 3). Precool prior to 
use. Methanol is toxic; avoid eye and skin contact.

 3. 10× Tris-buffered saline for Western blotting (TBS-P): 80 g 
NaCl, 2 g KCl, and 30 g Tris base in 800 mL H2O, adjust pH 

2.4. SDS-
Polyacrylamide Gel 
Electrophoresis

2.5. Western Blotting 
for MAPKs
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to 7.4 with HCl and fill up to 1 L. Autoclave. Dilute 100 mL 
with 900 mL H2O to prepare 1× TBS-P for use.

 4. Tris-buffered saline Tween (TBS-T): 1× TBS-P, 0.1% (v/v) 
Tween-20.

 5. Blocking buffer: 1× TBS-P, 0.1% (v/v) Tween-20, 5% milk 
powder (blotting grade). Prepare fresh just before use.

 6. 10% (w/v) sodium azide (NaN3): 1 g NaN3 in 10 mL 20% 
(v/v) ethanol. Store at 4°C. Working concentration is 0.1%. 
NaN3 is toxic; wear gloves and avoid skin contact.

 7. Hybond-ECL nitrocellulose membrane, Hyperfilm ECL mem-
brane, Hypercassette Neutral, and ECL Western Blotting 
Detection Reagents (all from Amersham Biosciences).

 8. Ponceau S solution for electrophoresis (Serva).
 9. Whatman 3MM filter paper (Whatman).

 1. Rabbit anti-active MAPK polyclonal antibody (pTEpY Ab; 
Cell Signaling Technology). This antibody is notoriously 
unstable, so store at −20°C and use within a few months.

 2. Anti-rabbit horseradish peroxidase (HRP)-conjugated second-
ary antibody (Sigma).

 3. X-ray film cassette (e.g., Hypercassette Neutral, Amersham 
Biosciences).

 4. Autoradiography film (Hyperfilm ECL, Amersham 
Biosciences).

 1. 24% (w/v) sucrose.
 2. 0.25 M piperazine-1,4-bis(2-ethanesulfonic acid (PIPES; pH 

6.8)): predissolve 7.56 g PIPES in 60 mL H2O, add NaOH 
pellets while stirring until PIPES has dissolved, adjust pH with 
NaOH to 6.8 and then fill up to 100 mL. Store at 4°C.

 3. 20% (w/v) paraformaldehyde: predissolve 2 g paraformalde-
hyde in 7 mL H2O and 0.2 mL 2.5% (w/v) NaOH, heat at 
65°C with occasional shaking until paraformaldehyde has dis-
solved, fill up to 10 mL, and adjust pH to 7.0 with 0.25 M 
PIPES (pH 6.8); stable at 4°C for a week.

 4. 4% (w/v) paraformaldehyde working solution: 2 mL 20% (w/v) 
paraformaldehyde, 8 mL 24% (w/v) sucrose. Final sucrose con-
centration is ca. 19% (w/v), stable at 4°C for a week.

 5. 10× Tris-buffered saline for DNA fragmentation (TBS-D): pre-
dissolve 40.9 g NaCl, 12.11 g Tris base in 400 mL H2O, adjust 
pH to 7.6 with HCl, and fill up to 500 mL. Autoclave, dilute 
100 mL with 900 mL H2O to prepare 1× TBS-D for use.

 6. 20× SSC stock solution (pH 7.0): predissolve175.3 g NaCl, 
88.2 g sodium citrate in 800 mL H2O, adjust pH to 7.0 with 

2.6. Detection  
of p56-MAPK Activity 
Using pTEpY Antibody

2.7. DNA 
Fragmentation Assay
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10 M NaOH, fill up to 1 L, autoclave. Dilute 100 mL with 
900 mL H2O to prepare 2× SSC for use.

 7. DeadEnd Fluorometric TUNEL System (Promega).
 8. Triton X-100 (Merck).
 9. VECTASHIELD mounting medium with 6-diamidine- 

2¢-phenylindole dihydrochloride (DAPI; Vector Laboratories).
 10. Poly-l-lysine-coated glass slides.
 11. Nail varnish.
 12. Fluorescence microscope (e.g., Nikon T300) equipped with 

FITC and UV filters.

 1. 0.5 M EDTA: predissolve 186.1 g Na2-EDTA·2H2O in 
800 mL of H2O. Adjust pH to 8.0 with about 20 g of NaOH 
pellets. EDTA does not completely dissolve until pH is around 8. 
Autoclave.

 2. 1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES; pH 7.4): predissolve 238.3 g HEPES in 800 mL 
H2O, adjust pH to 7.4 with 40–45 mL of 10 M KOH, and fill 
up to 1 L. Sterilize by filtration and store at 4°C.

 3. 10% (w/v) 3-[(3-Cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS): 1 g CHAPS in 10 mL, aliquot 
and store at −20°C.

 4. HEPES extraction buffer: 50 mM HEPES (pH 7.4), 10 mM 
NaCl, 0.1% (w/v) CHAPS, 10 mM DTT, 1 mM 
Na2·EDTA·2H2O, and 10% (v/v) glycerol. Store at −20°C.

 5. Bovine poly-(ADP-ribose) polymerase (bovine PARP; 
BIOMOL).

 6. Anti-PARP (mouse monoclonal antibody; BIOMOL).
 7. Anti-mouse horseradish peroxidase (HRP)-conjugated 

 secondary antibody (BIOMOL).

 1. 3 M sodium acetate (NaAc; pH 6.0): predissolve 408.1 g 
NaAc·3H2O in 800 mL H2O, adjust pH to 6.0 with glacial 
acetic acid, fill up to 1 L. Autoclave.

 2. 1 M l-cysteine: 1.2 g l-cysteine in 10 mL H2O, aliquot and 
store at −20°C.

 3. 10 mM Ac-DEVD-AMC [N-acetyl-Asp-Glu-Val-Asp-AMC 
(7-amino-4-methylcoumarin)]: 5 mg fluorogenic caspase-3 
substrate Ac-DEVD-AMC (Calbiochem) in 0.74 mL DMSO, 
aliquot and store at −20°C. Ac-DEVD-AMC is light sensitive, 
protect from light.

 4. 10 mM Ac-YVAD-AMC [N-acetyl-Tyr-Val-Ala-Asp-AMC 
(7-amino-4-methylcoumarin)]: 5 mg fluorogenic caspase-1 
substrate Ac-YVAD-AMC (Calbiochem) in 0.75 mL DMSO, 

2.8. PARP Cleavage 
Assay

2.9. Caspase-3-Like 
Activity Assay
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aliquot and store at −20°C. Ac-YVAD-AMC is light sensitive, 
protect from light.

 5. 10 mM Ac-DEVD-CHO [N-acetyl-Asp-Glu-Val-Asp-
aldehyde]: 5 mg caspase-3 inhibitor Ac-DEVD-CHO 
(Calbiochem) in 1 mL DMSO, aliquot and store at −20°C.

 6. 10 mM Ac-YVAD-CHO [N-acetyl-Tyr-Val-Ala-Asp-aldehyde]: 
5 mg caspase-1 inhibitor Ac-YVAD-CHO (Calbiochem) in 
1 mL DMSO, aliquot and store at −20°C.

 7. Caspase extraction buffer (pH 5.0): 50 mM NaAc·3H2O (pH 
6.0), 10 mM l-cysteine, 10% (v/v) glycerol, and 0.1% (w/v) 
CHAPS. Adjust pH to 5.0 with glacial acetic acid, aliquot and 
store at −20°C.

 8. 96-well ELISA plates.
 9. Fluorescence plate-reader (e.g., a FLUOstar OPTIMA  

413-1183; BMG Lab Technologies) with suitable filter sets 
(e.g., for FITC).

 1. Weigh out 4 mg pollen for each treatment and hydrate the 
grains for 30 min at 25°C in a plastic tray (see Note 4). For SI 
experiments, pollen of specific S-haplotypes must be used to 
match S-protein alleles (e.g., carrying S1 to match S1 recombi-
nant pistil protein) to achieve SI response. Alternatively, any 
pollen could be used for other experiments to test for induc-
tion of MAPKs in response to other treatments (e.g., stress, 
drugs, etc.).

 2. Transfer pollen to a 1.5-mL microcentrifuge tube, add 1 mL 
liquid germination medium (GM), vigorously shake and resus-
pend pollen, transfer pollen onto Petri dishes containing solid 
GM and allow to grow for 1 h at 25°C.

 3. Then, treat pollen to stimulate MAPK activity via SI induction, 
e.g., by adding recombinant stigmatic S-proteins S1e and S8e 
(both at 10 mg/mL) to S1S8 (incompatible) and S2S6 (com-
patible) pollen. The production of recombinant S-proteins, S1e 
and S8e, is performed as described previously (23, 24). Heat-
denatured S-proteins boiled for 30 min prior to use are applied 
as additional controls. Gently swirl Petri dishes containing pol-
len and S-proteins and incubate for further 10 min. Alternative 
treatments (e.g., drug application such as A23187 or mas-
toparan to stimulate Ca2+ increase) can be included with any 
pollen. These treatments are the appropriate controls to test 
for MAPK activation.

3. Methods

3.1. Preparation  
of Pollen Samples  
and Protein Extracts 
for p56-MAPK Activity 
Assay
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 4. In addition to these treatments, to verify whether a MAPK is 
implicated, MAPK-specific inhibitors are added to additional 
samples in parallel to those ones described in step 3. These 
comprise treatments where pollen is grown for 1 h at 25°C in 
the presence of 100 mM U0126 or U0124 prior to treatment 
(SI induction or alternative treatments, as described in step 3). 
Controls comprise addition of DMSO at a final concentration 
of 0.1% (v/v). The MAPK inhibitor U0126 is used at a con-
centration of 100 mM to inhibit p56-MAPK activation. Its 
inactive analog U0124 can be used as a negative control and 
does not prevent MAPK activation.

 5. At appropriate time points, transfer pollen samples from Petri 
dishes with a pipette into fresh microcentrifuge tubes. Pellet 
pollen by centrifuging at 300 × g for 5 min at room 
temperature.

 6. The following steps are carried out with precooled solutions, 
microcentrifuge tubes, and glassware; place these items on ice 
prior to use. Remove supernatants and leave the pollen pellet. 
Add 30 mL of 5× IP buffer and 120 mL of H2O. Resuspend 
pollen in this buffer and transfer to a prechilled ground-glass 
homogenizer. Homogenize samples on ice with approximately 
100 strokes (see Note 5).

 7. Transfer homogenates to 1.5-mL microcentrifuge tubes and 
spin at 14,000 × g for 20 min at 4°C to pellet pollen debris.

 8. Transfer supernatants carefully to clean microcentrifuge tubes. 
Measure protein concentrations using the Protein Assay Kit II. 
Snap-freeze protein extracts in liquid nitrogen and store at 
−20°C; ready for use in the p56-MAPK activity assay (see 
Subheading 3.4).

 9. The samples are then subjected to SDS-PAGE 
(Subheading 3.2) and Western blotting (Subheading 3.3).

 1. Assemble glass plates and spacers for a 1.5-mm thick gel.
 2. To prepare a 12% separating gel, add 4 mL of 30% acrylamide/

bis, 2.5 mL of 1.5 M Tris–HCl (pH 8.8), 100 mL of 10% (w/v) 
SDS, 100 mL of 10% (w/v) APS, and 4 mL of TEMED to 
3.3 mL H2O to a total volume of 10 mL. Mix all components 
in the order given above, swirl the mixture rapidly without 
delay, cast ca. 10 mL of the separating solution into the gap 
between the two glass plates. Leave about 1-cm space below 
the wells of the comb for a stacking gel and overlay with isobu-
tanol (see Note 6).

 3. The gel should polymerize in ca. 30 min. When the gel has 
polymerized, pour off the isobutanol and rinse the top of the 
gel with H2O.

 4. To prepare a 5% stacking gel, add 0.83 mL of 30% acrylamide/
bis, 0.63 mL of 1 M Tris–HCl (pH 6.8), 50 mL of 10% (w/v) 

3.2. SDS-
Polyacrylamide Gel 
Electrophoresis
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SDS, 50 mL of 10% (w/v) APS, and 5 mL of TEMED to 
3.4 mL H2O to a total volume of 5 mL. Mix all components in 
the order given above, cast the mixture rapidly without delay, 
and insert the comb immediately. The stacking gel should 
polymerize within ca. 30 min.

 5. Prepare 1× running buffer by diluting 100 mL of 10× running 
buffer with 900 mL of H2O.

 6. When the stacking gel has polymerized, carefully remove the 
comb, wash the wells with 1× running buffer, place in a vertical 
gel stand and immerse in 1× running buffer.

 7. Add 5× loading buffer at a ratio of 4:1 to protein extracts in 
microcentrifuge tubes, and then boil for 5 min. Briefly centri-
fuge for 1 s to pellet any debris, then load 100 mg protein sam-
ples onto a 12% SDS-Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) gel. Include one well for 10 mL of SeeBlue Plus2 
Prestained Standard.

 8. Connect to a power supply and run at 50 V as the dye front 
moves through the stacking gel and then 100 V through the 
separating gel, until the dye front just reaches the bottom of 
the glass plates.

 9. As the gel finishes running, have materials ready to perform 
blotting (see Subheading 3.3). Remove the gel kit from the 
running tank and carefully remove the gel from between the 
plates. Place the separating gel in 1× blotting buffer at room 
temperature until needed.

 1. Fill the cooling apparatus (e.g., BioRad Bio-Ice Cooling Unit) 
with dH2O and store it at −20°C until used. After use, refill 
and return it to −20°C.

 2. Prepare 1 L of ice-cold 1× blotting buffer. Cut a piece of 
Hybond-ECL nitrocellulose membrane and four pieces of fil-
ter paper (slightly bigger than the separating gel). Always wear 
gloves when handling membranes to prevent contamination.

 3. Equilibrate the separating gel and soak the nitrocellulose mem-
brane, filter paper, and fiber pads in 1× blotting buffer at room 
temperature until needed. Assemble “sandwich” for blotting 
(e.g., using a BioRad Mini Trans-Blot Electrophoretic Transfer 
Cell). Place the gel holder cassette with the anode (here: gray 
side) down on a clean surface. Place one prewetted fiber pad 
on the gray side of the cassette. Place a sheet of filter paper on 
the fiber pad. Place the equilibrated gel on the filter paper. 
Place the prewetted membrane on the gel. Complete the sand-
wich by placing a piece of filter paper on the membrane. Add 
the last fiber pad (see Note 7).

3.3. Western Blotting 
for MAPKs
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 4. Close the gel holder cassette firmly. Do not move the gel and 
filter paper sandwich. Lock the gel holder cassette with the 
latch.

 5. Place the blotting module containing the “sandwich” and the 
Bio-Ice Cooling Unit in the buffer chamber and completely fill 
the chamber with 1× blotting buffer. Add a stir bar to help 
maintain an even buffer temperature and ion distribution in 
the chamber. Set the speed as fast as possible.

 6. Put on the lid, plug cables into the power supply, and transfer 
at 400 mA for 1–2 h at room temperature (or overnight at 
30 V, 4°C) on a stir plate.

 7. Upon completion, disassemble “sandwich” and place the 
nitrocellulose membrane protein-side-up into 1× TBS-P buf-
fer, wash for 5 min at room temperature on a platform-rocker 
(see Note 8). The blot can be kept at this stage, if you do not 
wish to proceed to the detection stage immediately.

 8. Put the nitrocellulose membrane in 20 mL blocking buffer and 
incubate on a rocking platform for 2 h at room temperature or 
overnight at 4°C.

 9. Discard the blocking buffer and wash three times for 5 min 
each with 20 mL TBS-T buffer on a rocking platform.

MAPK activity can be detected using a commercially available, 
anti-active MAPK pTEpY/pTDpY antibody, which recognizes 
dually phosphorylated MAPKs. This allows monitoring of acti-
vated MAPKs using Western blotting. The blots are probed using 
anti-pTEpY antibody (Subheading 3.4) to identify samples having 
MAPK activity. This method allows to establish how many MAPKs 
are activated by the treatment, their relative activity, and their 
molecular weights.

 1. Incubate with 1,000-fold diluted anti-pTEpY antibody in 
10 mL TBS-T buffer on a rocking platform for 2 h at room 
temperature or overnight at 4°C.

 2. Remove the primary antibody (see Note 9) and wash three 
times for 10 min each with 20 mL TBS-T buffer on a rocking 
platform.

 3. Incubate with the anti-rabbit horseradish peroxidase (HRP) 
conjugated secondary antibody diluted 1,000-fold in 10 mL 
TBS-T buffer on a rocking platform for 1 h at room 
temperature.

 4. Discard the secondary antibody and wash three times for 
10 min each with 20 mL TBS-T buffer on a rocking platform 
at room temperature.

 5. Equilibrate ECL Western Blotting Detection Reagents to room 
temperature before use, and mix an equal volume of detection 
solution 1 with detection solution 2 to give a final volume 

3.4. Detection  
of p56-MAPK Activity 
Using pTEpY Antibody
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equivalent to 0.125 mL/cm2 membrane. Drain off the excess 
wash buffer from the washed membrane and soak the mem-
brane briefly in the mixed detection reagent (see Note 10).

 6. Drain off excess liquid, put the blot protein-side-down onto a 
piece of Saran Wrap, wrap up the blot, and gently remove air 
bubbles.

 7. Place the wrapped blot protein-side-up in an X-ray film cassette.
 8. In a dark room, place a sheet of autoradiography film on top of 

the wrapped blot, close the cassette, and expose for 10 s at 
room temperature.

 9. Remove the film from the cassette and develop it immediately 
(see Note 11). Alternatively, a digital imaging system can be 
used, if available.

 10. An example of Western blotting showing inhibitory effect of 
U0126 on p56-MAPK activation is shown in Fig. 1.

This assay provides a useful marker for PCD in fixed cells. It is 
often used as evidence for PCD, although DNA fragmentation can 
be triggered by other events. It provides a sensitive way to colocal-
ize the end-labeled fragmented DNA and nuclei stained with 
DAPI. One drawback is that it measures a long-term end point, 
rather than an actual activity. An advantage is that several commer-
cial kits are available.

In our hands, the DeadEnd Fluorometric TUNEL (TdT-
mediated dUTP Nick-End Labeling) System works well. The sys-
tem is nonradioactive and provides simple, accurate and rapid 
detection of apoptotic cells in situ at the single-cell level. This sys-
tem measures the fragmented DNA of apoptotic cells by catalyti-
cally incorporating fluorescein-12-dUTP at 3¢-OH DNA ends 

3.5. DNA 
Fragmentation Assay

Fig. 1. Detection of p56-MAPK activity using pTEpY antibody in different samples. Pollen 
samples from different treatments were separated by SDS-PAGE, blotted, and immunos-
tained using pTEpY antibody to detect p56-MAPK activity. Only the section of the gel that 
displays the cross-reaction of p56-MAPK with pTEpY antibody is shown. No p56-MAPK 
activity was detected in controls: GM, DMSO, U0124, or U0126 treatment alone. A strong 
signal for MAPK activity at the appropriate mass for p56 was detected in incompatible 
SI-induced samples (Inc) and SI-induced samples pretreated with DMSO (Inc/DMSO). The 
p56-MAPK activity was inhibited in extracts from SI-induced pollen pretreated with 100 mM 
U0126 (Inc/U0126), but not inhibited in extracts from pollen pretreated with 
100 mM U0124 (Inc/U0124). This demonstrates the specificity of the inhibitors used and 
shows that U0126 inhibits the p56-MAPK activity. (Reproduced from ref. 13 with permis-
sion from the American Society of Plant Biologists).
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using the enzyme terminal deoxynucleotidyl transferase (TdT), 
which forms a polymeric tail using the principle of the TUNEL 
assay. The fluorescein-12-dUTP-labeled DNA can then be visual-
ized directly by fluorescence microscopy or quantitated by flow 
cytometry.

 1. Hydration and growth of pollen, SI-induction, incubation for 
8 h, and addition of MAPK inhibitors are described in 
Subheading 3.1.

 2. After growing for 8 h, add 1 mL of 4% (w/v) paraformalde-
hyde for each treatment, mix by gentle swirling, and fix at 
room temperature for 45 min.

 3. Transfer fixed samples to 15-mL Falcon tubes (see Note 12), 
add 5 mL of 1× TBS-D buffer into plates to wash and transfer 
pollen sticking on solid GM. Pellet samples at 300 × g for 5 min 
at room temperature.

 4. Remove supernatants carefully, add 5 mL of 1× TBS-D buffer 
to resuspend and wash samples, and pellet again.

 5. Repeat step 4. Twice. Leave ca. 100 mL of 1× TBS-D buffer for 
each sample. Washed samples can be stored at 4°C for 
1 week.

 6. Resuspend and transfer samples onto poly-l-lysine-coated glass 
slides. Drain off and absorb excess liquid with tissue. Incubate 
slides for 45 min at 60°C to make sure that the samples adhere 
to the slides after finishing subsequent steps.

 7. Cool down samples at room temperature. Wash samples for 
15 min at room temperature with 100 mL of 1× TBS-D buffer 
containing 0.1% (v/v) Triton X-100. Wash twice with 1× 
TBS-D buffer at room temperature for 5 min each.

 8. Take slides out of staining dishes, place sample-side-up on 
clean tissue directly, and add 100 mL equilibration buffer (see 
Note 13) onto each slide.

 9. Drain off excess liquid and add 50 mL incubation buffer com-
posed of 44 mL of equilibration buffer, 5 mL of nucleotide mix 
and 1 mL of TdT. Carefully lay plastic cover slips on the slides 
and incubate in the dark for 1.5 h at 37°C (see Note 14).

 10. Carefully remove cover slips, place slides into staining dishes 
containing 2× SSC, and incubate in the dark for 15 min at 
room temperature to stop reaction.

 11. Wash slides three times with 1× TBS-D buffer for 5 min each. 
Transfer slides directly onto clean tissue and drain off excess 
liquid. Add two drops of VECTASHIELD mounting medium 
with DAPI, place coverslips onto slides, and seal with nail 
 varnish. Wrap slides in aluminum foil and leave the slides in the 
dark for over 1 h at room temperature. The slides after this step 
can be stored at 4°C for 1 week before scoring.
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 12. Score 50 pollen tubes from each treatment for DNA fragmen-
tation using a fluorescence microscope. Use FITC filters for 
detecting DNA fragmentation and UV filters for detecting 
DAPI. As shown in Fig. 2, U0126 inhibits DNA fragmenta-
tion induced by SI.

Poly-(ADP-ribose) polymerase (PARP) is a classic substrate for 
caspase-3 activity in animal systems. This method uses bovine 
PARP as a substrate, to test cellular extracts for caspase-like pro-
tease activity. In conjunction with the use of caspase inhibitors, this 
assay provides further evidence, complementary to that obtained 
using DNA fragmentation, indicating that PCD is triggered.

 1. Hydration and growth of pollen, SI-induction, incubation for 
5 h, and addition of MAPK inhibitors are described in 
Subheading 3.1.

 2. Transfer treated pollen to fresh 1.5-mL microcentrifuge tubes 
and pellet pollen at 300 × g for 5 min at room temperature. 
The following steps are carried out with precooled solutions, 
microcentrifuge tubes and glassware. Carefully remove super-
natants and add 75 mL of HEPES extraction buffer, transfer 

3.6. PARP Cleavage 
Assay

3.6.1. Preparation  
of Protein Extracts

Fig. 2. Quantitation of TUNEL data obtained from pollen samples. DNA fragmentation, 
measured after 8 h by TUNEL, was quantified by counting the number of nuclei that had 
positive TUNEL staining. 50 pollen-tube nuclei from each sample were counted, with rep-
licates from three to six independent experiments. These were plotted to give an indica-
tion of the level of DNA fragmentation. The plot here shows that SI-induced DNA 
fragmentation was low in controls (all shown as white bars): untreated (UT) pollen, pollen 
treated with 100 mM U0126 and U0124 alone, and compatible SI-induced samples 
(Comp). Incompatible SI-induced samples (Inc; black bar) had high levels of DNA frag-
mentation induced, which was alleviated by pretreatment with 100 mM U0126 (Inc-U0126; 
dark shaded bar), but not by pretreatment with 100 mM U0124 (Inc-U0124; speckled bar). 
These data show that the MAPK inhibitor U0126 inhibits DNA fragmentation. (Reproduced 
from ref. 13 with permission from the American Society of Plant Biologists).
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resuspended pollen to a ground-glass homogenizer, and 
homogenize pollen on ice with approximately 100 strokes.

 3. Transfer homogenates to 1.5-mL microcentrifuge tubes and 
spin at top speed for 20 min at 4°C.

 4. Transfer supernatants carefully to clean microcentrifuge tubes, 
measure protein concentrations using the Protein Assay Kit 
II, snap-freeze protein extracts in liquid nitrogen, and store 
at −20°C for the cleavage assay.

 1. Dilute protein extracts to 2 mg/mL in HEPES extraction buffer. 
Take 15 mL of diluted samples, add 250 ng of bovine PARP, and 
incubate for 30 min at 37°C. Include 250 ng of bovine PARP 
alone as a control. Caspase inhibitors (e.g., Ac-DEVD-CHO) 
may be added to selected samples to verify whether specific cas-
pase-like activities are implicated in PARP cleavage activity.

 2. Add 4 mL of 5× loading buffer to each sample, denature by 
boiling for 5 min, and load denatured samples.

 3. Prepare and run an SDS-PAGE gel as described in 
Subheading 3.2. Blot and block the membrane as described 
in Subheading 3.3.

 4. Incubate with 10 mL of TBS-T buffer containing 5 mL of anti-
PARP mouse monoclonal antibody on a rocking platform for 
2 h at room temperature or overnight at 4°C (see Note 15).

 5. Remove the primary antibody and wash four times for 10 min 
each with 15 mL of TBS-T buffer on a rocking platform.

 6. Incubate with anti-mouse horseradish peroxidase (HRP) con-
jugated secondary antibody diluted 1,000-fold in 10 mL of 
TBS-T buffer on a rocking platform for 1 h at room 
temperature.

 7. Discard the secondary antibody and wash six times for 20 min 
each with 20 mL of TBS-T buffer on a rocking platform at 
room temperature.

 8. Detect the cleavage of bovine PARP by Western blotting as 
described in Subheading 3.3. The inhibitory effect of U0126 
on bovine PARP cleavage is shown in Fig. 3.

This assay uses classic animal caspase tetrapeptide substrates (e.g., 
Ac-DEVD-AMC), which may be commercially available, to test for 
caspase-like activity in cellular extracts. They are nonfluorescent, 
but become fluorescent upon cleavage at the specific site. Thus, the 
level of caspase activity in an extract can be quantitatively measured, 
usually using a fluorescence plate-reader with suitable filter sets.  
In conjunction with caspase inhibitors, the activities detected can be 
verified, as, for example, DEVDase activity will be inhibited by the 
inhibitor Ac-DEVD-CHO, but not by Ac-YVAD-CHO.

3.6.2. Cleavage Assay

3.7. Caspase-3-Like 
Activity Assay
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 1. Hydration and growth of pollen, SI-induction, incubation for 
5 h, and addition of MAPK inhibitors are described in 
Subheading 3.1.

 2. Transfer treated pollen to clean 1.5-mL microcentrifuge tubes 
and pellet pollen at 300 × g for 5 min at room temperature. 
The following steps are carried out with precooled solutions, 
microcentrifuge tubes, and glassware. Carefully remove super-
natants, add 75 mL of caspase extraction buffer, transfer resus-
pended pollen to a ground-glass homogenizer, and homogenize 
pollen on ice with approximately 100 strokes.

 3. Transfer homogenates to 1.5-mL microcentrifuge tubes and 
spin at the top speed for 20 min at 4°C.

 4. Transfer supernatants carefully to clean microcentrifuge tubes, 
measure protein concentrations at room temperature using the 
Protein Assay Kit II, snap-freeze protein extracts in liquid 
nitrogen, and store at −20°C for activity assay.

 1. Dilute protein extracts to 2 mg/mL with caspase extraction 
buffer.

3.7.1. Preparation  
of Protein Extracts

3.7.2. Activity Assay

Fig. 3. Detection of PARP cleavage using anti-PARP antibody. This figure shows that bovine 
PARP, which has been incubated with various pollen extracts, was separated using SDS-
PAGE, Western-blotted, and probed with anti-PARP antibody. No protease inhibitors were 
added to these incubations; thus, the cleavage detected in control samples is due to 
endogenous protease activities, which can be seen in all samples. Uncleaved PARP (PARP) 
comprises a major band at 116 kDa (white arrow). Extracts from untreated pollen (UT), 
compatible SI-induced pollen (Comp), and pollen treated with 100 mM drugs alone (U0124 
and U0126) show nonspecific proteolysis of PARP. Extracts from incompatible SI-induced 
pollen (Inc) showed an S-specific cleavage pattern: disappearance of the 116-kDa band 
(white arrow) and appearance of a doublet at 24 kDa (double arrow). Pretreatment with 
100 mM U0126 before SI induction (Inc-U0126) retained the 116-kDa band and had 
reduced levels of the 24-kDa bands; pretreatment with 100 mM U0124 had no effect. This 
figure shows that SI-mediated PARP cleavage is inhibited by U0126. (Reproduced from 
ref. 13 with permission from the American Society of Plant Biologists).
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 2. Add 5 mL of diluted protein extracts, 2.5 mL of 2 mM fluoro-
genic caspase-3 substrate Ac-DEVD-AMC, and 92.5 mL of cas-
pase extraction buffer to each well of a 96-well ELISA plate. To 
test the effect of caspase inhibitors on the cleavage of Ac-DEVD-
AMC, 100 mM of Ac-DEVD-CHO or Ac-YVAD-CHO is 
added to the reaction mixture of appropriate samples.

 3. The assay comprises measuring the fluorescence obtained by 
substrate cleavage. The 96-well plate is loaded into a plate-reader, 
and fluorescence is measured using suitable filter sets (e.g., for 
FITC) every 5 min for 5 h at 27°C. The output of fluorescence 
units is converted to a suitable comparison between samples, for 
example, expressing fluorescence as percentage increase relative 
to the control sample. Figure 4 shows a typical example of quan-
titation for caspase-3-like activity using a fluorescent substrate.

Fig. 4. Quantitation of a caspase-3-activity using the fluorescent caspase-3 substrate 
Ac-DEVD-AMC. Pollen extracts from various treatments were mixed with the caspase 
substrate in the plate reader as described, and the output after 5 h was quantified. The 
baseline was subtracted and the actual units were converted to obtain relative fluores-
cence units. The higher the fluorescence, the more caspase activity is detected. Here, you 
can see that SI induces a caspase-3-like (DEVDase) activity that is alleviated by U0126 
pretreatment. Controls comprising untreated pollen (UT) and pollen treated with 100 mM 
of U0126 or U0124 alone (white bars) gave low levels of caspase-3-like activity. 
Incompatible SI-induced pollen (Inc; black bar) had high levels of caspase-3-like activity. 
Incompatible SI-induced pollen pretreated with 100 mM of U0126 (Inc-U0126; black bar) 
had reduced levels of caspase-3-like activity, while incompatible SI-induced pollen pre-
treated with 100 mM of U0124 (Inc-U0124; gray bar) did not. Incubation of incompatible 
SI-induced pollen extracts with DEVD (Inc-DEVD; cross-hatched bar) inhibited the cas-
pase-3-like activity while incubation of incompatible SI-induced pollen extracts with YVAD 
(Inc-YVAD; cross-hatched bar) did not, verifying the caspase-3-like specific activity. 
Caspase-3-like activity was measured using Ac-DEVD-AMC, and data are means ± SE of 
three independent experiments. The plot shows that the SI-induced caspase-3-like 
(DEVDase) activity is inhibited by pretreatment with U0126. (Reproduced from ref. 13 with 
permission from the American Society of Plant Biologists).
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 1. PMSF is very toxic. Always wear gloves to avoid exposure when 
handling it.

 2. Acrylamide is a potent neurotoxin and carcinogen that is 
absorbed through the skin. Always wear gloves when handling 
it and also potentially not fully polymerized gels.

 3. Addition of 0.1% (w/v) SDS to the blotting buffer has been 
reported to increase transfer efficiency. However, this can 
greatly reduce the binding of transferred proteins to the mem-
brane (for both PVDF and nitrocellulose). For proteins smaller 
than 100 kDa, try blotting in the standard Tris–glycine buffer 
with 20% (v/v) methanol lacking SDS.

 4. To hydrate pollen, weigh out pollen with a weighing boat, wet 
the tissue with warm water, place wetted tissue at the bottom 
of a plastic tray, transfer the weighing boat with pollen to the 
tray, put on the lid, and incubate for 30 min at 25°C. If the 
pollen looks globular, the hydration is OK.

 5. A sonicator can substitute for a ground-glass homogenizer to 
homogenize pollen samples. However, to obtain efficient pro-
tein extracts from pollen, a ground-glass homogenizer is pre-
ferred as the yields are much higher.

 6. Seal the separating gel with 0.1% (w/v) SDS for gels contain-
ing <8% acrylamide or isobutanol for gels >10% acrylamide. 
The overlay prevents air from diffusing into the gel and inhib-
iting polymerization.

 7. Removing any air bubbles, which may have formed between 
the filter papers, the gel, and the membrane, as this is very 
important for good transfer results. Use a glass tube (such as a 
10 mL glass pipette) or rod to gently roll air bubbles out.

 8. Check transfer efficiency by staining the blot with Ponceau S 
solution before further proceeding with immunoblotting. Wash 
the blot once with Ponceau S solution, add fresh Ponceau S 
solution and incubate for 15 min at room temperature with agi-
tation. The proteins are stained pink. An image of the blot can 
be made at this stage (e.g., to provide evidence of equal load-
ing). Afterward, destain the blot in H2O for immunoblotting.

 9. If necessary, the primary antibody can be recycled; add 0.1% 
(w/v) NaN3 to prevent microbial growth and store at 4°C 
for reuse.

 10. The mixed detection reagent elicits peroxidase-catalyzed oxi-
dation of luminol and subsequently ECL (enhanced chemilu-
minescence). The resulting light is detected on Hyperfilm ECL 
in minutes or often only seconds.

4. Notes
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 11. If necessary, replace with a second sheet of film and estimate 
how long to continue the exposure on the basis of the appear-
ance of the first sheet.

 12. Use wide-mouthed tips to transfer pollen samples and thus 
prevent pollen tubes from bursting.

 13. DeadEnd Fluorometric TUNEL System comprises 9.6 mL of 
equilibration buffer, 300 mL of nucleotide mix (6 × 50 mL), 
3 × 20 mL of terminal deoxynucleotidyl transferase, 70 mL of 
20× SSC, and 60 plastic coverslips.

 14. To keep humidity, wet tissue with warm water, place it at the 
bottom of a plastic tray, put slides onto the wetted tissue, and 
wrap the tray with aluminum foil.

 15. Bovine PARP is a 116-kDa monomeric protein, which is 
cleaved into 89 and 24 kDa fragments by caspase-3 during 
classic apoptosis. Anti-PARP mouse monoclonal antibody 
detects the 24-kDa cleavage fragment.
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Chapter 10

Sensitizing Plant Protein Kinases to Specific Inhibition  
by ATP-Competitive Molecules

Dor Salomon, Chao Zhang, Kevan M. Shokat, and Guido Sessa 

Abstract

The highly conserved nature of the protein kinase catalytic domain and the low permeability of plant cell 
membranes pose a challenge to the development of specific inhibitors that target individual protein kinases 
in vivo. Here, we describe a chemical-genetic approach to specifically sensitize individual plant kinases to 
cell-permeable small molecules that do not inhibit wild-type kinases. In this approach, a single amino-acid 
substitution is introduced in the ATP-binding site of the enzyme enabling specific binding of ATP-
competitive molecules. Cell-permeable molecules can then be used to specifically target the sensitized 
allele in transgenic Arabidopsis thaliana plants that do not express the wild-type form of the kinase. This 
strategy provides a useful tool for the functional characterization of protein kinases in planta and for the 
dissection of the signaling pathways in which they are involved.

Key words: Protein kinase, PP1, Gatekeeper, ATP-competitive molecules, Analog-sensitive, 
Arabidopsis, Kinase activity assay, Transgenic plants

Members of the protein kinase superfamily regulate a wide variety 
of cellular processes and signal-transduction pathways in plants 
(e.g. 1–6). A major objective in the field of protein kinase research 
is to delineate the functional role of individual kinases. To accom-
plish this aim, strategies based on single knockout mutations and 
gene silencing are widely employed. However, such efforts may be 
compromised by lethality, in the case of essential genes, or by func-
tional redundancy and cellular homeostasis resulting in no appar-
ent phenotypic alterations.

To overcome these limitations, a chemical-genetic approach 
was developed to sensitize protein kinases to specific inhibition 

1. Introduction
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by cell-permeable ATP-competitive molecules (7, 8). A functionally 
silent substitution of a conserved, bulky hydrophobic residue, 
termed the gatekeeper, to a small residue (alanine or glycine) gener-
ates a novel pocket in the kinase ATP-binding site not present in 
any wild-type kinase. The sensitized mutant can be selectively and 
potently inhibited by ATP-competitive molecules containing sub-
stituents that occupy this additional pocket. Importantly, wild-type 
kinases are not inhibited by such inhibitors due to lack of the 
novel pocket. The PP1(1-tert-Butyl-3-p-tolyl-1H-pyrazolo[3,4-d]
pyrimidine-4-ylamine)-derived inhibitors employed in this approach 
were shown to be cell permeable in various systems, including 
plants, yeast, and mammalian cell cultures (8–11, 17). Combined 
with the relative ease of generating transgenic Arabidopsis plants 
harboring the sensitized allele, this approach allows for modulation 
of the activity of individual kinases in the plant and for delinea-
tion of their biological function in vivo.

 1. Quikchange II site-directed mutagenesis kit (Stratagene).

 1. Terrific broth (TB) medium: 1.2% (w/v) tryptone, 2.4% (w/v) 
yeast extract, 0.4% (v/v) glycerol, 17 mM KH2PO4, and 
72 mM K2HPO4. Add filter-sterilized phosphate salts after 
autoclaving.

 2. 1 M Isopropyl-b-d-thiogalactopyranoside (IPTG) in water, 
store in aliquots at −20°C.

 3. Phosphate buffered saline (PBS) (10×): 1.37 M NaCl, 27 mM 
KCl, 100 mM Na2HPO4, and 18 mM KH2PO4, adjust to pH 
7.4 with HCl, autoclave.

 4. 100 mM Phenylmethylsulfonyl fluoride (PMSF, Roche) in 
isopropanol. Aliquot and store at −20°C. Thaw and vortex 
before use.

 5. 5 mg/mL aprotinin (Sigma) and 5 mg/mL leupeptin (both 
Sigma) in water, stored in aliquots at −20°C.

 6. Glutathione agarose beads (Sigma), incubate with water at 4°C 
overnight. After swelling, wash the beads with 10 volumes of 
water and resuspend as 50% (w/v) slurry in water. Store at 4°C.

 7. Elution buffer: 50 mM Tris–HCl (pH 8.0), 5 mM reduced 
glutathione (Sigma).

 8. Bradford protein assay solution (Bio-Rad).
 9. Prestained molecular-weight markers.

2. Materials

2.1. Site-Directed 
Mutagenesis

2.2. Purification  
of GST-Fusion Protein
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 1. Reaction buffer (10×): 500 mM Tris–HCl (pH 7.0), 10 mM 
dithiothreitol (DTT), and 100 mM MgCl2 (see Note 1). 
Always prepare fresh.

 2. ATP-mixture (10×): 200 mM ATP, 10 mCi [g-32P]-ATP 
(3,000 Ci/mmol; GE Healthcare).

 3. 0.5 M EDTA in water. Adjust to pH 8.0 with NaOH, 
autoclave.

 1. Stacking buffer (4×): 500 mM Tris–HCl, 0.4% (w/v) sodium 
dodecyl sulfate (SDS), adjust to pH 6.8 with HCl.

 2. Separating buffer (4×): 1.5 M Tris, 2% (w/v) SDS, adjust to 
pH 8.8 with HCl.

 3. 40% acrylamide/bis solution (37.5:1 with 2.6% C). Acrylamide 
is a neurotoxin when unpolymerized and so care should be 
taken not to receive exposure.

 4. N,N,N¢,N¢-Tetramethyl-ethylenediamine (TEMED, Bio-Rad). 
Use in a chemical fume hood to avoid vapor inhalation.

 5. 10% (w/v) ammonium persulfate (APS) in water. Store in ali-
quots at −20°C.

 6. Running buffer (10×): 250 mM Tris base, 2 M glycine, and  
1% (w/v) SDS.

 7. SDS-PAGE sample buffer (3×): 30% (v/v) glycerol, 15% (v/v) 
b-mercaptoethanol, 37.5% (v/v) stacking buffer (4×), and a 
few grains of bromophenol blue (Sigma).

 8. SDS-PAGE equipment (such as Mini-PROTEAN mini-gel sys-
tem (Bio-Rad)).

 1. Coomassie solution: 0.2% (w/v) Coomassie Brilliant Blue 
R-250, 50% (v/v) methanol, and 7% (v/v) acetic acid.

 2. Destaining solution: 10% (v/v) acetic acid, 20% (v/v) 
isopropanol.

 3. Fuji medical X-ray film superRX (Fujifilm).

 1. 10 mM Src family tyrosine kinase inhibitor PP1 (Fig. 1, deriva-
tives are synthesized as described (12–14)), in dimethyl sulfox-
ide (DMSO), store in aliquots at −20°C.

 1. Arabidopsis T-DNA insertion line mutants, available from the 
Arabidopsis Biological Research Center (ABRC, http://arabi-
dopsis.org) or the Nottingham Arabidopsis Stock Centre 
(NASC, http://arabidopsis.info).

 2. Genomic DNA extraction buffer: 400 mM LiCl, 200 mM 
Tris–HCl (pH 9.0), 1% (w/v) SDS, and 25 mM EDTA.

2.3. In Vitro Kinase 
Activity Assay

2.4. SDS-
Polyacrylamide Gel 
Electrophoresis

2.5. Coomassie Stain 
and Autoradiography

2.6. Identification of 
Specific and Potent 
Kinase Inhibitors

2.7. Identification of 
Homozygous T-DNA 
Insertion Mutant for 
the Kinase of Interest
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 1. Silwet L-77 surfactant (Lehle Seeds).
 2. Plant agar (gel strength >1,100 g/cm2, Duchefa).
 3. Murashige and Skoog (MS) medium including vitamins 

(Duchefa), used at a final concentration of 0.5% (w/v).
 4. Luria broth (LB): 1% (w/v) tryptone, 1% (w/v) sodium 

chloride (NaCl), and 0.5% (w/v) yeast extract.
 5. Domes to cover freshly transformed plants.

 1. Inhibitor solution for plant treatment: dilute stock solution of 
the inhibitor (10 mM in DMSO) to 100 mM in water containing 
0.01% (v/v) Silwet L-77. For mock treatment, use 1% (v/v) 
DMSO in water containing 0.01% (v/v) Silwet L-77.

The ATP-binding site of protein kinases is highly conserved and a 
targeted modification of its structure results in sensitization of the 
kinase to specific inhibition by ATP-competitive molecules. Site-
directed mutagenesis is used to introduce in the ATP-binding site 
of the kinase of interest a functionally silent mutation that substi-
tutes the bulky gatekeeper residue with a small residue such as 

2.8. Generating 
Arabidopsis Lines 
Expressing the 
Sensitized Kinase

2.9. Effects of Kinase 
Inhibition in Planta

3. Methods

Fig. 1. Chemical structure of PP1 derivatives. PP1, 1-tert-Butyl-3-p-tolyl-1H-pyrazolo[3,4-d]pyrimidine-4-ylamine; Bn-PP1, 
3-Benzyl-1-tert-butyl-1H-pyrazolo[3,4-d]pyrimidin-4-ylamine; 1NA-PP1, 1-tert-Butyl-3-naphthalen-1-yl-1H-pyrazolo[3,4-d]
pyrimidin-4-ylamine; 2NA-PP1, 1-tert-Butyl-3-naphthalen-2-y1-1H-pyrazolo[3,4-d]pyrimidin-4-ylamine; 1NM-PP1, 1-tert-
Butyl-3-naphthalen-1-ylmethyl-1H-pyrazolo[3,4-d]pyrimidin-4-ylamine; 2NM-PP1, 1-tert-Butyl-3-naphthalen-2-ylmethyl-
1H-pyrazolo[3,4-d]pyrimidin-4-ylamine; Ac-PP1, 3-Acenaphthen-5-yl-1-tert-butyl-1H-pyrazolo[3,4-d]pyrimidin-4-ylamine; 
3MB-PP1; 1-tert-Butyl-3-(3-methyl-benzyl)-1H-pyrazolo[3,4-d]pyrimidin-4-ylamine; 23dMB-PP1; 1-tert-Butyl-3-(2,3-
dimethyl-benzyl)-1H-pyrazolo[3,4-d]pyrimidin-4-ylamine.
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alanine or glycine. Identification of the gatekeeper residue in the 
ATP-binding site of the kinase of interest is readily achieved by 
using tools provided by the Kinase Sequence Database (http://
sequoia.ucsf.edu/ksd/).

A kinase assay is used to verify in vitro that the bacterially 
expressed mutant kinase displays a similar catalytic activity as the 
wild-type enzyme, and to screen various PP1 analogs for their abil-
ity to inhibit activity of the sensitized kinase but not of the wild-
type kinase. Measurement of half maximal inhibitory concentration 
(IC50) values for the various inhibitors is important to compare 
their potency and to determine their working concentrations. 
The effect of inhibition of the kinase of interest by ATP-competitive 
molecules is tested in transgenic Arabidopsis plants expressing 
the sensitized kinase, while the nonspecific effect of the inhibitors 
can be assessed in the control experiment with plants expressing 
the corresponding wild-type kinase. This strategy allows for the 
study of physiological processes regulated by the individual kinase 
in planta.

 1. Identify the gatekeeper residue in the kinase of interest by using the 
online Kinase Sequence Database resource. This Web site includes 
detailed instructions for use of the database (see Note 2).

 2. Design primers for mutation of the gatekeeper to either alanine 
or glycine in the kinase of interest according to the instructions 
of the site-directed mutagenesis kit (see Note 3).

 3. Perform site-directed mutagenesis on a plasmid containing the 
coding sequence of the kinase of interest.

 4. Transform the reaction products of the mutagenesis to trans-
formation-competent E. coli cells and plate transformants on 
appropriate selective media.

 5. For each mutant, extract plasmid DNA from 2 to 5 colonies 
and sequence the nucleotides surrounding the location of the 
desired mutation to verify its presence.

 1. Transform an IPTG-inducible expression vector containing a 
GST-fusion of the wild-type or the sensitized kinases into com-
petent E. coli cells.

 2. Grow a 5 mL overnight culture prepared from a fresh bacterial 
colony in TB containing appropriate antibiotics.

 3. Inoculate 500 mL TB containing appropriate antibiotics with 
the overnight culture. Grow on a shaker at 37°C until OD600 
of approximately 0.5–0.6 (see Note 4).

 4. Induce expression of the fusion protein by adding IPTG to a 
final concentration of 0.5 mM and continue growing for 5 h at 
28°C (see Note 4).

3.1. Engineering  
a Sensitized Kinase 
Mutant

3.2. Purification  
of GST-Fusion Protein
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 5. Pellet bacteria by centrifugation at 2,000 × g for 20 min at 4°C. 
Discard the supernatant.

 6. Gently resuspend the pellet in 10 mL PBS containing 1 mM 
PMSF, 5 mg/mL leupeptin, and 5 mg/mL aprotinin (see Notes 
5 and 6).

 7. Sonicate by 30 cycles of a 2-s pulse and 1-s break. Repeat soni-
cation twice (or more, if necessary) until change in the color 
and viscosity of the suspension is apparent. From this step on, 
all procedures should be carried out at 4°C.

 8. Centrifuge the suspension at 12,000 × g for 20 min at 4°C.
 9. In the meantime, transfer 300 ml of 50% (w/v) slurry of gluta-

thione agarose beads to a new 1.5-mL tube by using a blunt 
tip. Add 300 ml of PBS to the bead slurry and centrifuge for 
30 s at 500 × g. Discard supernatant and resuspend in 300 ml of 
PBS. Repeat wash step three times.

 10. Add cleared supernatant from step 8 into a 50-mL conical tube 
containing the 300 mL of washed glutathione agarose beads 
from step 9. Incubate on an end-over-end rotator for 30 min 
at 4°C.

 11. Load the suspension into a plastic column kept at 4°C. Be 
careful not to suspend the beads in the column. Discard the 
flow-through.

 12. Wash the column with 10 mL of ice-cold PBS with protease 
inhibitors (as described in step 6).

 13. Add 2 mL of ice-cold elution buffer to the column and collect 
ten 50-mL fractions sequentially (approximately two drops of 
flow-through per fraction).

 14. Measure protein concentration by Bradford assay.
 15. Analyze purity by SDS-PAGE and Coomassie stain as detailed 

below.

 1. Prepare an 18 mL kinase reaction solution containing 2 mL of 
10× reaction buffer and 1 mg of the purified GST-fusion of 
wild-type or sensitized kinases. Keep on ice.

 2. Add 2 mL of the 10× ATP-mixture.
 3. Incubate at room temperature for 15 min (see Note 7).
 4. Stop reactions by the addition of EDTA to a final concentra-

tion of 10 mM.

 1. These instructions assume the use of a Mini-PROTEAN mini-
gel system, but are adaptable to other gel-electrophoresis 
systems.

 2. Prepare a 1.5-mm thick, 10% gel by mixing 2.5 mL of 4× sepa-
rating buffer with 2.5 mL of acrylamide/bis solution, 5 mL of 

3.3. In Vitro Kinase 
Activity Assay

3.4. SDS-PAGE
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water, 100 mL of 10% APS, and 10 mL of TEMED. Cast the 
gel and gently overlay it with 200 mL of water. The gel will 
polymerize in about 20 min.

 3. Prepare the stacking gel by mixing 1.25 mL of 4× stacking 
buffer with 0.5 mL acrylamide/bis solution, 3.25 mL of water, 
50 mL of 10% APS, and 5 mL of TEMED. Discard the water 
overlaying the separating gel, cast the stacking gel until it fills 
the space between the glasses, and insert the comb. Make sure 
that no air bubbles are caught between the comb and the gel. 
The stacking gel will polymerize within 20 min.

 4. After gently removing the comb, assemble the gel into the gel 
unit. Add running buffer to the central chamber of the gel unit 
until full. Ensure that the buffer is not leaking and fill one third 
of the outer chamber with running buffer.

 5. Add SDS-PAGE sample buffer (3×) to the kinase reactions and 
load up to 30 mL of each sample in a well. Include one well for 
molecular-weight markers.

 6. Complete the assembly of the gel unit and connect to a power 
supply. Run the gel at 100 V through the stacking gel and at 
120 V through the separating gel. The dye front will reach the 
bottom of the gel in approximately 1–2 h.

 1. Disconnect the gel unit from the power supply and disassem-
ble. Remove and discard the stacking gel.

 2. Transfer the separating gel to a tray and incubate with 
Coomassie solution for 30 min with constant shaking.

 3. Remove the Coomassie solution (see Note 8) and rinse with 
destaining solution.

 4. Cover the gel with destaining solution and incubate for 1 h 
with constant shaking (see Note 9). If necessary, replace the 
used solution with fresh destaining solution, incubate the gel 
until blue protein bands are distinctly visible, and dry.

 5. Expose the dry gel to an X-ray film and develop to visualize 32P 
incorporation.

 6. Quantify band intensities by scanning densitometry of the 
films, provided that care is taken to ensure that the signal has 
not saturated. Alternatively, the radioactivity signal can be 
quantified digitally by a phosphorimager.

 7. Compare autophosphorylation activity of the wild-type and 
sensitized kinases. An example of results produced for the 
tomato (Solanum lycopersicum) MAP kinase LeMPK3 is shown 
in Fig. 2 (see Note 10).

3.5. Coomassie Stain 
and Autoradiography
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 1. Perform in vitro kinase activity assays for wild-type and sensi-
tized kinases. Before addition of the ATP-mix, add to the reac-
tion mixture individual inhibitors to a final concentration of 
1 mM. Include a control reaction with DMSO at a similar con-
centration as in the reactions containing the inhibitor.

 2. Separate reactions by SDS-PAGE, stain the gel with Coomassie 
solution, and expose to X-ray film.

 3. Quantify band intensities and compare reactions containing 
inhibitor with the DMSO control. Identify inhibitors that spe-
cifically inhibit the sensitized kinase, but not the wild-type. An 
example of inhibition of sensitized and wild-type LeMPK3 by 
various PP1 derivatives is shown in Fig. 3.

 4. To determine potency of the specific inhibitor identified in step 3, 
perform in vitro kinase activity assays in the presence of increas-
ing concentrations of the inhibitor. Typical concentrations 
range from 1 nM to 10 mM.

 5. After developing the exposed X-ray film, quantify band intensi-
ties and compare reactions containing the inhibitor with a con-
trol reaction containing DMSO. Calculate percentage of kinase 
activity for reactions containing inhibitor relative to the con-
trol reaction set as 100% kinase activity.

 6. Plot percentage of kinase activity (Y-axis) against a logarithm 
of inhibitor concentration (X-axis).

 7. Identify the concentration of inhibitor causing 50% inhibition 
of kinase activity (this is the IC50 value of the inhibitor).

 8. Select a mutant-specific inhibitor with the lowest IC50 value for 
subsequent analysis.

3.6. Identification of 
Specific and Potent 
Kinase Inhibitors

Fig. 2. In vitro kinase activity assay of wild-type and sensitized GST-LeMPK3. The tomato 
MAP kinase LeMPK3 (16) was expressed and purified from E. coli bacteria in wild-type 
and sensitized forms. The recombinant fusion proteins GST-LeMPK3, GST-LeMPK3(T123A), 
and GST-LeMPK3(T123G) were tested in vitro for autophosphorylation activity in a kinase 
assay in the presence of [g-32P]-ATP. The proteins were separated by SDS-PAGE, stained 
with Coomassie (lower panel) and the dry gel was autoradiographed (upper panel ).
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 1. Order Arabidopsis T-DNA insertion lines for the gene encod-
ing the kinase of interest from the stock center. If the available 
mutant line is heterozygous for the insertion, isolate a homozy-
gous line after selfing and analyzing the progeny as follows.

 2. Grow 12–20 seeds (2 seeds in each 9 cm2 pot) from the batch 
received from the stock center under long-day conditions (16 h 
light/8 h dark).

 3. Harvest 3–4 young leaves and flowers from each 4-weeks-old 
plant and place in a 1.5-mL microcentrifuge tube. Immediately 
freeze in liquid nitrogen (samples can be stored at −80°C).

 4. Grind the frozen tissue and add 500 mL of Genomic DNA 
extraction buffer.

 5. Incubate on an end-over-end rotator (slow rotations) for 5 min 
at room temperature.

 6. Centrifuge for 8 min at 16,000 × g at room temperature.
 7. Transfer 350 mL of the cleared lysate to a clean 1.5-mL micro-

centrifuge tube and add 350 mL of isopropanol. Mix gently by 
inverting the tube ten times.

 8. Centrifuge at 16,000 × g for 10 min at room temperature. 
Discard the supernatant and air-dry the pellet (it will take 
approximately 30 min).

 9. Add 300 mL of water and incubate on an end-over-end rotator 
(at slow rotation) for 30 min at room temperature to allow 
DNA pellet to dissolve. Store at 4°C.

 10. Use primers for PCR identification of a homozygous T-DNA 
insertion line designed by using the online T-DNA Primer 

3.7. Identification of 
Homozygous T-DNA 
Insertion Mutant for 
the Kinase of Interest

Fig. 3. Inhibition of wild-type and sensitized GST-LeMPK3 kinase activity by PP1 deriva-
tives. In vitro kinase activity assays were performed for wild-type GST-LeMPK3 (white 
bars) and sensitized GST-LeMPK3(T123A) (gray bars) in the presence of [g-32P]-ATP and 
the indicated PP1 derivatives (1 mM). Percentage of inhibition (defined as 1 − V1/V0) was 
calculated by determining the ratio of V1 (activity in the presence of inhibitor)/V0 (activity 
in the absence of inhibitor). Data are the means of three technical repeats ± SE. The assay 
was repeated at least two times for each inhibitor with similar results.



194 D. Salomon et al.

design tool of the Salk Institute Genomic Analysis Laboratory 
(http://signal.salk.edu/tdnaprimers.2.html). Insert the name 
of your T-DNA insertion line (e.g. SALK_000001) and retrieve 
the output sequences for the left primer (LP) and right primer 
(RP) that are located on the gene sequences flanking the 
T-DNA insertion site.

 11. Perform PCR amplification using 2 mL of genomic DNA prep-
arations as template. For each genomic DNA to be tested, per-
form two reactions. The first reaction should contain LP and 
RP, and the second one should contain RP and the left-border 
primer of the T-DNA insertion (see Note 11). If the DNA 
sample tested is homozygous for the T-DNA insertion, a PCR 
amplicon is obtained only from the second reaction. However, 
if the DNA sample tested is heterozygous, a product is obtained 
from both reactions.

 12. Harvest seeds from plants homozygous for the T-DNA inser-
tion and allow them to dry overnight at room temperature. 
Store seeds at 4°C in a dry environment.

 1. Grow 40–50 seeds (2 seeds in each 9 cm2 pot) of the Arabidopsis 
homozygous mutant T-DNA insertion line for the gene of 
interest under long-day conditions (16 h light/8 h dark). 
Cover the soil with bridal veil or cheesecloth (the plants will 
flower after approximately 5 weeks).

 2. Clip first bolts to encourage growth of secondary bolts and 
continue growing until plants have many immature flower 
clusters and not many fertilized siliques.

 3. Grow 5 mL of overnight culture of Agrobacterium tumefaciens 
carrying a binary vector for the expression of the sensitized or 
the wild-type kinase (see Note 12). Cultures are prepared in 
LB medium containing appropriate antibiotics and inoculated 
with a fresh colony.

 4. Inoculate 500 mL of LB containing appropriate antibiotics 
with the overnight culture. Grow at 28°C for 16 h.

 5. Pellet cells by centrifugation at 3,700 × g for 15 min at 4°C. 
Discard the supernatant.

 6. Resuspend cells in 200 mL of 5% (w/v) sucrose solution and 
transfer to a 250-mL beaker.

 7. Add Silwet-L77 to a final concentration of 0.035% (v/v) and 
stir for 1 min.

 8. Dip aboveground parts of plants in the bacterial suspension for 
2–3 s.

 9. Return dipped plants to tray and cover tray with a dome. 
Incubate in low light intensity condition for 16–24 h.

 10. Remove the dome and continue growing plants under long-
day conditions.

3.8. Generating 
Arabidopsis Lines 
Expressing the 
Sensitized Kinase
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 11. Repeat steps 3–10 for the same plants after 5–7 days and grow 
them until fertilized siliques are open.

 12. To harvest the dry seeds, open siliques on top of a clean paper. 
Collect seeds from the paper to 1.5 mL tubes. Leave the tube 
open overnight at room temperature to dry seeds completely. 
Store seeds at 4°C in a dry environment.

 13. Prior to germination, the collected seeds should be sterilized. 
For sterilization, dispense approximately 100–200 seeds into 
1.5-mL tubes and place in a dessicator (leave tube caps open) 
within a chemical fume hood. In the middle of the dessicator 
place a beaker containing 100 mL of a 10% sodium hypochlo-
rite solution. Add 5 mL of hydrochloric acid (HCl) and imme-
diately close the dessicator. Incubate for 3 h.

 14. Spread seeds (roughly 1,000) on 0.8% plant agar plate with 
0.5% MS and appropriate antibiotics (of the T-DNA of the 
Agrobacterium transformation vector) to select for transformed 
seeds. Wrap plates with parafilm and incubate at 4°C overnight.

 15. Transfer plate to long-day growth conditions for approximately 
7 days. Transgenic seedlings will appear green and healthy, 
while nontransformed seedling will appear white and small.

 16. Gently transplant each putative transgenic plant in soil and 
grow under long-day conditions.

 17. Extract DNA from individual transformed plants as described 
above and test for the presence of the transgene by performing 
PCR on genomic DNA using primers that will amplify a segment 
of the T-DNA containing the desired transgenic kinase allele.

 18. Harvest seeds from the transgenic plants (see Note 13).

 1. Sow seeds of transgenic and wild-type Arabidopsis plants. 
Grow the plants to the desired developmental stage.

 2. Apply inhibitor solutions either to the whole plant, by spray-
ing, or locally, by using a brush with soft fine fibers.

 3. Proceed with desirable assays to examine the effect of specific 
inhibition of the kinase of interest on selected phenotypes.

 1. The choice and working concentration of the divalent cations 
(Mg2+ or Mn2+) and the pH of the buffer in the kinase reaction 
should be optimized beforehand for the individual kinases.

 2. It is advisable to use the GenBank GI number or the com-
monly used name of the protein kinase of interest to search for 
the appropriate alignment using the “Search by: protein name” 

3.9. Effects of Kinase 
Inhibition In Planta

4. Notes
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option. The resulting sequence alignment can be either down-
loaded as a Microsoft Excel file or directly viewed in HTML 
format with a Web browser. In these alignments, the gatekeeper 
residue is highlighted in red and other ATP-contacting amino 
acids are highlighted in green.

 3. It is possible to design mutagenesis primers that either intro-
duce a novel restriction site or eliminate an existing restriction 
site through auxiliary silent mutation adjacent to the primary 
mutation. The alteration of a restriction site allows for a quick 
screen for mutated plasmid via restriction enzyme digestion, 
prior to nucleic-acid sequencing.

 4. Induction conditions and incubation time should be calibrated 
and optimized for each application.

 5. The half-life of PMSF in aqueous solutions is approximately 
30 min. Therefore, it is advisable to add PMSF to the PBS 
solution right before use.

 6. At this point, the suspension can be frozen in liquid nitrogen 
and kept at −80°C for up to 1 month.

 7. Optimal incubation time during which the change in initial 
velocity of the reaction is linear should be determined in pre-
liminary experiments.

 8. The Coomassie staining solution can be reused several times.
 9. It is advisable to add a piece of tissue paper to the tray. This will 

shorten the destaining procedure, since the tissue paper will 
keep the washed dye out of the destaining solution.

 10. Introduction of a mutation at the gatekeeper may affect activity 
of the kinase as shown in Fig. 2 for LeMPK3(T123G). It is, 
thus, advisable to substitute the gatekeeper residue with alanine 
and glycine and select the mutation with the lowest effect on 
kinase activity. If the kinase of interest does not tolerate any 
mutation at the gatekeeper residue, a second site suppressor 
mutation can be introduced to restore activity (15).

 11. For lines obtained from SALK, it is advisable to use the 
 following oligonucleotide as left-border primer: 5¢-ATTTT 
GCCGATTTCGGAAC-3¢.

 12. Strains of A. tumefaciens commonly used are EHA105 or 
GV3101. The binary vector used for expression should con-
tain a selectable marker different from that present in the 
T-DNA insertion to allow appropriate selection of transformed 
seeds. It is advisable to drive the expression of wild-type and 
sensitized alleles with the kinase endogenous promoter to 
maintain the original expression patterns.

 13. Functionality of the wild-type or sensitized kinase should be 
evaluated in transgenic plants as compared to wild-type 
plants.
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Chapter 11

Fluorescence Fluctuation Analysis of Receptor  
Kinase Dimerization

Mark A. Hink, Sacco C. de Vries, and Antonie J.W.G. Visser

Abstract

Receptor kinases are essential for the cellular perception of signals. The classical model for activation of the 
receptor kinase involves dimerization, induced by the binding of the ligand. The mechanisms by which 
plant receptors transduce signals across the cell surface are largely unknown but plant receptors seem to 
dimerize as well. In this chapter, we describe two fluorescence fluctuation techniques, fluorescence cross-
correlation spectroscopy and photon counting histogram analysis, to study the oligomerization state of 
receptor kinases in living plant cells in a quantitative manner.

Key words: SERK1, SERK3, BRI1, Receptor kinase, Dimerization, Fluorescence cross-correlation 
spectroscopy, Photon counting histogram, Plasma membrane, Protoplast

The somatic embryogenesis receptor kinase (SERK) was isolated as 
a marker for single cells in carrot (Daucus carota) cell suspension 
cultures that had acquired the ability to initiate somatic embryo-
genesis (1). SERK1 is a plasma membrane localized leucine-rich 
repeat (LRR)-receptor-like kinase (RLK) and consists of an 
N-terminal leucine zipper (LZ) domain, five LRRs, a proline-rich 
stromal processing peptidase (SPP) domain, a transmembrane 
domain, and an active intracellular serine/threonine kinase (2, 3). 
Förster Resonance Energy Transfer (FRET) studies have verified 
the interaction between SERK1 and BRI1-aSSocIaTED REcEP-
ToR KINaSE (BaK1)/SERK3, BRaSSINoSTERoID INSEN-
SITIvE 1 (BRI1) and other proteins in confined regions at the 
plasma membrane (4, 5). To study BRI1, SERK1, and SERK3 by 

1. Introduction
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fluorescence techniques its cDNa has been c-terminally fused to 
the cyan (cFP) or yellow (YFP) variant of enhanced green fluores-
cent protein (EGFP) (3) and transiently expressed in plant cells. 
Both BRI1 and SERK1 receptors were shown to be present in an 
oligomerized state in the plasma membrane (3). Elimination of the 
extracellular LZ domain reduced the FRET efficiency to control 
levels, indicating that SERK1 lacking the LZ domain (SERK1∆LZ) 
is monomeric (3). However, standard imaging techniques to visu-
alize FRET with high-spatial resolution such as confocal micros-
copy (6) and fluorescence lifetime imaging microscopy (FLIM) (7) 
require a relatively large amount of fluorescently tagged molecules 
(>1 mM). This may be well above physiologically relevant concen-
trations. In addition, it is difficult to retrieve information about the 
oligomeric status of the studied proteins. Techniques such as pho-
ton counting histogram (PcH) analysis (8) and fluorescence cor-
relation spectroscopy (FcS) (9) can provide this information and 
operate at the single-molecule detection level, allowing to measure 
at physiologically relevant concentrations instead of using overex-
pression conditions. For FcS and PcH, the fluorescence intensity 
is monitored in a small observation volume that is continuously 
illuminated. a particle with a given molecular brightness, h, pro-
duces an intensity fluctuation as it passes the observation volume. 
Particles with a higher molecular brightness will result in stronger 
intensity fluctuations. Since small particles will diffuse more rapidly 
through the observation volume than large molecules, the dura-
tion of the fluorescence bursts contains information on the diffu-
sion speed of the particles. PcH and FcS use the same experimental 
data, but each technique focuses on a different property of the 
signal. FcS analyses the time-dependent decay of the fluorescence 
fluctuations, while PcH calculates the amplitude distribution of 
these fluctuations. This latter technique yields the distribution of 
molecular brightness per particle where molecular brightness is 
defined as the average fluorescence photon count rate detected per 
particle. Müller et al. (10) showed that PcH analysis is capable of 
resolving particles having a brightness ratio of two. Therefore, 
PcH has the sensitivity to resolve the number of SERK or BRI1 
proteins present in oligomeric complexes, since oligomers consist-
ing of n monomers are expected to be n times as bright as the 
monomer. Since the resolving power of FcS to distinguish parti-
cles of different molecular size is limited (11), dual-color fluores-
cence cross- correlation spectroscopy (FccS) has been developed 
(12). Here, two spectrally different fluorescent probes, e.g., EcFP 
and EYFP, are used to label each of the interacting partners. Each 
probe is excited and detected by separate light sources and detec-
tors. Molecular interactions can be studied by following the coin-
cidence of the fluorescence fluctuations in the two detectors. The 
amplitude and decay of the cross-correlation curves correspond 
to the number and dynamics of those complexes that carry both 
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fluorescent probes. In this chapter, we describe how both tech-
niques can be used to study fluorescently tagged Arabidopsis thali-
ana SERK1 receptors.

 1. Enzyme solution: 10 mM cacl2, 0.5 M mannitol, 0.1% (w/v) 
cellulase R10 (Yakult Honsha), 0.05% (w/v) pectinase (Sigma; 
pH 5.5).

 2. Prewashing solution I: 10 mM cacl2, 0.5 M mannitol  
(pH 5.5).

 3. Prewashing solution II: 10 mM cacl2, 0.6 M mannitol  
(pH 5.5).

 4. Prewashing solution III: 0.1 M ca(No3)2, 0.6 M mannitol, 
40% (w/v) PEG MW 6,000 (pH 5.5).

 5. Washing solution: 0.5 M mannitol, 15 mM Mgcl2, and 0.1% 
(w/v) 2-(N-morpholino)ethanesulfonic acid (MES, pH 5.5).

 6. 4- to 5-week-old cowpea plants grown under fluorescent light 
at 22°c with a 16-h light 8-h dark cycle.

 1. Full-length wild-type fusions of SERK1 to fluorescent probes 
under the control of the caMv 35S promoter in pMoN as 
pMoN:SERK1:EcFP and pMoN:SERK1:EYFP.

 2. Mutated and truncated fusions of SERK1 to fluorescent probes 
under the control of pMoN: pMoN:SERK1kinase:EcFP/EYFP 
(intracellular kinase domain only) and pMoN:SERK1∆LZ:EcFP/
EYFP (deleted LZ domain) as described by Shah et al. (3).

 3. SERK3 fusions: pMoN:SERK3:EcFP/EYFP and 
pMoN:BRI1:EcFP/EYFP constructs as described by 
Russinova et al. (13).

 4. pMon999 (Monsanto): control vector lacking a fluorescent 
protein to estimate the contribution of autofluorescence.

 5. PcH control fusion proteins: a caaX-box (14) fused to single 
or double copies of a EcFP/EYFP or (EcFP/EYFP)2 
moiety.

 6. a positive FccS control, caY, an EcFP moiety fused via a 25 
alanine amino acid linker to an EYFP moiety as described by 
Hink et al. (15).

 7. Negative FccS controls: unfused cytoplasmic fluorescent pro-
teins generated by the promoter reporter lines pMoN:EcFP 
and pMoN:EYFP (3) (see Note 1).

2. Materials

2.1. Cowpea Mesophyl 
Protoplast 
Transfection

2.2. Constructs
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 1. Phosphate-buffered saline (PBS): 137 mM Nacl, 2.7 mM 
Kcl, 10 mM sodium phosphate dibasic, 2 mM potassium 
phosphate monobasic (pH 7.4).

 2. Rhodamine 110 (Invitrogen).
 3. Purified EcFP and EYFP in PBS pH 7.4. The fluorescent pro-

teins are purified using the IMPacT (New England Biolabs) 
system, which utilizes inducible self-cleavage activity of an 
intein splicing element to separate the FP from the affinity tag. 
Transformed bacteria are collected by centrifugation and resus-
pended in 50 mM PBS. cells are lysed by passage through a 
French pressure cell. Soluble protein is obtained after centrifu-
gation at 20,000 × g for 30 min at 4°c. The protein binds to 
the chitin beads and after extensive wash with PBS the FPS are 
eluted from the column by incubating the beads overnight in 
50 mM dithiothreitol (DTT). Protein purity is checked on 
SDS-PaGE.

Protect these solutions from light and keep them on ice. 
Dilute to approximately 200 nM for FcS calibration 
measurements.

 4. 96-Well microtiter plates with borosilicate bottom (Whatman).
 5. Microscopy equipment: LSM510 Laser Scanning Microscope 

(LSM) equipped with a confocor2 FcS unit and a 40× 
c-apochromat water immersive lens with a numerical aperture 
(N.a.) of 1.2. (all carl Zeiss) (see Note 2).

 6. Dual dichroic filters for cFP (458 nm in current work) and 
514 nm, a longpass filter LP510, bandpass filters (e.g., BP470-
500 for cFP and BP527-562 for YFP).

 7. FFS data processor 2.1 software package (Scientific Software 
Technologies centre).

 8. Igor Pro (Wavemetrics Inc.).

 1. cowpea (Vigna unguiculata) mesophyll protoplasts are pre-
pared by first peeling off the lower epidermis of the primary 
leaves of 10 days old cowpea, using forceps (see Note 3).

 2. Three leaves are floated on 15 ml of enzyme solution for 3.5 h 
at room temperature with gentle shaking.

 3. The cells are washed twice with 2 ml of prewashing solution I 
followed by centrifugation for 5 min at 40 × g.

 1. add 10 mg of purified plasmid in 30 ml of water to (0.5–1) × 106 
protoplasts in 75–150 ml of prewashing solution II.

 2. Mix gently and add 3 ml of prewashing solution III.

2.3. Calibration 
Probes, Microscopy, 
and Software

3. Methods

3.1. Protoplast 
Isolation

3.2. Transfection
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 3. Incubate the protoplast suspension for 10 s under gentle 
shaking followed by the addition of 4.5 ml washing solution 
in order to stop the transfection.

 4. Incubate at room temperature for 20 min, wash the cells three 
times with washing buffer and incubate in Petri dishes at room 
temperature under constant lab illumination.

 1. The microscope is placed in an air-conditioned room to ensure 
temperature stability and the samples are stored in the described 
96-well plates. In order to reduce the amount of background 
light, a protective blackened aluminum cover was placed on 
top of the sample during the measurements.

 2. Turn on the microscope and the argon-ion laser 30 min before 
starting the measurements.

 3. configure the FcS unit: the EcFP-labeled samples will be 
excited with the 458 nm laser line (if available, use the 405 or 
440 nm lines that work better) and the EYFP samples with the 
514 nm line of an argon-ion laser. The fluorescence is sepa-
rated from the excitation light by a dual dichroic filter, reflect-
ing both the cFP (458 nm in current work) and 514 nm 
excitation lines. a secondary dichroic filter, LP510, separates 
the emission light into two different detection channels. 
appropriate bandpass filters (e.g., BP470-500 for cFP (at 
458 nm excitation) and BP527-562 for YFP, respectively) are 
used for spectral selection (see Note 4).

 4. Since the confocal images and FcS curves will be acquired 
using different detection heads, the two units should be fully 
aligned: acquire with the LSM unit a confocal image of a layer 
of rhodamine 110, dried on a coverslip. Use the same zoom 
factor (approximately 10×) that will be used for the acquisition 
of the protoplast images later.

 5. assign two FcS measurement spots in the confocal image, one 
at the upper left and one at the lower right corner and mark 
these spots. close the pinholes in the FcS unit to the mini-
mum, in order to protect the sensitive avalanche photodiodes 
detectors (aPD) and perform a FcS measurement in both 
spots for ca. 15 s using 100% power of the 514 nm laser line.

 6. Take a new confocal image at lower laser power and validate 
how well the two bleached spots coincide with the marked 
measurement spots. correct the positioning of the FcS beam-
path in the software until the beams are fully aligned.

 7. Measure the fluorescence of a ~100 nM solution of rhodamine 
110 in PBS at a laser power of approximately 10–50 kW/cm2. 
adjust the correction ring of the objective to the position 
where the highest fluorescence countrate is observed in the 
YFP detection channel (see Note 5). In order to prevent that 
one optimizes scattered excitation light or adsorbed probe 

3.3. Microscope 
Calibration
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from the bottom of the sample holder instead of observing the 
true fluorescence signal, the focus should be set at least 100 mm 
into the solution.

 8. The fluorescence emission is detected with avalanche photo-
diodes, placed behind size adjustable pinholes. To maximize 
the overlap of the blue and red observation volume, the posi-
tion and diameter of the pinholes are optimized. Thereto a 
solution of approximately 200 nM purified EcFP in PBS is 
measured at a laser power of approximately 10–50 kW/cm2. 
as a default, the pinhole diameters are set to 55 mm for the 
cFP and 70 mm for the YFP detection channel. optimize the 
X-, Y- and Z-position of the pinhole of the cFP channel by 
running the semi-automatic pinhole adjustment protocol in 
the software. For all axes, a Gaussian-like curve should appear 
where a single maximum peak indicates the optimal position 
for the pinhole. Repeat this procedure for the pinhole of the 
YFP detector, using the same EcFP solution but at a two- to 
threefold higher laser power. Due to the limited movement of 
the pinholes along the Z-axis one might encounter the prob-
lem that the maximum in either the cFP or the YFP channel is 
located just outside the observable pinhole range. By modify-
ing the position of the collimator lens and repeating the pin-
hole optimization one can try to move both pinhole maxima 
into the range. If this procedure is unsuccessful, the collimator 
should be set in such a way that the pinhole maximum of the 
weakest channel is within the range, while the pinhole maxi-
mum of the other channel is just outside the range. In our 
biological samples, the detected EcFP brightness is much 
lower than the detected EYFP brightness. Therefore, the col-
limator lens will be set to have the pinhole of the cFP detector 
just within the range while the pinhole position of the YFP 
channel was set to the maximum value, corresponding to an 
intensity of approximately 95% of the peak.

 9. Perform a FcS measurement of purified EcFP and EYFP in 
PBS using their corresponding laser lines at 3.2 (458 nm) and 
4.0 kW/cm2 (514 nm) (see Note 6). adjust the measurement 
time such that the resulting correlation curve is smooth in the 
decaying part of the curve. The autocorrelation curves are 
imported into the FFS data processor 2.1 software and fitted 
to a model including terms for triplet state kinetics and three-
dimensional Brownian diffusion (16):
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  The autocorrelation function, G(t) contains parameters like N, 
which corresponds to the average number of fluorescent par-
ticles in the detection volume. td is the average diffusion time 
of the molecules, wxy is the equatorial radius, and wz is the axial 
radius of the observation volume. T is the fraction of molecules 
present in the dark state and tTRIP is the average time a mole-
cule resides in the dark state. From these fits the shape factor, 
a, of the green and red observation volumes (a = wz/wxy) and 
the td for EcFP and EYFP are obtained (see Note 7). By solv-
ing Eq. 2, using the translational diffusion coefficient (D) of 
90 mm2/s for EcFP and EYFP in buffer, the dimensions of the 
detection volumes can be calculated by approximating these to 
be cylinders (see Note 8).

 2

d 4

ω
= xy

D
t

 
(2)

 32· · ·= π xyV a ω  (3)

 10. Measure a positive cross-correlation sample, e.g., a fusion pro-
tein of EcFP linked to EYFP by a small amino acid linker, like 
the caY sample (15), and a negative control. These control 
proteins should preferably be targeted to the same subcellular 
location as where the samples will be measured. as a negative 
control we have measured protoplasts co-transfected with free 
EcFP and free EYFP (cytoplasmic) or caaX-box-tagged EcFP 
with caaX:EYFP (in the plasma membrane). although the 
amplitude of the positive cross-correlation curve should lie 
between the two amplitudes of the two autocorrelation curves, 
often this is not the case. By making small adjustments in the 
pinhole diameters, which should not exceed >10% of change to 
the original pinhole diameters, one could optimize the observa-
tion volume overlap and therefore increase the cross-correlation 
amplitude with respect to the autocorrelation amplitudes. 
When one is only interested in PcH analysis, and not in FccS, 
the pinholes can be opened slightly more (<25% of change) 
since the PcH analysis is less sensitive to the shape of the 
observation volumes.

 1. Measurements are performed in protoplasts 5–9 h after trans-
fection. Select only transfected cells that have a subcellular 
(cytoplasmic or plasma membrane-localized) fluorescence 
intensity that is higher than the highest autofluorescence 
intensity observed at that location in wild-type cells. For cross-
correlation measurements only cells are selected that express 
both the EcFP and EYFP fusion proteins (see Note 9).

 2. The observation volume is positioned in the cytoplasm or in 
the middle of the upper plasma membrane that can be identi-
fied by acquiring a fluorescence intensity scan along the 

3.4. Fluorescence 
Fluctuation 
Measurements
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optical (Z-) axis. No spots are selected that are closely located 
to chloroplasts, since these organelles will scatter light and 
absorb the fluorescence light, thereby reducing the signal-to-
noise ratio (SNR) (see Note 10).

 3. The laser power is set not more than 2.5 kW/cm2 for the 
458 nm laser line and 3.1 kW/cm2 for the 514 nm laser line 
to prevent photobleaching, cellular damage, and photophysi-
cal effects. These excitation intensities are still sufficient to 
achieve reasonable SNRs (5–10) within measurement times of 
60–180 s. above 3.2 (458 nm) or 4.0 kW/cm2 (514 nm) 
photobleaching and probe saturation lead to significant dis-
tortions of the correlation and PcH curves.

 4. The raw fluorescence intensity files are saved for processing. 
Data sets containing large intensity spikes (>10 times the inten-
sity standard deviation around the mean intensity), significant 
signal drift or photobleaching (>20% loss) is discarded.

 1. after loading the raw data into the FFS data processor software, 
a region, that contains at least 50,000 photons, is selected out of 
the complete raw data traces. The selected intensity trace should 
be stable, thus lacking a drift in intensity, and the presence of 
(small) intensity spikes should be minimal. The experimental 
intensity trace, originally stored using a sampling frequency of 
200 kHz is re-binned to 5 kHz (see Note 11). The curve is fitted 
in the FFS data processor software to an one- or two-species PcH 
model including autofluorescence background, assuming a 
2D-Gaussian detection volume for the membrane targeted pro-
teins and a 3D-Gaussian detection volume for SERK1kinase-dead−FP 
and the free fluorescent proteins (8). The brightness of the auto-
fluorescence is fixed to the values obtained in mock transfected 
cells. For correct fitting, it is important to have good starting 
values for the fit parameters and therefore “initial guesses” 
should be generated (16). The quality of the fitted curves should 
be judged by visual inspection of the amplitude and randomness 
of the fitting residuals and by the chi square value, c2, of the 
fitting. an example PcH curve of SERK1:EcFP in cowpea pro-
toplasts is shown in Fig. 1.

 2. To validate if the number of species included in the PcH fit-
ting model was sufficient, PcH traces and fits are imported 
into the Igor Pro software. The reduced c2

dn (Eq. 4) (17) indi-
cates the quality of the fit model used and gives a measure of 
the ability to distinguish between the PcH curves of n and 
(n − 1) species systems. values of c2

dn lower than one indicate 
that the data statistics are not sufficient to resolve the species 
completely, whereas a c2

dn larger than one indicates that more 
species than assumed in the fitting model are present:

3.5. Photon Counting 
Histogram Analysis
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  Here, M is the number of data points, d the number of fitting 
parameters, and kmin and kmax are the minimal and maximal 
number of photon counts per bin, respectively. Nn and hn rep-
resent the number of particles and molecular brightness of the 

Fig. 1. Representative photon counting histogram (PCH) of SERK1:ECFP in cowpea proto-
plasts. (a) Complete fluorescence intensity trace, including drift at the end of the measure-
ment. Indicated are the borders that define the section that has been used in data analysis 
(dashed gray lines). (b) PCH after binning the data to 5 kHz. The data points (squares) were 
fitted to a two-species 2D-PCH model (gray line) with background. (c) Normalized fitting 
residuals of (b), indicating the fit quality.
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nth species. sk is the standard deviation of finding k counts r 
times out of M trials and P (k; N1,…,Nn, h1,…, hn) are the 
theoretical nth species PcH functions (17).

 1. after loading the raw data into the FFS data processor soft-
ware, a region, that contains at least 50,000 photons in each 
channel, is selected out of the two complete raw data traces. 
The selected intensity trace should be stable, so without an 
intensity drift, and the presence of (small) intensity spikes 
should be minimal in both channels. The selected intensity 
trace is auto- and cross-correlated resulting in the two autocor-
relation curves Gc(t) (for the cFP channel) and GY(t) (for the 
YFP channel) and the cross-correlation curve GcY(t).

 2. The autocorrelation curves can be fitted according to (see 
Note 12):
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  where the first term corrects for the background fluorescence 
in the corresponding detection channel (Fbackground). The value 
of this parameter is determined by averaging the fluorescence 
intensity in the subcellular region of interest (cytoplasm or 
membrane) in wild-type protoplasts. In order to correct for the 
noncorrelating cross-talk of EcFP in the YFP channel, the 
background fluorescence in the YFP channel was raised by 
0.30 times the intensity observed in the cFP channel. This 
bleed-through factor of 30% was determined by comparing the 
intensities in both detection channels using an EcFP-only 
sample. Each molecular species, m, contributes to the correla-
tion curve function according to its fraction (Ym) and molecu-
lar brightness (hm) (see Note 13). The ratio wxy/wz is fixed to 
the value obtained from the calibration measurement. an off-
set can be included to correct for the effect of small intensity 
drifts in the selected data trace. PcH analysis revealed the pres-
ence of monomers and dimers in the sample and this informa-
tion (m = 2 and h2 = 2 × h1) is included in the fitting model. 

3.6. Auto- and 
Cross-Correlation 
Analysis
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an example FccS-curve of SERK1:EcFP in cowpea proto-
plasts is shown in Fig. 2.

 3. The amplitude of the cross-correlation curve GcY(0) contains 
the information of the number of doubly labeled particles, 
NcY, observed in the cross-correlation observation volume, 
Veff. The effective cross-correlation observation volume was 
estimated from the cross-correlation curve, measuring a sam-
ple of EcFP. Here, we make use of the cross-talk of EcFP 
since some emission of EcFP will be detected in the YFP 
detection channel. The emission of EYFP in the cFP channel 
could be omitted. Equations 6 and 8 (18) contain corrections 
for this cross-talk. From the PcH analysis of single fluorescent 
protein (FP)-labeled SERK1 and BRI1 it became evident that 
the observed oligomeric structures consist of dimers. In our 
experimental system, these dimers do not only consist of par-
ticles that carry both the EcFP and the EYFP label (19), but 
EcFP2- or EYFP2-labeled dimers have to be taken into account 
as well. The molecular brightness of these homodimers is twice 
the value of the monomeric form, as has been determined by 
PcH. We assume that the dimerization does not depend on 
the FP that is fused to the SERK1. Hence, since the contribution 

Fig. 2. Representative auto- and cross-correlation curve of SERK1:ECFP and SERK1:EYFP 
in cowpea protoplasts. (a) CFP (open diamonds) and YFP (filled diamonds) auto-correlation, 
and cross-correlation curves (gray line). The curves were corrected for bleed-through and 
background and fitted to 3D-Brownian triplet-diffusion models (black lines). Note the dif-
ference in scaling for the auto- and cross-correlation curves. (b) The fitting residuals of 
(a), indicating the fit quality. This figure is displayed in greyscale in the print edition but 
available in color in the electronic version.
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of each species to the correlation curve scales with the square 
of the relative brightness, the amplitude of the correlation 
curves now reads:
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where Nc, NY are the number of monomers labeled with EcFP 
or EYFP. Ncc and NYY represent the number of homodimers 
where each monomer is labeled with EcFP or EYFP, respec-
tively and NcY is the heterodimer labeled with EcFP and EYFP. 
The hprobe,excitation,emission values correspond to the molecular 
brightness values for the probes as detected for the different 
excitation and emission wavelengths. For example hccY should 
be read as the molecular brightness of EcFP as detected in the 
YFP channel using the 458 nm “cFP” laser line. These values 
were obtained by the calibration measurements using the same 
laser settings as for the samples.
 To solve the equations above numerically we include 
Eqs. 9 and 10 (20):
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  Equations 6–10 are linked and fitted globally including a 
weight factor for Eqs. 6–8 to correct for the different detection 
volume sizes. an example of our experimental values is given in 
Table 1 (19).
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 1. although EcFP–EYFP is a popular pair to study molecular 
interactions, especially by FRET (21), there are some disad-
vantages in its practical application. EcFP is relatively dim and 
sensitive to photobleaching and EYFP is susceptible to photo-
physics which can turn a fraction of the molecules into a dark 
nonvisible state. The rapid development of new FP variants 
has produced many brighter and more photostable FPs (22). 
In the FccS experiments, it is desirable to diminish the spectral 
cross-talk from the green probe into the red detector, since this 
will lead to false-positive cross-correlation. In our experimental 
setup, the amount of EcFP bleed-through into the YFP chan-
nel is 30% and thus significant. Therefore, we could improve 
the quality of the measurements by choosing a pair that is spec-
trally more separated. However, when choosing such a pair, 
the overlap between the two detection volumes (which depends 
inversely on the spectral separation) will become less and the 
maximum observable cross-correlation, and therefore sensitiv-
ity, will decrease. Thus, a trade-off should be found between 
spectral separation and detection volume overlap. a good 
alternative for EcFP–EYFP is the EGFP-mcherry pair (23), 
having high molecular brightness values, low photobleaching 
rates, and a reasonable spectral separation.

 2. The quality of the objective highly determines the quality of 
the FccS curves. It is essential to use an objective with a high 
N.a. and having the best chromatic corrections, in order to 
have the best overlap of the two excitation and detection vol-
umes. The Zeiss c-apochromat objectives fulfill these require-
ments. For biological samples only water immersed lenses are 
used since oil immersed objectives, despite their higher N.a. 
values, lead to shape distortions of the detection volume and 
therefore result in poor fits.

 3. For details concerning the isolation and preparation of the 
transfected cowpea protoplasts see Notes 1–6 from Kwaaitaal 
et al. (chapter 13).

 4. The introduction of new lasers such as the 405 and 440 nm 
diodes has made it possible to excite the EcFP at the “blue” 
edge of the absorption spectrum. This allows using broader 
emission filters.

 5. The optimal setting of the ring, where the highest count rate is 
observed, corresponds very often not to the printed value on 
the ring that indicates the sample glass thickness.

 6. Many fluorescent probes like the FPs are susceptible to 
 photobleaching and show blinking behavior, due to  continuous 

4. Notes
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conversions between fluorescent and dark states. Both processes 
become more pronounced at higher laser powers. In addition, 
at higher laser intensities, probe saturation might occur in the 
center of the focus. This will change the effective shape of the 
detection volume, resulting in a deviation from the 
3D-Gaussian-shaped detection volume that is assumed in the 
fitting models. Therefore, a trade-off should be found using a 
laser power where the brightness of the molecule (expressed as 
detected counts s−1 molecule−1) is as high as possible but where 
artifacts caused by the processes described above are 
minimized.

 7. For our system the value for a (=wz/wxy) ranges from 4 to 12 
and the td for EcFP or EYFP ranges from 140 to 170 ms. The 
observed brightness values vary between 8 and 12 kHz per 
molecule. The “optimal” values might differ for other micro-
scope systems. In general, the higher the brightness per particle 
the better the obtained data will be. The system has to be cali-
brated until the highest possible brightness is reached without 
having photobleaching and/or saturation artifacts.

 8. although the shape of the detection volumes is close to a 
3D-Gaussian in “ideal conditions,” the optical aberrations 
introduced by measuring inside the living protoplast allow to 
approximate the detection volumes by cylinders. The ampli-
tude of the autocorrelation function, G(0), equals to g/N 
where g corresponds to the shape of the detection volume. In 
all the equations used in this chapter, cylindrical detection vol-
umes are assumed with g = 1.

 9. FcS and PcH are used to analyze the relative fluctuations of 
the fluorescence intensity. Therefore, at high fluorescence 
intensities (e.g., high expression levels) the relative fluctuations 
become too small and the techniques cannot give accurate esti-
mates for the fitting parameters anymore. Typical concentra-
tions for FcS range between 1 nM and 1 mM. In order to 
achieve this concentration of fluorescently labeled proteins in 
the cell, one can optimize the promotor sequence (lower 
expression and/or tunable promotors), the amount of DNa 
used in the transfection procedure or the incubation time after 
transfection.

 10. Since intracellular FcS experiments are typically performed 
with nanomolar concentrations of the fluorescent probe, the 
autofluorescence of the cell could become a significant fraction 
of the total detected fluorescence. When the autofluorescence 
is not giving rise to an autocorrelation curve, a correction fac-
tor, as outlined in Subheading 3.6 step 2, could be used. 
It should be prevented that autofluorescence generates an 
autocorrelation curve since it is difficult to (quantitatively) correct 
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for this contribution. It might be worth to put some effort in 
reducing the autofluorescence by optimizing growth conditions 
like varying the amount of light exposure to the plant, the 
composition of the growth media, or consider a change of the 
experimental setup by shifting to another spectral detection 
region. In general, the autofluorescence in animal cell systems 
will become lower toward the red excitation region, while in 
plant cells the autofluorescence increases again above 640 nm 
due to the presence of chloroplasts.

 11. The binning is chosen such that at least in 15 different chan-
nels photons were detected. To retrieve molecular brightness 
values are affected by the variable diffusion times (24), going, 
e.g., from free EcFP to membrane-bound SERK1:EcFP.  
To ensure that the obtained brightness values can be compared 
directly, PcH curves are generated for every sample, using 
different binning settings (e.g. 20, 5, 1, and 0.1 kHz). only 
above a certain binning value, where the molecular brightness 
starts to remain stable, values can be compared.

 12. although theoretically the free fluorescent protein (FP) and 
SERK1DLZ-FP should be fitted with a 3D Brownian diffusion 
model and the FP-fusions of SERK1, SERK3, and BRI1 with 
a 2D + 3D-model (9), due to the relative low SNR in living 
protoplast measurements no difference between the fitting 
models could be observed. Thus, all the experimental curves 
can be fitted with the 3D Brownian motion model.

 13. When the fusion proteins give rise to FRET, this might com-
plicate the analysis. FRET will lower the molecular brightness 
of the donor molecule. Since the contribution of a molecule to 
the correlation curve scales to the square of the molecular 
brightness (see Eq. 4), non-FRETting donor molecules, that 
are brighter, will dominate the correlation curve. This effect 
becomes apparent when the energy transfer efficiency is larger 
than 20%. Therefore, analysis can be simplified when a probe 
pair is chosen that will have a low FRET efficiency, e.g., due to 
a large spectral difference (see also Note 1).
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Chapter 12

Quantifying Degradation Rates of Transmembrane  
Receptor Kinases

Niko Geldner 

Abstract

Transmembrane receptor-kinases are widespread throughout eukaryotes and their activities are known to 
regulate all kinds of cellular responses in diverse organs and cell types. In order to guarantee the correct 
amplitude and duration of signals, receptor levels at the cellular surface need to be tightly controlled. The 
regulation of receptor degradation is the most direct way to achieve this and elaborate mechanisms are in 
place to control this process. Therefore, the rate of receptor degradation is a parameter of central impor-
tance for understanding the dynamics of a signal transduction cascade. Unfortunately, degradation of 
transmembrane receptors is a complicated multistep process that involves internalization from the plasma 
membrane, invagination into the lumen of endosomal compartments, and finally fusion with the vacuole 
for degradation by vacuolar proteases. Therefore, degradation should be measured in an as noninvasive 
way as possible, such as not to interfere with the complicated transport processes. Here, a method for mini-
mally invasive, in vivo turn-over measurements in intact organs is provided. This technique was used for 
quantifying the turn-over rates of the Brassinosteroid receptor kinase BRI1 (BRASSINOSTEROID 
INSENSITIVE 1) in Arabidopsis thaliana root meristems. Pulse-chase expression of a fluorescently labeled 
BRI1 variant was used and its turn-over rate was determined by quantitative confocal microscopy. This 
method is well suited to measure turn-over of transmembrane kinases, but can evidently be extended to 
measure turn-over of any types of transmembrane proteins.

Key words: Receptor kinases, Degradation rates, BRI1, Brassinosteroids, Endocytosis, Vacuolar 
transport, Arabidopsis, Quantitative confocal microscopy

Regulated degradation of cytosolic proteins is achieved by the 
action of a plethora of E3 ubiquitin ligases which ubiquitinate the 
target protein, leading to its recruitment to the proteasome machin-
ery (1). Degradation of transmembrane proteins, by contrast, 
occurs in specialized cellular compartments, termed lysosomes in 

1. Introduction
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animal cells and vacuoles in yeast and plant cells. Therefore, 
 recruitment of a plasma membrane protein for degradation will 
require its re-targeting to a different membrane compartment by 
means of successive membrane transport steps. After internaliza-
tion from the plasma membrane, a protein is found in endosomes 
from which it can either be recruited into a recycling pathway back 
to the plasma membrane or be placed into an intraluminal vesicle 
of a maturing multivesicular body (2). Eventual fusion of such a 
multivesicular compartment with the vacuole will release the vesi-
cle containing the transmembrane protein into the vacuolar lumen. 
This allows access of vacuolar proteases to both the cytosolic and 
extracellular/luminal part(s) of a transmembrane protein. The 
machinery that recruits the proteins into the multivesicular body 
consists of a series of so-called ESCRT complexes and all the evi-
dence indicates that their function is conserved in all eukaryotic 
model organisms (3, 4). Different methods have been used for 
quantifying protein degradation rate. The easiest way probably 
consists in treating cells with cycloheximide (CHX) in order to 
block translation of new protein and measure the rate of disappear-
ance of the pre-existing protein. However, this approach is based 
on the assumption that a generalized block of protein synthesis 
does not interfere with the effectiveness and functionality of the 
degradation machinery. This might apply to cytosolic proteins 
showing a high turn-over. However, it is much more problematic 
for transmembrane proteins, especially when their turn-over is not 
rapid, which would require prolonged treatment with CHX. 
Receptor turn-over has also been assessed by metabolic pulse-chase 
labeling with 35S-methionine and subsequent pull-downs (see ref. 
5, for example). This technique is challenging, especially when 
used on whole organisms. It necessitates high doses of radioactiv-
ity, specific antibodies and cannot give any good temporal or spa-
tial resolution of degradation rates. Therefore, we set out to 
develop an improved technique in order to measure the turn-over 
rate of the cell-surface receptor kinase Brassinosteroid-insensitive 1 
(BRI1) in Arabidopsis. BRI1 is a receptor for Brassinosteroids – 
steroidal plant growth regulators, which are crucial for plant cell 
elongation (6). Instead of using metabolic pulse-chase labeling, we 
established a transgenic line that expresses an YFP-tagged BRI1 
variant under the control of a heat-shock promoter. In contrast to 
other inducible systems, heat-shock promoters can be induced as a 
sharp transient by short heat exposure (Fig. 1a). This allowed the 
tracing of a protein pulse as an increase and decrease of YFP-signal 
intensity, using quantitative confocal microscopy. In the absence of 
any new mRNA, the decrease represented the protein degradation 
rate. The advantage of this system lies in the fact that it is minimally 
invasive (simply requiring a short heat-shock at 37°C) and allows 
read-outs of high temporal and spatial resolution. In contrast to 
other techniques, for example, we were able to measure protein 
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Fig. 1. In vivo analysis of receptor degradation with heat-shock mediated pulse-chase analysis. (a) Analysis of RNA accu-
mulation after heat shock, as assessed by quantitative RT-PCR. Note rapid induction and disappearance of the RNA. 
Importantly, upon start of the analysis of protein degradation at 5 h after start of heat shock, RNA expression is already 
back close to baseline. (b) Overview of sample preparation for quantitative confocal microscopy. (c) Example of protein 
degradation read-out of five untreated wild-type roots. Numbers at the bottom right designate hours after peak signal 
strength. Selected pictures from time stacks taken at 5 min intervals. (d ) Example showing choice of ROI for signal inten-
sity measurements of one root. Degradation rates of BRI1:YFP after CHX treatment (50 mM; gray ) are compared with an 
untreated control (black ). Note that CHX apparently stabilizes the receptor. (e, f ) Examples of final quantitative read-outs 
of protein degradation. Display of degradation rates of BRI1:YFP after MG-132 treatment (100 mM; gray ) as compared to 
untreated (black ). MG-132 is a proteasome inhibitor which surprisingly also has an effect on BRI1:YFP degradation, prob-
ably by an indirect interference with vesicular transport.
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levels exclusively in the root meristem, where the BRI1 receptor 
has shown to be naturally expressed and required, with read-out 
intervals of a few minutes (7). We applied this technique to estab-
lish the half-life of the BRI1 receptor in root meristems (about 
5–6 h) and to illustrate its ligand-independent endocytic trafficking 
(7). Moreover, we showed that inhibitors of vesicular trafficking 
indeed interfered with transport of BRI1 to the vacuole and accord-
ingly stabilized the proteins. Figure 1e, f shows two other, unpub-
lished examples, showing that BRI1-YFP degradation is apparently 
blocked by addition of the protein synthesis inhibitor CHX. This 
suggests that the use of CHX is indeed problematic when it comes 
to transmembrane proteins, because it can interfere not only with 
their translation, but also with their rate of degradation. Figure 1f 
shows that the proteasome inhibitor MG1-32 can also interfere 
with degradation of membrane proteins. This should not be inter-
preted as a direct role of proteasome in the degradation of trans-
membrane proteins. It is more easily explained by an indirect 
interference caused by cytosolic protein stabilization and ubiquit-
ination. It is important to note that MG1-32 leads to slight 
increases in signal strength, even after 5 h. This observation sug-
gests that this drug treatment could interfere with the tight control 
of the heat-shock promoter leading to some low levels of continu-
ous expression. This evidently interferes with the quantification of 
the protein degradation rate. Thus, a prerequisite for our way of 
measuring turn-over rate is a continued tight regulation of the 
heat-shock promoter. Under some conditions it might be neces-
sary to ensure by quantitative RT-PCR that this is indeed the case. 
In general, an artificial, chemically repressed promoter would be 
preferable for protein degradation measurements. Unfortunately, 
we are unaware of any promoter that would work in such a fashion 
in Arabidopsis.

 1. Homozygous PROHS:BRI1:YFP transgenic lines (promoter of 
the soybean heat shock gene) in the background of the 
Arabidopsis thaliana Columbia-0 (Col-0) ecotype and wild-
type control plants. Therefore, the two primers gatcgaccaagta-
cATGGTAGACCAATCCTAACCAA (sense) and 
gatgggtaccTTTCTCTTATCAGTCTTGTGTAAA (antisense) 
are needed, matching primer sequences in capital letters.

 2. 4–6-day-old seedlings grown at 22°C at 24 h light in Percival 
incubators.

 3. 0.5 MS plant growth medium: 0.5× Murashige and Skoog 
(MS) basal salt medium without sugar (pH 5.8).

2. Materials

2.1. Plant Material, 
Microscope 
Equipment, and 
Software
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 4. 0.5 MS plates with 8 g/L agar.
 5. Chambered coverglasses (CWCS 4R-1.0; GraceBiolabs).
 6. Inverted SP/2 confocal microscope (Leica).
 7. ImageJ software package (National Institutes of Health).

 1. Expression is driven by a heat-shock promoter fragment from 
a soybean heat shock gene (Genbank number: X01104), 
described by Schöffl et al. (8) and first used in Arabidopsis by 
Knox et al. (9).

 2. A 343-bp fragment is amplified by the two indicated primers.
 3. The above generated amplified fragment is placed directly in 

front of the BRI1 open reading frame.

 1. Carefully place five to ten 4–6-day-old seedlings into a 2-mL 
microcentrifuge tube (see Note 1), containing a minimal 
volume of liquid necessary for submerse seedlings (about 
200 mL of 0.5 MS).

 2. Place tubes into a 37°C water bath for 25 min (see Note 2).
 3. After the heat shock, transfer the seedlings to a fresh agar plate 

at room temperature. Straighten seedling roots on the plate; 
reseal the plate and put it back into the growth chamber in an 
upright position for 4.5 h.

 1. After incubation in growth chambers, mount the seedlings for 
observation. For this, melt small pieces (about 1–2 mL) of 0.5 
MS agar in a 15-mL Falcon tube by putting them in the micro-
wave oven for 10–30 s.

 2. Pipette liquid agar into the silicon forms of the chambered 
coverglass, filling them until their upper edge.

 3. When solidified, excise root tips from the seedlings on the agar 
plate and place them onto the agar pill in the silicon form 
(Fig. 1b). Cut with a sharp razor blade, 0.5–1 cm above the 
root tip, to disturb the root meristem itself as few as possible.

 4. Place excised root parts in parallel on the agar block, as closely 
together as possible, about five to seven roots, if possible (see 
Note 3).

 5. Remove the silicon form carefully, so as to leave the agar block 
exposed on the coverslip. Then, slide a razor blade under the 
agar block (Fig. 1b), turn, and carefully push the block into 
another, empty silicon form attached to the coverglass (use a 

3. Methods

3.1. Generation  
of Transgenic 
Conditional BRI1:YFP 
Expression Lines

3.2. Heat-Shock 
Induction

3.3. Mounting and 
Treatment of Samples
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second razor blade or forceps for pushing). This should place 
the root between the cover slip and the agar (see Note 4).

 6. Press a slide onto the silicon form, which will seal the agar 
block and tightly attach the entire surface of the silicon form to 
the coverslip. At this point, a certain pressure has to be applied. 
However, damage to the root does not occur, because the very 
soft agar will disperse the pressure (see Note 5).

 1. Use a 10× air objective for maximum field of vision allowing 
observation of all five to seven root meristems simultaneously 
(Fig. 1c). At the same time, sufficient field of vision has to 
remain around the root meristems, such that the remaining 
X/Y-movement of the root meristems (probably caused by 
continued elongation growth of the root cells), does not push 
the root tips out of the field of analysis.

 2. Acquire Z-stacks of five images per time point (generating a 
4D stack) with the upper and lower image of the stack set 
beyond the upper and lower limit of the root tip. Doing this 
guarantees that slight Z-axis movements (object or focus drift) 
does not lower the total fluorescence of the root meristem cap-
tured in the stack. Since Z-axis resolution is not required, the 
detection pinhole can be opened to up to 2.5 AU (for the 
Leica confocal microscope), so as to allow detection with the 
lowest laser power as possible.

 3. Choose time intervals between 2 and 5 min. In our case, stacks 
were acquired over a time period between 3 and 8 h at a reso-
lution of 512 × 512 pixel. It is critical to choose detector set-
tings below pixel saturation. Maximal pixel intensities values 
should be at about 180. This makes sure that additional 
increases in signal intensity are captured, without leading to 
saturation (255 pixel intensity value). In our case, acquisition 
is started at about 5 h after start of heat-shock. At this time 
point, signal intensity is close to maximum for our protein vari-
ant (see Note 6).

 1. Image analysis is done with ImageJ. Before data evaluation, 
carefully inspect stacks in order to insure that there was no sud-
den Z-axis shift or drift beyond the depth of acquisition or 
other anomalies. Then, collapse the Z-axis into a maximum 
projection. This effectively corrects for any changes in intensity 
caused by slight Z-axis drift. If there is a significant X/Y-drift, 
align the stack with the TurboReg function of ImageJ.

 2. Determine the time point of maximum average pixel intensity 
in the stack discard pictures before this point. This should give 
rise to time stacks as depicted in Fig. 1c.

 3. Choose five circular regions-of-interest (ROI) per root mer-
istem and read out the pixel intensity values of the time stack 

3.4. Confocal Data 
Acquisition

3.5. Quantitative 
Analysis of Data
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into Microsoft Excel (Fig. 1d). Transform into relative pixel 
intensity values, with the value of the first image in the stack set 
to 100. We average values of at least five individual roots for 
the reading of one experiment (Fig. 1e, f).

 1. Great care was taken in handling of seedlings at any step of the 
procedure, since the read-out was done on living, intact organs. 
Specifically, only spring steel forceps were used to manipulate 
and transfer seedlings. If possible seedlings were only touched 
at cotyledons, not used for analysis. At no point the roots were 
left without immediate contact of either liquid medium or agar 
for any more than a few seconds. Care was taken when trans-
ferring seedlings into and out of the microcentrifuge tube. At 
this step roots easily adhere to the wall of the tube, which can 
easily be overlooked and will lead to their drying out during 
the incubation. The entire seedling must be completely sub-
merged in the liquid 0.5 MS medium, if possible without 
touching the root itself.

 2. Using a water bath and a small sample volume leads to a rapid 
heat transfer and allows to obtain reproducible induction of 
heat shock even after the relatively short time of 25 min. If 
other than the described way of applying the heat shock is used 
(such as on plates or with seedlings grown on chambered cov-
erglasses) longer incubations at 37°C might have to be used 
(up to 1 h).

 3. It is very important to minimize the stress the root tips are 
exposed to. Ensure that the root tips are always in contact with 
the agar. Make clean cuts, take root tips at the differentiated 
extremity, and transfer them as quickly as possible, again taking 
care that the whole length of the root tip is placed in contact 
with the agar. We recommend doing these manipulations 
under a binocular using incident light.

 4. Care should be taken not to cause inclusion of air bubbles. 
However, if this occurred, these can normally be removed by 
slight pressure on the agar block.

 5. For overnight observation it can be necessary to additionally 
seal the edges with parafilm (by taking care not to cover the 
area to be observed).

 6. The exact timing of maximum signal after heat shock is prob-
ably dependent on the translation and maturation of the pro-
tein of interest and the maturation of the fluorophore and has 
to be determined for each protein individually.

4. Notes



224 N. Geldner

Acknowledgments

I would like to thank Joanne Chory in whose lab the author estab-
lished this protocol as a postdoctoral fellow of the Human Frontiers 
Science Program (HFSP). Current research in the author’s lab is 
supported by grants from the Swiss National Science Foundation 
(SNF) and the European Research Council (ERC).

References

 1. Schwechheimer, C., Willige, B. C., Zourelidou, 
M., and Dohmann, E. M. (2009) Examining 
protein stability and its relevance for plant 
growth and development. Methods Mol Biol 
479, 1–25.

 2. Williams, R. L., and Urbe, S. (2007) The 
emerging shape of the ESCRT machinery. Nat 
Rev Mol Cell Biol 8, 355–68.

 3. Stuffers, S., Brech, A., and Stenmark, H. 
(2008) ESCRT proteins in physiology and dis-
ease. Exp Cell Res.

 4. Winter, V., and Hauser, M. T. (2006) Exploring 
the ESCRTing machinery in eukaryotes. Trends 
Plant Sci 11, 115–23.

 5. Lill, N. L., Douillard, P., Awwad, R. A., Ota, S., 
Lupher, M. L., Jr., Miyake, S., Meissner-Lula, 
N., Hsu, V. W., and Band, H. (2000) The evo-
lutionarily conserved N-terminal region of Cbl 
is sufficient to enhance down-regulation of the 

epidermal growth factor receptor. J Biol Chem 
275, 367–77.

 6. Vert, G., Nemhauser, J. L., Geldner, N., Hong, 
F., and Chory, J. (2005) Molecular mecha-
nisms of steroid hormone signaling in plants. 
Annu Rev Cell Dev Biol 21, 177–201.

 7. Geldner, N., Hyman, D. L., Wang, X., 
Schumacher, K., and Chory, J. (2007) 
Endosomal signaling of plant steroid receptor 
kinase BRI1. Genes Dev 21, 1598–602.

 8. Schöffl, F., Rieping, M., Baumann, G., Bevan, 
M., and Angermuller, S. (1989) The function of 
plant heat shock promoter elements in the regu-
lated expression of chimaeric genes in transgenic 
tobacco. Mol Gen Genet 217, 246–53.

 9. Knox, K., Grierson, C. S., and Leyser, O. 
(2003) AXR3 and SHY2 interact to regulate 
root hair development. Development 130, 
5769–77.



225

N. Dissmeyer and A. Schnittger (eds.), Plant Kinases: Methods and Protocols, Methods in Molecular Biology, vol. 779,
DOI 10.1007/978-1-61779-264-9_13, © Springer Science+Business Media, LLC 2011

Chapter 13

Fluorescence Correlation Spectroscopy and Fluorescence 
Recovery After Photobleaching to Study Receptor Kinase 
Mobility In Planta

Mark Kwaaitaal, Marieke Schor, Mark A. Hink,  
Antonie J.W.G. Visser, and Sacco C. de Vries 

Abstract

Plasma-membrane-localized receptor kinases are essential for cell–cell communication and as sensors for 
the extracellular environment. Receptor function is dependent on their distribution in the membrane and 
interaction with other proteins that are either membrane-localized, present in the cytoplasm, or in the 
extracellular space. The organized distribution and mobility of receptor kinases is, therefore, thought to 
regulate the efficiency of downstream signaling. This chapter describes two methods to study receptor 
mobility in the plasma membrane. Fluorescence Correlation Spectroscopy (FCS) and Fluorescence 
Recovery After Photobleaching (FRAP). Especially, the combination of FRAP and FCS provides a better 
insight into plasma membrane receptor mobility.

Key words: SERK1, Plasma membrane, Receptor kinase, Fluorescence correlation spectroscopy, 
FCS, Fluorescence recovery after photobleaching, FRAP, Diffusion, Mobility, Protoplast

The somatic embryogenesis receptor kinase (SERK) was isolated as 
a marker for single cells in carrot (Daucus carota) cell suspension 
cultures that had acquired the ability to initiate somatic embryo-
genesis (1). SERK1 is a plasma-membrane-localized leucine-rich 
repeat (LRR) receptor-like kinase (RLK) and consists of an 
N-terminal leucine zipper (LZ) domain, five LRRs, a proline-rich 
SPP domain, a transmembrane domain, and an active intracellular 
serine/threonine kinase (2, 3).

1. Introduction
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At the cellular level, Förster Resonance Energy Transfer 
(FRET)-based techniques have verified the interaction between 
SERK1 and 14-3-3 (4), CDC48 (5), KAPP (6), SERK2 (7), BRI1 
and BAK1/SERK3 (5). These studies showed that the interaction 
between SERK1 and its partners is highly dynamic. As reported for 
BRI1 and BAK1/SERK3 (8), SERK1 also interacts with SERK2, 
BAK1/SERK3, BRI1, and CDC48 in confined regions at the 
plasma membrane (5, 7, 9, 10) and with KAPP only after internal-
ization (6). For BRI1 and BAK1/SERK3, it was postulated that 
the interaction occurs just prior to endocytosis (8). Both BRI1 and 
SERK1 receptors are also present in a homodimerized state in the 
plasma membrane (3, 8, 9, 11). SERK1 homodimerization depends 
on the presence of the extracellular LZ domain (3). Photon count-
ing histogram analysis and fluorescence cross-correlation micros-
copy in plant protoplasts showed that 13% of the SERK1 receptor 
and 20% of the BRI1 receptor proteins are present in a homodi-
merized state. BRI1 homodimerization in protoplasts seems 
independent of the presence of brassinosteroids (12). Mass spec-
trometry-based data suggest that BRI1 activation results in 
increased interaction with the BAK1/SERK3 coreceptor (13). A 
Fluorescence Recovery After Photobleaching (FRAP) mobility 
study of FLS2, the plant receptor for flagellin, showed in proto-
plasts that both the FLS2 mobile fraction and diffusion coefficient 
are reduced in response to its ligand (14).

Fluorescence Fluctuation Spectroscopy (FFS)-based techniques 
enable the measurement of protein dynamics and interactions in 
living cells at physiological protein concentrations. FFS utilizes a 
confocal microscope with high numerical aperture (NA) objective 
that reduces the observation volume to less than 1 fL (15, 16). 
This also enables measurements at the single molecule level using 
sensitive avalanche photodiode detectors. Since these techniques 
are noninvasive, they are very attractive tools for use in living cells 
(16–18). In an FFS experiment, spontaneous fluorescence fluctua-
tions around an equilibrium caused by continuously excited single 
molecules diffusing into and out of the observation volume are 
observed (15, 19). Fluorescence Correlation Spectroscopy (FCS) 
studies the temporal behavior of fluctuations in fluorescence inten-
sity and is analyzed by calculating the autocorrelation function G(t) 
of a large number of fluctuations. The fluorescence intensity at time 
t is compared with the amplitude at a later time t + t. G(t) is the 
sum of the products of pairs resulting from this comparison. As the 
correlation of the position of a particle with its earlier position 
decays as the particle diffuses out of the detection volume, the aver-
age value of the products of points separated by a longer time t are 
smaller than those separated by a short time. Correlations between 
individual particles are random and will average out due to the 
large number of fluorescence fluctuations. The decay of the 
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autocorrelation curve gives information about diffusion times, and 
the amplitude of the curve is inversely linked to the number of 
particles in the detection volume (15, 17, 19).

This chapter describes two methods to study receptor dynam-
ics in the plasma membrane of intact plant cells at endogenous 
protein levels and in Arabidopsis thaliana protoplasts. As a model 
system, plants expressing the SERK1 receptor fused to YFP (Yellow 
Fluorescent Protein) and regulated by its own promoter were used 
(20, 21). It is shown how FCS can be used to study diffusion of 
receptors in planta and in protoplasts. Interference from factors 
such as autofluorescence and cell movement should be taken into 
account. As a supportive method, FRAP measurements can be 
used and its usage is described for intact plant cells and 
protoplasts.

 1. MS plates: half-strength (0.5) Murashige and Skoog (MS) 
medium (pH 5.8; Duchefa Biochemie) agar plates containing 
1% (w/v) sucrose.

 2. 10 mM Tris–HCl (pH 7.5).
 3. Enzyme solution: 1% cellulase R10 (Yakult Honsha), 0.2% 

(w/v) pectinase (Sigma), 0.4 M mannitol, 20 mM KCl, 10 mM 
CaCl2, and 20 mM 2-(N-morpholino)ethanesulfonic acid 
(MES; pH 5.7).

 4. PEG/Calcium solution: 4 g PEG 4000, 5 mL H2O, 0.36 g 
mannitol, and 1 mL 1 M Ca(NO3)2. Fill up to 10 mL, heat the 
solution twice for 6 s at 300 W in a microwave to dissolve the 
PEG and keep in warm water until needed.

 5. W5 solution: 154 mM NaCl, 125 mM CaCl2, 5 mM KCl, and 
2 mM MES (pH 5.7).

 6. MMG solution: 0.2 M mannitol, 15 mM MgCl2, and 4 mM 
MES (pH 5.7).

 7. 4- to 5-week-old Arabidopsis plants grown under fluorescent 
light at 22°C with a 16 h light–8 h dark cycle.

 8. Needles and razor blades.
 9. Two-well chambered coverslip (Nunc).
 10. 100-mm nylon mesh and round-bottomed tubes.
 11. FCS data processor version 1.4 (build 3; Scientific Software 

Technologies Software Centre).
 12. AIM Software package (Carl Zeiss).
 13. Microsoft Excel or Igor Pro (Wavemetrics Inc, USA).

2. Materials

2.1. Plant Growth  
and Arabidopsis 
Mesophyll Protoplast 
Transfection
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 1. pMON:SERK1:EYFP (Enhanced Yellow Fluorescent Protein) is 
previously described by Shah et al. (2001) and pMON:BRI1: 
EYFP by Russinova et al. (2004).

 2. pMON:EYFP:CAAX: the CAAX-box is attached to EYFP to 
target it to the plasma membrane as a reference for lateral 
membrane diffusion, see also Chapter 9. A CAAX-box typi-
cally consists of a cysteine followed by two aliphatic amino 
acids and either an alanine, glutamine, leucine, methionine, or 
serine as a C-terminal residue (22). The CAAX-box used con-
sisted of a cysteine, threonine, isoleucine, and leucine.

 3. pSERK1:SERK1:EYFP as described by Kwaaitaal et al. (20).
 4. 50 mM rhodamine green (Invitrogen) in water. Shield from 

light and keep on ice. Dilute approximately 2,000× for FCS 
calibration and reference measurements.

 5. LSM510 Laser Scanning Microscope equipped with the 
ConfoCor 2 FCS Scan head. For FCS measurements a 40× 
C-Apochromat water immersive lens with a NA of 1.2 was 
used. For FRAP measurements, a 40× Plan-Neofluar oil-
immersive lens with an NA of 1.3 was used (all Carl Zeiss).

 6. Coverslips.
 7. 0.01% (v/v) Tween 20.

 1. Surface sterilize seeds and transfer them to 0.5 MS plates.
 2. After 2 days at 4°C, transfer the plates to a growth chamber 

under fluorescent light at 22°C with a 16 h light/8 h dark 
cycle.

 3. After 1 week, seedlings can be used directly or transferred to 
soil and grown to maturity under the same conditions. In our 
studies, Col-0 (Arabidopsis thaliana ecotype Columbia-0) was 
used as wild-type control and the pSERK1:SERK1:EYFP line 
as reporter.

 1. Transfer a flower bud to a drop of 10 mM Tris–HCl (pH 7.5).
 2. For ovule preparation isolate the carpel from the flower and 

open the carpel longitudinally with a needle and transfer to a 
drop of 10 mM Tris–HCl (pH 7.5) in a two-well chambered 
coverslip.

 3. Gently press the tissue between the bottom of the chamber 
and a coverslip to release the ovules (see Note 1).

2.2. Constructs, 
Reagents,  
and Microscopy

3. Methods

3.1. Plant Growth

3.2. Preparation 
Ovules
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The modified Arabidopsis mesophyll protoplast transfection 
protocol described by Aker et al. (9) is used, which is based on the 
protocol described by Sheen (23).

 1. Take as many rosette leaves of 4- to 5-week-old Arabidopsis 
plants to cover a 10-cm Petri dish. One dish is enough for 
approximately five transfections (see Note 2).

 2. Cut leaves in small pieces with two razor blades.
 3. Add 15 mL of enzyme solution to the leaf fragments.
 4. Vacuum-infiltrate the leaf fragments for 30 min.
 5. Incubate the leaf fragments for 2.5 h at room temperature in 

light on a shaking platform at 75 rpm.
 6. Release the protoplast by swirling the Petri dish by hand for 

2 min.
 7. Filter the protoplasts through a 100-mm nylon mesh into a 

round-bottomed tube.
 8. Pellet the protoplasts at 500 rpm for 3 min.
 9. Wash the protoplasts once with 5 mL of W5 solution. Be gen-

tle with the material at all times, avoid unnecessary turbulence 
and use blue cut 1-mL tips when transferring the protoplasts.

 10. Pellet the protoplasts at 500 rpm for 3 min and resuspend in 
1 mL of MMG solution.

 11. Transfer 200 mL of protoplast suspension with a cut 1-mL tip 
(see Note 3).

 12. Add 30 mg of plasmid DNA in total (see Note 4).
 13. Add 220 mL of PEG–Calcium solution, mix well immediately, 

and incubate for 5 min.
 14. Add 800 mL of W5 solution and mix well immediately.
 15. Pellet the protoplasts at 500 rpm for 3 min.
 16. Add 5 mL of W5 solution and pellet the protoplasts again at 

500 rpm for 3 min (see Note 5).
 17. Resuspend the protoplasts in 500 mL of W5 medium contain-

ing 1 mM Glucose.
 18. Incubate protoplasts in light at 25°C until the appropriate level 

of expression of the proteins of interest is reached (see Note 6).

 1. Excite rhodamine green and YFP with the 514 nm argon laser 
line and detect emission between 530 and 600 nm. Employ an 
excitation intensity of maximally 4.3 kW/cm2, which corre-
sponds for our 30 mW argon laser to an output setting of 50% 
(approximately 6 Ampere) and the acoustical optical tunable 
filter (AOTF) set to 1%.

3.3. Arabidopsis 
Mesophyll Protoplast 
Transfection

3.4. Fluorescence 
Correlation 
Spectroscopy
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 2. Calibrate the system with a rhodamine green solution in water 
(25 nM). Set the pinhole diameter to 70 mm and optimize 
signal intensity using the correction collar of the lens. Dilute 
the rhodamine green solution to a signal intensity between 20 
and 50 kHz. Optimize the pinhole settings using the AIM 
software. Iteratively, optimize the pinholes in the X-, Y-, and 
Z-directions (see Note 7).

 3. To align the ConfoCor2 laser scan head with the LSM scan 
head use a coverslip, where on a solution of rhodamine green 
in water containing 0.01% (v/v) Tween 20 is dried. After 
focussing on the fluorescent rhodamine green layer, acquire an 
image. In the FCS mode, select several positions in the image 
and bleach these positions for 15 s with the AOTF set to 100%. 
Acquire a new image and correct the discrepancy between the 
ConfoCor2 scan head and the LSM scan head in the AIM soft-
ware. Repeat the procedure until the scan heads are fully 
aligned.

 4. Perform three measurements of 2 min at 1 mW at the focus in 
a rhodamine green solution. In the AIM software, fit the auto-
correlation curves to the following equation (Eq. 1) taking 
into account triplet-state kinetics and 3D-Brownian diffusion. 
For the analysis, we have used the FCS data processor software 
(24):
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In Eq. 1, G(t) is the autocorrelation function, N is the average 
number of fluorescent particles in the detection volume, td is 
the average diffusion time of the molecules. wxy is the equato-
rial radius, and wz is the axial radius of the detection volume. 
Ftrip is the fraction of molecules present in the triplet state and 
Ttrip is the average time a molecule resides in the triplet state 
(usually in the order of a few microseconds). From this fit, the 
shape of the detection volume (a = wz /wxy) and the td and N for 
rhodamine green are obtained. Then by using Eq. 2 with a 
translational diffusion coefficient (D) of rhodamine green of 
280 mm2/s the dimensions of the detection volume can be 
calculated (see Note 8).
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 5. Always include these reference measurements to be able to 
compare data from different days.
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 6. Acquire an image of the tissue or cells expressing the fluorescent 
proteins to be examined. For examples, see Fig. 1a, b, d, e.

 7. Within the FCS mode of the AIM software, select several posi-
tions on the plasma membrane where the measurements will 
be performed. For examples, see crosshairs in Fig. 1. Include 
measurements at “dark” positions and within cells to check for 
autocorrelating species in the medium or within cells not origi-
nating from the plasma membrane and to estimate the back-
ground signals (see Note 9).

 8. Program the software to perform a prebleach pulse before ini-
tiating the measurements to bleach immobile proteins or auto-
fluorescent material (see Note 10).

 9. Measure three times at each position for about 30–60 s (see Note 
11) and record raw data for all measurements (see Note 12).

 10. Acquire a new image to investigate sample movement. For an 
example see Fig. 1c.

Fig. 1. Localization of YFP fusions used for FCS in planta and in Arabidopsis protoplasts. (a) Confocal image taken from 
wild-type ovule showing a merged intensity image of the YFP and the Chlorophyll channels. (b, c) SERK1:YFP localization 
in stage IV ovule in Arabidopsis plant containing a SERK1 promoter:SERK1 cDNA:YFP construct, before (b) and after (c) the 
FCS measurement. (d) SERK1:YFP localization in Arabidopsis protoplast. (e) YFP:CAAX localization in Arabidopsis proto-
plast. The crosses mark the positions of the observation volumes positioned at the plasma membrane, where the FCS data 
was recorded. Scale bar = 5 mm.
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 11. Select measurements with a stable intensity trace. The intensity 
trace should not contain aggregate peaks or fluctuate more 
than about 20% from the average. Alternatively, the raw data 
trace can be used to select regions that fulfil the criteria and 
discard regions containing aggregate peaks or exclude areas 
with large variations in the average fluorescence intensity.

 12. Perform identical measurements in wild-type plant material or 
untransfected protoplasts to estimate the contribution of tissue 
or cellular autofluorescence (see Note 13).

 13. Import the autocorrelation data in the analysis software.
 14. From the wild-type autocorrelation curves determine if any 

correlating species are present. If so include an extra term in 
the fit formulas and take into account the difference in bright-
ness between the autofluorescent and the labeled species (see 
step 15(b) and Note 14). For an example see Fig. 2a, b.

 15.  (a)  To model 2D-Brownian diffusion (e.g., for diffusion in 
the membrane) with fast triplet-state kinetics, use Eq. 3
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 For explanation of variables in Eq. 3, see description with 
Eq. 1. The offset parameter is included to correct for arti-
facts in the autocorrelation curve due to small intensity 
drifts in the average fluorescence intensity (25).

(b) To model 2D-Brownian diffusion with fast triplet-state 
kinetics and a “fast” diffusing autofluorescent species 
showing 3D-diffusion, use Eq. 4
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 For explanation of variables in Eq. 4, see descriptions with 
Eqs. 1 and 3. Additionally, F1 is the fraction of molecules 
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showing 3D-diffusion, td1 is the diffusion time of  
molecules showing 3D-diffusion and td2 is diffusion time 
of molecules showing 2D-diffusion. Fm corrects for the 
difference in molecular brightness (hm) of the species m (= 
1 or 2) according to its fraction Ym (12).

(c) To model 2D-diffusion with fast triplet-state kinetics and 
slow blinking of the fluorophore (26), use Eq. 5.

Fig. 2. Representative autocorrelation curves of FCS measurements. (a) Fluorescence intensity trace obtained from wild-type 
ovule with “aggregate peaks” (arrowheads) having an intensity more than three times the average signal. (b) Autocorrelation 
curve of the intensity trace not cleaned for aggregate peaks shown in (a). Figures (c)–(e) show representative autocorrelation 
curves fitted with a model taking into account triplet state kinetics, slow blinking of the fluorophore, 2D diffusion and 
an offset value to correct for intensity drifts. The residuals of the fit are shown below the autocorrelation curves. (c) 
Autocorrelation curve and fit residuals of SERK1:YFP in ovules. (d) Autocorrelation curve and fit residuals of fit of SERK1:YFP 
ectopically expressed in Arabidopsis protoplasts. (e) Autocorrelation curve and fit residuals of YFP:CAAX in protoplasts. Note 
the increased residuals for the SERK1:YFP in ovules FCS measurements compared to the other measurements. Arrow points 
at dark blinking component in curves. Asterisk above curve marks slow component showing 2D diffusion.
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  For explanation of variables in Eq. 5, see descriptions with 
Eqs. 1 and 3. Additionally, Fblink is the fraction of molecules 
present in the dark state between two blinking events and Tblink 
the average time a particle stays in the dark blinking state (26). 
For examples, see Fig. 2d, e and note the arrow, which marks 
the blinking component and the asterisk, which marks the dif-
fusing component (see Note 14).

 16. The fit procedure will provide information about the number 
of particles N present in the detection volume and the diffu-
sion times td of the different components. Use Eq. 2 and the 
wxy value obtained from the rhodamine green calibration mea-
surements to calculate the diffusion coefficient D of the differ-
ent components (see Note 15). For our determined values see 
Table 1.

 1. Excite YFP with the 514 nm argon laser line and detect emis-
sion light between 530 and 600 nm. Excite GFP with the 
488 nm argon laser line and detect emission light between 505 
and 550 nm.

 2. Select regions of interest (ROI) of a fixed size at a fixed scan 
zoom (see Note 16). One ROI, positioned at the plasma mem-
brane, will be used for the actual fluorescence recovery after 

3.5. Fluorescence 
Recovery After 
Photobleaching

Table 1 
Characteristic values obtained from FCS and FRAP measurements and fits for 
SERK1:YFP in ovules and protoplasts, YFP:CAAX in protoplasts and BRI1:GFP in 
roots and protoplasts

Nmobile DFCS (mm2/s) DFRAP (mm2/s) Mobile fraction (%)

SERK1 – YFP ovules  6.5 ± 3.7 3.0 ± 1.6 ND 28 ± 5

SERK1 – YFP transiently 
expressed in protoplasts

10.8 ± 6.0 4.6 ± 1.0 3.2 ± 0.8 70 ± 13

CAAX – YFP 17.5 ± 8.0 5.8 ± 1.4 ND ND

BRI1 – GFP roots ND ND ND 10 ± 10

BRI1 – YFP transiently 
expressed in protoplasts

ND ND 2.2 ± 0.7 70 ± 17

Nmobile = average amount of mobile molecules in the detection volume, DFCS (mm2/s) diffusion coefficient as determined 
with FCS, DFRAP (mm2/s) diffusion coefficient as determined by FRAP and the mobile fraction (%) of fluorescence mol-
ecules as determined by FRAP. ND not determined. Values are shown with standard deviation
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photobleaching (FRAP) measurement (ROIbleach). Position one 
ROI away from the bleached area to follow scanning bleaching 
(ROIscan) and one ROI at a “dark” position to correct for back-
ground signal (ROIbackground).

 3. Program the software to bleach ROIbleach to around 30% of the 
initial intensity. The bleach time should be as short as possible. 
The bleaching efficiency can be optimized by varying the laser 
power and the amount of scanning iterations of the ROI (see 
Note 17).

 4. Program in the “Time series” mode a procedure with five 
 prebleach scans, followed by a bleach of the ROIbleach and a 
number of scans after the bleach. Take care to limit scanning 
bleaching by using a laser power where the ROIscan does not 
show or shows a minimal decrease in fluorescence intensity. The 
timing between the images was set such that as many images as 
possible of the recovery phase of the bleached spot are obtained. 
Continue the time series until a plateau value in the signal inten-
sity of ROIbleach is reached (see Notes 18 and 19).

 5. Extract the intensity values from the ROI’s from the images 
and use analysis software such as Microsoft Excel or Igor Pro 
for the calculations.

 6. Subtract the average intensity of ROIbackground from ROIbleach 
and ROIscan (see Note 19).

 7. Normalize the data using Eq. 6.
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  In Eq. 6, Fnormalized(t) is the normalized recovery curve, Ft is the 
fluorescence intensity at time t (s), F0 is the fluorescence inten-
sity just after the bleach, and Fb is the fluorescence intensity just 
before the bleach.

 8. Using Eq. 7 the mobile fraction (R) can be calculated. For our 
experimental values, see Table 1.
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  In Eq. 7, R is the mobile fraction of proteins, F∞ is the fluores-
cence intensity after full recovery, F0 is the fluorescence inten-
sity just after the bleach, and Fb is the fluorescence intensity just 
before the bleach.

 9. From the recovery curve, the diffusion time for a molecule 
undergoing 2D Brownian diffusion can be calculated using 
Eqs. 8 and 9. To make the fitting procedure easier, transform 
the data such that the first point is the first measurement 
directly after the bleaching at t = 0:
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  In Eqs. 8 and 9, k is the recovery constant and t1/2 is the time 
for half recovery.

 10. The diffusion constant (D) can be calculated using Eq. 10.
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  where r2 is the bleached area, b is a correction factor for the 
degree of bleaching, and D is the diffusion coefficient. The 
value of b = 1.30 when 70% of the initial fluorescence is 
bleached. For values of b at other degrees of bleaching see ref. 
27. The value for t1/2 is considered sufficient to compare rela-
tive coefficients of molecules when ROIbleach is kept constant. 
For our determined values, see Table 1 (see Note 20).

 1. In time, autofluorescence levels in isolated ovules increase, 
which interferes with the measurements. Prevent the use of the 
same tissue sample for extended periods of time (more than 
20 min). Also, growth conditions and health of the plants 
influence tissue autofluorescence. Take care in using optimal 
growth conditions and avoid the use of plants stressed by 
drought or pathogens. For SERK1, stage-II to stage-IV ovules 
(20, 28) proved to be the most suitable for FCS. For examples, 
see Fig. 1a, b.

 2. Take care to take healthy leaves to obtain sufficient transfected 
protoplasts.

 3. Take care not to let the protoplasts dry out and treat them as 
gently as possible.

 4. When transfecting multiple constructs, add equal amounts 
making a total of 30 mg.

 5. Check the viability of the protoplasts during the procedure. 
The protoplasts should be perfectly round, and the chloro-
plasts should be brightly red under epifluorescent light. For 
examples, see Fig. 1d, e.

 6. To ensure that the fluorescence levels from the fluorescent 
fusion proteins are not too high for FCS, the final incubation 
step after transfection should be limited to less than 9 h. 
Hereafter, cycloheximide (CHX; Sigma) can be applied up to 

4. Notes
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a concentration of 50 mM to inhibit protein synthesis and limit 
the increase in fluorescence levels during the course of the 
measurements.

 7. Occasionally, no optimum in the Z-direction was found, which 
could be solved by adjusting the collimator position followed 
by a recalibration of the pinholes.

 8. For our system, the value for a (=wz /wxy) ranges from 4 to 6 
and the td for rhodamine green ranges from 22 to 26 ms. Our 
brightness value for rhodamine green (average fluorescence 
intensity (kHz)/N) varies between 4 and 6 kHz per mole-
cule. Values within this range suggested an optimal calibra-
tion of our microscope system. The “optimal” values might 
differ for other microscope systems. In general, the higher 
the brightness per particle, the better the obtained data will 
be. So, calibrate your system until you reach the highest 
possible brightness.

 9. Measurements with no correlating species, large intensity 
drifts, or many and large aggregate peaks were excluded from 
analysis, which left in our experience on average 15–20% of 
useable autocorrelation curves. Measurements at multiple 
positions increase the chance that the plasma membrane is 
present in the detection volume at some positions.

 10. We observed that especially in ovules a large fraction of 
SERK1:YFP is immobile (see Table 1). This fraction interferes 
with the measurement and will cause, because of photobleach-
ing, a gradual decrease in the fluorescence intensity during a 
measurement. A 2-s prebleach with the AOTF set to 70%, sta-
bilizes the signal intensity. Include if necessary this prebleach 
step for your measurement if a continuous decrease in fluores-
cence intensity is observed. However, when the goal of the 
experiment is to estimate particle numbers (N), no prebleach-
ing should be included. If the decrease in fluorescence inten-
sity is limited, it can later be analyzed and used to correct the 
value for N retrieved from the fit to include the immobile par-
ticles. The gradual decrease in fluorescence intensity might 
also be caused by a too high laser power. If so, reduce laser 
power for the measurements.

 11. The measurement time needed to obtain autocorrelation 
curves of sufficient quality depends on factors such as diffusion 
time, the amount of autofluorescence, brightness of the fluo-
rophores, the amount of particles in the detection volume, and 
movement of the sample or cellular structures. In an ideal situ-
ation, measurement times should be >1,000× the diffusion 
time of the molecule of interest. In our experience, much lon-
ger measurement times are needed (>30–60 s). Longer acqui-
sition times result in a better quality of the autocorrelation 
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curves. However, aggregation peaks or movement of the sam-
ple might limit the time per measurement. Alternatively, many 
shorter measurements can be averaged or globally analyzed to 
get an accurate value. These parameters should be optimized 
for your particular system.

 12. The autocorrelation curves can later be recalculated from the raw 
data, which makes it possible to interpret only part of the intensity 
trace and exclude aggregate peaks or part of the measurements 
showing drifts in the average fluorescence intensity.

 13. In our experience, tissue autofluorescence regularly causes a fast 
diffusing component in the autocorrelation curves. This compo-
nent can be fitted by including a 3D-Brownian diffusion compo-
nent in the fitting procedure. Occasionally, we also observed a 
“slow” diffusing species in wild-type material. For an example, 
see Fig. 2b. The presence of this component was mostly linked 
to aging of the sample or stress of the plants and could often 
be traced back to aggregate peaks in the intensity trace. For 
examples, see arrowheads in Fig. 2a. These measurements were 
discarded. These observations stress the importance to limit 
sample usage to up to 20 min and to use healthy plant material.

 14. We observed that a large portion of the YFP flickers or blinks 
(26) during a measurement. This is clearly visible as an extra 
“fast” component in the autocorrelation curves of the 
SERK1:YFP and YFP:CAAX measurements in protoplasts. See 
arrow in Fig. 2c–e. To take this extra component into account 
we used Eq. 5 for our data analysis.

 15. To quality of the fit is indicated by the c2 value calculated by 
the FCS data processor. For measurements on rhodamine 
green in solution for our system for a good fit, this value is 
smaller than 5 × 10−6. Owing to increased noise in the autocor-
relation curves in cellular or tissue measurements the c2 value 
in our case was smaller than 5 × 10−4 for protoplast and 5 × 10−3 
for tissue measurements. The residuals of the fit should not 
show a trend above or below zero, but should be randomly 
distributed around zero. Fluctuations at later time points in 
the autocorrelation curve (>1,000 ms) are generally caused by 
drifts in the fluorescence intensity trace and can hamper a 
proper fit of the data. These later time points can be excluded 
from analysis to increase reliability of the fit. To assess the reli-
ability per parameter (for example N or tD), a confidence inter-
val (C.I.) per parameter can calculated. To improve the 
reliability of the fit, known parameters should be fixed before 
calculation. For example, the value a (=wz/wxy), defining the 
detection volume as obtained from the calibration measure-
ments, or measured diffusion times (tD) of autofluorescent 
species obtained from wild-type material. In addition, bound-
ary values for parameters can be assigned.
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In FCS data processor, multiple curves can be analysed simul-
taneously. In addition, values known to be the similar between 
measurements can be fit globally.
One should take care not to fit more components than needed 
(e.g., multiple 2D- or 3D-diffusing species). With more 
components, the fit will probably improve slightly, but will 
most likely not reflect the true physiological situation.

 16. Typically, we choose a ROIbleach size of 1 mm × 1 mm.
 17. To prevent interference of the bleaching process with the fluo-

rescence recovery, bleaching times should be kept as short as 
possible. For measurements on “slow” membrane-associated 
components, the bleach time is normally not a problem; how-
ever, for FRAP measurements on “fast” diffusing cytoplasmic 
components a large part of the recovery phase might coincide 
with the bleaching pulse. In this case, a decrease of the bleach-
ing time and an increase of the bleach laser power is needed. 
Alternatively, a ROIbleach shaped as a strip in the scan direction 
can be used (29), which strongly reduces bleach time. For a 
review on the use of FRAP to study cellular dynamics, see ref. 
30 and for a review of various FRAP methods, FRAP data anal-
ysis, and pitfalls of the method see ref. 29.

Experiments based on photobleaching can be misinterpreted 
and disturbed by the existence of dark states of the fluoro-
phores, which can be misinterpreted as a recovery by diffusion. 
To investigate the portion of the increase in fluorescence due 
to recovery from dark states of the fluorophore, a fixed sample 
can be used. Alternatively, bleach the whole cell and follow 
subsequent recovery of fluorescence.

 18. To increase scan speed, decrease the scan resolution and zoom 
the image until the pixel size equals the diffraction limit 
(approximately 200 nm) and limit the area scanned in the 
Y-direction.

 19. A limited amount of scanning bleaching, visible as a continu-
ous decrease in signal in ROIscan, can be corrected, e.g., by 
normalizing the data to the signal intensity in ROIscan or to the 
signal intensity of the whole cell (31). Such a correction is, 
however, undesirable and might lead to misinterpretation of 
the FRAP data (29).

 20. Both FCS and FRAP are partly complementary methods, but 
there are differences in their possibilities and limitations. FCS 
has a large dynamic time range (ms to s), can be used at low 
fluorophore concentrations (low expression levels typically in 
the nanomolar range), and can be used to model many pro-
cesses. Owing to relatively large time delay between the bleach-
ing pulse and the first data acquisition point in standard confocal 
microscopes, FRAP has difficulties in resolving fast diffusion 
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processes such as that for small cytoplasmic proteins, which 
makes it more suitable to study slower processes (ms to s), for 
example membrane diffusion. Furthermore, FRAP unlike FCS 
needs high fluorophore concentrations (high expression lev-
els). The bleaching procedure applied in FRAP has several 
unwanted phototoxic side effects (production of reactive 
oxygen species due to reaction between the triplet state of the 
fluorophore and oxygen), which might interfere with cellular 
function. FCS, on the contrary, is noninvasive and thus does 
not interfere with cellular function. FRAP can be performed on 
most commercially available confocal systems, while for FCS 
the confocal system must be equipped with special detectors, 
high-quality high NA objectives and the alignment and calibra-
tion of the system are more critical. In addition, FRAP model 
functions are relatively simple compared to FCS models where 
several terms need to be included to take into account interfer-
ing processes. Owing to the way FRAP and FCS measurements 
are performed, there might be a difference in the diffusion 
coefficients obtained. FCS measurements show a bias to faster 
diffusing species due to the photobleaching of the slower com-
ponents and the invisibility of nonmobile components, while 
FRAP recovery curves take into account the slow transit of 
molecules from membrane domains into the bleached region. 
For an assessment of this difference, see ref. 32.
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Chapter 14

Bimolecular-Fluorescence Complementation Assay  
to Monitor Kinase–Substrate Interactions In Vivo

Stefan Pusch, Nico Dissmeyer, and Arp Schnittger 

Abstract

Enzyme–substrate interactions are weak and occur only transiently and thus, a faithful analysis of these 
interactions typically requires elaborated biochemical methodology. The bimolecular-fluorescence comple-
mentation (BiFC) assay, also referred to as split YFP assay, is a powerful and straightforward tool to test 
protein–protein interactions. This system is commonly used due to many advantages and especially due to 
its simple ease of use. BIFC relies on the reconstitution of an N-terminal and C-terminal half of YFP into 
a functional, i.e., fluorescent protein. Noteworthy, the dissociation constant of the two YFP halves is much 
lower than the association constant leading to a stabilization of the protein–protein interaction to be moni-
tored. Whereas this property is sometimes critical, it also increases the sensitivity of the detection system 
by stabilizing transient interactions. Here, we exploit this property to detect and monitor interaction 
between a kinase and its substrate. In particular, we characterize with the BiFC system kinase-variants that 
show an altered substrate binding.

Key words: Bimolecular, Complementation, BiFC, Enzyme–substrate interaction, Cyclin-dependent 
kinase, CDK, Cell cycle, Fluorescence, Quantification

Biological processes are driven by interaction of proteins with other 
molecules and often these binding partners are other proteins 
themselves, for example, transport proteins interact with structural 
proteins, and peptide hormones interact with their receptors, 
apoenzymes interact with their co-factors, enzymes interact with 
their substrates. Over the last decades, a multitude of different 
methods has been developed to detect and monitor protein–protein 
interactions (Table 1). Each of these approaches has its strengths 
and weaknesses, especially with regard to the sensitivity and speci-
ficity of the method, for review, see (1, 2). These techniques typically 

1. Introduction
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do not indicate the actual nature of the observed interaction, i.e., 
whether the proteins transiently bind to each other or whether 
they form a stable complex. Typically most of these methods favor 
the detection of stable interactions. However, there is large interest 
to detect and monitor transient interaction as found for enzyme–
substrate pairs.

Classically, enzyme–substrate interactions are characterized 
biochemically by determining enzyme kinetics by, e.g., calorimetric 
and spectroscopic methods or flow methods. More recently, many 
enzyme–ligand and –substrate associations could be determined by 
crystallography and the protein chip or microarray technology (3, 4). 
In addition, live-cell imaging of enzyme–substrate interactions was 
reported (5). However, all these techniques require advanced tech-
nology or knowledge and typically require that the proteins to be 
tested are purified. Thus, there is a huge demand for a simple and 
easy to use assay.

Table 1 
Techniques to study protein–protein interactions

Technique Type of interaction monitored*

Biochemistry and molecular biology

Affinity chromatography
Co-immunoprecipitation (Co-IP)
Cross-linking
Far western blotting/gel overlay assays
Phage display
Pull-downs
Split-ubiquitin system (SUS)
Tandem affinity purification (TAP)
Yeast-two-hybrid (Y2H)

Stable
Stable
Stable
Stable
Stable
Stable
Stable and transient
Stable
Stable

Biophysics and microscopy

Bimolecular-fluorescence complementation (BiFC)
Differential scanning calorimetry (DSC)
Fluorescence correlation spectroscopy (FCS)
Fluorescence cross-correlation spectroscopy (FCCS)
Fluorescence/Förster or/bioluminescence resonance energy transfer 

(FRET or BRET)
Intracellular co-localization and confocal laser scanning microscopy 

(CLSM)
Isothermal titration calorimetry (ITC)
Sedimentation equilibrium
Surface plasmon resonance (SPR)
Ultracentrifugation

Stable and transient
Stable
Stable and transient
Stable and transient
Stable and transient

Stable and transient

Stable
Stable
Stable
Stable

Bioinformatics and computational biology

Molecular docking
Molecular dynamics (MD) simulations

Stable and transient
Stable and transient

*Most technologies presented here are well established for stable but not for transient interactions.
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One of the most commonly used techniques to study protein–protein 
interactions are the so-called two-hybrid systems in which one 
reporter protein is split into two separated fragments that are each 
fused to the two proteins that are be tested for interaction. Through 
a positive interaction of the proteins in question the reporter will be 
reconstituted leading to a measurable read-out. The most prominent 
“two-hybrid” system is the “yeast two-hybrid” (Y2H) system (6).

In the classical Y2H system, a transcription factor (GAL4) is 
split into one fragment harboring the DNA binding domain (BD) 
and a second fragment containing the activation domain (AD). 
Both fragments are fused to the proteins to be tested and their 
interaction causes the restoration of a functional transcription fac-
tor. This transcription factor will bind to an engineered UAS pro-
moter region to drive the expression of a reporter such as 
b-galactosidase (encoded by the lacZ gene) that produces a blue 
coloration of the yeast colony through the metabolism of X-gal 
(5-bromo-4-chloro-3-indolyl-b-d-galactoside). Alternatively, the 
transcription factor can activate the expression of a biosynthetic 
enzyme causing the complementation of an auxotrophy, e.g., for 
histidine, leucine, or uracil (7). In particular, the selection system 
through the complementation of biosynthetic mutants allows high-
throughput screening for interactions of protein partners encoded 
by cDNA libraries including genome- and proteome-wide identifi-
cation of putative interactors with a protein of interest.

One of the many variants of the Y2H system that has been devel-
oped is the so-called split-ubiquitin system (SUS) (8) that does not 
rely on an interaction reporter system in the nucleus and thus is also 
suitable for the detection of the interactions of membrane-bound 
proteins (9). The only methodological requirement is that interac-
tions can only be monitored in a compartment containing ubiquitin 
protease (UBP), see below. In the SUS, the proteins to be tested for 
interaction are combined with the N- or C-terminal half (Nub and 
Cub) of ubiquitin (ub). In addition, the Cub part is fused to two 
more proteins: a reporter (metabolic or visual) and a strong destruc-
tion signal, which stays, however, inactive in this fusion. If then two 
proteins interact they will also bring the two halfs of ub into close 
proximity resulting in a reconstitution of an entire ub. This ub moi-
ety is recognized by UBP that cleaves off the reporter and with it the 
destruction signal. The destruction signal then leads to successful 
degradation of the reporter. Thus, in yeast colonies with interacting 
proteins, the absence of the reporter rather than its presence, as in 
the classical Y2H, is selected for (8). An often used selective drug is 
5-fluoroorotic acid (5-fluorouracil-6-carboxylic acid, FOA, or 5-FOA) 
which detects URA3 gene expression in yeast. It encodes the yeast 
reporter enzyme orotine-5¢-monophosphate (OMP) dicarboxylase and 
this metabolizes 5-FOA into the cell toxin fluorodeoxyuridine resulting 
in death of the colonies that do not contain interacting proteins. Yeast 
strains carrying a mutation in URA3 grow in the presence of 5-FOA 
solely if the media is supplemented with uracil (6, 10).

1.1. Detecting  
Protein–Protein 
Interactions with 
Two-Hybrid Systems
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The bimolecular-fluorescence complementation (BiFC) assay – 
also called split YFP assay – is based on the same principle as the 
split-ubiquitin yeast hybrid system, i.e., the complementation of 
reporter system. In the BiFC assay, the reporter is a fluorescent 
protein that is separated into two halves with each half fused to the 
proteins to be tested for interaction (Fig. 1). Through interaction 
of the proteins to be tested, the two nonfluorescent N- and 
C-terminal halves of a variant of the green fluorescent protein 
(GFP and its derivatives CFP (cyan), YFP (yellow), BFP (blue), 
and RFP (red)) reconstitute into a functional fluorescent protein 
(Fig. 1c, d). Thus, the BiFC system gives a direct readout, i.e. fluo-
rescence, and does not require any exogenous reagent to be added 
to detect the reassembled reporter. BiFC was in particular devel-
oped by Tom Kerppola and co-workers (11) (for further reference 
see also the Kerppola lab webpage at http://sitemaker.umich.edu/
kerppola.lab/home which provides excellent background informa-
tion on the BiFC technique). One of the main advantages of the 
BiFC method is that it also gives an in vivo indication of the 

1.2. Bimolecular-
Fluorescence 
Complementation

Fig. 1. Principle of the bimolecular fluorescence complementation (BiFC) detection mechanism of protein–protein interac-
tion. The possible interaction of two proteins, 1 and 2, is to be tested. (a) Protein 1 and 2 do not interact with each other. 
The two N- and C-terminal fragments of the fluorescent protein (FP) used as reporter gene fusion partners (FP-N and FP-C) 
are not fluorescent. No emission occurs even if excited with the correct wavelength for the entire FP molecule because the 
fluorophore is not intact. (b) Proteins A and B start to interact by forming a transient association of the moieties and thus 
bring the FP fragments to close proximity. (c) The interaction of the two proteins stabilizes and leads to a molecular com-
plementation of the two halves of the FP to the full reporter protein. (d) After maturation of the complemented full FP, energy 
transfer via fluorescence becomes possible and light of the specific emission wavelength can be observed and thus docu-
ments the interaction of the two test proteins 1 and 2.
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subcellular place of interaction. Given that GFP derivatives are 
known to express, fold, mature, and fluoresce in virtually every cell 
type and every subcellular environment and that of the mentioned 
methods using fluorescence microscopy (Table 1), BiFC is the sim-
plest one, it is not surprising that BiFC is now widely used in many 
research fields and different cells and organisms, e.g. in animal and 
human cell cultures (11) in Arabidopsis (12, 13) and many more.

Recently, multicolor variations of BiFC have been developed 
that are based on the complementation of fragments of differently 
colored fluorescent probes. This multicolor fluorescence comple-
mentation allows the detection of different interactions at the same 
time and also oligomeric complexes can be assayed (14, 15).

However, as for every protein–protein interaction system the 
BiFC has also certain limitations: As typical for techniques that rely 
on fusion proteins the monitored interaction depends on the sterical 
liberties/restrictions that are induced by actual fusions. Thus, many 
different fusions might be needed and have to be tested carefully. In 
contrast to the resonance energy transfer-based FRET/BRET 
involving entire GFP variants, BiFC does not allow a timely resolu-
tion of the molecular interaction due to the slow maturation of the 
split fluorophore. This prevents real-time detection of rapid changes 
in interactions. Furthermore, as for all in vivo methods, one has to 
keep in mind that for monitored interaction of two proteins there 
might be another (or even more than one) binding-partners mediat-
ing the proper association in a multimeric complex (bridging). It has 
been estimated that a distance of approximately 10 nm between the 
GFP halves is sufficient to allow fluorescence complementation (11). 
One feature of the BiFC as a complementation-based assay is the 
high affinity of the GFP halves and the stability of the mature BiFC 
complexes (the association constant is much higher than the disso-
ciation constant of the two protein halves). On the one hand, this is 
a drawback because it might lead to false-positive interaction data. 
On the other hand, this system allows detecting very weak or short-
time associations between different protein partners.

The BiFC methodology and its protocols were adopted by the 
groups of Klaus Harter (Eberhardt-Karls-Universität Tübingen, 
Germany) and Nir Ohad (Tel Aviv University, Israel) for usage in 
plants (12, 13, 16). A few examples of usage in plants are the test 
for interaction of subunits of the Arabidopsis PROTEIN 
FARNESYL TRANSFERASE (PFT), and within the group of 
polycomb proteins, that of FERTILIZATION-INDEPENDENT 
ENDOSPERM (FIE) and MEDEA (MEA) (13). The homodi-
merization of the basic leucine zipper (bZIP) transcription factor 
bZIP63 and the zinc finger protein LESION SIMULATING 
DISEASE 1 (LSD1) from Arabidopsis as well as the dimer forma-
tion of the tobacco 14-3-3 protein T14-3c were also visualized as 
a pioneer work (12). Heterodimeric interactions of the 1-amino-
cyclopropane-1-carboxylate synthase were also studied in the early 

1.2.1. Application in the 
Plant Field
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days of BiFC in Arabidopsis (17, 18). More examples and a 
 comparison of the advantages and limitations of BiFC versus 
FRET/BRET have been recently reviewed (19).

Progression through the cell cycle is controlled by a heterodimeric 
enzyme comprised of a kinase subunit, called cyclin-dependent 
kinase (CDK), and a cyclin co-factor (see also Chapter 6). Different 
CDKs together with different cyclin govern the major checkpoints 
in the cell cycle, i.e., the transition from a G1 phase into the DNA 
replication phase (S-phase) and entry from a G2 phase into mitosis. 
Therefore, the enzymatically active CDK-cyclin complexes are also 
known as SPF (S-phase promoting complex) and MPF (M-phase 
promoting complex). Despite the importance of cell-cycle regula-
tion for development and disease of any organism it took until 2003 
to obtain a first proteome-wide set of CDK substrates (20). This 
work was done in yeast and a list of CDK substrates in multicellular 
eukaryotes is still far from being complete exemplifying the difficul-
ties when monitoring and detecting enzyme–substrate interactions.

In our group, we have used BiFC to study enzyme–substrate 
interaction during cell cycle control in the flowering plant 
Arabidopsis. The major CDK in Arabidopsis thaliana is CDKA;1. 
This kinase shows high homology to well studied CDKs of other 
organisms, namely Cdk1 from humans, Cdc28 from fission yeast 
or Cdc2 from budding yeast. This high homology and the conser-
vation of all crucial residues lead to the hypothesis that the regula-
tory mechanisms are the same. To test this, we have generated 
different kinase mutant version (see Chapter 6 by Dissmeyer & 
Schnittger) (21, 22) and analyzed them in a BiFC assay for their 
binding properties with CDK cofactors and well-known substrates 
from yeast and animals, i.e., CDT1 and CDC6. Indeed, it was pos-
sible to distinguish the two classes of interaction partners of 
CDKA;1: Whereas proteins which form complexes with CDKA;1 
showed no altered fluorescence intensity with the different CDKA;1 
constructs (Fig. 2g), the bona fide substrates of CDKA;1 displayed 
a strongly reduced fluorescence and a lower number of YFP-
positive cells for the mutant CDK versions versus the wild-type 
CDK (Fig. 2h). With this we could assign a conserved function in 
substrate binding to the T-loop region of the kinase. In addition, 

1.3. Cell Cycle 
Regulation  
and Application of BiFC

Fig. 2. Infiltration of tobacco leaves. (a) On a 6-week-old tobacco (Nicotiana benthamiana) plant, arrows mark the leafs opti-
mally used for infiltration. (b) Infiltration technique from the abaxial (lower) side of the leaf, (c) infiltrated area seen from 
abaxial, and (d) infiltrated area seen from the axial (upper) side of the leaf. (e, f) Measurement of the fluorescence with the 
Fig. 2. (continued) ImageJ software package. (e) The area for measurement of a nuclear interaction is set (circle) and (f) pos-
sible areas for measurement of a cytoplasmic (square) and nuclear (circle) interaction. (g, h)The relative fluorescence intensi-
ties of interactions from protein–protein interactions with (g) CDKA;1 phospho-site variants (D: T161D; V: T161V; VF: T14V/
Y15F; DE: T14D/Y15E) in pSYC and interactor CKS1 in pSYN, and (h) kinase–substrate interactions of the different CDKA;1 
phospho-site variants with the two bona fide substrates CDT1 and CDC6 (21, 22]. For vectors used, please consult the 
Subheadings 2 and 3.
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we could show that mimicking of inhibitory phosphorylation of 
the P-loop of the Arabidopsis CDKA;1 is likely to result in reduced 
substrate binding as recently demonstrated for human Cdk2 (23).

 1. Gateway BP- and LR-Kits (Invitrogen).
 2. Binary Destination vectors for BiFC: pSYC and pSYN (24).
 3. Plasmid pEXSG-YFP (21, 25).

 1. Agrobacterium tumefaciens strain GV3101 pMP90RK, com-
patible with the binary destination vectors mentioned under 
Subheading 2.1 (26).

 2. A. tumefaciens strain with the p19 silencing plasmid (12, 27) 
(see Note 1).

 3. 1 M MgSO4.
 4. 25 mg/mL kanamycin in water (1,000× stock solution).
 5. 50 mg/mL carbenicillin in water (1,000× stock solution).
 6. 50 mg/mL rifampicin in DMSO (1,000× stock solution).
 7. YEB liquid media: 5 g of meat extract (dry, granulated, for 

microbiology; Merck), 5 g of peptone (Roth), 5 g of sucrose 
(for microbiology, Merck), 1 g of yeast extract (Roth), 2 mL of 
1 M MgSO4 in 1 L of water. Autoclave and add the respective 
antibiotics: 50 mg/mL rifampicin, 25 mg/mL kanamycin, and 
50 mg/mL carbenicillin for GV3101 pMP90RK or only rifam-
picin and kanamycin for p19.

 8. YEB plates: add 16 g/L of agar agar before autoclaving; use 
antibiotics as in liquid medium.

 9. 15 mL plastic tubes.
 10. Roller drum.
 11. Incubator set to 28°C.

 1. Tobacco (Nicotiana benthamiana) seeds are grown on profes-
sional soil (Type ED 73, pH: 5.9; Balster Einheitserdewerk) at 
20°C and with 16 h light. After 14 days the plants are sepa-
rated into single pots (6 cm diameter) with the same soil and 
kept under the same conditions. One- to two-month-old 
tobacco plants are used for infiltration.

 2. 1 M 2-(N-morpholino)ethane sulfonic acid (MES; pH 5.6 
with 1 M KOH): sterilize by filtration. Store at room tempera-
ture in the dark (see Note 2).

 3. 3 M MgCl2, sterilize by filtration.

2. Materials

2.1. Cloning  
and Vectors

2.2. Bacterial Culture

2.3. Infiltration
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 4. 150 mM 3,5-dimethoxy-4-hydroxy acetophenone (>97%, 
TLC; Fluka; sensitive to light, temperature, and oxidation) in 
N,N-dimethylformamide (DMF, >99,9%; toxic). Store at 
−20°C in the dark (see Note 3).

 5. Infiltration buffer: 500 mL of 1 M MES (pH 5.6), 167 mL of 
3 M MgCl2, 50 mL of 150 mM 3,5-dimethoxy-4-hydroxy ace-
tophenone, fill up to 50 mL with water. Always prepare fresh 
directly before use.

 6. 1 mL insuline syringe for injection (no needles needed).

 1. Microscopical slides and cover slips.
 2. Confocal laser scanning microscope (CLSM) such as a TCS 

SP2 AOBS CLSM system and the respective filters (all Leica 
Microsystems).

 3. ImageJ (http://rsbweb.nih.gov/ij) for signal quantification.

All cloning and BP-/LR-recombination procedures were per-
formed as described by the manufacturer (Invitrogen).

For each interaction, three tubes are needed: two tubes for the 
interaction partners and one for the control strain p19. One bacte-
rial plate is sufficient for maximal six tubes (see Note 4).

 1. Pick Agrobacteria from stock culture into 50 mL of water and 
streak them out on plates containing the respective 
antibiotics.

 2. Incubate the plates for 2 days at 28°C. The plates should be 
fully covered with bacteria.

 3. Fill 7 mL of YEB liquid medium complemented with the 
respective antibiotics into each 15 mL tube. Pick a pee-sized 
amount of bacteria into each tube.

 4. Incubate the cultures overnight at 28°C in a roller drum (see 
Note 5).

 5. On the next day, proceed with Subheading 3.3 step 2.

 1. Two days prior to infiltration the tobacco plants were inten-
sively watered (see Note 6).

 2. Mix the cultures of the interaction partners 1:1 and spin them 
down at low speed for 15 min at room temperature. Spin down 
p19 separately under the same conditions.

 3. Remove supernatant and add 400 mL of infiltration buffer.

2.4. Signal Analysis

3. Methods

3.1. Cloning

3.2. Bacterial Culture

3.3. Infiltration
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 4. Carefully resuspend the pellet by vortexing.
 5. Check the optical density (OD) of the resuspended culture, 

therefore use 5 mL of the suspension and add 995 mL of water. 
The OD600 should be around 0.5 (see Note 7).

 6. Incubate the bacteria for 2–5 h at 28°C.
 7. Combine the putative interactors with 500 mL of p19 and mix 

well.
 8. Use a 1-mL syringe to take up the culture and to inject it into 

the abaxial site of a tobacco leaf. The best leaves are the ones 
with a roundish shape and a plane surface (Fig. 2a, arrows, see 
Note 8).

 9. Carefully press the syringe onto the leaf and counter it with a 
finger from the other side of the leaf. Inject the culture with 
little pressure. It is easy to see whether the culture has spread 
in the leaves since successfully injected regions appear darker 
(Fig. 2b, see Note 9).

 10. Keep the tobacco plants under normal culture conditions for at 
least 5 days (see Note 10).

 1. It is very important to adjust the settings at the microscope, so 
that there is no overflow in the signal strength. Keep those set-
tings for all pictures of one series (see Note 11).

 2. Take at least ten pictures for each pair of interaction partners. 
No stacks are needed.

 3. Open the pictures with ImageJ.
 4. Use the selection brush from ImageJ to mark the region of 

interest (Fig. 2e, f).
 5. Measure the region (use the file commands “Analyze,” 

“Measure,” or the short-cut “Strg + M”). A new window will 
open with the measured data. All following measurements will 
be added into this window.

 6. Use this data to calculate the mean fluorescence strength of all 
pictures of one pair of interactors. Repeat these steps for all 
other pairs of interactors.

 7. Plot the mean value of fluorescent units of all interaction pairs.

 1. The p19 strain is not necessarily needed, but the signal strength 
is tremendously increased and can be detected over a much 
longer period (up to 10 days vs. 3 days without p19). Some 
substrate interactions could not be measured without p19.

3.4. Signal Analysis

4. Notes
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 2. If the buffer is not stored in the dark it will get brown and 
should not be used anymore.

 3. Always order small batches of this chemical, directly dissolve it 
in DMF and aliquot it into small samples. It can also be dis-
solved in DMSO, which is not so toxic, but freezes at −20°C 
and needs to be thawed before use. After more than two times 
thawing it should not be used further.

 4. The main problem of this infiltration technique is to grow 
enough bacteria to be injected into the plants. The protocol 
above describes the way that worked best in our hands, how-
ever, there are several other methods and the experimenter is 
encouraged to consider them, especially if this protocol will 
not give a strong reconstituted YFP signal. Picking single colo-
nies is possible, but this procedure will last much longer to 
grow until an appropriate OD will be reached. It is possible to 
grow the bacteria in Erlenmeyer flasks in a bigger volume of 
YEB media to reduce the number of tubes per experiment. 
However, if one flask gets contaminated, a whole series of 
experiments has to be discarded.

 5. The incubation in a roller drum works best for tubes. The use 
of a shaker with minimum 200 rpm for at least 16 h is also 
possible.

 6. The tobacco may even stand in 2–3 cm of water for these 
2 days. This procedure makes it much easier to infiltrate the 
leaves, because all of the stomata will open up.

 7. The OD600 of 0.5 is best, but every OD600 between 0.2 and 0.8 
will work for analysis. An OD600 below 0.2 will be enough to 
infect cells, but the concentration is not sufficient for analysis. 
Every OD600 above 0.8 is hard to infiltrate and often causes the 
death of the surrounding cells. It also often leaves a smear of 
bacteria on the leaf surface, which disturbs fluorescent 
imaging.

 8. Theoretically, it is possible to use all leafs of one plant for infil-
tration but the youngest leafs often break when injected. The 
oldest ones do not give rise to good signals. The injection 
should always be placed in a region between the major leaf 
veins; otherwise the infected region tends to die.

 9. This part needs a lot of practice. Some tests with water are 
recommended to get a feeling for the right pressure. There 
should be no holes in the leaf after infiltration, yet the place of 
injection should be visible.

 10. Although a signal can be detected as early as 3 days after injec-
tion, the best results were achieved after 5 days. The signal can 
be detected for several more days (at least for 10 days). 
However, these time estimates are only applicable in combina-
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tion with p19; in the absence of p19 the tobacco cells should 
be measured after 3 days.

 11. If available, use the overflow/underflow coloring option with 
the confocal software to adjust the right levels. Search for the 
brightest spot and reduce the gain of the corresponding chan-
nel so that there is no overflow anymore. This calibration step 
is very crucial because you have to keep these settings for the 
rest of one series. To keep the measurements within one exper-
iment comparable, the settings must not be changed between 
different cells.
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Chapter 15

Chemical Genetic Analysis of Protein Kinase  
Function in Plants

Maik Böhmer, Michael Bölker, and Tina Romeis 

Abstract

Identification of protein kinase targets and specific inhibition of individual kinase isoforms on the protein 
level in planta are important techniques to elucidate signal transduction pathways. The use of ATP-binding 
pocket mutants, the so-called gatekeeper mutants, that accommodate N6-enlarged nucleotides and kinase 
inhibitors has allowed a dramatic increase in kinase isoform selectivity. In this chapter, we describe protocols 
for the identification and mutation of the gatekeeper residue, radiolabeling of N6-modified nucleotides, 
analysis of protein targets by using [32P]-labeled N6-modified nucleotides, and in vivo inhibition of kinase 
activity combined with subsequent molecular readouts. The chapter includes alternative approaches for 
the described techniques, considerations for other kinases and recommendations toward a setup of a 
substrate labeling experiment using total cell lysate.

Key words: Calcium-dependent protein kinase, CDPK, CPK1, Gatekeeper, N6-benzyl-ATP, 
1-Naphthyl-PP1, In vitro kinase assay, Chemical genetics

The attribution of individual protein kinases to specific signaling 
pathways and phosphorylation of substrates is often hampered by 
the sheer number of protein kinases and phosphorylation events 
present in the cell. Phosphorylation is probably the most universal 
and abundant posttranslational modification in proteins. In eukary-
otic cells, about one third of all proteins are phosphorylated (1) 
with 99% of all phosphorylations appearing on serine and threo-
nine residues (2). Current annotations of the Arabidopsis thaliana 
genome account for 1,003 proteins harboring a protein kinase 
domain (Pfam protein family database code: PF00069), representing 
about 4% of all Arabidopsis proteins. In vitro protein substrate 
labeling using radioactive [g-32P]-ATP therefore produces a high 
background of phosphorylation by other kinases, making it difficult 

1. Introduction
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to detect specific changes in phosphorylation patterns. 
Pharmacological inhibition of kinases is also hindered by low 
specificity of kinase inhibitors, preventing analysis of individual 
kinase isoforms.

A major breakthrough in the development of specific kinase 
inhibitors was the introduction of the “chemical genetics” approach, 
which was developed and refined by Kevan Shokat and co-workers 
(3–9). It is based on the genetic engineering of protein kinases to 
introduce specific amino acid substitutions into the conserved 
ATP-binding pocket to accommodate modified nucleotides and 
kinase inhibitors that carry bulky side chains. Since these modified 
substrates and inhibitors are not recognized by wild-type kinases 
this approach allows specific inhibition of individual kinases and 
even of specific isoforms in vivo without interfering with all other 
signaling kinases. In the original study, two residues of the ATP-
binding pocket of the viral kinase v-Src (Val323 and Ile338) are 
identified that lie in close vicinity (5 Å) to the N6-amine of ATP 
(Table 1). It could be shown that a variant of this kinase, in which 
both of these residues are substituted by alanine, accepts the ATP 
analogue N6-cyclohexyl-ATP as phosphate donor (3). Further 
improvement of the method has shown that only the Ile338 resi-
due controls binding of N6-modified nucleotides (10). Therefore, 
this residue has been termed “gatekeeper” residue.

Table 1 
Structure-based sequence alignment of various kinases that have been modified 
for the chemical-genetic approach

Kinase

b-sheets

Referencesb2 b3 b4 b5

v-Src E V W V A I K T L V323 Q Y I V I338 (3)

CDK2 (H.s.) V V Y V A L K K I V K Y L V F80 (8)

CamKIIa (H.s.) V V R Y A A K I I V R Y L I F89 (6)

Fus3 (S.c.) V V C V A I K K I I T Y I I Q93 (6)

Don3 (U.m.) T V Y V A I K Q V T R W I I M157 (11)

MPK4 (A.t.) I V C V A I K K V I A Y I V Y124 (12)

Pto (S.l.) K V Y V A L K R L V S V L I Y114 (9)

CPK1 (A.t.) T T F F A C K S V I S H L V M228 (13)

CDPK2 (N.t.) T T F Y A C K S V I S H V V M195 (13)

Bold letters mark residues that have been shown to have an effect on the stability of the ATP binding pocket (9). 
Numbers indicate the positions of the respective residues in the protein
Phylogenetic groups: Homo sapiens (H.s.), Saccharomyces cerevisiae (S.c.), Ustilago maydis (U.m.), Arabidopsis thaliana 
(A.t.), Solanum lycopersicum (L.e.), Nicotiana tabacum (N.t.)
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The conservation of a hydrophobic residue at this site in 
basically all tyrosine- and serine/threonine-kinases, allows a general 
application of this technique to a large number of protein kinases. 
In most cases, modification of the gatekeeper residue has only little 
effect on kinase activity and substrate binding. The gatekeeper 
residue is buried deep within the ATP-binding pocket and is appar-
ently not involved in substrate binding and regulation. However, in 
some cases it has been reported that exchange of the gatekeeper 
residue to glycine has an effect on the folding of the ATP-binding 
pocket thereby changing or impairing kinase activity. This adverse 
effect of the gatekeeper mutation can at least be partially compen-
sated by secondary mutations that stabilize the b-sheets of the ATP-
binding pocket thus allowing the broad use of this technique (9).

Selective labeling of specific protein kinase substrates by modi-
fied kinases and [g-32P]-labeled N6-modified ATP analogues has 
been successfully applied in yeast and mammalian cell lysates. 
Protocols for enzymatic radiolabeling of N6-modified ATP-
analogues and in vitro kinase assays are described in this chapter. In 
A. thaliana, gatekeeper mutants have so far been used to inhibit the 
activity of selected kinase isoforms in vivo, followed by phenotypical 
analyses (11–14). A general method to detect molecular changes in 
response to stimuli and inhibitor treatment in plants is presented.

 1. Basic molecular biology reagents and equipment for agarose 
gel electrophoresis: a thermocycler, restriction endonucleases, 
E. coli strains and growth media, antibiotics.

 2. CPK1 (A. thaliana calcium-dependent protein kinase 1) cDNA 
in plasmid pENTR/D-TOPO (13).

 3. Two oligonucleotides primers (about 30 nt long), containing 
the gatekeeper mutation (underlined in the sequence) that are 
reverse complement to each other; sense 5'-ccttgtagcgga-
gtgttgtgcaggcg-3'; antisense 5'-cgcctgcacaacactccgctacaagg-3' 
(see Note 1).

 4. QuikChange Site-Directed Mutagenesis kit (Stratagene).
 5. Genomic region of CPK1 in plasmid pXC-HAStrepII (Genbank 

accession AY457636 (15)).
 6. A. thaliana seeds of the homozygous mutant CPK1 T-DNA 

insertion line cpk1-2 (13) (SALK_096452; availability in Europe: 
Nottingham Arabidopsis Stock Center (NASC) and in non-
Europe: Arabidopsis Biological Ressource Center (ABRC)).

 7. BASTA (glufosinate-ammonium; Bayer Cropscience).
 8. PPT (phosphinothricin; Duchefa Biochemie).

2. Materials

2.1. Mutagenesis



262 M. Böhmer et al.

 1. E. coli nucleoside diphosphate kinase (Ndk) produced in 
bacteria: His-Ndk (Mr = 18,000). The enzyme is expressed as 
an N-terminal His-fusion protein from the pET15 vector (13).

 2. 3.7 mBq (6,000 Ci/mmol) [g-32P]-ATP (GE Healthcare).
 3. N6-benzyl-ADP (Biolog).
 4. Microbiospin column P6 in 10 mM Tris–HCl (pH 7.4) (Biorad).
 5. Stock solutions for labeling buffer: 5 M NaCl; 1 M HEPES 

(pH 7.4); 3 M MgCl2; 10% (v/v) Triton X-100; 1 M DTT 
(−20°C). Sterilize by filtration.

 6. Labeling buffer: 150 mM NaCl, 20 mM HEPES (pH 7.4), 
5 mM MgCl2, 0.07% (v/v) Triton X-100, 0.67 mM DTT.

 7. Scintillation counter LS6500 (Beckman Coulter).

 1. Solvent: 0.75 M KH2PO4 (pH 3.4 with HCl).
 2. Polyethyleneimine-cellulose thin-layer sheets (Polygram CEL 

300 PEI, 0.1 mm layer; Macherey-Nagel).
 3. Chromatography tank for 5 × 20 cm plates, autoradiography 

cassette and X-ray films (Fuji or Kodak), beta shielding equip-
ment and beta racks.

 4. Silicone grease.

 1. Immunoprecipitated or Talon resin-immobilized CDPK 
(such as Arabidopsis CPK1).

 2. Waterbath/thermomixer at 30°C.
 3. Elution buffer: 50 mM Tris (pH 7.5), 300 mM NaCl, 100 mM 

imidazole.
 4. CDPK kinase buffer stock solutions: 1 M HEPES 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid); 3 M 
MgCl2; 0.5 M EGTA; 1 M DTT (store at −20°C). Sterilize by 
filtration.

 5. CDPK peptide substrate syntide-2 (PLARTLSVAGLPGKK; 
Sigma Aldrich), store as a 10 mg/mL stock solution at −20°C.

 6. CDPK kinase buffer (10×): 400 mM HEPES (pH 7.4), 
100 mM MgCl2, 20 mM DTT, 1 mM EGTA, 10 mM CaCl2, 
1 mg/mL syntide-2.

 7. ATP/[g-32P]-ATP stock solution (5×): 0.5 mM ATP, 
0.6 mCi/mL [g-32P]-ATP. Be sure to account for radioactive 
decay when calculating the amount of added [g-32P]-ATP and 
the radioactive ATP should be added last. From this step on 
you must exercise radioactive safety precautions.

 8. P81 phosphocellulose paper (Waters) squares, about 1 cm × 
1 cm, numbered with a pencil.

 9. 1% (w/v) H3PO4, plastic box, and horizontal shaker for wash-
ing filters.

2.2. Chemo-Enzymatic 
Labeling of N 6-Benzyl-
ATP with 32P

2.3. Ion-Exchange 
Thin-Layer 
Chromatography

2.4. In Vitro Kinase 
and Kinase Inhibition 
Assays
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 10. Scintillation counter, scintillation fluid, and vials.
 11. 1-NA-PP1 (1-naphthyl PP1 or 1-(1,1-dimethylethyl)-3-

(1-naphthalenyl)-1H-pyrazolo[3, 4-d]pyrimidin-4-amine; 
Toronto Research Chemicals).

 12. N6-benzyl-ATP (Biolog).

 1. Col-0 (A. thaliana ecotype Columbia-0) seeds as control, trans-
genic line pCPK1:CPK1M228A (gatekeeper-mutated) in cpk1-2.

 2. Six sterile 200 mL Erlenmeyer flasks.
 3. 300 mL Murashige and Skoog (MS) Medium (Sigma 

Aldrich) + 1% (w/v) sucrose.
 4. Growth chamber 1: temperature set to 21°C, continuous light, 

100 mEinstein/m2 s and 65% humidity.
 5. Growth chamber 2: temperature set to 4°C (with ice/water 

bath), continuous light, 100 mEinstein/m2 s and 65% humidity.
 6. 10 mM 1-NA-PP1 in DMSO, store at −20°C.
 7. Erlenmeyer flask, funnel, and Miracloth (Calbiochem).

 1. Rehydration buffer: 7 M urea, 2 M thiourea, 2% (w/v) CHAPS 
(3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate), 
0.5% NuPAGE ZOOM Carrier Ampholytes (pH 3–10 or pH 
4–7; Invitrogen), 20 mM DTT and 0.1% (w/v) bromophenol 
blue. Store at −20°C.

 2. NuPAGE ZOOM Benchtop Proteomics system (Invitrogen).
 3. IEF (isoelectric focusing) strips pH 3–10 (Invitrogen).
 4. NuPAGE LDS (lithium dodecyl sulfate) sample buffer (4×; 

Invitrogen).
 5. Sample reducing agent (10×; Invitrogen, Karlsruhe).
 6. 125 mM iodoacetamide.
 7. NuPAGE Novex 4–12% Bis-Tris ZOOM gels (Invitrogen).
 8. MES-SDS running buffer (Invitrogen).
 9. Protein stains: ProQ-Diamond (Invitrogen), Imperial Protein 

Stain (Pierce).
 10. 2D-gel analysis software Proteomweaver (Biorad).
 11. Scanner with an excitation of 532, 543, or 555 nm and emis-

sion filter at 580 nm (see Note 2).

This section presents an overview of the steps involved in mutation 
and cloning of the CPK1 cDNA into a plant expression plasmid 
and transformation of the expression plasmid into Arabidopsis. 

2.5. Hydroponic 
Cultures and Inhibition 
Studies

2.6. Total Protein 
Extraction, 2D-Gel 
Electrophoresis, and 
Phosphoprotein Stain

3. Methods

3.1. Mutagenesis  
of the ATP-Binding 
Pocket
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The investigator should be familiar with basic molecular biology 
and plant transformation methods, which are not described in 
detail. In order to generate an ATP-binding pocket variant, the 
gatekeeper residue has to be mutated to alanine or glycine to allow 
binding of N6-modified nucleotides.

Due to the high homology among the kinase superfamily, the 
gatekeeper residue can be identified by sequence alignment with 
kinases that have been successfully modified before as shown in 
Table 1. The gatekeeper residue is located in the b-sheet 5 of the 
kinase domain. In the case of CPK1, Met228 could be identified as 
the gatekeeper residue. Site-directed mutagenesis (16–18) is used 
to exchange the gatekeeper residue in pENTR/D-TOPO CPK1 
to alanine or glycine, respectively (see Note 3). After confirmation 
of the mutation by sequencing, a fragment of the mutated gene 
containing the gatekeeper mutation is used to replace the wild-
type fragment in the plant expression vector pXC1-HAStrepII 
CPK1 using conventional restriction enzyme/ligation methods 
(13). The resulting plasmid is then transformed into Arabidopsis 
by a standard floral dip transformation (19) and selected on soil 
using BASTA (glufosinate-ammonium, active compound is PPT or 
phosphinothricin). The transformed lines are tested by RT-PCR 
for comparable expression levels to wild-type CPK1 and homozy-
gous transgenics are isolated in the next generations. In the T3 
generation (third generation after transformation), homozygous 
lines are tested on MS-plates with PPT. In parallel, CPK1-
HAStrepII is transiently expressed from the same vector in tobacco 
(Nicotiana benthamiana) to assay for the expression levels and to 
purify the engineered kinase for in vitro inhibition assays.

To test the binding and metabolization of N6-modified nucle-
otides, an enzymatic approach to label these under laboratory 
conditions is used. The method utilizes the enzyme nucleoside 
diphosphate kinase (Ndk) to transfer g-phosphate groups from 
nucleotides to nucleosides with little selectivity. During this reac-
tion the phosphate group is first bound to the enzyme and then 
transferred to the substrate nucleoside. The intermediary radiola-
beled enzyme can be purified and used to label the desired nucleo-
side diphosphate. This approach has been described before by 
Habelhah et al. (20) and has been modified for our E. coli Ndk 
clone (13).

The following experiments involve the use of [g-32P]-ATP. 
Special care has to be taken in order to perform these experiments. 
Wearing safety goggles for shielding the eyes, using Plexiglas shield-
ing for the storage and experimental containers and working areas, 
and performing thorough and frequent surveys of the work area, 
lab coat and body will significantly reduce the risk of exposure.

3.2. Chemo-Enzymatic 
Labeling of N 6-Benzyl-
ATP with 32P
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 1. 6×His-tagged bacterial Ndk can be affinity-purified from E. coli 
using a nondenaturing His-tag purification method. Protein is 
eluted with imidazole (see Note 4) and concentration can be 
determined using a Bradford protein assay.

 2. Incubate 100 mg Ndk with 3.7 MBq [g-32P]-ATP for 5 min in 
labeling buffer at room temperature.

 3. The Ndk can be separated from excess [g-32P]-ATP by gel 
filtration. To prepare the gel filtration columns, exchange the 
packing buffer with labeling buffer in three to four washes 
according to manufacturer’s protocol.

 4. Activated Ndk can now be applied to the Microspin column as 
directed.

 5. After loading the sample, centrifuge the column for 4 min at 
1,000 × g.

 6. Dispose the used column into radioactive waste and incubate 
Ndk with 6.25 mM N6-benzyl-ADP for 5 min at room tempera-
ture (see Note 4).

 7. The Ndk can be separated from radiolabeled N6-benzyl-ATP 
by heat denaturation and precipitation. Incubate the Ndk mix 
at 80°C for 2 min and precipitate by centrifugation for 5 min 
at full speed. Transfer the supernatant into a new vial.

 8. The labeling efficiency can be measured via scintillation count-
ing and is generally found to be in a range of 40–50% of the 
applied [g-32P]-ATP (see Note 5).

The purity of the [g-32P]-N6-benzyl-ATP can be assayed qualita-
tively by ion-exchange thin layer chromatography (TLC) followed 
by exposure of X-ray film (13, 21). All TLCs are run at room 
temperature (20–25°C) in closed chromatography tanks.

 1. Pour solvent into the tank so that the height of the solution at the 
bottom of the tank is 5–6 mm. The tanks are kept under a well-
ventilated chemical fume hood and solvent is poured in advance 
to allow good saturation with solvent vapors (see Note 6).

 2. The starting line of the deposit and a finish line about 1 cm 
below the top are marked on the TLC plate with a soft pencil.

 3. 1–2 mL aliquots of the 32P-labeled nucleotides, obtained in 
Subheading 3.2, are spotted along the starting line using a 
graded capillary or pipette. Pipetting is done slowly to give 
spots no more than 3–4 mm in diameter.

 4. Plates are placed into the chromatography tank and a lid is 
sealed to the top of the tank using silicone grease.

 5. When the solvent reaches the finish line, the plate is withdrawn 
from the tank and dried thoroughly under the chemical fume 
hood for a few hours or using a hair dryer.

3.3. Ion-Exchange Thin 
Layer Chromatography
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 6. After drying, the plate is put into an autoradiography cassette 
and an X-ray film is put on top under safety light conditions. 
Exposure times may vary, but we found 24 h to give good 
results (see Fig. 1 and Note 7).

To test the utilization of N6-modified nucleotides or for protein 
substrate labeling in vitro kinase assays can be performed. This 
protocol makes use of a small synthetic peptide substrate known to 
be phosphorylated by CDPKs. To identify protein substrates from 
cell extract, the only major change that would need to be made to 
this basic protocol is the substitution of cell lysate (or cell lysate 
fractions) as substrate for the kinase reaction. Putative substrates 
can then be separated using 1D- or 2D-gels. As discussed in 
Subheading 3.2, be sure to follow all precautions and regulations 
regarding the handling of radioactivity. Tobacco (Nicotiana 
tabacum) NtCDPK2 has been expressed in E. coli and purified as 
His-tagged fusion protein under nondenaturing conditions. 
Arabidopsis CPK1 has been expressed transiently in tobacco and 
purified as described before (15) (see Note 8).

 1. Determine the amount of kinase purified from E. coli by Bradford 
assay or from purified plant proteins by Western blot. Dilute 
proteins to equal concentration by adding elution buffer.

3.4. In Vitro Kinase 
Assay

Fig. 1. Autoradiogram of a TLC with reaction products of Ndk-labeling, showing the mobility 
of radiolabeled triphosphate nucleotides. Numbers correspond to the addition of nucleo-
sides as follows: (1) N6-benzyl-ADP, (2) CDP, (3) ADP, and (4) no nucleoside added.
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 2. For each reaction prepare 3 mL of 10× CDPK kinase buffer.
 3. Preheat a water bath or a thermomixer to 30°C.
 4. Incubate 100 ng of enzyme or aliquots of protein kinase 

(equivalent to 5 mL beads) in 23 mL of water. Add 1 mL of 
CDPK kinase buffer (10×). Perform all pre-incubation reac-
tions at 4°C in an ice bath.

 5. Start a lab timer (counting up from 0), add 6 mL of ATP/N6-
benzyl-ATP stock (5×) to each tube in 15- to 20-s increments 
(if it is difficult to add this fast, slow down to a comfortable 
speed). Place the reactions at 30°C.

 6. After 10 min, stop the reaction by removing 15 mL from the 
first tube that received ATP/N6-benzyl-ATP stock and pipet 
slowly onto the center of a P81 phosphocellulose paper square. 
Allow the radiolabeled substrate to bind the filter paper for 
30 s before immersing the paper into a beaker containing 1% 
phosphoric acid. Sequentially from the subsequent reactions, 
spot sample in the same time increments used to add the ATP/
N6-benzyl-ATP stock (see Note 9).

 7. Wash P81 paper squares three times for 5 min with about 
150 mL of 1% (w/v) phosphoric acid.

 8. Let the paper squares dry on filter paper.
 9. Transfer the papers into polypropylene scintillation vials, add 

enough scintillation cocktail to cover the papers, and deter-
mine the incorporation of 32P by scintillation counting. The 
amount of 32P incorporated into syntide-2 can be calculated 
from the counts per minute (cpm) and the specific activity of 
ATP (cpm/pmol ATP) according to the following formula 
(see Note 10):

(pmolphosphate incorporated)/(min· g)

cpm/((cpm/pmolATP)·10min·0.1 g)= m
m

The kinase assay described above can be modified in order to 
determine Ki values for ATP-analogous kinase inhibitors, such as 
1-NA-PP1 or to test competition between ATP and N6-benzyl-ATP. 
In order to diminish the influence of different KM values for 
ATP between wild-type kinase and the ATP-binding pocket 
variant, the kinase assays are performed in the absence of nonra-
diolabeled cold ATP.

 1. Inhibition assays are conducted in the presence of 33 nM of 
[g-32P]-ATP and increasing concentrations of 1-NA-PP1 in 
DMSO in the reaction mix.

 2. Ki values are calculated based on the IC50 values: Ki = IC50/
(1 + (c[ATP]/KM

ATP)). At very low ATP concentration, IC50 
equals Ki

inhibitor.

3.5. Kinase Inhibition 
Assay
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Hydroponic cultures facilitate the application of defined inhibitor 
concentrations. Therefore, seeds of transgenic lines carrying the 
CPK1 ATP-binding pocket variant in a cpk1 mutant background 
and seeds of Col-0 wild type are grown as hydroponic cultures.

 1. About 120 seeds per line are sterilized using chlorine gas (19). 
Six 200 mL culture flasks with 50 mL of 0.5 MS/1% (w/v) 
sucrose are autoclaved.

 2. About 30–40 seeds are placed into each flask using a small 
sterile spoon.

 3. The culture flasks are incubated at 4°C for 3 days in the dark.
 4. The culture flasks are incubated for 12 days on a shaking plat-

form at 100 rpm in growth chamber 1.
 5. 10 mM 1-NA-PP1 in DMSO is added to a final concentration 

of 100 mM.
 6. After incubation for 30 min, two culture flasks of each line are 

transferred to an ice-cold water bath in growth chamber 2. All 
culture flasks are incubated for 1 h.

 7. Plants are harvested by filtration through Miracloth and dried 
with tissue paper before shock freezing in liquid nitrogen 
(see Note 11).

 1. Total protein is extracted with phenol/SDS based on the 
protocol by Wang et al. (22). Rehydration buffer is added to 
the acetone precipitated sample (165 mL/100 mg).

 2. 2D-polyacrylamide gel electrophoresis is performed using 
the NuPAGE ZOOM Benchtop Proteomics system as 
described (23).

 3. Prior to IEF, passively rehydrate the ZOOM strips (pH 3–10) 
in the sample containing rehydration solution for 16 h.

 4. IEF is conducted using the following gradient steps: 0–175 V 
(1 min), 175 V (15 min), 175–2,000 V (45 min), and 2,000 V 
(25 min).

 5. Strips are then equilibrated in 4.5 mL of NuPAGE LDS sample 
buffer together with 0.5 mL of sample reducing agent (10×), 
followed by incubation in the same solution containing 
125 mM iodoacetamide but lacking the reducing agent for 
15 min each.

 6. Samples are separated in the second dimension on NuPAGE 
Novex 4–12% Bis–Tris ZOOM gels in MES-SDS running buffer.

 7. Proteins are visualized with colloidal Coomassie Blue using 
Imperial Protein Stain. Alternatively, phospho-proteins are 
selectively stained with ProQ-Diamond. Proteins are quantified 
on 2D-gels using Proteomweaver.

 8. The peak absorbance and emission of the ProQ-Diamond 
phosphoprotein stain are at 555 and 580 nm, respectively. 

3.6. Hydroponic 
Cultures and Inhibition 
Studies

3.7. Total Protein 
Extraction, 2D-Gel 
Electrophoresis, and 
Phosphoprotein Stain
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Any scanner, equipped with a 532 or 543 nm laser can be used 
to excite the ProQ-Diamond dye. Scanners utilizing a white 
light arc lamp source can also be used with the appropriate 
bandpass excitation filter. Since the peak emission is at 580 nm, 
bandpass filters at or near 580 nm or longpass filters allowing 
transmittance of light at 555 nm and beyond are appropri-
ate for capturing the fluorescence of ProQ-Diamond dye.

 1. Primers should be designed according to the directions in the 
QuikChange Site-Directed Mutagenesis kit. Additional silent 
mutations leading to changes in the restriction enzyme pattern 
facilitate the identification of positive mutants, thereby reduc-
ing the amount of sequencing reactions necessary.

 2. Alternatively to ProQ-Diamond, Phos-tag phosphoprotein 
stain (Perkin Elmer) can be used. This stain is available with 
excitation and emission spectra compatible with most UV-gel 
documentation systems. This lowers the sensitivity but allows 
the analysis in most laboratories.

 3. The DpnI-mediated site-directed mutagenesis protocol is 
prone to generate secondary mutation in the vector backbone. 
Further cloning of the mutated cDNA into an expression vector 
prevents the carry-over of these mutations within the vector 
backbone potentially having a negative effect on expression or 
resistance screening. If an expression vector is directly used for 
mutagenesis, the cDNA that has been sequenced should be 
re-ligated into fresh backbone of the same vector.

 4. The described protocol is based on elution of the Ndk after 
IMAC. This allows recycling of the resin and the application of 
automated purification procedures, such as FPLC. Alternatively, 
when batch purification is performed, the Ndk can be left 
bound to resin and unbound [g-32P]-ATP can be removed by 
washing with labeling buffer. The buffer then has to be 
aspirated off before addition of N6-benzyl-ADP.

 5. We keep Ndk at −80°C after purification. However, no long-
term stability assays have been performed yet. Another option 
is to keep pelleted E. coli cells after induction of Ndk expres-
sion at −20°C until purification.

 6. If small chromatography tanks are used, the walls of the tank 
may be lined with Whatman 3MM paper on four sides to help 
maintain a buffer-equilibrated gas phase in the tank.

 7. Often additional spots can be seen at the top of the TLC. This 
probably represents a certain amount of orthophosphate that 
is generally present in small amounts in addition to the labeled 
nucleotides.

4. Notes
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 8. Buffer compositions, pH, ionic strength, and divalent cation 
concentrations have to be determined for each kinase under 
study. The buffer presented builds a starting point to develop 
a protocol. Other aspects for buffers to be considered are 
(a) Tris–HCl or PIPES as buffering agents generally applied in 
the range of 20–50 mM and with a pH range from 6.8 to 8.0, 
(b) phosphatase inhibitors, when working with crude extracts, 
and (c) MgCl2 or MnCl2 when working with serine/threonine 
or tyrosine kinases, respectively. Use saturating concentrations 
of ATP, with most KM values for kinases being between 5 and 
200 mM.

 9. Suitable blanks should always be performed to correct for non-
specific binding of [g-32P]-ATP and its breakdown products to 
the phosphocellulose paper. Controls for endogenous phos-
phorylation of proteins in the sample extract can be performed, 
by leaving out the kinase.

 10. Alternatively to synthetic peptide substrates, proteins can be 
used as kinase substrates. Typical proteins used are Myelin 
basic protein, histones, calmodulin, and alpha and b-casein. 
After kinase assay proteins are separated by SDS-PAGE, 
blotted to membrane and incorporation of 32P into protein is 
measured by autoradiography.

 11. Alternatively to the hydroponic culture system plants can be 
grown on soil or plate for 2–3 weeks and sprayed with a 100-mM 
1-NA-PP1 solution in 1% DMSO, 0.01% (v/v) Silwet (12).
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Chapter 16

Modified Metal-Oxide Affinity Enrichment Combined  
with 2D-PAGE and Analysis of Phosphoproteomes

Thomas Colby, Horst Röhrig, Anne Harzen, and Jürgen Schmidt 

Abstract

Protein phosphorylation is a dynamic process of widespread regulatory significance. Phosphoproteomics 
attempts to provide a global view of this process during biological processes, but the approach is generally 
limited by the low relative amounts of phosphoproteins in biological samples. Although mass spectrometry 
(MS)-based technologies exist for the in-depth characterization of protein phosphorylation, these tech-
niques are typically highly focused, have low throughput, and generally require special equipment and 
expertise. These specialized techniques are best used to support hypotheses generated by an initial broad-
based survey, like the one described here.

In this chapter, we outline a 2D gel-based phosphoproteomic methodology based on relatively 
inexpensive materials and basic, widely available MS technology. The goal is to provide a preparative and 
analytical laboratory framework that can generate the samples and hypotheses for phosphoproteomic MS, 
as well as a set of tools for biologically relevant phosphoproteomics for investigators who do not have ready 
access to phospo-MS technology. The combination of 2D gel-compatible metal-oxide affinity chromatog-
raphy (MOAC)-based phosphoprotein enrichment and phospho-specific staining provides both the 
sensitivity necessary to make low-level phosphoproteins observable and identifiable, and the twofold phospho-
selectivity to support their identity as phosphoproteins. An on-blot dephosphorylation assay for verifying 
the phospho-specificity of the enrichment method is also described here and provides a general tool for the 
validation of protein phosphorylation.

Key words: Phosphoproteomics, 2D-PAGE, 2DGE, Phosphoprotein enrichment, On-blot phos-
phatase assay, MOAC, Metal-oxide affinity chromatography

Protein phosphorylation is one of the most prevalent and signifi-
cant regulatory mechanisms in living systems (1). Consequently, 
the study of protein phosphorylation – how and when it happens, 
how it is regulated, and what it, in turn, controls – is the focus of 
many diverse research groups. Though some regulatory phospho-
rylation cascades and networks have been at least partially dissected 

1. Introduction
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and understood, much remains to be investigated (2). Due to their 
interconnectedness, a highly focused view provides only a frag-
mentary look at these networks. Phosphoproteomics can offer a 
dynamic, global view of protein phosphorylation during biological 
processes or under the influence of chemical or genetic perturba-
tions, but the approach is limited by the difficulty of detection and 
identification of phosphoproteins (3). Phosphoproteins pose par-
ticular problems for proteomics, particularly for mass spectrometry 
(MS)-based proteomic approaches. First, phosphorylated proteins 
are not typically the most abundant proteins in an organism’s 
proteome. Second, the extent of phosphorylation (the ratio of 
posttranslationally modified to unmodified protein) is often low, 
meaning that most of a given protein, even when it is a phospho-
rylation substrate, is present in the non-phosphorylated form. 
Third, phosphopeptides are “handicapped” with respect to MS 
detection compared to their non-phosphorylated forms; the 
additional negatively charged phosphate reduces the signal acquired 
in the “positive mode” typically used for measuring and fragmenting 
peptides. These factors combine to make the detection and identi-
fication of phosphoproteins a particular challenge. Given the regu-
latory importance of protein phosphorylation, any technique which 
can raise the relative quantity of phosphoprotein in a sample and 
help to discriminate between phosphorylated and non-phosphory-
lated proteins is immensely valuable.

While selective phosphopeptide enrichment can help to identify 
phosphoproteins as such, it is best used following a broader approach 
that makes it possible to isolate candidate phosphoproteins from 
others. Though not included in the methods described in this chap-
ter, phosphopeptide enrichment and analysis can be used to verify 
the hypotheses generated in the procedure outlined here.

Many phosphoprotein and phosphopeptide enrichment pro-
cedures are based on the affinity of metal ions for the negatively 
charged phosphate groups. Immobilized metal ion affinity chro-
matography (IMAC)-based methodologies can be used to enrich 
phosphopeptides or -proteins (reviewed in ref. 4), but the matrix 
is relatively expensive and requires a charging step in order to load 
it with the desired metal ions. Metal oxides, in particular titanium 
dioxide (TiO2), provide a pre-charged ready-to-use metal-
containing matrix. In matrices such as Titansphere (GL Science), 
the oxide is bound to high performance liquid chromatography 
(HPLC) media. Wolschin and Weckwert, however, proposed a 
more economical alternative using aluminum hydroxide hydrate 
(Al(OH)3), a cheap bulk material (5). In their procedure – as well 
as in ours – the washed and equilibrated aluminum hydroxide 
matrix is used to preferentially bind phosphoproteins present in a 
soluble protein preparation.

All metal affinity-based enrichment schemes suffer from some 
non-specific protein binding, primarily that of non-phosphorylated 
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acidic proteins. As in the original metal-oxide affinity chromatography 
(MOAC) procedure, free amino acids are used to compete against 
these acidic interactions (5). Both acidic competition and competi-
tive elution with phosphate are used to maximize the specificity of 
the protein enrichment.

The primary focus of this protocol is describing the 2D gel-
compatible MOAC enrichment and precipitation steps (see 
Subheadings 3.2 and 3.3). The soluble protein extraction from 
Arabidopsis thaliana (see Subheading 3.1) provides an example of 
a possible sample preparation. The 2D gel and MS analysis protocols 
(see Subheading 3.4) describe established methods that we use in 
our facility. Subheading 3.5 describes an on-blot dephosphorylation 
assay, presented here to validate the basic technique, but which 
could also be used to confer a third layer of phospho-specificity to 
the protocol. This process has been used to analyze the dynamics 
of the phosphoproteome of the resurrection plant Craterostigma 
plantagineum (6).

Unless otherwise noted, deionized water (Millipore) and pro 
analysi (p.a.) grade solvents are used to prepare all of the following 
solutions. Unless other temperatures are specified, chilled solvents 
and solutions can be kept on ice at the bench.

 1. 10% (w/v) trichloroacetic acid (TCA) in acetone, store at −20°C. 
Prepare fresh if the solution appears yellowish, use chilled.

 2. 100% (w/v) TCA stock: 10 g in 4.54 mL water. This solution 
is light sensitive and can be stored for 6 months at room 
temperature in the dark. Prepare fresh if the solution appears 
yellowish.

 3. 20% (w/v) TCA in water: 4 parts water and 1 part 100% TCA. 
Prepare fresh from the stock, prepare fresh if the solution 
appears yellowish, use chilled.

 4. Dense sodium dodecyl sulfate (SDS): 100 mM Tris–HCl (pH 
8.0), 30% (w/v) sucrose, 2% (w/v) SDS, and 5% (v/v) 
2-mercaptoethanol.

 5. Phenol (Biomol).
 6. 0.1 M ammonium acetate in methanol, use chilled.
 7. 80% (v/v) acetone in water, use chilled.
 8. Ice-cold acetone.
 9. Liquid nitrogen.
 10. SiO2 for grinding.

2. Materials

2.1. Protein Extraction
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 11. 15- and 50-mL tubes (Falcon).
 12. Corex tubes or equivalent.
 13. Microcentrifuge tubes.

Additional equipment: Sonication bath.

 1. Aluminum hydroxide hydrate (Al(OH)3; Sigma).
 2. Incubation buffer Part A (IB/A): 30 mM 2-(N-morpholino)

ethanesulfonic acid (MES), pH 6.1, 0.25% (w/v) 3-[(3- 
cholamidopropyl)dimethylammonio]-1-propanesulfonate 
(CHAPS), 7 M urea, 2 M thiourea, and 30 mM imidazole. 
Can be stored for 6 months at −20°C (see Note 1). Chill to 
~10°C.

 3. Incubation buffer Part B (IB/B): 30 mM MES, pH 6.1, 
0.23 M sodium glutamate, 0.23 M potassium aspartate, 0.25% 
CHAPS, 8 M urea, and 30 mM imidazole. Can be stored for 6 
months at −20°C (see Note 1). Chill to ~10°C.

 4. Washing buffer (WB): 30 mM MES, pH 6.1, 0.20 M sodium 
glutamate, 0.20 M potassium aspartate, 0.25% CHAPS, 8 M 
urea, 20 mM imidazole. Chill to ~10°C.

 5. Elution buffer (EB): 300 mM potassium pyrophosphate and 
8 M urea, adjust pH to 9.0 with phosphoric acid. This buffer 
can be stored for 6 months at −20°C but must be warmed up to 
room temperature before use because precipitation may occur 
below 20°C. This solution will be used at room temperature.

 1. 2% (w/v) sodium deoxycholate (DOC) in water; can be kept 
for 6 months at 4°C.

 2. 100% (w/v) TCA, see Subheading 2.1.
 3. 25% (w/v) TCA: 1 part 100% TCA and 3 parts water; mix 

fresh, use chilled.
 4. Tris/acetone: 20% (v/v) 50 mM Tris–HCl, pH 7.5, and 80% 

(v/v) acetone, use chilled.
 5. Ice-cold acetone.
 6. Amicon Ultracel -10K centrifugal filter device (Millipore), one 

per protein batch needed.

Requirements depend on the gel system and the manufacturer’s 
instructions. We typically use the Zoom isoelectric focusing (IEF) 
system (Invitrogen). Do not use pre-stained markers in your gel 
since they can disturb subsequent fluorescent staining.

 1. IEF buffer: Buffer composition depends on the manufacturer’s 
instructions, but we recommend an IEF buffer containing 
both urea and thiourea in order to ensure thorough resolubili-
zation of the pellet.

 2. ProQ-Diamond phosphoprotein stain (Invitrogen).

2.2. MOAC Enrichment 
and Preparation

2.3. DOC-TCA Protein 
Precipitation and 
Wash

2.4. 2D Polyacrylamide 
Gel Electrophoresis 
and Phospho-Specific 
Staining
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 3. Coomassie PageBlue stain (Fermentas).
 4. FLA-3000 scanner (Fuji) or other fluorescent scanner with a 

green (532 nm) laser.
 5. Proteineer SP and Proteineer DP systems (Bruker Daltonics).
 6. Anchorchip TM steel targets (Bruker).

 1. Immobilon-P PVDF Membrane (pore size: 0.45 m; Millipore). 
In our experience, these membranes have the lowest back-
ground signal.

 2. Tris-buffered saline (TBS): 20 mM Tris, pH 7.5, and 150 mM 
NaCl.

 3. Phosphate-buffered saline (PBS): 100 mM pyrophosphate and 
100 mM NaCl, pH 7.3 (~100 mL needed per blot).

 4. Methanol.
 5. Blocking solution: 1% (w/v) bovine serum albumin (BSA) in 

TBS and 0.1% (v/v) Triton X-100; mix fresh.
 6. Lambda protein phosphatase (800 U/mL, ~20 mL/blot 

needed; New England Biolabs).
 7. Phosphatase buffer: 0.1% (v/v) Triton X-100, 1% (w/v) BSA, 

and 2 mM MnCl2 in TBS (~10 mL per blot needed).
 8. 500 mM sodium acetate (pH 4.0).
 9. Fixing solution: 7% (v/v) acetic acid and 10% (v/v) methanol 

in water.
 10. Destaining buffer: 20% (v/v) acetonitrile in 50 mM sodium 

acetate (pH 4.0).
 11. Blot staining solution: 0.001% (v/v) ProQ-Diamond phos-

phoprotein blot stain (Invitrogen).

This is the protocol we use for extracting soluble proteins from 
Arabidopsis leaves and seeds (see Fig. 1). This is not the focus of this 
chapter, but it provides an example of raw material preparation. The 
outlined protocol yields soluble proteins virtually free of substances 
which might interfere with the subsequent enrichment steps such as 
DNA, RNA, metal ions, or metal chelators. The solubility selected 
for by this extraction method should also ensure that the proteins 
enriched via MOAC can be brought back into solution following 
the various precipitation steps. Extract proteins as follows:

 1. Grind tissue under liquid nitrogen with 10% (w/w) SiO2.
 2. Put approximately 4 mL of ground plant tissue (including 

sand) into a 15-mL tube.

2.5. Blotting, On-Blot 
Dephosphorylation, 
and Staining

3. Methods

3.1. Protein Extraction
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 3. Add 10 mL of ice-cold acetone and vortex vigorously.
 4. Centrifuge at 5,000 × g for 5 min in a swing-out rotor. Discard 

the supernatant.
 5. Add 10 mL of ice-cold acetone and vortex vigorously. Repeat 

step 4 once.
 6. Add 10 mL of 10% TCA in acetone, break the pellet with the 

pipet tip, and sonicate for 10 min.
 7. Wash the pellet (as in steps 3 and 4 above): once with chilled 

10% TCA in acetone, once with chilled 20% TCA in water, and 
twice with chilled 80% acetone in water.

 8. After the last centrifugation step, discard the supernatant. 
Centrifuge the pellet one last time and carefully pipet off the 
residual acetone. The pellet should be left wet.

 9. Resuspend the wet pellet in 6 mL of dense SDS solution at 
room temperature.

 10. Sonicate briefly for 1–5 min, if desired.

Fig. 1. MOAC-enriched Arabidopsis proteins from seeds: total protein (left ) compared to an overlap (right ) of MOAC-
enriched proteins and total protein input. The selectivity and enrichment ratio of the procedure can be appreciated by 
examining the relative positions and intensities of blue (MOAC-enriched) spots versus orange (MOAC-depleted) spots in the 
overlap. The circled areas emphasize sets of spots barely visible in the total protein gel which were dramatically enriched 
in the MOAC eluate. The spots in these regions have been identified as Rab18 (1, 2), 60S Ribosomal Protein P0 (3), putative 
dehydrins (4), RD29B (5), HSP101 (6), and a stress responsive protein similar to RD29B (7). Other MOAC-enriched spots 
have been identified as 60S RPP2A and elongation factors. The dark brown spots in the overlap represent abundant 
proteins that are retained by the MOAC procedure. These spots have been identified as various LEAs and cruciferin, which 
are confirmed abundant phosphoproteins. Two marker proteins added to the total protein sample are marked “M.” The gels 
were run using 18-cm pH 4–7 IEF strips (GE Healthcare) with 12% SDS second dimension. All gels were visualized with 
Coomassie Page Blue (Fermentas) and identifications were performed by MALDI MS and MS/MS as described elsewhere 
(6) (see Note 1). This figure is displayed in greyscale in the print edition but available in color in the electronic version.
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 11. Add 6 mL of phenol.
 12. Vortex for 1 min.
 13. Centrifuge the sample at 5,000 × g for 5 min at room temperature. 

The phenol phase containing the protein will rise to the top.
 14. Collect the phenol fraction in Corex tubes (max. 4 mL), being 

careful not to perturb the phase interface with the pipet. 
Reserve a 100 mL aliquot of each sample in a microcentrifuge 
tube for a Bradford assay. The assay aliquots will be handled in 
parallel in the following steps.

 15. Add 5× the sample volume of chilled 0.1 M ammonium acetate 
in methanol and put the sample on ice for 1–4 h to precipitate 
the soluble proteins.

 16. Pellet the proteins by centrifugation at 10,000 × g for 10 min 
at 4°C.

 17. Wash the pellet as in steps 3 and 4 above: twice with 0.1 M 
ammonium acetate in methanol and twice with 80% acetone in 
water. (For the assay pellets reduce all volumes to 1 mL.)

 18. Collect the pellet for the assay aliquot as in step 8 above. Store 
the sample aliquot in the last 80% acetone wash at −20°C until 
the protein concentration has been determined.

 19. Dissolve the assay pellet directly in 100 ml of 7 M urea, 2 M 
thiourea at room temperature for at least 1 h (or overnight) 
before determining the protein content by Bradford. Use this 
value to determine the volume of incubation buffer to be 
added in the first step of Subheading 3.2.

 20. When you are ready to continue, collect the pellet and remove 
the acetone as described in step 8 above.

The following protocol is tailored to total protein batches of 3 mg 
protein (based on the Bradford assay performed at the end of the 
extraction). This amount of total protein typically yields enough 
enriched phosphoproteins for a Coomassie stainable gel. The 
expected extent of phosphorylation should also be taken into 
account – perhaps using less protein when strong phosphorylation 
is expected – although we have not yet observed saturation phe-
nomena in the phosphoprotein enrichment procedure.

For the following steps, the incubation and washing buffers 
should be kept cold (preferably at 10°C), and the elution buffer 
equilibrated at room temperature.

 1. Dissolve the protein pellet (~3 mg) in 1 mL incubation buffer 
Part A (IB/A). Sonicate and agitate the sample to assure that 
the pellet is mechanically disrupted.

 2. Incubate the pellets 4–6 h at room temperature or overnight at 
10°C. Stubborn pellets can be sonicated multiple times or 
freeze-thawed in order to enhance protein solubility (see Note 2). 
Do not exceed 30°C.

3.2. MOAC Enrichment 
and Preparation
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 3. Add 2 mL of IB/B and vortex. The sample now has a concen-
tration of approximately 1 mg/mL and may be stored at this 
point at −20°C.

 4. Prepare the MOAC matrix as follows: To ensure equal distri-
bution of the matrix, weigh out 80 mg of Al(OH)3 for every 
mg of sample protein into a Falcon tube. Add 1 mL of washing 
buffer for every 80 mg of matrix. Pipet 1.5 mL of the slurry 
rapidly into each microcentrifuge tube, vortexing the slurry 
periodically in between to ensure equal distribution of Al(OH)3. 
Spin the tubes down at 12,000 × g and remove the superna-
tants. For the 3 mg batch described here, we will load two 
2-mL microcentrifuge tubes with 120 mg of Al(OH)3 apiece.

 5. Wash the material twice as follows: add 1.5 mL of washing buf-
fer, vortex, spin down at 12,000 × g, and discard the superna-
tant. Set the tubes aside.

 6. Transfer the dissolved protein pellet solution to 2-mL micro-
centrifuge tubes. Centrifuge for 10 min at 14,000 × g to pellet 
any insoluble material.

 7. Transfer 1.5 mL of soluble protein supernatant to each of the 
tubes containing the Al(OH)3 from step 5 and incubate for 1 h 
at 10°C in a rotator or orbital shaker.

 8. Centrifuge the tubes for 1 min at 10,000 × g in a swing-out 
rotor in order to pellet the Al(OH)3.

 9. Discard the supernatant and wash six times with washing 
buffer. Carefully resuspend the Al(OH)3 pellet after each addi-
tion of buffer, agitating gently. Then spin the Al(OH)3 down 
as in step 8 and discard the supernatant.

 10. Elute the phosphoproteins by adding 1 mL of elution buffer 
and agitating for 30 min at room temperature in a rotator or 
orbital shaker.

 11. Spin down for 5 min at 14,000 × g at room temperature to pel-
let any residual Al(OH)3.

 12. Carefully transfer 800 mL of the phosphoprotein solution into 
new tubes, making sure not to transfer any of the Al(OH)3. We 
recommend only transferring 800 mL, since it is better at this 
point to leave a little sample behind than to risk contamination 
with MOAC material (see Note 3). Spin the samples down 
again for 5 min at 14,000 × g before proceeding if there is any 
reason to believe that they still contain MOAC matrix.

This precipitation protocol is modified from the DOC-TCA 
precipitation described by Peterson (7).

 1. Transfer the clear phosphoprotein solution (up to 3.5 mL – at 
this point, samples that have been split can be recombined) into 
Amicon Ultracel-10K centrifugal concentrators (Millipore) and 

3.3. DOC-TCA Protein 
Precipitation
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concentrate the samples to 100 ml by spinning at 4,000 × g for 
approximately 30 min. Keep in mind that the protein concen-
tration may be quite high (>1 mg/mL) following this step.

 2. Transfer the retentate (~100 ml) to a 1.5-mL microcentrifuge 
tube and add 500 ml of water (some protein precipitation may 
occur due to dilution of the urea).

 3. Add 7 ml of 2% (w/v) DOC solution, vortex the sample briefly, 
and incubate at room temperature for 5 min.

 4. Add 70 ml of 100% TCA and vortex again. Place the tubes on 
ice to precipitate for 120 min.

 5. Centrifuge at 20,000 × g at 4°C for 10 min to pellet the pro-
tein. Discard the supernatant.

 6. Wash the pellets once by pipetting, vortexing, and/or sonicat-
ing with 1 mL 25% (w/v) TCA at 4°C. The pellet is often 
invisible at this stage and smeared over a large area of the tube, 
so care should be taken to resuspend the pellet thoroughly. 
Centrifuge again as in step 5 and discard the supernatant. This 
step removes residual Al(OH)3.

 7. Wash the pellet once more in 1 mL of ice-cold Tris/acetone. 
Collect pellet as in step 5 and discard the supernatant.

 8. Wash once more with 1 mL of ice-cold acetone. Collect pellet 
as in step 5 and discard the supernantant. Depending on the 
amount and nature of the pelleted protein, the acetone-washed 
pellet may be more fragile than the previous one. One should 
be very careful when removing supernatant at this stage. 
Alternatively, one can perform this wash with ice-cold 80% 
(v/v) acetone, which may make the pellet more handleable.

 9. Add 1 mL of ice-cold acetone to the pellet and disrupt it by 
vortexing or sonication. The sample can now be stored indefi-
nitely at −80°C.

 10. When you are ready to continue to the IEF, centrifuge the 
sample again as in step 5 and remove the supernatant (see note 
on step 8 – some residual pure acetone can be removed by 
vacuum-drying the sample if pipetting proves difficult). Do 
not dry the final pellet completely: it should still be acetone-
wet when taken up in IEF buffer. In our experience, pellets are 
significantly harder to resolubilize once they have been fully 
dried. In any case, allow the pellets to redissolve for a few hours 
in IEF buffer with frequent disruption.

 1. 2D gels should be run according to the manufacturer’s instruc-
tions. For this study, ZOOM 2D gels are used. As stated above 
in the materials section, the most critical aspects of running the 
gels are that the pellet is properly resolubilized and that pre-
stained markers are not used due to possible interference with 
fluorescent phospho-stains.

3.4. 2DGE and 
Phospho-Specific 
Staining
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 2. Gels are stained with ProQ-Diamond phosphoprotein stain 
according to the manufacturer’s instructions. The second over-
night fixation step may help reduce background, but it is not 
essential. Once scanned and punched, gels are re-stained with 
Coomassie PageBlue and repunched if desired. In our experi-
ence, MOAC enriches many verified phosphoproteins which 
do not stain well with phospho-stain. Thus, while Coomassie-
stained spots that did not stain with Pro-Q Diamond may 
represent non-phosphorylated protein background, they may also 
represent Pro-Q false negatives.

 3. Phospho-stained gels are scanned on a FLA-3000 scanner 
using a green laser (532 nm) and high-sensitivity settings.

 4. Coomassie gels are scanned on a daylight scanner as part of the 
Proteineer SP system.

 5. Spots for MS analysis are excised from phospho-stained gels, 
digested robotically, and spotted on Anchorchip TM steel targets 
for MALDI analysis using the Proteineer DP system. Hand 
excision (at a UV table) and hand digestion are a viable low-
throughput alternative if equivalent equipment is not available.

We have good experience with this blotting methodology starting 
with a 1D or preferably 2D gel run as outlined in Subheading 3.4. 
Ideally, a blot should be cut in half, with the one half undergoing 
phosphatase treatment and the other half the control treatment.

 1. Electroblot the peptides onto the Immobilon membrane at 
30 V for 1 h (see Note 5).

 2. Block the membrane by incubating for 1 h in blocking solution 
at room temperature (see Note 6).

 3. Split the blot for phosphatase and control treatment. Incubate 
one half of the blot for 4 h at 25°C with agitation in 5 mL 
of blocking solution containing 2 mM MnCl2 and 10 ml of 
800 U/mL lambda phosphatase. Incubate the control blot in 
blocking buffer lacking the phosphatase.

 4. Stop the phosphatase reaction by agitating the blots for 5 min 
in PBS.

 5. Wash the membranes five times in water and allow them to dry.
 6. Moisten the membranes briefly with methanol.
 7. Fix the membranes by soaking for 15 min in fixing solution.
 8. Wash the blots for 5 min in water. Repeat washing three more 

times.
 9. Stain the phosphoproteins on the blots for 15 min in 25 mL of 

blot staining solution containing ProQ-Diamond.
 10. Destain for 10 min in destaining solution. Repeat the destain-

ing three times (see Note 7).

3.5. Blotting, On-Blot 
Dephosphorylation, 
and Staining
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 11. Allow the blots to dry.
 12. Scan according to the manufacturer’s instructions, e.g., by using 

a FLA-3000 scanner with an excitation wavelength of 532 nm 
and monitor emission of 580 nm. Use the lowest sensitivity 
setting on the scanner due to background issues (see Note 8).

 1. The Arabidopsis seed proteins presented in Fig. 1 were enriched 
in the presence free amino acids under the conditions described 
here. The selectivity of the phosphoprotein enrichment can be 
seen by comparing the superimposed eluate and flowthrough 
from the MOAC protocol with a gel of the total input protein. 
In our experience, aspartic and glutamic acid concentrations 
between 100 and 200 mM appear to enhance specificity with-
out dramatically affecting sensitivity. At higher competitor 
concentrations, some phosphorylated species (especially singly 
phosphorylated) may get lost. Here a balance must be struck. 
Since the use of one or more phospho-specific stains and the 
on-blot phosphatase assay can confer an additional specificity, 
one can – and probably should – perform the enrichment under 
more liberal conditions, sacrificing some specificity for the sake 
of phosphoprotein yield. This would also be the case if the 
phosphoprotein candidates are to undergo further phospho-
specific MS analysis. In our experience, incubation and wash 
buffers should be matched such that the incubation takes place 
at a slighly lower competitor concentration than the wash.

 2. In order to avoid losing soluble proteins, especially when pellets 
contain a large amount of insoluble debris, we recommend 
performing multiple sonication cycles. One should also con-
sider overnight solubilization or freeze-thawing of the sample 
to break down the pellet.

 3. Even though the subsequent washing steps with TCA should 
solubilize and remove the remaining Al(OH)3, it is better to 
accept losing some sample at this step rather than risking a 
large amount of contaminating matrix in the pellet. If the 
matrix is not entirely removed, it could selectively recapture 
exactly those proteins we are attempting to enrich as well as 
disturb the subsequent IEF run in general. The motivation 
behind the TCA-based precipitation is the removal of this 
residual matrix, conferring the 2DGE compatibility. We 
recommend to avoid anything that might interfere with this 
purification step.

 4. The technique offers a semi-quantitative enrichment of phos-
phoproteins as illustrated in the gel of MOAC-enriched test 

4. Notes
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mixtures (Fig. 2). The test mixtures contained different 
proportions of four test proteins: BSA and lysozyme (non-
phosphorylated), ovalbumin, and casein (phosphorylatyed). In 
this gel stained with Coomassie and ProQ-Diamond, the three 
lanes on the left of each gel represent the unbound proteins 
precipitated from the supernatant solution of the MOAC 
procedure (labeled “flowthrough”) (Fig. 2). The three lanes 
on the right hand contain the proteins precipitated from 
MOAC eluents. The A lanes represent a mixture of 50 mg each 
of the phosphoproteins ovalbumin and casein and 200 mg 
each of non-phosphorylated BSA and lysozyme. The B lanes 
represent a mixture of 100 mg of all four proteins, and the C 
lanes a 200 mg of each phosphoprotein and 50 mg of each non-
phosphoprotein. During the enrichment process, BSA is only 
partially retained, while both phosphoproteins are completely 
depleted in the flowthrough. A comparison of the eluent lanes 
A, B, and C in both images correlates well to the changing 
levels of the phosphoproteins in the respective samples. The 
fact that lysozyme only appears in the flowthrough indicates 
that it was not significantly retained by the MOAC matrix, but 
the fact that the lysozyme signal is so faint, even in the 
flowthrough, points out a weakness of the protocol which must 
be kept in mind. Since lysozyme was present in all samples in 
amounts similar to the other proteins, its relatively faint signal 
indicates that much of it probably remains in solution during 

Fig. 2. Semi-quantitative phosphoprotein enrichment and precipitation from a mixture of phosphorylated and non-
phosphorylated test proteins. The gel on the left hand is stained with Coomassie, the gel on the right hand with ProQ-
Diamond. Sample A: 50 mg of ovalbumin and 50 mg of casein (both phosphorylated) as well as 200 mg of BSA and 200 mg 
of lysozyme (both non-phosphorylated). Sample B: 100 mg of ovalbumin, 100 mg of casein, 100 mg of BSA, and 100 mg of 
lysozyme. Sample C: 200 mg of ovalbumin, 200 mg of casein, 50 mg of BSA, and 50 mg of lysozyme (see Note 4). This figure 
is displayed in greyscale in the print edition but available in color in the electronic version.
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the precipitation step. Although DOC-TCA precipitation is 
recommended for recovery proteins present in very low con-
centrations (7), some highly soluble, low-molecular weight 
proteins may not precipitate, especially if their concentration is 
low. Considering this factor and since the elution volume here 
is lower than the flowthrough volume, the fact that lysozyme 
only appears in the flowthrough indicates that it is not signifi-
cantly retained by the MOAC matrix.

 5. Various membranes from a variety of manufacturers were tested 
and we found that Immobilon membranes (Millipore) gave a 
significantly lower background Fig. 3. With a stain as sensitive 
as ProQ-Diamond blot stain, this is absolutely critical to obtain 
interpretable blots (see Note 8).

 6. Depending on the blot stain manufacturer (Invitrogen or 
Perkin Elmer), blocking may or may not be recommended for 
the phospho-blot staining. Our impression is that the blocking 
is not the critical factor in terms of background reduction, but 
it is necessary for the phosphatase assay.

 7. In attempts to reduce background we washed as long as times 
30 min. This extended washing did not eliminate background 
problems on membranes other than Immobilon. When the 
membrane of choice led to good signals, the recommended 
short wash cycles are sufficient.

Fig. 3. On-blot dephosphorylation with lambda phosphatase. Blots of a range of amounts of phosphoprotein test mixtures 
were stained first with ProQ-Diamond blot stain (top) and subsequently with Coomassie (bottom). The blots on the right 
hand were treated with lambda phosphatase as described, while the blots on the left hand were not. Coomassie staining 
shows that equal amounts of protein were present before and after phosphatase treatment (see Note 5).
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 8. In our experience, the blot stain is not only extremely sensitive 
but also very prone to background binding to the blot – with 
or without blocking. The result of these two phenomena is 
that blot scanning may result in fully overstained images, with 
no distinguishable signals. We found that exciting these blots 
at the wrong wavelength effectively reduces the sensitivity of 
the system by a few orders of magnitude, yielding visible and 
interpretable signals with high background. Using the least 
sensitive setting of the Fuji FLA-3000 and Immobilon-P PVDF 
membranes was the only combination we found yielding good 
clear signals with relatively low background at the correct 
wavelength. In our experience the, choice of membrane has 
much more effect in reducing background than extended 
washing steps.
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Chapter 17

Phosphoproteomics Using iTRAQ

Alexandra M.E. Jones and Thomas S. Nühse

Abstract

The identification of phosphorylation on proteins has become practicable for many laboratories in recent 
years, largely due to improvements in mass spectrometry (MS) and the development of methods to selectively 
enrich for phosphorylated peptides and proteins. However, phosphorylation is a dynamic and reversible 
modification which plays a central role in many biological processes including intracellular signalling. 
Therefore, the quantitative analysis of phosphorylated proteins and peptides is a subject of intense interest. 
We discuss three applications of isobaric tags for relative and absolute quantitation (iTRAQ) to the analysis 
of phosphopeptides from a variety of sample materials.

Key words: Phosphorylation, iTRAQ, Isobaric tags for relative and absolute quantitation, Quanti-
tation, Signalling, Dynamic modification, Mass spectrometry, Stable isotope labelling

A mechanistic understanding of signalling pathways requires the 
identification of kinases and their targets. Identification of the site(s) 
of phosphorylation on a protein is only part of the information 
required to understand their function. The dynamic interplay of 
phosphorylation and dephosphorylation has important conse-
quences for signalling, as does the stoichiometry of phosphoryla-
tion. Traditionally, the majority of phosphorylation events were 
discovered on a protein-by-protein basis. Global, unbiased studies 
rely on the selective enrichment and/or detection of phosphopro-
teins or phosphopeptides, their identification, and quantification. 
Experimental approaches on the protein level typically use in vivo 
pulse labelling with 32P (1, 2) or phosphoprotein affinity chroma-
tography (3, 4) followed by 2D-PAGE. Alternatively (or in combi-
nation (5)), phospho-specific stains (6) or immunoblotting (7) are 

1. Introduction
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used for the detection of phosphorylated proteins. Phosphoproteins 
displaying changes in abundance or staining intensity on 2D-gels 
still need to be identified. For this reason – and because many pro-
teins, notably membrane proteins, cannot be resolved satisfactorily on 
2D-gels – new approaches based on peptide separation and mass 
spectrometric (MS) identification have been developed. Immobi-
lized metal ion affinity chromatography (IMAC) with chelated 
Fe3+, Ga3+, and other metals has been used in a range of large-scale 
studies in yeast (8), plant (9), and human (10) cell cultures. 
Titanium dioxide (TiO2) has been described as a novel affinity 
matrix for phosphopeptides by Larsen et al. (11) and is beginning 
to outstrip IMAC in popularity. Although successful large-scale 
phosphopeptide sequencing is possible without prefractionation 
(12), in the vast majority of cases the complex peptide mixture is 
separated with either cation (13) or anion exchange (9). In an 
effort to “dig” deeper and deeper into the phosphoproteome, 
subcellular fractionation has uncovered phosphorylation sites of plant 
chloroplasts (14), plasma membranes (15), and tonoplasts (16).

For quantitative proteomics of animal or bacterial samples, 
stable isotope labelling with amino acids (SILAC) in cell culture 
has become the predominant method (17). In plant cells, however, 
SILAC labelling is relatively inefficient (18). Complete metabolic 
labelling with 15N via inorganic nitrate and/or ammonia is an alter-
native that is better suited to plants (19). However, 15N-labelling 
and SILAC, like most alternative methods, are limited to compari-
sons of two or three samples at the most. 15N-labelling adds a vari-
able mass increment that depends on the size of the peptide; a fact 
that complicates analysis. The isobaric tag for relative and absolute 
quantification (iTRAQ) has four (or recently eight) differential 
mass tags. This approach can, therefore, combine more time points, 
treatments, or replicates and reduce the amount of time spent on a 
mass spectrometer.

The differential mass tags described in this chapter are amine-
reactive iTRAQ reagents. iTRAQ tags are applied to peptides and 
are designed to be isobaric during precursor MS (full scan, MS1) 
and to reveal differential low mass ions after collision-induced frag-
mentation (MS/MS or MS2). Combining labelled peptides from 
different treatments improves protein identification as low levels of 
protein from each treatment all contribute to the same fragmenta-
tion spectrum. Relative quantification occurs within a single MS2 
spectrum. Different peptides from the same protein are expected 
to present the same iTRAQ ratios. The method was described in 
detail by Ross et al. (20) who used three yeast strains and spiked 
extracts with synthetic peptides to provide absolute quantification. 
iTRAQ tags have now become well established with several hun-
dred papers in animal and plant fields. Several alternatives are now 
marketed (e.g. TNT from Thermo Fisher Scientific and ExacTag 
from Perkin Elmer), which are not be discussed here.
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In contrast to metabolic labelling strategies, the labelling of 
peptides by iTRAQ occurs at a relatively late stage in the prepara-
tion of proteins for MS; after tryptic digestion. This makes it 
universally applicable both to different biological samples [cell 
cultures, differentiated tissues, subcellular fractions, or (partially) 
purified samples] and different treatments or developmental stages. 
Post-digestion labelling could be viewed as a disadvantage because 
variation may be introduced into samples during extraction proce-
dures; however, with due care our experience indicates that this is 
not a significant source of variation. The advantage of tryptic peptide 
labelling is that it is suitable when metabolic labelling is not possible 
(e.g. from plants collected in the field) and that it permits great 
flexibility in experimental design.

Two main approaches may be taken for the analysis of phospho-
rylated proteins: Intact phosphorylated proteins may be isolated 
through the use of specific antibodies (a variation with anti-phospho-
tyrosine immunoprecipitation is frequently used) or affinity resins 
and then digested with trypsin prior to iTRAQ labelling and mass 
spectrometry (e.g. (21, 22)). This approach offers the following 
benefits: (1) protein identification is improved with increasing 
numbers of sequenced peptides; (2) more than one mass tagged 
peptide per protein improves quantification, allowing assessment 
of reproducibility and statistical testing. However, the cost is 
increased complexity in the peptide mixture and an associated 
loss of sensitivity; the peptides from less abundant and smaller 
proteins may be obscured by the plentiful peptides from highly 
abundant proteins. The increased complexity of the peptide 
mixture will reduce the probability of observing individual phos-
phorylated peptides and is likely to prevent determination of the 
site of phosphorylation. Proof of phosphorylation will, therefore, 
be missing for most of the identified proteins. This approach also 
assumes that changes in phosphorylation status lead to changes 
in affinity to the chosen resin, which may not be the case in multi-
ply phosphorylated proteins with several nonresponsive sites. In sum-
mary, where proof of phosphorylation is required, this approach 
needs to be complemented with other biochemical methods. An 
overview of this approach is presented in Fig. 1.

Alternatively, phosphopeptides may be enriched, using selective 
antibodies, Fe3+ or Ga3+ IMAC resins, or TiO2 affinity chromatog-
raphy (e.g. (23, 11, 24)). Labelling of peptides may occur either 
before or after selection of phosphopeptides. As the amount of 
protein that can be labelled with an iTRAQ kit is limited to 100 mg 
per reagent, we recommend enrichment of phosphopeptides before 
labelling so that a significant (mg to multi-mg) amount of protein 
can be used as starting material. Very complex mixtures may be 
fractionated after phosphopeptide enrichment and iTRAQ label-
ling, for example by cation exchange chromatography. The latter is 
recommended as a clean-up step anyway and can simply be extended 
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from batch elution to salt steps. Another consideration is that 
working with peptides circumvents solubility problems associated 
with membrane proteins and often enables the determination of 
the site of phosphorylation. However, a protein may be identified 
only by a single peptide, and this requires more replication for 
good reproducibility and statistical assessment of differentials. One 
may, of course, analyze the flow-through from phosphopeptide 
enrichment strategies to provide additional confirmation of protein 
identity and to assess if the total amount of the protein is altering. 
However, the complexity of the mixture may mean that the same 
proteins are not identified in both flow-though and phospho-
peptide fractions. An overview of the phosphopeptide approach is 
presented in Fig. 2.

Finally, a targeted approach combines both of the concepts 
discussed above to address the stoichiometry of phosphorylation. 
iTRAQ reagents can be used to estimate the proportion of specific 
sites on a protein which are phosphorylated (25). Additionally, this 
approach can be useful if the phosphopeptide is not observed in 
MS but the non-phosphorylated form is, although the reasons for 
such a discrepancy are not necessarily due to differential ionization 
efficiencies but are probably specific for each particular peptide 
(26). The method we present here is based on Pflieger et al. (25) 
and is summarized in Fig. 3. Briefly, the protein is isolated by 
immunoprecipitation (or a suitable affinity strategy), digested, and 
peptides labelled with iTRAQ tags. The digest is then divided into 
two portions and one half is treated with phosphatases (the other 

Fig. 1. Schema for the enrichment of soluble phosphoproteins and iTRAQ labelling of 
tryptic peptides.
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half is not treated). After recombining the two labelled samples, 
unphosphorylated peptides on the protein should show a ratio  
of 1, while phosphorylated peptides will have differential ratios.

Several mass spectrometers may be used for the analysis of 
iTRAQ-labelled peptides. If a choice is available, then the QStar or 
the QTrap 4000 triple quadrupole MS from Applied Biosystems is 
ideal, as the tags are optimized for this type of MS. Furthermore, 
Analyst software (ProQuant) has been developed specifically for 

Fig. 2. Schema for the enrichment of phosphopeptide and subsquent iTRAQ labelling.

Fig. 3. Schema for the comparison of phosphorylated and phosphatase-treated peptides 
from a purified protein.
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iTRAQ data analysis from these instruments and it is quite 
straightforward. Note that the newer QTrap 5500 is less suitable 
for iTRAQ analysis due to its limited m/z range. If not, a time-of-
flight (TOF) machine (such as a QTof; Waters) is also appropriate, 
but the radio frequency (RF) offset may need adjusting (e.g. on a 
QTof2 the usual RF offset of 1 is lowered to 0.3) and the collision 
energies increased. Finally, ion trap MS such as the LTQ or LTQ-
Orbitrap (ThermoScientific) may be used with careful optimization 
of parameters to circumvent the typical loss of the lower third m/z 
ions (27, 28, 29).

 1. Protein quantification reagents (e.g. Bradford assay; BioRad), 
store at 4°C.

 2. iTRAQ reagent kit (Life Technologies), can be stored at −20°C 
for up to a year. The kit contains dissolution buffer: 500 mM 
triethylammonium bicarbonate (TEAB; pH 8.0); reducing 
agent: 50 mM tris-(2-carboxyethyl)phosphine (TCEP); cysteine 
blocking reagent: 200 mM methyl methanethiosulfonate (MMTS) 
in isopropanol; differential mass iTRAQ reagents; single iTRAQ 
labels (114, 115, 116, 117); ethanol, and trypsin. iTRAQ© 
Reagents Methods Development Kit: starter kit also contains a 
0.4 ml isotope coded affinity tag (ICAT) cation exchange col-
umn (store at 4°C).

 3. 2.5% (v/v) formic acid in 30% (v/v) acetonitrile.
 4. Solvent A: 5 mM ammonium formate (pH 2.7 adjusted with 

formic acid) in 30% (v/v) acetonitrile.
 5. Solvents B1 to B4: Solvent A plus ammonium formate to give 

final concentrations of each of: 10, 30, 50, 100 mM ammo-
nium formate.

 6. 0.5% (v/v) formic acid.
 7. Denaturant: 2% (w/v) sodium dodecyl sulphate (SDS).
 8. Benchtop centrifuge.
 9. SpeedVac lyophilization system.
 10. PhosphoProtein Purification Kit (Qiagen). The kit contains purifi-

cation columns, lysis and elution buffers, nuclease, protease inhibi-
tors (store all this material at 2–8°C), and ultrafiltration columns 
(10 kDa molecular weight cut-off; store at room temperature).

 11. Desalting columns (e.g. PD10; Amersham).

 1. Ultra-pure water.
 2. iTRAQ reagent kit (Life Technologies).

2. Materials

2.1. Enrichment  
of Soluble 
Phosphoproteins

2.2. Tryptic Digestion 
for iTRAQ
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 3. ZipTip (Millipore) or Stage tips (Proxeon).
 4. Methanol.
 5. Tip equilibration, loading and wash buffer: 0.1% (w/v) TFA 

(trifluoroacetic acid) in water.
 6. Elution buffer: 80% (v/v) acetonitrile, 0.1% (v/v) formic acid 

in water.

 1. Ultra-pure water.
 2. Trypsin (Promega).
 3. 100 mM sodium carbonate.
 4. 50 and 500 mM TEAB.
 5. TFA.
 6. Additional reducing agent: 50 mM TCEP.
 7. Additional cysteine blocking reagent 200 mM MMTS in 

isopropanol.
 8. 0.1% (w/v) Rapigest SF (Waters).

 1. Titanium dioxide beads (Glygen TopTips, Chromatography 
Consulting): 30 mg TiO2 beads per mg starting material or 
25–30 mg beads per strong cation exchange (SCX) fraction 
(1.5 × 107 cells). Store dry at room temperature.

 2. Loading buffer: 2% (w/v) TFA, 65% (v/v) acetonitrile, in 
water, saturated with glutamic acid (ca. 140 mM or 2.2 % 
(w/v), (24)).

 3. Wash buffer A: 0.5% (w/v) TFA, 65% (v/v) acetonitrile in 
water.

 4. Wash buffer B: 0.1% (w/v) TFA, 65% (v/v) acetonitrile in 
water.

 5. Elution buffer: aqueous 300 mM ammonium hydroxide in 
acetonitrile (1 part of 25% (w/v) NH3 and 50 parts of 50% 
(v/v) acetonitrile).

 6. 0.1% (v/v) formic acid.
 7. SepPak Classic C18 cartridges 360 mg (Waters).
 8. Reverse phase loading buffer: 0.5% (w/v) TFA in water.
 9. Reverse phase (RP) elution buffer: 50% (v/v) acetonitrile in 

water.

 1. Ultra-pure water.
 2. 100 mM sodium carbonate.
 3. 50 and 500 mM TEAB.
 4. iTRAQ kit (Life Technologies).
 5. Calf intestinal phosphatase (CIP; Thermo Fisher, Promega).

2.3. iTRAQ Labelling  
of Enriched 
Phosphopeptides

2.3.1. Fractionation  
and Tryptic Digestion  
of Peptides from 
Membrane Proteins

2.3.2. Enrichment  
of Phosphopeptides  
by Titanium Dioxide

2.4. Comparative 
Phosphorylation  
for Purified Proteins
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 6. Shrimp alkaline phosphatase (SAP; Promega).
 7. Solvent A: 5 mM ammonium formate, pH 2.7 adjusted with 

formic acid, in 30% (v/v) acetonitrile.
 8. Solvent B1 to B4: Solvent A plus ammonium formate to give 

final concentrations of: 10, 30, 50, 100 mM.
 9. Denaturant: 2% (w/v) sodium dodecyl sulphate (SDS).

 1. Nano-flow liquid chromatography system (Surveyor, Thermo 
Scientific).

 2. LTQ-Orbitrap XL (Thermo Scientific).
 3. Pre-column (C18 pepmap100; LC Packings).
 4. Analytical column: self-packed picotip (8 cm; resin: C18 

BioBasic; ThermoScientific; Picotip 75 μm id, 15 mm tip; New 
Objective).

 5. HPLC buffer A: 0.1% (v/v) formic acid in MS-grade water.
 6. HPLC buffer B: 0.1% (v/v) formic acid in MS-grade 

acetonitrile.

 1. Bioworks/extract.msn script (version 3.3.1; Thermo 
Scientific).

 2. merge.pl script (Matrix Science).
 3. Mascot software (v 2.2 Matrix Science).

 1. Soluble proteins should be dissolved in the phosphoprotein 
lysis buffer provided with the kit containing protease inhibi-
tors, DNase, and RNase (see Note 1).

 2. Centrifuge samples at 35,000 × g for 10 min and discard the 
pellet.

 3. Desalt the supernatant into more phosphoprotein lysis buffer 
(lacking phosphatase inhibitors) using PD10 columns (see 
Note 2).

 4. Determine protein concentration (e.g. Bradford assay).
 5. Apply 2.5 mg of total soluble protein to the affinity columns in 

duplicate and wash with two volumes of the phosphorpotein 
lysis buffer.

 6. Elute phosphoproteins from the columns in five 500 mL of 
washes.

 7. Pool fractions if desired.

2.5. Mass 
Spectrometry

2.6. Data Analysis

3. Methods

3.1. Enrichment 
of Soluble 
Phosphoproteins
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 1. Concentrate proteins with a buffer exchange to 500 mM TEAB 
using Nanosep ultrafiltration columns (see Note 3).

 2. Prepare aliquots of 50–100 mg of purified protein for each 
iTRAQ labelling reaction (see Note 4).

 3. Add denaturant (1/20 vol, final 0.1% SDS) to the samples and 
mix well (see Note 5).

 4. Reduce the proteins with TCEP (1/10 vol, final 5 mM TCEP): 
incubate at 60°C for 1 h.

 5. Block cysteine residues with MMTS (1/20 vol, final 10 mM 
MMTS) and incubate at room temperature for 10 min.

 6. Reconstitute the vial of trypsin with 25 ml of water and apply 
10 ml of reconstituted trypsin to each sample. Incubate at 37°C 
overnight (see Note 6).

 7. Allow iTRAQ reagents to reach room temperature and add 
70 ml of ethanol to each vial of label.

 8. Transfer the contents of each vial to the appropriate sample 
tube and mix well.

 9. Incubate at room temperature for 1 h.
 10. Analyze a small portion of each reaction to ensure complete 

labelling (see Note 7).
 11. If the labelling is complete, dilute reaction mixture with 

100 ml of water (see Note 8), combine labelled samples, and 
lyophilize.

 12. Redissolve peptides in 2.5% (v/v) formic acid–30% (v/v) 
acetonitrile and clear by centrifugation (10 min at 15,000 × g 
at room temperature).

 13. Load peptides onto a 0.4-ml ICAT cation exchange cartridge 
(see Note 9).

 14. Wash with 2 ml of solvent A.
 15. Elute peptides in four steps of 0.5 ml of solvents B1 to B4 (see 

Note 10).
 16. Concentrate samples in the SpeedVac to remove solvent, 

lyophilize samples, store at −20°C, and resuspend in 0.5% (v/v) 
formic acid just before MS analysis.

 1. Wash the membrane pellet once in 100 mM sodium carbonate, 
500 mM TEAB, and 50 mM TEAB, consecutively, by resus-
pension and centrifugation for 45 min at 100,000 × g at 4°C.

 2. After the last wash, resuspend the pellet in 200–500 ml of 
50 mM TEAB.

 3. Determine the protein concentration (e.g. by Bradford assay).
 4. Each sample (1 mg or more) is denatured with 0.1% (w/v) 

Rapigest SF.

3.2. Tryptic Digestion 
for iTRAQ

3.3. iTRAQ Labelling  
of Enriched 
Phosphopeptides

3.3.1. Fractionation  
and Tryptic Digestion  
of Peptides from 
Membrane Proteins
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 5. Reduce the proteins with TCEP (5 mM final conc.) and incu-
bate at 60°C for 1 h.

 6. Block cysteine residues with MMTS (10 mM final conc.) and 
incubate at room temperature for 10 min.

 7. See Note 11.
 8. Add sequencing-grade modified trypsin in 50 mM TEAB for a 

1:50 trypsin–protein ratio and digest overnight at 37°C.
 9. Stop the digestion by adding TFA to 0.1% (w/v).
 10. Separate the peptides from the membranes by 20 min of ultra-

centrifugation at 150,000 × g.
 11. Adjust the digest supernatant to loading buffer conditions 

(Subheading 2.3.2) by adding acetonitrile, TFA, and glutamic 
acid and use for affinity chromatography immediately.

 1. Remove 30 mg of TiO2 beads per mg protein digest from 
TopTips and place in an 1.5-ml microcentrifuge tube.

 2. Wash beads twice in loading buffer. No centrifugation is neces-
sary; the beads settle quickly.

 3. Dissolve the peptides in loading buffer and incubate with the 
prepared beads for 1 h with end-over-end rotation.

 4. Transfer the beads back to the empty TopTip.
 5. Wash once with loading buffer and twice each with wash buffers 

A and B, consecutively, using at least 100 ml each time.
 6. Elute the peptides with elution buffer.
 7. Concentrate phosphopeptides to less than half the original vol-

ume (see Note 12).
 8. Add TFA to a final concentration of 0.5% (w/v) to the eluate 

and load onto a SepPak cartridge (see Note 13).
 9. Wash with 1 ml of 0.5% (w/v) TFA and then elute with 1 ml 

of RP elution buffer.
 10. Concentrate the eluate to less than half the original volume in 

the SpeedVac and then freeze-dry peptides.
 11. Redissolve the peptides in 20 ml of 500 mM TEAB.

 1. Allow iTRAQ reagents to reach room temperature and add 
70 ml of ethanol to each vial of label.

 2. Transfer the contents of each vial to the appropriate sample 
tube and mix well.

 3. Incubate at room temperature for 1 h.
 4. Analyze a small portion of each reaction to ensure complete 

labelling (see Note 7).
 5. If labelling is complete, dilute reaction mixture with 100 ml of 

water (see Note 8), combine labelled samples, and lyophilize.

3.3.2. Enrichment  
of Phosphopeptides  
by Titanium Dioxide

3.3.3. iTRAQ Labelling
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 6. Redissolve peptides in 2.5% (v/v) formic acid–30% (v/v) 
acetonitrile and clear by centrifugation (10 min at 15,000 × g 
at room temperature).

 7. Load peptides onto a 0.4-ml ICAT cation exchange cartridge.
 8. Wash with 2 ml of solvent A.
 9. Elute peptides in four steps of 0.5 ml of solvent B1 to B4.
 10. Lyophilize samples, store at −20°C, and resuspend in 0.5% 

(v/v) formic acid just before MS analysis.

 1. Prepare a clean sample of the protein (co-immunoprecipitated 
or tagged protein; see Notes 3 and 14).

 2. Add denaturant (1/20 vol, final 0.1% SDS) to the samples and 
mix well (see Note 5).

 3. Reduce the proteins with TCEP (5 mM final conc.); incubate 
at 60°C for 1 h.

 4. Block cysteine residues with MMTS (10 mM final conc.) and 
incubate at room temperature for 10 min.

 5. Reconstitute the vial of trypsin with 25 ml of water and apply 
10 ml of the reconstituted trypsin to each sample. Incubate at 
37°C overnight (see Note 6).

 6. Split samples into two halves and concentrate under vacuum so 
that the volume is <30 ml.

 7. Allow iTRAQ reagents to reach room temperature and add 
70 ml of ethanol to each vial of label.

 8. Transfer the contents of each vial to the appropriate sample 
tube and mix well.

 9. Incubate at room temperature for 1 h.
 10. Check a small portion of each mixture for complete iTRAQ 

labelling (see Note 7).
 11. If labelling is complete, dilute reaction mixture with 100 ml of 

CIP buffer (see Note 8).
 12. Treat one half of each protein preparation with 2 U of CIP and 

2 U of SAP and incubate at 37°C for 2 h (see Note 15).
 13. Heat all samples at 85°C for 15 min to inactivate the 

phosphatases.
 14. Pool the labelled samples and add 1 mg of trypsin and incubate 

for 2 h at 37°C.
 15. Load peptides onto a 0.4-ml ICAT cation exchange cartridge.
 16. Wash with 2 ml of solvent A.
 17. Elute peptides in four steps of 0.5 ml of solvent B1 to B4 (see 

Note 10).
 18. Lyophilize samples, store at −20°C, and resuspend in 0.5% 

(v/v) formic acid just before MS analysis.

3.4. Comparative 
Phosphorylation  
for Purified Proteins
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This protocol is adapted from (27, 28).

 1. Liquid chromatography (LC)-MS/MS analysis is performed 
using a LTQ-Orbitrap XL mass spectrometer and high perfor-
mance liquid chromatography (HPLC) system adapted for 
nano-flow using a T-splitter and a nano-electrospray source. 
The MS is operated in positive ion mode with a capillary tem-
perature of 200°C; no sheath gas is employed, and the source 
and focusing voltages are optimized for the transmission of 
angiotensin.

 2. Apply peptides to a pre-column connected to a self-packed 
C18 8-cm analytical column.

 3. Elute peptides using a gradient of 2–40% (v/v) acetonitrile in 0.1% 
(v/v) formic acid over 60 min at 250 nL/min (see Note 16).

 4. Acquire full scan MS in profile mode from 300–2,000 m/z at 
60,000 resolution using an internal lock mass (30). Maximal 
accumulation time for MS1 is set to 1 s to a target fill of 1 × 106.

 5. A minimum signal of 3,000 counts is required to trigger data-
dependent acquisition of MS2 spectra. These are acquired in a 
data-dependent mode consisting of selection of the six most 
abundant ions in each cycle. For iTRAQ analysis, alternate 
between collision-induced disassociation (CID) and pulsed 
Q-disassociation (PQD) modes for each selected precursor ion 
so that, effectively, only three precursor ions are analyzed per 
cycle. CID collision energy is 35% and PQD collision energy 
47%. For both fragmentation modes, ions are accumulated to 
5 × 104, and spectra are centroided at acquisition by the MS 
(see Note 17).

 6. Dynamic exclusion parameters allow two repeat hits before the 
precursor m/z is added to an exclusion list for 300 s.

 1. Extract MS/MS spectra from the raw file using BioWorks 
and set the dta file generation parameters such that grouping 
value is 2. This will combine the CID and PQD spectra into 
one dta file (see Note 18).

 2. Use the merge.pl script to concatenate the dta files into the 
generic mascot format (an mgf file).

 3. Search the appropriate database with Mascot using iTRAQ 
quantitation parameters (see Note 19).

 1. The Qiagen columns are only recommended for soluble pro-
teins, and these should be free of cellular debris (which may 
block the column) and contain as little chlorophyll as possible. 

3.5. Mass 
Spectrometry

3.6. Data Analysis

4. Notes
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Phosphatase inhibitors are not included in the kit as these 
interfere with protein binding to the Qiagen affinity col-
umns. One can optionally add low amounts to this first 
extraction. If not, it is critical to work quickly, keeping the 
samples cold.

 2. If working with green leaf material, it is essential to have an 
additional buffer exchange step. This helps to remove compounds 
that interfere with binding to the Qiagen columns. If phos-
phatase inhibitors have been added in step 1, they must not be 
included here.

 3. It is important to desalt thoroughly either using ultrafiltration 
devices or by precipitation with acetone as iTRAQ labelling is 
sensitive to buffer conditions e.g. the primary amines in Tris–HCl 
buffer will inhibit the reaction. Similarly, the portion of aqueous 
solution should not exceed the volumes given in the protocol 
or the labelling reaction will be inhibited.

 4. It is important to quantify the protein accurately at this stage; 
excessive protein will result in incomplete labelling and/or bias 
in the quantification.

 5. Rapigest SF can be used instead of SDS, as it is free of primary 
amines. The advantage is (at least for larger digests) that a 
lower amount of trypsin can be used. The SDS concentration 
recommended in the iTRAQ protocol (0.1%) significantly 
inhibits trypsin and hence the high protein–trypsin ratio of 
1:10 to 1:5.

 6. An overnight incubation is recommended to avoid partial 
digests.

 7. This step is strongly advised; partial labelling is not uncom-
mon. A ZipTip is suitable for cleaning and concentrating a 
small fraction of the peptides before MS. A second portion 
of the iTRAQ labelling reagent may be required to complete 
the reaction.

 8. This step is not in the iTRAQ manual but should quench the 
reaction.

 9. Alternatively, a larger HPLC column packed with a cation exchange 
resin may be used to fractionate the peptides more thoroughly 
if the amount of iTRAQ-labelled peptides is approximately 
400 mg (i.e. 4 × 100 mg of reaction mixtures; e.g. PolySULFOE-
THYL 2.1 mm ID × 100 mm; PolyLC).

 10. For less complex samples, one elution step may be sufficient.
 11. The amounts of TCEP and MMTS available from iTRAQ kits 

will not be sufficient for this; prepare fresh solutions from 
Sigma chemicals.

 12. The SpeedVac used should be suitable for handling corrosive 
chemicals.
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 13. Steps 6–7 are necessary specifically for the glutamate protocol 
because the competitive glutamic acid “coating” of the beads comes 
off when the phosphopeptides are eluted. The glutamate would 
react with the iTRAQ reagent and hence needs to be removed 
before labelling.

 14. It is advisable to prepare biological replicates and a control 
sample.

 15. Alternatively, immobilized alkaline phosphatase from MoBiTec 
or VH Bio can be used. The advantage is that there is no glycerol 
and protein in the peptide mix at the end.

 16. The gradient used depends on the complexity of the peptide 
mixture and the available HLPC.

 17. Alternatively, high energy collisional dissociation (HCD) frag-
mentation may be used in the XL model of Orbitrap please 
refer to Bantscheff et al. (27) for a discussion of the parameters 
and iTRAQ.

 18. Setting the dta file generation grouping parameter to 1 will 
separate CID and PQD spectra, if desired.

 19. There are many other programs for the analysis of iTRAQ data 
(e.g. (31, 32, 33)).
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