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Preface

Signal transduction is the fundamental mechanism for regulation of cellular activities by
environmental cues and regulatory signals. Signal transduction is particularly important for
plants, whose survival requires proper physiological and developmental responses to the
environmental changes. Genome sequencing has revealed expansion of gene families
encoding signal transduction proteins in plants compared to animals. Genetic studies in
the last two decades have identified receptors and key signal transduction components of
many signaling pathways in plants, mostly in the model system Arabidopsis. However,
plant signaling systems are complex and require diverse approaches and techniques to
dissect. Conceptually, signal transduction involves signal perception by receptors and
activation of receptor activity, intracellular signal relay, which often involves protein–
protein interaction and posttranslational protein modifications such as phosphorylation,
glycosylation, ubiquitination, and oxidation, and regulation of gene expression. Much
progress has been made recently in the plant signal transduction research field thanks to
the development of diverse techniques, including proteomics and mass spectrometry
methods for studying protein modification, biochemical and cell biological tools for
studying protein–protein interactions, genomic techniques for dissecting protein–DNA
interaction and transcription networks, and computation methods that integrate molecular
networks into plant developmental processes. Plant Signaling Networks describes many of
these advanced research methods.

Chapters 1–3 describe mass spectrometry methods for studying protein phosphorylation
and glycosylation. One of the most important classes of plant receptors is the receptor-like
kinases localized on the cell surface. Methods for analysis of receptor kinase phosphorylation
using mass spectrometry are provided in Chap. 1. These methods have yielded insights into
the molecular details of receptor kinase activation by autophosphorylation and transpho-
sphorylation in receptor kinase complexes. Chapter 2 describes quantitative measurement of
protein phosphorylation in complex samples, which is useful in identifying phosphorylated
components in signal transduction pathways. Chapter 3 describes enrichment and mass
spectrometry analysis of O-GlcNAc modification of proteins, which is an important protein
modification for signaling. Chapters 4–6 describe advanced two-dimensional electrophoresis
methods for quantitative proteomic analysis of proteins localized on the plasmamembrane, or
modified by phosphorylation or redox.

Genetic approaches are powerful for identifying essential signaling components, but
have limitations due to genetic redundancy. Several elaborate strategies have been shown to
be effective in overcoming genetic redundancy. Chapters 7 and 8 describe chemical
genetics—use of small molecule chemicals, to dissect signaling pathways, and Chapter 9
describes an improved tool for generating overexpression mutants.

G-proteins are important components of many signal transduction pathways. Chapters
10 and 11 describe biochemical and cell biological methods for analyzing G-protein
activation. Ubiquitination is another universal mechanism used widely in all cellular
regulatory processes. Specific interactions between E3 ubiquitin ligases and substrate
proteins are key for regulating degradation/accumulation of signaling proteins. Chapters
12 and 13 describe in vivo and in vitro methods for analyzing E3–substrate interaction and
ubiquitination.
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Most signal transduction pathways regulate development and physiology by
controlling gene expression. Identification of all target genes of a signaling pathway is
key for understanding not only the functions of the pathway but also the regulatory
network that integrates multiple pathways. Chapter 14 describes the use of chromatin
immunoprecipitation followed by microarray (ChIP-chip) or high-throughput sequencing
(ChIP-Seq) for identifying target genes of transcription factors in both Arabidopsis and
rice. Quantitative analysis of gene expression as output of signal transduction provides
effective assays for functions of signaling components. Chapter 15 describes a smart
pooling approach that improves the efficiency of RNA profiling experiments. Chapter 16
describes the powerful cell-based transient gene expression assay for testing functions of
and delineating relationships among signaling components. Chapter 17 describes a
method for profiling un-capped RNA, which can reveal posttranscriptional regulation of
RNA abundance. Finally, Chap. 18 provides brief account of recently developed imaging
and computation methods for analyzing both local and global patterns of gene expression
and growth in Arabidopsis shoot apical meristems (SAMs).

Plant Signalling Networks provides detailed protocols for a wide range of research
approaches including genetics, proteomics, biochemical, cell biological, and computational
approaches. These are powerful methods for understanding various aspects of signaling
networks in plants. We hope that this timely overview of diverse approaches for studying
signal transduction systems provides a guide for researchers to gain comprehensive under-
standing of complex signaling networks in plants.

Stanford, CA, USA Zhi-Yong Wang
Riverside, CA, USA Zhenbiao Yang
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JOSÉ LUIS RIECHMANN � Division of Biology 156-29, California Institute
of Technology, Pasadena, CA, USA; Center for Research in Agricultural
Genomics (CRAG), Barcelona, Spain; Institució Catalana de Recerca
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Chapter 1

Experimental Analysis of Receptor Kinase Phosphorylation

Srijeet K. Mitra, Michael B. Goshe, and Steven D. Clouse

Abstract

Ligand binding by the extracellular domain of receptor kinases leads to phosphorylation and activation of
the cytoplasmic domain of these important membrane-bound signaling proteins. To thoroughly character-
ize receptor kinase function, it is essential to identify specific phosphorylation sites by mass spectrometry. In
this chapter, we summarize an efficient protein purification and modification protocol to prepare receptor
kinases for liquid chromatography/tandem mass spectrometry analysis. Both recombinant receptor kinase
cytoplasmic domains expressed in bacteria and full-length receptor kinase proteins expressed in living plant
tissue are considered, and multiple methods of mass spectrometry are described that allow optimal
identification of phosphorylated peptides of both in vitro- and in vivo-derived samples.

Key words: Receptor kinase, Phosphorylation, Phosphopeptide, Liquid chromatography/mass
spectrometry, Immobilized metal ion affinity chromatography, Arabidopsis

1. Introduction

Reversible protein phosphorylation on specific Ser, Thr, or Tyr
residues is a key component of many eukaryotic signal transduction
pathways, resulting in altered protein function and turnover,
changes in protein cellular localization, and modified protein–
protein interactions. Receptor kinases play a pivotal role in many
such signaling pathways. The mechanism of action of numerous
plant and animal receptor kinases has been well characterized and
generally involves recognition of a specific ligand by the extra-
cellular domain, which mediates oligomerization of the receptor
followed by phosphorylation and activation of the intracellular
kinase domain (1–4). Such kinase activation allows recognition
and phosphorylation of downstream substrates, leading ultimately
to alterations in gene expression and corresponding changes in
cellular physiology. To thoroughly characterize receptor kinase
function, it is essential to understand the role of ligand-dependent

Zhi-Yong Wang and Zhenbiao Yang (eds.), Plant Signalling Networks: Methods and Protocols,
Methods in Molecular Biology, vol. 876, DOI 10.1007/978-1-61779-809-2_1,
# Springer Science+Business Media, LLC 2012
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cytoplasmic domain phosphorylation, including identification of
specific phosphorylation sites and characterization of their func-
tional significance in the signaling pathway.

We are using genetics, kinase biochemistry, proteomics, and
phosphoprotein analysis with liquid chromatography/tandem mass
spectrometry (LC/MS/MS) to generate a phosphorylation site data-
base for the large family of leucine-rich repeat receptor-like kinases
(LRR RLKs) inArabidopsis thaliana that have functional roles in the
regulation of plant growth, morphogenesis, disease resistance, and
responses to environmental stress signals (5). As a resource for this
study, we have cloned over 200 LRR RLKs in various bacterial and
plant expression vectors (6). LRRRLK cytoplasmic domains, includ-
ing the juxtamembrane region, the catalytic kinase domain, and the
short C-terminal domain, are expressed as recombinant proteins in
Escherichia coli with a small N-terminal epitope tag (e.g., FLAG- or
His-tag). After protein purification and autophosphorylation in the
presence of ATP, in vitro phosphorylation sites can be determined by
LC/MS/MS analysis. While we have found that in vitro LRR RLK
phosphorylation sites can be highly predictive of in vivo phosphory-
lation, for a full functional characterization it is also essential to study
the dynamic, ligand-dependent changes in phosphorylation of spe-
cific LRR RLK residues in planta. For these studies, epitope-tagged
full-length LRR RLKs are expressed in Arabidopsis plants and a
variety of LC/MS/MS procedures are used to examine in vivo phos-
phorylation sites for LRR RLKs immunoprecipitated from purified
membrane fractions.

The BRASSINOSTEROID INSENSITIVE 1 (BRI1) and
BRI1-ASSOCIATEDRECEPTORKINASE (BAK1), both critically
involved in signal transduction for the essential plant steroid hor-
mone brassinolide, have been extensively studied (7–11) and share
some mechanistic similarities to animal receptor kinase function
(12, 13). The methods described below were used in an exhaustive
analysis of both in vitro and in vivo phosphorylation sites of BRI1 and
BAK1. Immunoprecipitation of BRI1-Flag and BAK1-GFP from
solubilized microsomal fractions isolated from brassinolide-treated
transgenic Arabidopsis plants, followed by multiple LC/MS/MS
approaches, resulted in the identificationof 12BRI1 phosphorylation
sites and an additional 5 in BAK1 (12, 14, 15). A similar analysis of
bacterial-expressed recombinant BRI1 and BAK1 cytoplasmic
domains allowed comparative analysis of in vitro autophosphoryla-
tion sites as well as transphosphorylation sites between the two
receptor kinases (10, 12).Methods were optimized and standardized
for high-throughput analysis and have been applied to the identifica-
tion of phosphorylation sites in over 100 LRR RLKs (SKMitra, MB
Goshe, SD Clouse, manuscript in preparation). While the protocols
below mention specific epitope tags and defined LC/MS/MS
approaches, it should be reasonably straightforward to modify the
approach to accommodate other receptor kinase constructs and
different LC/MS/MS instrumentation.

2 S.K. Mitra et al.



2. Materials

2.1. Recombinant

Protein Expression,

Extraction, and

Purification Using

Ni-NTA Beads

1. 250-ml Erlenmeyer flasks, LB medium, and shaking incubator.

2. Variable speed microcentrifuge.

3. Lysis buffer: 6 M guanidium hydrochloride, 300 mM NaCl,
1 mM phenylmethanesulfonyl fluoride (PMSF), and 20 mM
imidazole.

4. Sonication probe (sonic dismembrator model F60, Thermo
Fisher Scientific, Pittsburgh, PA).

5. Equilibration buffer: 50 mMNa2HPO4 (pH 8.0) and 300 mM
NaCl.

6. Wash buffer: 50 mM Na2HPO4 (pH 8.0), 300 mM NaCl, and
100 mM imidazole.

7. Elution buffer: 20 mM Tris–HCl (pH 8.0), 100 mM NaCl,
and 250 mM imidazole.

8. Agarose Ni-NTA beads (Qiagen, Valencia, CA).

2.2. In Vitro Kinase

Reaction Using

Unlabeled ATP

1. 1� Kinase reaction buffer: 50 mM HEPES (pH 7.4), 10 mM
MgCl2, 10 mM MnCl2, 1 mM dithiothreitol (DTT), and
10 mM ATP.

2. Water bath.

2.3. In-Solution

Tryptic Digestion

1. Sequencing grade trypsin (Promega,Madison,WI, no.: V5111).

2. Ammonium bicarbonate, acetonitrile, Tris–(2-carboxyethyl)
phosphine hydrochloride (TCEP·HCl), and iodoacetamide.

3. Variable speed microcentrifuge and vacuum centrifuge.

4. Chloroform.

2.4. Purification

of Microsomal

Membrane Fractions

from Plant Tissues

1. Arabidopsis thaliana (ecotype Columbia) seeds can be
obtained from the Arabidopsis Biological Resource Center,
Ohio State University, Columbus, OH.

2. Knife Blender [Oster (Shelton, CT) mini blender, Model
Galaxie].

3. Centrifuge capable of 6,000 � g at 4�C.

4. Ultracentrifuge capable of 100,000 � g at 4�C.

5. Lysis buffer: 20 mM Tris–HCl, pH 8.8, 150 mM NaCl, 1 mM
EDTA, 20% glycerol, 1 mM PMSF, 20 mM sodium fluoride,
50 nM Microcystin (Calbiochem, Gibbstown, NJ), one Prote-
ase inhibitor cocktail tablet (Roche Diagnostics, Indianapolis,
IN) per 50 ml extraction buffer.

1 Experimental Analysis of Receptor Kinase Phosphorylation 3



2.5. Membrane Protein

Extraction

1. Sonication probe (sonic dismembrator model F60, Thermo
Fisher Scientific).

2. Detergent compatible Bradford reagent kit (Biorad, Hercules, CA).

3. Polypropylene culture tubes.

4. Resuspension buffer: 10 mM Tris–HCl, pH 7.3, 150 mM
NaCl, 1 mM EDTA, 10% glycerol, 1 mM PMSF, 20 mM
sodium fluoride, 50 nM Microcystin, one Protease inhibitor
cocktail tablet per 50 ml resuspension buffer, and 1% Triton
X-100.

2.6. Immunoprecipi-

tation

1. Dilution buffer: 10 mM Tris–HCl (pH 7.3), 150 mM NaCl,
1 mM EDTA, 10% glycerol, 1 mM PMSF, 20 mM sodium
fluoride, 50 nM Microcystin, one Protease inhibitor cocktail
tablet per 50 ml dilution buffer.

2. Anti-FLAG M2 beads (Sigma, St. Louis, MO).

3. Wash buffer: 50 mM Tris–HCl (pH 7.3), 150 mM NaCl,
1 mM PMSF, 20 mM sodium fluoride, 50 nM Microcystin,
one Protease inhibitor cocktail tablet per 50 ml wash buffer.

4. Shaker/rotisserie (Labquake, Krackeler Scientific, Albany, NY).

2.7. SDS-PAGE

and In-Gel Tryptic

Digestion

1. 4–20% NuPAGE gradient gels (Invitrogen, Carlsbad, CA).

2. Sypro Ruby Stain (Invitrogen).

3. Dark Reader transilluminator (Clare Chemical, Dolores, CO).

4. Razor blade.

5. Sequencing grade trypsin (Promega TPCK-treated, Cat#:
V5111).

6. Ammonium bicarbonate, acetonitrile, DTT, and iodoacetamide.

7. Vacuum centrifuge.

2.8. Immobilized Metal

Ion Affinity

Chromatography

1. Resuspension/wash buffer: 30% acetonitrile, 0.25 M glacial
acetic acid, and HPLC-grade water.

2. Elution buffer: 13.5 ml ammonium hydroxide and 486.5 ml
HPLC water.

3. Water (18 MO) was purified using a Barnstead Nanopure sys-
tem (Thermo Fisher Scientific).

4. PhosSelect iron affinity gel (Sigma #P9740).

5. TipOne 0.5–20 ml filter tips (#1121-4810, USA Scientific,
Ocala, FL).

6. Variable speed microcentrifuge and vacuum centrifuge.

7. 1.5-ml microcentrifuge tubes.

4 S.K. Mitra et al.



2.9. LC/MSE

and LC/MS/MS

Analysis

1. Acetonitrile (CHROMASOLV HPLC gradient grade,
�99.9%) and formic acid (ACS regent grade).

2. Water (18 MO) was distilled and purified using a High-Q 103S
water purification system (Wilmette, IL).

3. Mobile phases: (A) 99.9% water and 0.1% formic acid and (B)
99.9% acetonitrile and 0.1% formic acid.

4. Glu-fibrinopeptide B (Sigma-Aldrich).

5. Symmetry C18 trapping column (internal diameter 180 mm,
and length 20 mm) (Waters Corporation, Milford, MA).

6. Bridged-ethyl hybrid (BEH) C18 reversed-phase column
(1.7 mm particle size) with an internal diameter of 75 mm and
length of 250 mm (Waters Corporation).

7. nanoACQUITY ultra-performance liquid chromatograph
(UPLC) (Waters Corporation) coupled to a Q-Tof Premier
mass spectrometer (Waters Corporation).

8. MassLynx (version 4.1, Waters Corporation).

2.10. Processing and

Database Searching of

LC/MSE and LC/MS/MS

Datasets

1. ProteinLynx Global Server 2.4 (PLGS) software with the
IDENTITYE (Ion Accounting) search algorithm. (Waters Cor-
poration).

2. Mascot (version 2.2.03, Matrix Sciences, www.matrixscience.
com).

3. Computer system capable of storing, processing, and analyzing
data using PLGS and Mascot.

3. Methods

We developed a high-throughput protocol for analyzing LRR RLK
phosphorylation sites using a Premier Q-ToF mass spectrometer
functioning in both data-dependent acquisition LC/MS/MS and
data-independent LC/MSE modes (Fig. 1). Due to the ability to
easily overexpress and purifyHis-tagged proteins in E. coli, over 100
His7-tagged LRR RLK cytoplasmic domains were examined for
in vitro autophosphorylation sites. We found that Ni-NTA-purified
proteins could be digested with trypsin in solution and subjected to
LC/MS/MS analysis without SDS-PAGE purification. Such in-
solution digestion of LRR RLK cytoplasmic domains resulted in a
greater number of phosphopeptide identifications than SDS-PAGE
followed by in-gel digestion. For in vivo phosphorylation site deter-
mination, we used epitope-tagged LRR RLKs immunoprecipitated
from 11-day-old Arabidopsis seedlings grown in shaking liquid
culture as the source material for LC/MS/MS analysis.

1 Experimental Analysis of Receptor Kinase Phosphorylation 5



We have found in our previous work that separate runs with and
without immobilized metal ion affinity chromatography (IMAC)
yield the maximum number of phosphorylation sites (12, 15).
All samples were additionally analyzed by two LC/MS/MS
approaches: data-independent acquisition LC/MSE and data-
dependent acquisition LC/MS/MS. LC/MSE is a novel mode of
generating product ion data for all coeluting precursors in parallel
as opposed to LC/MS/MS where coeluting precursors must be

Fig. 1. Flow diagram of the protocol for isolating and processing receptor kinase protein from microsomal membrane
fractions of Arabidopsis plants or recombinant protein from Escherichia coli, prior to LC/MS/MS analysis by two
independent methods.

6 S.K. Mitra et al.



serially fragmented one at a time. The differences between each
method as it relates to protein and proteome characterization have
been experimentally described in detail (16). Due to their unique
analytical features, both approaches were used to characterize LRR
RLK phosphorylation sites. LC/MSE is particularly useful for iden-
tification of low-abundance phosphopeptides.

3.1. Recombinant

Protein Expression,

Extraction, and

Purification Using

Ni-NTA Beads

1. A portion of an overnight culture is transferred to a 250-ml
Erlenmayer flask containing 50 ml LB medium with appropri-
ate antibiotics. Grow the culture at 37�C for 2 h and check the
OD600 at regular intervals. Induce the culture with 0.5 mM
IPTG and continue to grow at 28�C for 4 h (OD600 should be
between 0.6 and 0.8).

2. Harvest the cells by centrifuging the 50 ml culture at
4,000 � g for 5 min. Resuspend the pellet in 2 ml lysis buffer
and sonicate on ice with three 20-s pulses. Centrifuge at
21,000 � g for 20 min at 4�C. Collect the supernatant and
store on ice.

3. Equilibrate 50 ml Ni-NTA beads with 250 ml equilibration
buffer. Centrifuge the beads at 4,000 � g for 5 min. Discard
the supernatant and add 250 ml equilibration buffer. Repeat the
process three times.

4. Add the equilibrated beads to the supernatant collected from
Subheading 3.1, step 2. Agitate for 1 h at 4�C and centrifuge at
4,000 � g for 5 min. Discard the supernatant (unbound mate-
rial). Add 500 ml wash buffer and centrifuge beads at 4,000 � g
for 5 min. Repeat the wash process three times. Elute the
protein with 100 ml elution buffer by adding buffer to the
washed beads and agitating the tube for 3 min. Centrifuge at
4,000 � g for 1 min and collect the supernatant. Repeat the
bead elution process three more times, collecting each eluate in
a separate tube. Measure the protein amount in each fraction
using the Bradford assay kit.

3.2. In Vitro Kinase

Reaction Using

Unlabeled ATP

1. Autophosphorylation of purified recombinant kinase proceeds
in a 20 ml reaction volume with 1� kinase buffer and 2 mg
recombinant protein. The reaction is incubated at 25�C for 1 h.

3.3. In-Solution Tryptic

Digestion

1. After the completion of the kinase reaction in Subheading 3.2,
step 1, add 30-fold molar excess TCEP (assuming average pro-
tein mass of 30 kDa and six Cys residues per protein) and incu-
bate at 37�C for 1 h. Proteins are subsequently alkylated using a
30-foldmolar excess of iodoacetamide for 1 h in the dark at room
temperature. The protein in solution is digested with trypsin
overnight at 37�C using a 1:10 trypsin:protein ratio.
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2. Once the digestion is complete, 1/10 volume of chloroform is
added and the sample is vortexed for 30 s. Centrifuge at
21,000 � g for 2 min at 4�C. The upper aqueous layer contain-
ing the peptides is removed, taken to dryness in a vacuum
centrifuge, and stored at �80�C.

3.4. Purification

of Microsomal

Membrane Fractions

from Plant Tissues

1. Arabidopsis seedlings are obtained by sterilizing 40-mg seeds in
ethanol followed by washing with 30% bleach solution for
20 min, and then extensive washing with water. Vernalize
seeds at 4�C for 48 h, then transfer to a 250-ml Erlenmeyer
flask containing 40 ml of sterile MS medium, and shake at
80 rpm under constant white light for 11 days.

2. Remove excess media from seedlings and homogenize approx-
imately 60-g plant material with a blender using 120 ml of cold
extraction buffer for up to 10 min until a homogenous mixture
is obtained (see Note 1).

3. Centrifuge at 6,000 � g for 15 min at 4�C and transfer the
supernatant into polypropylene centrifuge tubes (see Note 2).

4. Perform ultracentrifugation at 100,000 � g for 2 h at 4�C.
The compact pellet obtained is the microsomal fraction.

3.5. Membrane Protein

Extraction

1. Resuspend the pellet in 3 ml resuspension buffer with scraping to
bring the pellet into solution. Sonicate the resuspended extract
and rock the extract for 15 min on a shaker at 4�C (see Note 3).

2. Centrifuge at 21,000 � g for 20 min at 4�C and transfer the
supernatant to a fresh tube.

3. Measure the protein amount using the Bradford assay kit.

3.6. Immunoprecipi-

tation

1. Adjust the protein concentration from Subheading 3.5, step 3,
to 1 mg/ml using dilution buffer (see Note 4).

2. Add 500 ml resuspension buffer to 100 ml FLAG M2 beads and
centrifuge at 4,000 � g for 1min. Repeat the process three times.

3. Add the washed FLAGM2 beads to the diluted protein extract
from Subheading 3.6, step 1, and agitate overnight on a shaker
at 4�C.

4. The next day, centrifuge the beads at 4,000 � g for 5 min at
4�C. Resuspend the beads in 500 ml wash buffer. Centrifuge at
4,000 � g for 1 min at 4�C. Repeat the process three times.

5. Elute the protein from the beads by adding 50 ml of 2� SDS-
PAGE loading buffer and boil in a water bath for 5 min. Centri-
fuge at 4,000 � g for 1 min and collect the supernatant in a
separate microfuge tube (eluate 1). Repeat the process three
more times and collect the eluates in separate microfuge tubes.

6. Store the eluted fractions at �80�C or proceed directly to
SDS-PAGE.
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3.7. SDS-PAGE and In-

Gel Tryptic Digestion

1. Separate the samples from Subheading 3.6, step 6, on an
SDS-PAGE gel using standard protocols. NuPAGE precast
gels from Invitrogen are compatible with downstream LC/
MS/MS procedures and have worked well for this step in our
hands. Follow the manufacturer’s instructions (see Note 5).

2. After the run, fix the gel in 10% methanol:7% acetic acid for 1 h
in a plastic box (see Note 6).

3. Stain the gel with Sypro Ruby in the same plastic box overnight
on a shaker.

4. Red bands are visualized on the gel using the Dark Reader blue
light transilluminator.

5. Cut the gel slice and store in deionizedwater at 4�C (seeNote 7).
Wash gel pieces using 500 ml of 50mM ammonium bicarbonate
in 50% acetonitrile for 15 min, with gentle agitation (vortex at
the lowest setting). Discard wash solution. Repeat wash at least
two times.Most of the stain should have been removed from the
gel pieces (see Note 8).

6. Rinse gel pieces briefly with 500 ml of 100% acetonitrile and
discard the rinse solution. Dehydrate the gel pieces with 500 ml
of 100% acetonitrile for 20 min at room temperature with
gentle agitation. Discard acetonitrile, and allow gel pieces to
air dry.

7. Reduce the in-gel protein with 150 ml 10 mMDTT in 100 mM
ammonium bicarbonate for 30 min at 56�C. Cool the sample
to room temperature, and remove and discard DTT solution.

8. Alkylate the in-gel protein with 100 ml 50 mM iodoacetamide
in 100 mM ammonium bicarbonate in the dark at room tem-
perature for 30 min. Remove solution (see Note 9).

9. Wash the gel pieces at room temperature for 15min with 500 ml
of 50 mM ammonium bicarbonate in 50% acetonitrile. Rinse
gel pieces briefly with 500 ml 100% acetonitrile and discard
solution. Dehydrate the gel pieces for 20 min at room temper-
ature with 500 ml of 100% acetonitrile. Discard acetonitrile.

10. Add 30 ml of 0.02 mg/ml trypsin in 40 mM ammonium bicar-
bonate (see Note 10). Wrap the tube in aluminum foil and
place the tube in a rack in a water bath at 37�C for 16–18 h (see
Note 11).

11. After digestion, spin in a microcentrifuge for 15 s to deposit all
liquid in the bottom of the tube and transfer supernatant to a
fresh tube on ice. Add 25–50 ml of extraction solution (60%
acetonitrile and 1% TFA) to the remaining gel pieces followed
by vortexing at the lowest setting (see Note 12). Spin in a
microcentrifuge for 15 s and add the supernatant (containing
additional tryptic peptides) to the original digestion solution
tube on ice. Extract the gel pieces again with an additional
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25–50 ml of extraction solution. Spin down sample and transfer
the supernatant to the original digestion solution tube on ice.

12. Evaporate the pooled peptides to dryness in a vacuum centri-
fuge for immediate LC/MS/MS or freeze in liquid nitrogen
and store at �80�C for future use.

3.8. Immobilized Metal

Ion Affinity

Chromatography

1. Prepare 0.5–20-ml filter tips by cutting the end off with a razor
blade. Bore a hole in the lid of a 1.5-ml microfuge tube with a
cork borer. Close the lid and insert cut filter tip into the hole.
Add 50 ml of wash buffer and spin at 1,500 � g for 30 s.

2. Remove PhosSelect resin from �20�C storage and mix gently.
Place 10 ml of resin in a fresh microfuge tube and add 100 ml
wash buffer. Spin at 1,500 � g for 2 min at room temp. Repeat
the wash two more times and keep beads on ice.

3. Resuspend dried peptides from Subheading 3.3, step 2, or 3.7,
step 12, with 40 ml wash buffer. Add 10 ml of washed PhosSe-
lect beads and incubate the mixture at room temp for 1 h on a
vortex mixer at minimum speed.

4. After the binding reaction is complete, centrifuge the beads at
1,500 � g for 30 s. Remove supernatant (save if you want to do
LC/MS/MS on unbound fraction). Pipet the resin mix on the
top of the prepared filter tip from Subheading 3.8, step 1.
Centrifuge at 1,500 � g for 30 s. Wash the beads with 10 ml
of wash buffer. Spin the tip at 1,500 � g for 30 s. Wash the
beads with 50 ml of wash buffer. Centrifuge the tip at
1,500 � g for 30 s. Wash the beads a final time with 50 ml of
HPLC water and centrifuge the tip at 1,500 � g for 30 s.

5. Elute the peptides from the beads with 50 ml of elution buffer
(see Note 13). Repeat the elution two times. Pool all three
50 ml eluted fractions into one tube and dry in a vacuum
centrifuge. Proceed directly to LC/MS/MS or store peptides
at �80�C for future use.

3.9. LC/MS/MS and

LC/MSE Analysis

1. To prepare the sample for analysis, solubilize the dried peptides
fromSubheadings 3.3, step2, 3.7, step12, or3.8, step 5, in 100%
Mobile Phase A to produce a concentration suitable for loading
onto the reversed-phase column.To facilitate solubilizationof the
peptides, the sample canbe vortexedwith intermittent sonication
using a sonicating water bath (see Note 14).

2. Using a binary solvent system comprising 99.9% water and
0.1% formic acid (Mobile Phase A) and 99.9% acetonitrile
and 0.1% formic acid (Mobile Phase B), equilibrate the trap
and column with 2% Mobile Phase B. Inject each sample (typi-
cally 5 ml) and preconcentrate the peptides online at a flow rate
of 10 ml/min for 4 min using the Symmetry C18 trapping
column. Once loading and desalting are complete, adjust the
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flow rate to 300 nl/min and then switch the flow to the BEH
C18 reversed-phase column.

3. For peptide separation and elution into the NanoLockSpray
ion source, use a linear gradient of 2–40% of Mobile Phase B
over 30 min (see Note 15).

4. To perform data analysis with high mass measurement accu-
racy, use 100 fmol/ml of glu-fibrinopeptide B as the lockmass
calibrant. Introduce this peptide into the NanoLockSpray ion
source at a flow rate of 600 nl/min and enable this calibrant to
be sampled during the acquisition every 30 s (see Note 16).

5. Use the V-mode to enable a mass resolving power of 10,000
full width at half height (FWHH) (see Note 17).

6. For LC/MSE analysis, data are collected utilizing two scanning
methods of MS analysis, each over an m/z range of 50–1,990
using the “expression” mode that acquires alternating 2-s scans
of normal and elevated collision energy (17, 18). For this
acquisition, the data are collected at a constant collision energy
setting of 4 V during low-energy MS mode scans, whereas a
step from 15 to 30 V of collision energy is used during the
high-energy MSE mode scans. In this manner, all peptides are
selected for fragmentation.

7. For LC/MS/MS analysis, the same amount of sample is used as
in the LC/MSE analysis; however, the data generated by the
mass spectrometer is based on intensity-driven parameters
unique to each instrument. For the nanoACQUITY-Q-Tof
Premier, typical switching parameters were used (see Note
18). Using dynamic exclusion to minimize multiple MS/MS
events for the same precursor ion, set the acquisition to perform
MS scans (m/z 400–1,990) of 1.3 s for peptide detection with
2-s MS/MS scans for detected precursors. To obtain the best
balance of duty cycle and product ion spectral quality, select a
maximum of eight precursor ions to be selected per MS/MS
switching event, with up to two MS/MS scans allowed per
precursor ion interrogated. Collision energies used for precur-
sor fragmentation are determined by the instrument according
to the selected precursor m/z and its charge state.

3.10. Processing and

Database Searching of

LC/MSE and LC/MS/MS

Datasets

1. Process LC/MSE and LC/MS/MS raw data files with PLGS
2.4 to generate product ion spectra for subsequent database
searching using the Ion Accounting algorithm within PLGS
(see Note 19) and output pkl files for subsequent database
searching using Mascot, respectively.

2. For database searching, use the most current Arabidopsis
protein database available at The Arabidopsis Information
Resource (TAIR) Web site (www.arabidopsis.org) with a fixed
carbamidomethyl modification for Cys residues and variable
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modifications for Met oxidation, Asn and Gln deamidation,
N-terminal acetylation, and phosphorylation of Ser, Thr, and
Tyr residues.

3. For ion accounting analysis of LC/MSE data, use the following
search parameters (settings in parentheses): precursor and prod-
uct ion tolerance (automatic setting), minimum number of
peptide matches (1), minimum number of product ion matches
per peptide (3), minimum number of product ion matches per
protein (7), maximum number of missed tryptic cleavage sites
(1), andmaximum false-positive rate (FPR) (2%) (see Note 20).
All phosphopeptide matches obtained under the 2% maximum
FPR require manual inspection to determine correct assign-
ments; all other peptides below the 2% FPR can be accepted as
correct matches.

4. For Mascot analysis of LC/MS/MS data, use mass tolerances
of 50 ppm and 0.05 Da for precursor and product ions, respec-
tively. All data are searched against the randomized protein
database, and the FPR for identification is calculated based on
the number of peptide matches in the forward versus the
randomized database. All phosphopeptide matches with Mas-
cot scores of at least 25 require manual inspection to determine
correct assignments; all other peptide matches with Mascot
scores exceeding the 95% confidence level score can be
accepted as correct matches.

4. Notes

1. Blend for short pulses of 30 s followed by a 30-s pause to
prevent the sample from overheating.

2. While transferring the supernatant into polypropylene tubes,
pass it through Miracloth (Calbiochem) to remove debris.

3. The samples should be on ice while performing sonication to
prevent overheating.

4. The protein final concentration should be 1 mg/ml with a
detergent concentration that is less than 0.2%.

5. Gel staining and preparation of peptides must be performed
with labware that has never been in contact with nonfat milk,
BSA, or any other protein-blocking agent to prevent carryover
contamination.

6. Sypro Ruby is quenched by glass. Always use plastic trays for
staining purposes.

7. Always use powder-free gloves when handling samples. Keratin
and latex proteins are potential sources of contamination.
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8. Prepare ammonium bicarbonate buffer and all reagent solu-
tions on the day that they are to be used. Prepare DTT, iodoa-
cetamide, and diluted trypsin solutions just before addition to
the samples.

9. Be sure to wear gloves while handling iodoacetamide. When
finished with iodoacetamide solutions, neutralize with a two-
fold molar excess of DTT and discard.

10. Be sure that enough volume is added to ensure complete
rehydration of gel pieces. More than 30 ml trypsin solution
may be needed to completely rehydrate pieces of gel from a
large band. Promega trypsin is sold as 20 mg dried protein/vial.
Reconstitute the trypsin at 1 mg/ml in the 50 mM acetic acid
solution shipped along with the enzyme. Freeze this solution at
�80�C in aliquots. Thaw and dilute the required amount of
stock solution in the digestion buffer just before needed. Note
that Promega Mass Spec grade trypsin may be used.

11. The foil wrap helps minimize the amount of condensate that
collects inside the reaction tube cap during the incubation and,
thus, prevent the gel pieces from drying out overnight.

12. Extraction solution is made by combining 600 ml 100% ACN,
300 ml fresh HPLC-grade H2O, and 100 ml of a fresh 10% TFA
aqueous stock solution. Use the smallest volume of extraction
solution possible to minimize dilution of the peptides. Extract
for at least 10 min.

13. Add 50 ml of elution buffer to the PhosSelect beads and agitate
it on a thermomixer (Eppendorf) at 300 setting for 5 min. Spin
down at 1,500 � g and collect the supernatant. Repeat the
entire process two times.

14. If additional sonication is not helpful, the solution can be
adjusted to contain a certain percentage of the organic
Mobile Phase B. However, increasing the organic composi-
tion to greater than 10% can cause hydrophilic peptides to
flow through the trapping column. In most cases, all LRR
RLK samples were readily soluble in Mobile Phase A. If any
components remain insoluble or not, the sample should be
filtered using a pipette tip containing a porous filter to
remove any particulates in order to avoid clogging of the
nanoLC system.

15. The 30-min gradient is sufficient to separate peptides of less
complex mixtures, such as the immunoprecipitated LRR RLKs.
To promote potentially more peptide identifications by LC/
MS/MS, a 60-min gradient can be used; however, this will
limit the number of samples analyzed for a given amount of
instrument time.
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16. With the use of lock mass, the mass measurement accuracies for
precursor ion and product ions are typically less than 10 and
20 ppm, respectively.

17. Although the W-mode of analysis can be used to achieve a
resolving power of 20,000 FWHH, this increases scanning
rates, thus lowering the number of collision-induced dissocia-
tion (CID) events that can be performed compared to using
the V-mode. Based on the charge state of peptides obtained
from tryptically digested proteins, a resolving power of 10,000
FWHH is sufficient for charge state determination of an
[M+4H]4+ ion in the m/z range of 400–2,000.

18. Typical switching parameters for a mass spectrometer can be
defined for a data-dependent LC/MS/MS acquisition as those
which balance the duty cycle between the number of precursor
ions interrogated and the product ion spectral quality.

19. The ion accounting search algorithm was specifically developed
for searching data-independent MSE datasets (IDENTITYE) as
described by Li et al. (19).

20. The FPR is calculated during ion accounting search depletion
loops based on the appearance of random matches observed
when searching a concatenated forward and its corresponding
randomized database (19).
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Chapter 2

Quantitative Measurement of Phosphopeptides
and Proteins via Stable Isotope Labeling in Arabidopsis
and Functional Phosphoproteomic Strategies

Ning Li

Abstract

Protein phosphorylation is one type of posttranslational modification, which regulates a large number of
cellular processes in plant cells. As an emerging powerful biotechnology that integrates all aspects of
advantages from mass spectrometry, bioinformatics, and genomics, phosphoproteomics offers us an
unprecedented high-throughput methodology with high sensitivity and dashing speed in identifying a
large complement of phosphoproteins from plant cells within a relatively short period of time. Needless to
say, phosphoproteomics has become an integral portion of life sciences, which penetrates various research
disciplines of biology, agriculture, and forestry and irreversibly changes the way by which plant scientists
study biological problems.
Because phosphorylation/dephosphorylation of protein is dynamic in cells and the amount of phospho-

proteins is low, the preservation of a phosphor group onto phosphosite throughout protein purification as
well as enrichment of these phosphoproteins during purification has become a serious technical issue. To
overcome difficulties commonly associated with phosphoprotein isolation, phosphopeptides’ enrichment,
and mass spectrometry analysis, we have developed a urea-based phosphoprotein purification protocol for
plants, which instantly denatures plant proteins once the total cell content comes into contact with the UEB
solution. To measure the alteration of phosphorylation on a phosphosite using mass spectrometer, an
in vivo 15N metabolic labeling method (SILIA, i.e., stable isotope labeling in Arabidopsis) has been
developed and applied for Arabidopsis differential phosphoproteomics. Thus far, hundreds of signaling-
specific phosphoproteins have been identified using both label-free and 15N-labeled differential phospho-
proteomic approach. The phosphoproteomics has allowed us to identify a number of signaling components
mediating plant cell signaling in Arabidopsis. It is envisaged that a huge number of phosphosites will
continue to be uncovered from phosphoproteomics in the near future, which will become instrumental for
the development of plant phosphor-relay networks and molecular systems biology.

Key words: Plant, Functional phosphoproteomics, Mass spectrometry, Stable isotope labeling in
Arabidopsis, In vivo stable isotope 15N labeling, Quantitative proteomics, Site-directed mutagenesis
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1. Introduction

Reversible proteinphosphorylationplays a central role in cell signaling,
regulation of gene expression, controlling of the growth and devel-
opment of anorganism, and its adaptation to environmental changes
(1). Plants also make use of phosphor-relay mechanism for ethylene
signaling (2). Phosphoproteomics (3) has been developed for
profiling global protein phosphorylation at a given developmental
stage or in response to a specific external cue. Identification of
protein phosphorylaiton has always been technically difficult in the
past due to the relatively low abundance as well as the labile nature of
the phosphorylation site.With the emerging powerful phosphopro-
teomic technology, i.e., the immobilized metal-ion affinity chroma-
tography (IMAC)-based phosphopeptides’ enrichment coupled
with liquid chromatography mass spectrometric sequencing
(LC–MS/MS) of phosphorylated peptides, we are now able
to profile phosphoproteins at large scale and determine the phos-
phorylation sites associated with a developmental cue or an environ-
mental inducer (3–8). Ever since N€uhse et al. (4) have identified
more than 300 phosphorylation sites from Arabidopsis membrane
proteins using the phosphoproteomic approach, nearly 30,430
phosphopeptides have been characterized thus far from the model
plant Arabidopsis according to PhosphAT3.0 (http://phosphat.
mpimp-golm.mpg.de/statistics.html).

With the advent of breakthroughs in quantitative differential
proteomics, i.e., the label-free approach (9–11) and the isotope-
assisted approach (12–18), themass spectrometry-basedquantitation
of phosphorylation level of a large number of phosphosites has
become the focus of quantitative phosphoproteomics. The advan-
tages of the in vitro isotope-labeling methods, such as isotope-
coded affinity tags (ICATs) (12), isotope tagging for relative and
absolute protein quantitation (iTRAQ) (17), and 18O-enriched
water (13, 19), are well recognized because they are quite versatile
and readily used to incorporate peptides isolated from virtually any
proteinsdespite their knownshortcomings, suchas their susceptibility
to sample manipulation error (20–23).

To further advance the study on quantitative proteomics and
phosphoproteomics and to efficiently measure the phosphorylation
levels of a large number of phosphosites using mass spectrometer, an
in vivo stable isotope-labeling method has been introduced into this
field. The differential peptide abundance can be measured through
in vivo metabolic 15N labeling, in which a heavy isotopic tag, either
15N or 13C, in the form of salt, amino acid, or sugar, is mixed into the
food or medium for an organism. When this organism such as
Arabidopsis grows on the labeled supporting media, it presumably
assimilates the heavy stable isotopes into the entire protein comple-
ment. Because the in vivo metabolic labeling has little measureable
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detrimental effect on the growth and development of an organism,
this in vivo labeling approach can be especially useful for experiments
involving smaller model plants, such as Arabidopsis. The key advan-
tage of this in vivo labeling approach is that the mixing of a pair of
in vivo metabolically labeled plant protein samples at the earliest step
of manipulation possible eliminates the deviation of a peptide ion
measurement resulting from multiple steps of sample manipulation
throughout an extensive peptide preparation process. Stable isotope
labeling with amino acids in cell culture (SILAC) (14) is an in vivo
metabolic labeling technique used frequently, inwhich isotope-coded
amino acids (such as Lys or Arg) labeled with 15N or 13C are
incorporated into proteins of an organism (24–26). Alternatively,
15N- or 13C-labeled salts or sugars are being incorporated into the
organism studied (27). This type of stable isotopemetabolic-labeling
approach has been applied successfully onto numerous model organ-
isms for quantitative proteomic studies (9, 18, 28–34). Moreover,
15N metabolic labeling has been applied for top-down proteomics
and serves as a standard to evaluate other quantitative proteomics
techniques, such as DIGE (35) and spectral counting (36). In some
cases, both 13C and 15N labeling are combined together to measure
protein abundance of three different biological samples (37).

Thus, the advancement in quantitative proteomics in general
and phosphoproteomics in specific prompts us to establish a practi-
cal protocol for the study of differential phosphoproteomics. Our
protocol integrates the recent advancement in proteomics and
depicts the processes of both label-free (11) and stable isotope
labeling inArabidopsis (SILIA) labeling methods. Both are specially
designed for Arabidopsis plant growing on the solid agar medium
because this solid medium is a common growth condition widely
used by many laboratories around the world to carry out Arabi-
dopsis mutant screens and physiological studies. This protocol
should be a useful application of functional phosphoproteomics in
plant cell signaling and pioneer an alternative workflow, in addition
to genetic screening of Arabidopsis mutants,for identification of
signaling components mediating the intricate phosphor-relay net-
work during plant cell signaling: i.e., MS/MS- and bioinformatics-
based phosphosite identification ! validation by in vitro kinase assay
! in planta validation of the functional role of putative phosphory-
lation site by site-directed mutagenesis.

2. Materials

2.1. Plant Growth

and Harvest

1. MS medium for label-free plant growth (11): Murashige and
Skoog (MS) basal salt mixture (Sigma-Aldrich, St. Louis, MO)
4.33 g/L, sucrose 10 g/L, 1 mg/L thiamine HCL, 0.1 mg/L
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pyridoxine, 0.1 mg/L nicotinic acid, 100 mg/L myo-inositol,
and 0.8% bacteriological agar. Adjust pH to 5.7 by KOH.

2. Plant growth medium for in vivo SILIA (38): 9 mM KNO3 or
K15NO3, 0.4 mM Ca5OH(PO4)3, 2 mM MgSO4, 1.3 mM
H3PO4, 50 mM Fe-EDTA, 70 mM H3BO3, 14 mM MnCl2,
0.5 mM CuSO4, 1 mM ZnSO4, 0.2 mM Na2MoO4, 10 mM
NaCl, 0.01 mM CoCl2, 10 g/L sucrose, 1 mg/L thiamine
HCL, 0.1 mg/L pyridoxine, 0.1 mg/L nicotinic acid,
100 mg/L myo-inositol, and 0.8% bacteriological agar. Adjust
pH to 5.7 by KOH.

This medium formula was modified from MS medium and
specially designed for Arabidopsis growing on solid medium in
plate or jar. The medium should be made in two separate sets and
labeled clearly as a light nitrogen medium (14N, from normal
KNO3) or a heavy nitrogen medium (15N, from K15NO3).

2.2. Protein Sample

Preparations

1. Urea extraction buffer (UEB) is designed for the initial dissol-
ving of plant cell lysate (38), which is 150 mM Tris–HCl, pH
7.6, 8 M urea, 0.5% SDS, 1.2% TritonX-100, 20 mM EDTA,
20 mM EGTA, 50 mM NaF, 2 mM NaVO3, and 1% Glycerol
2-phosphate disodium salt hydrate, stored at 4�C. Add the
following compounds immediately to make a final concentra-
tion of 1 mM PMSF, 5 mM DTT, 0.5% phosphatase inhibitors
cocktail 2 (and phosphatase inhibitors cocktail 1, which can be
purchased only in some regions and countries), 1� complete
EDTA-free protease inhibitors cocktail, 5 mM ascorbic acid,
and 2% PVPP. The final UEB solution looks brownish and can
be stored at �80�C for experimental use for at least 3 months.

2. Resuspension buffer (RSB): 50 mM Tris–HCl, pH 7.6, 8 M
urea, 10 mMDTT, 1% SDS, and 10 mMEDTA. Stored at 4�C.

3. Precipitation solution: Acetone:methanol (12:1), precooled at
�20�C.

4. Rinse solution: Acetone:methanol:H2O (12:1:1.4), precooled
at �20�C.

2.3. SDS-PAGE

and In-Gel Digestion

1. Coomassie staining buffer: 0.2% Brilliant Blue G250 in 20%
methanol, 0.5% acetic acid.

2. Destain buffer: 20% methanol, 0.5% acetic acid.

3. Wash buffer: 50% acetonitrile (ACN)/25 mM NH4HCO3.

4. DTT solution: 10 mM DTT in Milli-Q water.

5. IAA solution: 55 mM iodoacetamide (IAA) in 25 mM
NH4HCO3. Use freshly made solution every time and keep
solution in dark.
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6. Trypsin solution: 30 ng/ml TPCK-treated trypsin in 25 mM
NH4HCO3.

7. Extraction buffer: 1% formic acid in 50% ACN.

2.4. Ion Exchange

Chromatography and

IMAC/TiO2 Enrichment

1. Ion exchange chromatography (SCX) buffer set: (A) 5 mM
KH2PO4, pH 2.65, 30% ACN (v/v), (B) 5 mM KH2PO4,
350 mM KCl, pH 2.65, and 30% ACN (v/v).

2. Ion exchange gradient: 0–1 min, 0% Buffer B; 1–12 min, 15%
Buffer B; 12–18min, 35% Buffer B; 18–22min, 100% Buffer B;
22–26 min, 100% Buffer B; 26–27 min, 0% Buffer B; and
27–40 min, 0% Buffer B. Flow rate: 1 ml/min.

3. C18 reverse phase (RP) column (Oasis HLB, waters) for
peptide desalt.

4. NTA-agarose beads (Sigma).

5. FeCl3 solution: 0.1 M FeCl3 in Milli-Q water, freshly made
before use.

6. IMAC loading buffer: 6% acetic acid/30% ACN. pH must be
less than 3.0.

7. IMAC elution buffer: 200 mM ammonium phosphate, pH 4.5.

8. TiO2 equilibration/washing buffer: 1 M glycolic acid, 5% TFA,
80% ACN.

9. TiO2 elution buffer: 1% ammonium hydroxide.

10. TiO2 beads (GL science Inc, Tokyo, Japan).

2.5. Ziptip and LC–MS/

MS Data Acquisition/

Analysis

1. Ziptip equilibrium/wash solution: 0.1% formic acid.

2. Ziptip elution solution: 1% formic acid in 50% methanol.

3. Buffer A for LC/MS RP column: 0.1% formic acid in water.

4. Buffer B for LC/MS RP column: 0.1% formic acid in ACN.

2.6. Buffer for In Vitro

Kinase Assay

1. 20 mM HEPES, pH 7.5, 150 mM NaCl, 1% Triton X-100,
2.5 mM Na4P2O7, 1 mM glycerophosphate, and 1 mM NaF;
store in 4�C. Add 1 mM Na2MoO4, 1 mM Na3VO4, 1�
complete EDTA-free protease inhibitors cocktail, and 1 mM
PMSF freshly before use.

2. Activation mix: 10 ml 50% glycerol, 0.5 ml 50 mMATP, 0.6 ml
1 M MgCl2, and 0.15 ml 10 mg/ml BSA.

3. Trypsin digestion buffer: 50 mM Tris–HCl, pH 7.5, 150 mM
NaCl, 0.1 mM CaCl2, and 10 mM MgCl2.

4. Synthetic peptides with the target sequences were synthesized
by peptide synthesis companies on the market.
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3. Methods

3.1. Plant Growth

and Harvest
1. The Arabidopsis seeds are surface sterilized before imbibed at

4�C for 3 days in dark. Glass jars with 9 cm in diameter and
15 cm in height are autoclaved. Plant nutrient agar medium
(40 ml) are poured into each jar and cooled to dry overnight in
hood. For label-free method, only MS medium is used and not
necessary to label the jar. For metabolic labeling with 15N, jars
were labeled to distinguish the 15N medium from the 14N
medium.

2. Seeds are then suspended in 0.1% (w/v) agar and sown in rows
on plant nutrient agar medium within the jar. Plant about 25
seeds in each jar. The distance between each seed is about
0.8 cm (see Note 1).

3. Jars with planted seeds are transferred to plant growth cham-
bers (16-h light/8-h dark cycle, with constant temperature of
20�C). After 3 weeks, the seedlings are placed in airflow cham-
ber for 5 h to eliminate endogenous ethylene (see Note 2).

4. Adjust the gas flow rate to fill one cultivation jar within 4 s. For
label-free experiment, divide the jars into two fractions, treated
and untreated, respectively, for 15 min or any other time
frames. For SILIA experiment, seedlings grown on 14N are
treated with air and 15N-labeled seedlings are treated with a
hormone or an external inducer for a period of time. To avoid
variance induced by different isotopic incorporation, two sets
of reciprocal labeling are required.

5. Harvest the seedlings with liquid nitrogen and preserve the
tissue in �80�C freezer.

3.2. Protein Sample

Preparation

1. Seedlings (10 g) are ground into powders with liquid nitrogen
in a precooled mortar. To effectively denature plant proteins
for the purpose of freezing phosphor group onto phosphosite
and to prevent in vitro nonspecific enzyme catalysis by kinase
and phosphatase during protein preparation, a phosphoprotein
extraction buffer UEB is employed during plant protein isola-
tion. The tissue powder is then mixed with 50 ml UEB buffer
and ground for 2min. The cell lysate is transferred to centrifuge
tubes and centrifuged at 10�C for 2 h (RCF ¼ 110,000 � g,
rpm ¼ 39,359 for TST 60.4 Sorvall rotor). The high-speed
centrifugation is designed to remove cell debris, DNA, cell
wall, lipid, and RNA. The presence of these macromolecules
interferes protein resuspension and separation on SDS-PAGE.

2. The supernatant is mixed with 3� volumes of precipitation
solution and kept at �20�C for 2 h to precipitate proteins.
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3. Centrifuge in Beckman JA10.5 rotor with 15,000 � g at 10�C
for 20 min to pellet the protein.

4. Pour off supernatant, and rinse the pellet with 10 ml cold rinse
solution to remove residue pigment and precipitated urea.

5. Pellet is dried in open air until there is no significant liquid
droplet (about 10 min).

6. Protein pellet is then dissolved with 10 ml of RSB (see Note 3).
Precipitate the protein again with 3� volumes of RSB at
�20�C for 2 h.

7. Centrifuge with Beckman JA25.5 rotor (11,000 rpm at 10�C
for 20 min) to pellet protein.

8. Pour off supernatant, and rinse the pellet with 10 ml cold rinse
solution to remove residue pigment and precipitated urea. The
pellet is dried in air. Resuspend the pellet in RSB with a final
volume of 6 ml.

9. Freeze and keep the protein sample in �80�C. The protein
concentration is determined by protein DC assay (BioRad).

3.3. SDS-PAGE

and In-Gel Digestion

For label-free experiment, skip the sample mixing step (step 1 in this
section) and start from step 2 to run the protein sample directly on
SDS-PAGE gel.

1. Mixboth 14N- and 15N-labeld protein samples extracted from14N-
labeled tissue (untreated) and that from15N-labeled tissue (treated)
at 1:1–1.5 ratio (depending on the actual15N labeling efficiency).

2. Load 40 mg of proteins onto four preparative SDS-PAGE
(180 � 190 � 1–1.5 mm, 10%) gels evenly. For label-free
experiment, both treated and untreated samples need to be
loaded onto two separate sets of gels. Electrophoresis is
stopped when the bromophenol blue dye migrates approxi-
mately 10 cm into the resolving gel.

3. Each gel is lightly stained with Coomassie blue (immersed in
staining buffer for 10 min with gentle shake), destained, and
fixed with destain buffer for 30 min (see Note 4).

4. Each gel is evenly cut into 5–50 strips. Identical strips from
different gels are combined and further diced into 1-mm3

cubes (see Note 5). The cubes from the same strip are collected
into a 50-ml falcon tube.

5. Gel cubes are washed with 8 ml wash buffer for 15 min with
shake. The wash buffer is then pipetted out and the wash step is
repeated for two times.

6. Dehydrate the gel with 5 ml 100% ACN, pour off the solution,
and dry the gel completely by flushing with compressed air.

7. Gel cubes are immersed in 5 ml of 10 mMDTT at 56�C for 1 h
for reduction.
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8. Remove DTT solution. Gel cubes are alkylated with 5 ml IAA
solution at room temperature for 1 h. This step should be
conducted in dark.

9. Wash the gel with 8 ml of wash buffer for additional two times.
Dehydrate and dry the gel as in step 6.

10. The gel cubes is rehydrated in 2.5 ml trypsin solution on ice for
30 min (see Note 6) and then digested overnight at 37�C.

11. Sonicate the falcon for about 15 min, and then collect the
supernatant. To further extract the digested peptides, 2 ml
extraction buffer is added into the falcon. Falcon tube is soni-
cated for 15 min again and supernatant is collected. Repeat the
extraction step for additional three times.

12. Pour off the supernatant of the same stripes together. The
peptide solution is then flushed by compressed air until all
ACN is removed from the solution.

13. The peptide solution is frozen by liquid nitrogen and concen-
trated by lyophilizer. The peptide powder could be stored at
�80�C.

3.4. Ion Exchange

Chromatography and

IMAC/TiO2 Enrichment

1. Peptide powder is reconstitutedwith 1.04ml of 5mMKH2PO4

(pH 2.65) and centrifuged at 4�C for 5 min with a maximum
speed of a benchtop centrifuge to remove the insoluble.

2. The mixture of 20 ml is reserved for quality control and peptide
concentration measurement.

3. Not more than 1.6 mg of peptide is loaded onto the ion
exchange chromatography column to avoid overloading. Run
the SCX in the program described in Subheading 2.4. Twelve
fractions were collected from 2 to 26 min (2 min per fraction).

4. Fraction no. 1–3 and 10–12 are combined due to their low
abundance of peptide. All the fractions are evaporated to
remove the existence of ACN, then frozen by liquid nitrogen,
and lyophilized to half of the original volume.

5. Activate the C18 RP column (Oasis) with 1 ml ACN.

6. The column is then equilibrated with 1 ml 0.1% formic acid.

7. Load the peptide samples from step 4 onto C18 column with
syringe and reload for at least three times for maximumbinding.

8. Wash the column with 1 ml 0.1% formic acid.

9. The peptide bound to the column is elutedwith 1ml 80%ACN/
0.1% FA. Use spin vacuum to concentrate the eluted sample.

10. Pipette 200 ml NTA agarose beads into a 1.5-ml Eppendorf
tube, and centrifuge at 5,000 rpm in a benchtop centrifuge for
30 s to remove storage buffer.
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11. Equilibrate the beads with 1 ml 6% acetic acid. Wash the beads
for 30 s and centrifuge at 5,000 rpm for 30 s. Remove the
supernatant.

12. Add 1 ml 0.1 M FeCl3 to the Eppendorf. Incubate the beads at
4�C with end-over-end rotation for 2 h.

13. Spin down the beads, and remove the charge buffer. Wash the
beads with 1 ml 6% acetic acid for three times to remove free
iron ions.

14. Equilibrate the beads with 1 ml IMAC loading buffer for three
times.

15. The concentrated peptide sample from step 9 is reconstituted
with Fe-IMAC loading buffer. For each milligram of peptide
sample, 200 ml Fe-IMAC loading buffer is used to dissolve the
sample in a new Eppendorf. The peptide is then incubated with
30 ml Fe3+-NTA beads (from step 14) via a 45-min end-over-
end incubation.

16. Spin down the beads. Remove and save the flow-through frac-
tion. Fe-IMAC loading of 350 ml buffer is added to the Eppen-
dorf to wash away the nonspecific binding peptides. Wash twice
with Fe-IMAC loading buffer and once with water.

17. The phosphopeptides enriched by Fe-NTA beads are eluted
with 50 ml elution buffer. Save the eluted sample in �20�C.

18. Add 800 ml of TiO2 equilibration/washing buffer to flow-
through fraction from step 16, and then incubate the solution
with 5 mg of TiO2 beads for 45 min (see Note 7).

19. The TiO2 beads are washed twice with TiO2 equilibration/
washing buffer and once with water (200 ml for each step).

20. The enriched phosphopeptides are eluted with 50 ml elution
buffer and combined with the samples obtained from step 17
and saved at�20�C before being passed through Ziptip enrich-
ment.

3.5. Ziptip and LC–MS/

MS Data Acquisition/

Analysis

1. Acidify the peptide sample with 20 ml formic acid (see Note 8).

2. Aspirate 12 ml ACN into Ziptip, dispense to waste, and repeat
three times.

3. Aspirate 12 ml Ziptip equilibrium/wash solution, dispense to
waste, and repeat five times.

4. Aspirate the acidified sample and dispense 20 rounds for
efficient binding.

5. Aspirate 12 ml Ziptip equilibrium/wash solution, dispense it to
the waste, and repeat five times.

6. Elute the sample with 40 ml elution solution. Freeze and dry
the sample in a spin vacuum. The sample is then reconstituted
in 10 ml 0.1% formic acid and ready for LC/MS analysis.
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7. LC–MS/MS is performed with a nanoflow LC (nano Acqui-
tyTM, Waters) coupled to an ESI-hybrid quadrupole time-of-
flight (Q-TOF) Premier tandem mass spectrometer (Waters).
The program MassLynx (version 4.1, Waters) is used for data
acquisition and instrument control. A 180 mm � 20 mm Sym-
metry C18 trap column and 75 mm � 250 mm BEH130 C18
analytical column are used. The mobile phases are 0.1%
HCOOH/H2O (A) and 0.1% HCOOH/CH3CN (B). LC
gradient elution condition is initially 1–5% B (5 min), 40% B
(90 min), 99% B (94–109 min), and then initial concentration
1% B (110–120 min), with a flow rate of 200 nl/min.

8. The mass spectrometer (Waters Q-TOF Premier) is operated in
a positive ion mode with following basic parameters: source
temperature is 80�C, capillary voltage is 2.4 kV, sample cone
voltage is 35 V, and collision cell gas flow rate is 0.50 ml/min.
The collision energy is variable during MS/MS scan according
to z andm/z and the exact values are from factory instructions.
Data-dependent analysis is set as below: 1-s MS m/z
250–2,000 and max 3-s MS/MS m/z 50–2,000 (continuum
mode), 30-s dynamic exclusion. Three most abundant, +2, +3,
or +4 charged ions, whose intensity rising above 40 counts/s,
are selected in each MS/MS scan.

9. Raw data are processed using ProteinLynx 2.2.5 (smooth 3/2
Savitzky Golay and center 4 channels/80% centroid), and
the resulting MS/MS dataset is searched against TAIR data-
base (download from www.arabidopsis.org and specific for
Arabidopsis) using MASCOT search engine. The settings in
the workflow template are as follows: trypsin digestion with
up to two missed cleavage sites are allowed; 100 ppm mass
tolerance for MS precursor ions and 0.1 Da mass tolerance for
MS/MS fragment ions; carbamidomethylation (C) is speci-
fied as a fixed modification and phosphorylation (S, T, and Y),
deamidation (N, Q), and oxidation (M) are allowed as variable
modifications. Figure 1 is an example to show the phospho-
peptides discovered in a phosphoproteomics analysis (11).
Figure 2 shows an example of light and heavy isoforms of a
single phosphopeptide.

3.6. In Vitro Kinase

Assay

The in vitro kinase assay is used as a useful tool to validate the
phosphorylation sites identified by phosphoproteomics and bioin-
formatics-predicted sites (14). Once the phosphopeptides are iden-
tified, a short of stretch (21–30 amino acids long) of polypeptide
containing the newly identified phosphosite (S, T, or Y), the highly
conserved amino acid sequence motif surrounding the phospho-
site, is fused to a HisTag (6� histidine) at C-terminus. This hybrid
peptide is synthesized chemically and used as a substrate for in vitro
plant kinase assay.
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1. Fresh tissue powder of 100 mg is mixed with 300 ml extraction
buffer. The mixture is vortexed and incubated on the ice for
about 10 min. The cell lysate is then centrifuged at 4�C for
10 min at 14,000 � g.

Fig. 1. Bioinformatics analysis of phosphopeptides and construction of phosphorylation
motifs using the protein sequence database. (a) TDDEL, (b) RVDSS, (c) KSLEI, (d) KSGDE,
and (e) S IFSP are five conserved phosphorylation motifs built from both authentic
phosphopeptides and protein sequences deposited in the database. The phosphopeptide
sequences determined by phosphoproteomic analysis are placed on the top of each
group, whereas the rest are the proteins with annotations found in databases. Proteins
with unknown functions were omitted (11).
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2. Cell lysate of 100 ml is taken out to mix with 25 ml activation
mix, 10 mg peptides, and 2.8 ml 50 mM ATP, and incubated at
30�C for 1 h.

3. Ni-NTA beads are firstly equilibrated with extraction buffer.
Each sample solution requires 60 ml Ni-NTA slurry. Histidine-
tagged substrate peptide is then purified from plant kinase
extracts and used for LC–MS/MS analysis. The assayed pep-
tides are purified via an end-over-end rotation for 10min.Wash
with 1 ml trypsin digestion buffer for three times. Add 90 ml
trypsin digestion buffer and 1 mg trypsin, and incubate at 37�C
for 4 h. Add 10% (v/v) acetic acid to terminate the reaction and
save the eluate solution.

4. Use Ziptip to remove the salts from the digested sample as stated
in Subheading 3.5. The sample is then subject to LC/MS MS
analysis. Figure 3 is an example of in vitro kinase assay result (14).

Heavy and light isoforms of a phosphopeptide:     GTLEEKVMpSLQK H : L

1  : 0

0.8 : 0.2

0.6 : 0.4

0.425 : 0.575

0.3 : 0.7

0.1  :0.9

0 : 1

m/z difference of monoisotpic peak

14N

15N

Fig. 2. The mass shift of 14N/15N-labeled [M+2H]2+ precursor ion is 6.9852 m/z, corresponding to 13.9704 Da, indicating
that the peptide has 14 nitrogen atoms. 14N/15N-labeled total protein mixtures were extracted from Arabidopsis thaliana
tissue separately, mixed with different ratios (16:1, 8:1, 2:1, 1:1.3, 1:2, 1:8, and 1:16), and in-solution digested. The
resulting peptide was desalted. Fe3+-NTA beads were used to purify phosphopeptides in each sample. The eluting peptides
are then subjected to reverse-phase LC–MS/MS analysis. The MS spectrums were acquired by ultra-performance liquid
chromatography (nanoAcquity) coupled to a Q-Tof mass spectrometer (micromass, Waters Corporation).
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3.7. Validation of the

Functional Role(s) of

a Phosphosite in Cell

Signaling Using

Site-Directed

Mutagenesis

Provided that a phosphorylation site has been identified either from
MS/MS analysis or bioinformatics-based prediction, the next
immediate work is to make point mutations on the phosphosite.
Usually, a pair of mutations will be made on the selected phospho-
site: S (or T) is mutated to A or I, and Y to F, which is equivalent to
a constant dephosphorylation-mimic mutation, and alternatively,
S (or T, Y) is mutated to D or E, a constant phosphorylation-mimic
mutation. This pair of site-directed mutant genes together with its
corresponding wild-type gene are transformed into Arabidopsis to
examine the in planta function of the phosphorylated protein of

Fig. 3. MS and MS/MS spectra of the phosphorylated peptides produced from the in vitro kinase assays. (a) HAETDDELLEK,
(b) VDSSQNWAGHI, and (c) VDSSHNPIEESMSK are three synthetic peptides derived from phosphorylation motifs and used
as substrates in the in vitro kinase assays. (a, b) MS and MS/MS spectra of the substrate peptides, respectively. (c, d) MS
and MS/MS spectra of the Arabidopsis kinase-treated synthetic substrate peptides, respectively. Retention time of these
phosphopeptides is marked on the top of the mass ion; the precursor ion having the MS/MS spectrum is indicated by an
arrow underneath, whereas the precursor masses and charges are displayed in the MS/MS spectrum (11).
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interest. Phenotypes of all three transgenic plants that ectopically
express mutant proteins and the control wild-type proteins
are analyzed and compared to determine the possible roles of
phosphorylation site in planta.

4. Notes

1. Too many seeds per jar will make seedlings too crowded to
grow well, while too few seeds per jar will make it hard to
collect enough tissue for experiment.

2. Although 150 mMAOA is added to the medium and supposed
to remove majority of the endogenous ethylene production,
there is still trace amount of ethylene produced. This step
intends to remove the endogenous ethylene as much as possible
so that the effect of ethylene treatment would bemore obvious.

3. Pipette up and down slowly to dissolve. Avoid introducing bub-
bles into the protein sample to save protein from degradation.

4. Prolonging the time of stain will make the dye hard to be
removed and, therefore, interfere the downstream steps.

5. Cube size is crucial for protein digestion efficiency and peptide
extraction efficiency. Large pieces of gel make the trypsin hard
to be taken into the gel and the digested peptides are hard to be
extracted out. However, cube smaller than 1 mm3 causes trou-
ble when exchanging buffers.

6. This step is crucial for efficient enzyme digestion. Wait until all
the gel pieces become rehydrated. Add more trypsin solution if
some of the gel pieces still not rehydrate.

7. This is to enrich the leftover phosphor peptides in the flow-
through fraction of Fe3+-NTA beads, as TiO2 beads is less
sensitive with salt interference during purification process.

8. Sample’s pH needs to be lower than 3 for efficient binding to
the Ziptip matrix.
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Chapter 3

Identification of O-linked b-D-N-acetylglucosamine-
Modified Proteins from Arabidopsis

Shou-Ling Xu, Robert J. Chalkley, Zhi-Yong Wang,
and Alma L. Burlingame

Abstract

The posttranslational modification of proteins with O-linked b-D-N-acetylglucosamine (O-GlcNAc) on
serine and threonine residues occurs in all animals and plants. This modification is dynamic and ubiqui-
tous, and regulates many cellular processes, including transcription, signaling and cytokinesis and is
associated with several diseases. Cycling of O-GlcNAc is tightly regulated by O-GlcNAc transferase
(OGT) and O-GlcNAcase (OGA). Plants have two OGTs, SPINDLY (SPY) and SECRET AGENT
(SEC); disruption of both causes embryo lethality. Despite O-GlcNAc modification of proteins being
discovered more than 20-years ago, identification and mapping of protein GlcNAcylation is still a
challenging task. Here we describe the use of lectin affinity chromatography combined with electron
transfer dissociation mass spectrometry to enrich and to detect O-GlcNAc modified peptides from
Arabidopsis.

Key words: O-GlcNAc, Arabidopsis, High-performance liquid chromatography, Mass spectrometry,
Electron transfer dissociation, Collision-induced dissociation

1. Introduction

ThemonosaccharideO-linked b-D-N-acetylglucosamine (O-GlcNAc)
modification is a ubiquitous and key modification of nuclear and
cytoplasmic proteins (1–3). Perturbation of O-GlcNAc levels is
associated withmany diseases, such as cancer, diabetes, Alzheimer’s,
and cardiovascular diseases (4–6). Genetic data has also shown that
O-GlcNAcylation is critical for embryonic stem cell viability, as both
mice and plants show an embryo-lethal phenotype whenO-GlcNAc
transferase (OGT) functions are disrupted (7, 8). Different from
animals, plants have two distinct OGTs, SPY and SEC (7, 9–12).

Zhi-Yong Wang and Zhenbiao Yang (eds.), Plant Signalling Networks: Methods and Protocols,
Methods in Molecular Biology, vol. 876, DOI 10.1007/978-1-61779-809-2_3,
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There is growing evidence that O-GlcNAc and phosphoryla-
tion can play reciprocal roles in regulating protein functions and a
“yin-yang” model has been proposed for the possible relationship.
For instance, the c-Myc oncoprotein is majorly O-GlcNAcylated at
Threonine 58, a known site phosphorylated by the kinase, GSK3b,
and a mutational hot spot in lymphomas (13). The two PTMs
might compete for the modification of the same or proximal Ser/
Thr residues (6).

The understanding of O-GlcNAc regulatory functions has been
greatly hampered by a lack of knowledge of the identities of the
exact residues to which the sugar is attached for most modified
proteins. This situation has been due to lack of effective methods
for enrichment, detection, and site assignment. However, recent
developments in enrichment of either natively modified (14, 15) or
tagged/derivatized peptides combined with either electron capture
or transfer dissociation mass spectrometry have provided robust
modification site analysis tools (16, 17). Mapping the sites of O-
GlcNAcylation is critical not only to elucidate the direct function of
the modification (by site-directed mutagenesis and/or antibodies)
but also to gain a more mechanistic understanding of potential
cross talk between GlcNAcylation and other modifications, includ-
ing phosphorylation.

2. Materials

2.1. Extraction of Total

Proteins from

Arabidopsis Tissues

1. Prepare stocks separately: 1MTris–HCl, pH8.0; 0.5M ethylene
glycol tetraacetic acid (EGTA), pH 8.0; 0.5 M ethylenedinitrilo
tetraacetic acid (EDTA), pH 8.0. Autoclave before storage at
room temperature. Prepare stocks: 20% (w/v) sodium dodecyl
sulfate (SDS), and store at room temperature.

2. Prepare inhibitor 0.5 mM O-(2-acetamido-2-deoxy-D-gluco-
pyranosylideneamino)N-phenylcarbamate (PUGNAc) in
water. Make aliquots and store at �20�C (Sigma).

3. Protease inhibitor cocktail (Roche). Store at �20�C.

4. Liquid nitrogen.

5. Mortar and pestle.

6. Extraction buffer Y: 100 mM Tris–HCl, pH 8.0, 2% SDS, 1%
b-mercaptoethanol, 5 mM EGTA, 10 mM EDTA, 20 mM
PUGNAc, and 1� protease inhibitor cocktail. Make freshly
each time by mixing aliquots from stocks.

7. Phenol (Tris buffered, pH 7.5–7.9). Store at 4�C.

8. Extraction buffer Z: 50 mM Tris–HCl, pH 8.0. Store at 4�C.

9. Methanol. Store at 4�C.
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10. 0.1 M ammonium acetate in methanol. Store at 4�C.

11. Lysis buffer: 6 M guanidine-HCl. Store at room temperature.

12. Biorad protein assay kit (Bio-Rad).

2.2. Tryptic Digestion

of Protein Samples

1. Prepare 50mMNH4HCO3 inwater. Store at room temperature.

2. Reduction reagent: 1 M Tris (2-carboxyethyl) phosphine
(TCEP) in 50 mM NH4HCO3. Make aliquots and store in
�20�C. Keep in dark.

3. Alkylation reagent: 550 mM iodoacetamide in 50 mM
NH4HCO3. Make it fresh. Keep in dark.

4. Modified trypsin (Promega).

2.3. Desalting

the Peptide Sample

by Using C18 Filled

Sep-Paks

1. Formic acid.

2. Buffer A: 0.1% formic acid.

3. Buffer B: 70% acetonitrile and 0.1% formic acid.

4. C18 filled Sep-Pak (Waters).

5. Syringes (10 ml).

6. Needles.

7. Speed vacuum.

8. Nitrogen.

2.4. Packing a Lectin

Weak Affinity

Chromatography

Column

1. Resin: WGA-Agarose (Vector Laboratories).

2. Tubing: Teflon PFA 1/1600 (1.6 mm) OD, 1/2500 (1 mm) ID
(Upchurch Scientific).

3. Packing a lectin weak affinity chromatography (LWAC) buffer:
25 mM Tris, pH 7.8, 200 mM NaCl, 5 mM CaCl2, and 1 mM
MgCl2.

4. LWAC elute buffer: 20 mMGlcNAc (N-acetyl-D-glucosamine)
(Sigma).

5. Large empty column to use as a reservoir for packing resin
from: e.g., AP mini-column 10 mm � 120 mm (Waters).

6. Frit: 2 mm porosity Stainless Steel Frit 0.06200 OD (Upchurch
Scientific).

7. Unions for each end of column: e.g., Stainless Steel ZDV
Union 0.0200 Thru-hole (Upchurch Scientific).

2.5. Enriching

O-GlcNAc-Modified

Peptide by Using

LWAC Column

1. LWAC buffer: 25 mM Tris, pH 7.8, 200 mM NaCl, 5 mM
CaCl2, and 1 mM MgCl2.

2. LWAC elute buffer: 20 mM GlcNAc in LWAC buffer.

3. AKTA purifier HPLC (GE Healthcare).
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2.6. Desalting Peptides

by Using C18 Pipette Tip

1. Buffer A: 0.1% formic acid.

2. Buffer B: 70% acetonitrile and 0.1% formic acid.

3. C18 100 ml OMIX pipette tips for micro extraction (Varian).

2.7. Detection by Liquid

Chromatography–

Tandem Mass

Spectrometry

1. HPLC: Waters Nanoacquity-Ultra Performance LC (Waters).

2. Linear Ion Trap (LTQ)-Orbitrap XL with Electron Transfer
Dissociation (ETD) (Thermo).

3. HPLC Solvent A: Water/0.1% formic acid.

4. HPLC Solvent B: Acetonitrile/0.1% formic acid.

5. Trapping column: 5 mm Symmetry C18, 180 mm inner diame-
ter �20 mm (Waters).

6. Analytical column: 1.7 mm BEH130 C18 100 mM inner diam-
eter �100 mm (Waters).

3. Methods

The lectin wheat germ agglutinin (WGA) has affinity for terminal
N-acetylglucosamine (GlcNAc) and sialic acid residues. It has four
binding sites, so can bind with high-affinity to branched glycan struc-
tures with multiple terminal GlcNAc moieties. However, the affinity
for a single GlcNAc residue, as encountered with the regulatory
modification of O-GlcNAcylation, found on serines and threonines
of nuclear and cytoplasmic proteins, is low. An LWAC protocol has
been developed to enrich for O-GlcNAc-modified peptides (14), in
which WGA attached to agarose is packed into a long column.Mod-
ified peptides can be separated from unmodified peptides through
their retardation on these long columns during isocratic HPLC,
causing them to elute later than unmodified peptides.

O-GlcNAcylation site identification using conventional collision-
induced dissociation (CID) analysis in a mass spectrometer is usually
not possible. CID is a vibrational activation fragmentation process
that breaks the weakest bonds in the structure. The O-glycosidic link
is significantly more labile than the peptide backbone. Hence, the
O-GlcNAc moiety is readily liberated as an oxonium ion before
peptide backbone fragmentation, and site assignment cannot be
derived from the resulting deglycosylated fragment ions. The recently
developed electron capture dissociation and ETD are a radical-based
“non-ergodic” fragmentation process that results in mostly peptide
backbone cleavage, thus enabling the identification of sites bearing
labile posttranslational modifications (14, 15, 18).
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3.1. Extraction of Total

Proteins from

Arabidopsis Tissues

1. Harvest flower tissues from 45-day-old Arabidopsis plant
growing in green house. Freeze in liquid nitrogen.

2. Grind tissues in a mortar with liquid nitrogen to a fine powder
and weigh 2 g tissue powder in 50-ml tube.

3. Add three volume (6 ml) of buffer Y (see Notes 1 and 2).
Vortex for 1 min.

4. Heat the samples for 10 min at 65�C.

5. Centrifuge at 20,000 � g for 20 min at 20�C.

6. Transfer the supernatant to new tubes. Add equal volume of
ice-cold phenol (Tris buffer, pH 7.5–7.9), and vortex for 1 min.

7. Centrifuge at 20,000 � g for 15 min at 4�C to separate phenol
and aqueous phases.

8. Remove the upper aqueous phase to leave the interface intact.
Discard the upper aqueous phase.

9. Re-extract the phenol phase twice with ice-cold Buffer Z as in
steps 7 and 8.

10. Mix with five volumes of cold 0.1 M ammonium acetate in
methanol and leave at –20�C overnight to precipitate proteins.

11. Centrifuge at 20,000 � g for 20 min at 4�C. Keep the pellet.
Remove all the supernatant.

12. Wash the protein pellet twice with 1 ml ice-cold 0.1 M ammo-
nium acetate in methanol and 1 ml cold methanol twice; cen-
trifuge for 5 min and remove the liquid each time (see Note 3).

13. Resuspend the protein pellet in lysis buffer.

14. Centrifuge at 20,000 � g for 20 min.

15. Transfer the supernatant to a new tube, and determine the
protein concentration with Bio-Rad protein assay kit using
BSA as a standard.

3.2. Tryptic Digestion

of Protein Samples

1. Reduce the disulfide bonds of 2 mg protein sample by adding
Tris TCEP to final concentration of 2 mM for 60 min at 56�C.

2. Alkylate the free cysteines of the protein sample by adding
iodoacetamide to final concentration of 10 mM for 60 min at
room temperature in the dark.

3. Dilute the sample with 50 mM NH4HCO3 to make the final
guanidine-HCl concentration of 1.5 M (see Notes 4–6).

4. Add modified trypsin 1:50 w/w overnight at 37�C.

5. Quench the protease activity by acidification of the reaction
mixture with formic acid to final concentration of 1% formic acid.

6. Centrifuge at 20,000 � g for 10 min to remove insoluble
material. Keep the supernatant.
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3.3. Desalting the

Peptide Sample by

Using C18 Sep-Pak

1. Cut Sep-Pak column ends to reduce dead volume.

2. Activate the C18 Sep-Pak column: Attach a needle to the
syringe and pull buffer B (2 ml); detach the needle, and attach
the syringe to the Sep-Paks; and slowly push the buffer through
the Sep-Pak. When the buffer has been pushed through the
Sep-Pak, remove the syringe from the Sep-Pak and leave Sep-
Pak on clean tissue paper.

3. Equilibrate the C18 Sep-Pak column: Attach another needle to
the syringe and pull buffer A (8 ml); detach the needle, and
attach the syringe to the Sep-Paks; and slowly push the buffer
through the Sep-Pak.

4. Repeat this equilibration step twice to remove any trace of
acetonitrile (see Note 7).

5. Load the C18 Sep-Pak column with the peptide sample: Attach
another needle to the syringe and pull peptide samples; detach
the needle and attach the syringe to the Sep-Paks; slowly
push the buffer through the Sep-Pak, collecting the flow
through back into the original peptide sample tube.

6. Repeat the loading step four more times to ensure maximal
binding of the peptides to the column.

7. Wash the Sep-Pak column to remove salts: Attach another
needle to a new syringe and pull buffer A 8 ml; detach the
needle and attach the syringe to the Sep-Paks; and slowly push
the buffer through the Sep-Pak, discard the flow through.

8. Repeat the washing step four more times to completely wash
away salts and other contaminants.

9. Elute the peptides from the Sep-Pak: Attach another needle to a
new syringe and pull buffer B 1 ml; detach the needle and
attach the syringe to the Sep-Paks; and slowly push the buffer
through the Sep-Pak, and collect the eluate.

10. Repeat the elution step and collect the eluate in the same tube.

11. Dry the tube in Speedvac to complete dryness.

12. Store the peptides in �80�C freezer before use.

3.4. Packing a Lectin

Weak Affinity

Chromatography

Column

1. Insert Frit into union and attach to one end of Teflon tubing
(see Note 8).

2. Attach reservoir column to the other end of Teflon tubing
(see Note 9).

3. Partially fill reservoir column with WGA-agarose resin.

4. Pack resin into Teflon tubing using an HPLC pump delivering
LWAC buffer at a flow rate of 50–200 ml/min, making sure
that the back pressure never exceeds 2 MPa (20 mbar) (see
Notes 10 and 11).
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5. It may be necessary to replenish the reservoir column with
more resin on several occasions (see Note 12). When doing
this, stop the HPLC and wait for pressure to drop to zero
before disconnecting.

6. When the column is packed to a long enough length (see Note
13), stop the packing, and then cut the back end of the column
at the point at which it is packed up to in order to remove dead
volume.

7. Attach union to the back end of the column, and then cap each
end to prevent column from drying out.

8. Store the LWAC column at 4�C.

3.5. Enriching

O-GlcNAc-Modified

Peptides by Using

LWAC Column

1. Resuspend the peptides in 200 ml LWAC buffer.

2. Install the LWAC column and flush lines with LWAC buffer for
5 min at a flow rate of 100 ml/min.

3. Load sample and wait for the main peak to elute.

4. Manually collect fractions at 1-min intervals during the elu-
tion of the main UV-visible peak and subsequent tail of the
peak (see Note 14). An example of the HPLC results pro-
duced is shown in Fig. 1. A total of more than ten fractions are
analyzed by mass spectrometry to identify GlcNAc-modified
peptides.

5. At the end of the run, inject 200 ml of LWAC buffer containing
20 mM GlcNAc to elute any complex glycans (see Note 15).

6. Store the column at 4�C.

7. Store the fractions at �80�C freezer before further use.

Fig. 1. Lectin weak affinity chromatography enrichment of Arabidopsis O-linked b-D-N-acetylglucosamine (O-GlcNAc)-
modified peptides using a WGA-Agarose column with LWAC buffer at a flow rate of 100 ml/min. Peptide elution is
monitored at 205 nm. The region containing (O-GlcNAc) modified peptides is labeled.
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3.6. Desalting Peptides

by Using C18 Pipette Tip

1. Sample treatment: Adjust sample to a 1% formic acid concen-
tration using a 10% formic acid solution.

2. Activate tip: Aspirate 100 ml buffer B and discard solvent.

3. Equilibration: Aspirate 100 ml buffer A and discard solvent.
Repeat four more times to remove any trace of acetonitrile
(see Note 7).

4. Apply sample: Aspirate and dispense pretreated sample into the
tip three to five times (see Notes 16 and 17).

5. Wash tip: Aspirate buffer A and discard solvent. Repeat.

6. Elute peptides: Aspirate 100 ml buffer B and pipette the tip five
times.

7. Reduce the sample volume and remove the acetonitrile by
vacuum concentration.

8. Store the peptides at �80�C freezer or directly resuspend the
peptides in buffer A for further mass spectrometry analysis.

3.7. Detection by Liquid

Chromatography–

Tandem Mass

Spectrometry

1. The peptide mixtures are analyzed by online nanoflow liquid
chromatography–tandem mass spectrometry (LC–MS/MS)
on a Nanoacquity ultraperformance LC system connected to
an LTQ-XL Orbitrap with ETD source.

2. Peptides are first loaded onto a trapping column packed with
C18, and then washed with 0.1% formic acid. The trapping
column is connected to an analytical column.

3. The reverse-phase liquid chromatography is performed at a
flow rate of 400 nl/min.

4. A 90-min gradient is used; peptides are eluted by a gradient
from 2 to 30% solvent B over 65 min followed by a short wash
at 50% solvent B, before returning to starting conditions.
Peptide components elute over a period of ~65 min during
these runs.

5. The effluent from the HPLC column is directly interfaced with
the mass spectrometer.

6. The LTQ Orbitrap XL instrument is operated in data-depen-
dent mode to automatically switch between full-scan MS and
MS/MS acquisition.

7. After a precursor scan of intact peptides is measured in the
orbitrap by scanning from m/z 350–1,400, the three most
intense multiply charged precursors are selected for both CID
and ETD analysis in the linear ion trap.

8. Activation times are 30 and 100 ms for CID and ETD frag-
mentation, respectively. Automatic gain control (AGC) targets
are 100,000 ions for orbitrap scans and 10,000 for MS/MS
scans, and the AGC for the fluoranthene ions used for ETD is
100,000. Supplemental activation of the charge-reduced
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species is used in the ETD analysis to improve fragmentation.
Dynamic exclusion for 60 s is used to prevent repeated analysis
of the same components.

3.8. Data Analysis 1. Separate ETD and CID peak lists are generated from raw data
files using an in-house script PAVA, and then CID and ETD
data are searched separately using Protein Prospector version
5.7.1 (19, 20) against a database that consists of the Uni-
ProtKB protein database downloaded on 1 November 2011,
to which a randomized version has been concatenated. Only
Arabidopsis entries are searched, meaning a total of 101,922
entries are queried. ETD peptide results are reported using a
peptide false discovery rate level of 0.5% according to concate-
nated database search results.

2. For both CID and ETD data, a precursor mass tolerance of
20 ppm and a fragment mass error tolerance of 0.6 Da are
allowed.

3. Modification parameters: Carbamidomethylcysteine is searched
as a constant modification. Variable modifications include
protein N-terminal acetylation, peptide N-terminal glutamine
conversion to pyroglutamate, and methionine oxidation. For
ETD data, HexNAc modification of Serine or Threonine and
asparagine residues is considered. For CID data, HexNAc
modification of serine or threonine and asparagines residues
is considered, but in addition, a modification observed as a
neutral loss of 203.08 Da (so all fragments are assumed not to
have GlcNAc attached) is considered from serines and threo-
nines (see Note 18).

4. Assignments of all modified peptides are checked manually; in
every case, the CID results are consistent with the ETD assign-
ment (see Note 18). An example result is shown in Fig. 2.

4. Notes

1. This extractionmethod is adapted fromtheprotocol forpreparation
of proteins for 2-D DIGE (21). Alternative approaches to
extract proteins would be acceptable as long as O-GlcNAc inhi-
bitors are included in the extraction buffer.

2. The O-GlcNAc modification can be easily removed by hydro-
lases, such as O-GlcNAcase or hexosaminidases during cell lysis.
Hence, it is important to include inhibitors during the extraction
and purification processes that preserve the levels of O-GlcNAc
on proteins. PUGNAc is a potent competitive inhibitor of
hexosaminidases that inhibits all three known humanhexosamin-
dases [HEXA/B and O-GlcNAcase (OGA)] (22).
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3. It is better not to disturb the pellets at this stage. Remove all the
liquid and let the pellet dry for 1 min.

4. Maximum allowable concentration of guanidine-HCl for
trypsin is less than 1.5 M.

5. To achieve the highest digestion efficiency, optimize the solu-
tion close to pH 7.5–9.0.
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Fig. 2. Collision-induced dissociation (CID) and electron transfer dissociation (ETD) spectra of an m/z 890.9212 2+
precursor (theoretical m/z ¼ 890.9195, +2.0 ppm). (a) The molecular weight of this peptide is shifted to higher mass
of 203 Da and the CID spectrum displays loss of sugar [MH2-GlcNAc

2+] and [MH-GlcNAc+], showing this peptide to be
O-linked b-D-N-acetylglucosamine (O-GlcNAc) modified. (b) Interpretation of the ETD spectrum of the species of m/z
890.9212 establishes a doubly charged peptide ITNSMGNMVGGGNLGR with Threonine 2 being modified by O-GlcNAc.
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6. It is acceptable to use urea with or without thiourea to dissolve
the protein sample; however, long incubation in the presence of
urea may lead to carbamylation of the available amino terminus
(43 Da mass increase) of the proteins as well as the side chain
(e-amino groups) of lysine residues (43 Da mass increase;
resulting in a protein that is unsuitable for many enzymatic
digests including tryptic cleavage). Maximum allowable con-
centration of urea and thiourea for trypsin is less than 1M total.

7. Binding of peptides to the C18 (this is an 18 carbon hydrocar-
bon chain that is bonded to the silicate) matrix is a result of
hydrophobic interactions. For efficient binding, sample solu-
tions must be free from any organic solvent because even a
small proportion of organic solvent can prevent adsorption of
some peptides.

8. A frit is used in the in-line filter to remove unwanted particulate
from the solution.

9. To get a good separation of modified peptides from the
unmodified peptides, we recommend packing a column of at
least 3 meters in length (we have used columns up to 10 meters
in length).

10. An issue with these columns is that the agarose can compress.
Hence, we recommend keeping the column pressure below
2 MPa (20 mbar). This means operating at a flow rate between
50–150 ml/min (longer columns require lower flow rates).

11. On occasions, the column may stop packing. If this happens, a
possible solution may be to agitate the reservoir column. If this
still does not remedy the problem, then stop the HPLC (wait
for the pressure to drop to zero). It is then possible to reverse
the direction of the column by moving the frit to the other end
of the column.

12. Packing the tubing requires 0.8ml of resin permeter of column.

13. Packing these columns is slow—expect it to take all day to make
a column.

14. Depending on the length of your column, the O-GlcNAc-
modified peptides elute in the tail of the main peak or a little
afterwards. Do not worry if you do not see a distinct peak for
modified peptides, and collect fractions even beyond the point
at which there is any obvious UV absorbance (there will proba-
bly still be peptides there).

15. Inject LWAC Elute Buffer to elute any complex glycans that
may be bound to the column. The GlcNAc in this buffer
absorbs at 214 nm, so do not be concerned if you observe a
large UV peak.

16. To achieve maximum sample binding, the whole sample must
be passed several times through the C18 matrix.
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17. For steps 4–6, to achieve optimum flow and peptide recovery,
do not introduce air through the tip.

18. Modified peptides spectra need to be manually inspected,
particularly for site assignment reliability. One characteristic
of O-linked GlcNAc-modified peptides is the loss of O-GlcNAc
in CID spectra. N-linked GlcNAc-modified peptides have been
detected in ArabidopsisO-GlcNAc-enriched samples, similar as
reported in ref 15. However, N-linked GlcNAc is stable in CID
mass spectrometry, so loss of GlcNAc will not be detected from
N-linked GlcNAc-modified peptides.
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Chapter 4

Quantitative Analysis of Protein Phosphorylation Using
Two-Dimensional Difference Gel Electrophoresis

Zhiping Deng, Shuolei Bu, and Zhi-Yong Wang

Abstract

Posttranslationalmodificationsofproteins, especially phosphorylation anddephosphorylation, play an important
role in signal transduction and cellular regulation in plants. Both 2-DE gel-based and non-gel-based
proteomic technologies can monitor the changes in phosphorylation state of proteins. In this chapter, we
describe two protocols for discovery and validation of differential protein phosphorylation using affinity
enrichment of phosphoproteins by immobilized metal affinity chromatography (IMAC) or protein immu-
noprecipitation (IP) followed by two-dimensional difference gel electrophoresis (2-D DIGE). We name
these methods IMAC-DIGE and IP-DIGE. For IMAC-DIGE, phosphoproteins are enriched from tissue
extract using GaCl3-based IMAC and then analyzed by 2-D DIGE, which reveals changes of protein
phosphorylation as protein spot shifts. IMAC enrichment improves detection of low-abundance regulatory
phosphoproteins. For IP-DIGE, proteins of interest canbe immunopurified and then analyzedby2-DDIGE
to confirm changes of posttranslational modifications that alter the charge or size of the proteins.

Key words: Phosphoprotein, Immobilized metal affinity chromatography, Proteomics, 2-D DIGE,
Phosphorylation, Posttranslational modification, Brassinosteroid, BZR1

1. Introduction

Posttranslationalmodifications, such as phosphorylation, acetylation,
and ubiquitination, are major mechanisms for regulating protein
activity, localization, accumulation, and interaction with other
proteins (1). Protein phosphorylation by kinases and dephosphoryla-
tion by phosphatases are the most widely used mechanisms for signal
transduction and cellular regulation (2). Changes of protein phos-
phorylation are often the bases for responses to diverse endogenous
and environmental signals.Quantitative analysis of protein phosphor-
ylation changes associated with biological responses is a powerful
approach to identifying key components and uncovering critical
mechanisms underlying cellular responses to various signals (2).

Zhi-Yong Wang and Zhenbiao Yang (eds.), Plant Signalling Networks: Methods and Protocols,
Methods in Molecular Biology, vol. 876, DOI 10.1007/978-1-61779-809-2_4,
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With the advance in proteomics technology, it is possible to
globally profile changes in the abundance or phosphorylation state
of proteins and even specific phosphorylation sites. Quantitative
analysis at the proteomics level usually involves 2-DE gel-based or
non-gel-based approach. In the non-gel-based method, protein
mixtures are first digested into peptides, usually by trypsin, and
then analyzed by liquid chromatography coupled with tandem
mass spectrometry (LC–MS/MS).Quantitative comparison is com-
monly performed by labeling peptides with isotopic or isobaric mass
tags, such as isobaric tag for relative and absolute quantitation
(iTRAQ) (3), stable isotope labeling with amino acids in cell culture
(SILAC) (4), and isotope-coded affinity tags (ICAT) (5). Quantita-
tive phosphoproteomics has opened new perspectives in delineating
signaling pathway (6). One example of such MS-based quantitative
phosphoproteomics analysis in plants, using iTRAQ labeling and
enrichment of phosphopeptides of plasma membrane proteins (7),
identified protein phosphorylation changes induced by pathogen
signals in Arabidopsis thaliana. One disadvantage of LC–MS/MS
approach is that only partial peptide sequence is detected for
most proteins.

In contrast to LC–MS/MS, 2-DE gels separate whole proteins
based on their charge by isoelectric focusing (IEF) in the first
dimension and based on their molecular mass by SDS-PAGE in
the second dimension (8). As such, a change of phosphorylation at
any residue of the protein can be detected as spot shift along the IEF
dimension. In traditional 2-DE, protein spots are visualized and
quantified after staining the gels with silver nitrate or fluorescent
dyes, such as Sypro Ruby (Invitrogen) or Deep Purple (GEHealth-
care). A major drawback in traditional 2-DE is the gel-to-gel varia-
bility. Two-dimensional difference gel electrophoresis (2-D DIGE)
(9, 10), commercially introduced by GE Healthcare, greatly
improves the sensitivity and reproducibility of 2-DE. In 2-D
DIGE, two or three protein samples are covalently labeled with
different fluorescence dyes and then mixed and separated in the
same 2-DE gel. This allows direct comparison of two or three
samples in the same gel. Non-gel-based LC–MS/MS and 2-D
DIGE approaches are complementary and each has its own limita-
tions and advantages (11–13).

Compared to non-gel-based methods, 2-D DIGE directly ana-
lyzes whole proteins without tryptic digestion. In the LC–MS/MS
approach, tryptic digestion increases sample complexity and masks
some posttranslational modifications, such as proteolytic cleavage; a
change of phosphorylation can only be detected if the phosphopep-
tide is quantified. Thus, a major advantage of 2-D DIGE is that the
change of protein modification is detected at the whole protein
level, and the site of modification in the protein of interest can be
determined in subsequent MS/MS analysis. The disadvantages of
2-DE include its ineffectiveness in resolving proteins with extreme
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molecular weight or isoelectric points, or hydrophobic proteins.
However, neither 2-D DIGE nor LC–MS/MS can detect all
proteins of a complex biological sample. Usually, several thousands
of proteins can be analyzed, and sample prefractionation is required
for detecting low-abundance proteins by either method. 2-D
DIGE has been successfully used to study signal transduction in
both animals and plants (14–17).

Quantitative phosphoproteomics is challenging largely because
many phosphoproteins, especially those involved in signal transduc-
tion, are of low abundance and difficult to detect by 2-DE gels or
mass spectrometry. Furthermore, the stoichiometry of many phos-
phopeptides is low, making them difficult to detect. Therefore,
enrichment of phosphoproteins or phosphopeptides is often
required for detecting phosphorylation of signaling proteins.
For example, the change of phosphorylation status of a transcrip-
tion factor induced by brassinosteroid was not detected in total
protein (17), but observed in immobilized metal affinity chroma-
tography (IMAC)-enriched fractions (15).

A number of strategies have been developed for enrichment of
phosphoproteins or phosphopeptides, such as affinity purification
with phospho-specific antibodies, chemical modification followed
by biotin tagging, strong cation exchange chromatography,
and IMAC (6). IMAC is the most commonly used approach for
phosphoprotein enrichment. In this chapter, we describe a protocol
for enrichment of phosphoproteins from Arabidopsis tissues by
GaCl3-based IMAC, and subsequent analysis of changes in phospho-
proteins by 2-D DIGE. This protocol has successfully detected bras-
sinosteroid-induced changes of protein phosphorylation (15, 17).
In addition, we provide a method of immunoprecipitation followed
by 2-D DIGE for analyzing changes of phosphorylation or other
modifications of individual proteins of interest.

2. Materials

2.1. Preparation of Total

Protein Samples

1. Tris–HCl buffer (30�): 1.5 M Tris–HCl, pH 8.8 (see Note 1).
Store at room temperature.

2. Phenylmethanesulfonyl fluoride (PMSF) solution (100�):
Prepare 0.1 M solution in ethanol and immediately freeze in
1.0-ml aliquots at �20�C.

3. Protease inhibitor cocktail (1,000�): 7 mM E-64, 1.5 mM
bestatin, 2 mM pepstatin, 4 mM antipain, in DMSO. Store in
aliquots �80�C.

4. Protein extraction buffer Y: 0.1MTris–HCl, pH 8.8, 2% (w/v)
SDS, 5 mMEGTA, 10 mMEDTA. Store at room temperature.
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Add 2% (v/v) b-mercaptoethanol (see Note 2), 1 mM PMSF,
protease inhibitor cocktail right before use.

5. Tris-buffered phenol: Tris–HCl buffer-saturated phenol, pH
7.5–7.9. Store at 4�C.

6. 0.1 M Ammonium acetate in methanol: Store at �20�C in an
explosion-proof freezer.

7. DIGE sample buffer: 7 M urea (see Note 3), 2 M thiourea, 4%
(w/v) CHAPS. Filter through a 0.22-mm filter. Store in
aliquots at �20�C.

8. Bio-Rad (Hercules) protein assay dye reagent concentrate
(5�): Working solutions are prepared by diluting one part of
dye concentrate with four parts of H2O. Store at 4�C.

9. 50-mlCentrifuge tubes: VWR(Radnor, PA) superclear ultra-high
performance centrifuge tubes with flat caps, polypropylene,
maximum RCF 15,000 � g.

2.2. Preparation

of IMAC Columns

1. Chelating SepharoseFast Flow resin (GEHealthcareBio-Sciences).
Store at 4�C.

2. Free-flow chromatography columns, such as Bio-Rad Poly-Prep
Chromatography Columns, reservoir 10 ml (Bio-Rad). Store at
room temperature.

3. 0.1 M GaCl3: Carefully break the glass seal of GaCl3 powder
(Sigma) and dissolve in deionized water (284 ml) in a glass
beaker. Store at 4�C.

4. IMAC wash buffer: 6 M urea, 50 mM sodium acetate, pH 4.0,
0.25% (w/v) CHAPS. Pass through a 0.22-mm filter. Store at
�20�C.

2.3. IMAC

Chromatography

1. IMAC wash buffer: 6 M urea, 50 mM sodium acetate, pH 4.0,
0.25% (w/v) CHAPS. Pass through a 0.22-mm filter. Store at
�20�C.

2. IMAC dilution buffer: 6 M urea, 50 mM sodium acetate, pH
4.0. Store at �20�C.

3. IMAC elution buffer: 6 M urea, 50 mM Tris–acetate, pH 7.4,
0.1 M EDTA, 0.1 M EGTA, 0.25% (w/v) CHAPS. Pass
through a 0.22-mm filter. Store at �20�C.

4. 0.1 M ammonium acetate in methanol: Store at �20�C in an
explosion-proof freezer.

5. DIGE sample buffer: 7 M urea (see Note 3), 2 M thiourea, 4%
(w/v) CHAPS. Filter through a 0.22-mm filter. Store in ali-
quots at �20�C.

6. 15-ml Corex glass centrifuge tubes used with adaptors in a
horizontal rotor.
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7. Bio-Rad (Hercules, CA) protein assay dye reagent concentrate
(5�). Store at 4�C.

8. 20% Ethanol.

2.4. Two-Dimensional

Difference Gel

Electrophoresis

1. CyDye DIGE fluor, Cy2-, Cy3-, and Cy5-minimal dyes (GE
Healthcare Bio-Sciences).

2. Anhydrous dimethylformamide (DMF), Aldrich (22,705-6).
Store at room temperature (see Note 4).

3. 1.5 M Tris–HCl, pH 8.8. Store at 4�C.

4. pH indicator strips (Sigma, P4536), pH test strips (pH
4.5–10.0).

5. 10 mM lysine; store in aliquots at �20�C.

6. DIGE sample buffer: 7 M urea (see Note 3), 2 M thiourea, 4%
(w/v) CHAPS. Filter through a 0.22-mm filter. Store in ali-
quots at �20�C.

7. 1MDithiothreitol (DTT): Prepare fresh solutions for each use.

8. IPG buffer, pH 4–7 (GE Healthcare Bio-Sciences).

9. Immobilized pH gradient (IPG) strips (GE Healthcare Bio-
Sciences), pH 4–7, 24 cm. Store at �80�C.

10. DryStrip cover fluid (GE Healthcare Bio-Sciences).

11. 30.8% (w/v) Acrylamide/bisacrylamide solution: Dissolve
900 g high-quality acrylamide powder (>99.9%, Bio-Rad)
(see Note 5) and 24 g Bis (N,N0 methylenebisacrylamide)
(Bio-Rad) in 1,500 ml H2O. Mix by stirring, and add H2O to
total volume of 3,000ml. Filter the solution through a 0.22-mm
membrane to get rid of the insoluble substance. Store at 4�C in
dark bottle and away from light.

12. 10% (w/v) SDS in H2O.

13. Tris–HCl buffer: 1.5 M Tris–HCl, pH 8.8. Store at room
temperature.

14. PlusOne ammonium persulfate (GE Healthcare Bio-Sciences).

15. PlusOne N,N,N,N-tetramethylethylenediamine (TEMED)
(GE Healthcare Bio-Sciences). Store at 4�C.

16. Solution for casting 10% SDS-PAGE gels by Dalt six gel caster
(total 380 ml): 95 ml of 1.5 M Tris–HCl, pH 8.8, 127 ml of
30.8% acrylamide/Bis solution, 3.8 ml of 10% SDS, 154 ml
H2O, 0.38 g ammonium persulfate, 118 ml TEMED. Add
ammonium persulfate and TEMED right when ready to pour
the gel.

17. Water-saturated isobutanol: Mix 800 ml of n-butanol with
200 ml of water in a glass bottle, shake violently, and settle to
allow phase separation. Use the top layer to overlay gels. Store
at room temperature.
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18. SDSequilibrationbuffer: 6Murea, 30% (v/v) glycerol, 2% (w/v)
SDS, 50mMTris–HCl, pH8.0; aliquot in 50-ml tubes and store
at�20�C.

19. Agarose overlay solution: 0.5% (w/v) lowmelting point agarose
(Sigma) in SDS electrophoresis running buffer, microwave to
melt all the agarose, and keep it at 65�C water bath before use.
Store at room temperature.

20. Protein molecular weight markers: Load a precut 5 � 10-mm
filter paper strip with 3 ml of prestained proteinmarker (PageRule
Prestained Protein Ladder,MWfrom10 to 170 kDa, Fermentas,
Glen Burnie, MA). Also add 1 ml of 0.05% Bromophenol blue.
Store at �20�C.

21. Bromophenol blue (Sigma): 0.05% (w/v).

22. 1� SDS electrophoresis running buffer: 25 mM Tris, 192 mM
glycine, 0.1% (w/v) SDS. Do not adjust pH. Store at room
temperature.

23. 1� SDS electrophoresis running buffer: 25 mM Tris, 192 mM
glycine, 0.1% SDS. Add 12.1 g of Tris base, 57.6 g of glycine,
4 g of SDS, and water to 4L. Store at room temperature.

24. SDSequilibrationbuffer: 6Murea, 30% (v/v) glycerol, 2% (w/v)
SDS, 50mMTris–HCl, pH8.0; aliquot in 50-ml tubes and store
at �20�C. Add DTT (final concentration: 0.5% w/v) or iodoa-
cetamide (final concentration: 2% w/v) right before use.

25. 10% (w/v) SDS in H2O.

2.5. Western Blot 1. 10� PBS solution: 1.37 M NaCl, 27 mM KCl, 100 mM
Na2HPO4, 18 mM KH2PO4; adjust pH to 7.4 with HCl if
necessary. Autoclave before storing at room temperature.
Working solutions are prepared by dilution in H2O.

2. PBST solution: Add Tween-20 to 1� PBS solution to final
concentration of 0.1%.

3. Nitrocellulose membrane, 0.45 mm pore size (Bio-Rad).

4. Blocking solution: PBSTsolutionwith5% (w/v) nonfat drymilk.

5. Antibody buffer: Blocking solution with diluted antibody. The
working antibody concentrationmust be determined empirically.

6. Primary antibody (e.g., Rabbit anti-GFP polyclonal antiserum
for experiment in this chapter).

7. Secondary antibody (Goat Anti-Rabbit Antibody Conjugated
to Horseradish Peroxidase, Bio-Rad). Store at 4�C.

8. Semi transfer buffer: 25 mM Tris, 192 mM glycine, 20% (v/v)
methanol. Do not adjust pH. Store at room temperature.
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9. Chemiluminescence reagent, such as SuperSignal West Dura
Extended Duration Substrate (Thermo Fisher Scientific). Store
at room temperature or 4�C.

2.6. IP-DIGE 1. Protein immunoprecipitation (IP) buffer: 50 mM Tris–Cl, pH
7.5, 50 mM NaCl, 0.3 M sucrose, 0.5% (v/v) Triton X-100,
0.2 mM PMSF, 1� protease inhibitor (equivalent of Protease
Inhibitor Cocktail for plant cell extracts, Product Number P
9599, Sigma; add before use).

2. Protein A agarose beads. Store at 4�C.

3. Antibody against the protein of interest or its fused epitope tag.
Store at 4�C.

4. Miracloth (Calbiochem).

5. All materials described in Subheading 2.4.

3. Methods

3.1. Preparation

of Total Protein

Samples

1. Plant tissues: Dark-grown 4-day-old Arabidopsis thaliana
plants expressing the mutant bzr1-1D gene fused to cyan fluo-
rescence protein (mBZR1-CFP) (18) in Columbia-0 ecotype
background. Harvest whole seedlings of both control- and
brassinolide-treated samples. Freeze the tissue in liquid nitro-
gen immediately after harvest.

2. Grind the frozen tissue in liquid nitrogen with a porcelain
mortar and pestle to a fine powder, weigh 2 g of powder from
each sample, and transfer to a new 50-ml VWR tube for protein
extraction and transfer the rest powder to another 50-ml VWR
centrifuge tube for storing at �80�C freezer.

3. Keep the 50-ml tubes with 2 g of tissue powders on ice, and
then immediately add 6.0 ml of extraction buffer Y. Do not let
tissue thaw before adding the extraction buffer. Cover the tube
and vortex for 1 min to mix the extraction solution with the
tissue.

4. Incubate the 50-ml sample tubes in a tube holder in a water
bath at 65�C for 15 min. Heating would increase protein
solubilization by SDS.

5. Centrifuge at 14,000 � g for 20 min at 20�C to pellet the cell
debris in an Eppendorf F-34-6-38 Fixed-Angle Rotor on an
Eppendorf 5810R centrifuge.

6. Transfer 6.0 ml of supernatant to new 50-ml VWR tubes, add
an equal volume of cold Tris–HCl-buffered phenol, and mix by
inverting. Spin at 14,000 � g for 20 min at 4�C to separate the
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mixture into three phases: water phase (top), phenol phase
(bottom), and interphase (protein pellet).

7. Carefully remove the upper phase by pipetting (using 1.0-ml tips
and avoiding disturbing the interphase). Keep the interphase and
the bottomphase.Cover the50-ml tubes tightly to avoid leaking.
And discard the phenol waste in the waste container in compli-
ance with the local environmental protection authority.

8. Add 6 ml of Tris–HCl buffer (50 mM Tris–HCl, pH 8.8) into
lower phase, and mix by inverting. Spin at 14,000 � g for
20 min at 4�C. And discard the upper phase as in step 7.

9. Repeat step 8 one time.

10. To the lower phenol phase, add five volumes (~25 ml) of cold
0.1 M ammonium acetate in methanol. Mix and then incubate
at –20�C overnight to precipitate proteins.

11. Centrifuge at 12,000 � g for 20 min at 4�C to pellet the
protein. Discard the supernatant and do not disturb the pellet.

12. Gently add 5ml of coldmethanol. Leave on ice for 10min. Swirl
gently. Place the tubes back into the centrifuge rotor in the same
orientation as before (to avoid disturbing the pellet), spin at
12,000 � g for 5 min, and remove all liquid with a pipette.

13. Repeat step 12 three more times. Remove trace supernatant,
but do not dry the pellet (see Note 6).

14. Add 1.5 ml of DIGE sample buffer. Place the tubes back into
the centrifuge rotor in the opposite orientation as before, and
spin at 14,000 � g for 20 min to facilitate solubilizing the
pellet.

15. Sonicate at the lowest power, 10% pulse, for 20 s, three times to
increase protein solubilization. Keep on ice for 2 h to help
solubilize protein. Spin at 14,000 � g for 5 min.

16. Transfer the supernatant to a 2-ml centrifuge tube, and then
spin at 20,000 � g for 20 min at 4�C to remove pellet.

17. Determine protein concentration with Bio-Rad protein assay
dye (see Note 7). Adjust protein concentration to equal
(5–10 mg/ml) for each of the pair of samples. Aliquot the
supernatant to 1.5-ml centrifuge tubes. The proteins can now
be labeled with CyDye for 2-D DIGE, subject to IMAC frac-
tionation, or stored at �80�C.

3.2. Preparation

of IMAC Columns

1. Take 1 ml of Chelating Sepharose Fast Flow resin into each
10 ml of Chromatography Column. Wash with 10 ml of water.
Repeat wash three times.

2. Add 9ml of 100mMGaCl3, and incubate at room temperature
overnight on a rotator to keep beads suspended. Columns can
be stored at 4�C until needed.
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3. Drain liquid and wash column four times with 10 ml of water
each time. Then, wash with 5 ml of wash buffer.

4. Close the bottom of column with the yellow cap. Add 1 ml
of wash buffer. Stir and pipette up–down to suspend beads.
Dispense the beads into another empty column to make a pair
of columns with the same amount of settled resin. Drain liquid
when ready to load samples (see Note 8).

3.3. IMAC

Chromatography

1. Mix 0.5 ml of protein (~5 mg) with 8 ml of dilution buffer in a
50-ml VWR centrifuge tube. Then, filter through a 0.22-mm
filter by syringe.

2. Load the filtered samples (8.5 ml) onto the charged beads
(0.5 ml of beads in each column), seal the column with the
caps, and shake for 2 h on a roller shaker at room temperature
(22�C).

3. Keep the column vertical and let the resin settle, then open the
bottom, and let it flow through.Collect 0.5mlof flowas a control.

4. Carefully add 2 ml of wash buffer onto the sides of the column,
and let it flow through. Repeat this step four more times.

5. Carefully add 0.25 ml of elution buffer and let it flow through.

6. Close the bottom of column and add 0.25 ml of elution buffer.
Incubate for 5 min, and then collect the elute.

7. Repeat step 6 four more times.

8. Combine the collected elute (total 1.25 ml) into a 15-ml Corex
centrifuge tube. Precipitate the protein by adding 5� volume
(6.25 ml) of cold 0.1 M ammonium acetate in methanol. Store
at �20�C overnight.

9. Centrifuge at 15,000 � g (with adaptors) for 20 min at 4�C.
Wash pellet with cold methanol. Resuspend protein pellet in
DIGE buffer at ~5 mg/ml. Determine protein concentration
with Bio-Rad Protein Assay buffer. The proteins are ready for
labeling with CyDye or stored in �80�C freezer.

10. Regenerate column: Strip the beads of any bound metal by
incubation with ten volumes of elution buffer for 2 h with
gentle agitation. Drain, and wash with >20 volume water.
Keep in 20% ethanol at 4�C.

3.4. Two-Dimensional

Difference Gel

Electrophoresis

Analysis

1. Reconstitution of CyDye DIGE fluor minimal dyes in DMF:
Dissolve one tube (5 nmol) of each dye (Cy3, Cy5; Cy2 is
optional) in 25 ml of DMF. When usage is low and CyDyes
need to be stored for a long time, we take out 1-nmol aliquots
(5 ml) in new Eppendorf tubes, vacuum dry to remove all
solvent, and store dry CyDyes at �80�C. Before use, we add
5 ml of fresh DMF to one dry aliquot of CyDye to reconstitute
working solution. All dyes must be stored at �80�C freezer.
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The dyes have a deep color: Cy2—yellow, Cy3—red, and
Cy5—blue (see Note 9).

2. Labeling: Take 50 mg of protein (~6 ml) of each sample
(see Note 10) into a new tube, and adjust the pH to 8–9 using
about 0.3 ml of Tris–HCl buffer (1.5 M, pH 8.8). Mix each
sample with 0.5 ml of Cy3 or Cy5 dye (see Note 11). Optional:
Mix equal amount of all protein samples and then label the
mixed samples with Cy2 to be used as internal reference.

3. Keep the reaction tube on ice in the dark for 2 h. Stop the
reaction by adding 0.5 ml of lysine (10 mM) and incubate on ice
for 10 min.

4. Follow the manufacturer’s instruction to run the first-dimen-
sion IEF analysis. In this protocol, we use IPG strips (pH 4–7,
24 cm), strip holder (24 cm), and IPGPhor II, all from GE
Healthcare. Prepare the rehydration mixture for loading: both
mock and BL-treated protein samples (labeled with dyes), 9 ml
of DTT (1 M), and 2.25 ml of IPG buffer (pH 4–7), adding
DIGE buffer to 450 ml.

5. Gently pipette the rehydration solution evenly to the entire
strip holder without introducing bubbles, and after carefully
removing the plastic protective cover of the IPG strips, position
the strip in the strip holder with gel side down (facing the
rehydration solution), placing the acidic end of IPG strip over
the positive electrode. Carefully overlay DryStrip Cover Fluid
along the entire length of IPG strip (about 2 ml) to prevent
evaporation and urea crystallization during electrophoresis.

6. Run the IEF as follows: rehydration for 2 h, 50 V for 10 h,
step and hold at 500 V, 1,000 V for 1 h each, gradient to
8,000 V in 3 h, and then hold at 8,000 V, until reaching a
total of 68, 000 V h. During the IEF, set the maximum current
50 mA/strip (see Note 12). IEF-focused strips can be stored at
�80�C, but are preferably used immediately for second-dimen-
sion SDS-PAGE.

7. During IEF, cast large SDS-PAGE gels with Daltsix gel caster
according to manufacturer’s (GE Healthcare) instructions.
Assemble the gel caster according to Ettan DALTsix user’s
manual (GE Healthcare). Combine the appropriate amount of
acrylamide/Bis stock solution, 1.5 M Tris–HCl, pH 8.8, 2%
SDS, and H2O (see Note 13). Add appropriate amount of
ammonium persulfate and TEMED, mix thoroughly by stir-
ring, and pour the acrylamide gel solution into the gel caster
until the gel surface is 1 cm below the upper edge of the small
glass plate. Add water-saturated isobutanol to cover the
acrylamide surface and let the solution polymerize at room
temperature for at least 2 h. Best polymerization can be achieved
by letting the gel polymerize overnight at room temperature.
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Precast gels that are compatible with 2-D DIGE and Ettan Dalt
II system can be obtained commercially (e.g., Jule Inc).

8. Equilibrate the focused IPG strips in equilibration buffer first
with 0.5% DTT and then with 2% iodoacetamide, each for
15 min (see Note 14). Briefly rinse the equilibrated strips in
SDS-PAGE running buffer, and then carefully transfer the
strips on top of the large SDS-PAGE gels.

9. Heat the agarose overlay solution in a microware, and carefully
pipette it onto the IEF strips. Use a long and even-edged thin
spatula to push the IEF strips to rest on the gel, and make sure
that no bubbles are introduced between the strip and the SDS-
PAGE gel. Add a paper strip socked with molecular mass
makers next to one side of the IPG strip.

10. Fill the lower part of Dalt II tank with 1� SDS electrophoresis
buffer (~7 L) and cool it to 15�C. Then, slide the gel cassettes,
one by one, into the tank. Fill open slots with the blank cas-
settes. Check that all cassettes are settled and then fill the upper
part of the tank with 1� SDS electrophoresis buffer to the level
below the maximum level set by the manufacturer (~2.5 L). Set
the temperature to 15�C, and run the electrophoresis at 40 V
for 2 h and then at 120 Vuntil the bromophenol blue front just
runs out of the gels. Stop the Ettan Dalt II electrophoresis
system, and carefully remove the 2-DE gels from the tank.

11. Acquire images using a Typhoon scanner Trio or 9400 (GE
Healthcare). Scan Cy2 images with the 488-nm laser and a
520/40-nm band-pass emission filter, Cy3 images using the
532-nm laser and 580/30-nm band-pass emission filter, and
Cy5 images with the 633-nm laser and 670/30-nm band-pass
emission filter. Set the focal plane +3 mm for Ettan DIGE gels.
Set the appropriate PMT voltage and pixel size (see Note 15),
and start the scan. Scanning two large Ettan Dalt II gels at
100 mm will take about 1 h.

12. Evaluation of phosphoprotein enrichment efficiency can be
performed by comparing Western blot signals of input (total
protein) with IMAC-enriched phosphoprotein when blotted to
anti-phosphothreonine antibodies (Fig. 1a). Approximately
tenfold increase in the phosphoprotein signal intensity was
usually observed after IMAC enrichment in our studies.
A representative 2-D DIGE image comparing total protein
with phosphoprotein was shown in Fig. 1b, which showed
dramatic differences in large numbers of protein spots.

3.5. Analysis of the DIGE

Images with Decyder

6.5 Software

2-D DIGE images can be visualized in ImageQuant software
(GE Healthcare). Differential spots can be visually identified as
green or red color representing Cy3- and Cy5-labeled samples.
Difference in phosphorylation of a protein between the two samples

4 Quantitative Analysis of Protein Phosphorylation Using Two-Dimensional. . . 57



can be detected as a row of spots of similar molecular weight but
different color from the acidic to basic side of the gel (see fig. 7 of ref.
15, and fig. 1 of ref. 19 for examples of images). To quantify the
differences of spot intensity between the samples, images can be
analyzed using the Decyder software (GE Healthcare).

1. Save the gel image files as Decyder DIGE file naming format
and crop the images. The Decyder 6.5-recommended file name
includes four parts: a general description (this part should be
identical for three images from the same gel), followed by a
functional description (standard, control, or treated), then
labeling description (Cy2, Cy3, or Cy5), and an extension in
the end. For example, three images from the same gel could
be named as BLtreatment1 standard Cy2.gel, BLtreatment1
control Cy3.gel, and BLtreatment1 treated Cy5.gel. These
three images are grouped into a folder named BLtreatment1.
Use ImageQuant 5.3 (GE Healthcare Bio-Sciences) or Image-
Quant TL software to crop image files to exclude nonessential
information. We usually only keep the areas with well-resolved
spots and remove the four boundaries.

2. Analyze each gel images using the Decyder DIA (differential
in-gel analysis) module for spot detection and quantitation for
intra-gel analysis. For a well-resolved Ettan Dalt II large gel, set
the estimated number of spots as 5,000. And exclude those
spots with slope > 1.1, area < 100, volume < 1,000, or peak
< 100. Also only include those areas with clearly visible spots.

Fig. 1. Evaluation of IMAC enrichment of phosphoproteins. (a) Immunoblot of total protein
and IMAC fraction using anti-phosphothreonine antibodies. (b) 2-D DIGE comparison of
total protein (Cy3, green) to IMAC fraction (Cy5, red ). Proteins that were enriched in the
phosphoprotein fraction appear red. This research was originally published in ref. 15 and
is reproduced with permission from the American Society for Biochemistry and Molecular
Biology.
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3. Process multiple DIGE gels with biological variation analysis
(BVA) module to perform gel-to-gel matching of spots, and to
quantify protein expression across multiple gels. Group the gel
images into three groups: standard, control, and treated sam-
ples. After spot matching, statistical analysis, such as Student’s
t-test and average ratio, should be performed between the
control and treated groups. Set the average ratio (>1.3 or
<1.3, in our study) and Student’s t-test value (p < 0.05) to
identify spots of interest.

4. Manually check spots of interest to make sure that they are
correctly matched among different gels, and they are real pro-
tein spots and not dust particles (see Note 16). Spots of interest
can be picked by robotic Ettan Spot Picker from preparative
gels (see Note 17), in-gel trypsin digested, and analyzed by
standard tandem mass spectrometer for spot identity.

3.6. Detection

of Multiple

Phosphorylation Forms

by 2-DE Western

Blotting

The extensive spot overlap in 2-DEgels demands that the identity of
important protein spots be confirmed by immuno methods. 2-DE
Western blotting can analyze modification forms of a given protein
(see fig. 1c of ref. 19, e.g.). Immunoblot of 2-D DIGE gel allows
alignment of immunosignals to the DIGE spot patterns.

1. Carefully open the 2-DE gel cassette with a Wonder Wedge
(GE Healthcare), and allow the gel to stick to one glass plate.
Carefully cut the gel area that contains the expected protein
with a plastic ruler.

2. Electro-blot the SDS-PAGE gel to nitrocellulose membrane.

3. Incubate the nitrocellulose sheet in the immunoblocking solu-
tion at 4�C overnight with gentle shaking.

4. Transfer membrane to first antibody solution (1:500 dilution in
our case); incubate for 1 h at room temperature with gentle
shaking.

5. Wash the blot four times, 5 min each, in PBST with shaking.

6. Transfer blot to appropriately diluted secondary antibody solu-
tion (1:500 dilution in our case). Incubate with shaking for
60 min.

7. Wash the blot four times, 5 min each, in PBST with shaking.

8. Prepare chemiluminescence (e.g., SuperSignal West Dura)
working solution by mixing equal volumes of the Stable Perox-
ide Solution and the Luminol/Enhancer Solution. Use appro-
priate amount of working solution to cover the entire
membrane.

9. Remove blot from Working Solution and place it in a plastic
membrane protector or plastic wrap. Remove excess liquid
using an absorbent tissue.
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10. Acquire both luminescence image and Cy dye image from the
blot using an imaging system equipped with sensitive CCD
camera (such as the FluroChem Q imaging system of Cell
Biosystems, formerly Alpha-Innotech). Image can also be
acquired using film, and then aligned to the blot to locate the
spots on gel.

11. Enrichment of BZR1-CFP was shown by immunoblotting to an
anti-GFP antibody (Fig. 2a). In our study, dephosphorylation of
BZR1-CFP after brassinolide treatment was not detected in 2-D
DIGE of total proteins (Fig. 2b), but was detected as a string of
red and green spots shifted along IEF dimension in the phospho-
protein samples (Fig. 2c). Immunoblotting of 2-DE gel detected
BZR1 in the corresponding spots (Fig. 2d).

3.7. Verifying Changes

of Protein Modification/

Phosphorylation Using

IP-DIGE

Changes in posttranslational modifications that shift the spot
position, such as phosphorylation, can be verified by immunopre-
cipitation followed by 2-D DIGE analysis. A protein of interest is
immunoprecipitated using antibody against the protein itself or the
epitope tag fused to the protein expressed in transgenic plants. The
protein immunoprecipitated from different biological samples can
be labeled with Cy2, Cy3, and Cy5, and analyzed by 2-D DIGE.
Difference in phosphorylation, or other modifications that change
the charge of the protein, can be detected as spot shift along the
IEF dimension and quantified by spot ratios along the train of
spots. A control sample lacking the antigen protein, such as a
knockout mutant or nontransgenic plant, can be labeled with Cy2
and included to confirm the identity of the protein spots. IP-DIGE
directly compares biological samples for the amount of different
modification forms of a protein in the same 2-DE gel, which is

Fig. 2. BZR1 protein is detected by 2-D DIGE following IMAC enrichment of phosphoproteins. (a) Immunoblot of mBZR1-CFP
in total protein and IMAC fractions of plants treated with mock solution (�) or 100 nM BL (+) for 2 h using anti-
GFP antibodies. (b, c) Total protein (b) or phosphoprotein fractions (c) were analyzed by 2-D DIGE after labeling BL-treated
and untreated samples with Cy3 and Cy5, respectively. (d) Gel of panel c was blotted and probed with anti-GFP antibodies.
Cyan arrows show the hyperphosphorylated and blue arrows show the hypophosphorylated or unphosphorylated mBZR1-
CFP proteins. Matching areas of 2-DE are shown in panels b–d. This research was originally published in ref. 15 and is
reproduced with permission from the American Society for Biochemistry and Molecular Biology.
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more reliable than comparing two gels in 2-DE Western blotting
described above.

3.7.1. Prepare Antibody-

Protein A Beads

1. Wash 50 ml of 1:1 protein A beads slurry with 1 ml of IP buffer.
Keep about 100 ml of buffer and add 10 mg of antibody against
the protein of interest or its epitope tag. Incubate at 4�C
overnight or longer with gentle shaking.

2. Before the protein extract is ready (step 6 in Subheading 3.7.2
below), centrifuge at 1,000 � g for 1 min to collect the anti-
body-Protein A beads. Add 1 ml of IP buffer and split equally
into two 1.5-ml tubes. Centrifuge again and remove all liquid.

3.7.2. Extraction of Proteins 1. Grind tissues of treated and untreated samples into fine powder
in liquid nitrogen.

2. Weigh 0.5 g of tissue powder in tubes and add 2 ml of IP
buffer.

3. Vortex for 1 min and keep on ice for 5 min.

4. Filter the extracts through two layers of Miracloth into 50-ml
tubes, and centrifuge at 3,700 � g for 3 min.

5. Transfer the supernatant into new 2-ml tubes.

6. Centrifuge at 10,000 � g for 15 min at 4�C.

7. Transfer supernatant into new 2-ml tubes.

3.7.3. Immunoprecipitation 1. Add 1.5 ml of extract of control and treated samples to each
tube of antibody-Protein A beads.

Incubate with shaking at 4�C for 90 min.

2. Spin at 1,000 � g for 30 s, and remove supernatant.

3. Wash four times using 1 ml of IP buffer containing 0.1% Triton
X-100 (see Note 18).

4. Wash with 1 ml of 50-mM Tris–Cl, pH 8.5. Spin at 1,000 � g
for 30 s. Remove all liquid.

5. Add 10 ml of DIGE buffer (pH 8.5) to the beads (see Note 19).

3.7.4. CyDye Labeling

and 2-D DIGE

1. Add 50 pmol of Cy3 and Cy5 minimum dye (see Note 20) to
the IP beads of control and treated samples, respectively. Mix
by tapping the tube. Shake tubes at 4�C in the dark overnight.
Sensitivity of dye labeling can be improved with saturation
CyDye labeling (see Note 20).

2. Add 10 ml of 10 mM lysine to stop the labeling. Incubate on ice
for 10 min.

3. Add 50 ml of DIGE buffer. Spin at top speed in Eppendorf
centrifuge for 10 s. Transfer liquid to new 0.5-ml Eppendorf
tubes.
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4. Repeat step 3 and combine the eluates.

5. Combine samples labeled with different CyDyes. Add DIGE
buffer to bring to the final volume suggested for the IPG strip
to be used (e.g., 250 ml for 7-cm IPG strip).

6. Run 2-D DIGE as described above. Choose IPG pH range
based on the predicted pI of the protein or observed spot
location in initial 2-D DIGE, where the protein was identified
(if nontagged native protein is immunoprecipitated by its own
antibody). Phosphorylated form of the protein is more acidic.

7. Scan gels for each CyDye image. Adjust the contrast of each
channel so that the spots of IgG are yellow. The different phos-
phorylated forms of the protein should form a row of spots, and
green or red color at either end of the row would indicate
difference in phosphorylation or other charge-changing modifi-
cation between the control and treated samples. The relative level
of modification forms can be quantified using the DeCyder
software, as shown by Deng et al. (17).

4. Notes

1. Use high-quality water for all steps, such as double-distilled
water or commercial LC/MS grade bottled water (Sigma).

2. Be sure to add the reducing agent b-mercaptoethanol; other-
wise, the purified total protein will be contaminated with chlo-
rophyll and other compounds.

3. Prepare urea-containing solution freshly and do not heat it over
37�C since high temperature converts urea to isocyanate which
modifies proteins by carbamylation of primary amines. Thismod-
ification can lead to changes in protein pI and result in spot train
(a number of spots on the horizontal line) on 2-DE gels.

4. DMFmust be anhydrous since it reacts with water and degrades
to produce amine compounds over time after opening. Amines
react with the NHS ester of CyDye, reducing the amount of
dyes available for protein labeling. We usually take DMF out
from an unopened bottle with syringe and needle without
removing the rubber cap. Aliquot DMF into 1.5-ml centrifuge
tubes for single-time use. Aliquots of DMF can be kept at
�80�C freezer for at least 1 year.

5. Use high-purity acrylamide for 2-DIGE analysis, such as 99.9%
pure acrylamide powder (Bio-Rad), �99% (HPLC) acrylamide
(Sigma), or PlusOne Acrylamide PAGE (GE Healthcare
Bio-sciences). Low-quality acrylamide contains impurities that
interfere with gel polymerization reaction and produce high fluo-
rescence backgrounds.
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6. Do not dry the protein pellet; otherwise, it will be very difficult
to dissolve it. Remove the final few drops of liquid in the tube
with fine tips, and then add DIGE buffer immediately to cover
the pellet.

7. High concentration of DIGE buffer interferes with protein
concentration determination by Bio-Rad protein assay. In our
case, 1 ml of DIGE buffer in 1,000 ml of Bio-Rad protein assay
buffer (working solution) is appropriate for quantification.

8. Pay attention to details to make sure that the two columns are
identical. The IMAC columns should have the same amount of
beads, packed in the same way, and the same flow rate.

9. TheCyDye inDMFgives a deep color: Cy2—yellow, Cy3—red,
and Cy5—blue. Notice that the color of Cy3 and Cy5 solutions
is opposite to the color of their fluorescence.

10. It is recommended by manufacturer (GE Healthcare) to use
50 mg of protein and 400 pmol of dye in each reaction. How-
ever, we found that less dye (50–100 pmol) or less protein
(20–30 mg) yield sufficient signal and can significantly reduce
the cost for 2-D DIGE experiment. But the gel plates must be
absolutely clean to reduce background signal.

11. Since fluorescent properties of DIGE dyes are affected by
exposure to light, it is recommended that protein labelling
should be performed under dim light, labeling reactions should
be kept in the dark on ice, and exposure of labeled protein to
light should be kept to minimum.

12. The length of the IPG strip and its pH range should be deter-
mined according to the sample of interest. In general, using
both the 24-cm IPG strips (pH 4–7) and 18-cm IPG strips (pH
6–11) gives a good balance of coverage and resolution.

13. Make sure that all solutions for preparing large 2-DE gels are at
room temperature before use. Otherwise, the gels are not
polymerized well, and proteins (especially of those with high
molecular mass) are not resolved well on the 2-DE gel. Since
acrylamide stock and Tris buffer solution are usually stored at
4�C, it is a good practice to take out the required amount of
Tris–HCl, acrylamide, and water, mix them, and leave at room
temperature overnight before use.

14. Make sure that the equilibration buffer reaches room tempera-
ture before use. Otherwise, equilibration will not be achieved
adequately. Add DTT and iodoacetamide powder in the equili-
bration buffer right before use. DTT is easily dissolved in the
SDS equilibration buffer, but iodoacetamide does not dissolve
immediately. So iodoacetamide should be added into the SDS
equilibration buffer at least 20 min before use.
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15. The PMT voltage can be set from 300 to 1,000 V, but we
recommend using voltage below 600 V to reduce fluorescence
background. A quick prescan at 500- or 1,000-mm pixel reso-
lution should be performed to identify a suitable voltage, and
adjust the voltage as needed to have a maximum pixel intensity
of around 50,000–90,000 on the gels. Scan the images at 100-
mm pixel resolution for Decyder software analysis. Images
scanned at higher resolution (50 or 25 mm) have larger file
size, but are not compatible with Decyder 6.5.

16. If protein extraction, IEF, and second-dimension SDS-PAGE
are performed in the same batch and the gels are prepared
simultaneously in the same gel caster, Decyder will easily
match spots among different gels. Gels run at different batches
usually need laborious manual matching. So it is recommended
to perform protein extraction and 2-DIGE in a batch for
sample comparison.

17. For minimum dye-labeling 2-D DIGE, the spot signal level is
determined by the amount of CyDye and not the amount of
protein used, except that the protein concentration affects
labeling efficiency. Thus, we use low amount of protein loading
(50–100 mg/gel) to obtain highly resolved images in analytical
gels. At least three biological repeats are required for statistical
analysis. For spot picking and protein identification by mass
spectrometry, we suggest maximum amount of protein load-
ing, and we usually run 0.2–1 mg protein in a 24-cm prepara-
tive gel for spot picking. However, high amount of protein
loading on the 2-DE gels usually increases spot overlap and
lowers spot resolution. For some spots in crowded area, we run
narrow pH range gels to improve separation. Because CyDye
shifts spots to higher molecular weight, spot picking by robotic
Ettan Spot Picker should be based on post-gel staining with
Deep Purple or SYPRO ruby fluorescence dyes. Manual pick-
ing is possible after staining gel with silver or Coomassie blue,
though spots must be carefully matched to the DIGE image.

18. At this step, an aliquot of the IP beads containing the putative
phosphorylated protein can be treated with phosphatase (calf
intestinal phosphatase, CIP), and then processed for labeling
using Cy2 and DIGE analysis in the same gel as untreated
samples. CIP treatment should dephosphorylate the protein
and shift the phospho-spots to the basic side, confirming that
spot shift is due to phosphorylation.

19. For efficientCyDye labeling,minimize the volume andmaximize
the concentration of protein. Make sure that pH is 8.5–8.8.

20. Using saturation-labeling CyDyes, DIGE Fluor can be over
100-fold more sensitive than minimal labeling CyDyes. When
using saturation-labeling CyDyes, beads should be resuspended
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in the buffer for saturation CyDyes. Only proteins containing
cysteine can be detected by saturation-labelingCyDyes, and only
proteins containing lysine are detected by minimal CyDyes.
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Chapter 5

Quantitative Analysis of Plasma Membrane Proteome
Using Two-Dimensional Difference Gel Electrophoresis

Wenqiang Tang

Abstract

The plasma membrane (PM) controls cell’s exchange of both material and information with the outside
environment, and PM-associated proteins play key roles in cellular regulation. Numerous cell surface
receptors allow cells to perceive and respond to various signals from neighbor cells, pathogens, or the
environment; large numbers of transporter and channel proteins control material uptake or release.
Quantitative proteomic analysis of PM-associated proteins can identify key proteins involved in signal
transduction and cellular regulation. Here, we describe a protocol for quantitative proteomic analysis of
PM proteins using two-dimensional difference gel electrophoresis. The protocol has been successfully
employed to identify new components of the brassinosteroid signaling pathway, and should also be
applicable to the studies of other plant signal transduction pathways and regulatory mechanisms.

Key words: Signal transduction, Proteomics, Plasma membrane, 2-D DIGE, Protein prefractiona-
tion, Brassinosteroids

1. Introduction

Signal transduction is important for plants because plants are sessile
and rely on signal transduction pathways to regulate gene expres-
sion and to adapt to the changing environment. However, our
knowledge of plant signal transduction pathways is still very lim-
ited. Although genetic studies in model systems such asArabidopsis
have identified key components of many signaling pathways, there
are often gaps in these genetically defined pathways largely because
many genes’ functions cannot be identified by traditional genetic
studies due to genetic redundancy or lethality. On the other hands,
recent progresses in proteomic technologies have provided impor-
tant tools for identifying new signal transduction proteins (1).

Zhi-Yong Wang and Zhenbiao Yang (eds.), Plant Signalling Networks: Methods and Protocols,
Methods in Molecular Biology, vol. 876, DOI 10.1007/978-1-61779-809-2_5,
# Springer Science+Business Media, LLC 2012
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Compared with the traditional genetic studies which rely on
phenotypes caused by altering gene activity, proteomic studies
identify protein functions based on the changes of protein’s abun-
dance or modification associated with cellular or physiological per-
turbation or protein’s interaction with other known proteins.
Proteomics not only identifies proteins’ function, but also reveals
their mechanisms of function and regulation, such as posttransla-
tional modifications and protein–protein interaction (2, 3).

While proteomics is a powerful approach for biological
research, it has its own challenges and limitations. A major chal-
lenge is the high complexity of the proteomes. The most recent
release of Arabidopsis genome annotation indicates that the Arabi-
dopsis genome contains 27,416 protein-encoding genes. Each gene
can encode different proteins due to alternative splicing and each
protein can be regulated by a wide range of posttranslational mod-
ifications, such as phosphorylation, methylation, ubiquitination,
and acetylation. Therefore, the complexity of cellular protein spe-
cies is actually much higher. Moreover, the abundance of the pro-
teins in a cell may differ by up to ten orders of magnitude, and
proteins involved in signal transduction or regulation normally
exist in low abundance and thus are difficult to detect. Due to
high sample complexity and limited analytical power, current pro-
teomic technologies cannot analyze all the proteins of a eukaryotic
sample, unlike genomic analysis of the whole genome by microarray
or high-throughput sequencing. Therefore, reducing the complex-
ity of protein profiles by sample prefractionation strategies, such as
subcellular fractionation and affinity purification, is considered crit-
ical for studying low-abundance signal transduction proteins by
proteomic approaches (4, 5).

Two types of proteomic approaches have been widely used.
Two-dimensional gel electrophoresis (2-DE) separates proteins
based on charge by isoelectric focusing (IEF) electrophoresis in
first dimension and based on size by SDS-PAGE in second dimen-
sion (6). Traditional 2-DE separates one sample in each gel and
relative quantification is achieved by comparison between gels,
which is not accurate because of gel-to-gel variations. A significant
improvement was introduced about a decade ago by a new method
called 2-D difference gel electrophoresis (2-D DIGE) (7, 8). 2-D
DIGE uses different fluorescence dyes to covalently label proteins
before proteins are mixed together and then separated in the same
2-DE gel. Images of different samples acquired from the same gel
have the same spot patterns and can be directly compared to quan-
tify abundance ratios. 2-D DIGE allows direct comparison of up to
three samples within the same gel. By using a pooled reference
sample in all gels, cross-gel comparison and multiplexing can be
performedwhen large numbers of samples need to be compared (8).
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The proteins of spots of interest can be identified by in-gel digestion
followed by mass spectrometry analysis.

Another proteomic approach is gel-free and based on direct
mass spectrometry analysis of digested peptides. This approach has
become more and more popular due to improvement of MS tech-
nology, such as powerful tandem mass spectrometry (MS/MS).
Typically, liquid chromatography of tryptic peptides is performed
before MS analysis (LC–MS/MS), and isotope or isobaric labeling
improves quantitative comparison between samples (3).

Although there has been a trend in the field to shift from 2-DE
to gel-free MS approaches, each method has its own strength
and limitations. 2-DE is believed to have limitations for certain
types of proteins, such as hydrophobic proteins and proteins
of extreme molecular weight or charge. In particular, 2-DE
is widely considered ineffective for separating transmembrane
proteins; however, proteins containing single transmembrane
domain or peripheral membrane-associated protein can be readily
resolved in 2-DE. Gel-free methods in principle can detect any
proteins/peptides. However, in reality, peptides representing only
a few thousands of proteins can be detected in typical LC–MS/MS
analysis. Major advantages of 2-D DIGE include reliable quantita-
tive analysis of not only protein abundance but also posttransla-
tional modifications/processings that cause spot shifts in the gel.
For example, phosphorylation shifts a protein spot to the acidic side
in the IEF dimension and protein cleavage or modification by
ubiquitination would shift protein spot along the SDS-PAGE
dimension (9). In LC–MS/MS, a change of posttranslational mod-
ification can only be analyzed when the peptide containing the
modification is detected, and usually only a few peptides
are detected in LC–MS/MS for each low-abundance protein.
Therefore, 2-D DIGE has some unique advantages in studying
signal transduction.

Following the protocol described here, we have analyzed
the early brassinosteroid (BR)-regulated plasma membrane (PM)
proteins using 2-D DIGE, and we were able to identify two major
components of the BR signal transduction pathway: the BAK1
receptor kinase previously identified by molecular genetics
and the BR-signaling kinases (BSKs) as new components
that transduce signal downstream of the BR receptor kinase
BRI1. We also identified a number of other novel BR-regulated
PM-associated proteins (5, 10). Our data demonstrated that 2-D
DIGE coupled with prefractionation is a very powerful approach
in studying signal transduction pathway. Although the protocol
is described for comparison between BR-treated and un-
treated samples, it can be used for comparison between any
biological samples.
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2. Materials

2.1. Growth of

Arabidopsis Seedlings

and Cell Lysis

1. Growth media: 1/2 Murashige and Skoog basal salt mixture
and 1.5% sucrose; adjust pH to 5.7 with 1 M KOH.

2. 2 mM brassinolide (BL) in 85% ethanol; aliquote and store at
�20�C.

3. 1,000� Protease inhibitor cocktail: 1 mM E-64 (Sigma),
1 mM bestatin (Sigma), 1 mM pepstatin (Sigma), and 2 mM
leupeptin (Sigma) in dimethyl sulfoxide (DMSO); aliquote and
store at �80�C.

4. 1,000� Phenylmethanesulfonyl fluoride (PMSF, Sigma): Dis-
solve 1 M PMSF in isopropanol. Store in aliquots at �20�C.

5. 100 mM cantharidin (Sigma) in DMSO; aliquote and store at
�20�C.

6. 1 M dithiothreitol (DTT, Sigma) in double-distilled water
(ddH2O); aliquot and store at �20�C.

7. 200 mM sodium orthovanadate in ddH2O (see Note 1).

8. Tissue grinding buffer (bufferH): 25mMHEPES, pH7.5with
NaOH, 0.33 M sucrose, 10% glycerol, 0.6% polyvinylpyrroli-
done, 5 mM ascorbic acid, 5 mM Na-EDTA, 50 mM NaF,
2 mM imidazole, and 1 mM sodium molybdate. Store aliquots
at�20�C and thaw on ice before use (see Note 2). Right before
grinding, add protease inhibitor cocktail, PMSF, DTT, canthar-
idin, and activated sodium orthovanadate stock solution to
make the final grinding buffer containing 1 mM PMSF, 5 mM
DTT, 0.1 mM cantharidin, and 1 mM sodium orthovanadate.

2.2. Plasma Membrane

Isolation

1. Dextran stock solution (20%, w/w) is prepared by adding
780 g of ddH2O to 220 g of Dextran T-500 (average molecular
weight 500,000, Fisher scientific) on a balance. The mixture
can be incubated at 50�C water bath to facilitate dissolving.
Aliquot and store at �20�C (see Note 3).

2. PEG stock solution (40%, w/w) is prepared by adding 300 g of
ddH2O to 200 g of polyethylene glycol (PEG)-3350 (average
molecular weight 3,350, Sigma). Store in aliquots at �20�C.

3. Potassium phosphate buffer (0.2 M, pH 7.8): Mix 0.2 M
K2HPO4 with 0.2 M KH2PO4 by constant stirring until the
pH of the solution reaches 7.8.

4. 1 M potassium chloride in ddH2O.

5. Na-EDTA 50 mM in ddH2O, pH 7.8 with NaOH.

6. 2 M Sucrose in ddH2O.

7. Microsome resuspension solution (buffer R): Prepare 4� stock
containing 20 mM potassium phosphate (pH 7.8), 1 M
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sucrose, 32 mM KCl, and 0.4 mM EDTA using stock solution
listed on items 3–6. For resuspension of microsome, add pro-
tease inhibitor cocktail and 1 mM DTT to 1� buffer R right
before use. KCl concentration in buffer R should match the
final KCl concentration chosen for the two-phase mixture. In
this case, the author used a two-phase mixture with 6.0% poly-
mers and 8 mM KCl.

8. T3 upper-phase dilution solution (buffer D): 5 mM potassium
phosphate (pH 7.8) and 0.1 mM EDTA. Add protease cocktail
and 1 mM DTT right before use.

9. Two-phase mixture preparation: One day before PM purifica-
tion, according to Table 1, on a balance, mix 12 g of 20%
(w/w) Dextran T-500, 40% (w/w) PEG 3350, 4� buffer R,
and ddH2O in a 25-ml glass centrifuge tube for a 16 g of two-
phase mixture. Three 12 g of two-phase mixtures should be
prepared for each sample and labeled with T1, T2, and T3,
since two wash steps are to be used for PM purification. Leave
T1 for future microsomal resuspension solution, and weight
4 g of 1� buffer R to each T2 and T3 tube to make a full
strength 16 g of two-phase mixture. Vortex and spin T1, T2,
and T3 at 1,000 � g for 5 min in a swinging rotor to facilitate
phase settling (see Note 4). Store T1, T2, and T3 at 4�C until
used for PM preparation.

2.3. Sample Labeling

and Two-Dimensional

Gel Electrophoresis

Ideally, two-dimensional electrophoresis should be performed
using the 2-D DIGE system of GE Healthcare. 2-DE equipment
of other companies, such as Bio-Rad, can also run 2-D DIGE
with some modifications: the glass plates for SDS-PAGE should
be low-fluorescence glass and one of the two glass plates for each

Table 1
Two-phase system with 6.0% Dextran T-500, PEG 3350, and 8 mM KCl

Phase mixture

4 g 16 g 20 g

a20% (w/w) Dextran T-500 (g) 1.2 4.8 6

a40% (w/w) PEG 3350 (g) 0.6 2.4 3

4� Buffer R (g) 0.75 3 3.75

ddH2O to the weight of (g) 3 12 15

Microsome in buffer R (or buffer R alone) to the weight of (g) 4 16 20

aTwo-phase systems with various Dextran concentrations can be prepared by varying the amount of 20%
Dextran, 40% PEG 3350 and ddH2O
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gel must be treated with Bind Silane so that the gel will attach to
one plate and will not change shape during staining and spot
picking. Precast SDS-PAGE gels are commercially available, but
we routinely cast our own gels to reduce cost. We recommend
using the 24-cm IPG strips and 26 x 20-cm SDS-PAGE gels
because large gels produce higher resolution. In general, the num-
ber of protein spots that can be detected is correlated to the size
of the gels. A fluorescence scanner, such as the Typhoon Trio
(GE Healthcare) or similar equipment, is required for acquiring
the Cydye images. Image analysis should be performed using
DeCyder software (GE Healthcare). Other 2-DE software can be
used, but software that performs spot detection on separate images
from the same gel tends to introduce errors in quantitation. Spot
picking should be performed using the Ettan Spot picker of GE
Healthcare, which is designed to pick spots based on fluorescence
images with two reference spots. Manual spot picking is possible by
post-staining the gel with Coomassie Blue or silver after acquiring
the fluorescence images.

1. 2-DE buffer: 7 M urea, 2 M thiourea, and 4% CHAPS in
ddH2O. Filter through a 0.22-mm filter and store at �20�C
as 1 ml of aliquots to avoid repeated freeze and thaw.

2. CyDye working solution: 0.1 mMCyDye DIGE Fluor minimal
dyes (GE Healthcare) in high quality anhydrous dimethylfor-
mamide (DMF, Sigma) (see Note 5).

3. 10 mM Lysine in ddH2O. Aliquot and store at �20�C.

4. SDS equilibration buffer: 6 M urea (BioUltra, for molecular
biology,>99.5%, Sigma), 30% (v/v) glycerol, 2% (w/v) sodium
dodecyl sulfate (SDS, >99%, Sigma), and 50 mM Tris–HCl,
pH 8.8. Aliquot and store at �20�C. Add 0.5% (w/v) DTT or
4.5% (w/v) iodoacetamide (GE Healthcare) right before use.

5. Bind-Silane (g-methacryloxypropyltrimethoxysilane) working
solution: Dissolve 20 ml of Bind-Silane solution (GE Health-
care) in 80% (v/v) ethanol and 0.02% (v/v) glacial acetic acid.
Prepare right before use.

6. Low-fluorescence glass plates for SDS-PAGE.

7. 1.5 M Tris–HCl, pH 8.8.

8. 10% (w/v) SDS in ddH2O.

9. Acrylamide stock solution (30.8% w/v): Dissolve 300 g of
high-quality acrylamide (for molecular biology, >99.5%,
Sigma) and 8 g of N,N0-methylenebisacrylamide (Sigma) in
800 ml ddH2O. Add ddH2O to the volume of 1,000 ml and
filter the solution through a 0.2-mm membrane to remove any
insoluble substance. Store at 4�C and away from light.
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10. 10% (w/v) Ammonium persulfate in ddH2O. Aliquot and store
at �20�C.

11. Water-saturated isobutanol: Mix 800 ml of isobutanol with
200 ml of water in a glass bottle, shake violently, and sit still
to allow liquid separation. Use the top layer. Store at room
temperature.

12. SDS Running buffer (10�): 250 mM Tris, 1,920 mM glycine,
and 1% (w/v) SDS. Store at room temperature.

13. Agarose overlay solution: 0.5% (w/v) low melting agarose
(Promega) in SDS running buffer; store at room temperature.
Microwave to melt all the agarose, and allow the solution to
cool slightly before use.

14. Front dye solution: 1% (w/v) bromophenol blue (Sigma) in
SDS running buffer.

2.4. Deep Purple

Staining

1. Fixation solution: 15% (v/v) ethanol; 1% (w/v) citric acid (pH
~2.3) in water.

2. Borate buffer: 100 mM sodium borate in water, pH to 10.5
with NaOH.

3. Staining solution: Right before use, add 1 ml Deep Purple
(GE Healthcare) to 500 ml of borate buffer.

4. Washing solution: 15% (v/v) ethanol in water.

3. Methods

3.1. Liquid Culture of

Arabidopsis Seedlings
1. Surface sterilizeArabidopsis seeds in 40 ml of bleach containing

5.25% sodium hypochlorite for 10 min (see Note 6).

2. Extensively wash the seeds at least five times each with >40 ml
sterilized water. Add seeds to flask containing growth medium
at a ratio of 50 mg of seeds/250 ml of medium. The growth
medium should not exceed 1/4 volume of the flask to ensure
enough aeration for the seedlings.

3. Keep imbibed seeds at 4�C for 2 days to synchronize germina-
tion, and then move the culture to light chamber to grow
under continuous light for 7 days on a shaker at a shaking
speed of 90 rpm.

4. Mix all the culture in a large container and split culture mix into
two 250-ml beakers for hormone and mock treatment.
To minimize sample variation, evenly split seedlings to-
gether with old culture medium to avoid sudden osmotic or
nutrient shock.
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5. For treatment with BL (the most active form of BR), add BL
stock solution to 100 nM to one of the beakers to start the
treatment, and add the same volume of 85% ethanol to
the mock-treated sample. Shake gently for 2 h.

6. Harvest tissue by filtering through a nylon mesh. Use different
nylon mesh for BL-treated and mock-treated tissue, or harvest
the mock sample first, to avoid cross-BL contamination of the
mock sample.

3.2. Purify Plasma

Membrane from Liquid-

Grown Arabidopsis

Seedlings

1. To reduce variations, process BL-treated sample and mock-
treated sample in parallel for PM isolation. Reverse the
handling order of sample and control in repeat experiments.

2. Homogenize 30–50 g of material (mock-treated sample first)
with PowerGen 700D grinder in buffer H (for 1 g tissue,
1–2 ml of grinding buffer should be used) at 10,000 rpm for
5 min. Starting from here, all steps should be performed at 4�C
(see Note 7).

3. Filter homogenate through two layers of miracloth, and spin at
10,000 � g for 10 min to remove insoluble debris and orga-
nelles. Keep the supernatant.

4. Microsomal membranes are pelleted by centrifugation at
60,000 � g for 30 min (higher speed or longer spin time
makes pellet hard to resuspend).

5. Resuspend pellet in 4–5 ml of buffer R by gently pipetting up
and down 150 times. Keep the pipette tip below surface to
avoid generating bubbles (see Note 8).

6. On a balance, add 4 g of resuspended microsomal solution
(about 20–30 mg microsomal protein) to a 12 g of Dextron
T-500/PEG 3350 two-phase mixture (T1) which is prepared
the day before PM purification (see Subheading 2). Invert the
centrifuge tube 30 times (see Note 9).

7. Spin T1 and 1� buffer R-added T2 at 1,000 � g, 4�C, for
5 min to separate the two phases.

8. Remove 8 ml of upper phase from T2 without disturbing the
interface to a clean tube for a later balancing purpose. Transfer
the same amount (8ml) of upper phase fromT1 to the lowphase
of T2. Invert the centrifuge tube 30 times to mix solutions.

9. Spin T2 and 1� buffer R-added T3 at 1,000 � g, 4�C, for
5 min.

10. Remove 8 ml of upper phase from T3 to a clean tube without
disturbing the interface. Transfer the same amount (8 ml) of
upper phase from T2 to T3, and invert 30 times.

11. Spin T3 at 1,000 � g, 4�C, for 5 min. Transfer 8 ml T3 upper
phase from each BR-treated or untreated sample to two to
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three clean ultracentrifuge tubes, and dilute with 5–10 volumes
of buffer D. Invert ten times to mix.

12. Spin at 100,000 � g for 1 h to pellet the PM.

13. Resuspend the PM in 100 ml of buffer D by vortexing (or
slowly pipetting up and down without generating bubbles).
Alternatively, the PM pellet can be resuspended/solubilized
in another buffer suitable for the next analysis step.

3.3. Two-Dimentional

Difference Gel

Electrophoresis

3.3.1. Label Proteins

with CyDye

1. Mix the purified PM in buffer D with five volumes of cold 100%
methanol at �20�C overnight to precipitate the protein.

2. Centrifuge at 20,000 � g for 15 min to pellet the protein, and
discard supernatant.

3. Add 1 ml of �20�C methanol to the pellet, and vortex for
1 min to remove residual salt in the pellet.

4. Centrifuge at 20,000 � g for 15 min to pellet the protein, and
discard supernatant carefully; the pellet is very loose now.

5. Quick spin and remove residual methanol with a sharp pipette,
and immediately add 40 ml 2-DE buffer to the pellet. The pellet
should dissolve instantly into the buffer. It is important not to
overdry the protein pellet; otherwise, the pellet becomes very
difficult to dissolve by the 2-DE buffer in the next step. If the
pellet does not dissolve, sonicate at the lowest power for
5–10 s. During sonication, the temperature of 2-DE buffer
should be controlled under 37�C. Elevated temperature
above 37�C can hydrolyze urea to isocyanate, which modifies
proteins by carbamylation.

6. Determine the protein concentration by Bio-Rad protein assay
reagent (Bio-Rad) using BSA dissolved in 2-DE buffer as
standard.

7. Adjust samples to equal protein concentrations of 3–5 mg/ml
with 2-DE buffer.

8. Aliquot 5–10 ml of 2-DE buffer-dissolved PM protein solution,
and mix with 0.2 ml of Tris–HCl buffer (1.5 M, pH 8.8)
to adjust the pH of the protein solution to around 8.8.
Add 50–100 pmol of CyDye (0.5–1 ml of 0.1 mM CyDye
working solution) to the protein solution, and incubate the
mixture on ice for at least 2 h in the dark for protein labeling
(see Note 10).

9. Terminate the labeling reaction by adding 1 ml of 10 mM lysine
and incubating on ice for 10 min.

3.3.2. Isoelectric Focusing 1. Combine Cy3- and Cy5-labeled pair of control and treated
samples in a 1.5-ml Eppendorf tube.

2. Add 9 ml of 1 M DTT and 4.5 ml of IPG buffer, pH 4–7. Add
100 mg of unlabelled protein each from mock- and BL-treated
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sample to make the total protein amount in the mixture around
250–300 mg. Use 2-DE buffer to adjust the final volume of the
protein mixture to 450 ml for IEF separation using the 24-cm
Immobiline DryStrips (GE Healthcare), pH 4–7 (see Notes 11
and 12).

3. Perform IEF following standard rehydration loading protocol.
The typical running conditions are as follows: rehydration for
2 h, active rehydration at 50 V for 10 h, step and hold at 500 V,
1,000 V for 1 h each, and then hold at 8,000 V until reaching a
total of 80,000 V-h.

3.3.3. SDS-PAGE Skip steps 1 and 2 if using precast gels.

1. Treat one of the two glass plates for a gel cassette with Bind
Silane. Soak the small low-fluorescence glass plate (the plate
without the spacer, GE Healthcare) overnight in laundry
bleach, which contains 5.25% sodium hypochlorite, to help
scrape off any residual bound gel or CyDye from previous
experiments. Wash the plate with Decon solution (GE Health-
care), rinse thoroughly with ddH2O, and air dry in a dust-free
environment. In the chemical hood, lay the dried plate flat on a
layer of clean KimWipes. Add 2–3 ml of freshly made Bind-
Silane working solution on the plate, and wipe over all areas of
the plate with KimWipes or other lint-free cleaning tissue until
the solution is completely dry. Cover the plate with KimWipes
and leave in the hood for 2 h for excess Bind Silane to evapo-
rate. Wipe clean the Bind Silane-treated surface with 95% etha-
nol using KimWipes, attach two reference markers on Bind
Silane-treated surface, and leave the plate in a dust-free envi-
ronment for another hour. The reference marker stickers
should be placed half way along the edge and 1 cm away from
the spacer (see instructions of GE Healthcare for more details).

2. Casting SDS-polyacrylamide gel: Assemble the gel caster
according to Ettan DALT electrophoresis unit user’s manual
(GE Healthcare) using one Bind Silane-treated low-fluores-
cence glass plate with reference markers and one untreated
plate for each gel (if both plates are treated with Bind
Silane, you will not be able to open the gel cassette after gel
polymerizes). Following standard protocol, prepare 10% SDS-
polyacrylamide gel solution using the stock solution listed in
sect. 2.3, steps 7–9. Degas the solution with a vacuum pump
for 5 min. Add appropriate volume of ammonium persulfate,
mix thoroughly by stirring, and pour the acrylamide gel solu-
tion into the gel caster until the gel surface is 2 cm below the
upper edge of the small glass plate. Add water-saturated iso-
butanol to cover the acrylamide surface and let the solution
polymerize at room temperature for at least 2 h. Best
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polymerization can be achieved by letting the gel polymerize
overnight at room temperature. Gels can be stored at 4�C for
up to 2 weeks; however, best results are achieved using freshly
prepared SDS-polyacrylamide gels.

3. At the end of the IEF run, carefully remove the IPG strip from
the strip holder and place it in individual equilibration tubes
(GE Healthcare) with gel side away from the tube wall (this can
be stored in �80�C freezer if the SDS-PAGE gels are not
ready). Add 10 ml of SDS equilibration buffer containing
0.5% (w/v) DTT to each tube.

4. Incubate the strips for 15 min with gentle agitation in the dark.

5. Pour off the equilibration buffer in the tube and replace with
10 ml of SDS equilibration buffer containing 4.5% (w/v)
iodoacetamide.

6. Incubate the strips for another 15 min with gentle agitation in
dark.

7. Briefly rinse the strips by submerging in an equilibration tube
containing SDS running buffer.

8. Get the SDS-PAGE gel ready by removing all liquid on top of
the gel. Holding one end of the strip with forceps, carefully
place the strip in between the two glass plates on top of the
SDS-polyacrylamide gel.

9. Add warm agarose overlay solution to cover the strip. Add from
one side to avoid trapping of air bubbles. Use a thin flat spatula
or spacer to push the strip gently until it reaches the surface of
the polyacrylamide gel. Try not to leave any space between the
strip and the surface of the polyacrylamide gel, as the space will
increase horizontal streaking of gel spots (see Note 13).

10. For each polyacrylamide gel, cut two 5 � 5-mm filter papers.
On one filter paper, add 2 ml of PageRuler plus prestained
protein ladder (Fermentas). On the other filter paper, add
2 ml of front dye solution. Place the filter papers on top of the
SDS-PAGE gel next to each side of the IPG strip (protein
ladder on acidic side and the front dye on basic side). Using a
spatula or spacer, push the filter papers gently down through
the agarose until they touch the surface of the gel.

11. Wait until the agarose solidifies completely, and then start the
second dimension SDS gel electrophoresis at 50 V for 2 h, and
then at 110 V until the bromphenol blue front reaches the end
of the gel (this usually takes 8–12 h).

3.3.4. Gel Scanning, Image

Analysis, and Spot Picking

1. At the end of electrophoresis, take out the gel cassettes. Rinse
the surface of the glass plates, and scan the gel for Cy3- and
Cy5-labeled images using a Typhoon 8600 scanner or a newer
model if Cy2 is used (GE Healthcare) with PMT power set at
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600. Rescan with different PMT power to obtain images with
strong signal without spot signal saturation.

2. Visually examine the image for reddish or greenish spots. Analyze
the DIGE image with DeCyder 6.5 software (GEHealthcare) to
find the spots that are statistically different between samples and
control. Generate a list of spots of interest for gel picking.

3. Open the gel cassette. The SDS-polyacrylamide gel will stick to
the Bind Silane-treated glass plate.

4. Fix 2-D DIGE gels in 1,000 ml fixation solution (gel side up)
for a minimum of 1.5 h with gentle rocking to avoid scratching
the surface of the glass plates. Usually, we do fixation overnight
to reduce the background.

5. Move the gels from fixation solution into 500 ml of Deep
Purple (GE Healthcare) staining solution (gel side up); try to
minimize carryover of the fixation solution. Stain the gels for
1 h in dark with gentle rocking.

6. Wash the gels with 1,000 ml of washing solution for 30 min by
gentle rocking.

7. Place the gels in 1,000 ml of fixation solution and rock gently
for 30 min. For long-term storage (up to 12 months) of the
gels, replace the fixation solution with 1% citric acid containing
1:500 diluted Deep Purple and store the gels at 4�C in the
dark.

8. Scan the gel on Typhoon scanner (gel side up) to acquire the
Deep purple staining images and Cy5 image. Use Cy5 image as
reference gel to mark the spots of interest on Deep Purple
image. Use the Decyder software to generate spot picking list.

9. Excise the spots of interest from the gel using an Ettan Spot
Picker (GE Healthcare), and process the gel plugs for in-gel
digestion and protein identification by mass spectrometry anal-
ysis, which can be done by a mass spectrometry facility or
service provider.

4. Notes

1. Phosphatase inhibitors (such as cantharidin and sodium ortho-
vanadate) are essential for preventing protein dephosphoryla-
tion during sample preparation. Sodium orthovanadate should
be activated for maximal inhibition of protein phosphatases.
To activate sodium orthovanadate, prepare 200 mM of sodium
orthovanadate in ddH2O and adjust the pH to 10.0 using
either 1 N NaOH or 1 N HCl. At pH 10.0, the sodium
orthovanadate solution is yellow. Boil the solution until it
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turns colorless. Cool to room temperature, and adjust the pH
to 10.0 again. Repeat the procedure until the solution remains
colorless and the pH stabilizes at pH 10.0. Store the activated
sodium orthovanadate as aliquots at �20�C. Add sodium
orthovanadate to buffer right before use.

2. In some PM isolation protocols, 0.5% (w/v) Casein and/or
0.5% (w/v) bovine serum albumin (BSA) are included to pro-
tect the proteins from degradation after lysis. Since casein and
BSA are copurified with the PM vesicles, their relative high
abundance creates serious contamination problem later on.
In our experience, the casein and/or BSA spots in 2-D DIGE
can be used as reference for reproducibility between the sam-
ples, but can contaminate other spots in mass spectrometry
analysis.

3. Dextran T-500 usually contains 5–10% water, so the concentra-
tion of the solution is not 22% but somewhere between 20 and
21%. Exact concentration should be determined with a polar-
imeter with specific rotation of Dextran at 199� ml/g/dm. If a
polarimeter is not available, assuming there is 5% of water in
Dextran T-500, large stock solutions (2–3 L) should be
prepared so that the same dextran stock is used throughout
the whole experiment to ensure reproducible results.

4. For details about the PM purification procedures, readers
should read refs. 11, 12. It is advisable to begin with a two-
phase mixture with 6.5% polymers and 4–5 mM KCl. Such a
two-phase mixture usually yields high-quality PM preparation.
Once you are familiar with the methods, you can test different
concentrations of polymers and KCl to achieve a good balance
between the purity and the yield of the purified PM.

5. The manufacturer recommends using 400 pmol CyDye DIGE
Fluor minimal dye (1 ml of 0.4 mM dye stock) to label 50 mg of
protein in a small volume (5–10 ml). We found that satisfying 2-
D DIGE images can be obtained with as little as 50–100 pmol/
30–50 mg of protein in a small volume (5–10 ml), but very clean
low-fluorescence glass plates must be used to improve signal-
to-background ratio. This practice greatly reduces the cost of
2D-DIGE experiments. To prepare the CyDye working solu-
tion, dissolve each 25 nmol CyDye DIGE Fluor minimal dye in
25 ml of freshly opened high-quality anhydrous DMF. Aliquot
CyDye solution to a 1.5-ml centrifuge tube (1 ml each) and
speed vacuum for 1 min under dim light or until the solution is
completely dried. The aliquoted CyDye can now be stored dry
at �80�C for at least 6 months without losing observable
labeling activity. With prolonged storage time (more than
1 year), we do see decreased labeling efficiency. In that case,
double the CyDye labeling concentration can solve the
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problem very well. To prepare the 0.1 mM CyDye working
solution, add 10 ml DMF to 1 nmol CyDye aliquot, pipette up
and down to mix, and use 0.5–1 ml to label 30–50 mg of protein
in small volume (5–10 ml). Store the unused CyDye working
solution in �80�C. Since the DMF quality is critical for CyDye
labeling efficiency, we also aliquot freshly opened high-quality
anhydrous DMF in a 1.5-ml centrifuge tube with crew seal cap
(1 ml each) and store in�80�C. The aliquoted DMF should be
used only once. Once opened again, the remaining DMF
should not be reused for future CyDye dissolving, but still
can be used as solvent for other less delicate chemicals.

6. Use a 50-ml falcon tube for seeds’ sterilization. Sterilizing large
amount of seeds in a small-volume centrifuge tube (e.g., 1.5-ml
Eppendorf tube) will result in contaminated culture. It is also
very important to use the seeds harvested from healthy plants.
If the seeds were harvested from fungi-contaminated plants,
the surface sterilization methods used in this paper are no
longer sufficient.

7. The reason we use a grinder to homogenize the tissue at high
speed for a relative long time (5 min) is to get similar yield of
microsome for two-phase partition when we start with the
equal amount of control and treated tissues.

8. Keep the pipette tip in the solution all the times while gently
pipetting up and down. This is a tedious work and requires lots
of patience. Once compressed together by centrifugation, it
is difficult to separate the membrane vesicle by pipetting.
We found that resuspension of microsome directly affects the
yield of the PM purification.

9. Vortexing two-phase mixture with microsome greatly increases
the PM purity, but significantly decreases the yield.

10. It is found that some proteins are differentially labeled by
different CyDyes; therefore, running repeat gels that swap the
dyes is crucial to avoid any dye-specific effects. For example, to
study BR-regulated PM proteomic changes, we run 2-DDIGE
gels for at least five biological repeats (one biological repeat
means one experiment start from plant culture). Of these five
biological repeats, three of the BR-treated samples were labeled
with Cy5, and the other two were labeled with Cy3. Technical
repeat of 2-D DIGE of the same protein sample is usually
unnecessary unless the first run has obvious technical problems.

11. Usually, we first run at least two biological repeat samples in
analytical 2-D DIGE using about 50–100 mg of protein to find
the spots of interest, and then run a preparative gel using
500–1,000 mg of protein to pick the interesting spots for in-
gel digestion and MS analysis. Low amount of loading
(50–100 mg of protein in a 24-cm gel) yields highly resolved
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gel images, and higher protein loading decreases the image
resolution because increased spot size leads to spot overlap
and coverage of low-abundance protein spots by high-abun-
dance spots. However, high loading improves protein identifi-
cation by mass spectrometry, which is critical for identifying
low-abundance proteins. To avoid two separate analytical and
preparative gels, a compromise is to load 250–300 mg of pro-
tein/gel and pool the corresponding protein spots picked from
replicate gels for mass spectrometry analysis. One should keep
in mind that the spot signal intensity is largely determined by
the amount of CyDye used in 2-DDIGE, and by the amount of
protein in post-electrophoresis staining.

12. We recommend using 24-cm IPG strips (pH 4–7) for the
initial 2D DIGE analysis. However, narrow pH range IPG
strips (e.g., pH 3–5.6, 5.3–6.5, 6–11, and 3.5–4.5) give better
separation of spots, and thus more protein spots can be
detected and less spot overlap and cross-contamination occur
when multiple narrow pH range gels are used rather than a
single wide-range gel. For basic protein separation, the 18-cm
pH 6–11 IPG strips seem to produce better results than the
longer 24-cm pH 7–11 or pH 7–10 IPG strips.

13. Tracking the samples and gel orientation are important
through the long procedure. Record in notebook the bar
code and number on the IPG strip and the sample loaded on
the strip.
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Chapter 6

Identification and Verification of Redox-Sensitive
Proteins in Arabidopsis thaliana

Hai Wang, Shengbing Wang, and Yiji Xia

Abstract

Environmental stresses often trigger rapid generation of reactive oxygen species (ROS) in plants. Excessive
amount of ROS can cause damage to plant cells and thus need to be counteracted by cellular antioxidant
systems. On the other hand, ROS also serve as signaling molecules that modulate various physiological
responses and developmental processes. Signaling function of ROS is largely achieved through oxidative
modifications of redox-sensitive proteins. Therefore, development of methods for high-throughput identi-
fication of redox-sensitive proteins and for verifying and characterizing their in vivo redox states is essential
for advancing our understanding of ROS-mediated signaling pathways.

Key words: Proteomics, Redox-sensitive proteins, Oxidative stress, Arabidopsis thaliana

1. Introduction

Upon exposure to various environmental stresses, plant cells often
rapidly produce high levels of reactive oxygen species (ROS). ROS
are not only just toxic by-products of metabolism, but also function
as key signaling molecules in physiological responses and develop-
mental processes (1–3). The signaling role of ROS is often carried
out through reversible or irreversible oxidation of redox-sensitive
proteins, thereby altering their biochemical activities or subcellular
localizations. Oxidation–reduction of proteins has increasingly
been recognized as an important protein modification mechanism
in regulating a wide range of biological processes.

Several proteomics approaches have been developed for
detection and identification of oxidant-sensitive thiol-containing
proteins (4,5). Figure 1 shows a schematic drawing of a redox
proteomics method which is based on differential labeling of
oxidized and reduced thiols by a fluorescent tag. Generally, proteins

Zhi-Yong Wang and Zhenbiao Yang (eds.), Plant Signalling Networks: Methods and Protocols,
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are extracted from oxidant-treated and control cells in the presence
of a thiol alkylation agent, such as N-ethylmaleimide (NEM),
to block free thiols (�SH) in samples. Oxidized thiols are reduced
with a reducing agent, such as DTT. DTT-reduced thiol groups are
then labeled with a thiol-reactive reagent, such as the fluorescent
probe 5-iodoacetamidofluorescein (IAF). IAF-labeled fluorescent
proteins can then be detected after two-dimensional electrophore-
sis (2-DE) and protein spots with differential labeling intensity
between treated and control samples can be excised and identified
by mass spectrometry (MS). The use of the blocking reagent at the
initial extraction step serves to prevent redox exchanges of proteins
during extraction. This blocking–reducing–labelingmethod (termed
the blocking method here) detects proteins that are reversibly
oxidized (reducible by DTT). If certain protein becomes reversibly
oxidized by a redox-perturbing treatment, its labeling intensity is
expected to increase in the treated sample compared with the control
sample. Figure 2 shows two portions of the 2-DE gel images from
H2O2-treated Arabidopsis cells and control cells following protein
extraction and IAF labeling using the blocking method.

As an alternative approach, after reducing with DTT, the
extracts from control and treated samples can be labeled with spec-
trally resolvable monofunctional maleimide Cy dyes that react with
reduced thiols. For example, Cy5- and Cy3-attached maleimide can
be used to label control- and oxidant-treated samples, respectively.
After labeling, the protein samples are mixed together and resolved

Fig. 1. Schematic drawing of the redox proteomics methods based on 5-iodoacetamidofluorescein (IAF) labeling of protein
thiols. (a) The blocking method. Proteins were extracted from the control sample and the oxidant-treated sample in the
presence of N-ethylmaleimide to block free thiols. Oxidized thiols that are present in the samples are reduced and labeled
with IAF. After protein separation by two-dimensional electrophoresis (2-DE) and detection through the fluorescence label,
differentially labeled protein spots are picked up for mass spectrometry (MS) identification. If the oxidant treatment leads to
reversible oxidation of a protein, the protein spot is expected to show an enhanced labeling intensity. (b) The direct labeling
method. Proteins are extracted from the control sample and the oxidant-treated sample, and free thiols were labeled with
IAF. After protein separation by 2-DE and detection, differentially labeled protein spots are picked up for MS analysis. If the
oxidant treatment leads to oxidation of a protein, its labeling intensity is expected to be reduced.
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on the same 2-DE gel. This two-dimensional difference gel electro-
phoresis (2D-DIGE) has been termed redox-DIGE (6).

Protein can also be extracted in the absence of the free thiol-
blockingNEM.The protein extract can then be labeled directly with
a free thiol-reactive agent, such as IAF. In this method (termed the
direct labeling method here) (Fig. 1b), if proteins become oxidized
in oxidant-treated samples, they will show a decreased extent of
labeling on 2-DE images. Although the direct labeling method is
simpler, it detects both reversibly and irreversibly oxidized thiols.
Besides, without freezing of redox states by the free thiol-blocking
agent, proteins could change their redox states during extraction.

Recently, a modified isotope-coded affinity tag technology
(OxICAT) has been developed to identify redox-sensitive proteins
in Escherichia coli (7). This method uses an isotopically light ICAT

Fig. 2. Detection of differentially oxidized proteins in oxidant-treated Arabidopsis cells through the blocking method. Shown
are two portions of two-dimensional electrophoresis images of 5-iodoacetamidofluorescein (IAF)-labeled proteins from the
oxidant-treated sample (the lower panel ) and control sample (the upper panel). Proteins that were in a more oxidized state
(and therefore with a higher label intensity) in the oxidant-treated sample are indicated in the solid circles, whereas
the spots in dashed circles represent proteins in a more reduced state in the oxidant-treated cells. The Arabidopsis cells
were treated with 5 mM H2O2 or H2O (as a control) for 5 min before being harvested for protein extraction and labeling.
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reagent which consists of the thiol-reactive iodoacetamide (IAM)
and a cleavable biotin affinity tag to label reduced thiols and an
isotopically heavy ICAT reagent to label reversibly oxidized thiols.
In addition to the advantages associated with a liquid-based protein
separation and identification, the OxICAT method allows more
precise quantification of the extent of oxidative thiol modifications.

These high-throughput proteomics methods aim to identify a
large number of redox-sensitive proteins. Methods for verifying
individual candidate proteins and detailed characterization of their
redox states under various ROS-inducing stress environments
are also essential for studying the roles of redox-sensitive proteins
in redox signaling. One of such methods is based on protein
electrophoretic gel mobility shift assay (PEMSA) (Fig. 3) (8).
For this approach, transgenic lines expressing an epitope-tagged
candidate protein are generally used for detailed characterization
of in vivo redox states of the protein. To determine whether a
redox-perturbing condition alters in vivo redox states of the fusion
protein in seedlings, transgenic seedlings can be subjected to treat-
ments by oxidants or other redox-perturbing stresses. Proteins are
then extracted from the treated and control seedlings. Free thiols
are labeled with iodoacetic acid (IAA), and oxidized thiols are then
labeled with IAM after being reduced by DTT. IAA carries one
negative charge while IAM is neutral. Therefore, the protein that
differs in redox states caused by the treatment would have different
numbers of negative charges because of differential labeling with
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Fig. 3. Schematic drawing of protein electrophoretic mobility shift assay (PEMSA). Lane 1: An aliquot of protein crude
extract was reduced by DTT and then labeled with iodoacetic acid (IAA). All free thiols and reversibly oxidized thiols are
labeled with IAA. Lane 2: An aliquot of protein crude extract was reduced by DTT and then labeled with iodoacetamide
(IAM). All free thiols and reversibly oxidized thiols are labeled with IAA. The lanes 2 and 3 represent mobility of the protein
when it is IAA and IAM labeled, respectively. Lanes 3 and 4 represent the protein samples from the control tissue and the
H2O2-treated tissue following differential labeling of reduced and oxidized thiols with IAA and IAM, respectively.
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IAA and IAM. This difference could be revealed by separation of
the protein by urea-PAGE coupled with Western blot analysis using
an antibody against the epitope tag. Proteins with more negative
charges migrate relatively faster in a urea gel.

In this chapter, we describe the redox proteomics method
based on IAF labeling for identifying redox-sensitive proteins.
The basic protocol for protein extraction, blocking free thiols
with NEM, and reducing oxidized thiols with DDT can also be
applied to other methods, such as redox-DIGE. In addition, we
describe the PEMSA method for detailed analysis of in vivo redox
states of individual proteins. These methods have been employed in
a recent study in the identification and characterization of oxidant-
sensitive proteins in Arabidopsis (9).

2. Materials

2.1. A Proteomics

Approach to Identify

Redox-Sensitive

Proteins

2.1.1. Cell Culture

and H2O2 Treatment

1. Arabidopsis suspension culture: T87 suspension culture
(RIKEN BioResource Center).

2. Liquid medium for T87 cells: 1/2 MS (Murashige and Skoog)
salts, 3% sucrose, 0.29 g/L KH2PO4, 0.2 mg/L 2,4-D, and B5
vitamins.

3. 0.5 M H2O2 stock solution (prepare just before use).

4. Glass vacuum filter (VWR).

2.1.2. Protein Extraction

and Labeling

1. Homogenization buffer: 50 mM Tris–HCl (pH 8.0), 10 mM
EDTA, 5 mM EGTA, 50 mM NaCl, 1 mM PMSF, and 1/100
volume of plant protease inhibitor cocktail (Sigma).

2. 10 mM stock of IAF in dimethylformamide (DMF).

3. 1 M stock of NEM in methanol.

4. Phenol (Tris buffered, pH 6.4–6.8).

5. Rehydration buffer: 7 M urea, 2 M thiourea, 4% CHAPS,
20 mM DTT, and 0.5% IPG buffer (Bio-Rad).

6. CB-X Protein Assay kit (G-Biosciences).

7. Reduction buffer: 50 mM Tris–HCl, pH 8.0, 7 M urea, 2 M
thiourea, 1% CHAPS, and 1 mM DTT.

2.1.3. Two-Dimensional

Gel Electrophoresis

1. 11 cm ReadyStrip IPG strips (pH 4–7) (Bio-Rad).

2. SDS-PAGE running buffer (10�): 250 mM Tris, 1,920 mM
glycine, and 1% (w/v) SDS.

3. 8–16% Criterion Precast Gels (Bio-Rad).

4. Sypro Ruby (Bio-Rad).

5. Destaining solution: 10% methanol and 7% acetic acid.

6 Identification and Verification of Redox-Sensitive Proteins. . . 87



2.1.4. Spot Picking and

Mass Spectrometry

1. Multiprobe II Plus (PerkinElmer).

2. Solvent A: 0.1% formic acid in MilliQ water.

3. Solvent B: 0.1% formic acid in ACN.

2.2. Verification of

In Vivo Redox Status

of Individual Proteins by

Protein Electrophoretic

Mobility Shift Assay

2.2.1. Plant Growth

Medium and Treatment

Liquid 1/2 MS medium: 1/2 MS salts, 5 g/L sucrose, adjusted to
pH 5.7 by KOH.

2.2.2. Labeling of

YFG-FLAG Fusion Protein

with IAA and IAM

1. Urea buffer: 8 M urea, 100 mM Tris–HCl (pH 8.2), 1 mM
EDTA.

2. 600 mM IAA stock solution in 1 M Tris–HCl, pH 8.2,
prepared just before use.

3. 200 mM IAM stock solution in 1 M Tris–HCl, pH 8.2,
prepared just before use.

4. Perfect-FOCUS™ (G-Biosciences).

2.2.3. Urea-PAGE

and Western Blotting

1. Running gel: 8 M urea, 9% (w/v) acrylamide, 0.27% (w/v)
bisacrylamide, and 0.037 M Tris–HCl (pH 8.8).

2. Stacking gel: 8 M urea, 2.5% (w/v) acrylamide, 0.075% (w/v)
bisacrylamide, and 0.12 M Tris–HCl (pH 6.8).

3. 2� Sample buffer: Urea buffer supplemented with 3.5 mM
DTT, 16% glycerol, and 0.2% bromphenol blue.

4. Monoclonal ANTI-FLAG® M2-Peroxidase (HRP) antibody
(Sigma).

3. Methods

3.1. IAF Labeling-Based

Redox Proteomics

Approach to Identify

Redox-Sensitive

Proteins

3.1.1. Cell Culture

and H2O2 Treatment

1. The T87 cell culture is maintained in 50 ml of liquid medium in
250-ml flasks by gentle agitation (50 rpm) in dark at 22�C.Cells
are subcultured weekly by transferring 3 ml of culture to a new
flask with 50 ml of the culture medium (see Notes 1 and 2).

2. For the oxidant treatment, a 0.5 M H2O2 stock solution is
added to T87 cells 3 days after subculturing to a final concen-
tration of 5 mM. For control samples, the same amount of
H2O is added to the culture cells. Ten minutes after the H2O2

addition, cells are harvested by filtering through a glass vacuum
filter and immediately frozen in liquid nitrogen for further
analysis (see Notes 3 and 4).
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3.1.2. Protein Extraction

and Labeling: For Direct

Labeling Method

1. Five hundredmicroliters of cells are broken in 1.5-ml Eppendorf
tubes with plastic micro-pestle on ice in 500 ml homogenization
buffer containing 20 mM IAF from a 10 mM stock in DMF
and the protein homogenate is incubated on ice for 30 min
(see Note 5).

2. The homogenate is then centrifuged for 45 min at 20,000 � g
under 4�C.

3. The supernatant is mixed with an equal volume of ice-cold
phenol and centrifuged at 20,000 � g for 15 min at 4�C to
separate phenol and aqueous phases.

4. The upper aqueous phase is removed leaving the interface
intact, and the phenol phase is extracted twice with 50 mM
Tris–HCl, pH 8.0, then mixed with five volumes of cold 0.1 M
ammonium acetate in methanol, and left at �20�C overnight
to precipitate proteins.

5. After centrifugation at 20,000 � g for 15 min, the protein
pellet is washed five times with 1 ml of methanol and air dried
for 10 min in a fume hood.

6. The pellet is resuspended in the rehydration buffer. After cen-
trifugation at 15,000 � g for 3 min, the supernatant is trans-
ferred to a new tube, and the protein concentration is
determined with the CB-X Protein Assay kit.

3.1.3. Protein Extraction

and Labeling: For Blocking

Method

1. Five hundred microliters of cells are broken in 1.5-ml Eppen-
dorf tubes with plastic micro-pestle on ice in 500 ml of homog-
enization buffer containing 10 mM NEM from a 1 M stock in
methanol and the protein homogenate is incubated on ice for
30 min (see Note 5).

2. The homogenate is then centrifuged for 45 min at 20,000 � g
at 4�C.

3. The supernatant is mixed with an equal volume of ice-cold
phenol and centrifuged at 20,000 � g for 15 min at 4�C to
separate phenol and aqueous phases.

4. The upper aqueous phase is removed leaving the interface
intact, and the phenol phase is extracted twice with 50 mM
Tris–HCl, pH 8.0, then mixed with five volumes of cold 0.1 M
ammonium acetate in methanol, and left at �20�C overnight
to precipitate proteins.

5. After centrifugation at 20,000 � g for 15 min, the protein
pellet is washed five times with 1 ml of methanol and air dried
for 10 min in a fume hood.

6. The pellet is resuspended in the reduction buffer.

7. After sitting at room temperature for 30 min, 10 mM IAF is
added to a final concentration of 40 mM and the mixture is
incubated at room temperature for 30 min.
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8. The reaction is stopped by adding five volumes of methanol
and free IAF is removed by precipitation with centrifugation.

9. The pellet is resuspended in the rehydration buffer (make
sure that the concentration of protein exceeds 1.4 mg/ml) and
protein concentration is determined with the CB-X Protein
Assay kit.

3.1.4. Two-Dimensional

Gel Electrophoresis

1. Two hundred and fifty micrograms of protein are mixed with
more rehydration buffer to bring the volume to 180 ml.

2. Samples are then applied to 11 cm ReadyStrip IPG strips and
the strips are rehydrated overnight at room temperature (see
Note 6).

3. IEF is carried out on a Bio-Rad PROTEAN IEF cell at 20�C
with maximum 50 mA/strip and the following setting: 250 V
for 30 min, 500 V for 1 h, a gradient increase to 8,000 V in
2.5 h, and remaining at 8,000 V until reaching 35,000 V h.

4. After IEF, IPG strips are washed five times by dipping into the
SDS-PAGE running buffer.

5. The strips are then transferred to 8–16% Criterion Precast Gels
for the second-dimension electrophoresis using Criterion Cell
System (Bio-Rad). SDS-PAGE is run at 60 V for 15 min and
then at 200 V until the bromphenol blue dye front reaches the
gel end (see Note 7).

6. Gels are stained with Sypro Ruby according to the manufac-
turer’s instructions and destained with destaining solution.

3.1.5. Two-Dimensional

Gels’ Image Scanning

and Analysis

1. The gels are scanned using a Typhoon 9410 scanner (GE
Healthcare). Signal of IAF-labeled protein is detected using
488-nm laser and a 520-nm band-pass emission filter. Signal
of Sypro Ruby fluorescent dyes is detected using 532-nm laser
and 610-nm band-pass emission filter. All gels are scanned at
100-mm pixel size (see Note 8).

2. The 2-D gel images are analyzed using Progenesis SameSpots
software version 2.0 as described in the user’s instruction
(Nonlinear Dynamics). Briefly, a sample is chosen as reference
image, and alignment vectors are manually added between the
reference image and other samples. After alignment, the images
of three replicate samples for the same treatment are grouped
together and the aligned images are analyzed for spot volume
quantification and volume ratio normalization of different sam-
ples in the same treatment group. Statistical, quantitative, and
qualitative analysis sets are created between the control group
and treated group. Protein spots with more than twofold
increase or decrease in the normalized spot volume (with
p-value <0.05) between the H2O2-treated samples and the
control samples are picked for identification.
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3.1.6. Spot Picking

and Mass Spectrometry

1. A spot-picking list generated from Phoretix 2D Evolution gel
analysis software (Nonlinear Dynamics Ltd.) is exported to
Gelpix (Genetix Inc.). The excised spots are then digested
with Multiprobe II Plus.

2. Protein digests are subjected to nano-LC-ESI–MS/MS analysis.
Nano-LC is performed with a nanoLC-2D (Eksigent) equipped
with a capillary trap LC Packings PepMap (DIONEX) and LC
Packings C18 Pep Map 100 (75 mm, 15 cm) connected to the
MS. Peptides (5 ml of injections) are desalted for 10 min with a
flow rate 5 ml/min of 90.5% solvent A. Peptides are then resolved
on a gradient from 9.5 to 35% solvent B for 4 min, from 35 to
45% solvent B for 31 min, and from 45 to 90.5% solvent B over
the final 6 min at 200 nl/min flow rate.

3. The MS analysis is performed on an ABI QSTAR XL (Applied
Biosystems) hybrid QTOF MS/MS mass spectrometer
equipped with a nanoelectrospray source (Protana XYZ manip-
ulator). Positive-mode nanoelectrospray is generated from
fused-silica PicoTip emitters with a 10 mm aperture (New
Objective) at 2.5 kV. The m/z response of the instrument is
calibrated daily with manufacturer standards. TOF mass and
product ion spectra are acquired using information-dependent
data acquisition (IDA) in Analyst QS v1.1 with the following
parameters: mass ranges for TOF MS and MS/MS are m/z
300–2,000 and 70–2,000, respectively. Every second, a TOF
MS precursor ion spectrum is accumulated, followed by three
product ion spectra, each for 3 s. The switching from TOFMS
to MS/MS is triggered by the mass range of peptides (m/z
300–2,000), precursor charge state (2–4), and ion intensity
(>50 counts). The DP, DP2, and FP settings are 60, 10, and
230, respectively, and rolling collision energy is used.

3.1.7. Protein Database

Search

1. The peptide tandem MS (mass spectra) are processed using
Analyst QS software v1.1 (Applied Biosystems) and searched
against the NCBI Protein database (5,162,317 sequences, June
2007) using an in-house version of MASCOT v2.20 (Matrix
Science Inc).

2. The following parameters are selected: tryptic peptides with�1
missed cleavage site; precursor and MS/MS fragment ion mass
tolerance of 0.8 and 0.8 Da, respectively; fixed carbamido-
methylation of cysteine; and variable oxidation of methionine.
Positive identification is determined based on the following
criteria: �2 peptide sequences; protein sequence coverage;
total MASCOT and individual ion scores (http://www.
matrixscience.com/help/scoring_help.html); and MS/MS
spectral quality judged by a full-length y-ion series of peptides
comprising at least six consecutive amino acid sequence tags
with no missed cleavages.
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3.2. Verification of In

Vivo Redox Status of

Individual Proteins by

Protein Electrophoretic

Mobility Shift Assay

3.2.1. Expression of Your

Favorite Gene-FLAG Fusion

Construct in Arabidopsis

1. Clone Your Favorite Gene (YFG) coding sequence into an
appropriate binary vector in which YFG CDS is fused in-
frame with a FLAG tag, driven by the 35S promoter (see
Notes 9 and 10). The resulting construct is referred to as
p35S::YFG-FLAG hereafter.

2. Transform the Agrobacterium strain C58C1 with the 35S::
YFG-FLAG construct.

3. Transform wild-type Arabidopsis plants by the floral dip
method with C58C1 containing 35S::YFG-FLAG and collect
T1 seeds 4 weeks after transformation.

4. Screen T1 plants with appropriate antibiotics according to
the selection marker used. Obtain at least ten independent
transgenic T1 lines.

5. Find one transgenic T1 plant with detectable expression level of
YFP-FLAG fusion protein by Western blot analysis using the
monoclonal ANTI-FLAG® M2-Peroxidase (HRP) antibody
(Sigma).

3.2.2. Plant Growth

and Treatment

1. Put about 20 surface-sterilized homozygous transgenic seeds
in 50 ml of liquid 1/2 MS medium in each 200-ml flask. After
stratification at 4�C for 3 days, seedlings are grown with gentle
(50 rpm) shaking at 22�C under short-day conditions (9/15-h
photoperiod with a light intensity of 100 mol/m2/s).

2. For the H2O2 treatment, a 0.5MH2O2 stock solution is added
to the flask containing 2-week-old seedlings to a final concen-
tration of 5 mM. For control samples, the same amount of
H2O is added to the flask. Ten minutes after the H2O2 addi-
tion, plants are harvested and immediately frozen in liquid
nitrogen for further analysis (see Note 11).

3.2.3. Labeling

of YFG-FLAG Fusion Protein

with IAA and IAM

1. 200 mg of plant tissue is homogenized in 1 ml of urea buffer
[8 M urea, 100 mM Tris (pH 8.2, 1 mM EDTA) containing
30 mM IAA].

2. Incubate the sample at 37�C for 10 min, and then centrifuge at
15,000 � g for 10 min.

3. Purify protein samples using Perfect-FOCUS™ in order to
remove residual IAA.

4. Resuspend the final acetone precipitate (you did not mention
about acetone precipitation earlier) in 95 ml of urea buffer
containing 3.5 mM DTT. And then incubate samples at 37�C
for 30 min.

5. Add IAM to a final concentration of 10 mM. Incubate at 37�C
for 15 min.

6. For migration markers, 200 mg of seedlings are homogenized
in 1 ml of urea buffer containing 3.5 mM DTT. After
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incubation at 37�C for 30 min, the samples are divided into
two Eppendorf tubes and in each tube, either 30 mM IAA or
10 mM IAM is added. Samples are incubated at 37�C for
15 min.

3.2.4. Urea-PAGE

and Western Blotting

1. Cast therunninggel andstackinggel asdescribed inSubheading2.

2. Protein samples were mixed with equal volumes of 2� sample
buffer and were loaded into wells.

3. The gel was run at a constant current of 5mMfor an appropriate
period of time in the chamber buffer described in Subheading 2.

4. Transfer protein from gel to PVDF or nitrocellulose mem-
brane.

5. Immunoblot detection of YFG-FLAG fusion protein with
monoclonal ANTI-FLAG® M2-Peroxidase (HRP) antibody
according to the manufacturer’s instructions.

4. Notes

1. We used Arabidopsis suspension cells rather than whole plant
tissues since cells can be exposed to the oxidant more
uniformly, which increases the sensitivity for detecting oxida-
tively modified proteins.

2. Avoid using cell culture older than 3 days for H2O2 treatment.
Cultures in which cells growing exponentially are better than
cultures in the plateau phase which might contain many cells
that are undergoing cell death and producing a high level of ROS.

3. We used 0.5–5 mM H2O2 to induce oxidative stress of Arabi-
dopsis suspension cells and detected similar protein oxidation
patterns based on the 2-DE images of IAF-labeled proteins.
However, we have not done experiments for direct and exten-
sive comparison on identities of proteins that become oxida-
tively modified following treatments with different
concentrations of the oxidant.

4. H2O2 is not very stable and degrades easily. Purchase new
H2O2 to replace old one every 2 months for reproducible
results.

5. All steps of protein extraction, blocking of free thiols, and
fluorescence labeling were carried out under reduced light.

6. Choose ready-made strips with appropriate pH ranges accord-
ing to the isoelectric points of proteins of interest.

7. The size of the gel for the second dimension should be chosen
according to the complexity of the protein samples analyzed.
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8. When gels were scanned, the photomultiplier tube (PMT) was
set to ensure maximum pixel intensity between 40,000 and
80,000 to avoid saturation.

9. Here, we use Flag tag as an example, as the antibody to this
epitope tag is commercially available and highly specific. Other
epitope tags may be used.

10. Native promoters can also be used if the fusion protein can be
readily detected by Western blotting when expressed under the
control of the native promoters. Otherwise, a strong promoter,
such as the 35S promoter, is preferred.

11. This protocol can be adapted for identification and characteri-
zation of oxidatively modified proteins following other types of
treatments leading to oxidative modification of proteins, such
as salicylic acid, flagellin, plant pathogens, ABA, and abiotic
stresses.
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Chapter 7

Small-Molecule Dissection of Brassinosteroid Signaling

Mirela-Corina Codreanu, Dominique Audenaert, Long Nguyen,
Tom Beeckman, and Eugenia Russinova

Abstract

The growth-promoting hormones, the brassinosteroids (BRs), are perceived at the plant cell surface by
receptor kinases that transduce the signal to the nucleus by an intracellular cascade of phosphorylation-
mediated protein–protein interactions. BR signaling is also regulated by the plant endocytic machinery
because the increased endosomal localization of the BR receptor enhances the BR responses. Chemical
genetics is a powerful approach to identify new components in redundant signaling networks and to
characterize highly dynamic processes, such as endocytosis. Here, we describe a screen in Arabidopsis
thaliana seedlings for small molecules that affect hypocotyl elongation under continuous light conditions,
indicative for an effect on BR responses. The compounds identified in this screen were used to dissect
endomembrane trafficking of the BR receptor, BR INSENSITIVE1, a process that is essential for BR signal
transduction.

Key words: Arabidopsis, Brassinosteroids, Endocytosis, Chemical genetics, BRI1

1. Introduction

Brassinosteroids (BRs) are growth-promoting hormones with an
important role in plant development (1). They act by a direct
binding to the plasmamembrane (PM)-localized leucine-rich repeat
receptor-like kinase BR INSENSITIVE1 (BRI1) and two of its close
homologs (2, 3) and subsequently, by modulating the expression of
target genes through a signal transduction pathway involving
kinases, phosphatases, 14-3-3 proteins, and nuclear transcription
factors (4). Growing evidence suggests that the BR signal transduc-
tion pathway is regulated through endomembrane trafficking (5–7).
BRI1 undergoes ligand-independent endocytosis and recycles back
to the PM (5, 6). Increasing the endosomal pool of BRI1 enhances
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BR signaling (6), supporting the hypothesis that endosomal
signaling occurs as a continuation of the signaling from the PM.

Genetic studies of BR signaling and its interplay with endocytosis
are hampered by gene redundancy, the very dynamic nature of
endomembrane trafficking, and the high degree of lethality of the
genes encoding endomembrane components (8, 9). Chemical
genetics is a powerful approach that overcomes these limitations
by the use of small molecules that impair the protein function in a
specific, fast, and conditional manner (9). In addition, the function
of redundant proteins can be perturbed simultaneously by a general
antagonist, thereby revealing novel phenotypes. Additionally,
embryonic lethality due to interference with essential signaling
components can be avoided by dosage modulation of the chemical
compounds or treatment at a later developmental stage (10).
Forward chemical genetics screens (from phenotype via chemical
to protein) mainly have been applied to study hormonal signaling
pathways in plants (11).

Hypocotyl elongation is positively regulated by BRs as illu-
strated by the short hypocotyl phenotype of the corresponding
BR-insensitive or -deficient mutants (12, 13). Chemical screens
for hypocotyl growth inhibition in the dark and hypocotyl growth
stimulation in the light have identified chemical inhibitors (brassi-
nopride) (14) and activators (bikinin, BIK) of BR responses (15).
Whereas the target of brassinopride remains to be identified, BIK
inhibits multiple GSK3-like kinases inArabidopsis thaliana, includ-
ing the major BR-signaling regulator BR INSENSITIVE2 (BIN2)
by binding to the ATP-binding pocket and, hence, preventing the
phosphorylation of the downstream transcription factor BRI1-
EMS-SUPPRESSOR1 (BES1) and triggering BR responses. The
usefulness of chemical genetics in analyzing the functional connec-
tion between signaling and membrane trafficking can be demon-
strated by combining the phenotypic chemical genetic screens for
hormonal responses with secondary screens for small chemicals that
modulate endomembrane trafficking of signaling components.
Here, we present a chemical genetic approach to identify bioactive
chemicals that both affect BR responses based on hypocotyl growth
(15) and trafficking of BR receptor components based on BRI1
localization in hypocotyls and roots of Arabidopsis.

2. Materials

2.1. Equipment 1. Growth chamber.

2. Multiscreen96-well filterplates (Cat.no.MSBVS1210) (Millipore,
Bedford, MA, USA).
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3. Square plates (Cat. no. 688102) (Greiner BioOneLabortechnik,
Solingen, Germany).

4. Rectangular Nunc dishes with four (Cat. no. 167063) or eight
wells (Cat. no. 167064) (Thermo Fisher Scientific, Roskilde,
Denmark).

5. Air-permeable tape (Micropore™; 3M, St. Paul, MN, USA).

6. Corning 384-well plates (Cat. no. 3672) (Corning Life
Sciences, Lowell, MA, USA).

7. Compact, flat shaker KS 260 basic (IKA Werke GmbH, Stau-
fen, Germany).

8. Vacuum manifold (MSVMHTS00) (Millipore).

9. Vacuum/pressure pump (WP6122050) (Millipore).

10. LightCycler® 480 apparatus (Roche Diagnostics, Brussels,
Belgium).

11. Steddy-T Stereo Trinocular Microscope (CETI) (Medline
Scientific, Oxford, UK).

12. Confocal microscope Fluoview FV1000 ASW (Olympus,
Tokyo, Japan).

2.2. Buffers

and Solutions

1. Liquid growth medium: Half-strength Murashige–Skoog (MS)
medium supplemented with 1% (w/v) sucrose, 0.01% (w/v)
myo-inositol, and 0.05% (w/v) 2-(N-morpholino) ethanesulfo-
nic acid (MES) monohydrate. The pH of the medium was
adjusted to 5.7 with 1 M KOH. Store MS medium at 4�C.

2. Solid growth medium: MS medium prepared as above and
supplemented with 0.8% (w/v) plant tissue culture agar.

3. GUS staining solution: 1 mM 5-bromo-4-chloro-3-indolyl
b-D-galactopyranoside sodium salt (X-Glc), 0.5% dimethylfor-
mamide (DMF), 0.5% Triton X-100, 1 mM ethylenediamino-
tetraacetic acid (EDTA) (pH8), 0.5mMpotassium ferricyanide
(K3Fe(CN)6), and 0.5 mM potassium ferrocyanide (K4Fe
(CN)6). Stock solution of X-Glc, K3Fe(CN)6 and K4Fe(CN)6
are kept at �20�C.

4. Phosphate buffer (500 mM): 61.5% of 500 mM K2HPO4 and
38.5% of 500 mM KH2PO4 (pH 7.0).

5. SYBR Green I Master Kit (Roche Diagnostics).

6. RNeasy Kit (Qiagen, Hilden, Germany).

7. iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA).

2.3. Plant Material 1. For the primary screen, sterilize seeds of A. thaliana (L.)
Heyhn (ecotype Columbia-0) by treatment with ethanol
(70%) for 2 min, followed by NaOCl (15%) for 15 min. Wash
five times with sterile water. Stratify seeds in water for 2 days at
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4�C. Germinate and grow the sterile and stratified seeds in
sterile 96-well filter plates in a growth chamber under continu-
ous light (110 mE/m/s photosynthetically active radiation,
supplied by cool-white fluorescent tungsten tubes; Osram,
Munich, Germany) at 21�C.

2. For other experiments, germinate the sterile and stratified seeds
in square or rectangular plates in a growth chamber under
long-day conditions (16-h light/8-h dark) at 21�C.

2.4. Chemicals 1. A 10,000-compound chemical library (DIVERSet™, Chem-
Bridge Corporation, San Diego, CA, USA). All compounds are
dissolved in 100% dimethyl sulfoxide (DMSO) at a concentra-
tion of 5 mM and stored in 384-well plates at �20�C.

2. DMSO, Brassinolide (BL) (Wako Pure Chemical Industries,
Ltd., Tokyo, Japan) and Brassinazole (BRZ) (TCI Europe,
Zwijndrecht, Belgium) are used as controls. BL and BRZ
were dissolved in 100% DMSO at a concentration of 0.1 and
0.5 mM, respectively, and stored at �20�C.

3. Methods

The methods described below outline the primary phenotypic
screen for chemicals affecting hypocotyl growth of A. thaliana
seedlings in light, the assessment of the effect of the putative hits
on BR signaling, the secondary screen for chemicals affecting the
localization of BRI1, and the validation strategy for the effect of
selected compounds on the BRI1 localization and different endo-
membrane compartments.

3.1. Chemical Screen

for Effectors (Activators

or Inhibitors) of

Hypocotyl Growth

Under Continuous

Light Conditions

1. Prepare 96-well filter plates by pipetting 150 ml liquid growth
medium under sterile conditions (see Notes 1 and 2).

2. Add manually 7–10 sterilized and stratified seeds ofArabidopsis
in each well with a pipette.

3. Put plastic lids on the plates and seal with air-permeable tape.

4. Incubate the plates in a growth chamber under continuous
shaking at 150 rpm and continuous light to induce germina-
tion (see Note 3).

5. After 4 days of seed germination, remove the medium by
vacuum filtration with a vacuum manifold and a vacuum/
pressure pump and replace with fresh liquid growth medium
(see Note 4).

6. Add 1.5 ml of the stock compound to the wells of columns
2–11. Add 1.5 ml of a 100% DMSO solution to the wells of
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column 12. Add 1.5 ml of the stock BL solution to rows A–D
of column1 and1.5ml of the stockBRZ solution to rowsE–Hof
column 1 (see Notes 5 and 6).

7. Incubate the plates in a growth chamber under continuous
shaking at 150 rpm and continuous light conditions to allow
further growth of the seedlings in the presence of chemicals
and control compounds (see Note 3).

8. After 3 days of compound incubation, assess the effect of the
chemicals and control compounds on hypocotyl growth under
a stereo microscope (see Note 7) (Fig.1).

3.2. Validation

of the Primary Screen

1. Reconfirm the effect of every identified hit by growing Arabi-
dopsis seeds on solid media supplemented with DMSO and
chemicals at a concentration of 1, 3, 5, 10, 25, and 50 mM,
respectively (see Note 1).

2. Place the plates vertically in a growth chamber with a photope-
riod of 16-h light/8-h darkness.

3. Five days after germination, analyze the length of the primary
root and hypocotyl under a stereo microscope (see Note 8).

4. Scan the plates and measure the length of the roots and hypoco-
tyls using ImageJ (available free online; http://www.rsbweb.nih.
gov).

3.3. BR Responses The effect of the hit compounds identified in the primary screen on
the BR responses is assessed in different manners.

3.3.1. Quantitative

Polymerase Chain

Reaction Analysis

By means of a quantitative polymerase chain reaction (qPCR), the
expression levels of selected BR biosynthetic signaling and response
genes (such as DWF4, CPD, ROT3, BR6OX1, BR6OX2, BRI1,
BIN2, BSU1, BES1, BZR1, SAUR-AC1, BAS1, andNAC) (15, 16)

Fig. 1. Phenotypes of 7-day-old seedlings germinated in liquid growth medium supplemented with brassinazole (BRZ)
(5 mM) (a), dimethyl sulfoxide (DMSO) (b), or brassinolide (BL) (1 mM) (c). Arrows mark both ends of the hypocotyls.
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are evaluated in the presence of chemicals. The qPCR primers used
to analyze the gene expression are given in Table 1.

1. Sow sterilized and stratified Arabidopsis seeds on square plates
containing solid growth medium (see Note 1).

2. Place the plates vertically in a growth chamber with a photope-
riod of 16-h light/8-h darkness.

Table 1
qPCR primer list

Gene name Forward primer Reverse primer

DWF4,
At3g50660

GTGATCTCAGCCGTACATTTGGA CACGTCGAAAAACTACCACTTCCT

CPD,
At5g05690

CCCAAACCACTTCAAAGATGCT GGGCCTGTCGTTACCGAGTT

NAC,
At5g46590

GTTTACCTCCAGGGTTCCGGTT GCACTGAGATGCGACATCTTCG

BAS1,
At2g26710

TTGGCTTCATACCGTTTGGC TTACAGCGAGTGTCAATTTGGC

ROT3,
At4g36380

ATTGGCGCGTTCCTCAGAT CAAGACGCCAAAGTGAGAACAA

BR6OX1,
At5g38970

TGGCCAATCTTTGGCGAA TCCCGTATCGGAGTCTTTGGT

BR6OX2,
At3g30180

CAATAGTCTCAATGGACGCAGAGT AACCGCAGCTATGTTGCATG

BRI1,
At4g39400

GGTGAAACAGCACGCAAAACT CACGCAACCGCAACTTTTAA

BIN2,
At4g18710

GTGACTTTGGCAGTGCGAAAC CAGCATTTTCTCCGGGAAATAATGG

BSU1,
At1g03445

GGCGGTTTTCGTCAACAATTCC CCATCTAAACTGATCTCGGGTAAGG

BES1,
At1g19350

CAACCTCGCCTACCTTCAATCTC TTGGCTGTTCTCAAACTTAAACTCG

BZR1,
At1g75080

CCTCTACATTCTTCCCTTTCCTCAG GCTTAGCGATAGATTCCCAGTTAGG

SAUR-AC1,
At4g38850

TTGGGTGCTAAGCAAATTATTCG TCTCCTACATAGACCGCCATGA

CDKA1;1,
At3g48750

ATTGCGTATTGCCACTCTCATAGG TCCTGACAGGGATACCGAATGC

EEF1a4,
At5g60390

CTGGAGGTTTTGAGGCTGGTAT CCAAGGGTGAAAGCAAG AAGA
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3. Four days after germination, transfer the seedlings onto 96-
well plates containing liquid growth medium and chemicals at a
concentration of 1, 3, 5, 10, 25, and 50 mM, respectively.
In control treatments, use BL and BRZ at a final concentration
of 1 and 3 mM, respectively. The final DMSO concentration in
all samples is 1% (see Note 1).

4. Incubate the plates for 2 h in a growth chamber with a photo-
period of 16-h light/8-h darkness.

5. Transfer the seedlings in 2-ml tubes and snap freeze them in
liquid nitrogen.

6. Extract RNA with the kit according to the manufacturer’s
protocol.

7. Synthesize cDNA starting from 1 mg total RNA according to
the manufacturer’s protocol.

8. Perform the qPCR under the conditions provided by the man-
ufacturer (see Notes 8 and 9).

9. Analyze the results (see Note 10).

3.3.2. Histochemical

GUS Analysis

A histochemical GUS analysis is done to allow the visualization of
the activation or inhibition of the BR-responsive reporter gene
pCPD:GUS (17) after compound treatment.

1. Sow sterilized and stratified seeds of the pCPD:GUS transgenic
line on square plates containing solid growth medium (see
Note 1).

2. Place the plates vertically in a growth chamber with a photope-
riod of 16-h light/8-h darkness.

3. Four days after germination, transfer ten seedlings to 96-well
plates containing liquid growth medium and chemicals at a
concentration of 1, 3, 5, 10, 25, and 50 mM, respectively.
BL and BRZ are used at final concentrations of 1 and 3 mM,
respectively. Final DMSO concentration in all samples is 1%
(see Note 1).

4. Incubate the plates for 2 h in a growth chamber with a photo-
period of 16-h light/8-h darkness.

5. Take out the seedlings and incubate them in 90% acetone for
30 min.

6. Wash the seedlings with phosphate buffer.

7. Incubate the seedlings overnight in GUS staining solution at
37�C.

8. Next day, visually identify samples that are darker or lighter
blue than the controls (see Note 11).
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3.3.3. Phenotypic Analysis

of BR Biosynthetic

and Signaling Mutants

1. Sow sterilized and stratified seeds of wild-type Arabidopsis
and mutants (cpd, bri1-9, bri1-301, bri1-116, and bin2-1)
(12, 18, 19) on rectangular plates containing solid growth
medium supplemented with chemicals at concentration ranges
1, 3, 5, 10, 25, and 50 mM (see Note 1).

2. Incubate the plates vertically in a growth chamber with a
photoperiod of 16-h light/8-h darkness.

3. Four to five days after germination, check visually for phenotypic
rescue of the primary root and hypocotyl lengths as in Subhead-
ing 3.2 (see Note 8).

3.4. Secondary Screen

for Small Chemical

Molecules Affecting

the Subcellular

Localization of BRI1

The effect of the bioactive compounds on the BRI1 localization is
monitored by using two transgenic reporter lines stably producing
the BRI1 receptor C-terminally fused to the green fluorescent
protein (GFP) under the control of the BRI1 promoter (6, 20).

1. Sow sterilized and stratified seeds on square plates containing
solid growth medium (see Note 1).

2. Place the plates vertically in a growth chamber with a photope-
riod of 16-h light/8-h darkness.

3. Four days after germination, transfer the seedlings from the
square plates into 96-well plates containing liquid growth
medium and chemicals at a concentration of 1, 3, 5, 10, 25,
and 50 mM, respectively and 1% DMSO as a control.

4. Incubate the plates for 2 h in a growth chamber with a photo-
period of 16-h light/8-h darkness.

5. Take out the seedlings, and mount them on a slide with chemi-
cal or DMSO-containing liquid growth medium. Cover the
slide with a cover glass.

6. Visualize the meristematic zone of the root tip (Fig. 2) or
the hypocotyl epidermis under a confocal microscope with a
63� water-corrected objective (numerical aperture of 1.2 and
zoom 4) to scan the cells (see Note 8).

7. Reconfirm the identified hits by imaging BRI1-GFP in roots
and hypocotyls treated with chemicals at different concentra-
tions (1, 3, 5, 10, 25, and 50 mM) and DMSO as a control.

3.5. Analysis of

the Localization

Pattern of Different

Endomembrane

Markers

To assess in which cellular compartments the chemicals affect the
BRI1 trafficking, several fluorescent transgenic lines that mark
different endomembrane compartments are used: VHAa1 (21)
for Trans-Golgi Network (TGN)/early endosomes, SYP61 (7) for
TGN, SYP22 (7) for late endosomes and tonoplast, PIN2 (7) for
PM, MAP4 (22) for microtubules, GFP-fABD2 (23) for actin,
SYP32-YFP (24) for Golgi apparatus, and NIP1;1-YFP (24) for
endoplasmic reticulum and PM. The experiments follow steps
described in Subheading 3.4 (see Note 8) (Fig. 2).
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Fig. 2. Observed localization patterns of BRI1-GFP, PIN2-GFP, GFP-MAP4, VHAa1-GFP,
SYP61-CFP, and SYP22-YFP in Arabidopsis roots after treatment with chemicals (b, d, f,
h, j, and l) and dimethyl sulfoxide (DMSO) (a, c, e, g, i, and k).
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4. Notes

1. Sterile working conditions should be used to avoid contamina-
tion during the germination step.

2. Always use sterile and freshly prepared growth medium.

3. Continuous light and shaking have a positive effect on seed
germination and plant growth.

4. During the 4-day germination step and depending on the well
position in the microtiter plate, evaporation of the medium will
occur. Refreshing the medium assures that the medium levels are
the same in all wells and avoids that wells run dry due to further
evaporation in the subsequent compound incubation step.

5. This step yields a final DMSO concentration of 1% in all wells,
final screening compound concentration of 50 mM, final BL
concentration of 1 mM, and final BRZ concentration of 5 mM.

6. To avoid possible inhibition of the germination by some che-
micals, add them after the germination step.

7. Before the analysis of the effect of the compounds on the
hypocotyl length, one needs to assess whether short hypocotyls
(induced by BRZ) can be qualitatively distinguished from long
hypocotyls (induced by BL) (Fig. 1).

8. The results must be reconfirmed by repeating the experiment
three times. At least ten seedlings should be considered for each
compound.

9. Expression levels are normalized to those of EEF1a4 and
CDKA1;1 (15).

10. Data are analyzed with qBase (25).

11. The histochemical staining pattern and intensity of GUS are
examined and chemicals that cause darker staining than the
control are marked as BR inhibitors.
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Chapter 8

A Chemical Genetics Method to Uncover Small Molecules
for Dissecting the Mechanism of ABA Responses
in Arabidopsis Seed Germination

Yang Zhao

Abstract

Functional redundancy widely exists in genes encoding receptors and signaling components of plant
hormones, particularly the stress hormone abscisic acid (ABA). The redundancy hinders the use of
conventional genetic approach to dissecting molecular mechanisms for ABA signal perception and trans-
duction. Chemical genetics approach, in which bioactive small molecules are used to perturb the function of
gene products encoded by functionally redundant genes, provides an excellent alternative strategy to
investigate ABA signaling. This approach led to the discovery of ABA receptor family, PYR/PYL/RCAR
(Zhao et al., Nat Chem Biol 3:716–721, 2007; Park et al., Science 324:1068–1071, 2009). A forward
chemical genetics screen uncovered an ABA agonist, pyrabactin, which provides a critical small-molecule
probe to the identification of the ABA receptor family and the dissection of its downstream signaling.

Key words: Functional redundancy, Abscisic acid, Chemical genetics, Small molecule, Signaling
network

1. Introduction

Abscisic acid (ABA) plays multiple important roles in plant growth,
development, and stress responses. Under drought stress, ABA
crucially regulates stomatal aperture to repress leaf transpiration
and prevent plant dehydration (1). Under salinity stress, ABAmod-
ulates cell ion homeostasis and activates the accumulation of certain
protective molecules to prevent cell damage (2). Recently, ABA was
also found to play either positive or negative role in plant disease
responses, affecting plants’ ability to resist or sensitize certain patho-
gens (3). ABA also regulates plant development and growth, includ-
ing embryo and seed development, seedling establishment, and

Zhi-Yong Wang and Zhenbiao Yang (eds.), Plant Signalling Networks: Methods and Protocols,
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plant vegetative and reproductive growth. The effect of ABA on
seed dormancy and germination has been an easy and important
assay for the study of ABA signaling and interaction with other
hormones, such as gibberellins (GA), auxin, brassinosteroids, and
ethylene. For example, ABA inhibits seed germination, but GA and
ethylene counteract the effects of ABA but probably in different
phases of seed germination (4). Genetic screens for hypo- or hyper-
sensitivity to ABA inhibition of seed germination have identified a
series of genes involved in ABA metabolism and signaling (5).
However, no ABA receptors were identified from the screens sup-
posedly due to the functional redundancy of ABA receptor genes
and consequently ABA signaling mechanisms remained unclear.

Chemical genetics approaches are complementary to conven-
tional genetics ones. Using functionally active small molecules to
conditionally perturb protein function provides chemical genetics
approaches some unique advantages in dealing with problems
related to genetic redundancy and genetic lethal mutation,
which also provides specific perturbations in terms of time and
strength. Although applying chemical genetics method to plant
science had a shorter history (6) since solid-phase synthetic tech-
niques revolutionized organic molecule synthesis in the second
half of the last century and made chemical genetics approach using
synthetic molecules to target human diseases feasible (7, 8), it
already showed the power in solving problems in plant research
of natural genetic variation (9), plant hormone function (10), and
the interaction mechanism of plant and its pathogen (11). Cur-
rently, the chemical genetics methods have some obvious disad-
vantages in practice. Firstly, due to the chemical synthesis
difficulties, present synthetic molecules provide rather smaller
probing chemical spaces than the ones existing in living molecules
of organisms. Secondly, in some case, an active small molecule may
have affected different proteins’ functions of the same organism
simultaneously (12).

Perhaps the most successful story of chemical genetics in plant
research is a recent forward chemical genetics screen for small
molecules mimicking ABA inhibition of Arabidopsis seed germina-
tion, which led to the discovery of a novel ABA synthetic agonist,
pyrabactin, and the follow-up discovery of ABA receptor family,
PYR/PYL/RCAR (9, 13). The successful identification of ABA
receptor using a chemical genetic-based strategy has proved that
chemical genetics provides an extremely valuable alternative
approach to investigating functionally redundant genes and com-
plicated signaling networks in plants. This chapter describes a pro-
cedure for chemical screen using the identification of pyrabactin as
an example.
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2. Materials

2.1. Small-Molecule

Chemical Library and a

Chemical Working Stock

Preparation

A novel and structure diverse small-molecule chemical library is
purchased from Chembridge Corporation. The library is in a pre-
formatted 96-well plates arranged in the following order: from well
A1 toH1 and A12 toH12, each contains 100 ml of DMSO (carrier
solvent); from well A2 up to H11, each contains 100 ml of 10 mM
single chemical stock in DMSO, which is a convenient chemical
working stock for using 100 mM as a chemical screen concentra-
tion. If a lower chemical screen concentration is required, a
corresponding working stock has to be prepared by diluting the
original stock using DMSO as solvent. For example, for 25 mM
chemical screen concentration, 2.5 mM chemical working stock has
to be prepared before the screen. Other similar chemical libraries
and various bioactive chemical libraries are available from Chem-
bridge Corporation as well as Life Chemical Corporation.

2.2. Arabidopsis Seeds

and Plant Chemical

Screen Preparation

1. Col-0 seeds are purchased from Arabidopsis Biological
Resource Center (ABRC, Ohio State University) to restock
up to 20 g seeds for a chemical library screen.

2. Seed surface-sterilizing solution: 10% bleach (Clorox), 0.01%
Triton X-100 in water, filter sterilized.

3. Seed suspension liquid: 0.1% agar in water, autoclaved.

4. 1� MS solution (Sigma Aldrich).

5. 1% Agar in water, autoclaved.

2.3. High-Throughput

Liquid Transaction

Transfer of chemicals from the library and subsequent liquid trans-
fers during plant chemical screen MS plate preparation were carried
out using multichannel pipettes (Eppendorf). If possible, an auto-
matic liquid handler or robot is highly recommended for this work.

2.4. Chemical Genetic

Phenotype Examination

An optical microscope with an imaging system integrated to a
computer-recording workstation (e.g., Leica AF7000, Leica
Microsystems) is a least required instrument for examining plant
chemical genetic phenotype. To keep a screen in a high-throughput
mode, if possible, an automatic high-throughput imaging system
for plant phenotype examination is highly recommended, for exam-
ple Opperetta high throughput imaging system (Perkin Elmer).

3. Method

The chemical screen procedure of this chapter is described as a
streamline in Fig. 1.

The screen was carried out in a 96-well format. Each plant
screen plate has two rows, including wells from A1 to H1 and

8 A Chemical Genetics Method to Uncover Small Molecules. . . 109



A12 toH12, which correspond to wells containing DMSO alone in
chemical working stock plates. These wells are for seedlings used as
the screen control without chemical treatment.

The screen processes from plant seed preparation, chemical
screen MS medium plate preparation to plant phenotype observa-
tion take a week. From the second screen week on, for each work
day, a screen personnel or team has to finish preparing a certain
number of new screen plates and the phenotype examination of a
due set of screen plates prepared a week before. Therefore, it should
be decided how many new screen plates have to be prepared a day
to make sure that the screen personnel or team could complete the
plant phenotyping in the same time period.

3.1. Seed Preparation

for Chemical Screen

3.1.1. Seed Surface

Sterilization

1. For preparing a chemical screen plate, 0.01 g Arabidopsis Col-0
seeds need to be weighed (see Note 1) into a sterilized Eppen-
dorf or Falcon tube.

2. Add 10� seed volume of seed surface-sterilizing solution into
the tube containing seeds, tighten the tube lid, and vortex it
thoroughly for 5 s.

3. Keep the tube in room temperature (RT) for 10 min. Spin the
tube at 1,000 g in a centrifuge for 1 min at RT and remove the
supernatant.

4. Add 20� seed volume of autoclaved distilled water, tight the
tube lid, and vortex the seed suspension thoroughly. Spin the
tube at 3,000 rpm in a centrifuge for 1 min at RT and pour out
the supernatant.

5. Repeat step 4 another 7–10 times until one cannot smell the
bleach from the seed pellet.

3.1.2. Prepare Seed Transfer

Suspension

1. Add certain volume of seed suspension liquid to the sterilized
seed pellet from the previous step (see Note 2): for example, for
suspending 0.01 g Col-0 seeds, use 1.92 ml suspension liquid.

Fig. 1. A cartoon description of the steps of a plant chemical genetics screen includes a high-throughput preparation of
plant chemical screen plate stage, plant growth stage, and plant chemical genetics phenotype examination stage.
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2. Suspend the seed pellet thoroughly through pipetting and
vortexing. The final seed suspension should have seed density
range from 8 to 12 seeds per 20 ml suspension liquid.

3. The prepared seed suspension can be kept in 4�C refrigerator
until use. We have found that this seed suspension could be
stored in a 4�C refrigerator for up to 1 week.

3.2. Prepare a Chemical

Screen MS Plate

1. For each screen from a chemical library, a duplicate of plant
chemical screen MS medium plates needs to be prepared. For
this purpose, take two sterilized 96-well plates and label them
on one side with the ID number of a chemical working stock
plate to be screened.

2. Use a multichannel pipette or automatic liquid handler to transfer
34ml 1�MSliquid intoeachwellof aforementioned labeledplates.

3. Use a multichannel pipette or automatic liquid handler to
transfer 1 ml chemical stock solution from the chemical working
stock plate (see Note 3) into corresponding wells of these
labeled plates. For each well from A1 to H1 and from A12 to
H12 of aforementioned labeled plates, instead of 1 ml chemical,
1 ml DMSO from the chemical working stock plate is added.

4. Use a multichannel pipette or automatic liquid handler to
transfer 65 ml boiling-hot 1% agar into each well of aforemen-
tioned labeled plates (see Note 4). Each plate is kept under RT
for solidification for 30 min and then incubated in a 4�C
refrigerator for at least 1 h. Now, a pair of plant chemical screen
MS medium plates is prepared and ready for use.

5. Use a multichannel pipette or automatic liquid handler to
transfer 20 ml seed suspension prepared previously into each
well of an MS screen plate (see Note 5).

3.3. Seed Stratification

and Germination

1. Chemical screen plates loaded with seed suspension made from
the last step are covered with lids and tightly wrapped with
cling film. The wrapped plates are placed with lid up in a 4�C
refrigerator with a glass door (see Note 6) for 3 days for
stratification.

2. When the seed stratification ends, the plates are moved into a
dark-grown cabinet (see Note 7) for 4 days to allow seed
germination at 22�C.

3.4. Phenotype

Examination

1. After the 4-day incubation in the dark, the duplicate screen plates
are examined under a microscope for desired phenotypes side by
side. A candidate chemical hit is picked upwhen the same pheno-
type is observed on both duplicate plates. In the screen for ABA
agonists, chemical hits cause Arabidopsis seed germination inhi-
bition, as does pyrabactin (Fig. 2).
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2. Seedling phenotypes are imaged and recorded (e.g., Leica
AF7000, Leica Microsystems).

3.5. Activity

and Structure

Characterization

of Candidate

Chemical Hits

1. For a candidate chemical hit found in a preliminary chemical
genetics screen as described previously, a retest needs to be
performed to confirm the chemical’s biological activity found
in the preliminary screen.

2. Upon a candidate chemical hit’s biological activity confirmed, a
larger amount of the relevant chemical and its various structure
analogues need to be ordered.

3. The dose activity measurement and its IC50 have to be deter-
mined for the relevant chemical.

4. The dose activity measurement and the IC50 of all structure
analogues of the relevant chemical should be determined. This
analysis may allow the identification of the chemical’s substruc-
ture critical for its biological activity and the most active ana-
logue of the relevant chemical.

3.6. Delineate the Mode

of Action for a

Germination Inhibitory

Chemical Comparing

with ABA

Now, using the whole genomic microarray experiment to delimit a
drug target compass in a model organism has been a routine tech-
nique. I will use pyrabactin as an example (13) but not default any
practical methodological procedure using a whole genome micro-
array experiment to determine how similiar a newly uncovered seed

Fig. 2. Pyrabactin inhibits Arabidopsis Col-0 seeds’ germination in a dark-grown condition.
The left photo shows Col-0 seeds treated with 25 mM pyrabactin in a dark-grown condition
for 4 days; the seeds’ germination was inhibited. The right photo shows the same batch of
Col-0 seeds grown under the same condition without pyrabactin for 4 days.
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germination inhibitory chemical to ABA in term of made of action,
since each lab should have its best choice to carry out this kind of
experiment.

3.6.1. Determine Dose Effect

of ABA and Pyrabactin on

Seed Germination Inhibition

Dose activity measurements determine the minimum concentra-
tions of 1 mM ABA and 25 mM pyrabactin for 100% germination
inhibition of Arabidopsis Col-0 seeds grown in dark for 3 days after
inhibition (13).

3.6.2. Total RNA Extractions

from Chemical-Treated

Seeds

For each microarray experiment, RNA extractions from quadrupli-
cates of both ABA and pyrabactin treatments are prepared, mean-
while RNA extractions from triplicate of 1% DMSO treatment are
prepared as control. An RNA extraction is prepared from seeds
grown on four 150-mm Petri dish plates, each plate grows 2,500
seeds in dark for 24 h on 0.5� MS medium with proper chemical
concentration after stratified for 4 days at 4�C (13).

Before RNA extraction, the following buffers and reagents need
to be prepared. All chemicals are purchased from Sigma Aldrich.

1. Extraction buffer: 10 mM Tris–HCl (pH 9.5), 10 mM EDTA
(pH 8.0), 2% (w/v) lithium dodecyl sulfate, 0.6 M NaCl,
0.4 M trisodium citrate, and 5% (v/v) 2-mercaptoethanol.

2. Phenol mixture: Water-saturated phenol is mixed with 35%
(w/v) guanidium thiocyanate and 1/10 volume of 2M sodium
acetate (pH 4.0), stored in dark at 4�C.

3. Chloroform/isoamyl alcohol (v/v: 24:1).

4. Isopropanol.

5. 75% Ethanol (v/v) stored at 4�C.

6. RNase-free water.

RNA Extraction

Procedure (Modified

from Ref. 14)

1. Collect chemical-treated seeds from growing plates, and grind
seeds in powder in liquid nitrogen using a precooled mortar
and pestle.

2. Transfer the powder into an ice-bathed 50-ml Falcon tube, add
ten volume of extraction of buffer, and mix the mixture by
inverting the tightened tube five to seven times. Centrifuge the
tube at 14,000 � g for 5 min at RT.

3. Transfer every 0.5–0.7 ml supernatant into a set of Eppendorf
tubes, add one volume of chloroform/isoamyl alcohol into
correspondent tubes, and mix 15 times by inversion. Centri-
fuge at 14,000 � g for 10 min at 4�C. Transfer the upper phase
into another set of Eppendorf tubes. From now on, all liquid
manipulation is carried out in Eppendorf tube.

4. Add one volume of phenol mixture and mix by inverting tubes
ten times. Let tubes to stand for 3 min at RT. Add chloroform/
isoamyl alcohol at 0.5 volume of phenol mixture, shake tubes
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vigorously by hand for 20 s, and centrifuge at 14,000 � g for
10 min at 4�C.

5. Transfer the upper phase to a set of Eppendorf tubes and add
0.6 volume isopropanol. Mix by inverting tubes 8–10 times
and let them stand for 10 min at RT. Centrifuge at 14,000 � g
for 20 min at 4�C.

6. Wash pellets twice using 75% cold ethanol through centrifuga-
tion. Air dry pellets briefly and add 50 ml RNase-free water to
dissolve. The RNA solution is stored in �80�C.

Quality and Quantity

Examinations of RNA

Extractions (13)

For each RNA extraction sample, 1 ml RNA stock solution is diluted
into 99 ml 10 mM Tris–HCl (pH 7.4) buffer. The RNA dilution is
used to measure RNA concentration and RNA purity through mea-
suring 260 and 280 nm OD ratio which should be between 1.7 and
2.2 by using GeneQuant RNA/DNA Calculator (GE Healthcare
Bio-Sciences Corp., NJ, USA). Gel electrophoresis is also employed
to examine the states of degradation of the RNA extractions.

3.6.3. Microarray

Experiments and Data

Analysis (13)

Microarray Experiments (13)

Triplicate 1% DMSO-treated control RNA samples and quadrupli-
cate RNA samples from both ABA and pyrabactin treatments are
converted to biotin-labeled cRNA using Enzo kit (Affymetrix,
Santa Clara, USA) according to the user instruction of manufac-
turer and hybridized to 22 k ATHAffymetrix microarray at CAGEF
(University of Toronto).

Data Analysis (13) Gene expression level of microarray is measured by the statistical
algorithm for the GCOS/MAS5.0 (Affymetrix). One thousand six
hundred and twenty-eight gene probes are identified to response to
the treatments of both ABA and pyrabactin comparing with control
treatments with fold change and false discovery rate at 5%. Their
average transcript levels of both ABA and pyrabactin versus the
control ones are transformed in log2 to draw Pearson correlation
of mode of action between ABA and pyrabactin treatments on seed
germination (Fig. 3).

4. Notes

1. For a certain Arabidopsis seed used for a chemical genetics
screen, it is a useful practice to find the ratio between the seed
weight and its number: for example, for Col-0 seeds, 1,000
seeds weigh 0.01 g.

2. For a certain Arabidopsis seed used for a chemical genetics
screen, it is a useful practice to find the ratio between the seed
weight and the volume of seed suspension liquid added to
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acquire a proper seed density in a seed suspension for the seed
loading of a chemical screen plate.

3. We have found that less than 2% DMSO in a chemical screen
MS medium does not inhibit seed germination and seedling
growth in the screen.

4. When adding hot agar liquid into a plate, it is important to
push out the hot agar liquid from pipette at a proper speed to
prevent any air bubble formed in wells of the plate. In case that
some big air bubbles have been formed in some well of the
plate, the plate cannot be used for a screen and a new plate
needs to be made for the screen.

5. A set of tip-cut pipette tips needs to be prepared for the seed
suspension transfer of this step.

6. We have found that when Arabidopsis seeds are stratified under
a dim light condition at 4�C it helps to break the seed dor-
mancy, for example in a refrigerator with a glass door.

7. We use this dark-grown condition for ABA inhibition of seed
germination. Proper growth conditions should be chosen
accordingly for specific phenotype assays.

Fig. 3. Pearson correlation of gene expression responses of abscisic acid (ABA) (x-axis)
and pyrabactin (y-axis) treatments versus control ones of Arabidopsis seeds’ germination
indicated an almost the same mode of action of ABA and pyrabactin on seed germination,
which showed pyrabactin an ABA functional agonist in seed germination process.
Reproduced from ref. 13 with the permission of Science magazine.
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Chapter 9

Activation Tagging

Xiaoping Gou and Jia Li

Abstract

Insertional mutagenesis is one of the most effective approaches to determine the function of plant genes.
However, due to genetic redundancy, loss-of-function mutations often fail to reveal the function of a
member of gene families. Activation tagging is a powerful gain-of-function approach to reveal the functions
of genes, especially those with high sequence similarity recalcitrant to loss-of-function genetic analyses.
Activation tagging randomly inserts a T-DNA fragment containing engineered four copies of enhancer
element into a plant genome to activate transcription of flanking genes. We recently generated a new binary
vector, pBASTA-AT2, which has been efficiently used to discover genes involved in BR biosynthesis,
metabolism, and signal transduction. Compared to pSKI015, a commonly used activation tagging vector,
pBASTA-AT2, contains a smaller size of T-DNA and a bigger number of unique restriction sites within the
T-DNA region, making cloning of the flanking sequence a lot easier. Our analysis indicated that pBASTA-
AT2 gives dramatically improved transformation efficiency relative to pSKI015. In this article, detailed
information about this activation tagging vector and the protocol for its application are provided. Three
recommended gene cloning approaches based on the use of pBASTA-AT2, including inverse PCR, thermal
asymmetric interlaced PCR, and adaptor ligation-mediated PCR, are described to identify T-DNA insertion
sites after selection of activation-tagged mutant plants.

Key words: Gain-of-function, Activation tagging, pBASTA-AT2, Inverse PCR, Thermal asymmetric
interlaced PCR, Adaptor ligation-mediated PCR

1. Introduction

A routinely used approach to dissect a biological process is to gener-
ate loss-of-function mutants of genes directly associated with this
process. T-DNAs and transposons have been successfully used as tags
to generate insertional mutations and identify genes responsible for
mutant phenotypes in both model and crop plant species (1–6).
Insertional mutagenesis usually produces recessive loss-of-function
mutants by introducing T-DNAs or transposons into coding
sequences or promoter regions of genes (7). However, insertional
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mutagenesis has its obvious limitations. It is rarely successful to
determine roles of genes with functionally redundant homologs.
Functional redundancy has been widely identified in almost all
sequenced eukaryotic genomes (8). For example, about two-thirds
of Arabidopsis genes were found to have at least one additional copy
in its genome (9). Similarly, many biochemical processes have
evolved alternative pathways (10). In addition, some genes are essen-
tial to plant growth and development, such as those involved in
embryogenesis or gametogenesis. Knocking out these genes could
result in lethality. Generating recessive loss-of-function mutants is
usually time consuming because the mutant phenotypes can only be
examined after homozygous plants are obtained.

Gain-of-function analysis is an alternative and effective
approach to unfold function of a gene. This method can overcome
the aforementioned limitations of recessive insertional mutagenesis
(11). In 1990s, a new concept was developed in the process of
screening for genes involved in auxin/cytokinin-independent
growth in vitro byWalden’s group (12). In this mutagenesis system,
a binary vector was constructed by inserting four repetitive
enhancer fragments into the T-DNA region. The enhancer
sequence was derived from the constitutively active promoter of
cauliflower mosaic virus (CaMV) 35S gene. The four copies of
enhancer sequence were engineered in the T-DNA near its right
border. When the T-DNA is randomly inserted into plant genome
byAgrobacterium-mediated transformation, it can activate the tran-
scription of gene/genes in the vicinity of the T-DNA insertion site.
Because the T-DNA insertion often causes transcriptionally activa-
tion of genes, this approach was called activation tagging (13). The
original activation tagging vector was successfully used in tissue
culture to identify CKI1, an important regulatory component of
cytokinin signal transduction (14). A large-scale T-DNA-based acti-
vation tagging screen in Arabidopsis demonstrated that this is an
effective approach to generate dominant mutants that are mostly
due to overexpression of genes near the T-DNA insertion site (15).
This approach has been successfully applied to several species,
including Arabidopsis (15–18), rice (19–23), lotus (24), tomato
(25), tobacco (26, 27), poplar (28), and petunia (29), to identify
genes involved in many aspects of plant growth, such as develop-
ment (17, 30–36), stress response (37–39),metabolism (26, 27, 40,
41), hormone biosynthesis (29, 42), and catabolism (28, 43). A
similar approach using transposable elements has also been used to
isolate dominant mutations in Arabidopsis (44–46), rice (47),
tobacco (48), barley (49, 50), and lettuce (51). Transposon-based
activation tagging is particularly useful in crops that are difficult to
transform with T-DNAs (52).

T-DNA-based activation tagging was successfully employed
to identify genes involved in brassinosteroid (BR) biosynthesis,
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homeostasis, and signal transduction (53–59). In this article, a new
binary vector for activation tagging is described. A detailed protocol
for activation tagging in Arabidopsis using this vector is provided.

2. Materials

2.1. Arabidopsis

Transformation

and Screening

1. Arabidopsis plants: Plants of either wild type (Col-0, WS2, etc.)
or mutants of your interest (e.g., bri1-5, an intermediate
mutant allele of BRI1, was used to isolate genes involved in
BR biosynthesis, metabolism, and signal transduction) can be
used for transformation by the activation tagging construct.

2. Activation tagging vector: pBASTA-AT2 is a binary vector with
four tandem repeats of the CaMV 35S enhancer sequence
close to its left border (Fig. 1). The mannopine synthase
(mas) promoter (Pmas) and the coding region of the glufosi-
nate resistance gene (BASTA) were PCR amplified from
pSKI015 (15) and cloned into pBlueScriptSK(+) (Stratagene,
http://www.genomics.agilent.com). Synonymous mutations
were then introduced by site-directed mutagenesis to eliminate
all regularly used restriction sites. The cloned sequence was
introduced into pBIB-KAN (60), and the resulting vector
was named pBASTA. Four tandem repeats of the CaMV 35S
enhancer sequence were subsequently inserted into pBASTA
to create the pBASTA-AT2 activation-tagging vector (Fig. 1).
The T-DNA region of pBASTA-AT2 was sequenced, and the
resistance of transgenic plants to Basta herbicide was confirmed
by spraying with Finale (AgrEvo, Montvale, NJ). The T-DNA
region of pBASTA-AT2 is much smaller than that in pSKI015
because the pUC19 sequence in pSKI015 for plasmid rescue
was eliminated in pBASTA-AT2. A fragment of about 0.6 kb
between the enhancers and the left border facilitates the
subsequent cloning.

3. Agrobacterium strain: The preferred strain for Arabidopsis
transformation is GV3101 containing helper plasmid with gen-
tamycin resistance.

Fig. 1. Schematic representation of the T-DNA of the activation-tagging vector pBASTA-AT2. RB and LB right and left
borders of the T-DNA, Pmas mannopine synthase (mas) promoter, BASTA glufosinate resistance gene, 4 � En four copies
of CaMV 35S enhancers. The T-DNA is in the backbone of pBIB (60). Asterisks indicate the unique restriction sites in
the vector. 1–10, primer positions. 1 BIB-TR1, 2 BIB-TR2, 3 BIB-TR3, 4 EX-IPCR1, 5 EX-IPCR2, 6 Pmas5, 7 Pmas6,
8 HB-IPCR3, 9 HB-IPCR4, 10 HB-IPCR5. The primer sequences are listed in Table 1.
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4. LB medium: Dissolve 10 g of Bacto Peptone, 5 g of yeast
extract, and 5 g of NaCl in 1 L H2O. Adjust pH to 7.0 with
NaOH. Sterilize the medium for 20 min in an autoclave.

5. Antibiotics:Use25mg/Lgentamycin for the usedGV3101 strain
and 50 mg/L kanamycin for the binary vector pBASTA-AT2.

6. Floral dip medium: 5% sucrose (w/v) and 0.03% (v/v) Silwet
L77 (Lehle Seeds, Round Rock, TX, USA).

7. Growth room: Temperature at 20–22�C and 16/8 h of light/
dark cycle.

8. Incubator (28�C).

2.2. Determination

of Insertion Sites

1. Genomic DNA isolation: Plant DNeasy mini kit (Qiagen,
Catalogue No.: 69104).

2. Restriction enzymes: BamH I, EcoR I, Hind III, Kpn I, Sac I,
Sal I, Spe I, and Xba I.

3. T4 DNA ligase (1–3 U/ml) with buffer (Promega).

4. Linkers and primers.

For inverse PCR:

EX-IPCR1: 50-GCAACTGTTGGGAAGGGCGATC-30.

EX-IPCR2: 50-AGGGTTTTCCCAGTCACGACGT-30.

BIB-TR2: 50-CAACCCTATCTCGGGCTATTCTT-30.

BIB-TR3: 50-CCGCTTGCTGCAACTCTCTCA-30.

HB-IPCR4: 50-GGAATTGGCTGAGTGGCTCCTT-30.

HB-IPCR5: 50-GTTCCAAACGTAAAACGGCTTG-30.

Pmas5: 50-TTCTCAGACCTACCTCGGCTCT-30.

Pmas6: 50-CGTGAACGGTGAGAAGCTCTG-30.

For thermal asymmetric interlaced PCR (TAIL-PCR) (61):

BIB-TR1: 50-CCATCGCCCTGATAGACGGTTT-30.

BIB-TR2: 50-CAACCCTATCTCGGGCTATTCTT-30.

BIB-TR3: 50-CCGCTTGCTGCAACTCTCTCA-30.

HB-IPCR3: 50-CATCTACGGCAATGTACCAGCT-30.

HB-IPCR4: 50-GGAATTGGCTGAGTGGCTCCTT-30.

HB-IPCR5: 50-GTTCCAAACGTAAAACGGCTTG-30.

AD1: 50-NTCGASTWTSGWGTT-30.

AD2: 50-NGTCGASWGANAWGAA-30.

AD3: 50-WGTGNAGWANCANAGA-30.
For adapter ligation-mediated PCR (62):

BIB-TR2: 50-CAACCCTATCTCGGGCTATTCTT-30.

BIB-TR3: 50-CCGCTTGCTGCAACTCTCTCA-30.

HB-IPCR4: 50-GGAATTGGCTGAGTGGCTCCTT-30.
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HB-IPCR5: 50-GTTCCAAACGTAAAACGGCTTG-30.

AP1: 50-GTAATACGACTCACTTAGGGC-30.

AP2: 50-TGGTCGACGGCCCGGGCTGC-30.

LSA: 50-GTAATACGACTCACTTAGGGCACGCGTGGTC-
GACGGCCCGGGCTGC-30.

SSA BamHI: 50-phosphate-GATCGCAGCCCG-aminoC7-30.

SSA EcoRI: 50-phosphate-AATTGCAGCCCG-aminoC7-30.

SSAHindIII: 50-phosphate-AGCTGCAGCCCG-aminoC7-30.

5. Incubator (37, 65, and 70�C).

6. Autoclaved tips, Eppendorf tubes, and PCR tubes.

7. Thermocycler.

8. PCR-grade dNTPs (2.5 mM each).

9. ExTaq (5 U/ml) with buffer (TaKaRa), or any other high-
efficiency Taq DNA polymerase.

3. Methods

3.1. Plant Growth Arabidopsis seeds of your choice are treated at 4�C for 3 days in
distilled water, then sown in soil, and grown at 21�C under 16/8-h
light/dark cycle. Usually, five Arabidopsis plants can be grown in a
pot of 9 cm side length. Healthy and robust growing plants are the
most important factor for efficient transformation of Arabidopsis.
An appropriate amount of fertilizer should be applied to promote
the growth of the plants.

3.2. Agrobacterium-

Mediated Arabidopsis

Transformation

To screen for desired mutants, large numbers of transgenic plants
need to be generated. High transformation efficiency is a key for
the success of the approach. Floral dip method (63) is the most
suitable transformation approach forArabidopsis activation-tagging
screening. The simplified protocol is provided below.

1. Transform Agrobacterium tumefaciens strain GV3101 with
pBASTA-AT2 by electroporation or direct transformation
into competent cells.

2. When healthy Arabidopsis plants begin to produce a mass of
flowers, grow a large liquid culture at 28�C in LB medium with
25 mg/L gentamycin and 50 mg/L kanamycin until the cul-
ture reaches mid-log or early stationary stage (OD600 ¼ 2.0).
Usually, we inoculate a single colony into 50 ml of LB medium
with antibiotics in a 250-ml flask and shake for 30 h.

3. Spin down Agrobacterium, and resuspend it in 100 ml of
freshly made floral dip medium (see Note 1).

4. Immerse inflorescences of plants into theAgrobacterium solution
for 10 s with gentle agitation.
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5. Cover the dipped plants and keep them from direct illumination
of light overnight to maintain high humidity for Agrobacterium
infection. Plants can be laid on their sides if they grow too tall
(see Note 2).

6. Grow and take care of the transformed plants normally and
harvest dry seeds after 3–4 weeks.

3.3. Screening

for Transgenic Plants

The activation tagging vector pBASTA-AT2 contains a herbicide
selectable marker gene BASTA (Fig. 1). The protocol used here
usually can produce transgenic plants with efficiency more than 1%
(one transgenic plant for every 100 harvested seeds). A trial screen-
ing is encouraged to test the true transformation rates. Because
mutant phenotypes are screened in the T1 transgenic plants, it is
difficult to screen for mutant phenotypes if too many transgenic
plants are grown in a pot. Usually, 20–30 transgenic plants per pot
will be the best. Resuspend and wash seeds in distilled water five
times and keep at 4�C for 3 days. Sow seeds evenly on top of wet
soil using a wide-mouth pipette. After growing for 7 days, spray the
seedlings with 0.15% (v/v) commercially available Finale (AgrEvo,
Montvale, NJ) containing 11% (w/v) glufosinate in water to screen
for transgenic plants with herbicide resistance. Spray again 1 week
later to further select the late-germinated seedlings. Screen the
population of T1 transgenic plants by phenotypes of your interest.
T2 seeds from T1 plants showing no phenotypes can also be col-
lected as pools of 100–500 T1 plants, and over 400–2,000 T2 seeds
from one pool can be grown and screened for homozygous knock-
out mutants.

3.4. Genomic DNA

Isolation

High quality of genomic DNA is a key to successfully clone the
flanking sequence of T-DNA insertion sites. The DNeasy Plant
Mini Kit (Qiagen) can be used to purify genomic DNA from
activation-tagged Arabidopsismutant plants according to the man-
ufacturer’s instruction. An alternative genomic DNA isolation pro-
tocol is also provided (see Note 3).

3.5. Determination

of Insertion Sites

3.5.1. Inverse PCR

This approach often uses a selected restriction enzyme which cuts
the T-DNA only once and cuts the genomic DNA site close to the
insertion site. The distance between the genomic cutting site and
the T-DNA cutting site differs from one restriction enzyme to
another. The larger number of unique sites in the T-DNA region
of pBASTA-AT2 allows selecting for an optimal enzyme for diges-
tion. After intramolecular ligation, the digested DNA fragment can
become a circular DNA molecule. The genomic DNA flanking the
T-DNA region can, therefore, be amplified by PCR with primers
located inversely within the T-DNA region. The T-DNA insertion
sites can be determined after DNA sequencing. Detailed protocol
to isolate insertion sites of activation tagged lines created by
pBASTA-AT2 is provided.
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1. Genomic DNA digestion: In a 100-ml volume, completely
digest about 100 ng of purified genomic DNA with one of
the following restriction enzymes: BamH I, EcoR I, Hind III,
Kpn I, Sac I, Sal I, Spe I, and Xba I.

2. Purification of digested genomic DNA: After digestion, stop
the reaction by heat inactivation at 70�C for 5 min and purify
the reaction with a QIAquick PCR Purification Kit (Qiagen).
Elute the purified DNA fragments in 80 ml of sterilized
ddH2O.

3. Self-ligation reaction: Set up the following self-ligation reac-
tion with T4 DNA ligase at 16�C overnight. Less digested
DNA used in the reaction allows the intramolecular ligation
which is a key for the success of inverse PCR.

Purified digested genomic DNA 80 ml

10� T4 DNA ligase buffer 10 ml

T4 DNA ligase 1 ml

Sterilized ddH2O 9 ml

Final volume 100 ml

4. Inverse PCR: Purify the ligation reaction with a QIAquick PCR
Purification Kit. Elute the purified DNA in 50 ml of sterilized
ddH2O and use 5 ml as template for inverse PCR amplification.
The PCR reaction contains the following components:

Purified self-ligated DNA 5 ml

10� ExTaq buffer 2 ml

dNTPs (2.5 mM each) 1.6 ml

Primer 1a (10 mM) 0.8 ml

Primer 2b (10 mM) 0.8 ml

Sterilized ddH2O 9.7 ml

ExTaq (5 U/ml) 0.1 ml

Final volume 20 ml

The PCR reaction is performed with 30 cycles (95�C 5 s, 55�C
30 s, 72�C 3 min).
aIf EcoR I orXba I is used to digest genomic DNA, the Primer 1
is EX-IPCR1. If BamHI,Hind III,Kpn I, Sac I, Sal I, or Spe I is
used to digest genomic DNA, the Primer 1 is HB-IPCR3
(Fig. 1, Table 1).
bFor EcoR I- or Xba I-digested genomic DNA, the Primer 2 is
BIB-TR2. For BamH I, Hind III, Kpn I, Sac I, Sal I, or Spe I-
digested genomicDNA, the Primer 2 is Pmas5 (Fig. 1, Table 1).
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5. Gel purification and DNA sequencing: If bright and specific
band is obtained, the PCR products can be gel purified and sent
for sequencing to determine the insertion site (see Note 4).

3.5.2. Thermal Asymmetric

Interlaced PCR

Although inverse PCR often produces specific bands, it requires
high-quality genomic DNA, and the whole procedure includes
multiple time-consuming enzymatic reactions. An alternative
approach is TAIL-PCR. TAIL-PCR was successfully used to
recover genomic DNA sequence flanking a T-DNA insertion site
(61). Three nested T-DNA-specific primers and one arbitrary
degenerate (AD) primer binding to adjacent genomic DNA
sequence are utilized to perform three sequential PCR reactions.
The T-DNA-specific primers have higher melting temperature
(Tm), and the AD primer has lower Tm. Three AD primers
(AD1, AD2, and AD3) with 64-, 128-, and 256-fold degeneracy,
respectively, can be used (61). Each TAIL-PCR cycle consists of
one reduced stringency cycle and two high-stringency cycles,
which achieves specific amplification of target sequences. To iso-
late insertion sites created by pBASTA-AT2, two sets of primers
are designed for the TAIL-PCR cloning. Primers BIB-TR1, BIB-
TR2, and BIB-TR3 locate to the left border of pBASTA-AT2.
Primers HB-IPCR3, HB-IPCR4, and HB-IPCR5 locate to the
right border of the binary vector (Fig. 1).

Table 1
The primer sequences for the activation-tagging vector
pBASTA-AT2

Position Primer name Primer sequence

1 BIB-TR1 50-CCATCGCCCTGATAGACGGTTT-30

2 BIB-TR2 50-CAACCCTATCTCGGGCTATTCTT-30

3 BIB-TR3 50-CCGCTTGCTGCAACTCTCTCA-30

4 EX-IPCR1 50-GCAACTGTTGGGAAGGGCGATC-30

5 EX-IPCR2 50-AGGGTTTTCCCAGTCACGACGT-30

6 Pmas5 50-TTCTCAGACCTACCTCGGCTCT-30

7 Pmas6 50-CGTGAACGGTGAGAAGCTCTG-30

8 HB-IPCR3 50-CATCTACGGCAATGTACCAGCT-30

9 HB-IPCR4 50-GGAATTGGCTGAGTGGCTCCTT-30

10 HB-IPCR5 50-GTTCCAAACGTAAAACGGCTTG-30

Positions of primers in the vector are shown in Fig. 1
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1. Primary reaction: Set up three reactions (one with each AD
primer) as follows:

Component Amount per well (ml)

Purified genomic DNA (5 ng/ml) 5

10� ExTaq buffer 2

dNTPs (2.5 mM each) 1.6

BIB-TR1 or HB-IPCR3 (10 mM) 0.4

AD1/AD2/AD3 (20/30/40 mM) 2

Sterilized ddH2O 8.90

ExTaq (5 U/ml) 0.10

Perform the reactions as follows:

Number of cycles Parameters

1 93�C 1 min, 95�C 1 min

5 94�C 30 s, 62�C 1 min, 72�C 2.5 min

1 94�C 30 s, 25�C 3 min, ramping to
72�C over 2 min, 72�C 2.5 min

20 94�C 10 s, 68�C 1 min, 72�C 2.5 min
94�C 10 s, 68�C 1 min, 72�C 2.5 min
94�C 10 s, 44�C 1 min, 72�C 2.5 min

1 72�C 5 min

2. Secondary reaction: Dilute the three primary reactions 50-fold
by transferring 5 ml of each PCR reaction to 245 ml of ddH2O,
respectively. Use 2 ml of each dilution to set up individual
secondary reactions as below:

Component Amount per well (ml)

1:50 Diluted primary PCR reaction 2

10� ExTaq buffer 2

dNTPs (2.5 mM each) 1.6

BIB-TR2 or HB-IPCR4 (10 mM) 0.4

AD1/AD2/AD3 (20/30/40 mM) 2

Sterilized ddH2O 11.9

ExTaq (5 U/ml) 0.1
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Perform the reactions as follows:

Number of cycles Parameters

18 94�C 10 s, 64�C 1 min, 72�C 2.5 min
94�C 10 s, 64�C 1 min, 72�C 2.5 min
94�C 10 s, 44�C 1 min, 72�C 2.5 min

1 72�C 5 min

3. Tertiary PCR: Dilute the three secondary reactions 50-fold by
transferring 5 ml of each PCR reaction to 245 ml of ddH2O,
respectively. Use 2 ml of each dilution to set up individual
tertiary reactions as below:

Component Amount per well (ml)

1:50 Diluted secondary PCR reaction 2

10� ExTaq buffer 2

dNTPs (2.5 mM each) 1.6

BIB-TR3 or HB-IPCR5 (10 mM) 0.4

AD1/AD2/AD3 (20/30/40 mM) 2

Sterilized ddH2O 11.9

ExTaq (5 U/ml) 0.1

Perform the reactions as follows:

Number of cycles Parameters

20 94�C 15 s, 44�C 1 min, 72�C 2.5 min

1 72�C 5 min

4. Agarose gel analysis, gel purification, andDNA sequencing: PCR
products of all the three reactions for each AD primer are run in
adjacent lanes on a 1% agarose gel. The specificity of the reactions
can be determined usually by comparing the product sizes
between the secondary and tertiary reactions. The primer BIB-
TR3 is closer to the LBof pBASTA-AT2. The primerHB-IPCR5
is closer to the RB of pBASTA-AT2 (Fig. 1). The expected
tertiary product size will be smaller than that of the secondary
reaction. If bright and specific bands are obtained, the PCR
products can be gel purified and sent for sequencing using the
BIB-TR3 or HB-IPCR5 primers to determine the insertion site.

3.5.3. Adaptor Ligation-

Mediated PCR

TAIL-PCR has a tendency to produce false positives because of
artifact amplification by PCR with the AD primers. Another cloning
strategy was developed to determine insertion sites of T-DNA
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insertion mutants by using adaptors (62). The adaptors provide
specific primers for effective amplification of T-DNA/genomic
DNA junction region. Similar to the TAIL-PCR approach, two sets
of primers are available for adaptor ligation-mediated PCR amplifica-
tion of pBASTA-AT2 insertion sites. Primers BIB-TR2 andBIB-TR3
locate to the left border of pBASTA-AT2. Primers HB-IPCR4 and
HB-IPCR5 locate to the right border of pBASTA-AT2 (Fig. 1).

1. Prepare 10� stocks of adaptors. In autoclaved 1.5-ml Eppen-
dorf tubes, mix the following listed oligonucleotides
completely by vortexing. Denature the mixtures for 2 min at
96�C by a heat block, and then cool down the heat block to
room temperature. Store these 10� stocks at �20�C.

10� BamHI adaptor 10 ml 5 mM LSA
10 ml 5 mM SSA BamHI
605 ml 1 mM Tris, pH 8.3

10� EcoRI adaptor 10 ml 5 mM LSA
10 ml 5 mM SSA EcoRI
605 ml 1 mM Tris, pH 8.3

10� HindIII adaptor 10 ml 5 mM LSA
10 ml 5 mM SSA HindIII
605 ml 1 mM Tris, pH 8.3

2. Genomic DNA digestion: In a 10-ml volume, completely digest
about 100 ng of purified genomic DNA with any of the fol-
lowing restriction enzymes: BamH I, EcoR I, and Hind III.

3. Purification of digested genomic DNA: After digestion, stop
the reaction by heat inactivation at 70�C for 5 min. Add 1 ml of
3 MNaOAc (pH 5.2) and 25 ml of cold 95% (v/v) ethanol into
each reaction. Spin down the digested DNA by centrifuging for
10 min at 4�C with full speed (18,000 � g). Wash the pellet
carefully with 70% ethanol and air dry. Resuspend the pellet in
7.5 ml of autoclaved ddH2O.

4. Ligase reaction: Add the following components into the tube
from the above step to set up the ligase reaction. Keep the tube
at 16�C overnight.

Component Amount per well (ml)

10� T4 DNA ligase buffer 1

10� Stock of adapter 1

T4 DNA ligase (3 U/ml) 0.5
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5. Primary adaptor ligation-mediated PCR: Set up the primary
PCR reactions by mixing the following components:

Component Amount per well (ml)

Adaptor-ligated DNA 2

10� ExTaq buffer 2

dNTPs (2.5 mM each) 1.6

BIB-TR2 or HB-IPCR4 (10 mM) 0.5

AP1 (10 mM) 0.5

Sterilized ddH2O 13.3

ExTaq (5 U/ml) 0.1

Run the following PCR program:

Cycle number Parameters

1–10 95�C 10 s, 72�C 2.5 min

11–25 95�C 10 s, 62�C 2.5 min

6. Secondary adaptor ligation-mediated PCR: Set up the nested
secondary PCR reactions by mixing the following components:

Component Amount per well (ml)

Primary PCR products 1

10� ExTaq buffer 2

dNTPs (2.5 mM each) 1.6

BIB-TR3 or HB-IPCR5 (10 mM) 0.5

AP2 (10 mM) 0.5

Sterilized ddH2O 14.3

ExTaq (5 U/ml) 0.1

Run the following PCR program:

Cycle number Parameters

1–30 95�C 10 s, 62�C 30 s, 72�C 2.5 min

7. Agarose gel analysis, gel purification, and DNA sequencing:
PCR products of both the primary and the secondary reactions
are run in adjacent lanes on a 1% agarose gel. The specificity of
the reactions can be determined usually by comparing the
product sizes between the two reactions. The primer
BIB-TR3 is closer to the LB of pBASTA-AT2. The primer

128 X. Gou and J. Li



HB-IPCR5 is closer to the RB of pBASTA-AT2 (Fig. 1).
The expected secondary product size will be smaller than that
of the primary reaction. If bright and specific bands are
obtained, the PCR products can be gel purified and sent for
sequencing using the BIB-TR3 or HB-IPCR5 primers to
determine the insertion site.

3.6. RT-PCR

Confirmation

and Recapitulation

After DNA sequencing, the sequences can be analyzed by BLASTN
(64) in TAIR database (http://www.arabidopsis.org) to identify
the T-DNA insertion sites. Then, one primer close to the left or
right borders in the T-DNA region of pBASTA-AT2, such as BIB-
TR3 and HB-IPCR5, can be utilized together with another primer
from flanking genomic DNA sequence of the possible insertion site
to confirm the insertion events by PCR. After the insertion events
are confirmed, usually four genes in the vicinity of an insertion site
(two upstream and two downstream) are analyzed for their expres-
sion level by reverse transcriptase PCR (RT-PCR). If an activated
gene or genes can be identified by RT-PCR, recapitulation experi-
ments should be performed by overexpressing the tagged gene or
genes under the control of a constitutive promoter, usually the
CaMV35S promoter, to test whether the identified gene can repro-
duce the same phenotypes as in the activation-tagged mutant. In
some cases, more than one gene near the T-DNA insertion site can
be activated (53). All of the upregulated genes should be examined
by recapitulation experiments.

4. Notes

1. Although an Agrobacterium culture with OD600 ¼ 0.8 was
used in the original floral dip protocol (63), the authors also
pointed out that lower or higher concentration of bacteria
culture could give similar transformation rates. To make the
procedure even simpler, the bacteria pellet is resuspended in
floral dip medium that is two volumes of the original culture for
direct use.

2. Healthy plants at optimal growth stage are the key factor for
efficient transformation of Arabidopsis. Two methods can be
used to further improve transformation rate. First, clip primary
bolts to produce many secondary bolts and flowers for floral
dip. Second, dipping plants two times at 7-day intervals will
allow late flowers to be transformed.

3. The DNeasy Plant Mini Kit usually provides Arabidopsis geno-
mic DNA with high quality. Therefore, it is suitable for isolat-
ing genomic DNA for all the cloning approaches described in
this article, especially the restriction enzyme-based cloning
approaches, i.e., inverse PCR and adaptor ligation-mediated
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PCR. An alternative protocol for genomic DNA isolation is
provided for its low cost, which often produces good results.
Grind one young leaf (about 0.5–1 cm2) in liquid nitrogen to
fine powder. Add 400 ml extraction buffer [0.1 M Tris–HCl,
pH 8.0, 12.5 mM EDTA, 0.5 M NaCl, 1.25% (w/v) SDS, and
10 mM b-mercaptoethanol] into samples and grind until no
obvious debris. Keep samples at 65�C for at least 10 min with
two to three times of inversion during the process. Add 155 ml
of Solution III (3M potassium acetate and 5M acetic acid) and
mix it completely. Centrifuge for 10 min at 18, 000 � g and
transfer the supernatant to a new Eppendorf tube containing
250 ml of isopropanol. Mix and store the tubes at �80�C for
30 min. Spin for 15 min at 18, 000 � g to pellet isolated
genomic DNA. The pellet is then washed once with 70%
(v/v) ethanol. The air-dried DNA pellet is then resuspended
in 100 ml of autoclaved ddH2O. The isolated genomic DNA
can be stored at �20�C for later use.

4. Usually, a second round of PCR with nested primers provides
better PCR results with higher specificity and yield. After the
first round of PCR is finished, 1 ml of the 1:50 diluted product
of the primary inverse PCR can be used as template for a
secondary PCR. The secondary PCR uses the same reaction
parameters as the primary PCR with different primer sets. If
primers EX-IPCR1 and BIB-TR2 are used for the primary
PCR, primers EX-IPCR2 and BIB-TR3 should be used for
the secondary PCR. If primers HB-IPCR4 and Pmas5 are
used for the primary PCR, primers HB-IPCR5 and Pmas6
should be used for the secondary PCR (Fig. 1, Table 1).
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Chapter 10

Rho GTPase Activity Analysis in Plant Cells

Tongda Xu

Abstract

Rho-family small GTPases are conserved molecular switches of signaling networks in eukaryotic cells, and
regulate many cellular responses, such as cytoskeletal reorganization, gene expression, and polarized
vesicular trafficking. To understand the functions of Rho GTPase, it is important to investigate how the
activity of Rho GTPase is regulated. Plant Rho-like GTPases (ROPs) are known to be regulated by
hormones and environmental cues. A rapid activation of ROPs by a stimulus implies a direct signaling
role for the ROP GTPases. Here, I describe an ROP activity assay that allows the measurement of ROP
GTPase activity that occurs within seconds upon treatment with a stimulus. This method has been
successfully used to investigate auxin activation of ROPs in plant cells and will be generally useful for
measuring changes in ROP activity with high time resolution (Xu et al., Cell 143:99–110, 2010).

Key words: ROP GTPase, RICs, Auxin, Pull-down assay

1. Introduction

ROP/RAC GTPase (Rho-like GTPases from plants) is a sole plant
subfamily of Rho GTPases (1, 2). It functions as a simple binary
switch between GDP-bound off mode and GTP-bound on forms.
It integrates many upstream signals through RhoGEFs (guanine
nucleotide exchange factors), RhoGDIs (guanine nucleotide disso-
ciation inhibitors), and RhoGAPs (GTPase-activating proteins)
and regulates multiple downstream effectors, such as RICs (for
Rop-interactive CRIB motif-containing proteins) and ICRs (inter-
actor of constitutively active ROPs) (3). Recent studies showed that
ROP GTPases modulate cytoskeletal organization in plant cells
through their downstream effectors RICs (4–8). RICs contain a
CRIB (for Cdc42/Rac-interactive binding) motif that is required
for their specific interaction with GTP-bound ROP GTPase (4).

Zhi-Yong Wang and Zhenbiao Yang (eds.), Plant Signalling Networks: Methods and Protocols,
Methods in Molecular Biology, vol. 876, DOI 10.1007/978-1-61779-809-2_10,
# Springer Science+Business Media, LLC 2012

135



This specific interaction between RICs and active ROPs provides a
basis for the development of methods for measuring ROP activity
changes in living plant cells using fluorescence resonance energy
transfer (FRET) analysis (6) (Chapter 11, this series) and pull-down
assays (9, 10). The FRET-based assay provides information on
spatiotemporal changes in ROP activity in living cells as described
by Fu (Chapter 11, this series).

The FRET analysis also depends on the specific interaction
between RICs and active ROPs. CFP-fused RICs and YFP-fused
ROPs are coexpressed in the same cell, and FRET efficiency is used
to quantify the amount of interaction between RICs and ROPs,
which indicate the relative amount of active ROPs in an individual
cell. This method is particularly useful for monitoring the spatio-
temporal changes in the activity of an ROP in live cells, but this
method is technically challenging and is not as sensitive as the pull-
down assay (6, 8). The FRET-based ROP activity assay is described
in Chapter 11 in this series.

For pull-down-based ROP activity assay, RICs fused to
maltose-binding protein (MBP) is used to “pull down” GTP-
bound active Rho GTPase from total protein extracts. Western
blotting involving anti-ROP antibody is used to detect the amount
of active ROPs pulled down by RICs (9, 11). The Arabidopsis
genome encodes 11 ROPs that share high sequence similarity. It
is difficult to develop specific antibodies for each of the 11 ROPs.
To measure the activity of a specific ROP, this ROP is fused with a
tag, such as GFP or Myc epitope. Transgenic plants expressing the
fusion ROP are used for the isoform-specific ROP activity assay (9).
Auxin activation of ROP2 and ROP6 is used as an example to
describe this method (9).

Sample preparation is a critical step that affects the variability of
pull-down assay. Protoplast provides a powerful system to minimize
the variability, especially when we test the multiple samples with
different treatments. Since the protoplast samples for different
treatments are from the aliquot of the same original protoplast
preparation, this greatly reduces the variables among different
treatments.

2. Materials

2.1. Plant Materials

and Growth Condition

Arabidopsis plants (Col-0) are grown at 22�C on MS agar plates or
in soil with 16-h light/8-h dark cycles unless indicated otherwise.
35S::GFP-ROP2 and 35S::GFP-ROP6 transgenic plants are used
for pull-down assays. Rosette leaves from 2- to 3-week-old plants
are used for protoplast isolation.
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2.2. Protoplast

Preparation

1. Protoplast enzyme solution (pH5.6): 1%Cellulase R-10; 0.25%
Macerozyme R-10 (Yakult Honsha, Tokyo, Japan); 0.4 M man-
nitol; 10 mMCaCl2; 20 mMMes-KOH; and 20 mMKCl 0.1%
BSA. Cellulase and Macerozyme are added before use.

2. W5 solution (pH 5.6): 154 mM NaCl; 125 mM CaCl2; 5 mM
KCl; 5 mM glucose; and 1.5 mM Mes-KOH. This solution is
autoclaved before use.

2.3. MBP-RIC1-

Conjugated Amylose

Beads Purification

1. Amylose beads in 20% ethonal (NEB). Store at 4�C.

2. MBP column binding buffer: 200 mM NaCl; 20 mM
Tris–HCl; 1 mM EDTA; 1 mM DTT; 200 mM PMSF (added
before use), pH 7.4.

2.4. Pull-Down Assay

for Active ROPs

1. Extract Buffer (with or without Triton X): 25 mM Hepes, pH
7.4; 10mMMgCl2; 100mMKCl; 5mMDTT; 5mMNa3VO4;
5 mM NaF; 1 mM PMSF; Proteinase Inhibitor cocktail
(Roche); 1% Triton X-100. For extraction buffer without Tri-
ton X, TritonX-100 is not excluded. This buffer is prepared
before use. To make Na3VO4 stock solution, the crystals are
dissolved in a tube in a boiling water bath or on a hot plate, and
adjust pH to 9–10 usingHCl until the color turns bright yellow.

2. Wash buffer: 25 mM Hepes, pH 7.4; 1 mM EDTA; 5 mM
MgCl2; 1 mM DTT; 0.5% Triton X-100.

2.5. SDS-PAGE

and Western Blotting

for Both Active ROPs

and Total ROPs

1. Separating buffer (4�): 1.5 M Tris–HCl, pH 8.7.

2. Stacking buffer (4�): 0.5 M Tris–HCl, pH 6.8.

3. 30% Acrylamide/bis solution (39:1) (Biorad) and N,N,N,N0-
tetramethyl-ethylenediamine (TEMED, Bio-Rad).

4. 10% Ammonium persulfate in water; store at 4�C.

5. Running buffer (5�): 125 mM Tris, 960 mM glycine, 0.5%
(w/v) SDS.

6. Prestained molecular weight markers: Kaleidoscope markers
(Bio-Rad, CA).

7. Transfer buffer: 25 mM Tris, 190 mM glycine, 20% (v/v)
methanol, 0.05% (w/v) SDS.

8. Blocking buffer: 1% fat-free milk (w/v) in phosphate-buffered
saline (PBS, pH 7.4).

9. Nitrocellulose membrane from Millipore and 3MM chroma-
tography paper from Whatman.

10. Primary antibody: Rabbit polyclonal IgG Anti-GFP (Santa
Cruz Biotech, Inc).

11. Secondary antibody:ECLAnti-Rabbit IgG-HRP(GEHealthcare).

12. Super Signal West Femto Kit (Thermo Scientific) and Bio-Max
ML film (Kodak).
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3. Methods

Pull-down ROP activity assay is based on the specific interaction
between active ROPs and their downstream effectors RICs (4).
For example, both RIC1 and RIC4 can specifically bind active-
form ROP2 but not inactive-form ROP2 both in vivo and in vitro
(Fig. 1) (4, 6). Therefore, we can use MBP-fused RIC1 to pull
down active ROP2 from protein extract. This method can be used
for the accurate calculation of ROP activity changes in response to
the external stimulus, such as chemical treatment or environmental
changes (9, 10). Recent work demonstrated that auxin is a key
developmental signal that can activate both ROP2 and ROP6 in
leaf pavement cells. Thus, we use this as an example to describe
pull-down ROP activity assay. GFP-ROP2 or GFP-ROP6 trans-
genic plants are used to detect the specific ROP2 or ROP6 by GFP
antibody (see Note 1).

3.1. Sample Preparation There are two ways to prepare the samples for pull-down assay: one
is to grind plant tissues directly in liquid nitrogen and the other is to
take advantage of protoplast. For the first method, the same weight
of the plant tissue with different treatments can be grinded for
further assay, but this generates greater variablity especially because
it is difficult to aliquot the same amount of tissue samples for every
treatment. Therefore, we prefer to use protoplasts for sample treat-
ments. Since the protoplast samples for different treatments are
aliquoted from the same original sample, the variability will be
minimized. We, thus, describe the method involving the use of
the protoplast.

Fig. 1. Rho-like GTPases (ROP) and their downstream effectors in plants. (a) A brief scheme about how ROPs’ function in
plants. ROPs have GDP-bound inactive form and GTP-bound active form. It can be active by guanine nucleotide exchange
factors (GEFs) and deactivated by GAPs. Active ROPs can regulate downstream effectors, such as RICs or ICRs, that can
further regulate cytoskeleton organization and vesicular trafficking. (b) RIC1, as downstream effector of ROPs, can only
bind with active-form ROPs. By in vitro pull down, RIC1 can only bind with the constitutive active (CA) ROP1 but not with
dominant negative (DN) ROP1 (4).
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1. Protoplast isolation method is according to the protocol from
J. Sheen’s laboratory (9, 12). A 15 ml protoplast enzyme
solution is freshly prepared according to Subheading 2.2 and
heated at 55�C to inactivate proteases and enhance enzyme
solubility (see Note 2). The solution should be clear and
brown after passing through a 0.45-mm filter. After cooling
down, 20–30 3-week-old true leaves are cut into 0.5–1-mm
leaf strips in enzyme solution with fresh razor blades to digest
the cell wall. The leaf strips are then incubated in the solution at
23�C for 7–12 h with very gentle shaking.

2. The cells are collected when the leaf strips are dissolved to the
solution. The debris is filtered by passing the solution through a
miracloth (Cal-biochem). Transfer the pass-through solution
to a 50-ml centrifuge tube by blunted 1-ml tips, then add the
same volumeofW5 solution to cells, andmix gently by inverting
the tube. Spin the cells at 200 � g for 5 min at room tempera-
ture. The green protoplasts are accumulated at the bottom
of the tube. The supernatant should be discarded very carefully.

3. The protoplasts are resuspended in around 10 ml W5 solution,
and can be stored at 4�C for 1 week (see Note 3).

4. The suspended protoplasts can be evenly aliquoted to a certain
amount of samples in 2-ml round-bottom tubes for different
treatments (see Note 4). Here, we isolated the protoplasts
from GFP-ROP2 and GFP-ROP6 transgenic plants to test
the ROP2 activity and ROP6 activity after auxin treatment.
The even aliquots of samples are treated with different concen-
trations of auxin (from 1 nM to 10 mM) for the same period
(2 min) or with the same concentration of auxin (100 nM) for
different period (from 30 s to 8 min) (9). The samples are
precipitated and frozen in liquid nitrogen rapidly after treat-
ment (see Note 5). Frozen samples can be stored in �80�C
freezer before further analysis.

3.2. Preparation of

MBP-RIC1-Conjugated

Amylose Beads

1. For the preparation of MBP-RIC1 beads, RIC1 was fused with
MBP in pMAL21 construct as described previously and trans-
formed to BL21 strain (4). Fusion protein was expressed at
28�C for 4 h after induction with 1 mM isopropyl-b-D-thioga-
lactopyranoside (IPTG). Cell cultures were centrifuged at
4,000 � g for 10 min.

2. Cell pellets were resuspended in 20 ml column buffer (Sub-
heading 2.3) and sonicated by using 15-s pulses for eight times
with a 10-s interval. The supernatant was obtained by centrifu-
gation at 12,000 � g for 30 min at 4�C. The supernatant was
transferred to another tube for binding assay.

3. Approximately20ml supernatantwasmixedwith1–2ml amylose
beads (Biolabs), which were prewashed by column buffer
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(three times, 10 min each). The beads are incubated in cold
room for 2 h with gentle shaking.

4. The beads were centrifuged and washed with the column
buffer three times, 10 min each time. These MBP-RIC1-con-
jugated beads are ready for use or can be stored in �80�C
freezer for future use.

3.3. Pull-Down

Procedure

1. Before pull-down procedure, all the buffers or other materials
need to be cooled down in a refrigerator (see Note 1). The
protoplast samples from Subheading 3.1 are thawed on ice, and
then add 1 ml cold extraction buffer with Triton X that is
described in Subheading 2.4. The samples are mixed well and
then kept in 4�C cold room with gentle shaking for 30 min.
This step helps to dissolve the protoplast and break the cells
(see Note 6).

2. Well-dissolved samples are centrifuged at 10,000 � g for
10 min in cold room to precipitate the debris. The supernatant
is transferred to a new tube and mixed with the same volume of
extraction buffer without Triton X.

3. To avoid the nonspecific binding by amylose beads, we first add
50 ml blank amylose beads (prewashed by extraction buffer
three times) to the samples, incubate for 15 min in cold
room, and then centrifuge the beads at 200 � g for 1 min.

4. From this step, we take and save 50 ml supernatant for detecting
the total ROP level (GTP and GDP) from each sample. We use
Western blotting to detect the amount of total ROP2 or ROP6
in each sample that is described in Subheading 3.4.

5. The rest of the supernatant is mixed with 100 ml MBP-RIC1
beads and incubated in 4�C cold room for 2 h with gentle
shaking. Make sure that the beads are always suspended during
incubation.

6. The beads are pelleted by centrifuge at 200 � g for 2min in cold
room, and thenwashedby1mlwashingbuffer three times (5min
each time). During washing, we prefer to leave some washing
buffer in the tube to avoid the loss of beads (see Note 7).

7. We leave 20 ml washing buffer with the beads in the last
washing, add 5 ml 5� sampling buffer to the beads, and incu-
bate the tube in the boiled water bath for at least 3 min.

8. The beads are then centrifuged at 3,000 � g for 1 min, and the
supernatant is loaded to SDS-PAGE gel to separate the pro-
teins for Western blotting.

3.4. SDS-PAGE and

Western Blotting

1. Prepare two 1.5-mm-thick 10% separating gels by mixing
2.5 ml of 4� separating buffer, 3.3 ml acrylamide/bis solution
(30%), 50 ml 20% SDS solution, 4.1 ml water, 50 ml 10%
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ammonium persulfate solution, and 10 ml TEMED. The gel is
covered by 2 ml water at the top after poured into the vertical
gel tank (Bio-Rad 165-8000). The gel is then incubated at
37�C for 30 min. Discard the water after the gel is polymerized.

2. Prepare the stacking gel by mixing 1.25 ml of 4� stacking
buffer, 0.67 ml acrylamide/bis solution (30%), 25 ml 20%
SDS solution, 3.075 ml water, 25 ml 10% ammonium persulfate
solution, and 5 ml TEMED. Pour the stacking gel onto the top
of separating gel, add the 10-well comb, and incubate the gel at
37�C for 30–60 min.

3. The comb is then removed carefully after the gel is solidified.
After setting up the electrophoresis system, the running buffer
(precooled) is added to the upper chamber that can cover the
wells of the gel, and 25 ml of the sample is loaded to each well by
pipettes. The prestained protein ladder is loaded to the first
well. One gel is loaded with the samples eluted from pull-down
beads from Subheading 3.3, step 8. One gel is loaded with the
total proteins from Subheading 3.3, step 4. Two gels are run-
ning totally parallel to each other.

4. Add the running buffer to the lower chambers of the gel unit
and run the gel at 75 V for 30 min until the proteins run into
separating gel, and then continue running the gel at 125 V for
1 h until the dye front runs out of the gel. The whole procedure
is done in 4�C cold room to minimize protein degradation.

5. Once the gel running is finished, the gel can be soaked in transfer
buffer before transferring to the membrane. Nitrocellulose
membrane (presoaked in transfer buffer) and the gel are stacked
together and loaded to electric transfer cassette (Bio-Rad)
with two layers of 3-mm filter papers and two layers of forms at
each side. The gel side should be close to the negative anode
of the power supply. Avoid the bubbles in the cassette.

6. The membranes’ transfer is done in cold room at 12 V over-
night or at 120 V for 1.5 h.

7. Themembranes are thenwashed briefly with 1� PBS buffer and
soaked in blocking buffer for at least 1 h at room temperature or
overnight in cold room with gentle shaking (see Note 8).

8. The GFP antibody solution (1:500 diluted in blocking buffer)
(Santa Cruz Biotech) is then added to the membrane, and
then incubated for 3 h at room temperature or overnight in
cold room.

9. Wash the membranes with 1� PBS three times, 10 min each
time, and then incubate the membrane in the secondary anti-
body solution (1:1,000 diluted in 1� PBS). Then, incubate at
room temperature for 2–3 h.

10. The membranes are washed with 1� PBS three times, 10 min
each time. These membranes are ready for signal detection or
can be stored at �20�C before use.
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3.5. Data Collection

and Analysis

1. The membranes from the previous step are soaked in the
reaction buffer from Super Signal West Femto Kit (Thermo
Scientific) for a few minutes and exposed to Bio-Max ML film
(Kodak) in darkroom. The time of exposure can range from a
few seconds to a few minutes depending on the signal intensity.
The membranes for active ROPs and total ROPs are treated
equally to each other and exposed to the same film.

2. The signal intensity for each sample, which indicates the
amount of ROP protein, is measured by Metamorph software.
The intensity of both GTP-bound and GDP-bound ROP2 or
ROP6 multiplied by 40 (2 ml/50 ml) is considered as the total
ROP2 or ROP6 amount from the original samples. The inten-
sity of GTP-bound ROP2 multiplied by 40/39 [2 ml/(2 ml to
50 ml)] is considered as the active ROP2 or ROP6 amount from
the original samples.

3. The relative active ROP2 or ROP6 levels (GTP bound) are
normalized to the total amount of ROP2 or ROP6 (both GDP
and GTP bound). We divide the amount of active ROPs by the
amount of total ROPs to obtain the relative amount of active
ROPs in each sample.

4. The level of GTP-bound ROPs relative to the control (0 nM
NAA at 0 min) was calculated by dividing the amount of
normalized GTP-bound ROP2 or ROP6 from each treatment
by the normalized amount from the control, which is defined as
“1” (Fig. 2) (9).

4. Notes

1. The whole procedure of the pull-down assay needs to be done
in cold room to keep everything cold during the procedure.
This minimizes the degradation of the proteins and improves
the accuracy of the method.

2. The buffers for protoplasts should be carefully prepared to
assure that the concentration of every component is accurate
because the protoplast is fragile and a minor change in the
osmotic pressure may produce unhealthy or damaged proto-
plasts. Use the light microscope to check whether the proto-
plast is healthy or not. If the protoplast is prepared well, we will
see all round-shaped protoplast but rarely see broken ones.

3. It is better to use fresh protoplast for different treatment. If you
use the old protoplast from 4�C refrigerator, you have to keep
the samples at room temperature for a while to make the
protoplasts most active for different treatments.

4. To aliquot the protoplast for each treatment, you should
continuously shake the tube in order to keep the protoplasts
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evenly suspended; this assures that each aliquot contains the
same number of protoplasts.

5. During treatments, add auxin to the wall of the tube, mix the
sample with auxin, and start to time immediately. When time is
up, spin the sample for 5 s, pour the liquid out very fast, and
put it in the liquid nitrogen. It is important that these steps are
executed in an identical manner in different treatments to
minimize the experimental variability.

6. Before pull down, the protoplast samples should be dissolved
well in extraction buffer. The liquid should be green and clear.
Otherwise, some samples will be lost in the next step.

7. The step for the washing of the beads after the pull down is very
critical because the beads can be easily lost during the washing
(since the beads can be discarded by mistake when discarding
the supernatant). So it is a good practice to leave some washing
buffer with the beads to avoid touching the beads at the
bottom of the tube.

8. In Western blotting, it is better to block the membrane by
blocking buffer overnight at 4�C cold room. It can help to
improve the quality of the image in the final step.

Fig. 2. Pull-down assay for auxin activation of ROP2 and ROP6 in plant cells. (a, b) Pull-down assay of active ROP2 and
ROP6 in response to auxin. Protoplasts from leaves of transgenic GFP-ROP2 or -ROP6 seedlings were treated with the
indicated concentrations of NAA for 2 min (a) or treated with 100 nM NAA for the indicated times (b). GTP-bound active
GFP-ROP2 or -ROP6 and total GFP-ROP2 or -ROP6 were detected by Western blotting. ROP2 and ROP6 experiments were
conducted in parallel under identical conditions (9). (c, d) Quantitative analysis of data from (a) and (b). The relative ROP2
or ROP6 activity level was determined as the amount of GTP-bound ROP2 or ROP6 divided by the amount of total GFP-
ROP2 or -ROP6. The relative ROP activity in different treatments was standardized to that from mock-treated control, which
was arbitrarily defined as “1”.
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Chapter 11

Analysis of In Vivo ROP GTPase Activity
at the Subcellular Level by Fluorescence
Resonance Energy Transfer Microscopy

Lei Zhu and Ying Fu

Abstract

Proteins generally interact with some other proteins to achieve their cellular functions. Fluorescence
resonance energy transfer (FRET) microscopy provides a powerful technique to elucidate such interactions
in vivo. FRET occurs when two properly chosen fluorophores are sufficiently close (less than 10 nm).
Aided by multiple colored fluorescent proteins (FPs), FRET microscopy has been widely used in live cells
for detection of protein–protein interaction and in some cases protein activity in a real-time in vivo manner,
which contributes to the understanding of the mechanisms for the regulation of many cellular activities,
such as signal transduction pathways. Here, we describe a convenient and fast FRET imaging microscopy
involving transiently expressed proteins fused with an FRET pair of fluorescent proteins (e.g., cyn fluores-
cent protein and yellow fluorescent protein). We describe an example of the FRET-based assay used to
analyze ROP GTPase activity in live plant cells.

Key words: Fluorescence resonance energy transfer, Protein–protein interaction, Cyn fluorescent
protein, Yellow fluorescent protein, Signal transduction, Transient expression

1. Introduction

The spatiotemporal regulation of protein–protein interactions is a
pivotal mechanism for the control of many cellular processes,
including signal transduction in response to intra- and intercellular
signals. Therefore, the elucidation of such interactions in time and
space within a specific cell will provide insights into the biological
mechanisms underscoring these important cellular processes and
their regulation (1–3). Several approaches have been broadly used
to detect protein–protein interactions, although each has its advan-
tages and technical limitations. Traditional in vitro pull-down
methods allow the detection of direct interactions but may not

Zhi-Yong Wang and Zhenbiao Yang (eds.), Plant Signalling Networks: Methods and Protocols,
Methods in Molecular Biology, vol. 876, DOI 10.1007/978-1-61779-809-2_11,
# Springer Science+Business Media, LLC 2012
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reflect in vivo interactions between proteins in the native states
within living cells, especially those that occur transiently. Coimmu-
noprecipitation enables quantifying protein interactions that occur
in the native state (2, 4, 5), but is unable to determine whether the
interactions are direct and to visualize the spatiotemporal dynamics
of the interactions that occurs at the cellular or subcellular level.

Fluorescence resonance energy transfer (FRET) imaging
microscopy can overcome the above limitations. FRET occurs
when two properly chosen fluorophores (termed as donor and
acceptor) are sufficiently close (less than 10 nm). When the donor
molecule absorbs a quantum of light, an electron is boosted up into
an excited state with a higher energy. When this electron relaxes
back to a nonexcited state, the energy is transferred to the acceptor
(6, 7). To be a FRET pair, the donor and the acceptor must display
overlapping emission/absorption spectra for efficient energy trans-
fer, and the reasonable separation in emission spectra between
donor and acceptor to minimize the cross talk (7–10). Over the
past decade, the FRET imaging microscopy becomes a powerful
technique for studying protein–protein interactions inside living
cells with higher sensitivity as well as the improved spatial and
temporal resolution. This is due to the improving fluorescence
microscopy, aided by the development of new fluorescent probes,
especially the introduction of the multiple colored fluorescent
proteins (FPs) to FRET-based imaging (7, 8, 10–12).

Rho-family small guanine nucleotide-binding proteins
(GTPases) are key molecular switches of a wide range of signaling
pathways that regulate fundamental cellular processes in different
eukaryotic organisms (13–15). A common mechanism for a small
GTPase taking action is the interaction of the activated small
GTPase with multiple downstream effectors through its effector-
binding domain (14, 16, 17). Therefore, studies on the interaction
between small GTPases and different effectors will contribute to
the discovery of the function and the regulatory mechanisms of
different Rho-signaling pathways. Furthermore, an important hall-
mark of the interactions between small GTPases and their effectors
is that the interactions are specific to the activated form of GTPases
(16, 18, 19). Thus, the FRET-based assay of the interactions
between Rho GTPases and their effectors has been widely used to
monitor the spatiotemporal dynamics of Rho GTPase activities
within live cells (3, 20–22).

Plants possess a unique subfamily of Rho-GTPases, termed ROP
(Rho-relatedGTPase from plants) (13–18, 23). As the sole subfamily
of signaling small GTPases in plants, ROP GTPases become critical
signal integrators and coordinators to regulate plant development
and responses to hormones, pathogens, and abiotic stresses through
interacting with various effectors (13–17, 23). Here, we use a
member of ROP family GTPases, ROP6, and its downstream effec-
tor, RIC1 (ROP-interactiveCRIB motif containing protein 1), as an
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example for FRET-based analysis of ROP6 activation. ROP6 and
RIC1 are fused to a FRET pair of fluorescent proteins, yellow fluo-
rescent protein (YFP) and cyn fluorescent protein (CFP), respectively.
A particle-bombardment method is used to introduce CFP-RIC1
and YFP-ROP6 constructs into leaf pavement cells for transient
expression, which provides an efficient method that allows rapid
analysis of the interaction within living cells. The FRET imaging
microscopy and the analysis of FRET efficiency are used to illustrate
the dynamic interaction between ROP6 and RIC1 in a quantitative
manner at the subcellular resolution (22, 24).

2. Materials

2.1. Plasmid

Preparations
pBS35S:YFP was kindly provided by Dr. A. von Amin. ROP6
was amplified by PCR and cloned into the Bgl II and BamH I
sites of pBS35S:YFP. DN-rop6 (D121A, dominant negative mutant
of ROP6) was generated by use of the Quick Change Site-Directed
Mutagenesis Kit (Qiagen) and cloned into Bgl II and BamH I sites
of pBS35S:YFP. CFP-RIC1 was constructed in the pBI221 vector
(Clontech) using BamH I and Sst I sites (21, 24, 25).

All plasmids were amplified in Escherichia coli strain Top 10 and
purified using plasmid midi or mini kits according to the manufac-
turer’s instructions (Qiagen).

2.2. Plant Materials Grow Arabidopsis thaliana ecotypes Col-0 at 22�C in soil with
16-h light/8-h dark cycles. Collect expanding rosette leaves of
0.8–1.2 cm in length from 3- to 6-week-old plants (21, 24, 25).

2.3. Particle-

Bombardment Supplies

APDS-1000/Heparticledelivery system(Bio-RadLaboratories) isused.

1. Supplies for particle bombardment are purchased fromBio-Rad
Laboratories, including 1.0-mm microcarrier (gold particles),
macrocarrier, stopping screen, and 650-psi rupture disks.

2. Additional regents include sterile water, 70% ethanol, 100%
ethanol, 50% glycerol, 2.5 M CaCl2, and 0.1 M spermidine.

3. Methods

3.1. Particle

Bombardment

3.1.1. Wash Microcarriers

1. Weigh out 30 mg of 1.0-mm gold particles into a 1.5-ml
microcentrifuge tube.

2. Add 1 ml of 70% ethanol (v/v) and vortex vigorously for
3–5 min.

3. Allow the particles to soak in 70% ethanol for 15 min.

11 Analysis of In Vivo ROP GTPase Activity at the Subcellular. . . 147



4. Spin for 5 s, and then discard the supernatant.

5. Add 1 ml of sterile water and vortex vigorously for 1 min.

6. Spin for 5 s, and then discard the supernatant.

7. Repeat steps 5 and 6 two times.

8. Add 500 ml sterile 50% glycerol and store the washed gold
at 4�C.

3.1.2. Coat Washed

Microcarriers with DNA

The following procedure is for one bombardment shot; if more
bombardments are needed, adjust the quantities accordingly.
The concentration of purified plasmid DNA is adjusted to
0.5 mg/ml.

1. Vortex the stock microcarriers in 50% glycerol vigorously for
5 min to resuspend the gold particles.

2. Remove 8–10 ml of microcarriers to a 1.5-ml microcentrifuge
tube, and then add the following in order: DNA (2 ml of
pBI221:CFP-RIC1 and 1 ml of pBS35S:YFP-ROP6 or
pBS35SYFP-DN-rop6), 30 ml of 2.5 M CaCl2, and 12 ml
of 0.1 M spermidine (see Note 1).

3. Vortex vigorously for 15 min, and then allow the coated micro-
carriers to settle for 2 min.

4. Spin for 2 s, and then discard the supernatant.

5. Add 70 ml of 70% ethanol, spin for 2 s, and then discard the
supernatant.

6. Add 70 ml of 100% ethanol, spin for 2 s, and then discard the
supernatant.

7. Add 8–10 ml of 100% ethanol. Gently tap the tube several times
to resuspend the pellet and then vortex at low speed for 1 min.

3.1.3. Perform A

Bombardment

1. Open the helium cylinder valve and adjust the pressure to
850 psi (that is 200 psi in excess of desired rupture disk).

2. Power ON.

3. Load rupture disk into retaining cap and secure the retaining
cap to the end of gas acceleration tube and tighten.

4. Apply the DNA-coated gold particles on the macrocarrier, and
spread the particles into a circle (1 cm in diameter) in the
middle of the macrocarrier.

5. Load macrocarrier into the holder and turn it upside down. Put
the holder and the stopping screen into microcarrier launch
assembly.

6. Place the microcarrier launch assembly in chamber, place the
target leaves in a distance about 8 or 11 cm below, and then
close the door.

7. Evacuate the chamber, and hold vacuum at 2700 of Hg.
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8. Press and hold the Fire button until rupture disk bursts and
helium pressure gauge drops to zero.

9. Release fire button.

10. Release vacuum from chamber.

11. Remove leaves from chamber and place them in water.

12. Unload macrocarrier and stopping screen from microcarrier
launch assembly (see Note 2); unload spent rupture disk.

13. Repeat steps 3–12 if more shots are needed.

14. Shut down the whole system according to the manufacturer’s
instruction.

3.2. Confocal

Microscopy for FRET

Analysis

Transformed cells are observed 4–6 h after particle bombardment
using the Leica TCS SP2 confocal microscope, which allows flexible
selection of emission bandwidths to minimize bleach through
(see Note 3). The 15% power of 442-nm laser or 514-nm laser is
set for excitation. CFP signal is collected using 465–490-nm band-
widths and YFP/FRET signal is collected using 560–640-nm
bandwidths (21, 24). For 3D reconstruction, optical sections are
scanned and captured at 1.0-mm increment using the Leica software.

1. Perform control experiments with donor (pBI221:CFP-RIC1)
alone and acceptor (pBS35S:YFP-ROP6) alone. Collect images
of (1) donor and acceptor emission with 442-nm laser excita-
tion and (2) acceptor emission with 514-nm laser excitation.

2. Perform FRET experiments with both donor and acceptor.
Collect signals of (1) donor and FRET emission with 442-nm
laser excitation and (2) acceptor emission with 514-nm laser
excitation. An example of FRET images is shown in Fig. 1.

3.3. Calculation of FRET

Efficiency

1. In the dark area outside the cell in each image, draw a region of
interest (ROI) and use the average fluorescence intensity of the
ROI as background noise to process background subtraction
function of MetaMorph software.

2. Draw an ROI around the fluorescent PM and cortex of the cell
in the image collected from CFP channel, and then copy the
ROI to YFP image as well as FRET image at exactly the same
place using MetaMorph software (see Note 4) (24). Measure
the average fluorescence intensity of the ROI in each image. An
Illustration of how to draw an ROI is shown in Fig. 1.

3. Calculate correction factors from CFP donor-alone and YFP
acceptor-alone controls:

(a) CFP channel emission of YFP acceptor (excited by 442-nm
laser) divided by YFP channel emission of YFP acceptor
(excited by 514-nm laser)
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(b) YFP channel emission of CFP donor (excited by 442-nm
laser) divided by CFP channel emission of CFP donor
(excited by 442-nm laser)

(c) YFP channel emission of YFP (excited by 442-nm laser)
divided by YFP channel emission of YFP (excited by
514-nm laser)

4. Collect data from FRET experiments (cells coexpressing CFP
donor and YFP acceptor). Data are as follows:

(A) CFP channel emission with 442-nm laser excitation

(B) YFP channel emission with 442-nm laser excitation

(C) YFP channel emission with 514-nm laser excitation

5. Correct FRET signal: Corrected FRET signal ¼ B � b � A
� (c � a � b) � C.

6. Calculate FRET efficiency: FRET efficiency ¼ corrected FRET
signal/C (see Note 5). An example result is shown in Fig. 1.

4. Notes

1. The amount of CaCl2 and spermidine for DNA coating is
decided according to the total volume of DNA that is added
to microcarriers in 50% glycerol; the ratio of DNA:CaCl2 is
1:10 (v/v) and the ratio of DNA:spermidine is 1:4 (v/v).
Therefore, in control experiments with donor alone or acceptor
alone, the amount of CaCl2 and spermidine for DNA coating
needs to be adjusted accordingly.

Fig. 1. ROP6 physically interacts with RIC1 in vivo. (a) Fluorescence resonance energy transfer (FRET) analysis was
performed in pavement cells expressing CFP-RIC1 (pseudocolored green) and YFP-ROP6 or YFP-DN-rop6 (pseudocolored
red). The pseudocolor scale was used to indicate the FRET signal intensity. The image under the pseudocolor scale
indicates the region of the cell where the fluorescence intensity was measured. (b) Quantitative analysis of FRET efficiency.
All data are mean � standard deviation. Reproduced from ref. 24 with the permission from Elsevier Science.
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2. The stop screens can be reused. Recycled stop screens are
cleaned and either autoclaved or stored in 70% ethanol.

3. Other equivalent confocal microscopes made by different man-
ufacturers can be used as well.

4. Copy ROI function of MetaMorph ensures that the measure-
ments of average fluorescence intensity are done precisely
within the same region.

5. FRET efficiency represents the percent of emission in YFP
channel that results from FRET. The corrected FRET signal is
normalized with the acceptor amount for comparison. This is
to exclude the interference of cell-to-cell variability in transient
expression levels.
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Chapter 12

In Vivo Ubiquitination Assay by Agroinfiltration

Lijing Liu, Qingzhen Zhao, and Qi Xie

Abstract

The ubiquitination/proteasome system is involved in nearly all plant signaling processes. Many signaling
components are degraded by the 26S proteasome upon ubiquitination by specific E3 ubiquitin ligase.
However, due to technical limitations, only a few pairs of E3 ligase–substrate interactions have been directly
demonstrated in plants. The method described here provides an efficient way to detect E3-mediated protein
ubiquitination in vivo by agroinfiltration in Nicotiana benthamiana. This assay allows for fast and
reliable detection of the specific interaction between the substrate and the E3 ligase, the effect of E3 ligase
on substrate ubiquitination and degradation, and the effects of proteasome inhibitor, such as MG132, on
substrate stability.
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1. Introduction

The ubiquitin/26S proteasome system (UPS) is a key mechanism
in eukaryotic cells to regulate the degradation of specific proteins.
Protein degradation by the UPS pathway involves multi-
protein complexes, including the E1 ubiquitin-activating enzyme,
E2 ubiquitin-conjugating enzyme, E3 ubiquitin protein ligase, 26S
proteasome, and ubiquitin (1). In the Arabidopsis genome, there
are 2 E1s, 37 E2s (plus 8 E2 variants), and more than 1,300 E3s
(2). UPS plays important roles in a wide range of processes, such as
plant stress response and development signaling (3, 4). It is known
that E3s provide specificity for recognizing substrates, and the E3
ligase–substrate interactions are key mechanisms for regulating
protein degradation. In mammals, the interaction and specificity
between E3s and substrates can be easily detected by transient
expression systems in cultured cell lines (5–7). However, in plants,
such a convenient assay has not yet been established. Although
some assays based on protein transient expression in protoplast
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have been successful, the technical difficulty and low expression
level limited their application (8). To fill this gap, we have devel-
oped an efficient ubiquitination assay using transient transforma-
tion by Agrobacterium infiltration (agroinfiltration) of Nicotiana
benthamiana leaves (9). The binary vectors for expression of the
putative E3 and substrate are transformed into Agrobacterium
strain EHA105 separately. Then, the Agrobacteria with different
combinations are coinfiltrated into N. benthamiana with another
agrobacteria containing p19 expression cassette, a suppressor of
gene silencing from tomato bushy stunt virus (10). It has been
shown that p19 can enhance the protein expression up to 50–100
times by stabilizing RNA transcripts (11). After samples are col-
lected, the effect of E3 ligase on substrate ubiquitination and the
effect of MG132 on substrate degradation are detected by Western
blot, and the interaction between the putative substrate and E3
ligase can be analyzed by immunoprecipitation.

2. Materials

2.1. Nicotiana

benthamiana and

Agroinfiltration

1. Wild-type N. benthamiana seeds.

2. Soil, vermiculite, 9 cm � 9 cmpots and a 22�Cgrowth chamber.

3. Agrobacterium tumefaciens strain EHA105 transformed with
binary vectors for overexpressing proteins to be tested.

4. LB medium: 10 g/L trytone, 5 g/L yeast extract, and 10 g/L
NaCl.

5. 2-(N-morpholine)-ethanesulfonic acid (MES): 1 M stock. Dis-
solve it in H2O, adjust the pH to 5.6 with NaOH, and store it
at room temperature.

6. Acetosyringone (AS): 100 mM stock in DMSO and store it at
�20�C.

7. 10 mM MgCl2 solution: Dissolve in H2O and store it at room
temperature.

8. 1-mL Disposable syringe.

2.2. Protein Extraction 1. Native buffer: 50mMTris–MES, pH 8.0, 0.5M sucrose, 1mM
MgCl2, 10 mM EDTA, 5 mM DTT, and protease inhibitor
cocktail CompleteMini tablets (Roche; add before use).

2. Denaturing buffer: 50 mM Tris–HCl, pH 7.5, 150 mM NaCl,
0.1% NP-40, 4 M urea, and 1 mM phenylmethylsulfonyl fluo-
ride (PMSF).

2.3. Immunoprecipitation 1. MG132: 10 mM stock, MG132 powder is dissolved into
DMSO. The solution can be stored at –80�C.
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2. A shaker: Any instrument that can shake or invert the tubes.

3. A cold room at 4�C.

4. Protein G agarose beads (Roche).

2.4. SDS-

Polyacrylamide Gel

Electrophoresis

1. 30% Acrylamide (Acr)-Bis: Put 30 g of acrylamide and 0.8 g
of Bis to 100 mL H2O and filter through 0.2-mm filter. Store it
at 4�C.

2. 10% Ammonium persulfate (APS): 0.1 g of APS in 1 mL H2O,
Store it at 4�C.

3. 10% SDS: 10 g of SDS dissolved in 100 mL H2O. Store it at
room temperature.

4. 1 M Tris–HCl, pH 6.8: Dissolve Tris in H2O, and adjust the
solution pH to 6.8 with HCl. After autoclaved, it can be stored
at room temperature.

5. 1.5 M Tris–HCl, pH 8.8: Dissolve Tris in H2O, and adjust the
solution pH to 8.8 with HCl. After autoclaved, it can be stored
at room temperature.

6. TEMED (from AMRESCO).

7. 5 mL Separating gel: 1.9 mL of H2O, 1.7 mL of 30% Acr-Bis,
1.3 mL of 1.5M Tris–HCl, pH 8.8, 0.05 mL of 10% SDS, 0.05
of mL 10% APS, 2 mL of TEMED.

8. 2 mL Stacking gel: 1.4 mL of H2O, 0.33 mL of 30% Acr-Bis,
0.33 mL of 1 M Tris–HCl, pH 6.8, 0.02 mL of 10% SDS,
0.02 mL of 10% APS, 2 mL of TEMED.

2.5. Western Blot 1. Running buffer: 3.03 g/L Tris base, 14.4 g/L glycine, and
1 g/L SDS.

2. 4�SDSsamplebuffer:0.25MTris,pH6.8,8%SDS, 40%glycerol,
0.005% bromophenol blue, and 20% 2-mercaptoethanol.

3. Transfer buffer: 3.03 g/L Tris base, 14.4 g/L glycine, and
200 mL/L methanol.

4. 3 mm Chromatography paper cut to 9 cm � 7 cm (Whatman).

5. Nitrocellulose membrane (Millipore).

6. PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and
2 mM KH2PO4.

7. Skimmed milk powder (Anlene™).

8. Antibodies against epitopes or protein of interest.

9. Chemiluminescence substrate kit (Millipore).

10. X-film.
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2.6. In Vivo and Semi-

In Vivo Protein

Degradation Assay

1. HA antibody (Santa Cruz).

2. TRNzol (Tiangen, China).

3. Primers for RT-PCR.

4. ATP (Sigma).

2.7. In Vitro

Ubiquitination Assay

1. Ubiquitin (AtUBQ14, At4g02890) with 6� His tag is
expressed in Escherichia coli using the pET28a vector, wheat
E1 (GI: 136632) is expressed using the pET3a vector, and
human E2 (UBCh5b) is expressed using the pET15b vector
with 6� His tag.

2. The constructs of ubiquitin, E1, and E2 are transformed in
E. coli strain BL21 (DE3).

3. Proteins are expressed at 18�C for 12–16 h inducing by IPTG
and cells were harvested by centrifugation.

4. Pellets are resuspended in lysis buffer and sonicated on ice five
times, for 10 s each time.

5. The lysate is centrifuged and supernatant is collected.

6. Ubiquitin, E1, and E2 are quantified by comparing to various
amount of BSA protein on SDS-polyacrylamide gel electropho-
resis (PAGE).

7. Crude extracts are used for in vitro ubiquitination assay.

3. Methods

Here, we describe an efficient method to study ubiquitination
in vivo by transiently expressing putative E3 and substrate protein
in N. benthamiana. First, the genes encoding E3 or putative sub-
strate to be studied are cloned into plant T-DNA expression vectors
as fusions to the 35S constitutive promoter and epitope tags. Each
vector is transformed into A. tumefaciens strain EHA105 sepa-
rately, and the A. tumefaciens strains carrying the constructs for
expressing the substrate and E3 are infiltrated separately or coin-
filtrated into leaves of N. benthamiana to transiently express the
proteins. The interaction between the E3 and substrate is analyzed
by coimmunoprecipitation; the ubiquitination of substrate is
detected by immunoprecipitation followed by immunoblotting
with antibodies against the epitope tag and the ubiquitin; and
the effect of E3 ligase on substrate degradation is evaluated
by immunoblot or by semi-in vivo protein degradation assays.
Proteins expressed by this protocol can also be used for in vitro
ubiquitination analysis.
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3.1. Growth of Nicotiana

benthamiana

1. Mix soil and vermiculite together at a ratio of 1:1, put the
mixture into 9 � 9-cm pots, and then water it.

2. Sow about 30N. benthamiana seeds into a pot. Growplants in a
chamber at 22�C and 70% relative humidity under a 16-h
light/8-h dark photoperiod.

3. After about 10 days, seedlings are transferred to new 9 � 9-cm
pots, one seedling per pot.

4. Plants grown for another 1–1.5 months are used for infiltration
(see Note 1).

3.2. Constructs

and Bacteria Strains

1. The genes encoding E3, substrate, HAGFP, and p19 are cloned
into plant expression vectors downstream of the 35S constitu-
tive promoter and fused to epitope tags (different tags for E3
and substrate) for detection by antibodies (see Note 2).

2. The overexpression constructs and the empty vector for the E3
construct are transformed into A. tumefaciens strains EHA105
separately.

3.3. Agroinfiltration 1. A single colony ofAgrobacterium is inoculated into 5 mL of LB
medium supplemented with the appropriate antibiotics and
grown at 28�C in a shaker for 48 h.

2. The culture is transferred to new LB medium with antibiotics,
10 mM MES (pH 5.6), and 40 mM AS (1:100 ratio, v/v).
Agrobacteria are grown at 28�C overnight.

3. When growth reaches an OD600 of approximately 3.0, the
Agrobacteria are collected by centrifugation at 4,000 � g,
10 min, and the pellets are resuspended in 10 mM MgCl2 at
a final OD600 of 1.5 (OD600 ¼ 1 for p19 only) (see Note 3).

4. A final concentration of 200 mMAS is added and the Agrobac-
teria are kept at room temperature for at least 2 h without
shaking.

5. Equal volume suspensions of Agrobacteria carrying the con-
struct expected to be expressed and Agrobacteria carrying p19
are mixed together (see Note 4).

6. Leaf infiltration is conducted by pressing a 1-mL disposable
syringe to the surface of fully expanded N. benthamina leaves,
and then slowly pressing the plunger. Infiltrated leaves have a
water-soaked appearance (see Note 5). Put the plants back into
the growth chamber for 3 days (see Note 6).

3.4. Sample Collection

and Protein Extraction

1. Harvest infiltrated leaves and freeze the tissues in liquid nitro-
gen as soon as possible.

2. Samples are ground in liquid nitrogen and resuspended in
extraction buffer (1 mL/0.2 g sample) by vortex. Use native
buffer for immunopreciptation and denaturing buffer for pro-
teins directly analyzed by Western blot (see Note 7).
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3. The extracts are centrifuged at 16,000 � g at 4�C for 30 min.
The supernatant is then collected for immunopreciptation or
protein gel blot analysis.

3.5. Immunoprecipitation 1. Extract proteins from tissues using the native buffer supple-
mented with 50 mM MG132.

2. Add antibody to the cell lysates (10 mg antibody per milliliter
cell lysates).

3. Keep the mixture at 4�C with gentle shaking for 2 h.

4. Add 20 mL/mL protein G agarose beads to the mixture and
shake at 4�C for another 2 h to capture the immunocomplex
(see Note 8).

5. Collect the agarose beads by centrifugation at 14,000 � g for
5 s and wash beads with cold PBS three times.

3.6. Western Blotting 1. Add 1/3 volume of 4� SDS sample buffer to the samples and
boil for 5 min.

2. Separate proteins by SDS-PAGE in a 10% acrylamide gel and
electroblot the gel to nitrocellulose membrane with transfer
buffer at 100 V for 75 min (see Note 9).

3. Block the membrane with PBS containing 5% of skimmed milk
powder for 1 h at room temperature or overnight at 4�C.

4. Incubate the membrane with primary antibody diluted in PBS
containing 3% skimmed milk powder for 1 h at room tempera-
ture, and then wash the membrane with 30 mL of PBS twice,
15 min each time.

5. Incubate the membrane with secondary antibody diluted in
PBS containing 3% skimmed milk powder for another 1 h at
room temperature, and wash with 30 mL PBS three times,
15 min each time.

6. Develop the blots using theMillipore chemiluminescence HRP
substrate kit (see Note 10).

3.7. E3 Ligase and

Substrate Interaction

1. The Agrobacterium strains carrying E3 ligase, substrate, and
p19 genes are used in this assay.

2. The E3 ligase and substrate protein are expressed in N.
benthamiana separately to avoid degradation of the substrate,
following the agroinfiltration procedures described in Sub-
heading 3.3.

3. Samples are collected and extracted with the native buffer.

4. Then, the extract of substrate, the extract of the E3 ligase, and
the mixture of both extracts are used for immunoprecipitation
(see Note 11).
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5. The antibody against the tag of the substrate or of the E3 ligase
is used for immunoprecipitation.

6. The antibodies for the tags linked to the substrate and to the
E3 ligase are used for Western blot separately to detect their
coimmunoprecipitation (interaction).

3.8. Detect

Polyubiquitination

of Substrate

1. The Agrobacterium strains carrying substrate, E3 ligase, and
p19 expression vector are used in this assay.

2. Express the substrate alone or together with E3 ligase by
agroinfiltration of N. benthamiana. Make extracts with native
buffer.

3. Immunoprecipitate the substrate protein using the antibody
against its epitope tag.

4. Perform duplicate immunoblots and probe with the antibodies
against the tag of the substrate protein and of the ubiquitin to
detect the ubiquitinated form of the substrate protein.

3.9. In Vivo Protein

Degradation

1. The Agrobacterium strains carrying the E3 ligase, substrate,
empty vector, HA-GFP, and p19 in combinations are used in
this assay.

2. The Agrobacterium strains grow to appropriate OD and are
resuspended in 10 mM MgCl2 solution for coinfiltration.

3. Equal volume suspensions of the Agrobacterium strains are
mixed to express the substrate alone (cotransform with empty
vector) or together with the E3 ligase prior to infiltration
(see Note 12). Agrobacterium strains carrying HA-GFP is
also coinfiltrated as an internal control.

4. Three days after infiltration, collect samples for Western blot
analysis.

5. Substrate protein is detected by antibody against its epitope
tag; the HA-GFP protein level detected by HA antibody is used
as an internal control. Expression of the E3 ligase should be
confirmed by antibody corresponding to the tag linked to the
E3 ligase.

6. The level of substrate proteins accumulated in the (E3 ligase +
substrate) sample and in the (vector + substrate) sample are
compared to determine whether the degradation of substrate is
accelerated by the E3 ligase.

7. The mRNAs of the (E3 ligase + substrate) and the (vector +
substrate) samples are extracted by TRNzol. The expressions
of both substrate gene and HAGFP in both samples are
detected by RT-PCR to confirm that the effect of E3 ligase
on substrate is indeed at protein level.
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3.10. Semi-In Vivo

Protein Degradation

1. The Agrobacterium strains carrying E3 ligase, substrate, and
the empty vector and p19 genes are used in this assay.

2. Express the substrate protein and E3 ligase separately in
N. benthamiana. Make extracts using the native buffer.

3. Mix the extract of substrate with that of E3 ligase or vector
control in a volume ratio of 1:1 (see Note 11).

4. A final concentration of 10 mM ATP was added to the cell
lysates for the function of the 26S proteasome.

5. Incubate the mixtures at 4�C or room temperature (25�C) with
gentle shaking (see Note 13).

6. Remove samples at different time points, for example 1, 2, 4, 6,
8, and 12 h for 4�C treatment and 10, 30, 60, 90, 120, and
180 min for 25�C treatment. Stop the reaction by the addition
of SDS sample buffer and boil for 5 min (see Note 8).

7. Substrate protein is detected by Western blot using the anti-
body against the epitope tag. The substrate degradation kinet-
ics in the (E3 ligase + substrate) sample and the
(vector + substrate) sample are compared to detect if the E3
ligase promotes the degradation of substrate in the mixture.

8. E3 ligase protein also needs to be detected by antibody
corresponding to the tag linked to the E3 ligase.

3.11. The Effect

of MG132 on Protein

Stability

To detect if the substrate is degraded by the 26S proteasome, we
used the 26S proteasome inhibitor, MG132.

1. For in vivo protein degradation, 50 mM MG132 dissolved in
10 mM MgCl2 is infiltrated into the previous infiltrated region
12 h before sample collection.

2. For semi-in vivo degradation, 50 mMMG132 is added into the
sample mixture at the beginning of incubation.

3.12. In Vitro

Ubiquitination Assay

1. The Agrobacterium strains carrying E3 ligase, substrate, and
p19 are used in this assay.

2. Express the substrate and E3 ligase in N. benthamiana by
agroinfiltration. Mix the extracts of substrate and E3 ligase
together and then the mixture is subjected for immunoprecipi-
tation using the antibody against the tag linked to the substrate
(see Note 11).

3. About 20 ng of E1, 40 ng of E2, and 5 mg of ubiquitin are
added to the tube with immunoprecipitated complex of E3
ligase and substrate; H2O is added to a final volume of 30 mL.
Two control reactions without either E1 or E2 are also mixed.

4. Reactions are carried out at 30�C with agitation in an Eppen-
dorf Thermomixer for 1.5 h. The reactions are stopped by
adding SDS sample buffer and boiling for 5 min.
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5. Nickel–nitrilotriacetic acid agarose conjugated to horseradish
peroxidase is applied for the detection of His-tagged ubiquitin,
and antibody against the tag linked to the substrate is used to
detect the substrate and its modified form.

4. Notes

1. The growth status of N. benthamiana is important. Flowering
or unhealthy plants have low transfection efficiency and give a
poor protein expression.

2. It has been found that different binary vectors give different
protein expression level; when protein is hard to be detected,
try different vectors.

3. The Agrobacteria growth to about OD600 ¼ 3 will give a better
protein expression in agroinfilrtation.

4. Gene-silencing suppressor p19 has been shown to enhance
protein expression level greatly. So coinfiltrating protein con-
struct with p19 expression cassette is strongly recommended,
but it is not necessary for those easily expressed proteins.

5. The upper leaves of the N. benthamiana plant are better than
the lower leaves for protein expression. Plants grow up to eight-
to ten-leaves stage and third–fifth leaves from top are the best
for agroinfiltration.

6. Generally, we advise to collect sample 3 days after infiltration.
However, expression levels of protein varied widely at different
postinoculation days for different proteins. Some may have the
best expression level at the first day after infiltration and others
may peak at the fifth day. A pretest of the time course to collect
sample is necessary when the protein expression level is too low
to be detected at 3-days point.

7. The native buffer is not suitable for membrane proteins’ isola-
tion. To extract membrane protein, a little amount of NP-40
should be added (no more than 1% according to the proteins’
property).

8. Large numbers of proteins are very unstable. So if leaving them
at 4�C for long time, they might be totally degraded and no
signal will be detected. Thus, before immunoprecipitation or
protein interaction assay, it is better to take a time course assay
at 4�C to determine the protein stability and the best time
points used in semi-in vivo protein degradation assay.

9. For proteins of big size, the polyubiquitination form of them
may be too big to get into the separating gel and the signals
only could be detected in the stacking gel. So when the protein
is bigger than 100 kDa, it is better to keep the stacking gel and
transfer the proteins in the stacking gel to the membrane.
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10. If the background of the Western blot film is high, add 0.1%
Tween 20 to PBS at the membrane washing step.

11. TheE3 ligase and the substrate protein frequently have different
protein expression levels. Thus, for semi-in vivo protein degra-
dation, E3 ligase and substrate interaction, and in vitro ubiqui-
tination assay, the sample volume of E3 ligase and substrate
should be adjusted according their protein expression levels.

12. Similar with Note 11, when the E3 ligase expression is too
strong, the original bacteria volume of the E3 ligase should be
reduced and if the expression level of substrate is much more
than the E3 ligase, the original bacteria volume of the substrate
should be reduced.

13. For quickly degraded or unstable proteins, we suggest that the
incubation should be carried out at 4�C.
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Chapter 13

In Vitro Protein Ubiquitination Assay

Qingzhen Zhao, Lijing Liu, and Qi Xie

Abstract

Ubiquitination is one of the most important posttranslational modifications in all eukaryote organisms.
Ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3) are the
three key enzymes in this process. To detect the specificity between E2 and E3 or enzyme–substrate
relationship between E3 and a substrate protein, ubiquitination activity needs to be determined.
This protocol provides a convenient and efficient in vitro assay for DTT-sensitive thioester formation of
E2s and Ring/U-box-type E3s, and E3-mediated substrate ubiquitination. E2/E3 specificities can also be
investigated quickly by using this system. This method can be applied to ubiquitination assays of proteins
from any eukaryotic organisms.

Key words: Ubiquitination, Ubiquitin-conjugating enzyme, Ubiquitin ligase, In vitro assay,
E2/E3 specificity

1. Introduction

Ubiquitin proteasome system (UPS) is one of the most important
regulatory mechanisms in eukaryote cells. UPS seems to play more
important roles in plants than in other organisms, as there are a
large number of UPS components in plant genomes (1, 2). Attach-
ing the 76 amino acid protein tag ubiquitin to a substrate protein
needs the concerted actions of the ubiquitin-activating enzyme
(E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase
(E3). There are 2 E1s, 37 E2s, 8 ubiquitin-conjugating enzyme
variants (UEVs), and more than 1,300 E3s in Arabidopsis (3, 4).
E1 is considered to have stable and common activities (5). All 37
E2 proteins have a conserved catalytic domain named UBCc
domain, which contains a highly conserved Cysteine residue as
the binding site of ubiquitin during the ubiquitination process.
The eight UEV proteins also have the UBCc domain but lack
the conserved Cysteine. The E3 proteins can be divided into
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single-subunit E3s and multisubunit E3s (1, 2, 6, 7). Since the
single-subunit E3 protein can carry out its E3 function without the
help of other proteins, the ubiquitination activity of this type of E3
can be detected much easily than the multisubunit E3s. The single-
subunit E3s contain a conserved Ring finger, U-box, or HECT
domain (8). To analyze the function of a putative E2 or E3 protein,
its in vitro ubiquitination activity needs to be detected. Up to now,
the in vitro system reported in literature often includes components
originated from different organisms, such as yeast or rabbit E1,
human E2 (H5b or H5c, commonly used), and ubiquitin from
different sources (8–11). Due to heterogenous components used,
these systems sometimes produce false-positive or -negative results.
In this chapter, we provide an in vitro ubiquitination system for E2
and E3 autoubiquitination and E3/substrate ubiquitination assay.
All the components of this system, including E1, E2, E3, and Ub,
are originally from plants, especially from Arabidopsis. So this
system is more compatible for the ubiquitination assay for proteins
from plants.

Because a large number of E2/E3-specific interactions have
been reported (7, 12–15), different E2/E3 combinations used in
the ubiquitination assay will undoubtedly influence the final results.
The 37 Arabidopsis E2s can be sorted into 12 groups according to
their structure and sequence similarities (1). At least 1 member of
each of the 12 E2 groups is tested against an E3 activity to ensure
the reliable positive or negative result of the E3 protein. At the same
time, E2/E3 specificity can be easily explored. E2 or E3 activities
of proteins from other species and ubiquitin modification of a
substrate protein by a certain E3 can also be detected.

2. Materials

2.1. Bacteria and

Plasmids for Protein

Expression

1. Escherichia coli strain BL21 (DE3).

2. Plasmid for wheat E1 and human E2 (as control): pET3a-
wheat E1 (GI: 136632); pET15b-UBCH5b.

3. Plasmid for Arabidopsis Ub: pET28a-UBQ14 (At4g02890).

4. Plasmid for Arabidopsis E1: pET28a-UBA2 (At5g06460).

5. Plasmids for Arabidopsis E2s:
Coding sequences (CDSs) of at least 1 member of the 12
subfamilies of Arabidopsis E2 (UBC) genes are cloned into
the pET28a vector, including UBC27 (At5g50870), UBC1
(At1g14400), UBC2 (At2g02760), UBC3 (At5g62540),
UBC10 (At5g53300), UBC32 (At3g17000, delete TM
domain), UBC13 (At3g46460), UBC4 (At5g41340), UBC5
(At1g63800), UBC6 (At2g46030), UBC21 (At5g25760),
UBC19 (At3g20060), UBC35 (At1g78870), UBC16
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(At1g75440), UBC26 (At1g53020), UBC22 (At5g05080),
and UBC domain of UBC24 (At2g33770).

2.2. Protein

Expression and

Purification in E. coli

1. LB medium: Trytone 10 g/L, yeast extract 5 g/L, and NaCl
10 g/L. Autoclaved and store at room temperature.

2. Isopropylthio-b-galactoside (IPTG): 100 mM stock. Dissolve
inH2O (seeNote 1), and filter with 0.45-mMsterile membrane.
Store at �20�C.

3. Dithiothreitol (DTT): 1 M stock. Dissolve in 10 mM NaAc,
and filter with 0.45-mM sterile membrane. Store at �20�C.

4. PMSF: 100 mM stock. Dissolve in isopropanol and store at
�20�C.

5. Lysis buffer A (for 6� His-tagged protein expression): 50 mM
NaH2PO4, 300 mMNaCl, and 1 mM PMSF. Adjust the pH to
8.0. Store at 4�C (see Note 2).

6. Binding buffer (for 6�His-tagged protein purification): 50mM
NaH2PO4, 300mMNaCl, 20mMimidazole, and1mMPMSF.
Adjust the pH to 8.0. Store at 4�C.

7. Washing buffer (for 6� His-tagged protein purification):
50 mM NaH2PO4, 300 mM NaCl, 50 mM imidazole, and
1 mM PMSF. Adjust the pH to 8.0. Store at 4�C.

8. Elution buffer 1 (for 6� His-tagged protein purification):
50 mM NaH2PO4, 300 mM NaCl, 100 mM imidazole, and
1 mM PMSF. Adjust the pH to 8.0. Store at 4�C.

9. Elution buffer 2 (for 6� His-tagged protein purification):
50 mM NaH2PO4, 300 mM NaCl, 200 mM imidazole, and
1 mM PMSF. Adjust the pH to 8.0. Store at 4�C.

10. Elution buffer 3 (for 6� His-tagged protein purification):
50 mM NaH2PO4, 300 mM NaCl, 300 mM imidazole, and
1 mM PMSF. Adjust the pH to 8.0. Store at 4�C (see Note 3).

11. Lysis buffer B (Column buffer, for MBP-tagged protein
expression): 200 mM NaCl, 20 mM Tris–HCl, pH 7.4,
1 mM EDTA, 1 mM DTT, and 1 mM PMSF. Store at 4�C
(see Note 2).

12. Beads for 6� His fusion protein purification: Ni-NTA agarose
(QIAGEN).

13. Beads forMBP fusion protein purification: Amylose resin (NEB).

14. Centrifugal size-fraction filter: Amicon Ultra-15 (Millipore).

2.3. In Vitro

Ubiquitination Assay

1. ATP: 1 M stock. From Sigma. Dissolve in H2O. Store at
�20�C (see Note 4).

2. Reaction buffer (20�) for E2 DTT-sensitive thioester bond
formation: 1 M Tris–HCl, pH 7.4, 200 mM MgCl2, and
200 mM ATP. Store at �20�C (see Note 4).

13 In Vitro Protein Ubiquitination Assay 165



3. Reaction buffer (20�) for E2/E3 and E3/substrate ubiquiti-
nation assay: 1MTris–HCl, pH 7.4, 200mMMgCl2, 100mM
ATP, and 40 mM DTT. Store at �20�C (see Note 4).

4. Crude extract of wheat E1 and human E2 expressed in E. coli
and purified Arabidopsis Ub, E1, E2, and E3 proteins. Store at
�80�C.

5. SDS protein sample buffer with b mercaptoethanol (4�):
0.25 M Tris–HCl, pH 6.8, 8% SDS, 40% glycerol, 0.004%
bromophenol blue, and 20% b mercaptoethanol. Store at 4�C.

6. SDS protein sample buffer without b mercaptoethanol (4�):
0.25 M Tris–HCl, pH 6.8, 8% SDS, 40% glycerol, and 0.004%
bromophenol blue. Store at 4�C.

7. A shaker with constant temperature: For example, thermo-
mixer comfort (Eppendorf).

2.4. SDS-

Polyacrylamide Gel

Electrophoresis

1. Thirty percent acrylamide/bis-acrylamide (29:1) solution and
N,N,N,N0-tetramethyl-ethylenediamine (TEMED). Store at
4�C.

2. Ammonium persulfate (APS): Dissolve 1 g of APS in 10 ml
H2O (10% in w/v) and aliquot it in small volume. Store at
�20�C.

3. Separating gel buffer (4�): 1.5 M Tris–HCl (pH 8.8) and 0.4%
SDS. Store at room temperature.

4. Stacking gel buffer (4�): 1.0 M Tris–HCl (pH 6.8) and 0.4%
SDS. Store at room temperature.

5. Running buffer (10�): 0.25 M Tris–HCl, 1.92 M glycine, and
1% SDS. Store at room temperature.

6. Prestained molecular weight marker.

2.5. Western Blotting 1. Transfer buffer: 25 mM Tris–HCl, 192 mM glycine, and 20%
(v/v) methanol. Store at room temperature.

2. PBS and PBST buffer: Prepare 10� PBS stock with 1.37 M
NaCl, 27 mMKCl, 100 mMNa2HPO4, and 20 mMKH2PO4.
Adjust the pH to 7.4. Dilute 100 ml of stock with 900 ml H2O
for the working buffer (1� PBS). For 1� PBST buffer, add
0.5 ml Tween-20 into 1 L 1� PBS solution. Store at room
temperature.

3. Blocking buffer: 5% nonfat dry milk in 1� PBST.

4. Primary and secondary antibody dilution buffer: 3% nonfat dry
milk in 1� PBS.

5. Primary antibody: Anti-His antibody (Santa Cruz).

6. Secondary antibody: Anti-mouse IgG conjugated with horse-
radish peroxidase (HRP) (Santa Cruz).

7. HRP substrate kit (Millipore).
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3. Methods

Expression in bacteria system is the most convenient way for us to
obtain the proteins of candidate genes. Although some proteins of
eukaryote genes expressed from E. coli are inactive due to the lack
of posttranslational modification or other reasons, most of them do
have activities and can be applied for further analysis (8, 16).
Recombined proteins with a certain tag can be easily purified
according to the corresponding methods. In order to avoid the
disturbance of the components in elution buffer of purification, the
purified proteins need to be desalted by Amicon ultra centrifuga-
tion to remove the high concentration of salt or sugars and so on.
Then, the proteins can be applied for in vitro ubiquitination assay.
In this chapter, E2 (DTT-sensitive thioester assay), E2/E3 specific-
ity, and E3/substrate ubiquitination assay are described.

3.1. Expression,

Purification of Proteins

in Bacteria

1. Protein expression in bacteria: Plasmids are transformed in E. coli
strainBL21(DE3) (seeNote5). Select twoor three clones in5ml
of LB liquidmedium and shake at 37�C.The overnight culture is
then diluted with LB containing 0.2% glucose to generate a start
OD600 absorbance of 0.1 and subsequently shaken at 18�C (see
Note 6). Cells are induced with a final concentration of 0.2 mM
IPTGwhen theOD600 reaches 0.4–0.6.After induction, the cells
are kept on growing for 12–16 h at 18�C. Cells are harvested by
centrifugation.The collected cells for6�His-taggedproteins are
resuspended in lysis buffer A andMBP fusion protein cells in lysis
buffer B (column buffer). The cells are then disrupted by ultra-
sonic pulverizor. The cell lysate is centrifuged at 13,500 � g at
4�C for 45 min and the supernatant is taken into a new tube.

2. Purification of 6� His-tagged protein: The Ni-NTA agarose is
packed into column (see Note 7). Wash the beads with distilled
water. Equilibrate the column with ten-column volumes of the
lysis buffer. Then, let the supernatant sample containing the
recombined proteins flow through the column (see Note 8).
Wash the column with five-column volumes of washing buffer.
Elute the proteins with elution buffer 1, 2, and 3 in turn (2 ml
each) (see Notes 3 and 9).

3. Purification of MBP-tagged protein: Pour the amylase resin
into column (see Note 7). Load the supernatant of cell
lysate into the column (see Note 8). Wash the column with
12-column volumes of column buffer. Elute the protein with
column buffer containing 10 mM maltose. Collect ten fractions
of 1ml each in turn.Usuallywe canget enoughpurifiedproteins in
the first five fractions.

4. Purification of proteins by Amicon centrifuge columns: Dilute
the purified proteins (in elution buffer) with PBS buffer into
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total volume of 15 ml. Load the solution to a water-prewashed
centrifuged filter (Amicon ultra 15). Centrifuge at 4�C,
4,000 � g, until the remaining volume is about 0.2–0.5 ml
(see Note 10). The protein can be checked by quantification
and SDS-PAGE electrophoresis. Glycerol is added to a final
concentration of 15–20%. Then, aliquot the protein, and store
at �80�C (see Note 11).

3.2. E2

Autoubiquitination

Assay

1. The reaction is performed in total 30 ml, including 1.5 ml of
20� buffer, 50 ng of E1, 200–500 ng E2, and 2 mg ubiquitin.

2. Incubate the reactions at 37�C for 5 min.

3. Split the reactions by adding 4� SDS sample buffer with or
without b-mercaptoethanol (see Note 12).

4. Boil the samples at 100�C for 5 min.

5. The reaction products are separated with 12% SDS-PAGE gel
and detected with anti-His antibody by Western blotting to
detect the DTT-sensitive thioester bonds.

3.3. Combined E2/E3

Specificity Assay

The E3 proteins can be purified in a 1.5-ml Eppendorf tube from
cell crude extract just before use (see Notes 13 and 14).

1. Wash the amylase resin beads with 1 ml of column buffer.

2. Centrifuge at 400 � g for 2 min. Remove the liquid carefully.

3. Add 0.5–1 ml of crude extract (the total amount of the E3
protein should be 0.5–1 mg) to the tube containing the pre-
washed beads.

4. Rotate at room temperature for 1 h for binding.

5. Wash the beads with 1 ml of 50 mM Tris–HCl (pH 7.5) for
three times and remove all the liquid of the final wash using
very thin tips (see Note 15).

6. Prepare the reactions in total 30 ml, including 1.5 ml of 20�
reaction buffer, 50 ng of E1, 200–500 ng of E2, and 5 mg
of ubiquitin. Add the reaction system to the tubes containing
the amylase resin beads binding with MBP-E3 proteins
(see Note 16).

7. Incubate the reactions at 30�C for 1.5 h with agitation in a
thermomixer (Eppendorf) (see Note 16).

8. Split the reactions by adding 4� SDS sample buffer with
b-mercaptoethanol and boil the samples at 100�C for 5 min.

9. The reaction products are separated with 10–12% SDS-PAGE
gel and detected with anti-His antibody by Western blotting.

3.4. E3/Substrate

Ubiquitination Assay

1. Clone the substrate genes into the TNT vector.

2. Express the substrate protein using the TNT–substrate con-
struct and wheat germ in vitro translation system (see Note 17).
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3. Detect the expression effect by 1–3 ml of translation products
(see Note 18).

4. Bind the E3 proteins to the beads (see steps 1–5 of Subhead-
ing 3.3 and Note 13).

5. Add the tube with the following reagents: 1.5 ml of 20�
reaction buffer, 50 ng of E1, 200–500 ng of E2, 3–8 ml of
TNT substrate mix, and 5 mg of ubiquitin.

6. Incubate the reactions at 30�C for 1.5 h with agitation in a
thermomixer (Eppendorf) (see Note 16).

7. Add 10 ml of 4� protein-loading buffer with b-mercaptoetha-
nol and boil the samples at 100�C for 5 min.

8. The reaction products are separated with 10–12% SDS-PAGE
gel and detected with anti-His antibody by Western blotting.

3.5. Western Blotting 1. Proteins resolved by SDS-PAGE gel are transferred to nitrocel-
lulose membrane with transfer buffer at 100 V for 75 min.

2. Block the membrane with blocking buffer for at least 1 h at
room temperature or overnight at 4�C.

3. Remove the blocking buffer; incubate the membrane with
1:300-fold diluted primary antibody (anti-His) in antibody
dilution buffer for 1 h at room temperature.

4. Remove the primary antibody and wash the membrane with
PBST buffer twice, 15 min each.

5. Incubate the membrane with secondary antibody (goat-anti-
mouse IgG conjugated with HRP) diluted in antibody dilution
buffer (1:2,500-fold diluted) for 1 h at room temperature.

6. Wash the membrane with PBST buffer twice, 15 min each.

7. Detect the signals with the Millipore chemiluminescent HRP
substrate kit.

8. For the E3/substrate assay with substrate from the in vitro
translational system, the ubiquitination of the substrate can
be directly detected by exposing the gel to the X-ray film.

9. For the E3/substrate assay with purified substrate from E. coli,
the ubiquitination of the substrate can be detected by Western
blotting with the antibody corresponding to the tag fused with
the substrate.

4. Notes

1. The “H2O” in this text refers to the ultrapurified water having a
resistivity of 18.2 MO-cm and total organic content of less than
five parts per billion.
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2. Stocks of DTT (1 M) and PMSF (100 mM) are not stable at
4�C or room temperature; thus, they are stored at �20�C.
They should be added to the solution as working concentration
just before use. PMSF is very unstable in aqueous solutions.
The 100 mM stock solution is made in isopropanol.

3. The only difference among three types of elution buffers is the
concentration of imidazole in solution. We recommend that
three different elution buffers be tested for the first-time trial to
check in which elution buffer you will recover most of the
particular proteins you are analyzing.

4. ATP is inactivated rapidly at room temperature. So the stock of
ATP and ubiquitination reaction buffer containing ATP should
be aliquoted into small volume and stored at �20�C. It should
be used as soon as dissolved and should not be frozen and
thawed repeatedly.

5. E. coli BL21 (DE3) is a commonly used bacterial strain for
protein expression. In case some proteins cannot be induced
well in this strain because of the rare code, toxicity protein, and
so on, you may try other strains, such as BL21 (AI) or BL21
(plys S) and so on.

6. We recommend growing the diluted culture at 18�C because
the low temperature is helpful for the solubility of the target
protein which is important for further purification process.
Higher temperature, such as 37 or 25�C, is also fit if the protein
can be easily obtained from the supernatant after centrifugation
of the cell lysate. This can be tried by the advanced experiment.
Glucose is advantageous to the induction of the protein driven
by T7 promoter.

7. The amount of resin depends on the fusion protein produced
and the binding capacity of the beads (usually, 1 ml beads can
bind 2–3 mg proteins).

8. The flow rate should be about 1 ml/min.

9. High purity of the imidazole is needed for this process. The
concentrations of the imidazole in binding buffer, washing
buffer, and elution buffer are most important for the purifica-
tion efficiency. To obtain the highest purity of a certain protein,
the optimal concentration should be first determined by using a
gradient concentration of imidazole.

10. There are different types of the Amicon centricon. The appro-
priate type number for a certain protein should be less than 1/3
of the molecular weight of that protein.

11. All the manipulation of the protein should be on ice and as
soon as possible in order to reserve its maximal activity. Usually,
proteins are more stable at �80�C than �20 or 4�C. Protein
activity will decline when left in 4�C for a period of time. So the
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proteins should be aliquoted into small volumes, and stored at
�80�C until usage. Freezing and thawing repeatedly should be
avoided.

12. At the presence of E1 and ubiquitin, active E2 proteins can be
linked with ubiquitin through thioester bonds. These thioester
bonds can be broken off at the presence of the reductive agent
DTT or b-mercaptoethanol. So the E2 autoubiquitination
activity can be proved by this DTT-sensitive thioester bonds.

13. Purified E3 proteins treated by Amicon centricon can also be
used for this assay.

14. It has been proved that there exists a large amount of E2/E3
specificity. So different E2/E3 combinations can result in
different activities. Use this system E3 activity of one certain
protein can be explored by combined with different E2s (for
example, it may exhibit E3 activity at the present of one E2 but
not together with another E2). So the E2/E3 specificity can also
beexploredwith this system.MBPproteins and reactionswithout
E1orE2 arenecessary asnegative control for theE3activity assay.

15. The operation with the amylase resin beads must be done
carefully to avoid taking out the beads unexpectedly. After
discarding the supernatant following washing the beads, the
tube can be spinned shiefly, and the left liquid can be moved
with very thin tips. With this action we can eliminate the wash
buffer completely and it is helpful for the following operation.

16. In order to ensure the effect of the ubiquitination reaction, the
beads must be covered by the total volume of the reaction and
resuspended enough by shaking in the mixer.

17. Purified recombined substrate proteins from E. coli fused with
different tags with the E3 can also be used in this test. But in
some cases, this kind of substrate cannot be ubiquitinated by
the E3 because of lack of posttranslational modification; for
example, phosphorylation is important for a large amount of
substrate proteins.

18. The translation products must be sufficient enough because the
ubiquitination form of the substrate always occupies a little
percent of the total proteins.
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Chapter 14

Genome-Wide Identification of Transcription
Factor-Binding Sites in Plants Using Chromatin
Immunoprecipitation Followed by Microarray
(ChIP-chip) or Sequencing (ChIP-seq)

Jia-Ying Zhu, Yu Sun, and Zhi-Yong Wang

Abstract

Nearly all signal transduction pathways lead to regulation of gene expression by controlling specific
transcription factors (TFs). Chromatin immunoprecipitation (ChIP) is a powerful method for studying
TF–DNA interactions in vivo. To identify all binding sites of a TF in the genome, the DNA obtained in
ChIP experiments needs to be analyzed by hybridization to genome-tiling microarrays (ChIP-chip) or by
next-generation sequencing (ChIP-seq). Here, we provide detailed protocols of ChIP for two model plant
species Arabidopsis and rice, procedures of DNA sample preparation for ChIP-chip or ChIP-seq, and a
general guide for computational data analysis. We have used these protocols to successfully identify direct
target genes of the BZR1 TF of the brassinosteroid signaling pathway in both Arabidopsis and rice.

Key words: Chromatin immunoprecipitation, ChIP-chip, ChIP-seq, Transcription factors

1. Introduction

All signal transduction pathways in plants regulate gene expression
through specific transcription factors (TFs),whichbind tocis-elements
in or near the target genes. Genome-wide identification of the
binding sites of the TFs of signal transduction pathways is an
effective approach to uncovering all direct target genes controlled
by the signaling pathway. This is important not only for understand-
ing the functions of signaling pathways, but also for elucidating the
transcription networks integrating signaling pathways. Chromatin
immunoprecipitation (ChIP), first described by Varshavsky and col-
leagues (1), is an effective method for studying in vivo protein–DNA
interactions (1–3). ChIP experiment starts with covalently
cross-linking a protein to its bound DNA by formaldehyde (1).

Zhi-Yong Wang and Zhenbiao Yang (eds.), Plant Signalling Networks: Methods and Protocols,
Methods in Molecular Biology, vol. 876, DOI 10.1007/978-1-61779-809-2_14,
# Springer Science+Business Media, LLC 2012
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The chromatin is then extracted and DNA is fragmented before the
protein–DNA complex is immunoprecipitated by specific antibody
against theDNA-binding protein. The purifiedDNAcan be analyzed
byquantitative real-timePCR(ChIP-qPCR) todetermine the enrich-
ment of genomic regions of interest. Alternatively, the DNA can be
analyzed by hybridization to genome-tiling microarray (ChIP-chip)
or by high-throughput sequencing (ChIP-seq) to identify all binding
sites in the genome (Fig. 1). ChIP-chip and ChIP-seq are the most
powerful methods for identifying the genomic targets of TFs (4).

Plant tissue

Crosslink

Chromatin isolation

Sonication

Immunoprecipitation

qPCR analysis

ChIP-chip ChIP-seq

Amplification Linker Ligation

Probe labeling Amplification

High-throughput
sequencing 

Array 
hybridization

Map signals
Map reads to

genome

Define bound  regions

Identify flanking genes
and enriched cis-elements

Define functional target genes by
comparing to expression profiling data

Fig. 1. Workflow of ChIP-chip and ChIP-seq. This outline presents the procedure of ChIP-
chip and ChIP-seq experiments and the following data analysis.
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ChIP-seq has some advantages over ChIP-chip in several
aspects. ChIP-chip requires whole genome microarray, which is
available for only a limited number of model species, whereas
ChIP-seq produces the sequences of the bound DNA that only
need to be aligned to the reference genome. In addition, micro-
array has limited sensitivity, specificity, and dynamic range; thus,
ChIP-seq has greater resolution, sensitivity, and specificity than
ChIP-chip (5, 6). With the cost of sequencing dropping and tech-
nology being improved, ChIP-seq has become the method of
choice. However, ChIP-chip is still a valid method when access to
sequencing facility is limited (5, 7). Both ChIP-chip and ChIP-seq
have been widely used in the research of humans and animal sys-
tems (8), but only a few studies have been reported for plants
(9–16). We have successfully identified several thousands of direct
target genes of BZR1, the key TF of the brassinosteroid signaling
pathway in Arabidopsis using ChIP-chip (17), and targets of
OsBZR1 in rice using ChIP-seq (Zhu et al., unpublished results).

For ChIP-seq, several massively parallel sequencing platforms
are available currently, including Illumina Genome Analyzer (GA),
454 Life Science, Helicos HeliScope, and the Applied Biosystem
SOLID System (18). Illumina Genome Analyzer is most widely
used for ChIP-seq. In this protocol, we provide methods for
performing ChIP-seq using Illumina platform. In general, the
Illumina platform can provide more than 108 reads per sample
lane. The new Illumina’s HiSeq 2000 Genome Analyzer increases
output to 600 Gb per run and up to six billion paired-end reads
(http://www.illumina.com/). We advise using the latest version
available and bar-coded library and multiplex sequencing runs to
reduce cost and time (19). While the number of targets identified
increases with the depth of sequencing, the number of Pol II targets
identified in human cells saturates at about ten million reads (20).

Moving from raw ChIP-seq data to biological insight requires
sequential data analysis (Fig. 1). Many open sources and tools based
on different methods are available for ChIP-chip and ChIP-seq data
analysis, and have been discussed in detail in recent reviews (19).
In this protocol, we describe important factors to consider when
designing ChIP-chip and ChIP-seq experiments, and we provide
detailed protocol for ChIP and DNA sample preparation for ChIP-
chip and ChIP-seq analyses in Arabidopsis and rice, but only brief
guidelines for data analysis.

2. Materials

2.1. Plant Tissue

Cross-Link

1. Cross-link buffer: 1% formaldehyde.

2. Solution for stopping cross-link: 0.25 M glycine.
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2.2. Chromatin

Extraction Buffer

1. Extraction buffer 1 (EB1): 0.4 M sucrose, 10 mM Tris–HCl
(pH 8.0), 5 mM b-mercaptoethanol, 1 mM PMSF, and Prote-
ase Inhibitor cocktail (see Note 1).

2. Extraction buffer 2 (EB2): 0.25 M sucrose, 10 mM Tris–HCl
(pH 8.0), 5 mM b-mercaptoethanol, 10 mM MgCl2, 1% Tri-
ton X-100, 1 mM PMSF, and Protease Inhibitor cocktail.

3. Extraction buffer 3 (EB3): 1.7 M sucrose, 10 mM Tris–HCl
(pH 8.0), 5 mM b-mercaptoethanol, 2 mM MgCl2, 0.15%
Triton X-100, 1 mM PMSF, and Protease Inhibitor cocktail.

4. 2� Nuclei lysis buffer (NLB): 10 mM Tris–HCl (pH 8.0),
20 mM EDTA, 400 mM NaCl, 1% Triton X-100, 2 mM
PMSF, and Protease inhibitor cocktail.

2.3. Immunoprecipitation 1. Protein A-magnetic beads or sheared salmon sperm DNA/
protein A agarose beads (Upstate Biotechnology) (see Note 2).

2. Antibody against the protein of interest.

3. High-salt wash buffer: 50 mM Tris–HCl (pH 8.0), 2 mM
EDTA, 500 mM NaCl, and 0.25% Triton X-100.

4. LiCl wash buffer: 10 mM Tris–HCl (pH 8.0), 1 mM EDTA,
25 mM LiCl, 0.5% NP-40, and 0.25% sodium deoxycholate.

5. Elution buffer: 1% SDS and 0.1 M NaHCO3. Prepare fresh
before use.

6. TE buffer: 10 mM Tris–HCl (pH 8.0) and 1 mM EDTA.

2.4. ChIP-DNA Recovery 1. Reverse cross-linking of DNA and protein complex: 5 MNaCl.

2. Remove protein and RNA: 14 mg/ml proteinase K, RNase A,
and 1 M Tris–HCl (pH 6.5).

3. DNA extract: Phenol/chloroform/isoamyl alcohol (25:24:1),
8 M LiCl, 100% and 70% ethanol, and 1 mg/ml glycogen.

2.5. ChIP-seq DNA

Library

1. Illumina adaptors and PCR primers (Illumina).

2. End-It DNA end repair kit (Epicentre).

3. 10 mM dNTP stock (NEB).

4. Klenow enzyme (NEB).

5. T4 DNA ligase with 10� buffer (Promega).

6. Gel extraction kit (QIAGEN).

7. ZerobluntTOPOPCRcloning kit for sequencing (Invitrogen).

8. Sanger sequencing reagents.

2.6. ChIP-chip DNA

Preparation

1. Whole Genome Amplification Kit (WGA1) (Sigma).

2. Taq DNA Polymerase (Fermentas).

3. QIAquick PCR Purification Kit (QIAGEN).
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4. DNaseI (Invitrogen).

5. Affymetrix GeneChip Arabidopsis Tiling 1.0R array.

6. GeneChip WT Double-Stranded DNA Terminal Labeling Kit
(Affymetrix).

7. GeneChip® Hybridization, Wash, and Stain Kit (Affymetrix).

3. Methods

3.1. Experimental

Design

To ensure high-quality data in genome-wide analysis, the choices of
antibody and negative control must be carefully considered. First,
the antibody must specifically immunoprecipitate the protein of
interest. Cross-reaction with other chromatin-associated proteins
generates false-positive data, although this problem can be alle-
viated by including proper negative controls. Polyclonal antibodies
are easier to make and are usually more effective in immunoprecipi-
tation than monoclonal antibodies, while monoclonal antibodies
usually have higher specificity. ChIP can be performed using the
antibody against the TF itself in wild-type plants or using antibody
to the epitope tag, such as GFP, MYC, or FLAG tags, fused to the
TF expressed in transgenic plants.

An advantage of using antibodies against the TF itself is that
natural situation is analyzed in wild-type plants. Epitope-tagged
protein may not behave the same as the native protein due to
interference by the tag or altered expression pattern of the trans-
gene. However, it is difficult to design a perfect negative control
when using anti-TF antibody. Often, preimmune serum or no
antibody is used as negative control; but false positives can occur
if the immune serum cross-reacts with unrelated proteins or homo-
logs of the TF. We have made antibody using maltose-binding
protein (MBP)-tagged recombinant OsBZR1, and then purified
anti-OsBZR1 IgG using GST-OsBZR1 and purified control IgG
using MBP. However, even antigen affinity-purified antibodies can
cross-react with nonspecific proteins, as we often detect in Western
blot. Knockout mutant of the TF can also be used as negative
control, but false negatives can occur if any homologous proteins
bind to the same DNA when the specific TF is absent and are
recognized by the antibody. Some mutants have strong effects on
development and change tissue composition of the samples, which
may indirectly affect the results.

When transgenic plants expressing epitope-tagged protein are
used for ChIP, nontransgenic plants or plants expressing the tag
only (large tags, such as GFP) provide ideal negative controls. Ideally,
the tagged TF should be expressed under the TF’s own promoter in
the knockout mutant background to confirm that the tagged TF has
normal function and can complement the mutant and to avoid com-
petition for DNA binding by the untagged endogenous TF.
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Overexpression of the TF using a strong constitutive promoter can
potentially increase sensitivity but can also lead to false positives.

For ChIP-chip or ChIP-seq, the negative-control ChIPs often
yield insufficient amount ofDNA (the cleaner theChIP experiment,
the less DNA recovered in the negative control), and additional or
scaled-up ChIP experiments need to be performed to accumulate
enough control DNA for sequencing or array hybridization. Input
DNA is often analyzed as negative control for ChIP-seq and ChIP-
chip. ChIP-seq has been also performed without negative control,
and some software identify binding sites based on relative enrich-
ment of different chromosomal regions. However, it has been
observed that some chromosomal regions, such as regions of open
chromatin structure, can be enriched nonrandomly in the input
DNA (20). Therefore, negative control (control IgG, nontrans-
genics for tagged proteins, or input DNA) seems essential for ensur-
ing high-confidence ChIP-seq data.

The number of biological replicates is another factor to be
considered when designing ChIP-chip and ChIP-seq experiments.
Biological replicates ensure that experiments are reproducible and
the variation between samples in an experiment can be quantified.
According to Rozowsky et al. (20), three biological replicates are
required for ChIP-chip experiments and two replicates are suffi-
cient for ChIP-seq experiments if there is over 90% agreement
between the replicates. The third replicate only marginally
improves the data quality of ChIP-seq experiments. Pooling DNA
from multiple ChIP experiments before probe synthesis or library
construction is an economic way to improve data quality.

3.2. Antibody–Beads’

Preparation

For each ChIP assay using 3 g of tissue, wash 30 ml of ssDNA/
protein A-agarose beads or protein A-magnetic beads (see Note 2)
with 0.3�NLB buffer three times. Spin at 1,000 � g for 1 min and
keep one volume of supernatant with beads. Add 5 mg of antibo-
dies, mix, and incubate at 4�C on a rotator overnight or longer
until immunoprecipitation experiment.

3.3. Tissue Cross-

Linking

1. Harvest plant tissues of interest, and rinse with water to wash
off the dirt. If using rice seedlings as plant materials, the tissues
need to be cut into small pieces (see Note 3).

2. Merge tissue into 1% formaldehyde. Vacuum for 5min, turn off
the vacuum, then release the gas, and hold for 5 min (10 min
for rice). Vacuum infiltration is not necessary for root tissues or
etiolated seedlings.

3. To quench cross-linking reaction, transfer tissues to a 0.25 M
glycine solution.

4. Rinse seedlings three times with deionized water. Remove
surface water from tissues using paper towels.

5. Freeze tissues in liquid nitrogen and keep in �80�C freezer or
use immediately (see Note 4).
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3.4. Chromatin Isolation All the centrifuge and spin steps are performed at 4�C. Samples are
always kept on ice or 4�C cold room and all buffers used are
precooled unless otherwise indicated.

1. Grind the cross-linked tissue in liquid nitrogen into fine pow-
der. Weigh 3 g of tissue powder into a 50-ml tube frozen in
liquid nitrogen.

2. Add 30 ml of cold buffer EB1 to 3 g of tissue powder in 50-ml
tube, vortex, and mix thoroughly.

3. Filter solution through two layers of Miracloth into a new
ice-cold 50-ml tube.

4. Centrifuge solution for 10 min at 1,800 � g.

5. Remove supernatant and resuspendpellet in1.5mlofEB2buffer,
and transfer the solution to a 1.5-ml microcentrifuge tube.

6. Centrifuge at 20,000 � g for 10 min.

7. Remove supernatant. If the pellet is still green, repeat steps 5 and
6 up to two times or until the pellet is light green (see Note 5).

8. Fully resuspend the pellet in 500 ml of EB3 buffer. Layer the
solution onto another 500 ml of EB3 in a new 1.5-ml micro-
centrifuge tube and centrifuge at 20,000 � g for 1 h at 4�C.

9. Remove supernatant and resuspend pellet (chromatin) in
250 ml of 2� NLB buffer. Save 5 ml for DNA gel analysis (see
Note 6).

10. Sonicate the chromatin solution for 6 � 15 pulses (for ChIP-
seq) or 4 � 15 pulses (for ChIP-chip) (for rice, double the
sonication time), 1 min break between each 15 pulses, 40%
duty, and output level 4 using a micro probe (Branson Sonifier)
to achieve an average DNA size of 200 bps (for ChIP-seq) or
0.5–1.5 kb (for ChIP-chip). Care should be taken to avoid
foaming. Keep the tube cooled in ice water all the time.

11. Centrifuge the chromatin sample for 10 min, 20,000 � g, at
4�C. Transfer the supernatant to a new tube and centrifuge for
5 more minutes. Take aliquot of 5 ml of supernatant to check
sonication efficiency. The remaining supernatant can be kept at
�80�C freezer or used immediately for immunoprecipitation.

12. To check sonication efficiency (see Note 7), reverse cross-link
by adding equal volume of 0.5 MNaCl and heat the chromatin
extract at 95�C for 30 min. Run a 2% agarose gel to determine
the average size of DNA fragments compared with the aliquot
from step 9 above.

3.5. Immunoprecipitation 1. Add 1ml of 0.3�NLB buffer to antibody–protein A beads that
are prepared in Subheading 3.2. Split equally in two tubes for
control and sample if control tissue is used (no antigen). Spin
and remove liquid.
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2. Add 2� volume of ddH2O to the sheared chromatin solution.
Save 10 ml to use as input for Western blot in step 8 below. Save
50ml if input is to beused as control forChIP-qPCRorChIP-seq.

3. Add the supernatant to antibody/Protein A beads (of step 1),
and incubate on a rotator from 1 h to overnight at 4�C.

4. Spin at 1,000 � g for 1 min. Save supernatant (flow through)
for Western blot.

5. Wash beads with 1 ml of 0.5� NLB buffer, invert tube five
times, and spin at 1,000 � g for 30 s to remove supernatant.
Repeat wash (see Note 8).

6. Wash beads with 1 ml of high-salt wash buffer (one wash), 1 ml
of LiCl buffer (one wash), and 1 ml of TE buffer (two washes;
transfer beads to a new 0.5-ml tube during the first TE wash).
These washing steps are performed as follows: fully resuspend
the beads by adding the buffer, then spin immediately at
1,000 � g for 1 min, and use a 1-ml pipette to remove the
supernatant.

7. Elute the immunoprecipitated protein–DNA complex with
250 ml of prewarmed (65�C) elution buffer and incubate at
65�C for 15min. Spin to collect elute and repeat elution of beads.

8. Combine the two elutes, add 20 ml of 5 M NaCl, and reverse
the cross-linking at 65�C overnight. Save 10 ml to check the
efficiency of immunoprecipitation by immunoblotting.

9. Add 10 ml of 0.5 M EDTA, 20 ml of 1 M Tris–HCl (pH 6.5),
1.5 ml of 14 mg/ml proteinase K, and 1 mg of RNase A to the
combined eluate and incubate at 45�C for 1 h (see Note 9).

10. Purify DNA using a commercial PCR purification kit. Alterna-
tively, extract DNA by equal volume of phenol/chloroform/
isoamyl alcohol (25:24:1) andprecipitateDNAwithLiCl/ethanol
containingglycogen at �20�C overnight (for 500 ml of super-
natant, add 5 ml of 1 mg/ml glycogen, 50 ml of 8 M LiCl,
and 1.1 ml of 100% ethanol). Wash pellets with 70% ethanol.

11. Resuspend the precipitated DNA in 15 ml of TE buffer for
ChIP-chip purpose or 50 ml in terms of ChIP-seq. Measure
DNA concentration using Picogreen assay (Invitrogen Q-bit)
and Agilent BioAnalyzer DNA 1000 chip. Store at �20�C for
the next analysis.

3.6. qPCR Analysis Before moving on to microarray hybridization or sequencing, the
ChIP DNA should be analyzed by qPCR to confirm enrichment of
known target genes relative to nontarget control genes. Alterna-
tively, if no known target is available for positive control, the
amounts of immunoprecipitated DNA can be compared to that of
the negative control immunoprecipitation that uses no antibody or
a sample without the antigen. Relative enrichment of target genes
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can be calculated as ratio (DCT of qPCR) of sample to the negative
control or to input DNA, and the data should be normalized to a
nontarget control gene, such as the 25S rDNA. We used at least
two nonbinding regions, such as CNX5 and UBC30, for BZR1,
one for data normalization, and the other(s) as negative control
(17). Primer pairs should amplify about 200 bps of target or
nontarget control regions of the genome. DNAs from TF ChIP
and negative controls [either no-antibody (NoAb) or no-antigen
controls, or input DNA] are analyzed for each primer pair used.

1. Dilute part of the DNA sample 1:5 in milliQ water (per reac-
tion: 1 ml of sample to 5 ml final volume).

2. Prepare a master mix of forward and reverse primers at a final
concentration of 1 mM per primer.

3. Combine the following in a PCR tube:

Primer master mix 0.5 ml

milliQ water 3.5 ml

Diluted DNA sample 1 ml

SYBR Green mix 5 ml

4. Set up and run the following PCR program: initial denatur-
ation for 2 min at 95�C, followed by a total of 40 cycles of
denaturation at 95�C for 15 s, anneal at 60�C for 15 s, extend
at 72�C for 20 s, and then for 5 min at 72�C.

5. ChIP-qPCR data analysis:
Fold enrichment for a gene is calculated as the ratio of TF ChIP
to control ChIP (NoAb or no-antigen control). Relative fold
enrichment for target or test genes is normalized to a nontarget
control gene.

(a) Calculate fold enrichment in the sample:
2�(CT IP � CT negative control).

(b) Calculate relative fold enrichment:
Fold enrichment of target gene/fold enrichment of con-
trol gene.

Upon qPCR confirmation of high fold enrichment (greater
than fivefold) of known target genes, the ChIP-enriched DNA
can be used for either ChIP-seq or ChIP-chip.

3.7. ChIP-seq

3.7.1. Construction of DNA

Library for Illumina

Sequencing

Use at least 10 ng of ChIP-enriched DNA for an Illumina ChIP-seq
library. Pooling DNA from multiple immunoprecipitation reac-
tions is recommended to achieve this quantity and to minimize
incidental variation. Some sequencing facilities or services take the
ChIP-enriched DNA and prepare library for sequencing; but if
you plan to perform multiple ChIP-seq experiments, it is usually
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less expensive if you make the library yourself. Using bar-code
and multiplexing sequencing runs can further reduce cost. This
is recommended particularly when using the newer HiSeg2000
analyzer, which can generate hundreds of millions of reads per
run. The following protocol is for preparation of library for
sequencing by Illumina HiSeq.

1. End repair: Combine and mix the following components in a
tube, and incubate at room temperature (18–20�C) for 45 min:

ChIP-DNA 10 ng

10� and repair buffer 5 ml

2.5 mM dNTP 5 ml

10 mM ATP 5 ml

End-repair enzyme mix 1 ml

Water to bring reaction volume to 50 ml.

2. Purify DNA using PCR purification columns and elute DNA in
34 ml of elution buffer.

3. A-tailing: Combine and mix the following components in a
PCR tube and incubate for 30 min at 37�C:

DNA from step 2 34 ml

Klenow buffer 5 ml

1 mM dATP 10 ml

Klenow fragment (30–50 exonuclease minus) 1 ml

Total reaction 50 ml

4. Purify DNA using PCR purification columns and elute DNA in
17 ml of elution buffer.

5. Adaptor ligation: Combine and mix the following components
in a tube and incubate for 20–22 h at 16�C (see Note 10):

DNA from step 4 16.5 ml

10� DNA ligase buffer 2 ml

Illumina adaptor oligo mix (1:10–1:50) 1 ml

T4 DNA ligase 0.5 ml

Total reaction volume 20 ml

6. Purify DNA using PCR purification kit and elute DNA in 30 ml
of elution buffer.
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7. Combine and mix the following components in a PCR tube:

5� Phusion buffer 10 ml

2.5 mM dNTP 4 ml

Phusion enzyme 0.8 ml

ddH2O 3.2 ml

DNA from step 6 30 ml

PCR primer 1.1 1 ml

PCR primer 2.1 1 ml

Total reaction volume 50 ml

8. Amplify using the following PCR procedure: initial denatur-
ation at 98�C for 30 s, followed by a total of 18 cycles of
denaturation at 98�C for 10 s, anneal at 65�C for 30 s, and
extend at 72�C for 30 s and then for 5 min at 72�C.

9. Purify PCR product and elute DNA in 20 ml of elution buffer.

10. Test for enrichment using qPCR with the same conditions as
described in Subheading 3.6.

11. Gel purification: Run PCR product on a 2% agarose gel, leaving
empty lanes between samples to avoid cross-contamination.
Excise a gel band in the range of 200–500 bps. Purify the
DNA from the agarose slice using gel extraction kit. Elute
DNA in 30 ml of elution buffer.

12. Test the quality of DNA:

(a) Test for enrichment using qPCR as described in Subhead-
ing 3.6.

(b) Measure the DNA concentration and size by picogreen
assay (Invitrogen Q-bit) and Agilent BioAnalyzer DNA
1000 chip.

(c) Optional: Use 2 ml of DNA from step 11 for standard
ligation into a Topo vector. Transform into Escherichia
coli (e.g., TOP10) and sequence 10–20 clones by Sanger
sequencing. More than 30% of the cloned inserts should
match to Arabidopsis or rice genome.

13. Dilute library to 10 nM. Prepare flow cell using 4 pM final
concentration by following the Illumina protocol (see Note 11).

3.7.2. Sequencing Sequence the DNA library using Illumina Genome Analyzer, such
as HiSeq2000, and process the data according to instructions of
Illumina for ChIP-Seq data analysis.

3.7.3. ChIP-Seq Data

Analysis

1. Align the sequence reads to the reference genome. Select the
sequences that match uniquely to one place in the genome.
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Several programs are currently available for reads mapping,
including ELAND (Illumina, http://bioit.dbi.udel.edu/
howto/eland), MAQ (http://map.sourceforge.net/index.
shtml) (21), and SOAP (http://soap.genomics.org.cn/) (22).

2. Analyze the matched sequences to detect genomic regions with
significant enrichment of mapped reads using one of the soft-
ware for ChIP-seq analysis, such as CisGenome (23), MACS
(24), PRI-CAT (25), or PeakSeq (20).

3.8. ChIP-chip

3.8.1. Preparation of DNA

Probe for ChIP-chip

If ChIP-seq is not possible and genome-tiling array is available,
ChIP-chip is a viable alternative. Compared to ChIP-seq, larger
amount of DNA is required to make labeled probes for microarray
hybridization in ChIP-chip. ChIP DNAmust be amplified by PCR.
We recommend using the Whole Genome Amplification kit
(Sigma) to amplify the DNA, and the amplified DNA should be
analyzed by qPCR to confirm that enrichment of known target
genes is maintained after the amplification. We suggest pooling
amplified DNA of at least three independent ChIP experiments to
accumulate enough DNA for probe synthesis and to minimize
variation, as we did for the BZR1 ChIP-chip experiment (17).

1. Take out 10 ml of immunoprecipitated DNA (see Note 12) to a
PCR tube, add 1 ml of 10� Fragmentation Buffer, and put
immediately back on ice.

2. Add 2 ml of 1� Library Preparation Buffer and 1 ml of Library
Stabilization Solution, mix by gently tapping the bottom of the
tube, and place the tube in thermal cycler at 95�C for 2 min.
Cool sample on ice and spin briefly.

3. Add 1 ml of Library Preparation Enzyme to the same PCR tube,
mix thoroughly, and spin briefly.

4. Place the sample in thermal cycler and incubate as follows:
16�C for 20 min, 24�C for 20 min, 37�C for 20 min, and
75�C for 5 min. Take out the tube immediately and put back
on ice.

5. Add the following reagents to the entire 15 ml of reaction to
make a total volume of 75 ml: 7.5 ml of 10 � Amplification
Master Mix, 3 ml of Taq DNA polymerase, and 49.5 ml of
nuclease-free water. Mix thoroughly, centrifuge briefly, and
put into the preheated thermocycler immediately for PCR
amplification.

6. Use thePCRconditionas follows: initial denaturationat95�Cfor
3 min, then 15 cycles (see Note 13) of denaturation at 94�C
for 15 s, anneal/extend at 65�C for 5 min, and hold at 4�C.

7. Purify the PCR product with PCR purification kit. The total
yield of amplified DNA should be about 5–10 mg.
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8. Perform qPCR to confirm that enrichment of known target
gene is similar to preamplification level.

9. Repeat the entire ChIP experiment two more times as
biological repeats.

3.8.2. Probe Labeling 1. Take 3.5 mg of amplified DNA from each of the three repeat
experiments and combine them together (see Note 14).

2. Fragment the pooled DNA to an average of 50–100 bps with
DNase I at 30�C for 10 min (see Note 15).

3. Load 2 mg of the fragmented DNA on a 2% agarose gel to check
that the DNA size is about 50–100 bps.

4. Biotin label 7.5 mg of fragmented DNAwith TdT following the
Affymetrix Chromatin Immunoprecipitation Assay protocol:
Mix 7.5 mg of amplified ChIP DNA, 10 ml of 5� TdT buffer,
3.5 ml of CoCl2, 2 ml of biotin-ddATP, and 0.1 ml of Terminal
transferase and nuclease-free water to 50 ml. Incubate at 37�C
for 1 h. Then, incubate at 95�C for 10 min.

3.8.3. Hybridization,

Washing, Staining,

and Scanning

Hybridize the labeled DNA to Affymetrix GeneChip Arabidopsis
Tiling 1.0R array (see Note 16). Perform microarray hybridization,
washing, staining, and scanning steps according to the Eukaryotic
Target Protocol (Affymetrix).

3.8.4. ChIP-chip Data

Analysis

To identify the statistically enriched regions, microarray hybridi-
zation data can be analyzed by one of the available software for
ChIP-chip data analysis, such as Tiling Analysis Software (TAS,
Affymetrix) and CisGenome (23). The ChIP-chip or ChIP-seq
data can be uploaded and visualized with genome browsers,
such as the UCSC Genome Browser (http://genome.ucsc.edu/)
(26) or Integrated Genome Browser (IGB, Affymetrix; http://
www.affymetrix.com/partners_programs/programs/developer/
tools/download_igb.affx/) (27).

4. Notes

1. PMSF and other protease inhibitors should be added immedi-
ately before the use of buffer.

2. Do not use DNA-coated beads for ChIP-seq experiment
because the coating DNA contributes to sequencing reads.

3. This protocol presents general steps of ChIP-seq and ChIP-
chip for Arabidopsis. Modifications of the protocol for rice
samples are noted in the protocol. For example, we have
found that sonication at higher power and/or for longer
time is needed to shear rice DNA than Arabidopsis DNA.
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4. The cross-link step is critical for ChIP experiment. The effi-
ciency of cross-link can be evaluated using Western blot analysis
of cross-linked and reverse-cross-linked samples. Additional
bands or smear should be observed close to the top of the gel
and the signal of the protein-only band should be reduced
compared to cross-link-reversed sample. It is also important
not to overcross-link the sample to limit the loss of antibody
recognition site and false positive.

5. After EB2 extraction, the pellet should be light green, which
meansmost chloroplasts are lysed. If it is possible, a larger volume
of EB2 buffer can be used to avoid repeating steps 5 and 6.

6. At this stage, save a 5 ml of aliquot for later examination.
Aliquots taken at this step as well as at step 11 must be treated
as described in elution and reverse cross-linking procedure
before analyzing on the agarose gel.

7. We recommend checking the size of DNA fragment for each
experiment.

8. At this step, the suspended beads can be transferred to a 0.5-ml
tube to make it easier to remove wash solution without losing
beads.

9. For ChIP-seq, this step is necessary because the high quality of
DNA is required for sequencing; while for ChIP-chip, this step
is optional.

10. The adaptors should be diluted. The optimal concentration of
adaptors needs to be determined empirically.

11. The 10 nM library can be stored at �80�C for several months.

12. Since the precipitated DNA amount is very small, it is not
necessary to measure the DNA concentration as noted in the
WGA protocol. We typically use as much DNA as possible.

13. The PCR cycle number can be adjusted from 14 to 18 cycles as
necessary.

14. Pooling DNA from three amplifications reduces the variation
introduced during amplification since the amplification does
not amplify the DNA fragments evenly.

15. The DNase I fragmentation condition is variable. A pilot exper-
iment should be done to optimize the condition.

16. For Arabidopsis, Agilent and Nimblegen tiling arrays are also
available.
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Chapter 15

Smart Pooling of mRNA Samples for Efficient
Transcript Profiling

Raghunandan M. Kainkaryam, Angela Bruex,
Peter J. Woolf, and John Schiefelbein

Abstract

Gene expression profiling studies are commonly used to study signaling pathways and their impact on
transcriptional regulation in plants. In some cases, a profiling study results in expression profiles in which
most genes exhibit a small number of differentially expressed states among a large number of samples. In
such instances, a pooling approach would help improve the efficiency of the profiling effort by employing
fewer microarray chips and ensuring more robust measurement of transcript levels. Smart pooling involves
pooling of mRNA samples in an information-efficient manner such that each sample is tested multiple times
but always in pools with other samples. The resulting pooled measurements are then decoded to recover the
expression profile of all samples in the study. In this protocol, we describe in detail the process of designing
smart pooling experiments and decoding their results, which have been used for studying signaling in
Arabidopsis root development. Heuristics are provided to select the design parameters that would ensure
successful execution of smart pooling.

Key words: Transcriptional regulation, Gene regulatory network, Microarray, Pooling, Sparsity,
Compressive sensing, L1-Minimization

1. Introduction

Signaling networks often exert their effects by altering the level of
transcription of individual genes. Accordingly, the complete under-
standing of a signaling network ideally requires the definition and
analysis of the entire suite of genes that are affected by changes in the
activity of the network. Microarray experiments have become a very
popular approach to analyze genome-wide changes in transcript
accumulation in response to changes in signaling processes. Numer-
ous studies have now been conducted in which changes in transcript
profiles have been defined for a variety of plant-signaling processes,
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including developmental, hormonal, and environmental (1, 2).More
broadly, the Gene Expression Omnibus (GEO) database currently
holds more than 500,000 biological samples profiled using genomic
profiling technologies from approximately 20,000 studies (3).

In a typical expression profiling study, multiple samples of treated
and untreatedmaterial are each assayed individually. Given the cost of
the gene chips and assay reagents, a design strategy that reduced the
number of chips required for a microarray study would be desirable.
Furthermore, testing each sample in multiple assays, rather than a
single assay, would reduce the impact of noise and increase the
robustness of the transcript measurements. We have recently pro-
posed a pooled approach to organizing a transcript profiling experi-
ment, which we term “poolMC,” designed to use fewer microarray
measurements (i.e., chips) as well as to reduce themeasurement noise
(4). The central idea of this approach is to employ “smart” pooling of
mRNA samples, prior to chip hybridization, such that each biological
sample is tested multiple times across the study and always in pools
containing other samples. Computational decoding of the resulting
pooled measurements would accurately and robustly recover the
expression profiles of each sample in the study while using fewer
chips than a regular one-sample-one-chip approach. This smart pool-
ing approach is inspired by the new field of compressive sensing that
aims to compress data at themeasurement source rather than at a later
point (5). The following protocol describes the procedure to design a
smart pooling experiment and decodes its results. It also provides
heuristics to help decide if and when this approach is applicable
and useful to gene expression profiling studies using microarray
technologies.

2. Materials

2.1. Microarray

Experiments

1. Qiagen RNeasy kit (Qiagen, Inc, Germantown, MD) for isola-
tion of mRNA from the plant samples.

2. NuGen Ovation v2 and NuGen Ovation FL kits (NuGen, Inc,
San Carlos, CA) for labeling samples.

3. Affymetrix ATH1 Genechip® (Affymetrix, Inc, Santa Clara,
CA) formeasurement of gene expression profiles of the samples.

2.2. Microarray Data-

Preprocessing Software

1. Robust Multiarray Averaging (6) software: http://biosun01.
biostat.jhsph.edu/~ririzarr/affy/.

2. Custom CDF from University of Michigan’s Brainarray Micro-
arrayLab (7): http://brainarray.mbni.med.umich.edu/Brainarray/
Database/CustomCDF/CDF_download.asp.

2.3. Pooling Design

and Decoding Software

1. MATLAB® scientific programming software: http://www.
mathworks.com/.
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2. L1-MAGIC linear programming software (8): http://www.
acm.caltech.edu/L1magic.

3. Pooling design code (.m file) provided as supplementary mate-
rial (open access) in ref. 4: http://www.biomedcentral.com/
content/supplementary/1471-2105-11-299-s4.m.

4. Pooling result decoder (.m file) provided as supplementary
material (open access) in ref. 4: http://www.biomedcentral.
com/content/supplementary/1471-2105-11-299-s5.m.

3. Methods

This section describes the procedure to generate the mRNA pool-
ing design, experimentally pool the samples, and computationally
decode the results. This approach may be applied to any microarray
study, in theory, but it is most robust in instances where gene
expression differences are “sparse,” that is, where a relatively small
number of genes exhibit significant differences in transcript levels
between the contrasting experimental conditions. This situation is
likely to be common, particularly if specific cell types or tissues are
being examined or if a well-defined signaling pathway is being
considered.

3.1. Generation

of Pooling Design

1. Choose the design parameters (see Note 1) for the pooling
experiment: number of samples to be pooled (n), number of
chips to use (m), number of times each sample is tested across
all m chips (d), and the maximum number of samples that
should be pooled on each chip (r).

2. Use the pooling design MATLAB® code (see Subheading 2.3,
step 2) with the input parameters n, m, d, and r to generate an
m � n binary matrix containing a 1 for each sample (column)
to be pooled in the corresponding chip (row) and a 0 otherwise.
An example is shown in Fig. 1. The figure shows a pooling
experiment, where 25 samples are pooled as per the design
shown into 20 pooled samples that are tested on 20 microarray
chips, representing a saving of 20%. The design tests each
sample on three different chips, each time pooled with a differ-
ent set of samples, with at most five samples pooled together on
any chip.

3.2. Experimentally

Pool Samples

1. Isolate mRNA from plant material (according to the protocol
provided by the Qiagen RNeasy kit) and determine its concen-
tration in each sample (see Note 2).
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2. It is recommended that a total of approximately 3.5 mg mRNA
be used per chip, divided among each of the RNAs contribut-
ing to the pool.

3. Mix fractions of RNA samples based on the design generated in
Subheading 3.1 (see Note 3).

4. Generate thecDNAand labelusing theNuGenOvationv2andthe
NuGenOvation FL kits (following protocols provided in the kits).

5. Hybridize a total of 4 mg of the labeled cDNA on the Affyme-
trix ATH1 Genechip (following protocols provided at www.
Affymetrix.com).

3.3. Preprocessing

of Microarray Data

1. Once the microarray chips have been scanned, standard data
preprocessing methods, such as Robust Multiarray Averaging
(6), can be used to obtain the expression levels of individual
probe sets. The resulting data is typically log transformed.

2. The user can choose to use updated probe set definitions
(in the form of custom Chip Description Files) provided
by repositories, such as the University of Michigan’s Brainarray
Microarray Lab (7).

3. The resulting p � m data matrix with probe sets (p) as rows and
the pooled experiments (m) as columns is used as input to the
poolMC decoder.

Fig. 1. An example of a pooling design using 25 samples tested on 20 microarray chips.
Each row represents one mRNA pool that is used for microarray analysis on one chip.
Each column represents one sample and indicates the contribution of each particular
sample into multiple pools. Thus, each black square represents the presence of a sample
(along that column) within the pool tested on a specific chip (along that row ).
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3.4. Decode the

Expression Levels

of Pooled Samples

1. The data matrix described in Subheading 3.3, step 3, and the
pooling design described in Subheading 3.1, step 2, are used as
inputs to the poolMC decoder (see Subheading 2.3, step 3).

2. The decoder returns the expression profiles for each individual
sample in the pooling experiment (see Note 4).

4. Notes

1. The heuristic (described in Fig. 5 of ref. 4) for choosing the
design parameters is as follows: for a chosen sparsity of k-spikes
in n samples, the number of measurements that guarantee
successful recovery scales as klog(n/k). For example, a study
with 100 samples would require approximately 23 chips, if only
1 in 10 samples showed differential expression. However, to
account for measurement noise and experimental variability,
more chips should be used. Since estimating the sparsity of an
experiment a priori is difficult, it is useful to use the following
approach. It is reasonable to assume that the number of sam-
ples that can be pooled together on a single chip is at most five
(due to concentration–detection limits). Further, each sample
should be tested in at least two different pools. For example, for
a sample size (n) of 100, if each sample is tested in three pools
and each pool comprises at most four samples, the number of
chips (m) to be used is 100 � 3/4 ¼ 75. This represents a 25%
savings in the number of chips used over the traditional one-
sample-one-chip design, and it assures a more reliable recon-
struction of expression profiles of the individual samples.

2. To maximize the robustness of this approach, it is important to
reduce the differences between samples as much as possible.
For example, it is best to obtain RNA from a specific cell type or
tissue, rather than a whole organ or the entire plant. Also, a
specific treatment or alteration to a signaling pathway, such as a
single gene alteration, is likely to lead to the best results. In our
own research, we have made use of fluorescence-based cell
sorting with a cell-type-specific GFP marker line [e.g., WERE-
WOLF promoter::green fluorescent protein (GFP) fusion
(WER::GFP)] to limit the variation in gene expression across
the samples (9).

3. The fractional concentration of each sample to be pooled on a
given chip is determined by the number of 1s in each row of the
pooling design. For a total concentration of 3.5 mg mRNA
tested on each chip, each sample in the pool should be mixed
at 3.5/r mg mRNA, where r is the number of 1s in that row
(pool) of the pooling design.This also implies that, as long as the
minimum pool size (r) is less than the number of times (d) each
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sample is tested across the pooling design, the total (across the
whole pooling experiment) mRNA required for each sample
would not be more than 3.5 mg.

4. The decoder takes as input the log-transformed p � m data
matrix as input along with the m � n pooling design matrix.
The pooling design is then adjusted to account for the frac-
tional mixtures of samples, simply by dividing each row in the
matrix by the number of 1s in that row. On line 59 of the
poolMC decoder (see Subheading 2.3, step 3), a parameter
epsilon is set to 1 and can be increased to reduce sensitivity to
noise at the cost of quantitative accuracy. Our experience has
been that an epsilon of 1 works well for most microarray studies.
The decoder solves a linear program for each gene (or probe
set) on the chip, namely, each row (p) in the data matrix. The
individual decoded expressions for the genes are then accumu-
lated into the resulting decoded expression profile, which is a
p � n matrix. The decoding process for each gene on the chip
should require only a few minutes of time (depending on the
number of samples in the study) to run on a standard laptop.
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Chapter 16

Transient Expression Assays for Quantifying
Signaling Output

Yajie Niu and Jen Sheen

Abstract

The protoplast transient expression system has become a powerful and popular tool for studying molecular
mechanisms underlying various plant signal transduction pathways.Arabidopsismesophyll protoplasts display
intact and active physiological responses and are easy to isolate and transfect, which facilitate high-throughput
screening and systematic and genome-wide characterization of gene functions. The system is suitable for most
Arabidopsis accessions and mutant plants. Genetic complementation of mutant defective in sensor functions,
gene expression, enzymatic activities, protein interactions, and protein trafficking can be easily designed and
explored in cell-based assays. Here, we describe the detailed protocols for protoplast isolation, polyethylene
glycol-calcium transfection, and different assays for quantifying the output of various signaling pathways.

Key words: Arabidopsis, Mesophyll protoplast, Transient expression, Signal transduction, Reporter
assay, Genetic complementation, Genomics

1. Introduction

As sessile organisms, plants have evolved sophisticatedmechanisms to
regulate their growth and development as well as to adjust their
physiological state for survival in response to environmental changes
and challenges. Perception of the environmental cues and subsequent
signal transduction lead to the transcriptional and physiological
reprogramming that are central to these adaptive responses.
Although genetic approach has been extensively used to identify
signal transduction components (1–4), the functional redundancy
or overlap in theArabidopsis genome and the dynamics and complex-
ity of intertwined signaling mechanisms make it difficult to under-
stand the role of a particular gene, often with multiple unrelated
functions. Gain-of-function approaches, such as generating overex-
pression transgenic plants, can help to elucidate the function of the
gene of interest; however, they are more time consuming and
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unpredictable or yield puzzling and complex results due to long-term
gene expression consequences that are remote from the original gene
activity. Transient gene expression in isolated plant cells provides a
versatile and rapid alternative approach, which is a relatively simple
way to explore new ideas and investigate the role of a candidate gene.

Since the isolation of plant protoplasts was reported 50 years ago
(5), protoplasts fromvarious plant species have beenwidely employed
in physiological, biochemical, and molecular studies, such as signal
transduction processes, ion transport, cell wall synthesis, protein
trafficking, viral replication, and programmed cell death (1). Arabi-
dopsis mesophyll protoplasts isolated from fresh leaves have been
proven to be ideal for studying signal transduction pathways (1, 6,
7), as they respond sensitively and specifically to diverse signals, such
as heat, cold, darkness, light, elicitors, H2O2, auxin, abscisic acid
(ABA), and cytokinin (Fig. 1). Moreover, fast and simple procedures

Fig. 1. Quantitative real-time RT-PCR analysis of marker gene expression in response to
different signals. The protoplasts were treated for 1 h with 10 mM NAA (auxin), 10 mM
ABA, 100 nM 2-iP (cytokinin), 10 nM flg22, or 100 nM elf18. Protoplasts without treatment
were used as control. Error bars, SD (n ¼ 2).
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of isolation and high transfection efficiency make Arabidopsis meso-
phyll protoplasts a good system for transient expression of candidate
genes to investigate their functions. We have successfully used lucif-
erase (LUC) and b-glucuronidase (GUS) as reporters for quantita-
tively measuring the effect of regulators in different signal
transduction pathways (8–14). A set of LUC reporters controlled
by promoters that respond to different signals have been donated to
the Arabidopsis Biological Resource Center (ABRC) for public use
(Table 1). One drawback of the reporter assays is that same as other
gain-of-function approaches transgene overexpression may cause an
ectopic effect on the expression of reporter gene. However, the
results of reporter assays can be validated by quantitative measure-
ment of endogenous gene expression (e.g., marker genes for
each signal pathway; Fig. 1) and further investigated in appropriate
mutants. The assays can be applied formore ambitious high-through-
put screening and systematic and genome-wide characterization of

Table 1
List of reporter constructs useful for quantifying signal transduction
in the Arabidopsis protoplast transient expression system (the reporters
used in Fig. 2 are labeled with asterisks)

Name Locus
GenBank
accession Use

ABRCa stock
number References

HBT-sGFP
(S65T)

35S derivative EF090408 Efficiency/
internal
control

CD3-911 (17)

*RD29A-LUC
*AtGH3-LUC

At5g52310
At2g23710

EF090409
EF090410

ABA/stress
Auxin

CD3-912
CD3-913

(10, 18)
(10, 18)

WRKY29-LUC At4g23550 EF090411 Innate
immunity

CD3-914 (8)

GST6-LUC At2g47730 EF090412 H2O2/
stress

CD3-915 (18)

HSP18.2-LUC At5g59720 EF090413 Heat/H2O2 CD3-916 (10)

*ARR6-LUC At5g62690 EF090414 Cytokinin CD3-917 (10)

GCC1-LUC 8� GCC-Box
synthetic
promoter

EF090415 Ethylene/
stress

CD3-918 (12)

*FRK1-LUC At2g19190 EF090416 Innate
immunity

CD3-919 (9)

aArabidopsis Biological Resource Center (http://abrc.osu.edu/index.html)
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gene functions in most Arabidopsis accessions and mutant plants
(8, 11, 13, 14).

2. Materials

2.1. Plant Material

and Growth Conditions
Grow Arabidopsis plants in soil (Metro-Mix 360 or Jiffy-7) in a
greenhouse or growth chamber with a photoperiod of 12 h light/
12 h dark under low light (75 mmol/m2/s) at a 23�C/20�C
light/dark temperature regime and 65% relative humidity for
4 weeks.

2.2. Protoplast Isolation 1. Enzyme solution: 0.4 M mannitol, 20 mM KCl, 20 mM MES,
pH 5.7, 1.5% cellulase R10 (Yakult Pharmaceutical Ind. Co.,
Ltd., Japan), 0.4% macerozyme R10 (Yakult Pharmaceutical
Ind. Co., Ltd., Japan). Heat the enzyme solution at 55�C for
10 min to inactivate proteases and DNase and enhance enzyme
solubility (see Note 1). Cool the solution to room temperature
and add 10 mM CaCl2, 1 mM b-mercaptoethanol, and 0.1%
BSA. Pass the solution through a 0.45-mm nylon membrane
syringe filter into a Petri dish.

2. Razor blades.

3. Petri dish (100 � 25 mm).

4. Desiccator.

5. Nylon mesh (35–75 mm).

6. 30-ml Round-bottom polypropylene tube (Sarstedt).

7. Hemacytometer.

2.3. Protoplast

Transfection

1. W5 solution: 154 mM NaCl, 125 mM CaCl2, 5 mM KCl,
2 mM MES, pH 5.7.

2. WI solution: 0.5Mmannitol, 4mMMES, pH5.7, 20mMKCl.

3. MMg solution: 0.4 M mannitol, 15 mM MgCl2, 4 mM MES,
pH 5.7.

4. Polyethylene glycol (PEG) solution: Add 4 g of PEG 4000
(Sigma-Aldrich), 2.5 ml of 0.8 M mannitol, and 1 ml of 1 M
CaCl2 to 3 ml of ddH2O for a total volume of 10 ml.

5. 2-ml Round-bottomed natural microcentrifuge tubes.

6. Tissue culture plates (6-, 12-, or 24-well).

7. Bench-top centrifuge (IEC Centra CL2; International Equip-
ment Company).
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8. Chemicals: 1-naphthaleneacetic acid (NAA; Sigma-Aldrich),
(�)-abscisic acid (ABA; Sigma-Aldrich), 6-(g,g-dimethylallyla-
mino)-purine (2-iP; Sigma-Aldrich), flg22 (the conserved 22
amino acids of flagellin, chemically synthesized according to
the published peptide sequence (15)), and elf18 (N-terminal,
acetylated 18 amino acid fragment of bacterial elongation fac-
tor Tu, synthesized according to the published peptide
sequence (16)).

2.4. Quantitative

Real-Time Reverse

Transcription-

Polymerase Chain

Reaction Assay

1. TRIzol reagent (Invitrogen).

2. Oligo(dT)15 primer (Promega).

3. dNTP (mix of dATP, dTTP, dGTP, and dCTP).

4. ImProm-II 5� Reaction Buffer (Promega).

5. 25 mM MgCl2.

6. Protector RNase Inhibitor (Roche).

7. ImProm-II Reverse Transcriptase (Promega).

8. iQ SYBR Green Supermix (Bio-Rad).

9. CFX96 Real-Time polymerase chain reaction (PCR) Detection
System (Bio-Rad).

2.5. Reporter Assays 1. Lysis buffer: 25 mM Tris-phosphate, pH 7.8, 2 mM 1,
2-diaminocyclohexane N,N,N,N-tetraacetic acid, 10% glyc-
erol, 1% Triton X-100, 2 mM dithiothreitol (DTT).

2. Luciferase assay system (Promega).

3. MUG solution for GUS assay: 1 mM 4-methylumbelliferyl-b-
D-glucuronide (MUG; Sigma-Aldrich, Cat. No. M9130),
10 mM Tris–HCl, pH 8, 2 mM MgCl2.

4. Luminometer and fluorometer (Modulus microplate multi-
mode reader; Promega).

2.6. In Vitro Kinase

Assay

1. Immunoprecipitation (IP) buffer: 50 mM Tris–HCl, pH 7.5,
150 mMNaCl, 5 mM EDTA, 1 mMDTT, 2 mMNaF, 2 mM
Na3VO4, 1� protease inhibitor cocktail (Roche), 1% Triton
X-100.

2. Kinase buffer: 20 mM Tris–HCl, pH 7.5, 20 mM MgCl2,
5 mM EGTA, 1 mM DTT, 50 mM ATP and 2 mCi ATP,
[g-32P] or [g-33P] (PerkinElmer).

3. Protein G Sepharose beads (GE Healthcare).

4. Fixing solution: 10% ethanol and 10% acetic acid.

5. Gel dryer (Bio-Rad).

6. Typhoon imaging system (GE Healthcare).
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3. Methods

3.1. Protoplast Isolation 1. Select well-expanded leaves from 3- to 4-week-old plants
(see Note 2).

2. Remove the leaf tip (3 mm), cut the middle part of a leaf into
0.5- to 1-mm strips with a clean and sharp razor blade without
crushing the edge, and immediately transfer the leaf strips into
the solution and submerge the leaf strips (see Note 3).

3. Cover the Petri dish with aluminum foil and vacuum infiltrate
for 30 min using a desiccator.

4. Continue the digestion without vacuum or shaking for another
2.5–3 h. The digestion time may vary depending on the mate-
rial and experimental goals.

5. Release the protoplasts by gently shaking the Petri dish (either
by hand or using a shaker at 50 rpm). Under the ideal condi-
tions, the leaf strips turn transparent.

6. Add equal volume of W5 solution and filter the solution con-
taining protoplasts with a 35- to 75-mm nylon mesh into a 30-
ml round-bottom tube.

7. Pellet the protoplasts by spinning for 2 min at 100 � g or speed
3 using an IEC clinical centrifuge.

8. Remove the supernatant as much as possible and resuspend the
protoplasts in 0.5 ml of W5 solution by gentle swirling.

9. Count protoplasts using a hemacytometer under a light micro-
scope and adjust the concentration to 2 � 105/ml by adding
W5 solution.

10. Keep the protoplasts on ice for at least 30 min for recovery
from isolation stress.

11. The protoplasts should settle at the bottom of the tube after
5–10 min. Right before PEG-Ca2+ transfection, pipette the W5
solution out and resuspend the protoplast pellet in MMg solu-
tion to 2 � 105/ml (see Note 4).

3.2. Protoplast

PEG-Ca2+

Transfection

1. Prepare fresh 40% (w/v) PEG solution.

2. Add 10 ml (10–20 mg) of the plasmids DNA into a 2-ml round-
bottom tube (see Note 5).

3. Add 100 ml of protoplasts in MMg solution into the tube
(see Note 6).

4. Add 110 ml of PEG solution and then mix completely by gently
tapping the tube.

5. Incubate at room temperature for up to 10 min (5 min is
sufficient).
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6. Add 440 ml of W5 solution and mix by gently inverting to stop
the transfection.

7. Spin at 100 � g for 1 min and remove the supernatant.

8. Resuspend the protoplasts gently with 500 ml of WI solution in
each well of a 12-well tissue culture plate (see Note 7).

9. Treat the protoplasts with plant hormones or microbe-asso-
ciated molecular patterns (MAMPs) (optional; see Note 8).

10. Incubate the protoplasts under desirable conditions (seeNote 9).

11. After incubation, resuspend and harvest protoplasts by centri-
fugation at 100 � g for 2 min.

12. Remove the supernatant and freeze the samples on dry ice.
Samples can be stored at –80�C until further analysis.

3.3. Quantitative Real-

Time Reverse

Transcription-

Polymerase Chain

Reaction Assay

1. Isolate total RNA by using TRIzol Reagent according to the
manufacturer’s instructions.

2. Add 0.8 ml of TRIzol for 2 � 105 protoplasts (see Note 10).

3. Combine 1 mg of total RNAand 1 ml ofOligo(dT)15 (500 ng/ml)
in nuclease-free water for a final volume of 10 ml per RT reaction.

4. Heat the mixture at 70�C for 10 min and then chill on ice.

5. Add 10 ml of the reverse transcription reaction mix (4 ml of
ImProm-II 5� reaction buffer, 2 ml of 25 mM MgCl2, 2 mM
dNTP, 0.5 ml of Protector RNase Inhibitor, and 0.5 ml of
ImProm-II Reverse Transcriptase) to each reaction tube.

6. Incubate the tubes at 25�C for 5 min and then at 42�C for 1 h.

7. Inactivate the reverse transcriptase at 70�C for 15 min.

8. Add 80 ml of nuclease-free water to each RT product.

9. Take 1 ml of the diluted RT product for 10-ml quantitative real-
time reverse transcription-PCR (qRT-PCR) with primers for
genes of interest or control genes, such as “housekeeping”
genes (e.g., Actin, Ubiquitin, or Tubulin genes). An example
of the results produced is shown in Fig. 1.

3.4. Reporter Assays

3.4.1. Luciferase Activity

Assay

1. Add 50 ml of cell lysis buffer to the frozen protoplast samples
and thaw on ice (see Note 11).

2. Vortex vigorously for 10 s to break up the protoplasts and then
incubate on ice for 5–10 min.

3. Spin down cell debris at 8,000–10,000 � g for 1 min.

4. Mix 2–20 ml of the lysate with 100 ml of LUC assay reagent to
measure LUC activity with a luminometer (see Note 12).

3.4.2. GUS Activity Assay 1. Add2ml of theprotoplast lysate prepared fromSubheading3.4.1,
step 3, into 25 ml of MUG substrate solution and mix well.
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2. Incubate at 37�C for 30–60 min.

3. Add 100 ml of 0.2 M Na2CO3 to stop the reaction.

4. Measure the fluorescence of MU using a fluorometer. Exam-
ples of the quantitative measurement of the reporter gene
expression in response to specific signals are shown in Fig. 2.

3.5. In Vitro

Kinase Assay

1. Add 200 ml of IP buffer to the frozen 200-ml (4 � 104) proto-
plast sample and thaw on ice.

2. Vortex vigorously for 10 s to break up the protoplasts and then
incubate on ice for 5–10 min.

3. Centrifuge at the maximum speed for 5 min at 4�C.

4. Transfer the supernatant to a new tube and add 1 ml of antibody
against the protein kinase of interest (see Note 13).

5. Incubate with constant mixing at 4�C for 2 h.

6. During the incubation time, wash Protein G Sepharose beads
(5 ml per sample) with 1 ml of IP buffer.

7. Centrifuge at 6,000 rpm for 20 s and carefully remove the
supernatant as much as possible.

Fig. 2. Specificity of plant hormone or innate immune responses in the Arabidopsis
protoplast transient expression system. Immediately after transfection, the protoplasts
were treated with 10 mM NAA (auxin), 10 mM ABA, 100 nM 2-iP (cytokinin), 10 nM flg22,
or 100 nM elf18. Protoplasts were harvested after 4 h of incubation. Promoter activities
were normalized to the value obtained from protoplasts without treatment (control) and
GUS activity of each sample served as an internal standard. Error bars, SD (n ¼ 2).
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8. Repeat steps 6 and 7 two more times.

9. After incubation with the antibody, add 5 ml of washed Protein
G Sepharose beads into each sample and incubate at 4�C with
constant mixing for another hour.

10. Centrifuge at 6,000 rpm for 20 s and carefully remove the
supernatant.

11. Wash the beads with 1 ml of IP buffer twice.

12. Wash one more time with 1 ml of the kinase buffer (without
cold and hot ATP).

13. Add 15 ml kinase buffer, including 1–3 mg of the desired
substrate, into each sample and incubate at room temperature
or 30�C for 30–60 min (see Note 14).

14. Stop the reaction by adding 4� SDS-PAGE loading buffer.

15. Boil the sample for 5 min and then load the supernatant of the
reaction sample on a SDS-PAGE gel.

16. Run the gel at 30–50 mA until the dye fronts reach the bottom
of the gel.

17. Wash the gel in the fixing buffer for 10 min three times.

18. Dry the gel on a gel dryer at 80�C for 1 h and then expose to
autoradiography film or phosphorimager (Typhoon imaging
system). ABA activation of SnRK2.6 is used as an example for
kinase assay in Fig. 3.

Fig. 3. Activation of transiently expressed SnRK2.6-FLAG by ABA in protoplasts. After
transfection, the protoplasts were incubated in WI solution for 5.5 h and then treated with
50mMABA for 30min. The control (�) was the duplicated protoplast sample incubated for 6 h
without ABA. Two micrograms of histone and GST-ABF2 (Gly73 to Gln119) were used as
substrates in kinase assays, and their phosphorylation by ABA-activated SnRK2.6 was
detected by a phosphorimager (the upper two panels ). The expression level of SnRK2.6-
FLAG in protoplasts was detected by Western blot using anti-FLAG antibody (bottom panel ).
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4. Notes

1. Prepare 10 ml of the enzyme solution to digest up to 40 leaves
with a yield of ~106 protoplasts per 10 leaves. After heating, the
solution should be clear light brown. A workshop movie for
protoplast isolation and transfection can be downloaded on the
Sheen Lab Web site (http://genetics.mgh.harvard.edu/sheen-
web/protocols_reg.html).

2. Younger plants can be used for protoplast isolation. Leaves five
to eight are normally used in 4-week-old Arabidopsis plants.
Leaves three to four are used in 3-week-old plants and leaves
one to two are used in 2-week-old plants.

3. This is a critical step for protoplast isolation. Use fresh razor
blades to cut the leaves on a piece of clean white paper to
evaluate the process. There should not be juicy green stain
left on the paper after cutting. In order to get a high yield of
the protoplasts, completely submerge the leaf strips into the
enzyme solution by gently dipping both sides with an inoculat-
ing loop (BD).

4. Be gentle with the protoplasts during all the steps! To resus-
pend the protoplast pellet, add 0.5–1 ml of the solution first
and gently swirl the tube before adding the rest of the solution.

5. The quality of the plasmid DNA is critical for high transfection
efficiency. We routinely use CsCl gradient for maxi-plasmid
DNA preparation. The protocol is available on the Sheen
Lab Web site (http://genetics.mgh.harvard.edu/sheenweb/
protocols_reg.html).

6. Based on the purpose of the experiment, the experiments can
be scaled up or down with the same DNA/protoplasts ratio.
For the reporter assay, use 10–100 ml (0.2–2 � 104) proto-
plasts depending on the promoter activity. Use 100–200 ml
(2–4 � 104) protoplasts for Western blot, coimmunoprecipita-
tion, and kinase assay. For qRT-PCR analysis, 1 ml (2 � 105)
protoplasts are normally required.

7. 24-Well (250 ml of WI), 6-well (1 ml of WI), or 100 � 25-mm
Petri dish (5ml ofWI) can also beused depending on the amount
ofprotoplasts (~4 � 104 cells/mlofWI).Theplate is coatedwith
5% sterile calf serum for 1 s to prevent the protoplast to stick on
the surface. The depth of the WI solution in the plate is about
0.1 mm in order to prevent hypoxia stress during incubation.

8. Treat the protoplasts immediately if carrying out reporter assays
in order to obtain a low basal level of reporter gene expression.
To measure the expression level of endogenous genes in
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response to a stimulus, it is highly recommended to rest the
protoplasts in theWI solution for 3–5 h before signal treatment.

9. The incubation conditions can vary depending on the experi-
ment purposes. We usually incubate the protoplasts at room
temperature (22–25�C) under low light (30–35 mmol/m2/s).
Normally, 3–6 h is enough for reporter assay and Western blot.
For qRT-PCR analysis, different time points after treatment
can be chosen based on the experimental plan. The kinase
activity can be detected within minutes to 1 h after treatment.

10. The total RNA yield is about 5 mg for 2 � 105 protoplasts.

11. Add fresh DTT to the cell lysis buffer right before use.

12. The amount of the lysate used in LUC assay depends on
the promoter activity and the expression level of the reporter.
Make sure that the readings of samples are within the linear
range. The LUC assay reagent (Promega, Cat. No. E1501) can
be diluted five times with water right before use.

13. The protoplast system is an ideal system for coimmunoprecipita-
tion or kinase assays when the antibody against the endogenous
protein is not available. Add an epitope tag sequence (e.g., HA,
MYC, and FLAG tag) onto the gene of interest and express it in
the protoplasts. Then, use the anti-eptitope antibody to immu-
noprecipitate the protein of interest.

14. The composition of the kinase buffer is specific to the kinase of
interest. The kinase buffer used in this protocol is suitable for
MAPK and SnRK2.6 kinase assay.
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Chapter 17

Genome-Wide Profiling of Uncapped mRNA

Yuling Jiao and José Luis Riechmann

Abstract

Gene transcripts are under extensive posttranscriptional regulation, including the regulation of their
stability. A major route for mRNA degradation produces uncapped mRNAs, which can be generated by
decapping enzymes, endonucleases, and small RNAs. Profiling uncapped mRNAmolecules is important for
the understanding of the transcriptome, whose composition is determined by a balance between mRNA
synthesis and degradation. In this chapter, we describe a method to profile these uncapped mRNAs at the
genome scale.

Key words: mRNA, Uncapping, RNA degradation, Transcriptome

1. Introduction

Widely used high-throughput transcriptome profiling approaches
have been successful in dissecting gene regulatory networks. Still,
transcriptome-wide profiling is often compromised by the compli-
cated life cycle of mRNA, from transcription to decay. The different
forms of RNAmolecules that exist throughout the mRNA life cycle
(from full-length, capped RNA to uncapped or cleaved RNA) are
often indistinguishable by traditional RNA profiling. As the abun-
dance of mRNA within cells is determined by the rates of mRNA
synthesis and degradation, the reconstruction of gene expression
networks clearly requires data for mRNA degradation and other
modes of regulation of mRNA transcript abundance. Numerous
studies indicate that mRNA degradation is a determining factor for
the steady-state levels of mRNAs in cells. The decay of mRNA, in
turn, can be affected by various developmental and environmental
stimuli (1, 2).

Zhi-Yong Wang and Zhenbiao Yang (eds.), Plant Signalling Networks: Methods and Protocols,
Methods in Molecular Biology, vol. 876, DOI 10.1007/978-1-61779-809-2_17,
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The degradation of mRNA in eukaryotes can be initiated by
one of several highly conserved pathways. Usually, general mRNA
decay is initiated by deadenylation via a variety of mRNA dead-
enylases that shorten the 30 poly(A) tail (3). A decapping enzyme
complex consisting of DCP1 and DCP2 then removes the 50-
modified guanine nucleotide cap structure. The decapped tran-
scripts are progressively digested by a 50–30 exonuclease known as
XRN1 in yeast and human (2). As an alternative, deadenylated
mRNAs may be degraded in a 30–50 direction by the cytoplasmic
exosome complex. In addition, nonsense-mediated mRNA decay
(NMD) is a quality control system that rapidly removes mRNAs
containing premature termination codons through deadenylation-
independent decapping. Endonuclease cleavage can also initiate
mRNA degradation, mediated either indirectly by small RNA-
mediated silencing or directly by endonuclease-mediated cleavage,
both of which generate uncapped mRNA. These pathways (with
the exception of the 30–50 decay pathway) produce mRNA frag-
ments with a free 50 monophosphate group.

The presence of this free 50 phosphate has been exploited to
design the RNA ligase-mediated 50-RACE to map cleavage sites of
individual transcripts (4, 5). More recently, the method has been
extended to the genome scale to map all uncapped mRNA mole-
cules (6–10). Briefly, the free 50 phosphate group of uncapped
mRNA is used for the T4 RNA ligase-mediated ligation to an
RNA adaptor, which is subsequently used for RNA purification
and selective cDNA synthesis. The resulting cDNA can then be
profiled by microarray hybridizations or high-throughput sequenc-
ing (Fig. 1).

2. Materials

1. Nuclease-free sterile water.

2. Nuclease-free sterile tubes.

3. Total RNA isolation kit or reagents, such as the RNeasy mini kit
(Cat. No. 74104, Qiagen, Valencia, CA).

4. Poly(A)+ RNA purification kit, such as the Micro-FastTrack 2.0
kit (Cat. No. K1520-02, Invitrogen, Carlsbad, CA).

5. RNA Adaptor: 50-CGA CUG GAG CAC GAG GAC ACU
GAC AUG GAC UGA AGG AGU AGA AA-30.

6. T4 RNA ligase (5 U/ml) and 10� ligase buffer (Ambion).

7. Ribonuclease inhibitor, such as RNasin (40 U/ml) (Promega).

8. 30 Biotinylated DNA probe: 50-GTC CTC GTG CTC CAG
TCG/3BioTEG/-30.
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Fig. 1. Schematic description of the steps for isolation of uncapped mRNA, reverse
transcription, and labeled aRNA amplification for microarray hybridization.
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9. Streptavidin-paramagnetic particles (SA-PMPs) (Promega).

10. T7dT primer: 50-GGC CAG TGA ATT GTA ATA CGA CTC
ACT ATA GGG AGG CGG TTT TTT TTT TTT TTT TTT
TTT TTT-30.

11. Superscript II RT (200 U/ml) (Invitrogen).

12. dNTPs, 2.5 mM each.

13. DTT, 0.1 M.

14. RNase H (2 U/ml) (Cat. No. 18021-014, Invitrogen).

15. Taq DNA polymerase, such as ExTaq (5 U/ml) (Cat. No. TAK
RR001A, Clontech, Madison, WI).

16. GR primer: 50-CGA CTG GAG CAC GAG GAC ACT GA-30.

17. GRN primer: 50-GGA CAC TGA CAT GGA CTG AAG GAG
TA-30.

18. PCR cleanup kit, such as DNA Clean and Concentrator (Cat.
No. D4003, Zymo, Orange, CA).

19. T7 RNA polymerase, such as the Megascript T7 kit (Ambion).

20. ATP, CTP, and GTP mix, 25 mM each.

21. UTP, 50 mM.

22. Amino allyl-UTP (aa-UTP), 50 mM (Ambion).

23. 0.4 M Na2CO3, pH 8.5.

24. Cy3 and Cy5 mono-reactive dye (GE Healthcare).

25. 4 M hydroxylamine.

26. 10� Fragmentation reagent and stop solution (Ambion).

27. Spin-50 mini-columns.

28. T7 Oligo(dT) primer: 50-GGC CAG TGA ATT GTA ATA
CGA CTC ACT ATA GGG AGG CGG TTT TTT TTT TTT
TTT TTT TTT TTT-30.

3. Methods

3.1. Extract Poly(A)+

RNA
1. Isolate total RNA using the RNeasy kit, or a similar method,

according to the manufacturer’s instructions. At least 500 mg of
total RNA is required per experiment.

2. Isolate poly(A)+ RNA from the total RNA using the Micro-
FastTrack 2.0 kit according to the manufacturer’s instructions.
This method generally yields >500 ng of poly (A)+ RNA.

3.2. Adaptor Ligation 1. Vacuum dry 500 ng of poly (A)+ RNA to 1 ml.

2. Assemble the adaptor ligationmix in a nuclease-free tube on ice:
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Poly (A)+ RNA 500 ng

RNA adaptor (0.3 mg/ml) 1 ml

10� T4 RNA ligase buffer 1 ml

T4 RNA ligase (5 U/ml) 2 ml

RNasin (40 U/ml) 1 ml

Nuclease-free water to a final volume of 10 ml.

3. Mix well and incubate reactions for 1.5 h at 37�C.

3.3. Uncapped Poly (A)+

RNA Purification

1. Add 240 ml of nuclease-free water to the ligation reaction.

2. Place the tube in a 65�C heating block for 10 min.

3. Add 1.5 ml of the (50 pM/ml) 30 biotinylated DNA probe and
6.5 ml of 20� SSC. Mix gently and incubate at room tempera-
ture until completely cooled (~10 min or less).

4. Prepare 1.2 ml of sterile 0.5� SSC by combining 30 ml of 20�
SSC with 1.17 ml of nuclease-free water.

5. Prepare 1.4 ml of sterile 0.1� SSC by combining 7 ml of 20�
SSC with 1.393 ml of nuclease-free water.

6. Resuspend one tube (0.6 ml) of the SA-PMPs per two isola-
tions by gently flicking the bottom of the tube until the parti-
cles are completely dispersed, and then capture them by placing
the tube in the magnetic stand until the SA-PMPs have been
collected at the side of the tube (~30 s).

7. Carefully remove the supernatant while the tube sits in the
magnetic stand.

8. Wash the SA-PMPs three times with 0.5� SSC (300 ml per
wash), each time capturing them using the magnetic stand and
carefully removing the supernatant.

9. Resuspend the washed SA-PMPs in 100 ml of 0.5� SSC and
split into two tubes. Use one tube per reaction.

10. Add the entire contents of the annealing reaction (from step 3)
to one tube (~50 ml) of washed SA-PMPs.

11. Incubate at room temperature for 10 min. Gently mix by
inverting every 1–2 min.

12. Capture the SA-PMPs using the magnetic stand and carefully
remove the supernatant without disturbing the SA-PMP pellet.

13. Wash the particles four times with 0.1� SSC (150 ml per wash)
by gently flicking the bottom of the tube until all the particles
are resuspended. After the final wash, remove as much of the
supernatant as possible without disturbing the SA-PMPs.
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14. Elute the mRNA by resuspending the final SA-PMP pellet in
50 ml of nuclease-free water (preheated to 55�C). Gently resus-
pend the particles by flicking the tube.

15. Magnetically capture the SA-PMPs and transfer the eluted RNA
to a sterile, nuclease-free tube. Do not discard the particles.

16. Repeat the elution step by resuspending the SA-PMP pellet in
75 ml of nuclease-free water (preheated to 55�C). Repeat the
capture step, pooling the eluate with the RNA eluted in the
previous step.

17. Freeze the eluate at�20�C for 10 min, and then vacuum dry to
reduce the volume to 7 ml.

3.4. Reverse

Transcription to

Synthesize First-Strand

cDNA

1. Add 1 ml (100 ng/ml) of T7dT primer.

2. Incubate for 10 min at 70�C in a heating block. Centrifuge
briefly.

3. Assemble the reverse transcription mix in a nuclease-free tube
at RT:

5� First-strand buffer 4 ml

0.1 M DTT 2 ml

2.5 mM dNTP mix 4 ml

RNasin (40 U/ml) 1 ml

SuperScript II RT (200 U/ml) 1 ml

4. Mix well and transfer 12 ml of the mix to each RNA sample.

5. Incubate reactions for 2 h at 42�C.

3.5. Second-Strand

cDNA Synthesis

1. Add 1 ml of RNase H (2 U/ml) and incubate for 15 min at
37�C, and then transfer to ice.

2. Assemble the first PCR mix in a nuclease-free tube on ice:

10� ExTaq buffer 18 ml

2.5 mM each dNTP mix 16 ml

20 mM GR primer 8 ml

T7dT primer (100 ng/ml) 8 ml

ExTaq (5 U/ml) 2 ml

Nuclease-free water 127 ml

3. Mix well and transfer 179 ml of the mix to each sample on ice.
Mix well and split into four PCR tubes on ice.
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4. The PCR program is (see Note 1) as follows:

(a) 94�C for 2 min.

(b) 94�C for 30 s.

72�C for 3 min.

Repeat (b) for two cycles.

(c) 94�C for 30 s.

70�C for 3 min.

Repeat (c) for two cycles.

(d) 94�C for 30 s.

66�C for 30 s.
68�C for 3 min.

Repeat (d) for two cycles.

(e) 72�C for 10 min.

5. Combine the tubes and purify with DNA Clean and Concen-
trator (Zymo), or a similar kit, following the manufacturer’s
instructions. Elute with nuclease-free water into 16 ml.

6. Assemble the second PCR mix in a nuclease-free tube on ice:

10� ExTaq buffer 5 ml

2.5 mM dNTP mix 4 ml

20 mM GRN primer 1 ml

T7dT primer (100 ng/ml) 1 ml

ExTaq (5 U/ml) 0.5 ml

Nuclease-free water 22.5 ml

7. Mix well and transfer 34 ml of the mix to each sample in a PCR
tube on ice.

8. The PCR program is as follows:

(a) 94�C for 2 min.

(b) 94�C for 30 s.

65�C for 30 s.

72�C for 3 min.

Repeat (b) for five cycles.

(c) 72�C for 10 min.

9. Purify the PCR products with DNA Clean and Concentrator
(Zymo), or a similar kit, following the manufacturer’s instruc-
tions. Elute with nuclease-free water into 14 ml (see Note 2).

17 Genome-Wide Profiling of Uncapped mRNA 213



3.6. In Vitro

Transcription to

Synthesize aRNA

1. Assemble the transcription mix in a nuclease-free tube at room
temperature:

10� Reaction buffer 4 ml

25 mM ATP, CTP, and GTP mix 12 ml

50 mM UTP 3 ml

50 mM aa-UTP 3 ml

T7 enzyme mix 4 ml

2. Mix well and transfer 26 ml of the mix to each sample. Mix
thoroughly by pipetting up and down two to three times, and
then flicking the tube three to four times, and centrifuge
briefly.

3. Incubate reactions for ~14 h at 37�C in a hybridization oven.

4. Stop the reaction by adding 60 ml nuclease-free water.

5. Clean up the RNA using the RNeasy kit, or a similar kit,
following the manufacturer’s instructions. Elute with nucle-
ase-free water into 100 ml.

6. Determine the concentration of each aRNA sample by measur-
ing its absorbance at 260 nm using a spectrophotometer, such
as NanoDrop 1000A (see Note 3).

3.7. Dye Coupling 1. Resuspend oneCy3 orCy5 dye vial in 88 ml DMSO (seeNote 4).

2. Place 5–20 mg of aRNA in an amber microcentrifuge tube and
vacuum dry on medium or low heat until no liquid remains
(see Note 5).

3. Add 7 ml of nuclease-free water and 2 ml of 0.4 M Na2CO3 (pH
8.5) to the dried aRNA and resuspend thoroughly by vortexing
gently.

4. Add 11 ml of the corresponding dye, previously resuspended in
DMSO. Mix well by vortexing gently.

5. Incubate the reaction in the dark at room temperature for
30 min.

6. Add 4.5 ml of 4 M hydroxylamine and mix well by vortexing
gently.

7. Incubate the reaction in the dark at room temperature for
15 min.

8. Add 5.5 ml of nuclease-free water and bring the volume to
30 ml.

9. Clean up the labeled aRNA using RNeasy kit (Qiagen), or a
similar kit, following the manufacturer’s instructions. Elute
with nuclease-free water into 30 ml.
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10. Vacuum dry the labeled aRNA to 9 ml.

11. Add 1 ml of 10� fragmentation reagent and mix well.

12. Incubate the reaction at 70�C in a heating block for 10 min.

13. Add 1 ml of stop solution and 15 ml of nuclease-free water.

14. Prepare a Spin-50 column by spinning for 3 min at 1,000 � g.
Transfer the column to a nuclease-free amber tube.

15. Load the entire reaction from step 12 onto the center of the
Spin-50 column, and then centrifuge for 3 min at 1,000 � g.

16. Determine the concentration and dye incorporation rate of
the aRNA sample by measuring its absorbance at 260, 550,
and 650 nm using a NanoDrop 1000A spectrophotometer
(see Note 6).

4. Notes

1. The indicated PCR cycling parameters are optimized for using
ExTaqDNApolymerase with anMJResearch PTC-200 thermo
cycler and with Arabidopsis thaliana RNA. The annealing tem-
peratures may need further optimization if other conditions are
used. To obtain the most suitable parameters, it is recom-
mended to extend the PCR reaction with additional cycles and
to analyze by agarose gel electrophoresis the PCR products that
are obtained with different annealing temperatures.

2. Although the following steps produce labeled aRNA for micro-
array hybridization, direct sequencing may also be used to
quantify uncapped poly (A)+ RNA and to map the 50 ends.

3. The size distribution of aRNA can be evaluated using an Agi-
lent 2100 bioanalyzer or by denaturing agarose gel electropho-
resis. The expected profile of the aRNA sample is a distribution
of sizes from 250 to 5,000 nt, with the smear peaking at around
1,000–1,500 nt.

4. Cy3 and Cy5 reactive dyes are sensitive to light and water.
Unused DMSO-dissolved dye should be stored at �20�C for
up to 1 month and be out of moisture.

5. Check the progress of drying every 5–10 min, and do not
overdry.

6. The dye incorporation rate, i.e., the number of dye molecules
incorporated per 1,000 nt of labeled aRNA, can be estimated
using the following formula:

Incorporation rate¼ðAdye=A260Þ � ð9;010=cm=MÞ=
ðdye extinction coefficientÞ � 1; 000:

17 Genome-Wide Profiling of Uncapped mRNA 215



Cy3 has an absorbance maximum at 550 nm and a dye
extinction coefficient of 150,000. Cy5 has an absorbance max-
imum at 650 nm and a dye extinction coefficient of 250,000.
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Chapter 18

Computational Tools for Quantitative Analysis
of Cell Growth Patterns and Morphogenesis
in Actively Developing Plant Stem Cell Niches

Anirban Chakraborty, Ram Kishor Yadav, Min Liu, Moses Tataw,
Katya Mkrtchyan, Amit Roy Chowdhury, and G. Venugopala Reddy

Abstract

Pattern formation in developmental fields involves precise spatial arrangement of different cell types in a
dynamic landscape wherein cells exhibit a variety of behaviors, such as cell division, cell expansion, and cell
migration [Reddy (Curr Opin Plant Biol 11:88–931, 2008) and Meyerowitz (Cell 88:299–3082, 2007)].
The information is exchanged between multiple cell layers through cell–cell communication processes to
regulate gene expression and cell behaviors in specifying distinct cell types. Therefore, a quantitative and
dynamic understanding of the spatial and temporal organization of gene expression and cell behavioral
patterns within multilayered and actively growing developmental fields is crucial to model the process of
development. The quantification of spatiotemporal dynamics of cell behaviors requires computational tools
in image analysis, statistical modeling, pattern recognition, machine learning, and dynamical system
identification. Here, we give a brief account of recently developed methods in analyzing both local and
global growth patterns in Arabidopsis shoot apical meristems. The computational toolkit can be used to
gain new insights into causal relationships among cell growth, cell division, changes in gene expression
patterns, and organ development by analyzing various mutants that affect these processes. This may allow us
to develop function space models that capture variations in several growth parameters both at local/single-
cell level and at global/organ level. In the long run, this may enable clustering of molecular pathways that
mediate distinct cell behaviors.

Key words: Arabidopsis, Shoot apical meristem, Cell segmentation, Cell tracking, Self-renewal,
Differentiation, Function space model

1. Introduction

1.1. Shoot Apical

Meristem Stem Cell

Niche

Stem cell maintenance in the shoot apical meristems (SAMs) is a
process in which the balance between self-renewal and differentia-
tion of stem cell progeny is dynamically regulated through cell–cell
communication networks (1). The SAM of Arabidopsis thaliana

Zhi-Yong Wang and Zhenbiao Yang (eds.), Plant Signalling Networks: Methods and Protocols,
Methods in Molecular Biology, vol. 876, DOI 10.1007/978-1-61779-809-2_18,
# Springer Science+Business Media, LLC 2012
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consists of about 500 cells, located at the tip of the shoot, and it
gives rise to all of the aboveground organs. The central zone (CZ)
of the SAM harbors a set of stem cells (Fig. 1K, Q). The progeny of
stem cells enter the flanking peripheral zone (PZ) (Fig. 1M,N, S, T)
and the Rib meristem (RM) (Fig. 1L, R), where they differentiate.
The cells of the RM function as niche cells by providing signals for
maintenance of stem cells in the CZ. Apart from this radial organi-
zation, the SAM of Arabidopsis is a multilayered structure in which
cells are organized into three clonally distinct layers (Fig. 1L, R).
The cells in the outermost L1 layer (Fig. 1O, U) and the subepider-
mal L2 layer (Fig. 1P, V) divide in anticlinal orientation (perpendic-
ular to the SAM surface), while the underlying corpus forms a
multilayered structure where cells divide in periclinal (parallel to
the SAM surface) as well as anticlinal (perpendicular to the SAM
surface) planes (2, 3). Thus, the SAM stem cell niche represents
a dynamic 3D network in which cell growth dynamics, gene

Fig. 1. (i) Local growth patterns: time-lapse series showing the sequential expansion of the stem cell domain (CZ ) upon
CLV3 silencing (F–J ). (A–E, F–J ) Reconstructed 3D views of the shoot apical meristems (SAMs) in which the CLV3 gene is
not perturbed and CLV3 gene has been transiently removed, respectively. Time elapsed after gene perturbation is marked
on each panel. The CZ behavior (pCLV3::mGFP5-ER, green) is followed along with a cell division marker (35S::YFP29-1,
red). The sequential expansion of the stem cell domain is due to the respecification of differentiating peripheral zone (PZ)
cells into stem cells (F–J ). (ii) Global growth patterns: Development of cell type-specific gene expression map. (K–P ) 3D
reconstructed views of SAMs expressing various GFP reporter lines highlighting the stem cell domain (CZ ) marked by
CLAVATA3 promoter (K ); the adjacent peripheral zone (PZ) is marked by UFO promoter (M ); A section of the Rib-meristem
(RM) revealing WUSCHEL expression (L); and the sites of differentiation are marked by LAS promoter (N ), L1 layer-specific
promoter (O ), and L2 layer-specific promoter (P ). (Q–V ) Reconstructed side views of expression patterns shown in
(K )–(P ). Cell outlines are highlighted by FM4-64 dye (red ).
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expression, and organ growth are dynamically regulated so that the
correct cellular identity, shape, and size of the SAM are preserved.
The challenge is to understand how the interconnected network of
cells interprets complex spatiotemporal signals to regulate gene
expression patterns and cell behaviors.

1.2. Cell–Cell

Communication

To achieve the above, it is essential to identify what genes are
involved in these processes and how they regulate individual cell
behaviors, such as cell division rates, cell expansion patterns,
timing of cell division, and timely transition of cells from one
gene expression state to another. Both bottom-up and top-down
approaches have been employed to identify genes that control cell
behaviors and gene expression patterns within the SAM stem cell
niche (4).

1.2.1. Bottom-Up

Approaches

Earlier studies, based on genetic and molecular analysis, have
resulted in a molecular framework of cell–cell communication
machinery involved in stem cell homeostasis (4). However, most
of our current understanding comes from single-time-point obser-
vations that do not take into account the dynamics of cell behavior
and gene expression. Cell behavior is tightly coupled, both in space
and time, to cell identity transitions such that the effects they exert
on each other cannot be easily discerned from such static studies.
Recent studies have employed novel microscopic methods to
obtain real-time observations of cell behaviors and gene expression
patterns and they have also been coupled to transient manipulation
of gene activities (5–7). These studies have revealed an accurate
spatiotemporal dynamics of the influence of gene activities on cell
behaviors and gene expression.

The novel live-imaging method utilizes laser scanning confocal
microscopy to acquire time series of the 3D imagery of SAMs for
up to 4–5 days. An example of one such 4D data set in which the
SAM is labeled with plasma membrane-localized yellow fluores-
cent protein (YFP) to follow individual cell divisions is shown in
Fig. 2i. The manual tracking of cells through successive cell divi-
sions and gene expression patterns is beginning to yield new
insights into the process of stem cell homeostasis (8). However,
manual tracking is laborious and impossible as larger and larger
amounts of microscope imagery are collected worldwide. Also a
mere manual analysis of these data sets may not reveal quantitative
information of cell behavior dynamics, and therefore a large part
of this data will be underutilized not only in SAMs but also in
several animal and plant developmental fields, where such live-
imaging methods are being employed. Therefore, we require tools
for cell tracking, lineage computation, and shape modeling for
analyzing large volumes of data.
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1.2.2. Top-Down Approaches Though “bottom-up” approaches provide information on a few
crucial molecules within the network, it may not reveal all mole-
cules that are part of an integrated network. However, the
advances in genome biology in the past decade have resulted in
large-scale description of gene expression patterns in developmen-
tal fields. Expression profiling using microarrays provides only
semiquantitative information of gene expressions with very lim-
ited information on spatial patterns of their dynamics. In plant
systems, however, methods have been developed to increase the
spatial resolution of gene expression profiling data through isola-
tion of specific cell types of given developmental fields (9, 10).
However, the current challenge is to transform the static maps of
gene expression into a unified and dynamic map (dynamic atlas) of
gene activities, which can capture quantitative spatiotemporal

Fig. 2. (i) 4D Fluorescent imagery of shoot apical meristem stem cell niche. (A–D ) 35S::YFP29-1 (plasma membrane-
localized yellow fluorescent protein) expression in different layers of cells in the SAMs. (A, C ) First time points (0 h) and (B,
D ) the same SAMs after the elapsed time indicated on top right-hand corner of each panel. (A, B ) 3D-reconstructed Z-stack
revealing all the cells in the L1 layer. Differentiating organs at different stages of development are marked as P1, P2, and P3.
Arrows indicate the same cells prior to and after division. (C, D ) Cells in the L2 layer (8 mm deep) and the arrow points to cell
division events. Scale bar 20 mm. XYZ represents 3D image as stacks. XYZT represents 3D image across time. (ii) Block
diagram of cell lineage computation framework using our robust tracking method (19). (iii) ( A, B ) Local graph matching.
(C, D ) Seed pair detection. (E, F) Growing correspondence from the seed pair. (G, H ) Cell division detection. (iv) Lineages of
some sample cells (different colors) over many hours of imaging. Total time elapsed is indicated on each panel.
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information of all genes that are expressed in specific cell types.
Given the fact that it is not possible to label and visualize more
than three to four genes or proteins in a single organism, compu-
tational platforms are needed, which will facilitate comparisons of
corresponding gene expression domains from a population of
SAMs (Fig. 1K–P). However, the major challenge in obtaining
spatiotemporal correspondence across SAMs is the inherent varia-
bility in SAM size, cell numbers, cell volumes, cell division rates,
and orientations of cell divisions. Therefore, new computational
thinking is required, first to map corresponding regions/gene
expression patterns from several different SAMs into a single
composite template and second to obtain temporal correspon-
dences between different SAMs. This requires the development
of global shape-matching algorithms and models for representing
the dynamics of an entire class of SAMs.

2. Materials

1. Zeiss 310 or Zeiss 510 upright confocal microscope with mul-
tichannel imaging capability.

2. 63� achroplan water dipping objective lens (0.95 NA; Zeiss).

3. Clear plastic boxes (Part #: DG-0720; http://www.durphypkg.
com/).

4. A pair of fine tweezers (#5 INOX; Dumont).

5. 1.5% Agarose.

6. Sterile water.

7. Transgenic plants with appropriate fluorescent constructs.

8. Fluorescent dyes, such as FM 1–43/FM4–64 (50 mg/ml;
Molecular probes) series.

3. Methods

3.1. Live Cell Imaging Live-cell imaging methods for monitoring SAM dynamics have
been reviewed recently (11).

3.2. Image Processing

and Data Analysis

To computationally analyze the patterns in individual cell growth
and division, we need to segment out each individual cell from the
cluster. After that, a cell tracking method is needed to get the
correspondence between different optical cell slices at one time
point as well as across two consecutive time points. In this section,
we describe the segmentationmethods followed by the cell tracking
strategies that have been employed.
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3.2.1. Image Registration The time series of confocal Z-stacks of SAMs requires to be aligned
and the 3D alignment can be done by using available software
packages that utilize information theory to maximize mutual infor-
mation across image stacks to register images at subpixel resolution
(12). The 3D registration/alignment can also be done by using
appropriate image registration module in commercial software
packages, such as AMIRA (Visage Imaging). The registered stacks
can then be reconstructed in 3Ds, rendered and animated to play
continuous movies by using, for example, the Zeiss LSM3.2 soft-
ware. The cells in the L1 layer, located at various depths on the
curved surface, are projected onto a single 3D-reconstructed view
by using maximum intensity projection.

3.2.2. Segmentation Different methods have been employed to segment individual cells
in the cluster which include Watershed Segmentation (13) and
Level-Set-based segmentation (14).

Watershed Segmentation Watershed transformation is often used to segment cell boundaries
(13). Watershed treats the input image as a continuous field of
basins (low-intensity pixel regions) and barriers (high-intensity
pixel regions), and outputs the barriers that are the cell boundaries
of all the cells in the image. The main problem of watershed
algorithm is that it results in oversegmentation. So prior to apply-
ing the watershed algorithm, the input image undergoes H-minima
transformation in which all the pixels below a certain threshold
percentage “h” are discarded. The H-minima operator can be
used to find a function, the set of all markers identifying attraction
basins, the depth of which exceeds “h” so that we can eliminate
local minima which are less than the threshold “h.” In live imagery,
the image quality degrades in the deeper layers of SAMs and in such
cases, Watershed segmentation often tends to undersegment
(merges number of neighboring regions/cells into one segmented
region) the noisy regions in the images. Therefore, the Watershed
segmentation threshold should be carefully chosen to produce
better segmentation results.

Level-Set Segmentation A level set is a collection of points over which a function takes on a
constant value. In this case, the segmentation process starts with an
initialized closed curve (known as an “Active Contour”), which
then evolves towards the boundary of the cells until a local opti-
mum is reached. At this point, every cell is segmented in the
SAM structure and individual cells are represented by separate
level-set functions. Different variations and improved versions of
the original level-set method are available which can be used in the
segmentation of SAM image slices depending on the noise content
of the images and other factors (15, 16).
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3.2.3. Plant Cell Lineage

Computation: Tracking

In this section, a number of cell tracking techniques that are com-
monly used for cell lineage computation are described. The goal is to
track each cell in the 4D space-time volume so as to obtain corre-
spondences of cells across time (i.e., to provide a mapping between
any two segmented cells in Fig. 2i). The method has to be robust to
take into account new cells that arise due to cell division events and
noisy images. The relative advantages and disadvantages of these
methods are also briefly explained in the context of cell tracking in
multilayered, multicellular tissues, such as shoot meristems.

Level-Set-Based Tracking Level sets, as described in step 2 in Subheading3.2.2, have been a very
popular method for tracking cells through deformations and cell
divisions (17–20). However, they are all limited to tracking cells in
the 2D image plane rather than the 3D volume. There are several
other reasons why the level-set-based tracking method cannot be
successfully used in tracking SAM cells. First, the cells are in close
contact with each other. Second, the SAM cells share similar features
with respect to their shapes and sizes. Third, large parts of imagesmay
be noisy at a particular time instant due to a low signal-to-noise ratio.

Softassign Procrustes

Algorithm

Given the sets of segmented cells from the time lapse imagery,
tracking of cells over time is essentially a point matching problem.
One of the most popular solutions to point matching problem has
been the Softassign Procrustes algorithm, which has been applied
to compute cell lineages, and it has been improved further to detect
cell divisions (21, 22). The Softassign method uses the information
on point location to simultaneously solve both the problem of
global correspondence as well as the problem of affine transforma-
tion between two time instants iteratively. Although this method
can be applied in aligning global features, it can produce errors in
finding the local correspondences of individual cells.

Other Methods The segmentation and trackingmethod using coupled active surfaces
is described in ref. 23 which addresses the problem of tracking cells in
3D. Padfield et al. (24) approached the problem of cell tracking as a
spatiotemporal segmentation task that can yield more accurate cell
segmentation results than frame-by-frame processing. A combined
mean shift-based tracking method was presented in ref. 25 that can
establish migrating cell trajectories. But this method uses the phase-
contrast video microscopy which is not effective for imaging individ-
ual cells in a multilayer cell cluster like the SAM. Incorporation of
topological constraints (26, 27) in level-set-based tracking can effec-
tively prohibit the cases of merging of cells and at the same time can
allow cell division events, thereby producing more robust lineages.
A recent method has used images acquired from multiple angles for
tracking cell lineages (28). This imaging and image processing
pipeline(MARS-ALT) could track around twelve hundred cells in a
floral meristem over a seventy hour time period. The time gap
between successive observations was twenty four hours.
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Graph Matching-Based

Tracking

Calculation of local neighborhood structures of cells is crucial in
tracking cells of similar shapes that lie in close proximity as in the
case of SAMs (Fig. 2iii). In this approach (29), information about
the geometrical and topological interrelationships is utilized
between local neighborhood structures of cells. Here, the heuristic
graph matching method is described, wherein the matching prob-
lem is solved in a progressive manner (i.e., cell by cell) by obtaining
correspondences from local graphs generated at different time
instants. The local geometrical and topological features of cells are
exploited to generate graphs of the local neighborhood of each cell
(Fig. 2iii A, B). This process is followed by matching of the relative
positional information of cells, such as the length and orientation of
the edges with respect to their nearest neighbors to find the most
similar local graph pair between two time instants. This process
provides a seed (initial) cell pair (Fig. 2iii C, D) and the seed pair is
used as a starting point to calculate similarities between local
regions in the graph by progressively moving outwards (from this
seed pair) to obtain correspondences of neighboring cells (Fig. 2iii
E, F). This process is continued recursively to find correspondences
of all cells. The method described above has greater robustness over
the global matching methods (21), especially in cases where the
images are noisy which in turn results in poor segmentation. Every
cell in the image stack is usually represented in multiple consecutive
optical slices obtained along Z-dimension which provides an
opportunity to track the same cell several times. This method
also utilizes integration or fusion of tracking results over the entire
4D image stack to improve the tracking efficiency, unlike earlier
methods that have employed tracking on a single layer of cells or
3D-reconstructed surface layer (21). In fact, the integration
or fusion of tracks from three consecutive slices greatly improves
the tracking efficiency by accounting for cells that were not properly
segmented in one of the three slices due to poor image quality. It is
expected that the topology of a given local graph will change upon
cell division. Therefore, the changes in topology of local graphs act
as good indicators of cell division events and it has been used to
detect cell division events.

3.2.4. Quantitative Growth

Models at the Local/Cellular

Level: Cell Volume

Estimation

Measurement and quantification of the volume of individual cells of
SAMs can be challenging. There are several methods of volume
estimations for individual cells, such as impedance method (30) and
light microscopy-based methods (31). Methods such as in ref. 32
are used to study changes in cell volumes in cell monolayers. But it
is a much more challenging problem in the case of SAM, wherein
cells are densely clustered. In such cases, the most popular practice
is to use confocal laser scanning microscopy (CLSM) to image cell
slices at a very high spatial resolution and then reconstruct the 3D
volume of the cell from those serial optical slices. The method
described in (28) accurately reconstructs the plant meristems.
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This method uses a data set that consists of image slices acquired by
imaging the tissue frommultiple angles. These image slices are then
computationally merged and segmented to obtain accurate 3D
cellular reconstruction.

A recent method describes estimation of cellular volumes from
confocal slices (33). This method assumes a prior ellipsoidal model
(minimum volume enclosing ellipsoid, MVEE) for each individual
cell in the SAM, and estimates the parameters of these ellipsoids and
the resulting cell volumes by fitting segmented cell contours to
them (33). Through computation of cell lineages and estimated
cell volumes at each time instant, this method also provides the rate
of change in cellular volumes. In fact, there can be several different
ellipsoidal approximations for the segmented cells, such as MVEE,
maximum volume-inscribed ellipsoids (MVIE), least-square ellip-
soids, etc. Depending on the quality of the segmentation output,
one approximation is preferred over the other. For example, least-
square ellipsoids can be a better model for cell slices obtained from
Watershed segmentation.

3.2.5. Quantification and

Modeling of Global Growth

Patterns

The global shape of the SAM and its deformation over time can
provide significant insights into the growth processes at a far less
computational cost compared to tracking every single cell quanti-
tative representation of global growth dynamics is particularly
important in studying the local control of global shape change. A
recent study describes a method to reconstruct global shape of
SAMs (34). This involves the following steps.

1. Extract boundary points from image.

2. Compute curvature values for each boundary point in vertical
and horizontal directions.

3. Perform curvature covariance matrix analysis across the shape
space.

4. Save detected regions of growth as separate shapes.

5. Compute the rate of change of each detected primordia across
time.

The system is made up of two main modules: the detection
module (DM) and the growth computation module (GCM). Given
a stack of slices, the DM extracts boundary points from all the slices
and also detects organ primordia. The output of the DM is a list of
shape sequences. Each shape sequence in this list is made up of a set
of shape vectors. A shape vector contains the set of points repre-
senting the coordinates of a SAM at a given depth. The GCM uses
the shape vectors of a given SAM at consecutive time instants to
compute the rate of shape change.
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