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Preface

Post-translational modifications of proteins are crucial for the regulation of
various intracellular signal transduction pathways, which control extremely
important biological processes such as embryonic development and immune system and nervous system function. Therefore, the magnitude and duration of signal
activation are tightly regulated by various positive and negative regulators. It is
becoming clearer that spatiotemporal dynamics of post-translational modifications including ubiquitination, sumoylation, and glycosylation as well as phosphorylation play critical roles in the regulation of signal transduction and cellular
functions. Furthermore, dysregulation of these modifications is likely to lead to
the onset of diseases. However, to understand the spatiotemporal dynamics of
those modifications absolutely requires new technologies or strategies that can
make critical breakthroughs. We believe that developing such a new investigative
arsenal requires interdisciplinary research efforts into the roles of post-translational modifications in signal transduction.
The publication of this book is timely because its aim is to describe novel analytical procedures for investigating signal transduction as well as outstanding outcomes derived from interdisciplinary collaborations between experts in molecular
biology, medical science, structural biology and mathematical science. Four novel
procedures are described in Part I: (1) Phosphoproteomics-based analysis of signaling, (2) Phos-tag™-based affinity chromatography to analyze protein phosphorylation, (3) FRET-based visualization of intracellular signaling, (4) Protein arrays
based on a cell-free translation system. These procedures are quite useful and applicable to various studies. Part II includes three examples of collaborations between
molecular cellular biologists and mathematicians. This type of collaboration is very
difficult because biologists and mathematicians tend to think with mutually indecipherable logic. Therefore, the three successful collaborations described in this book
can serve as useful references for scientists who are planning to start such challenging collaborations. Part III contains three examples of cross-disciplinary studies
between molecular cellular biology and structural biology. These examples also
provide clues for successful collaborations. Part IV consists of 10 outstanding works

v

vi

Preface

on the regulation—and pathogenic dysregulation—of signal transduction by
post-translational modifications. They are so fascinating that even readers outside
the field can enjoy them.
Although most readers will likely be scientists who work on various signal transduction pathways, with appropriate help from instructors or mentors this book may
be used as a textbook or supplementary material in graduate courses focusing on
cell signaling.
Authors who contributed to chapters of this book are members of the research
grant group called “Shushoku Signal Byo” in Japanese, which means “Protein modifications in Pathogenic Dysregulation of Signaling”. The group was supported by a
grant-in-aid for Scientific Research on Innovative Areas from the Ministry of
Education, Culture, Sports, Science, and Technology of Japan from 2010 through
2014. This book is the fruit of the members’ labors.
I sincerely thank all the authors for their invaluable contributions to this book.
Tokyo, Japan

Jun-ichiro Inoue
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Part I

Novel Analytical Procedures for Signal
Transduction

Chapter 1

Phosphoproteomics-Based Network Analysis
of Cancer Cell Signaling Systems
Hiroko Kozuka-Hata and Masaaki Oyama

Abstract Signal transduction systems are known to regulate complex biological
events such as cell proliferation and differentiation via sequential phosphorylation/
dephosphorylation reactions over all cellular networks. Recent technological
advances regarding high-resolution mass spectrometry-based quantitative proteomics, in combination with phosphorylation-directed protein/peptide enrichment
methodology, have enabled us to grasp the comprehensive status of phosphorylated
cellular signaling molecules in a time-resolved manner. Phosphotyrosine-targeted
sample enrichment by anti-phosphotyrosine antibodies allows us to describe key
regulatory signaling dynamics triggered by tyrosine kinases, including epidermal
growth factor receptor, in various contexts of cancer cell signaling. Furthermore,
chemistry-based phosphopeptide enrichment technologies such as immobilized
metal affinity chromatography and metal oxide chromatography lead us to obtain a
serine/threonine/tyrosine-phosphorylation dependent global landscape of cellular
signaling at the network level. In this chapter, we introduce recent technological
advances regarding phosphoproteomics-based computational analyses of signaling
regulation and discuss the future directions of cancer research toward theoretical
exploration of drug targets from a system-level point of view.
Keywords Signal transduction • NanoLC-MS/MS • Phosphoproteomics • Quantitative
proteomics • Computational modeling • Network analysis • Systems biology

1.1

Introduction

Signal transduction networks coordinate complex biological events in orchestration
with subsequent transcriptional/translational regulation (Hunter 2000; Schlessinger
2000). Dysregulation of these systems leads to a variety of diseases such as diabetes, abnormal bone metabolism, autoimmune disease, and cancer (Cohen 2006;
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Cuesta et al. 2011). Above all, cancer is well known to be caused by aberrant
regulation of signaling pathways. Previous in-depth analyses on cell signaling under
a variety of experimental conditions have revealed many of the key molecules
related to each biological effect. Although a large number of studies regarding phosphorylation events in cancer cell signaling networks were performed, a global view
of these complex systems has not been fully elucidated. Regarding intensively studied signaling systems such as the epidermal growth factor (EGF) receptor pathway,
accumulated experimental evidence has clearly demonstrated the complexity of the
interaction network involved in cell signaling (Oda et al. 2005; Jones et al. 2006).
As phosphorylation-dependent protein interaction networks play a major role in
transmitting signals, a comprehensive and quantitative description of their status
would contribute substantially toward understanding the regulatory mechanisms at
the system level.
Recent proteomics technology based on high-resolution mass spectrometry (MS)
has enabled us to describe the activation dynamics on phosphorylated signaling molecules in a comprehensive and unbiased manner (Blagoev et al. 2004; Zhang et al.
2005; Olsen et al. 2006; Oyama et al. 2009). Computational systems analysis based
on phosphoproteome dynamics data paves the way to theoretical approaches for
defining regulatory principles that govern complicated signaling processes. Some
statistical methodologies including mathematical modeling (Tasaki et al. 2006,
2010), Bayesian network (Bose et al. 2006; Guha et al. 2008), or partial least squares
regression (Wolf-Yadlin et al. 2006; Kumar et al. 2007) have already been applied to
EGF signaling. An advanced approach based on the integration of phosphoproteome
and transcriptome/proteome data also revealed a global view of cellular regulation
at the system level (Oyama et al. 2011; Kozuka-Hata et al. 2012a, b). In this chapter,
we introduce the recent progress of phosphoproteomics-driven computational analyses of some representative cancer signaling pathways and the potential impact on
the system-level analyses of heterogeneous cell signaling networks.

1.2

High-Throughput Phosphoproteomics Technology
for Large-Scale Identification and Quantification
of Cellular Phosphorylated Molecules

Recent advances in liquid chromatography-tandem mass spectrometry (LC-MS/
MS) technology have greatly improved throughput and sensitivity in proteomics
measurements. We can now identify thousands of proteins in a single study (Brunner
et al. 2007; de Godoy et al. 2008). Remarkable progress in mass spectrometry-based
proteomics has contributed greatly to elucidation of the regulatory networks constituted by signaling-related molecules (Walther and Mann 2010). Especially, modern
mass spectrometers termed linear ion trap (LTQ) Orbitrap instruments coupled to
nanoflow liquid chromatography (nanoLC) enable us to identify and quantify thousands of signaling factors with high sensitivity, high resolution, and high accuracy,
leading to characterizing diverse aspects of biological processes (Olsen et al. 2009;
Choudhary and Mann 2010).

1
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Shotgun Proteomics

For sample preparation in mass spectrometry-based proteomics, there are two
methodologies (in-gel digestion and in-solution digestion) in principle. Recently,
in-solution fractionation techniques including a two-dimensional (2D) nanoLC system, Gelfree 8100 Fractionation System (Protein Discovery) (Tran and Doucette
2009) and 3100 OFFGEL Fractionator (Agilent) (de Godoy et al. 2008), have been
developed to improve comprehensiveness as well as sensitivity in mass spectrometrybased detection. The 2D nanoLC system consists of on-line strong cation-exchange
(SCX) and reversed-phase (RP) columns, whereas off-line fractionation systems
such as Gelfree 8100 Fractionation System and 3100 OFFGEL Fractionator separate
protein mixtures based on molecular weight and isoelectric point, respectively.
Separation of protein or peptide samples by these systems enables us not only to
reduce the complexity of samples but also to minimize the amount of starting materials in comparison with conventional in-gel digestion methods.

1.2.2

Quantitative Proteomics

Quantitative description of peptide peaks based on mass spectrometry data is not
readily available because of the principle that the ionization efficiency depends on
their chemical properties such as amino acid sequence length and composition. In
recent years, several methods have been established for absolute and relative quantification strategy (Cox and Mann 2011). The former methodology enables us to
determine the absolute amount of proteins using standard peptides or proteins that
are labeled by stable isotopes (Steen et al. 2005; Hanke et al. 2008; Singh et al.
2009), whereas the latter can provide information on the relative change of protein
or peptide amounts based on label-free or stable isotope-encoded methods.
The label-free method, which utilizes spectral counting or signal intensity for relative quantitation, is simple and economical but less accurate than stable isotope-based
methods (Sadygov et al. 2006). Stable isotope-based methods require us to incorporate stable isotope reagents into specific amino acids by chemical derivatization or
metabolic labeling, leading to quantifying the targets in a more accurate manner.
The representative in vivo protein labeling methodology termed stable isotope
labeling by amino acids in cell culture (SILAC) can be conducted by incorporation
of distinguishable stable isotopes into specific amino acid residues such as lysine
and arginine in the process of cell culture (Ong et al. 2002, 2003; Mann 2006).
Another approach to introduce differential labels in vitro is based on chemical tagging of specific functional groups of amino acids. The isotope-coded affinity tag
(ICAT), which consists of a cysteine-directed reactive group, a linker with stable
isotope signatures and a biotin tag, can be applied to purify labeled peptides by
biotin-avidin affinity (Gygi et al. 1999; Han et al. 2001). As for amine-directed tagging, the isobaric tag for relative and absolute quantitation (iTRAQ) (Ross et al.
2004) and tandem mass tag (TMT) (Thompson et al. 2003) are used to label all
peptides derived from protein samples.
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Phosphoproteomics

The mechanistic principles for transmitting signals within cellular networks greatly
depend on post-translational modifications (PTMs) such as phosphorylation, ubiquitination, and acetylation. Although reversible phosphorylation events are well studied in signal transduction research, a global landscape of phosphorylation-dependent
signaling networks remains almost unclear. Here we introduce some phosphoprotein/phosphopeptide enrichment methods aimed for phosphoproteome analyses.
For targeting tyrosine phosphorylation, anti-phosphotyrosine antibodies are frequently used to selectively enrich tyrosine-phosphorylated proteins and peptides
(Rush et al. 2005). In some previous studies, this methodology was successfully
applied for phosphotyrosine-dependent signaling networks in leukemia cells
(Salomon et al. 2003) and human HeLa cells (Blagoev et al. 2004). For example, 64
phosphorylation sites on 32 distinct proteins were identified in leukemia cells by
T-cell activation or BCR-ABL inhibition (Salomon et al. 2003), whereas 81
signaling-related molecules including 31 novel effectors were found to be activated
in response to EGF stimulation from human HeLa cells (Blagoev et al. 2004).
Immobilized metal affinity chromatography (IMAC) is based on the concept that
phosphate groups can chelate with metal ions such as iron, zinc, or gallium. The
previous report based on the Fe (III)-IMAC technique showed that some phosphopeptides could be unambiguously identified using only low-picomole samples
(Stensballe et al. 2001). This approach is also known to be suitable for identification
of multiply phosphorylated peptides rather than singly modified ones. As for
phospho-serine/threonine/tyrosine-directed enrichment methodologies, titanium
dioxide (TiO2)-based methods enable highly selective enrichment and are frequently
applied to large-scale phosphoproteome analyses (Larsen et al. 2005).
Through these sophisticated enrichment methods, current shotgun proteomics
technology based on high-resolution LC-MS/MS has enabled identification of thousands of phosphorylated molecules from tumors as well as cell lines (Olsen et al.
2006, 2010; Rikova et al. 2007). Such unbiased large-scale phosphoproteome data
provide more extensive insights regarding phosphorylation-dependent cellular processes in each signaling context.

1.2.4

Time-Resolved Description of PhosphorylationDependent Signaling Networks

Signal transduction systems regulated by phosphorylation/dephosphorylation
events are widely known to play a crucial role in growth factor-dependent cellular processes. Regarding ErbB signaling, one of the well-studied growth factor signaling pathways in cancer, the interaction partners of the four members
belonging to the ErbB receptor family (EGFR, ErbB2, ErbB3, ErbB4) were
analyzed using the corresponding synthetic peptides as baits in an unbiased
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manner (Jones et al. 2006; Schulze et al. 2005), leading to identification of many
tyrosine phosphorylation-dependent interactions.
By combining the advanced proteomics technologies as already noted,
time-resolved activation profiles of ligand-induced phosphoproteome were also
depicted in a quantitative manner (Fig. 1.1). Thus, phosphoproteomics-based
approaches have first been applied to reveal the molecular mechanisms governed by
tyrosine phosphorylation in response to external growth factors such as EGF
(Blagoev et al. 2004; Oyama et al. 2009; Schulze et al. 2005; Tasaki et al. 2010),
fibroblast growth factor (FGF) (Hinsby et al. 2004), or heregulin (HRG) (Oyama
et al. 2011). As for FGF signaling, 28 components were found to be induced by
basic fibroblast growth factor (bFGF) stimulation in FGFR-1-expressing cells
(Hinsby et al. 2004). The approach to describe time-resolved EGF signaling led to
identification of 81 effectors in human HeLa cells upon EGF stimulation (Blagoev
et al. 2004). The subsequent large-scale analysis of the phospho-serine/threonine/
tyrosine-related EGF signaling networks in the same cell line also yielded a global
view of the dynamic behavior of 6,600 phosphorylation sites on 2,244 proteins
(Olsen et al. 2006).
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Fig. 1.1 Schematic procedure for comprehensive identification and quantification of phosphorylated proteins by high-resolution shotgun proteomics. The phosphorylated molecules differentially
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MS)
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Fig. 1.2 Time-resolved description of ligand-induced signaling networks by quantitative
proteomics. Time-course activation profiles of phosphorylated molecules are generated through
integration of a series of fold activation data measured at different time points

In a recent study, a highly time-resolved description of EGF signaling was reported
regarding human epithelial A431 cells (Oyama et al. 2009). Quantitative activation
data on the EGF-regulated tyrosine-phosphoproteome were measured at ten time
points after EGF stimulation (0, 0.5, 1, 2, 5, 10, 15, 20, 25, and 30 min), generating a
detailed time-resolved view of their multi-phase network dynamics (Fig. 1.2). Among
a total of 136 proteins identified, 56 molecules were quantified by more than 1.5-fold
changes upon EGF stimulation. In this study, temporal perturbation of the signaling
dynamics was also conducted with the Src-family kinase inhibitor PP2 to distinguish
between sensitive and robust pathways to this treatment. Consequently, the cell adhesion molecules such as catenin δ were significantly downregulated upon PP2 treatment, whereas the impact on the signaling factors related to classical cascades such
as EGFR was modest. This approach showed that time-resolved description of phosphoproteome dynamics functioned as a network-wide analytical platform for evaluating temporal effects in relation to specific signaling perturbation, leading us to
obtain a system-level view of regulatory relationships in signaling dynamics.

1.3

Computational Analysis of Cancer Signaling Networks
Based on Quantitative Phosphoproteome Data

Although phosphoproteomics-based temporal description of signaling networks provides system-wide information on dynamic status of each signaling molecule, statistical methodologies for performing a pathway/network-level dissection of the
quantitative phosphoproteome data are essential to theoretically elucidate mechanistic
aspects of signaling regulation with a large number of species, states, and reactions
over the network. In recent studies, some computational frameworks have been developed for analyzing signaling regulation based on quantitative phosphoproteome data.
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Computational Modeling of ErbB-related Cancer
Signaling Networks Based on Phosphoproteome
Dynamics

In previous reports, self-organizing maps were applied to identify EGF signaling
modules based on time-resolved description of 78 tyrosine phosphorylation sites on
58 proteins in human mammary epithelial 184A1 cells (Zhang et al. 2005). The
cells with varying human ErbB2 (HER2) expression levels were further analyzed to
characterize HER2-mediated signaling effects on cell behavior (Wolf-Yadlin et al.
2006). Partial least squares regression (PLSR) was also applied to estimate the
phosphotyrosine clusters exhibiting self-similar temporal activation profiles, leading to identification of the signals that were strongly correlated with cell migration
and proliferation (Wolf-Yadlin et al. 2006; Kumar et al. 2007).
Bayesian network modeling based on multiple quantitative phosphoproteome
data sets could generate probabilistic networks that represented core aspects of network models with a directed graph of influence on protein phosphorylation. In
combination with the literature-based protein–protein interaction data on EGFR/
ErbB signaling, this statistical approach not only recapitulated known portions of
the signaling pathways but also inferred novel relationships between the related
molecules (Bose et al. 2006; Guha et al. 2008). In recent reports, a computational
framework based on data assimilation was also developed for analyzing EGFR signaling through phosphoproteomics-driven numerical modeling (Fig. 1.3) (Tasaki
et al. 2006, 2010). The hybrid functional petri net with extension (HFPNe) is a
computational modeling architecture that can handle discrete biological events as
well as continuous ones and enables us to analyze temporal dynamics data on phosphorylated signaling molecules within the data assimilation framework (Tasaki
et al. 2006). The HFPNe-based computational modeling of the mutated EGFR signaling led to reduction of the factors responsible for the mutational effects to several
alterations in the reaction parameters and provided a mechanistic description of the
disorders in the aberrant EGFR signaling at the system level (Tasaki et al. 2010).

1.3.2

Systems Analysis of Breast Cancer Signaling
Networks Based on Integration of Phosphoproteome
and Transcriptome Dynamics

Integration of phosphoproteome dynamics with the subsequent transcriptome regulation enables us to obtain more systematic principles that govern cellular signaling.
In a very recent study, time-resolved phosphoproteome and transcriptome data on
17β-estradiol (E2) and heregulin (HRG)-induced signaling-transcription dynamics
in breast cancer MCF-7 cells were quantitatively analyzed to elucidate regulatory
pathways in tamoxifen-related breast cancer signaling (Oyama et al. 2011).
Reconstruction of protein interaction networks based on the phosphoproteome data
shed light on the activated signaling molecules over the network, whereas statistical
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Fig. 1.3 Computational approaches for analyzing network properties of phosphorylationdependent signaling dynamics. Mathematical network models, in combination with time-resolved
phosphoproteome data, can be analyzed in silico to statistically evaluate regulatory aspects of
signaling dynamics

evaluation of transcription factor-binding site motif significance for the entire gene
expression data led us to focus on the core transcriptional regulators. Functional
association of these “hub” factors using pathway databases enabled us to reorganize
ligand-dependent signaling-transcription programs in wild-type and tamoxifenresistant breast cancer MCF-7 cells and to extract the pathways responsible for drug
resistance (Fig. 1.4). Integrative analysis of the phosphoproteome and transcriptome
data revealed that activation of glycogen-synthase kinase 3β (GSK3β) and mitogenactivated protein kinase (MAPK) 1/3 signaling might be associated with altered
activation of CREB and AP-1 transcription factors in tamoxifen-resistant MCF-7
cells, which potentially defines drug resistance properties against tamoxifen.

1.3.3

Global Annotation of Glioblastoma Signaling Networks
Based on Proteome and Phosphoproteome Data

In recent years, several functional annotation and network analysis tools have been
developed to understand cellular processes from a system-level point of view. Here
we introduce two representative computational tools for analyzing large-scale
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Fig. 1.4 A schematic strategy for integrative network analyses of quantitative phosphoproteome
and transcriptome data. The nodes for signaling regulation were extracted from phosphoproteome
dynamics data; those for transcriptional regulation were predicted from transcriptome data. The
functional linkage of signaling with transcription can be analyzed based on pathway databases

proteome data. Database for Annotation, Visualization and Integrated Discovery
(DAVID) (http://david.abcc.ncifcrf.gov/home.jsp) enables extraction of the related
information from the functional annotation databases (Dennis et al. 2003), whereas
Ingenuity Pathways Analysis (IPA) software (http://www.ingenuity.com) (Ingenuity
Systems) is used to find networks in relation to experimental data based on the
Ingenuity Knowledge Base derived from thousands of peer-reviewed journals.
In recent reports, mass spectrometry-based shotgun proteomics technologies
were applied to characterize protein expression profiles and phosphorylationdependent signaling networks in cancer stem/initiating cells derived from brain tissues (Kozuka-Hata et al. 2012a, b). The DAVID-based pathway analysis of the
proteome data showed the proteins expressed in glioblastoma-initiating cells were
enriched in ribosomes, spliceosomes, and proteasomes to a high degree, which provided further system-level cellular characteristics from a proteomic point of view
(Kozuka-Hata et al. 2012a).
The global phosphoproteome analysis of these glioblastoma-initiating cells also
enabled us to determine 6,073 phosphopeptides derived from 2,282 proteins
(Kozuka-Hata et al. 2012b). The IPA analysis of the phosphoproteome data unveiled
a variety of highly regulated canonical pathways including mTOR signaling, which
is known to play an important part in stem cell regulation (Gangloff et al. 2004;
Murakami et al. 2004). The phosphorylation status of RPS6, which is known to
enhance translation, was found to be upregulated in response to EGF stimulation
(Fig. 1.5). The analysis also led to identification of novel phosphorylation sites on
the molecules with stem cell-like and glioma properties such as nestin and vimentin
(Mani et al. 2008). More intriguingly, some novel phosphopeptides derived from
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Fig. 1.5 Ingenuity Pathways Analysis (IPA)-based network description of mTOR signaling
extracted from large-scale phosphoproteome data on glioblastoma-initiating cells. The phosphorylated status of PRAS40 and RPS6 was upregulated upon stimulation, whereas that of AMPK was
downregulated

undefined regions on human transcript sequences were also determined from the
large-scale phosphoproteome data. The phosphorylation status of the novel peptide
encoded by supervillin-like (LOC645954) was found to be altered upon EGF stimulation (Kozuka-Hata et al. 2012b).

1.4

Future Directions

Recent advances in mass spectrometry-based proteomics technology have presented
us with a system-wide view of cellular network dynamics in a quantitative manner.
In this chapter, we introduced advanced proteomics technologies regarding shotgun
detection, relative quantitation, and efficient enrichment of phosphorylated proteins/peptides for large-scale description of phosphorylation-dependent signaling
network dynamics. Based on these sophisticated methodologies, the effects of
ligand stimulation and inhibitor perturbation can also be analyzed at the network
level. Systematic evaluation of phosphoproteomics-based signaling networks led us
to find critical factors controlling network behavior and to provide a computational
platform to explore potential drug targets as well as theoretically estimate the effect
of the corresponding drugs on a network-wide scale before clinical application. As
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signaling network structures depend on cellular context (Morandell et al. 2008),
cell-specific signaling network architectures need to be revealed independently to
characterize the behavior of each cancer cell signaling system. Although these
emerging technologies have been applied to only a limited fraction of cancer signaling networks, including the ErbB signaling pathways, further accumulation and
integration of phosphoproteome dynamics data on heterogeneous cancer signaling
networks should accelerate elucidation of general and cell-specific principles that
govern signaling network behavior in cancer cells and pave the way to explore for
disease-related molecular hubs, understand complex cellular responses, and develop
novel targets for treatment of signaling aberration from a systems perspective.
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Chapter 2

Phos-tag-Based Affinity Chromatography
Techniques for Enrichment
of the Phosphoproteome
Eiji Kinoshita, Emiko Kinoshita-Kikuta, and Tohru Koike

Abstract Phosphorylation is among the most important post-translational
modifications that regulate the function, localization, and binding specificity of particular proteins. In mammalian cells, this modification occurs mainly on serine,
threonine, and tyrosine residues and is essential for the regulation of life. Changes
in the phosphorylation of states of proteins fundamentally affect many cellular
events and are involved in numerous diseases. Rapid and specific enrichment of
native phosphoproteins from complex biological samples is therefore an important
process in the fields of biology and medicine. Phosphate-affinity chromatography
techniques using ions of metals such as iron, gallium, or titanium permit the effective separation of phosphorylated biomolecules, especially phosphopeptide fragments obtained by enzymatic digestion of proteins, for studies on the
phosphoproteome. However, these techniques are severely limited because they
cannot be applied to studies on the binding and dissociation of phosphorylated proteins at physiological pH values. This chapter introduces effective techniques for
enriching phosphoproteins by using Phos-tag, a unique molecule developed to
mimic the active center of an alkaline phosphatase, which can reversibly and selectively capture a phosphate monoester dianion in an aqueous solution at neutral pH
values. The anion selectivity index of Phos-tag toward the phosphate dianion is at
least 10,000 times higher than its selectivity toward the acetate monoanion. This
characteristic of Phos-tag permits its use in the comprehensive enrichment of various biological phosphorylated compounds at physiological pH values within short
time spans, providing a major advantage in obtaining information on the nature of
intact native full-length phosphoproteins present in cellular lysates.
Keywords Affinity enrichment • Phosphopeptide • Phosphoprotein
• Phosphoproteomics • Phosphorylated biomolecule • Phos-tag • Protein phosphorylation • Zinc ion
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Introduction

Proteomics involves the analysis of the structure and the function of all cellular
proteins. The importance of proteomics has grown as a consequence of the successful completion of the Human Genome Project, and it has become a focus of attention as a new field of biological research in the twenty-first century. Phosphorylated
forms of proteins are closely involved in complex intracellular regulatory mechanisms and in the onset of various diseases such as cancers and neurodegenerative
disorders; as a result, phosphorylated proteins have become major targets for clinical proteome analysis aimed at drug discovery and the production of customized
medicines. Accordingly, the development and application of specific and stable analytical methods that can provide an exhaustive overview of phosphorylated proteins
has become an urgent necessity. However, as proteins in vivo are repeatedly phosphorylated and dephosphorylated through the constantly changing opposing actions
of protein kinases and phosphatases, it is highly probable that a given protein will
exist in a number of forms with different states of phosphorylation. To obtain a
comprehensive profile of such phosphorylated proteins, it is necessary to separate
and enrich them under conditions similar to those present in the in vivo
environment.
Conventional methods for enriching phosphorylated biomolecules include
immobilized metal affinity chromatography (IMAC) (Andersson and Porath 1986;
Posewitz and Tempst 1999) and metal oxide affinity chromatography (MOAC)
(Sano and Nakamura 2004). IMAC is based on the principle that trivalent metal ions
carrying positive charges, such as Fe3+ or Ga3+, interact with phosphate groups,
which carry negative charges. MOAC, on the other hand, is based on the principle
that titanium dioxide (TiO2, titania) interacts with phosphate groups carrying negative charges under acidic conditions. However, such methods involving metal ions
require the use of acidic or basic conditions, under which phosphorylated proteins
can become denatured or inactivated. Therefore, although these methods can be
applied in the analysis of phosphorylated peptide fragments, they cannot be used in
the analysis of “natural” phosphorylated full-length proteins. In other words, IMAC
and MOAC can provide information about the primary structures of proteins, but
not about their tertiary structures, functions, characteristics, or behavior.
Furthermore, these methods have poor specificity because the metal ions can also
bind strongly to sites other than phosphate groups, such as carboxy groups.
A novel alkoxide-bridged binuclear zinc(II) complex known as Phos-tag
{1,3-bis[bis(pyridin-2-ylmethyl)amino]propan-2-olato dizinc(II) complex} has
been shown to be capable of binding to phosphate groups at physiological pH values
(Kinoshita et al. 2004, 2006). By using this complex, we have synthesized two
active solids for phosphate-affinity chromatography, known as Phos-tag Agarose
(Kinoshita et al. 2005; Kinoshita-Kikuta et al. 2006, 2009) and Phos-tag Toyopearl
(Kinoshita-Kikuta et al. 2011), and we have used these to develop techniques for
separating and enriching phosphorylated proteins. These active solids can be used
for the chromatographic separation, enrichment, and purification of phosphorylated
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peptides and phosphorylated proteins. Although both materials show similar
performances, Toyopearl is more resistant to the elevated pressures encountered in
chromatographic processes. Therefore, protocols based on Toyopearl are being
actively developed for high-pressure chromatography systems. We have also
recently developed a new material, the Phos-tag magnetic bead, in which Phos-tag
is immobilized on strongly magnetized micro-sized beads, and we have used this
material to achieve efficient enrichment of low molecular mass phosphorylated biomolecules, including phosphopeptides (Tsunehiro et al. 2013).
In this chapter, we describe a series of methods that have been developed for
enriching phosphorylated proteins or peptides by using Phos-tag. Section 2.2 summarizes a method for enriching phosphorylated proteins from cell lysates by using
Phos-tag Toyopearl. Section 2.3 shows how sample pretreatment by using Phos-tag
Agarose can be used in conjunction with Western blotting to achieve accurate detection of phosphorylated proteins that are candidates for intracellular signaling.
Finally, Section 2.4 describes an efficient method for separating phosphorylated
peptides by using Phos-tag magnetic beads.

2.2

Separation of Phosphoproteins from Cell
Lysates by Using Phos-tag Toyopearl

A number of studies on the enrichment of phosphorylated proteins from mixed biological samples, such as lysates of cells or tissues, have been reported. The method
that has been most frequently applied is affinity chromatography using immobilized
antibodies to phosphorylated amino acid residues (Pandey et al. 2000; Grønborg
et al. 2002; Matsumoto et al. 2009). However, the antibody-based technique has an
inherent problem related to specificity, in that currently available antibodies against
phosphotyrosine are highly specific, whereas antibodies against phosphothreonine
or phosphoserine are less specific, so that it is not possible to achieve comprehensive enrichment of phosphoproteins. Two other widely used methods are IMAC and
MOAC, which provide more comprehensive enrichments. However, these techniques have the disadvantage that binding of the ligand to the target involves experimental conditions at nonphysiological pH values; as a result, these procedures are
generally useful to enrich phosphopeptide fragments produced by digestion of
phosphoproteins. Recently, improvements in the specificity of IMAC/MOAC have
been accomplished in a number of ways for mass spectrometry (MS)-based methods of shotgun proteomics for the large-scale identification of phosphoproteins and
their sites of phosphorylation (Stensballe et al. 2001; Ficarro et al. 2002; Larsen
et al. 2005; Sugiyama et al. 2007). Phos-tag, on the other hand, can reversibly and
selectively capture phosphorylated biopolymers and small biomolecules in aqueous
solutions at physiological pH values (pH 6–8) without degradation of the targets.
Phos-tag, which has a binding constant in excess of 108 l/mol, has a binding ability
that is comparable to that of antibodies. Moreover, Phos-tag can even bind to
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phosphorylated molecules in dilute solutions of nanomolar concentration; it is at
least 10,000 times more efficient than normal anion-exchange resins in this respect.
In addition, the dissociation of bound phosphorylated molecules from Phos-tag
requires only the addition of phosphate dianions (HPO42−), which accelerate the
exchange reaction. Figure 2.1 depicts the purification of riboflavin phosphate (yellow) by chromatography using Phos-tag Toyopearl. This method enabled the separation of riboflavin (vitamin B2) from riboflavin phosphate. This is a rapid
purification method; the respective steps of sample binding, washing, and elution
using a 1-ml column require a short incubation period. In fact, the whole process is
completed within 1 h. The ability of Phos-tag to bind rapidly to or dissociate from
phosphorylated molecules at physiological pH values can be used in an efficient
enrichment of phosphorylated proteins in vivo under near-physiological
conditions.
Protein samples prepared from cultured cells not only have differing properties
but also contain different biological ingredients, such as lipids and low molecular
weight compounds. As a result, the selective separation and purification of phosphorylated proteins from a mixed sample is limited by the nonspecific adsorption
onto the column of interfering biomolecules (particularly nonphosphorylated proteins), as well as by difficulties in eluting bound phosphorylated proteins from the
column. The nonspecific binding can be attributed to the unfortunate affinity of
Phos-tag toward the abundant carboxy groups of acidic proteins and to electrostatic interactions between proteins and the column support. To overcome this
problem, sodium acetate (NaOAc) is added to the binding buffer. The acetate ion
inhibits binding of carboxy groups to Phos-tag, and the increase in ionic strength
reduces electrostatic interactions. The binding buffer used is 0.10 M Tris–AcOH
(pH 7.4), to which 0.50 M NaOAc is added. In the elution step, the phosphate
groups are competitively dissociated from the Phos-tag moieties by addition of
inorganic phosphate. For protein-containing samples, salts that can cancel the

Fig. 2.1 Purification of riboflavin phosphate by an open-column chromatography method using
Phos-tag Toyopearl
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electrostatic interaction between the proteins and the support of the column are
added. Because addition of sodium chloride is effective for elution, 0.10 M Tris–
AcOH (pH 7.4) supplemented with 10 mM NaH2PO4–NaOH (pH 7.5) and 1.0 M
NaCl is used as the elution buffer.
Briefly, chromatography using Phos-tag Toyopearl is performed as follows. Zn2+bound Phos-tag Toyopearl is packed into the column and equilibrated in a binding
buffer containing 10 µM zinc acetate [Zn(OAc)2]. The sample is then applied to the
column, and the unbound substances are washed off with the binding buffer, whereas
the bound substances are eluted with the elution buffer. The resulting fractions are
desalted and concentrated, for example, by using centrifugal concentrators, and
then subjected to further analysis, for example, by electrophoresis.
The following is an example illustrating the separation and enrichment of phosphorylated proteins from a lysate of epidermal growth factor (EGF)-stimulated
A431 cells, whose intracellular protein phosphorylation has been extensively studied (Fig. 2.2) (Kinoshita-Kikuta et al. 2011). EGF-stimulated A431 cells (107 cells
in a 10-cm-diameter Petri dish) were washed with Tris-buffered saline and lysed in
0.5 ml cell lysis buffer [50 mM Tris–HCl (pH 7.4), 0.15 M NaCl, 0.25 % (w/v)
sodium deoxycholate, 1.0 % (v/v) Nonidet P-40, 1.0 mM ethylenediaminetetraacetic acid (EDTA), 1.0 mM phenylmethanesulfonyl fluoride, 1.0 µg/ml aprotinin,
1.0 µg/ml leupeptin, 1.0 µg/ml pepstatin, 1.0 mM sodium vanadate, and 1.0 mM
NaF] to give 1 ml lysate with a protein concentration of 2.0 mg/ml. A 0.25-ml aliquot of the lysate (containing 0.50 mg proteins) was applied to a column packed
with 1 ml (actual volume) of Phos-tag Toyopearl to separate and purify the target
proteins by open-column chromatography. The cell lysis buffer contained reagents
such as EDTA, anionic surfactants, and vanadate that might have inhibited the binding of Phos-tag to the phosphate groups; however, the addition of the binding buffer
at four times the volume of the cell lysate to the sample solution showed that the
reagents had no significant effect. Finally, 1.25 ml of the sample solution was
applied to 1 ml Phos-tag Toyopearl. The enrichment effect of the phosphorylated
proteins was analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) of the cell lysate before separation (lane 1), the eluted fraction
(lane 2), and the flow-through/washing fraction (lane 3) (each lane contained 6.0 µg
proteins). Western blotting was then performed by using antibodies against various
intracellular phosphorylated proteins. Coomassie Brilliant Blue (CBB)-stained
images (Fig. 2.2a) showed different banding patterns for the three fractions, indicating the presence of different kinds of proteins in the respective samples at different
concentrations. Results of analyses using biotinylated Phos-tag (Fig. 2.2b)
(Kinoshita et al. 2006, 2012, 2013a, 2013b) and an anti-phosphoserine (anti-pSer)
antibody (Fig. 2.2c) have shown that several types of intracellular phosphorylated
proteins are enriched in the eluted fraction. Furthermore, analyses using four types
of site-specific anti-phosphoprotein antibodies against proteins phosphorylated by
EGF stimulation resulted in the detection of corresponding distinct bands in the
eluted fraction (Fig. 2.2d–g).
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Fig. 2.2 Comparisons of the relative amounts of phosphorylated proteins from an epidermal
growth factor (EGF)-stimulated A431 cell lysate before and after phosphate-affinity chromatography using Phos-tag Toyopearl. The EGF-stimulated A431 cell lysate before loading on the column
(lane 1), the eluted fraction (lane 2), and flowthrough/washing fraction (lane 3) were subjected to
SDS-PAGE. Each lane contains 6 µg proteins. The proteins in the SDS-PAGE gels were electrotransferred to PVDF membranes, and visualized by Coomassie Brilliant Blue (CBB) staining (a)
or by Western blotting with biotinylated Phos-tag (BTL-104; Wako, Osaka, Japan) (b), an antipSer antibody (Invitrogen, Carlsbad, CA, USA) (c), an anti-pERK substrates antibody (PXTP)
(clone 46G11; Cell Signaling Technology, Danvers, MA, USA) (d), an anti-pERK1/2 antibody
(clone 12D4; against phosphorylated Thr202/Tyr204; Millipore, Billerica, MA, USA) (e), an antipShc antibody (against phosphorylated Tyr317, Millipore) (f), or an anti-pErbB-2/HER-2 antibody
(against phosphorylated Tyr1248, Millipore) (g). (Reprinted with permission from Kinoshita-Kikuta
et al. 2011 © Proteomass)

2.3

Pretreatment of Phosphoproteins Using
Phos-tag Agarose for Western Blotting

The preceding section described typical examples for the separation and enrichment
of phosphorylated proteins by using Phos-tag Toyopearl. In our earlier studies, we
performed similar experiments by using Phos-tag Agarose (Kinoshita et al. 2005;
Kinoshita-Kikuta et al. 2006). In this section, we introduce another application of

