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Preface

Immunohistochemistry (IHC) is one the most valuable research and diagnostic tools in
biomedical research. Unlike detecting constitutively expressed targets, immunohistochem-
ical detection of labile, low abundance, and short-lived signal transduction molecules
appears to be a very challenging task. This book represents a set of detailed protocols writ-
ten by IHC experts addressing the challenges of signal transduction immunohistochemis-
try (ST-IHC); because it would be fair to say that ST-IHC as a discipline is in its infancy
and the chapters in the first part are of a more introductory nature which should help new
investigators in their orientation in the field. The second part is dedicated to techniques
used for the preservation of antigens and their unmasking. The third part presents proto-
cols in digital imaging and image analysis of stained cells and tissues and high-throughput
data collection and data analysis. The fourth part is focused on ST-THC techniques used
in neuroscience as well as cancer and stem cell research. And finally, the fifth part presents
novel ST-IHC techniques that can be easily adopted for a wide variety of research tasks.
This book can be used as a guide by novices and has a wealth of ideas that can be exploited
by experienced researchers who are always on the lookout for new experimental tricks and
hints. It can also serve as a troubleshooting guide for researchers in academia and in
industry.

I'wish to thank all the authors who, in addition to their own research projects, devoted
a lot of time working on book chapters. In addition, I wish to thank R&D Systems, Inc.,
where I run the IHC department, for their support and for giving me the opportunity to
gain invaluable IHC experience by validating thousands of antibodies over the years.

Minneapolis, MN Alexander E. Kalynzhny
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Chapter 1

Overview of the Generation, Validation, and Application
of Phosphosite-Specific Antibodies

Kathy Brumbaugh, Wade Johnson, Wen-Chieh Liao, Mong-Shang Lin,
J.P. Houchins, Jeff Cooper, Steven Stoesz,
and Roberto Campos-Gonzalez

Abstract

Protein phosphorylation is a universal key posttranslational modification that affects the activity and
other properties of intracellular proteins. Phosphosite-specific antibodies can be produced as polyclonals
or monoclonals in different animal species, and each approach offers its own benefits and disadvantages.
The validation of phosphosite-specific antibodies requires multiple techniques and tactics to demonstrate
their specificity. These antibodies can be used in arrays, flow cytometry, and imaging platforms. The
specificity of phosphosite-specific antibodies is key for their use in proteomics and profiling of discase.

Key words: Antibody, Phosphosite-specific, Western blotting, ELISA, Multiplex, Flow cytometry,
Immunocytochemistry

1. Introduction

Protein phosphorylation, like many other posttranslational
modifications, introduces changes in mass and charge to an accep-
tor protein. This change alters the conformation of the acceptor
protein, as well as its activity, binding properties, and subcellular
distribution. Phosphorylation at key amino acids within a pro-
tein is considered a hallmark of the change in the protein’s activ-
ity. Because of the rapid and reversible protein changes induced
by phosphorylation, eukaryotic cells have preserved this modifi-
cation and it has evolved as a tightly controlled regulator of key
cellular processes, such as cell division, motility, neurotransmis-
sion, and metabolism. In eukaryotic cells, reversible protein

Alexander E. Kalyuzhny (ed.), Signal Transduction Immunohistochemistry: Methods and Protocols,
Methods in Molecular Biology, vol. 717, DOI 10.1007/978-1-61779-024-9_1,
© Springer Science+Business Media, LLC 2011
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phosphorylation occurs primarily on serine, threonine, and
tyrosine amino acids (1). In addition, dysregulated protein
phosphorylation has been closely associated with several dis-
eases, including cancer (2).

The phosphorylation status of a protein is due to the bal-
anced activities between a protein kinase that transfers a phos-
phate from ATP to its target polypeptide, and a phosphatase that
removes it from the polypeptide; thus, many phosphorylations
are transient by nature (3). There are ~520 different protein
kinases, the “kinome,” in the human genome that are responsible
for most cellular phosphorylations. Kinases have a degree of spec-
ificity and selectivity for their target proteins based on recognition
and substrate-binding domains within their amino acid sequence (2).
Some kinases, like MEKI1, are very selective and may have only
two protein substrates, ERK1 and ERK2, while other kinases,
such as Aktl, are capable of recognizing and phosphorylating
multiple protein substrates. On the other hand, there are approxi-
mately 150 phosphatases in the human genome (4). Thus, phos-
phatases appear not to be as selective as their kinase counterparts
in choosing a protein substrate.

Approximately 30 years ago, the preferred and most widely
used method to investigate protein phosphorylation was labeling
cells and proteins with *P. Radioactive labeling of phosphopro-
teins was used to determine if a protein contained phosphate, to
elucidate the type of phospho-amino acid, and to identify protein
substrates and their corresponding kinases (5). This radioisotope
as ¥P-ATP was used to label cells and proteins followed by lysis
and immunoprecipitation, if required, electrophoretic separation
and autoradiography of gels. Once the bands of interest were
identified, they were excised and digested with enzymes like
trypsin, followed by two-dimensional mapping and sequencing (6).
While radio-labeling of proteins with 3P is, without a doubt, one
of the most sensitive ways to assess phosphorylation, these associ-
ated methods are remarkably cumbersome and stresstul. The
advent of the first successful antibodies to phospho-tyrosine
(pTyr) and subsequent phosphosite-specific antibodies facilitated
the study of phosphorylation and rapidly accelerated the study of
this posttranslational modification in cellular events (7-10).

The initial pTyr antibodies were rapidly adopted by scientists
and used to discover many phosphorylations that had not been
seen before, e.g., after stimulation of cells with growth factors or
oncogene activation. The same antibodies were used to further
isolate and purify these novel phospho-proteins and to develop
tools for their study. Among the proteins that were discovered by
thisimmunopurification protocol are Insulin Receptor Substrate-1
(11), Caveolin (12), and ppl20 Catenin (13). Because of the
combination of the newly developed reagents and Western blot-
ting, it became possible to generate a phospho-protein profile
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from cells under many different conditions at a pace several-fold
faster than with #P-labeling (14).

One of the major challenges is to obtain highly specific and
sensitive antibodies capable of capturing intracellular phosphory-
lation events of low frequency or abundance, because of the rarity
and transient nature of phosphorylations (15). Although with
exceptions, on activation of a signaling pathway, only a small
fraction (<10%) of a typical protein kinase target becomes phos-
phorylated with a defined kinetics of few minutes followed by
de-phosphorylation by phosphatases or degradation terminating
the signaling event (4, 16, 17). These phospho-protein’s traits are
useful when determining the specificity of an antibody but at the
same time some of these properties pose serious limitations, there-
fore requiring antibodies of high affinity to fit in with methods of
superior sensitivity.

According to Phosphosite (http://www.phosphosite.org),
perhaps one of the most comprehensive database of phosphory-
lations today, there are more than 81,000 unique phosphoryla-
tions described in mammalian cells. Given a conservative average of
three phosphorylations per protein, it is estimated that there are
many more new phosphorylations in proteins yet to be discov-
ered. Clearly, the scientific community still does not have phos-
phosite-specific antibodies to all of the already discovered sites
to study and evaluate their individual importance and role in
biomedicine.

Although currently there are several other very sensitive tech-
niques, like mass spectrometry, to aid in the study of protein
phosphorylation (18), antibodies will still provide a rapid, eco-
nomical, and adaptable avenue to study these important modifi-
cations in years to come. As new phosphorylations are being
discovered and validated by mass spectrometry or mutagenesis,
phosphosite-specific antibodies will remain ideal for the everyday
experiment to study the phosphorylation under a myriad of
conditions, cells, and tissues.

There are two major issues in the world of antibodies deter-
mining their usefulness, one of them is specificity and the second
is the applicability of the antibodies in different platforms or instru-
ments. With this in mind, we have two main goals in writing this
short review. First, to summarize the major techniques utilized in
characterizing and validating phosphosite-specific antibodies. We
believe that these techniques provide a minimum set of tools to
determine these important reagents. The second goal is to illus-
trate some of the exciting uses for phosphosite-specific antibodies
in biomedicine as powerful tools in elucidating the biology of nor-
mal and diseased cells. We should keep in mind that the strategies
and methods described below can also be applied and used when
characterizing antibodies to other posttranslational modifications
such as acetylation and methylation among others.
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2. Materials

2.1. Antibody
Generation

There are two main routes to obtain antibody-based affinity
reagents for biomedical research, one by the in vivo immuniza-
tion of individual animals inducing B cells to secrete the antibodies,
and the second by phage display of antibody libraries and
screening for binders to the desired phospho-epitope. The former
is the most widely used method and requires the active introduc-
tion of a foreign biological compound, cither as a hapten-carrier
conjugate or as a protein, to elicit an immune response in an
animal, mostly mice, rats, chickens, and guinea pigs whose
immune response is well understood. The latter method requires
the availability of a library of arranged genes packed and individu-
ally displayed on a filamentous phage. The phage library carrying
and expressing a large immunoglobulin gene repertoire is exposed
to the antigen of interest, followed by cycles of enrichment and
selection until a single “phage clone” is obtained. One of the
main limitations to the phage display approach is the low affinity
of the binders generated, limiting their use as everyday reagents.
Since there are just a handful of published reports in generating
antibodies to posttranslational modifications of the phage
approach, it will not be covered in this review (19).

The serial immunization of animals takes advantage of the
natural ability of the immune system to recognize an injected
protein “immunogen,” whether bacteria, cell debris, or a phos-
phopeptide, and to rapidly re-arrange the immunoglobulin genes
to produce antibodies until the best fit for the immunogen is
found. The immune system re-arranges the heavy and light chains
of antibodies accordingly to provide the best antibody response
to fight the foreign intruder. Scientists have been taking advan-
tage of the immune system in animals such as rabbits, mice, and
chickens, to generate superb antibodies for use in biomedical
research, for decades.

Protocols for generation of phosphosite-specific antibodies,
both polyclonal and monoclonal, adhere very closely to the ones
used for a regular antibody and superbly summarized in the classic
book by Harlow and Lane (20). Phosphosite-specific antibodies
generated in vivo have been available for several years, and basi-
cally these reagents have been obtained by three main protocols:
first by immunization with a phospho-peptide (8, 21, 22); second
by using cells or mixed phospho-protein complexes (23); and
third by fortuitous discovery and diligent characterization (24).
In their pioneering publication, Sternberger and Sternberger
superbly characterized a series of monoclonal antibodies to neu-
rofilament proteins that reacted only when these proteins were
phosphorylated (24). The Sternberger’s antibodies have since
become a standard for the study of neurodegenerative diseases.



