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Abstract

The reversible phosphorylation of proteins is a dominant post-translational modification that regulates many
important cellular processes, including signal transduction, gene expression, and cell cycle progression. Changes
in the phosphorylation status of certain proteins have been implicated in a wide range of human diseases. Effective
analytical techniques for quantitative determination of levels of protein phosphorylation are therefore essential
tools for studies on the proteome, particularly in relation to disease diagnosis and drug discovery. Large-scale
identification of phosphoproteins is now possible as a result of dramatic advancements in methods of shotgun
proteomics based on mass spectrometry. However, these techniques require expensive instrumentation and involve
complicated procedures for sample preparation through enrichment of phosphopeptides by enzymatic digestion.
With regard to the analysis of the phosphoproteome, microarray techniques involving peptide or protein arrays, have
demonstrated considerable potential as cost-effective, high-throughput, and convenient approaches for defining
activities relating to signal transduction by means of phosphorylation reactions. We recently developed a phosphate-
affinity probe that is suitable for monitoring changes in levels of phosphorylation of proteins. This affinity probe
is known as biotin-pendant Phos-tag {Phos-tag Biotin; Phos-tag = 1,3-bis[bis(pyridin-2-ylmethyl)amino]propan-2-
olato dizinc(ll) complex}. We have demonstrated the utility of Phos-tag Biotin as a novel phosphate-affinity probe
in a range of techniques, including microarray-based methods, for determining the phosphorylation status of large
numbers of peptides and proteins. Here, we review some of the more advanced applications of Phos-tag Biotin. We
discuss the impact of Phos-tag-based microarray techniques in relation to the detection of protein phosphorylation

multiplexes, and we compare these techniques with conventional probing procedures on microarrays.

Keywords: Phos-tag; Biotin; Peptide microarrays; Antibody
microarrays;  Tissue microaarays; Protein  phosphorylation;
Phosphoproteomics

Introduction

The phosphorylation of proteins is a common type of Post-
Translational Modification (PTM) that is present in all biological
species, and it affects key properties of proteins involved in numerous
cellular events [1]. In living cells, the continuous and dynamic
phosphorylation and dephosphorylation of proteins at specific amino
acid residues are controlled by complex signaling networks [2,3],
resulting in the production of a variety of phosphoproteins with
various states of phosphorylation [4]. This reversible PTM is catalyzed
by the opposing activities of large families of protein kinases (the
kinome) and protein phosphatases (the phosphatome). For example,
the human genome encodes over 500 protein kinases [5] and about 150
protein phosphatases [6]. These numbers reflect the importance and
complexity of protein phosphorylation. Abnormal phosphorylation
resulting from an imbalance in the enzymatic reactions of the kinome
and the phosphatome has been shown to be a key factor in the etiology
of many diseases, including cancers [7] and neurodegenerative
disorders [8]. As a result, there has been considerable progress in the
development of selective inhibitors of kinases and phosphatases as
potential drugs. Some of these inhibitors have already been approved
for use in treatment of cancers in humans. Typical examples of
such drugs include imatinib mesylate (Gleevec or Glivec; Novartis,
Basel, Switzerland) and gefitinib (Iressa; AstraZeneca, London, UK).
Imatinib mesylate was designed to inhibit a fusion protein of the
breakpoint cluster region and Abelson murine leukemia viral homolog
1 (Bcr-Abl), which has the constitutive activity of a tyrosine kinase
[9]. Gefitinib was developed as a potent inhibitor of epidermal growth
factor (EGF) receptor tyrosine kinase, and it selectively inhibits EGF-
stimulated tumor cell growth [10]. Furthermore, dysregulation of the
activities of several protein kinases in human brain neurons can lead
to hyperphosphorylation of the microtubule-associated protein Tau, a

classic hallmark of the neurodegenerative disorder Alzheimer’s disease.
The sites and stoichiometry of phosphorylation of the Tau protein are
correlated with the pathological characteristics of the disease.

Methods for determining the phosphorylation states of certain
proteins are therefore very important in relation to understanding the
molecular origins of various diseases and, potentially, for developing
tools for therapeutic intervention. One method that is widely used
in identifying particular phosphorylation event is the incorporation
of a radioisotope label such as *?P or *P into the phosphorylated
protein. The phosphorylation status of the target protein can then
be identified and quantified by measuring its radioactivity. A non-
radioisotope method that uses polyclonal and monoclonal antibodies
is also well established for the detection of protein phosphorylation.
The readout from an antibody that recognizes a phosphopeptide
or phosphoprotein is measured as a fluorescence, luminescence,
or polarization signal; this method can be applied in conjunction
with many of the standard biochemical analytical techniques, such
as enzyme-linked immunosorbent assay, immunoblotting, or
immunocytochemistry. A number of high-throughput techniques
have recently been developed for simultaneously identifying a number
of phosphorylation events. Among these high-throughput methods,
microarray techniques have demonstrated considerable potential as
inexpensive and convenient approaches to phosphoproteomics. In
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particular, microarrays consisting of series of peptides that are specific
substrates of various protein kinases can be used as powerful tools for
the analysis of activities of the cellular kinome [11,12]. A number of
such peptide microarrays, including PepChip (Pepscan Therapeutics,
Lelystad, Netherlands), PepStar (JPT Peptide Technologies GmbH,
Berlin, Germany), PamChip (PamGene, Cambridge, MA, USA), and
CelluSpots (Intavis Bioanalytical Instruments AG, Cologne, Germany),
are commercially available and these have been successfully used in
analyses of the kinome of cultured cell lines and of tissue samples. Levels
of phosphorylation of the various substrates on the microarrays have
been determined mainly by conventional radioisotope- or antibody-
based probing procedures.

Since 2003, we have been involved in developing a technology known
as Phos-tag to permit the analysis of phosphorylated biomolecules
(Phos-tag consortium, http://www.phos-tag.com/english/index.html).
Our Phos-tag technology utilizes Phos-tag, a novel phosphate-binding
tag molecule that binds to anionic substituents, especially phosphate
monoester dianions (R-OPO,*), at neutral pH [13]. The Phos-tag tech-
nology has made contributions to the development of several procedures
for research on the phosphoproteome, including an immobilized metal-
affinity chromatography technique for the separation and enrichment of
phosphopeptides and phosphoproteins [14-18] and a phosphate-affinity
electrophoresis technique for the detection of changes in the mobilities
of phosphoproteins in comparison with those of their non-phosphory-
lated counterparts [19-23]. These techniques use several derivatives of
the original Phos-tag molecule. Among these derivatives, biotin-pendant
Phos-tag (Phos-tag Biotin) has been developed as a novel phosphate-af-
finity probe that has various applications in determining the phosphory-
lation status of a wide range of peptides and proteins [19,24-27] (Figure
1). Recently, we demonstrated some useful improvements in techniques
for the detection of phosphopeptides and phosphoproteins through the
use of a newly synthesized biotinylated derivative of Phos-tag that con-
tains a dodeca (ethylene glycol) spacer (Phos-tag Biotin BTL-111, Figure
3) [28,29]. This improved affinity probe permits a wider range of applica-
tions in the specific detection of protein phosphorylation, including its
use in microarray techniques. These advanced techniques are expected
to permit more sensitive screening to provide information that might
be capable of resolving complex kinase/phosphatase-dependent intracel-
lular signaling networks, leading to improved disease diagnosis and drug
discovery. In this review, we discuss the impact of Phos-tag-based micro-
array techniques on the development of phosphoproteomics.

Phos-tag Chemistry

The chemical design of selective host molecules for various
phosphate anions or, in other words, the development of phosphate-
capture molecules has attracted a great deal of interest among
researchers. We found that macrocyclic polyamine complexes of
zinc(II) can act as a useful family of molecules that are capable
of capturing phosphates (K,=10~ to 107 M) under physiological
conditions [30-35]. Our original molecular design was based on the
fact that phosphomonoester dianions act as substrates or inhibitors
of zinc-containing enzymes, such as alkaline phosphatase, carbonic
anhydrase, or carboxypeptidases, through reversible coordination to
the zinc(II) ions present in the enzymes [36]. From the results of studies
on relations of various macrocyclic polyamine zinc(II) complexes
with such model enzymes, we were able to develop a hypothesis that
selective binding of phosphomonoester dianions might be feasible by
using a complex containing two zinc(II) ions separated by a distance
of 3to4 A,

Page 2 of 8
a
Biotin-pendant
Phos-tag Ligand
A
|
=N
p OH
W N A
=
\U Biotin ﬁ Biotin
/; o-R 0..°
B » 0,/ B o’P‘O'N'\
N AR Ay =N Z
/!anb_,z\nf: o 0 'I 2 Z\n2¢
7NN ANE Z o =
VB8l BB

Zn(ll) Complex of Phos-tag Biotin R.OP032 -bound Phos-tag Biotin

Chemiluminescence f

ECL Su bslrate *

E='e

b

Phos-tag

Y o
Phos-tag Biotin _ _K\M@ O*"Phos-tag
\N ' O
N\- \,D Streptavidin
TN
r€ -
Iy L o} Phos-tag

OH

¢> Blotting Membra_ne

Non-phosphoprotein

Phosphoprotein

Figure 1: (a) Structure of biotin-pendant Phos-tag ligand (BTL-104) and
scheme for reversible capture of a phosphomonoester dianion (R-OPO,*) by
the Zn(Il) complex of Phos-tag Biotin. (b) Schematic representation of ECL
detection of phosphoproteins on a protein-blotting membrane by using Phos-
tag Biotin. The membrane was probed by using the complex of Phos-tag Biotin
with HRP-SA, and then the Phos-tag-bound phosphoproteins were detected
by an ECL system.

In 2004, we reported that a binuclear zinc(II) complex of
1,3-bis[bis(pyridin-2-ylmethyl)amino]propan-2-olate can act as a novel
phosphate-capture molecule [13]. The dizinc(II) complex forms a stable
1:1 complex with a phosphomonoester dianion in aqueous solution.
The X-ray crystal structure of the 1:1 binuclear zinc(II) complex of the
p-nitrophenyl phosphate dianion showed that each phosphate oxygen
anion binds to a zinc(II) atom at the fifth coordination site, and that
the two zinc(II) ions are separated by a distance of 3.6 A. Therefore,
binuclear zinc(II) complexes with a vacancy on each of the two
zinc(II) ions are suitable for binding to phosphomonoester dianions
as bridging ligands. In aqueous solution of neutral pH, the binuclear
zinc(II) complex binds strongly to the phenyl phosphate dianion
(K;=2.5 x 107 M). The anion-selectivity indexes of phenyl phosphate
dianion against sulfate, acetate, chloride, and diphenyl phosphate
monoanions in aqueous solution of pH 7 at 25°C are 5.2x10° 1.6x10*,
8.0x10°, and>2x10°, respectively. In addition, the formation of a 1:1
adduct of the binuclear zinc(IT) complex with an inorganic phosphate
dianion [HOP(O)(O"),] was clearly detected by means of matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (MS) from the characteristic mass shift and the change
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in total charge on the phosphate (from -2 to +1) as a result of binding
between the dizinc(II) complex and HOP(O)(0O"), [37]. These findings
led to the development of a simple, rapid, and sensitive procedure for
analysis of phosphorylated compounds, such as phospholipids, by
MALDI-TOF MS with the dizinc(II) complex as an MS probe [38-40].
As a result, we named the binuclear zinc(II) complex ‘Phos-tag’ as an
abbreviation of ‘phosphate-binding tag molecule’.

Phos-tag Biotin as a Novel Phosphate-Affinity Probe

In 2006, we reported the use of the dizinc(II) complex of Phos-tag
Biotin (BTL-104) as a novel phosphate-affinity probe for the analysis
of phosphoproteins on a protein-blotting membrane (Figure 1) [19].
Western blotting is a widely accepted technique for the detection of
proteins on a protein-blotting membrane after separation by means of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. For this
reason, we tested the use of Phos-tag Biotin in this analytical technique
and we found that the 4:1 complex of Phos-tag Biotin with horseradish
peroxidase-conjugated streptavidin (HRP-SA) can be used as a
probing reagent for Enhanced Chemiluminescence (ECL) in detection
of phosphoproteins on blotting membranes (Figure 1b). By utilizing
this principle, we developed a phosphate-affinity probing procedure
for use in Western blotting.

Figure 2a shows results of a typical analysis of an array of
four standard non-phosphorylated proteins together with four
phosphoproteins and their dephosphorylated derivatives on a
polyvinylidene difluoride (PVDF) membrane. The four standard
phosphoproteins spotted on the PVDF membrane were detected by
using the ECL system in conjunction with the BTL-104-bound HRP-
SA complex, whereas no ECL signal was detected from the spots of
the corresponding dephosphorylated proteins or from the standard
non-phosphorylated proteins. Furthermore, when Phos-tag Biotin
lacking zinc ions (biotin-pendant Phos-tag ligand; Figure 1a) was used,
no ECL signal was detected from the spots for the phosphoproteins
(data not shown). Therefore, the phosphate-affinity ECL signals were
produced by the probing reagent through the interaction between the
zinc(IT) ions and phosphomonoester dianion. This demonstrated that
the use of Phos-tag Biotin in this technique permits selective detection
of phosphoproteins on a protein-blotting membrane. In addition, the
probing procedure does not require any blocking treatment of the
blotting membrane, which is advantageous in terms of saving time
in Western blotting analyses. We extended the phosphate-affinity
detection to an analysis of the phosphorylation status of A431 human
epidermoid carcinoma cells before and after stimulation with EGF
(Figure 2b). Two-dimensional electrophoresis followed by Western
blotting using Phos-tag Biotin showed that the ECL signal intensities
and numbers of protein spots in the sample after EGF stimulation
(lower panel) increased markedly in comparison with those in the
non-stimulated sample (upper panel). The Phos-tag-based technique
is therefore useful for evaluating the phosphorylation status of serine,
threonine, and tyrosine residues in whole proteins from complex
biological samples, such as cell lysates. Furthermore, the technique can
improve the chances of identifying new phosphoproteins.

Our next aim was to develop more advanced applications
that would permit the specific recognition of phosphopeptides
and phosphoproteins by using several newly synthesized Phos-
tag derivatives, including a bisbiotinylated Phos-tag (BTL-108), a
tetrakisbiotinylated Phos-tag (BTL-109), and a monobiotinylated
Phos-tag with a dodeca(ethylene glycol) spacer (BTL-111), as well as
the existing derivative Phos-tag Biotin BTL-104 [28]. Among these
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Figure 2: ECL detection of phosphoproteins on protein-blotting membranes by
using the complex of Phos-tag Biotin (BTL-104) with HRP—SA. (a) Dot-blotting
analysis of four non-phosphorylated proteins (bovine serum albumin, human
serum albumin, carbonic anhydrase, and -galactosidase), four phosphorylated
proteins (a-casein, B-casein, ovalbumin, and pepsin), and the corresponding
proteins dephosphorylated by treatment with alkaline phosphatase (AP-
treated). (b) Electroblotting analysis after two-dimensional electrophoresis of
A431 cell lysates before (-, upper panel) and after EGF stimulation (+, lower
panel). All ECL images were obtained by using the complex of Phos-tag Biotin
(BTL-104) with HRP-SA, an ECL Advance Kit (as an ECL substrate reagent,
GE Healthcare Bio-Sciences, Piscataway, NJ, USA), and an LAS 3000 image
analyzer (Fujifilm, Tokyo, Japan). [Reprinted with permission from Ref. 19
©(2006) The American Society for Biochemistry and Molecular Biology].

derivatives, Phos-tag Biotin BTL-111 complexed with HRP-SA
showed the best performance among the ECL systems in Western
blotting (Figure 3a). To evaluate whether the BTL-111 derivative might
be similarly useful in other applications, we examined its application in
the analysis of a phosphoprotein by using quartz-crystal microbalance
(QCM), and we compared the sensitivity of detection achievable by
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this technique with those achievable by the corresponding technique
using the BTL-104 derivative. We prepared a QCM sensor chip coated
with immobilized NeutrAvidin and we converted this into a novel
phosphate-affinity chip by binding the Phos-tag derivative to the
NeutrAvidin fixed on the surface of the electrode. Figure 3b shows
typical comparative data obtained by using the BTL-111 and BTL-104
chips in analyses of B-casein, a standard phosphoprotein. As in the
Western blotting analysis, BTL-111 permitted more sensitive detection
of the phosphoprotein than did BTL-104. QCM measurements using
the chip with the immobilized BTL-111 also showed a significant
advantage in terms of higher sensitivity. These results confirmed that
the length of the spacer between the Phos-tag and the biotin moieties
affects access to phosphorylated targets, and that a long hydrophilic
spacer is effective in analytical applications (Figure 3c). The both
derivatives of BTL-111 and BTL-104 are commercially available from
Wako Pure Chemical Industries, Ltd., Osaka, Japan (http://www.wako-
chem.co.jp/english/labchem/product/life/Phos-tag/Biotin.htm).

Peptide Microarrays

As discussed above, proteins kinases are widely recognized as
valuable targets for disease diagnosis and drug discovery. We therefore
attempted to utilize the advantages of BTL-111 in a high-throughput
assay for monitoring the activities of intracellular protein kinases by
using the commercially available peptide microarray CelluSpots. Each
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Figure 3: Development of a novel phosphate-affinity probe. (a) Western
blotting analysis of B-casein (200-0.1 ng) and dephosphorylated -casein (200
ng, rightmost lane) by using complexes of various Phos-tag Biotin derivatives
and HRR-SA. All the ECL images were obtained by using Lumigen TMA-6
(as an ECL substrate reagent, Lumigen, Southfield, MI, USA) and the LAS
3000 image analyzer. (b) QCM measurements of binding of B-casein to the
surface of phosphate-affinity sensor chips coated with BTL-111 or BTL-104
by using an Affinix QNp (Initium, Tokyo, Japan). (c) Superimposed images
of the complex of four biotin moieties, the tetrameric protein streptavidin, and
the newly synthesized derivative BTL-111. For reference, the structure of the
derivative BTL-104 is also shown. The introduction of the long hydrophilic
spacer [dodeca(ethylene glycol)] increases the flexibility of the phosphate-
binding moiety of Phos-tag, resulting in a greater sensitivity in the detection of
phosphoproteins and phosphopeptides. [Reprinted with permission from Ref.
28 ©(2012) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim].

CelluSpots array consists of 384 peptide spots printed in duplicate on a
glass slide (76x26 mm); these peptide spots including four control spots
consisting of two types of phosphopeptide, one with a phosphorylated
serine/threonine residue (spot #M22) and one with a phosphorylated
tyrosine residue (spot #02). The phosphopeptides were detected
by using the same ECL system that we used in the Western blotting
analysis described above. First, we probed the peptide microarray
before the kinase reaction by using HRP-SA alone (without Phos-tag
Biotin); this resulted in the detection of many false-positive ECL signals
(left-hand panel of Figure 4a). Because the CelluSpots are microarrays
of cellulose-conjugated peptides spotted on a planar surface of the glass
slide to permit formation of a three-dimensional layer, it is likely that
non-specific interactions between the cellulose and HRP-SA were
responsible for the false-positive signals. To eliminate this problem,
we incorporated a blocking treatment with a solution containing 10
mM Tris-HCI (pH 7.5), 0.10 M NaCl, 0.10% (v/v) Tween 20, and 10%
(w/v) bovine serum albumin (BSA). We then compared the potency of
BTL-111 and BTL-104 with respect to their specific detection of control
phosphopeptides on the array. The comparative results showed that
BTL-111 permitted specific ECL detection of the controls (spots #M22
and #02 in center panel of Figure 4a), whereas BTL-104 did not do so
(right-hand panel of Figure 4a). The results of probing with the BTL-
104-bound HRP-SA complex showed that the presence of the blocking
protein (BSA) on the array surface interfered with access to the target
by the phosphate-binding moiety of BTL-104. We therefore confirmed
that the presence of the long spacer in BTL-111 is crucial for capturing
phosphorylated targets without steric hindrance in this microarray
application (Figure 3c¢).

Next, we examined the profiling of tyrosine kinase activities
involved in the EGF-signaling pathway of A431 cells as a typical example
of the application of the technique (Figure 4b). Samples of cell lysate
before and after stimulation with EGF were individually subjected to
the kinase reaction on tyrosine kinase substrate arrays (YKS-I, Intavis
Bioanalytical Instruments AG). Two different images corresponding
to EGF-stimulated and non-stimulated lysates were obtained from the
ECL system with BTL-111, and these were subsequently superimposed
(right-hand panel). The ECL signals from the control spots #M22 and
#02 were used to normalize the two ECL images. The images obtained
by detection using the lysates before and after EGF stimulation are
represented by green and magenta colors, respectively. When these two
images were superimposed, overlapping spots appeared white in the
resulting image. In agreement with the results of many other studies
on EGF signaling, we confirmed the presence of significant increases in
kinase activities of Fyn, Src, and Syk by using the peptide microarray
system with BTL-111. High-throughput kinase inhibition profiling is
also possible. We examined the influence of a kinase-specific inhibitor,
Srckinase inhibitor I, on activities of tyrosine kinases in EGF-stimulated
A431 cells. The images obtained by detection using the lysates treated
with or without Src kinase inhibitor I are represented by green and
magenta colors, respectively (Figure 4c). Green and magenta colors
indicate increases and decreases in kinase activities after treatment
with the inhibitor, respectively. These results suggest that the peptide
microarray system using Phos-tag Biotin is likely to be useful for high-
throughput screening of intracellular protein kinase activities and that
it has potential applications in disease diagnosis and drug discovery.

Antibody Microarrays

The antibody microarray, a specific form of the protein microarray,
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Figure 4: High-throughput profiling of intracellular protein kinase activities by using a peptide microarray system. (a) Comparative data obtained by probing with
HRP-SA only (left), with the complex of BTL-111 and HRP-SA (center), or with the complex of BTL-104 and HRP-SA (right). The locations of control spots of
phosphopeptides (spots #M22 and #02) are shown in the center panel. (b) Profiling of Tyr kinase activities involved in the EGF-signaling pathway of A431 cells. The
images of detections using the lysates before (control, —) and after (+) EGF stimulation are shown in the left and center panels, respectively. These two images were
superimposed (right panel). (c) Profiling of Tyr kinase activities involved in the treatment of EGF-stimulated A431 cells with Src kinase inhibitor |. The images from lysate
samples before (control, —) and after (+) treatment with the inhibitor are shown in the left and center panels, respectively. These two images were superimposed (right
panel). All the ECL images were obtained by using the Lumigen TMA-6 and LAS 3000 image analyzer. [Reprinted with permission from Ref. 28 ©(2012) Wiley-VCH

is potentially of considerable value in a wide variety of biological
studies ranging from basic research to clinical proteomic studies [41].
A collection of capture antibodies is spotted as an array on a solid
surface to permit the detection of multiple antigens. This technique
is often used for detecting protein expression in cell or tissue samples
in basic research or for detecting particular biomarkers from serum
or urine in diagnostic applications. By the use of a cocktail of several
site-specific anti-phosphoprotein antibodies, this technique can also
be applied in phosphoproteomics as a tool for determining the sites
of phosphorylation of several proteins [42]. We recently demonstrated
an antibody microarray-based procedure for performing a sandwich
assay that uses Phos-tag Biotin BTL-111 in conjunction with the
same ECL system described above [29]. In the procedure, we used the
commercially available antibody microarray Proteome Profiler (R&D
Systems, Minneapolis, MN, USA). This microarray consists of 52
individual capture antibodies spotted in duplicate on a nitrocellulose
membrane; each capture antibody is a phosphorylation-independent
antibody. Because many false-positive ECL signals were detected
by probing with HRP-SA alone (left-hand panel of Figure 5a), a
blocking treatment was required in the probing procedure, as in the
case of the peptide microarray system described above. The blocking
treatment significantly improved the results, and almost no false-
positive ECL signals were detected other than the reference spots at
three corners (right-hand panel of Figure 5a). We then examined the
phosphoproteins present in two lysate samples of Raw 264.7 cells. The
first sample was treated with lipopolysaccharide (LPS) and phorbol
12-myristate 13-acetate (PMA), whereas the second sample was left
untreated (Figure 5b). In agreement with the results of many other
studies on LPS/PMA signaling, we confirmed the presence of significant
increases in levels of phosphorylation of several proteins, including
Akt2, HSP27, and p38p by using the antibody microarray system with

BTL-111 (Figure 5¢). The antibody microarray system using Phos-
tag Biotin BTL-111 therefore permits simultaneous detection of the
phosphorylation status of multiple proteins in a lysate sample.

Tissue Microarrays

The tissue microarray technique provides a massive acceleration
of studies that attempt to correlate molecular in situ findings with
pathological information [43]. In the proteomic analysis, ‘Human
Protein Atlas’ using the antibody-based tissue microarray technique
has been proposed as a powerful tool for pathology-based biomedical
research, including protein science and biomarker discovery [44]. By
using the Phos-tag-based affinity probe, similarly, this microarray
technique would permit molecular profiling of phosphorylation
events across a large number of arrays of tissues in various disease
states or in response to various agents. Figure 6 shows the results of
phosphorylation profiling of tissue array samples (Evaluation slide,
SuperBioChips Laboratories, Seoul, Korea) probed with the complex
of Phos-tag Biotin and HRP-SA (unpublished data). We used
diaminobenzidine (DAB, biphenyl-3,3’,4,4 -tetramine) as a detection
substrate. Although more detailed researches are necessary and more
development work is required, the Phos-tag-based probing procedure
with tissue microarrays is expected to provide ‘Human Phosphorylation
Atlas’ as a tool in the field of medicine.

Other Array Formats

In this section, we describe applications of Phos-tag Biotin in two
other array formats for the detection of phosphorylation of peptides
and proteins. The first application is based on a peptide array technique
with a surface plasmon resonance (SPR) imaging system, and it permits
ahighly sensitive and quantitative detection of on-chip phosphorylation
of peptide multiplexes for profiling of protein kinase activities. The
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Figure 5: Phosphorylation profiling of intracellular proteins by using an antibody
microarray system. (a) Comparative data obtained by probing with HRP-SA
only before (left, —) and after (right, +) adding a blocking treatment. (b) Profiling
of multiplex protein phosphorylation involved in the LPS/PMA-signaling
pathway of Raw 264.7 cells. Images from lysates before (control, —) and after
(+) LPS/PMA treatment are shown in the left-hand and right-hand panels,
respectively. (c) Densitometric data from the images shown in b. The reported
values of signal intensity are means in duplicate. Proteins having more signal
intensities with values in excess of 20,000 and which also increased by more
than a factor of two after LPS/PMA treatment are shown. All the ECL images
were obtained by using the Lumigen TMA-6 and LAS 3000 image analyzer, and
the densitometric analysis was performed by using the Multi Gauge software
attached to the analyzer. [Reprinted with permission from Ref. 29 © (2013)
Elsevier Inc.].

second application is based on the Bio-Plex suspension array technique
with a flow-based microplate fluorescence reader system. By using this
technique, we demonstrated profiling of phosphorylation of a target
protein in an intracellular signal transduction.

We previously developed a procedure for on-chip detection
of the phosphorylation status of peptide arrays by using an SPR
imaging system in conjunction with Phos-tag Biotin [24]. SPR, which
relies on detecting changes in the refractive index on a gold surface,
is insufficiently sensitive to permit on-chip detection of increases in
molecular weight resulting from phosphorylation alone. Therefore,
for SPR assays it is essential to use detection reagents that bind
specifically to phosphate groups. Conventionally, anti-phosphoprotein
antibodies have been used in the SPR imaging systems. Antibodies,
whose epitopes are phosphorylated on serine, threonine, or tyrosine
residues, are commercially available and can be used in conjunction
with SPR to detect phosphorylation. However, multiple antibodies are
required for a peptide array on which a number of kinase substrates
are immobilized. Therefore, Phos-tag Biotin, whose binding potency
is almost independent on the nature of the amino acid residue, is
very useful in the array format for SPR. The array is subjected to an
on-chip kinase reaction and then exposed to a solution containing
Phos-tag Biotin. The interactions between Phos-tag Biotin and SA are
subsequently analyzed by SPR imaging. Furthermore, the SPR signals
from SA can be enhanced by using an anti-SA antibody, because the

anti-SA antibody is sufficiently large to affect the refractive index
near the gold surface. Several later reports have confirmed the utility
of the SPR imaging system using Phos-tag Biotin in determining the
phosphorylation status of a wide range of peptides [45-47].

The Bio-Plex suspension array technique has been used in
cell-signaling studies for the quantitative detection of levels of
phosphorylation of protein multiplexes [48]. We recently developed a
procedure for performing sandwich assays in the Bio-Plex array format
(96-well plate format; Bio-Rad Laboratories, Hercules, CA, USA)
in conjunction with Phos-tag Biotin [29]. Phos-tag Biotin was used
instead of a biotinylated detection antibody specific for phosphorylated
sites on the target protein. A complex between Phos-tag Biotin and
phycoerythrin-conjugated SA was prepared to permit detection of
the Bio-Plex phosphoproteins. Samples of the lysate from A431 cells
before and after EGF stimulation were individually tested with the
Bio-Plex suspension array and analyzed by using internally dyed
beads coupled with capture antibodies against extracellular-signal-
regulating kinases 1 and 2 and the EGF receptor. The procedure using
Phos-tag Biotin permitted quantitative detection of time-dependent
changes in the phosphorylation levels of the target proteins in the EGF-
signaling pathway. Our established procedure offers several significant
advantages, including simultaneous detection of phosphorylation of
protein multiplexes in a lysate sample, quantitative detection of the
total level of phosphorylation in a target protein, and the acquisition
of additional information on protein phosphorylation by combining
the results from our Phos-tag-based technique with those obtained
by the use of site-specific anti-phosphoprotein antibodies. We believe
that these advantages might be helpful in resolving the nature of
intracellular signaling networks.

Future Prospects

24 samples
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Figure 6: Phosphorylation profiling of tissue array samples probed by using
the complex of Phos-tag Biotin with HRP—SA. The visualization as a brown

color indicates the existence of phosphorylated biomolecules in the tissue array
samples.
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The utility and potential of Phos-tag-based microarray techniques
are demonstrated by the exploratory data reviewed above. Peptide
microarrays hold great potential for performing initial screenings in
intracellular kinome analyses. Antibody microarrays have been shown
to be useful in targeted phosphoproteomics and they do not require any
of the sample pretreatment operations such as protein fractionation
or phosphoprotein/peptide enrichment that are needed in MS-
based approaches. The use of tissue microarrays might be a practical
strategy in the field of medicine for deriving an atlas of the dynamic
phosphorylation in various stages of disease or in various phases of
clinical trials of a drug. Because the binding of Phos-tag Biotin is barely
affected by the nature of the phosphorylated amino acid residue, it is
very useful as a phosphate-affinity probe in array-type assays for the
detection of the entire level of phosphorylation throughout a given
system.

Two major approaches have been widely used for monitoring the
phosphorylation status of peptides or proteins in arrays. One approach
involves autoradiography on microarrays with radioactive compounds
of [y-***P]-labeled adenosine triphosphate (ATP) or [***°P]-labeled
orthophosphate. This metabolic radiolabeling approach has been
used successfully in many laboratories to analyze phosphopeptides or
phosphoproteins. However, the approach is limited to specimens that
are amenable to labeling, and it entails problems of safety and of waste
disposal. The other approach involves immunoassays with antibodies
against phosphorylated amino acids. Unfortunately, the lack of
specificity of some antibodies can be problematic in some cases. Anti-
phosphotyrosine monoclonal antibodies are widely used because they
react selectively with a variety of proteins containing phosphorylated
tyrosine residues. In contrast, antibodies against phosphoserine or
phosphothreonine residues are less popular because of their lower
affinities and specificities. To achieve precise characterization of a
phosphorylation event, it is desirable to raise a high-quality antibody
against a phosphorylated residue; however, raising this type of antibody
is costly, time consuming, and frequently unsuccessful. A more global
and quantitative estimation of protein phosphorylation might be
achieved using the newer phosphospecific Pro-Q Diamond fluorostain
[49]. However, it would be a challenge to implement this staining
technique to detect a specific phosphorylation event in an array format.
Although fluorescence-based probing procedures offer considerable
advantages in accurate quantitative measurements, the non-specific
adsorption of fluorochromes, which typically contain several combined
aromatic groups, or plane or cyclic moieties with several m bonds, onto
the microarray surface can often cause background noise. To overcome
this difficulty, blocking materials such as hydrophilic proteins [50,51]
or cell membrane-mimicking polymers [52] have been adapted for use
with array formats as surface matrices, and improvements of the signal-
to-noise ratio in the phosphorylation detection have been achieved for
the case in which a complex of Phos-tag Biotin with fluorochrome-
conjugated SA is used. Therefore, progress in microarray techniques to
permit more accurate quantitative measurements of phosphorylation
events continues as part of the development of the next generation of
techniques for phosphoproteomics.

Conclusions

The phosphorylation status of a particular protein is determined
by the equilibrium between the opposing activities of protein kinases
and phosphatases. Perturbations in this equilibrium can have
fundamental effects on many cellular events and are involved in
many human diseases. Therefore, the development of more specific

and more efficient methods for detecting phosphorylation of proteins
has attracted great interest in relation to phosphoproteomic studies
in various biological and medical fields. We believe that considerable
progress in phosphoproteomics could be achieved by combining our
Phos-tag technology with various existing methodologies, including
microarray techniques.
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