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SUMMARY
Herein, we describe three applications of label-free kinase profiling using a novel type of
phosphate-affinity polyacrylamide gel electrophoresis. The phosphate-affinity site is a
polyacrylamide-bound dinuclear Mn** complex which enables the mobility shift detection
of phosphorylated proteins from their nonphosphorylated counterpart. The first
application is in vitro kinase activity profiling for the analysis of varied phosphoprotein
isotypes in phosphorylation status. The activity profiles of six kinds of kinases, glycogen
synthase kinase-3p, cyclin-dependent kinase 5/p35, protein kinase A, mitogen-activated
protein kinase, casein kinase Il, and calmodulin-dependent protein kinase Il, were
determined using a substrate protein, Tau, which has a number of phosphorylation sites.
Each kinase demonstrated characteristic multiple electrophoresis migration bands
up-shifted from the nonphosphorylated Tau due to differences in the phosphorylation
sites and stoichiometry. The second application is in vivo kinase activity profiling for the
analysis of protein phosphorylation involved in intracellular signal transduction. The
time-course changes in the epidermal growth-factor-induced phosphorylation levels of
Shc and MAPK in A431 cells were visualized as highly up-shifted migration bands by
subsequent immunoblotting with anti-Shc and anti-MAPK antibodies. The third
application is in vitro kinase inhibition profiling for the quantitative screening of
kinase-specific inhibitors. The inhibition profile of a tyrosine kinase, Abl (a
histidine-tagged recombinant mouse Abl kinase), was determined using the substrate
Abltide-GST (a fusion protein consisting of a specific substrate peptide for Abl and
glutathione S-transferase) and the approved drug Glivec (an ATP competitor). In the
kinase assay, the slower migration band, monophosphorylated Abltide-GST, increased
time-dependently, whereas the faster migration band, nonphosphorylated Abltide-GST,
decreased. The dose-dependent inhibition of Glivec was determined by a change in the
ratio of the faster and slower migration bands, which showed an IC4, value of 1.6 yM in

the presence of 0.10 mM ATP.



INTRODUCTION

Protein phosphorylation is essential for the regulatory events of biological
processes, such as signal transduction, apoptosis, proliferation, differentiation, and
metabolism, in all living cells (1, 2). It occurs on several amino acid residues, including
histidine, aspartic acid, glutamic acid, lysine, arginine, and cystein, on which it is very
labile and difficult to detect, while more stable and well-studied phosphorylation takes
place on the three specific residues, serine, threonine, and tyrosine (3). The balance of
the kinase and phosphatase reactions controls the phosphorylation status of a certain
protein. Perturbation of the balance triggers severe pathologies, such as cancer and
inflammation. Many of the genetic changes that play a causal role in the cancer
phenotype involve mutations of protein kinases and phosphatases (4). There has been
considerable progress in the development of selective inhibitors for the protein kinase
and phosphatase involved in disease (5). Some of these inhibitors have been recently
approved for use in humans for the treatment of cancer. Furthermore, the activities of
several protein kinases are dysregulated, leading to a hyperphosphorylation state of the
microtubule-associated protein Tau, which is a classical hallmark of Alzheimer’s disease,
a neurodegenerative disorder (6, 7). The phosphorylation site and stoichiometry of the
Tau protein are correlated with the pathological characteristics of the disease.

Methods for the determination of the phosphorylation status of a protein are thus
very important with respect to the evaluation of the basis for understanding the molecular
origins of diseases and for drug design. A conventionally used method for defining a
particular phosphorylation event is the incorporation of a radioactive label, i.e., a **P or
®P isotope, in a phosphorylated protein, which is followed by polyacrylamide gel
electrophoresis (PAGE) and autoradiography. The phosphorylation state of the target
protein is detected and quantified as radioactivity. A newer, non-radioactive method
using poly- and monoclonal antibodies has been well established for the detection of
site-specific phosphorylation. The anti-phosphoprotein antibody can be used in many

analytical procedures, such as the enzyme-linked immunosorbent assay, Western



blotting, immunocytochemistry, and immunoprecipitation. Recently, a few
high-throughput methods for defining a number of phosphorylation events were
developed using a peptide chip followed by mass spectrometry (MS) (8) and surface
plasmon resonance imaging (9). Chemical labeling of the phosphate group has also
been used for phosphospecific site mapping in peptide mass fingerprinting and
subsequent MS analysis (10—13).

Recently, we reported that a  dinuclear metal complex  of
1,3-bis[bis(pyridin-2-ylmethyl)amino]propan-2-olate acts as a phosphate-binding tag
molecule, Phos-tag’, in an aqueous solution (14-18). The Phos-tag molecule has a
vacancy on two metal ions that is suitable for accessing a phosphomonoester dianion
(R-OPO,*) as a bridging ligand. A manganese(ll) homologue (Mn*-Phos-tag) can
capture R-OPO,* anions, such as phosphoserine and phosphotyrosine, at alkaline pH
(ca. 9) (See the structure of R-OPO,*—bound Mn*—Phos-tag in Supplemental Fig. S1.).
This finding has contributed to the development of phosphate-affinity electrophoresis for
the mobility-shift detection of phosphoproteins from their nonphosphorylated
counterparts (17). We utilized an acrylamide-pendant Mn**—Phos-tag as a novel additive,
i.e., a copolymer of the separating gel in SDS-PAGE. The Mn**—Phos-tag SDS-PAGE
offers the following significant advantages: i) Radioactive and chemical labels are
avoided. i) The time-course quantitative ratio of the phosphorylated and
nonphosphorylated proteins can be determined. iii) The phosphate-binding specificity is
independent of the amino acid sequence context. iv) A downstream procedure, such as
Western blotting analysis, is applicable. v) The procedure is almost identical to that of the
general SDS-PAGE system.

Herein, we describe three novel applications of Mn**—Phos-tag SDS-PAGE. The first
is in vitro kinase activity profiling for the analysis of the phosphoprotein isotypes derived
from various kinase reactions. The activity profiles of six kinds of kinases, glycogen
synthase kinase-3p (GSK-3p), cyclin-dependent kinase 5 (cdk5)/p35, protein kinase A
(PKA), mitogen-activated protein kinase (MAPK), casein kinase Il (CKIll), and



calmodulin-dependent protein kinase Il (CaMKIl), were determined using the substrate
Tau protein. The second application is in vivo kinase activity profiling for the analysis of
extracellular signal-dependent protein phosphorylation. The time-dependent alterations
of epidermal growth factor (EGF)-induced phosphorylation levels of Shc and MAPK1/2
were demonstrated using the lysate of A431 human epidermoid carcinoma cells. The
third application is in vitro kinase inhibition profiling for the quantitative analysis of a
kinase-specific inhibitor. The inhibitory profile of a tyrosine kinase, Abl (a histidine-tagged
recombinant mouse Abl kinase), was demonstrated using a substrate Abltide-GST (a
fusion protein consisting of a specific substrate peptide for Abl and glutathione
S-transferase) and the approved drug Glivec, a 2-phenylaminopyrimidine derivative

STI-571, used for the treatment of chronic myeloid leukemia (19-22).



EXPERIMENTAL PROCEDURES

Materials — The acrylamide-pendant Phos-tag ligand was obtained from the
Phos-tag consortium  (http://www.phos-tag.com, Japan). The histidine-tagged
recombinant human Tau isoform consisting of 441 amino acid residues, histidine-tagged
recombinant human glycogen synthase kinase-3p (GSK-3p), recombinant mouse protein
kinase A catalytic subunit (PKA), PKA-specific competitive peptide inhibitor (PKI 14-22
amide), recombinant human histone H1.2, phosphorylated site-specific pS'*® and pS*'
Tau antibodies, sodium deoxycholate, and Na,VO, were purchased from Calbiochem
(La Jolla, CA). The recombinant human cyclin-dependent kinase 5 (cdk5)/p35,
recombinant mouse mitogen-activated protein kinase 2 (MAPK), recombinant human
casein kinase Il (CKIl), rat forebrain calcium/calmodulin-dependent protein kinase Il
(CaMKIl), recombinant bovine calmodulin, histidine-tagged recombinant mouse Abl,
recombinant Abltide-GST, anti-Shc antibody, and anti-MAPK1/2 antibody were
purchased from Upstate Biotechnology (Lake Placid, NY). The phosphorylated
site-specific pT?'?, pT?!, pS**, and pS*** Tau antibodies were purchased from BioSource
(Camarillo, CA). The phosphorylated site-specific pY?**?*° and pY®'” Shc antibodies and
the pT*?/Y** MAPK1/2 antibody were purchased from Cell Signaling Technology
(Danvers, MA). Bovine intestinal mucosa alkaline phosphatase, NaCl, and EGF were
purchased from Sigma-Aldrich (St. Louis, MO). The ECL Advance Western blotting
detection kit, horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibody,
[y-**P]-ATP, hyper-film g-max, and a liquid scintillator (ACSII) were purchased from GE
Healthcare Bio-Sciences (Piscataway, NJ). The developing fluid (RENDOL) and fixing
fluid (RENFIX) were purchased from Fuijifilm (Tokyo, Japan). A polyvinylidene difluoride
(PVDF) membrane (Fluorotrans W) was purchased from Nihon Pall (Tokyo, Japan). The
3MM paper was purchased from Whatman Japan (Tokyo, Japan). The SYPRO Ruby
protein gel stain, RPMI1640 cell culture medium, fetal bovine serum (FBS), penicillin,
and streptomycin were purchased from Invitrogen (Carlsbad, CA). The Sharpline

low-range markers for protein molecular weight and Can Get Signal Immunoreaction



Enhancer Solution were purchased from Toyobo (Osaka, Japan). Silver gel stain
(Sil-Best Stain for protein/PAGE), leupeptin, aprotinin, pepstatin, NaF, nonidet P-40
(NP-40), and phenylmethansulfonyl fluoride (PMSF) were purchased from Nacalai
Tesque (Kyoto, Japan). A protein assay kit was purchased from Bio-Rad Laboratories
(Hercules, CA). Glivec was supplied by Novartis (Basel, Switzerland). All reagents and
solvents were of the highest commercial quality and were used without further
purification.

Cell Culture, EGF-stimulation, and Preparation of the Cell Lysate — The A431
human epidermoid carcinoma cell line was supplied by the Cell Resource Center for
Biomedical Research, Institute of Development, Aging, and Cancer at Tohoku University
(Japan). The cells were grown in an RPMI1640 medium containing 10% (v/v) FBS, 100
units/mL penicillin, and 100 ug/mL streptomycin under a humidified atmosphere of 5%
CO, and 95% air at 37 °C. The cells (10°) were placed into the same medium in a 30-mm
culture plate. After the cells were allowed to adhere to the plate (9 h), the medium was
removed, and a serum-free medium was added. After incubating for 16 h, the cells were
stimulated with 250 ng/mL of EGF for O (no treatment with EGF), 2, 5, 10, 30, 60, 120,
and 240 min. To terminate the stimulation, the medium was removed, and the remaining
cells were rinsed with Tris-buffered saline (20 mM Tris-HCI (pH 7.6) and 138 mM NaCl)
at room temperature. After the saline was removed, the culture plate was placed on ice.
The cells were exposed to 50 yL of a cold RIPA buffer consisting of 50 mM Tris-HCI (pH
7.4), 0.15 M NaCl, 0.25% (w/v) sodium deoxycholate, 1.0% (v/v) NP-40, 1.0 mM EDTA,
1.0 mM PMSF, 1 ug/mL aprotinin, 1 yg/mL leupeptin, 1 ug/mL pepstatin, 1.0 mM Na,VvVO,,
and 1.0 mM NaF. The plate was gently rocked for 15 min on ice, and the adherent cells
were then removed from the plate with a cell scraper. The resultant suspension was
transferred to a microcentrifuge tube. The plate was washed with 50 pL of an RIPA buffer,
and the washing solution was combined with the first suspension in a microcentrifuge
tube. The mixed sample was incubated for 60 min on ice and centrifuged at 13,000 x g

for 10 min at 4 °C. The supernatant fluid was used as the cell lysate. The concentration



of the solubilized cellular proteins was adjusted to 2.0 mg/mL with an appropriate amount
of an RIPA buffer. The quantification of protein was performed according to Bradford’s
method (23) with a Bio-rad protein assay kit. Each sample was mixed with a half-volume
of SDS-PAGE loading buffer (195 mM Tris-HCI (pH 6.8), 3.0% (w/v) SDS, 15% (v/v)
2-mercaptoethanol, 30% (v/v) glycerol, and 0.10% (w/v) bromophenol blue) and was
heated at 95 °C for 5 min before SDS-PAGE analysis.

SDS-PAGE - Polyacrylamide gel electrophoresis was conducted according to
Laemmli's method (24) and was usually performed at 30 mA/gel and room temperature
in a 1-mm-thick, 9-cm-wide, 9-cm-long gel on a PAGE apparatus (model AE6500; Atto,
Tokyo, Japan). The gel consists of 1.8 mL of a stacking gel (4.0% (w/v) polyacrylamide,
125 mM Tris-HCI (pH 6.8), and 0.10% (w/v) SDS) and 6.3 mL of a separating gel (7.5 —
12.5% (w/v) polyacrylamide, 375 mM Tris-HCI (pH 8.8), and 0.10% (w/v) SDS). For
Mn?—Phos-tag SDS-PAGE, an acrylamide-pendant Phos-tag ligand (25 — 100 yM) and 2
equivalents of MnCl, were added to the separating gel before polymerization. An
acrylamide stock solution was prepared as a mixture of acrylamide to
N,N-methylenebisacrylamide at a 29:1 ratio. The electrophoresis running buffer (pH 8.4)
was 25 mM Tris and 192 mM glycine containing 0.10% (w/v) SDS.

Quantification of Proteins in a Polyacrylamide Gel — Silver staining was conducted
using Sil-Best stain for protein/PAGE according to the manufacturer's instructions. For
autoradiography, the gel was dried in vacuum and exposed to an X-ray film at —80 °C for
48 h. For SYPRO Ruby staining (25), the gel was fixed in an aqueous solution containing
10% (v/v) MeOH and 7.0% (v/v) acetic acid for 30 min. The fixed gel was stained in a
solution of SYPRO Ruby protein gel stain for 2 h and then washed in 10% (v/v) MeOH
and 7.0% (v/v) acetic acid for 2 h. SYPRO Ruby dye-bound proteins were detected as
575-nm emission signals on 473-nm excitation using an FLA 5000 laser scanner
(Fujifilm). The gel images obtained by silver staining, autoradiography, and SYPRO
Ruby staining were analyzed using Multi Gauge software (Fuijifilm).

Western Blotting Analysis — After Mn**~Phos-tag SDS-PAGE, the gel was soaked in



a solution containing 25 mM Tris, 192 mM glycine, 10% (v/v) MeOH, and 1.0 mM EDTA
for 10 min and then soaked in a solution containing 25 mM Tris, 192 mM glycine, and
10% (v/v) MeOH for 30 min. The gel was electroblotted to a PVDF membrane for 16 h
using a blotting system (Nippon Eido Model NA-1511C, Tokyo, Japan) at 4.0 V/cm. The
blotting membrane was soaked in an aqueous solution containing 10 mM Tris-HCI (pH
7.5), 0.10 M NaCl, and 0.10% (v/v) Tween 20 (TBS-T solution) for 1 h and then blocked
by 1.0% (w/v) bovine serum albumin in a TBS-T solution for 1 h. For immunoblotting
detection of each protein substrate, the membrane was probed with a solution (1 mL/30
cm?) containing each antibody in a plastic bag for 1 h. The antibody solutions were
prepared by dilution of the commercially available products with a TBS-T solution at
1:1000 for anti-phosphorylated MAPK1/2 antibody against pT?%%/Y?**; 1:2000 for anti-Shc
antibody and anti-phosphorylated Tau antibody against pS'®®; 1:5000 for anti-MAPK1/2
antibody and anti-phosphorylated Tau antibodies against pT?'?, pS?", and pS®*®; and
1:10000 for anti-phosphorylated Tau antibodies against pT#' and pS***. The membrane
was washed twice with a TBS-T solution (2 mL/cm?) for 10 min in each case, probed with
HRP-conjugated anti-rabbit IgG antibody (at 1:10000 dilution in a TBS-T solution, 1
mL/30 cm?) in a plastic bag for 1 h, and washed twice with a TBS-T solution (2 mL/cm?)
for 10 min in each case. To reduce the nonspecific binding of anti-phosphorylated Shc
antibodies against pY®?2* and pY*", a Can Get Signal Solution 1 was used for 1:2000
dilution, and HRP-conjugated anti-rabbit IgG antibody was diluted at 1:10000 with a Can
Get Signal Solution 2. The enhanced chemiluminescence (ECL) signal was then
observed using an LAS 3000 image analyzer (Fujifilm). For reprobing of the blotting
membrane, the membrane was incubated with a stripping buffer (5 mL/cm?) consisting of
62.5 mM Tris-HCI (pH 6.8), 2.0% (w/v) SDS, and 0.10 M 2-mercaptoethanol for 20 min at
50 °C and washed 3 times with a TBS-T solution (5 mL/cm?) for 1 h at room temperature
in each case. The remaining proteins on the membrane were reprobed with the other
antibody by the procedure shown above.

Kinase Activity Profiling Using Tau Protein — The in vitro phosphorylation assay was



carried out using the recombinant Tau protein (4.1 ug) at 30 “C. For phosphorylation by
GSK-3p, cdk5/p35, PKA, MAPK, and CKII, a reaction buffer (20 yL) containing 25 mM
Tris-HCI (pH 7.5), 5.0 mM p-glycerol phosphate, 12 mM MgCl,, 2.0 mM dithiothreitol,
0.10 mM sodium orthovanadate, 50 yM ATP, and 37 kBq [y-**P]-ATP was used. The
amount of each kinase in the buffer was 2.0 yg of GSK-3p, 0.10 yg of cdk5/p35, 2,500
units of PKA, 0.20 ug of MAPK, and 0.25 ug of CKIl. For phosphorylation by CaMKIl (50
ng), a reaction buffer (20 pL) containing 20 mM MOPS (pH 7.2), 25 mM (-glycerol
phosphate, 15 mM MgCl,, 1.0 mM dithiothreitol, 1.0 mM sodium orthovanadate, 1.0 mM
CaCl,, 20 pg/mL calmodulin, 50 yM ATP, and 37 kBq [y-**P]-ATP was used. After
incubation for various reaction times (0 — 300 min), 3.0 uL of the reaction mixture was
taken out and added to an SDS-PAGE loading buffer (1.5 pL) to stop the kinase reaction.
An aliquot (1.2 pL) of the resulting solution was subjected to Mn**~Phos-tag SDS-PAGE,
followed by silver gel staining and autoradiography. For Western blotting analysis, the
phosphorylation assay was conducted in the absence of [y-**P]-ATP using a similar
reaction buffer (55 pL) containing 6.9 pg of Tau. The amount of each kinase was 6.0 ug
of GSK-3p, 0.37 ug of cdk5/p35, and 5,000 units of PKA. After incubation, 8.0 pL of the
reaction mixture was taken out and added to the SDS-PAGE loading buffer (4.0 uL). The
aliquot (3.0 pL) of the resulting solution was subjected to Mn**—Phos-tag PAGE analysis
followed by Western blotting.

Kinase Inhibition Profiling of Abl — The in vitro inhibition assay for tyrosine kinase
Abl was carried out at 30 “C for 1.0 h. The reaction mixture (6.0 yL) consists of 18 mM
MOPS (pH 7.2), 23 mM p-glycerol phosphate, 4.5 mM EGTA, 0.90 mM sodium
orthovanadate, 0.90 mM dithiothreitol, 15 mM MgCl,, 0.10 mM ATP, 0.10 ug of
Abltide-GST, 20 ng of recombinant mouse Abl, and various concentrations of Glivec (0 —
100 yM). Each reaction was stopped by the addition of the SDS-PAGE loading buffer
(8.0 L), and the resulting solution was subjected to Mn**~Phos-tag SDS-PAGE followed
by SYPRO Ruby staining.

_10_



RESULTS
Determination of In Vitro Kinase Activities toward Tau Protein — In the first kinase activity
profiling using Mn**—Phos-tag SDS-PAGE, we characterized six kinds of Ser/Thr kinases
in the phosphorylation of a recombinant human Tau protein. For normal SDS-PAGE
(Figs. 1a and b) and Mn**—Phos-tag SDS-PAGE (Figs. 1c and d) followed by silver gel
staining and autoradiography, each kinase reaction product using GSK-3p, cdk5/p35,
PKA, MAPK, CKIl, and CaMKIl was sequentially applied to lanes 2 to 7.
Nonphosphorylated Tau was applied to lane 1 as a control. In the normal SDS-PAGE,
nonphosphorylated and phosphorylated Tau were observed as the migration bands at an
R value of ca. 0.6 (Fig. 1a). The R, value was estimated as the relative ratio against
bromophenol blue dye. The electrophoresis migration of phosphorylated Tau has been
reported to be a little slower than that of nonphosphorylated Tau in a normal SDS-PAGE
gel (26-35). The slightly up-shifted bands by phosphorylation with those kinases (Fig.
1a) are consistent with previous results. The faster migration band shown in lane 2
(indicated by an arrow in Fig. 1a) was assigned to GSK-3p. The corresponding
autoradiogram image (Fig. 1b) shows that all kinase reactions progressed successfully.
Although no up-shifted band of Tau in the CKIl reaction was observed on the normal
SDS-PAGE gel, the phosphorylation was confirmed by autoradiography (Fig. 1b, lane 6).
In contrast to the normal SDS-PAGE, a number of characteristic slower migration bands
were observed on the Mn**—Phos-tag SDS-PAGE gel (Fig. 1c). Some faint bands
(indicated by arrows) assigned to the commercially available kinases, GSK-3p (R, = 0.32
in lane 2), PKA (R, = 0.15 and 0. 28 in lane 4), and MAPK (R, < 0.1 in lane 5), were
observed. The migration of the nonphosphorylated Tau protein and GSK-3p (Lanes 1
and 2 in Fig. 1c) became slower than that in normal SDS-PAGE (Lanes 1 and 2 in Figs.
1a and c), possibly due to an electrostatic interaction between cationic Mn**—Phos-tag
and anionic SDS-bound proteins, as previously described (17). The corresponding
autoradiogram image (Fig. 1d) demonstrated that the radioactive *P isotope was

incorporated in the up-shifted proteins. The *P signal intensities were different from
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those for the silver-stained image (Fig. 1c). The treatment of the multi-phosphorylated
proteins with alkaline phosphatase gave a single migration band of nonphosphorylated
Tau. When 0.10 yM of a PKA-specific competitive peptide inhibitor (PKI 14-22 amide; K;
= 1.7 nM) was added to each kinase reaction mixture, the up-shifted Tau bands
disappeared only in the PKA reaction under the same experimental conditions (data not
shown). These facts show that the multiple bands obtained by each kinase reaction

should correspond to kinase-specific phosphorylated Tau proteins.

Insert Figure 1.

To determine the relationship between the stoichiometry of phosphate incorporation
and the degree of mobility shift (R, values), the ratios of the *P signal intensities to the
density of silver staining (**P-SI/DSS values) of each electrophoresis band shown in Figs.
1c and d were evaluated by densitographic analysis. The **P-SI/DSS value is an index of
the number of phosphate groups in one molecule of Tau. The plots of the **P-SI/DSS
values against the R; values are shown in Fig. 2. While there was an increase in the
P-SI/DSS values, the R, values decreased in each kinase reaction, except for the
GSK-3p reaction. The reverse relationships between the **P-SI/DSS values and the R,
values were considerably different among those kinase reactions. These results show
that the degree of mobility shift of a phosphoprotein is possibly due to not only the
stoichiometry of phosphate incorporation but also other factors, such as the

kinase-specific phosphorylation sites.

Insert Figure 2.

Next, we determined the time-course Tau phosphorylation by the kinases for 0 — 300
min using Mn**—Phos-tag SDS-PAGE. The diverse isotypes of phosphorylated Tau in the

kinase reactions are shown in Figs. 3a—f. The silver staining density, i.e., the amount of
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protein, demonstrates that the up-shifted bands increased time-dependently in all kinase
reactions. The corresponding autoradiogram intensity, i.e., the number of phosphate
groups, shows that the up-shifted proteins were radioactive *P derivatives. The
time-course band patterns of the phosphorylated Tau proteins are characteristic of the
kinase reactions. Furthermore, the total radioactivity of each lane was measured by
using a scintillation counter, and the counting values (CPM) per lane were then plotted
against the kinase reaction times (Fig. 3g). The CPM values for the kinase reactions
increased rapidly and leveled off at 300 min under the experimental conditions. Thus, the
time-course experiments showed the final phosphorylation status for each kinase

reaction as the characteristic migration bands at 300 min (Figs. 3a—f).

Insert Figure 3.

While the Tau isoform used has 79 phosphate acceptors, i.e., serine and threonine
residues, ca. 30 residues have been reported as phosphorylation sites of the native Tau
protein under biological conditions (7). In order to assign each electrophoresis migration
band to the phosphorylation site of Tau, we performed Western blotting analysis using
site-specific anti-phosphorylated Tau antibodies after Mn**~Phos-tag SDS-PAGE. Figure
4 shows three typical results using six kinds of anti-phosphorylated Tau antibodies for
pS'®, pT?"?, pS*'*, pT®', pS*®, and pS** residues. Mn**~Phos-tag SDS-PAGE, Western
transfer, probing with an antibody, and ECL detection were performed with the same
experimental procedures. The nonphosphorylated Tau gave no ECL signal derived from
those antibodies (the leftmost lane of each panel in Fig. 4). As for the GSK-3p reaction
(Fig. 4a), up-shifted bands responding to antibodies for pS'®, pT#', pS*%*, and pS** were
observed. The ECL signals for pS™°, pS®*®, and pS** increased analogously at R, values
of ca. 0.4. The resulting phosphoserine isoforms gave a small change in the migration
rate. In contrast, the anti-pT**' antibody responded to a much slower migration band (R,

value = 0.02) at the final stage. The highly up-shifted band showed no cross-activity with
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the anti-pS'®, pS**®, and pS** antibodies. These facts show that the phosphorylation of
the T%' residue by GSK-3B should require prior phosphorylation except at the S™°, %%,
and S** residues. Actually, it has been reported that GSK-3p typically requires priming
phosphorylation of the S** to phosphorylate the T?*' in in vivo assay using HEK cells
cotransfected with Tau and GSK-3p (36). As for the cdk5/p35 reaction (Fig. 4b),
up-shifted bands responding to antibodies for pS'™, pT*?, pT®', and pS** were
observed. The ECL signals varied more widely and were more up-shifted (R values of
0.25 — 0.40) than those for the reaction with GSK-3p. The differences indicate that
cdk5/p35 may be a less site-specific kinase promoting the multi-phosphorylation of the
Tau protein at S, T?'?, T*', and S$*“. In this case, the anti-pT?' antibody responding to
a much slower migration showed cross-activity with the anti-pT*'* antibody. As for the
PKA reaction (Fig. 4c), the responses to the antibodies were in contrast to those with
GSK-3p (Fig. 4a). The phosphorylated Tau bands by PKA were observed in higher
positions than those by GSK-3p. The lower bands (open triangles in Fig. 4c for pS?')
were assigned to phosphorylated proteins derived from a low-molecular-weight
contaminant in the Tau used. Furthermore, the up-shifted bands showed cross-activity
with the anti-pT?'? and pS?'* antibodies but not with the anti-pS'®®, pT#!, pS**, and pS**
antibodies. These contrastive results demonstrated that kinase-specific phosphorylation
sites have a strong influence on the R, of the phosphorylated Tau isoforms in
Mn?—Phos-tag SDS-PAGE. The same Western blotting analyses of phosphorylated Tau
by the other kinases (MAPK, CKIl, and CaMKIl) showed similar kinase-specific

responses to those antibodies (Supplemental Fig. S2).

Insert Figure 4.

Determination of In Vivo Signal-dependent Kinase Activities toward Cellular Proteins —
We extended the utility of Mn**—Phos-tag SDS-PAGE to the mobility shift analysis of

cellular proteins phosphorylated by a specific manner of EGF stimulation in A431 human
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epidermoid carcinoma cells. The EGF-dependent protein phosphorylation in the A431
cell has been well established (17, 18); therefore, we selected the cell and analyzed the
motility of phosphorylated Shc and MAPK, which are typical cellular protein substrates in
EGF signaling. The A431 cells were treated with 250 ng/mL EGF for O (without
treatment), 2, 5, 10, 30, 60, 120, and 240 min and then lyzed with an RIPA buffer. These
lysate samples were individually handled and sequentially applied to the lanes of the gel
for SDS-PAGE. From the results of the normal SDS-PAGE followed by Western blotting
analysis using anti-Shc and anti-MAPK1/2 antibodies (left panels in Fig. 5a), it was
confirmed that the amount of each isoform of Shc (66, 52, and 46 kDa) and MAPK1/2 (44
and 42 kDa) was almost constant during the incubation. As for the Shc, slightly
up-shifted bands were observed in the EGF-treated samples. To determine the
time-dependent changes of phosphorylation levels, the same samples were analyzed
with anti-phosphorylated Shc (pY**/pY?*° and pY®'"’) and anti-phosphorylated MAPK1/2
(pT?*?/pY?*) antibodies (center and right panels in Fig. 5a). The phosphorylation levels of
both proteins increased rapidly for 10 min, while the phosphorylation level of Shc was
maintained for 240 min and that of MAPK decreased gradually for 30 — 240 min.

Next, we subjected the same lysate samples to the analysis of Mn**-Phos-tag
SDS-PAGE. We first used 80 uM Mn*—Phos-tag SDS-PAGE (7.5% (w/V)
polyacrylamide), the same condition as that used for in vitro kinase profiling for the Tau
protein. However, the cellular proteins (> 10 kDa) showed much slower migration at R; <
0.5 (data not shown). Thus, we adopted a lower concentration of 25 yM Mn*—Phos-tag
for the Shc and MAPK analyses. The obtained gel-staining image of the cell lysate
proteins in 25 yM Mn*—Phos-tag SDS-PAGE (7.5% (w/v) polyacrylamide) showed an
appropriate migration without disordering (waving or tailing protein bands)
(Supplemental Fig. S3). From the results of Mn*—Phos-tag SDS-PAGE followed by
Western blotting analysis using the anti-Shc and anti-MAPK1/2 antibodies,
multiple-characteristic slower migration bands were observed in the EGF-treated

samples (left panels in Fig. 5b). The time-dependent appearance of the highly up-shifted
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bands was consistent with the phosphorylation status shown in the normal SDS-PAGE
(center and right panels in Fig. 5a). Analyses of the same samples with the
anti-phosphoprotein antibodies used for the normal SDS-PAGE disclosed that the
up-shifted bands were various phosphoprotein isotypes (center and right panels in Fig.
5b). Thus, the time-course changes of the signal intensities of the up-shifted bands
would give detailed information on the separation of the phosphoprotein isotypes in a

phosphorylation state and the order of a stepwise phosphorylation event in vivo.

Insert Figure 5.

Determination of In Vitro Abl Kinase Inhibition — Recently, we reported a visualization
method for protein monophosphorylation using Mn**—Phos-tag SDS-PAGE (17). The
method has enabled the simultaneous and quantitative determination of phosphorylated
and corresponding nonphosphorylated proteins in a polyacrylamide gel. Here, we apply
Mn*—Phos-tag SDS-PAGE to kinase inhibition profiling using the tyrosine kinase Abl, the
substrate  Abltide-GST (a recombinant fusion protein containing peptide
EAIYAAPFAKKK with an N-terminal GST-tag), and the specific inhibitor Glivec, which
acts as an ATP competitor at the catalytic domain of Abl (21). The residue for the
phosphorylation is the Tyr in the Abltide sequence. The inhibition analysis was
conducted with 0.10 pg Abltide-GST, 20 ng Abl, and 0.10 mM ATP by using
Mn?—Phos-tag SDS-PAGE followed by SYPRO Ruby gel staining. In the absence of the
inhibitor, the phosphorylated Abltide was produced by the kinase reaction at 30 °C for 60
min in ca. 50% yield. After separation of the reaction mixture by Mn*—Phos-tag
SDS-PAGE, monophosphorylated and nonphosphorylated Abltide-GST appeared as two
migration bands at A values of 0.25 and 0.38, respectively, with almost the same
fluorescent intensity. The gel image is shown in the leftmost lane of Fig. 6a. In the
presence of an increasing concentration of Glivec (0.10 — 100 yM), dose-dependent

inhibition was observed, as shown in Fig. 6a. The fluorescence intensity of
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phosphorylated Abltide-GST (the higher band) decreased with an increase in that of
nonphosphorylated Abltide-GST (the lower band). The total intensity of both bands was a
constant value, indicating no side reaction such as degradation of the protein. In addition,
no inhibition activity of Glivec (1.0 mM) was observed in the phosphorylation of human
histone H1.2 by PKA (Supplemental Fig. S4). The observed first-order rate constants k,
(min™") for the Abl kinase reaction, i.e., a pseudo-first-order reaction, were calculated
using a kinetic equation of k,,, x 60 = In [C,] — In [C], where C, is the initial concentration
of Abltide-GST and C, is the concentration of the remaining nonphosphorylated
Abltide-GST after 60-min incubation. The relationship between the concentrations of
Glivec and the k,, values showed a sigmoidal curve with an inflection point from which
an IC, value of 1.6 yM was estimated (Fig. 6b). Thus, Mn**~Phos-tag SDS-PAGE
enabled a quantitative inhibition analysis for a kinase reaction using a kinase-specific

substrate such as a fusion protein.

Insert Figure 6.
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DISCUSSION

In this report, we have described three kinds of protein profiling using Mn**~Phos-tag
SDS-PAGE without any special apparatuses, radioisotopes, or chemical labels. The
method is based on the mobility shift of phosphorylated proteins from the
nonphosphorylated counterpart, a kinase substrate; thus, the amounts of phosphorylated
and nonphosphorylated proteins can be simultaneously determined using general
colorimetric staining or immunoblotting. If protein phosphorylation occurs at one residue
of a target protein, the monophosphorylated and nonphosphorylated proteins are
separated as two migration bands on Mn*-Phos-tag SDS-PAGE. In the case of
multi-phosphorylation, the phosphorylated products appear as multi-bands, depending
on the phosphorylation status, such as the number and positions of the phosphate
groups.

The first application is in vitro kinase activity profiling for the analysis of varied
phosphoprotein isotypes in a phosphorylation status. We determined the activity profiles
of six kinds of Alzheimer’s disease-related kinases, GSK-3p, cdk5/p35, PKA, MAPK,
CKIl, and CaMKIl, using a substrate protein, Tau, which has a number of
phosphorylation sites. Each kinase induced the kinase-specific gel-shifting pattern from
nonphosphorylated Tau due to differences in the phosphorylation sites and stoichiometry.
In order to investigate the relationship between the phosphorylation status and the
biological function, antibodies or radioisotopes have been most often used; however,
these approaches are limited for the separation analysis of varied phosphoprotein
isotypes in a phosphorylation status. Our established method enabled the detection of
the isotypes generated by various kinase activities in a polyacrylamide gel. The following
immunoblotting using the site-specific anti-phosphorylated Tau antibodies disclosed the
order of stepwise phosphorylation of Tau (Fig. 4 and Supplemental Fig. S2). We believe
that great progress in phosphoproteomics would be attained by combining this
application and existing methods, such as advanced mass spectrometry. A typical

MS-MS peptide fragment analysis of the phosphorylated Tau separated by
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Mn?—Phos-tag SDS-PAGE is shown in Supplemental Fig. S5. Similar kinase activity
profiling on the other kinase system would give novel information on the relationship
between protein phosphorylation and the various biological responses.

The second application is in vivo kinase activity profiling for the analysis of protein
phosphorylation involved in intracellular signal transduction. The time-course changes of
EGF-induced phosphorylation levels of Shc and MAPK1/2 in A431 cells were visualized
as highly up-shifted migration bands by subsequent immunoblotting with anti-Shc and
anti-MAPK1/2 antibodies. We demonstrated the utility of this Mn**~Phos-tag SDS-PAGE
to separate phosphoproteins, phosphorylated in vivo in a stimulus-specific manner, from
a nonphosphorylated counterpart in the presence of other cellular proteins. This method
might offer an advantage in profiling the phosphorylation state of low-abundance
substrates in a complex biological sample when it is not feasible to analyze the
phosphorylation events by MS. Gel shifting in SDS-PAGE has traditionally been utilized
to determine if a protein is phosphorylated; however, many phosphoproteins do not shift
reliably, and many cellular proteins that are known to be phosphorylated do not exhibit
gel shifting in general SDS-PAGE gels. In our normal SDS-PAGE condition, no
up-shifted band of phosphorylated MAPK was observed (left panel of MAPK1/2 in Fig.
5a). In contrast, Mn**~Phos-tag SDS-PAGE was able to induce dramatic gel shifting of
varied phosphoprotein isotypes. Use of the method is worthy of consideration for
hypothesis-free inquisition of the phosphorylation state of cellular proteins.

The third application is in vitro kinase inhibition profiling for the quantitative screening
of kinase-specific inhibitors. We demonstrated the inhibition profile of the tyrosine kinase
Abl using the substrate Abltide-GST and the specific inhibitor Glivec. The
dose-dependent inhibition of Glivec was determined by an alteration in the ratio of the
monophosphorylated substrate (the slower migration band) and the nonphosphorylated
counterpart (the faster one) in an SDS-PAGE gel. The obtained inhibition curve showed
an IC,, value of 1.6 yM in the presence of 0.10 mM ATP. These data indicate that this

application enables quantitative analysis of kinase activities to evaluate the inhibition
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kinetics. Typical IC,, values of Glivec with Abl in vitro have been reported to be 0.038 yM
(19), 0.13 yM (8), and 0.44 uM (22). Differences in the reported values may reflect
differences in Abl concentrations, ATP concentrations, or substrates. This kinase
inhibition profiling might help in developing tools for therapeutic intervention. A similar
procedure would be applicable to phosphatase inhibition profiling using an appropriate
phosphorylated protein.

Protein phosphorylation, which is one of the most important post-translational
modifications, dramatically enhances the diversity of genetically encoded proteins. Many
different isotypes by phosphorylation site and stoichiometry appear during a number of
biological processes (37—44). Hyperphosphorylation of a certain protein sometimes
gives cells or tissues abnormal functions and often introduces pathogenic processes. It
has been extremely difficult to pursue the role of variable isotypes during such processes
because current methods treat only crude samples containing the complex isotypes.
Therefore, the techniques for the separation of the different isotypes of phosphoproteins
are very important in phosphoproteome studies in biological and medical fields. Efficient
separation by using phosphate-affinity electrophoresis, i.e., Mn**~Phos-tag SDS-PAGE,
should increase the sensitivity of the detection of hierarchical protein phosphorylation
and dephosphorylation; thus, the method could assist in mapping low-abundance
phosphorylation events and would be a useful tool in the study of the complicated

kinase-phosphatase network.
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FIGURE LEGENDS

Fic. 1. Normal SDS-PAGE and Mn*-Phos-tag SDS-PAGE of kinase products of
the Tau protein. a, A silver-stained image of normal 7.5% (w/v) polyacrylamide
SDS-PAGE. b, An autoradiogram image of the same gel as that used in a. ¢, A
silver-stained image of 80 pM polyacrylamide-bound Mn*—Phos-tag 7.5% (w/v)
polyacrylamide SDS-PAGE. d, An autoradiogram image of the same gel as that used in c.
Lane 7 contains the nonphosphorylated Tau protein (0.17 pg). Each lane (2 — 7) contains
the kinase reaction product of the Tau protein (0.17 pg) using GSK-38, cdk5/p35, PKA,
MAPK, CKIl, and CaMKIl, respectively. The incubation time for each kinase reaction was

300, 60, 60, 300, 300, and 300 min, respectively.

Fic. 2. Relationship between the phosphate incorporation ratio and the
mobility shift degree in Mn*-Phos-tag SDS-PAGE. Plots of the phosphate
incorporation ratios (**P signal intensity to the density of silver staining of each

electrophoresis band in Figs. 1¢ and d; **P-SI/DSS values) against the R, values.

Fic. 3. Kinase assays of the Tau protein using six kinds of kinases by
Mn**-Phos-tag SDS-PAGE followed by silver staining, autoradiography, and
scintillation counting. a, Incubation with GSK-3p. b, Incubation with cdk5/p35. c,
Incubation with PKA. d, Incubation with MAPK. e, Incubation with CKII. 7, Incubation with
CaMKII. The incubation times for each kinase reaction were 0 (no treatment with
kinases), 10, 30, 60, 120, 180, and 300 min. Each lane contains the kinase reaction
product of the Tau protein (0.17 pg). The Mn*—Phos-tag SDS-PAGE gels (80 uM
polyacrylamide-bound Mn*—Phos-tag and 7.5% (w/v) polyacrylamide) were subjected to
silver gel staining and subsequent autoradiography. g, Plots of the liquid scintillation

counting (CPM) of each lane against the incubation time.
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Fic. 4. Kinase assays of the Tau protein using three kinds of kinases by
Mn?*-Phos-tag SDS-PAGE followed by Western blotting. a, Incubation with GSK-3p.
b, Incubation with cdk5/p35. ¢, Incubation with PKA. The incubation times for each
kinase reaction were 0 (no treatment with kinases), 10, 30, 60, 120, 180, and 300 min.
Each lane contains the kinase reaction product of the Tau protein (0.25 pg). The
Mn?—Phos-tag SDS-PAGE gels (80 yM polyacrylamide-bound Mn*—Phos-tag and 7.5%
(w/v) polyacrylamide) were subjected to Western blotting analysis using the site-specific

pS™®, pT?'? pS?*, pT?!, pS*%*, and pS** Tau antibodies.

Fic. 5. Analyses of phosphorylation of Shc and MAPK in A431 cells stimulated
with EGF using normal SDS-PAGE and Mn*-Phos-tag SDS-PAGE followed by
Western blotting. a, Normal SDS-PAGE (7.5% (w/v) polyacrylamide) followed by
Western blotting using the anti-Shc antibody, anti-phosphorylated Shc for pY?*/pY?>*,
and anti-phosphorylated Shc for pY®'" antibodies (upper panels), as well as the
anti-MAPK1/2 antibody and anti-phosphorylated MAPK for the pT?*?/pY** antibody
(lower panels). b, Mn*-Phos-tag SDS-PAGE (25 uM polyacrylamide-bound
Mn?—Phos-tag and 7.5% (w/v) polyacrylamide) followed by Western blotting using the
anti-Shc antibody, anti-phosphorylated Shc for pY#**/pY?*, and anti-phosphorylated Shc
for pY®” antibodies (upper panels), as well as the anti-MAPK1/2 antibody and
anti-phosphorylated MAPK for the pT?®?/pY*** antibody (lower panels). The incubation
times with EGF (250 ng/mL) were 0 (without EGF), 2, 5, 10, 30, 60, 120, and 240 min.

Each lane contains 15 ug of cellular proteins.
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Fic. 6. Kinase inhibition assay of a tyrosine kinase, Abl, using the substrate
Abltide-GST and the specific inhibitor Glivec. a, Mn**~Phos-tag SDS-PAGE (100 yM
polyacrylamide-bound Mn*-Phos-tag and 12.5% (w/v) polyacrylamide) of reaction
mixtures of phosphorylated (higher band) and nonphosphorylated Abltide-GST (lower
band) by Abl in the absence and presence of Glivec (0.10, 0.20, 0.40, 0.80, 1.6, 3.2, 6.4,
13, 25, 50, and 100 yM). Each lane contains the kinase reaction product of Abltide-GST
(0.10 pg). Nonphosphorylated Abltide-GST (0.10 pg) was applied as a control in the
rightmost lane. b, Inhibition curve of the Abl kinase reaction in the presence of Glivec.
The observed rate constants k,, (min™') were plotted against the concentrations of

Glivec (uM), where a logarithmic scale was used for the x-axis.
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Figure 3.
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Figure 5.
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Figure 6.
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SUPPLEMENTAL FIGURE 1
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Fic. S1. Structure of acrylamide-pendant Phos-tag ligand and scheme of the
reversible capturing of a phosphomonoester dianion (R-OPO,*) by

Mn?*-Phos-tag.
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SUPPLEMENTAL FIGURE 2
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Fic. S2. Kinase assays of the Tau protein using three kinds of kinases by
Mn?*-Phos-tag SDS-PAGE followed by Western blotting. a, Incubation with MAPK. b,
Incubation with CKII. ¢, Incubation with CaMKIIl. The incubation times for each kinase
reaction were 0, 10, 30, 60, 120, 180, and 300 min. Each lane contains the kinase
reaction product of the Tau protein (0.25 ug). The Mn*—Phos-tag SDS-PAGE gels (80
UM polyacrylamide-bound Mn*-Phos-tag and 7.5% (w/v) polyacrylamide) were
subjected to Western blotting analysis using the site-specific pS'®®, pT??, pS*", pT#',
pS*%*, and pS** Tau antibodies.
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SUPPLEMENTAL FIGURE 3
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Fic. S3. Comparison of the electrophoresis migration pattern of the A431 cell
lysate between normal and 25 pyM Mn*-Phos-tag SDS-PAGE (7.5% (w/v)
polyacrylamide). The incubation times with EGF (250 ng/mL) were 0, 2, 5, 10, 30, 60,
120, and 240 min. Each lane contains 2.0 ug of cellular proteins. The SDS-PAGE gels
were analyzed by SYPRO Ruby gel staining.
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SUPPLEMENTAL FIGURE 4
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Fic. S4. Effect of Glivec on the phosphorylation of a substrate, recombinant
human Histone H1.2, by PKA. A kinase inhibition assay was carried out using PKA and
Glivec in a final volume of 6.0 pL at 30 °C for 1 h. The reaction mixture consists of 50 mM
Tris-HCI (pH 7.5), 10 mM MgCl,, 0.20 mM ATP, 0.50 pug recombinant human Histone
H1.2, 525 units of PKA, and various concentrations of Glivec (0, 1.0, 2.0, 3.9, 7.8, 15.6,
31.3, 62.5, 125, 250, 500, and 1000 yM). Each reaction was stopped by adding 3.0 L of
the SDS-PAGE loading buffer and then was subjected to Mn**—Phos-tag SDS-PAGE
(12.5% polyacrylamide containing 100 pM polyacrylamide-bound Mn*—Phos-tag);
subsequently, the gel was stained with Coomassie Brilliant Blue dye. Phosphorylated
and nonphosphorylated Histone H1.2 was located at AR, values of 0.40 and 0.49,
respectively. The control lane contains nonphosphorylated Histone H1.2 (0.50 ug). The
observed ratios (i.e., ca. 1 : 1) of the phosphorylated and nonphosphorylated proteins in
the presence of Glivec are almost the same in the absence of the inhibitor. The result
clearly shows no inhibition activity of Glivec in the kinase reaction.
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SUPPLEMENTARY FIGURE 5
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Fic. S5. A typical example of the identification of the phosphorylation site of
Tau by MS analysis after Mn*~Phos-tag SDS-PAGE. a, Samples for the in-gel tryptic
digestion of the nonphosphorylated (indicated by an arrow in lane 7) and phosphorylated
(indicated by an arrow in lane 2) Tau protein. The phosphorylated Tau protein was
prepared by a kinase reaction with PKA for 180 min. Lanes 7 and 2 contain 1.5 ug of
nonphosphorylated Tau and 3.2 pg of phosphorylated Tau. The Mn*—Phos-tag
SDS-PAGE gels (80 pM polyacrylamide-bound Mn*—Phos-tag and 7.5% (w/v)
polyacrylamide) were subjected to Coomassie Brilliant Blue dye staining. The following
MALDI-TOF MS-MS analyses of the two digested samples were performed at a
commercial research trust organization, ProPhoenix (Higashi-Hiroshima, Japan), using
an ultraflex TOF/TOF MS system (Bruker Daltonics, Bremen, Germany). Spectral data
were determined by using the MASCOT algorithm (Matrix Science, London, UK) to
assign peptides on the National Center for Biotechnology Information (NCBI)
non-redundant sequence database. We found a nonphosphorylated peptide,
SRTPSLPTPPTREPK (210 — 224 amino acid residues of Tau, m/z= 1663.8), in the band
of lane 7 and its monophosphorylated peptide, SRpTPSLPTPPTREPK (m/z=1743.7), in
the band of lane 2. The phosphorylated residue T?'* was assigned by MS/MS spectra b
(the nonphosphorylated peptide) and c¢ (the monophosphorylated peptide). The
observed fragment ion peaks (b, and y,) were consistent with the peptide sequence. The
phosphate-eliminated threonine (2-aminobut-2-enoic acid, FW = 101.1) was confirmed
by comparing those ion peaks.
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