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Fig. 1

Three kinds of Phos-tag derivatives for Phos-tag technology

Phos-tag acrylamide for phosphate affinity SDS-PAGE (left), biotinylated Phos-tag for Western
blotting (center), and Phos-tag agarose and Phos-tag TOYOPEARL for phosphate affinity

chromatography (right).
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Fig. 2 Structure of the polyacrylamide-bound M?*'-Phos-tag capturing a phosphorylated
protein and schematic representation for the principle of Phos-tag SDS-PAGE

The polyacrylamide-bound M?* -Phos-tag shows preferential trapping of the phosphorylated

proteins,
counterparts.
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Fig. 3  In vitro Abl kinase assay by using Mn”* -Phos-
tag SDS-PAGE

(a) Phosphorylation of Abltide-GST (0.10 pg protein/
lane) by Abl was monitored for 0-60 min in normal
SDS-PAGE [12.5% (w/v) polyacrylamide] and in
Mn?"-Phos-tag SDS-PAGE [12.5 % (w/v)
polyacrylamide containing 100 UM Mn®* -Phos-tag].
The Mn®"-Phos-tag SDS-PAGE gel was analyzed by
subsequent immunoblotting with an anti-pTyr
antibody. (b) Quantitative analyses of
phosphorylated and nonphosphorylated Abltide-GST
observed in the CBB-stained Mn®"-Phostag SDS-
PAGE gel (center panel of a). Reprinted with
permission from Ref. 9 © (2006) The American
Society for Biochemistry and Molecular Biology.
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Fig. 4 Separation of the phosphorylated species of
B-casein by urea-PAGE and Mn®* -Phos-tag SDS-PAGE

(a) Urea-PAGE [4.0 M urea and 6.0 % (w/v)
polyacrylamide]. (b) Mn?*-Phos-tag SDS-PAGE [10 %
(w/v) polyacrylamide containing 100 uM Mn®* - Phos-tag].
The reaction times with AP were 0 (no treatment of AP),
10, 30, 40, 90,120, 180, 300, and 720 min. Lanes of 0
and 720 min contain the completely phosphorylated and
dephosphorylated forms of B-casein (1.5 pg), respectively.
Lanes of 10-300 min contain multiple phosphorylated
species of f-casein due to differences in the
phosphorylation status (10, 180, and 300 min : 4.0 pg, 120
min : 5.0 pg, 30, 40, and 90 min: 7.5 pug). (c) 2-DE
coupling urea-PAGE [4.0 M urea and 6.0 % (w/v)
polyacrylamide] and Mn?* -Phos-tag SDS-PAGE [10 %
(w/v) polyacrylamide containing 100 UM Mn?®* -Phos-tag].
A mixed sample of the completely phosphorylated
(1.5 ug), completely dephosphorylated (1.5 ug), and
partially dephosphorylated (treatment of AP for 40 min,
7.5 ug) forms of PB-casein was applied to the first-
dimensional urea-PAGE. Subsequently, the sample lane
separated by urea-PAGE was cut and then subjected to
Mn®* -Phos-tag SDS-PAGE. The migration spots on the
2-DE gel are indicated as #1-#9. The reclined upper
panel corresponds to the first-dimensional urea-PAGE.
The left panel corresponds to the lane of 30 min of (b).
All gels were subjected to SYPRO Ruby gel staining. The
arrowed band is a faint band, which is a contaminant in
the commercially available B-casein. The Ry value of 1.0
is defined as the position of the BPB dye. Reprinted with
permission from Ref. 16 © (2009) Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

KAGAKU

Vol. 61 (2012)
T4 = ko TERLZD DN Fig. 3b TH 5. —Fh, )
VEBALF O Y CHRTOY 2 A Y VBT, N FORR
JEDSE ZNHAET B 5 VN R E RS 5 b1 Tid il
EEMEICRITDZ EDGHh5.

2:2:2 B-HEAL DY UEALBIF'Y ~ U > BB
BEDE/VCBIETIA—LOREE~  FFHoy s
JEBGrTHD B-HEA Y (24 kDa) IE 5 EFTDLY »23
VUBALENRTWS, BABALAVETVII T AT 7
¥ —¥ (AP) THLHI§ 2 &, KERRBICHES TY VRS
BREENDLD, ZORIEDOREE%ZRFEPAGE & Mn®' -
Phos-tag SDS-PAGE (100 uM Mn*" -Phos-tag % & ts) Tf#
Wi L7z (Fig. 4a, b). JRF PAGE T3 YBEOEM DO
AIRHIEEBBEEI/NES S R D05, BRI THD
DY B GP) BH) VELShT, ) ryBEokw
B-HEA Y (0P) NEZALL TO BT n5b. —T,
Mn*" - Phos-tag SDS-PAGE T3 30 54128 b %\ 7R DN
VIR, TOH 00 FTIIHRDBEEORZI VI A
DNV FIZPOR L7z, BREEWZ L2, 528 YL B4
¥4 ¥ (5P) XD BEAWICH) Y BfbI 3o, B
BEPNSK BB EBHY, 10~4057DHTZDLH
LGNV RN SABEIND., HROIBHEO/NZI WAV F
iE, 300 0 F ORISR o kL, M -Phos-tag
SDS-PAGE 7%, —5T-&720 OV VBB MEAFTE T, %
DY) YEALLOENIZE DL Y VB LIREED R R ) v
BAL7 + — 2 %3l TWA I ERRLTVAS.

B-HE¥A DY YEALEE Mn®" - Phos-tag SDS-PAGE 2
B 2BHEOMREZ, KFEPAGE x—kJitH & L7z
TETESRIKENC & o THHT L7z (Fig. 4c). B ¥ ERAL KOG 8
HFIZH D B-HEL VIZBOT, 9O ARy M s,
EY VEALT7 A =2 (1P) THHAKRy b2L 3%, £
NZN, Ser-50 & Ser-34 %Y VLI hzdbDTHsb I &
PHEBOICEoTHZELRZ. 20k, ALY VBt
BTH o T ZDOTNAEL UL Phos-tag SDS-PAGE 1235
WTBBEORLZLNY FELTHEESNE Z L I3MBDE
RKFEICE 2V TH 5.

2:3 % pH O SDS-PAGE % % I L}  Zn®" -Phos-tag
SDS-PAGE *'"?"

2:3-1 BisTris-HCl1 # 5 JL/Ny 7 7 — & U = Zn™* -
Phos-tag SDS-PAGE "'V 2-1 T~ X 912, pH 9 LA
FOREIBRBEIC % 5 Mn®" - Phos-tag SDS-PAGE Tld, <
OWDY T HIIBCTY VLT + — 2R GEETE R
WHBID H o 2. Z D72, BisTris-HCl & 7 )V N v
77—, 3 5% pH O SDS-PAGE ¥ A7 A &, Phos-tag
D § 55K % L A G b & 728 BB O Phos-tag SDS-PAGE
(Zn** -Phos-tag SDS-PAGE) % Bi%3 %12 FE - 72", Bis-
Tris-HCl Z 7 )V /3y 7 7 —IZH w5 SDS-PAGE ¥ A T A



B
AP - + AP - +
R; R
1 (pS68, pS344)
0.1 0.1 . = (bses)
o

- — 3 (pS344)

0.2 02 |54 (non-p)

Mn2*—Phos-tag ZnZ*-Phos-tag

Fig. 5 Comparison of the separation patterns of
ovalbumin in Mn®* -Phos-tag SDS-PAGE and in Zn®* -
Phos-tag SDS-PAGE

The left and right lanes contained the AP-untreated
and AP-treated ovalbumin, respectively. The gels
containing 10 % (w/v) polyacrylamide and 100 pM
Mn®* -Phos-tag or Zn®" -Phos-tag were stained with
CBB. Four bands (arrowed bands of 1, 2, 3 and 4)
were excised from the Zn®* -Phos-tag SDS-PAGE gel.
The phosphorylation sites determined by mass
spectrometry are shown to the right of the Zn®'-
Phos-tag SDS-PAGE gel. The R; value of 1.0 is
defined as the position of the BPB dye. Reprinted
with permission from Ref. 21 © (2012) Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 6 Profiling of phosphorylation of intracellular -catenin

Laemmli’s normal gels using 1-DE and 2-DE consisted of 5.5 % (w/v) and 6.0 % (w/v) polyacrylamide, respectively.
Each Phos-tag gel consisted of 5.5 % (w/v) polyacrylamide containing 25 uM Phos-tag.  B-Catenin was detected by
immunoblotting with antibodies shown above each panel. (a) The lysate was prepared from cells treated without
drug. (b) The lysates were prepared from cells treated without any drug (control) and with pervanadate (1.0 mM)
for 30 min, or with forskolin (10 uM) for 30 min. The top panels represent the results of analyses by Laemmli’s
normal 1-D SDS-PAGE. The center panels represent the results of analyses by Zn*" -~Phos-tag SDS-PAGE.  The left-
most panel shows 2-DE coupling of Laemmli’s normal SDS-PAGE as the first dimension (1-D, a horizontal arrow) and
Zn*" -Phos-tag SDS-PAGE as the second dimension (2-D, a vertical arrow). The bottom panels represent the results
of analyses by Mn®* ~Phos-tag SDS-PAGE.  The leftmost panel shows 2-DE coupling of Laemmli’s normal SDS-PAGE
as the first dimension (1-D, a horizontal arrow) and Mn”" -Phos-tag SDS-PAGE as the second dimension (2-D, a
vertical arrow). The R; value of 1.0 is defined as the position of the BPB dye. Reprinted with permission from
Ref. 10 © (2010) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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&Y Vv Ex ) VLT 5. DNA HHERIEHI & LT
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Fig. 7 Comparison of mobility of phosphorylated
ATM in Zn*" -Phos-tag SDS-PAGE and in Mn®" -Phos-
tag SDS-PAGE

The cells (107 cells) were treated with 0 uM (=) or
2 uM actinomycin D (+) for 2 h. The lysates were
subjected to Phos-tag SDS-PAGE on 3.0 % (w/v)
polyacrylamide gel strengthened with 0.5 % (w/v)
agarose containing 20 UM Phos-tag, followed by
immunoblotting with an anti-ATM antibody. The
Tris- AcOH buffer system and Laemmli’s buffer system
were used in Zn®'-Phos-tag SDS-PAGE (left panel)
and in Mn®"-Phos-tag SDS-PAGE (right panel),
respectively. Each lane contained 10 pg proteins.
The R; value of 1.0 is defined as the position of the
BPB dye. Reprinted with permission from Ref. 11 ©
(2012) Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

N OBHE R BRI T 572012, ¥ U7 Bam R T, A
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NV R E 7z (Fig. 9a). —KITH % % O SDS-
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Fig. 8 Phosphate affinity 2-D DIGE analysis of cellular proteins

(a) A mixture of HeLa lysate (50 ug proteins) labeled with Cy3 and lysate from calyculin A-treated HeLa cells (50 pg
proteins) labeled with Cyb was subjected to normal SDS-PAGE [8-12 % (w/v) gradient polyacrylamide gel] as the
first dimension. The separated sample lane was cut into three parts corresponding to 10-30 kDa, 30-50 kDa, and
50-200 kDa, and then subjected to Zn®*-Phos-tag SDS-PAGE (50 UM Zn®" -Phos-tag) as the second dimension.
The upper and lower panels are differential migration images of 2-DE Phos-tag gels with buffering by Bis-Tris-HCI
and Tris=AcOH, respectively. Apparent molecular weights, measured in 1-DE gel by using colored markers, are
indicated at the top of the panels. (b) Phosphorylation profiling of histone H3 using Zn®" -Phos-tag SDS-PAGE
with the Bis-Tris-HCI system followed by immunoblotting analysis. HeLa whole lysate (—, 10 ug proteins) and
calyculin A-treated cell lysate (+, 10 pg proteins) were subjected to Zn?*-Phos-tag SDS-PAGE [12 % (w/V)
polyacrylamide containing 25 UM Zn®* -Phos-tag]. The R; value of 1.0 is defined as the position of the BPB dye.
Reprinted with permission from Ref. 11 © (2012) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

7z (Fig. 9b). &R Erkl/2 (203 25K TH 250 V8
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Lo TEDY VEALTHALZ FE L7z, Bis-Tris-HCl % T
B ERSZFEHDONY KA Tyr204, —F T DN B8
Thr202 2 &EHE /) VBRILT7 + —ATH B L5505
7z (Fig. 9c /). —7, Tris-AcOH & T, —%&F Lo
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Fig. 9 Comparison of mobility of phosphorylated Erk between the Bis-Tris-HCI buffer system and Tris-AcOH
buffer system

(a) A431 whole lysate (—, 10 ug proteins) and lysate from EGF-stimulated cells (+, 10 pug proteins) were subjected to
Zn*" -Phos-tag SDS-PAGE [8.0 % (w/v) polyacrylamide containing 25 @M Zn®" -Phos-tag] with buffering by Bis-Tris-
HCI or Tris~AcOH. The gels were analyzed by Western blotting with an anti-Erkl/2 antibody.  The lysate from the
EGF-stimulated cells (10 pg proteins) was analyzed by 2-DE consisting of normal SDS-PAGE [8.0 % (w/v)
polyacrylamide] as the first dimension and Zn*" -Phos-tag SDS-PAGE [8.0 % (w/v) polyacrylamide containing 25 uM
Zn*" -Phos-tag] as the second dimension. The R; value of 1.0 is defined as the position of the BPB dye. (b) The
time-course of phosphorylation of Erkl/2 after stimulation with EGF (250 ng/mL) was analyzed by Zn*" -Phos-tag
SDS-PAGE [8.0 % (w/v) polyacrylamide containing 25 UM Zn®* -Phos-tag] with buffering by Bis-Tris-HCI or Tris-
AcOH. Each lane contains 10 pg of proteins. The gels were analyzed by Western blotting with an anti-pT202/
Y204 antibody, and then the same blot was re-probed with the anti-Erkl/2 antibody.  (c) A431 whole lysate (control,
10 ug proteins) and lysate from EGF-stimulated cells (10 pug proteins, 250 ng/mL of EGF for 5 min) were subjected
to Zn** -Phos-tag SDS-PAGE [8.0 % (w/v) polyacrylamide containing 25 UM Zn®* -Phos-tag] with buffering by Bis-
Tris—-HCI or Tris-AcOH, followed by immunoblotting with an anti-pT202 antibody or an anti-pY204 antibody (left
and center panels, respectively, in both systems). Lysates from EGF-stimulated cells (10 ug proteins, 250 ng/mL of
EGF for 5 min) pretreated with calyculin A (100 nM, 30 min), pervanadate (1.0 mM, 30 min), or PD98059 (100 puM,
60 min) were similarly analyzed with the anti-Erkl/2 antibody (right panels in the both systems). Reprinted with
permission from Ref. 11 © (2012) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 10 Schematic representation of ECL detection
of phosphorylated proteins on PVDF membrane by
using biotinylated Phos-tag

The protein-blotting PVDF membrane was probed
with the complex of the biotinylated Phos-tag and
HRP-conjugated streptavidin, and then the Phos-tag-
bound phosphorylated proteins were detected by an
ECL system.
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Fig. 11 Western blotting analysis of in wvitro kinase

and phosphatase reactions

Abltide-GST (0.13 ug protein/lane) was incubated
with a tyrosine kinase, Abl (left panels), and the
phosphorylated Abltide-GST (50 ng proteins/lane)
was incubated with a tyrosine phosphatase, TC-PTP
(right panels). The incubation time is shown above
each lane. The protein-blotting PVDF membranes
were probed with biotinylated Phos-tag (upper
panels), and then the same membranes were
reprobed with the anti-pTyr antibody (bottom panels).
Reprinted with permission from Ref. 9 © (2006) The
American Society for Biochemistry and Molecular
Biology.
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Fig. 12 Comparison of different detection methods for 1-D SDS-PAGE (a-g) and 2-D IEF/SDS-PAGE (h-m) of
A431 cell lysate

(a) Fluorescent gel staining with SYPRO Ruby (i.e., staining of all proteins).  (b) Fluorescent gel staining with Pro-Q
Diamond (i.e., staining of the phosphorylated protein). (c) ECL detection using the complex of the biotinylated
Phos-tag and HRP-streptavidin.  (d) ECL detection using the HRP-streptavidin only. (e) ECL detection using a
complex of the biotinylated Phos-tag ligand and HRP-streptavidin in the presence of 1 mM EDTA. (f) ECL
detection using the anti-pTyr antibody. (g) ECL detection using an anti-pSer antibody. Each lane (a-g) contains
7.5 ng protein of the A431 cell lysate before (lane 1) and after (lane 2) EGF stimulation or 7.5 ug protein of the
AP-treated lysate of EGF-stimulated A431 cells (lane 3). The molecular weight standards [MW : 205, 116, 97, 80,
66, 55, 45 (ovalbumin), 30, 21, and 14 kDa from the top] are shown in lane M. 2-DE (IEF/SDS-PAGE) analysis
followed by ECL detection of the proteins of the A431 cells before (h) and after (i) EGF stimulation (50 Lg proteins)
using the complex of the biotinylated Phos-tag and HRP-streptavidin. The blotting membrane was subsequently
probed with the anti-pTyr (j) and anti-pSer antibody (k). Superimposed images of the area surrounded with a
dotted square in i: (1) using the biotinylated Phos-tag (green) and anti-pTyr antibody (magenta), (m) using the
biotinylated Phos-tag (green) and anti-pSer antibody (magenta). Proteins detected by both methods appear as
white spots in 1 and m. Reprinted with permission from Ref. 9 © (2006) The American Society for Biochemistry
and Molecular Biology.
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Fig. 13 Comparisons of the relative amounts of phosphoproteins from an
EGF-stimulated A431 cell lysate before and after phosphate affinity
chromatography

The EGF-stimulated A431 cell lysate before loading on the column (lane 1),
the eluting fraction (lane 2), and flowthrough/washing fraction (lane 3)
were subjected to SDS-PAGE. Each lane contains 6 pg proteins. The
proteins in SDS-PAGE gels were electrotransferred to PVDF membranes, and
visualized by CBB staining (a), and Western blotting with biotinylated Phos-
tag (b), anti-pSer (c), anti-pErk substrate (PTXT) antibody (d), anti-pErkl/2

(e), anti-pShc (f), and anti-pErbB-2/HER-2 (g) antibodies.

Reprinted with

permission from Ref. 40 © (2011) Proteomass 2010.
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Prick the bottom with a 21-G needle
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Equibrilate with binding buffer +
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Wash with binding buffer {

spin down

spin down

Phos-tag agarose

Add the 40 pL of the water, and transfer the whole swallen gel slurry
completely to a new 1.5 mL tube

J

spin down

Discard the supernatant fluid ﬂ

Add 10 pL of SDS-PAGE dye
and the tube was heated for 5 min at 95 °C

Transfer the whole suspension containing Phos-tag agarose
to a sample well of an SDS-PAGE gel

Fig. 14 Scheme of Phos-tag agarose spin column
methods for purification of phosphoproteins in
cellular extract

Reprinted with permission from Ref. 39 © (2009)
Elsevier Inc.
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Fig. 15  Evaluation of the utility of the pretreatment
procedure using Phos-tag agarose for immunoblotting

The A431 cell lysates (20 ug proteins) with or without
pretreatment using Phos-tag agarose were subjected to
SDS-PAGE [8 % (w/v) polyacrylamide] followed by
immunoblotting with an anti-pShc (pY317) antibody
or an anti-pErkl/2 (pT202/pY204) antibody. The
A431 cells (10" cells) were stimulated with 0 ng/mlL
(=) or 50 ng/mL (+) EGF for 5 min and lyzed in an
RIPA buffer. The concentration of the solubilized
proteins was adjusted to 2.0 mg/mL. The positions
of three Shc isoforms (66, 52, and 46 kDa) and two
Erk isoforms (44 and 42 kDa) were independently
determined by using an anti-Shc antibody and an anti-
Erkl/2 antibody, respectively. Reprinted with
permission from Ref. 39 © (2009) Elsevier Inc.
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Reversible protein phosphorylation is a key signaling mechanism for modulating the
functional properties of proteins in various cellular processes. More than 500 protein kinases
and more than 100 protein phosphatases are known or predicted in the human proteome
alone. The numbers clearly reflect the importance of protein phosphorylation. In fact,
abnormal phosphorylation by perturbation of the balance of these enzyme reactions is deeply
related to a wide range of human diseases, including cancer, diabetes mellitus,
neurodegeneration, and immune/inflammatory disorders. Methods for the determination of
the phosphorylation status of a certain protein are thus very important with respect to
evaluating the basis for understanding the molecular origins of diseases, and for drug design.
Recently, we found that a dinuclear metal complex (Phos-tag) of 1,3-bis[bis(pyridin-2-ylmethyl)-
amino]propan-2-olato acts as a novel phosphate-binding tag molecule in an aqueous solution
under physiological conditions. Phos-tag has a vacancy on two metal ions, which is suitable
for the access of a phosphomonoester dianion (R-OPOs*") as a bridging ligand. A dinuclear
zinc(Il) complex (Zn®*-Phos-tag) strongly binds to phenyl phosphate dianion (K4 = 2.5 X
1078 M) at a neutral pH. The anion selectivity indexes against SO,%”, CH,COO™, ClI™, and
the bisphenyl phosphate monoanion at 25 C are 5.2 X 10% 1.6 X 10* 8.0 X 10°, and >2 X 10°,
respectively. By utilizing the Phos-tag molecule and its derivatives, we developed three major
Phos-tag technologies, and put them into practical use for a phosphoproteome study. Herein,
we describe convenient and reliable methods for the detection of phosphorylated proteins,
such as affinity electrophoresis using Phos-tag acrylamide, Western blotting using biotinylated
Phos-tag, and affinity chromatography using Phos-tag agarose or Phos-tag TOYOPEARL.

Keywords : affinity chromatography ; affinity electrophoresis ; phosphoproteomics ; Phos-tag ;
Western blotting.



