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Abstract: Protein-based fluorescent biosensors with sufficient sensing specificity are useful analytical tools
for detection of biologically important substances in complicated biological systems. Here, we present the
design of a hybrid biosensor, specific for a bis-phosphorylated peptide, based on a natural phosphoprotein
binding domain coupled with an artificial fluorescent chemosensor. The hybrid biosensor consists of a
phosphoprotein binding domain, the WW domain, into which has been introduced a fluorescent stilbazole
having Zn(II)-dipicolylamine (Dpa) as a phosphate binding motif. It showed strong binding affinity and
high sensing selectivity toward a specific bis-phosphorylated peptide in the presence of various phosphate
species such as the monophosphorylated peptide, ATP, and others. Detailed fluorescence titration
experiments clearly indicate that the binding-induced fluorescence enhancement and the sensing selectivity
were achieved by the cooperative action of both binding sites of the hybrid biosensor, i.e., the WW domain
and the Zn(II)-Dpa chemosensor unit. Thus, it is clear that the tethered Zn(II)-Dpa-stilbazole unit operated
not only as a fluorescence signal transducer, but also as a sub-binding site in the hybrid biosensor. Taking
advantage of its selective sensing property, the hybrid biosensor was successfully applied to real-time and
label-free fluorescence monitoring of a protein kinase-catalyzed phosphorylation.

Introduction

Fluorescent sensors that can selectively detect a biologically
important substance are powerful analytical tools for studying
biological events.1,2 Among a variety of such sensors, biosensors
based on sophisticated protein functions have been widely
applied to in vitro assays as well as bio-imaging studies in living
cells.3

Biosensors are usually designed by combining a native protein
domain with a fluorophore as a sensing unit, to transduce a
substrate-binding event into a fluorescence signal. A representa-
tive class of biosensors employs a FRET (fluorescence resonance
energy transfer) probe created by genetic fusion of a pair of
fluorescent proteins such as CFP and YFP.4 Another important
class of biosensors is made by covalent modification of a protein

with a small synthetic dye such as an environment-sensitive
fluorophore.5,6 In this class of biosensor, the fluorophore is
usually tethered at the periphery of the active site of the protein
so that it responds to substrate binding by changing its
fluorescence intensity or wavelength. A variety of biosensors
in these two categories have been developed, and their use in
sensing various biological substrates and events has been
demonstrated.

An alternative approach to the design of a fluorescent
biosensor is the hybridization of a protein with an artificial
chemosensor, which possesses a binding and sensing ability for
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the protein substrate.7 By the cooperative action of both protein
and chemosensor unit, the hybrid biosensor can potentially
provide a binding affinity higher than that of the native protein,
for a specific substrate. Such a facilitated function could
not be expected in the conventional biosensors mentioned
above. In addition, the hybrid approach might dramatically
modulate the substrate binding selectivity so as to provide a
biosensor capable of binding to a certain biological substrate
that could not be recognized beforehand by the native protein.8,9

In these ways, this approach might greatly expand the scope of
fluorescence analysis using biosensors. Irrespective of this
potential, there has not yet been much exploration of hybrid
biosensors.

Post-translational modification of proteins by phosphorylation
is a ubiquitous regulatory mechanism of diverse protein func-
tions and plays a central role in the control of cellular signaling
networks.10 Protein phosphorylation regulates mainly the en-
zymatic activity of proteins,11 and also the reversible assembly
of proteins into signaling complexes, by interactions at the
phosphoprotein binding domain.12 To elucidate such important
roles of protein phosphorylation, it is desirable to develop
fluorescence sensing systems for phosphoproteins involved in
signal transduction. To date, a number of biosensors for protein
kinase activity have been developed, including fluorescent
protein (GFPs)-based FRET probes13 or biosensors having a
synthetic fluorophore.14 In these biosensors, a sensing module
is covalently attached to a reactive module within one protein
molecule. Thus, these can sense only their own phosphorylation/
dephosphorylation but not that of a natural, underivatized
phosphorylated peptide or protein. On the other hand, methods
for directly sensing a phosphoprotein using artificial sensors
are still poorly developed. We have recently reported the first

artificial chemosensors for a phosphorylated protein surface
using coordination chemistry.15 Although these chemosensors
could bind selectively to a phosphate anion derivative in aqueous
medium and showed a distinctive fluorescence increase upon
binding to phosphorylated peptides or proteins, their selectivity
among many phosphorylated substances was not sufficient.

In this report, we describe the design of a fluorescent hybrid
biosensor for a specific phosphorylated peptide. Introduction
of an artificial chemosensor into a phosphoprotein binding
domain provides the hybrid biosensor with a strong binding
affinity and high sensing selectivity toward the specific bis-
phosphorylated peptide even in the presence of various phos-
phate anion species (Figure 1). Taking advantage of the selective
sensing function, the hybrid biosensor was successfully applied
to real-time and label-free fluorescence monitoring of kinase-
catalyzed phosphorylation.

Molecular Design of the Biosensor Hybridized with the
Artificial Chemosensor

The group IV WW domain is a small binding motif capable
of selectively binding to phosphorylated proline-rich sequences,
especially to a pSer-Pro or pThr-Pro.16 In this study, the WW
domain (6-39 residues) derived from Pin1 protein17 was used
as a binding scaffold of the hybrid biosensor (Figure 2a). It
was reported that the Pin1 protein selectively binds to the
multiphosphorylated C-terminal domain (CTD) repeat sequence
of RNA polymerase II through the WW domain and regulates
the transcriptional activity of living cells. X-ray crystallographic
analysis of the Pin1 WW domain complexed with a doubly
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Figure 1. Construction of the hybrid biosensor and fluorescence sensing for the doubly phosphorylated peptide discussed in this study.
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phosphorylated pS2,5-CTD peptide (YpSPTpSPS, Figure 2c)
revealed that the WW domain tightly interacts with one
phosphorylated serine pS5, but not with another pS2.17a Thus,
it was expected that introduction of an artificial chemosensor
unit that is able to bind and fluorescently sense the pS2 residue
would provide a hybrid biosensor that exerts an enhanced
binding affinity and sensing selectivity for the multiphospho-
rylated CTD sequence.

We have recently demonstrated that the zinc complex of 2,2′-
dipicolylamine (Zn(II)-Dpa) is an effective binding motif for
phosphate anions.15 On the basis of this finding,1-Zn(II) was
designed as an artificial chemosensor to be coupled with the
WW domain (Figure 2b). It is well-known that the fluorescence
quantum yield of stilbazole derivatives is largely affected by

the torsional rotational freedom of the two aromatic groups.18

Thus, it is reasonable that the cooperative interaction of both
phosphate groups of the pS-6,9 sequence with the hybrid
biosensor might induce the fluorescence intensity change of
1-Zn(II) due to the conformational restriction of the stilbazole
moiety. The maleimide group was attached to the stilbazole unit
of 1-Zn(II) as a reactive site for the cysteine residue that is
mutationally introduced to the WW domain. The chemosensor
1-Zn(II) was synthesized by the synthetic route in Scheme 1
and characterized by1H NMR, elemental analysis, and FAB-
MS.

(18) (a) Pyun, C. H.; Lyle, T. A.; Daub, G. H.; Park, S. M.Chem. Phys. Lett.
1986, 124, 48. (b) Rosania, G. R.; Lee, J. W.; Ding, L.; Yoon, H. S.; Chang,
Y. T. J. Am. Chem. Soc.2003, 125, 1130.

Figure 2. (a) Amino acid sequences of the WW domain and its mutants. (b) Molecular structure of1-2Zn(II). (c) Amino acid sequences of the phosphorylated
peptides.

Scheme 1. Synthesis of 1(Zn)a

a Reagents and conditions: (a) Pd(OAc)2 , PPh3 , DMF, 80 °C. (b) 1 N NaOH, MeOH, rt. (c) MnO2 , THF, rt to 45 °C. (d) Methylpyridine-2-
ylmethylamine‚HCl, NaBH(OAc)3 , AcOH, CH2Cl2 , rt. (e) TFA, CH2Cl2 , rt. (f) Maleic anhydride, THF, 40°C, and then Ac2O, AcONa, 60°C. (g) Zn(NO3)2 ,
MeOH, rt.
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Preparation of Hybrid Biosensor. The crystallographic
structure of the complex of Pin1 WW domain with the
phosphorylated CTD peptide (pS2,5-CTD, Figure 2c) shows that
the side chains of Glu12, Arg14, and Met15 of the WW domain
are rather close to the phosphate group of pS2 of the CTD
peptide.17a This structural information implied that these posi-
tions are suitable candidates for incorporation of the artificial
chemosensor1-Zn(II) as a binding unit for pS2. Thus, three
WW domain mutants (E12C-WW, R14C-WW, and M15C-WW,
Figure 2a) possessing a cysteine at the 12, 14, or 15 position,
respectively, were prepared by solid-phase peptide synthesis,
purified by HPLC, and characterized by MALDI-TOF-mass
spectroscopy (MALDI-TOF-MS). Introduction of1-Zn(II) into
E12C-WW and M15C-WW was carried out by simple incuba-
tion of the corresponding Cys-mutant and1-Zn(II) in HEPES
buffer solution. The coupling reaction was complete within 2 h
under mild conditions (pH 7.2, 25°C) in both cases. This was
confirmed by MALDI-TOF-MS that traced the adduct formation
as well as the concomitant disappearance of the mutant WW
domain (Figure S1). After purification with size-exclusion gel
chromatography, the hybrid biosensors (1(Zn)-E12C-WW and
1(Zn)-M15C-WW) were tested for the fluorescence sensing.
Conjugation of R14C-WW with1-Zn(II) was not done because
this mutant did not form a native-like folded structure (vide
infra).

The structure of these hybrid biosensors was investigated by
circular dichroism (CD) spectroscopy prior to evaluation of their
fluorescence-sensing capabilities (Figure 3). It is known that
native WW domains show a characteristic positive Cotton peak
at 227 nm due to the folded structure.19 Among the three Cys-
mutants, E12C-WW and M15C-WW showed the characteristic
CD peak at 227 nm identical with native WW. However, in the
case of the mutant R14C-WW, this peak was completely absent,
indicating that this mutant does not retain a native-like structure.
This can be explained by the side chain of Arg14 playing an
important role in the formation of the secondary structure of
the WW domain by participating in both the hydrophobic cluster
and the hydrogen-bonding network with other amino acid
residues.17e The structure of the hybrid biosensors were also
investigated by CD measurements.1(Zn)-M15C-WW showed
a CD spectrum almost identical with that of the native WW
domain (Figure 3b), indicating that attachment of the artificial
chemosensor unit did not disturb the native-like folded structure
in this hybrid biosensor. In contrast, in the case of1(Zn)-E12C-
WW, the CD signal in this region completely disappeared,
suggesting that the introduction of1-Zn(II) on the surface of
the mutant E12C-WW significantly affects the folded structure
destroying the native-like conformation. Thus, the subsequent
experiments were carried out using1(Zn)-M15C-WW as the
hybrid biosensor.

Fluorescence Sensing of Phosphorylated Derivatives.On
excitation at 340 nm,1(Zn)-M15C-WW showed fluorescence
emission with a maximum at 440 nm (Figure S2). This emission
is ascribed to the stilbazole fluorophore of the artificial
chemosensor incorporated into1(Zn)-M15C-WW. When the
bis-phosphorylated pS6,9-CTD peptide, an analogue of pS2,5-
CTD peptide, was added to a solution of1(Zn)-M15C-WW,
the fluorescence intensity at 440 nm increased as shown in

Figure 4a (Fmax/Fint ) 1.6, Figure 4a). This suggested the
binding-induced conformational rigidification of the stilbazole
fluorophore, according to the design principle. Fluorescence
Job’s plot showed that their binding stoichiometry is 1:1 (inset
of Figure 4a). The increase at 440 nm showed typical saturation
behavior (Figure 4b) with a binding constant of 1.2× 106 M-1

analyzed by the nonlinear curve-fitting method. This value is
∼10-fold larger than that of native WW domain (Kapp ) 1.4×
105 M-1)15c,20 and ∼1000-fold larger than that of the mono-
nuclear zinc complex of1-Zn(II).21 These results suggest that
both binding sites of1(Zn)-M15C-WW, i.e., those for the zinc
complex and the WW domain, cooperatively interact with the
two phosphate groups of pS6,9-CTD peptide so as to yield the
stronger binding compared to binding through the individual
interaction.

The fluorescence sensing ability of1(Zn)-M15C-WW was
further explored for other phosphate derivatives (Figure 5 and
Figure S3). It is noteworthy, in particular, that the binding con-
stant for IRK2P, a bis-phosphorylated fragment of insulin-recep-

(19) (a) Kaul, R.; Angeles, A. R.; Jager, M.; Powers, E. T.; Kelly, J. W.J. Am.
Chem. Soc.2001, 123, 5206. (b) Kaul, R.; Deechongkit, S.; Kelly, J. W.J.
Am. Chem. Soc.2002, 124, 11900.

(20) The binding affinity of the native WW domain was determined by the
fluorescence polarization assay with the rhodamine-labeled pS6,9-CTD
peptide, experimental details of which are described in reference 15c.

(21) The binding affinity of1-Zn(II) with the bis-phosphorylated pS6,9-CTD
or mono-phosphorylated pS6-CTD peptide was determined by ITC
(isothermal titration calorimetry) experiment (see Figure S5).

Figure 3. (a) Circular dichroism (CD) spectra of the mutant WW domains;
native WW (black line), E12C-WW (blue line), R14C-WW (green line),
and M15C-WW (red line). (b) Circular dichroism (CD) spectra of the WW
domains hybridized with1-Zn(II), 1(Zn)-M15C-WW (red line),1(Zn)-
E12C-WW (blue line), 20 mM potassium phosphate buffer solution (pH
7.2), 20 mM NaCl, 4°C.
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tor kinase (1156-1164, Figure 2),22 is in the range of 104 (M-1).
This affinity is much smaller than that for pS6,9-CTD peptide,
and is almost the same as that for monophosphorylated IRK1P
or pS6-CTD peptide. This is because the IRK peptide does not
show affinity for the WW domain, which gives rise to the high
sequence selectivity of the present1(Zn)-M15C-WW. Simi-
larly, the binding affinity of1(Zn)-M15C-WW for nucleoside
pyrophosphates such as ATP or ADP is significantly lower than
that of pS6,9-CTD peptide (Table 1). Thus, it is concluded that
1(Zn)-M15C-WW is a fluorescent biosensor selective for bis-
phosphorylated pS6,9-CTD peptide among various other phos-
phate derivatives.

The fluorescence polarization assay additionally gave us the
sensing mechanism of1(Zn)-M15C-WW for the phosphory-
lated derivatives. Upon complexation with pS6,9-CTD peptide,
the fluorescence anisotropy value (r) of 1(Zn)-M15C-WW
gradually increased from 0.3 to 0.36 (Figure S4). Curve-fitting
analysis of this change gave a binding constant of 5.8× 105

M-1, almost identical with that from the fluorescence titration
(Table 1, Figure 5). The increase inr value implies suppressed
mobility of the fluorophore, and thus it supports a proposed

sensing mechanism, in which the conformational rigidification
of the stilbazole moiety induces the fluorescence enhancement
upon two-point binding of1(Zn)-M15C-WW to pS6,9-CTD.
The chemosensor1-Zn(II) itself, which is not conjugated with
the WW domain, did not show any fluorescence change upon
addition of excess pS6,9-CTD peptide or ATP (data not shown),
also suggesting that the conformational restriction by bridging
two pS units of CTD peptide through the Zn(Dpa) site and WW
domain is an important factor in the selective fluorescence
sensing by1(Zn)-M15C-WW.23

Figure 6 shows a computationally predicted structure of the
binding complex between1(Zn)-M15C-WW and pS6,9-CTD
peptide on the basis of the crystallographic structure of the native
WW domain complexed with pS2,5-CTD peptide.17a,24 In the

(22) Hubbard, S. R.EMBO J. 1997, 16, 5572.

(23) The moderate increases of fluorescence intensity (Figure 5) andr value
(Figure S4) upon binding to pS6-CTD peptide suggest that1(Zn)-M15C-
WW recognizes pS6-CTD peptide in a cooperative binding mode, in which
the pS6 phosphate group and the non-phosphorylated proline-rich sequence
(PTSP) are recognized by the Zn(II)-Dpa site and the WW domain of
1(Zn)-M15C-WW, respectively. This is supported by the fact that the
native WW domain binds to pS2-CTD peptide (YpSPTSPS) with a
moderate binding afffinity (Kapp ) 9 × 103 M-1, see reference 17a).

(24) Structure of1-(Zn)-M15C-WW was minimized using Macro Model 8.5
(MMFFs force field). Calculation was applied with Molecular Mechanics
(MM) and Molecular Dynamics (MD).

Figure 4. (a) Fluorescence spectral change of1(Zn)-M15C-WW upon
addition of the doubly phosphorylated pS6,9-CTD peptide (0-16 µM).
[1(Zn)-M15C-WW] ) 3.2 µM, 50 mM HEPES buffer solution (pH 7.2),
15 ( 1 °C, λex ) 340 nm. (Inset) Job plot fluorescently examined between
1(Zn)-M15C-WW and pS6,9-CTD peptide (total concentration is 10µM).
(b) Fluorescence titration curve of1(Zn)-M15C-WW with pS6,9-CTD
peptide measured in (a). All data points are mean( sem obtained by the
individual three experiments.

Table 1. Summary of the Binding Constants of 1(Zn)-M15C-WW
or Native WW Domain for Various Phosphorylated Derivatives

Kapp/M-1

substrate 1(Zn)−M15C-WWa native WW domainb

pS6,9-CTD 1.2× 106 (5.8× 105) 1.4× 105

pS6-CTD 3.4× 104 (9.9× 104) 6.8× 104

pS9-CTD c 1.3× 105

S-CTD c c
IRK1P 5.6× 104

IRK2P 7.6× 104

ATP 6.0× 104

ADP 4.9× 104

PhP 4.3× 104 (6.3× 104)

a Determined by the fluorescence titration. The binding constants in
parentheses were obtained by the fluorescence polarization assay.b Deter-
mined by the fluorescence polarization assay with the rhodamine-labeled
phosphopeptide.c Not determined due to small fluorescence intensity or
anisotrophy value change.

Figure 5. Fluorescence titration profiles of1(Zn)-M15C-WW at the
emission of 440 nm with the various CTD peptides; pS6,9-CTD (b), pS6-
CTD (9), pS9-CTD (]), and S-CTD peptide (×) in 50 mM HEPES buffer
solution (pH 7.2), 15( 1 °C, λex ) 340 nm.
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calculated structure, the stilbazole moiety reaches from the
Cys15 residue along theâ-sheet of the WW domain, and it can
be seen that the Zn(II)-Dpa site can bind to the phosphate group
of pS-6 without interfering with other intrinsic interactions
between pS-9 and the WW domain. Therefore, it is reasonable
that such cooperative two-point binding with the two phosphate
residues largely contributes to the selective sensing of the pS6,9-
CTD peptide as well as the fluorescence enhancement.

Fluorescence Monitoring of Kinase-Catalyzed Phospho-
rylation. As mentioned above, the hybrid biosensor 1(Zn)-
M15C-WW can selectively detect the bis-phosphorylated peptide
sequence (pS6,9-CTD) even in the presence of other phospho-
rylated derivatives. Taking advantage of this selective sensing,
we subsequently applied the hybrid biosensor for a fluorescence
real-time assay of kinase-catalyzed peptide phosphorylation.
Cyclin-dependent protein kinase 9 (CDK9) is an enzyme which
phosphorylates the serine residues of the CTD sequence of RNA
polymerase II as an active complex with cyclin T1 and plays
an important role in controlling the cell transcriptional activity.25

In the phosphorylation assay, pS9-CTD peptide was employed
as a substrate, and the phosphorylation event at Ser6 was
fluorescently monitored using 1(Zn)-M15C-WW. Upon addi-
tion of CDK9/T1 kinase to a solution of pS9-CTD peptide and
ATP, the fluorescence intensity of1(Zn)-M15C-WW gradually
increased in a time-dependent manner as shown in Figure 7.
To confirm the reaction progress, we separately checked the
formation of pS6,9-CTD peptide by MALDI-TOF-MS by
sampling the solution (data not shown). The initial rate of the
fluorescence change apparently depends on the concentration
of the substrate, pS9-CTD peptide. In control experiments, the
fluorescence intensification was not observed in the absence of
ATP, pS-9 CTD peptide, or CDK9/T1kinase. These results
clearly indicate that1(Zn)-M15C-WW can successfully moni-
tor the CDK9/T1 kinase-catalyzed phosphorylation reaction in
real-time and in the absence of label, by selective detection of
pS6,9-CTD peptide in the presence of other phosphorylated
species such as the substrate pS9-CTD peptide, ATP, and ADP.
The emission change data obtained with different substrate
concentrations were analyzed by a Lineweaver-Burk plot to
give, Km ) (5.1 ( 2.8) × 10-4 M and Vmax ) (4.0 ( 1.4) ×

10-5 M‚min-1. The fluorescence assay was also conducted using
non-phosphorylated CTD peptide (S-CTD peptide, Figure 2c)
as a substrate under the same conditions, where phosphorylation
occurred at the Ser-6 residue to produce pS6-CTD peptide.26

However, it is interesting that no fluorescence change took place
in this case (data not shown). This is attributed to the binding
affinity with pS6-CTD peptide (Kapp ) 3.4 × 104 M-1) being
too weak to monitor by fluoresence the kinase-catalyzed
phosphorylation, demonstrating the substrate-selective sensing
feature of the hybrid biosensor in the kinase reaction.

Conclusion

In summary, we have extended the validity of the hybrid
approach for design of the fluorescence biosensor for phospho-
peptides. The hybrid biosensor based on the WW domain and
Zn(II)-Dpa chemosensor showed a strong binding affinity and
high sensing selectivity for the specific bis-phosphorylated
peptide, which distinguishes it from monophosphorylated pep-
tides and other phosphorylated species. This enabled the hybrid
biosensor to be successfully applied for real-time fluorescence
monitoring of CDK9-catalyzed phosphorylation. This was
enabled by the cooperative action of both binding sites of the
hybrid biosensor, i.e., the native WW domain and the artificial
Zn(II)-Dpa-based chemosensor unit. The incorporated chemosen-
sor unit acts as not only a sensing probe but also a supportive

(25) Tamrakar, S.; Kapasi, A. J.; Spector, D. H.J. Virol. 2005, 79, 15477.
(26) Ashimori, A.; Ono, T.; Uchida, T.; Ohtaki, Y.; Fukaya, C.; Watanabe, M.;

Yokoyama, K.Chem. Pharm. Bull.1990, 38, 2446-2458.

Figure 6. Computationally predicted structure of the binding complex
between1(Zn)-M15C-WW (white ribbon with gray surface) and pS6,9-
CTD peptide (orange solid bar).

Figure 7. (a) Real-time fluorescence monitoring of CDK9/T1-catalyzed
phosphorylation of pS9-CTD peptide (50, 100, 150, 200, 300, 400µM)
with 1(Zn)-M15C-WW. (b) Lineweaver-Burk plot of the phosphorylation
of pS9-CTD peptide catalyzed by CDK9/T1.
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sub-binding site. We believe that the hybrid approach is
powerful in designing protein-based bioanalytical tools for
structurally complicated targets of biological significance. For
example, the sensing of various natural phosphoproteins may
be carried out using a library of biosensors that are produced
by combining suitable phosphoprotein binding domains with
various suitable chemosensors so as to facilitate the understand-
ing of specific protein phosphorylation-dephosphorylation
events in detail. Toward this goal, we are now in progress along
this line.

Experimental Section

Synthesis of 1-Zn(II). 4-Ethenyl- tert-butoxycarbonyl-aminoben-
zene (2).A solution of 4-aminostyrene (5.0 g, 42 mmol) and di-tert-
butyl dicarbonate (18.3 g, 84 mmol) in dry CH2Cl2 (30 mL) was stirred
for 14 h at room temperature. After dilution with CH2Cl2, the mixture
was washed with 1 N HCl aq and brine followed by drying over
anhydrous MgSO4. The solvent was concentrated in vacuo to give
compound2 as a colorless solid in 98% yield (8.53 g):1H NMR
(CDCl3, 400 MHz) δ 7.33 (m, 4H, Ar-H), 6.62 (dd (10.8, 17.6), 1H,
ethylene), 6.44 (br, 1H, amide), 5.65 (d(17.6), 1H, ethylene(trans)),
5.16 (d(10.8), 1H, ethylene(cis)), 1.52 (s, 9H, Boc).

4-[2-(6-Acetoxymethyl-4-pyridinyl)ethenyl]-tert-butoxycarbonyl-
aminobenzene (4).A solution of 2 (1.24 g, 5.65 mmol),324 (1.0 g,
4.35 mmol), palladium acetate (195 mg, 0.87 mmol), and triph-
enylphosphine (456 mg, 1.74 mmol) in dry DMF (30 mL) was stirred
for 22 h at 80°C. After removal of the solvent in vacuo, the residue
was dissolved in ethyl acetate (150 mL). The organic layer was washed
with brine, dried over anhydrous MgSO4, and concentrated by evapora-
tion. The residue was purified by column chromatography on silica
gel (hexane/AcOEt) 2/1) to give4 as a light-brown oil in 56% yield
(885 mg): 1H NMR (CDCl3, 400 MHz) δ 8.54 (d(4.8), 1H, Ar-H),
7.40-7.47 (m, 6H, Ar-H), 7.27 (d(16.4), 1H, ethylene(trans)), 6.67
(d(16.4), 1H, ethylene(trans)), 6.54 (br, 1H, amide), 5.23 (s, 2H, Ar-
CH2-O), 2.19 (s, 3H, COO-CH3), 1.52 (s, 9H, Boc).

4-[2-(6-Hydroxymethyl-4-pyridinyl)ethenyl]- tert-butoxycarbonyl-
aminobenzene (5).A solution of4 (300 mg, 0.814 mmol) in 1 N NaOH
aq (7 mL) and MeOH (10 mL) was stirred for 14 h at room temperature.
The reaction mixture was diluted with H2O and extracted with ethyl
acetate. The organic layer was washed with brine, dried over anhydrous
MgSO4, and concentrated in vacuo to give compound5 as a yellow oil
in 76% yield (200 mg):1H NMR (CDCl3, 400 MHz)δ 8.54 (d(4.8),
1H, Ar-H), 7.67 (m, 1H, Ar-H), 7.48 (m, 2H, Ar-H), 7.36 (m, 1H,
Ar-H), 7.30 (m, 6H, Ar-H), 7.47 (m, 6H, Ar-H), 7.22 (d(16.4), 1H,
ethylene(trans)), 6.91 (d(16.4), 1H, ethylene(trans)), 6.55 (br, 1H,
amide), 4.77 (s, 2H, Ar-CH2-O), 2.56 (s, 1H, OH), 1.52 (s, 9H, Boc).

4-[2-(6-Formyl-4-pyridinyl)ethenyl]- tert-butoxycarbonyl-ami-
nobenzene (6).A suspension of5 (200 mg, 0.61 mmol) and manganese
dioxide (850 mg, 9.77 mmol) in dry THF (25 mL) was stirred for 2.5
h at room temperature and then for 1 h at 45°C. The reaction mixture
was filtered through celite, and the filtrate was concentrated in vacuo.
The residue was purified by column chromatography on silica gel
(hexane/AcOEt) 2/1) to give compound6 as a yellow solid in 80%
yield (158 mg): 1H NMR (CDCl3, 400 MHz)δ 10.10 (s, 1H, Ar-H),
8.71 (d(5.2), 1H, Ar-H), 8.04 (s, 1H, Ar-H), 7.53 (m, 3H, Ar-H), 7.41
(m, 2H, Ar-H), 7.35 (m, 1H, Ar-H), 6.98 (m, 1H, Ar-H), 6.58 (m, 1H,
Ar-H), 1.54 (s, 9H, Boc).

4-(2-{6-[2-(Methylaminomethyl)pyridinyl]-4-pyridinyl }ethenyl)-
tert-butoxycarbonyl-aminobenzene (7).A solution of6 (94 mg, 0.29
mmol), 2-(methylaminomethyl)pyridine hydrochloride (40 mg, 0.33
mmol), acetic acid (20 mL, 0.30 mmol), and sodium triacetoxyboro-
hydride (154 mg, 0.73 mmol) in dry CH2Cl2 (30 mL) was stirred for
6 h at room temperature. After dilution with CH2Cl2, the organic layer
was washed with sat. NaHCO3 aq and brine, followed by drying over
anhydrous MgSO4. The solvent was removed in vacuo, and the residue

was purified by column chromatography on silica gel (CHCl3/MeOH/
NH3 aq) 100/10/1) to give7 as a yellow solid in 47% yield (58 mg):
1H NMR (CDCl3, 400 MHz)δ 8.57 (m, 1H, Ar-H), 8.48 (d(5.2), 1H,
Ar-H), 7.67 (m, 1H, Ar-H), 7.59 (s, 1H, Ar-H), 7.49-7.51 (m, 3H,
Ar-H), 7.39 (m, 2H, Ar-H), 7.29 (m, 1H, Ar-H), 7.21 (m, 1H, Ar-H),
7.16 (m, 1H, Ar-H), 6.93 (d(16.4, ethylene(trans)), 6.54 (m, 1H, Ar-
H), 3.78 (s, 4H, Ar-H), 2.35 (s, 3H, Ar-H), 1.53 (s, 9H, Boc).

4-(2-{6-[2-(Methylaminomethyl)pyridinyl]-4-pyridinyl }ethenyl)-
aminobenzene (8).A solution of 7 (112 mg, 0.26 mmol) in TFA (4
mL), and dry CH2Cl2 (12 mL) was stirred for 1 h atroom temperature.
After removal of the solvent in vacuo, the residue was dissolved in
CH2Cl2 (50 mL). The organic layer was washed with sat. NaHCO3 aq
and brine followed by drying over anhydrous MgSO4. The solution
was concentrated in vacuo to give8 as a brown oil in 80% yield (70
mg): 1H NMR (CDCl3, 400 MHz)δ 8.57 (m, 1H, Ar-H), 8.45 (d(5.2),
1H, Ar-H), 7.66 (m, 1H, Ar-H), 7.55 (s, 1H, Ar-H), 7.52 (m, 1H, Ar-
H), 7.36 (d(8.4), 2H, Ar-H), 7.24 (d(16.4), 1H, ethylene(trans)), 7.20
(m, 2H, Ar-H), 6.83 (d(16.4), 1H, ethylene(trans)), 6.70 (d(8.4), 2H,
Ar-H), 3.80 (m, 4H, Ar-CH2-N), 2.36 (s, 3H, N-CH3).

4-(2-{6-[2-(Methylaminomethyl)pyridinyl]-4-pyridinyl }ethenyl)-
benzmaleimide (1).A solution of 8 (70 mg, 0.21 mmol) and maleic
anhydride (31.2 mg, 0.318 mmol) in dry THF (15 mL) was stirred for
2 h at 40°C. After removal of the solvent in vacuo, the residue was
dissolved in acetic anhydride (8 mL). Sodium acetate (43.5 mg, 0.530
mmol) was added, and the mixture was stirred for 6 h at 60°C. After
dilution with AcOEt, the organic layer was washed with sat. NaHCO3

aq and brine, followed by drying over anhydrous MgSO4. The solvent
was removed by evaporation, and the residue was purified by column
chromatography on silica gel (CHCl3/MeOH/NH3 aq ) 200/20/1) to
give 1 as yellow solid in 53% yield (46 mg):1H NMR (CDCl3, 400
MHz) δ 8.59 (m, 1H, Ar-H), 8.53 (d(5.2), 1H, Ar-H), 7.62-7.71(m,
4H, Ar-H), 7.52 (d(8.4), 1H, Ar-H), 7.41 (d(8.4), 2H, Ar-H), 7.34
(d(16.4), 1H, ethylene(trans)), 7.20 (m, 1H, Ar-H), 7.04 (d(16.4), 1H,
ethylene(trans)), 6.88 (s, 2H, Ar-H), 3.80 (s, 4H, Ar-CH2-N), 2.42 (s,
3H, N-CH3). FAB-MS (NBA): calcd for C25H23N4O2

+ ([M + H]+)
411.70, found 411.70.

4-(2-{6-[2-(Methylaminomethyl)pyridinyl]-4-pyridinyl } ethenyl)-
benzmaleimide Zinc Complex (1-Zn(II)). An aqueous solution of
zinc nitrate (306 mM; 370µL, 0.113 mmol) was added to the solution
of 1 (46.4 mg, 0.113 mmol) in distilled MeOH (4.7 mL), and the
mixture was stirred for 30 min at room temperature. After removal of
the solvent in vacuo, the residue was dissolved in distilled water and
filtered through a cellulose acetate filter. The filtrate was lyophilized,
and the obtained solid was filtered and washed with AcOEt to give
1-Zn(II) as pale-yellow solid in 74% yield (50.3 mg):1H NMR (D2O,
400 MHz)δ 8.55 (br, 1H, Ar-H), 8.44 (br, 1H, Ar-H), 7.58-7.69 (m,
4H, Ar-H), 7.54 (br, 1H, Ar-H), 7.43 (br, 2H, Ar-H), 7.35 (d(16.8),
1H, ethylene(trans)), 7.30 (m, 1H, Ar-H), 7.28 (br, 1H, Ar-H), 7.24
(m, 1H, Ar-H), 6.91 (s, 2H, Ar-CH2-N), 3.96 (s, 4H, Ar-CH2-N), 2.25
(s, 3H, N-CH3). FAB-MS (NBA): calcd for C25H22N5O5

+ ([M -
NO3]+) 537.86, found 537.43. Anal. Calcd for C25H22N4O2‚2Zn(NO3)2‚
H2O; C 50.06, H 3.70, N 14.01. Found: C 50.19, H 3.53, N 14.09.

Synthesis of the Phosphopeptides.The peptide coupling reaction
was performed with an automated peptide synthesizer (ABI 433A,
Applied Biosystems). The peptides were synthesized using the standard
Fmoc-based FastMoc coupling chemistry (0.1 mmol scale) on Fmoc-
Amide Resin (Applied Biosystems). Fmoc-Ser[PO(Obzl)OH]-OH or
Fmoc-Tyr[PO(Obzl)OH]-OH (Watanabe Chemical Industries, Ltd.) was
used as a phosphorylated amino acid unit for the peptide coupling.
The peptide cleavage from resin and side-chain deprotection were
carried out by the treatment with TFA-m-cresol-thioanisole (86:2:
12) over 1 h at rt.After removal of TFA in vacuo, the crude peptide
was precipitated intert-butylmethyl ether and purified by reversed-
phase HPLC (column: YMC-pack ODS-A, 10 mm× 250 mm).
Purification conditions were as follows: mobile phase, CH3CN (0.1%
TFA)/H2O (0.1% TFA)) 5/95 to 24/76 (linear gradient over 25 min);
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flow rate, 3.0 mL/min; detection, UV (220 nm). MALDI-TOF mass
pS6,9-CTD: calcd for C47H70N12O25P2 [M - H]- 1268.1, found 1266.6;
pS6-CTD: calcd for C47H71N12O22P [M - H]- 1188.1, found 1187.2;
pS9-CTD: calcd for C47H71N12O22P [M - H]- 1188.1, found 1189.1;
S-CTD: calcd for C47H72N12O19 [M + H]+ 1110.1, found 1109.1;
IRK1P: calcd for C74H111N20O27P [M + H]+ 1743.8, found 1745.1;
IRK2P: calcd for C74H112N20O30P2 [M + H]+ 1823.7, found 1823.8.

Synthesis of the Pin1 WW Domains.The peptide coupling reaction
was performed with an automated peptide synthesizer (ABI 433A,
Applied Biosystems). The Pin1 native WW domain (6-39; Native
WW) and its cysteine mutants were synthesized using the standard
Fmoc-based FastMoc coupling chemistry (0.25 mmol scale) on Alko-
PEG Resin preloaded with Fmoc-Glycine (0.1 mmol, loading rate: 0.22
mmol/g, purchased from Watanabe Chemical Industries, Ltd.). After
cleavage from resin and side-chain deprotection, the crude peptide was
purified by reversed-phase HPLC. Purification conditions were as
follows: reversed phase HPLC (column: YMC-pack ODS-A, 10 mm
× 250 mm), mobile phase, CH3CN (0.1% TFA)/ H2O (0.1% TFA))
20/80 to 40/60 (linear gradient over 30 min); flow rate, 3.0 mL/min;
detection, UV (220 nm). MALDI-TOF mass (matrix; CHCA): calcd
for native WW domain; [M+ H]+ 4025.1, found 4024.6, E12C-WW;
calcd for [M + H]+ 3997.5, found 3998.1, R14C-WW; calcd for [M
+ H]+ 3970.5, found 3971.9, M15C-WW; calcd for [M+ H]+ 3995.5,
found 3995.9.

Preparation of the Hybrid Biosensor 1(Zn)-M15C-WW. A
solution of1-Zn(II) (185 µM in DMSO/H2O (1:1), 83µL) was slowly
added to a solution of M15C-WW (123µM, 1 mL) in 50 mM HEPES
buffer (pH 7.2), and the mixture was incubated for 2 h at room
temperature in a dark room. The reaction was monitored by MALDI-
TOF-MS, in which the peak of M15C-WW disappeared and a new
peak of1(Zn)-M15C-WW appeared (Figure S1). The reaction was
also able to be monitored by UV-vis spectroscopy, in which the
absorption maximum corresponding to the stilbazole unit of1-Zn(II)
was red-shifted from 324 to 331 nm with an isosbestic point at 340
nm (Figure S1). The reaction solution was directly submitted to gel
filtration chromatography (Sephadex G-25, 1.8 cm× 5 cm, 50 mM
HEPES buffer (pH 7.2) as a eluant), and the fraction of1(Zn)-M15C-
WW was collected. The concentration of1(Zn)-M15C-WW was
determined by absorbance at 340 nm (ε340 ) 6245 M-1 cm-1) or 280
nm (ε280 ) 14,640 M-1 cm-1), where the absorption coefficient (ε) at
each wavelength was determined based on theε of 1-Zn(II) or the
sum of theε of 1-Zn(II) and the native WW domain, respectively.
MALDI-TOF mass;m/z calcd for 4595.4, found 4534.1.

Circular Dichroism Measurement. CD spectra were recorded using
a JASCO J-720W spectropolarimeter. The aqueous solution of the WW
domain (4.6µM) in 20 mM phosphate buffer (pH 7.2) was prepared,
and CD spectra were measured from 300 to 200 nm (scan speed; 50

nm/min) at 4°C using a water-jacketed quartz cell (0.1 cm path length).
Each spectrum represents the average of 16 time scans with smoothing
to reduce noise.

Fluorescence Titration with Phosphate Derivatives.Fluorescence
spectra were recorded on a Perkin-Elmer LS55 spectrometer. The
titration experiments were conducted with a solution of1(Zn)-M15C-
WW (3.2 µM) in 50 mM HEPES buffer (pH 7.2). All titration were
carried out with1(Zn)-M15C-WW solution (0.5 mL) in a quartz cell
(excitation wavelength:λex ) 340 nm,) at 15( 1 °C, and the
fluorescence emission was recorded upon addition of a freshly prepared
aqueous stock solution of the peptide or phosphate species with a
microsyringe. Fluorescence titration curves (λem ) 440 nm) were
analyzed with the nonlinear least-squares curve-fitting method asum-
ming 1:1 binding to give the apparent binding constant (Kapp, M-1).

Fluorescence Anisotropy Experiment.Fluorescence anisotropy
experiments were performed with a Perkin-Elmer LS55 spectrometer.
The fluorescence anisotropy value (r) of 1(Zn)-M15C-WW was
calculated by eq 1 using the emission intensity at 441 nm, whereIVV,
IVH, IHV, and IHH are the fluorescence intensities observed through
polarizers parallel and perpendicular to the polarization of the exciting
light, respectively, andG is a correction factor accounting for
instrumental differences in the fluorescence detection.

Fluorescence Monitoring of CDK9/T1-Catalyzed Phosphoryla-
tion. CDK9/T1 (human, recombinant) was purchased from Upstate.
The preincubated solution of1(Zn)-M15C-WW (3.2µM), ATP (50
mM) and CDK9/T1 (50 mU) in the assay buffer (8 mM MOPS, pH
7.0, 1 mM MgCl2, 100 mM ZnCl2 containing 20% glycerol) at 20(
1 °C was mixed with pS-9 CTD peptide (final concentration: 50-400
µM), and the fluorescence spectrum (excitation wavelength:λex ) 340
nm) was monitored at 20( 1 °C with the kinetic mode from 0 to 60
min. Changes in the fluorescence intensity at 440 nm were converted
to the initial rate (Vi, M‚min-1) by using the calibration curves obtained
from the fluorescence titration under the assay conditions. The data
were analyzed by Lineweaver-Burk equation to obtain Michaelis
constant [Vmax (M‚min-1), Km (M)]. At the same time, the phosphory-
lation reaction was also traced by MALDI-TOF-MS. All of the control
experiments in the absence of ATP, pS-9 CTD peptide or CDK9/T1
kinase, and the kinase reaction with non-phosphorylated CTD peptide
were also conducted under the same reaction conditions.

Supporting Information Available: Figures S1-S5 showing
additional experimental details. This material is available free
of charge via the Internet at http://pubs.acs.org.

JA0693284

r ) (IVV - GIVH)/(IVV + 2GIVH) G ) IHV/IHH (1)
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