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Protein phosphorylation represents a ubiquitous mechanism for controlling diverse protein functions and plays cen-
tral role in signal transduction cascades in living cells. In order to elucidate the complex network of phosphorylation-
based signaling, it is desirable to develop versatile methods and molecular probes that can selectively recognize and
detect the phosphoprotein of interest. We present herein the molecular recognition and fluorescence sensing of phos-
phorylated proteins/peptides by synthetic small molecules. The chemosensors are designed to utilize metal–ligand
interaction as a main binding force and thus possess two Zn(II)–dipicolylamine(dpa)s as the binding sites for phosphate
group(s) on the protein/peptide surface. We propose the two strategies for recognition of phosphorylated protein/peptide
surface; (i) cooperative-binding strategy and (ii) cross-linking strategy. The binuclear anthracene-type chemosensors are
designed to interact with a phosphate group on protein/peptide surface based on the cooperative-binding mode, in which
the single phosphate group is recognized by the two Zn(II)–dpa sites of the chemosensor. The binding affinity of the
chemosensors sensitively depends on the sequence of the phosphopeptide, and reaches to nearly 107 M�1 for a highly
negatively charged peptide. In addition, the chemosensors increase their fluorescence upon binding to the phosphoryl-
ated proteins/peptides. Therefore, they can distinguish between phosphorylated and non-phosphorylated state of pro-
teins/peptides by their fluorescence intensities. Detailed experiments clarify that the phosphate anion-assisted binding
of the second Zn(II) to the binuclear chemosensors is crucial for the fluorescence increase upon binding to the phos-
phorylated derivatives. The other approach to recognize phosphorylated protein surface by synthetic small molecule
is based on the cross-linking strategy. The chemosensors possess bipyridine as a spacer unit between two Zn(II)–dpa
sites, which are arranged at appropriately distal position, thereby make possible the cross-linking interaction with
two phosphate groups on protein surface. The chemosensors shows higher affinity for the bis-phosphorylated peptide
than for the mono-phosphorylated one, indicating that the cross-linking interaction is effective for recognition of multi-
site phosphorylation domains of a protein. The results presented in this article are regarded as the first step toward
detection of specific phosphorylation event of a protein in complicated biological systems using synthetic small mole-
cules. The bioanalytical application of these chemosensors, such as the fluorescence detection of phosphatase catalyzed
dephosphorylation and the selective staining of phosphoprotein in SDS-PAGE, are also discussed.

Post-translational modification by phosphorylation repre-
sents a ubiquitous regulatory mechanism for controlling diverse
protein functions.1 Especially, phosphorylation on serine,
threonine, or tyrosine residues catalyzed by protein kinase
forms the basis of cell signaling networks, in which protein
functions are controlled by reversible phosphorylation with
spatio-temporal fashions in response to changes of the cellular
environment. For example, phosphorylation acts as a molecular
switch to turn on protein activity.2 A typical example of such
allosterical function control is observed in MAPK (mitogen-
activated protein kinase), in which the activation loop of the
kinase undergoes a conformational change upon phosphoryla-
tion of the threonine and tyrosine residues within the loop,

resulting in recovery of the kinase activity due to unrestricted
access of ATP and protein substrates to the kinase active site.3

Protein phosphorylation also has an important role in control-
ling the reversible assembly of a signaling complex.4,5 Attach-
ment of a phosphate group creates new interaction sites on pro-
tein surfaces, which are recognized by downstream proteins
that contain phosphoprotein-binding domains to form a multi-
protein complex. Various types of conserved phosphoprotein-
binding domain such as SH2, PTB, FHA, and WW domain
are found in many signaling proteins. It is also known that
protein phosphorylation acts as a dynamic mechanism for
controlling the subcellular localization and activity of many
transcription factors.6
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In order to decipher the complex network of phosphoryla-
tion-based cell signaling, it is highly desirable to develop ver-
satile methods and molecular probes that can selectively recog-
nize and detect a phosphoprotein of interest. A phosphospecific
antibody is a useful tool for the detection of phosphorylation
state of a protein, and has already been exploited for many dif-
ferent applications, including immunohistochemistry and flow
cytometry, to monitor kinase activity in cells.7 However, use
of the antibody is sometimes restricted by its large size, which
may cause interference of the function or structure of the target
phosphoprotein. Recently, a number of molecular devices that
can fluorometrically sense specific protein kinase activity have
been developed.8 They consist of a substrate sequence that is
directly connected to a sensoring unit, in which the phospho-
rylation of substrate units by a specific kinase is detected by
the fluorescent signaling change. For example, various kinds
of FRET-based biosensor using CFP and YFP as a donor–
acceptor system have been developed for visualizing the kinase
activity in living cell.9 Phosphorylation-responsive fluorescent-
ly tagged peptides have also been extensively developed for in
vitro and in vivo kinase activity assay.10 We are interested in
the development of small molecules that can directly interact
with phosphate group(s) on a protein surface.11 We anticipate
that such molecular probes will enable us to detect the dynam-
ic change of the phosphorylation/dephosphorylation state of
protein of interest, and thus offer a means of investigating
phosphorylation-based cell signaling. Furthermore, it is ex-
pected that these probes will not only be useful as analytical
tools for protein phosphorylation event but will also serve as
artificial regulators for functions of specific phosphoprotein.

In this review, we describe the binding and sensing proper-
ties of a new class of artificial chemosensors for phosphoryl-
ated proteins/peptides, which recognize and fluorometrically
sense phosphate group(s) of protein/peptide surfaces using
metal–ligand interaction. These chemosensors are designed
based on the two strategies for phosphorylated protein/peptide
recognition; one is for recognition of single phosphate group
by cooperative action of two Zn(II)–dpa sites (i.e., the cooper-
ative-binding strategy, Fig. 1a), and the other is for simultane-
ous recognition of two phosphate groups on protein/peptide
surface by two Zn(II)–dpa sites via a chelation-like manner
(i.e., the cross-linking strategy, Fig. 1b). We also present some
biological applications of these chemosensors, which success-
fully demonstrate their utilities in biological analysis.

Artificial Chemosensors for Single Phosphate Groups
on Protein Surfaces12,13 Molecular Design

Phosphate group attached on a protein surface by kinase-
catalyzed reaction interacts with many amino acid residues in-
ter- and intra-molecularly, in which multiple hydrogen-bond-
ing and ion-pair interactions are formed in spatially arranged
manners. In these cases, a phosphate group plays a central role
to construct a defined protein structure and/or a signaling pro-
tein complex by accumulating these weak interactions. In con-
trast to the sophisticated recognition system of a phosphate
group on protein surface in nature, the artificial receptors
and chemosensors for phosphate anions are still in their early
stages. To date, a number of artificial receptors and chemosen-
sors for phosphate anion have been reported, most of which
utilize hydrogen-bonding and electrostatic interactions as the
main binding forces.14,15 However, they are not able to form
tight any binding complex with phosphate species in aqueous
medium because of the ineffectiveness of combining usage of
these interactions in a water system in general. In a pioneering
work by Czarnik et al., the polyamine-appended anthracene
was reported as a fluorescent sensor for phosphate anion, in
which multiple hydrogen-bonding and ion-pair interactions be-
tween the amino groups and phosphate anion were employed
as the main binding forces.16 However, the binding affinity
is not high enough to apply this chemosensor to biological sys-
tems involving phosphorylated proteins/peptides. We planned
to utilize a metal–ligand interaction (i.e., coordination chemis-
try) as a main force to bind phosphate species, since this inter-
action should work more effectively in water compared to the
other weak interactions.17–19 In nature, there are many exam-
ples of metalloenzymes possessing two or more metal centers
in their active sites.20 For example, alkaline phosphatase, a
hydrolysis enzyme for phosphomonoester, possesses two zinc
ions in its catalytic active site, which are oriented in the close
proximity suitable for the bidentate binding with a phosphate
anion. By mimicking such a natural anion recognition sys-
tem, we designed chemosensor 1 and 2 bearing the two sets
of Zn(II)–dpa (dipicolylamine)s in an appropriate distance
(Fig. 2). We also expected that the phosphate binding event
might be read out by changing of photochemical behavior of
a fluorophore positioned close to the phosphate binding site.
Thus, we selected an anthracene as a typical fluorophore,
which are connected to the two Zn(II)–dpa sites in 1 and 2
through a C1 methylene unit.

Selective Fluorescence Sensing for Phosphate Anion.
Figure 3a shows the fluorescent sensing behavior of chemo-
sensor 1 toward o-phospho-L-tyrosine (p-Tyr). The fluores-
cence increased in intensity due to the anthracene moiety and
showed a typical saturation behavior depending on the p-Tyr
concentration. The fluorescence enhancement was also ob-
served in the titrations with other phosphorylated species such
as hydrogenphosphate anion (HPO4

2�), and phosphate mono-
esters (phenyl phosphate (PhP), o-phospho-L-tyrosine (p-Tyr),
and methyl phosphate (MeP)). Table 1 summarizes the appar-
ent binding constants (Kapp, M

�1) of 1 and 2 for these phos-
phate species estimated by the fluorescence titration. Clearly,
these chemosensors showed a high affinity toward the mono-
phosphate derivatives with 105–104 M�1 of the binding con-

a)

b)

Fig. 1. Two strategies for phosphorylated protein/peptide
recognition by chemosensors.
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stants in aqueous solution. It was also observed that the
chemosensors exhibit the stronger binding affinity toward the
diphosphate derivatives such as ATP and ADP compared to
the monophosphate species. Interestingly, dimethyl phosphate
(diMeP) and cyclic AMP (cAMP) did not cause any fluores-
cence change up to millimolar concentration range, suggesting
that 1 and 2 can distinguish phosphate and phosphate monoes-
ters from phosphate diesters. On the other hand, the chemosen-
sors did not change their fluorescence intensities upon addition
of other anions in the micromolar concentration range
(Fig. 3b). Although addition of hydrogen carbonate gradually
intensified the fluorescence in the 10�3 M range of concentra-
tion, no fluorescence response was induced by other anions
such as sulfate, nitrate, acetate, chloride, and fluoride. These
results reveal that 1 and 2 are fluorescent chemosensors with
a high selectivity toward phosphate species among the various
anions. In contrast, the mononuclear chemosensor 3 did not
show any fluorescence changes for these phosphate derivatives
under the same conditions. The affinity of the mononuclear
Zn(II)–dpa complex toward phosphate derivatives was evalu-

ated by a fluorescence competitive inhibition experiment.21

The binding between 2 and phenyl phosphate was inhibited
depending on the amount of 5 added (50–300 equiv), and
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Fig. 2. Molecular structure of the chemosensors and the
derivatives.

Table 1. Summary of the Apparent Binding Constant (Kapp, M
�1) of 1 and 2 to the Phosphate

Species by Fluorescence Change

Chemosensor Chemosensor

Phosphate
speciesa)

1 2
Phosphate
speciesa)

1 2

NaH2PO4
b) 4:2� 105 2:9� 105 ATPc) >107 4:0� 105

PhPb) 2:1� 105 5:1� 104 ADPc) >107 1:6� 105

p-Tyrb) 3:1� 105 6:1� 105 AMPc) 2:3� 105 9:1� 103

MePb) 1:1� 105 7:9� 103 cAMPc) —d) —d)

diMePb) —d) —d)

a) PhP = phenyl phosphate, p-Tyr = o-phospho-L-tyrosine, MeP = methyl phosphate,
diMeP = dimethyl phosphate, ATP = adenosine 50-triphosphate, ADP = adenosine 50-
diphosphate, AMP = adenosine 50-monophosphate, cAMP = adenosine 30,50-cyclic mono-
phosphate. Measurement conditions: b) 10mM HEPES, pH 7.2, and 20 �C. c) 50mM
HEPES, 50mM NaCl, pH 7.2, and 20 �C. d) Since the fluorescence change was scarcely
observed, the association constant cannot be obtained.
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Fig. 3. (a) Fluorescence spectral change of 1 (5mM) upon
addition of o-phospho-L-tyrosine (p-Tyr): [p-Tyr] ¼ 2:5,
5, 7.5, 10, 15, 20, and 25mM. (b) Relative fluorescence
emission response of 1 to the anion concentration: phos-
phate ( ), p-Tyr ( ), sulfate ( ), nitrate ( ), acetate ( ),
carbonate ( ), chloride ( ), and fluoride ( ). Measure-
ment conditions: 10mM HEPES, pH 7.2, 20 �C, and
�ex ¼ 370 nm.
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the analysis of the obtained data afforded the apparent binding
constant (Ki) of 5 for phenyl phosphate as 3{4� 103 M�1,
which is one or two orders of magnitude lower than those of
1 or 2. This result suggests that the two Zn(II)–dpa sites are
indispensable for the tight binding and sensing of phosphate
derivatives in aqueous solution.

Binding Mode of the Zn(dpa)-Based Chemosensors to
Phosphate Species. A 1HNMR study gave insight into
the complex structure of 1 with p-Tyr in aqueous solution.
Figure 4 shows the 1HNMR signals of the aromatic and meth-
ylene regions of 1 in D2O (pD 7:1� 0:1). Upon addition of 1
equiv of p-Tyr, the proton signals of the pyridine rings slightly
upfield-shifted (0.09–0.18 ppm) and were not distinguishable
among the four pyridine rings of the two sets of dpas. Further-
more, the signals of two sets of three methylene protons con-
nected to the tertiary nitrogen (4.63, 4.29, and 3.65 ppm)
became sharper upon the p-Tyr binding. These observations
suggest that the two Zn(II)–dpa sites of 1 equally contribute
to the binding to p-Tyr. In the 31PNMR study, the chemical
shift due to the phosphorus of p-Tyr moved from �2:09 to
�3:00 ppm upon addition of 1 equiv of 1. The similar upfield
shift of the 31PNMR signal was observed in the case of phenyl
phosphate (from �2:72 to �3:94 ppm), and a phosphorylated
peptide KSGpYLSSE (from �2:12 to �2:90 ppm). These
results suggest that chemosensor 1 directly interacts with their
phosphate sites in aqueous solution.

We unequivocally determined the binding structure of
chemosensor 1 with a phosphate species by X-ray crystallo-
graphic analysis of a complex with phenyl phosphate (PhP).
As shown in Fig. 5a, 1 and PhP form a 2:2 complex related
by a symmetric center in the unit cell. In the asymmetric half
unit (Fig. 5b), it is clear that 1 binds PhP by using the two sets

of Zn(II)–dpas through the coordination interactions between
the Zn(II) ions and the phosphate group. This cooperative
action of the two Zn(II)–dpa sites is quite consistent with the
other experimental data obtained in aqueous solution and rea-
sonably explains the high affinity of 1 toward phosphate spe-
cies compared to the monodentate derivatives 3 and 5.

On the other hand, structural information of the binding
complex with phosphate species was not obtained in the case
of 2, neither by NMR or X-ray crystallographic analysis. This
is partially due to the aggregation property of 2 under relative-
ly high concentration conditions (>0:1mM). However, the
observed strong binding affinity of 2 for phosphate species
(Table 1) indicates the cooperative use of the both Zn(II)–
dpa sites for phosphate binding, as clearly exemplified in 1.

Binding and Fluorescence Sensing toward Phosphoryl-
ated Peptide. Subsequently, we explored the fluorescent
sensing ability of the chemosensors for phosphorylated pep-
tides. Figure 6 shows a typical fluorescence spectral change
of 1 during the titration with a phosphorylated peptide. The
fluorescence intensity of the chemosensor significantly in-
creased (F=F0 ¼ 2:5) by the addition of less than 2mM of pep-
tide-a (EEEIpYEEFD), a consensus sequence phosphorylated
by a protein kinase, v-Src. In sharp contrast, little fluorescence
change took place due to the corresponding non-phosphoryl-
ated peptide-g, showing that the chemosensor can perfectly
distinguish the phosphorylated peptides from a non-phospho-
rylated one. The sequence selective recognition and the sens-
ing ability of the chemosensors were also examined using a
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Fig. 4. 1HNMR spectra of 1 (0.1mM) in the absence (a)
and in the presence (b) of 1 equiv of p-Tyr measured in
D2O, pD 7:1� 0:1.
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b

Fig. 5. ORTEP drawing (50% probability ellipsoids) of the
complex of 1 with phenyl phosphate: (a) a dimer complex
and (b) an asymmetrical half unit of the complex. Disor-
dered nitrate anions are omitted for clarity.

38 Bull. Chem. Soc. Jpn. Vol. 79, No. 1 (2006) ACCOUNTS



series of phosphorylated peptides. These peptides possess a dis-
tinct number of net charges from �8 to þ2 (from peptide-a to
peptide-f) and contain the optimal consensus sequences of var-
ious protein kinases22,23 with the exception of peptide-d which
is the fragment of ezrin (142–149) phosphorylated by EGFR
kinase.24 The results of the fluorescent titration experiments
of 1 and 2 with these peptides are summarized in Fig. 7 and
Table 2. Interestingly, the binding constant of the chemosen-
sors becomes greater with increase in the negative charge of
the phosphorylated peptides. Both chemosensors show the
strongest binding affinity with peptide-a having the largest
negative charge (�8) with Kapp of 107–106 M�1. In the case
of peptides-e and -f bearing the net charges of 0 and þ2,
respectively, the chemosensors can scarcely sense them even
for 10�4 M of concentration. A typical photograph of the fluo-
rescence change of the chemosensor 2 upon addition of pep-
tide-a is displayed in Fig. 8. It is apparent that the blue fluores-
cence of 2 is greatly intensified by the phosphorylated peptide-
a, whereas the non-phosphorylated peptide-g does not induce
any fluorescence change.

The binding of the chemosensors with the series of the phos-
phorylated peptides was also evaluated by isothermal titration
calorimetry (ITC).25 Figure 9 shows typical titration data of 1
with the peptide-d, and the obtained thermodynamic parame-
ters are shown in Table 3. The resultant binding isotherm is
well fitted with a curve derived from 1:1 binding algorithm
(n ¼ 1:05) to yield a binding constant of 4:39� 0:55� 105

M�1. Interestingly, the interaction is an entropy-driven endo-
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Fig. 6. Fluorescence spectrum change of 1 (1mM) upon
addition of peptide-a: [peptide-a] = 0, 0.25, 0.5, 0.75, 1,
1.25, 1.5, 1.75, 2, 2.5, and 3mM in 50mM HEPES, 50
mM NaCl, pH 7.2, 20 �C, and � ex ¼ 370 nm. (Inset) Fluo-
rescence titration curve of 1 with peptide-a ( ) and
peptide-g ( ). The titration data of peptide-a was analyzed
by the nonlinear least-square curve-fitting method assum-
ing 1:1 binding.
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Fig. 7. Fluorescence titration profiles of 1 (a) and 2 (b) with
phosphorylated peptides a–f: peptide-a ( ), peptide-b ( ),
peptide-c ( ), peptide-d ( ), peptide-e ( ), and peptide-f
(þ). Measurement conditions: (a) 50mM HEPES, 50
mM NaCl, pH 7.2, 20 �C, and �ex ¼ 370 nm, (b) 50mM
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Table 2. Amino Acid Sequences of the Peptides Containing Optimal Consensus Sequences Phosphorylated by Differ-
ent Protein Kinases and Apparent Binding Constant (Kapp, M

�1) of 1 and 2 to the Peptides Determined by Fluores-
cence Change

Consensus Substrate Sequence Kinase Net Charge 1 2

peptide-a: Glu-Glu-Glu-Ile-pTyr-Glu-Glu-Phe-Asp v-Src �8 8:9� 106 9:5� 105

peptide-b: Asp-Glu-Glu-Ile-pTyr-Gly-Glu-Phe-Phe c-Src �6 1:5� 106 3:6� 105

peptide-c: Ala-Glu-Glu-Ile-pTyr-Gly-Val-Leu-Phe Lck1 �4 8:2� 105 1:5� 105

peptide-da): Lys-Ser-Gly-pTyr-Leu-Ser-Ser-Glu EGFR �2 5:8� 104 1:2� 104

peptide-e: Ala-Arg-Arg-Gly-pSer-Ile-Ala-Ala-Phe PKA 0 —b) —b)

peptide-f: Arg-Arg-Phe-Gly-pSer-Ile-Arg-Arg-Phe Bck1 þ2 —b) —b)

peptide-g: Glu-Glu-Glu-Ile-Tyr-Glu-Glu-Phe-Asp v-Src —b) —b)

a) Amino acid sequence of ezrin (142–149) phosphorylated by EGFR. b) Since the fluorescence change was scarcely
observed, the association constant cannot be obtained.
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thermic process (�S > 0, �H > 0), presumably due to the
release of water molecules from the solvent sphere around
the chemosensor and/or the phosphopeptide.26 Due to the
aggregation property of chemosensor 2 under the high concen-
tration necessary for ITC measurement (25–100mM), the com-
pound 4 was used as a structurally related analogue of 2. As
shown in Table 3, all of the interactions are endothermic proc-
esses (�H > 0), and the binding stoichiometry (values n) is
estimated to be approximately 1. It is to be noted that the eval-
uated binding constants for peptide-c and peptide-d are in good
agreement with those obtained by the fluorescence titration
under the same conditions (Table 3). The binding constants
of 1 to peptide-e and peptide-f, which cannot be fluorometri-
cally detected, were determined to be 1:12� 0:12� 104 and
5:28� 2:27� 103 M�1, respectively, by ITC experiment.
These values are more than 100-fold smaller than those for
peptide-a and peptide-b.

Both the fluorescence and ITC experiments undoubtedly
demonstrate that the chemosensors can discriminate the se-
quence of the phosphorylated peptide and more strongly bind
to the negatively charged one. Since the present binuclear

chemosensors possess a tetracationic character, it is reasonable
to propose that the electrostatic attraction can assist the coor-
dination interaction between the chemosensors and the nega-
tively charged peptides such as peptide-a, whereas the electro-
static repulsion significantly suppresses the affinity toward the
positively charged peptides such as peptide-e and peptide-f.
The resulting order of the binding constants for these peptides
in our experiments is consistent with this explanation. It is
noteworthy that even the structurally simple chemosensors of
ours show such a sequence-dependent recognition toward the
phosphorylated peptides.

Fig. 8. Photograph of the increased emission of 2 in the
presence of phosphorylated peptide-a (middle) compared
to 2 only (left) and 2 with non-phosphorylated peptide-g
(right).

Fig. 9. A typical ITC titration curve and processed data for
the titration of 1 with peptide-d. Measurement conditions:
½1� ¼ 100mM, [peptide-d] = 2.0mM (24� 10mL injec-
tions), 50mM HEPES, pH 7.2, and 25 �C.

Table 3. Stoichiometry (n), Binding Constant (Kapp, M
�1), Enthalpy (�H, kcal mol�1), and Entropy (T�S, kcalmol�1) for Interaction

of Chemosensor 1 and 4 with the Phosphorylated Peptides

Chemosensor peptide-a peptide-b peptide-c peptide-d peptide-e peptide-f

n 0:88� 0:01 1:05� 0:01 0:93� 0:07 1:26� 0:48
Kapp >107 —b) ð1:81� 0:38Þ � 106 ð4:39� 0:55Þ � 105 ð1:12� 0:12Þ � 104 ð5:28� 2:27Þ � 103

1 (1:3� 106)c) (3:5� 105)c)

�H 3:79� 0:08 3:01� 0:04 3:23� 0:32 0:79� 0:40
T�S 12.32 10.70 8.75 5.86

n 0:98� 0:01 0:98� 0:02
Kapp —a) —b) ð8:34� 0:11Þ � 105 ð4:99� 0:34Þ � 104 <103 <103

4 (7:9� 105)d) (2:9� 104)d)

�H 4:49� 0:07 3:26� 0:07
T�S 12.56 9.66

a) Accurate value cannot be obtained under the ITC measurement conditions. b) Due to the insolubility of the peptide, the data cannot
be obtained. c) Apparent binding constant of 1 obtained by the fluorescence titration under the same conditions (50mM HEPES and
pH 7.2). d) Apparent binding constant of 2 obtained by the fluorescence titration under the same conditions (50mM HEPES buffer
and pH 7.2).
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Mechanism for Fluorescence Sensing of Phosphorylated
Peptide. The fluorescence enhancement of the chemosensors
by binding to the phosphorylated peptides is ascribed to the
canceling of photoinduced electron-transfer (PET) process in-
duced by the phosphate anion-assisted Zn(II) binding. Figure
10 shows the Zn(II) concentration dependence of the fluores-
cence intensity of the Zn(II)–free ligand of 1. Under neutral
pH conditions, the fluorescence of 1 and 2 due to the anthra-
cene moiety was intensified by the addition of Zn(II). This
fluorescence enhancement is reasonably explained by Zn(II)
binding to the benzylic amine of the dpa site by canceling of
the photoinduced electron-transfer (PET) process, a typical
sensing mechanism of fluorogenic chemosensors for d10 metal
such as Zn(II).27 Interestingly, more than 5 equiv of Zn(II) is
required for saturation of the fluorescence enhancement. From
the fluorescence titration experiments, the apparent complexa-
tion constant of the first and second Zn(II) with the free ligand
1 was evaluated to be >1� 106 and �3� 105 M�1, respec-
tively, suggesting that the second Zn(II) does not fully com-
plex with the dpa site under the low micromolar concentration
(�5mM). The lower affinity of the second Zn(II) to dpa is
probably due to the electrostatic repulsion between the posi-
tively charged first Zn(dpa) site and the incoming second
Zn(II) cation. The second Zn(II) complexation constant of 2
was also evaluated to be �7� 104 M�1, indicative of the par-
tial interaction of the second Zn(II) to the dpa site under low
micromolar concentration. Importantly, when Zn(II) was add-
ed to the free ligand of 1 or 2 in the presence of p-Tyr, the fluo-
rescence change was more sharply saturated depending on the
amount of p-Tyr (1 or 4 equiv) relative to that in the absence of
p-Tyr (Fig. 10). This indicates that binding of the second
Zn(II) to the free dpa site is facilitated by p-Tyr. The same
magnitude of enhancement was also observed with NaH2PO4

and MeP, and, interestingly, the fluorescence change was satu-
rated with almost 2 equiv of Zn(II) in the presence of peptide-
a, which can strongly bind to 1 (Kapp ¼ 8:9� 106 M�1). In
contrast, the excess amount of diMeP (10 equiv), which cannot
bind to chemosensor 1, does not cause any facilitation effect

on the Zn(II) binding. Almost the same tendency was observed
for chemosensor 2 with these phosphate species. These results
strongly suggest that the phosphate-assisted binding of the sec-
ond Zn(II) is responsible for the fluorescence intensification of
chemosensors 1 and 2. A schematic illustration of the sensing
mechanism toward the phosphorylated peptide is depicted in
Fig. 11. In the absence of a phosphorylated peptide, the second
dpa site of the chemosensor is partially free so that the PET
quenching by the benzylic amine of dpa lessens the fluores-
cence of the anthracene. In the presence of a phosphorylated
peptide, binding of the second Zn(II) to the free dpa site is
facilitated, and as a result, the PET quenching is suppressed
and the fluorescence intensity recovers. Recently, Lawrence
et al.28 and Imperiali et al.29 have reported some peptide-based
fluorescent probes for protein kinase activity that possess the
sensing mechanism analogous to that of our chemosensors.
In these sensing systems, a phosphate group attached to the
substrate peptide by a kinase reaction intra-molecularly in-
duces Ca2þ or Mg2þ binding to the fluorophore that is adja-
cently connected to the phosphorylation residues, which con-
sequently results in the fluorescence enhancement. By contrast,
our chemosensors efficiently utilize this sensing mechanism in
an intermolecular manner based on the molecular recognition.

Biological Application of the Chemosensors. On the
basis of the binding and fluorescence sensing properties of
the chemosensors toward phosphorylated peptides, we suc-
cessfully demonstrated the utility of the chemosensors in two
biological assay, that is, the fluorescent monitoring of phos-
phatase-catalyzed dephosphorylation and the selective staining
of phosphoprotein in SDS-PAGE.

The fluorescence sensing ability of the chemosensor toward
phosphopeptide was successfully applied to monitoring an
enzymatic dephosphorylation process catalyzed by phospha-
tase PTP1B. As shown in Fig. 12, the fluorescence intensity of
1 enhanced by binding to the substrate phosphopeptide DADE-
pY-LIPNNG (a fragment (988–998) of EGFR) decreased time-
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Fig. 10. Fluorescence response of the Zn(II)–free ligand of
1 (5mM, � ex ¼ 370 nm) to Zn(II) concentration in 50mM
HEPES and pH 7.2: 1 ( ), 1 in the presence of 1 equiv of
p-Tyr ( ), 4 equiv of p-Tyr ( ), 2 equiv of peptide-a ( ),
and 10 equiv of dimethyl phosphate ( ).

Fig. 11. Schematic representation of the sensing mecha-
nism of the chemosensors toward the phosphorylated
peptide.
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dependently after the addition of PTP1B according to approx-
imately first-order kinetics. This is ascribed to the fact that the
affinity of the chemosensor toward the anionic substrate pep-
tide is stronger than that for the produced phosphate anion.
The dephosphorylation process was also successfully moni-
tored by chemosensor 2 in a similar manner. We expect that
this assay system can be readily extended to a screening assay
for certain kinds of phosphatase inhibitors, including the
PTP1B inhibitor that has been a promising therapeutic agent
for type II diabetes and obesity.30

The utility of the chemosensors as a chemical probe was
also demonstrated in selective staining of phosphoprotein in
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis).31 We employed 2 as a fluorescent staining reagent

after the conventional gel electrophoresis of the protein mix-
tures. As shown in Fig. 13, only two distinct bands were fluo-
rescently observed under the photo-illumination using a UV
transilluminator; the band correspond to phospho-ovalbumin
(MW ¼ 45:0 kDa) and phospho-�-casein (MW ¼ 23:6 kDa).
Although a weak emission was observed as the band corre-
sponding to hydrophilic BSA (bovine serum albumin) prob-
ably due to a nonspecific absorption (Lane 2, 5.0mg of each
protein), the non-phosphorylated four proteins were not detect-
ed in Lane 3 (2.5mg of each protein). Figure 14a shows the
fluorescence spectral changes of 2 induced by highly phospho-
rylated phospho-�-casein (8–9P) and dephospho-�-casein (1–
2P) under the aqueous conditions (50mM HEPES, pH 7.2). As
observed for the phosphorylated peptide, chemosensor 2 en-
hanced its fluorescence intensity upon binding to the phospho-
protein. The emission of 2 considerably increased in the pres-
ence of 0.15 equiv of the phospho-�-casein, whereas the emis-
sion slightly increased by addition of dephospho-�-casein. In
addition to the emission enhancement, its emission maximum
shifts from 438 to 470 nm in the case of phospho-�-casein.
This may be due to the excimer formation of 2 upon binding
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Fig. 13. Selective phosphoprotein detection in SDS-poly-
acrylamide gels using 2. Each lane includes two phos-
phorylated proteins (ovalbumin (45.0 kDa) and �-casein
(24.0 kDa)), and four non-phosphorylated proteins (�-ga-
lactosidase (116 kDa), bovine serum albumin (66.2 kDa),
avidin (18.0 kDa), and lysozyme (14.4 kDa)). Lane 1;
CBB staining of the six proteins. Lane 2, 3; Detection of
the phosphoproteins with UV transilluminator after stain-
ing with 2. The amount of each protein in lane 2 and lane
3 is 5.0 and 2.5mg, respectively.
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Fig. 12. Time trace of the PTP1B-catalyzed dephospho-
rylation monitored by the emission (at 420 nm) of 1
(� ex ¼ 370 nm) with ( ) or without ( ) PTP1B using
the fluorescence plate reader.

Fig. 14. (a) Fluorescence intensity of 2 (1mM) in the ab-
sence (broken line) and in the presence of 0.25mM phos-
pho-�-casein (solid line) or dephospho-�-casein (dot-dash
line) in 50mM HEPES, pH 7.2, 20 �C, and � ex ¼ 380 nm.
(b) The titration curves of the integrated fluorescent
change of 2 with phospho-�-casein ( ) or dephospho-�-
casein ( ).

42 Bull. Chem. Soc. Jpn. Vol. 79, No. 1 (2006) ACCOUNTS



to the phospho-�-casein because it possesses the adjacently
aligned phosphoserine residues, i.e., a hyper-phosphorylated
site (�S1-casein, pSer

66-pSer67-pSer68) on its surface.32 Figure
14b shows the titration curves of the integrated fluorescence
intensity from 400 to 600 nm. Apparently, phospho-�-casein
induced larger fluorescence enhancement of 2 compared to de-
phospho-�-casein. These fluorescence data in aqueous solution
are reasonably consistent with the SDS-PAGE results as shown
in Fig. 13, in which a brighter emission is detected at the band
of phospho-�-casein compared to that of dephosphorylated
one. This system enables the convenient detection of phos-
phate groups attached to tyrosine, serine, or threonine residues
of protein at one time, which is difficult in the case of standard
Western blotting procedure using phosphoprotein specific anti-
body. We anticipate that a chemosensor having a brighter fluo-
rophore than anthracene would realize highly sensitive detec-
tion of phosphoprotein in SDS-PAGE.33

Artificial Chemosensor for Two Phosphate Group
on Protein Surface34

Recent advances in understanding of post-translational
modification revealed that multisite phosphorylation (i.e.,
hyperphosphorylation) is a common mechanism for regulating
protein function in cell signaling pathway.35 For example,
PDGFR-� (platelet-derived grows factor receptor-�), a mem-
brane-bound cytokine receptor, exposes multiple tyrosine res-
idues in the cytoplasmic domain. The binding of PDGF to the
extracellular domain induces auto-phosphorylation at these
tyrosine residues, which recruits specific signaling proteins
containing SH-2 domain, consequently triggering multiple sig-
naling pathways.36 It is also known that the activity and the
cell localization of some transcription factors including p53
and NFAT (nuclear factor of activated T-cells) are regulated
by the corresponding hyperphosphorylation process.6 It addi-
tion, much attention has been focused on the abnormal hyper-
phosphorylation of tau protein.37 This is because tau is multi-
phosphorylated to a higher extent to the normal tau (�10 Ser/
Thr residues within the repeat domain) and aggregates into tau
filaments, which are a hallmark of several neurodegenerative
disorders including Alzheimer’s disease.

As another approach to recognize phosphorylated protein
surface by synthetic small molecules, we designed some
chemosensors that are able to interact with a multisite phospho-
rylation domain of a protein. They possess bipyridine as a
spacer unit and two Zn(II)–dpa sites as phosphate binding sites,
which are juxtaposed at an appropriately distal position; they
are thereby expected to enable the cross-linking interaction
with two phosphate groups on a protein surface (Fig. 1). We
initially attempted the CD screening study in order to evaluate
the binding ability of the chemosensors with a series of the
bis-phosphorylated model peptides, in which the �-helix con-
tent of the peptide was measured upon addition of the chemo-
sensors. The binuclear chemosensors 6 and 7 considerably in-
duced �-helix formation of the peptides having two phospho-
serine (p-Ser) residues (pS-5,16, -9,16, and -12,16 peptides),
whereas they did not affect the secondary structure of the
mono-phosphorylated peptide (pS-16) (Fig. 15). The most sig-
nificant CD increase (up to 30% induction of helical conforma-
tion) was observed in the combination of 7 with pS-9,16 pep-

tide. On the other hand, mononuclear chemosensors 9 and 10
less effectively induced the helical conformation of the pep-
tides (Fig. 16). The binding affinity of pS-9,16 peptide with
7 was evaluate by the CD titration to give the affinity constant
as 1:6� 106 (Kapp, M

�1), the value of which is over 100-fold
stronger than that of the interaction between mono-nuclear
complex 5 with phenyl phosphate (Kapp ¼ 3�4� 103 M�1) as
described above. These results strongly suggest that the two-
point interaction between the Zn(II)–dpa sites of the chemo-
sensor and the two p-Ser residues of the peptide occurs to in-
duce �-helical structure via cross-linking stabilization. The
chemosensor 7 acts not only as a peptide binder, but also as
a fluorescence chemosensor toward the bis-phosphorylated
peptide. The emission intensity of 7 at 389 nm gradually de-
creases upon addition of pS-9,16 peptide, and the saturation
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curve of the fluorescent intensity plot afforded the binding con-
stant (Kapp) of 2:0� 106 M�1 (Fig. 17), the value of which is
almost identical with that obtained from CD titration. The
binding affinities of 7 for other peptides evaluated by the fluo-
rescence titration are summarized in Table 4. It is noteworthy
that the binding of 7 for pS-9,16 (Kapp ¼ 2:0� 106 M�1) is
over 40-fold larger than that for the mono-phosphorylated
pS-16 peptide (Kapp ¼ 4:8� 104 M�1), indicating that 7 can
discriminate the number of phosphorylation site on the pep-
tide. On the other hand, the binding selectivity seems moderate
among the bis-phosphorylated peptides, probably due to the
fluctuation of the peptide conformation.

We further evaluated the cross-linking binding property of
the chemosensor 6 with the phosphorylated peptides (CTD-
1P and -2P), a segment of native protein, by ITC measurement.
The CTD peptides possess a sequence of the multiple Tyr-Ser-
Pro-Thr-Ser-Pro-Ser heptad repeat found in the CTD (C-termi-
nal domain) of RNA polymerase II.38 The thermodynamic
parameters obtained by ITC experiments are summarized in
Table 5. These interactions are again endothermic entropy-
driven processes (�H > 0), as observed in the interactions
between the anthracene-type chemosensor 1 with the phospho-
peptides. The chemosensor 6 strongly binds to bis-phosphoryl-
ated CTD-2P peptide with a binding affinity (Kapp) of 2:8�
106 M�1. On the other hand, the binding with mono-phos-
phorylated CTD-1P peptide (Kapp ¼ 1:6� 104 M�1) is consid-
erably weaker than that with CTD-2P peptide, suggesting that
the two-point metal–ligand interaction works effectively in
aqueous medium. Interestingly, the binding of the substitution
isomer 7 with CTD-2P peptide is weaker compared to the cor-

responding interaction of 6 and not the 1:1 binding stoichiom-
etry. This result may suggest that the distance of the two
Zn(II)–dpa sites, which is mainly defined by their substitution
position and molecular flexibility, is crucial to form the tight
cross-linking complex.

Conclusion

In this article, we presented the molecular recognition and
fluorescence sensing properties of the binuclear Zn(II)–dpa
complexes toward phosphorylated protein/peptide. Our study
clearly indicated that the cooperative use of the metal–ligand
interaction is powerful in recognition of single or two phos-
phate group(s) on a protein/peptide surface under the neutral
aqueous conditions. Indeed, chemosensors 1 and 2 exhibit the
strong binding affinities for the highly negatively charged pep-
tide with a binding affinity of nearly 107 M�1. It was also dem-
onstrated that the cross-linking interaction is effective for the
recognition of the bis-phosphorylated peptide with a strong
binding affinity. A key issue in these chemosensors is the rec-
ognition selectivity. Actually, the binding selectivity among
phosphorylated protein/peptide and discrimination against
biological diphosphate derivatives (ATP and ADP) are not sat-
isfactory as this stage. Further structural modification should
be conducted in order to obtain selective recognition proper-
ties. Although it is very tough to overcome this problem, a
general solution may be provided by a combinatorial usage
of a biological molecule or other artificial system that can rec-
ognize the phosphoprotein surface of interest. Introduction of
these second recognition sites into the chemosensor may
achieve the desired binding selectivity toward a specific phos-
phoprotein. We also discovered that the unique fluorescence
sensing mechanism of 1 and 2 involves the canceling of
PET quenching through the phosphate anion induced Zn(II)
complexation. This sensing ability has been successfully ap-
plied for the real-time monitoring of PTP1B-catalyzed dephos-
phorylation process. However, the more dynamic fluorescence
change including a dual-emission/excitation spectral shift is
required for the precise and high-resolution detection of pro-
tein phosphorylation/dephosphorylation event under compli-
cated biological conditions. The brighter fluorescence with a
longer excitation and emission wavelength is also desirable
for various biological applications. We believe that improve-
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Fig. 17. Fluorescence spectral change of 7 (5mM) upon
addition of pS-9,16 peptide. Measurement conditions: 10
mM borate buffer, pH 8.0, and 20 �C.

Table 4. Apparent Binding Constants (Kapp � 10�6, M�1)
of 7 with the Various Peptides Determined by the Pep-
tide-Induced Fluorescence Changea)

pS-5,16 pS-9,16 pS-12,16 pS-16

0:75� 0:09 2:0� 0:46 0:72� 0:10 0:05� 0:02

a) The errors were calculated using the data of three titration
experiments. Measurement conditions: 10mM borate buffer,
pH 8.0, and 20 �C.

Table 5. Stoichiometry (n), Binding Constant (Kapp, M
�1),

Enthalpy (�H, kcalmol�1), and Entropy (T�S,
kcal mol�1) for Interaction of Chemosensor 6 and 7 with
the CTD Peptidesa)

Peptide 6 7

n 0:99� 0:01 0:70� 0:00

CTD-2P
Kapp ð2:80� 0:36Þ � 106 ð4:83� 0:23Þ � 105

�H 4:53� 0:04 6:79� 0:26
T�S 13.3 14.5

n 1:22� 0:01 1:07� 0:07

CTD-1P
Kapp ð1:62� 0:03Þ � 104 ð7:39� 0:49Þ � 103

�H 4:43� 0:54 2:54� 0:20
T�S 10.2 7.81

a) Measurement conditions: 50mM HEPES, pH 7.2, and
25 �C.
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ment in these points step by step will afford a sophisticated
molecular tool that is useful for dissection of complicated
phosphorylation-based signaling networks, i.e. phosphopro-
teome and kinome analysis.39,40 Our research is now in prog-
ress along this line.
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