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A novel fluorescence-based assay for serine/threonine kinases is described. Base-mediated p-elimination of the phosphate moiety and the
Michael addition of a thiol-containing fluorescent molecule allows convenient and efficient detection of the enzyme activity. This approach
may be broadly applicable to various serine/threonine kinases.

Protein kinases catalyze phosphoryl group transfer from are associated with a wide variety of diseases, such as
adenosine triphosphate (ATP) to serine, threonine, and/orcancers, cardiovascular disease, and inflammé&tibhere
tyrosine residues of target proteins. Protein phosphorylationis a great impetus to develop small-molecular inhibitors
is one of the most common posttranslational modifications specific to a particular kinase, for both therapeutic reasons
and plays an important role in intracellular signal transduc- and enzyme functional analy$is.

tion. Protein kinases ultimately regulate many aspects of Conventional assay for protein kinase activity is based on
cellular function, including proliferation, differentiation, the the transfer of?P fromy-32P-ATP to the target peptides or
cell cycle, metabolism, transcription, and apopté$tsotein proteins’ This method is widely used, but radiolabel
kinase genes form one of the largest gene families in represents a potential risk to human health and to the
eukaryotes; in humans they are estimated to account fer 1.5 environment. In addition, the long exposure time needed for
2.5% of all gened. A key feature of protein kinases is sensitive detection of?P does not lend itself to high-
substrate specificity, which is mainly determined by the throughput applications. The use of antibodies directed
primary sequence around the phosphorylation site of the against phosphorylated residues is also populaut the
target proteins. As a result, great efforts have been made tospecificity of the antibodies is problematic in some cases.
identify the potential kinase substrates, including combina- Several fluorescent probes have been developed recefitly,
torial synthesis of peptide libraries with radioisotope-based such as Zfi-based artificial phosphate recepttaad peptide

or antibody-based detectidriProtein kinases are also becom- (4) (a) Bridges, A. JChem. Re. 2001 101, 2541. (b) Noble, M. E. M.;

ing attractive targets for drug discovery, since many of them Endicott, J. A.; Johnson, L. NScience2004 303 1800.

(5) (a) Force, T.; Kuida, K.; Namchuk, M.; Parang, K.; Kyriakis, J. M.
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substrate bearing a phosphate sed%diese probes are  screening. We adopted solid-supported peptide substrate and

elegantly designed, but their affinity and sensitivity could fluorescence detection to achieve a rapid, safe, and sensitive

be affected by the amino acid sequence of the targetassay.

phosphopeptid®. Therefore, a convenient assay method  The thiol-containing fluorescent molecules were designed

would become a powerful tool for kinase research. Here we and synthesized according to Scheme 1. We selected

report the novel fluorescence-based assay for serine/threonine

kinases, which is applicable to high-throughput screening.
Our approach is summarized in Figure 1. The key reactions

Scheme 1 Synthesis of Compounds (a) and9 (b)
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Figure 1. Summary of the assay.

_ S _ coumarins as the fluorophore because of their high fluores-
are base-mediatgielimination of the phosphate moiety and - cence quantum yield and low hydrophobicity. Their relatively
the Michael addition of a thiol-containing fluorescent hydrophilic nature is expected to reduce nonspecific interac-
molecule, which enable the selective transformation of tion with the solid support; such an interaction would
phosphoserine and phosphothreonine residues into fluorespotentially lower the reliability. We designed the hydroxy-
cent derivatives. Although several researchers have usedcoumarin derivativel and the aminocoumarin derivati®e
similar chemistry to enrich and quantify phosphopeptides, To examine their reactivity, the reaction was performed with
identification of the sites of phosphorylation typically relied methyl vinyl ketone as a model Michael acceptor under basic
on tandem mass spectrometry to sequence individual pep-conditions.
tides’ MS spectrometry is not necessarily suitable for  Both 4 and 9 gave the desired compound$ and 11,
quantification and is difficult to apply to high-throughput respectively. As shown in Figure 2, the fluorescence intensity

of 10 was much stronger than that 4f suggesting that the
(9) (a) Qjida, A.; Mito-oka, Y.; Inoue, M.; Hamachi, . Am. Chem. ;
S0¢.2002 124 6256. (b) Ojida, A Mito-oka, Y. Sada, K.. Hamachi. fluorescence from nonreacted dye is weaker than that from
Am. Chem. SoQ004 126, 2454. the reacted dye. Compourdwas found to be fairly stable

(10) (@) Chen, C.-A.; Yeh, R-H.; Lawrence, D. 5.Am. Chem. Soc. i the buffer at pH 9.4; almost no disulfide product was
2002 124, 3840. (b) Yeh, R.-H.; Yan, X.; Cammer, M.; Bresnick, A. R.; detected by HPLC S ti Inf fi Simil
Lawrence, D. S.J. Biol. Chem.2002 277, 11527. (c) Shults, M. D.; elected by (see Supporting Information). Similar
Imperiali, B. J. Am. Chem. So@003 125, 14248. fluorescence spectra were obtained with aminocoumarin

(11) (a) Zhang, J.; Ma, Y.; Taylor, S. S.; Tsien, R.Rfoc. Natl. Acad.

Sci. U.S.A2001 98, 14997. (b) Ting. A. Y.- Kain, K. H.; Klemke, R. L;  derivatives9 and 11 (see Supporting Information). This
Tsien, R. Y.Proc. Natl. Acad. Sci. U.S./2001, 98, 15003. characteristic will reduce the background fluorescence from
(12) (a) Jaffe, H.; Veeranna; Pant, H.Blochemisiryl99g 37, 16211 the dye nonspecifically bound to the solid support. The

(b) Oda, Y.; Nagasu, T.; Chait, B. Nat. Biotechnol2001, 19, 379. (c) . . .

Goshe, M. B.; Conrads, T. P.; Panisko, E. A.: Angell, N. H.. Veenstra, T. fluorescence properties of coumarin derivatives are known

g.; SRmith'E' E.Anéll. Clkw_ergzo&l Yé,_ bZ578- gj)\}fvnigg}ﬁA'; scming, to be influenced by the degree of intramolecular charge
., Row, R. H.; Kenski, D. M.; Gibson, B. . okat, K. at. 3 .

Biotechnol.2003 21, 1047. (¢) Rusnak. F.. Zhou, J.; Hathaway, G.M. transfer (ICT}2 and/or photoinduced electron transfer (PET)

Biomol. Tech2002 13, 228. from the substituents to the coumarin ring. Although the
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To examine the conditions for on-bead assay, Kemptide
and phosphorylated Kemptide were synthesized on TentaGel

a) SH 0 S\/\n/ S NH; resin; the peptides were deprotected but remained
\)J\ 0 bound on the resin under the normal deprotection/cleavage
= S conditions. It was found that the conditions optimized for
R 0”0 THF, Base R 070 the solution-phase reaction were applicable with slight
R=OH: 4 R =OH: 10

modification. Dye4 usually gave results slightly better than
those with9 (see Supporting Information).
b) 200 Next we tried to detect PKA (catalytic subunit) activity.
As a solid support, we chose TentaGel and Pkggresin,
10 since they swell well in aqueous solution and several on-
150 | bead enzyme assays using them have already been refséfted.
The substrate peptide synthesized on resin was treated with
PKA, base, and dyd, followed by observation under a
100 - fluorescence microscope. Observation of the beads was
performed in glycine/NaOH buffer (pH 9.4), since the
fluorescence o10was strong and stable in the pH range of
50+ 9—10 (see Supporting Information). Our initial experiment
with these resins, however, did not work well. Kemptide resin
both treated with and without PKA showed little fluorescence
(see Supporting Information). Only PEG#H, resin was
found to be applicable for PKA enzyme reaction among the
resins we tried, probably because PKA was too big to
Figure 2. (a) Reaction o4 and 9 with methyl vinyl ketone. (b) permeate into regular resin, including TentaGel or PE{gA
Emission spectra (ex 360 nm) dfand 10 (5 xM) in 100 mM The molecular weight cutoff for PEGAyois around 70 kDa,
glycine/NaOH buffer (pH 9.4) containing 0.1% DMSO. whereas the cutoff for PEG#y is around 35 kDa (the
molecular weight of PKA is 40 kDa). The fluorescence from
the beads treated with PKA increased as the incubation time

reason for the weak fluorescnece of thiol-containing cou- \ith PKA was increased (Figure 3a); this result indicated
marins is not entirely clear, the PET mechanism is supposed

to be appropriate. The formation @D from 4 led to little
change in the absorbance maxima but increased the fluo-
rescence intensity, which is a characteristic feature of PET-
type fluorescent probés.

We first optimized the conditions g#-elimination and
Michael addition in solution. As a peptide substrate, we chose
Kemptide (Ac-LRRASLG-NH), which is the well-known
target sequence of cAMP-dependent protein kinase (FKA).
Both Kemptide and phosphorylated Kemptide (Ac-LRRA-
pSLG-NH,) were synthesized with standard Fmoc solid-
phase methods. The reactions were monitored by HPLC (see
Supporting Information), and conditions were found under
which bothg-elimination and Michael addition proceeded.
Although Ba(OH) was reported as a good reagent for

0 uM
B-elimination!® NaOH worked better in our case. It was
confirmed tha#4d and9 were selectively introduced into the
phosphorylated Kemptide but not into Kemptide itself. The
products were characterized by MALDI-MS (see Supporting

=NH,: 9 = NHp: 11
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Figure 3. (a) Detection of PKA activity. Beads are incubated with

(13) Setsukinai, K.; Urano, Y.; Kikuchi, K.; Higuchi, T.; Nagano, J. PKA (30 units mLY) for 2, 4, or 12 h at room temperature and

Chem. Soc., Perkin Trans.ZD0Q 2453. then treated with base add(b) Effect of IP. Beads were incubated

(14) (@) Soh, N.; Sakawaki, O.; Makihara, K.; Odo, Y.; Fukaminato, T.;  with IP (0—500 M) and PKA (30 units mt?) for 10 h at room
Kawali, T.; Irie, M.; Imato, T.Bioorg. Med. Chem2005 13, 1131. (b) temperature and then treated with base dnd\ll fluorescence

Tanaka, K.; Miura, T.; Umezawa, N.; Urano, Y.; Kikuchi, K.; Higuchi, T.; . : :
Nagano, T.J. Am. Chem. So@00% 123 2530. (¢) Kenmoku, S.: Urano, images (ex 360 nm, em425 nm) were taken in 100 mM glycine/

Y.; Kanda, K.; Kojima, H.; Kikuchi, K.; Nagano, TTetrahedron2004 NaOH buffer (pH 9.4).
60, 11067. (d) Gabe, Y.; Urano, Y.; Kikuchi, K.; Kojima, H.; Nagano, T.
J. Am. Chem. So@004 126, 3357. S )

Ch(eln?lg%?%sg' EpSraves, . J.; Benjamini, E.; Krebs, E.Biol that the PKA activity could be successfully monitored as

(16) Byford, M. F.Biochem. J1991, 280, 261. fluorescence intensity. Longer incubation time was needed
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compared with the solution-phase reaction; the phosphory-

lation rate of Kemptide on solid support was supposed to be

much slower. Although the enzyme reaction rate is decreased, a) b) )

solid-support-based techniques could provide the potential

for the simultaneous screening of thousands of enzyme

substrates/inhibitors in a single experimé&t:'8 We ad-

ditionally examined the effect of kinase inhibitor. The PKA- _ +PKA +CK |

specific inhibitory peptide (IP; Ac-GRTGRRNAI-NH° was e 4 Detection of CK | activity. Bead incubated (2)

i H H igure 4. etection o activity. beads were Incubated (a

added at various concentrations 10U and incubated  wihout kinase, (5 wilh PKA (100 nis i, or (¢ with OK |

) ] oo (200 kunits mLt?) at 30°C for 20 h. Subsequent treatment was

intensity of the beads was observed; it became weaker aftefthe same as described in the legend to Figure 3.

addition of the inhibitor, and the fluorescence intensity was

inversely correlated with the inhibitor concentration (Figure

3b). This result confirmed that our method can be used for  |n summary, we have developed a versatile fluorescence-

inhibitor screening. Also, these data in Figure 3 can be easily based assay for serine/threonine kinase. PKA and CK |

guantified (see Supporting Information). activities were readily and selectively detected by means of
To test the generality of our method, we next applied it to this method. Also, the assay was proven to be suitable for

detect casein kinase | (CK 1) activity. CK | substrate peptide kinase inhibitor screening. Our method is expected to be

(Ac-IGDDDDAYSDTETTEA-resin)? which is highly an- useful in the high-throughput format, e.g., with microarrays

ionic (Kemptide is cationic), was synthesized on PEGA and microplates, and should be a valuable tool for kinase

beads, and the beads were incubated with CK | or PKA. As research.

a negative control, beads incubated without kinase were also i i
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