JIAICIS

COMMUNICATIONS

Published on Web 03/22/2002

Design and Synthesis of a Fluorescent Reporter of Protein Kinase Activity
Chien-An Chen,* Ren-Hwa Yeh,* and David S. Lawrence*

Department of Biochemistry, The Albert Einstein College of Medicine, 1300 Morris PaRus,
Bronx, New York 10461

Received November 13, 2001

Cells recognize and respond to environmental stimuli via generate a MI" receptor site composed of two carboxylates and
activation of intracellular biochemical pathways primarily composed the newly introduced phosphatd)( Upon divalent metal ion
of protein kinases. These enzymes catalyze the phosphorylation ofcoordination, a fluorescence change should transpire via a mech-
serine, threonine, or tyrosine residues on protein substrates.anism analogous to that described for theé'Qadicators.
Members of this large enzyme family have been the objects of  The strategy outlined above is made possible by the observation
intense scientific scrutiny due to their role in disease onset and that protein kinases will phosphorylate alcohol-containing residues
progression. In addition, they participate in the pathways that drive attached to the N- or C-terminus of appropriately designed pep-
a variety of important processes that range from cell diviston tides®7 This structural feature allows the fluorophore to be directly
apoptosis. Consequently, there has been widespread interest in attached to the phosphorylatable residue (8).With the latter
developing sensors of protein kinase activity, species that could in mind, our initial synthetic target was compoudvhich contains
furnish a visual readout of both where and when specific intrac- the requisite functionality in protected form, along with a free
ellular kinases are activated in response to a stimulus. A variety of carboxylate that can be activated and condensed with the N-terminus
approaches have been describéuluding small peptide substrates  of the peptide HN-Ser-Phe-Arg-Arg-Arg-Arg-resin. The latter
that possess an appended fluorophore positioned near the site oequence serves as a substrate for protein kinase C (PT),
phosphorylatiorf.Unfortunately, the phosphorylation-induced change enzyme family implicated in a variety of physiologically critical
in fluorescence intensity for these peptides is modest, at bestprocesses, including cell divisidn.
(~20%). We have developed a strategically different approach for - The xanthene half o was synthesized from the xanthone
the construction of a fluorescent reporter of protein kinase activity. precursor7 (Scheme 1). The latter was prepared via the Friedel
Crafts acylation o6 ° with 5. The product was subsequently heated
in a sealed tube to furnish the xanthdhand the phenol moieties
{BUO,C  COMBu then protected as 2-methoxyethoxymethyl (MEMSthers 9). The
o aromatic precursorlQ) to the “northern” half of compoung@ was
o\)J\OH prepared in three steps from commercially availabéminophenol
(see Supporting Information). Compourd® contains a doubly

. OH o protected iminodiacetic acid moiety and a benzylated phenol. The
' J ; latter will ultimately be debenzylated so that it can serve as the
MEMO 07 ™ "OMEM attachment site for the peptide (vide infra). Compourdwas
LY EEEEQ"F?BWMM/ 2 lithiated at—105°C and coupled t®, to furnish adduci1in 69%
resin ~ 0. 0 yield. The benzylated phenol il was transformed in three steps
2. CF,C0M @ °y : o
0,6 COy HO cos 0,0 o to the desired carboxylic aci®) and then coupled to #-Ser-
“n (O-tBu)-Phe-[(Arg)Mtr},—resin (prepared via standard Fmoc solid-
o HN" “peptide HN™ "~ peptide phase peptide synthesis on the Rink resin). Finally, exposure of
O orotein kinase 0 the resin-appended fluoropherpeptide to 95% CFCO,H resulted
— E in the simultaneous cleavage of the peptide from the resin, MEM

ether deprotection, and complete aromatization of the tricyclic
nucleus via loss of the tertiary hydroxyl moiety to yiedd

As expected, peptid® serves as a substrate for the?Ga
dependent PK&. 3 displays a 140% increase in fluorescence

| Pet:hallps.the” prelemlnent example (_)f z?]flufore.slcer;tﬁsegtsor that Sam|'ntensity upon phosphorylation, nearly an order of magnitude greater
ples biologically relevant processes Is the family orQadicators 5, 1hat previously described in protein kinase monitoring

(e.g.,1) developed by Tsien a_nd his C(_)Ilea_lglﬁé&)rmatlon _Of _the . systems:* In addition, the difluorofluorescein moiety i is an
Ca*"—fluorophore complex, via coordination to the two iminodi- extremely bright fluorophore:(= 78 000 cni® M~ andd = 0.60)
acetic acid moieties, is manifested by a dramatic fluorescenceand thus, is easily an order of magnitude more sensiiive than
change. Tsien h_as proposed tha?braoordlngtlon induces atW'St fluorophores that have been previously used to observe protein
about the arylamine bond, altering the coupling between the nitrogen kinase activity? Although theKo, value (26.5¢M) for the PKCix-

lone pair and the aromatic ring systénWe have designed a . . . .

. . i catalyzed phosphorylation & is quite good, the corresponding
peptide-based specie8)(that contains some of the structural . : : .
features present id. Specifically, phosphorylation o8 should Vimax (0.32umol/mir'mg) is an order of magnitude less than ideal.

P - 9P Y, phosphory The large, negatively charged fluorophore, which is positioned
* Address correspondence to any of these authors. E-mail: dlawrenc@ ad]_acent to the site O_f phpsphorylatlon, might Interfere Wlth_the
aecom.yu.edu. ability of the PKC active site to accommodate the serine moiety.
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Scheme 1. Synthesis of the Fluorescein Precursor 2
1. oxalyl chloride
+
o OM OMe 31 NHCI O O
e e e 4% yield OH HO OH

Table 1.
PKC-Catalyzed Phosphorylation of Peptides 14 (five different
linkers), 3, and AcCSFRRRRK”

Vmax, Km, and Fluorescence Change Associated with the

b
@y N\‘ :co- CO-
N-

@]
LINKER Vinax (molimin- Ko (uM 9% change fl
200-220°C j‘\)o %‘:O F NaH/MEMCI/THF F“O O F : (‘“m; ;nm mg) 6(;‘0) oe angelggr;scence
L-proline . (V]
Sse;l/ediuﬂe HO 55°/°V'e'd MEMO (¢] OMEM p-proline 1.0 235 156%
e vie N-Me glycine 8.5 20.5 264%
a 1.7 25.0 164%
tBuO,C  CO,tBu b 2.2 249 157%
tBUO,C  COutBu N 1 MG peptide3 0.32 26.5 140%
N 1.-105°C oCH.OH. 2 B CH00,CH,Cels ACSFRRRRK 24 10 _
2. tBuLi O 2¥8'5 NaH
OCH,CeHs ———— = . )
T e - 5 HPa the magnitude and rate of fluorescence change. Several fluoro-
o9 yeld O O F o 58%yield phore-LINKER —peptide analogues were identified that display
mr MEMO o OMEM promising enzymological and photophysical properties (Table 1).

"

N-methyl glycine serves as the LINKER in the lead protein kinase

substrate. Phosphorylation of the latter generates a 264% enhance-

Scheme 2. Synthesis of Library 14

O-tBu
" NJ;(Phe-[Arg(Mtr)]400NH(CHZ)Z-S-S-(CHZ)ZNHCO-TentaGehResin
2
12
o 1. split into 22 pottions |
2. Fmoc-LINKER-GOpH/HBTU/HOBNMM
3. piperidine
4. 95% CF3C0O,H/2.5% thioanisole/2.5% H0
80
Phe-Arg4CONH(CHy)=S=8+(CH,),NHCO-TentaGel+Resin
HN-LINKER H g, (CHa)2 (CHa)o
13
1. 2/HBTUHOBYNMM
2.95% CFgCOH/5% Ha0
3. Assay buffer (dithiothreitol}
HO,C CO,H OH
2
Phe-Arg,CONH(CH,),SH
OCH,COHN-LINKER N 94CONH(CHy)e
(o]
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We addressed the possibility of fluorophore-mediated disruption

of the kinase-catalyzed reaction by preparing a small library of 22
derivatives of3 using the synthetic strategy outlined in Scheme 2.

14 (library of 22 compounds)

ment in fluorescence intensity and proceeds with,g of 8.5umol/
min-mg and &, of 20.5uM. Indeed, théV/axis more than an or-
der of magnitude greater than that displayed by comp@mdhich

acks a LINKER residue between the fluorophore and the peptide.
Saturating [C#&"] produces 1.2- and 2.0-fold fluorescence en-

hancements ir8 and 14 (N-Me Gly), respectively. By contrast,
enhancements of 5- and 23-fold were observed with the chemically
synthesizedhosphorylatecanalogues o8 and 14, respectively.

However, the large metal-induced fluorescence change in the

phosphorylated species appears to be partly offset by a reduction
in the inherent (i.e., metal-free) fluorescence of the phosphopeptides

(Supporting Information). In summary, we have prepared, via
rational design and library synthesis, a new family of protein kinase

substrates that respond to phosphoryation in a fluorescently sensitive
fashion. The ability of compoundsand14to sample PKC activity

in a variety of cell-based systems is under investigation.
Acknowledgment. We thank the NIH for financial support.

Supporting Information Available: Experimental details of the
synthesis, characterization, and enzymology of comp®itatary 14
(PDF). This material is available free of charge via the Internet at http://
pubs.acs.org.

A series of turn-promoting/metal chelating LINKERs was inserted
between the peptide and the fluorophotd)( which might allow

the serine moiety to be more optimally accommodated within the
active site. Following phosphorylation, the turn-inducing/chelating
ability of the LINKER should enable the iminodiacetic acid carbox-
ylates to assume a position that promotes metal coordination. The
library of 22 compounds was prepared on a cystamine-derivatized
TentaGel resid! which contains a disulfide bridge between the
peptide and the resirip). The side-chain protected peptiti2was
splitinto 22 portions of 10 mg each and added to a solvent-resistant
multiwell filter plate. Twenty-two Fmoc-amino acids (“LINKER”s,
see Supporting Information) were added to individual wells and
condensed witll2. The Fmoc group was removed3) and the
product coupled to compourtd CRCO.H (95%) was subsequently
employed to simultaneously deprotect the phenol and carboxylic
acid moieties and transform the xanthene nucleus into the fluores-
cein derivative. Finally, all 22 compounds were cleaved from the
Tentagel resin with PKC assay buffer, which contains dithiothreitol.
The library membersid) were filtered into a receiving plate and
then assayed under standard conditions with monitoring for both
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