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A Light-Activated Probe of Intracellular Protein Kinase Activity
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Signal transduction pathways are driven, in large part, by the Scheme 1

intracellular action of protein kinases. Members of this large enzyme HNS 0%k 0N~ OCH, 0N~ OCH;
family (>500) catalyze the transfer of thephosphoryl group of oH ° CFasO OCH;  paPhyP), ocHs
ATP to serine, threonine, and tyrosine residues in a wide variety Fm—HNJe./\g"\/\ y ,(&(w? ey f{o oromonoo [

of protein substrates. These enzymes play an important role in nearly . il M) S e

every aspect of normal cellular function. In addition, nearly every
human malady has been linked, in some manner, to abnormal
protein kinase activity. Not surprisingly, there has been and

_cor_m_nues to be |ntgnse |nterest'|n the developme 'nt of protein I(maselikewise preclude PKC-catalyzed phosphoryl transfer. The latter
inhibitors as potential therapeutic agents. In addition, several protein

. . ) . ffers the advantage, relative to a peptide containing multiply caged
Ir(ér;?jiitsgfn S?c:tseir;]azﬁar\(:ge;cﬂt?vi?e?r?Ii?/(ie:crtl:t()aﬁg t?ﬁte;:m';T):Svr']sol:afesidues, that only a single functional group need be photolytically
onl revealp the activity of rotgin kinasges in .res onspe to some liberated (peptid®) to generate the active protein kinase fluorescent

y . y ol b por reporter. The caged serine was prepared as outlined in Schéme 1.
environmental stimulus, but they also offer a realistic cell-based

ment of protein kin inhibitor effi Several investioator The key step, benzylation of the serine side-chain hydroxyl, was
assessment ot protein kinase inhibitor eflicacy. Several investgato Sgchieved using the trichloroacetimidadein the presence of a

should be resistant to PKC-catalyzed phosphorylation until activated
by light. Alternatively, the presence of a single photolytically
sensitive substituent on the phosphorylatable serine hydroxyl should

have described genetically encoded protein kinase substrates tha atalytic amount of triflic acid. The Fmoc derivative§ was

E;;jgjt? ﬁ: pgzgﬂ;(:] g\:\?;\r;eﬂtfcrsﬁﬁenéeg;f'g dagil\?grﬁs ;orti;/;s_ua ubsequently employed to create the active site-directed peptide
based s.pecies that ’respond to phg)/sphorylgtion in a qucF))reloscentIyVia solid-phase peptide synthesis (se_e Suppprting Information).

o . . . As would be expected for a peptide lacking a free hydroxyl
sensitive fashiod.For example, compount], which contains an group, compoune fails to serve as a substrate for PKC (Figure

enwr:)nmentfatlLy sEnsmk\:e fllutort?lphorg p(r)]sglone(li W'.tht'n c? fTW 1). Two potentially useful attributes of the caged substrate include
angstroms ot the pnosphorylatable serine nycroxyl moiety, dispiays (1) sampling of protein kinase activity at a time of the investigator’s

a|£2z§£ rHe(va\)/ZCZ? tr?oﬁ:eoz)efl?hlsrf]ﬁj f)?ecs:c(epnfcr:e)'%a;ttzlézsgsi?igse%hg'choosing and (2) control over the amount of active substrate
y ‘ ' p available for phosphorylation. The former is illustrated in Figure

date allow the investigator to contralhenprotein kinase activity 1, where the caged substratds incubated with active PKC for
\s;alm plljlrgirlf p(ralrfcr;rgn erd. f-lgget Iitter p'r:opr)er;y r‘:lVOIUId b(ﬁ e;](trfbmﬁg various time intervals (10, 20, and 30 min) and then subsequently
aluable In a nuMDEr ot Instances. For example, cells harboring photoactivated (Hg arc lamp for 90 s). A broad band-pass filter

constitutively active protein kinases can render the intracellular (300400 nm With/imax @ 360 nm) was employed to protect the
. . . P max

loading of a kl_nase sensor e_md the subsequent observation of aCt!V'tynitrobenzofurazan fluorophore from photobleaching, and an IR filter

at a well-defined time point problematic. Furthermore, protein

kinases can exhibit intermittent activity as a function of some was used to shield PKC from heat inactivation. Peptiiés
cellular event. such as with PKC Whichyappears 1o be activated at cpmpletely inert as a.PKC. substrate irrespective of PKC incubation

L . . . time. Furthermore, identical robust fluorescence responses are
several distinct sta_ges_ during n_1|t_o§|_m general, the_ ability to immediately observed following photolysis, irrespective of the pre-
control when protein kinase activity is measured with respect to

: . . . photolysis PKC incubation time.
multiple cellular signposts provides the opportunity to collect a large

series of parallel temporally offset samplings of protein kinase action HPLC analysis revealed that the maximal conversion of caged
- : . . to uncaged substrate is approximately 60% (see Supportin
within the context of a single experiment. We report herein the g bp y o ( P 9

) . ; . . . Information). The quantum yield for photolytic conversion is 0.06
fliirr?;seexz?t?\iﬁym a light-activated ("caged”) probg) (of protein as determined by actinomethAlthough a 90 s irradiation time is

required for maximal in vitro formation of the uncaged substrate,
on ocH, intracellular uncaging should proceed more rapidly due to an
enhanced photon flux through a comparatively smaller cellular

OCHg . . .
0N~ HO. ON o volume. Furthermore, as illustrated in Figure 2, total photon flux
NJ:T)\N]YPhwwws-Are—Lvsw«e N@\Njwm"ws-w-Aws-am'de can be used to control the amount of free protein kinase probe
\ H 1 3 H 2 .
o © o ° liberated.
isioned i ies for th . ¢ Both the timing and relative amount of sensor release can be
we envisione two different strat_eg|es or the COFISFI’UCIIOI’] OF controlled in a single experiment (Figure 1, insert). Approximately
Cage‘? proteln klnas_e Sensors. '_DKC IS knc_)vx_/n to recognize pelOt'deﬁwalf of compound was photochemically converted to the active
contallnlng ap;)proprlathelyb pqsﬂmnerj_ Iarglnlned re5|_d‘t_JeGons<;; . probelin the presence of PKC, as indicated by the observed change
quently, a substrate harboring multiply caged arginine moRties iy, forescence. Subsequent illumination of the reaction mixture
*The Albert Einstein College of Medicine. afforded additional free sensor, which likewise furnished a fluo-
* GenoSpectra. rescent response. These experiments demonstrate that it is not only
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Figure 1. Time-dependent change in fluorescence before and after in situ
illumination of caged peptide. The caged peptdeas incubated at 3%C

with PKCa and the change in fluorescence measured for 10 (A), 20 (B), or
30 (C) min. Samples were then irradiated at the indicated time points. (Insert)
Partial photolysis o followed by a second exposure to brief illumination.
See Supporting Information for details.
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Figure 2. Fluorescence change as a function of irradiation time. Peptide
was illuminated for (A) 0, (B) 15, (C) 30, (D) 45, and (E) 90 s and RKC
catalyzed activity subsequently sampled via fluorescence change.

possible to control the timing of protein kinase activity sampling
but also that activity measurements can be performed at multiple
stages as a function of cellular events. The latter is noteworthy

since it establishes that an inert sensor can be held in reserve so

that kinase activity can be assessed at multiple time points.
Finally, we examined the light-induced sampling of protein
kinase activity in living cells. The caged protein kinase fluorescent
substrate2 was introduced into HelLa cells via microinjection.
Exposure of cells to the phorbol ester TPA activates PKC. We have
previously demonstrated that compounserves as a specific sensor
for the conventional isoforms of PKC in living ceR8 However,
HelLa cells containing the caged derivatiefail to display a

fluorescent response upon exposure to TPA alone or upon exposure

to light in the absence of TPA. By contrast, a robust response is
observed when compoung@-containing Hela cells are both
illuminated and treated with TPA (Figure 3).
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Figure 3. Intracellular fluorescence change as a function of time following
irradiation and/or TPA treatment. HeLa cells were microinjected with peptide
2 and subsequently (A) irradiated and treated with TPA, (B) treated with
TPA in the absence of light, and (C) irradiated in the absence of TPA

In summary, we have prepared a caged protein kinase sensor
via introduction of a serine moiety containing a photolytically labile
side-chain appendage. The presence of the latter affords control
over both the timing and amount of active sensor release. To the
best of our knowledge, compouridrepresents the first example
of a caged fluorescent reporter of intracellular enzymatic activity.
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Supporting Information Available: Experimental details of the
synthesis, characterization, photo-uncaging, and in vitro and in vivo
assays of compouri2l(PDF). This material is available free of charge
via the Internet at http:/pubs.acs.org.
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