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ABSTRACT

Protein kinases are key participants in signal transduction path-
ways. A direct assessment of the relationship between the activity
of any given protein kinase and the corresponding cellular phe-
notype has proven challenging. This is due to the large number of
protein kinases encoded by the human genome coupled with
intracellular temporal and spatial constraints that appear to further
regulate the ultimate response of a cell to a stimulus. Our work
has focused on the development of chemical probes to address
the complexities associated with protein kinase-mediated cell
signaling. These include the acquisition of highly selective sub-
strates and inhibitors for specific members of the protein kinase
family, the design and synthesis of light-activated signaling proteins
and their corresponding inhibitors, and the preparation of fluo-
rescent reporters of intracellular protein kinase action.

Introduction

Protein kinases catalyze the transfer of the y-phosphoryl
group of ATP to the hydroxyl moieties of serine, threonine,
and tyrosine in intact proteins. This deceptively modest
reaction serves as a cornerstone for the extraordinarily
complex phenomenon known as signal transduction, the
biochemical process by which information is transmitted
between different cellular sites. For example, the binding
event between growth factor and receptor on the cell
surface is signaled to the nucleus via protein kinase-
mediated pathways. In response to this signal, genes are
transcribed, and the cell prepares itself for division.
Mitosis is subsequently driven by a fine choreography of
temporally and spatially regulated signaling pathways that
ensure the myriad of biochemical processes required for
replication occur in their proper chronological order. In
short, signal transduction serves as a biochemical mech-
anism that drives an extraordinary array of biological
phenomena. However, it would be simplistic to view
signaling pathways as the molecular equivalent of the
interstate highway system. The latter is fixed both in time
and space. By contrast, kinase-mediated pathways not
only evolved to rapidly form in response to some envi-
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ronmental stimulus, but their role in cellular homeostasis
is dependent upon their rapid disassembly once the
environmental signal has been acknowledged. Further-
more, the nature of the cellular response is dependent
upon when and/or where a specific pathway is activated
as well as upon what other pathways may be simulta-
neously operating. Much of our work has focused on the
synthesis and evaluation of molecular probes designed to
assess the complex intracellular action of signaling pro-
teins. In this Account | will highlight four areas that have
attracted our attention, namely, the design and acquisition
of (a) kinase-specific substrates and inhibitors, (b) ligands
that block signal complex assembly, (c) light-activated
signaling proteins and inhibitors, and (d) fluorescent
reporters of protein kinase activity.

Protein Kinase-Specific Substrates and
Inhibitors

The substrate specificity of any given protein kinase is
typically defined as the preferred amino acid sequence
that envelops the serine, threonine, or tyrosine residue
phosphorylated by the enzyme (consensus recognition
sequences).! In addition, protein kinases are typically
divided into two families on the basis of their active site
specificity: those that phosphorylate the aromatic phenol
of tyrosine and those that catalyze the phosphorylation
of the aliphatic alcohols of serine and threonine. We have
found that active site substrate specificity is not limited
to the three naturally occurring alcohol-containing amino
acids specified by the genetic code, but encompasses an
extraordinary array of unnatural hydroxylated residues.

Many protein kinases will phosphorylate peptides
containing C- and N-terminal-appended serine and thre-
onine residues.?® This simple observation provides a rapid
entry into the preparation of active site-directed peptides
containing a wide assortment of serine/threonine mimet-
ics. We have prepared libraries of alcohol-appended pep-
tides using either tBoc?- or Fmoc3-based solid-phase pep-
tide synthesis methodologies. For example, the tBoc pro-
tocol employs Kaiser’s oxime resin 1. The active site-di-
rected peptide is linked to the synthesis bead via a rela-
tively labile oximate ester (Scheme 1). Consequently, the
peptide can be simultaneously condensed with the serine
mimetic and displaced from the resin support (Scheme
1). An attribute apparent from the synthetic strategy
portrayed in Scheme 1 is that the a-carboxylate of the
serine analogue is not required since the analogue is not
inserted into the interior of the peptide. Since the chiral
center and the a-carboxylate are missing, the synthesis
of these serine analogues is exceedingly straightforward.

The cAMP-dependent protein kinase (PKA) catalyzes
the phosphorylation of the C-terminal Ser in acetyl-Gly-
Arg-Thr-Gly-Arg-Arg-Asn-Ser-amide.2 Consequently, the
Ser moiety is easily replaced with a library of nonnatural
aminoalcohols using the synthetic strategy outlined in
Scheme 1. PKA phosphorylates a structurally diverse
assortment of alcohol-bearing residues, including achiral
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containing an a-configuration analogous to that present
in b-amino acids (e.g., 5). This discriminatory behavior
suggested that PKA should distinguish between prochiral
hydroxyl moieties that are positioned on the same residue
(6). Indeed, PKA only phosphorylates the pro-R hy-
droxymethylene in 6.*

We’ve also assessed the active site specificity of the
cGMP-dependent protein kinase (PKG)® and various pro-
tein kinase C (PKC) isoforms®. PKA, PKC, and PKG share
a strong sequence homology, and all three comprise what
is commonly referred to as the “ACG” subfamily of protein
kinases. Not surprising, these enzymes display overlapping
sequence specificities with respect to both substrate and
inhibitor peptides. However, their active site specificities
are remarkably different. For example, whereas PKA is
unable to phosphorylate alcohol-bearing residues that
possess an o-stereocenter corresponding to that present
in p-amino acids (e.g., 5), both PKC36 and PKG® readily
phosphorylate residues containing this configuration.
Furthermore, the differences in active site specificity
between these otherwise closely related protein kinases
are not just limited to stereochemical biases. For example,
PKC phosphorylates meta- (7) and para-substituted (8)
phenols, whereas PKA and PKG do not.”

Given the intense interest in developing inhibitory
agents that discriminate between PKA and PKG, we
wondered whether the unique active site specificities of
these two enzymes could be used to devise a PKG-selective
inhibitor or inactivator. An example of the latter is
illustrated with affinity labels 9 and 10.28 The amino acid

cAMP-dependent protein kinase J [ cAMP-dependent protein kinase ]

SH NOz SH NO;

AP Lesd™y arp s

*5 4 $57

CHy 7N
] LRRRRF-NH- T I:O Phe - -CO-NH; 10 LRRRRF-MNH -~ CO—Phe i CO—NH;
H H _CHs H
S

P Site P+2 Site J [ P Site P+2 Site ]

sequence Leu-Arg-Arg-Arg-Arg-Phe-Ser- is recognized by
both PKA and PKG. The affinity label 9 was devised by
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replacing the phosphorylatable Ser (“P position”) with an
L-Ala and appending an electrophilic disulfide moiety at
the P + 2 position. We anticipated that the reactive
disulfide in 9, when enzyme-bound, would be aligned
adjacent to an active site cysteine residue present in both
PKA and PKG. Indeed, both PKA (K, = 25.4 M) and PKG
(K; = 15.1 M) suffer time-dependent inactivation upon
exposure to 9. By contrast, the corresponding affinity label
10 is designed to selectively inactivate PKG but not PKA.
Compound 10 contains a b-alanine-moiety at the former
serine position, and residues of this configuration are not
accommodated within the active site of PKA. Therefore,
the reactive disulfide at P + 2 cannot be properly
positioned to covalently modify the active site cysteine.
Indeed, even at concentrations as high as 1 mM, com-
pound 10 fails to inactivate PKA. However, since PKG does
accommodate p-residues at the P position, affinity label
10 serves as an excellent time-dependent inactivator (K|
= 21.1 M) for this protein kinase. We employed an
analogous strategy to devise a simple p-alanine-containing
nonapeptide that serves as a selective reversible PKG
inhibitor.?% This peptide has been used to demonstrate
that PKG plays a key role in the signaling pathways
responsible for memory and learning.>*!
Tyrosine-specific protein kinases!?'? likewise phospho-
rylate a remarkable array of unnatural alcohol-containing
residues. However, perhaps the most interesting aspect
of the active site substrate specificity of the tyrosine kinase
Src is what the enzyme will not phosphorylate.'*%5 The
C-terminal-appended L-dopamine derivative 11 is resis-
tant to phosphorylation; yet the presence of the catechol
moiety enhances enzyme affinity by more than 30-fold.*

OH
OH

Glu-Glu-Leu-Leu-HN 11

The corresponding L-Dopa-containing peptide, Glu-Glu-
Leu-Leu-Dopa-Gly-Glu-lle (12) is an even more potent
nonphosphorylatable reversible inhibitor of Src. Interest-
ingly, the catechol element present in 11 and 12 is also
found in several tyrosine kinase inhibitors derived from
natural products!® and was subsequently identified as a
lead structural motif in a small molecule library screened
against Src.'’

From Consensus Sequence Peptides to
High-Affinity Ligands

In general, signaling proteins tranduce information by
recognizing and binding to specific amino acid sequences
on other proteins (i.e., via the assembly of signaling
complexes). However, since protein signaling complexes
are transient in nature, the protein—protein interactions
that mediate the assembly of these complexes are not
characterized by high stability constants. Consequently,
the consensus sequences that drive signaling complex
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Scheme
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formation tend to display a modest affinity (generally Kp
> 1 uM) for their intended protein target. Is it possible to
develop a general synthetic strategy to convert weakly
binding consensus sequences into high affinity ligands?
The parallel synthesis approach outlined in Scheme 2 was
designed to address this question.

The overall strategy employs peptides that contain a
(L)-2,3-diaminopropanoic acid moiety (Dap) at specific
sites along the consensus sequence peptide chain.'® Only
those residues that contribute little to the binding event
are replaced with the Dap moiety. Once the Dap-contain-
ing peptides have been prepared, the side chain Dap
amine is deprotected (14) and the resin-appended peptide
transferred in small quantities to individual wells of multi-
well filter plates. The free amine-containing Dap func-
tionality on the peptide-resin in each well is subsequently
condensed with one of ~10° different carboxylic acids to
furnish 15. Upon removal of any remaining protecting
groups, the peptides are released from the resin with assay
buffer (dithiothreitol) and vacuum filtered into a multiwell
plate in an assay ready form (16). This Scheme 2 protocol
can be easily automated and iteratively applied to different
sites along the peptide chain.

The Lck SH2 domain binds the consensus peptide
acetyl-pTyr-Glu-Glu-lle-amide with a Kp of 1.3 «M.*° Since
conventional amino acid residues on the N-terminal side
of the pTyr moiety contribute little binding energy to the
SH2/consensus peptide complex,?® we employed the
strategy outlined in Scheme 2 to identify a non-amino-
acid replacement at the N-terminus that can productively
engage the SH2 surface. The lead coumarin-containing
compound (17) was identified from the ~103 member
library via an enzyme-linked immunosorbent assay
(ELISA).*® An unexpected bonus associated with the cou-
marin moiety is that its fluorescence is not altered when
bound to the Lck SH2 domain. Consequently, the Kp of
the peptide 17/SH2 domain complex can be directly
determined via equilibrium dialysis. The affinity of 17 for

2.
COy

59 Ji 9
N'= NHCH-CH»SH
COy
17

i N-terminus
+ substitution

2

NH»

F{CONH-Xaa-Xaa-Dap-Xaa-HN(CHz)QSS‘@

14

1. Transfer 5 mg to each

well of 96 well filter plates

2. Acylate with ~10° RCO,H
NHCOR

RCONH-Xaa-Xaa-Dap-Xaa-HN(CH,),SS @)
15

the Lck SH2 domain is nearly 2 orders of magnitude
greater than that of the unmodified consensus peptide
acetyl-pTyr-Glu-Glu-lle-amide (i.e., 35 NnM vs 1.3 uM).%®

With an affinity promoting substituent at the N-
terminus in hand, we turned our attention to identifying
replacements for the two Glu residues at the P + 1 and P
+ 2 positions, residues that only weakly interact with the
Lck SH2 surface.?° Two possible synthetic strategies are
outlined in Scheme 3. The “iterative” strategy depicted in
Scheme 3a utilizes a stepwise approach which first identi-
fies a modified Dap residue at one of the two positions
(e.g., 18 to 19) and then subsequently, with the P + 1
modified Dap moiety in place, screens for the optimal
substituent on the Dap residue at the adjacent position
(i.e., 20 to 21). The strength of this strategy is that the
substituents at the two Dap positions are identified in a
fashion that ensures they are able to cooperatively engage
the SH2 domain. However, this strategy possesses the
disadvantage that if multiple leads are observed from the
initial library (18) then multiple sublibraries of 20 must
be prepared. The “parallel” synthetic strategy (Scheme 3b)
circumvents the issue of possible multiple sublibraries by
offering a convergent route to the final lead species 21.
Libraries at multiple sites are prepared in parallel (i.e., 18
and 22) and simultaneously screened to identify lead
substituents at the Dap residues (i.e., 19 and 23). Multiple
lead substituents at these sites are subsequently combined
in a few final peptides, which are then directly assessed
for affinity. The obvious weakness associated with the
parallel strategy is that the substituents at the two Dap
moieties are identified independently of each other.
Consequently, it is possible that the lead substituents at
the different Dap sites might require the peptide to
assume vastly different, and therefore incompatible, con-
formations when bound to the SH2 surface. However, in
the specific case of the pTyr-Xaa-Xaa-lle-/Lck SH2 domain
complex, structural studies suggest that the bound peptide
is unlikely to display significant conformational flex-
ibility.?° Therefore, we employed the Scheme 3b strategy
and obtained multiple lead substituents at the two Dap
sites. Individual peptides containing various combinations
of these substituents were prepared, and their efficacy as
Lck SH2 ligands was assessed. The lead doubly Dap-
modified species 24 possesses an affinity for the Lck SH2
domain of 200 pM, approximately 4 orders of magnitude
better than the starting consensus peptide acetyl-pTyr-
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Scheme 3
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Glu-Glu-lle-amide. To the best of our knowledge, com-

pound 24 is the tightest binding SH2-directed ligand ever
reported.
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We have also applied the strategy described above to
various PKC isoforms. In this case, the Scheme 3a iterative
strategy was employed, which furnished a PKCa inhibitor
that is 3 orders of magnitude more potent than any
previously reported peptide-based inhibitor for this en-
zyme.?! Finally, in collaboration with my colleague Zhong-
Yin Zhang, we developed a variant of the approach
outlined in Scheme 2 to identify high-affinity inhibitors
for PTP1B, a protein phosphatase that serves as a negative
regulator of insulin action. Previous attempts to apply a
“rational” design and synthesis strategy for the preparation
and identification of PTP1B inhibitors resulted in species
displaying modest inhibitory activities in the low micro-
molar range.?? However, a library-based methodology ana-
logous to the Scheme 2 strategy furnished a PTP1B inhib-
itor that exhibits a more impressive 2.4 nM K;.2® Further-
more, this inhibitor displays extraordinary selectivity for
PTP1B relative to a host of other protein phosphatases.
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coumarin-pTyr-Dap-Dap-lle (21)

CORP

Photoactivation and Inhibition of Signal
Transduction Pathways

The response of a cell to a stimulus is controlled by which
signaling pathways are activated as well as the precise
timing of their activation. The introduction of temporal
issues makes the complexities associated with assessing
the role of specific protein kinases in signal transduction
even more challenging. Fortunately, exquisite temporal
control is possible by the use of functionally inert (“caged”)
compounds whose activities can be rapidly unleashed
upon exposure to a strong light source.?*#? A number of
caged messenger compounds have been described, in-
cluding caged NO, cAMP, and Ca?". However, until
recently, temporal control over individual protein mem-
bers of signaling pathways was unknown.

PKA is the first protein kinase to have its three-
dimensional structure determined.?® Furthermore, the
cellular phenotype associated with PKA activation is well
documented.? This information was crucial for the prepa-
ration and subsequent intracellular evaluation of a pho-
toactivatable PKA. The affinity label 25 was designed so
that the reactive benzyl bromide moiety is positioned
adjacent to the active site cysteine of PKA when enzyme
bound (cf. 9).28 Key structural elements contained within

{ inactive
Ac-GRRNA-C-NH(CH,),NH PKA

Br active
PKA - S
NO, —— peptide
25 NO,
26

25 include (1) an electrophilic site that, upon attachment
to the sulfhydryl of Cys-199, creates a photocleavable locus
between the peptide and the enzyme and (2) an amino
acid sequence that furnishes only modest affinity for the
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FIGURE 1. Overlay images of rhodamine-phalloidin staining for
F-actin (red) and FITC-lgG staining for microinjected cells (green) in
(@) REFs microinjected with caged PKA but not photochemically
activated and (b) REFs microinjected with caged PKA and photo-
activated.

protein kinase. The latter structural feature ensures that
once the peptide is photocleaved from the enzyme, it will
be unable to serve as a reversible inhibitor of the enzyme.
Exposure of PKA to affinity label 25 provided the modified
kinase 26, which has less than 2% of the activity displayed
by the native enzyme. Photolysis of 26 regenerates kinase
activity to a level that is 50% of that of the native enzyme.
Hagan Bayley and his colleagues have also described the
preparation of a caged PKA but employed a nonpeptide-
based strategy to modify Cys-199.2°

Previous studies have demonstrated that activated PKA
will generate profound changes in cellular morphology,
including a loss of stress fibers, a rounding-up of cellular
shape, and ruffling of the cellular membrane.?” Microin-
jection of caged PKA 26 into rat embryo fibroblasts (REF-
microinjected cells are stained green) in the absence of
light fails to elicit any of these responses (Figure l1a). By
contrast, microinjection followed by photolysis leads to
the expected morphological changes (Figure 1b). Further-
more, adjacent nonmicroinjected cells (red), although
exposed to photolysis, do not display any characteristics
of an activated PKA pathway (i.e., they retain their stress
fibers, their elongated shape, and their smooth membrane
surface).

Although this work demonstrates that intracellular
signaling cascades can be light-initiated at distinct protein
kinase-occupied points along the cascade, in a very real
sense PKA represents an unusually simple example of
protein kinase-mediated signaling. PKA activity is intra-
cellularly controlled by the reversible formation of an
inactive complex between catalytic and regulatory sub-
units. Since the intracellular ratio of catalytic and regula-
tory subunits is approximately 1:1, direct microinjection
of caged catalytic subunit (and subsequent uncaging)
generates excess catalytic subunit. By contrast, the activity
of many signaling proteins, including many protein Kki-
nases, is controlled by phosphorylation. Under these
circumstances, photouncaging a protein kinase might lead
to only transient or even negligible activation of a signaling
pathway, since the light-activated enzyme could be im-
mediately switched off via phosphorylation (or dephos-
phorylation) catalyzed by endogenous enzymes. In short,
the design of any photoactivatable protein must be
mindful of intracellular control mechanisms that could

inactive cofilin (28)
?PO;;E'

8]
LIM Kinase ( 3 phosphatase

severing l
Eteqigglitaciss

depolymerizationl O
@) () actin monomer

&)
o©

FIGURE 2. Mechanism of severing and depolymerization of F-actin
by cofilin.

Scheme 4
HO HS
active constituitively
cofilin active Cys mutant
HO.C.__Br
phosphatase LIM-kinase hv NO,
2'03P/O ‘0,C__S 20
aryl
inactive 28 caged 31
cofilin Cys mutant

immediately inactivate the light-uncaged enzyme. A case
in point is illustrated in Figure 2. Epidermal growth factor
(EGF)-stimulated cell motility is mediated by the cofilin-
driven cleavage of existing filamentous-actin (F-actin). The
active form of cofilin (27) contains a free serine at position
3 (Scheme 4). Phosphorylation at this site by LIM-kinase
generates the inactive cofilin 28. Consequently, the design
of any caged cofilin must not only take into account how
to create a light-activatable form of the protein, but must
also circumvent the intracellular mechanism by which
cofilin activity is endogenously controlled.

In collaboration with my colleague John Condeelis, we
prepared the caged cofilin (31).3° A constitutively active
cofilin was first generated, a species that could not be
phosphorylated by LIM-kinase, its’ negative regulator. We
had previously found that cysteine residues, when incor-
porated into the serine position of protein kinase peptide
substrates, fail to undergo phosphorylation.3! The serine-
to-cysteine mutant 29 displays high F-actin severing
activity and is resistant to LIM-kinase-catalyzed phospho-
rylation. The cysteine moiety in 29 has the additional
attribute that it is easily modifiable. The cofilin mutant,
upon reaction with 30 furnishes 31, a species that
electrostatically resembles the inactive phosphorylated
wild-type enzyme 28 (Scheme 4). Indeed, caged cofilin
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FIGURE 3. (A) Rhodamine-labeled F-actin filaments (B) in the
presence of irradiated caged Cys-3 cofilin 31. Cleavage sites along
the F-actin filaments are marked with arrows.

31 is not able to depolymerize F-actin. Upon exposure to
high-intensity light, approximately 80% of Cys-3 cofilin
29 activity is restored. The action of caged cofilin, both
before and after illumination, is visually obvious in Figure
3. F-actin can be directly observed by copolymerizing
rhodamine-actin along with native and biotin-labeled
actin. Actin filaments are then simply attached to a
nitrocellulose coated microscope slide using an anti-biotin
antibody. The various forms of cofilin can be perfused into
the slide chamber, and severing of the fluorescently
labeled filaments can then be visualized under the mi-
croscope. Figure 3a shows the rhodamine-labeled fila-
ments prior to introduction of cofilin. Multiple cleavage
sites in these filaments are apparent following introduc-
tion of the photoirradiated caged cofilin 31.

Caged signaling proteins, such as those described
above, can be used to intracellularly activate signaling
cascades at specific points along the pathway. This can
furnish a direct assessment of the role played by a specific
signaling protein in driving an observable phenotype. The
clear advantage associated with these caged species is that
the desired activity can be switched on whenever or
wherever the experimenter so desires. In addition to
photoinitiating a signaling cascade with caged signaling
proteins, it is also possible to phototerminate a cascade
with caged inhibitors. Along these lines, we conducted
intracellular experiments analogous to those shown in
Figure 3 with a photoactivatable PKA inhibitor. Key Arg
residues in active site-directed PKA peptides are important
for PKA recognition.®?3% We developed the nitrovera-
troloxycarbonyl-based agent (33) which converts orni-
thine (Orn) residues into caged Arg moieties (Scheme
5).3¢ Photoactivation of the caged 34 generates 35,
which intracellularly blocks PKA-driven changes in cell
morphology.

Fluorescent Probes of Protein Kinase Activity

The issue of when protein kinases are activated in
response to a stimulus has proven difficult to address.
Lysis of synchronized cell populations followed by capture
of the kinase in question and measurement of its activity
furnishes some information concerning catalytic status,

406 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 36, NO. 6, 2003

Scheme 5
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but under conditions that are nonphysiological in nature.
By contrast, intracellular fluorometric probes of protein
kinase activity offer the potential of real time assessment
of signaling activity under physiologically relevant condi-
tions.

We have prepared two distinct classes of phosphory-
lation-responsive fluorescent peptide substrates, both of
which evolved from our observation that protein kinases
catalyze the phosphorylation of synthetic substrates con-
taining N- or C-terminus-substituted serine residues. The
first class of fluorescent protein kinase substrate probes
was based upon the simple notion that the photophysical
properties of a fluorophore, directly positioned on the
serine residue within a few angstroms of the phosphory-
latable alcohol, should undergo a dramatic change in
response to phosphorylation. We prepared a library of
>400 compounds of the structure fluorophore-Ser-Phe-
Arg-Arg-Arg-Arg-Lys-amide, which contains an amino acid
sequence recognized by the PKC isoforms a, 3, and y.%
Peptide 36 was identified as the lead substrate from this
library. Not only does 36 display a phosphorylation-

0.

N" "N
\ /)
02N~<:>~NH-Ser-Phe-Arg—Arg-Arg-Arg—Lys-amide

36 PKCa Ky =31puM; Vipax= 2.3 gmol/min-mg

induced change in fluorescence that is 1 order magnitude
greater than what had been previously observed for any
fluorophore-appended peptide-based protein kinase sub-
strate,® it also serves as an outstanding substrate for the
PKC a, 8, and y isoforms.

PKCs are activated during mitosis.*® Consequently, we
examined the ability of peptide 36 to report PKC ac-
tivity in mitotic lysates from Hela cells. Crude mitotic
cell extracts were prepared from nocodazole-synchro-
nized cells and the PKC assay initiated via addition of the
cell lysate to an assay buffer containing 36. A linear
increase in fluorescence intensity is observed during the
first 10 min following addition of cell lysate, which then
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FIGURE 4. PKC activity in mitotic HeLa cell lysates. Fluorescence
change as a function of incubation time (A) in the presence of mitotic
cell lysate, (B) in the absence of cell lysate, (C) in the presence of
cell lysate and staurosporine, and (D) in the presence of PKC
immunodepleted cell lysate. Figure 4 is reproduced with permission
from the American Society for Biochemistry and Molecular Biology
(copyright 2002).

plateaus at approximately 1.7-fold above background
(Figure 4, curve A). Staurosporine blocks the increase in
fluorescence intensity observed upon mitotic cell lysate
addition (Figure 4, curve C). However, staurosporines’
targets a variety of protein kinases. Consequently, the
staurosporine-induced block of fluorescence could be due
to inhibition of PKC activity or the inhibition of other
protein kinases that also catalyze the phosphorylation of
peptide 36. We addressed whether 36 is selective for the
PKC by immunodepleting the mitotic cell lysates of PKC
o, B, and y. The PKC-depleted lysate fails to elicit a change
in fluorescence intensity (Figure 4, plot D), an observation
consistent with the notion that the fluorescence enhance-
ment observed with crude mitotic lysates is due to PKC
activity.

Our second class of fluorophore-responsive protein
kinase peptide substrates was inspired by the Ca?'-
sensitive fluorophores (e.g., 37) described by Tsien and
co-workers.383 Formation of the Ca?"-fluorophore com-
plex, via coordination to all 4 carboxylates, is manifested
by a dramatic fluorescence change. Ca?* coordination
induces a twist about the bond between the amine and
the chromophore, altering the electronic interaction be-
tween the nitrogen lone pair and the fluorescent ring
system, thereby leading to a change in fluorescence. A
Mg?* chelator, based upon the same principles, has also
been described (38).%°

N(CHoCO5)2

. OCH,COy
N(CHoCO5), N(CH2COz)2 Zre

OCH,CH,0
TR

N=
Cl e Cl CHs e
37 38
HO o) o) COy
We designed several peptide-based species that contain
some of the structural features present in Tsien’s com-

Scheme 6
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pounds (e.g., 39a).** The M?" receptor site generated upon
phosphorylation (39b) is comprised of two carboxylates
and the newly introduced phosphate moiety. Upon diva-

[#]
HO:C (I}O;H HO. o
N~
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- i P
HN.J-\_”,.N peptide nlq o

Lo
[ 0
O KinaseATP [ |
Aryi—O—CH?TC—NH CH-CONH-peptide

39a F|unm|phore o s

lent metal ion coordination, a fluorescence enhancement
should transpire via a mechanism analogous to the one
proposed for 37 and 38. Compound 39a was prepared via
the protocol outlined in Scheme 6. PKCa-catalyzed phos-
phorylation of 39a (where peptide = Phe-Arg-Arg-Arg-Arg-
amide) generates 39b, which displays a 140% increase in
fluorescence (Aexcitation = 488 NM; Aemission = 523 nm).
However, although the K, value (26.5 M) for the PKCa-
catalyzed phosphorylation of 39a is very good, the cor-
responding Vmax (0.32 mol min~* mg™1) is disappointing.
One possible explanation for the latter is the close
proximity of the fluorophore to the phosphorylatable
serine, which may negatively impact the phosphorylation
rate. We addressed this possibility by preparing a small
library of 22 derivatives of 39 using the disulfide-based
resin 13 (Scheme 2). All members of this library contain
a different turn-promoting linker between the peptide and
the fluorophore. Our rationale was that although the large
fluorophore in derivatives 44 lies at a larger through-bond
distance from the site of phosphorylation, the turn-
inducing nature of the linkers should enable the imino-
diacetic acid carboxylates and newly introduced phos-
phate to assume a position that promotes metal chelation
following phosphorylation. Five members of this library
display a significant enhancement in fluorescence upon
exposure to PKCoand ATP [(44a) 164%, (44b) 264%, (44c)
156%, (44d) 150%, (44e) 167%)]. The Ky and Vimax values
are quite favorable, particularly for the sarcosine analogue
44b.

In our initial cell-based studies, we employed the lead
fluorophore-appended peptide substrate (36) identified
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CO.H
F (e
HO N__COzH HO
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O I O o) HNj\n/N~Phe-(Arg)4-CONH2
o) KH/NH—Iinker—<\ o)
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‘ F O Km Vma)_(
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44a 1-amino-1-cyclopropanecarboxylic acid 25.0 17
44b N-methylglycine (sarcosine) 20.5 85
linker 44c L-Proline 63 1.9
44d D-Proline 235 1.0
44e CO» 24.9 22

N-

from the 400-member fluorophore-Ser-Phe-Arg-Arg-Arg-
Arg-Lys-amide library. The HelLa cell line containing
microinjected 36 was exposed to phorbol ester, a PKC
activator. There is an obvious and dramatic change in
fluorescence intensity within minutes following phorbol
ester addition (Figure 5; and see the quicktime video
available online). The curves generated in the lysate
(Figure 4) and live cell assays® (not shown) are remarkably
similar, displaying a linear increase in fluorescence in-
tensity following the first 8—10 min of exposure to phorbol
ester. Furthermore, the phorbol ester-induced change in
fluorescence intensity displayed by peptide 36 in living
cells is 2-fold, whereas the cell lysate-based experiments
furnished an overall 1.7-fold change in fluorescence
intensity. We also found that the PKC inhibitor, GF
109203X, effectively blocks the phorbol ester-induced
enhancement in cellular fluorescence. Although the K;
value for GF 109203X is in the low nanomolar range,
micromolar concentrations of GF 109203X were used to
block in vivo PKC activity due to the high intracellular
concentration of ATP.16

Conclusion

DNA microarrays have been used to sample time-depend-
ent changes in gene expression patterns in response to
environmental stimuli.*?> Analogous methods are under
development to assess changes in protein levels and/or
activities.** However, activity sampling is commonly per-
formed under decidedly noncellular conditions, which
raises legitimate questions concerning the relevance of the
acquired data to the intracellular state. The work under-
way in our laboratory has focused on the development of
molecular tools to probe the role of individual protein
kinases in cell-based phenotypes under physiological
conditions. The issue of inhibitor and substrate specificity
has received enormous attention given the large number
of protein kinases encoded by the human genome. The
majority of inhibitors described to date target the ATP
binding site. By contrast, consensus sequence peptides
have received comparatively little attention due, in large
part, to their low binding affinity and apparent low
specificity. The library-based strategy outlined in Scheme
2 offers one approach to identify selective, high-affinity
substrates and inhibitors for an array of signaling proteins.
Although protein kinase-selective/specific inhibitors and
substrates have served as valuable reagents in signal
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FIGURE 5. Time-lapse images of TPA-stimulated Hela cells
microinjected with peptide 36.

@ These images serve as a link to a quicktime video available online
which shows four cells, microinjected with peptide 36, responding
to a TPA stimulus. Both Figure 5 and the quicktime video are
reproduced with permission from the American Society for Bio-
chemistry and Molecular Biology (copyright 2002).

transduction research, these reagents are unable to ad-
dress the temporal relationships that exist between cellular
phenotype and the activation of specific signaling pro-
teins. In this regard, the clear advantage associated with
caged proteins (and their corresponding inhibitors) is that
the desired activity can be switched on (or off) whenever
or wherever the experimenter so desires. Finally, fluores-
cent probes of protein kinase activity provide a visual
intracellular read-out of when (and potentially where)
protein kinases are activated in response to an extra- or
intracellular stimulus. The latter provides an entry into
examining the spatiotemporal dynamics of protein kinase
action in the exciting field of protein kinase-mediated
signal transduction.

| am pleased to acknowledge the experimental and intellectual
contributions of my co-workers and the generous support provided
by the National Institutes of Health.
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