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Abstract
Catalyzed by kinases, serine/threonine and tyrosine phosphorylation is a vital mechanism of
intracellular regulation. Thus, assays that easily monitor kinase activity are critical in both academic
and pharmaceutical settings. We previously developed sulfonamido-oxine (Sox)-based fluorescent
peptides following a β-turn focused (BTF) design for the continuous assay of kinase activity in
vitro and in cell lysates. Upon phosphorylation of the Sox-containing peptide, the chromophore binds
Mg2+ and undergoes chelation-enhanced fluorescence (CHEF). While the design was applied
successfully to the development of several kinase sensors, an intrinsic limitation was that only
residues C- or N-terminal to the phosphorylated residue could be used to derive specificity for the
target kinase. To address this limitation, a new, recognition-domain focused (RDF) strategy has been
developed that also relies on CHEF. In this approach, the requirement for the constrained β-turn motif
is obviated by alkylation of a cysteine residue with a Sox-based derivative to afford an amino acid
termed C-Sox. The RDF design allows inclusion of extended binding determinants to maximize
recognition by the cognate kinase, which has now permitted the construction of chemosensors for a
variety of representative Ser/Thr (PKCα, PKCβI, PKCδ, Pim2, Akt1, MK2 and PKA), as well as
receptor (IRK) and non-receptor (Src, Abl) Tyr kinases with greatly enhanced selectivity. The new
sensors have up to 28-fold improved catalytic efficiency and up to 66-fold lower KM when compared
to the corresponding BTF probes. The improved generality of the strategy is exemplified with the
synthesis and analysis of Sox-based probes for PKCβI and PKCδ, which were previously unattainable
using the BTF approach.

Introduction
Intracellular phosphorylation, triggered by extracellular signals and carried out by protein
kinases (PKs), is the leading mechanism by which a cell turns on or off diverse sets of processes.
1-6 Dysfunctions in the actions of PKs, or aberrations in the activities of key components of
the signaling pathways that they activate, result in severe illnesses such as cancer, diabetes,
immune deficiencies, and cardiovascular diseases.7,8 Sensitive and selective tools for
monitoring target kinase activities are invaluable in academic and pharmaceutical settings not
only for new drug discovery,9 but also for unraveling the multifarious signaling cascades in
which these enzymes are pivotal.

Traditional assays for kinase activity use either phosphopeptide-specific antibodies or, more
commonly, [γ-32P]ATP where transfer of the radioactive γ-phophoryl group to substrate is
quantified by scintillation counting. Although general and sensitive, [32P]-based assays are not
compatible with physiological concentrations of ATP, real-time analysis or high-throughput
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kinetic determination. Furthermore, such assays require special handling, generate radioactive
waste, and lose much of the kinetic information due to their intrinsic end-point nature. On the
other hand, continuous assays that rely on fluorescence changes upon sensor phosphorylation
are ideal for high throughput screening (HTS) and thus make discovery of new inhibitors and
substrates with enhanced specificity much more practical. Fluorescence-based assays may also
be compatible with cell lysates, living cells and physiological ATP concentrations. Existing
fluorescent protein- and peptide-based sensors exploit a variety of detection methods such as
fluorescence polarization, fluorescence or luminescence resonance energy transfer (FRET or
LRET, respectively), quenching, metal-ion enhancement and solvatochromism, and have been
recently reviewed.10-13 In general, these probes exhibit modest fluorescence changes (up to
0.6-fold for FRET-based approaches) that limit their sensitivity. Several notable exceptions,
especially for Tyr kinases,14 have been reported in the literature in the last few years,
particularly from the Lawrence group.12

One of the major challenges in the field of kinase analysis is sensor specificity. With more than
500 different kinases encoded in the human genome,2 closely related enzymes will inevitably
phosphorylate some of the same substrates. This is particularly true of peptide-based probes,
which lack several of the characteristics of protein substrates in living systems. For example,
in cells, kinases gain specificity based not only on proximal recognition sequences, but also
on spatial and temporal control that the cell exercises over an enzyme and its protein substrate
(i.e. by providing both in the same location at the same time). Furthermore, protein substrates
can be involved in docking or scaffolding interactions that occur distal to the phosphorylation
site and may derive specificity based primarily on those protein-protein contacts, rather than
the short sequence surrounding the phorphorylatable residue. One way to develop sensors that
are better able to discriminate between multiple kinases (whether in vitro, in vivo or in cell
lysates) is by improving the kinetic parameters (lower the KM while keeping the Vmax high);
this can be accomplished either by employing unnatural recognition elements15 or by
extending the kinase recognition domain.

Recently, our laboratory has reported guidelines for the design of chemosensors that exhibit
large fluorescence increases (4- to 12-fold) upon phosphorylation.16 The approach, termed the
β-turn focused (BTF) design, exploits the chelation-enhanced fluorescence (CHEF) of the
sulfonamido-oxine amino acid Sox.17 When incorporated into a modular peptide chemosensor
design that also includes part of the kinase recognition motif (either C- or N-terminal to the
phosphorylation site) and a constrained β-turn motif, the affinity for Mg2+ is low in the absence
of the phosphoryl group. In contrast, upon phosphorylation, the Mg2+ affinity dramatically
increases due to an advantageous chelate effect (Figure 1). The BTF design has been
successfully applied for the development of chemosensors that monitor kinases both in
vitro18 and in unfractionated cell extracts.19 However, although versatile, the BTF design does
not allow for exploitation of the full peptide recognition sequence due to the limitations
imposed by the requirement for a conformationally-constrained β-turn motif.

To address the issues surrounding probe specificity, herein we report a more versatile and
powerful chemosensor design that also exploits CHEF and is recognition-domain focused
(RDF). The advantages of the new strategy are exemplified by the development of probes with
greatly improved kinetic parameters for a variety of representative Ser/Thr and Tyr (non-
receptor and receptor) kinases: protein kinase C (PKC) isozymes (α, βI and δ),20 protein kinase
A (PKA),21,22 protein kinase B/Akt1,23,24 mitogen-activated protein kinase-activated
protein kinase-2 (MK2),25,26 Pim2,27 Abelson kinase (Abl),28 sarcoma kinase (Src),29-31
and insulin receptor kinase (IRK).32,33 The RDF approach circumvents the constrained β-turn
motif, which is required for optimal binding of Mg2+ by Sox and the phosphorylated residue
in the BTF design, by alkylation of a cysteine residue with a Sox chromophore derivative to
afford an amino acid termed C-Sox. The C-Sox containing peptides are flexible enough to
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effectively coordinate Mg2+ even without the preorganizationing β-turn. Thus, while the
intrinsic nature of the BTF design necessitates removal of recognition elements from one
terminus of an optimal peptide-based substrate, the RDF design allows for the inclusion of
extended binding determinants to maximize recognition by the cognate kinase (Figure 1).

Results and Discussion
Synthesis of RDF Sensors

The RDF chemosensor peptides can be constructed in two ways. In the first approach, Fmoc-
based solid phase peptide synthesis (SPPS) is utilized to assemble the intact peptide that
includes an appropriately placed cysteine protected with a hyper acid-labile group (Scheme 1).
After selective on-resin sulfhydryl group deprotection, the free thiol is alkylated with Sox-Br.
17 Standard TFA cleavage from the resin and concomitant removal of all side chain protecting
groups reveals the desired chemosensor with excellent conversion to the alkylated product
(>95%). The solid support-based alkylation is particularly valuable when utilizing automated
SPPS or SPOT34 synthesis to generate libraries of peptides in a rapid manner.

Alternatively, if larger amounts of a more limited range of chemosensor peptides are needed,
a building block approach may be more appropriate. In this case, the synthesis of the building
block, Fmoc-C(Sox[TBDPS])-OH (3), commences with the allylation of commercially
available amino acid 1, followed by removal of the p-methoxytrityl (Mmt) masking group to
afford 2 (Scheme 1). The sulfhydryl of 2 is then alkylated with Sox-Br17 in excellent yield
(95%). Lastly, Pd(II)-assisted deallylation produces the desired amino acid 3 that was
subsequently used in standard Fmoc-based SPPS to produce RDF sensors in excellent yields.
Peptide identities and purities were confirmed via matrix-assisted laser desorption ionization
time-of-flight (MALDI TOF) or electrospray ionization (ESI) mass spectrometry together with
high performance liquid chromatography (HPLC) analysis. The synthesis of C-Sox, and
therefore of RDF peptides, is considerably more facile since we used a chiral starting material
1 and were able to completely circumvent the key asymmetric alkylation transformation that
was used to install the stereogenic center in the Sox amino acid17—a key component of the
BTF design.

Chromophore Positioning in the RDF Design
The first task with the RDF approach was to determine the optimal placement of the Sox
chromophore within the probes. Several substrate and corresponding phosphopeptide sensors
were synthesized in which the C-Sox was positioned at various sites relative to the
phosphorylatable residue. The probes were evaluated based on the observed fluorescence
increases (Table 1) because one of the main priorities was to obtain sensors with a robust signal
for easy assay readout. Larger fluorescence increases also generally indicate tighter binding of
Mg2+ as has been demonstrated with the BTF chemosensors.16,18 The difference in
fluorescence was determined by comparison of the fluorescence intensity at the maximum
emission wavelength (485 nm) of synthetic phosphorylated and unphosphorylated peptides in
the presence of Mg2+. We also calculated Z′ factor values for each RDF chemosensor pair (see
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Supporting Information), which is a statistical quality parameter used to evaluate and validate
performance of assays, particularly in HTS.35 Typically, in order for an HTS assay to be
considered useful, Z′ should be 0.5-1, as assays in this range exhibit large dynamic ranges and
separation bands.

It is clear from high fluorescence enhancements that position +2 or −2 is favored over +1 or
−1 in the case of sensors for Ser/Thr kinases (e.g. compare entry 1 with 2 and 3 in Table 1).
Since the Tyr residue is significantly larger than Ser/Thr, placement of the Sox chromophore
in position +3 or +4 or −3 or −4 was expected to yield the largest increase in fluorescence upon
phosphorylation (e.g. entries 8-10). However, the peptide with C-Sox in the −2 (or +2) position
(e.g. entry 7) is the preferred Tyr-containing probe in this series. In addition to having the
largest fluorescence increases, peptide pairs with C-Sox in the optimal +2 or −2 position also
have the highest Z′ factor values, making them particularly useful for high-throughput screens.

Some kinases, such as ERK1/2, require Pro immediately next to the phosphorylatable residue
(i.e. in position +1) for substrate recognition. As expected, the largest fluorescence
enhancement is achieved when the chromophore is located on the side opposite of the Pro
reside (relative to the phosphorylatable residue), in position −2 (e.g. entry 6). However, if the
residues in that region are important in kinase recognition, C-Sox has to be placed on the same
side as Pro. In such a case, a higher fluorescence increase is achieved when the fluorophore is
placed in the +3 rather than the +2 position (e.g. compare entries 4 and 5). This flexibility is
unique to the RDF design as the β-turn of the BTF design generally dictates, and restricts, the
position of the fluorophore. Lastly, an additional improvement in fluorescence difference, and
a further increase in Mg2+ affinity (Table S1 in Supporting Information), can be achieved by
selecting an α-substituted amino acid rather than glycine at the −1 position between C-Sox and
the Ser/Thr phosphorylation site (e.g. compare entries 2 and 3).

Fluorescence Properties of RDF Probes
After determination of the optimal chromophore position it was possible to examine a more
comprehensive set of RDF probes by comparing their fluorescence differences to those of their
BTF counterparts. Overall, the RDF reporters have robust fluorescence increases and high Z′
values (Table 2). A range of 2- to 10-fold enhancement is observed due to the differing affinity
for Mg2+ among the phosphopeptides. The RDF peptides also normally exhibit larger
fluorescence increases than their BTF counterparts. More specifically, the RDF sensors for
Src, Abl, IRK, PKCβI and ERK1/2 kinases have higher fluorescence differences than the
corresponding BTF sensors. While this trend is reversed for PKCα, PKCδ, Akt1 and MK2
kinases, the fluorescence increases are still large enough for these to be useful probes in kinetic
assays (vide infra). In the case of Pim2 and PKA, both designs afford probes with comparable
fluorescence properties. Furthermore, the C-Sox moiety is tolerant of acidic (entries 2, 4 and
6), basic (entries 6, 8, 10, 16 and 18), aliphatic (entries 2, 4, 18, 20 and 22) and aromatic (entries
12 and 16) residues immediately flanking it. The chromophore can also be placed C- or N-
terminal to the phosphorylatable residue, which gives great flexibility in the initial design stage.
These results demonstrate that the RDF design is general enough to be applied to synthesis of
sensors for a variety of important Ser and Thr (ERK1/2, entry 22) kinases as well as for non-
receptor and receptor (IRK, entry 6) Tyr kinases.

While the RDF sensors exhibited strong fluorescence increases under standard assay
conditions, we also examined their properties in media that more closely resemble
physiological ATP and Mg2+ concentrations (0.8-1 mM36 and 0.5-5 mM,37 respectively). As
was the case without ATP (Table 2), the fluorescence enhancements in the presence of cellular
concentrations of ATP for 11 of 13 chemosensors are quite robust (Table S2). Additionally,
fluorescence differences of RDF probes that contain acidic residues (such as many substrates
for Tyr kinases) near the Sox chromophore tend to improve with lower Mg2+ concentrations.
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Acidic side chains may help to recruit Mg2+ ions, increasing the background fluorescence from
the unphosphorylated substrate. As [Mg2+] is lowered, however, the substrate fluorescence
becomes less intense while the phosphopeptide remains unchanged, resulting in an effective
increase in fluorescence differences. Under more extreme conditions, such as with low
[Mg2+] and high [ATP], the fluorescence difference somewhat decreases, but even so most of
the Tyr-containing sensors exhibit useful fluorescence enhancements (Table S3). These
promising results indicate that the RDF probes may also be translatable for use in cellular
environments.

Comparison of Kinetic Parameters for BTF and RDF Chemosensors
In order to validate the advantages of the new RDF chemosensors over the corresponding BTF
sensors in kinase assays, we compared their selectivities toward 11 different enzymes.
Accommodation of the β-turn motif in the BTF design required elimination of several N- or
C-terminal residues that are either known to be involved in kinase recognition (underlined
residues in Table 2) or that could be used to impart enzyme specificity through library
screening. On the other hand, the RDF probes should benefit from inclusion of the entire kinase
recognition motif.

In addition to demonstrating robust fluorescence increases under various enzyme reaction
conditions (which may include detergents, lipids, reducing agents, et cetera, Tables S4 and
S5), for 8 of 11 kinases there were improvements in both the KM and Vmax parameters (Table
3). The results indicate that the RDF design is particularly useful in creating peptidyl sensors
for kinases that require multiple residues both N- and C-terminal to the site of phosphorylation
for adequate substrate recognition, as is the case for PKCα, PKCβI and PKCδ.38 This is reflected
in the catalytic efficiency (kcat/KM) of phosphoryl transfer by PKCα to its RDF chemosensor
that is 27 times greater than that of the BTF chemosensor (compare entries 7 to 8). A remarkable
66-fold improvement in the KM value of the RDF probe was also observed (entry 8), thereby
underscoring the importance of the basic N-terminal sequence in the PKCα chemosensor
selectivity. Even more strikingly, the BTF sensors for PKCβI and PKCδ (entries 9 and 11) show
no appreciable turnover (Figure S3), whereas the corresponding RDF probes (entries 10 and
12) are excellent substrates. Furthermore, they display kinetic parameters that are in close
agreement with published values for their non-sensing (parent) peptides, once again
demonstrating that the C-Sox sensing module does not negatively interfere with substrate
binding to the kinase.

Two of the three kinases for which there was no improvement in kinetic parameters, IRK and
PKA, showed no preference for either of the designs (Table 3, entries 5-6 and 19-20). This
result is not surprising since the consensus sequence for IRK is reported to be Y-Nle/M-X-M,
39 which is present in its entirety in both designs, and the PKA sensor is based on
Kemptide40 where the C-terminal Ala residues do not impart much additional specificity.
Finally, despite a robust fluorescence increase of the peptidyl RDF sensor for ERK1/2,25,41
it was not possible to derive kinetic parameters as this kinase requires an entire protein docking
domain in addition to the short Thr-Pro consensus sequence for substrate recognition.42

For substrates that have not been subjected to extensive specificity studies, comparison of the
catalytic efficiencies of RDF and BTF sensors now allows easy identification of regions and/
or residues that play a role in enzyme recognition. For example, we can make the generalization
that the basic C-terminal end is clearly important for Akt1 and MK2 kinases as their RDF
chemosensors are 23- and 10-times, respectively, more efficient than the BTF probes (compare
entries 15 to 16 and 17 to 18). Similarly, the acidic N-terminal sequence provides up to 28-
and 5-fold improvement in catalytic efficiency toward Src and Abl, respectively (compare
entries 1 to 2 and 343 to 4), which is in agreement with reported studies.44 Lastly, while the
3-residue N-terminal extension of the RDF substrate for Pim2 only modestly increases
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efficiency (compare entries 13 and 14), the RDF design now allows screens for further
improvement in selectivity of this probe.

Finally, a major practical advantage of the assays with RDF chemosensors is that they are
straightforward to apply. Kinetic assays were performed in either the fluorometer or
fluorescence plate reader (FPR) by simple mixing of appropriate reaction components.
Although the fluorometer is a much more sensitive instrument than FPR, most of the kinetic
parameters for the aforementioned kinases were determined using a 96-well plate in the FPR.
This was only possible because of the robust fluorescence enhancement that the sensors
demonstrate upon phosphorylation under a wide range of kinase reaction conditions (see
Supporting Information). Moreover, the use of 96-well plates in the FPR indicates not only the
versatility of RDF chemosensors in obtaining kinetic parameters, but also the ease with which
they could be adapted to high-throughput screens in search of potent inhibitors.

Conclusion
We have developed a general method for synthesis of versatile yet specific kinase
chemosensors. The RDF design can incorporate both N- and C-terminal kinase recognition
elements of Ser/Thr- and Tyr-containing substrates. The resulting chemosensors exhibit high
and robust fluorescence enhancements under a variety of conditions. The RDF probes have
also been used in the 96-well plate format to obtain complete kinetic parameters, indicating
that the assays can be easily tuned for use in high-throughput screening. More importantly, this
approach allowed us to substantially improve substrate efficacy over the BTF-designed
chemosensors and should be more easily amenable to screens for additional specificity
determinants. For example, the RDF approach now makes viable the construction of protein-
based sensors where the C-Sox reporter can be placed anywhere in the protein (e.g. via native
chemical ligation or a selective modification of an appropriately placed Cys residue) in order
to obtain probes that fully exploit protein-protein interactions in enzyme selection. The BTF
reporters, on the other hand, can only be located at peptide (and protein) termini (due to the
β-turn) and, thus, have a more restricted utility. Ongoing work is focused on modifying the
Sox chromophore to increase the excitation and emission wavelengths. The RDF
chemosensors, along with their assaying ease, may provide a way to tackle a very important
problem of enzyme specificity as fluorescent probes start to make their way into the arena of
monitoring kinase activities in vivo.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representations of the BTF and RDF designs from optimized non-fluorescent
substrates. Highlighted is the fact that the recognition elements are fully conserved in the RDF
design and only partially so in the BTF design due to the required β-turn. Upon kinase-catalyzed
phosphorylation, the sensors become fluorescent (λex = 360 nm, λem = 485 nm). The Sox
chromophore can be positioned N- or C-terminal to the Ser/Thr/Tyr residue in both designs.
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Scheme 1.
Synthesis of RDF chemosensors (a) on solid support and (b) using the building block
approach.a
a Reagents and conditions: (a) 1% TFA, 5% TIS, CH2Cl2, 5 × 20 min; (b) Sox-Br, TMG, DMF,
12 h (95%); (c) 95% TFA, 2.5% TIS, 2.5% H2O, 3 h; (d) Allyl-Br, Cs2CO3, MeOH/DMF; (e)
5% TFA, 5% TIS, CH2Cl2 (69% for two steps); (f) Sox-Br, i-Pr2NEt, CH2Cl2 (95%); (g) Pd
(PPh3)4, PhSiH3, CH2Cl2 (77% crude).
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