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Abstract
The explosion of scientific interest in protein kinase-mediated signaling networks has led to the
infusion of new chemical methods and their applications related to the analysis of phosphorylation
pathways. We highlight some of these chemical biology approaches across three areas. First, we
discuss the development of chemical tools to modulate the activity of protein kinases to explore
kinase mechanisms and their contributions to phosphorylation events and cellular processes.
Second, we describe chemical techniques developed in the past few years to dissect the structural
and functional effects of phosphate modifications at specific sites in proteins. Third, we cover
newly developed molecular imaging approaches to elucidate the spatiotemporal aspects of
phosphorylation cascades in live cells. Exciting advances in our understanding of protein
phosphorylation have been obtained with these chemical biology approaches, but continuing
opportunities for technological innovation remain.
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INTRODUCTION
In the 1950s, it was discovered that the metabolic enzyme phosphorylase, responsible for the
conversion of glycogen to glucose-1-phosphate, existed in two stable forms, an inactive
(phosphorylase b) and an active (phosphorylase a) state (1). A search for the molecular
mechanism responsible for the conversion of the inactive state to the active revealed that a
protein kinase, phosphorylase kinase, could catalyze the attachment of a phosphate to
phosphorylase and render it fully active (2). It was subsequently shown that phosphorylase
kinase was itself activated by a protein kinase, protein kinase A (PKA, also called cyclic
AMP-dependent protein kinase), and the concept of protein phosphorylation as a key
regulatory mark was born (3). In the ensuing years, protein phosphorylation networks have
been understood as undergirding most physiologic processes ranging from the
cardiovascular system, gastrointestinal action, neurologic mechanisms and behavior,
immune response, endocrine action, and musculoskeletal regulation (4). Moreover, the
linkage of protein phosphorylation to pathogenic mechanisms, involving the aforementioned
physiologic systems as well as cancer, have heightened interest in the phosphate
posttranslational modification (PTM) within the academic and private sectors of the
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biomedical research community. The concept that protein kinases are “druggable” began to
take hold by the mid-1990s and was placed on firm footing when it was shown that the Abl
tyrosine kinase inhibitor imatinib (gleevec) (Figure 1) could effect dramatic remissions in
more than 90% of preblast phase patients with chronic myelogenous leukemia (CML) (5).
Moreover, patients treated with imatinib are generally free of serious side effects, refuting
concerns of severe toxicity associated with targeting protein kinase enzymes considered to
be essential to many cellular pathways. These findings have not gone unnoticed in the
pharmaceutical industry, and over the past decade about a dozen protein phosphorylation-
linked drugs have been launched, and many more are in the pipeline for a host of indications
(6).

Despite these successes and the substantial enthusiasm for furthering protein kinase inhibitor
development, many fundamental challenges remain in the protein phosphorylation field.
Although imatinib has been a great success for controlling CML (5), most drugs that
modulate protein phosphorylation have been less effective in disease treatment. It can be
argued that we still have a primitive understanding of the function of protein kinases,
phosphatases, and their substrates and effectors. The complexity of the phosphoproteome is
daunting. There are about 500 mammalian protein kinases (7), 100 protein phosphatases (8),
and hundreds of proteins containing domains (SH2, PTB, 14-3-3, BRCT, etc.), which
interact with phosphorylated proteins (9,10). We have also learned recently that precise
timing (within minutes) and spatial aspects of protein phosphorylation are crucial to cell
functioning. Genetic and conventional biochemical approaches, including the powerful
RNAi methodologies (11,12), have made enormous contributions to our understanding of
protein kinase and phosphatase actions. However, these methods have had limitations in
pinpointing kinase contributions to signaling, revealing rapid kinetic changes, clarifying
functional effects of specific phosphorylation events, and relating cellular localization to
kinase/phosphatase activity. In response to these obvious limitations, over the past 10–15
years a range of technologies have been introduced and applied to fill in the missing details
in our understanding of phosphorylation networks. In this review, we outline a number of
these approaches, which have at their heart the merging of chemistry and biology.

We discuss three general areas where chemical biological methods have been applied to sort
out kinase action. First, we describe methods to modulate the action of kinases in vitro and
cellular systems. Here, chemical design and screening have been used with wild-type and
mutant kinases to gain specificity that has allowed insights into the rapid changes in
signaling cascades. Second, we discuss methods to site specifically introduce phosphoamino
acids or their mimics at known sites of phosphorylation in proteins. Protein semisynthesis
and unnatural amino acid mutagenesis are the main vehicles for this new age protein
engineering. Third, we highlight the recently introduced fluorescent reporters that allow for
high-resolution imaging of phosphoryl transfer in cells and lysates. Such molecular imaging
is providing unprecedented insights into the timing and cellular localization of signaling
networks.

PROTEIN KINASE MODULATION
A hallmark of phosphosignaling is its rapid action. Changes in specific phosphorylation of
protein targets can be detected within minutes after exposure to various stimuli, such as
hormone exposure. This becomes apparent, for example, when epidermal growth factor
(EGF) is added to the media of cells in culture and greater than 500 proteins undergo
phosphorylation changes by 5 min, as detected using tandem mass spectrometry techniques
(13). It is presumed, but in general not yet fully established, that the specific kinetic details
of these cellular phosphoryl transfer reactions are critical to their macroscopic effects on
gene regulation, cell shape, and cell growth, which occur over longer timescales. Molecular
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biology approaches, including knockout/knockdown, overexpression, and dominant negative
tactics, offer major insights into functional effects of specific proteins and into chronic
changes in cell biology but are limited in teasing out intimate details.

Nonselective and Selective Kinase Inhibitors
An attractive strategy for rapid analysis of kinase mechanism and function is to apply
natural products or synthetic compounds that inhibit the enzymatic activity of kinases.
Relatively early work using natural products, such as staurosporine and quercetin (Figure 1)
(14), revealed that the ATP (adenosine triphosphate)-binding sites of protein kinases provide
versatile binding sites for relatively hydrophobic molecules (15), and the negatively charged
phosphosugar moiety interactions are not important components of affinity. Because the
protein kinase nucleotide-binding sites are relatively conserved, broad kinase inhibition is
possible with a variety of relatively nonselective inhibitors. Such inhibition experiments can
provide general information indicating a role of protein phosphoryl transfer in a process but
lack precision in pathway dissection.

Motivated in part by therapeutic need, more selective nucleotide site kinase inhibitors that
exploit subtle differences in kinase active sites have been discovered. A relatively early
example of a p38 MAP kinase-targeted inhibitor is the pyridinyl imidazole SB202190
(Figure 1) (16). Identified as an anti-inflammatory agent before its protein target was known,
SB202190 was converted to a photoaffinity azidophenyl derivative used for cross-linking
and target identification. SB202190 was determined to be a highly potent (low nanomolar)
and rather selective inhibitor of MAP kinases (16). The basis of its selectivity for this kinase
subfamily was shown to be related to certain conserved residues within the MAP kinase
binding pocket, ultimately confirmed using X-ray crystallography in a complex structure of
p38 plus compound (17). Although not completely specific, SB202190 and related
compounds have been used widely in signaling studies to probe the role of MAP kinases in
signaling action.

MAP Kinase Inhibition in a Novel Pocket
Another class of relatively selective MAP kinase inhibitors utilizing a diaryl urea scaffold,
reported several years ago, targets a pocket adjacent to the ATP site that is created by a
conformational change in the Asp-Phe-Gly (DFG) loop (18). Exemplified by BIRB 796
(Figure 1), this diaryl urea class shows highly potent (sub-nanomolar) action against p38 and
selectivity versus many other protein kinases examined. An X-ray crystal structure revealed
the basis for BIRB 796’s potency and selectivity, and kinetic analysis demonstrated that it is
a slow, tight-binding inhibitor (18). Despite its apparent clinical promise, detailed
investigation has revealed that BIRB 796 can block other protein kinases (19), limiting its
ultimate utility in signaling analysis. These findings suggest that the DFG conformational
switch is not unique to the MAP kinases.

Targeting the Inactive State of Protein Kinases
An alternate strategy for achieving protein kinase selectivity, which has met with some
success, has involved targeting the inactive state of protein kinases. Most notably observed
with the Abl tyrosine kinase inhibitor imatinib and the epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitor lapatinib (Figure 1), such inhibitors bind to the “off” state
of kinases, which can achieve such a conformation (20,21). The ability to access such
inactive conformations is not limited to Abl and EGFR, and imatinib is known to inhibit a
number of other kinases with significant potency. This lack of selectivity, while reducing its
value in signaling research, allows imatinib to be used to treat patients with gastrointestinal
stromal tumors by blocking Kit receptor tyrosine kinase.
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Covalent Kinase Inhibitors
More recent tactics to obtain specific kinase inhibitors have involved developing covalent
modification strategies also known as affinity labeling. It was first noted in the 1990s that a
relatively specific EGFR tyrosine kinase family inhibitor alkylates a Cys near the ATP-
binding site (22). Not essential for catalysis by EGFR, the Cys residue is not commonly
found in a conserved location in other kinases, suggesting a basis for specificity. The
PD168393 inhibitor contains a modestly electrophilic acrylamide functionality, which
presumably modifies EGFR by Michael addition because of the proximity of the active-site
thiol. Extending this strategy, it was recognized that other protein kinases have Cys proximal
to the nucleotide-binding sites. A successfully designed approach to exploiting the Cys in
p90 ribosomal protein S6 kinase (Rsk) has been achieved (23). A tepid α-fluoroketone
electrophile was installed in the ATP-targeting pyrrolo-pyrimidine scaffold to produce a
more selective Rsk kinase inhibitor, fmk (Figure 1) (24). Clever design strategies may allow
this approach to be used for other Cys active-site protein kinases. However, the potential for
nonspecific alkylation and the irreversibility of the inhibition may affect the scope of
applications.

Peptide Inhibitors for Kinases
There has been a sustained interest in the identification and development of protein kinase
inhibitors that occupy the protein substrate-binding site. In principle, this has the inherent
advantage that kinases show much less conservation in their protein substrate-binding
surfaces so that identification of kinase-specific inhibitor ligands should be possible. The
plausibility of such an approach was made tangible with the identification of the naturally
occurring peptide inhibitor of PKA, which shows nanomolar affinity and high specificity for
this kinase. Indeed, an X-ray crystal structure suggests that PKA-bound PKI is likely to
perfectly mimic peptide substrate binding but is not turned over because the Ser/Thr residue
is replaced by an Ala (25). In contrast to the high potency of PKI, most other peptide
inhibitors for various protein kinases composed of natural amino acids have been found to
be of modest potency (IC50 ~ 20 μM-1 mM). In general, kinases achieve protein substrate
specificity in multifaceted ways, including long-range tertiary structural interactions
between enzyme and substrate, adaptor molecule participation, and cellular
compartmentalization (26), accounting for the limited specificity imparted by local amino
acids surrounding the phosphorylated residue. In contrast to the ATP-binding pocket, the
kinase peptide-binding groove is often shallow, complicating identification of potent
synthetic compounds (26). Peptides themselves often show poor bioavailability and
pharmacokinetic properties, which also have limited progress in this area.

Despite these challenges, there has been noteworthy progress in recent years in the
identification of more potent and specific peptide-based kinase inhibitors. One approach has
relied on combinatorial chemistry and the incorporation of unnatural amino acids within the
peptide motif. This method has led to an extremely potent protein kinase C subtype-specific
inhibitor, as well as tight-binding peptide and selective inhibitors of Src and Akt (27–29).
Although these compounds await structural analysis in complex with their cognate kinases,
they appear to be linear competitive inhibitors versus peptide substrates, suggesting that
these inhibitors bind the same pocket in the active site of the enzyme as the peptide
substrates.

Mechanism-Based Kinase Inhibitors
A second strategy for the design of peptide inhibitors has involved consideration of enzyme
mechanism. Early experiments using tetrafluorotyrosine (Figure 1) suggested that a peptide
phenolate anion could be a transition state analog inhibitor for a tyrosine kinase (30).
However, later studies revealed that proton transfer from the phenol occurs late in the
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phosphoryl transfer reaction and that a more dissociative catalytic mechanism is involved
(31–33). In a dissociative mechanism, the bond between the γ-phosphorus and the ADP
leaving group is largely cleaved in the transition state prior to significant bond formation
with the entering tyrosine. This mechanism would be predicted to involve an extended initial
reaction coordinate where the distance between the tyrosine and ATP is estimated to be
separated by 4.9 Å or more (34). A novel class of ATP- peptide bisubstrate analogs (Figure
1) was designed (35) on the basis of this prediction, and these compounds have proved
moderately to highly potent and selective inhibitors of a number of protein kinases,
including insulin receptor kinase, Csk, PKA, EGFR, Abl, Cdk, and calmodulin-dependent II
kinase, based on the peptide sequence linked to ATP (35–41). Although these protein kinase
bisubstrate analogs have not yet been applied to studies in vivo, they have proved to be
powerful structural tools. On the basis of kinase structures in complex with the ATP-peptide
conjugates, these compounds have provided novel insights into the molecular recognition of
peptide substrates by IRK, EGFR, Abl, and Cdk (35,38–40). The complexes of the Abl and
EGFR kinases with bisubstrate analogs also assisted in clarifying the allosteric
interconversions of these enzymes between active and inactive states (38,39). In particular,
the Abl-bisubstrate structure showed a conformation that revealed how previously
unexplained imatinib-resistant mutants lose sensitivity to this drug (39). The EGFR-
bisubstrate structure provided a model for the basis of kinase activation through an
asymmetric dimer (38). Additional applications of these bisubstrate analogs include
examining the molecularity of autophosphorylation (42) and proteomic pull-down analyses
(36).

Other bivalent kinase design approaches have led to a selective PKA blockade. These
methods have involved helix design (43), use of oligo-Arg motifs (44), and phage display
(45). The precise structural interactions for these compounds are still uncertain, but the
kinetic analyses are consistent with the bisubstrate model. Although peptide modulators
have generally not been used in vivo, examples of the use of cell-permeabilizing peptides
linked to agonist motifs for protein kinase C and inhibitors of Jun kinase have demonstrated
the potential for biomedical applications (46,47).

Analog-Sensitive Kinases
Ultimately, the conserved nature of protein kinases and the large size of this superfamily
present a difficult obstacle to achieving exquisite specificity by compound modulators. This
difficulty is most apparent when distinguishing among the closely related homologs within
individual families, such as the PKA paralogs, the PKC paralogs, and the Src family. This
had inspired the use of bump-and-hole strategies for targeting specific enzymes. Early
related studies on G proteins show that a replacement of an Asp residue in the GTPase-
binding site with Asn changes their preferences for GTP to xanthosine triphosphate (Figure
1) (48). When substituted for the wild-type G proteins, these D/N mutant G proteins can be
modulated in cells by the use of xanthosine nucleotide. Related engineered complementary
protein-ligand pairs have been developed for proteases (49), cyclophilins (50), and,
subsequently, kinases (51). A conserved gatekeeper ATP-site residue (Ile338 in Src), which
is typically bulky in kinases (Thr, Ile, Phe, Met), is mutated to Gly, and these kinases are
generally still quite active catalysts and show increased ability to utilize unnatural ATP
analogs as substrates by in vitro assays and assays with cell lysates (52). These mutant
kinases also display enhanced sensitivity to specifically designed inhibitors, most commonly
N6-benzyl-PP1 (Figure 1) (53). These analog-sensitive kinases include Src, Cdk, Abl, PKA,
Jun kinase, and many others (54–56).

This chemical complementation approach has been employed widely for studies in yeast,
mammalian cells, and knockin mice and has provided a great range of insights into the
function of these kinases in cell growth, differentiation, and signaling (54–56). The rapid
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temporal control (inhibition within 15 min in cells) has offered unexpected insights
compared with standard genetic studies. One recent notable example was the finding that
Cdk7 was required for the ordered assembly of Cdk1/cyclin B and Cdk 2 in mammalian
cells (57). Chemical control of analog-sensitive kinases can give complementary results to
gene knockout experiments, although the potential for unintended biological changes
conferred by enzyme mutation has to be considered. Recent proteomic studies on Abl
suggest that altered phosphotyrosine profiles can be seen with analog-sensitive kinases
compared to wild type (58). However, gene knockout experiments are also subject to caveats
so that a convergence of strategies is desirable when piecing together a cell signaling
network.

Chemical Rescue of Mutant Tyrosine Kinases
An alternative complementation approach involves the chemical rescue of a mutant tyrosine
kinase. This approach is grounded in the finding that, for many enzymes, mutation of an
active-site residue, which can lead to catalytic reduction, can be complemented by a
noncovalently bound small molecule, which mimics the lost side chain. Originally
demonstrated for trypsin (59), transaminase (60), and carbonic anhydrase (61), it was shown
that mutation of the catalytic Arg (388 in Src) to Ala in tyrosine kinases could be
complemented with diamino compounds (62,63). Interestingly, this conserved Arg is found
either two or four residues upstream of the catalytic base Asp among tyrosine kinases.

When Csk or Src kinase double mutants were prepared, which moved the Arg to the
alternate position, these enzymes showed catalytic activity in range of the wild-type kinases
(62,63). The most effective rescue agent for R/A Src and Csk is imidazole, and use of this
small molecule allows for efficient rescue of transfected mutant enzymes in mammalian cell
culture (63,64). Imidazole rescue of mutant Csk has led to unexpected insights into Csk’s
activity in controlling stress fiber formation and in guanylyl cyclase activity (64,65). This
chemical rescue approach has uncovered new targets of Src and revealed the precise
temporal role of Src kinase action in signaling from growth factors to MAP kinase (63,66).
An advantage of this approach, which rapidly (<1 min) turns an intracellular enzyme on
(rather than off), is that it provides a portrait of initial signaling events only indirectly
observed when upstream events are triggered by hormones.

SITE-SPECIFIC INCORPORATION OF PHOSPHOAMINO ACIDS AND MIMICS
IN PROTEINS

The effects of specific phosphorylation events on proteins can range from introducing an
electrostatic point charge, which can influence protein conformation, to creating an intricate
binding surface for adaptor protein interaction. For example, it is believed that the negative
charge associated with glycogen phosphorylase Ser phosphorylation stimulates a
conformational change and glucose-1-phosphate production by this enzyme (67). In
contrast, phosphorylation of many proteins on Ser leads to 14-3-3 (10) recruitment, and
phosphorylation of growth factor receptors on Tyr leads to the recruitment of Grb 2, an
adaptor protein containing the SH2 domain (9). Typical analysis of the effects of protein
phosphorylation at a particular site involves site-directed mutagenesis of the residue of
interest. In particular, replacement of a Ser/Thr with Ala and mutation of a Tyr to Phe in
transfected recombinant proteins prevent phosphorylation, and phenotype changes are
interpreted as requiring a phosphate attachment at these sites. However, these experiments
are associated with caveats. Although a conservative replacement, the deletion of an oxygen
from the side chain changes the polarity and the hydrogen bonding capacity, which can alter
the protein structure. Moreover, Ser/Thr can undergo alternative PTM (such as
glycosylation) as can Tyr (such as sulfation).
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For these reasons, it is especially attractive to substitute a phosphorylated residue with a
mimic of phosphoamino acid, which would presumably render a more readily interpreted
result. For phosphoSer/phosphoThr (pSer/pThr), replacement with Asp or Glu is sometimes
used as a surrogate (Figure 2c) (68). There are considerable differences between the
modified pSer/pThr side chains and the carboxylate functionality on the side chains of these
acidic residues, including size (P bigger than C), number of oxygens (3 versus 2), and
number of negative charges at neutral pH (2 versus 1). Yet, there are occasions when the
Asp/Glu can partially or even faithfully mimic the pSer/pThr (69, 70). A very nice example
is phosphorylation of Smad, which leads to trimerization and is similarly observed upon
mutation to Glu (71). Nevertheless, there are many, probably the majority, of cases where
the Asp/Glu mutation cannot recapitulate the pSer/pThr and is not useful for protein
analysis. 14-3-3 adaptor recognition by pSer/pThr is not mimicked by protein with Glu
substitution (72). PhosphoTyr (pTyr) shows even weaker resemblance to Asp/Glu, and it is
remarkable (73) when such replacements show any ability to confer phosphorylation
functionality.

Classical approaches to studying phosphorylation events have involved the use of short
synthetic phosphopeptides or the enzymatic phosphorylation of target proteins. The former
method is inadequate for addressing phosphorylation events on intact proteins greater than
100 amino acids (aa) in size, and the latter method suffers from an inability to control site
specificity and stoichiometry. However, recently developed methods in protein
semisynthesis and unnatural amino acid mutagenesis offer new solutions to problems in
protein phosphorylation.

Protein Semisynthesis
Over the past decade, protein semisynthesis, using the native chemical ligation procedure,
has led to a versatile new technology to install phosphorylated residues and precise
nonhydrolyzable mimics into large proteins (74). Such technology has produced exciting
new insights into the function of site-specific protein phosphorylation. On the basis of the
Wieland chemoselective reaction between a peptide/protein with N-terminal Cys and a
peptide/protein C-terminal thioester, native chemical ligation involves initial
transthioesterification, followed by an internal rearrangement to form a standard amide bond
(75). Using this reaction, protein semisynthesis has been applied to a wide range of proteins
where installation of unnatural amino acids, PTMs, biophysical probes, and isotopic labels is
a desired objective. There are two general strategies commonly used for protein
semisynthesis involving native chemical ligation (Figure 2a,b). In one, a recombinant
protein containing an N-terminal Cys via proteolysis is ligated to a synthetic peptide with a
C-terminal thioester (76). In the other, known as expressed protein ligation (EPL), a
recombinant protein bearing a C-terminal thioester generated by intein action is ligated to an
N-Cys-containing synthetic peptide (74). The latter approach has been more widely used
because it avoids the chemically challenging task of synthesizing a thioester.

Expressed Protein Ligation and Csk
Protein semisynthesis is especially powerful when applied to proteins that are known to be
regulated by phosphorylation near their N or C termini, where the synthetic moieties can be
readily incorporated. Site-specific incorporation of one or more phosphorylated Ser/Thr/Tyr
can be achieved within the synthetic peptide moiety, allowing for full stoichiometry.
Moreover, when the role of the phosphorylation is analyzed in the presence of phosphatases,
nonhydrolyzable phosphonate mimics can be used.

In the initial report of EPL, a pTyr was introduced into the C-terminal tail of tyrosine kinase
Csk (74). Csk is the tyrosine kinase responsible for C-terminal phosphorylation of Src and
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Src family members. Tail tyrosine phosphorylation of Src by Csk leads to a closed
conformation, involving an intramolecular interaction between the tail of Src and its SH2
domain (77). Csk is architecturally related to tyrosine kinase Src in that they have SH3
domains, SH2 domains, and kinase domains laid out in the same order from the N to C
terminus. However, Csk differs from Src in that Csk lacks the C-terminal tail that can get
Tyr phosphorylated and regulate conformation. To determine what effect a phosphotyrosine
tail on Csk would have on its conformation and catalytic behavior, tail-phosphorylated
semisynthetic Csk was prepared by fusing full-length Csk to an intein to generate a thioester
and ligating a synthetic 12-mer tail peptide carrying the pTyr designed as a Csk SH2 ligand
(74). In contrast to the inhibitory effect of tail phosphorylation of Src, semisynthetic Csk,
containing a tail pTyr, shows enhanced activity toward its natural substrate Src compared
with unphosphorylated Csk. This catalytic stimulation appeared to involve an intramolecular
interaction between the Csk SH2 domain and this unnatural phosphotyrosine-containing tail.
These unexpected differences in catalytic behavior are now better understood because NMR
and X-ray crystal structures of Csk and Src show a different arrangement of the SH3, SH2,
and catalytic domains between the proteins (78,79).

Phosphonate Mimics and Protein Tyrosine Phosphatases
EPL has been especially valuable in analyzing C-tail tyrosine phosphorylation of protein
tyrosine phosphatases (PTPases) (72,80–83). This paradoxical modification is difficult to
study because of the autoinstability of tyrosine phosphorylation of a PTPase. Two of the
PTPases analyzed include SHP-1 and SHP-2. SHP-1 is involved as a negative regulator of
signaling in hematopoietic cells (84). SHP-2 activity is associated with positive signaling in
growth factor-induced pathways in a wide variety of cell types (85). Both SHP-1 and SHP-2
have two N-terminal SH2 domains, a C-terminal catalytic domain, and a C-terminal tail,
which is subject to dual tyrosine phosphorylations. SHP-1 is phosphorylated at Tyr536 and
Tyr564. SHP-2 is phosphorylated at Tyr542 and Tyr580. For both enzymes, the unliganded
SH2 domains confer inhibitory effects on catalysis, and engagement of the N-SH2 domains
by pTyr-containing peptides in trans was known to be activating. There was equivocal data
about the effects of tyrosine phosphorylation on SHP-1 and SHP-2 function. The challenge
of working this out was likely attributed to the short-lived phosphorylation of these enzymes
because of self-cleavage.

EPL was used to replace the natural C termini of these PTPases with synthetic peptides
carrying nonhydrolyzable phosphonate surrogates (81,82). Both difluoro- and standard
methylene phosphonates have been examined, and it is believed that the
difluorophosphonates are better phosphate mimics because they show more closely matched
pKas to the corresponding phosphates and have the potential to be hydrogen bond acceptors
(Figure 2c). By analyzing semisynthetic SHP-1 with difluorophosphonates at the 536 and
564 positions, it was revealed that the 536 phosphonate had a large (eightfold) effect on
catalytic stimulation resulting from the N-SH2 domain binding the phosphonate at this
position, whereas the 564 phosphonate had a small (<twofold) effect on catalytic
stimulation, resulting from its intramolecular interaction with the the C-SH2 domain (82). In
SHP-2, incorporation of difluorophosphonates at the 542 and 580 positions each led to
modest threefold enhanced catalysis. The difluorophosphonates at these positions were
bound intramolecularly by the N-SH2 and C-SH2 domains, respectively, and the double
phosphonate incorporation led to partially additive effects in stimulating catalysis of the
SHP-2 enzyme (81). Using cellular microinjection, it was found that semisynthetic SHP-2,
containing a 542 phosphonate, showed enhanced activation of the serum response element in
rat embryonic fibroblasts, consistent with the catalytic activation observed in vitro (80).

Low-molecular-weight protein tyrosine phosphatase (LMWPTP) is also known to be subject
to tyrosine phosphorylation (83,84). LMWPTP is ubiquitously expressed, has been
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considered inhibitory to growth factor pathways, and is suggested to dephosphorylate
platelet-derived growth factor receptor (PDGFR) and p190RhoGap. LMWPTP is tyrosine
phosphorylated near its C terminus on Tyr131 and Tyr132 in response to growth factors, and
these phosphorylations had been suggested, on the basis of limited biochemical data, to
stimulate the enzymatic activity of LMWPTP (86,87). LMWPTP is 157 aa, and introduction
of phosphonate groups to mimic pTyr at 131 and 132 by EPL was achieved by replacement
of the C-terminal 34 aa with a synthetic peptide (83). This semisynthesis required a
denaturation and refolding step, which was feasible using the Gyr intein, and LMWPTP, like
many small proteins, is tolerant to this procedure. In contrast to prior efforts on LMWPTP
and studies discussed above on SHP-1 and SHP-2, both 131 and 132 phosphonates
conferred marked (10–20-fold) reduction in LMWPTP catalytic activity toward pTyr-
containing substrate peptides. This effect is rationalized from the crystal structure of
LMWPTP as phosphates at Tyr131 and Tyr132 are envisaged to disrupt peptide substrate-
enzyme interactions. The net functional effect of tyrosine phosphorylation of LMWPTP is
now proposed to derail its ability to promote actin stress fiber formation and cell adhesion
(83).

PhosphoSer Mimics and Semisynthesis
In addition to applications in assessing tyrosine phosphorylation, protein semisynthesis has
been used to study the effects of Ser/Thr phosphorylation (42,72,88,89). Serotonin N-
acetyltransferase [arylkylamine N-acetyltransferase (AANAT)] is a key pineal regulatory
enzyme governing melatonin biosynthesis in a circadian pattern (90). Activities and levels of
AANAT rise at night and are rapidly reduced after light exposure. Correlating with the
diurnal changes in AANAT is the activation of PKA and the phosphorylation of AANAT at
two positions–Thr31 and Ser205 (91). It was hypothesized that modification of AANAT at
these two positions was responsible for cellular stabilization of AANAT through 14-3-3
protein interaction, but direct evidence for this model was lacking. Mimicry of pThr31 with
a phosphonate (Figure 2c) was achieved by replacing the N-terminal moiety with a synthetic
peptide using native chemical ligation (72). This phosphono-AANAT showed high affinity
for 14-3-3 in pull-down assays and greater stability in cells after microinjection compared to
the unmodified protein. Interestingly, when AANAT was substituted with a Glu at the
corresponding position, there was no difference in 14-3-3 binding or stability compared with
wild type (72). This suggests that the carboxylate side chain of the Glu is unable to
recapitulate the phosphate interactions related to 14-3-3 binding. Results similar to the
Thr31-modified protein regarding AANAT interaction with 14-3-3 and cellular stabilization
were obtained with a phosphonate introduced at Ser205 by EPL (88). More recent
fluorescence anisotropy studies have shown that a doubly phosphorylated AANAT prepared
by semisynthesis can bind to 14-3-3 in a bivalent manner compared with the
monophosphorylated counterparts, which interact monovalently (89). Semisynthesis was
also used to label AANAT with a fluorescein and rhodamine at its N and C termini, and this
protein showed Forster (fluorescence) resonance energy transfer (FRET), which could be
abolished by proteolytic cleavage (89). Using this microinjected FRET-active protein, it was
demonstrated in a real-time assay by imaging live cells that activation of PKA or blockade
of the proteasome was sufficient to stabilize AANAT, consistent with the phosphonate
findings (89).

Semisynthesis has been elegantly applied to investigate the regulation of Smad Ser
phosphorylation by TGFβ-receptor (TGFβR) kinase (92). TGFβR kinase is unusual as a
receptor Ser/Thr kinase, and it is responsible for activating Smad proteins by C-terminal
phosphorylation. TGFβR is activated by phosphorylation of Ser and Thr residues in a
segment between its transmembrane domain and its kinase domain. Native chemical ligation
was used to prepare the soluble TGFβR kinase fragment in site specifically
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tetraphosphorylated form within its N terminus (93). Studies on tetraphosphorylated TGFβR
kinase revealed enhanced affinity of the phosphorylated kinase for its substrate Smad2, and
in turn, the phosphorylated kinase shows reduced affinity for the inhibitory protein FKB12
(93). This dual mode of activation of the kinase for substrate, rather than inhibitor
interaction, provided a new paradigm in signaling regulation. EPL has also been used to
investigate the role of C-terminal phosphorylation of Smad2 at Ser465 and Ser467 (94,95).
By introducing phosphate modifications individually and combined at these sites, it was
shown that Ser465 phosphorylation drives trimerization, although Ser467 phosphorylations
plays an accessory role. Trimerization of SMAD2 is critical for nuclear localization and
transcriptional activation. Moreover, Ser465 phosphorylation enhances phosphorylation by
TGFβR kinase at the 467 position. By incorporating fluorescent probes and cross-linking
reagents by EPL in addition to phosphates, more precise insights into the protein-protein
interactions have been obtained (92,96).

Nonsense Codon Suppression
Protein semisynthesis using chemical ligation techniques, although powerful, is difficult to
use when PTMs are in the middle of large proteins. This would necessitate three-piece
ligations, and problems of folding and solubility become more significant. The development
of unnatural amino acid mutagenesis using ribosomal machinery (97) offers a potentially
attractive alternative for site-specific introduction of posttranslationally modified residues
and their mimics. This method involves the use of nonsense codon suppression with
mischarged tRNAs, allowing transfer of a designer amino acid to a site of interest. Nonsense
suppression mutagenesis was originally developed as an in vitro translation technique,
which has been effective for production of a number of proteins and used to install
phosphoamino acid residues and mimics site specifically (98,99). The principal limitation of
this in vitro approach has been that the protein amounts generated are typically in the 0.1 mg
range, which restricts applications. Several years ago, it proved possible to select and
engineer aminoacyl tRNA synthetases that could be used to deliver nonstandard amino acid
residues to the growing polypeptide chain during in vivo translation in cells (100). Dozens
of unnatural amino acids have now been introduced into a variety of proteins using custom-
engineered aminoacyl-tRNA synthetases in Escherichia coli, yeast, and mammalian cells
(101). In these cases, the unnatural amino acid of interest is placed in the cell culture
medium, and after it gains entry into the cell, the aminoacyl-tRNA synthetases and ribosome
take over.

Unfortunately, it has not yet been possible to use this approach to install phosphate or
phosphonate amino acids in cells, presumably because they cannot penetrate cell membranes
efficiently. However, a phosphotyrosine mimic, p-carboxymethyl-Phe (Figure 2c), has been
introduced site specifically into recombinant Stat protein, facilitating its dimerization in a
fashion that occurs with phosphorylation (102). It is expected that technical advances, such
as the application of engineered amino acid transporters or esterase-sensitive protective
groups, will ultimately allow phosphonate residues to be incorporated using in vivo
nonsense suppression. The future promise of this approach is that it will enable effective in
vivo study of signaling containing site specifically introduced PTMs. For this to be most
effective, the toxicity of nonsense supression of endogenous genes by transgenic machinery
will need to be tackled. However, given the pace of developments in this area, there is every
reason to believe that this will some day be possible.

FLUORESCENT IMAGING OF KINASE ACTION
Correlating the activity of a particular protein kinase with a cellular event has been a
challenge. Classical molecular biology approaches to measure kinase action have involved
ex post facto analysis of enzymatic activities, using immuno-precipitation or
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immunocytochemistry methods. These delayed measurements suffer from problems of
specificity and the inability to report on kinase actions in real time. The classical methods
also lose key spatial information that can only be obtained in the live cell. To address these
shortcomings, a variety of investigators have created fluorescent-based reporters to image
kinase action in complex mixtures or living cells. Such fluorescent reporters have been
prepared using chemical synthesis or sophisticated protein engineering. These reporters have
been designed to be selective for a given kinase, provided specific substrate sequences can
be identified, and have allowed for precise analysis of the timing of signaling events.

Peptide Biosensors
Peptide biosensors provide a useful tool for measuring phosphorylation events with very
good temporal resolution in vitro and also have potential for live cell imaging using
microinjection or cell-permeabilizing peptide sequences. The basic design of these
biosensors involves synthetic fluorophore incorporation into peptides or protein interaction
domains, where the fluorescent properties change upon phosphorylation (103). Such
phosphorylation-induced fluorescent changes can involve shifts in the fluorophore’s
emission wavelength, increases or decreases in its quantum yield, or both. Most of these
biosensors can be classified into one of four fluorescence-related categories:
environmentally sensitive, deep quench, self-reporting, or metal chelation enhanced (Figure
3).

Environmentally sensitive biosensors exploit phosphorylation-dependent changes in
solvation (104). They typically employ a phosphospecific amino acid-binding domain such
as SH2 or 14-3-3 to complex with the phosphorylated peptide, resulting in altered solvent
polarity for the fluorophore. This type of peptide biosensor can be used for either Ser/Thr or
Tyr phosphorylation. A Src tyrosine kinase peptide biosensor carrying a dapoxyl moiety was
developed. In this strategy, the phosphorylated biosensor engaged an SH2 domain,
enhancing fluorescence sevenfold (104).

The class of deep-quench biosensors employs a noncovalently attached quencher that
interacts with the fluorophore in the peptide (105). Upon phosphorylation, these biosensors
recruit a phosphospecific amino acid-binding domain that separates the fluorophore from the
quencher, resulting in an increase in fluorescence. In one example, a PKA substrate peptide
with a pyrene fluorophore was developed. The dye quencher suppressed fluorescence but
was displaced upon phosphorylation and 14-3-3 recruitment. This displacement resulted in a
dramatic 64-fold increase in fluorescence (105).

Self-reporting sensors are a domain-free sensor system that can be used to detect tyrosine
phosphorylation (106). Aromatic amino acids such as tyrosine can be used to quench a
fluorophore in the peptide biosensor through π-π stacking interactions. Upon
phosphorylation of the tyrosine residue, it loses its ability to quench the fluorophore.
Activities of Src and related tyrosine kinases have been analyzed in this way, providing
fivefold fluorescence change upon phosphorylation (106).

Metal chelation-enhanced fluoroscence also avoids phosphoamino acid-binding domains.
Using the nonnatural amino acid Sox, a chelation-enhanced fluorophore, a series of
biosensors for protein kinase activities have been developed that respond to physiological
Mg2+ levels (107). These biosensors for kinase activity consist of the critical kinase
recognition elements, Ser/Thr residue, Sox, and a two-residue turn to preorganize Mg2+

binding between Sox and the newly introduced phosphate (107). Phosphorylation of the Ser/
Thr residue in the peptide enhances the affinity of the peptide for Mg2+, and this chelation of
Mg2+ generates the fluorescent signal. Probes for six dif- ferent kinases (PKC, Cdk2, PKA,
Akt, MK2, Pim2) have been developed that show a three-to eightfold increase in
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fluorescence upon phosphorylation (108). A variant of the approach has been developed to
detect tyrosine phosphorylation catalyzed by Abl (109).

These peptide-based biosensors have several applications. They are very practical for use in
various in vitro kinase assays. They provide the temporal resolution desired for kinetic
analysis. The continuous assay format allows for the detection of an initial lag phase in a
biphasic progress curve for kinases that require activation through autophosphorylation.
Peptide biosensors have also been used to simultaneously monitor the activities of several
kinases. In general, live cell assays with these sensors are more difficult to perform, but
examples have been reported with PKA, PKC, and Src reporters introduced by
microinjection (110,111). A variant of this approach, termed single-cell kinase assays, using
a non-imaging based method with microinjected fluorescent substrates in which activities
are measured after lysis, has been described (112,113). Although useful, these
microinjection methods for peptide biosensors have not yet been widely adopted because of
their reliance on specialized equipment, the instability of the peptides in cells, and the
cellular perturbation that can be induced by microinjection.

Conjugated Antibodies for Kinase Measurements
Immunocytochemistry has long been used to provide information about the localization of a
protein of interest, and with the development of phosphospecific antibodies, this technique
can be used to provide information about the cellular location of a kinase and
phosphoprotein product. However, this technique suffers from several disadvantages,
including the need to fix cells (eliminating live-cell and real-time imaging), poor specificity,
and extremely limited spatial resolution. The use of phosphospecific antibodies in
combination with other techniques can provide some additional advantages (114,115).
Multidimensional fluorescence-activated cell sorting analysis with a range of
phosphospecific antibodies (conjugated to fluorophores) has been used to probe the
activated states of states of kinases within single cells (116). This technique afforded
information about the order of kinase activation in a signaling cascade. By combining
phosphospecific antibodies with flow cytometry, the status of tyrosine phosphorylation and
activation of tyrosine kinases was determined in a subpopulation of activated T cells (117).
Despite these advances, temporal and spatial resolution are limited with these approaches.

The application of FRET between a fluorescently conjugated protein of interest and a
phosphospecific antibody-conjugated fluorophore can significantly improve spatial
resolution. In successful examples, FRET imaging is done by following the photo-chemical
properties of the donor using FLIM (fluorescence lifetime imaging microscopy), rather than
ratiometric imaging of FRET, which measures the fluorescence intensities of the donor and
acceptor (118). FLIM detects the shortened fluorescence decay of the donor of the FRET
pair in the presence of the acceptor. The use of FLIM to determine FRET provides several
advantages. Lifetime (or the fluorescent decay time) measurements (unlike fluorescence
intensity) are independent of the variations in fluorophore concentration and photobleaching.
FLIM is more robust than fluorescent intensity-based FRET measurements because it can
distinguish between actual FRET efficiency and probe concentration. FLIM also allows for
the use of spectrally similar donor and acceptor molecules (118). For imaging of
phosphorylation events by FRET with conjugated antibodies, the advantages of FLIM are
crucial as one does not need to control for the amount of antibody added to the system, and
any nonspecific binding of the antibody is virtually invisible. Only conjugated antibody
bound within nanometers of the target fluorescently labeled protein is detected. The major
disadvantages of this technique are the complex data interpretation needed for FLIM and the
need for microinjection to get the conjugated antibodies into the cell.
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In an early example of this approach, FLIM was employed to monitor the activation of
PKCα in live cells (119). It was previously shown that the PKCα is phosphorylated in vivo
on Thr250 upon activation. In this case, green fluorescent protein (GFP) (donor)-tagged
PKCα and Cy3.5 (acceptor)-labeled antibodies were microinjected into COS-7 cells (119).
Ng and coworkers generated an antibody specific for phosphorylated Thr250 on PKCα and
conjugated it the Cy3.5 fluorophore. It was shown that upon treatment with a known PKC
agonist, phorbol ester, there was a progressive increase in Thr250 phosphorylation (observed
by the decrease in GFP lifetime). These results were confirmed in fixed culture cells, and a
real-time assay for this pathway was established.

FLIM has also been exploited to image EGFR signaling (120). The phosphorylation and
activation of expressed GFP-EGFR in response to EGF stimulation was imaged in MCF7
cells using microinjected Cy3-linked anti-pTyr antibodies. Based on the kinetics of the data,
an activation mechanism involving transient rather than stable receptor dimers of EGFR was
proposed. In a related study, FLIM was used to analyze the timing and localization of the
PTPase PTP1B after EGFR or PDGFR stimulation using a dead-end mutant (121).
Interestingly, it was found that PTP1B recruitment was coupled to receptor endocy-tosis.
FLIM has also been applied successfully to study CD44 association with ezrin, directional
cell motility regulated by PKC phosphorylation, and stimulation-dependent phosphorylation
of lipoprotein receptor-related protein (LRP) in neurons (122,123).

Translocation Assays
An interesting approach for the imaging of phosphorylation events within the cell employs a
GFP-fused protein in a translocation assay. These assays are based on a phosphorylation-
dependent movement conferred by a kinase activity of interest and are monitored by
microscopic imaging of the fluorescence intensity. This technique has been applied to PKC
and used to investigate diacylglycerol signaling in living cells (124) and correlations of PKC
with the oscillations of Ca2+ in astrocytes (125). Although successful in these cases, the
translocation assay approach is not generalizable to many systems because it depends on
phosphorylation-dependent target movements, which have not been established for many
kinases. It also suffers from limited time resolution and weak signal-to-noise ratio as the
translocations are not always complete.

FRET-Based Genetically Encoded Biosensors
Most of the imaging techniques described above are faced with the challenge of getting the
biosensor or some component of the detection system into living cells and/or have various
limitations, which restrict their use. The genetically encoded FRET-based activity reporters
largely overcome the cell entry problem by having the cell itself manufacture the complete
biosensor (126). Because these reporters are genetically encoded, they can be either
transiently or stably transfected into cells as DNA.

The discovery and extensive use of GFP, and its other color variants, allow for the
genetically encoded reporter approach (127,128). FRET is strongly dependent on the
distance and orientation of the fluorophores. The dynamic changes in FRET can be read as
changes in emission ratios between fluorophores or as a change in the donor fluorophore
fluoroscence lifetime (129). Typically for these types of biosensors, the changes in FRET
are measured as changes in emission ratios for the donor and acceptor fluorophores because
the data interpretation for the lifetime of fluorescent proteins can be very complex (118).
The basic design of these biosensors consists of the fluorescent protein FRET pair fused
with a phosphoamino acid-binding domain and a substrate peptide between them (Figure 4).
This simple design allows for a variation in several parameters, as described below, to
optimize dynamic range, sensitivity, and selectivity.
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The fluorescent protein FRET pair employed can be selected to generate a maximum
dynamic range. The attachment site for the fluorescent proteins to the reporter construct can
be adjusted (there are several circularly permuted variants of some of the fluorescent
proteins that allow for this modification) (130). Swapping of the N- and C-terminal locations
of the fluorescent proteins has also proven to increase dynamic range in some reporters
(126). The choice of fluorescent protein pair should take into account that there must be
sufficient spectral overlap between the emission of the donor fluorescent protein and the
excitation of the acceptor fluorescent protein. Ideally there should be minimal overlap in the
excitation spectra of the two fluorescent proteins to eliminate any bleed through or direct
excitation of the acceptor fluorophore at the donor excitation wavelength.

The recognition of the phosphorylated substrate by the phosphoamino acid-binding domain
is responsible for the conformational change in these biosensors that results in bringing
together the two fluorescent proteins in close enough proximity to allow for FRET to occur
(131). The domain is selected on the basis of the phosphoamino acid that is being detected.
These biosensors can be developed for both tyrosine kinases as well as serine/threonine
kinases. The different phosphoamino acid-binding domains have different preferences for
recognition motifs (9,10), and these need to be considered when selecting a domain, but
there are multiple domains to select from if one does not work well. The substrate portion of
the biosensor is what dictates the specificity of the reporter. As with the peptide biosensors,
the substrate typically consists of a short consensus peptide that is designed to be
specifically recognized and efficiently phosphorylated by the target kinase of interest and
that is inert to nonspecific kinases. The substrate also needs to be designed such that, upon
phosphorylation, it is efficiently recognized and bound by the phosphoamino acid-binding
domain selected. However, it is also desirable for the binding interaction to be reversible, so
that oscillations of phosphorylation attributed to kinase/phosphatase can be observed (131).

Numerous successful genetically encoded biosensors for reporting kinase activity have now
been constructed with this basic design. Additional incorporated features of these reporters
include sequences that allow for targeting to specific areas of the cell. Nuclear localization
signals, domains for plasma membrane localization, and several other target domains have
allowed for the generation of biosensors that provide further information about the spatial
dynamics of phosphorylation in different cell subcompartments (132). Other kinase reporters
omit the phosphoamino acid-binding domain. If the kinase itself has a conformational
change upon phosphorylation or activation, the kinase can be tagged with the fluorescent
protein pair, as was done for the ERK2 kinase reporter, which sandwiched ERK2 between
CFP (cyan fluorescent protein) and YFP (yellow fluorescent protein) (126). Moreover, as
also exemplified by ERK (extracellular signal-regulated kinase), if longer protein substrate
rather than short peptide substrate sequences are incorporated in the reporter, the
conformational change upon phosphorylation can be large enough to avoid the
phosphoamino acid-binding domain (126). Additionally, the FRET signal does not
necessarily need to derive from fluorophores in the same fusion protein. For measuring
EGFR kinase activity, a FRET biosensor that detected the binding of a YFP-tagged
phosphotyrosine binding domain and a CFP-tagged EGFR was employed (133).

Split-Protein Genetically Encoded Biosensors
Another class of the genetically encoded method involves split fluorescent protein
complementation, which has been used for analyzing protein-protein interactions in
signaling networks. Some fluorescent proteins can be split into two separate domains that
are inactive until they are brought together in the proper orientation (134). The pieces of the
split fluorescent protein can complement each other if one is fused to a kinase substrate and
the other is fused to a phosphoamino-acid binding domain. Upon phosphorylation of the
substrate motif, the split-protein fluorophore is reconstituted, and a fluorescent signal is
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obtained. Reporters utilizing this complementation technique have been performed with
GFP, YFP, and Renilla luciferase (134).

A genetically encoded biosensor using bioluminescence as a readout has been developed for
Akt and has been used for imaging of the Akt kinase activity within live cells and mice
(135). This Akt kinase activity reporter contains an Akt consensus peptide and an FHA2
domain flanked by the N-terminal and C-terminal domains of firefly luciferase.
Phosphorylation of the Akt consensus sequence stimulates interaction with the FHA2
domain, triggering a conformational change, which disrupts the split luciferase. Upon
dephosphorylation of the Akt consensus sequence (or in the absence of Akt kinase activity),
the reconstitution of the luciferase reporter molecule is allowed, and bioluminescence can be
detected.

Applications of Genetically Encoded Reporters
There have now been a myriad of published applications of genetically encoded reporters,
and we highlight just a few here (131,136–142). The dynamic range (or percent change in
signal) for the genetically encoded FRET-based biosensors is considerably smaller (only
10% to 70% signal change) (143) as compared to the severalfold increases in fluorescence
for the peptide-based biosensors, but they show sufficient sensitivity to provide very useful
information about the phosphorylation and regulation of signaling pathways. Using a PKA
reporter, elegant studies revealed the unexpected delay between cyclic AMP increases and
PKA activity (136). Through the development of a specific and reversible reporter for PKC
activity in live cells, investigators were able to reveal the oscillations of phosphorylation by
PKC in HeLa cells in response to histamine (131). A key aspect of this study involved
targeting the PKC reporter to the plasma membrane. With a genetically encoded FRET
biosensor for histone phosphorylation, investigators were able to demonstrate a correlation
between the phosphorylation of Ser28 on H3 histone and the onset of nuclear-envelope
breakdown, indicating that phosphorylation at this position may be involved in regulating
changes during M phase (137).

The development and use of FRET-based biosensors for aurora B kinase activity permitted
an analysis of the anaphase dynamics of phosphorylation by this key mitotic regulator (138).
A phosphorylation gradient produced by aurora kinase B is generated in early anaphase and
requires the localization of aurora B to the spindle midzone where it is activated. These
observations indicate that events in anaphase are controlled primarily by spatial cues, such
as this phosphorylation gradient rather than the timing of phosphorylation.

A Src tyrosine kinase reporter has been applied to analyze the role of Src activity in
transmission of mechanical forces to the cytoskeleton. Using the Src reporter, rapid changes
in activity in a spatiotemporal distribution near the plasma membrane were observed (139).
This Src reporter was also employed to validate the rapid chemical rescue of a mutant
tyrosine kinase, described above (63).

One of the more exciting applications of kinase reporters, which has pharmaceutical
relevance, is in the area of high-throughput chemical screens. Typically, these screens are
carried out under in vitro conditions, so that it is unclear if these compounds can target the
intracellular kinase. In-cell kinase reporters can ensure compounds achieve efficient cell
entry and provide rapid kinetic information on inhibition, which can establish that they are
directly hitting the intended target. Although the FRET reporters are normally studied at the
single-cell level, a PKA reporter, which had been optimized to have a high change in FRET,
gave sufficient signal such that bulk fluorescence change could be measured in 96-well plate
format with a standard fluorescent plate reader (144). Using this approach, a clinical
compound library was screened, and several novel PKA inhibitors were identified.
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SUMMARY AND EMERGING CHALLENGES
The rapid pace of chemical biology developments in the protein phosphorylation field,
reviewed above, have led to great progress. New approaches that allow for specific
modulation of wild-type or mutant kinases are offering exciting insights into the structures
and functions of protein kinases. The ability to install phosphoamino acids and their mimics
site specifically into proteins by semisynthesis or nonsense suppression strategies is
providing unprecedented insights into how individual phosphorylation events can contribute
to catalytic, structural, and cellular behaviors. Moreover, the new generation of fluorescent
reporters of kinase activities are allowing for precise correlations between signaling and
other cellular events.

However, challenges in the phosphorylation arena remain. It is estimated that 20% to 30%
of proteins in the cell are phosphorylated (145), and sorting out which of the 500 kinases is
responsible for a particular phosphorylation event remains a major challenge. Chemical and
proteomic techniques are beginning to systematically uncover which kinase phosphorylates
which proteins (146). Using engineered kinases with ATP analogs (51), it has been possible
to link specific kinases directly responsible for a particular phosphorylation event. Protein
chips, which consist of chemically immobilized proteins on a glass slide in a microarray
format, also appear powerful (147). Chemical and photochemical cross-linking strategies are
in development to pinpoint kinase-substrate relationships (148,149). In addition, the use of
bisubstrate analogs, consisting of protein-ATP conjugates, offers hope for identifying a
kinase that can phosphorylate a particular protein site. Still lacking is an efficient in vivo
approach along the lines of dead-end catalytic mutants, which have been used to link protein
phosphatases to phosphoprotein substrates (150). Perhaps chemical complementation of an
engineered mutant will provide a key for adapting this method to kinases.

Given the interest in developing small-molecule kinase inhibitors and the difficulty in
achieving specificity, methods to characterize the cellular effects of potential kinase
inhibitors are needed. Resistance mutants, pull-down assays, three-hybrid screens, mass
spectrometry analysis, and activity-based proteomics may provide new answers (151–154).
In addition, other PTMs, including acetylation, methylation, glycosylation, and
ubiquitylation, are expected to have many overlapping but distinct influences on protein and
cell functions, and these modifications will require the same detailed analyses as those
performed for phosphorylation (155–160). In summary, the opportunities for chemical
biologists to continue to make their mark in the thriving area of signaling will continue for
many years ahead.
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Glossary

PTM posttranslational modification

SH2 domain a Src homology domain that binds phosphorylated Tyr
residues

pThr phosphothreonine

pTyr phosphotyrosine
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Expressed protein
ligation (EPL)

the ligation of a recombinant protein bearing C-terminal
thiosester (generated by intein) to a N-Cys-containing
synthetic peptide

Native chemical ligation a chemoselective reaction between a peptide/protein with N-
terminal Cys and a peptide/protein C-terminal thioester,
forming a standard amide bond

SH3 domain a Src homology domain that binds proline-rich peptides

FRET Forster (fluorescence) resonance energy transfer

FLIM fluorescence lifetime imaging microscopy

YFP yellow fluorescent protein

Bioluminescence the emission of visible light resulting from a chemical
reaction that does not require external light
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Figure 1.
Molecules for protein kinase modulation. (a) Kinase inhibitors: staurosporine, quercetin,
SB202190, BIRB 796, imatinib, lapatinib, fmk, tetrafluorotyrosine, and bisubstrate analog.
(b) Analog-sensitive phosphoryltransferase substrates/inhibitors. The naturally occurring
nucleotide triphosphate substrate, ATP (left), and its unnatural analog, xanthosine
triphosphate (middle). The inhibitor N6-benzyl-PP1 (right), which is selective and specific
for mutant kinases that can accommodate xanthosine triphosphate.
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Figure 2.
Site-specific incorporation of phosphoamino acids and mimics in proteins. (a,b) Strategies
used for protein semisynthesis involving native chemical ligation. (a) Expressed protein
ligation for attaching a synthetic peptide to the C terminus of a protein. (b) Proteolytic
generation of N-terminal Cys for attaching a synthetic peptide thioester to the N terminus of
a protein. (c) Phosphoamino acids and their mimics. (top) Phosphoamino acids and mimics
that can be incorporated into proteins through semisynthesis. (bottom) Genetically encodable
mimics for phosphoamino acids that can be incorporated into proteins through point
mutations or by using nonsense codon suppression technology.
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Figure 3.
Peptide biosensors. (a) Environmentally sensitive biosensor. (b) Deep-quench biosensor. (c)
Self-reporting biosensors. (d ) Metal chelation-enhanced fluoroscence biosensor.

Tarrant and Cole Page 27

Annu Rev Biochem. Author manuscript; available in PMC 2011 April 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Forster (fluorescence) resonance energy transfer (FRET)-based genetically encoded
biosensor. Basic design of biosensor consists of two fluorescent proteins (FPs) that are fused
with a phosphoamino acid-binding domain (gray) and a substrate peptide (green) between
them. Upon phosphorylation by a kinase or dephosphorylation of the substrate on the
biosensor, there is a conformational change that results in a change in FRET.
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