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Abstract

Non-receptor protein tyrosine kinases (NRTKs) are essential for cellular homeostasis, and thus are 

a major focus of current drug discovery efforts. Peptide substrates that can enhance lanthanide ion 

luminescence upon tyrosine phosphorylation enable rapid, sensitive screening of kinase activity, 

however design of suitable substrates that can distinguish between tyrosine kinase families is a 

huge challenge. Despite their different substrate preferences, many NRTKs are structurally similar 

even between families. Furthermore, the development of lanthanide-based kinase assays is 

hampered by incomplete understanding of how to integrate sequence selectivity with metal ion 

binding, necessitating laborious iterative substrate optimization. We used curated proteomic data 

from endogenous kinase substrates and known Tb3+-binding sequences to build a generalizable in 

silico pipeline with tools to generate, screen, align and select potential phosphorylation-dependent 

Tb3+-sensitizing substrates that are most likely to be kinase specific. We demonstrated the 

approach by developing several substrates that are selective within kinase families and amenable 

to HTS applications. Overall, this strategy represents a pipeline for developing efficient and 

specific assays for virtually any tyrosine kinase that use high throughput screening-compatible 

lanthanide-based detection. The tools provided in the pipeline also have the potential to be adapted 

to identify peptides for other purposes, including other enzyme assays or protein binding ligands.

Introduction

Protein kinases catalyze the reversible phosphorylation of proteins and play a ubiquitous 

role in the regulation of signal transduction pathways directing cellular processes including 

proliferation, survival and adhesion. Phosphorylation of a protein can result in changes in 

activity, conformation, and stability as well as facilitate protein-protein interactions through 
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phospho-recognition domains. The human genome encodes more than 500 protein kinases, 

32 of which are non-receptor tyrosine kinases (NRTKs). 1 This group of kinases has diverse 

roles in integrating signaling events initiated at the plasma membrane, including regulation 

of cell shape, motility, proliferation, and survival. NRTK deregulation occurs frequently in 

cancer through a variety of mechanisms including overexpression, gain-of-function 

mutation, or loss of negative regulators. 2-4 The association of many NRTKs with cancer 

and inflammatory disease has led to large drug discovery efforts, resulting in the 

development of 24 FDA-approved small molecule NRTK inhibitors since 2001. 5 However, 

despite their established clinical importance, approved inhibitors target only a small subset 

of NRTKs (5 out of 32). A major factor impeding development of kinase inhibitors is the 

difficulty in producing compounds that are highly specific, and several promising kinase 

inhibitors have failed clinical trials due to unanticipated off-target effects. Therefore, the 

development of broad-based tools that allow for sensitive detection of kinase activity has 

important applications in profiling kinase inhibitor specificity.

Typical strategies for monitoring kinase activity use radioactive ATP, antibodies, or 

proteomics to detect phosphorylation of native substrates. 6-8 While these methods have 

successfully generated a wealth of information about kinase activity, each suffers from 

several disadvantages. For example, redundancy among even otherwise disparate kinases 

can also confound the assignment of endogenous phosphorylation sites to a specific enzyme. 

Artificial peptide substrates offer an attractive strategy for examining kinase activity either 

in vitro or in intact cells, due to their diverse chemistries, compatibility with a wide variety 

of detection platforms, and their ability to directly report the function of a particular enzyme. 

A variety of detection methods have been utilized for assaying artificial substrates, including 

capillary electrophoresis, voltammetry, mass spectrometry, antibody-based detection (e.g. 

ELISA), light scattering based methods using SERS and RLS, and fluorescence-based 

methods such as chelation enhanced fluorescence (CHEF), FRET and fluorescence 

quenching. 9-19 In particular, CHEF methods that sensitize lanthanide ions such as terbium 

(Tb3+) in a phosphorylation-dependent manner 19-22 can enable high sensitivity and 

analytical reproducibility. Previously, we described the application of a kinase specific 

peptide substrate (SAStide) for the sensitive detection of spleen tyrosine kinase (Syk) 

activity in vitro through phosphorylation-dependent enhanced sensitization of Tb3+ 

luminescence. 22 The luminescence signal is generated when phosphorylation of the tyrosine 

residue results in exclusion of water and completion of the Tb3+ coordination sphere. 

Phosphorylation also alters the excitation wavelength of the aromatic side chain, increases 

the binding affinity for the peptide, and increases the luminescence lifetime,22 resulting in a 

large increase in signal to noise (16-fold in the case of SAStide). However, other than this 

example of a serendipitous case, most CHEF substrates are designed primarily to achieve 

optimal metal binding, which often comes at the expense of kinase selectivity and enzyme 

kinetics. Currently there is no general, streamlined method to identify and develop novel 

substrates that are simultaneously specific for an individual kinase and strong metal 

chelators. To develop such an approach, both elements (specificity and binding) must be 

taken into account.
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In this report, we present a pipeline to develop peptide substrates for tyrosine kinases (using 

the NRTKs as a model system) that are compatible with phosphorylation dependent 

sensitization of Tb3+ (Fig. 1). We employed curated collections of known endogenous 

substrate sequences and data from positional scanning peptide library microarrays to 

develop an in silico positional scoring matrix model that enabled the rapid identification of 

selectivity determinants and assessed the relative importance of maintaining certain residues 

at each position. We used this information and Tb3+-binding motif alignment as sequence-

space-filtering criteria to narrow down the potential substrate library generated from the 

motif for a given kinase. This yielded a manageable handful of sequences that could be 

empirically tested and thoroughly characterized. We applied this pipeline to generate 

biosensors for Abl, Jak2, and Src-Family tyrosine kinases and demonstrated HTS assays 

using the Abl substrate against a small molecule library to identify novel Abl inhibitors.

Experimental Section

Positional Scoring Matrix (PSM) and Site Selectivity Matrix (SSM) generation

A blank “substrate informatics sheet” that can be used to perform the functions that yield the 

PSM and SSM, and workbooks for the Generator™, Screener™, and Aligner™ tools are 

provided as supplementary files. The calculations in the workbook were implemented as 

follows:

Positional Scanning Peptide Library—To combine the PSPL data from the Turk 

laboratory with the endogenous substrate information in the filtering algorithm, peptide 

phosphorylation signals for each array were quantified based on the median intensity for 

each spot. The median intensity values were then background corrected and signal intensity 

were then normalized by the following equation:

where Zij stands for the normalized score of amino acid j at position i having a signal score 

Sij and m stand for the total number of amino acids. Sci is the signal score of amino acid j at 

position i where i is defined in the summation of all the m amino acids.

Positional Probability (from endogenous substrates)—We computed the 

probability matrix, PM, as follows. It is experimentally known that kinase k phosphorylates 

n substrates (n1, n2, …, nn) consisting of nine amino acids, four on each side of the 

phosphorylation site. The frequency of each amino acid at each position in the collection of 

substrates was computed, fj,i, where j is amino acid (A, C, …, W, Y) at position i (−4, −3, 

…, 1). Due to the limitation of identified substrates for some kinases, when j = 0 for those 

amino acids the value of j = 1/n, where n is the number of substrate sequences for kinase k. 

The matrix values were computed by comparing the observed frequency, fi,j, within the 

substrates to the expected frequency (background frequency), bi,j, derived from the 

frequency of each amino acid in each protein containing a substrate sequence as well as non-

phosphorylated interacting proteins (obtained from the Protein Information Resource (http://
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pir.georgetown.edu).26 This allowed for the background of amino acids to reflect the 

proteins with which the kinase naturally interacts. We constructed the probability matrix 20 

× 9 for each amino acid and position defined as si,j = fi,j / bi,j.

Positional Scoring Matrix—The two individual matrices, PM and PSPLM, were then 

multiplied together to form the positional scoring matrix, PSM. The value for each amino 

acid can then be used to identify favorable and unfavorable residues at each position. Values 

greater than 0.9 were considered favorable or permissive for the kinase, while values less 

than 0.9 were consider unfavorable or impermissive.

For an nonapeptide of a given amino acid sequence the product of all si,j values yields the 

raw probability score, SR.

The raw score was normalized by probability of any nonapeptide being a substrate for 

kinase k, Ps. Ps was determined by the number kinase substrates collected n plus the number 

of significantly favorable amino acid from the PSPL compared to the total number tyrosine 

centered nonapeptides seen in substrate and interacting proteins and the 200 peptides from 

the PSPL for kinase k.

The site selectivity matrix was determined by the ratio of the number of significantly 

abundant residues found at the subsite, nsig
i,j, to that the expected abundance from a random 

distribution, nsigaa
i,j, multiplied by the ratio of the number of the number of significantly 

abundant at the subsite to the total number of residues, naa
i,j.

An amino acid was defined as being significantly abundant if its frequency was found to be 

greater than two standard deviations above the mean.

Generation of kinase-focused virtual peptide libraries

Kinase focused virtual (i.e. in silico) peptide libraries were generated using the Generator™ 

tool based on the values of the PSM. All si,j > 0.9 were chosen as potential residues at each 

position. Combinatorial peptide sequences were generated from these residues and scored 
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against each kinase using the Screener™ tool. Those peptides that scored positive for the 

kinase (or kinase family) of interest and negative for all other kinases (or kinase families) 

were then selected and added to virtual “focused libraries” in the Aligner™ Excel 

spreadsheet for further screening.

Terbium Binding in silico Screening

Following the generation of focused putative kinase substrate libraries, sequences were 

filtered for the potential to bind terbium in a phosphorylation-dependent manner using the 

Aligner tool™. A BLOSUM62 matrix was used to generate a sequence similarity score 

between the focused library of potential kinase substrates and the known terbium sensitizing 

sequence α-syn Y125 (DPDNEAYEMPSEEG). 24,25 The top several sequences (as desired) 

were chosen for further empirical evaluation.

Peptide synthesis and purification

Peptides were synthesized using a Protein Technologies Prelude parallel peptide synthesizer 

on Rink-amide resin (Peptides International, Louisville, KY). Coupling of standard Fmoc-

protected amino acids (Peptides International, Louisville, KY) was achieved with HCTU 

(Peptides International, Louisville, KY)(100 mM) in the presence of NMM (Sigma-Aldrich, 

St. Louis, MO) (400 mM) in DMF (EMD Millipore, Billerica, MA) for two 10 min 

couplings. Fmoc deprotection was performed in 20% piperidine (Sigma-Aldrich, St. Louis, 

MO) in DMF for two 2.5 min cycles. Peptides were purified to >90% purity by preparative 

C18 reverse-phase HPLC (Agilent 1200 series) using a linear gradient 5%-38% acetonitrile/

0.1%TFA and water/0.1%TFA and characterized using HPLC-MS (ThermoFinnegan 

Accela-LTQ).

In vitro kinase assays (Tb3+ luminescence)

Recombinant kinases; Abl, Src, Lyn, Csk, Jak2 and Hck (Millipore) and Syk, Btk, Fyn, 

Pyk2, and Fgr were expressed as described elsewhere.23 Recombinant kinases were 

incubated with the kinase reaction buffer (100 μM ATP, 10mM MgCl2, 125 ng/μL BSA and 

25 mM HEPES pH 7.5, total volume 180 μL) containing 12.5 μM biosensor at 30°C. 

Aliquots (20 μL) were taken at designated time points (0.5, 5, 10, 15, 30, 45 and 60 min) and 

quenched in 6 M urea (20 μL). The quenched samples were then treated with the 

luminescence buffer (500 μM Tb3+ and 500 mM NaCl, 10 μL) for a total volume of 50 μL 

(final concentrations of sample components: 2.4 M urea, 40 μM ATP, 4 mM MgCl2, 50 

ng/μL BSA and 10 mM HEPES pH 7.5). Time-resolved luminescence emission spectra were 

collected on a Biotek Synergy4 plate reader equipped with a monochromator at room 

temperature in black 384-well plates (Greiner Fluorotrac 200). Spectra were collected 

between 450 and 650 nm in 1 nm increments with 1 ms collection time and 10 reading per 

data point at a sensitivity of 180 after excitation at 266 nm with a Xenon flash lamp 

followed by a delay of 50 μs. area under each spectrum was integrated using GraphPad 

Prism. An additional aliquot (2 μL) of the kinase reaction mixture was taken at each time 

point for validation of phosphorylation using an ELISA-based chemifluorescent assay as 

previously described. 27
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Chemifluorescent detection of phosphorylation

Each aliquot was quenched with 0.5 M EDTA and incubated in a 96-well Neutravidin 

coated plate (15 pmol biotin binding capacity per well, Thermo Scientific) in Tris-buffered 

saline (TBS, 25mM Tris-HCl and 150mM NaCl) containing 0.1% BSA and 0.05% Tween 

20 for 1h. Following incubation, each well was washed with the TBS buffer and then 

incubated with mouse anti-phosphotyrosine monoclonal antibody 4G10 (Millipore, 1:10,000 

dilution in TBS buffer) for 1h. Following incubation, each well was washed with TBS buffer 

and incubated with horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G 

(IgG) secondary antibody (Abcam) (1:1000 dilution) for 1h. Wells were then washed and 

treated with Amplex Red reaction buffer (Amplex Red reagent, Invitrogen, 20 mM H2O2 

and sodium phosphate buffer) for 30 min. Fluorescence was measured using a Synergy4 

multiwell plate reader (Biotek) with an excitation wavelength of 532 nm and emission 

wavelength of 590 nm.

Dose-response inhibition assay

Kinase (15 nM) was incubated with the kinase reaction buffer described above in the 

presence of DMSO (vehicle) or varying concentrations of kinase inhibitors (nilotinib, 

bosutinib, ruxolitinib) at 30°C for 10 min prior to the start of the reaction by adding the 

peptide substrate. The reaction was started with the addition of biosensor (37.5 μM, total 

reaction volume 20 μL). Each reaction was quenched after 30 min in 6 M urea (20 μL). The 

samples were then treated with the luminescence buffer (500 μM Tb3+ and 500 mM NaCl, 

10 μL) for a total volume of 50 μL. Time-resolved luminescence spectra were collected as 

described above and the area under the emission curve determined. The IC50 value for each 

inhibitor was determined by fitting data to equation below where inhibitionmax is the bottom 

plateau of the curve, inhibitionmin is the top plateau of the curve, the Hill slope is the 

steepness of the curve and X is the concentration of the inhibitor.

High-throughput screening assay

Abl kinase (3 nM) was incubated with the kinase reaction buffer described above in the 

presence of DMSO (vehicle), imatinib (positive control) or a single compound from the 

GSK PKIS library (10 μM), at 30°C for 30 min prior to the start of the reaction by adding 

the peptide substrate. The reaction was started with the addition of the biosensor AbAStide 

(12.5 μM, total reaction volume 20 μL). Each reaction was quenched after 1 h in 6 M urea 

(20 μL). The samples were then treated with the luminescence buffer (500 μM Tb3+ and 500 

mM NaCl, 10 μL) for a total volume of 50 μL. Time-resolved luminescence emission 

intensities were collected at the maxima of the four emission peaks and summed together to 

give total signaling for each well using the instrument settings described above. Percent 

inhibition was determined using the positive inhibition control, imatinib, and the negative 

inhibition control, DMSO.
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Growth inhibition curves

K562 cells were seeded into 96-well plates at 10,000 cells per well in Iscove’s Modified 

Dulbecco’s Medium supplemented with 10% fetal bovine serum and pen/strep. The cells 

were dosed with the indicated inhibitor at the indicated concentrations (n = 4), and allowed 

to incubate for 3 days at 37° C. Following incubation, XTT reagent (ATCC) was added 

according to manufacturers protocol, and allowed to incubate at 37° C for 3 hours. 

Absorbance at 475 nm was measured on a Biotek Synergy4 plate reader. Values were 

calculated as percent of vehicle (0.1% DMSO), plotted in Graphpad Prism 6, and IC50 

values generated by fitting a variable slope (four parameter) curve.

High-Throughput Screening Calculations

The Z’ factor was calculated according to Eq. 2.

[2]

The signal window was calculated according to Eq. 3

[3]

where n is the number of replicates, μpos and μneg are the average luminescence of the 

positive (phosphorylated peptide or uninhibited) and negative (unphosphorylated peptide or 

control inhibitor-treated) controls respectively; σpos and σneg are the standard deviation of 

the positive and negative controls.

Results

KINATEST-ID™: a substrate peptide sequence space filtering pipeline

Inspired by the general design rules of previous CHEF-based sensors for detection of kinase 

activity (i.e. Sox-Mg2+ and EF-hand-Tb3+ sensors), we aimed at developing a general 

approach to design biosensors for tyrosine kinase activity analysis using phosphorylation-

dependent enhanced Tb3+ luminescence. Sensors were designed to combine nonreceptor 

tyrosine kinase substrate specificity with the excitation and chelation elements governing 

Tb3+ luminescence. To achieve this, each kinase biosensor was developed to contain an 

optimized substrate sequence with an embedded Tb3+ coordination motif, similar to that 

previously identified from the 14-residue fragment of α-synuclein surrounding Y125. 

(Figure 1A) Based on our previous work, we hypothesized that phosphorylation-dependent 

physical changes in the biosensor would enable enhanced Tb3+ luminescence of the 

phosphorylated biosensor compared to the unphosphorylated form (Figure 1B). 22

For each kinase, a focused virtual library of peptide biosensors was designed, optimized and 

selected in silico through a bioinformatic pipeline, KINATEST-ID™ (Kinase Terbium 

Emission Sensor Identification) comprised of three data processing tools: Generator™, 

Screener™, and Aligner™, implemented in Microsoft Excel workbooks that are available as 

Lipchik et al. Page 7

J Am Chem Soc. Author manuscript; available in PMC 2016 February 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



supplementary files (Fig 1C). This method starts with the generation of a positional scoring 

matrix (PSM) (as described below) for a given kinase, which uses highly curated, 

biologically validated phosphorylation sites for individual kinases as well as empirically 

observed effects of amino acids from positional scanning peptide microarray data 

(unpublished, shared by Turk and co-workers) (Figure 1C Step 1). This matrix represents the 

relative preference the kinase has for each amino acid at each position within the sequence, 

yielding comparable preference motifs to those generated by state-of-the-art phosphosite 

prediction algorithms (e.g. NetPhorest and M3)28,29 (Tables S1-S7). A site selectivity matrix 

(SSM) (evaluating the importance of a particular site in the sequence to the preference of the 

kinase for that substrate) was also generated using the data (Table S8). These matrices were 

used to guide the generation of a focused in silico library of possible kinase-specific peptide 

substrates using the “Generator™” tool, where the motifs derived from the set of amino 

acids that were represented at >2 standard deviations from the mean were used to generate a 

list of all possible permutations of that set of amino acids at their respective positions 

(Figure 1C Step 2).

Each sequence in the focused library was given a score based on the PSM (which takes into 

account both the endogenous and positional scanning peptide library data) for the given 

kinase, as well as a score for all other kinases included in the analysis using their respective 

PSMs, using the “Screener™” tool, which effectively cross-references each sequence for its 

predicted selectivity amongst the kinases included in the analysis (Figure 1C Step 2). The 

focused library was then filtered using Screener™ based on classifying the sequences as 

predicted “substrates” or “nonsubstrates” for each kinase as well as “specific” or 

“nonspecific” for the given kinase. All nonsubstrate and nonspecific sequences were then 

filtered from the library. (Figure 1C Step 3) Cutoff scores for classifying the sequences as 

substrates or nonsubstrates for each kinase were selected based on the algorithm training 

parameters to give the lowest false discovery rate for the kinase of interest and the highest 

sensitivity for all off target kinases (Table S9). While not necessarily providing hard cutoffs, 

this at least ensured that all remaining sequences in the library would have a maximal 

likelihood to be substrates for the desired kinase and not for the other kinases. The 

remaining sequences were compared to the atypical Tb3+ sensitizing peptide derived from 

the α-synuclein Y125 center peptide using BLOSUM sequence alignment scoring using the 

“Aligner™” tool. (Figure 1C Step 4) Sequences with a BLOSUM score below the threshold 

of 25% similarity were considered “non-optimal” binders, however some were synthesized 

for testing to evaluate the predictive capabilities of the alignment score. Sequences could 

also be optimized for Tb3+ binding by changing amino acids at positions that are less 

important for substrate recognition (based on the site selectivity scores). This ultimately 

yielded a compressed library of potential kinase-specific peptide substrate sequences that 

were also likely to sensitize Tb3+ luminescence, from which a handful of the top ranked 

sequences were chosen for studies to demonstrate kinase specificity and Tb3+ sensitization. 

The site selectivity matrix was used when deciding the priority for sequences to empirically 

test, since it enabled more optimal balancing of both Tb3+ binding residues and residues the 

kinase preferred at specific sites (Figure 1C Step 5). Accordingly, particular sites that lack 

selectivity (thus having more flexibility for a given amino acid at that position) but are 
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required for Tb3+ binding could be substituted with the appropriate Tb3+ binding residue, as 

opposed to a residue suggested by the catalytic preference motif.

Design of Abl, Jak2 and Src-family kinase substrate biosensors

To demonstrate its utility, KINATEST-ID™ was applied to generate Tb3+-sensitizing 

biosensors predicted to be specific for Abl, Jak2, and Src-family kinases. Initial potential 

substrate sequence libraries were generated by determining each kinase’s preference motif 

using the in silico model and listing all possible permutations of that motif in a virtual 

library using Generator™. These virtual libraries started with ~43,000, 92,000 and 5,500 

sequences for Abl, Jak2 and Src-family kinases, respectively. These libraries were then 

filtered with Screener™ by PSM scores for each kinase in the analysis to remove sequences 

with favorable predictions for other kinases (i.e. nonspecific) and unfavorable predictions 

for the target kinase (i.e. nonsubstrate), which drastically reduced the library size by ~99% 

for each kinase. The Tb3+ binding alignment score filter was then applied using Aligner™, 

which reduced the size of the libraries by a further ~50%, leaving libraries ranging in size 

from 11-250 sequences. The remaining sequences for each of the kinases contained the 

identified kinase substrate motifs as well as the α-syn Y125 Tb3+ binding motif or slight 

shifts in that motif.

From these libraries, several sequences were selected to evaluate empirically for each kinase 

as kinase artificial substrate peptides (KAStides) for Abl (AbAStide), Jak2 (JAStide), and 

Src-family (SFAStide) kinases (Fig. 2A). Sequences from the pipeline were selected on the 

basis of highest predicted selectivity for the given kinases, and higher Tb3+ binding 

alignment scores (although a selection with a range of lower binding scores was also 

included, in order to test the relationship between alignment score and binding affinity). The 

specificity of these sensors was assessed by screening the peptides against a panel of kinases 

representing at least one member of each family of nonreceptor tyrosine kinases. The ability 

of the kinases to phosphorylate a given peptide was determined using an endpoint in vitro 

kinase assay. Phosphorylation of each peptide was determined quantitatively using 

chemifluorescent ELISA.30 Relative fluorescence units (representing the amount of 

phosphorylated peptide present) were measured and percent phosphorylation was 

interpolated from a calibration curve generated from synthetically phosphorylated peptide. 

(Figure 2B, Supporting information Figure S1.)

All sequences were specific substrates of the intended kinases/kinase families (Fig. S1). 

AbAStide did display some nonspecific phosphorylation by Csk; however this was only 

observed at a very high concentration of Csk enzyme (250 nM, 83-fold greater than that 

used for the Abl assay). This suggested that, while not explicitly measured, the kcat and 

catalytic efficiency of AbAStide for Csk are most likely significantly lower than those for 

Abl. Analysis of Jak2 preference amongst the pool of substrates and kinases tested 

demonstrated that JAStide-E was the most efficient, with significantly more phosphorylation 

by JAK2 compared to the other potential JAK substrate sequences (P<0.0001 for JAStide-A 

and D and P<0.001 for JAStide-B and C). This was consistent with predicted preferences in 

Jak2 substrates, for which the −1 position demonstrated the greatest preference for acidic 

residues (JAStide-E) and reduced favorability for arginine (JAStide-A, B, C) and 
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phenylalanine (JAStide-D). The SFAStides displayed comparable levels of phosphorylation 

across all Src family kinases, while maintaining selectivity against all other families. The 

variation in residue chemical properties between the sequences at the −3 and +2 positions 

demonstrated that SFKs tolerate substitutions at these positions with little effect on 

phosphorylation (which is in accordance with the positional selectivity matrix results). To 

our knowledge, these sequences are the first reported Jak2 specific substrates (JAStide-A-E), 

and the first demonstration of family-spanning specific substrates for Src-family kinases 

(SFAStide A and B). Notably, the core kinase recognition sequence (DEDIYEELD) in the 

substrate we term SFAStide-A has been previously identified as an optimal Lyn kinase 

motif,31 however it has not previously been analyzed in the context of the entire Src family. 

This gave us further confidence in the ability of our upstream informatic approach to 

identify appropriate substrate sequences, and also supported the importance of validating 

peptide substrates across a panel of kinases.

AbAStide, JAStide-E and SFAStide-A were selected for further characterization based on 

their specificities and efficiency of phosphorylation by their designated kinases. These 

biosensors were characterized using steady-state kinetics to model the kinase-substrate 

interaction and subsequent phosphorylation of the substrates. The initial in vitro reaction 

velocities for each kinase-substrate pair were measured and fitted to the Michaelis-Menten 

equation to derive Km, Vmax, turnover number (kcat) and catalytic efficiency (kcat/Km). 

(Figure 2C-E, Table S13, Supporting Information Figure S2) Overall, the kinetic parameters 

fell between those found in previously reported “optimal” substrate and those for 

endogenous substrates (which are often relatively low efficiency as short peptides when 

isolated from their protein context). The Km values for all the peptides were within ~50-200 

μM, lower than is typically observed for endogenous substrates,32 but about ~2-5-fold 

greater than for relevant “optimal” substrates. Several reportedly Src specific peptide 

substrates have been developed using one-bead-one-peptide and oriented peptide libraries 

with Km values between 20-55 μM, similar to SFAStide-A (Km = 62 μM). AbAStide (Km = 

99 μM) exhibited a substantially increased Km compared to the optimal substrate Abltide 

(Km = 4 μM) but comparable to the endogenous substrate CrkL Y207 (Km = 134 μM). Since 

JAStide-E (Km = 186 μM) represents the first report of an unnatural specific substrate for a 

JAK kinase, we could only compare it to the commonly used endogenous phosphorylation 

site STAT5 Y694 (Km = 306 μM), relative to which JAStide-E’s Km was 2-fold lower. The 

catalytic efficiencies for AbAStide, JAStide-E, and SFAStide-A sequences were excellent, 

comparable to those reported for the “optimal” kinase substrates. These results demonstrated 

that KINATEST-ID™ is capable of identifying sequences with a high likelihood of being 

selective substrates that have comparable kinetic parameters to the optimal substrates 

previously identified using traditional, fully empirical methods.

Tb3+ luminescence characterization of KINATEST-ID™ identified biosensors

The biosensors that displayed appropriate specificity in the screening panel were further 

evaluated for phosphorylation-dependent enhanced Tb3+ luminescence. Phosphorylated and 

unphosphorylated forms of the peptides were synthesized and Tb3+ luminescence emission 

was analyzed. Steady-state measurements of the biosensors revealed a modest range of 

enhancement (~1-2 fold) in Tb3+ luminescence upon phosphorylation. (Table S14) 
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However, as we have previously observed for a Syk-specific peptide substrate (SAStide),22 

time-resolved measurements significantly improved the enhancement of Tb3+ luminescence 

to the range of ~5-11 fold (approximately 3-5 fold improvement over steady-state 

measurements). As in that previous work, the enhancement of Tb3+ luminescence could be 

attributed to the differences in properties of the sensors including excitation wavelength 

(266 nm for the phosphorylated vs. 275 nm for the unphosphorylated), binding affinity, 

luminescence lifetime and hydration number (Table S14), which validated the 

phosphorylation-dependent design of the sensors. The unphosphorylated sequences 

exhibited binding constants (Kd) in the range of 9-80 μM, which were substantially weaker 

than the range of 1-12 μM observed for the phosphorylated forms (Table S14). The 

luminescence lifetimes of the all the biosensors were increased by an amount in the range of 

100-200 μsec upon phosphorylation, enabling high signal to noise through time-resolved 

detection. Interestingly, these lifetimes appeared to be correlated with the Tb3+ binding 

sequence alignment score (Fig. S4), suggesting that the alignment parameter may be useful 

as a predictive measure for choosing sequences for further characterization as 

phosphorylation sensitive biosensors since longer lifetimes tended to result in better signal 

to noise. Overall, these results showed that this general design strategy can be applied to 

diverse tyrosine kinase substrates, and that these predicted substrates exhibit robust Tb3+ 

luminescence sensitization with photophysical properties consistent with the anticipated 

detection mechanism.

In vitro time-resolved Tb3+ luminescence-based detection of tyrosine kinase activity

AbAStide, JAStide-E, and SFAStide-A were further characterized for in vitro time-resolved 

Tb3+-luminescence-based detection of kinase activity. Conditions for optimal detection and 

calibration curves (using various ratios of phosphorylated and unphosphorylated forms of 

the sensors) were established in the kinase reaction buffer to account for potential 

interference from assay buffer components. All sensors displayed linear increases in Tb3+ 

luminescence with increasing percent phosphorylation allowing for quantitative 

determination of phosphorylation (Supporting Information Figure S3). High-throughput 

screening parameters were also derived from the calibration curves, including the Z’ factor 

and signal widow (SW), reflecting assay robustness. All sensors displayed appropriate 

parameters (Z’ factor < 0.5 and SW < 2) for application in HTS screening assays (Table 

S15)

Quantitative in vitro kinase activity assays were performed using AbAStide, JAStide-E, and 

SFAStide-A and recombinant kinases over a 60-minute time course. Percent 

phosphorylation was interpolated from calibration curves, and followed the trends for those 

obtained using the quantitative ELISA-based read out (Fig. S5). (Figure 3 A-C) Dose-

response inhibition of Abl, Jak2, and Hck kinase activity by the inhibitors imatinib, 

ruxolitinib, and dasatinib, respectively, was then assayed in an inhibitor dilution series from 

10 pM to 500 μM. Luminescence emission spectra were collected and normalized to the 

vehicle (DMSO) control and reported as percent control. The observed IC50 values were 3.9 

± 1.3 nM, 2.9 ± 1.4 nM, and 2.3 ± 1.6 nM for imatinib/c-Abl, ruxolitinib/JAK2, and 

dasatinib/Hck, respectively. These values are in agreement with those reported in the 

literature for each drug/kinase combination. 33-35 The Z’ factor and SW for these assays 
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were sufficient for HTS at some concentrations of inhibitor, indicating that characterization 

of the behavior at a given degree of inhibition will be necessary for optimizing screening 

assays (Table S16). The AbAStide biosensor was selected for further validation in an in 

vitro HTS for inhibitors of c-Abl.

Application of AbAStide to High Throughput Screening for Small Molecule Inhibitors

Replicate in vitro kinase assays were performed in a 384-well plate format in the presence 

(N=96) or absence (N=96) of imatinib to evaluate reproducible detection of Abl activity 

using AbAStide. To evaluate assay quality, positive and negative controls (containing the 

phosphorylated form and unphosphorylated form of the biosensor, respectively, N=96 for 

each) were also analyzed. Detection of AbAStide phosphorylation was robust and 

reproducible. (Fig. 4A) The Z’ factor and SW for the kinase reaction replicates were 0.56 

and 84 respectively, comparable to those for control well readings, demonstrating sufficient 

performance for use in high-throughput screening. We leveraged this in a high-throughput 

screen using the GSK PKIS library, which consists of 364 compounds arrayed in 96-well 

plates as single compounds at 10 mM in DMSO (available to the research community upon 

request, see cited reference).36 The library was screened at a constant 1:1000 dilution, with 

10 μM final concentration of compound in each well (1% DMSO). Compounds were 

incubated with the kinase for 30 minutes prior to start of the kinase reaction, which was 

initiated by the introduction of the biosensor substrate. The kinase reaction was allowed to 

proceed for one hour before being quenched with the Tb3+ luminescence buffer (containing 

urea and Tb3+). The time-resolved Tb3+ emission intensity was measured and the “percent 

inhibition” was determined compared to the biological positive and negative controls 

(known inhibitor imatinib and no inhibitor, respectively) (Fig. 4B). Primary hits were 

identified as compounds reducing Tb3+ luminescence by greater than 3-fold (the top 5% 

most potent inhibitors, which were the top 18 compounds). These top 5% primary hits were 

tested in a secondary screen using the same kinase reaction conditions, but employing a 

chemifluorescent ELISA-based detection instead of Tb3+-based detection. (Fig. S6) The 

secondary screen confirmed that all of the hits inhibited Abl kinase activity by at least 50% 

compared to vehicle (Table S17).

The three most potent inhibitors from the HTS and validation screens were GW693917A, 

GW711782X and GW513184X, developed to target TIE2/VEGFR2, ALK5 and GSK3β 

respectively. These and two negative compounds (SB-358518 and GW607049C) were 

selected for further evaluation in vitro using a dose-response kinase assay with AbAStide to 

demonstrate the selectivity of the assay for identifying compounds correctly as inhibitors or 

noninhibitors. All three hits potently inhibited Abl kinase activity, with IC50 values of 0.52 

nM, 1.91 nM, and 0.35 nM for GW693917A, GW711782X and GW513184X respectively, 

while the negative compounds gave no inhibition of Abl. (Fig. 4C) To determine whether 

the results of the in vitro inhibition studies translate to a CML model, the compounds were 

tested in cellular viability assays against the human CML cell line K562. Cellular IC50 for 

GW693917A was comparable to imatinib, at 81 nM compared to 147 nM. GW711782X and 

GW513184X were less potent in the cell viability assay, at 20 μM and 3.24 μM respectively. 

(Fig. 4D) Together these results demonstrate proof-of-concept that this strategy can produce 

an effective HTS assay for drug discovery applications.
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Discussion

Synthetic peptide libraries are commonly used to identify determinants of kinase substrate 

specificity, these methods can be laborious to perform and require substantial quantities of 

purified kinase, which can limit widespread application. Here, we addressed these 

challenges by developing a straightforward computational strategy (KINATEST-ID™) 

which combines the identification of kinase specificity determinants with the prediction of 

kinase-substrate phosphorylation and peptide:Tb3+ complex formation, and used it to 

generate NRTK-specific biosensors for phosphorylation-dependent time-resolved Tb3+ 

luminescence detection. Traditionally, fluorescence-based kinase sensors have been 

generated through empirical design and iterative optimization, which slows down the 

pipeline for assay development. The design rules applied in KINATEST-ID™ facilitate 

substrate discovery by providing a set of in silico filters for sequence selection. The final 

sequences for AbAStide, SFAStide-A, and JAStide-E reported here demonstrate the utility 

of the design rules, yielding strong family-based selectivity and Tb3+ luminescence 

enhancement. Design of Tb3+ luminescence-based reporters of kinase activity has 

previously been difficult to streamline since Tb3+ binding motifs are not trivially compatible 

with all kinase preference motifs. Moreover, overall similarity in consensus sequences 

among NRTKs necessitates a tradeoff between optimal activity and specificity. By taking 

into account the importance of each given site in a substrate sequence to the recognition and 

selectivity of the cognate kinase, we successfully achieved a balance between the 

confounding factors involved. These substrates exhibited robust dynamic ranges and signal 

to noise, and their potential for high-throughput assay compatibility was demonstrated in an 

inhibitor screen. As efforts to expand the characterization of kinase-specific 

phosphoproteomes increase through the application of recently developed methods,37,38 the 

information available for generating the motifs, PSMs, and Screener™ selection for 

additional kinases will also expand. In next-generation applications of these sequences, 

incorporating docking motifs that target protein interaction domains could further increase 

the efficiency and potentially the selectivity of phosphorylation. Such modular substrates 

have previously been designed incorporating the D-domain and DEF-sites of Erk as well as 

the SH2 and SH3 domains of Abl and Hck. 39-42 We are currently pursing the application of 

these substrates in more complex mixtures of proteins, based on our previous work 

developing cell-deliverable substrates for Abl and Syk kinases,27,43 in order to exploit their 

selectivity to measure the activity and inhibition of specific kinases in a heterogeneous 

environment.

Overall, while we validated the method with well-known kinase drug targets (Abl, Src-

family, and JAK2) as a model system, the generality of the approach suggests that the 

KINATEST-ID™ strategy should be able to be applied to develop new assays for other 

kinases that are currently underexplored in drug development. Even though we focused here 

on tyrosine kinases, the in silico focused library generation tools could be used to develop 

new artificial peptide substrates for serine/threonine (S/T) kinases as well. Such substrates 

could be employed in any type of phosphorylation read-out, however the BLOSUM 

alignment component could be used with any detection-related motif desired. For example, 

Tb3+-based S/T kinase detection requires a sensitizing chromophore such as tryptophan (W); 
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accordingly, previously reported Tb-sensitizing, W- or unnatural amino acid-containing 

sequences (such as those reported by the Zondlo and Imperiali groups)20,44-47 could be used 

for the BLOSUM matrix to focus and filter the virtual library for empirical evaluation. This 

generality should make KINATEST-ID™ a useful approach to streamline the development 

of peptide-based kinase assays, as well as for broader applications towards other enzyme 

substrates or binding ligands for which sufficient training data are available.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design and development of phosphorylation-dependent enhanced Tb3+ luminescence 
tyrosine kinase peptide biosensors
A) General biosensor design strategy for kinase biosensors capable of phosphorylation 

induced enhanced Tb3+ luminescence, where X is any amino acid, Φ is a hydrophobic 

antenna containing residue and [−] is an acidic amino acid. B) The detection strategy using 

the phosphorylation-dependent physical changes in the biosensors that result in enhanced 

Tb3+ luminescence. C) To develop a kinase specific peptide based biosensor, we first obtain 

all known phosphorylated substrates for a given kinase as the foreground as well as all 

unphosphorylated tyrosine centered sequences for the substrates and validated proteins that 
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interact with the kinase as the background. Data from positional scanning peptide library 

screens from the Turk laboratory were also included23. (1) A positional scoring matrix, 

where values represent the preference for each amino acid at every position, and a site-

selectivity matrix (SSM), representing the degree to which a given position “requires” a 

given amino acid, are generated from these data. SSM values are centered at one; values 

greater than one reflect a strong preference for a particular amino acid at that position and 

values less than one reflect a lack of preference. (2) A library of sequences were generated 

in silico based on substrate preferences at each positions using the site selectivity score 

(using the“Generator™” tool). (3) The library is scored against the kinase of interest as 

well as all other tyrosine kinases and clustered using bidirectional Euclidian distance and 

filtered to remove any nonspecific or nonsubstrate sequences for the kinases based on the 

PSM scores (using the “Screener™” tool). Scores are on a scale from 0 to 100, where 

binary classification (of “Substrate” or “Non-substrate”) was determined based on threshold 

values through cross-validation. (4) The remaining sequences are scored using a BLOSUM 

matrix to assess the similarity to the phosphorylation-dependent Tb3+-binding α-syn Y125 

peptide24,25 (using the “Aligner™” tool), which enables filtering out of sequences that are 

predicted to be selective substrates but not to match the Tb3+ motif inherent in the target 

sequence (which in this case was the best-characterized model, the α-syn Y125 peptide, but 

could be another Tb3+-binding sequence of interest). (5) The remaining sequences are 

validated empirically for kinase specificity and photophysical properties associated with 

Tb3+ luminescence. For each relevant step, the score similarity for each kinase (columns) 

and sequence similarity to one another across kinases (rows) were clustered using 

bidirectional Euclidian distance.
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Figure 2. Identification, validation, and characterization of kinase specific biosensors using 
KINATEST-ID™
A) The kinase substrate sequences selected for further evaluation and their prediction scores 

for the panel of kinases used in the assay, and Tb3+ alignment score. For kinase substrate 

prediction, scores >90 generally reflect “positive” substrates, whereas scores lower than 90 

reflect some similarity with that kinase’s preferred motif but were below the thresholds 

defined by the Screener™ tool (i.e. lowest false discovery rate and highest sensitivity for the 

off-target kinases). Tb3+ alignment scores >25 were considered “positive” for Tb3+ binding, 

and generally, higher alignment scores correlated with longer luminescence lifetime of the 
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phosphopeptide-Tb3+ complex (and thus higher occupancy of the chelated vs. hydrated form 

of Tb3+ in the equilibrium) (Fig. S4). B) Screening of kinase substrates against a panel of 

purified recombinant kinases (3 nM each, except 250 nM Csk which was the amount of 

recombinant Csk required to phosphorylate the positive control Src Y530-centered peptide 

in characterization experiments, data not shown) using ELISA–based chemifluorescence 

detection. Color-coded values represent the mean of experiments performed in triplicate 

(with individual graphs shown in Fig. S1). Substrate phosphorylation specificity per kinase 

(rows) and kinase specificity per substrate (columns) were clustered using bidirectional 

Euclidian distance. C-E) Recombinant, active Abl, Jak2 and Lyn (3 nM) were used to carry 

out the kinase reactions with 100 μM ATP and increasing concentrations of AbAStide, 

JAStide-E and SFAStide-A. Reaction progress was monitored using ELISA–based 

chemifluorescence detection. Initial rates of phosphorylation of the kinase specific 

biosensors (picomoles of phosphorylated product per minute) for AbAStide (C) JAStide-E 

(D) and SFAStide-A using Lyn (E) were calculated and fitted to the Michaelis-Menten 

equation. Values represent the mean ±SEM of experiments performed in triplicate.
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Figure 3. Quantitative time-resolved phosphorylation-enhanced Tb3+ luminescence detection of 
nonreceptor tyrosine kinase activity and inhibition
Kinase reaction progress curves for Abl (A) Hck (B) and Jak2 (C). Dose-response inhibition 

of Abl with imatinib, Hck with dasatinib, and Jak2 with ruxolitinib (D-F). Kinase reactions 

were performed with kinase reaction buffer containing ATP, MgCl2, HEPES, pH 7.5 and 15 

nM recombinant kinase. IC50 values were determined values were generated by fitting the 

data to a variable slope (four parameter) curve. Data represent the average ± SEM of 

experiments performed in triplicate.
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Figure 4. A high-throughput chemical screen using AbAStide biosensor identifies inhibitors of 
Abl tyrosine kinase
A) The AbAStide in vitro kinase assay shows highly reproducible signal upon imatinib 

treatment. Green: synthetically phosphorylated peptide (positive control); Black: kinase 

reaction; Red: kinase reaction + imatinib; Blue: unphosphorylated peptide (negative 

control). B) Distribution of Abl inhibition identified in a high-throughput screen performed 

with the GSK PKIS library using AbAStide-sensitized Tb3+ luminescence. Green: 

synthetically phosphorylated peptide (positive control); Black: GSK PKIS compounds; Red: 

kinase reaction + imatinib (positive control); Blue: unphosphorylated peptide (negative 

control); Orange: DMSO (vehicle control). C) Dose-response inhibition of Abl kinase 

activity by selected compounds from the GSK PKIS, including the top three hits and two 

non-hits as negative controls. The extent of biosensor phosphorylation was interpolated from 

an externally generated calibration curve (not shown) and normalized to vehicle (DMSO) 

control. Data represent the average ± SEM of experiments performed in triplicate. D) XTT 

cytotoxicity assay for selected compounds (as in 4C), showing potencies in K562 cells. IC50 

values were generated by fitting the data to a variable slope (four parameter) curve. Data 

represent the average ± SEM of experiments performed in triplicate.
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