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Abstract
Disruption of regulatory protein phosphorylation can lead to disease, and is particularly prevalent
in cancers. Inhibitors that target deregulated kinases are therefore a major focus of
chemotherapeutic development. Achieving sensitivity and specificity in high-throughput
compatible kinase assays is key to successful inhibitor development. Here we describe the
application of time-resolved luminescence detection to the direct sensing of Syk kinase activity
and inhibition using a novel peptide substrate. Chelation and luminescence sensitization of Tb3+

allowed the direct detection of peptide phosphorylation without any antibodies or other labeling
reagents. Characterizing the Tb3+ coordination properties of the phosphorylated vs.
unphosphorylated form of the peptide revealed that an inner-sphere water was displaced upon
phosphorylation, which likely was responsible for both enhancing the luminescence intensity and
also extending the lifetime, which enabled gating of the luminescence signal to improve the
dynamic range. Furthermore, a shift in the optimal absorbance maximum for excitation was
observed, from 275 nm (for the unphosphorylated tyrosine peptide) to 266 nm (for the
phosphorylated tyrosine peptide). Accordingly, time-resolved measurements with excitation at 266
nm via a monochromator enabled a 16-fold improvement in base signal to noise for distinguishing
phosphopeptide from unphosphorylated peptide. This led to a high degree of sensitivity and
quantitative reproducibility, demonstrating the amenability of this method to both research
laboratory and high-throughput applications.
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Introduction
Protein kinases play a critical role in multiple cellular processes including growth,
proliferation and apoptosis. The deregulation of this mechanism can cause an imbalance
between proliferation and death leading to a number of disease states including cancer.
Kinase inhibitor drug development is often confounded by the complexity of protein kinase
signalling pathways, leading to advancement of inhibitors with substantial off-target effects
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(which may or may not be beneficial to efficacy) into clinical trials. (1–2) Spleen tyrosine
kinase (Syk) has recently become an attractive therapeutic target due to its role in multiple
diseases, including rheumatoid arthritis, non-Hodgkin’s lymphomas and chronic
lymphocytic leukaemia. (3–5) However, the development of small molecule inhibitors
specifically and selectively targeting Syk has been challenging, (6–7) with the inhibitor
fostamatinib (previously described as ‘specific’ for Syk) found to bind to at least 100 other
targets with affinity better than that for Syk. (6) Therefore, sensitive and specific tools for
monitoring Syk activity are needed to assist in the development of Syk specific inhibitors
through the rapid screening of therapeutic agents as well as for monitoring therapeutic
response as a companion diagnostic in the clinic.

Peptide-based approaches can be used for measuring kinase activity either in vitro or in
intact cells with a variety of detection strategies. (8–11) Because they enable the screening of
many samples and conditions at once with high sensitivity using commonly available
instrumentation, multi-well plate-based detection methods using fluorescence or
luminescence are most compatible with drug discovery and clinical applications. (12–13)

Phosphorylation-sensitized lanthanide luminescence has been used as a high-throughput-
compatible probe for kinase activity. Lanthanides have unique optical properties including
large stokes shifts, long luminescent life times and narrow emission bands. (14) Additionally,
lanthanides are hard acids giving them preferred coordination with negatively charged
species such as phosphate, carboxylate and carbonyl groups. (15–16) However, lanthanides
are poor absorbers and require a sensitizing chromophore to achieve luminescence as well as
a coordination environment that excludes water to prevent solvent luminescence
quenching. (17) Accordingly, highly acidic peptides that contain appropriate chromophores
can provide the necessary coordination environment and sensitization for luminescence.

Several approaches have been developed for the detection of tyrosine phosphorylation using
terbium (Tb3+) based on these properties. Phosphorylation of a peptide can dramatically
increase the peptide’s affinity for terbium. (18–24) Sensitization of luminescence is achieved
either through a chromophore label or through the phosphorylated tyrosine
itself. (13, 18–20, 22, 25–26) Previously reported approaches provide approximately a 2 to 10-
fold increase in steady-state luminescence upon phosphorylation, depending on the peptide
sequence involved—however, since the unphosphorylated forms of most acidic peptides
also bind Tb3+ and exhibit luminescence to some degree, signal to noise and background can
be a challenge for distinguishing phosphorylated from unphosphorylated peptide.

Recently, we developed a Syk specific artificial substrate peptide (SAStide) consisting of an
acidic motif with a central tyrosine capable of detecting intracellular Syk activity in response
to physiologically relevant stimuli and pharmacological inhibition (27). Based on the
similarity of the arrangement of carboxylate groups and the central tyrosine in this sequence
with the motif found in the atypical phosphorylation dependent terbium sensitizing peptide
of α-synuclein (Fig. 1A), we chose to explore the use of this peptide as a probe for the
detection of Syk activity through terbium-sensitized luminescence. Because (as with all
fluorophores) lanthanide luminescent lifetimes are sensitive to the chemical environment of
the metal ion, (28) we also tested whether chelation of Tb3+ with the phosphorylated vs.
unphosphorylated peptide could be more easily distinguished using time-resolved
luminescence detection. In a time-resolved luminescence measurement, the short-lived
background luminescence is allowed to decay before measuring the luminescence of the
chelated Tb3+ (Scheme 1). While the overall sensitivity for a time-resolved vs. a steady state
measurement is usually lower because of the gating of the highest intensity initial signal, this
can be mitigated to some degree by optimizing the integration times. The long luminescent
lifetime of terbium enables use of longer integration times, and provides an opportunity to
eliminate any interference from autofluorescence and other background within the sample
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increasing the specificity and signal to noise for detection. Here we describe the testing and
characterization of this strategy as a method for detecting Syk kinase activity and inhibition.

Materials and Methods
Peptide Synthesis and Purification

Peptides were synthesized at a 50 μmol scale using a Protein Technologies Prelude Parallel
peptide synthesizer on CLEAR-amide resin (Peptides International). Coupling of standard
Fmoc (9-fluorenylmethoxy-carbonyl)-protected amino acids (Peptides International) were
achieved with HCTU in the presence of NMM in DMF for two 10 min couplings. Fmoc
deprotection was achieved in 20% piperidine in DMF for two 2.5 min cycles. Side-chain
deprotection and peptide cleavage from the resin was performed in 5 ml cocktail of
trifluoroacetic acid (TFA): water: ethane dithiol (EDT): triisopropylsilane (TIS)
(94:2.5:2.5:1). Peptides were precipitated and washed three times with cold diethyl ether.
The peptides were dissolved in acetonitrile: water: TFA (50:50:0.1), flash frozen and
lyophilized. The peptides were purified by preparative reverse-phase HPLC (Agilent
Technologies 1200 Series) a using C18 reverse-phase column.

Luminescence Emission Measurements
Emission spectra (both steady-state and time-resolved) were collected on a Biotek Synergy4
plate reader equipped with a monochromator at 23°C in black 384-well plates (Greiner
Fluortrac 200). For time-resolved measurements, spectra were collected after excitation at
either 266 nm or 280 nm (as denoted in specific experiments) with a Xenon flash lamp
followed by a delay of 50 μsec. A luminescence scan between 450–650 nm was collected in
1 nm increments with 1 msec collection time and 10 readings per data point. Sensitivity (an
instrument parameter similar to gain) was adjusted as necessary and is reported where
relevant.

Job’s Plot
The molar fraction of the pSAStide biosensor and Tb3+ were continuously varied inversely
of each other while maintaining a total molar concentration of 16 μM (i.e. 1 μM pSAStide
and 15 μM Tb3+, 2 μM pSAStide with 14 μM Tb3+, …, 15 μM pSAStide and 1 μM Tb3+)
for each data point. Luminescent emission spectra were collected as described above and the
area under the emission spectra was used as the parameter for quantification of complex
formation as luminescent increases with complex formation.

Binding Affinity
Tb3+ binding to SAStide and pSAStide was measured using Tb3+ luminescence sensitized
by the central tyrosine or phosphotyrosine residue of SAStide and pSAStide respectively.
Tb3+ was added to 100 nM of either peptide at final concentrations ranging from 0 to 20
μM. All experiments were carried out in 10 mM HEPES and 100 mM NaCl (pH 7.5) at a
volume of 100 μL. After excitation of the samples at 266nm (pSAStide) or 280nm
(SAStide), Tb3+ luminescence emission spectra between 450 to 650 nm were collected for 1
ms following a 50 μs delay and 30 readings per data point. Background luminescence
emission was subtracted from the peptide in the absence of terbium. The area under each
spectrum was integrated and used as the metric for quantification. The data were fit to Eq. 1
by using KaleidaGraph nonlinear curve-fitting software, where I is the Tb3+ luminescence at
a given concentration, Imax corresponds to the maximum Tb3+ emission, [Tb3+]T is the total
Tb3+ concentration, [P]T is the total peptide concentration and Kd is the equilibrium
dissociation constant.
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(1)

In vitro kinase assay
EGFP-conjugated Syk was isolated from DT40 chicken B cells stably expressing Syk-
EGFP. Cells were lysed using a solution containing 1% Nonidet P-40, 50 mM Tris-HCl pH
8.0, 100 mM NaCl, 5 mM EDTA, 1 mM sodium orthovanadate, 2mM NaF and 1X
mammalian protease inhibitor cocktail (Sigma). Syk-EGFP was immunoprecipitated using
GFP-Trap_A beads (Chromotek). Lysates were incubated with the beads for 1 h at 4°C. The
kinase-bound beads were washed and then used in the in vitro kinase assay (0.4 μg/μL).
Syk-EGFP was incubated with the kinase reaction buffer (3.4 μg Syk-EGFP, 100 μM ATP,
10mM MgCl2, 1μM Na3VO4, leupeptin, aprotinin, 125 ng/μL BSA and 25 mM HEPES pH
7.5, total volume 170 μL) containing SAStide at 37.5 μM at 30°C. Aliquots (20 μL) were
taken at designated time points (0.5, 5, 10, 15, 30, 45, 60 and 90 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, 0.4 μM Na3VO4, leupeptin,
aprotinin, 50 ng/μL BSA and 10 mM HEPES pH 7.5). Luminescence emission spectra were
collected as described above and the area under each spectrum was integrated using
GraphPad Prism. An additional aliquot (1 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) Briefly, 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-buffer saline (TBS) containing 0.1% BSA and 0.05%
Tween 20 for 1h. Following incubation, each well was washed with the TBS buffer and the
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
Syk-EGFP (0.4 μg/reaction) was incubated with the kinase reaction buffer described above
before adding SAStide in the presence of DMSO (vehicle) or varying concentrations of
piceatannol at 30°C for 10 min prior to the start of the reaction. The reaction was started
with the addition of SAStide (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.

High-Throughput Screening Calculations
The Z′ factor was calculated according to Eq. 2.

(2)

And the signal window was calculated according to Eq. 3
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(3)

Where n is the number of replicates, μpos and μneg are the average luminescence of the
positive (pSAStide or uninhibited) and negative (SAStide or inhibitor treated EGFP-Syk)
controls respectively; σpos and σneg are the standard deviation of the positive and negative
controls.

Results and discussion
Time-resolved luminescence measurements increase signal to noise

Phosphorylated (pSAStide) and unphosphorylated (SAStide) forms of the peptide were
synthesized and steady-state luminescence of each 1:1 Tb3+ complex with excitation at 266
nm through a monochromator (for highly resolved excitation energy control) was measured
(Fig. 1B). The optimal excitation energy was determined to be 266 nm for pSAStide and 275
nm for SAStide and were used for characterizing each species in complex with terbium
(Figure S1). At 266 nm excitation energy, pSAStide exhibited strong Tb3+ sensitization and
SAStide displayed weaker luminescence. Based on this we used 266 nm for all further
analyses. While SAStide signal was somewhat mitigated by using 266 nm excitation energy,
there was still weak but significant luminescence from SAStide so the signal to noise
(comparing pSAStide and SAStide luminescence) was low (2:1). However, time-resolved
measurements significantly improved the signal to noise to 32:1 (Fig. 1C), demonstrating
that taking advantage of the increase in Tb3+ luminescence lifetime in the presence of
phosphotyrosine vs. unphosphorylated tyrosine improved the ability to detect
phosphorylation of SAStide. The improvement in the signal to noise ratio was accomplished
by allowing the short-lived signal of the unphosphorylated peptide to decay prior to
collection.

Physical characterization of SAStide-lanthanide binding and luminescence
Binding studies were performed to determine the stoichiometry and affinity of pSAStide-
terbium complexation. The binding stoichiometry of the highest affinity complex was
established using the Jobs method of continuous variations. (29) The area under the emission
spectrum was used as the metric to quantify the pSAStide-Tb3+ binding ratios. pSAStide and
terbium individually displayed no detectable luminescence; therefore, any changes in
luminescence could then be attributed the formation of the pSAStide-Tb3+ complex. The
Jobs plot displayed an increase in total area as the mole fraction of terbium increased to 0.5
followed by a linear decrease with further increases in the mole fraction (Fig. 2A). These
data indicated that the preferred binding stoichiometry of pSAStide-Tb3+ binding is 1:1.

Binding affinities were also determined using Tb3+ luminescence as a measure of
complexation. Terbium was titrated in the presence of 100 nM pSAStide or SAStide and
luminescence emission spectra were collected and integrated. The binding curves displayed
a hyperbolic increase in luminescence with increasing terbium concentrations from 0–20
μM (representing a large excess of terbium), with saturation between at 20 μM
characteristic of one site binding (Fig. 2B). Additional increases in luminescence, ranging up
to three fold, were observed with increasing terbium concentrations (Supporting Information
Figure S2), which mass spectrometry analysis suggested were likely due to complexes
containing multiple terbium ions (Figure S3). However, for the remainder of this work
detection of pSAStide was carried out with 6.67 equivalents of terbium relative to peptide,
thus the 1:1 binding mode characterized by the initial hyperbolic increase was the most
relevant to detection under conditions used subsequently for assays. The calculated Kd for
the 1:1 pSAStide-terbium complex represented by the hyperbolic curve was 1.51 ± 0.087
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μM, which is comparable to the affinities reported for other terbium binding peptides. (15, 20)

The unphosphorylated SAStide-terbium complexation displayed significantly weaker
binding; the 1:1 complex exhibited a Kd of 7.64 ± 0.32 μM (5-fold weaker than for the
phosphorylated peptide). These results demonstrate that phosphorylation increased the
affinity of SAStide for Tb3+. Also, since the greatest fold change in signal for pSAStide-
terbium vs. SAStide-terbium was observed for the 1:1 complex, this represented the best
ratio to maintain in subsequent kinase assays.

Measurements of the terbium luminescence lifetime were performed to characterize the
photophysical properties of pSAStide-terbium and SAStide-terbium complexation. The
hydration number (i.e. the number of water ligands (q) in the terbium coordination sphere)
can be determined via the luminescence lifetime of the complex in H2O vs. D2O, since the
terbium excited state is quenched by the –OH vibrational overtones of H2O but not D2O.
Luminescence spectra for the pSAStide:Tb3+ and SAStide:Tb3+ complexes were collected in
various ratios of H2O/D2O. The luminescence lifetimes were fitted to a single exponential
decay and were determined to be 2.02 ms and 2.48 ms in H2O and D2O respectively for
pSAStide:Tb3+ (Supporting Information Figure S4). These lifetimes lead to a q value of 0.12
for the phosphopeptide complex, indicating nearly an absence of H2O in the inner
coordination sphere of terbium at equilibrium. The unphosphorylated SAStide:Tb3+ had a
comparably shorter lifetime in H2O at 1.88 ms and a longer lifetime D2O of 2.92 ms
resulting in a q value of 0.66. These data suggest the SAStide:Tb3+ contain closer to one
H2O in the coordination sphere at equilibrium, resulting in more quenching of the terbium
excited state, which manifested as a shorter lifetime. These differences are likely related to
the greater luminescence intensity observed for the phosphorylated vs. unphosphorylated
peptide, and also to the longer lifetime of the phosphopeptide that enabled gating of the
signal for better dynamic range for discriminating the phosphorylated from
unphosphorylated species using time-resolved signal collection.

The quantum yield for the pSAStide-terbium complex was determined using diffusion-
enhanced energy transfer from the complex to fluorescein isothiocyanate (FITC). (30)

Luminescence emission spectra were collected in the presence of varying concentrations of
FITC with increasing delay times. The time-resolved emission spectra and corresponding
lifetime plots display an increase in emission intensity and a simultaneous decrease in the
lifetime with increasing concentrations of FITC, and the quantum yield calculated from
these data was 0.34 (Supporting Information Figure S5).

Quantitative detection of Syk kinase activity using Tb3+ sensitization
To demonstrate the use of SAStide:Tb3+ as a biosensor for quantitative detection of Syk
activity, a calibration curve was established using mixed ratios of SAStide and pSAStide in
the presence of the kinase assay components and quenching buffer conditions (MgCl2, BSA,
ATP, NaVO4, protease inhibitors, piceatannol, DMSO, urea) at concentrations sufficient to
mimic an appropriate background matrix for a kinase assay measurement (Fig. 3A).
Luminescence emission spectra were collected for the various SAStide/pSAStide ratios and
the area under the curves were integrated. Controls showed limited interference from the
components of the kinase assay and quenching conditions (Supporting Information Figure
S6–8). The calibration curve demonstrated that the emission spectral area increased linearly
and was well correlated with increasing percent phosphorylation (Fig. 3B). However, there
was an increase in the basal signal in the absence of pSAStide (relative to mixtures of just
peptide and simple buffers) that was likely due to complexation of terbium with ATP. The
three phosphate groups of ATP can provide an appropriate coordination environment and
adenosine provides the appropriate chromophore for excitation (λex=259 nm), giving rise to
some background even with time-resolved measurements. Compared to detection of
pSAStide vs. SAStide in HEPES buffer alone, this increase in background signal reduced
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the signal to noise ratio (S/N) by half (Figure 1C compared to Figure 3B). However, despite
this decrease excellent S/N (15.3:1) was still achieved.

The limit of detection (LOD) for phosphorylation was 3.8 ± 0.51%, defined as the
percentage of pSAStide that gave a signal area corresponding to 3X the standard deviation
greater than the baseline for unphosphorylated SAStide in the quenched kinase reaction
buffer (the negative control). The limit of quantification (LOQ) for phosphorylation was 7.4
± 0.52 %, defined as the percentage of pSAStide that gave a signal area 10X the standard
deviation greater than the signal in the negative control. (31) We also calculated the Z′ factor
and the signal window (SW) to determine if this sensor would be appropriate for use in a
high throughput screening (HTS) assay. The Z′ factor should be between 0.5 and 1 for an
assay to be considered appropriated for HTS, as assays with a Z′ factor in this range exhibit
a large dynamic ranges and wide separation of positive and negative results. (32–33) Assays
with a SW greater than 2 are also considered appropriate for HTS assays. (32–33) Both
parameters were calculated from the mean emission and standard deviation of the spectral
area from triplicate measurements of the negative control SAStide in the in vitro assay
buffer and the positive control pSAStide in the same conditions. The Z′ factor and SW were
determined to be 0.82 and 14.63, respectively, indicating that time-resolved terbium
luminescence detection of SAStide phosphorylation is an appropriate method for HTS
assays.

Detection of Syk activity in vitro was accomplished using Syk-EGFP immunoprecipitated
from engineered DT40 chicken B-cells with the kinase reaction buffer and quenching
conditions described above. After pre-incubation of the enzyme with the kinase reaction
mixture, SAStide substrate was added and aliquots of the reaction were quenched at various
time points in urea (to denature the enzyme). Tb3+ was added and time-resolved
luminescence was measured (Fig. 3C). The areas under the emission spectra were
calculated, the percent phosphorylation was interpolated from the calibration curve and
plotted against time (Fig. 3D). These data show that enzymatic phosphorylation of SAStide
can be detected using time-resolved Tb3+ luminescence. As a control to verify
phosphorylation, an additional aliquot was used for detection of phosphorylation using an
ELISA-based chemifluorescent assay (Supporting Information Figure S9).

We also examined the potential of this strategy to be used for inhibitor screening. The effect
of the Syk inhibitor piceatannol (34) was assayed in a dilution series from 10 nM to 10 mM.
Luminescence emission spectra were collected and integrated (Fig. 4A). The areas were
normalized to the DMSO control and reported as percent activity. The observed IC50 for
piceatannol was 178±1.4 μM (Fig. 4B), consistent with that found in the literature. (35) The
Z′ factor and SW were determined in the context of the dose-response inhibition assay,
calculated from the standard deviation and mean from the normalized percent activity from
triplicate measurements of the negative control (10 μM piceatannol) and the positive
controls (10 nM – 500 GM piceatannol). Over all the positive controls the Z′ factor was
greater than 0.5 and the SW was greater than 2 demonstrating that the application of
pSAStide:Tb3+ maintains its appropriateness as a HTS tool in practice (Supporting
Information Table S2).

In summary, we have demonstrated that time-resolved Tb3+ luminescence measurements
substantially increase signal to noise and thus dynamic range for quantitative analysis of
peptide phosphorylation. Time-resolved luminescence detection has been employed in
FRET-based assays for kinase activity (e.g. the LanthaScreen® assay from Life
Technologies), (36) however these assays rely on Tb3+ chelation by a macrocyclic carrier
conjugated to an anti-phosphosite antibody coupled with a fluorescently labeled substrate,
and Tb3+ itself is not involved in binding to the phosphorylated product of the kinase
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reaction—therefore the LanthaScreen® technique depends on antibody availability and is an
indirect, “off-line” measure of substrate phosphorylation. Exploiting the binding and
sensitization of Tb3+ directly with a phosphorylated substrate is essentially “label-free,”
since neither antibodies nor fluorophore labels are required. In our studies, time-resolved
measurements significantly improved the signal to noise of detection compared to steady-
state measurements by minimizing background signal. The ability to discriminate between
the coordination environments for Tb3+ binding to the unphosphorylated vs. phosphorylated
peptides based on luminescence lifetime facilitated the improvement we observed in
distinguishing between species. Accordingly, phosphorylation of the Syk substrate peptide
SAStide could be applied for rapid, quantitative and sensitive detection of Syk kinase
activity and inhibition by small molecule inhibitors with little to no interference from the
components of the kinase reaction.

Besides the specific application to Syk kinase described here, this strategy has broad
significance for detecting phosphorylation using lanthanide sensitization. Time-resolved
detection should expand the possibilities for other peptide- and protein-based lanthanide
sensitization approaches to achieve better dynamic range and sensitivity. This will enable us
and others to leverage existing Tb3+-sensitizing substrates for other kinases, as well as open
a new avenue for development of novel substrates to achieve high-throughput compatibility
for other kinase targets important in therapeutic development, that otherwise may not have
provided sufficient signal to noise with steady-state measurements.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

Syk spleen tyrosine kinase

Tb3+ terbium ion

SAStide Syk specific artificial substrate peptide

pSAStide phosphorylated SAStide

Fmoc 9-fluorenylmethoxy-carbonyl

HCTU 2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
hexafluorophosphate

NMM N-methylmorpholine

DMF dimethylformamide

TFA trifluoroacetic acid
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EDT ethane dithiol

TIS triisopropylsilane

HPLC high performance liquid chromatography

Tris 2-Amino-2-hydroxymethyl-propane-1,3-diol

EDTA ethylenediamine tetraacetic acid

BSA bovine serum albumin

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

ATP adenosine triphosphate

EGFP enhanced green fluorescent protein

SEM standard error of the mean

FITC fluorescein isothiocyanate

DMSO dimethylsulfoxide

PBS phosphate-buffered saline

LOD lower limit of detection

LOQ lower limit of quantitation

SW signal window

HTS high throughput screening

ELISA enzyme-linked immunosorbent assay

FRET Förster resonance energy transfer
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Figure 1.
Detection of phosphorylation of SAStide through terbium luminescence. A) Sequence
alignment of a peptide from α-synuclein, an atypical terbium sensitizing peptide, and
SAStide. B) Steady-state luminescence and C) time-resolved luminescence emission plots
for SAStide and pSAStide. pSAStide (—) SAStide (---) and Tb (· · ·). Spectra were collected
from 15 μM peptide in the presence of 100 μM Tb3+ in 10mM HEPES, 100mM NaCl, pH
7.0, λex=266nm, 1000ms collection time, 50 μsec delay time and sensitivity 180. Data
represent the average of experiments performed in triplicate.
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Figure 2.
Characterization of the SAStide/Tb3+ physical interaction. A) Jobs Plot of continuous
variation. The mole fraction of Tb3+ and pSAStide were inversely varied relative to each to
maintain a total molar concentration of the two species at 16 μM. Luminescence spectra
were collected in 10mM HEPES, λex = 266 nm, 1000ms collection time, 50 μsec delay time
and sensitivity 180. Data represent averages ± SEM of experiment performed in triplicate.
B) Binding affinity of SAStide-terbium complexation. Spectra were collected using 100 nM
pSAStide (●) or SAStide (○) in the presence of varying concentrations of Tb3+ in 10mM
HEPES, 100mM NaCl, pH 7.5, λex = 266 nm for pSAStide and λex = 275 nm for SAStide,
1000ms collection time, 50 μsec delay time and sensitivity 180. Note that the excitation
wavelength used for unphosphorylated SAStide was selected for its own optimal signal
sensitivity; therefore the ratio of pSAStide-terbium to SAStide-terbium signals looks less
dramatic than when the 266 nm excitation is used for both complexes. Data represent
averages ± SEM of experiment performed in triplicate.
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Figure 3.
Calibration and detection of phosphorylation of SAStide. A) pSAStide-Tb3+ luminescence
emission spectra in the presence of the quenched Syk in vitro kinase assay buffer (2.4 M
urea, 40 μM ATP, 4 mM MgCl2, 0.4 μM Na3VO4, leupeptin, aprotinin, 50 ng/μL BSA and
10 mM HEPES pH 7.5). Spectra were collected from 15 μM peptide in the presence of 100
μM Tb3+ (representing a ratio of 6.7 Tb3+:peptide, which corresponds to the saturated range
for 1:1 binding) in 10mM HEPES, 100mM NaCl, pH 7.0, λex=266nm, 1000ms collection
time, 50 μsec delay time and sensitivity 180. B) Emission spectral area calibration curve
based on percent phosphorylation in vitro. C) in vitro Syk kinase assay luminescence
emission spectra. D) Interpolated percent phosphorylation from Syk in vitro kinase assay.
Data indicate averages ± SEM of experiments performed in triplicate.
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Figure 4.
Detection of dose-dependent Syk inhibition. A) in vitro Syk kinase assay luminescence
emission spectra. Spectra were collected from 15 μM peptide in the presence of 100 μM
Tb3+ in the presence of the quenched kinase reaction buffer (2.4 M urea, 40 μM ATP, 4 mM
MgCl2, 0.4 μM Na3VO4, leupeptin, aprotinin, 50 ng/μL BSA and 10 mM HEPES pH 7.5),
λex=266nm, 1000ms collection time, 50 μsec delay time and sensitivity 180. B) Dose-
response inhibition of Syk by the inhibitor piceatannol. The extent of biosensor
phosphorylation was interpolated from the calibration curve and normalized to the
uninhibited DMSO control. Data indicate averages ± SEM of experiments performed in
triplicate.
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Scheme 1.
Time-resolved luminescence detection of Syk activity using SAStide
(GGDEEDYEEPDEPGGKbGG).
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