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Abstract

Kinase signaling is a major mechanism driving many cancers. While many inhibitors have been
developed and are employed in the clinic, resistance due to crosstalk and pathway reprogramming
is an emerging problem. High-throughput assays to detect multiple pathway kinases
simultaneously could better model these complex relationships and enable drug development to
combat this type of resistance. We developed a strategy to take advantage of time-resolved
luminescence of Th3*-chelated phosphotyrosine-containing peptides, which facilitated efficient
energy transfer to small molecule fluorophores conjugated to the peptides to produce
orthogonally-colored biosensors for two different kinases. This enabled multiplexed detection with
high signal to noise in a high-throughput-compatible format. This proof-of-concept study provides
a platform that could be applied to other lanthanide metal and fluorophore combinations to
achieve even greater multiplexing without the need for phosphospecific antibodies.

Numerous leukemias and lymphomas have been characterized by the clonal expansion of B-
lymphocytes due to the deregulation of the B-cell receptor signaling pathway. 1 2 Tyrosine
kinases Lyn, Syk and Btk are the main signal transducers in this pathway, making them
popular therapeutic targets for small molecule inhibitors. 3 Despite the identification of this
pathway as the cause of disease, effective therapeutic options targeting the B-cell receptor
pathway and/or these kinases are still relatively limited. Often these kinase activities are
dependent on each other, which can affect the efficacy of inhibitor drugs targeting individual
enzymes. There is a need for new detection strategies that offer sensitive and specific
detection of multiple kinase activities that can enhance the depth of information obtained in
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a screening assay, monitoring more than one signal simultaneously and mimicking
reconstitution of the relevant pathways.

Fdérster resonance energy transfer (FRET) based assays have been developed to monitor
multiple dynamic cellular processes simultaneously in a single assay. 48 However, while
useful in some applications, FRET based methods that use organic fluorophores or
fluorescent proteins as both the donor and acceptor suffer from limitations including small
dynamic ranges, small Stokes shifts/wide emission peaks resulting in spectral bleed through,
and the requirement for genetic engineering and expression of protein fluorophores.
Lanthanides (Ln3*) have been explored as probes in biological assays for the detection of
ligand binding, enzyme activity, and protein-protein interactions due to their unique optical
properties. 917

Compared to organic fluorophores and fluorescent proteins, Ln3* have narrow emission
bands, large Stokes shifts, and long photoluminescence lifetimes, enabling time-resolved
analysis, high sensitivity and specificity of detection due to reduced interference from short-
lived background fluorescence. These also allow multiplexed detection via the multiple
distinct, well-resolved emission bands that can be exploited for luminescence resonance
energy transfer (LRET) to more than one acceptor fluorophore, chosen such that the
emission profiles do not overlap (e.g. Fig. 1A). Existing examples of this strategy rely on
antibodies for detection, with either the substrate or a substrate-specific antibody tagged
with a small molecule fluorophore for emission, and a phosphospecific antibody labeled
with a chelated lanthanide for detecting phosphorylation via donation to the small molecule
fluorophore.17-20 These strategies are therefore limited to the antibodies available for a
given substrate modification, and subject to the costs and handling issues presented by such
immunodetection workflows.

Previously, we demonstrated development of peptide biosensors capable of detecting
tyrosine kinase activity through phosphorylation-enhanced terbium (Th3*)
luminescence.21-23 Here we show extension to a multiplexed detection platform for
simultaneous monitoring of multiple tyrosine kinase activities (Lyn and Syk) via SFAStide-
A and SAStide substrates (sequences given in Table 1).21: 22 Multi-colored detection was
achieved through time-resolved luminescence energy transfer (TR-LRET) by employing the
phosphopeptide-Th3* complexes as the energy donors and the conjugated fluorophores
cyanine 5 (Cyb5) and 5-carboxyfluorescein (5-FAM) respectively, as the energy acceptors
(Figure 1A).

5-FAM was selected as the acceptor to couple with the pSFAStide-A-Th3* complex because
its broad excitation peak at 495 nm matches well with the 5D, — 7Fg emission band of Th3*
centered at 495 nm. Sensitized excitation of the phosphorylated 5-FAM-SFAStide-A-Th3*
complex through phosphotyrosine triggers energy transfer to 5-FAM, giving emission from
5-FAM at its characteristic wavelength (~520nm), which falls in a relatively “empty” region
of the Th3* emission spectrum (Figure 1B). Similarly, detection of pSAStide-Cy5-Th3*
complex is achieved based on the overlap of the Cy5 excitation band with the D, — 7F4
and °D4 — "F5 emission bands of Th3* centered at 595 nm and 620 nm, giving Cy5

Anal Chem. Author manuscript; available in PMC 2016 August 04.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lipchik et al.

Page 3

emission at its characteristic wavelength (~670 nm) which is also free of interference from
Tb3* emission (Figure 1C).

Phosphorylated and unphosphorylated forms of SAStide-Cy5 and 5-FAM-SFAStide-A were
synthesized as controls. As we characterized in our previous work, phosphorylation of the
peptide substrates resulted in physiochemical and photophysical changes in the peptide-Th3*
complex that enable detection of kinase activity. These changes include enhancing the Th3*
binding affinity, reducing the Tb3* chelate hydration number, increasing the Th3*
luminescence lifetime, and shifting the excitation wavelength of tyrosine.21-23

Time-resolved analysis of each peptide biosensor in the presence of Th3* gave the four
characteristic luminescence emission peaks from Th3* as well as the fluorescence emission
peak from the conjugated fluorophore label (Figure 2A, B). Quantitative comparison of the
emission spectra between the phosphorylated and unphosphorylated biosensors showed a
25-fold increase in intensity at the Cy5 emission maximum (Ag7g) for pSAStide-Cy5 (Figure
2A), and a 3.9-fold increase in intensity at the 5-FAM emission maximum (Aspq) for 5-
FAM-pSFAStide-A (Figure 2B). Control experiments in the presence and absence of Th3*
showed that excitation of pSAStide-Cy5 at 266 nm was Th3*- and therefore LRET-
dependent rather than arising from direct excitation of the fluorophore. Excitation of 5-
FAM-pSFAStide-A at 266 nm was also Th3*/LRET-dependent, but also showed some low-
level background excitation at ~330 nm even in the absence of Th3* (Supporting
Information S5), which we speculate can be attributed to delayed fluorescence or
phosphorescence of the fluorescein, possibly from peptide adsorbed onto the surface of the
well since such longer lived emission (up to the ms range) has been previously observed for
fluorescein particularly when adsorbed onto surfaces or in solid state environments.24-26
However this background excitation of 5-FAM would not substantially affect the LRET
readout for the assay since excitation is performed at 266 nm, which did not show any signal
for excitation in the absence of Th3*. Accordingly, the relevant changes in the intensity of
the fluorophore signals upon phosphorylation of their respective peptides provide sensor-
specific spectral features that can be monitored to determine phosphorylation of the sensors
and consequently kinase activity.

In order to achieve multiplex detection in the same sample, the reaction and detection
conditions needed to be optimized to have limited cross-interference between sensors.
Cross-interference was evaluated by analyzing the fluorophore signal from an
unphosphorylated sensor in the presence of the other phosphorylated biosensor. To
accomplish this, the concentrations of the biosensors and Th3*, as well as the delay time,
were varied and TR-LRET spectra collected. Quantification was accomplished by Gaussian
fitting of the fluorophore emission peaks and integrating the resulting curves for each peak
(Supporting Information S6). Under the optimized conditions, the TR-LRET spectra for
each phosphorylated biosensor displayed minimal signal from cross-interfering fluorophore,
while giving significantly stronger signal for the desired fluorophore (Supporting
Information S7). TR-LRET distance parameters were also characterized (Supporting
Information S8 and Table 1).
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Next, a calibration curve was plotted to show the quantitative relationship between sensor
phosphorylation and its corresponding TR-LRET signal for each sensor (Supporting
Information S9). Experiments were performed in the presence of the unphosphorylated form
of the other biosensor and the kinase reaction buffer (to best mimic the conditions of a
multiplexed kinase reaction). Proportion of phosphorylated peptide was quantitatively
determined by integrating the signal centered at 520 nm for 5-FAM and 670 nm for Cy5.
The high signal to noise ratio observed in the initial control experiments was maintained in
the presence of the reaction buffer with 7.6:1 for SAStide-Cy5 and 5.8:1 for 5-FAM-
SFAStide-A. Z’-factor and signal window (SW) values were calculated and shown to be
appropriate for HTS with Z’-factor values of 0.72 and 0.78, and SW of 13.27 and 12.65, for
SAStide-Cy5 and 5-FAM-SFAStide-A, respectively. Details of these calculations are
provided in the supporting information.

After establishing the relationship between sensor phosphorylation and TR-LRET signal, we
employed the two biosensors in a kinase assay. Analysis of Syk and Lyn activities in vitro
was accomplished using the purified kinases with the kinase reaction buffer and detection
conditions described in the supporting information. Briefly, after pre-incubation of the
kinases with the reaction buffer for 10 minutes, the reaction was initiated by the addition of
the biosensor(s). Aliquots were removed from the reaction, quenched with urea, treated with
Tb3*, and brought to a volume of 100 pL. In the presence of only one or the other of the
kinases, TR-LRET emission spectra for each respective biosensor displayed an increase in
the conjugated dye’s fluorescence signal (with minimal bleed through or background
interference from the fluorophore attached to the other biosensor) over the time course of the
reaction (Figure 3A-D). These results confirmed the relative specificity of each biosensor
for its individual kinase, in agreement with previously reported results from our laboratory
for SAStide and a separate assay using ELISA-based chemifluorescence detection for
SFAStide-A (Supporting Information $10).27 Finally, to demonstrate multiplex detection,
both biosensors were incubated with both kinases in a single reaction. A simultaneous
increase in intensity for both fluorophores was seen over the time course, indicating an
increase in phosphorylation of both peptides (Figure 3E).

In summary, we have presented the development of a platform for detection of kinase
activity that leverages the overlap of the multiple distinct emission bands of Th3* with
orthogonal fluorescently labeled peptide substrates that are capable of phosphorylation-
enhanced Th3* luminescence. Multiplexed kinase activity detection has remained a
challenge in the field, with only a few examples of successful implementation. The
Lawrence group accomplished dual kinase detection using the environmentally sensitive
fluorophores oxazine and cascade yellow conjugated to peptide substrates for the Lyn and
Abl kinases, respectively. 28 Unfortunately, most environmentally-sensitive fluorophores are
limited in their application in more complex or higher throughput systems by small dynamic
ranges and problems with background fluorescence.

A key point is that the approach presented here circumvents some of the limitations of
antibody-based TR-FRET/LRET approaches and complements the previous strategies,
enabling direct sensing of phosphate incorporation to the biosensors—avoiding the need for
antibody labels and giving high signal-to-noise, streamlining the path from enzyme reaction
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assay read-out. This strategy should be compatible with other kinases and fluorophores to

increase the number of activities monitored in a single reaction, setting the stage for

pa

thway-based drug screening to target signaling pathway reprogramming in inhibitor

resistance. Future application to real-time activity monitoring would further extend the
utility of this strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Multiplexed detection using time-resolved lanthanide-based resonance energy transfer (TR-

LRET) and fluorophore conjugated peptide biosensors. (A) Emission spectrum of
phosphopeptide-Th3+ complex (black), excitation (dashed lines) and emission (solid lines)
spectra of the two acceptor fluorophores 5-FAM (green) and Cy5 (red). Schematic
illustrating TR-LRET detection of Lyn (B) and Syk (C) tyrosine kinase activities using the
5-FAM-SFAStide-A (5-FAM-Ahx-GGEEDEDIYEELDEPGGKDbiotinGG) and SAStide-
Cy5 (GGDEEDYEEPDEPGGCCyY5GG) hiosensors respectively.
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Figure2.
Time-Resolved Lanthanide-based Resonance Energy Transfer (TR-LRET) detection of

phosphorylation-dependent signals and fluorescence cross-interference. (A) Time-resolved
luminescence emission spectra for SAStide-Cy5 (dashed line) and pSAStide-Cy5 (solid
line). (B) 5-FAM-SFAStide-A (dashed line) and 5-FAM-pSFAStide-A (solid line). Spectra
were collected from 15 uM peptide in the presence of 100 uM Tb3* in 10 mM HEPES, 100
mM NaCl, pH 7.5, hgx = 266 nm, in 50 pL total volume, 1 ms collection time, 50 ps delay
time, and sensitivity 180. Data represent the average of experiments performed in triplicate.
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Figure 3.

Simultaneous multiplexed in vitro detection of Syk and Lyn kinase activities. (A) In vitro
Lyn assay luminescence emission spectra in the presence of both 5-FAM-SFAStide-A and
SAStide-Cy5. (C) Invitro Syk assay luminescence emission spectra in the presence of both

5-FAM-SFAStide-A and SAStide-Cy5. (E) Invitro Lyn and Syk assay luminescence

emission spectra the presence of both 5-FAM-SFAStide-A and SAStide-Cy5. (B, D, F)
Quantification of 5-FAM-SFAStide-A signal and SAStide-Cy5 signal for each assay. The
green and red boxes represent the approximate spectral regions represented in the Gaussian
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fitted curves used to integrate the signal (see supporting information S6 for more detail).
Assays were performed in the presence of 2.5 uM 5-FAM-SFAStide-A, 12.5 uM SAStide-
Cy5, Lyn, Syk or both kinases (15 nM), 100 uM ATP, 10 mM MgClI, and 0.2 ng/uL BSA.
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Table 1

Peptide biosensor sequences[d][F]

Name

Kinase Sequence

5-FAM-SFAStide-A

Src-family | 5-FAM-Ahx-GGEEDEDIYEEL DEPGGK,GG

SAStide-Cy5

Syk GGDEEDYEEPDEPGGCc,sGG

[a]
[b]

5-FAM=5-carboxyfluorescein; Ahx=6-aminohexanoic acid; Kp=biotinyl-L-lysine; CCy5=cysteine thiol conjugated with Cy5.

Sequence segments represented in bold are the core kinase recognition/Tb3+-cheIation residues of the biosensor.
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