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Many cancers exhibit deregulated activity of protein kinase
enzymes, but not all are sensitive to inhibitor drugs, largely
because phosphorylation dynamics in complex tissues are not
well understood.[1] Live, subcellular analysis can reveal the
details of kinase signaling in mixed populations of cells.[2]

Current tools to image kinase activity in situ depend on
intensity-based measurements (such as fluorescence and
Fçrster resonance energy transfer) that can be limited by
spectral bleed-through and photobleaching.[3] We report
a cell-penetrating peptide biosensor for dynamic monitoring
of phosphorylation by Abl kinase based on fluorescence
lifetime imaging microscopy (FLIM).[4] FLIM, which is not
confounded by photobleaching or cellular autofluorescence,
was applied to detect phosphoryla-
tion-dependent fluorophore life-
time shifts (1–2 ns) in intact, living
cells (Figure 1). We established the
dependence of the fluorophore life-
time shift on phosphorylation spe-
cifically by Abl kinase, mapped the
fluorophore intensity and lifetime
components to quantify subcellular
phosphorylation, and monitored
kinase inhibition in real time. This
approach should be generalizable
to other kinases and provides a new
method for interrogating real-time,
subcellular signaling activities in
cell populations that are not ame-
nable to expression of genetically
engineered biosensor proteins.

Measuring subcellular kinase activity in living cells
remains a major challenge. Genetically encoded Fçrster
resonance energy transfer (FRET) biosensors can be used
for this purpose in simple cell-based assays and basic research
applications.[3, 5] These sensors take advantage of binding
between phosphorylated sequences and phosphopeptide
binding domains to bring two fluorescent proteins close
enough for energy transfer to occur. However, expressing
genetically engineered proteins in cells has challenges,
including a) uniform transfection and expression of protein
fluorophores (a roadblock for applications in primary patient-
derived cells or tissues) and b) the large labels which can
affect substrate function and interaction with a kinase.[5,6]

Small-molecule fluorophores are able in principle to be less
disruptive to function, and many are available for which
excitation and emission do not overlap with expressible
fluorophores (enabling multiplexed co-localization experi-
ments).[7] These have been applied to detect phosphorylation
in cells by fluorescence intensity increases.[8]

Low signal-to-noise is a limitation of FRET, and intensity-
based fluorescence is confounded by photobleaching when
experiments are conducted over long time periods, making it
difficult to interpret subcellular fluctuations at high spatial
and temporal resolution.[6] FLIM is not affected by photo-
bleaching or intensity and has the potential for single
molecule monitoring.[4, 9] Also, time-correlated single photon
counting FLIM is capable of highly resolved discrimination
between species exhibiting very small differences in lifetimes
(even sub-nanosecond), facilitating the mapping of exquisite
detail in subcellular images. Here we describe the first
demonstration of a FLIM-based phosphorylation biosensor
technology that has the potential to circumvent key techno-

Figure 1. FLIM to detect phosphorylation-dependent fluorophore lifetime shifts for biosensors in
intact, live cells. A fluorophore-labeled peptide substrate is delivered to live cells by a cell-penetrating
peptide. Phosphorylation of the substrate results in observation of increased fluorophore lifetime by
FLIM.

[*] N. P. Damayanti, Prof. J. M. K. Irudayaraj
Department of Agricultural and Biological Engineering, Bindley
Bioscience Center, Purdue Center for Cancer Research
Purdue University
225 S. University Street, West Lafayette, IN 47907 (USA)
E-mail: josephi@purdue.edu

Prof. L. L. Parker
Department of Medicinal Chemistry and Molecular Pharmacology,
College of Pharmacy, Purdue Center for Cancer Research
Purdue University
201 S. University Street, West Lafayette, IN 47907 (USA)
E-mail: llparker@purdue.edu

[**] We acknowledge financial support from the National Institutes of
Health (R00CA127161 to L.L.P.) and grants from the Purdue Center
for Cancer Research and Indiana Clinical and Translational Sciences
Institute (NIH/NCRR TR000006) to J.M.K.I.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201209303.

4023Angew. Chem. 2013, 125, 4023 –4026 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201209303


logical gaps as a new strategy for studying intracellular
signaling biology.

We combined the delivery of organic fluorophore-tagged
kinase substrate peptide probes with time-resolved FLIM to
visualize the details of kinase activity in live, intact cells
(Figure 1). The biosensor consists of an Abl substrate peptide
containing the “Abltide” substrate sequence[10] tagged with
a Cy5 fluorophore and a cell-penetrating peptide (Abl-TAT:
GGEAIYAAPCCy5GGRKKRRQRRRPQ) (Figure 2).[11]

The substrate portion (bold) is relatively selective for the c-
Abl kinase (Abl1) over other tyrosine kinases, however it is
phosphorylated by the Abl family member named Abl-
related gene (Arg, also known as Abl2).[12] Abl1 and Abl2 are
highly homologous and share many functions in normal
cells.[13] In this work, “Abl kinase” denotes both Abl1 and
Abl2. We used FLIM instrumentation with picosecond
pulsing lasers[9a,b] to measure Cy5 lifetime for the unphos-
phorylated biosensor and a phosphorylated derivative in
solution and in live cells.

In solution, lifetime differences between the phosphory-
lated and unphosphorylated Abl-TAT peptide species were
not significant (see Supporting Information, Figure S1a),
indicating that phosphorylation alone is not sufficient to
elicit a change in the rate of fluorescence signal decay for the
Abl-TAT peptide sensor. However, in the presence of c-Abl
kinase at 1:1 ratio, robust lifetime differences were observed,
and this phenomenon was blocked by pre-incubation of the
kinase with higher ratios of unlabeled phosphopeptide (Fig-
ure S1b). This effect likely arises from the more drastic
change in the local environment of the fluorophore that could
occur upon binding of the phosphopeptide with the protein,
probably through the kinase SH2 domain.[14]

Since the physicochemical basis for the lifetime shift was
still somewhat unknown, standards were established in
NIH3T3 immortalized mouse embryonic fibroblast cells
(MEFs)[15] to assess phosphorylation- and Abl kinase-depend-
ence of the lifetime shifts by using three key negative controls
(which exhibited lower lifetimes in cells): Cy5 alone, a non-
phosphorylatable Y!F peptide sensor analog (Abl-F-
mutant) (both in control MEFs expressing Abl kinase) and
the Abl-TAT biosensor in Abl(�/�) knockout cells[15] (Fig-
ure 3B, C, and E and Figure S2). Average lifetimes per cell for
multiple cells were calculated and plotted to show the
distribution of lifetimes observed for the biosensor and each

control (Figure 3G). The distributions were determined to be
non-Gaussian, so non-parametric ANOVA with a Dunn�s
post-test (described in the Experimental Section) was used to
evaluate statistical significance (P< 0.05) for differences in
the mean lifetimes. There was no significant difference
between the Cy5, Abl(�/�) or Abl-F-mutant experiments,

however each of these controls exhibited sig-
nificantly lower mean lifetimes than both Abl-
TAT (in MEFs expressing Abl kinase) and Abl-
phospho (positive control). The mean lifetime
for Abl-phospho was also significantly longer
than that of Abl-TAT, consistent with enrich-
ment of the phosphorylated form of the sub-
strate. These experiments confirmed that the
increase in Cy5 lifetime was specific and due to
Abl dependent phosphorylation of the biosen-
sor peptide on tyrosine. As another control to
support the interpretation of phosphorylation
dependence for lifetime increases in cells, we
used immunocytochemistry to show co-local-

Figure 2. Peptide-based Abl kinase biosensor. The biosensor (left) contains an Abl
substrate sequence linked to the TAT peptide for cellular delivery. A Y!F mutated
analog (right) was used to test for tyrosine phosphorylation dependence; a synthetically
phosphorylated derivative (middle) was used as a positive control.

Figure 3. FLIM mapping of biosensor phosphorylation. Wild-type (WT)
MEF cells (unless otherwise indicated) were cultured on cover slips
and incubated with the biosensor peptide or a control (as indicated,
50 nm for each) for 24 h, then imaged using the FLIM system. Data
were extracted from raw FLIM images and represented as lifetime
maps (A)–(F): A) autofluorescence, B) Cy5 only, C) Abl-TAT in Abl
(�/�) MEFs, D) Abl-TAT in WT MEFs, E) Abl-F-mutant, F) Abl-phos-
pho. Full color scale for the lifetime range is shown at right. Raw FLIM
images and lifetime color maps with intensity indicated on the z-axis
are shown in Figure S2. G) Fluorophore lifetime per cell was averaged
for at least 20 cells in 3–5 replicate experiments and is plotted as
a distribution of lifetimes observed in each condition. Error bars
represent standard error of the mean for each lifetime value.
H) Aligned scatter plots of lifetimes for pixels in selected regions of
interest (ROIs) within similar subcellular locations for cells repre-
sented in (G). I = intensity, L = lifetime. Error bars represent standard
error of the mean (SEM).
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ization between the Abl-TAT biosensor and phosphotyrosine
(Figure S3).

We tested sequestration of the biosensor in endosomes by
staining for an endosomal marker. Minimal, non-exclusive co-
localization of the biosensor with endosomes was observed,
indicating that the biosensor peptide was not sequestered
(Figure S3). We also examined peptide degradation, a poten-
tial issue in some cell types[16] but not all, as demonstrated
from our prior work.[11a] Controls using fluorescence correla-
tion spectroscopy (FCS) measured Cy5 alone vs. the Abl-TAT
biosensor in MEFs (Figure S4), providing evidence that for
MEFs, the signal observed for the Abl-TAT biosensor arose
from peptide that was not degraded to free Cy5.[17]

To quantitatively address the distribution and level of
biosensor phosphorylation in different subcellular regions we
separated the intensity and lifetime components of the signal
arising from the FLIM measurements and plotted lifetime
values in 2D using MATLAB (as shown in Figure 3 A–F). We
did not observe phosphorylation-dependent intensity
increases for this biosensor either in solution or in cells
(Figure S2A) (in contrast to what has been observed by
others).[8a, 18] We then used the Abl-TAT biosensor to image
Abl kinase inhibition with the kinase inhibitor imatinib in
control MEFs (Figure 4). MEFs stably expressing a nuclear-
enriched Abl kinase mutant, FKBP-Abl(NUK),[15] were also
analyzed in the presence of imatinib (see time lapse movie
shown in Figure S5). Over the course of 70 min we detected
a general trend towards decreased lifetime overall (e.g.
Figure 4 and Figure S5) and negative lifetime shifts in multi-

ple areas of the cell within the first few minutes of incubation
(Figure S6), consistent with kinase inhibition and dephos-
phorylation of the biosensor by phosphatase enzymes (pre-
viously observed[11a]). In the absence of imatinib, biosensor
lifetime was dynamic but overall no significant decrease in
lifetime was observed (Figure 4).

These experiments demonstrate that fluorescence lifetime
shifts measured for the cell-deliverable kinase biosensor are
phosphorylation-dependent, yielding dynamic information
about the localization of kinase (and potentially phosphatase)
activity in single living cells. This could make it possible to
examine heterogeneous mixtures of cells to dissect subsets of
signaling phenotypes and responses to inhibitors. This
approach should also be generalizable to other kinase
substrates and fluorophores, enabling the future possibility
of analyzing more than one kinase-targeted FLIM biosensor
at a time. Currently, we are developing other kinase substrate
biosensors (e.g. for the Syk kinase[19]) to expand the applica-
tion of this strategy and achieve simultaneous detection of
multiple kinase activities in situ.

Experimental Section
Cell culture. Control (vector only), FKBP-Abl(NUK) and Abl (�/�)
immortalized mouse embryonic fibroblast (MEF) cell lines[15] were
a kind gift from Prof. Jean Y. Wang (University of California, San
Diego). Cells were maintained in Dulbecco�s modified Eagle medium
(DMEM) supplemented with 1% penicillin/streptomycin and 10%
Fetal Bovine Serum (Atlanta Biologicals, Inc.).

Peptide synthesis. Peptides were prepared to > 90 % purity using
Fmoc solid phase peptide synthesis as previously described, and
labeled with Cy5-maleimide (Lumiprobe, Inc., Hallendale Beach,
USA) as described in the Supporting Information.[11a] Character-
ization details for labeled material are provided in the Supporting
Information.

FLIM experiments. Imaging was performed using scanning
confocal time resolved microscopy (Microtime 200 from Picoquant
GmbH, Berlin, Germany).[20] A 633 nm 20 MHz picosecond pulse
laser source was used for excitation and emission was separated from
the excitation beam by a dual band dichroic (z467/638rpc, Chroma)
and collected through an apochromatic 60 � , 1.2 NA water immersion
objective. A 50 mm pinhole was used to reject off-focus photons from
the excitation volume, and the overall fluorescence was collected and
separated accordingly using a dichroic beam splitter (600 cxr, AHF,
Chroma) and filtered by emission filters (685� 35 nm) before being
detected by two single photon avalanche photodiodes (SPAD)
(SPCM-AQR, PerkinElmer Inc.). Fluorescence was measured using
the time-correlated single photon counting (TCSPC) time-tagged
time-resolved (TTTR) mode (Time Harp200, PicoQuant). Fluores-
cence lifetime was calculated by fitting TCSPC histograms for each
pixel (150 � 150 pixels total) with a multiexponential model until no
pattern of residual is observed (for example see Figure S7). The 150 �
150 pixel lifetime images were then converted into a matrix form and
exported to MATLAB R2011b. The data in the matrices were
separated and classified into lifetime and intensity images for
visualization and analysis. Notably, images with higher lifetime but
lower intensity thresholds are not easily interpreted using conven-
tional FLIM data, thus this extraction process enables quantitative
analysis.

After this conversion, the intensity components for each experi-
ment were compared to those of a baseline control (autofluorescence
from the cells) to remove background. Autofluorescence for 3T3 cells
ranged from 50–100 intensity counts and this value was used as
a threshold to remove components from the lifetime image with

Figure 4. Subcellular Abl inhibition by imatinib. A) MEFs were treated
with the biosensor and imaged before (t =0) or after (t = 5, 8 min)
adding the Abl inhibitor imatinib. Arrow shows selected control cell
(top panels). B) Plot of lifetime distribution for cells shown as well as
longer timepoints (0–20 min). Additional timepoint images, and plots
for several subcellular ROIs for multiple cells, are shown in the
Supporting Information.

4025Angew. Chem. 2013, 125, 4023 –4026 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


intensity counts under 80 to minimize contribution to the signal from
autofluorescence. After this background removal the 2D images were
reconstructed using MATLAB and Image J v. 1.42. Regions of
interest (ROIs) comprising an area equivalent to 5 � 5–10 � 10 pixels
were chosen for the same general subcellular compartment for
different cells (see Figure S8 for example). At least 20 (20–150)
different fitted points in each cell from at least 3 cells per view were
used, and the data were combined for 3–5 replicate experiments to
construct the fitted data comparison shown in Figure 3G and H in
conjunction with representative images (Figure 3A–F and Fig-
ure S2A).

Biosensor lifetime analyses. For in cell analysis, MEFs were
plated on cover slips in 12-well plates at 70% confluency and allowed
to recover for 24 h. Wells were washed gently with PBS (3 � 1 mL)
and treated with probe or controls (Abl-TAT, Abl-phospho, Abl-F-
mutant, Cy5 alone) (50 nm) in DMEM with FBS for 24 h. Cover slips
were washed with PBS and imaged immediately. For imatinib
experiments, images were taken before the addition of imatinib to
the buffer in which the cover slips were incubated followed by time
lapse imaging after addition of imatinib. Control experiments were
conducted without imatinib to evaluate the potential for and effect of
photobleaching over the experimental time.
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