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a b s t r a c t

Many cancers are characterized by changes in protein phosphorylation as a result of kinase dysregulation.
Disruption of Abl kinase signaling through the Philadelphia chromosome (causing the Bcr–Abl mutation)
in chronic myeloid leukemia (CML) has provided a paradigm for development of kinase inhibitor drugs
such as the specific inhibitor imatinib (also known as STI571 or Gleevec). However, because patients
are treated indefinitely with this drug to maintain remission, resistance is increasingly becoming an
issue. Although there are many ways to detect kinase activity, most lack the ability to ‘‘multiplex” the
analysis (i.e., to detect more than one substrate simultaneously). Here we report a novel biosensor for
detecting Abl kinase activity and sensitivity to inhibitor in live intact cells overexpressing a CML model
Abl kinase construct. This straightforward methodology could eventually provide a new tool for detecting
kinase activity and inhibitor drug response in cancer cells that overexpress oncogenic kinases.

� 2009 Elsevier Inc. All rights reserved.
Protein phosphorylation plays a major role in the mechanisms
underlying control of cell cycle, differentiation, and development.
Consequently, disruption of these processes can lead to cell cycle
dysregulation and uncontrolled cellular proliferation, resulting in
malignancy. c-Abl is a nonreceptor tyrosine kinase that is critical
to normal function of cells in many tissues but is particularly
important to growth and differentiation of hematopoietic cells.
Even though it is relatively ubiquitously expressed, in normal cells
Abl is very tightly regulated, particularly via autoinhibition
through intramolecular contacts between (i) its protein–protein
interaction domains (SH3 and SH2) and ligand sequences else-
where in the protein and (ii) interaction of an N-terminal myristoyl
group with a binding pocket in the protein [1]. This helps to main-
tain low activity of the kinase at normal endogenous levels until its
role in specific mechanisms is activated at the right time and place
by other events in the cell. As a result, changes in its structure or
expression level can cause abnormal Abl kinase activity and lead
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to blood cancers such as chronic myelogenous leukemia (CML)2

[2,3]. CML is characterized by the expression of a Bcr–Abl fusion
gene that results from reciprocal translocation of chromosomes 9
and 22, giving rise to the Philadelphia chromosome [4]. The Bcr–
Abl fusion protein features replacement of some of the autoinhibito-
ry portions of c-Abl with the amino-terminal domain of Bcr (which
promotes oligomerization and thus autophosphorylation), resulting
in disruption of its regulation and constitutive Abl kinase activity
[5,6].

The direct involvement of Bcr–Abl in the pathology of CML cre-
ated a paradigm for small molecule inhibitors of kinases as poten-
tial anticancer therapeutics. Imatinib mesylate (Gleevec or STI571)
inhibits Bcr–Abl kinase activity [7] and induces remission in
patients during the early stages of CML, providing a blockbuster
‘‘magic bullet” for CML and changing global directions in cancer re-
search. Unfortunately, many patients develop imatinib resistance,
usually because they acquire mutations in the kinase domain of
2 Abbreviations used: CML, chronic myelogenous leukemia; RT–PCR, reverse tran-
scription polymerase chain reaction; FRET, fluorescence resonance energy transfer;
MALDI–TOF MS, matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry; DMEM, Dulbecco’s modified Eagle’s medium; HCTU/NMM, 2-(6-
chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate/N-
methylmorpholine; HPLC, high-performance liquid chromatography; PBS, phos-
phate-buffered saline; DAPI, 4’,6-diamidino-2-phenylindole; UV, ultraviolet; ACN/
H2O/TFA, acetonitrile/water/trifluoroacetic acid; CHCA, -cyano-4-hydroxycinnamic
acid; TBS-T, Tris-buffered saline containing Tween 20; ELISA, enzyme-linked immu-
nosorbent assay; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel
electrophoresis.

http://dx.doi.org/10.1016/j.ab.2009.09.048
mailto:llparker@purdue.edu
http://www.sciencedirect.com/science/journal/00032697
http://www.elsevier.com/locate/yabio


74 Biosensor for detecting intracellular Abl kinase activity / E.A. Placzek et al. / Anal. Biochem. 397 (2010) 73–78
Bcr–Abl that abrogate imatinib binding [8,9]. However, ‘‘off-target”
resistance is also seen, where other signaling pathways are upreg-
ulated to compensate for Bcr–Abl inhibition and promote cell sur-
vival [10,11]. The resistance to imatinib is normally not clinically
detected until the recurring disease has progressed into blast crisis,
particularly when there are off-target mechanisms that cannot be
observed using the simple reverse transcription polymerase chain
reaction (RT–PCR) test for mutations in the kinase domain. There-
fore, there is a major need to monitor kinase activity in the con-
texts of these resistance mechanisms to guide the development
of next-generation inhibitors or alternative chemotherapies.

Most types of kinase assays either do not detect the activity of
the kinases in intact cells or cannot be multiplexed to detect more
than one activity at a time in the same cell. Previous use of a TAT-
labeled peptide substrate demonstrated high specificity for detect-
ing activation of Akt in single live cells using a capillary electropho-
resis detection technique [12]. This technique was very specific
and extremely sensitive, and it provided novel access to kinase
activation information inside the cell. Other modern kinase biosen-
sors can provide exquisite specificity and sensitivity in real-time
assays but are either inappropriate for use in whole live cells
(e.g., homogeneous fluorescence-based assays [13,14]) or require
transfection and expression of biosensor proteins (e.g., fluores-
cence resonance energy transfer [FRET] biosensors [15–17]). Here
we begin to address some of these issues by delivering an artificial
peptide-based substrate selective for Abl kinase, purifying the pep-
tide from lysed cells using an affinity tag and detecting the kinase
activity using matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI–TOF MS) to monitor phosphory-
lation. Ultimately, our goal is to develop a modular biosensor
methodology that will provide access to quantifiable cellular sig-
naling information about inhibitor drug response for many kinases
at the same time in living cells. MS provides an ideal detection
method for this because peaks for multiple peptides can be de-
tected within the same sample in the same analysis. Using the as-
say described here, we can detect intracellular c-Abl kinase
activation and sensitivity to imatinib in a workflow that is amena-
ble to multiplexed adaptation.

Materials and methods

Cell culture

HEK293 FKBP–Abl cells (provided by the laboratory of Jean Y.
Wang, University of California, San Diego (UCSD) Moores Cancer
Center) [18] were maintained in Dulbecco’s modified Eagle’s med-
ium (DMEM) with 10% (v/v) heat-inactivated fetal bovine serum,
1% (v/v) penicillin/streptomycin, and 2 mM L-glutamine in a CO2-
containing (5%) humidified environment at 37 �C.

Peptide synthesis and purification

Amino acids and other peptide synthesis reagents were ob-
tained from Peptides International (Louisville, KY, USA) except
for the Fmoc–biocytin (Kbiotin, obtained from Akaal Organics, Long
Beach, CA, USA) and the photocleavable residue (3-(2-nitrobenzyl)-
3-aminopropionic acid, purchased from Lancaster Synthesis and
Fmoc-protected by J. Thomas Ippoliti’s lab at the University of St.
Thomas, St. Paul, MN, USA). Peptide was synthesized at a 50-lmol
scale on CLEAR-Amide resin (mixed with glass beads to avoid
clumping) using solid-phase Fmoc chemistry (Fmoc-protected
amino acid monomers at 100 mM final concentration) with a Pre-
lude Parallel Peptide Synthesizer (Protein Technologies, Tucson,
AZ, USA) and using ‘‘fast” protocols (coupling time: 10 min; depro-
tection time: 2 � 2 min) with HCTU/NMM (2-(6-chloro-1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate/
N-methylmorpholine, 95 mM/200 mM final concentrations) as
coupling reagent. Peptides were analyzed with high-performance
liquid chromatography (HPLC)/MS (Accela/LTQ, Thermo Finnigan)
and MALDI TOF/TOF (Voyager 4800, Applied Biosystems, Foster
City, CA, USA) and were purified using a C18 reverse-phase column
on an Agilent Technologies 1200 Series Preparative HPLC system
(Santa Clara, CA, USA). See Supplementary Material for LC/MS anal-
ysis of the purified peptide.

A portion of the peptide was labeled with AlexaFluor-555–
maleimide (Invitrogen, Carlsbad, CA, USA) in 6 M guanidinium–
HCl and 100 mM phosphate buffer at pH 6.5. Reaction progress
was checked by MALDI–TOF MS and found to be complete after
30 min. The labeled peptide was purified using a C18 Maxi-Clean
cartridge (500 mg, Alltech Associates) and lyophilized. See Supple-
mentary Material for LC/MS analysis of labeled peptide.
Peptide uptake experiment

Uninduced HEK293 cells were plated in 24-well plates at a den-
sity of 0.5 � 106 cells/ml and allowed to recover for 24 h. Wells
were treated with AlexaFluor-555-labeled biosensor peptide for
15 min or 4 h. Cells were treated with Hoechst 33342 (1 ng/ml)
either before peptide treatment (for 15-min timepoint) or during
the final 30 min of incubation (for 4-h timepoint). Wells were
washed gently with phosphate-buffered saline (PBS, 3 � 1 ml),
covered in PBS (500 ll), and imaged using a Zeiss Axiovert fluores-
cence microscope (20� objective using phase contrast, 40,6-diami-
dino-2-phenylindole [DAPI], and rhodamine filters).
Biosensor assay

FKBP–Abl cells were plated at 2.5 � 106 cells/ml (1 ml/well) and
allowed to recover for 48 h before FKBP–Abl expression was in-
duced (doxycycline, 2 lM, 18 h). As a control, some wells were left
uninduced. The biosensor peptide (1–100 lM) and activating
dimerizer AP20187 (10 nM) were added in fresh medium with or
without imatinib (10 lM). Additional controls (FKBP–Abl expres-
sion and activation as described above with no peptide treatment)
were performed for determining fold change as a result of peptide
treatment. Cells were then incubated for 4 h at 37 �C, collected,
washed once with PBS, and flash-frozen in PhosphoSafe Extraction
Reagent (Novagen, San Diego, CA, USA) containing freshly dis-
solved complete protease inhibitor (Roche, Nutley, NJ, USA).

Approximately 100 lg of total protein was treated with ultravi-
olet (UV) light (302 nm) for 5 min to cleave the biotinylated sub-
strate portion from the rest of the molecule, followed by capture
of the segment of interest via the biotin group using streptavi-
din-coated MagneSpheres (20 ll, Promega, Madison, WI, USA) in
a MagnaBot 96-well magnetic capture device (Promega). Beads
were prewashed in 0.1% octylglucoside/PBS (3 � 150 ll), incubated
with lysate for 15–60 min on a short-radius plate shaker
(400 rpm), washed again with 0.1% octylglucoside/PBS (3 �
150 ll), and rinsed with doubly distilled water (6 � 150 ll) to re-
move salts. The peptide was eluted from the beads using MALDI–
TOF sample preparation buffer (20 ll) containing acetonitrile/
water/trifluoroacetic acid (ACN/H2O/TFA, 75:25:0.1), collected by
magnetic separation, and cospotted on a MALDI target with the
matrix solution (a-cyano-4-hydroxycinnamic acid [CHCA]) in
ACN/H2O/TFA (50:50:0.1). Samples were analyzed using a Voyager
4800 MALDI–TOF/TOF device (Applied Biosystems) in linear posi-
tive and negative modes, and the relative levels of phosphopeptide
signal were quantified as described previously [19]. Data plotted
are from a combination of biological (n P 3) and technical (three
spots) replicate analyses. One-sample t tests were used to deter-
mine statistical significance.
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Western blot analysis

A separate portion of the lysates (200 lg protein/sample) was
denatured with NuPAGE Laemmli protein gel loading buffer (Invit-
rogen) and run on a 4–12% Bis–Tris NuPAGE gel (Invitrogen). Pro-
teins were transferred to nitrocellulose membranes (Bio-Rad,
Hercules, CA, USA) for 18 h at 15 V and 4 �C. Membranes were
blocked in 5% milk/TBS-T (Tris-buffered saline containing Tween
20) for 1 h at room temperature and cut into two segments:
>15 kDa (containing endogenous proteins) and <15 kDa (contain-
ing biosensor peptide).

The >15-kDa segment was analyzed with immunoblotting using
a cocktail of antibodies for phosphorylation of c-Abl (Y245)
(1:1000, rabbit, Cell Signaling Technologies), STAT 5 (Y695,
1:5000, rabbit, Abcam), and Crkl (Y207, 1:1000, rabbit, Abcam).
The antibody cocktail included either anti-tubulin (1:100,000, rat,
Millipore) or anti-elF4 (1:1000, rabbit, Cell Signaling Technologies)
as loading controls. Membranes were incubated with the cocktail
for 24 h at 4 �C. The <15-kDa segment was analyzed with immuno-
blotting using a cocktail of anti-phosphotyrosine antibody 4G10
(1:1000, mouse, Millipore) and streptavidin labeled with DyLight
649 (1:1000, Pierce) incubated for 24 h at 4 �C.

Membranes were washed (3 � 5 min, TBS-T) and visualized by
incubating for 1 h at room temperature with goat-derived secondary
antibodies (1:10,000 for anti-mouse and anti-rabbit and 1:20,000
for anti-rat in 3% milk/TBS-T) tagged with IRDye 680 or 800 (LI-
COR Biosciences) and were scanned using a LI-COR Odyssey infrared
scanner. Band densities from scan images were determined using
QuantityOne software (Bio-Rad). pAbl (Y245), pStat5 (Y695), and
pCrkL (Y207) band densities were analyzed from the same blot, di-
vided by loading control, and normalized to the ‘‘no peptide” control
lane to obtain the fold change. Bands from the ‘‘no induction” blots
were normalized to the ‘‘no peptide” control lane in the ‘‘induced”
experiment (15-min peptide treatment) to show the lower levels
of protein phosphorylation seen when FKBP–Abl is not induced
and activated. Data were plotted in GraphPad Prism software from
biological replicate analyses (n P 3). One-sample t tests were used
to determine statistical significance.

Results and discussion

The biosensor peptide substrate was synthesized using solid-
phase peptide chemistry to contain the following functional mod-
ules (Fig. 1): a highly specific kinase substrate for c-Abl [20], a
photocleavable linker to release the substrate sequence for analysis
[21], an SH3-binding ligand [22] to enhance interaction with the
kinase [23,24], a TAT peptide to aid intracellular delivery of cargo
across the plasma membrane [12,25], and a biotin tag to facilitate
isolation of the peptide from the complex biological mixture of cell
lysate. See Supplementary Material for analytical data. A portion of
the peptide was also functionalized with AlexaFluor-555–malei-
mide for confirmation of intracellular uptake and distribution
using fluorescence microscopy.
Fig. 1. Cartoon representation of the peptide-based biosensor for the c-Abl kinase. The su
‘‘targeting” module binds the Abl–SH3 domain, and a ‘‘transduction” module (the TAT pe
sequences are connected via a photocleavable linker to allow release of the reporter fro
To develop this method for detecting Abl activity in intact cells,
we used an engineered CML model cell line, FKBP–Abl, a Tet-On-
inducible, selectively activatable construct of Abl kinase overex-
pressed in HEK293 cells [18]. In these cells, the Abl kinase is fused
to an FKBP-like domain that is dimerized by an FKBP-binding mol-
ecule, AP20187, resulting in trans-autophosphorylation and kinase
activation that mimics the oligomerization-based constitutive acti-
vation of Bcr–Abl. This overexpression system serves two pur-
poses: (i) it functions as a model for Bcr–Abl overexpression in
leukemia, and (ii) it provides correlative evidence that the Abl ki-
nase is responsible for phosphorylating the peptide biosensor in
a cellular context. Engineered overexpression systems are com-
monly used perform experiments to demonstrate signaling speci-
ficity toward endogenous substrates and, thus, enable us to make
reasonable conclusions about the specificity of the biosensor
developed here before moving on to apply this biosensor to nonen-
gineered systems such as cancer cell lines. Phosphorylation of the
biosensor peptide was tested with and without overexpression of
the construct both in the presence and in the absence of imatinib
so as to correlate observed phosphorylation of the biosensor pep-
tide with activation of the engineered kinase.

Uptake and distribution of the biosensor peptide were assessed
using fluorescence microscopy. HEK293 cells were treated with the
biosensor peptide carrying an AlexaFluor-555 label (25 lM). Up-
take was rapid (strong signal observed within 30 min), consistent
with what is known about transduction and distribution of macro-
molecules via the TAT peptide [26]. Peptide persisted through at
least 4 h of treatment (Fig. 2). In these cells, the peptide was mainly
localized in endocytic-like compartments outside the nucleus, as
expected from recent literature studies of TAT-mediated uptake
[26]. Because the peptide remains concentrated in these compart-
ments for up to 4 h (which also results in the highest levels of
phosphorylation), it appears that kinase/substrate contact is lar-
gely occurring at these structures. Given that phosphorylation lev-
els are relatively high even with the peptide concentrated in these
compartments, it is possible that either the substrate portion of the
peptide is displayed on the cytoplasmic surface of the vesicles
(allowing contact with free cytoplasmic Abl kinase construct) or
the overexpressed Abl kinase associates with the trafficking
machinery around these vesicles. c-Abl has recently been shown
to play a role in B-cell receptor endocytosis [27]; therefore, it is
possible that the overexpressed Abl construct participates in traf-
ficking in these cells as well. More comprehensive imaging studies
are ongoing to examine this observation, including the interaction
between the peptide and the kinase, the biological relevance of the
localization, and the potential role and/or association of Abl kinase
in this specific intracellular distribution.

To test intracellular phosphorylation of the biosensor peptide,
FKBP–Abl cells were treated for 18 h with doxycycline to induce
overexpression of the FKBP–Abl protein or were left uninduced
as a control (which would rely on endogenous levels of Abl or other
Abl-related proteins such as Arg to observe phosphorylation of the
substrate). Both induced and uninduced cells were then treated
bstrate contains a biotinylated ‘‘reporter” module that is phosphorylated by c-Abl, a
ptide) aids the peptide in crossing the membrane barrier. The reporter and targeting
m the backbone of the biosensor.



Fig. 2. Cellular uptake and distribution of substrate peptide. HEK293 cells were
treated with AlexaFluor-555-labeled Abl biosensor peptide (red, 25 lM) for 15 min
(left panel) or 4 h (right panel) at 37 �C in medium. Nuclei in the live cells were
stained with Hoechst 33342 (blue). Cells were washed with PBS and visualized
using a Zeiss Axiovert fluorescence microscope within 5 min. Peptide was rapidly
taken up and distributed throughout the cell (15 min), persisting up to 4 h.
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with the activating dimerizer AP20187 (10 nM) as well as the bio-
sensor peptide at a range of concentrations (1, 25, 50, 75, and
100 lM) for 15 min and 4 h. After lysing the cells, phosphorylation
of the biosensor peptide was analyzed by Western blot and MAL-
DI–TOF MS. For Western blot analysis, peptide was observed be-
tween the lowest molecular weight marker and the dye front (as
verified by streptavidin binding to the biotinylated peptide [see
Fig. S4 in Supplementary Material]). Phosphorylation was detected
with anti-phosphotyrosine antibody 4G10, and total peptide was
confirmed and estimated by streptavidin reactivity. For MALDI–
TOF MS analysis, peptide was captured from cell lysates (after
UV treatment to release the ‘‘reporter” segment) in a 96-well plate
format using streptavidin conjugated to superparamagnetic nano-
particles and was analyzed in both positive and negative linear
modes with MALDI–TOF MS. As commonly seen for MALDI–TOF
MS and observed previously with similar peptides, the phospho-
peptide ionized preferentially in negative mode [19]. Signal from
unphosphorylated peptide (EAIYAAPFAKKKbG) was used as an
internal standard, and relative conversion was estimated by quan-
tifying the peak integrations for the unphosphorylated and phos-
phorylated species from multiple experimental replicates, as
described by us previously [19].
Fig. 3. Analysis of peptide phosphorylation by Western blot and MALDI–TOF MS. The eng
at 2.5 � 106 cells per well in a 6-well plate. Cells were allowed to grow to confluency (48
Abl-activating dimerizer AP20187 (10 nM) and peptide (at the indicated concentrations)
imatinib, 10 lM). (A) Western blot analysis. Cell lysates were run on sodium dodecyl sulfa
and biotinylated peptide (streptavidin–DyLight 649) and phosphotyrosine (anti-phosph
phosphotyrosine signal divided by total peptide (4G10/streptavidin). IM, imatinib. (B) M
5 min. Peptide was isolated from the lysate via affinity capture with TetraLink avidin bea
and analyzed using MALDI–TOF MS in linear negative mode. Example spectra: Doxycycli
and without imatinib (10 lM). See Supplementary Material for representative blots and
Overexpression and activation of FKBP–Abl protein resulted in
phosphorylation of the peptide after as little as 15 min. Phosphor-
ylation was increased with 4 h of incubation. After the shorter 15-
min incubation time, phosphopeptide was best detected using
Western blot under our current assay conditions. By 4 h of incuba-
tion, however, robust levels of phosphopeptide were observed by
MALDI–TOF MS (Fig. 3). The unmodified peptide could be detected
by MALDI–TOF following the 15-min incubation time; however,
the low relative conversion of peptide after that shorter time in
this cell model meant that the phosphopeptide was less robustly
observable by MS for that timepoint. For MALDI–TOF MS analysis
(which can be quantified only in a relative manner), both the
unphosphorylated and phosphorylated peptide peaks were de-
tected together (Fig. 3, example spectra) and the sensitivity was
determined by the most intense peak in the spectrum. This means
that MALDI–TOF MS is not very sensitive for detecting less than
approximately 1–5% phosphorylation, given that the phosphory-
lated peak is not reliably observed below those levels, and indi-
cates that at 15 min the conversions are likely below 5% whether
the FKBP–Abl protein expression and activation is induced or not.
Western blotting is more sensitive for detecting phosphorylation
at low levels of conversion because the 4G10 antibody detects total
phosphopeptide regardless of the ratio to unphosphorylated pep-
tide. However, Western blotting is lower throughput than MAL-
DI–TOF MS. Also, the antibody concentrations make it more
expensive overall for large numbers of analyses, making it less
desirable as a detection method for screening assays. Whereas en-
zyme-linked immunosorbent assay (ELISA)-type formats would
improve throughput and cost for antibody-based methods, these
label-dependent readouts are not as flexible for detection of multi-
ple biosensors at a time. MALDI–TOF MS has nearly unlimited flex-
ibility in this respect. Even though the shorter incubation time did
not allow for sensitive robust detection under these current condi-
tions in this cell system, 4 h of incubation was sufficient to achieve
reproducible detection of phosphopeptide by MALDI–TOF MS.
These technical limitations will be addressed in future refinements
of this assay for other cell systems. Further optimization of peptide
affinity capture and enrichment, including separation of the phos-
phorylated peptide from the unphosphorylated material, will facil-
itate more robust detection of peptide phosphorylation.
Miniaturization of the detection format (to highly concentrate
the enriched peptide) for better detection of substrate at lower
treatment concentrations (<1 lM) will allow higher relative con-
versions of the substrate and, therefore, improve phosphopeptide
sensitivity.
ineered HEK293 cell line stably expressing a Tet-On FKBP–Abl construct was plated
h) and treated with 2 lM doxycycline for 18 h to induce the expression of FKBP–Abl.
were added, and cells were incubated at 37 �C for 15 min and 4 h (with and without
te–polyacrylamide gel electrophoresis (SDS–PAGE, 200 lg/lane, 4–12% Bis–Tris gel),
otyrosine antibody 4G10) were detected with immunoblotting. Data are shown as

ALDI–TOF analysis. Cell lysates (100 lg) were treated with UV light (302 nm) for
ds using a 96-well filter plate. Peptides were eluted using ACN/H2O/TFA (50:50:0.1)
ne-induced and AP20187-treated cells, incubation with 25 lM peptide for 4 h, with
more MALDI spectra for these data.



Fig. 4. Assessing disruption of endogenous Abl signaling. The cells were treated as described in Fig. 3. Lysates were analyzed using SDS–PAGE and Western blot (200 lg
protein/lane) for pAbl (Y245), pStat5 (Y695), and pCrkL (Y207) (endogenous Abl sites) and for eIF4 or tubulin (loading control). Data shown (n P 3) for each phosphoprotein
come from the same blot and are normalized to loading control and represented as fold change from internal control ([peptide] = 0, treated with doxycycline and AP20187 as
described in Materials and Methods). *Significant difference from control (P < 0.01). See Supplementary Material for representative images of Western blots for these data.
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To demonstrate specificity, when peptide was added to cells
that had not been treated with doxycycline to induce overexpres-
sion of the FKBP–Abl kinase (‘‘uninduced”), little to no phosphory-
lation was seen by either MALDI–TOF MS or Western blot. This
means that endogenous levels of Abl and/or Arg kinases were not
sufficiently activated to appreciably phosphorylate this substrate
under our conditions. Therefore, because phosphorylation of the
substrate is so strongly correlated with overexpression and activa-
tion of the engineered construct, we conclude that other endoge-
nous kinases are unlikely to contribute to the activity observed.
Also, phosphorylation was completely inhibited by imatinib under
both conditions, providing further support that the biosensor is rel-
atively specific for the Abl kinase given that the cells used in this
engineered system do not feature overexpression or abnormally
high activation of related imatinib targets. There was a substrate
inhibition effect at P50 lM peptide; however, concentrations be-
low 50 lM did not seem to give rise to substrate inhibition at
the times tested here. Therefore, lower concentrations are prefera-
ble not only because they consume less material and facilitate
higher relative conversion levels (and thus sensitivity for detection
of phosphopeptide) but also because they avoid disruption of the
kinase activity.

Whereas we showed that active Abl kinase in the engineered
cells is the most likely protein responsible for phosphorylating
the biosensor peptide, it was also important to determine the ef-
fects of the peptide on the phosphorylation of native Abl substrates
on activation of the overexpressed construct. The biosensor pep-
tide contains an SH3-binding ligand module. Because SH3 domain
interactions are important for regulating the activity of Abl kinase
and its association with its substrates [28], disruption of SH3 do-
main-related kinase/substrate interactions was a concern. To as-
sess artifactual signaling alteration via this domain or other
portions of the peptide, we looked for concentration-related effects
of the peptide on some endogenous c-Abl substrates: Abl auto-
phosphorylation (at Y245 in the activation loop) and Stat5 at
Y695 and CrkL at Y207 (both CML-related Bcr–Abl substrates
in vivo). Western blot for these endogenous phosphorylation sites
(Fig. 4) showed that increasing concentrations (>50 lM) of this
biosensor had a significant effect on autophosphorylation of Abl
(Y245) (P < 0.01) on extended treatment (4 h); however, there
was no significant effect on the phosphorylation of the other sub-
strates. Neither Abl autophosphorylation nor substrate phosphory-
lation was significantly affected by lower amounts of peptide
(625 lM). Therefore, this strategy should be useful for detecting
biologically relevant Abl kinase activation.

In summary, we have developed a biosensor that can detect Abl
kinase overexpression/activation in live cells and that does not de-
pend on engineering the cells themselves to produce the sensor.
We showed that our biosensor peptide is taken up by live cells
and phosphorylated in an Abl kinase-related manner. We are cur-
rently characterizing and optimizing the assay conditions, includ-
ing the arrangement of the peptide modules within the
biosensor, and using this sensor to develop an assay for detection
of Abl kinase activation and inhibitor drug response in leukemia
cell lines. We are also developing analogous biosensor substrates
for other kinases related to signaling in leukemia and other cancers
so as to detect more complex profiles of inhibitor drug response in
tumor cells. This concept can be extended to build substrate sen-
sors for any enzyme that is capable of modifying a target peptide.
By creating sets of biosensor peptides that can report individual
enzyme activities, we aim to develop multiplexed assays where
the activation of, for example, many kinases and phosphatases
within a pathway can be detected quickly and simultaneously.
We believe that this format will pave the way to obtaining rela-
tively complex proteomic information about signaling in live cells
[29].
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