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S imultaneous monitoring of two or more bio-
chemical events offers the means to establish,
in a temporally well-defined fashion, the influ-

ence of multiple effectors (e.g., second messengers, en-
zymes, pathways) on cellular behavior (1−5). Several re-
cent studies have focused on the use of various green
fluorescent protein (GFP) derivatives to construct pairs of
Förster resonance energy transfer (FRET) sensors (6−9).
A number of challenges have emerged in this regard, in-
cluding the wide (and therefore overlapping) spectral
width of the fluorescent proteins as well as the limited
dynamic range (�40%) of the fluorescent response. Al-
though GFP-based sensors are routinely employed in es-
tablished cell lines, their application to primary cells is
challenging, and their use in noncellular systems (e.g.,
lysates, pure enzymes, etc) would require purification
and characterization of the protein construct. Many
“small molecule” sensors offer a dynamic range that sig-
nificantly exceeds what is possible via FRET, thereby
providing an enhanced signal-to-noise ratio and thus re-
ducing the amount of sensor required (i.e., limiting the
likelihood of a sensor-induced “observer effect”) (10).
Furthermore, the wide array of spectrally distinct syn-
thetic fluorophores vastly exceeds that of the GFP fam-
ily (11). These properties, along with their ease of large-
scale preparation, have resulted in the cross-platform
use of small molecule sensors in cell-, lysate-, and
enzyme-based studies. However, their application to
multicolor sensing of multiple protein kinases, to the
best of our knowledge, has not been reported.

Multicolor sensing could be especially useful in the
arena of medical diagnostics, where the relative activity
of key enzymatic effectors and/or interacting pathways
may furnish valuable information regarding the design
of therapeutic protocols. A case in point is the emer-
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ABSTRACT The Bcr-Abl and Lyn protein tyrosine kinases have been separately
linked to the emergence of imatinib resistance in patients with chronic myelog-
enous leukemia. We have developed fluorescent sensors for these kinases that are
enzymatically and photophysically distinct, allowing us to simultaneously, yet
separately, visualize the tyrosine kinase activities of both Abl and Lyn. Multicolor
monitoring revealed that an imatinib-resistant cell line (MYL-R) displays a remark-
able 13-fold enhancement in Lyn kinase activity relative to its imatinib-sensitive
counterpart (MYL). By contrast, both cell lines display nearly identical Abl activi-
ties. The upregulation of Lyn kinase phosphotransferase activity in MYL-R cells is
linked to an overexpression of the Lyn B isoform. Furthermore, MYL-R cells possess
a 4-fold higher level of activated Lyn and 5-fold lower level of autoinhibited Lyn
than MYL cells. Finally, studies with an activating SH2 ligand revealed that Lyn from
imatinib-resistant MYL-R cells is primed and active, whereas Lyn from imatinib-
sensitive cells is dependent upon phosphorylated SH2 ligands for activity.
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gence of imatinib (STI-571, Gleevec) resistance in
chronic myelogenous leukemia (CML). Imatinib has
transformed the management of patients with CML,
which is characterized by expression of the deregu-
lated protein tyrosine kinase Bcr-Abl (12). Although pa-
tients with CML and other leukemias benefit from ima-
tinib treatment, relapse following therapy is common,
particularly in individuals presenting advanced phase
CML. Secondary mutations in the Abl active site and am-
plification of the fused Bcr-Abl gene were initially identi-
fied as the causative agents leading to resistance (13).
However, abnormal activation of a Lyn tyrosine kinase
(Lyn)-mediated signaling pathway is now recognized to
facilitate imatinib resistance as well (13−18). Although
Lyn inhibitors have received significant attention as
agents for the treatment of CML (19), enhanced Lyn ki-
nase activity in imatinib-resistant CML remains to be
verified. Personalized medicine, which is based on the
principle of a tailor-made therapy targeting the indi-
vidual patient’s needs, requires identification of the ab-
errant enzymatic activity responsible for the disorder
and subsequent application of drugs that display the
appropriate mechanism of action, potency, and selectiv-
ity. The latter requires a robust diagnostic system, in-
volving the simultaneous comparative analysis of poten-
tial enzyme targets and the ability to screen therapeutic
agents using the patient’s own cells or lysates from
these cells.

Peptide-based fluorescent sensors of protein kinase
activity have been primarily employed with purified en-
zymes, although a few examples of studies with lysates
and intact cells have been reported (20, 21). In gen-
eral, the phosphorylation-induced fluorescent changes
in these systems are driven by electrostatics associated
with the negatively charged phosphate in the phospho-
rylated product. The latter perturbs the photophysical
properties of an environmentally sensitive fluorophore,
which is commonly excited at relatively short wave-
lengths (�400 nm) or displays relatively modest extinc-
tion coefficients. Unfortunately, fluorophores with pho-
tophysical properties such as these are generally
inappropriate for cell-based systems, including lysates.
In addition, the sole reliance upon fluorophores excited
at less than 400 nm sharply compresses the spectral
range and thus limits the ability to perform multicolor
sensing. By contrast, we’ve recently found that phos-
phorylation of tyrosine mitigates the ability of this amino
acid to serve as a fluorescent quencher, a phenom-

enon that potentially can be applied to a large array of
fluorophores irrespective of their emission wavelengths
(22). On the basis of this observation, we have now pre-
pared a pair of orthogonal Lyn and Abl sensors and
have used these to assess the relative activity of their re-
spective enzymes from imatinib-resistant and -sensitive
cell lines.

RESULTS AND DISCUSSION
Abl and Lyn Kinase Monitoring in CML. Two protein

tyrosine kinases, namely, Abl and Lyn, have been impli-
cated in the mechanisms responsible for imatinib resis-
tance (13−19). The construction of orthogonal sensors
for these enzymes was fashioned using three specific at-
tributes: (i) Lyn- and Abl-selective peptide substrates,
(ii) fluorophores with nonoverlapping emission proper-
ties, and (iii) fluorophore�peptide conjugates that re-
spond to phosphorylation in a fluorescently sensitive
fashion. Although orthogonal peptide substrates for
these two tyrosine kinases have not been previously de-
scribed, their well-defined substrate sequence prefer-
ences suggested that it should be possible to identify
mutually exclusive substrates (21−23). Indeed, on the
basis of these preferences, we designed the two se-
quences present in 9 and 11 and assessed their selec-
tivity for their intended enzyme targets. Tyrosine is a
known quencher of fluorescence, and we recently
showed that this property is sharply curtailed upon
phosphorylation (22). The quenching mechanism pro-
ceeds via a dynamic collisional process (24), possibly
involving a phosphorylation-induced change in ty-
rosine’s redox potential (25). Consequently, in marked
contrast to FRET-based fluorescence quenching, ty-
rosine’s presumed mechanism of action should be inde-
pendent of the excitation and emission wavelengths of
the fluorophore and thus applicable to an array of fluoro-
phores. Indeed, this strategy had been successfully em-
ployed with a short wavelength fluorophore (pyrene)
(22) and, in this study, now extended to include mid
(cascade yellow) and long (oxazine) wavelength fluoro-
phores. The dynamic range associated with these sen-
sors (from 2- to 7-fold) (22) is approximately an order of
magnitude greater than what has been described for
the GFP FRET-based reporters (6, 8, 9). Furthermore,
since previously described GFP-based sensors are com-
posed of two GFP proteins, each of which has broad ex-
citation and emission bands, much of the spectral band-
width is occupied. Single fluorophore constructs, with
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relatively narrow bandwidths, preserve spectral space
for additional sensors.

Our sensors reveal that the imatinib-resistant cell
line MYL-R and its imatinib sensitive counterpart MYL ex-
hibit essentially identical Abl kinase activity, but mark-
edly differ in their Lyn kinase activity. In short, a signifi-
cantly higher fraction of Lyn is primed and active in the
MYL-R versus MYL cell line. Furthermore, our studies re-
veal that although Lyn is present as two isoforms, A and
B, it is the latter that is dramatically up-regulated in
MYL-R cells.

Design of the Lyn/Abl Sensor Pair. Ac-Glu-Lys-Glu-Ile-
Tyr-Gly-Glu-Ile-Glu-Ala-amide, where the Lys side chain
serves as the fluorophore attachment site and Tyr serves
as the phosphoryl acceptor, is a sequence phosphory-
lated by Lyn (22). As noted above, Tyr also acts as a
fluorescent quencher. We’ve previously reported that ef-
fective fluorescence quenching occurs when the fluoro-
phore is positioned on the third residue removed from

the Tyr moiety (22). However, it occurred to us that
deeper quenching might be observed if the fluorophore
were exposed to two phosphorylatable tyrosine moi-
eties. Consequently, we designed and synthesized the
oxazine fluorophore 8 [�ex � 666 nm, �em � 682 nm,
� � 120,000 M�1 cm�1, � � 0.29; Figure 1], which con-
tains two carboxylate moieties and therefore two attach-
ment sites for the peptide substrate. Oxazine 8 was pre-
pared from the starting 1,2-dihydroquinoline 1 in seven
steps and subsequently doubly condensed with the Lys
side chain of the active site-directed peptide substrate
to furnish the 1:2 fluorophore�peptide construct 9
(Figure 2). The latter displays a Lyn-mediated 3.3-fold in-
crease in fluorescence (Figure 3, panel a). A correspond-
ing monocarboxylate oxazine (�ex � 667 nm, �em �

684 nm, � � 118,000 M�1 cm�1, � � 0.27) was also
prepared (data not shown) and attached to the Lys side
chain of the active site-directed peptide to furnish the
1:1 fluorophore�peptide adduct 10. The latter also

Figure 1. Synthesis of the oxazine diacid 8. The latter was coupled to the Lys side chain of the Lyn peptide substrate
Ac-Glu-Lys-Glu-Ile-Tyr-Gly-Glu-Ile-Glu-Ala-amide, to furnish the 2:1 peptide�oxazine conjugate 9.

Figure 2. Structures of the Lyn (9 and 10) and Abl (11) substrates.
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serves as a Lyn substrate and displays a modestly re-
duced (relative to 9) 2.5-fold enhancement in fluores-
cence in response to kinase-catalyzed phosphorylation.

The Abl sensor was derived from an Abl recognition
motif, Gly-Gly-Ile-Tyr-Ala-Ala-Pro-Phe-Lys-Lys-Lys-Ala
(23). The Cascade Yellow fluorophore (� � 25,000 cm�1

M�1, � � 0.56) possesses photophysical properties
(�ex � 400 nm and �em � 525 nm) distinct from those
of the oxazines. Abl-catalyzed phosphorylation of (Cas-
cade Yellow)-Gly-Gly-Ile-Tyr-Ala-Ala-Pro-Phe-Lys-Lys-Lys-
Ala 11 (Figure 2) induces a 2.2-fold enhancement in
fluorescence (Figure 3, panel b). Lyn-catalyzed phospho-
rylation is detected (�em � 705 nm) only with the
oxazine-modified peptide, and Abl activity is observed
(�em � 525 nm) only with the Cascade Yellow-modified
peptide (Figure 2, panels a and b). The Abl kinase does
not interfere with the ability of Lyn to phosphorylate its
sensor nor does the Lyn kinase impede Abl’s activity
with its designated sensor.

Inhibitory Efficacy of Imatinib and Dasatinib. The ob-
served IC50 of imatinib for Abl (0.48 � 0.04 �M) is es-
sentially the same as previously reported values using
a radioactive assay (Supplementary Figure 1a) (26).
These initial studies were performed at a nonphysiolog-

ical ATP concentration of 50 �M. Because the mecha-
nism of action of imatinib is competitive with respect to
ATP, we anticipated a sharp rise in IC50 (i.e., decrease
in inhibitory efficacy) at a more physiologically relevant
ATP level (5 mM). Indeed, under these conditions, the
IC50 of imatinib is approximately 40-fold higher (19 �

1 �M) (Supplementary Figure 1b). Furthermore, in con-
trast to previous studies (26, 27), we find that imatinib
does not significantly discriminate between Abl and Lyn
at either low (0.48 � 0.04 versus 0.25 � 0.02 �M, re-
spectively) or normal (19 � 1 versus 55.0 � 2.5 �M, re-
spectively) ATP levels (Supplementary Figure 1c and d).

Dasatinib has recently received significant attention
for the treatment of imatinib-resistant CML (19). Indeed,
dasatinib is a more potent inhibitor of both Lyn B and
Abl than imatinib (Supplementary Figure 1e�h). At
physiological ATP levels, dasatinib inhibits both Abl
(0.088 � .003 �M) and Lyn (0.17 � 0.03 �M) 2 orders
of magnitude more potently than imatinib (cf. 19 �1
and 55.0 � 2.5 �M, respectively). As expected, at sub-
physiological ATP levels, dasatinib acts as an even more
powerful inhibitor of Abl (0.047 � 0.003 �M) and Lyn
(0.021 � 0.004 �M). However, we do note that the ef-
fect of high:low ATP concentration (2-fold for Abl and
8-fold for Lyn) is not quite as dramatic as that observed
with imatinib (40-fold for Abl and 20-fold for Lyn). We be-
lieve that this may be a consequence of an exception-
ally high affinity of desatinib for both Abl and Lyn, one
that cannot be accurately quantified, especially under
low ATP conditions. In particular, others have reported
sub-nanomolar IC50 values for dasatinib. However, in
these instances, the concentration of the kinase signifi-
cantly exceeded that of dasatinib itself (26). Because
the IC50 we obtained for Lyn at 50 �M ATP is nearly iden-
tical to the enzyme concentration employed, this raises
the possibility that only a fraction of the total enzyme
present is in an active, inhibitor-sensitive state. The lat-
ter was confirmed by Western blot analysis for Tyr 416
(pY416), an autophosphorylation site required for Lyn ki-
nase activity (Supplementary Figure 2). Only 25% of
the commercial enzyme is present in the catalytically ac-
tive pY416 state.

Lyn and Abl Kinase Activity in MYL and MYL-R
Lysates. MYL is a previously described bone marrow
mononuclear cell line derived from a 24-year-old female
CML patient (17). Prior studies reported that Lyn mRNA,
protein, and phosphoprotein are overexpressed in
MYL-R cells, an imatinib-resistant cell line subcloned

Figure 3. (a) Phosphorylation of 9 (�ex � 665 nm, �em �
705 nm) by purified Lyn B (black), Lyn B/Abl (blue), and
Abl (green). (b) Phosphorylation of 11 (�ex � 400 nm, �em

� 525 nm) by purified Lyn B (black), Lyn B/Abl (blue), and
Abl (green).
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from MYL cells (17). We probed for Abl and Lyn activity
in lysates from both the sensitive and resistant cell lines.
Both cell lines display similar Abl activity (Figure 4,
panel a). We note that near-complete removal of Abl
from lysates via immunodepletion significantly reduces
Abl sensor activity, consistent with the notion that com-
pound 11 serves as a selective indicator of Abl activity
in cell lysates (Supplementary Figure 4). In contrast to
the similar Abl kinase activity in both MYL and MYL-R cell
lines, we found that MYL-R cells display dramatically
more Lyn kinase (	13-fold) activity than their MYL coun-
terparts (Figure 4, panel b). Reassuringly, sensor 9 phos-
phorylation is lost in Lyn-immunodepleted MYL-R ly-
sates, directly demonstrating that sensor 9 is selective
for Lyn kinase activity (Supplementary Figure 3).

Assessment of Lyn Sensor Efficacy in Cell Lysates.
Since the activity of Lyn, but not Abl, differs in MYL and
MYL-R cells, we focused our attention on a more detailed
assessment of the Lyn kinase sensor. HEK293 cells
were employed as a negative background expression
system, because lysates from these cells (empty pcD-

NA3.1 control vector) exhibit minimal activity toward
sensor 9 (Figure 5). By contrast, lysates from cells tran-
siently transfected with a plasmid encoding the wild
type Lyn A or Lyn B isoform (a splice variant missing resi-
dues 23–43) (28, 29) phosphorylate sensor 9 in a time-
dependent fashion. The wild type enzyme can occupy
an inactive conformation, in which pY527 (Src number-
ing; Y508, LynA; Y487, LynB) is intramolecularly bound
to the SH2 domain of the kinase. Peptides containing
pTyr embedded within an appropriate amino acid se-
quence compete for the SH2 domain, thereby releasing
the intramolecularly bound phosphorylated residue, ul-
timately leading to enzyme activation (30). The SH2 li-
gand Ac-pTyr-Glu-Glu-Ile-Glu dramatically increases the
rate of peptide 9 phosphorylation in both Lyn A and Lyn
B transfected cells (Figure 5). A slight enhancement
over background is also observed with lysates from the
control-transfected cells, suggesting the presence of en-
dogenous kinases at minimally detectable levels that re-
spond to the SH2 ligand. Constitutively active mutants
of Lyn A and B (Y508F and Y487F, respectively) are like-
wise detectable. As expected, the phosphotransferase
activity of these mutants is not enhanced by pTyr-
bearing peptides. Finally, expression of the correspond-
ing inactive “kinase dead” (KD) versions of Lyn A and B
(K275E and K254E, respectively) fail to display sensor 9
phosphorylation activity above control-transfected cells
(�SH2 ligand).

Lyn Expression and Activity in MYL and MYL-R. West-
ern blot analysis revealed that MYL-R cells possess 50%
more total Lyn (A 
 B) than MYL cells, which is prima-
rily due to a dramatic increase in Lyn B content (Figure 6,

Figure 4. (a) Phosphorylation of the Abl sensor 11 (�ex �
400 nm, �em � 525 nm) by MYL (red) and MYL-R (blue) ly-
sates. (b) Phosphorylation of the Lyn sensor 9 (�ex � 665
nm, �em � 705 nm) by MYL lysates (red) and MYL-R ly-
sates (blue). Lysates contain all endogenous protein ki-
nases and were normalized for total protein content as de-
scribed in Methods (Protein Kinase Assays). Abl and Lyn
kinase activities were monitored simultaneously during
the course of the experiments.

Figure 5. Initial rate of the phosphorylation of Lyn sensor 9
[without (unfilled) and with (filled) SH2 ligand (200 �M
Ac-pTyr-Glu-Glu-Ile-Glu)] by HEK293 cells transfected with
the indicated constructs (where Ctl � control-
transfected HEK293 cells). Lysates contain were normal-
ized for total protein content as described in Methods
(Protein Kinase Assays).
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panel a). MYL-R cells possess a 4-fold higher level of ac-
tivated Lyn (pY416) and 5-fold lower level of autoinhib-
ited Lyn (pY527) than MYL cells. The SH2 ligand, Ac-

pTyr-Glu-Glu-Ile-Glu, enhances Lyn kinase activity 7-fold
in MYL lysates but only 2-fold in MYL-R lysates (Figure 6,
panel b and Supplementary Figure 5). This reflects the
relative amount of Lyn present in the autoinhibited state
in these cell lines. These results reveal that Lyn from
imatinib-resistant cells is primed and active, whereas
Lyn from imatinib-sensitive cells is dependent upon
phosphorylated SH2 ligands for activity.

Conclusions and Outlook. We have constructed a
pair of orthogonal Abl and Lyn sensors. Multiwave-
length monitoring revealed that Lyn and not Abl activity
is dramatically upregulated in an imatinib-resistant cell
line. Furthermore, the extent of catalytic activation (13-
fold) is even greater than what would have been pre-
dicted on the basis of enhanced protein content alone
(1.5-fold). The simultaneous measurement of multiple
protein kinases may prove useful in a diagnostic setting
because, as in the case of imatinib resistance, several
enzymes are often implicated as the potential biochemi-
cal trigger for aberrant cellular behavior. The latter
should be feasible using leukocytes purified from pa-
tient peripheral blood or bone marrow aspirates. Fur-
thermore, multicolor sensing of catalytic activity has
therapeutic implications because the majority of drugs
that target protein kinases primarily interfere with cata-
lytic activity. Consequently, sensors that furnish an activ-
ity readout offer the means to assess the efficacy of
drug cocktails and dosing regimens, prior to therapy, us-
ing the patient’s own cells.

METHODS
General Aspects. Analytical grade reagents were purchased

from Sigma-Aldrich or Fisher, except for 1H-benzotriazolium
1-[bis(dimethylamino)methylene]-5-chlorohexafluorophosphate
(1-),3-oxide (HCTU), benzotriazole-1-yloxytrispyrrolidinophos-
phonium hexafluorophosphate (PyBop), amino acids, and TGR
resins, which were obtained from NovaBiochem. Amine-reactive
fluorophores were obtained from Aldrich or Invitrogen. The SH2
ligand, Ac-pTyr-Glu-Glu-Ile-Glu, was purchased from Bachem.
UV�vis spectra were measured using a Biochrome Libra S22
spectrophotometer. Emission and excitation spectra were ob-
tained using a Horiba Jobin Yvon Fluorolog 3 spectrofluorome-
ter at 23 °C. Quantum yields were measured using indodicarbo-
cyanine iodide as an internal standard. Solutions were not
deaerated because control experiments showed that oxygen
did not quench the fluorescence of these dyes, due perhaps to
their short lifetimes. Mass spectra were obtained on an Applied
Biosystems API 2000 LC/MS/MS system. See Supporting Infor-
mation for mass spectral data. 1H and 13C NMR spectra were re-
corded on Bruker DRX-300 spectrometer. See Supporting Infor-
mation for NMR data. All operations with dyes were performed

under dim light. Flasks containing dyes were wrapped with alu-
minum foil. Chemical names for compounds were obtaining us-
ing ChemDraw Ultra 7. Human CML cells (imatinib-sensitive Myl
and imatinib-resistant MylR) were a generous gift from Dr. Hideo
Tanaka (Dept. of Haematology and Oncology, Hiroshima Univer-
sity, Hiroshima, Japan). Cells were cultured in RPMI 1640 me-
dium (Invitrogen) supplemented with 10% fetal bovine serum
(FBS; Atlanta Biologicals) and 1% penicillin/streptomycin (P/S;
Invitrogen). HEK 293 cells were acquired from ATCC. Cells were
cultured in DMEM medium (Invitrogen) supplemented with 10%
FBS and 1% P/S. Cells were grown in a humidified incubator at
37 °C with 5% CO2. The Lyn A and Lyn B expression constructs
were a generous gift from Dr. Juan Rivera (Molecular Immunology
and Inflammation Branch, NIH, Bethesda, MD). Constructs were
cloned from the pLenti6/V5 vector (Invitrogen) into the pCD-
NA3.1 vector (Invitrogen). Point mutations were made in the Lyn
A (K275E, Y508F) and Lyn B (K254E, Y487F) constructs using
the Quickchange Site-directed Mutagenesis Kit (Stratagene) ac-
cording to the manufacturer’s instructions. Expression vectors
were introduced into HEK 293 cells by Lipofectamine transfec-
tion (Invitrogen) according to the manufacturer’s instructions.

Figure 6. (a) Total Lyn A and B, pY416, and pY527 content
in MYL and MYL-R cell lines. (b) Initial phosphorylation
rate of Lyn sensor 9 with Lyn-precleared MYL lysates
(black), MYL lysates (blue), Lyn-precleared MYL-R lysates
(green), and MYL-R lysates (red).
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Cells 36 h post-transfection were washed with PBS and pel-
leted; cells were stored at �80 °C until experimentation.

Chemical Synthesis. 4-(7-Methoxy-2,2,4-trimethyl-2H-
quinolin-1-yl)-butyric Acid Ethyl Ester (2). A 500 mL round-bottom
flask was set up with a magnetic stir bar, a reflux condenser,
and a nitrogen line. The flask was charged with 7-methoxy-2,2,4-
trimethyl-1,2-dihydro-quinoline 1 (31) (43 g, 0.21 mol), ethyl
4-bromobutyrate (88 g, 0.44 mol), sodium iodide (11 g, 0.073
mol), acetonitrile (150 mL, 2.9 mol), and sodium carbonate (52
g, 0.48 mol). The flask was heated at reflux with stirring for 72 h.
The reaction mixture was filtered, and the acetonitrile was re-
moved with a rotary evaporator. The unreacted starting com-
pound was removed from the product by vacuum distillation us-
ing an oil pump. The recovery of 7-methoxy-2,2,4-trimethyl-1,2-
dihydro-quinoline was 7 g (16%, bp 120�125 °C, 0.7 Torr). The
viscous yellow residue in the distillation flask was the pure prod-
uct. The yield was 53.0 g as an oil (79% yield).

Sodium [1-(3-Ethoxycarbonyl-propyl)-7-methoxy-2,2-dimethyl-
1,2-dihydro-quinolin-4-yl]-methanesulfonate (3). A 500 mL round-
bottom, three-necked flask was set up with a nitrogen line, a me-
chanical stirrer, and a thermometer. The flask was immersed in
a salt�ice cooling bath, 4-(7-methoxy-2,2,4-trimethyl-2H-
quinolin-1-yl)-butyric acid ethyl ester (2, 30 g, 0.09 mol) was
placed in the flask, and the stirrer was started. Sulfuric acid
(30 mL, 0.6 mol) was added slowly to the flask over the course
of about 5 min. The reaction mixture was then stirred for addi-
tional 30 min with cooling. When the temperature inside the
flask was about �10 °C, fuming sulfuric acid (17 mL, 0.18 mol,
30% of free SO3) was added quickly to the flask. The stirring was
continued, and the flask was allowed to slowly warm up to RT
while in the cooling bath. The reaction mixture was stirred for an-
other 48 h at RT. The reaction mixture was poured into a 2 L bea-
ker containing 500 g of ice, and the beaker was immersed in a
salt�ice cooling bath. The acid was neutralized with 10% solu-
tion of sodium hydroxide in water until the pH of the reaction
mixture was about 7. The temperature of the reaction mixture
was kept below 10 °C during the neutralization process, at the
end of which the product crystallized. The crystals were filtered
using a Büchner funnel, washed with 50 mL of ice-cold water,
and air-dried. The crystals were placed in 2 L flask equipped with
reflux condenser, and 1 L of 100% ethanol was added. The mix-
ture was stirred with heating until the ethanol started to boil
and some of the solid material dissolved. The mixture was fil-
tered while still hot using a Buchner funnel. The crystals (Na2SO4

hydrate) were washed with three portions of 100 mL of hot etha-
nol. A combined filtrate solution was evaporated using a rotary
evaporator, and the resultant white solid was dried under high
vacuum overnight. The yield was 26 g (66% yield).

Sodium [1-(3-Ethoxycarbonyl-propyl)-7-methoxy-2,2-dimethyl-
1,2-dihydro-quinolin-4-yl]-methanesulfonate (4). Sodium [1-(3-
ethoxycarbonyl-propyl)-7-methoxy-2,2-dimethyl-1,2-dihydro-
quinolin-4-yl]-methanesulfonate (3, 22 g, 0.052 mol), methanol
(250 mL, 6.2), and Pd on carbon (10%, 1.0 g) were added to a 1
L high-pressure, heavy wall Parr hydrogenation bottle. The bottle
was attached to a high-pressure Parr hydrogenation apparatus,
and the system was evacuated using a water aspirator and then
filled with hydrogen gas. The evacuation/filling procedure was
repeated three more times. Then the system was filled with hy-
drogen at 50 psi pressure, and the shaker was activated. The
bottle was shaken at RT for 4 h until hydrogen consumption
stopped. The remaining pressure was carefully released, and
the catalyst was removed by vacuum filtration through a Celite
pad. The solvent was removed under vacuum to give the final
product as a white solid. The yield was 20 g (90% yield).

Disodium 4-(7-Methoxy-2,2-dimethyl-4-(sulfonatomethyl)-3,4-
dihydroquinolin-1(2H)-yl)butanoate (5). A 500 mL round-
bottomed, one-necked flask was set up with a magnetic stir

bar and a reflux condenser. The flask was charged with sodium
[1-(3-ethoxycarbonyl-propyl)-7-methoxy-2,2-dimethyl-1,2-
dihydro-quinolin-4-yl]-methane-sulfonate (4, 20 g, 0.05 mol), so-
dium hydroxide (2.09 g, 0.0522 mol), and 100 mL of water.
The mixture was stirred with heating (50 °C) for 1 h and then
cooled to RT. The solvent was removed under vacuum, and the
solid was stirred with 100 mL of MeOH at reflux for 30 min. The
hot suspension was filtered, and the solid was washed with
hot methanol and dried. The yield of the final product (white
solid) was 20 g (100% yield).

Disodium 4-[7-Hydroxy-2,2-dimethyl-4-(sulfonatomethyl)-3,4-
dihydroquinolin-1(2H)-yl]butanoate (6). A 250 mL round-
bottomed, one-necked flask was set up with a magnetic stir
bar, a reflux condenser, and a nitrogen line. The flask was
charged with disodium 4-(7-methoxy-2,2-dimethyl-4-
(sulfonatomethyl)-3,4-dihydroquinolin-1(2H)-yl)butanoate (5,
12 g, 0.029 mol), sodium iodide (10 g, 0.07 mol), and a solu-
tion of 9.0 M hydrogen bromide in water (70 mL). The flask was
flushed with nitrogen and then was heated at 105 °C (oil bath)
with stirring for 18 h. The reaction mixture was cooled to RT, and
the excess hydrobromic acid was removed using a rotary evapo-
rator. To ensure a complete removal of the hydrobromic acid,
100 mL of water was added to the residue, and the solvent was
removed. The yellow solid was dissolved in 50 mL of water,
and the solution was neutralized by addition of solid sodium bi-
carbonate. The solvent was removed by vacuum, and the solid
was refluxed with stirring with 500 mL of acetone overnight un-
der nitrogen to remove sodium iodide and sodium bromide that
are soluble in acetone. The mixture was cooled to RT and fil-
tered. The solid was dried was washed with acetone and dried.
The yield was 9.3 g (80% yield) as a tan solid.

4-Nitrophenyldiazenylphenol 7. Step 1. p-Nitroaniline (0.546 g,
0.00395 mol) was added to a 100 mL round-bottomed, one-necked
flask equipped with a magnetic stir bar and an addition funnel.
Ten milliliters of 10% HCl was added to the flask. The mixture was
stirred at RT until a clear solution formed, and then the flask was im-
mersed in an ice�water bath. A solution of sodium nitrite (0.273
g, 0.00395 mol) in 5 mL of water was added dropwise to the flask
with stirring. When the addition was complete, the mixture was
stirred for another 30 min at 0 °C.

Step 2. Disodium 4-[7-hydroxy-2,2-dimethyl-4-(sulfonato-
methyl)-3,4-dihydroquinolin-1(2H)-yl]butanoate, 6 (1.59 g,
0.00395 mol) was added to a 250 mL conical flask, followed by
10 mL of 10% HCl. The flask was immersed in an ice�water cool-
ing bath, and stirring was started. The solution of p-nitro-
phenyldiazonium salt (from step 1) was added to the flask in small
portions (1�2 mL) over the course of 10 min. The reaction mixture
was stirred for 1 h at 0 °C. The precipitated red solid was filtered
and washed with water (3 � 15 mL). The red solid was placed in a
500 mL round-bottomed, one-necked flask equipped with a mag-
netic stirrer. Water (150 mL) was added to the flask, and the stir-
ring was started. Solid sodium bicarbonate (1.125 g) was added to
the flask in five portions to avoid excessive foaming. The solvent
was removed using a rotary evaporator, and the solid residue was
redissolved in methanol. The solution was filtered to remove inor-
ganic salts, and the methanol was removed using a rotary evapora-
tor to give a red solid. The residue was redissolved in 25 mL of wa-
ter, and the volume was reduced to 10 mL using the rotary
evaporator (this operation was necessary to remove traces of
methanol). The solution was frozen and lyophilized overnight. The
yield of red solid product was 1.38 g (66% yield).

Sodium (1,11-Bis(3-carboxypropyl)-2,2,10,10-tetramethyl-
2,3,4,8,9,10-hexahydro-1H-dipyrido[3,2-b:2=,3=-i]phenoxazine-
11-ium-4,8-diyl)dimethanesulfonate (8). Disodium (E)-(7-Hydroxy-
1-(3-carboxypropyl)-2,2-dimethyl-6-((4-nitrophenyl)diazenyl)-
1,2,3,4-tetra-hydroquinolinium-4-yl)methanesulfonate (7,
0.671 g, 0.00132 mol), disodium 4-[7-hydroxy-2,2-dimethyl-4-
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(sulfonatomethyl)-3,4-dihydroquinolin-1(2H)-yl]butanoate (6,
0.532 g, 0.00132 mol), and acetic acid (25 mL, 0.44 mol) were
added to a 100 mL round-bottomed, one-necked flask set up
with a magnetic stir bar and a reflux condenser. The reaction
mixture was heated at reflux for 24 h. TLC showed complete con-
sumption of starting material and formation of deeply blue-
colored product (SiO2, eluent acetone�water (1:1), Rf product
� 0.1, Rf starting material � 0 and 0.4). The reaction mixture
was evaporated, and the residue was dissolved in 50 mL of a
mixture of acetone�water (4:1). The solution was mixed with
10 g of silica, and the solvent was removed under vacuum. The
dye/silica mixture was loaded onto a silica column prepared in
acetone. The column was eluted with an acetone�water gradi-
ent (0�10%). The dye-containing fractions were combined, and
the solvent was removed using a rotary evaporator. NMR analy-
sis showed the presence of impurities, and the dye was further
purified on a preparative RP HPLC column, which was eluted
with water and acetonitrile. (Program: 0� 60 min 100% water,
60�120 min 10% acetonitrile/90% water, 120�150 min 50%
acetonitrile/50% water, 150�180 min 80% acetonitrile/20%
water, 180� 200 min 100% water.) The dye eluted at 105�115
min. The dye-containing fractions were combined and reduced
in volume from about 120 to 10 mL using a rotary evaporator.
The dye solution was frozen and lyophilized. The yield of pure
dye (blue solid) was 100 mg (10% yield).

Peptide Synthesis. Lyn Sensor Peptide (9). The peptide-resin
Ac-Glu(tBu)-Lys(Mtt)-Glu(tBu)-Ile-Tyr(tBu)-Gly-Glu(tBu)-Ile-
Glu(tBu)-Ala-amide-resin was synthesized using standard Fmoc
peptide synthesis protocol [amino acids 5 equiv, HCTU 5 equiv,
DIPEA (N,N-diisopropylethylamine) 10 equiv] as previously de-
scribed (21). The side chains of Glu and Tyr were protected with
t-Bu. The side chain of Lys was protected with the acid-sensitive
4-methyltrityl (Mtt) group. Tetramethylfluoroform-amidinium
(TFFH) (5 equiv) and DIPEA (10 equiv) were used to ensure suc-
cessful coupling of Fmoc-Lys(Mtt)-OH (5 equiv) at the Y-3 posi-
tion. After synthesis of the peptide on the resin and subsequent
acetylation of the N-terminus, the Mtt on Lys was selectively re-
moved with 2% TFA. The side chain deprotected Lys amine was
reacted with the doubly activated oxazine diacid 8 (oxazine 1
equiv, PyBop 10 equiv, DIPEA 20 equiv) in DMF. The peptide was
cleaved with TFA/H2O/TIS (triisopropylsilane) in a ratio of 95:
2.5:2.5 and purified via HPLC.

Abl Sensor Peptide (11). NH2-Gly-Gly-Ile-Tyr(tBu)-Ala-Ala-Pro-
Phe-Lys(Boc)-Lys(Boc)-Lys(Boc)-Ala-amide-resin was synthe-
sized via a standard Fmoc peptide synthesis protocol using a
Prelude automatic peptide synthesizer from Protein Technology
(amino acids 5 equiv, HCTU 5 equiv, DIPEA 10 equiv). The free
N-terminus was reacted with Cascade Yellow succinimidyl ester
(2 equiv) and DIPEA (4 equiv) in DMF. The peptide was cleaved
with TFA/H2O/TIS in a ratio of 95:2.5:2.5 and purified via HPLC.

Protein Kinase Assays. Assays were generally performed fol-
lowing a previously reported protocol (22) but with a total vol-
ume of 25 �L from the following stock solutions: 10 �L of H2O,
2.5 �L of 0.1 mM peptide stock solution, 2.5 �L of 1 M Tris (pH
7.5), 2.5 �L of 200 mM MgCl2, 2.5 �L of 0.1 mg mL�1 BSA,
0.5 �L of 50 mM dithiothreitol (DTT), 2 �L of 0.3 �M kinase,
and 2.5 �L of 50 mM ATP. Final concentration of the assay solu-
tion was 100 mM Tris (pH 7.5), 0.01 mg mL�1 BSA, 1 mM DTT,
24 nM kinase, 20 mM MgCl2, 5 mM ATP, and 10 �M peptide sen-
sor. Assays were initiated either by adding ATP or peptide, and
the fluorescence was monitored using a Gemini EM fluorescence
microplate reader from Molecular Devices with 384-well micro-
plates at 30 °C. Peptide 9: (�ex � 665 nm; �em � 705 nm). Pep-
tide 11: (�ex � 400 nm; �em � 525 nm). Dual monitoring of Abl
and Lyn kinase activity was performed in an analogous fashion,
but in the presence of both 9 and 11 and either Abl or Lyn alone
or in combination. IC50 determinations were performed as de-

scribed above with varying concentrations of imatinib or dasat-
inib. Cell lysate assays were likewise performed as described
above using the following conditions: 100 mM Tris (pH 7.5),
5 mM ATP, 20 mM MgCl2, 1/100 (v/v) protease inhibitor cock-
tail (P8340, Sigma-Aldrich), 1/20 phosphatase inhibitor cock-
tail 2 (P5726, Sigma-Aldrich), 10 �M peptide sensor. Protein
concentration was determined using Bradford reagent (Thermo
Scientific), and the concentration of each sample was equili-
brated to 2.5 �g �L�1 by addition of lysis buffer.
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