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Abstract

Many biological experiments are not compatible with the use of immunofluorescence or
genetically-encoded fluorescent tags or FRET-based reporters. Conjugation of existing kinase
inhibitors to cell-permeable fluorophores can provide a generalized approach to develop
fluorescent probes of intracellular kinases. Here, we report the development of a small molecule
probe of Src through conjugation of BODIPY to two well-established, dual Src-Abl kinase
inhibitors, dasatinib and saracatinib. We show that this approach is not successful for saracatinib,
but that largely dasatinib-BODIPY retains the biological activity of its parent compound and can
be used to monitor the presence of Src kinase in individual cells by flow cytometry and to track
the localization of Src by fixed and live-cell fluorescence microscopy. This strategy may enable
generation of additional kinase-specific probes useful in systems not amenable to genetic
manipulation or used together with fluorescent proteins to enable a multiplexed assay read-out.
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Introduction

Many proteins are regulated by changes in abundance or subcellular localization, and the
analysis of these changes has become a mainstay of modern cell biology. Antibody-based
immunofluorescence and genetically encoded fluorescent reporters are currently the most
widely utilized methods for monitoring a given protein of interest, but they are not entirely
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adequate for all applications. For example, immunofluorescence-based staining of
intracellular proteins requires fixation and permeabilization of cells, which precludes use of
this approach in fluorescence-activated cell sorting experiments in which it is desirable to
capture subpopulations of live cells based on the abundance of a given intracellular protein
marker. Likewise, the need for fixation prevents the use of immunofluorescence in live cell
imaging experiments designed to monitor dynamic changes in protein localization. Although
genetically-encoded fluorescent tagsit] and FRET-based reporters(?l can be used in live cell
imaging, these approaches are only compatible with systems in which genetic manipulation
is possible. Fluorescent, cell-permeable small molecules that are specific ligands of a protein
of interest can provide a complementary tool for use in fluorescence microscopy.[3! High-
throughput screening of combinatorially synthesized fluorophore libraries has successfully
yielded specific probes of DNA, RNA, as well as specific proteins.l4] In addition,
fluorescent probes of specific proteins have been developed by rational design efforts in
which a known ligand of the protein of interest is conjugated to a cell-permeable
fluorophore.®! We previously demonstrated proof of concept of this approach with
kinasesl®] by conjugating B12536, a selective inhibitor of polo-like kinases (PLKSs), to
BODIPY, a cell-permeable fluorophore. The resulting bi-valent ligand retained the
biochemical and cellular activity of the parent compound in biochemical and cell-based
assays; moreover, it co-localized with PLK1 during different stages of mitosis. Signal
transduction studies that rely upon measurements of kinase activity and substrate
phosphorylation made in cellular lysates do not permit detection of changes in intracellular
kinase localization or analysis of the role of these changes in the regulation of kinase
function. Probes like BI-BODIPY that report on kinase localization may complement this
significant limitation and permit the study of dynamic changes in intracellular kinase
localization without requiring genetic manipulation of the cells being studied.

To extend this approach, we here have focused on small molecule inhibitors of Src and Abl
family kinases because these kinases have demonstrated biomedical significance; moreover
small molecules that are specific ligands of these kinase families have been well-studied and
validated in vivo. Dasatinib (Sprycel,BMS-354825)[7] is an FDA-approved inhibitor of the
BCR-ADbI kinase, a fusion protein resulting from the Philadelphia chromosomal translocation
that is the cause of chronic myelogenous leukemia (CML) and acute lymphoblastic leukemia
(ALL). An aminothiazole, dasatinib has potent activity against a number of additional
kinases, with subnanomolar activity against members of the SRC-family (Src, Lck, Fyn,
Yes, Fgr, Hck, BIk, Fgr, Frk) and double-digit nanomolar activity against c-Kit, PDGFR,
and members of the Ephrin and Tec kinase families, amongst others.[7-8] Dasatinib’s high
affinity for the kinase active site of its targets has facilitated its use as an affinity reagent!°]
and prompted investigation of 18F-labeled derivatives as radioimaging probes.[1°]
Saracatinib is also a potent, dual Src-Abl kinase inhibitor with a pharmacophore structurally
distinct from that of dasatinib. It has been tested in humans as a potential therapeutic against
numerous tumor types[!1l and is currently in trials as a treatment for Alzheimer’s disease as
well as ovarian, pancreatic, and thymic cancers and osteosarcoma. Although it is less potent
against Src and Abl kinases than dasatinib, it has a more narrowly focused kinase inhibitory
profile.[12]
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In order to develop these compounds as potential tools for monitoring the intracellular
localization of their respective targets, we synthesized BODIPY-conjugated derivatives of
both dasatinib and saracatinib. Although these conjugates might reasonably be expected to
report on the localization of all of the targets of the parent inhibitors, we chose Src as the
focus of our efforts to test these reagents in flow cytometry and fluorescence microscopy
assays because it is known to undergo dramatic changes in subcellular localization during
mitosis, cytoskeletal re-organization, and membrane trafficking.[23! Src localization with
focal adhesions at peripheral membranes is correlated with kinase activityl14] whereas its
colocalization with microtubule-organizing centers in the perinuclear region is inactive;[1°]
moreover, Src expression and/or activity is upregulated in multiple types of cancer. Using
ectopic expression of low levels of a Src-mCherry fusion protein to independently monitor
target abundance and localization, we here demonstrate that dasatinib-BODIPY but not
saracatinib-BODIPY can be used as a probe to visualize Src.

Results and Discussion

Design and synthesis of dasatinib-BODIPY and saracatinib-BODIPY

Existing high resolution co-crystal structures of each compound complexed with relevant
kinase domains were utilized in selecting appropriate sites for derivitization. In co-crystal
structures of dasatinib with Abll16] (PDB ID 2GQG) and Src[1”] (PDB ID 3G5D), the
aminothiazole motif binds to the kinase ‘hinge’ segment between the N- and C-terminal
kinase lobes while the piperazine group is directed towards the solvent-exposed portion of
the ATP-binding site. This suggested that a linker appended to the distal piperazine nitrogen
might not interfere with recognition of the ATP-binding pocket. Similarly, the piperazine
group of saracatinib is solvent-exposed in the co-crystal structure of it complexed with Src
(PDB ID 2H8).[*21 BODIPY (ex/em 503/512 nm)[18] was chosen as the fluorophore in these
experiments due to its demonstrated cell-permeability, high extinction coefficient, and the
compatibility of its excitation and emission spectra with commonly used fluorescence
microscopes and flow cytometers. Syntheses of dasatinib and saracatinib conjugated to
BODIPY (dasatinib-BODIPY and saracatinib-BODIPY, respectively; Figure 1) were
modifications of published procedures.[82 1001 Details and compound characterization are
provided as Supporting Information.

Dasatinib-BODIPY and saracatinib-BODIPY are potent inhibitors of relevant kinase targets

To determine if conjugation to BODIPY perturbs interactions of the small molecule with its
target kinases, we compared the kinase inhibitory activities of dasatinib-BODIPY and
saracatinib-BODIPY with those of their respective parental compounds. Due to dasatinib’s
well-documented multi-targeted inhibition of kinases, we first profiled dasatinib-BODIPY’s
biochemical inhibition of ten known targets of dasatinib. Dasatinib-BODIPY appeared to
have lost inhibitory activity against c-kit, PDGFR-alpha, and PDGFR-beta kinases (ICsg
values greater than 100 uM) but exhibited potent inhibition of Src family kinase members,
Abl, BTK, and ephrin B2 (EphB2) kinases (Table 1). Although decreases in inhibitory
activity were observed (~2- to 10-fold for Src family members, 11- fold for BTK and
EphB2, and 40-fold for Abl), the single-digit micromolar 1Csq values observed against each

Chembiochem. Author manuscript; available in PMC 2015 June 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vetter et al.

Page 4

of these kinases suggested that dasatinib-BODIPY still recognized and might be useful for
intracellular detection of these kinases.

To test this possibility explicitly, we next performed experiments utilizing the Ba/F3 model
to assess cell penetrance and intracellular kinase inhibition and hence intracellular binding
of the kinase. Transformation of Ba/F3 cells by an oncogenic kinase relieves the dependence
of this murine pro-B cell line on interleukin-3 (IL-3) for proliferation. Inhibition of the
oncogenic kinase in turn blocks proliferation of the cells in the absence of IL-3 and provides
a convenient readout for intracellular kinase inhibition.[1%] We performed dose-response
experiments to measure the anti-proliferative activity of dasatinib-BODIPY and saracatinib-
BODIPY against BCR-Abl Ba/F3 cells. Consistent with the results of the biochemical
kinase inhibition profiling (Table 1), dasatinib-BODIPY inhibits the proliferation of BCR-
Abl Ba/F3 cells with activity comparable to that of dasatinib (ECgq values 47 nM and 2.1
nM, respectively) (Figure 2). This inhibition is not a consequence of non-specific
cytotoxicity since dasatinib-BODIPY has no effect on the IL-3-dependent growth of parental
Ba/F3 cells at concentrations below 5 pM (Supporting Figure 1). We likewise observed that
saracatinib-BODIPY inhibits the proliferation of BCR-Abl transformed Ba/F3 cells in a
dose-responsive manner, albeit with an approximately 10-fold decrease in potency relative
to saracatinib itself (Supporting Figure 1) and without cytotoxic effects on parental Ba/F3
cells (Supporting Figure 1).

Dasatinib-BODIPY labels Src in single cells as monitored by flow cytometry

The effects of dasatinib-BODIPY and saracatinib-BODIPY on the proliferation of BCR-
Abl-dependent Ba/F3 cells demonstrate two characteristics essential for their use as probes
of intracellular kinases: first, the compounds penetrate the plasma membrane; and second,
the compounds engage a relevant kinase target. Despite their loss in potency relative to the
parental compounds, we reasoned that this might not impede their use as probes because in
many live cell applications the ideal probe would engage target(s) with affinity and
specificity sufficient to permit their detection but without causing a significant biological
perturbation. To evaluate dasatinib-BODIPY and saracatinib-BODIPY as probes of
intracellular kinases explicitly, we engineered immortalized adherent hepatoma cell line
Huh7 to express a Src-mCherry (ex/em 587/610 nm)[21] fusion protein, thereby enabling us
to independently monitor the presence of Src via mCherry fluorescence. Huh7 cells
transiently transfected with the Src-mCherry expression plasmid were incubated with 100
nM dasatinib-BODIPY or saracatinib-BODIPY. BI-BODIPY was used as a control since we
have previously demonstrated that it can be used for intracellular staining of polo-like
kinases,[6] and free BODIPY was employed as a negative control. Following washes with
buffer, the cells were harvested as a single-cell suspension, fixed, and then analyzed by flow
cytometry. Analysis of mCherry fluorescence versus forward scatter indicated variable
expression of Src-mCherry in the transfected cell population (Figure 3A and Supporting
Figure 2) with fluorescence intensities that were relatively modest to weak on a per cell
basis, likely due to low expression of the Src-mCherry. We focused our analysis on the
population of cells with the highest mCherry fluorescence (mCherry™), reasoning that these
cells would provide the best signal for correlating probe fluorescence with the presence of c-
Src kinase.
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Histogram plots of BODIPY fluorescence intensity versus cell number for the mCherryhi
cells exhibited peak profiles for dasatinib-BODIPY -, saracatinib-BODIPY-, BI-BODIPY-
labeled samples that were distinct from one another as well as distinct from the histogram
plot for cells labeled with free BODIPY (Figure 3B-D and Supporting Figure 2B). This
suggested that the staining is not due to generic interactions of the BODIPY moiety with
cellular components but rather due to interactions of the kinase-targeting moieties with
distinct kinases. While cells labeled with dasatinib-BODIPY exhibited only modest
BODIPY fluorescence, this signal was significant over background and clearly higher than
that of cells stained with free BODIPY (Figure 3C and Supporting Figure 2B-C).

To more directly test whether staining with saracatinib-BODIPY and dasatinib-BODIPY
were due to their respective kinase-targeting moieties, we performed competition
experiments using the unlabeled, parental compounds. Labeling of cells with saracatinib-
BODIPY in the presence of excess saracatinib, we observed a slight shift in the histogram
plot of BODIPY fluorescence intensity versus cell number (Figure 3B); however, through
repeated experiments this very slight difference was found to not be statistically significant
(Supporting Figure 2). This suggests that although saracatinib-BODIPY retains some kinase
inhibitory activity, it does not selectively label Src-mCherry and likely gives signal in flow
cytometry due to non-specific staining or binding to a target other than Src or the BCR-Abl
kinase targeted in the cell-based kinase activity assay since Huh7 cells lack this kinase.
Further experiments are needed to determine how coupling of saracatinib to BODIPY via
the piperazine site affects the affinity, kinetics, and selectivity of the compound’s
interactions with Src and other kinase targets. In contrast, incubation of cells with excess
unlabeled dasatinib resulted in a reproducible and statistically significant loss in the
BODIPY fluorescence of the dasatinib-BODIPY-labeled mCherry" cells (Figure 3C and
Supporting Figure 2D). The effect of the dasatinib competitor, moreover, appeared to be
specific since excess dasatinib had no effect on BI-BODIPY-labeled cells (Figure 3D and
Supporting Figure 2D). These observations demonstrate the specificity of dasatinib-
BODIPY as a probe for Src-mCherry -- and presumably of Src -- in these experiments and
illustrate the potential utility of dasatinib-BODIPY in flow cytometry applications to
identify specific populations of cells based on the abundance of a kinase target of interest.
We note that the relatively low signal- to-noise ratio for dasatinib-BODIPY-labeled cells
may have been an artifact caused by low expression of the Src-mCherry reporter on which
we gated cells for analysis. Given the many known kinase targets of dasatinib-BODIPY, we
anticipate that conditions for staining and cytometric analysis can be optimized for the
specific cell type, specific target, and target abundance in order to achieve more favorable
signal to noise.

Dasatinib-BODIPY allows visualization of Src by fluorescence microscopy

To explore the potential use of dasatinib-BODIPY as an imaging probe in fluorescence
microscopy experiments, we initially assessed its staining specificity in fixed cells. Src-
mCherry-expressing Huh7 cells were first stained with dasatinib-BODIPY, BI-BODIPY, or
free BODIPY then fixed and stained with DAPI to permit visualization of nuclei. Samples
were then mounted and imaged by confocal fluorescence microscopy. Dasatinib-BODIPY -
staining appeared as distinct puncta that appeared to colocalize with Src-mCherry whereas
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there was only incidental overlap of the BI-BODIPY stain with Src-mCherry and no signal
observed for cells labeled with free BODIPY or for unlabelled cells incubated with DMSO
(Figure 4A—C, Supporting Figure 3A and B). This suggested that the subcellular localization
of dasatinib-BODIPY is mediated by its specific binding to Src-mCherry and is not driven
by the BODIPY moiety. To examine dasatinib-BODIPY s utility as a probe in live-cell
imaging applications, we stained Huh7 cells expressing Src-mCherry with dasatinib-
BODIPY or BI-BODIPY and then imaged these samples directly. Dasatinib-BODIPY and
Src-mCherry appeared to colocalize significantly in live-cell images collected at thirty
second intervals over a two-and-a-half minute time frame; moreover, dynamic changes in
the localization of dasatinib-BODIPY appeared to coincide with those of Src-mCherry under
basal unstimulated conditions during this experiment (Figure 4C and Supporting Movie 1).
This colocalization of dasatinib-BODIPY with Src-mCherry appeared to be mediated by the
kinase-targeting moiety since it was not observed with BI-BODIPY (data not shown).

We confirmed these qualitative impressions of dasatinib-BODIPY’s colocalization with Src-
mCherry by determining Mander’s coefficients for representative images as a metric of
colocalization. With a coefficient of 1 representing complete colocalization and 0
representing the complete absence of colocalization of the BODIPY and mCherry signals,
dasatinib-BODIPY-labeled cells had Mander’s coefficients ranging from 0.78 to 0.92 for
both the fixed and live-cell experiments (mean 0.86), indicative of considerable
colocalization of these two signals. In contrast, Mander’s coefficients for colocalization of
BI-BODIPY with Src-mCherry ranged from 0.43 to 0.69 (mean 0.57), indicating that
overlap of these two signals was considerably less and consistent with the idea that this
control probe does not co-localize or interact with Src. Taken together, these experiments
illustrate the use of dasatinib-BODIPY to selectively monitor the intracellular localization of
a relevant kinase target in live cells and suggest that this compound may be useful in
monitoring intracellular kinase dynamics. More broadly, these results suggest that cell-
penetrant small molecule probes like dasatinib-BODIPY can fill an important unmet need in
live-cell imaging experiments that are not amenable to immunofluorescence and/or the
expression of fusion proteins.

Conclusion

Fluorescence detection provides one of the most powerful methods to study intracellular
trafficking of proteins by fluorescence microscopy and to identify specific populations of
cells expressing a protein of interest by flow cytometry. The majority of studies to date have
utilized reporter proteins requiring genetic manipulation of the system being studied. Small
molecule fluorophores with selectivity towards particular biomolecules of interest such as
DNA or towards particular organelles (mitochondria, Golgi, etc.) have been used prior to the
advent of molecular biology.[18] Many of these early probes were empirically discovered,
and the molecular recognition and fluorescence properties are embedded in a single core
structure.

A complementary approach is to create bi-valent ligands that contain separate molecular
recognition and fluorescent elements. The primary advantage of the bivalent ligand
approach is that it is modular and can exploit the tremendous number of selective small

Chembiochem. Author manuscript; available in PMC 2015 June 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vetter et al.

Page 7

molecular binders that have been generated as a result of chemical biology and drug
discovery research. We have focused our efforts on developing fluorescent ligands for
protein kinases because of the large number of selective kinase ligands that have been
developed and because there is a significant interest in being able to observe changes in
intracellular kinase localization under physiological and pathophysiological conditions. We
have demonstrated that it is possible to tether a cell permeable BODIPY fluorophore to the
solvent exposed region of kinase inhibitors such as B12356 and dasatinib in a manner that
preserves biological activity and that enables fluorescent imaging using fluorescent
microscopy or flow cytometry. We have also observed that with other kinase inhibitors, such
as Mps1-IN-1[6] and saracatinib, that the approach is not successful either due to loss of
binding potency and/or because the ligand binds too promiscuously to other intracellular
targets resulting in a high background signal. As is well known in the field of making
radioisotope imaging probes (such as 18F positron imaging probes), it must be empirically
determined which ligands possess sufficient target to off-target binding to yield useful
probes. We anticipate that a large number of useful kinase-specific fluorescent probes can be
generated using the bi-valent ligand strategy by systematically mining the extensive known
pharmacopeia of kinase inhibitors. These probes can then be used in systems that do not
allow for genetic manipulation or used together with fluorescent proteins to enable a
multiplexed assay read-out.

Experimental Section

Synthesis of dasatinib-BODIPY and saracatinib-BODIPY

Cell Culture

Synthesis of dasatinib-BODIPY and saracatinib-BODIPY were performed based on
published synthetic methods.[”: 121 Detailed synthetic methods and characterization are
provided as Supporting Information.

Human hepatoma cells (Huh7) were maintained in DMEM supplemented with 10% fetal
bovine serum (FBS) and were transfected with Lipofectamine 2000 (Life Technologies)
according to manufacturer’s protocol. Parental Ba/F3 and BCR-Abl-transformed Ba/F3 cells
were provided by J.D. Griffin (Dana Farber Cancer Institute, Boston). Both BCR-Abl Ba/F3
and parental Ba/F3 cell lines were cultured in RPMI 1640 (Life Science) with 10% FBS;
parental Ba/F3 cell medium was supplemented with 10% WEHI-conditioned medium as a
source of IL-3. All cells were grown in humidified incubators maintained at 5% CO,.

Ba/F3 Proliferation Assay

Parental and BCR-Abl BaF3 cells (0.3-0.6 x 108 per mL) were plated in duplicate in 96-
well plates with increasing compound concentrations (0.005-10 pM). After incubation at 37
°C for 48 hours, cell viability was assessed using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega). Inhibition of cell proliferation was calculated as a percentage of
growth based on DMSO-treated cells, and 1Csq values were determined by using the four
parameter dose response non-linear regression analysis included in the Graph Pad Prism 6
software.
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Src-mCherry

c-Src-eGFP in the pEGFP-N1 vector was a kind gift from the lab of Marilyn Resh
(Memorial Sloan-Kettering Cancer Center).[22] c-Src-eGFP was subcloned into plasmid p-
mCherry-N1 (Promega) via EcoRI and BamHI restriction sites to produce the Src-mCherry
expression plasmid

Microscopy

Fixed Cells—Huh7 cells on 12 mm coverslips were transfected with the Src-mCherry
expression plasmid. Forty-eight hours post-transfection, cells were treated with 100 nM
dasatinib-BODIPY or BI-BODIPY for two hours. Cells were then washed with PBS, fixed
with 4% paraformaldehyde (PFA) for 15 minutes, washed again with PBS, and
permeabilized with 0.1% (v/v) Triton X100 for 15 minutes. Cells were then stained with
DAPI (4,6-diamidino-2-phenylindole) (Invitrogen) for 15 minutes and washed with PBS
before mounting on glass slides with ProLong Gold (Invitrogen).

Live Cells—Huh7 cells were transfected with the Src-mCherry expression plasmid, and
then 48 hours post-transfection incubated with 100 nM dasatinib-BODIPY or BI-BODIPY
for two hours. Samples were then placed in an AttoFluor Cell Chamber (Invitrogen) and
perfused with DMEM medium lacking phenol red. The cell chamber was then placed in a
heated stage plate over the objectives and maintained at 37°C. The air above the cells was
humidified and maintained at 37°C, 5% CO, for the duration of the experiment. Samples
were imaged every 30 seconds for 2.5 minutes. All images were acquired using a QuantEM
(Photometrics) cooled charge-coupled device as part of a CSU-X1 spinning disk confocal
system (Yokogawa Electric Corporation) using a 100X, 1.4NA objective (Zeiss). Samples
were sequentially excited by 405nm (DAPI), 488 nm (BODIPY) and 561 nm (mCherry)
lasers (Coherent), and signal was collected through emission filters 452/45 nm, 525/50 nm
and 607/36 nm (Semrock), respectively. Initial data capture was performed using Slidebook
software (Intelligent Imaging Innovations). Further processing was performed using
Metamorph (Molecular Devices). Colocalization between BODIPY (green) compounds and
Src-mCherry (red) was assessed by calculation of the Mander’s coefficient (ratio of intensity
of green pixels coincident with red pixels to total green pixel intensity) using the ImageJ
plug-in JACoP.[23] Each figure represents a single plane from the Z-stack.

Flow Cytometry

Forty-eight hours post-transfection with the Src-mCherry expression plasmid, Huh7 cells
were incubated with DMSO or 10 uM dasatinib (competition samples) for one hour at 37
degree C, 5% CO,. Cells were subsequently incubated with 100 nM dasatinib-BODIPY or
BI-BODIPY for two hours at 37 degrees C, 5% CO,. Cells were then washed with PBS,
lifted from the culture dish with trypsin, washed with PBS, fixed in 2% PFA, and then
analyzed with a LSR Fortessa (Becton Dickson). Samples were excited by 488 nM
(BODIPY) and 561 nM (mCherry) lasers and signal was subsequently collected through
530/30 nM and 610/20 nM emission filters, respectively. Data were initially collected on
FACSDiva software (Becton Dickson). Subsequent analyses were performed using FlowJo.
Live cells were gated using forward scatter (FSC) and side scatter (SSC) parameters. Cells
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transfected with the Src-mCherry expression plasmid demonstrated a distinct population of
mCherry bright cells. These cells were gated (mCherry™) for the analysis of the BODIPY
signal in samples labeled with dasatinib-BODIPY, saracatinib-BODIPY, BI-BODIPY, and
negative controls. Individual histograms of the BODIPY fluorescence signal were produced
using values from the BODIPY channel in the mCherry"i gate. Mean fluorescence intensity
(MFI) was determined within FlowJo, and Graphpad Prism 6 was used to analysis
significance of changes MFI.

Kinase profiling of dasatinib-BODIPY

The inhibitory activity of dasatinib-BODIPY against ten of its known substrates was
performed by Z’lyte assay (Life Technologies), a coupled assay system in which the FRET
signal from a substrate peptide reflects its phosphorylation by a recombinant kinase and
kinase inhibition leads to decreased FRET signal.[20]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synthesis schemes of dasatinib-BODIPY and saracatinib-BODIPY
(A) Synthesis of dasatinib-BODIPY. Compound 1 was prepared following literature

procedurest” and was coupled with tert-butyl 4-(6-chloro-2-methylpyrimidin-4-yl)
piperazine-1-carboxylate to yield 2. Deprotection of 2 followed by amide coupling of 3 with
BODIPY acid gave the target, dasatinib-BODIPY. (B) Synthesis of saracatinib-BODIPY.
Compound 4 was prepared following published procedures[12] and then was converted to
compound 5 through treatment with ammonia in methanol solution. The Mitsunobu reaction
of 5 with tert-butyl 4-(2-hydroxyethyl)-1-piperazinecarboxylate 6 afforded 7. Deprotection
of compound 7 followed by the amide coupling with BODIPY acid gave the target,
saracatinib-BODIPY.
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Figure 2. Cellular activity of dasatinib-BODIPY
Inhibition of the proliferation of BCR-Abl Ba/F3 cells was used as a proxy to demonstrate

cell penetrance as well as recognition and inhibition of BCR-ADI. Cell viability was
measured in the presence of increasing concentrations of dasatinib, dasatinib-BODIPY, and
free BODIPY to permit determination of 1Csq values. Despite a 23-fold decrease in potency
relative to dasatinib, dasatinib-BODIPY was a potent, sub-micromolar inhibitor of BCR-Abl
Ba/F3 cell proliferation. This was due to the kinase-targeting moiety of dasatinib-BODIPY
since free BOIDPY had no detectable effect on the viability of these cells.
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Figure 3. Evaluation of dasatinib-BODIPY and saracatinib-BODIPY as probes for flow
cytometry
Src-mCherry expressing Huh7 cells were treated with DMSO (negative control) or with 100

nM saracatinib-BODIPY, dasatinib-BODIPY, or BI-BODIPY. (A) mCherry fluorescence
profile versus forward scatter showing the presence of a distinct high fluorescence
population (mCherry) for each compound. This population was gated for further analysis.
(B-D) For competition experiments, cells were labeled with 100 nM saracatinib-BODIPY,
dasatinib-BODIPY, or BI-BODIPY in the presence or absence of 10 uM free saracatinib or
dasatinib as competitor as indicated. Histogram plots for the BODIPY fluorescence intensity
are shown. Unique peak profiles for saracatinib-BODIPY, dasatinib-BODIPY, and BI-
BODIPY suggest that staining reflects binding of these probes to specific targets dictated by
the kinase-targeting group and not by generic interactions of the fluorophore. (B)
Competition with unlabeled saracatinib does not significantly reduce the fluorescence
intensity of saracatinib-BODIPY. In contrast, unlabeled dasatinib significantly reduces the
fluorescence intensity of (C) dasatinib-BODIPY but not (D) BI-BODIPY, suggesting that
this competition is specific. Data are representative of four independent replicates.

Chembiochem. Author manuscript; available in PMC 2015 June 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vetter et al.

Page 14

(A)

Src-mCherry BODIPY merge
(B) T0um

Src-mCherry  dasatinib-BODIPY merge
(©)

Src-mCherry BI-BODIPY merge
(D)

0:00 min 1:00 min 2:00 min

Figure 4. Evaluation of dasatinib-BODIPY as a probe for Src in fluorescence microscopy
Src-mCherry-expressing Huh7 cells were incubated with 100 nM free BODIPY, dasatinib-

BODIPY, or BI-BODIPY for two hours and then processed for imaging (see Materials and
Methods). A single plane from a representative Z-series is shown. Images are representative
of three separate experiments. (A) Cells labeled with free BODIPY exhibit no signal above
backround. Src-mCherry (red) in fixed cells appears to co-localize with (B) dasatinib-
BODIPY (green) but not with (C) BI-BODIPY (green). Mander’s coefficients, a
measurement of colocalization, averaged 0.858 and 0.567 for dasatinib-BODIPY and BI-
BODIPY, respectively (see Supporting Figure 3C). (D) For live cell imaging, Src-mCherry-
expressing Huh? cells were incubated with 100 nM dasatinib-BODIPY for two hours and
then washed twice with buffer and imaged. Images were captured every 30 seconds for 2.5
minutes. Images shown are a single confocal plane. Src-mCherry and dasatinib-BODIPY co-
localized (mean Mander’s coefficient of 0.858; Supporting Figure 3C) and appeared to
change localization together in the cytoplasm (see also Supporting Movie 1).
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Biochemical activity of dasatinib-BODIPY
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The kinase inhibitory activity of dasatinib-BODIPY was profiled in biochemical assays against ten known
targets of dasatinib. Biochemical 1Csq values were measured by Z/-Lyte kinase assay[2%] a homogeneous,

coupled-enzyme assay utilizing a FRET-peptide substrate such that kinase inhibition leads to proteolytic

cleavage of the substrate and loss of the FRET signal.

Kinase Dasatinib (IC5o uM)  Dasatinib-BODIPY (ICsy pM)
ABL1 0.03 13
BTK 1.4 2.7
EPHB2 0.4 44
FYN 0.8 7.0
HCK 0.3 15
KIT 0.8 138.0
LYN 0.6 2.1
PDGFRA 05 112.0
PDGFRB 0.6 100
SRC 0.2 2.1
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