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Abstract

As the usage of fluorescence microscopy as a tool to study biological systems continues to grow,
so does the need for additional tools that permit the selective detection of proteins of interest.
Existing selective and well-characterized kinase inhibitors may be exploited to develop novel
small molecule probes useful in imaging kinases by fluorescence microscopy.

Fluorescence imaging is a powerful tool that permits visualization of specific cell states
within a population; however, existing methods for fluorescence labeling cannot be easily
applied in many biological systems. Immunofluorescence methods can be limiting due to the
lack of appropriate antibodies and/or because the intracellular localization of the protein of
interest necessitates fixation of the cells. Expression of the protein of interest as a fusion
with a fluorescent protein circumvents the need for fixation but requires prior genetic
manipulation that is not compatible with analysis of clinical samples and primary cells.
Fluorescent small molecule probes that bind specifically to a protein of interest may offer
some advantages over these conventional methods. Unlike antibodies, small molecule
probes can be cell permeable and may therefore be useful in live-cell and /n vivoimaging
experiments; moreover, unlike the expression of EGFP-fusion proteins, small molecule
probes do not require genetic manipulation of cells.

Protein kinases are in many ways ideal targets for the development of selective fluorescent
small molecule probes. This is because protein kinases are involved in most cellular
processes and changes in their localization, accessibility, and abundance are associated with
changes in cellular state. Protein kinases have been used as biomarkers in cancer biology
because the loss of endogenous kinase regulatory mechanisms by point mutations, gene
deletions, gene amplifications, and chromosomal rearrangements has been well-established
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as a crucial event in many cancers. In addition, drug discovery and chemical biology efforts
have in recent decades produced many selective, cell-permeable small molecule ligands of
specific cellular kinases. Here we describe our initial attempts to leverage existing, well-
characterized kinase inhibitors to develop fluorescent small molecule probes for use as
imaging tools in cancer biology.

For this effort, we focused on Mps1-IN-1, a recently described inhibitor of the monopolar
spindle 1 kinase (Mps1),! and BI12536, a potent inhibitor of polo-like kinases (PLK1, PLK2,
and PLK3).2 3 These inhibitors target kinases that regulate cell cycle progression and that
localize to distinct subcellular structures during mitosis. Mps1 is a dual-specificity kinase
whose activity is essential for the establishment and sustained activity of the spindle
checkpoint.-6 The polo-like kinases (PLKs) comprise a family of conserved serine/
threonine kinases that are highly conserved from yeast to humans’ and that are known to
regulate cell cycle progression.2 3:8 9 We reasoned that the synthesis and use of Mps1- and
PLK-selective small molecules probes could facilitate the study of these kinases in different
phases of the cell cycle. In addition, such probes might be able to elucidate deregulated
states and find use as cancer diagnostics. Towards this end, we endeavoured to convert
Mps1-IN-1 and BI2536 to fluorescent probes of their respective kinase targets by
conjugation to a cell-permeable fluorophore. 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY)10 was selected as the fluorescent dye because it has a high quantum yield, it is
cell permeable, and its derivatives have been widely used to label proteins1-16 and
DNA.17. 18 gynthesis of BODIPY-conjugated derivatives of Mps1-IN-1 and BI2536 (Mps1-
IN-BODIPY, and BI-BODIPY, respectively) were adapted from published syntheses of the
parent compounds?: 19 and additional steps to conjugate BODIPY are highlighted in
Schemes 1 and 2, respectively.

For Mps1-IN-BODIPY, compound 1, which was prepared by following the reported
procedurel, was reacted with zert-butyl 4-(1-(4-amino-3-methoxyphenyl)piperidin-4-
yl)piperazine-1-carboxylate to give 2. Deprotection of 2 followed by amide coupling with
the BODIPY acid produced the target Mps1-IN-BODIPY. For BI-BODIPY, compound 3,
prepared according to previously reported procedures,1® was coupled with #butyl 4-((1,
4R)-4-aminocyclohexyl)piperazine-1-carboxylate to afford 4.1° Acid mediated removal of
the butoxycarbonyl group of 4 followed by amide coupling with BODIPY acid produced
the target, BI-BODIPY.

With Mps1-IN-BODIPY and BI-BODIPY in hand, we next performed dose-response
experiments using a combination of biochemical and cellular assays to assess whether
conjugation to BODIPY negatively affected the binding of the compounds to their kinase
targets. Conjugation to BODIPY appeared to significantly reduce the activity of Mps-1-IN,
as evidenced by a greater than ten-fold decrease in its binding affinity for recombinant Mps1
(Fig. 1A). Based on this result, we decided not to continue development of this compound as
a fluorescent probe of Mps1. In contrast, BI-BODIPY inhibited PLK1, PLK2, and PLK3 in
biochemical kinase assays (Fig. 1B) with activities comparable to that of B125363,
demonstrating that linker-modification and conjugation to BODIPY did not significantly
alter the biochemical activity of BI2536. To determine if BI-BODIPY elicits a cellular
phenotype similar to that of the parent compound, we analysed its effects on cell cycle
progression. PLK1 is a critical regulator of cell cycle progression, and both pharmacological
inhibition of PLK1 and RNAi-mediated depletion of PLK1 lead to mitotic arrest.2: 3. 8.9
Cells were treated with BI-BODIPY or BI2536 for 24 hours followed by analysis of the
cellular lysates for cyclin B, a protein whose expression peaks during mitosis and which is
commonly used as a mitotic marker. Cells treated with BI-BODIPY exhibited a strong
mitotic arrest, as exemplified by high and sustained cyclin B levels (compared to DMSO
control) (Fig. 1C).2 3.8 9 Importantly, BI-BODIPY was highly potent with only a marginal
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decrease in activity relative to that observed with BI2536, demonstrating that the BODIPY
fluorophore did not adversely affect the cellular activity of the parent compound.

We next evaluated the use of BI-BODIPY as a probe to monitor the localization of PLKSs by
fluorescence microscopy. Localization of PLKSs is controlled by one or more C-terminal
polo-box domains (PBDs) that bind a variety of phosphoprotein epitopes, many of which are
regulated in a cell cycle-dependent manner.2%: 21 The transient interaction of PLKs with
different binding partners facilitates the directed localization of PLKSs to discrete cellular
compartments and enables PLKSs to phosphorylate an array of substrates in a cell-cycle
dependent manner.22: 23 |n particular, PLK1 and other isoforms localize to centrosomes
during G2/M, where they regulate that structure’s maturation and maintenance;24-26 to
kinetochores during prometaphase/metaphase, where they regulate chromosome segregation
and bipolar spindle assembly;2* 27 and to the mid-body during telophase.28-30 We tested
whether BI-BODIPY labels these structures during the appropriate cell cycle phases using
immunofluorescence staining of tubulin to visualize these subcellular structures. HeLa cells
that had been synchronized by 24-hour treatment with thymidine were released from G1/S
arrest by washout of thymidine, and then treated 8 hours later with a sub-inhibitory
concentration of BI-BODIPY. Cells were then fixed to permit immunofluorescence staining
for tubulin. Using tubulin as a structural marker, we were able to localize the BODIPY
signal to kinetochores, centrosomes, and the mid-body (Fig. 2, upper panels), consistent with
the known localization of PLK1 during mitosis.24-30 Importantly, this staining pattern was
disrupted by co-treatment with B12536, which can compete with BI-BODIPY for binding to
PLK1 (Fig. 2, lower panels). Collectively, these data demonstrate that BI-BODIPY can be
used to track the localization of PLKSs and illustrate proof of concept that existing, well-
characterized, selective inhibitors of kinases may be useful in the development of tools for
tracking the localization and distribution of specific kinases by fluorescence microscopy.

Conclusions

The existing collection of highly characterized small molecule kinase inhibitors have the
potential to be leveraged in the development of fluorescent, cell permeable, small molecule
probes for use in fluorescence imaging. To test the feasibility of this concept, we
synthesized fluorophore-conjugated derivatives of the PLK inhibitor BI2536 and the Mps1
inhibitor Mps1-IN-1. Conjugation of Mps1-IN-1 to BODIPY led to a significant
perturbation in the interaction of this inhibitor with its kinase target; studies to understand
why this modification had a large effect on the inhibitory activity of the compound are on-
going. In contrast, BI-BODIPY exhibited biochemical and cellular characteristics that are
similar to parent PLK inhibitor B12536. We demonstrated the utility of BI-BODIPY as a cell
permeable probe for monitoring PLK localization. This result serves as the foundation for
more sophisticated live-cell and in vivo imaging experiments that we are currently pursuing.
This study also provides proof of concept for extension of this strategy to convert other
small molecule kinase inhibitors to probes that can analogously be used to monitor
localization of their respective kinases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by the National Institutes of Health / National Cancer Institute grant U54 CA156732 to
the University of Massachusetts Boston — Dana-Farber Harvard Cancer Center (UMB-DFHCC) U54
Comprehensive Partnership to Reduce Cancer Health Disparities (Project 3, Co-Pls: N. S. Gray, W. Zhang, and P.
L. Yang) and by NIH/NIAID Al076442 (PI: P.L. Yang).

Mol Biosyst. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 4

Abbreviations used in the text

AcOH acetic acid

BODIPY 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene

DCC N,N*=dicyclohexylcarbodiimide

DCM dichloromethane

DIEA N,N-diisopropylethylamine

DMA dimethylaniline

DMAP 4-dimethylaminopyridine

DMF dimethylformamide

EGFP enhanced green fluorescent protein

EtOH ethanol

HBTU O-(Benzotriazol-1-yl)-N,N,N’,N “tetramethyluronium
hexafluorophosphatemethanol

MeOH methanol

Mel methyl iodide

Mpsl monopolar spindle 1 kinase

PLK polo-like kinase

NaOAc sodium acetate

Na(OAc)3BH sodiumtricetoxyborohydride

NaH sodium hydride

TFA trifluoroacetic acid

THF tetrahydrofuran

t-BuOH tert-butanol
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Fig. 1.

Evaluation of biochemical and cellular activities of Mps1-IN-BODIPY and BI-BODIPY
against their respective kinase targets. (A) Conjugation to BODIPY reduces the affinity of
Mps1-IN for Mpsl. Inhibition of Mpsl by Mps1-IN-1 and Mps1-IN-BODIPY was
measured by LanthaScreen™ Kinase assay (LifeTechnologies). (B) BI12536 and BI-
BODIPY exhibit similar inhibitory activities against recombinant PLK1, PLK2, and PLK3
kinases. Inhibition of PLK1, PLK2, and PLK3 by B12536 and BI-BODIPY were measured
by Z"-Lyte™ Kkinase assay (Life Technologies). (C) Western blot for cyclin B indicates that
BI-BODIPY induces cell cycle arrest at concentrations comparable to the parent inhibitor,

B12536.
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Fig. 2.

BI-BODIPY localizes to known sites of PLK localization. Hela S3 cells were arrested at the
G1/S transition by 24-hour treatment with thymidine. Cells were released by thymidine
washout and after 8 hours cells were treated with BI-BODIPY (100 nM) with and without
competing unlabeled B1-2536 parent compound (1 pM) for 2 hours. Samples were fixed
with 4% paraformaldehyde in PBS at room temperature for 20 minutes, washed with PBS,
and then permeabilized with 0.1% Triton-X in PBS. Immunofluorescence staining for
tubulin was performed to permit visualization of tubulin and centrosome, midbody, and
kinetochore structures. Localization of BI-BODIPY to these structures was prevented in the
presence of excess BI2536 as competitor.
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Scheme 1.

Synthesis of Mps1-IN-BODIPY. Reaction and conditions: (i) #butyl 4-(1-(4-amino-3-
methoxyphenyl)piperidin-4-yl)piperazine-1-carboxylate K2CO3, Pd2(dba)s, X-Phos, *
BuOH, 100 °C; (ii) TFA, DCM, 0 °C; LiOH*H,0, 25 °C; (iii) 3-(2-carboxyethyl)-5,5-
difluoro-7,9-dimethyl-5AH-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide (BODIPY
acid), DCC, DMAP, THF, 0-25 °C.
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Synthesis of BI-BODIPY. Reaction and conditions: (i) #butyl 4-((1R,4R)-4-
aminocyclohexyl)piperazine-1-carboxylate, HBTU, DIEA, DMF, 25 °C; (ii) TFA, DCM, 25
°C; (iii) 3-(2-carboxyethyl)-5,5-difluoro-7,9-dimethyl-5H-dipyrrolo[1,2-c:2',1'-f]
[1,3,2]diazaborinin-4-ium-5-uide (BODIPY-acid), DCC, DMAP, THF, 0-25 °C.
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