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ABSTRACT: The perturbation of protein kinases with small organic molecules is a
powerful approach to dissect kinase function in complex biological systems. Covalent
kinase inhibitors that target thiols in the ATP binding pocket of the kinase domain
proved to be ideal reagents for the investigation of highly dynamic cellular processes.
However, due to the covalent inhibitors' possible off-target reactivities, it is required
that the overall shape of the inhibitor as well as the intrinsic reactivity of the
electrophile are precisely tuned to favor the reaction with only the desired cysteine.
Here we report on the design and biological characterization of covalent
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anilinoquinazolines as potent inhibitors of genetically engineered Aurora kinase in

fission yeast.

rotein kinases catalyze the transfer of phosphate groups

from ATP to substrate proteins and are involved in nearly
every signaling pathway."” A powerful approach used to
unravel the complex nature of kinase biology is to perturb
kinase function by small molecule inhibitors and to compare
differences between perturbed and unperturbed states.’
However, the limited selectivity of most inhibitors makes
perturbation of a single kinase difficult.* Chemical genomics
techniques such as the “bump-and-hole approach” allow for the
acute chemical knock-down of target protein kinase function
with precision and selectivity not possible with traditional
genetic approaches.” Irreversible inhibitors are particularly
powerful tools by covalently and thereby permanently
perturbing kinase function at the cellular level and are moving
to the forefront of kinase inhibitor research both in medicinal
chemistry and chemical biology.® Compared to reversible
inhibitors, such probes often remain bound throughout the
lifetime of the target kinase, and the duration of their action is
therefore a function of the rate of enzyme turnover.” Enhanced
potency and efficacy of covalent kinase inhibitors may result in
increased specificity and less susceptibility to ATP competitive
effects, which often are bottlenecks in the development of
specific kinase inhibitors.® Irreversible inhibitors can be
designed to specifically target particular Cysteine (Cys)
residues that are located in the vicinity of the ATP-binding
pocket.*” Cys797 in EGFR (epidermal growth factor receptor)
continues to serve as a prototypic nucleophile for covalent
kinase inhibition.'® This Cys is located in a conserved a-helix at
the lip of the ATP-binding pocket, which is naturally present
only in a few eukaryotic kinases but can be introduced into
other kinases of interest and be targeted by inhibitors carrying
an electrophile."”'* The ideal covalent modifier is typically
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poorly reactive under physiological conditions with solution
nucleophiles such as glutathione or solvent-exposed Cys and
will react with the desired nucleophile only upon appropriate
positioning within the binding pocket of the target kinase. In
order to achieve this and to prevent the electrophile to
indiscriminately form adducts with thiols of other proteins, it is
necessary to tailor the reactivity of covalent inhibitors for the
selected kinase. To further investigate the structural and
chemical requirements for covalent inhibition of mutant kinase
targets for chemical biology research, we set out to equip 4-
anilinoquinazolines with various electrophiles, which comple-
ment for selectivity filters incorporated into the kinase domain
of Aurora (Arkl) from fission yeast (Schizosaccharomyces
pombe). The serine-threonine protein kinases of the Aurora
family are essential for the proper execution of mitosis in
eukaryotes."” The single Aurora in yeast (known as Ipll in
budding yeast and Arkl in fission yeast, in metazoans known as
Aurora B) ensures that chromosomes become properly
segregated by controlling chromosome compaction and
chromosome attachment to the mitotic spindle, as well as
cytokinesis and abscission.'* We show that inhibition of Aurora
in yeast is specific for the chosen selectivity filters in
biochemical and cellular assays and is dependent on the nature
of the selected electrophile.
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B RESULTS AND DISCUSSION

Inhibitor and Mutant Kinase Design. We based the
design of our probe molecules on a general kinase inhibitor
scaffold that can be readily equipped with different electro-
philes. The 4-anilinoquinazoline PD168393 (1) is one of the
most studied covalent inhibitors of EGFR' and carries an
acrylamide at the 6-position of the quinazoline core. In order to
test for the electrophile best suited to inhibit mutant kinase
activity, we selected propiolamide (2), N,N-dimethylamino-2-
butenamide (3), and but-2-ynamide (4) as additional reactive
groups (Figure 1A).

In order to develop a chemical genetic system for covalent
inhibition of Aurora in fission yeast, we modified the ATP-
binding site of Arkl (i) to create analogue-sensitive (as) kinase
alleles and (ii) to allow for covalent inhibition by 4-
anilinoquinazolines. As a first selectivity filter, we exchanged
leucine (Leu) 166, the gatekeeper residue in the hinge region of
Arkl (Figure 1B—D), to a smaller alanine residue in order to
accommodate the bulky bromophenyl moiety of the inhibitors.
Additional suppressor mutations, resulting in Arkl-as3, were
needed to rescue the functionality of the kinase.'® As a second
selectivity filter glutamate (Glu) 173, located in a short helix
following the hinge region of the kinase domain of Arkl and
isostructural to Cys797 in EGFR, was exchanged to Cys (Arkl-
cys) (Figure 1B—D). We speculated that this Cys residue could
serve as anchor point for covalent inhibition, thus further
increasing compound specificity and potency.

Biochemical Validation of Inhibitors. We initially tested
the inhibitory effect of 1—4 on recombinant Arkl protein in
various biochemical assays, and compared it to the outcomes
seen with INM-PP1, a commonly used reversible ATP
competitive inhibitor targeting gatekeeper-mutated analogue-
sensitive kinase alleles."” As expected, INM-PP1 was able to
inhibit Arkl-as3 and Arkl-as3-cys but did not have any effect
on Arkl-cys or wild type Arkl (Figure 2A, Supplementary
Figure 1A). The IC, for inhibition of Arkl-as3-cys was in the
low nanomolar range (Figure 2B, Supplementary Table 1 and
2). In an end point assay using histone H3 as a substrate,
compounds 1—4 were more efficient in inhibiting Ark1-as3-cys
compared to Arkl-as3 and did not inhibit Arkl-cys (Figure
2A). The ICy, determinations showed that these molecules are
potent, nanomolar inhibitors of Arkl-as3-cys, but not of Arkl
(Figure 2B, Supplementary Table 1). A reversible counterpart
of 1 and 2 (7) inhibited Ark1-as3-cys with an ICy, considerably
higher than that of 1 or 2 (272 + 171 nM, Supplementary
Table 1) and did not inhibit wild type Arkl, further
highlighting that efficient inhibition by 1—4 may depend on
covalent binding. In order to confirm that the engineered
cysteine in Arkl-as3-cys can be covalently modified by the
electrophilic compounds, we applied a fluorescence-based
binding assay recently developed in our lab.'"®* The assay
exploits the fact that covalent bond formation of 1 and 3 with
the introduced Cys173 in Arkl-as3-cys leads to an increase in
fluorescence emission of the inhibitor. We observed fast
covalent bond formation with Arkl-as3-cys but not with wild
type Arkl (Supplementary Figure 2). Covalent binding of 2
and 4 results in a different addition product when compared to
1 and 3 and leaves a double bond, which does not change
fluorescence emission of the inhibitor. However, binding of 2
and 4 could be detected indirectly, since preincubation with
these compounds blocked binding of 1 and 3 (Supplementary
Figure 2B). To further analyze binding of 2 and 4, we
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Figure 1. Covalent inhibitors and design of genetically engineered
Arkl kinase versions. (A) Chemical structures of compounds 1—4. (B)
Structural alignment of EGFR (gray) (in complex with the irreversible
inhibitor 1, PDB code: 2JSF) and a homology model of apo Arkl from
fission yeast (green) based on the crystal structure of Xenopus Aurora
B (PDB code: 2BFY). (C) Detailed view of structural alignment
highlighting the hinge region of the kinase domain with the gatekeeper
position (Leul66, Thr790) and the short a-helix (Glul73, Cys797).
Quinazoline-based inhibitors form key hydrogen bonds to the hinge
region of the kinase domain (red dotted line). Cys797 of EGFR is
covalently modified by 1, and Glul73 in Arkl is iso-structural to
Cys797 in EGFR and was mutated to Cys to allow for covalent
modification. The larger gatekeeper in Arkl (Leul66) had to be
replaced by a smaller amino acid to accommodate the bulky m-
bromophenyl moiety of the inhibitor. (D) Schematic representation of
wild type and mutant Arkl kinase alleles. The Arkl-as version used in
this studﬁy (Arkl-as3) has the additional mutations Q28R, Q176R, and
$229A,'° which rescue functionality of the kinase in which the
gatekeeper is mutated (L166A).

derivatized these compounds by attaching the fluorophore
BODIPY via a poly(ethylene glycol) linker to the 7-position of
the quinazoline core to generate functional probes § and 6
(Figure 2C). Previous experiments had demonstrated that the
7-position of the quinazoline scaffold is likely to be solvent
-exposed even after binding to the target kinase.""'® Probe 6
bound in an SDS-resistant and therefore covalent manner to
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Figure 2. Compounds 1—4 specifically inhibit Ark1-as3-cys in biochemical assays. (A) Kinase assays with recombinant Arkl-cys (upper panel), Ark1-
as3 (middle panel), and Ark1-as3-cys (lower panel), each incubated with the indicated compounds at S M concentration prior to the addition of the
substrate (histone H3). The reaction mixtures were separated by SDS-PAGE and immunoblotted with a phospho-specific antibody against Ser10 in
histone H3 (H3-phSer10). Immunoblotting for histone H3 served as loading control. (B) ICs, values for the indicated compounds with wild type
Ark1 or Arkl-as3-cys (see Supplementary Table 1 for full information). nb, non binding (no inhibitory effect at S0 uM). (C) Chemical structures of
compounds § and 6. (D) Recombinantly produced versions of Arkl were preincubated with inhibitors for S min (1st incub.) followed by incubation
with probes 5 (upper panel) or 6 (lower panel) for S min (2nd incub.). Reaction mixtures were separated by SDS-PAGE. Arkl was detected by
Coomassie staining. The amount of fluorescent compound comigrating with Arkl (“Bound”) or present in the running front of the SDS gel
(“Free”), respectively, are shown. (E) Recombinantly produced Arkl-as3-cys was bound to beads, incubated for S min with 2 or 5 (1st incub.),
washed twice, and incubated with S, as indicated, for another S min (2nd incub.). The reaction mixtures were analyzed as in panel D. (F)
Recombinantly produced Arkl-as3-cys was incubated with the indicated compounds and analyzed as in panel D.

Arkl-as3-cys and to a much weaker extent to Arkl-cys, but not
to Arkl or Arkl-as3 (Figure 2D), highlighting the requirement
of orthogonal filters for efficient targeting by the probe
molecules. Binding of 6 to Arkl-as3-cys could be competed for
by preincubation with 1-4, indicating that all of these
compounds specifically bind the engineered Cys173. In
contrast to 6, 5 showed equally strong binding to Arkl-cys
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and Arkl-as3-cys, and binding to Arkl-cys could be competed
for by 2, but not by 1, 3, or 4 (Figure 2D). This indicates that
the most active compound 2, which carries a propiolamide as
the reactive group, covalently binds Arkl-cys in addition to
Arkl-as3-cys. However, neither 2 nor § inhibited Arkl-cys in
our biochemical assay (Figure 2A), confirming that presence of
only one of the selectivity filters is insufficient for functionality
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Figure 3. Compound 2 and 4 impair growth of arkl-as3-cys-expressing cells. (A) Cells in logarithmic growth phase expressing ark1+, arkI-cys, arkl-
as3, or arkl-as3-cys were grown for 4 h in the presence of the indicated compounds at S uM concentration and stained with “Yeast viability kit”
(Partec), and 50,000 cells of each treatment were measured in a flow cytometer. Viable cells cluster in the lower right (green box), and dead cells in
the upper left (red box) of the scatter plot. Combinations of strain and compound that showed an increase in dead cells are marked with a red box.
(B) Cells in logarithmic growth phase expressing arkl+, arkl-cys, arkl-as3, or arkl-as3-cys were grown for 2 h in the presence of the indicated
compounds at S uM concentration, fixed with methanol, and stained with DAPI to visualize DNA and Calcofluor to visualize the cell wall. DNA
segregation defects of late mitotic cells were scored as shown in the legend. Around 100 mitotic cells were analyzed for each condition. (C) Example
pictures of arkl-as3-cys-expressing cells treated with the indicated inhibitors from the experiment shown in B.

of the probe. To exclude that reversible, rather than irreversible,
binding of the nonfluorescent compounds lead to the reduced
binding of § or 6, we performed the assay with Arkl-as3-cys
coupled to beads and stringently washed the beads after
addition of 2 and before addition of 5 (Figure 2E). Compound
2 still competed for binding of $ in this assay, indicating that
not only § but also 2 bound covalently. In addition, unlike
preincubation with 2, preincubation of Arkl-as3-cys with the
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reversible inhibitor INM-PP1 did not prevent binding of §
(Figure 2F). When § was added before 2, compound 2 was
unable to compete out S (Figure 2F). A similar result was
obtained for 6 (Supplementary Figure 1B). We conclude that
compounds 1—6 covalently bind the engineered Cys173 and
that efficient binding depends on both selectivity filters.
Cellular Characterization of Functional Probes. In
order to test the effect of these probes in cells, homologous
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Figure 4. Compound 2 impairs the activity of Arkl-as3-cys in cells in an irreversible manner. (A) Schematic of the experiments shown in panels B,
C, and D. Cells with the temperature-sensitive cdc25-22 mutation were arrested prior to mitosis (in G2 phase) by culturing them for S h at 36 °C
(restrictive temperature). During the last 1 h of the arrest, INM-PP1, 2, or the solvent DMSO was added, and the cells were released synchronously
into mitosis by shifting the culture to 25 °C. At the indicated points in time, cells were harvested for immunoblotting (B) or microscopic analysis (C,
D). (B) Immunoblot of whole cell extracts at the time point of release into mitosis (S h) and 17 min after the release (5 h 17 min), when cells had
reached mitosis. Shown are the Arkl-specific phosphorylations on Ark1-Thr244 (Arkl-ph>**), condensin subunit Cnd2-S5 (CndZ ph**?*), and
Mral-S9 (Mral ph2 ) The asterisk marks a cross-reacting band in the Cnd2 immunoblot. Presence of the MPM2 phosphoepitope®® and cyclin B
(fission yeast Cdc13>®) indicates that the inhibitor-treated cells were in mitosis. Tubulin serves as loading control. (C) Bubl-mCherry and Plo1-GFP
in cdc25-22 cut7-446 cells were visualized by microscopy in cells harvested 1 h after release of the culture into mitosis. Bubl is a spmdle assembly
checkpoint protein that localizes to kinetochores when the checkpoint is active.> Plo1 localizes to spindle pole bodies during early mitosis.** Pictures
were scored for the presence of a localized Plo1-signal only or of both a localized Plo1- and Bubl-signal. In one set of experiments, cells expressed
wild type arkl+, in the other arkl-as3-cys. More than 100 cells were analyzed for each condition. (D) Example pictures of arkI-as3-cys cells scored in
panel C. Shown are the Plo1-GFP signal (green in the merged picture), the Bubl-mCherry signal (red in the merged picture), and DNA stained with
DAPI (blue in the merged picture). (E) Schematic of wash-out (upper part) and add-back experiments (lower part) shown in panel F. Cells
expressing arkl-as3-cys were arrested in S phase by culturing them for 5 h in hydroxyurea-containing medium. In the last 30 min of the incubation,
INM-PP1, 2, or DMSO was added and afterward washed out together with the hydroxyurea. Cells were then cultured either in the presence (add-
back) or absence (wash-out) of INM-PP1 and 2 until harvesting shortly after mitosis. (F) The experiments outlined in E were performed multiple
(n) times, and mitotic defects were scored as in Figure 3B. More than 100 cells were analyzed in each experiment for each condition. The lines in the
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Figure 4. continued

box-whisker-plot indicate the minimum and maximum value for the percentage of cells with mitotic defects obtained in any of the n experiments, as

well as the median and 25th and 75th quartile.

recombination was used to replace endogenous fission yeast
Aurora (Ark1) with the modified alleles of the kinase. Similar to
Arkl-as3,'® both Arkl-cys and Arkl-as3-cys were able to
functionally replace wild type Arkl, as cells expressing these
kinase versions did not exhibit any overt defects during mitosis
in the absence of inhibitor (Figure 3A,B). We incubated yeast
cells expressing the different variants of Arkl with 1—4 or
INM-PP1 and assessed cell viability by flow cytometry (Figure
3A, Supplementary Figure 3). Arkl is essential for cell
viability,” and inhibition of the kinase therefore results in an
accumulation of dead cells. As expected, treatment of arkI-as3
cells with 5 yM INM-PPI1 caused cell death, and a similar
outcome was observed when wusing arkl-as3-cys cells.
Interestingly, treatment with 2 or 4 at S uM specifically
impaired viability of arkI-as3-cys cells, but not of arkl+, arkl-
as3, or arkl-cys cells, indicating that both selectivity filters are
needed for efficient inhibition by these molecules in cells.
Compounds 1 and 3 at S uM did not affect viability of arkI-as3-
cys cells (Supplementary Figure 3A). Compound 4 was less
efficient in this assay when compared with 2 (Figure 3A), but
its inhibitory effect on arkl-as3-cys cells could be enhanced by
increasing the concentration to SO M (Supplementary Figure
3B). This indicates that the nature of the electrophile is
important for efficient Arkl-as3-cys inhibition in cells. Whereas
incubation of wild type yeast cells with a high concentration
(50 uM) of INM-PP1 caused toxicity, 2 and 4 were tolerated at
concentrations up to SO uM (Supplementary Figure 3B).
Hence, the range between efficient inhibition in cells and onset
of toxicity is larger for 2 than for INM-PP1, indicating that the
irreversible inhibitor may be more specific. In order to confirm
that cell death was caused by inhibition of Arkl, we assessed the
cellular phenotypes after treatment with the compounds.
Inhibition of Arkl leads to severe DNA segregation defects in
mitosis, as exemplified by the phenotzg)e of arkl-as3 cells
treated with INM-PP1 (Figure 3B,C)."%*° Similar defects were
observed in arkl-as3-cys cells upon treatment with 2 or 4. In
contrast, arkl+, arkl-cys, and arkl-as3 cells did not show any
obvious phenotype when treated with 2 or 4, highlighting the
selective inhibition of Arkl-as3-cys (Figure 3B,C).

To demonstrate Arkl inhibition on the molecular level and
to compare the potency of 2 and INM-PP1 in cells, we arrested
arkI-as3-cys cells just prior to mitosis, added 2 or INM-PP1I,
and released cells into mitosis in the presence of these
compounds (Figure 4A). Arkl-dependent phosphorylation
sites in Arkl itsel®"** as well as in Cnd2**** and Mral*®
were phosphorylated in control-treated mitotic cells, but
phosphorylation was strongly reduced in a concentration-
dependent manner in cells treated with INM-PP1 or 2, with
both compounds showing a similar effect (Figure 4B). The
presence of cyclin B (fission yeast Cdc13>®) and of the MPM?2
phosphoepitope®® (Figure 4B) confirmed that the inhibitor-
treated cells were still in mitosis and excluded that loss of
phosphorylation on Arkl, Cnd2, and Mral was a secondary
consequence of mitotic exit. This confirms that 2 inhibits the
enzymatic activity of Arkl-as3-cys in cells. To further assess
functional impairment of Arkl, we assayed the activity of the
spindle assembly checkpoint (SAC), a cellular surveillance
pathway that requires Arkl activity.”” The SAC was activated
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by a mutation in Kinesin-5 (cut7-446°>>?) and the percentage
of cells in mitosis was analyzed by localization of Plo1 (Figure
4C,D), which targets to spindle pole bodies specifically during
mitosis.”® Both INM-PP1 and 2 shortened the SAC-mediated
mitotic delay in arkI-as3-cys-expressing cells, but not in cells
expressing wild type arkl (Figure 4C,D), indicating that the
compounds induced a SAC failure by inhibiting Arkl-as3-cys
rather than through an unexpected off-target effect. Localization
of the spindle assembly checkpoint protein Bubl was lost after
treatment of arkl-as3-cys cells with INM-PP1 or 2 (Figure
4C,D), presumably as a consequence of exit from mitosis.””
The Bubl signal persisted in arkl+ cells treated with 1INM-PP1
or 2 (Figure 4C, Supplementary Figure 4), corroborating that
these compounds do not show unexpected effects in mitosis.

Covalent inhibitors often bind irreversibly. To test whether
inhibition of Arkl-as3-cys by 2 in cells is irreversible, we
performed a wash-out experiment: arkl-as3-cys cells were
arrested in S phase using hydroxyurea and treated with 2 or
INM-PP1 for 30 min. Hydroxyurea and compound were then
washed out, and cells were allowed to undergo G2 phase and
enter mitosis in compound-free medium (Figure 4E). As a
control, the compound was readded just after the wash-out
(Figure 4E). DNA segregation defects in late mitosis were
scored to assess the degree of Arkl inhibition (Figure 4F).
Whereas transient treatment with INM-PP1 during S phase
caused hardly any DNA segregation defect in mitosis, transient
treatment with 2 led to considerable defects in DNA
segregation. This response was somewhat variable, and the
number of cells with DNA segregation defects was not quite as
high as after add-back of INM-PP1 or 2 (Figure 4F). Possible
causes for this variable response could be (i) incomplete
inhibition because the 30 min incubation was not long enough
for covalent binding to all Arkl-as3-cys present in the cells, (ii)
resynthesis of Arkl-as3-cys after the inhibitors had been washed
out, or (iii) dissociation of the inhibitor with a slow off-rate in
the considerable time span between inhibitor treatment and
mitosis (1.5—2 h). At present, we cannot distinguish between
these possibilities. Nevertheless, the more pronounced mitotic
defects seen after transient treatment with 2 compared to
transient treatment with INM-PP1 (Figure 4F) suggest that a
considerable fraction of Arkl-as3-cys had become inhibited
irreversibly.

Conclusion. Kinase inhibitors have proven powerful tools
to dissect kinase function in cellular systems. Most kinase
inhibitors however target the ATP binding site of the catalytic
domain, which is highly conserved across all protein kinases,
thus making it difficult to achieve high levels of selectivity
needed for chemical biology research. Here we report on the
use of a chemical-genetic approach, which is based on two
selectivity filters for generating an orthogonal covalent kinase
inhibitor pair for the Aurora kinase Arkl in fission yeast. The
inhibition of analogue-sensitive Arkl-as3-cys in cells was
dependent on the nature of the electrophile present at the 6-
position of the probes' quinazoline core. In many applications
covalent inhibitors are superior in potency and ligand-target
residence times when compared to reversible binders.” In order
to achieve suitably high selectivity for covalent binders in
biologically relevant systems, the reactivity and spatial position-
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ing of the electrophiles must be tailored to the corresponding
nucleophile in the target protein of interest. Among the tested
compounds equipped with various electrophiles, 2 was the
most potent entity and showed efficient and largely irreversible
inhibition in cells while exhibiting no detectable toxicity, even
at very high concentrations. Our results indicate that the
combination of two selectivity filters increases specificity and
highlights the importance for a given covalent probe to
properly bind to the desired target in an initially reversible step
to allow for residence time that is sufficient for covalent bond
formation. Based on our and previous work,”'"'®*" we expect
that this targeted design strategy can be extended to other
kinases or to Aurora kinases from different organisms to make
them susceptible to irreversible inhibitors. Such inhibitors can
also act as scaffolds to develop activity-based probes,® which

provide additional functionality.

B METHODS

Compounds and Chemicals. Compounds 1—4 were prepared as
described previously.>® The scheme for synthesis of 5 and 6 is shown
in Supplementary Figure 5. Anhydrous solvents were purchased from
Acros Organics and Fluka. Other chemicals were purchased from Alfa
Aesar, Fluka, and Sigma Aldrich and were used as received.

Analytical Data. 'H and '*C NMR spectra were recorded on a
Varian Mercury 400, Bruker DRX 500 or Varian Inova 600
spectrometer. The spectra refer to the residual solvent signals:
dimethylsulfoxide-dg (2.50 ppm) for 'H and (39.52 ppm) for “*C.
Chemical shifts (§) are given in parts per million (ppm), and the
coupling constants (J) are reported in Hz. The following abbreviations
are used: s = singlet, d = doublet, dd = doublet of doublet, ddd =
doublet of doublet of doublet, t = triplet, td = triplet of doublets, dt =
doublet of triplets, q = quartet, qd = quartet of doublet, qn = quintet,
bs = broad singlet, m = multiplet. LC—MS spectra were obtained on a
LTQ Orbitrap (high resolution mass spectrometer from Thermo
Electron) coupled to an “Accela” HPLC System (consisting of Accela
pump, Accela autosampler and Accela PDA detector) supplied with a
“Hypersil GOLD” column (50 mm X 1 mm, 1.9 ym particle size) from
Thermo Electron. Analytical TLC was carried out on Merck 60 F,
aluminum-backed silica gel plates. Preparative HPLC was carried out
on the final compounds using a Varian Prostar with UV-detector
(Model 340) and a VP 25-21 Nucleodur (C18 Gravity, S gm) column
(serial no. 2105150).

3-(1-((6-Amino-4-((3-bromophenyl)amino)quinazolin-7-yl)oxy)-
12-oxo0-3,6,9-trioxa-11-azatetradecan-14-yl)-5,5-difluoro-7,9-di-
methyl-5H-dipyrrolo[1,2-c:2’,1'-f][1,3,2]diazaborinin-4-ium-5-uide
(vi). 7-(2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethoxy)-N*-(3-
bromophenyl)quinazoline-4,6-diamine (v) (prepared as previously
described'!) (0.050 g, 0.09 mmol), 4,4-difluoro-S,7-dimethyl-4-bora-
3a,4a-diaza-s-indacene-3-propionic acid, succinimidyl ester (0.038 g,
0.09 mmol), and diisopropylethylamine (20 uL, 0.11 mmol) were
added in DMF (2 mL) and stirred at RT for 2 h. The reaction mixture
was poured into water and extracted with EtOAc (4 X 100 mL). The
organic phase was dried with Na,SO, and concentrated under high
vacuum. The crude product was purified by preparative HPLC to
furnish 0.054 g (54%) of vi as an orange solid. '"H NMR (400 MHz,
DMSO-dg): 9.45 (brs, 1H), 8.40 (s, 1H), 8.22 (s, 1H), 8.03 (t, ] = 5.5
Hz, 1H), 7.86 (d, ] = 8.2 Hz, 1H), 7.67 (s, 1H), 7.46 (s, 1H), 7.30 (t, ]
= 8.1 Hz, 1H), 7.21 (d, J = 7.9 Hz, 1H), 7.12 (s, 1H), 7.07 (d, ] = 4.0
Hz, 1H), 6.34 (d, ] = 4.0 Hz, 1H), 6.28 (s, 1H), 5.35 (br s, 2H), 4.28
(t, ] = 4.0 Hz, 2H), 3.86 (t, ] = 4.3 Hz, 2H), 3.67—3.62 (m, 2H), 3.59—
3.49 (m, 6H), 3.38—3.29 (m, 2H), 3.41 (t, ] = 5.8 Hz, 2H), 3.26—3.17
(m, 2H), 3.07 (t, ] = 7.7 Hz, 2H), 2.45 (s, 3H), 2.24 (s, 3H). *C NMR
(101 MHz, DMSO-dy): 170.95, 162.39, 159.11, 157.74, 155.11,
151.91, 150.15, 144.07, 142.00, 138.57, 134.43, 132.97, 130.29, 128.93,
125.35, 124.93, 123.28, 121.20, 120.25, 119.90, 116.60, 110.59, 106.43,
101.13, 70.03, 69.86, 69.77, 69.61, 69.13, 68.70, 68.04, 38.63, 33.66,
24.01, 14.53, 11.02. HRMS (ESI-MS): calcd 780.24864 and 782.24660
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for Cy;sHy,”BrBN,OF, [M + H'] and C3H,,*BrBN,O:F, [M +
H*]; found 780.25022 and 782.24804.

3-(1-((4-((3-Bromophenyl)amino)-6-propiolamidoquinazolin-7-
yl)oxy)-12-oxo-3,6,9-trioxa-11-azatetradecan-14-yl)-5,5-difluoro-
7,9-dimethyl-5H-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-
uide (5). Propiolic acid (6.7 L, 0.10 mmol) and EDCI-HCI (0.020 g,
0.10 mmol) were stirred in DMF (4 mL) at 0 °C for 0.5 h. 3-(1-((6-
Amino-4-((3-bromophenyl)amino)quinazolin-7-yl) oxy)-12-oxo-3,6,9-
trioxa-11-azatetradecan-14-yl)-$,5-difluoro-7,9-dimethyl-SH-dipyrrolo-
[1,2-¢:2,1"-f][1,3,2]diazaborinin-4-ium-S-uide (0.028 g, 0.04 mmol)
was added, and the reaction mixture was stirred overnight at RT. The
reaction mixture was then concentrated under high vacuum to 1 mL
and poured into water. The resulted solution was then extracted with
EtOAc (2 X 200 mL), and the EtOAc layer was washed with brine and
dried over Na,SO,. Solvent was removed under high vacuum, and the
resulted crude product was purified by preparative HPLC to give 0.002
g (7%) of 5 as an orange solid. HRMS (ESI-MS): calcd 832.24356 and
834.24151 for C;3H,,”°BrBN,O4F, [M + H*'] and
C3oH,,¥'BrBN,OF, [M + H*]; found 832.24455 and 834.2461.

3-(1-((4-((3-Bromophenyl)amino)-6-(but-2-ynamido)quinazolin-
7-yl)oxy)-12-oxo-3,6,9-trioxa-11-azatetradecan- 14-yl)-5,5-difluoro-
7,9-dimethyl-5H-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-
uide (6). 2-Butynoic acid (0.018 g, 0.21 mmol) and EDCI-HCI (0.034
g, 0.18 mmol) were stirred in DMF (1 mL) at 0 °C for 0.5 h. 3-(1-((6-
Amino-4-((3-bromophenyl)amino)quinazolin-7-yl) oxy)-12-oxo-3,6,9-
trioxa-11-azatetradecan-14-yl)-$,5-difluoro-7,9-dimethyl-SH-dipyrrolo-
[1,2-c:2',1f][1,3,2]diazaborinin-4-ium-S-uide (0.008 g, 0.01 mmol)
was added, and the reaction mixture was stirred overnight at RT. The
reaction mixture was concentrated under high vacuum, poured into
water, and extracted with EtOAc (2 X 100 mL). The EtOAc layer was
washed with brine and dried over Na,SO,. The solvent was removed
under high vacuum, and the resulted crude product was purified by
preparative HPLC to yield 0.001 g (12%) of 6 as an orange solid.
HRMS (ESI-MS): calcd 846.25921 and 848.25716 for
C4H,BrBN,OGF, [M + H*] and C,oH,,*'BrBN,O¢F, [M + H'];
found 846.25991 and 848.25806.

Yeast Strains. Figure 3: JY333 h- leul ade6-M216; SI20S h- leul
ade6-M216 hygR<arkl-cys(E173C); SI239 h- leul ade6-M216
hygR<arkl1-as3; SI240 h- leul ade6-M216 hygR<arkl-as3-cys. Figure
4B: SI284" h- hygR<arkl-as3-cys plol+-GFP<<kanR cdc25-22. Figure
4C,D: SM676 h? hygR<arkl-as3-cys plol+-GFP<<kanR bubl+-
mCherry<<natR ¢dc25-22 cut7-446; SP017 h? ade6-M216 plol+-
GFP<kanR bubl+-mCherry<<natR cdc25-22 cut7—446. Figure 4E,F:
SI240 h- leul ade6-M216 hygR<arkl-as3-cys.

The arkl-cys and arkl-as3-cys alleles were generated by PCR-based
mutagenesis of Glul73 to Cys and reintegration into the endogenous
locus. Sequence analysis revealed that ARG135 of arkl-as3-cys was in
addition inadvertently changed to GLN. All other mutant alleles have
been described previously.'®****

Cell Growth. Schizosaccharomyces pombe cells were cultured in rich
medium (YEA) at 30 °C (Figures 3 and 4E,F) or in case of strains
containing the temperature-sensitive cdc25-22 allele at 25 °C
(permissive temperature) and 36 °C (restrictive temperature) (Figure
4A-D).

Antibodies. The following antibodies were used: mouse
monoclonal against histone H3 (05-499, Upstate Biotechnology),
rabbit polyclonal against histone H3-S10ph (06-570, Upstate
Biotechnology), rabbit monoclonal against Arkl-T244ph (2914S,
Cell Signaling/NEB), mouse monoclonal against a-tubulin (TS168,
Sigma), cyclin B (Cdc13) (NB200-576, Novus/Acris), and MPM2
(GTX14581, Acris/GeneTex). Anti-Cnd2-SSph was raised in rabbit
against the following peptide MKRA(Sph)LGGHAPEDC, and the
serum was affinity purified. Anti-Mral-S9ph was raised in rabbit
against the following peptide TYSKRK(Sph)RGSLEVSC, and the
serum was affinity purified. As secondary antibodies HRPO-coupled
goat anti-mouse IgG (115-035-003, Dianova) and goat anti-rabbit IgG
(111-035-003, Dianova) were used.

Protein Extraction. Cell pellets from 5 X 107 cells were
resuspended in 1 mL of ice-cold 20% (v/v) TCA and pelleted by
centrifugation (1000g, 2 min, RT). Cells were washed with 1 mL of 1
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M Tris and pelleted again by centrifugation. The cell pellet was
resuspended in 200 uL of 2x SDS sample buffer (125 mM Tris pH 6.8,
4% (w/v) SDS, 20% (v/v) glycerol, 200 mM DTT, 0.02% (w/v)
bromophenol blue) and boiled at 95 °C for 10 min. Glass beads (500
um) were added, and the mixture was subjected three times to 40 s of
shaking in a FastPrep machine (FP120, Qbiogene). A hole was made
in the bottom of the tube, and the cell extract was eluted into a new
reaction tube by centrifugation (1000g, 1 min, RT) thereby separating
the extract from the glass beads. The resulting samples were boiled
again at 95 °C for 10 min and centrifuged (16000g, 10 min, RT) in
order to pellet the cell debris. Samples were stored at —20 °C until
loading on SDS-polyacrylamide gels.

Fixation and Microscopy of Schizosaccharomyces pombe
Cells. An aliquot of the cultures was fixed in —20 °C methanol. After
washing once with PEM (100 mM PIPES pH 6.9, 1 mM EGTA, and 1
mM MgSO,)/methanol and once with PEM, DNA was stained with 1
ug/mL DAPI (4'6-diamidino-2-phenylindole; Sigma-Aldrich). Images
were acquired on a Zeiss Axiolmager microscope coupled to a CCD
(charged-coupled device) camera and processed with MetaMorph
7.6.0 software (Molecular Devices Corporation). Typically, a Z-stack
of about 3 ym thickness, with single planes spaced by 0.3 ym, was
acquired and subsequently projected to a single image. Shown in
Figure 3C are color-combined pictures of single planes of the DAPI Z-
stack (blue channel) and the single picture taken with differential
interference contrast (DIC) (red channel). In Figure 4 maximum
intensity projections of the GFP Z-stack (green channel) and the
mCherry Z-stack (red channel) with single plains of the DAPI Z-stack
(blue channel) are shown.

Cell Synchronization by cdc25-22 Arrest-Release. Cells were
arrested prior to mitosis by shifting the culture to 36 °C (restrictive
temperature of the cdc25-22 mutant) for 4 h and then treated for 60
min either with 10 uM INM-PP1 ((4-amino-1-tert-butyl-3-(1"-
naphthylmethyl)pyrazolo[3,4-d]pyrimidine; Toronto Research Chem-
icals), 10 uM 2, or the same amount of DMSO at 36 °C. Cells were
released from the cdc25-22 arrest by reducing the temperature back to
25 °C in an ice—water bath and were grown subsequently at 25 °C
until cell harvest. At the indicated points in time 5 X 107 cells (protein
extraction) and 1 X 107 cells (methanol fixation) were harvested by
centrifugation (3000g, 1 min, RT).

Flow Cytometry. Cells were cultured at 30 °C for 4 h in the
presence of the indicated compounds. About 4 X 10° cells were stained
with “Cell Viability Kit” (Partec) and measured in a flow cytometer
(CyFlow SL, Partec).

Hydroxyurea Wash-out Experiment. Cells were grown in 10
mL of YEA to a concentration of 4 X 10° cells/mL, and 12 mM
hydroxyurea (Sigma) was added to the culture. After 4 h, S or 10 uM
INM-PP1, 10 M 2, or an equal amount of the solvent DMSO was
added for 30 min. To wash out hydroxyurea, cells were pelleted
(1000g, 3 min, RT) and washed with SO mL of fresh YEA for 2 min
with thorough mixing. Washing was repeated twice. After the three
washing steps, the cells were taken up in 10 mL of YEA and grown
either in the presence or absence of S yM INM-PP1 or 2. Two hours
after washing out hydroxyurea, the cells were fixed with methanol for
microscopic analysis.

Kinase Assay Using Histone H3 as Substrate. Arkl wild type
and mutant versions were purified as previously described,” and 100
ng of the different versions of Arkl/Picl was incubated for 10 min at
32 °C with the indicated compounds at S uM in a buffer containing 50
mM Tris-HCI pH 7.5, 100 mM NaCl, 20 mM MgCl,, 1 mM DTT, 1
mM ATP. After this incubation, 1 ug of histone H3 protein (calf
thymus, Roche) was added, and the mixture was incubated for 15 min
at 32 °C before addition of SDS-sample buffer and boiling at 95 °C for
10 min.

Determination of ICso and K. Experiments were carried out
using a homogeneous time-resolved FRET (HTRF) assay (KinEase-
STK from Cisbio) according to the manufacturer’s instructions and as
published previously.>> Concentrations of ATP and substrate were set
around their respective K, values (Supplementary Table 2) for each
tested kinase and mutant variant. Each determination was replicated at
least three times and in duplicate.
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Binding Assay with BODIPY-Labeled Compounds. Five
hundred nanograms of wild type Arkl or mutant versions (purified
together with Picl) was incubated with the indicated compounds at §
uM in a buffer containing S0 mM Tris-HCI pH 6.8, 100 mM NaCl, 1
mM DTT, 20 mM MgCl, for 5 min at 32 °C; a second compound at 5
#M was added, and the mixture was incubated for an additional 5 min
at 32 °C before addition of SDS-sample buffer and boiling at 95 °C for
10 min. Samples were separated on a 10% SDS-polyacrylamide gel,
and fluorescence of § and 6 was detected by scanning the gel in a
VersaDoc imaging system (BioRad; 530 BP filter and blue laser). As a
loading control for Arkl, the gel was stained with Coomassie.

For the binding assay with wash-out of compounds, 4 ug of Arkl-
as3-cys was bound to Ni-NTA agarose beads (Qiagen). After the first
incubation with the indicated compounds at 5 uM, the Ni-NTA-
coupled kinase was washed twice with a 10 times excess of buffer (50
mM Tris-HCl pH 6.8, 100 mM NaCl, 1 mM DTT, 20 mM MgCl,)
and then incubated with § at S M concentration.
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