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DAPK1 and ZIPK (also called DAPK3) are closely related serine/threonine protein kinases that
regulate programmed cell death and phosphorylation of non-muscle and smooth muscle myosin.
We have developed a fluorescence linked enzyme chemoproteomic strategy (FLECS) for the rapid
identification of inhibitors for any element of the purinome and identified a selective pyrazolo[3,4-
d]pyrimidinone (HS38) that inhibits DAPK1 and ZIPK in an ATP-competitive manner at
nanomolar concentrations. In cellular studies, HS38 decreased RLC20 phosphorylation. In ex vivo
studies, HS38 decreased contractile force generated in mouse aorta and rabbit ileum, and calyculin
A stimulated arterial muscle by decreasing RLC20 and MYPT1 phosphorylation. The inhibitor
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also promoted relaxation in Ca2*-sensitized vessels. A close structural analogue (HS43) with 5-
fold lower affinity for ZIPK produced no effect on cells or tissues. These findings are consistent
with a mechanism of action wherein HS38 specifically targets ZIPK in smooth muscle. The
discovery of HS38 provides a lead scaffold for the development of therapeutic agents for smooth
muscle related disorders and a chemical means to probe the function of DAPK1 and ZIPK across

species.

The Death Associated Protein Kinase (DAPK) family comprises three closely related serine/
threonine kinases: DAPK1, DAPK?2 (also called DRP-1), and Zipper-interacting Protein
Kinase or ZIPK (also called DAPK3). In vivo they mediate cell death through transmission
of apoptotic and autophagic signals2 and highly regulate both non-muscle and smooth
muscle (SM) myosin phosphorylation.3 DAPK1 and ZIPK are attractive drug targets for the
attenuation of ischemia-reperfusion induced tissue injury*=7 and for smooth muscle related
disorders.38

DAPK1 was originally identified as a positive mediator of interferon-induced programmed
cell death. Inhibition of the DAPK gene reduces the susceptibility of HeLa cells to
apoptosis.? This finding and subsequent reports that all three members of the kinase family
display tumor and metastasis suppressor properties?-19:11 sparked significant interest in the
structure, function, and physiological roles of the DAPKSs and their relation to human
disease. DAPK1 and ZIPK also serve as negative regulators of late stage inflammatory
gene expression in response to interferon v, another possible contributing factor to the onset
of cancer.12

DAPKSs also promote apoptotic cell death from ischemia-reperfusion events and acute brain
injury in both kidney and brain tissue. Significant effort has been directed toward the
discovery of DAPK inhibitors that can prevent cell death under these circumstances.
Deletion of the kinase domain from DAPK1 reduces tubular cell apoptosis following renal
ischemia-reperfusion events.> In neuronal cells, DAPK is present in a deactivated,
phosphorylated, and DANGER-associated statel3 and becomes rapidly dephosphorylated
and activated in response to cerebral ischemia.t

We have focused on the role of ZIPK in the regulation of both non-muscle and SM myosin
phosphorylation.314 In SM, ZIPK positively regulates contractile activity by
phosphorylating both the targeting subunit of myosin light chain phosphatase (MYPT1) and
regulatory myosin light chain RLC20), promoting Ca?* sensitization in response to
hormones and agonists.1>~17 Because Ca2* sensitization is a possible cause of diseases
associated with SM dysfunction, including hypertension, bronchial asthma, preterm labor,
irritable bowel syndrome, and erectile dysfunction, ZIPK is an attractive target for the
development of therapeutics for these disorders.3:8

Genetic models of ZIPK knockout have yet to be developed and may be complicated by the
finding that in certain rodent species (mouse and rat) the kinase exhibits up to 40
nonconserved substitutions in its C-terminal domain. Several of the substituted sites are
regulated by phosphorylation, and their mutation profoundly alters the subcellular
localization of the kinase.1® However, the evolutionary reasons for these substitutions are
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not clear, since the kinase is otherwise highly conserved from Platypus to man.1 We have
therefore focused on developing inhibitors of DAPK1 and ZIPK to serve as therapeutic
agents and to help delineate the role of the kinases across species.

To discover potent and selective inhibitors of ZIPK, we developed FLECS, an expansion of
proteome mining in which inhibitors of a fluorescently tagged target protein can be rapidly
screened against a background of the entire purinome. Proteome mining is a well-established
competitive equilibrium-based screen in which hundreds of purine-utilizing proteins can be
assayed simultaneously to distinguish intrinsically more selective chemical starting points
compared with those derived by more conventional small molecule screens.20:21 Proteome
mining formed the basis of the chemoproteomic strategy used to discover SNX5422, a
highly selective inhibitor of Hsp90.22 FLECS expands upon this original chemoproteomic
strategy by utilizing a fluorescence-linked enzyme target, allowing drug candidates to be
screened against specific protein targets without purification from crude cell lysates and
allowing for rapid data collection with a fluorescence plate reader. Here we report the use of
FLECS to discover a potent, selective, and ATP-competitive inhibitor HS38) of DAPK1 (Kq4
=300 nM) and ZIPK (K4 = 280 nM). The physiological effects of HS38 smooth muscle
cells and tissues were investigated.

RESULTS AND DISCUSSION
Discovery of HS38

FLECS can be utilized for the rapid and general discovery of ATP-competitive inhibitors of
any fluorescence linked purine utilizing protein (Figure 1). Using this approach a potent and
selective inhibitor of DAPK1 and ZIPK, (2-((1-(3-chlorophenyl)-4-oxo-4,5-dihydro-1H-
pyrazolo[3,4-d]pyrimidin-6-yl)thio)propanamide (HS38), was identified from screening a
strategically chosen small molecule library against full length ZIPK fused at its N-terminus
to green fluorescent protein (GFP-ZIPK). The 3379 member library was chosen from
commercially available small molecules on the basis of selection criteria that simultaneously
maximized structural diversity and similarity to known inhibitors of purine binding while
minimizing chemical liabilities (e.g., electrophilic centers, labile moieties).22 FLECS is
currently being used by multiple collaborating investigators as a discovery platform for
inhibitors of ATP binding proteins (Supplementary Figure 1). The assay probes the ability of
drug candidates to disrupt binding between elements of the purinome and immaobilized
ATP.23 Because drug candidates must competitively elute protein targets from local
concentrations of immobilized ATP that are similar to those found in cells (~10 mM),
positive hits from this screening method are predisposed to be physiologically active.
Because the fluorescent linked target protein can be assayed in the presence of multiple
elements of the purinome, FLECS can simultaneously probe the relative potency and
selectivity of each drug candidate. In effect, the same eluents that are analyzed for
fluorescence can then be analyzed by SDS-PAGE with silver stain or Western blotted to
confirm target elution or to visualize off target protein elution.

For the current screening effort, GFP-ZIPK was expressed in mammalian cells (HEK293).
Crude lysates were loaded directly onto y-linked ATP Sepharose beads without further
purification. In 96-well format, drug candidate, ATP (positive control), or 10% DMSO
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(negative control) in buffer solutions were added to the charged beads, and the resulting
eluates were collected by filtration and analyzed for fluorescence (full data is provided in
Supplementary Data set 1 and also represented as a heat map in Supplementary Figure 2).
The Z’ factor, calculated using average fluorescence data from the positive and negative
controls (see Supporting Information Methods), for this screen was 0.53, which is above the
threshold (0.5) for an excellent assay.2* HS38 competitively eluted GFP-ZIPK, resulting in
>4-fold increase in fluorescence above background (Figure 1A5). Significant elution of
GFP-ZIPK by 15 members of the library was confirmed by Western blot analysis. Of these
15 hits, HS38 was the most potent (Figure 1A6).

Potency and Selectivity of HS38

Although HS38 is a novel chemical entity, other thiol-substituted pyrazolo[3,4-
d]pyrimidines have been investigated as anti-inflammatory agents2® and as potential
anticancer agents that inhibit c-Src, Abl kinase, and EGFR-TK.26-28 |n order to determine
whether HS38 inhibits these or other clinically significant kinases, the molecule was
evaluated for selectivity against a panel of purified protein kinases representing all gene
family members within the human kinome (Figure 2 and Supplementary Figure 3) (data was
generated by the International Centre for Kinase Profiling, University of Dundee).2® HS38
was highly specific for DAPK1 (IC5o = 200 nM, 89% inhibition at 10 pM) and the closely
related PIM3 kinase (ICsq = 200 nM, 76% inhibition at 10 uM). HS38 displayed no activity
against Src or Abl kinase (0% inhibition at 10 uM) and little activity against EGFR-TK
(41% inhibition at 10 uM), suggesting that structural components of HS38 at the thioether
and aryl regions around the pyrazolo[3,4-d]pyrimidinone core are important for DAPK and
PIM3 affinity and are sufficient to distinguish the selectivity profile of HS38 from other
inhibitors.

The results of the initial kinome profile were validated in duplicate against eight kinases
(Figure 2B). HS38 was most potent against DAPK1 and PIM3, ~10-fold less potent against
IRAK4 and PIM1, ~100-fold less potent against PIM2 and SM myosin light chain kinase
(smMLCK), and completely inactive against ROCK2 (Table 1). These two latter kinases are
significant in the context of SM contractility because CaZ* sensitization is linked to
increased RLC20 phosphorylation by snMLCK, by ZIPK itself, or by ROCK-induced
deactivation of MYPT1 either directly or indirectly by activation of ZIPK.3 Therefore it was
important to establish that our inhibitor not act upon ROCK or smMLCK. This being the
case, it is unlikely that activity of HS38 on SM contractility would be due to off-target
inhibition of ROCK or smMLCK.

The first reported small molecule inhibitor of the DAPK family was based on an
aminopyridazine scaffold.” Although its potency was in the micromolar range, a single
injection of this inhibitor attenuated brain tissue damage when administered before or 6 h
after ischemic injury.30 These therapeutic effects were validated in oxygen glucose
deprivation and middle cerebral artery occlusion models.6 A second set of benzylidene
oxazolone inhibitors of both DAPK1 and ZIPK was reported. Although they displayed
potencies ranging from 250 to 580 nM, the electrophilic and amine reactive nature of
benzylidine oxazolones raises concerns about their stability in a biological milieu.31:32 A
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third class of mixed inhibitors of ZIPK, PIM1, and PIM3 kinases displays nanomolar
potencies against all three enzymes; however, these oxo-p-carboline derivatives also display
similar potencies against a large number of other nonrelated protein kinases including
CaMK2, CK1a, PKN2, ROCK2, and PKA.33 HS38 displayed similar or greater potency
versus DAPK1 and, other than activity against PIM3, did not display any of the off-target
liabilities of other published DAPK inhibitors (<10% activity against CaMK2, CK1a,
PKN2, ROCK2, and PKA).

Affinity of HS38 and HS43 for DAPKs and PIMKs

The analogue HS43 was synthesized and used as a negative control (see Supporting
Information Methods). Titration curves were generated from the systematic elution of GFP-
ZIPK and PIM3 with C-terminal GFP tag (PIM3-GFP) from y-linked ATP Sepharose media
with solution phase ATP (positive control), HS38, HS43, and the commercially available
nonselective kinase inhibitor ML-7 (Supplementary Figure 4). Sigmoidal isotherms
generated by elution of GFP-ZIPK and PIM3-GFP with soluble ATP confirm that both were
bound to the ATP media through noncovalent association with their ATP binding pockets.
HS38 elution of GFP-ZIPK produced a sigmoidal curve, suggesting ATP competitive
binding. HS43 eluted far less GFP-ZIPK, and ML-7 failed to elute GFP-ZIPK. In contrast,
HS38, HS43, and ML-7 eluted PIM3-GFP from ATP affinity media with similar efficacy.

Dissociation constants for HS38 and HS43 against all DAP and PIM kinases were
determined (Table 2) using an active-site dependent competition binding assay
(KINOMESscan).3* K4 values were generally consistent with 1Csg values reported in Table 1.
HS43 was ~5-fold less potent than HS38 against DAPK1 and DAPK3. Both compounds
displayed high affinity toward DAPK2; however, DAPK2 is not implicated in smooth
muscle contractility because it lacks the C-terminal regulatory domain (present on full
length ZIPK), which is essential for regulating and targeting its activity in muscle tissue.18
Kq values were similar for both compounds against the PIMKSs.

Effects of HS38 and HS43 on Human Cells

Phosphorylation of RLC20 by ZIPK is a key mechanism by which ZIPK regulates SM
contractility. In order to confirm that HS38 can inhibit ZIPK in living cells, the relative
percent phosphorylation of RLC20 in human coronary artery smooth muscle (CA-VSMC)
and aortic smooth muscle cells was investigated. Incubation of CA-VSMC cells with HS38
resulted in a 21-23% decrease in RCL20 phosphorylation under both serum-free and 5%
FBS conditions (Figure 3A). Under the same conditions the phosphorylation state of T855
of MYPT1, which is not a target of ZIPK,3 and Par-4, a modulator of vascular smooth
muscle contractility,3 are not significantly affected by HS38. These results are consistent
with the notion that inhibition of ZIPK by HS38 mediates RLC20 phosphorylation.

Additionally, incubation of human aortic SM cells in HS38 significantly reduced relative
RLC20 phosphorylation in both the basal and sphingosine 1-phosphate (S1P) activated
states. HS43, a close structural analogue with similar PIMK and significantly less ZIPK
affinity, showed no effect (Figure 3B and Supplementary Figure 5).3¢ This result suggests

ACS Chem Biol. Author manuscript; available in PMC 2015 May 27.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carlson et al. Page 6

RLC20 phosphorylation is directly mediated by the action of HS38 on ZIPK and not another
off-target kinase.

Effects of HS38 on SM Contractility

Muscles derived from mouse and rabbit represent the evolutionary sequence diversities of
ZIPK. Aortic tissue was excised from wild-type mice and mounted on a myograph for
contractility studies. When administered before contraction, HS38 decreased the maximum
contractile force achieved from application of the y{-adrenergic receptor agonist,
phenylephrine (PE), in a reversible manner. HS38 also decreased force maintenance when
administered after PE-induced contraction (Figure 4).

In addition to its effect on mouse aortic SM, HS38 relaxed carbachol-induced,3” Ca%*-
sensitized force and decreased RLC20 and MYPT1 phosphorylation in permeabilized rabbit
ileum (Figure 5A,B). HS38 induced an approximate 30% decrease in carbachol-induced
force exerted by y-toxin permeabilized rabbit ileum in the presence of Ca2* (pCa 6.5).
Western blot analysis of RLC20 and MYPT1 from these tissues showed that HS38
significantly reduced phosphorylation levels of both.

The rate of Ca2*-independent (non-smMLCK-mediated) force production in permeabilized
rabbit ileum was also affected by HS38 (Figure 5C—E). The kinetics of force development in
response to the phosphatase inhibitor microcystin-LR (MC-LR) were significantly affected
by HS38. Both lag time to the onset of force and rate of force development were increased
following the addition of MC-LR in the presence of HS38. The finding that H38 promotes
Ca?* desensitization in muscles from both rabbit and mouse supports the hypothesis that the
functions of ZIPK are evolutionarily conserved across species, even if the primary
sequences are not entirely conserved within the C-terminal domain. Unlike mouse or rat,
rabbit ZIPK does not contain the same sequence variations and is identical to human and all
other mammalian species sequenced.

Application of HS38 to rat caudal arterial smooth muscle strips prior to calyculin A
stimulation more than doubled the time required to reach 50% of maximal contraction (t/,
max) without significantly affecting the maximum contractile force (Figure 6A—C). HS43
did not significantly affect either t;;» max or maximum contractile force. Treatment of rat
caudal arterial smooth muscle tissues with HS38 caused significant reduction in RLC20
phosphorylation (Figure 6D,E), while the negative control HS43 did not affect
phosphorylation levels. These results are consistent with direct mediation of RLC20
phosphorylation by the action of HS38 on ZIPK and not another off-target kinase.

Our results are consistent with current knowledge of the mechanisms by which ZIPK acts to
increase Ca2* sensitization and contractility. Although PIM kinases are close in proximity to
DAP kinases on the CAMK stion of the dendrogram of human kinases,®8 to date no studies
have linked the PIMK family to SM contractility. Initial Western blot analysis failed to
detect significant expression of PIM3 within rabbit ileum and mouse aortic SM tissues
(Supplementary Figure 6), supporting the hypothesis that H38 acts through inhibition of
ZIPK only. PIM3 kinase, which is inhibited by HS38 (IC5q = 200 nM), is a member of the
PIM family of kinases (provirus integrating site for Moloney murine leukemia virus). PIM
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kinases play significant roles in tumorigenesis by preventing apoptosis and by promoting
proliferation and survival of normal and cancerous cells. PIM3 phosphorylates a set of
substrates that regulate apoptosis, cellular division, and metabolism.3? PIM1 kinase, which
is inhibited by HS38 (IC5q = 1.7 uM), plays a critical role in SM cell proliferation®® and in
the pathogenesis of pulmonary artery hypertension.** However, this activity has been linked
not to the effect of PIM1 on SM contractility, but to its ability to prevent apoptosis and
promote proliferation of cardiac SM cells.

Because the PIM kinases are constitutively active and aberrantly expressed in numerous
types of cancer, they are regarded as attractive targets for cancer therapy. Ongoing medicinal
chemistry efforts are underway to develop a PIM-specific inhibitor based on our
pyrazolo[3,4-d]pyrimidinone core as a potential cancer therapeutic and as a probe for the
effects of PIM kinases on SM.

Conclusions

Over the past several decades, the pharmaceutical industry has allocated up to 30% of its
research and development budget to targeting kinases.#2 Numerous small molecule kinase
inhibitors, which predominantly function by competing with ATP binding, have been
granted FDA approval.#344 We have developed a screening method called FLECS, for the
rapid identification of inhibitors for all elements of the purinome, including protein kinases.
FLECS was utilized to identify HS38, which as an unoptimized lead is a potent and selective
inhibitor of DAPK1 and ZIPK that also targets the closely related PIM3 kinase. This is a
significant first step in the development of pyrazolo[3,4-d]pyrimidinone based inhibitors that
are highly potent and selective for members of the DAPK family or the PIM kinase family
of enzymes. We plan to explore this scaffold through iterative synthetic effort to derive
inhibitors that separately target DAPKs and PIMKSs.

METHODS

Library Construction
A collection of 10,000 compounds was initially selected from commercially available

compounds using a previously described set of filters.22 For a detailed description, see
Supporting Information Methods.

Expression of GFP Fusion Proteins

GFP fusion constructs were transfected into HEK293 cells, and the resulting lysates were
used for all subsequent screening and titration experiments. For a detailed description, see
Supporting Information Methods.

Preparation of y-Linked ATP Sepharose Media

Dry CNBr-Activated Sepharose 4B media (28.6 g, GE Healthcare) was equilibrated in HCI
(1 mM, 333 mL) for 5-15 min, isolated by filtration, and then washed with HCI (1 mM, 600
mL) followed by H,O (333 mL). The media was combined with reaction mixture A
(NaHCOg3, 0.97 g; NaCl, 3.4 g; H,0, 115 mL; 1,4-dioxane, 29 mL; 1,10-diaminodecane, 3.6
g; ethanolamine, 3.6 mL) and shaken for 2 h. Meanwhile, reaction mixture B (H,0, 143 mL;
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ATP, disodium salt, 7 g; 1-methylimidazole, 5.2 mL; EDC, 12 g) was stirred for 1 h.
Mixture A was removed by filtration, and the media was washed with HCI (1 mM, 600 mL)
and then H,0 (333 mL). Mixture B and media were combined and shaken for 24 h. The
resulting ATP Sepharose media was isolated by filtration and washed with HCI (1 mM, 600
mL) and then H,O (333 mL). The media was stored at 4 °C in phosphate buffer (0.1 M, pH
7.4) containing NaN3 (3 mM).

Synthesis of (2-((1-(3-Chlorophenyl)-4-ox0-4,5-dihydro-1H-pyrazolo[3,4-d]pyrimidin-6-
yhthio)propanamide (HS38) and 1-(3-Chlorophenyl)-6-((2-hydroxyethyl)thio)-1,5-
dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-one (HS43)

See Supplementary Scheme 1. A full description is given in Supporting Information
methods.

Drug Candidate Screening and Titrations

Crude lysates containing recombinant purinomic GFP fusion proteins were combined with
ATP Sepharose media (1:1 slurry, >50,000 fluorescence counts per 50 pL of slurry) in lysis
buffer (0.1% Triton; NaCl, 150 mM; MgCl,, 60 mM; Tris-HCI, pH 7.5, 25 mM;
Microcystin, 1 UM; protease inhibitor tablet) for 0.5 h at 4 °C. The buffer was removed by
filtration, and the media was washed with high salt wash buffer (Tris, 50 mM; NaCl, 1 M;
MgCly, 60 mM; DTT, 1 mM) (3 x resin volume) followed by low salt wash buffer (LSWB)
Tris, 50 mM; NaCl, 150 mM; MgCl,, 60 mM; DTT, 1 mM) (3 x resin volume). LSWB (1 x
resin volume) was then added to the resin, and the resulting 1:1 slurry was partitioned into a
96-well filter plate Corning 3504) (50 uL per well). Positive control: to each well was added
50 pL of ATP solution (2-200 mM in LSWB with 10% DMSO). Drug candidate screen: to
each well was added 50 pL of drug candidate (900 uM in LSWB with 10% DMSO). Drug
candidate titrations: to each well was added 50 pL of HS38 or ML-7 (Sigma Aldrich)
solution (0.1-300 uM in LSWB with 10% DMSO). After 10 min of incubation at RT, the
filtrates were isolated by centrifugation 1000 rpm, 2 min) into a black 96-well catch plates
(Costar 3915). Fluorescence in each well was determined using a plate reader (Perkin-Elmer
Victor X2 Multilabel Reader, lamp filter 485 nm, emission filter 535 nm).

Kinome Profiling

HS38 was evaluated using a 33P-ATP filter-binding assay by the International Centre for
Kinase Profiling University of Dundee) against 124 purified protein kinases using
previously described methods.2?

Mouse Aortic SM Cell Culture

The cell line was cultured in AmnioMax medium (Gibco) supplemented with 10%
embryonic stem cell-qualified fetal bovine serum (Invitrogen) and penicillin-streptomycin
(Invitrogen). Cultured cells were maintained at 37 °C in a humidified chamber supplemented
with 5% CO,. Cells were seeded on 100 mm culture dishes. Prior to experimental
conditions, cells were starved for 16 h with serum-free medium. Subconfluent, serum-
starved smooth muscle cells were treated with sphingosine-1-phosphate (0.25 puM) for 5 min
followed by treatment with HS38 (50 uM) or diluent (0.1% DMSOQ) for 30 min.
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Treatment of Human Coronary Artery Smooth Muscle Cells

Human coronary artery vascular smooth muscle cells (CA-VSMC; Lonza Inc., no.
CC-2583) were maintained in Smooth Muscle Basal Medium (SmBM; Lonza)
supplemented with 0.5 mg mL~1 hEGF, 5 mg mL 1 insulin, 1 mg mL~1 hFGF, 50 mg mL1
gentamicin/amphotericin-B, and 5% fetal bovine serum (FBS) and used at passage 12 for all
experiments. Cells were serum-starved overnight prior to treatment with HS38.

Tissue Preparation and Force Measurements

All protocols and procedures for tissue harvest were carried out according to protocols
approved by the Animal Care and Use Committees at the University of Virginia, Duke
University, and the University of Calgary. For a detailed description, see Supporting
Information Methods.

MYPT1 and RLC20 Phosphorylation

To examine the phosphorylation of MYPT1 and RLC20, rabbit ileum SM strips were treated
as described above and previously reported.*>=47 Following the stimulation protocols,
muscle strips were immediately frozen by immersion in —80 °C acetone with trichloroacetic
acid (10% w/v) and stored at —80 °C. Frozen strips were then washed in acetone, dried, and
homogenized in sample buffer in a glass—glass, hand-operated homogenizer.
Phosphorylation of MYPT1 Thr696 and of RLC20 was determined by SDS-PAGE and
Western blotting.

For Western blots, tissues and cultured cells were lysed in 1% SDS, NaCl (300 mM), Tris-
HCI (50 mM, pH 7.5), subjected to SDS-PAGE, transferred to polyvinylidene difluoride
membrane (Millipore), and visualized using the Odyssey System (Li-Cor). For Odyssey
imaging, the membranes were blocked with Odyssey Blocking Buffer and then subjected to
anti-MYPT1 (1:2,000) (BD Transduction), phospho-MYPT1 (Thr696) (1:1,000) (Millipore),
RLC20 (1:2000) (Sigma), and phospho-RLC20 (1:1000) (Cell Signaling Technology)
antibodies. Antibodies were diluted in appropriate blocking buffer. The membranes were
washed in TBS with 0.05% Tween 20. Primary antibodies were visualized using secondary
antibodies conjugated to Alexa 680 (Invitrogen) or IRDye800 (Li-Cor). Western blots were
visualized with a LAS4000 Imaging Station (GE Healthcare), ensuring that the
representative signal occurred in the linear range. Quantification was performed by
densitometry with ImageQuant TL software (GE Healthcare).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic representing the fluorescence linked enzyme chemoproteomic strategy (FLECS).
(A) (1) y-Linked ATP sepharose beads were mixed with crude mammalian cell lysate
containing GFPZIPK. (2) Charged beads were distributed into 96-well filter plates. (3) Drug
candidates or ATP solutions were added to each well. (4) Eluates were separated into a filter
plate by centrifugation. (5) The fluorescence of each eluate was determined, and a
fluorescence histogram was generated. All wells containing >5000 fluorescence counts (2.5
x background) were considered to contain potential hits. Soluble ATP was used as a positive

2
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control. (6) Eluate from each hitcontaining well was Western blotted for GFP-ZIPK, and hits
were refined on the basis of band intensity. (B) Summary of screen results and structure of
HS38.
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Figure 2.

Selectivity profiling of HS38 by the International Centre for Kinase Profiling. (A) Kinome
dendrogram showing selectivity of HS38. Circles signify residual % enzyme activity in the
presence of HS38 (10 uM). Dendrogram was created using the RBC Kinase Activity
Mapper (Reaction Biology Corp.). (B) Kinase inhibition isotherms generated from
radioactive (33P-ATP) filter-binding assay of HS38 against eight kinases. HS38 was most

potent against DAPK1 and PIM3 (mean, n = 2).
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Effects of HS38 and HS43 on phosphorylation in cells. (A) Human coronary artery smooth
muscle cells (CA-VSMCs, passage 12) were serum-starved overnight, incubated for 40 min
with HS38 (10 uM) or vehicle control (DMSO), and treated or not with 5% FBS for 2 min
prior to lysis in SDS-PAGE buffer and Western blotting with anti-pT18/S19-RLC20, anti-
pT855-MYPTL, or anti-T155-Par-4. Phosphorylated bands were quantified by scanning
densitometry and normalized to the loading control (SM22). Phosphorylation levels in the
presence of HS38 are expressed as a percentage of control (absence of ZIPK inhibitor).
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Values represent means £ SEM for n = 6 or 7 separate treatments. *Significantly different
from control treatment (Student’s t test, p < 0.05). (B) Serum-starved aortic SM cells were
treated with S1P (0.25 uM) and HS38 (x50 uM) or HS43 (£50 uM) for 30 min. HS38
significantly decreased the relative percent RLC20 phosphorylation at the basal
(unstimulated) state (p < 0.0002, n = 8) and S1P stimulated state (p < 0.0009, n = 8), while
HS43 did not significantly affect phosphorylation.
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Figure 4.

HS38 reduced contractile forces generated by intact mouse aorta. (A) Typical myograph
force trace showing the effect of HS38 on intact mouse aorta contractility. (B) The
maximum contractile force of PE-induced contraction was reduced by approximately 30%
when HS38 (10 uM) was added 5 min prior to PE addition and by approximately 40% when
added 10 min after PE addition.
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Figure 5.

HS38 reduced the contractile force, RLC20 phosphorylation, and MYPT1 phosphorylation
in Ca2*-sensitized rabbit ileum (A, B) and decreased the kinetics of Ca?* independent force
development (C, D). (A) Typical force trace and graphical representation showing the effect
of HS38 (50 uM) on carbachol-induced, Ca?*-sensitized force in a-toxin permeabilized
rabbit ileum. HS38 induced an approximate 30% decrease in the plateaued force at 20 min
(mean £ SE, n=7). (B) Western blot analysis of RLC20 and MYPT1 Thr696
phosphorylation following treatment with HS38 (50 uM). HS38 significantly reduced both
RLC20 and MYPT phosphorylation levels associated with sensitized force maintenance in
ileum samples (mean £ SE, n= 7). (C) Typical force trace showing the effect of HS38 on
Ca?*-independent force production in rabbit ileum smooth muscle. (D) HS38 markedly
decreased the kinetics of force development at pCa = 9.0 in response to phosphatase
inhibition by MC-LR (10 uM). (E) Both the lag time to the onset of force (p < 0.05, n=23)
and the rate of force development (t1/,) (p < 0.02, n = 3) were increased following the
addition of MC-LR in the presence of HS38 (mean £ SE, n = 3).
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Figure 6.
(A) Representative contractile responses of intact rat caudal arterial smooth muscle strips to

calyculin A (CLa, 0.5 mM) in the presence of: vehicle control (DMSO), HS38 (100 pM),
and HS43 (100 uM). (B) Time (s) required to reach 50% of maximal contraction after
application of CLa was calculated. (C) Maximal contractile force developed with CLa
exposure (0.5 mM, 3 h) was expressed as a percent of an initial reference contraction to KCI.
(D) RLC20 phosphorylation was analyzed by Phos-tag SDS-PAGE with detection of
unphosphorylated, mono (1P)-, di (2P)-, and tri (3P)-phosphorylated forms by Western
blotting with anti-panRLC20. (E) RLC20 bands were quantified by scanning densitometry,
and the data are expressed as phosphorylation stoichiometry (mol Pj/mol RLC20; 30 min
CLa exposure). *Significantly different from CLa (DMSO) treatment (ANOVA with
Dunnett’s post hoc test, p < 0.05, n=5).
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ICgg Values (Mean, n = 2) and Residual % Activity Derived from Kinase Inhibition Isotherms (Figure 2B)

kinase 1C50 (NM) % activity (10 pM HS38)
DAPK1 200 11
PIM3 200 24
IRAK4 1,400 20
PIM1 1,700 23
DYRK2 1,800 21
PIM2 18,000 64
SmMMLCK 19,000 71
ROCK?2 >200,000 91
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Ky Values Obtained from KINOMEscan for HS38 and HS43 against All PIMKSs and DAPKSs

Table 2

We!

HS38

Cl

e e SUNNEe eI
OH

HS43

kinase HS38 K4 (NM)  HS43 K4 (M)
DAPK1 300 1500
DAPK2 79 320
DAPK3 280 1500
PIM1 1800 1800
PIM2 6500 3200
PIM3 810 1600
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