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Abstract

Glycogen synthase kinase 3 has evolutionarily conserved roles in cell signaling and metabolism
and is a recognized drug target in neurological pathologies, most prominently bipolar disorder.
More recently it has been suggested that GSK3 may be a target for the treatment of
trypanosomatid parasite infections, e.g. with 7. brucei, due to the lethal phenotype observed in
parasite GSK3 short RNAIi knockdown experiments. Here we investigated the kinome selectivity
of a library of pyrrolo[3,4-c]pyrazol inhibitors that were developed against 7. brucei GSK3 but
that also interact with the human orthologue and other protein kinases. We applied label-free MS-
based kinome chemoproteomics profiling with kinobeads to obtain the selectivity profiles of all 39
library members against 217 human protein and lipid kinases. This allowed us to study the
structure-activity relationship of the library members as well as the chemical genetic relationships
between kinase targets. As a result, we identified a novel and highly selective A5GSK3 inhibitor
containing a 2-chloroaniline-substituted squaric acid amide pharmacophore that confers low
nanomolar (ICsg = 2.8 nM) and sub-micromolar potency against purified and cellular AsGSK3.
The inhibitor will be useful as a new lead for GSK3 inhibitor development and as a chemical
genetic probe to study roles of GSK3 in cell signaling.

Graphical abstract

"Corresponding Author; golkom@uw.edu, djmaly@uw.edu, shacen@uw.edu.
The Authors declare that there are no competing financial interests.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Golkowski et al. Page 2

Kinobead MS-chemoproteomics profiling

1Cqy HEGSKIB = 2.6 i
ICsp TBGSKIE = 47.0 i
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Introduction

The human glycogen synthase kinase 3 isoforms alpha and beta (HsGSK3a and p) are
central regulators of numerous cellular processes such as Wnt — B-catenin signaling, insulin
receptor signaling and glycogen metabolism as well as transcriptional regulation (JUN,
NFAT, etc.) and microtubule dynamics.13 Lithium, the first line treatment of bipolar
disorder is thought to act through inhibition of GSK3 and the enzyme is intensively studied
as an effector of this disease and other neurological disorders such as depression, Fragile X
syndrome, and Alzheimer’s disease. Further, GSK3 has recognized roles in the development
of cancer, diabetes mellitus and cardiac hypertrophy.*~9 More recently, the trypanosomatid
parasite orthologues of mammalian GSK3 were found to be essential for survival of e.g.
Trypanosoma brucei (T. brucel) and it has been proposed that the inhibition of parasite
GSK3 may present an avenue for the development of targeted chemotherapies against

African sleeping sickness and Chagas disease (trypanosomiasis) as well as Leishmaniosis.
10-12

Consequently, much effort has been directed toward the development of small molecule
inhibitors that target human GSK3 or their parasite orthologues. A number of potent ATP-
competitive HsGSK3 inhibitors that show low nanomolar affinity and varying degrees of
kinome selectivity have been reported in the literature.13-15 Many of these compounds also
potently inhibit 76GSK3 as well as other members of the human and parasite kinome.12. 16
Among the main challenges that remain for the development of novel AsGSK3 inhibitors are
kinome selectivity, especially over structurally related cyclin-dependent kinases (CDKSs) and
the optimization of in vivo efficacy, i.e. drug delivery to the target organ (brain). Ideally,
parasite GSK3 inhibitors should possess high potency and selectivity over HsGSK3 and
other human kinases to avoid systemic toxicity; substantial progress has been made towards
this goal .1’

In our parasite drug discovery platform, we have pursued the discovery of novel inhibitor
scaffolds with superior affinity and selectivity for 76GSK3. Leveraging combinatorial
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medicinal chemistry strategies, we generated a pyrrolo[3,4-c]-pyrazol kinase inhibitor
library. Our efforts yielded inhibitors with low nanomolar affinity against 76GSK3 but
unfortunately these compounds failed to inhibit the growth of 7. Brucei. Instead, some of the
library members showed an up to tenfold higher affinity to HsGSK3 over 76GSK3, which
led us to investigate if our compound library contained molecules that could serve as novel
leads for HsGSK3a and B drug discovery. Here we report the use of state-of-the-art mass
spectrometry (MS)-based chemoproteomics and native kinases derived from human cellular
extracts to characterize all library members’ selectivity profiles and target kinase structural
properties on a kinome scale.

Materials and methods

Cell culture and harvest

C3A, HEK293T and HCT-116 cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA) and cultured in the recommended medium. Base media,
Dulbecco’s minimum essential medium (DMEM) and Eagle’s minimum essential medium
(MEM), were from Gibco supplemented with Penicillin-Streptomycin-Glutamine 100x
(Thermo Fisher Scientific, Waltham, MA) and 10% Seradigm fetal bovine serum (FBS,
VWR, Radnor, PA). Cells for proteomics experiments were harvested as described
previously and cells for western blot analysis were harvested the same way.18

Kinobead chemoproteomics experiments

The kinobead reagents were synthesized in house and the pull downs were performed as
described previously with a few minor modifications.18 300 ug of a 1:1 mixture of HCT-116
and HEK293T cell lysate at 2 mg/ml (150 pl) was used as the source for native kinases for
each pulldown experiment. After washing of the beads after the 3 h pull down step the beads
were resuspended in 25 pl 6 M ag. guanidine hydrochloride (Gdn*HCI) containing 100 mM
tris (pH = 8.5), 5 mM ¢ris(2-carboxyethyl)phosphine hydrochloride (TCEP) and 10 mM 2-
chloroacetamide (CAM). The samples were heated to 95°C for 5 min and then processed
further as described. All label-free kinase inhibitor competition experiments were done in
biological duplicates and all DMSO control experiments were performed in biological
quadruplicates on the same days on which inhibitor competition experiments were
performed. Competitors were applied at 50 uM or 1 uM for single dose experiments and at
50 uM to 2.5 nM (3-fold dilution steps) for titration experiments. One set of DMSO control
experiments was prepared and analyzed each month to guarantee consistent label-free
quantification (LFQ) of kinase ratios. The structures of the kinobead capture reagents can be
found in SI-PDF file (SI-Figure 1).

LC-MS/MS analysis

The LC-MS/MS analyses were performed as described previously with the following minor
modifications.1® Peptide samples were separated on 20 cm long fused silica capillary
columns (100 pM ID) packed with 3 um 120 A reversed phase C18 beads (Dr. Maisch,
Ammerbuch, DE). The LC gradient was 120 min long with 10-35% B at 300 nL/min. LC
solvent A was 0.1% ag. acetic acid and LC solvent B was 0.1% acetic acid, 99.9%
acetonitrile.
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Data analyses

MS raw files were computed using the MaxQuant software package (V1.5.2.8) with the
Uniprot human FASTA file (published on 07.22.2015). All other parameters were kept as
previously described.® LFQ ratios were calculated from the MaxQuant protein intensity
values (log2 transformed and normalized by subtracting the mean value from each intensity
data column) of DMSO control experiments and compound competition experiments. All
MS raw files and MaxQuant output files were deposited in the MassIVE online repository
(https://massive.ucsd.edu/) under the accession number MSV000081471.

Unsupervised hierarchical clustering was performed using the Perseus software package
(V1.5.6.0)1° using the following settings. Distance: Euclidean; Linkage: Average; Process
with k-means enabled; Number of clusters: 300; Maximal number of iterations: 10; Number
of restarts: 1. For correlation analysis p-values were corrected for multiple comparisons
according to Bonferroni as a/m where m is the number of comparisons and a is the
significance level. Only kinases that were quantified in at least two out of four replicates in
the DMSO control experiments (MaxQuant protein intensity calculated, n = 170) and that
interacted with =3 of the 39 compounds (log2 LFQ ratio =2) were used for these analyses
(total of 32 kinases). Further, to account for kinase-compound interactions among these 32
kinases that may have led to quantitative competition (kinase not detected in presence of
competitor), data imputation in Perseus (V1.5.6.0) was performed. Missing intensity values
in the compound competition experiments were sampled from a hypothetical distribution
downshifted by 1.5 and having a width of 0.2. For DMSO control experiments no data
imputation was performed and missing LFQ ratios were calculated from the imputed dataset
(see SI-Excel File 1).

Graphs of the titration curves for calculation of the ECsq values (competition) and 1Csq
values (GSK3 inhibition) were plotted and analyzed using the GraphPad Prism software
package (V5.0a) with a least-squares nonlinear regression model for curve fitting (One site -
Fit loglC50 function).

Western blot analysis

C3A cells were seeded on 12 well plates in the ATCC-recommended medium at 10,000
cells/well and grown until reaching 90% confluency. Treatment was either DMSO alone
(control, 0.1% final) or inhibitor dissolved in DMSO (0.1% final) at concentrations ranging
from 10 uM to 0.5 nM (3-fold dilution steps, i.e. 10 uM, 3.3 uM, 1.1 uM, 0.37 pM, 0.12 uM,
41 nM, 14 nM, 4.6 nM, 1.5 nM, 0.5 nM) for 2h. Cells were then washed twice with ice cold
PBS and harvested in 50 pL modified RIPA buffer with a cell scraper.18 After pelleting the
insoluble fraction at 4°C and 21,000 xg, cell lysate supernatants were mixed with 4x
NUuPAGE LDS sample buffer (Life Technologies, Carlsbad, CA) containing 50 mM
dithiothreitol (DTT), vortexed briefly and then heated to 95°C for 5 min. Proteins were
separated using Bolt 4-12% Bis-Tris Plus pre-cast gels (Invitrogen, Carlshad, CA) and
proteins were electro transferred onto Amersham Protran 0.2 um nitrocellulose (GE
Healthcare, Chicago, IL). Membranes were blocked with 5% non-fat milk powder dissolved
in tris-bufferd saline containing 0.1% Tween-20 (TBST) for 1 h at RT. For probing of
(phospho)proteins the following primary antibodies were used (Cell Signaling Technology,
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Danvers, MA): GAPDH (D16H11) XP® Rabbit mAb (HRP Conjugate) #8884; Phospho-
Glycogen Synthase (Ser641) Antibody #3891. Primary antibodies were probed using goat
anti-rabbit 1gG — peroxidase antibody (Sigma-Aldrich, St. Louis, MO) and visualized with
the Clarity western ECL substrate (Bio-Rad, Hercules, CA) using a FluorChem E gel
scanner (Protein Simple, San Jose, CA). Western blotting bands (pGYS1-S641, GAPDH)
were quantified using the AlphaView (V3.3.0) software and the pGYS1 signal was
normalized to the GAPDH signal.

In vitro kinase assay

The assay using 32P-labeled ATP and recombinant human and 7.Brucei GSK3B was
performed as described previously.10

Kinase inhibitor synthesis

All pyrrolo[3,4-c]-pyrazol inhibitors were synthesized in house and their purity was =295%
as determined by LC analysis. Detailed synthetic procedures and compound characterization
can be found in the electronic supplementary information (SI-PDF file 1).

Results and discussion

Design of the pyrrolo[3,4-c]pyrazol inhibitor library

Based on previous reports indicating that amino pyrazol-based inhibitors can act as potent
and selective THGSK3-short inhibitors, we decided to build a compound library based on the
pyrrolo[3,4-c]pyrazol scaffold (Figure 1a).12: 17 This scaffold was previously used in
clinically relevant inhibitors of human aurora kinase A (HSAURKA) and the breakpoint
cluster region - Abelson tyrosine kinase (BCR-ABL) fusion protein (danusertib,
PHA-739358).20-22 The scaffold has the advantage that highly diverse compound libraries
can be generated with only three synthetic chemical operations starting from a commercially
available precursor (SI-PDF file 1).2° To find novel compounds with activity against GSK3,
we focused on probing the effect of substitution at the A-5 position (R1). Ligands presented
from this position project into the hydrophobic pocket Il adjacent to the purine binding
pocket of the kinase ATP-binding pocket.23 Variation of the amide ligands presented from
the C-3 position (R,) that interact with the hydrophobic pocket I and the solvent interface
was kept at a minimum (Figure 1a and also Table 1). The crystal structure of the pyrrolo[3,4-
cJpyrazol inhibitor PHA-680632 in complex with HsSAURKA at 3 A resolution is available
and this structure served as a valuable resource for inhibitor design (Figure 1b). Here,
PHA-680632 adopts a type | binding mode and the aryl residue presented from A-5 position
via a urea linkage was found to be positioned under the phosphate-binding loop (P-loop),
rotated by 90° relative to the flat heterocyclic core.20

To diversify our inhibitor library we introduced four different lipophilic acyl groups of
varying size at the C-3 position (Ry); a butyric acid or cyclopropanecarboxylic acid amide
served as small lipophilic substituents, a 4-methoxycyclohexanecarboxylic acid amide as a
medium sized lipophilic substituent and a 2-naphtaleneacetic acid amide as a bulky
lipophilic substituent (1-20, 22—39, Table 1). Compound 21 is unique in that it bears an A-
methyl-4-piperidinecarboxylic acid amide residue at this position. From the A~5 position
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(Rq) of the dihydropyrrole moiety, aryl-groups are displayed via a urea, amide, sulfonamide
or squaric acid amide linkage. These aryl groups contain polar small (-F) and medium sized
(-CFj, -Cl, -OMe, COOEt) substituents alone or in pairs positioned around the aromatic
ring. Further, we included three compounds that contain the sterically less demanding 7+
butyl amine urea, butyric acid amide and aniline urea substituents as controls. This resulted
in a total of 24 different substituents at the R1 position that served to probe the hydrophobic
pocket Il of kinase domains (Figure 1 and Table 1).

In vitro inhibition of GSK3 kinase activity

To investigate the capability of our compounds to inhibit the kinase activity of GSK3, we
performed a series of in vitrotitration experiments with recombinant human and 7. brucei
GSK3p against a subset of compounds from our library. The results indicated that the
inhibitors 18, 19 and 39 have double-digit nanomolar ICgq values against 76GSK3p. At the
same time, we observed a general trend that the compounds show lower relative I1Csgs
against HsGSK3p activity. This suggested a preference of our compounds for the human
orthologue and the possibility that inhibition of human or animal kinases may lead to
systemic side effects in preclinical and clinical stages of drug development. Further, when
tested in a growth assay against 7. brucei, none of our compounds achieved a significant
inhibitory effect. To our surprise, the squaramides 38 and 39 showed extremely low 1Csq
values against HsGSK3p with 4.7 and 2.8 nM, respectively (Table 2). This equals the ICsg
values of some of the most potent #sGSK3a and B inhibitors developed to date, e.g.
BRD1652,1% SB216763,25 AR-A014418,%6 and CHIR990212" that all have been tested in a
kinome-wide screen for their selectivity (see Figure 2).13 Accordingly, we hypothesized that
our compound library, originally developed against 76GSK3 contains potent inhibitors of
the human orthologue that may serve as leads for drug discovery and as chemical genetic
probes against these enzymes.

Chemoproteomics characterization in human cell lysates

To gain further insights into the interaction of our compounds with human kinases we
assessed the kinome selectivity of all members of the 39-compound library. We applied our
newly developed streamlined mass spectrometry (MS) chemoproteomics workflow based on
the kinobead platform.18: 28 Chemoproteomics profiling has been shown very recently to be
highly valuable for guiding medicinal chemistry optimization of kinase inhibitors.2? For the
competition-binding experiments, a 1:1 mixture of HEK293T and HCT-116 cell lysates
served as the source for native human kinases. Protein quantification was performed in a
label-free fashion,30 which led to the robust measurement of the abundance of 217 protein
and lipid kinases. In the initial round of selectivity profiling, each compound was added to
the lysate at a high (50 uM) concentration to facilitate the identification of even low affinity
interactions. This yielded a comprehensive interaction map of all library members against a
large fraction of the human kinome (Figure 3a, SI-Excel file 1). In a second round of
selectivity profiling, compounds that showed a high relative affinity to AsGSK3a and  and
several other kinases were re-probed at a lower concentration (1 uM) to assess if a larger
number of high affinity kinase interactors are present in the inhibitor library (Figure 3c).
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Application of a log2 fold-change threshold (FCT) of 2 for kinase abundance changes
indicated the interaction of our compounds with 62 kinases at 50 uM concentration (SI-
Excel file 1). To visualize the shift in kinome selectivity with the changing structural
features present in the inhibitors (Figure 3b), we performed unsupervised hierarchical
clustering of LFQ ratios for kinase targets that bound to at least 3 out of 39 compound
library members and that were quantified robustly across all DMSO control experiments (32
kinases). We did not consider kinases with fewer than three quantified ratios indicating
significant competition as these scattered target interactions do not explain general trends in
the structure-activity relationship (SAR) analysis and may increases the chance to identify
false-positives in the co-competition-correlation analysis (see Chemical genetics analysis of
kinases with chemoproteomics data below). Clustering was performed for the compounds
(X-axis) and kinases were sorted according to the phylogenetic relationship between the
catalytic domains on the Y-axis (Figure 3a). The analysis revealed that at least five distinct
groups (clusters) of compounds were present in the library that differ significantly in the
number of kinase targets as well as the preference for families of related kinases.
Compounds with the same or similar residue at the A5 position (Rq) typically clustered
together in the same subgroup, which suggested that kinase selectivity was mainly
influenced by the substituent projecting into the hydrophobic pocket I1. The exceptions were
compounds 3, 20 and 23 in which the presence of a bulky naphtyl group presented from the
3-position (Ry) almost completely abrogated protein kinase binding.

Interestingly, besides the 62 protein and lipid kinases we also identified 241 non-kinase
proteins that showed a log2 LFQ ratio of >2. More stringent selection for non-kinases that
were competed by at least three compounds left 141 proteins of which 28 are associated with
the gene ontology molecular function (GOMF) term “ATP binding” (see SI-Excel File 1).
These proteins may either represent direct binders of our compounds (ATP-binding pocket
present) or may have been competed as part of a kinase complex (secondary interactors).

SAR and structural evolution of the compound library

Chemoproteomics selectivity profiling with kinobeads granted deep insights into the
interaction patterns of our compound library members with 217 native human kinases. This
allowed us to track the changes in kinome selectivity accompanied by the evolution of
structural features presented form the pyrrolo[3,4-c]pyrazol core scaffold (Figure 3b).
Nonetheless, we want to point out that single, high concentration competition data does not
reflect absolute affinity values of competed kinases to the compounds but describes relative
trends. We observed that the sterically less demanding compounds 1 and 2 showed a robust
interaction with GSK3a and  as well as members of the cyclin-dependent kinase family
(CDKZ1, 2 and 7) and the tyrosine kinase-like family (TKL), e.g. the bone morphogenic
protein receptor type-1A (BMPR1A) and others (Figure 3a, for the full interaction map see
Sl-Excel file 1). Substitution of the r-butyl/butyryl moiety with an aniline urea (4) or
difluoroaniline urea substituent (7-9) led to a decrease in binding of GSK3 and the CDKs
but interaction with the TKL kinases was retained; these compounds also formed a distinct
sub-cluster which indicated that the fluorine substituents on the aniline portion did not
contribute to kinome selectivity. Strikingly, when the aniline urea (as in 4) was modified
with a chlorine atom at the 2-position (10-12), high relative affinity to GSK3 was restored
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and a significant gain in binding to TKL kinases and the casein kinase 2 catalytic subunit
isoforms CSNK2A1-3 was observed. In contrast, interaction of 10-12 with CDKs was still
decreased compared to 1 and 2. Substitution of the 2-chlorine with a methoxy group (24) or
addition of another chlorine at the 3-position (16) had no impact on the relative affinity for
GSK3 but strongly suppressed interactions with other protein kinases (with exception of the
CK2 isoforms). The finding that 16 and 24 show exceptionally high selectivity for GSK3
may be valuable for future development of inhibitors with improved kinome selectivity.
Addition of a chlorine atom at the 6-position of the 2-chloroaniline urea drastically altered
the kinome selectivity (17-19, 21). Inhibitors with a 2,6-dichlorophenyl group at the Ry
position show a gain in interaction with TKL kinases, in particular the LIM domain kinase 1
(LIMKZ1), the receptor tyrosine kinases (RTKSs) epithelial discoidin domain-containing
receptor 1 and 2 (DDR1/2) and the ephrin receptor isoforms A1, A7 and B4 and cyclin
dependent kinases (especially CDK10); this was accompanied by a relative loss in binding
of GSK3 and CK2. Compound 21, which displays the A-methyl piperidine moiety from the
3-position (R») of the core scaffold, stood out of this sub-cluster of inhibitors in that it did
not bind to RTKs. Exchange of the urea linkage in 10 and 12 (2-chloro anilines) with a
squaramide moiety yielded compounds 38 and 39 that almost completely competed GSK3
from the kinobeads (log2 LFQ ratios =9), indicating a very high relative affinity of the
squaramides for GSK3a and  among the compound library members. This is in agreement
with our results from the /n vitro GSK3p kinase activity assay (Table 2). All other
compounds in the library show only moderate relative affinity to GSK3 and a varying degree
of kinome selectivity.

To identify the presence of selective high affinity interactors, we re-tested compounds 11,
12, 16-18, 25, 38 and 39 in a second kinobead competition experiment at 1 uM
concentration. The compounds 28, 33 and 36 were also re-tested because they efficiently
competed the clinically relevant kinases ABL1, AURKA and PIP4K2 (SI-Excel File 1).
Gratifyingly, the squaric acid amides 38 and 39 showed very high LFQ ratios (log2 >7)
exclusively for HSGSK3a and  competition at 1 uM competitor concentration whereas the
2-chloro aniline ureas showed much lower ratios (Figure 3c). This indicated that the squaric
acid amides have an exceptionally high affinity and selectivity for human GSK3. Three
compounds, i.e. 11, 17 and 18, still showed interaction with activin receptor type-1 (ACVR1
or ALK-2) at 1 pM concentration (11 also still bound GSK3) which indicated that these
structures may represent leads for ALK-2 inhibitor development. Of note, 17 also interacted
with LIMK1 at 1 uM. Compound 33 interacted with microtubule-associated serine/threonine
protein kinase 3 (MAST3) at high and low competitor concentration which warrants
investigation of 33 as a tool compound to probe the activity of this poorly characterized
kinase. In contrast, no competition of ABL1, AURKA and PIP4K2 with 28, 33 and 36 could
be detected at 1 UM concentration.

Chemical genetics analysis of kinases with chemoproteomics data

Chemoproteomics datasets for a series of inhibitors, like the one presented here, are very
useful for the comparison of relative affinities of kinase targets to small molecule
compounds (X-axis, Figure 3a). Despite the high kinome coverage afforded by MS-
chemoproteomics, it is more difficult to draw conclusions about similarities of kinase
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structural properties from these datasets.3! Kinase binding to the kinobead matrix, and thus
the MS signal intensity, is dependent on each kinase’s abundance in the lysate as well as the
kinase’s affinity to the individual kinobead matrix components, making it difficult to
compare between kinases. In contrast, it has been shown previously that absolute affinity
values of kinase-compound interactions can serve to group kinases according to structural
features of the ATP-binding pocket.32 A possible workaround to make chemoproteomics
binding data comparable between different kinases is the calculation of apparent dissociation
constants from kinobead titration experiments33, but here we intended to explore if single-
dose competition data can be used to describe shared chemical genetic traits of kinases.

We hypothesized that the correlation of LFQ competition patterns across large compound
panels (series of log2 LFQ competition ratios) could facilitate the comparison of structural
properties of kinases by using the compounds of the chemical series as probes. To
investigate this possibility, we calculated a Pearson’s correlation coefficient value (r) for
each possible kinase pair from the 32 kinases that bound at least 3 competitors (496 possible
combinations). In this analysis, the significance threshold for a Bonferroni-corrected p-value
for pairwise functional association was r = 0.58 (a = 0.05). The resulting symmetrical 32x32
data matrix (in which each value represents an r value of a kinase pair) was subjected to
unsupervised hierarchical clustering in both dimensions to identify clusters of kinases that
share similar inhibitor binding patterns (i.e. high r values; Figure 4a).The validity of this
approach was supported by the clustering of highly similar kinases and additionally several
unexpected kinase associations were observed (Figure 4b). Examples include a cluster of
RTKs containing DDR1/2 and the ephrin receptors A1, A7 and B4 (r ranging from 0.75 to
0.96); the binding profiles of members of this cluster also correlated closely with the profile
of CDK10 (r ranging from 0.71 to 0.83). A distinct cluster of the TGFp-receptor family
members ACVR1 and ACVR1B, BMPR1A and the TGFBR1 also comprised LIMK1 and
the CAMK family member BRSK2 (r ranging from 0.62 to 0.80). Interestingly, GSK3A and
B together with the CK2 catalytic subunit isoforms CSNK2A1-3 formed an isolated cluster
indicating a close relationship of these kinases (Pearson’s r for these interactions ranged
from 0.76 to 0.95).

These findings and the observation that the substituents at the A:5 position (R;) dominate
kinase selectivity suggest that single-dose MS-chemoproteomics data may be used to
compare the structural properties of the hydrophobic pocket Il in those kinases that interact
with members of our compound library. The data may aid the discovery of preferred ligands
for individual kinases and help to predict commonly encountered off-targets. We foresee that
similar unbiased analyses of kinome binding with inhibitor libraries can guide the design of
high affinity ligands for other kinases.

Detailed in vitro and in vivo characterization of a high affinity HsGSK3 interactor

We used a kinobead competition-titration experiment to compare the relative affinity of the
compound that shows the strongest interaction with the main target GSK3, i.e. squaramide
39, with other kinase off-targets (Figure 5a). Compound 39 was applied at 10 different
concentrations ranging from 50 pM to 2.5 nM and MS label-free quantification yielded
robust titration curves against =170 kinases present in the cell extract. With this assay, we
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determined that the ECgps for competition of HsGSK3a and p by 39 were 99 + 23 nM and
57 + 10 nM, respectively. Gratifyingly, the closely related kinase CDK2 (a common off-
target of GSK inhibitors) showed an approximately 100-fold higher ECgqg (4.5 £ 1.2 uM) and
even higher values for the other potential off-target interactors CSNK2A1-3 (19 £ 4.6 uM).
Interestingly, we could also obtain titration curves for two known interactors of GSK3 and
three interactors of CK2 which have been competed as part of a kinase complex. GSK3-beta
interaction protein (GSKIP, ECsq = 21 + 3.8 nM)34 and axin-1 (AXIN1, ECsq ~ 2.5 nM)3°
were competed with ECsq values in a similar range as HsGSK3a and § (Figure 5b, upper
panel). Further, the ECsgs of casein kinase 11 subunit beta (CSNK2B, 11 + 2.9 pM),36
protein DEK (DEK, ECsg = 16 + 3.2 uM)37 and NF-kappa-B-activating protein (NKAP, 9.6
+ 3.6 uM)37 are very similar to the ECsq of CK2 competition (Figure 5b, lower panel). From
these data and the results from /n vitro kinase inhibition (Table 2), we concluded that 39 is a
highly selective and tight binder of #sGSK3a and B, comparable with the most advanced
GSK3 inhibitors published to date (Figure 2). Thus, 39 may be potentially useful for specific
in vitradl in vivo inhibition of HsGSK3.

Consequently, we evaluated the ability of 39 to inhibit HsSGSK3 enzymatic activity in cells
by means of monitoring glycogen synthase 1 (GYS1) phosphorylation on serine 641; this is
a well characterized GSK3 target phosphorylation site with important roles in metabolism.38
By western blot profiling of several human hepatocellular carcinoma cell lines, we
determined that C3A cells showed high basal phosphorylation of GYS1 S641 (Figure 5c).
We performed a titration experiment in which we treated C3A cells with 39 as well as 38
and the 2-chloroaniline urea 10 at ten different concentrations ranging from 10 uM to 0.5
nM. Western blot analysis and quantification of the pGYSL1 signal showed that 39 could
reduce GYS1 S641 phosphorylation by ca. 70% after 2 h of exposure to 10 pM drug; this
effect persisted down to a concentration of 0.4 uM. Plotting of a titration curve revealed a
cellular 1Csq of 39 for suppression of GYS1 phosphorylation of 0.32 + 0.12 uM (Figure 5c,
lower panel). In contrast, 38 and 10 showed only a reduction of ca. 50% and 20% at 10 uM
compound concentration and ICsq values of 0.56 + 0.17 pM and 1.6 + 0.45 pM, respectively.
From these data, we concluded that 39 can efficiently suppress HsGSK3 activity in cells and
that this compound may serve as a chemical genetic tool to perturb kinase activity in a
variety of cellular and perhaps /n vivo models.

Conclusion

We provide data demonstrating the value of kinobead-based chemoproteomics MS profiling
in characterizing kinome binding for entire libraries of novel kinase inhibitors. Using
unsupervised hierarchical clustering of quantitative MS competition data, we show that the
method is sufficiently sensitive to group together structurally related compounds with
similar target profiles. We thus characterized a 39-member library of pyrrolo[3,4-c]pyrazol
inhibitors that were originally developed against 76GSK3 and obtained their SAR against
217 human protein and lipid kinases. We found that chemoproteomics data can be used to
extract chemical genetics information about protein Kinase structural features that could
potentially be exploited to guide the development of novel, high affinity kinase inhibitors.
Tantalizingly, we discovered a novel class of squaramide compounds that potently and
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selectively inhibited human GSK3a and . These compounds, in particular 39, showed low
nanomolar inhibitory concentrations (2.8 nM) in an /in-vitro kinase assay and 39 was able to
suppress HsGSKa3 catalytic activity in live cells with an ICgq of 0.32 pM. Compound 39 also
showed an approximately >100 lower affinity for the structurally related kinase CDK2 and
even lower affinity for the chemogenetically associated kinases CSNK2A1-3, the only two
off-targets for which we could calculate ECsgq values in the human kinome. We concluded
that inhibitor 39 fulfills all criteria for being a high quality pharmacological probe3® for
HsGSK3a and B and it will be exciting to explore its potential as a therapeutic for diseases
caused by aberrant regulation of GSK3 and chemical genetic tool compound in future
experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Binding mode of pyrrolo[3,4-c]pyrazol inhibitors. a) Binding mode typical for type | kinase

inhibitors, including the interactions with the hinge region and the hydrophobic pockets |
and Il. b) Co-crystal structure of PHA-680632 and the HSAURKA catalytic domain. Ribbon
color indicates the type of secondary structure; red = a-helix, yellow = B-sheet, white =
disordered.?* PDBID: 2J50.
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Structures, 1Csq values and example off-targets of some potent A/8GSK3a and f inhibitors

described previously.
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Figure 3.
Kinome selectivity profiling and structural evolution of our pyrrolo[3,4-c]pyrazol compound

library. @) Heatmap of the log2 LFQ ratios for kinase competition in the kinobead MS assay
at 50 pM compound concentration. Kinase competition profiles are clustered on the X-axis
(unsupervised hierarchical clustering, see Materials and methods) with the phylogenetic
relationship of the kinase catalytic domains conserved on the Y-axis. Only kinases that show
a strong interaction with at least three out of 39 compounds (log2 LFQ ratio 22.0) and that
were quantified in at least 2 out of 4 replicate experiments of all DMSO control experiments
were used for clustering (n = 32). b) Chemical structures illustrate the evolution of inhibitors
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from small substituents occupying the hydrophobic pocket Il of protein kinases to sterically
more demanding and diverse substituents (i.e., compounds A progressing to F); the impact
on kinome binding selectivity for each compound is shown in (2). Bold: key structural
feature; red highlight: newly added structural feature; grey highlight: retained structural
feature. ¢) Heatmap of log2 LFQ ratios for kinase competition in the kinobead assay of
kinase-inhibitor interactions still detectable at 1 uM compound concentration.
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Figure 4.
Chemical genetic relationship of kinases interacting with inhibitor library members. a)

Heatmap showing the Pearson’s r values for correlation analysis of competitor-kinase
interactions (n = 39; log2 LFQ ratios at 50 uM inhibitor concentration) among all possible
kinase pairs (n = 496; see Materials and methods). The data matrix was subjected to
unsupervised hierarchical clustering in both dimensions to uncover kinase clusters with a
similar inhibitor binding profile (high Pearson’s r). The significance threshold for a
Bonferroni-corrected p-value (496 comparisons) of 0.05 was r = 0.58. b) Kinome
dendrogram showing the phylogenetic relationship of the 32 protein kinases that interacted
with at least 3 out of 39 compounds from our library. Colored bars connect the kinase sub-
groups with a significant chemical genetic association that were selected for discussion (for
a complete matrix of r values see SI-Excel file 1).
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Kinome chemoproteomics titration experiment and cellular activity of pyrrolo[3,4-c]pyrazol
GSK3 inhibitors. a) 10-point titration curves for compound 39 (see structure) constructed
from the log2 LFQ competition ratios that show the main targets H/sGSK3a and p (upper
panel) and the two off-targets with the highest relative affinity after the main targets (lower
panel). Compound competition was performed in duplicate and concentrations ranged from
50 uM to 2.5 nM (3-fold dilution steps). Data points are the means and error bars are the
S.D. b) Titration curves for HsGSK3a and B (upper panel) and CSNK2A1/3 interactors
(lower panel) that were competed as part of a protein complex. Plotting is the same as in (a)
¢) Western blot analysis of phospho-GYS1 S641 in extracts of C3A cells pretreated for 2 h
with either DMSO (vehicle) or compounds 10, 38 and 39 at ten different concentrations
ranging from 10 uM to 0.5 nM (3-fold dilution steps, upper panel). Quantification of the
pGYS1 bands (biological duplicate) yielded titration curves and 1Csq values (data points are

the means and error bars are the S.D., lower panel).
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Table 1

Structures of all compounds in our 39-member pyrrolo[3,4-c]pyrazol inhibitor library.
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Table 2

Results from an /in-vitro kinase activity assay of a selected panel of pyrrolo[3,4-c]pyrazol compounds from our
library against recombinant kinase domains of human and 7. brucei GSK3p.

Compound HsGSK3p ThGSK3p
ICs0 (S.D.)inNM | 1Cs (S.D.) in nM
10 77 (14)0 360 (100)2
16 66 (32)@ 5700 (1300)0
19 77 (18)¢ 62 (12)€
29 170 (1.6)2 510 (78)4
18 120 (35)2 47 (1.7)b
1 65 (10)2 200 (34)0
39 2.8 (0.6)2 47 (19)€
38 4.7 (0.8)¢ 160 (16)¢

a . .
Mean of two replicate experiments,
b . .
Mean of three replicate experiments,

c . .
Mean of >4 replicate experiments.
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