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Abstract

Kinases have proven valuable targets in successful cancer drug discovery projects, but not yet
for malignant brain tumours where type-II inhibition of cyclin-dependent kinase 5 (CDKS)
stabilizing the DFG-out inactive state has potential for design of selective and clinically
efficient drug candidates. In the absence of crystallographic evidence for a CDKS5 DFG-out
inactive state protein-ligand complex, for the first time, a model was designed using
metadynamics/ molecular dynamics simulations. Glide docking of ZINC15 biogenic database
identified [pyrimidin-2-yl]amino-furo[3,2-b]-furyl-urea/amide hit chemical scaffolds. For four
selected analogues (4, 27, 36 and 42), potent effects on glioblastoma cell viability in U87-MG,
T98G, and U251-MG cell-lines and patient-derived cultures were generally observed (ICsos ~
10-40 uM at 72 h). Selectivity profiling against eleven homologous kinases revealed multi-
kinase inhibition (CDK2, CDKS5, CDK9 and GSK-30/B), most potent for GSK-3a in the
nanomolar range (ICsos ~ 0.23-0.98 uM). These compounds may therefore have diverse anti-

cancer mechanisms of action and are of considerable interest for lead optimization.
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1. Introduction

Glioblastoma (GBM) is the most aggressive malignant brain tumour in adults and has high rates
of recurrence. It is associated with very poor prognosis, with <5% of patients surviving 5 years.!
The current standard of treatment is surgical resection, when possible, and radiotherapy in
combination with temozolomide (TMZ), a DNA alkylating agent.? Despite these treatment
options, GBM survival rates have not changed much in the last three decades. The limited
efficacy of current treatment methods and the aggressive nature of this tumour, emphasizes the

urgent need for the discovery of alternative treatment strategies.

There are currently > 70 FDA approved kinase inhibitors, mainly for treating cancer. Among
the 518 kinases identified in the human genome,’ cyclin-dependent kinases (CDKs) are known
to play significant roles in cell cycle control and regulation of transcription. CDKS is involved
in brain development functions such as neuronal cell survival, synaptic plasticity and neuronal
differentiation.* However, the expression of CDKS5 in glioma tissues is approximately 6-fold
higher than in normal brain tissue’ and dysregulated activity of the kinase contributes towards
GBM proliferation and metastasis.* 7 Previous studies of CDKS5 inhibition for the potential
treatment of GBM have shown promise, including the prevention of glioma stem cell (GSC)
self-renewal which contribute towards therapeutic resistance.® Another study reported the use
of a CDKS5 inhibitor in concomitant use with TMZ or irradiation, revealing increased DNA
damage and a prolonged survival in xenograft mouse models.” However, despite these apparent
successes, it is unlikely that single kinase inhibition is a viable approach to GBM treatment, in

part due to development of treatment resistance and tumour reoccurrence.

Multiple Kinase Inhibitors (MKIs), on the other hand, have potential benefits by targeting a
tumour using synergistic effects and overcoming resistance.'® ! As an example, dual targeting
of CDK-5/-9, where inhibition of CDKS5 would affect glioma growth and self-renewal of glioma

stem cells,> ® and the inhibition of CDK9 would reduce the generation of mature mRNAs in
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cells, would in theory block tumour cell proliferation and lead to apoptosis.'? * Importantly,
there are numerous approved drugs for other cancers that act as MKIs such as cabozantinib,

lenvatinib, pazopanib, sorafenib, sunitinib and vandetanib.'* '3

Inhibition of a kinase in the inactive state has attracted considerable interest in recent years,
fuelling optimism for new cancer treatments.'® The majority of reported kinase inhibitors are
type-1, binding at the ATP-binding site in the active conformation with the highly conserved
kinase Asp-Phe-Gly (DFG) motif of the activation loop orientated towards the binding site
(DFG-in). Type-II inhibitors targeting DFG-out (inactive state), exploit interactions with both
the ATP-binding site as well as an adjacent allosteric pocket. Type-II inhibitors could be
regarded as more advantageous in comparison to ATP competitive inhibitors due to potential
for (i) greater selectivity (exploiting allosteric sites)!” and (ii) better clinical efficacy, linked
with longer inhibitor residence times.!® ! CDKS5 type-II inhibition has not yet been previously
directly explored. There is no crystallographic evidence of type-II inhibition of CDKS5 and the
expectation is that not all kinases have potential for targeting DFG-out inactive state, with the
gate-keeper residue being a key determinant.?’ In the case of CDKS, this is a bulky Phe80,
however, in a multiple kinase screening of known type-II inhibitors against more than 442
kinases, some CDKS5 inhibition was observed for certain compounds (Figure 1), suggesting

potential for pursuing this approach.?!

The contribution of natural products to drug discovery has been recognized for many decades,

particularly in the area of cancer,”* 2*

providing optimism for also achieving success against
GBM. In this study, Desmond metadynamics (MetaD) and molecular dynamics (MD)
simulations were used to predict a CDK5 DFG-out model that allowed in silico screening for
type-II inhibitors, using molecular docking of natural product based compounds (ZINC15

).24

biogenic database).” Predicted candidate (Phase I) inhibitors were experimentally validated

using isolated in vitro CDKS binding assays, revealing two low micromolar CDKS5 inhibitors
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with the same hit scaffold. A Phase II set of nineteen analogues were selected for structure-
activity relationship (SAR) analysis, revealing ten compounds with ICsos for CDKS inhibition
ranging between 9-60 uM. Four of these ten compounds were tested for their potential against
GBM cell-lines (U87-MG, T98G, U251-MG) and short-term patient derived cultures (PD301)
revealing promising effects on cell viabilities (ICsos generally < 40 uM). Kinase profiling
against homologous kinases revealed the compounds to selectively target kinases that are
known targets for GBM, highlighting the potential of identified compounds and their hit

chemical scaffold.

F.C “N
NH _NH /\ NH _NH @
CD/ g/ Q | Y &Nﬁ gr @ Ny o/ﬁ NH _NH N

Sorafenib NVP AST-487 BIRB-796
IC5,=8.3 uM IC5,= 0.55 M IC, =2 pM

Figure 1. Known type-II inhibitors of CDKS5 together with the 1Csos, as identified and reported
in a comprehensive analysis of type-II inhibitors by Davis et al., 2011.%!

2. Results & Discussion
2.1 In Silico Studies

2.1.1 Metadynamics DFG-out Model Generation

The DFG-out model of CDK5 was generated using a DFG-in crystallographic complex (PDB:
4AUS8) as starting point. One collective variable (CV) was used for Desmond? MetaD
calculations, defined as the distance between residues Gly113 (a helix) and Phe145 (from DFG
activation loop); an equivalent CV selection was successfully applied for generation of a GSK-
3B DFG-out model.?® The 50 ns MetaD simulation revealed the CDK5 DFG activation loop to
explore multiple conformations. The DFG-in to -out transformation was observed 21-25ns; this
was observed between 10-25 ns for GSK-3B.26 The transformation of the activation loop, taking

the Phel45 side chain out of the binding site, results in access to the hydrophobic allosteric
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pocket. In this CDK5 DFG-out conformation, the Glu51/Lys33 salt bridge helps stabilize the
aC helix and positions Glu51 in the binding site so that its carboxylate side chain is available
to form interactions with a putative type-II ligand.?” For the identified DFG-out conformation
from the MetaD simulation (free energy ~5.5 kcal/mol higher than DFG-in), the CV distance
between the centre of mass (COM) of the Phel45 sidechain and the Ca atom of Gly113 was
measured, revealing an increase in distance from 4.5 A to 18.5 A for DFG-in to DFG-out state.
The activation loops for DFG-in and DFG-out conformations are compared in Figure 2(A) and
2(B), respectively, where the Phe/Asp flip can be seen and the corresponding changes in the
loop shape. The DFG-out model adopts a loop conformation qualitatively similar to the model
created by Davies et al. for GSK-3B.28 D1 and D2 distance measurements described by Vijayan
colleagues can be used to determine if the classical DFG-out conformation has been produced.?’
Specific to CDKS, D1 denotes the distance between the Ca atom of Asn131 and Phel45 (DFG
loop) and, D2 denotes the distance between the Ca atom of Glu51 (aC helix) and Phel45. For
the DFG-out conformation, these measurements are observed to be D1 =7.23 A and D2 = 12.37
A, close to agreement with the distances (D1 <7.2 A and D2 > 9.0 A) proposed by Vijayan and

colleagues.?’
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Figure 2. (A) The DFG-in activation loop conformation of CDKS5 from the original crystal
structure (PDB code: 4AUS) compared with (B) the metadynamics DFG-out model.

Using the Meta-D DFG-out model, Glide ?° docking of sorafenib (Figure 1) was performed and
the stability of the protein-ligand complex analyzed by a 100 ns Desmond molecular dynamics
(MD) simulation. After the first 20 ns, the protein backbone and sidechains were equilibrated
(RMSD plots included in Figure S1). For the final 80 ns, the trajectory was further analyzed
and the occurrence of different protein-ligand interactions displayed in Figure 3. The trajectory
frames from the last 80 ns were clustered and the representative taken from the most populated
cluster used as the final DFG-out model; binding interactions are shown in Figure 4(A), together
with the D1 and D2 measurements for the refined model in Figure 4(B). Classical protein-ligand
interactions of a type-II inhibitor 2 formed during sorafenib docking were shown to be stable
during the MD simulation: (a) at least one hydrogen bond interaction with the hinge region

backbone Glu81 CO and Cys83 CO and NH (b) hydrogen bonding with the Glu51 sidechain



from the aC helix and (c) a hydrogen bond with the DFG loop Asp144 backbone NH. These
critical type-II interactions were present throughout > 94% of the simulation (Figure 3),
revealing a strong binding affinity between the type-II ligand and the DFG-out model. SiteMap
calculations®® were used to quantify the binding site volumes and revealed values of 232.6 A3
and 517.9 A3 for the active and inactive states, respectively. The corresponding increased
surface area is consistent with a ‘classical’ conformation of an inactive kinase which can
accommodate type-II inhibitors.?® A nomenclature for classification of active and inactive
kinase structures has been proposed. 3° The system is based on clustering of kinase
conformations considering location of the DFG-Phe side-chain and the activation loop
orientation (through relevant dihedrals). Using this system and the online-server
(http://dunbrack.fccc.edu/kincore/), our designed model had the expected inactive DFG-out
BBAminus classification (required for binding type-II inhibitors) with aC-helix-in, further
validation of the prediction. The three known type-II CDKS inhibitors (Figure 1) were also
successfully docked to the refined model (including redocking of sorafenib). Glide poses and
docking scores (-10.78 — -5.73) of the inhibitors (Table S1) revealed the ability of all three to
successfully bind at the site, forming the key protein-ligand interactions. The predicted binding

poses of NVP AST-487 and BIRB-796 are included in Figure S2.
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Figure 3. Molecular dynamics simulation of the CDK5-sorafenib complex. (A) The prevalence

of the interactions between the key protein residues and ligand during the simulation and (B)
The interaction fraction of a broader range of binding site residues with the ligand.




Figure 4. (A) The representative structure from the most populated cluster from the molecular
dynamics’ simulation of the CDKS5 — sorafenib complex, used as the final CDKS5 DFG-out
model. Hydrogen bond interactions between the protein and ligand are shown as black dashed
lines. (B) D1 and D2 measurements of this final DFG-out model are close to consistent with
Vijayan and colleagues’ benchmark values (D1 < 7.2 A; D2 >9.0 A) to accommodate a type-
II inhibitor.?” D1 is slightly larger than the suggested value, but this was also previously
observed for a predicted GSK-3p — sorafenib DFG-out model.?®

An initial doubt regarding the potential for DFG-out model creation was the bulky gatekeeper
residue Phe80 which could prevent access to the allosteric pocket. Previous literature has
suggested that smaller gatekeeper residues are more likely to accommodate type-II ligands and
are possibly a prerequisite for type-II inhibition.?° The conformational analysis by Vijayan et
al. in 2015 investigated the gatekeeper residues for the type-II inhibitor bound complexes and
found only 5% contained Phe as the gatekeeper, therefore, demonstrating it to be less
common.?’ The created CDK5 DFG-out model here demonstrates that CDK5 can accommodate
type-II inhibitors and Phe80 does not impede this. In fact, favourable hydrophobic/n-t protein-

ligand interactions involving Phe80 with sorafenib are observed (Figure 3).

2.2 Virtual Screening of the biogenic database

The ZINC15 biogenic database was prepared for screening using LigPrep; QikProp was used
to generate their predicted ADME profiles. After preparation, a total of 206,974 unique
compounds underwent Glide docking to the created CDK5 DFG-out model. 77,770 compounds
were returned after docking, and analysed by docking score, ranking and visual inspection of
predicted protein-ligand interactions. For the latter, an emphasis on key hydrogen bond
formation, ligand shape and occupancy of the binding site was considered. Based on this,
twenty-three structurally diverse candidate inhibitors (compounds 1-23, Figure 5) were selected
for Phase I in vitro CDKS5/p35 binding assay experiments; for some chemical scaffolds, more
than one analogue was selected to reduce potential for missed hits. The docking scores and

predicted activity ranks of the Phase I (and Phase II) compounds are shown in Table S2. The
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phase I selection was mainly from the top 1% (11 compounds) or top 5% (17 compounds) of

the ranked database.

2.3 In Vitro Isolated Enzyme Binding Assays

2.3.1 Phase | Compounds

The twenty-three selected Phase I candidate inhibitors were validated in an CDKS5/p35 isolated
enzyme binding assays, initially at single 50 uM concentrations to determine the percentage
inhibition, with the best compounds (> 50 % inhibition) taken forward for ICso determination.
The results of this are shown in Table 1. Two hit compounds 3 and 4 were revealed with 1Csos
in the low micromolar range (13.9 uM and 9.8 uM, respectively). Both compounds shared the
same scaffold, [pyrimidin-2-yl]amino-furo[3,2-b]-furyl-urea, previously revealed as a scaffold
for GSK-3p type-II inhibition.?® The predicted binding poses of the two hit compounds are
presented in Figure 6(B) and 6(C), showing that both compounds span across the ATP-binding
site and into the hydrophobic allosteric pocket; a schematic representation of the key structural
groups of a type-II inhibitor *!' are shown for hit compound 4 in Figure 6(A), used as a basis for
discussion of the predicted protein-ligand binding interactions. All classical type-II protein-
ligand interactions are present for both compounds. In the hinge region, there are hydrogen-
bond interactions from the ligand 2-aminopyrimidine (hinge region binding group) with Glu81
backbone O and Cys83 backbone NH; the ligand urea groups (hydrogen bonding region) are
involved in hydrogen bonds with Asp144 backbone NH (activation loop) and Glu51 sidechain
carboxylate (aC helix). While the tail group (phenyl) of 3 extends into the now accessible
hydrophobic pocket, the extra -CHz- of compound 4 allows the phenyl ring at the tail to occupy
the pocket deeper. This is accompanied by a flip in the urea of 4 from trans-trans to trans-cis,>”
33 predicted to facilitate better the hydrogen bonding of the type-II hydrogen bonding group.
The hit [pyrimidin-2-yl]amino-furo[3,2-b]-furyl-urea scaffold was further investigated through

selection of a Phase II set of analogues (Figure 7), from the original docking for in vitro
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CDKJ5/p35 binding assays and structure activity relationship (SAR) analysis. All of the selected
Phase I and II compounds did not result in warnings for Pan Assay Interference Compounds
(PAINS), as determined using the ZINC on-line filter

(http://zinc15.docking.org/patterns/home/).
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Figure 5. Phase I type-II inhibitor candidates (1-23) selected for validation using isolated in

vitro CDK5/p35 binding assays. The ITUPAC names of the compounds are included in the
Supporting Information.
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Table 1. Experimental in vitro CDK5/p35 binding assay results for the Phase I and II selected
type-II inhibitor candidates.?

Phase I Compounds” Phase II Compounds °
Compound ICso(uM) Compound ICso(pM) Compound ICso(pM) Compound ICso(uM)
(% (% (% (%
inhibition at inhibition inhibition inhibition
50 pM) at 50 uM) at 50 pM) at 50 nM)
1 (14.1%) 13 (14.1%) 24 (15.5%) 36 15.0+1.1
2 (6.2%) 14 (1%) 25 (40.2%) 37 22.5+2.6
3 13.9 = 0.59 15 (11.7%) 26 (3.5%) 38 51.5+0.2
4 9.8+2.29 16 (9.7%) 27 9.8+0.5 39 (18.2%)
5 (1.9%) 17 (7.1%) 28 40.3+4.4 40 (23.8%)
6 (3.7%) 18 (NI)* 29 (36.5%) 41 56.1 + 8.6
7 (NI)* 19 (NI)* 30 23.8+5.6 42 17.8+1.4
8 (5.4%) 20 (NI)* 31 (27.9%)
9 (20.6%) 21 (8.4%) 32 18.4+0.7
10 NI 22 (14.2%) 33 (41.2%)
11 (3.2%) 23 (6.6%) 34 (35%)
12 (NI) 35 26.9 £6.5

?Data reported as ICso (bold font) for the most potent inhibitors and % inhibition at 50 pM (in parentheses)
for the other compounds. °c.f. Figure 5. ¢c.f. Figure 7. “No inhibition
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Figure 6. (A) Schematic representation of type-II inhibitor binding groups for the Phase I hit
compound 4. In (B) and (C), the Glide-SP predicted binding interactions of the Phase I two
identified low micromolar inhibitors from docking to the designed CDK5 DFG-out model are
shown: (B) compound 3 (ICso = 13.9 uM) and (C) compound 4 (ICso = 9.8 uM). Hydrogen
bond interactions between the protein and ligand are shown as black dashed lines.

2.3.2 Phase Il Compounds

Nineteen Phase II analogues (compounds 24-42, Figure 7) were selected based on hit
compounds 3 and 4 for binding assay and SAR analysis. The CDK5/p35 single concentration
(50 uM) binding assay screen revealed that ten of these compounds had inhibition > 45%, and
these were selected for ICso determination which ranged between 9-56 uM (c.f. Table 1). The
key structural groups/features of a type-II inhibitor (Figure 6(A)) are again used as a basis for

discussion of the predicted protein—ligand interactions below.
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The most potent from the Phase II set of compounds was revealed to be compound 27 (ICso =
9.8 uM). Compared to 36 (ICso = 15 uM), compound 27 has an extra -CHz- before the phenyl
group in the tail of the compound, showing a positive effect on potency. This allows the phenyl
group to extend further into the hydrophobic allosteric pocket (similar to hit compound 4 from

Phase I).

The effect of substituting the urea group in the ligand hydrogen bonding region was probed by
comparing compound 25 with 27. The absence of a urea group for 25, which instead has an NH
group revealed a negative effect on potency, with only 40% inhibition observed in the single
concentration 50 pM screen. The lack of the C=O group prevented the crucial hydrogen
bonding interaction with the Asp144 backbone in the DFG-out model; additionally, the second
NH of a urea has also potential for hydrogen bond interactions with the aC helix Glu51 side
chain. In theory, only one ligand NH is required to bind with the Glu51 sidechain, together with
a C=0 group to bind with the Asp144 backbone NH for the classical type-II interactions.
Therefore, 41 and 42 that have an amide group rather than a urea in the hydrogen-bonding
region were investigated, with these protein-ligand interactions predicted. The potencies of both
these compounds remained good (41, ICso = 56.1 uM and 42, ICso = 17.8 M), particularly 42.

with a ~3-fold better potency compared to compound 41.

Compounds 28-38, analogues of hit compound 3 (ICso = 13.89 uM), allow more in-depth
investigation of potential beneficial substitutions at the R1 tail and R2 head groups. In
particular, compounds 28, 30, 32, and 35-38 were revealed to be among the most effective
compounds with ICsos 15-40 uM. Comparing compound 28 with 37 (ICso = 22.5 uM), where
both have the same tail group (para COMe), the methoxyphenyl head group of 37 compared to
thiophene of 28 benefits the potency almost 2-fold. Comparing 35 (ICso = 26.9 uM) and 38
(ICso = 51.5 uM) revealed that the R2 head substitution of 35 (meta-fluorophenyl) is more

favourable to the para-methoxyphenyl substitution of 38. Interestingly, compound 30 with a

17



cyclopentyl ring head group was revealed to be one of the most potent compounds (ICso = 23.8
uM) from the Phase II screen. This cyclopentyl group is able to exploit favourable van der
Waals interactions in the ATP-binding pocket; similar interactions have been proposed as a
differential factor for increased binding affinity of CDKS candidate inhibitors.>* This
observation is consistent with the performance of 32 (ICso = 18.4 uM), with an alkyl head-

group in the form of -C(Me)s also favourable.

Compounds 33 (41.2% inhibition at 50 uM), 34 (35% inhibition at 50 uM) and 35 (ICso =26.9
uM) have the same R2 head group (meta-fluorophenyl), allowing an investigation into the R1
substituted phenyl tail groups of these compounds H, CF3 (meta) and CN (meta), respectively.
35, with the CN (meta) substituent was indicated as the most potent. Compounds 36 (ICso = 15
uM), 37 (ICso = 22.5 uM) and 38 (ICso = 51.5 uM) also shared the same R2 head group, in this
case para-methoxyphenyl; thus, we could also observe the effect of the R1 substituted phenyl
tail groups of these compounds (H, COMe (para) and CN (meta), respectively). In this case, the
unsubstituted phenyl was found to be the most potent. Compounds 28 (ICso=40.3 uM) and 29
(36.5% inhibition at 50 uM) both have a thiophene group in the R2 position (head group), but

the potency of 28 is greater, indicating that R1 = COMe (para) is preferential to OMe (3,5).

Some of the compounds that were found to perform poorly included compound 24 (15.5%
inhibition at 50 uM) with a tetrazole hinge binding group, highlighting the importance of the
2-amino-pyrimidine group in this position for all other ligands. For 24, 26 and 39, the presence
of the substituted phenyl N(Me): (para) caused an unwanted flip in the predicted docking
orientation consistent with the poor inhibitions observed (< 20% inhibition at 50 puM).
Compounds 39 (18.2% inhibition at 50 pM) and 40 (23.8% inhibition at 50 uM) lacked a ring
group at the tail of the inhibitor, suggesting its importance within the allosteric hydrophobic

pocket.

18



To summarise the SAR study, compounds 4 and 27 were identified as the most potent inhibitors
with the extra -CHz- moiety facilitating deeper access into the hydrophobic pocket. In addition
to this, an unsubstituted phenyl group at the tail of the ligand was observed in four of the six
most potent compounds (< 20 uM). Our results strongly point towards the presence of a urea
group at the hydrogen bonding region to be most effective, although an amide group is worthy
of further investigation. Likewise, the iso-propyl R2 substitution of 32 or variations in the

cyclopentyl ring of compound 30 in the head group could be explored further.

2.3.3 Kinase Selectivity Screen

To probe the potential selectivity of the discovered type-II CDKS inhibitors, the most potent
compound from Phase I (compound 4, ICso = 9.8 uM)) and the three most potent compounds
from the Phase II screen (compounds 27, ICso = 9.8 uM; 36, ICso = 15 uM; and 42, ICso = 17.8
uM) were investigated further. These four prioritized compounds were first further analyzed by
in silico docking, for their potential to also bind to the DFG-in conformations (prepared PDB
code: 4AUS); it is possible for some kinase inhibitors bind to different states of the same kinase.
39 The docking revealed that the ligands did give poses. However, because the allosteric pocket
was inaccessible for DFG-in, to enable hinge region hydrogen bonding the compounds
generally had a flipped binding orientation with the ligand head groups interacting with
sidechain of the Phe80 gate-keeper residue. The docking scores were inferior (range for four
compounds was -4.9 — -7.1) compared to those for the DFG-out conformation (-7.6 —-9.4). A
selectivity screening of the four compounds against eleven homologous kinases (GSK-3a,
GSK-3B, CDK2, CDK9, PKA, PKBa, PKBf, PKCa, PKCy, ERK1 and, ERK2) was next

performed at a single concentration (50 pM) and is presented in Figure 8.
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Figure 8. Single-dose (50 uM) selectivity profile of the four selected CDKS5 inhibitors
(compounds 4, 27, 36 and 42) versus eleven homologous kinases shown as the % remaining
activity =+ standard deviation.

The single-concentration panel screen highlighted a selective effect of the four compounds
against GSK-3o/B, CDK2, CDKS5 and CDK9; the kinases for which poor inhibition was
observed is potentially due to the formation of DFG-out being less favorable and/or structural
differences in the allosteric sites (or binding sites in general). The compounds, therefore, act as
multi-kinase inhibitors, but significantly against kinases all of which all have been implicated
in GBM.!%35% The ICsos of the four compounds against these kinases were then determined
(Table 2). All four type-II inhibitors were revealed to potently inhibit GSK-3a in the nanomolar
range (ICso ~0.23 — 0.98 uM). The compounds were low micromolar inhibitors (ICsos <5 uM)
for CDK9 and GSK-3, but also had I1Csos generally <20 uM for CDK2 (similar to those for
CDKS5). CDK2 and GSK-3f have previously been established as favourable kinases for type-
II inhibitor development.?® 2% 40 Previous focus on GSK-3 as a therapeutic target has been

directed mainly towards the GSK-3f isoform, which has been implicated in many cancers as
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well as neurological disorders such as Alzheimer’s Disease (AD).*'*** GSK-3p plays a multitude
of roles in GBM with effects on proliferation, migration and glioma stem cells.**> GSK-3a has
been studied little in comparison but has been validated to be of considerable importance in
brain function, contributing to the worsening of AD as well as cancers such as neuroblastoma,
reducing proliferation when inhibited.***® Isoform selective GSK-3a inhibitors have until
recently proved difficult to achieve;*’ the four inhibitors reported here are more selective for
the a isoform, compound 36 by a factor of almost 6. Both CDK2 and CDKS5 have a high
sequence similarity determining selectivity*® and the ICsos for both these kinases are quite

similar, particularly for compounds 4 and 36.

Table 2. ICso determination of the four type-II candidate compounds 4, 27, 36 and 42 against
CDK/p35, GSK-3a, GSK-3p, CDK9 and, CDK2.

ICs0 (M)
Compound
CDK5/p35 GSK-3a GSK-3p CDK9 CDK2
4 9.8+2.29 0.98 £ 0.09 4.00 £1.38 1.76 £0.35 6.24 £ 2.83
27 9.8 £0.51 0.73£0.15 2.70 £0.35 2.60 £ 0.27 21.92+2.47
36 15.0+1.11 0.23+0.21 1.29 +£0.29 2.80 +0.09 15.83 £2.09
42 17.8 £1.38 0.71 £0.14 1.95+£0.47 3.02+£0.36 9.73 £5.31

2.4 In Vitro Glioblastoma Assays

The four selected compounds (4, 27, 36 and 42) taken forward for the kinase selectivity
profiling were also tested using in vitro cellular studies (cell viability) with three established
GBM cell lines (U87-MG, T98G and U251-MG) as well as a patient derived, short-term culture
PD301. Roscovitine [CY-202, (R)-Roscovitine, Seliciclib] an orally available CDK inhibitor
that has undergone clinical trial studies for cancer was also included for comparative purposes.*
The ICsos for each compound were determined at 24-, 48- and 72-hours (Table 3). For each
compound, a time- and concentration-dependent effect on the cell viabilities was generally

observed. For compounds 27, 36, and 42, a similar trend was observed with ICsos following 72
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hours incubation in the range of 12-36 uM across the cell lines. These were similar to values
obtained for Roscovitine (ICsos = 15-19 uM). For compound 4, the ICsos were recorded as
slightly higher, ranging between 37 and 87 uM across all cell lines. The cell viability results of
the four compounds are better compared to those often reported for TMZ using glioblastoma
cell lines such as U87-MG and U251-MG in vitro, where 1Cso values have been in the high
micromolar range.’® However, TMZ is a prodrug that requires metabolic activation under

physiological conditions, with in vitro results being variable.>!

Table 3. ICso values for the three glioblastoma cell lines, U87-MG, T98G, and U251-MG, and
primary glioblastoma culture, PD301, following 24-, 48-, and 72-hour treatments with control
Roscovitine and compounds 4, 27, 36 and 42.

Cell line [Co0 (VD
24hr 48hr 72hr
Roscovitine
U87-MG 64.5 21.0 16.9
TI8G 25.0 12.2 18.5
U251-MG 21.8 22.5 15.4
Compound 4
U87-MG 934 91.9 86.7
TI8G 91.7 329 37.4
U251-MG 91.2 58.4 42
PD301 128.5 68.6 56.4
Compound 27
U87-MG 83.2 44.7 30.3
TI8G 47.2 9.6 11.7
U251-MG 114.5 30 23
PD301 588.3 73.8 28.1
Compound 36
U87-MG 83.1 48.4 35.7
TI8G 45.9 13.6 25.1
U251-MG 92.2 29.2 293
PD301 268.4 45.6 21.2
Compound 42
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U87-MG 85.9 51 28.6

TISG 348.4 254 31.6
U251-MG 129.1 43.2 30.2
PD301 616.9 162.5 34.9

The cell viability concentration response curves for compound 27 against the GBM cell lines
and patient derived culture are shown in Figure 9; the curves for the other three analogues and
Roscovitine are included in Figure S3-S6. Following 72 hours of treatment, cell viabilities at
the highest concentration of 27 were reduced to < 5% of control for all cell lines except PD301
(cell viability ~16% of control). ICso values after 72 hours for U87-MG, U251-MG and PD301
showed a decrease in comparison to 48 hours but for T98G an increase was observed.
Nevertheless, the most affected cell line for 27 was T98G, following 48 hours with the ICso
value = 9.6 uM and following 72 hours, 11.7 uM. Therapeutic resistance, particularly for TMZ,
is commonly observed for GBM patients as a result of O°-methylguanine-DNA
methyltransferase (MGMT) positive status. The T98G cell line is MGMT positive, so
identification of compounds that show promise against this cell line could be effective in GBM

with therapeutic resistance due to positive MGMT status.
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Figure 9. Cell viability of the three glioblastoma cell lines, U87-MG, T98G, and U251-MG,
and primary glioblastoma culture, PD301, following treatment with compound 27 at 24-, 48-,
and 72-hours. Data obtained from mean + SEM of three consecutive independent experiments.
Significant effect observed between the treatment concentration and the control is noted above
the concentration point in order of 24-, 48-, and 72- hours.

2.4 ADME Predictions

The predicted pharmacokinetics profiles of the four prioritized compounds (4, 27, 36 and 42)

as calculated using QikProp are shown in Table 4. All compounds have predicted good oral
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bioavailability, with no violations of Lipinski’s ‘rule of five’ > or Jorgensen’s ‘rule of three’,>*
>4 apart from a log S (water solubility) violation for compound 4. The compounds also indicated
some potential for permeability across the blood-brain barrier, considering the logBB values. A
logBB = 0 suggests equal concentration of compound on either side of the blood-brain barrier.
Proposed logBB cut-off values for potential CNS-active compounds vary, but thresholds as low
as -1 have been suggested.>> ¢ One study which considered 18 approved CNS-active drugs,
revealed a number of the compounds had QikProp logBB values in the range -1 to 0.°” The
predicted values of the four compounds here are in a similar range (-0.95 to -0.62). Polar surface

1.8 proposed a qualifying

area (PSA) is also an important parameter to consider. Ghose et a
upper limit of 109 A for QikProp calculated PSAs to favour brain permeation. The four

compounds are just within this threshold. However, blood-brain barrier permeability would

need closer consideration in future lead optimization studies.

Table 4. Predicted pharmacokinetics properties of prioritised compounds 4, 27, 36 and 42.

Ligand Lipinskis’s Rule of Five and Jorgensen’s Rule of Three and
i Violations (V) Violations (V)
y PSA [A2]! | |og BBl
MW [Da] | HBD! | HBA" [ log P Caco-2 logS | Npm® (A o8
v [nm s™'] v
(<500) (<5) (<10) (<5) (>22) >-57) | (<7)
4 449.5 3 7.90 3.8 0 1037 -6.0 4 1 101 -0.66
27 461.5 3 8.65 3.6 0 810 -5.6 5 0 109 -0.94
36 447.5 3 8.65 3.2 0 649 -5.3 5 0 106 -0.95
42 460.5 2 9.90 3.4 0 1551 -5.3 4 0 105 -0.62
Range™ | 130-725 | 0-6 | 02-20 | -2-6.5 <25poor;> | ccos| 18 | - 7-200 -3.0-1.2
500 great

[a] Rules as listed in the columns, with any violations of the rules highlighted in italics. [b]
PSA represents the van der Waals (polar) surface areas of N and O atoms [c] log BB: the
predicted blood-brain barrier coefficient. [d] Number of hydrogen bond donors. [e] Number of
hydrogen bond acceptors. [f] Caco-2 cell permeability. [g] Number of primary metabolites. [h]
Range for 95% of known drugs - reference: QikProp version 3.5 User’s Manual.
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3. Conclusions

Discovery of drug-like selective kinase inhibitors has the potential to lead to novel new
treatments for GBM and other cancers. There are more than 70 FDA approved kinase drugs,
mainly for cancer, but none as yet for brain tumours. GBM has an urgent need for new
therapeutic approaches, in the absence of any truly effective currently available treatment
options. Here, for the first time, a CDKS5 DFG-out model has been created using Meta-D and
molecular dynamics simulations (in the absence of any crystallographic structure or evidence)
to virtually screen for type-II inhibitors that bind to and stabilize the inactive conformation.
Selection of a Phase I and II set of compounds led to the identification of four [pyrimidin-2-
yl]amino-furo[3,2-b]-furyl-urea and [pyrimidin-2-yl]amino-furo[3,2-b]-furyl-amide analogues
from the computational screen, the best of which were potent low micromolar inhibitors of
CDK2, CDKS5, CDK9 and GSK-3fB, and nanomolar inhibitors of GSK-3a. These four
compounds had predicted good oral bioavailability and log BB values that indicate potential
for CNS-activity. All four compounds demonstrated highly promising effects on cell viability
across GBM cell lines (U87-MG, T98G, and U251-MG) as well as a short-term patient derived
culture (PD301), with ICsos generally in the range of ~ 10 —40 uM observed following 72 hours
treatment, and similar to those observed for Roscovitine (ICsos ~ 15-19 uM) as a control. They
appear to act, at least at the cellular level, independently of MGMT promoter methylation status,
given their effectiveness against T98G. Specificity is a key issue in kinase inhibitor design.
However, the multi-kinase inhibition demonstrated here are for kinases considered targets for
GBM, meaning the compounds may tackle cancer through different mechanisms and potentially
have synergistic effects. It can also reduce the possibility of developing drug resistance, a key
issue with current GBM treatments and the large percentage of cases with tumour recurrence.

59,60 These promising candidate compounds, given their initial therapeutic potential, can now
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be used in further lead optimization studies against GBM, but additionally may have

applications in other cancers.

4. Experimental
4.1 Computational Details

4.1.1 Ligand Preparation

All ligands were prepared for calculations using Schrédinger’s Maestro and LigPrep v5.6.2° All
possible ligand ionization/tautomeric states at a pH of 7.0 £ 1.0 were generated, using the
OPLS3e forcefield. The Biogenic subset of the ZINC15 database used for virtual screening
consisted of 206,980 compounds that generated 271,474 chemical structures (with tautomers
and ionization states) following LigPrep, ready for docking calculations. Qikprop v6.8 was used

to calculate the ADME profiles of the ligands.?’

4.1.2 Protein Preparation (DFG-in)

Using the 1.90 A resolution solved crystallographic complex of CDK5 with (PDB code: 4AUS),
the CDKS5 protein was prepared for calculations using Schrodinger’s Protein preparation
wizard.” Hydrogens were added, bond orders assigned, water molecules deleted and any
missing side-chains and loops added using Prime. Protonation states for acidic and basic
residues were determined using the predicted PROPKA °! 62 residue pKa values at pH 7.0.
Subsequent optimization of residue hydroxyl groups, histidine protonation states and C/N atom
flips, as well as sidechain O/N atom flips of Asn and Gln residues considered hydrogen bonding
patterns. The system was then minimised using the OPLS3 forcefield % to converge heavy

atoms to an RMSD within 0.3 A of their crystallographic positions.

4.1.3 Metadynamics and Molecular Dynamics Simulations

Metadynamics
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Using the prepared DFG-in model from PDB code: 4AU8 with cognate ligand deleted, the
Desmond system builder within Schrodinger’s’ Maestro was used to create the system for
MetaD simulations.?® The TIP3P model (10,150 water molecules) was employed as the solvent
model in an orthorhombic box with sides a = 67.704 A, side b = 61.914 A, side ¢ = 86.894 A
(volume = 363,151 A%), with box edges 10 A from the protein. The system was neutralised by
addition of a CI" atom, with the final simulation model consisting of 35,121 atoms. Heavy atom
bond lengths with hydrogen atoms and internal geometries of water molecules were constrained
with the SHAKE algorithm. For the Meta-D simulation, one collective variable (CV) was used,
defined as the distance between the centre of mass (COM) of Phel45 side-chain and the Ca
atom of Gly113, with the wall capped at 23 A and Gaussian width set to 0.05 A. The CV was
selected adapting for CDKS5 a successful Meta-D approach to creating a DFG-out model for
GSK-3B.2° Clustal Omega multiple sequence alignment as well as structural
superimposition/comparisons of CDK5 and GSK-38 (PDB:20W3) identified the equivalent
residues. Following the initial default relaxation/equilibration stage, the MetaD simulation was
ran for 50 ns in the NPT ensemble (T = 300 K, P = 1 atm), the height of the Gaussian potential
was 0.03 kcal/mol, and the Gaussians deposited every 0.09 ps. A total of 1000 frames were
saved (every 50 ps). The RESPA integrator was used with a time step of 2.0 fs for bonded and
near interactions and 6.0 fs for far interactions. Periodic boundary conditions (PBC) were
employed and a cut-off of 9.0 A for non-bond interactions; electrostatic interactions treated
using Particle Mesh Ewald (PME) method. The OPLS3e forcefield % was used and simulation

performed using Desmond.?
Molecular Dynamics

The DFG-out model created using MetaD and with sorafenib subsequently docked was used as
input for molecular dynamics (MD) refinement using Desmond 2018-4. The Desmond system
builder was again used to soak the complex with a pre-equilibrated TIP3P solvent model
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(10,871 waters) in an orthorhombic box with side lengths a = 62.435 A, side b = 68.213 A and
side ¢ =91.853 A (box volume = 391,189 A*) and a 10 A buffer to the box sides. The structure
was neutralised by the addition of a CI" atom, placed beyond 25 A of the sorafenib ligand and
the forcefield used was the OPLS3e. The final system consisted of 37,332 atoms. The specific
settings in terms of initial equilibration, employment of SHAKE algorithm constraints, PBCs,
forcefield (OPLS3e), treatment of non-bond interactions was as for the MetaD simulation
outlined above. The production run was a 100 ns in the NPT ensemble at a temperature of 300K
and pressure 1 atm, using the NPT ensemble. Trajectory energy data and atomic coordinates
were collected every 1.2 and 5.0 ps, respectively. To account for the equilibration of the system,
the first 20 ns of the 100 ns trajectory was spliced out. The remaining trajectory frames were
clustered into ten clusters using Desmond Trajectory Clustering with the hierarchical cluster
linkage method, and a representative taken from the most populated cluster to be used as the

final DFG-out structure for virtual screening.

4.1.4 Docking Calculations

DFG-out conformation: For the docking calculations with Glide v9.1%> ® the shape and
properties of the CDKS5 binding site was mapped onto grids with dimensions of ~29.7 A x 29.7
A x29.7 A centred on sorafenib; in the initial docking of sorafenib to the MetaD output DFG-
out model, the centroid based on hinge region residues Glu81 - Cys83 and the DFG loop residue
Aspl44 was used. Glide docking was performed in SP mode with mainly default parameters
employed that included default OPLS3e % atomic charges and van der Waals scaling (0.8) for
non-polar ligand atoms to incorporate modest induced-fit effects. The ligand sampling was set
to flexible with both sample nitrogen inversions and sample ring conformations selected; Epik
state penalties were included to give the docking scores. Constraints during docking were
applied to ensure classical type-II hydrogen bond interactions form with the hinge region Glu81

and Cys83 backbones (at least one from three), aC helix Glu51 side chain and activation loop
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Asp144 backbone. Post-docking minimisation and strain correction terms were applied, with

the top-ranked pose per ligand saved and ligands ranked based on the docking score.

DFG-in conformation: For the docking calculations to CDKS5 DFG-in conformation, prepared
protein PDB code: 4AUS (section 4.1.2.), the same general docking settings used for DFG-out
docking were applied, except hydrogen bond constraints were only used for the ATP-binding
site hinge region and the docking grid based on the centroid of the native ligand had dimensions

of ~23.4A x234Ax234A.

4.2 Experimental Details

4.2.1 In Vitro Isolated Enzyme Binding Assays
The in vitro binding assay validation of the predicted CDKS inhibitors was performed using a
specialist service from the MRC Protein Phosphorylation & Ubiquitylation Unit and the

‘International Centre for Kinase Profiling’ at the University of Dundee (https://www.kinase-

screen.mrc.ac.uk/). Candidate inhibitor compounds (Phase I and II) were purchased from

Analyticon discovery, Biosynth, Mcule and Vitas-M (c.f. Supplementary Information, Excel
file). Initially, single concentration screening of the compounds against CDK5/p35 at 50 uM
was performed. Inhibitory activities were determined based on maximal activities measured in
absence of the inhibitor. Candidates which demonstrated best inhibition were selected for ICso
determinations. For the kinase selectivity profiling, compounds were assayed at a single
concentration (50 uM) against a panel of kinases (CDK2, CDK9, CDK5/p35, ERK1, ERK?2,
GSK-3a, GSK-38, PKA, PKBa, PKBf, PKCa and PKCy). Further ICsos were determined for
CDK2, CDK9, GSK-3a and GSK-3p for the four selected hit compounds 4, 27, 36 and 42
(purities > 95% by HPLC, except for 27 at 91%). All binding assay experiments were performed

in duplicate.
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4.2.2 In Vitro Glioblastoma Assays

Three glioblastoma cell lines were used for the cell viability experiments (U-87 MG, T98G,
and U-251 MG). The U-251 MG cells were obtained from the University of Wolverhampton
and the remaining cell lines from the American Type Culture Collection. Short term patient
derived cells (PD301) were also used, acquired from the Brain Tumour North West tissue bank.
Cell lines were maintained in Eagles Minimum Essential Media (EMEM), supplemented with
L-glutamine (2mM), 1% Non-Essential Amino Acids (NEAA), sodium pyruvate (1mM) and
10% Foetal Bovine Serum (FBS), all purchased from Gibco. Cells were grown at 37°C in a
humidified atmosphere maintained at 5% CO2. Cells were initially seeded at a density of 1x10°
cells/well in 96-well plates and cultured for 24 hour prior to treatment with the compounds (1,
3, 10, 30, 100 and 300 uM). The concentration of DMSO vehicle used did not exceed 0.5%,
which was not cytotoxic to the cells. Cell viability was measured at 24-, 48- and 72- hour post-
treatment, using PrestoBlue® at an excitation/emission of 535/612nm. Roscovitine (purity >
95% by HPLC) was used as a control for comparison with the four selected hit compounds (4,
27,36 and 42) tested. For statistical analysis SPSS was used, with a two-way ANOVA (analysis
of variance) and a Bonferroni post-hoc test used to identify significant differences between
experimental groups. Significance between the time points as well as treatment concentrations
were determined. P- values < 0.05 were considered as statistically significant with significance

indicated in figures as: ns p > 0.05, * p < 0.05, ** p <0.01, and *** p <0.001.

Supporting Information

The Supporting Information is available free of charge. Supplementary Tables and Figures from
calculations and cell viability experiments; HPLC-chromatograms for the four identified lead
compounds (4, 27, 36 and 42); molecular strings formula (SMILES), IUPAC names and %

purities of all compounds (CSV); 3D hydrogen-suppressed atomic model of the CDKS5 DFG-
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out refined complex with sorafenib — authors will release the atomic coordinates upon article

publication.
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