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Abstract

We used a progressive elimination strategy to identify oocyte-specific WEE2 kinase inhibitors for
potential non-hormonal contraceptives that target meiosis. Beginning with an in-house library of
over 300,000 compounds, virtual high throughput screening identified 57 WEE?2 inhibitors with
preferential predicted binding over the somatic variant WEEL. Seven compounds were further
evaluated /n vitro by enzyme-linked immunosorbent assay to measure biochemical inhibition on
WEEL1 and WEE2 phosphorylation of CDK1. To assess specificity, we evaluated WEE2-mediated
inhibition of meiosis using /n vitro oocyte fertilization, and WEE1-mediated inhibition of mitosis
using a somatic cell proliferation assay. Our results from these assays identified three candidates
for further development: 6-(2,6-dichlorophenyl)-2-((4-(2-(diethylamino)ethoxy) phenyl)amino)-8-
methylpyrido[2,3-d]pyrimidin-7(8H)-one (2), 6-(2,6-dichlorophenyl)-8-methyl-2-((4-
morpholinophenyl) amino)pyrido[2,3-d]pyrimidin-7(8H)-one (12), and 3-((6-(2,6-
dichlorophenyl)-8-methyl-7-ox0-7,8-dihydropyrido[2,3-d]pyrimidin-2-yl)amino)benzoic acid (16).
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Introduction

In somatic cells, WEE1, a serine/threonine protein kinase, is a critical negative regulator of
the eukaryatic cell cycle that functions as a checkpoint to ensure adequate cell growth has
been achieved before entry into mitosis.[] By phosphorylating tyrosine 15 on cyclin
dependent kinase 1 (CDK1, also known as the cell division cycle 2 or CDC2) located in the
cell nucleus, WEEL1 inhibits CDK1 from complexing with the regulatory subunit, cyclin B,
and prevents formation of M-phase promoting factor (MPF), transiently arresting cell cycle
progression at G2/M.[]

A homolog to WEE1, WEE2 (WEE1 homolog 2, WEE1B), was identified and found to be
abundant in the testis and oocytes. Specifically, WEE2 plays a dual regulatory role in oocyte
meiosis by preventing premature resumption prior to ovulation and permitting metaphase 11
exit at fertilization.[3] Mutations in the WEE2 gene are associated with female infertility and
have been identified in women who experience recurrent fertilization failure.[4] During
prophase | of meiosis, premature oocytes in growing ovarian follicles are arrested in the
germinal vesicle (GV) nuclear configuration until recruited for ovulation. This arrest is
maintained by elevated levels of cAMP which activate protein kinase A (PKA). PKA in turn
phosphorylates cytoplasmic WEE?2 allowing it to translocate into the GV (tetraploid nucleus
of the egg). Within the GV, WEE2 regulates CDK1 similar in action to WEE1 and prevents
complexing with cyclin B, inactivating MPF (sometimes referred to as maturation promoting
factor in regards to meiosis). When MPF is inactive, it blocks chromosome reduction to a
haploid configuration (Figure 1A).[]

Just prior to ovulation, a luteinizing hormone surge triggers a signal cascade in the dominant
antral follicle that reduces cAMP levels within the oocyte leading to deactivation of PKA.
No longer actively phosphorylated by PKA, WEE?2 cannot translocate into the GV, thus
eliminating inhibitory suppression against CDK1 resulting in active MPF (Figure 1B). This
initiates a cascade of events including GV breakdown (GVBD), resumption of meiosis
(oocyte maturation), and progression to metaphase Il where the now mature oocyte arrests
again to await fertilization.[>?]

While WEE?2 is critical for maintaining meiotic arrest, it is also essential for exit of
metaphase Il arrest in response to sperm penetration of the egg. At fertilization, calcium-
calmodulin-dependent kinase 11 (CaMKII) responds to a rise in sperm-induced intracellular
calcium oscillations and phosphorylates WEEZ2. This permits reactivation of the CDK1
phosphorylation pathway resulting in decreased MPF activity. With MPF activity decreased,
pronucleus formation occurs and mitotic embryonic cleavage initiates. Without deactivation
of MPF, the oocyte does not respond to sperm penetration, no pronuclei form, and
fertilization fails.[32.6]

Due to the role it plays prior to fertilization, WEE2 represents a novel contraceptive target
that has been demonstrated in mice and nonhuman primates to be oocyte-specific and non-
hormonal in action.[”] The dual regulatory pathways of WEE2 — meiosis inhibition at both
the start of oocyte maturation and at the start of fertilization — are a desirable attribute for
drug development as it presents multiple options for preventing conception. Previous studies
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have established that overexpression of WEEZ2 in somatic cells will arrest the mitotic cell
cycle,[30] so a WEE2 analog aimed at preventing oocyte maturation is not practicable for
development into a contraceptive. Therefore, we propose the development of WEE2 kinase
inhibitors as selective non-hormonal contraceptive agents that block fertilization.

Kinases are known for their “druggability”, that is, their potential to have a small molecule
drug bind and have an effect on the protein’s activity. There are 518 known human kinases,
and the phylogenetic kinome has been mapped and includes seven distinct branches.[8]
While there have been some forays into allosteric binding modulators, most efforts to date
utilize the ATP-binding site and exploit protein-specific amino acid sequences to result in
compounds that are more selective for certain members of the kinome over others.

One such method for identifying ligands that bind to a protein’s ATP-binding site is high
throughput screening (HTS). HTS of small molecule compound libraries has become a well-
known method for rapidly completing expansive biological or chemical assay screening
campaigns in drug discovery over the last quarter century. Another potential method to
rapidly identify chemical matter is /in sifico screening (known as virtual HTS or vHTS),
which uses computational assessments of binding rather than biochemical assays. VHTS
utilizes structure-based drug design to determine how well a small molecule can fit a known
ligand binding pocket of a target protein (receptor), taking into account not only steric issues
but electronics as well in predicting low energy binding conformations.

We therefore hypothesized that through vHTS we would be able to discover compounds that
are selective for WEE2 over the closely related WEEL and through progressive in situ
functional and /n vitro biological assays we would be able to identify candidates for further
development into selective WEEZ2 inhibitors. These inhibitors would represent a novel
resource for identifying non-hormonal contraceptive candidates.

Results and Discussion

At the time the research efforts contained herein were initiated, a crystal structure of WEE2
had not been solved. Additionally, production and purification of WEE2 protein had not yet
been established. Therefore, a homology model of WEE?2 was generated based on a solved
crystal structure of WEE1 with inhibitor PD352396 (PDB:3BI6) using Schrodinger’s
molecular modeling suite Maestro, which allows for determination of ligand fit in the
binding pocket and assigns a quantitative docking score to each ligand binding pose so that
output can be ranked according to best predicted binding. The Institute for Therapeutics
Discovery and Development (ITDD) at the University of Minnesota has access to an in-
house library which consists of 300,000 compounds. The ligands were prepared for docking,
including desalting, generation of ionization states, stereoisomers where possible, and
tautomers, generating an initial set of 400,000 compounds.

To prepare the protein, hydrogens and disulfide bonds were added. Coordination to metals,
and hydrogen bonding to water were allowed during energy minimization. Initially, HTVS
(high throughput virtual screening) mode was used to cull the group to 50,000 primary hits
(hit rate of 12.5%). The more negative a docking score is, the better the predicted binding;
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e.g. a ligand with docking score —11.0 is predicted to be a more tightly bound ligand than
one with a score of —9.5. These primary hits with the most negative scores were subjected to
standard precision (SP) docking simulation, resulting in 5,000 secondary hits (hit rate of
10%; Figure 2). The docking scores at this stage were in the range of —10.70 to —8.30. Those
were then submitted to docking using XP (extra precision) mode, and 1,000 final hits were
selected (docking scores ranged from -13.61 to —8.77). At this point, it could be said that
these compounds were predicted to fit well into the ATP-binding site of WEE2, but that did
not qualify the suitability for these compounds to be moved forward in the drug discovery
process. A QikProp /n silico pharmacokinetic (PK) assessment was performed on these
compounds, and a variety of PK filters were then applied: molecular weight <500, * (i.e.
non-drug-like alerts)=0, logP octanol/water <5, H-donors <5, H-acceptors <10, rotatable
bonds <10, CNS score <1, % predicted oral absorption >80%. The final filtered data set
consisted of 225 compounds that had docked well into the WEE2 binding site and were
expected to have good potential for being bioavailable.

As ultimately the goal of this research is to find potent and selective compounds for WEE2,
these 225 compounds were then docked into the WEE1 crystal structure. The WEE2-WEE1
docking scores were paired, and the 57 compounds whose AWEE2-WEE1 scores were
greater than 20% were selected as compounds that could potentially be selective for WEE2
over WEE1. While, in general, docking scores can fluctuate slightly between various runs,
the overall order of predicted binding potential is usually static. As such, we utilized docking
scores as an additional method of molecular triage. These 57 compounds were then assessed
for structural similarity and 9 common scaffolds were identified (Figure 3). Identification of
common scaffolds rather than singletons allows purchase of compounds that are more likely
to be true hits in the experimental assays. The top hits were later re-evaluated and the
docking scores and modes were confirmed using the recently solved crystal structure of
WEE2 (PDB ID: 5VDK).[°]

Various /n sifico overlays of the fragment building blocks in the binding pocket allowed for
novel larger scaffolds to be proposed (Figure 4). A similarity search was then conducted
based on the proposed combinations. Nine commercial compounds were identified as
containing our exact fragment hits or very similar moieties (Figure 5). The parent scaffold(s)
from which the compounds arose are noted, as are the WEE2 and WEE1 docking scores.
REOS and PAINS filtersl®] later identified 8 and 9 as potentially problematic compounds
(indicated in red) due to known flagged moieties predicting assay interference.

Initial enzyme-linked immunosorbent assay (ELISA) on the identified seven commercial
compounds indicated that 2 (PD-166285) and 7 (ChemBridge-7932176) showed promise for
significant functional inhibitory activity against WEE2 when compared to the controls
(Figure 6).

Compound 2 reduced WEE1-catalyzed phosphorylation of CDK1 in situ by 65% compared
to controls and had an even more profound effect on WEE?2 almost completely eliminating
activity (94% reduction; p <0.0002). In comparison, 7 was not as strong of an inhibitor
against WEEL1 as there was only a 19% loss in function, but there was noticeable inhibition
against WEE2 (55% reduced phosphorylating activity; p <0.05) suggesting both compounds
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possessed the desired inhibitory characteristics for the oocyte specific variant of the kinase.
The mechanism of action for compound 2 is a broad spectrum protein tyrosine kinase
inhibitor and is effective against Src and FGRF but was developed as a WEEL inhibitor that
functions as a cellular radiosensitizer.[1% In certain tumor and cancer cell lines, 2 is used to
nullify the G2 checkpoint and prevent transient mitotic arrest despite radiation induced
injury which leads to cell death.[*1] In comparison, compound 7 is available in select
screening libraries, though there is a dearth of literature reports on its activity or selectivity.
Similar scaffolds, however, were reported to inhibit HMG-CoA reductase, an enzyme
involved in mammalian cholesterol pathways.[12] Due to their initial activity in our assays,
compounds 2 and 7 were selected as parent compounds for SAR by commerce. A similarity
search was performed for 2 and 7, and commercially available compounds were selected.
These two families of compounds were then subjected to docking studies with both of the
WEE kinases to determine if any structural moieties might favor WEE2 over WEE1 (Figures
7 and 8).

Additional ELISA were performed with selected 2 and 7 analogs, 11 in total, to identify
those with functional inhibitory activity against WEE2 kinase. Selection was based on
commercial availability and acquisition investment. Among the analogs of 2, four were
determined to induce a significant decrease in WEE2 activity when compared to the
uninhibited controls while none of the analogs of 7 appeared to inhibit either WEE kinase
(Figures 9 and 10). Overall, 17 significantly decreased WEE2 activity by 50% (p <0.01)
while 12, 15, and 16 induced a 73, 64, and 70% reduction (respectively; p < 0.005) in WEE2
phosphorylation activity against CDK1.

Having identified candidate compounds with functional activity against WEE2, biological
activity was evaluated by assessing /n vitro inhibition of exit from metaphase 11 of meiosis.
To perform this analysis, bovine oocytes were used. Human and bovine WEE2 protein share
a 73% homology and WEE kinase functions are conserved across species.[13] Additionally,
bovine oocytes are a good experimental model for meiosis studies as they share similar
ovarian cycle length and endocrine activity with women and undergo similar timings of
meiosis resumption, fertilization, and embryonic cleavage.[24] Immature GV stage bovine
oocytes were cultured for 20 hours with inhibitors during /n vitro oocyte maturation. At this
stage little effect from the inhibitors is expected on meiosis as physiological inhibition of
WEE?2 already occurs during this time through inactivation of PKA. However, this pre-
culture permitted adequate exposure time of the oocytes to the compounds prior to /n vitro
fertilization which was performed in the presence of the same compound and concentration
for an additional 24 hours. This allowed for targeting WEE2 at a critical time when it must
be active for the transition from meiosis to mitosis to occur. The ideal WEE2 inhibitor would
prevent oocyte exit from metaphase Il arrest leading to failed fertilization and a lack of
embryonic cleavage (mitosis) that can be used as a direct functional assessment of inhibitor
potency (Figure 11).

Compounds were evaluated at 1 and 10 uM, and the proportion of oocytes which were able
to undergo fertilization and initiate embryonic mitotic cleavage were compared to non-
treated control or DMSO only controls. At 10 uM, parent compound 2 was the only one to
induce a significant inhibition on embryonic development with only 11% (p<0.05) initiating
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mitotic cleavage while there was a trend for 12 and 16 at 10 uM to decrease overall
fertilization rates to 36 and 47%, respectively.

Having identified those compounds with a favorable biological function against WEE?2,
additional biological activity was determined by culturing selected compounds with HEK
293 cells to evaluate the effects on somatic WEEL. Cells were labeled with a fluorescence
tracking dye that decreases in signal with each successive cell division and serves as a
measurement of cell proliferation. Cells were cultured over 144 hours with samples taken
every 24 hours to measure fluorescent intensity by flow cytometry. In normal and control
populations of cells, the relative fluorescence should approach 0 by 96 hours (Figure 12) as
is observed in those treated with DMSO alone. Compounds 2, 12, and 16 were evaluated and
only 2 appeared to inhibit WEEL as the cell population arrested after just 24 hours of
culture.

Given these data it becomes clear that 2 is a potentially strong inhibitor of meiosis that could
be used to block the exit from metaphase Il and prevent successful fertilization. Not
surprisingly, this compound also had an overt biological effect on WEEL as evident by the
ELISA (Figure 6) and cell culture proliferation data (Figure 11). While inhibitors 12 and 16,
both analogs of 2, relatively reduced fertilization success, they both had a negligible effect
on mitosis suggesting that both of these compounds would also make strong candidates for
further development or modification.

Conclusions

WEEZ2 is an oocyte specific kinase and represents a novel non-hormonal target for
contraceptive drug development. Using virtual high throughput in silico screening,
compounds were identified with predicted specificity to inhibit WEE?2 over the somatic
counterpart, WEEL. Selected compounds were then evaluated /n7 vitroto confirm inhibitory
activity of the drug to target WEE?2 and biological activity was confirmed on both meiotic
and mitotic pathways. Through these assays, candidates were filtered from 300,000 down to
three based on structure and function. Ultimately, 2 and its analogs 12 and 16 were identified
as candidates for further drug development and evaluation as non-hormonal contraceptives.
Additionally, since these studies were initiated, the structure of WEEZ2 has been solved,
confirming the principal conclusions using the homology model described in this study.[®]
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Maintenance of meiosis arrest in the prophase | oocyte is facilitated by elevated cCAMP.

Active PKA phosphorylates WEE2 which in turn translocates into the germinal vesicle (GV)
to phosphorylate CDK1, a form that prevents complexing with cyclin B and formation of
active MPF. B) A decline in cAMP inactivates PKA and the phosphorylating activity on
WEE?2 so that it is unable to enter the GV. Without an inhibitory phosphate in place, CDK1
complexes with cyclin B to form MPF and drive meiosis resumption.
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VHTS of GPHR Library

~400,000 compound GPHR library

T HTVSmode
50,000 primary hits

—SPmode
5,000 compounds

—XPmode
1,000
final
hits

PK filtering —> 225 drug-like hits

Wee1 docking— 57 final hits

Figure2.
Virtual screen funnel to final hits. Using predictive docking simulations, pharmacokinetic

filters, and comparative docking scores to WEE1, an initial 400,000 compounds were
reduced to a selected 57 with expected inhibitory activity against WEE?2
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Figure 3.
Common scaffolds identified as WEE2 hits among the 57 selected compounds following
VHTS.
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Figure 4.
A) Overlay of WEE2 homology model (turquoise ribbons) and experimentally-obtained

crystal structure of WEE2 (rainbow ribbons) with ligands docked into binding site (arrow).
B) Close up of binding illustrates how overlay of compounds can identify areas of binding
pocket that some ligands reach while others do not.

ChemistrySelect. Author manuscript; available in PMC 2020 March 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hanna et al. Page 12

| &)
=N NH__N. _N__.O
W bl ) AL ] o <]
N wNwo N._=A = O
*2 HCI
1 cl OH OH

scaffold S2 2 _ 3
(Wee2: -10.16; Wee1: -7.60) Cl scaffold S4/S7 hybrid scaffold 9

et i (Wee2: -10.49; Wee: -7.39)

(9]
O 8]
O % Q_}J{:QWD ﬁNﬂd >N

5 6
scaffnld 51 scaffold S1 scaffold 55
(Wee2: -10.28; Wee': -6.53) (Wee2: -10.23; Wee1: -4.65) (Wee2: -10.42; Wee1: -7.06)
0 NH o~ OH
oo O i, »
0 ‘T‘j = 7
| /~NH )= F ¥ _n
\0 N‘N I .":' )‘ h} NH —\.—;
| -« .\ / o—
9
7 8 scaffold S9
scaffald 51 known Wee1 Kd = 97 nM (Wee2: -9.70; Wee1: -7.29)
(Wee2: -10.55; Weel: -6.12) (Wee2: -5.79; Wee1; -13.21) PAINS filter
REOS filter

Figureb.
Commercial compounds from similarity search of common scaffold hits for WEE2.

Compounds 1-7 were purchased for biological assays. Compounds 8 and 9 (shown in red)
were considered potentially problematic due to predicted assay interference from known
flagged moieties.
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Figure®6.

ELISA assay to screen inhibitors for activity against WEE1 and WEE2 /n vitro. Antibodies
bind phosphorylated CDC2 and undergo a chromogenic reaction to provide a semi-
quantitative measurement of WEE phosphorylating activity in the presence of 1 pM of
inhibitor. Error bars represent the standard error mean. Significant changes in WEEZ2 activity
by an inhibitor compared to the no inhibitor control determined by Student’s t-test.
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Docking scores of compound 7 analogs as determined by VHTS.
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Figure.
ELISA with 1 uM analogs to compound 2. Assay detects phosphorylated CDC2 as a

measurement of functional inhibitory activity /n vitro against WEE1 and WEEZ2. Error bars
represent the standard error mean. Significant changes in WEE2 activity by an inhibitor
compared to no inhibitor control determined by Student’s t-test with * p<0.01 and
**p<0.005.
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Figure 10.
ELISA with 1 uM analogs to compound 7 measuring inhibitory activity /n vitro against

WEEL and WEE2. Error bars represent the standard error mean. Significant changes in
WEE?2 activity by an inhibitor compared to the control was not detected by Student’s t-test.
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Figure11.
Embryonic cleavage rates following /n vitro maturation and fertilization with selected WEE

inhibitors (parent compounds represented as red bars, analogs as blue) solubilized in DMSO
at either 10 or 1 uM were compared to DMSO only or no further treatment Control (grey
bars). Compoud IDs are listed on the y-axis (16, 15, 12, 7, and 2). Error bars indicate +SEM
and (*) indicates a significant difference to either control.
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Figure12.

Flow cytometry analysis of cellular proliferation in HEK 293 cells cultured with selected
compounds or DMSO only (Control). Cells were exposed to a fluorescent trace dye that
becomes diluted with each cell division. Cells cultured with compound 2 were induced into
mitotic arrest (red). Error bars indicate one standard deviation.
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