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Renewed interest in covalent inhibitors of enzymes implicated in disease states has afforded several agents
targeted at protein kinases of relevance to cancers. We now report the design, synthesis and biological evaluation
of 6-ethynylpurines that act as covalent inhibitors of Nek2 by capturing a cysteine residue (Cys22) close to the
catalytic domain of this protein kinase. Examination of the crystal structure of the non-covalent inhibitor 3-((6-
cyclohexylmethoxy-7H-purin-2-yl)amino)benzamide in complex with Nek2 indicated that replacing the alkoxy
with an ethynyl group places the terminus of the alkyne close to Cys22 and in a position compatible with the
stereoelectronic requirements of a Michael addition. A series of 6-ethynylpurines was prepared and a structure
activity relationship (SAR) established for inhibition of Nek2. 6-Ethynyl-N-phenyl-7H-purin-2-amine [ICso 0.15
M (Nek2)] and 4-((6-ethynyl-7H-purin-2-yl)Jamino)benzenesulfonamide (ICso 0.14 M) were selected for
determination of the mode of inhibition of Nek2, which was shown to be time-dependent, not reversed by
addition of ATP and negated by site directed mutagenesis of Cys22 to alanine. Replacement of the ethynyl group
by ethyl or cyano abrogated activity. Variation of substituents on the N-phenyl moiety for 6-ethynylpurines gave
further SAR data for Nek2 inhibition. The data showed little correlation of activity with the nature of the substituent,
indicating that after sufficient initial competitive binding to Nek2 subsequent covalent modification of Cys22 occurs
in all cases. A typical activity profile was that for 2-(3-((6-ethynyl-9H-purin-2-yl)Jamino)phenyl)acetamide [ICsq
0.06 M (Nek2); Glsp (SKBR3) 2.2 M] which exhibited >5-10-fold selectivity for Nek2 over other kinases; it also
showed > 50% growth inhibition at 10 M concentration against selected breast and leukaemia cell lines. X-ray
crystallographic analysis confirmed that binding of the compound to the Nek2 ATP-binding site resulted
in covalent modification of Cys22. Further studies confirmed that 2-(3-((6-ethynyl-9H-purin-2-
yl)amino)phenyl)acetamide has the attributes of a drug-like compound with good aqueous solubility, no
inhibiton of hERG at 25 M and a good stability profile in human liver microsomes. It is concluded that
6-ethynylpurines are promising agents for cancer treatment by virtue of their selective inhibition of Nek2.
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Introduction

The renaissance in the development of inhibitors that bind
covalently to a target enzyme either irreversibly or slowly
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reversibly has yielded several licensed agents, especially in the
oncology area. As of 2019, six irreversible protein kinase
inhibitors have received FDA approval for use in oncology
(afatinib 1, osimertinib, neratinib 2 and ibrutinib,
dacomitinib and acalabrutinib, Fig. 1A). Afatanib (1), licensed
in 2013 for treatment of metastatic NSCLC through
irreversible inhibition of EGFR, and neratinib (2), approved in
2017 for treatment of HER2+ breast cancer, were designed as
modifications of gefitinib (3) by installation of electrophilic
acrylamide groups that target an active site cysteine. Protein
kinases are prominent targets for covalent inhibitors, which
owing to the high concentrations of ATP in cells ( 1-10 mM)

RSC Med. Chem.
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may be more effective than competitive inhibitors because of
irreversible ATP-blockade.! A range of warhead groups has
been employed in irreversible protein kinase inhibitors, for
example, acrylamides, alkynes, quinones and epoxides.?
Previously, our group discovered the vinyl sulfone (NU6300)
as the first irreversible inhibitor of CDK2 that was shown to
react covalently with an active site lysine residue (Lys89) in
the selectivity pocket.®

Nek2 is the closest human homologue of the protein
kinase encoded by NIMA (never-in-mitosis gene A) in the
fungus Aspergillus nidulans. The human protein is a serine-
threonine kinase with multiple functions including a role in
the mitotic spindle assembly. Overexpression of Nek2 may
result in deregulation of the mitotic machinery leading to
chromatid segregation errors, aneuploidy and chromosomal
instability, common genetic abnormalities observed in
tumour cells. Nek2 has been associated with tumorigenesis
through overexpression, which has been linked to Ewing's
osteosarcoma, diffuse large B-cell lymphoma, breast, ovarian
and colorectal tumours.*®

Inhibition of Nek2 in a number of tumour cell lines
causes growth suppression and apoptosis. Reversible ATP-
competitive Nek2 kinase inhibitors have been reported based
on different structural classes, including: aminopyrazines
(e.g., 4 1Cso = 0.23  M),° but with poor Nek2-selectivity over
Plk1; benzimidazoles that exhibited >100-fold selectivity for
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Nek2 over PIk1 (e.g., 5 ICso = 0.36 M), yet had poor cellular
activity,* and a hybrid combining a core aminopyrazine
moiety with side-chains from the benzimidazole series 6 (ICsg
=0.022 M) (Fig. 1B), which was potent and Nek2-selective.
As Nek2 contains a non-catalytic cysteine (Cys22) close to the
catalytic domain that is unique to the Nek family, this
residue can be targeted for irreversible binding. Only 10 other
kinases have a cysteine in a similar position.'* One
irreversible Nek2 inhibitor has been published (JH295, 7 I1Csq
=0.77 M),* which targeted Cys22 via an N-arylpropiolamide
Michael acceptor and was reported to be selective against
other mitotic kinases, including CDK1, PLK1, Aurora B and
Mpsl. Herein, we describe the design and synthesis of a new
class of selective tool compounds that covalently and
irreversibly inhibit the Nek2 protein kinase. Our studies
provide an insight into the role of Nek2 in cancer and
address the question as to whether Nek2 is truly an attractive
target for anti-cancer drug design.

Results and discussion

To improve understanding of the role of Nek2 in cancer, we
sought a selective inhibitor of Nek2 by targeting the active
site Cys22 residue. We have discovered covalent inhibitors
superior to compound 7, which was non-selective within a
subset of the kinome investigated here (see ESIT) and was
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Fig. 1 A) Rationalisation of the modification of gefitinib (reversible) to afford afatinib and neratinib (irreversible). B) Reversible and irreversible
reported inhibitors of Nek2 kinase. For each case, covalent ‘warhead’ groups are shown in red and core scaffolds in blue.
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therefore inadequate for further studies. In previous work we
developed a series of 6-substituted-2-arylaminopurines that
reversibly inhibited Nek2 (ICso = 0.27-24 M) and were
selective (in some cases >10-fold vs. CDK2)."* This work
optimised interactions between the 2-arylamino group and
the specificity pocket of the enzyme and revealed that basic
or polar substituents e.g. tertiary amines, carboxamides,
ureas and sulfonamides conferred good potency (e.g., 8; ICsg
=19 M (Nek2)). The crystal structure of 8 in complex with
Nek2 (Fig. 2A) revealed that the compound binds via a
classical hydrogen bonding triplet between the purine N°-H,
N° and C?-NH, and the main chain of kinase hinge region
residues Cys89 and Glu87. Furthermore, the 6-alkoxy
substituent was adjudged to be non-critical for binding
affinity.’* Closer inspection of the structure of the
2-arylamino-6-alkoxypurine 8 bound to Nek?2 revealed that the
P-loop cysteine (Cys22) is closely positioned to a putative
superimposed 6-ethynyl (cyan) substituent (4.4 A) (Fig. 2A).
Moreover, the predicted angle of attack (74°) of cysteine SH
at the terminus of the alkyne suggests that only a small
realignment of the cysteine is required to achieve maximal
orbital overlap with the alkyne *. Hence, replacement of the
6-position substituent with an ethynyl group was expected to
deliver an irreversible inhibitor (Fig. 2B).

Previous reports, including our model study,’® have
indicated that 6-ethynyl- and 6-vinyl-purines react via
conjugate addition with nitrogen, oxygen and sulfur
nucleophiles facilitated in part by the electron deficient
purine.’®* Such compounds were also found to exhibit
profound cytotoxicity in chronic myeloid leukaemia cell lines,
which was postulated to arise by attack of nucleophilic amino
acid residues on the electrophilic alkyne or alkene.5?

To build upon these foundations, a focussed series of
derivatives was prepared that combined side chains known to
confer potency in the competitive inhibitor class with a
‘warhead’ capable of covalently reacting with cysteine
residues. The synthesis of 2-arylamino-6-ethynyl- and 6-vinyl-
purines was therefore undertaken, along with appropriate
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control compounds, to explore their efficacy as irreversible
Nek2 inhibitors and potential applications.

a) Synthesis of 6-ethynylpurine probe molecules

Initially, two 6-ethynylpurines bearing 2-arylamino groups
were prepared (Scheme 1) as prototypes for irreversible
inhibition of  Nek2. Subjecting  2-fluoro-6-chloro-(9-
tetrahydropyranyl)-purine (10)*’ to Sonogashira cross-coupling
conditions afforded near quantitative yields of 11 when 3
mol% of Pd PPh3),Cl, and 2 mol% of Cul were employed
with triisopropylsilylethyne (TIPS-ethyne, Scheme 1). The
tetrahydropyranyl group was removed by acidic hydrolysis of
11 to give 12 (96% vyield) as a central scaffold for further
elaboration. Nucleophilic aromatic substitution (SyAr) of the
2-fluoro substituent by aniline nucleophiles under previously
established conditions®® gave 2-arylamino-6-
triisopropylsilylethynylpurines (13, 14). The silyl group was
removed by treatment with fluoride (either TBAF or KF with
18-crown-6) affording 2-arylamino-6-ethynylpurines 23 and 24,
albeit in a modest isolated yield. It was noted that if the TIPS
moiety was removed from the ethynyl group at an earlier
stage, then nucleophilic aromatic substitution at the
2-position of the intermediate purine failed to proceed.

To establish preliminary SARs at the 2-position, a series of
compounds (25-32) was designed, bearing small alkyl, ether
and halide substituents on the 2-arylamino ring, intended to
probe the interaction of this structural element with the
kinase. To avoid intractable reaction mixtures, potentially
reactive heteroatoms (e.g. hydroxyl groups as in compound
18) required protection (e.g. for hydroxyl, TIPS was used and
removed concomitant with ethynyl group deprotection) prior
to participation in the SyAr step. In previous studies,
carboxamides (e.g., 8) and sulfonamides (e.g. 9) were
generally found to afford the greatest Nek2 inhibitory activity
and selectivity.’* The scope of this study was therefore
broadened through the synthesis of a number of more
complex analogues derived from the corresponding anilines

Fig. 2 A) X-ray structure (PDB code: 5 M51) of 2-arylamino-6-alkoxypurine 8 (grey) in complex with Nek2, superimposed with a putative
6-ethynylpurine (cyan) reveals that the alkyne is positioned for covalent interaction with cysteine 22. B) The proposed approach to deliver a

covalently-reactive Nek2 inhibitor.

This journal is © The Royal Society of Chemistry 2020
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