
Novel dihydropteridinone derivatives as potent and selective inhibitors of the understudied human 

vaccinia-related kinase 1 (VRK1) 

Fernando H. de Souza Gama, 1# Luiz A. Dutra, 2# Michael Hawgood, 3,4 Caio Vinícius dos Reis, 2,5 Ricardo A. 

M. Serafim, 2,6 Marcos A. Ferreira Jr, 1 2 Bruno V. M. Teodoro, 1 Jéssica Emi Takarada, 2 André S. Santiago, 

2 Vitor M. Almeida, 2,7 Carina Gileadi, 2 Priscila Z. Ramos, 2 Anita Salmazo, 2,8 Stanley N. S. Vasconcelos, 2 

Micael R. Cunha, 2 Dimitrios-Ilias Balourdas, 9 Susanne Mueller, 9 Stefan Knapp, 9 Katlin B. Massirer, 2 

Jonathan M. Elkins, 2,10 Opher Gileadi, 2,11 Alessandra Mascarello, 1 Bennie B. L. G. Lemmens, 3,4 Cristiano 

R. W. Guimarães, *1,12 Hatylas Azevedo, 1 Rafael M. Couñago *2,13 

 

1 Aché Laboratórios Farmacêuticos S.A., Guarulhos, São Paulo, 07034-904, Brazil. 

2 Centro de Química Medicinal, Centro de Biologia Molecular e Engenharia Genética, Universidade 

Estadual de Campinas, Av. Dr. André Tosello 550, 13083-886 Campinas, São Paulo, Brazil. 

3 Science for Life Laboratory, Sweden, Tomtebodavägen 23A, 17165 Solna, Sweden  

4 Division of Genome Biology, Department of Medical Biochemistry and Biophysics, Karolinska Institutet, 

SE-17177 Stockholm, Sweden. 

5 Department of Biochemistry, University of Cambridge, Sanger Building, 80, Tennis Court Road, CB2 1QW, 

Cambridge, UK 

6 Present address: Department of Pharmaceutical/Medicinal Chemistry, Eberhard Karls University 

Tübingen, Auf der Morgenstelle 8, 72076 Tübingen, Germany. 

7 Present address: Eurofarma Laboratórios S/A, 06696-000-Itapevi, SP, Brazil. 

8 Present address: Institute of Science and Technology Austria, 3400 Klosterneuburg, Austria. 

9 Institute of Pharmaceutical Chemistry, Johann Wolfgang Goethe University, Max-von-Laue-Str. 9, 

Frankfurt am Main, 60438, Germany; Structural Genomics Consortium (SGC), Buchmann Institute for Life 

Sciences, Johann Wolfgang Goethe University, Max-von-Laue-Str. 15, Frankfurt am Main, 60438, 

Germany. 

10 Present address: Centre for Medicines Discovery, Nuffield Department of Medicine, University of 

Oxford, NDM Research Building, Roosevelt Drive, Oxford, OX3 7FZ, UK 

https://doi.org/10.26434/chemrxiv-2023-cmgsv ORCID: https://orcid.org/0000-0003-1847-5090 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cmgsv
https://orcid.org/0000-0003-1847-5090
https://creativecommons.org/licenses/by-nc-nd/4.0/


11 Present address: Structural Genomics Consortium and Centre for Molecular Medicine, Karolinska 

Institutet, S-171 76 Stockholm, Sweden. 

12 Nintx (Next Innovative Therapeutics), Av. das Nações Unidas 18801, São Paulo 04757-025, Brazil. 

13 Present address: Structural Genomics Consortium and Division of Chemical Biology and Medicinal 

Chemistry, UNC Eshelman School of Pharmacy, University of North Carolina, Chapel Hill, North Carolina 

27599, USA. 

# These authors contributed equally to this paper. 

* Corresponding author: rafael.counago@unc.edu 

  

https://doi.org/10.26434/chemrxiv-2023-cmgsv ORCID: https://orcid.org/0000-0003-1847-5090 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cmgsv
https://orcid.org/0000-0003-1847-5090
https://creativecommons.org/licenses/by-nc-nd/4.0/


ABSTRACT 

The human Vaccinia-Related Kinase 1 (VRK1) is highly expressed in various tumor types and plays 

important roles in cell proliferation and the maintenance of genome integrity. While prior genetic studies 

indicate that VRK1 inhibition offers therapeutic potential, especially in cancers deficient in VRK2 

expression or DNA damage repair, the current lack of suitable VRK1 inhibitors hampers the validation of 

this kinase as a therapeutic target and the translation of these findings to the clinic. Here, we developed 

novel VRK1 inhibitors based on BI-D1870, a pteridinone inhibitor of RSK kinases. Our optimized VRK1 

inhibitor displays improved kinome-wide selectivity, and effectively mimic cellular outcomes of VRK1 

depletion. Notably, VRK1 inhibition triggered severe mitotic errors and genome instability in p53-deficient 

cells. Together, our findings highlight the potential of VRK1 inhibition in treating p53-deficient tumors and 

possibly enhancing the efficacy of existing cancer therapies that target DNA stability or cell division. 
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INTRODUCTION 

The human Vaccinia-Related Kinase (VRK) family consists of serine/threonine protein kinases first 

identified by their similarity to the vaccinia virus B1 kinase. 1,2 Human VRK1 and VRK2 are the two active 

members of the VRK family, whereas VRK3 is a pseudokinase. 3 Several studies have highlighted the 

therapeutic potential of inhibiting VRK1. VRK1 is overexpressed in various solid tumors and has been 

linked to a poor prognosis in patients with breast cancer and glioma. 4–13 Conversely, reducing VRK1 levels 

via genetic tools, such as shRNA, leads to cell death in a variety of tumors and enhances the efficacy of 

chemotherapeutic agents like temozolomide and olaparib, which induce DNA damage. 8,14–16 The effects 

of reducing VRK1 levels are more pronounced in tumor cells deficient in VRK2 expression, likely due to 

VRK2's ability to compensate for the lack of VRK1. 17,18 

VRK1's role in modulating key proteins, such as BAF (Barrier-to-autointegration factor), during cell division 

is crucial for tumor cell survival. 19 BAF is a small protein, made up of 89 amino acids, that is found in both 

the nucleoplasm and the nuclear envelope. It plays a critical role in safeguarding genome integrity and 

ensuring successful completion of mitosis. 20,21 Central to these functions is BAF’s ability to bind DNA and 

its numerous protein partners, which can be altered through phosphorylation. BAF phosphorylation 

allows it to detach from chromatin and nuclear envelope proteins, which in turn aids the dissolution of 

the nuclear envelope during mitosis. 19,22–27 Thus, VRK1 knockdown deregulates BAF function, resulting in 

abnormal nuclear envelope formation, DNA damage, cell cycle arrest, and apoptosis. 17,18  

Furthermore, the role of VRK1 in the DNA damage response is essential for tumor cell survival. VRK1 is 

implicated in the DNA damage response through the phosphorylation of p53 and H2AX. 23,25,28–31 p53 is a 

tumor suppressor protein that plays a critical role in responding to both external and internal stresses, 

including DNA damage. 32,33 The gene coding for the p53 protein is the most frequently mutated gene in 

human cancers. 34,35 Loss of p53 function permits the accumulation of DNA damage in cancer cells, 

increasing their survival by failing to trigger apoptosis or cellular senescence. 36 Similarly, phosphorylated 

histone H2AX plays a vital role in the early DNA damage response by recruiting components such as NBS1 

(Nijmegen Breakage Syndrome 1) and the kinase ATM (Ataxia Telangiectasia Mutated) to DNA break sites. 

25 Thus, VRK1 deficiency fuels genome instability in two ways; firstly by compromising mitotic fidelity and 

chromosome stability and secondly by abrogating DNA damage checkpoint signaling. 

Despite these promising observations, there are currently no high-quality chemical tools available to 

pharmacologically validate VRK1 as a drug target in cancer. Our group has previously identified a pyridine 

derivative (compound 26 in REF37) and the racemic pteridinone BI-D1870 (Figure 1) as potent VRK1 
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inhibitors and determined co-crystal structures of VRK1 bound to both compounds. 37,38 Originally, BI-

D1870 was developed to inhibit the N-terminal kinase domain of p90 ribosomal S6 kinases exhibiting IC50 

values against those kinases between 10-30 nM. 39,40 Additionally, BI-D1870 was found to bind to BRD4, a 

member of the Bromodomain family of human proteins, albeit with a low affinity of approximately 3.5 

µM. 41 Notably, BI-D1870 exhibited 30-100-fold reduced potency in cells compared to its action against 

isolated RSK kinases in vitro. The reduced efficacy of ATP-competitive kinase inhibitors in cells often results 

from the high intracellular ATP concentrations, which can range from 1–10 mM. 42,43 

In the current study, we describe the rational optimization of BI-D1870 derivatives as potent, selective, 

and cell-active VRK1 inhibitors. These novel VRK1 inhibitors have improved potency, selectivity, and 

pharmacokinetic properties compared to BI-D1870. To facilitate the interpretation of cell-based assays 

using these compounds, we also generated a structurally similar VRK1-inactive compound as a negative 

control. Using these novel chemical tools, we demonstrated that pharmacological inhibition of VRK1 

disrupted cell cycle progression and genome integrity. We expect these novel chemical tools to deepen 

our understanding of VRK1's cellular role and accelerate the validation of this human kinase as a potential 

therapeutic target. 

 

Figure 1 - Chemical structures of VRK1 inhibitors. The stereogenic center (star) and positions R1, R2 and 

R3 in BI-D1870 are indicated. BI-D1870 and compound 26 from REF37.  
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RESULTS AND DISCUSSION 

DESIGN 

Analysis of co-crystal structures of human proteins bound to ligands with the BI-D1870 2-amino-

dihydropteridinone core suggested potential development of this compound as a selective VRK1 inhibitor. 

44 The co-structure of BI-D1870 bound to VRK1 revealed two distinct ligand poses within the kinase ATP-

binding pocket, termed canonical and alternative (Supplementary Figures S1A, B). In the canonical binding 

pose, the amide methyl group in BI-D1870 2-amino-dihydropteridinone core (substituent R2) pointed 

towards a solvent-accessible opening between the hinge region (residues 132-136) and the base of the P-

Loop (residues 44-49) close to the entrance of VRK1 ATP-binding site (Supplementary Figure S1A). The co-

crystal structure of BI-D1870 bound to RSK2, which is the ligand’s presumed target in cells, 45 also showed 

the inhibitor in the canonical binding pose (Supplementary Figure S1C). However, most co-crystal 

structures of other protein kinases with compounds containing the BI-D1870 2-amino-dihydropteridinone 

core displayed ligands in the alternative pose (Supplementary Figure S1D and Supplementary Table S1). 

In the alternative binding pose, substituents in R2 point directly towards the kinase hinge region 

(Supplementary Figure S1B). Based on these findings, we hypothesized that larger substituents in R2 could 

promote BI-D1870 analogues to preferentially adopt the canonical pose within the VRK1 ATP-binding site, 

resulting in more selective compounds. Further, these structural analyses also suggested there was 

available space within the VRK1 ATP-binding pocket to explore the R-form of BI-D1870 stereogenic center 

(Supplementary Figure S2A). 

CHEMISTRY 

To test these hypotheses, we used the D- or L-alanine amino acid to synthesize a set of (R)- or (S)-

pteridinone derivatives using the synthetic route shown in Scheme 1. The intermediate (D)- or (L)-alanine 

methyl ester hydrochloride (ii) was obtained by esterification of (D)- or (L)-alanine (i) using thionyl chloride 

in methanol at low temperature, followed by an aromatic nucleophilic substitution using 2,4-dichloro-5-

nitropyrimidine by using potassium carbonate and diethylether:water (1:1) as solvent. The intermediate 

(iii) was obtained through nitro-reduction using iron powder in acetic acid as solvent, followed by 

cyclization through the reaction between the aromatic amine (obtained in situ) and methyl ester moiety. 

Afterwards, the intermediate iv was obtained through bis N-alkylation using NaH 60% oil mineral using 

dimethylformamide as solvent at low temperature. Finally, we achieved the synthesis of (R)/(S)-

pteridinone derivatives 1-42 (compound 42 is a negative control and referred to as VRK-N, see below) by 

reacting intermediate (iv) with the respective aniline derivatives in a strongly acidic condition. 

https://doi.org/10.26434/chemrxiv-2023-cmgsv ORCID: https://orcid.org/0000-0003-1847-5090 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cmgsv
https://orcid.org/0000-0003-1847-5090
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

Scheme 1. Synthesis of dihydropteridinone derivatives. (a) SOCl2, methanol, 0°C → room temperature, 

overnight. (b) K2CO3, diethylether:water (1:1), room temperature, overnight. (c) iron powder, acetic acid, 

room temperature, overnight. (d) alkyl bromide, NaH, DMF, 1h, 0°C → room temperature. (e) anilines, 

80% ethanol, HCl, reflux, 12h. 
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PROTEIN BIOCHEMISTRY AND BI-D1870 ACTIVITY ON VRK1 AND VRK2 

To assess the inhibitory potency of the novel dihydropteridinone derivatives against VRK1 and its close 

homologue VRK2, we developed TR-FRET-based enzymatic assays. These assays utilized a generic peptide 

derived from the human histone H3 sequence, a known VRK1 substrate 29 and commercially available, 

full-length VRK1 and VRK2 (Supplementary Figure S3A-D). These assays enabled us to determine KM,ATP 

values for VRK1 (3.1 µM) and VRK2 (9.8 µM). Utilizing the Cheng-Prusoff equation, we calculated the 

inhibitory constants (Ki) from the IC50 values, which were obtained through non-linear regression analysis 

of experimental data (Supplementary Table S2). Our results confirmed that BI-D1870 is a potent inhibitor 

of both VRK1 and VRK2, with Ki values of 56.1 and 28.0 nM, respectively (Supplementary Table S2; 

Supplementary Figure S3E). 

 

DEVELOPMENT OF POTENT VRK1 INHIBITORS 

To determine the impact of different R1 and R2 substituents on VRK1 kinase activity, we synthesized a 

series of (R)-2-amino-dihydropteridinone analogues (Table 1). Compared to the racemic BI-D1870, the (R)-

enantiomer (compound 1) showed approximately 2-fold lower potency towards VRK1 (Ki = 100.7 nM; 

Figure 2A). Nevertheless, replacing the methyl group at the R2 position of 1 with a propargyl (2) led to a 

~3-fold potency gain (Ki = 31.5 nM) (Figure 2A). The co-crystal structure of VRK1 bound to 2 (PDB ID 6CNX; 

Figure 2B-D, Supplementary Table S3) confirmed that the compound adopted the canonical binding pose, 

with its R2 propargyl group directed into the space between the hinge region and the kinase P-Loop. The 

rigid propargyl group of 2 was accommodated by a positively charged pocket formed by Arg133 in the 

kinase hinge region and residues within VRK1 P-Loop (Figure 2B). It is worth noting that the P-Loop 

represents a flexible and structurally conserved segment within the kinase domain, often appearing 

disordered in various protein kinase crystal structures. Nevertheless, in complex with 2, the VRK1 P-loop 

folded over the ligand, with the side chain of P-Loop residue Phe48 facing the methyl group attached to 

the compound stereogenic center, which was accommodated by a cavity within the bottom of VRK1 ATP-

binding site. Additionally, -stacking interactions involving the carbonyl residue of arginine and the sp-

hybridized orbitals of the propargyl group might play a role in the enhanced potency of compound 2 over 

1. 
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Table 1 - Structure and activity of (R)-2-amino-
dihydropteridinone derivatives having changes in R1 and R2 

 
Entry R1 R2 Ki (nM) a 

1 

 

Me 
100.7 

(77.1 - 131.5) 

2 
  

31.5 
(24 - 41.4) 

3 Me 
 

194.1 
(119.1 - 
316.2) 

4 
  

36.7 
(1.6 - 855.1) 

5   
31.0 

(27.8 - 34.6) 

6 
  

31.7 
(22.5 - 44.7) 

7 
  

33.8 
(29.7 - 38.4) 

8 

 
 

23.1 
(20.6 - 26) 

9  Me 
66.5 

(39.3 - 112.7) 

10 
 

Me 
213.8 

(98.4 - 463.4) 

11 
 

Me 
134.6 

(95.1 - 190.1) 

12 Bn Me 
128.8 

(37.2 - 446.7) 

13 Me  

128.2 
(108.4 - 
151.7) 

14 Me 

 

183.2 
(21.5 - 

1563.1) 

15 Me 

 

121.1 
(90.8 - 161.1) 

16 Me 

 

126.8 
(75.9 - 211.3) 

17 Me 
N  

66.2 
(50.6 - 86.7) 
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a inhibition constants calculated using the Cheng-Prusoff 
equation from IC50 values estimated from two independent 
experiments performed in duplicates; numbers in parenthesis 
are CI 90%; Bn – benzyl. 
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Figure 2. Inhibition of VRK1 by BI-D1870 derivatives and binding mode of propargyl derivative 2. (A) Dose-response 

curves for racemic BI-D1870 and its (R)-pteridinone derivatives 1 and 2. Data shown are mean  SD of at least two 

independent experiments performed in duplicates. Indicated Ki values were obtained by applying the Cheng-Prusoff 

equation to IC50 values determined following fitting of the experimental data to the four-parameter sigmoidal dose-

response equation. See Supplementary Table S2 for IC50 and SD values. (B-D) Co-crystal structure of 2 bound to VRK1. 

Substituents R1, R2 and the stereogenic centre (SC) in 2 are indicated. Relevant residues and secondary structures 

around the enzyme ATP-binding site are indicated - ⍺-helix C (blue cartoon), P-Loop (residues 39-55; blue ribbon), 

the hinge region (residues 132-136; sticks), the gate-keeper residue (M131), the catalytically important glutamate 

(E83) and lysine (K71) residues, F48 in the P-loop and Y87 in ⍺-helix C. In B, molecular surfaces are colored by 

potential (kT/e - calculated by APBS 46 as implemented in PyMOL v. 2.6; red - negative; to blue - positive). In C, D, the 

bottom of VRK1 ATP-binding site is shown as a white (molecular) surface.  
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We exploited the increased potency of 2 to assess the impact of various R1 substituents in (R)-2-amino-

dihydropteridinone analogues containing a propargyl group in R2 (compounds 3-8; Table 1). Replacing the 

R1 isopentyl moiety in 2 with a methyl group (3) led to a 3-fold potency decrease (Ki = 194.1 nM). 

Nevertheless, compounds having similar potencies to 2 were obtained by the addition of longer, aliphatic 

chains (saturated - 4 and 5; or unsaturated - 6 and 7/) or a cyclopropyl moiety in R1 (8). Co-crystal 

structures of 3 (PDB ID 6CFM), 4 (PDB ID 6CQH), 7 (PDB ID 6CMM) and 8 (PDB ID 6VXU) bound to VRK1 

confirmed these compounds adopted the canonical binding pose (Figure 3; Supplementary Table S3). As 

expected, in these co-crystal structures, the R1 moieties of the ligands extended towards the protein P-

Loop, which was found to be disordered in the co-crystals of VRK1 bound to compounds with linear chains 

(3, 4 and 7). Conversely, the presence of the cyclopropyl moiety in 8 appeared to stabilize the protein P-

loop, with the aromatic ring of residue Phe48 facing the compound’s stereogenic center, as previously 

observed in the co-crystal of VRK1 bound to 2. These findings demonstrated that (R)-2-amino-

dihydropteridinone analogues were well tolerated by VRK1 and suggested the protein could 

accommodate R1 substituents of varying lengths, bulk, and degrees of saturation. 
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Figure 3. VRK1 inhibition by (R)-2-amino-dihydropteridinones 3-8 and binding mode of analogues 3,4,7 and 8. (A) 

Dose-response curves for analogues 3-8. Data shown are mean  SD of at least two independent experiments 

performed in duplicates. Indicated Ki values were obtained by applying the Cheng-Prusoff equation to IC50 values 

determined following fitting of the experimental data to the four-parameter sigmoidal dose-response equation. See 

Supplementary Table S2 for IC50 and SD values. (B-E) Co-crystal structure of 3, 4, 7 and 8 bound to VRK1. Relevant 

residues and secondary structures around the enzyme ATP-binding site are indicated - ⍺-helix C (blue cartoon), P-

Loop (residues 39-55; blue ribbon), the hinge region (residues 132-136; sticks), the gate-keeper residue (M131), the 

catalytically important glutamate (E83) and lysine (K71) residues, F48 in the P-loop and Y87 in ⍺-helix C. The bottom 

of VRK1 ATP-binding site is shown as a translucid, white (molecular) surface.  
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To better assess the contributions of a propargyl moiety in R2 for compound potency, we replaced this 

group with a methyl to create matched pairs for analogues 5, 6 and 7, yielding compounds 9, 10 and 11. 

Our results showed these new compounds were 2 to 5-fold less potent than their counterparts having a 

propargyl in R2 (Ki values for 9-11 ranged from 66.5 to 213.8 nM; Table 1; Supplementary Figure S4). The 

co-crystal structure of 11 bound to VRK1 (PDB ID 6VZH) confirmed that the inhibitor adopted the expected 

canonical binding mode, with the compound propargyl moiety in R1 pointing towards the kinase P-Loop 

region, as previously seen for 7 (Figure 4A; Supplementary Table S3). These results indicated that a methyl 

group in place of the propargyl in R2 led to decreased potency. Furthermore, we synthesized 12, which 

has a benzyl group in R1 and a methyl in R2, to investigate potential π-π interactions with the P-Loop 

residue Phe48 for enhanced potency. However, 12 (Ki = 128.8 nM) was found to be equipotent to the 

parent compound, (R)BI-D1870 (1), suggesting that adding a benzyl ring to R1 did not increase activity 

(Table 1; Supplementary Figure S4). 

To explore the use of other R2 substituents, we prepared a series of (R)-2-amino-dihydropteridinone 

analogues based on compound 3 having a methyl group in R1. Enzyme inhibition assays showed that n-

butyl (13), isopentyl (14), 3,3-dimethylallyl (15) and 3-methyl-isoxazole (16) groups were all tolerated in 

R2, with Ki values for compounds 13-16 ranging from 121.1 to 183.2 nM, comparable to the Ki value found 

for parent compound 3 (194.1 nM) (Table 1, Supplementary Figure S4). Notably, the introduction of a 

nitrile moiety in R2 increased the potency of 17 approximately 3-fold (Ki = 66.2 nM) compared to 3 (Table 

1, Supplementary Figure S4). These results further suggested that R2 substituents with sp-hybridized 

orbitals, such as propargyl and nitrile groups, were associated with increased potency. The co-crystal 

structure of 13 (PDB ID 6CSW; Figure 4B; Supplementary Table S3) bound to VRK1 also confirmed the 

ligand adopted the canonical binding pose. This co-structure, along with our enzyme inhibition results, 

showed that the positively charged pocket formed by Arg133 in the hinge region and residues within VRK1 

P-Loop could accommodate R2 substituents with varying structures, including linear or branched aliphatic 

chains and heteroaromatic rings. 
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Figure 4. Binding mode of analogues 11 and 13. (A, B) Co-crystal structure of 11 (A; PDB ID 6VZH) and 13 (B; PDB ID 

6CSW) bound to VRK1. Relevant residues and secondary structures around the enzyme ATP-binding site are 

indicated - ⍺-helix C (blue cartoon), P-Loop (residues 39-55; blue ribbon), the hinge region (residues 132-136; sticks), 

the gate-keeper residue (M131), the catalytically important glutamate (E83) and lysine (K71) residues, F48 in the P-

loop and Y87 in ⍺-helix C. In B, the bottom of VRK1 ATP-binding site is shown as a white (molecular) surface. In B, 

molecular surfaces are colored by potential (kT/e - calculated by APBS 46 as implemented in PyMOL v. 2.6; red - 

negative; to blue - positive).  
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Next, we investigated if the presence of a propargyl in R1 could improve the potency of (R)-2-amino-

dihydropteridinone compounds having different moieties in R2 (Table 2; Supplementary Table S2). To this 

end, we first replaced the R1 methyl group in 16 (R2 = 3-methyl-isoxazole) and 17 (R2 = acetonitrile) with 

propargyl. The resulting compounds, 18 (Ki = 26.5 nM) and 19 (Ki = 26.1 nM), were 2- to 5-fold more 

potent than their counterparts having a methyl group in R1. Encouraged by the results, we next prepared 

three additional (R)-2-amino-dihydropteridinone analogues having a propargyl in R1 and different 

substituents in R2 (20, 21 and 22). Our results indicated that increasing the size of the aliphatic chain in 

R2 from a methyl (11) to an n-ethyl (20; Ki = 62.2 nM) led to a 2-fold gain in potency. In line with this 

observation, substituting the methyl group in the isoxazole motif of 18 with an H resulted in a 3-fold 

potency drop (21; Ki = 80.9 nM). We also obtained the co-crystal structure of VRK1 bound to 21 (PDB ID 

8V42; Figure 5; Supplementary Table S3). This co-structure confirmed the compound adopted the 

canonical binding mode and indicated that the ligand isoxazole ring made polar interactions to side chain 

atoms from Arg133. These results demonstrated that a propargyl group in R1 improved the potency of 

(R)-2-amino-dihydropteridinone analogues having functionalized groups in R2. 
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Figure 5. Binding mode of analogue 21. Co-crystal structure of 21 (PDB ID 8V42) bound to VRK1. Relevant residues 

in the vicinity of the enzyme ATP-binding site are indicated. Dashed lines indicate potential hydrogen bonds. 

Molecular surfaces are colored by potential (kT/e - calculated by APBS 46 as implemented in PyMOL v. 2.6; red - 

negative; to blue - positive).  
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Table 2 - Structure and activity of (R)-pteridinone 
derivatives having simultaneous changes in R1 and R2 

 
Entry R1 R2 Ki (nM)a 

18  

 

26.5 
(19.3 - 36.3) 

19  N  
26.1 

(22.5 - 30.2) 

20   

62.2 
(5.9 - 653.1) 

21  
 

80.9 
(69 - 94.6) 

22  
 

104.7 
(45 - 244.3) 

a inhibition constants calculated using the Cheng-Prusoff 
equation from IC50 values estimated from two 
independent experiments performed in duplicates; 
numbers in parenthesis are CI 90%. 
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Analysis of the co-crystal structures of VRK1 bound to various (R)-2-amino-dihydropteridinone analogues 

revealed the presence of a structural water mediating extensive hydrogen bond interactions between the 

ligands’ difluorophenol moiety (R3 position) and side chain atoms of two catalytically important and 

structurally conserved amino acid residues: Lys71 and Glu83, and the less conserved Tyr87 (Figure 2C). To 

increase compound potency, we used a computational approach to identify novel R3 moieties that could 

replace this structural water molecule. In silico, we replaced the difluorophenol moiety in 7 with over 

5,000 different commercially available R3 moieties that were compatible with the chemical route used to 

generate BI-D1870 analogues (see Methods). From the in silico evaluations, we selected 12 analogues for 

synthesis based on their docking scores and by visual inspection of their potential for hydrogen bonding 

with Glu83 and Tyr87 in VRK1's ⍺-helix C. These selected 12 analogues were tested at a single-point 

concentration of 1 µM in the VRK1 enzymatic assay. For those with over 85% inhibition, we calculated Ki 

values from dose-response curves (Table 3). Most analogues were less potent than the parent compound, 

7 (Ki = 33.8 nM); however, two indazoles, 23 and 24, demonstrated 2 to 3-fold greater potency with Ki 

values of 13.6 nM and 17.9 nM, respectively. These results demonstrated that both amine and hydroxyl 

groups can act as efficient hydrogen bond donors in R3. In contrast, R3 groups serving as hydrogen bond 

acceptors such as those in compounds 29, 30, 32 and 33, did not perform well. The co-crystal structure of 

VRK1 bound to 24 (PDB ID 6NPN) showed the compound's indazole hydroxyl group displaced the 

structural water and formed similar hydrogen bonds with Lys71, Glu83, and Tyr87 (Figure 6; 

Supplementary Table S3). These observations suggested that the potency gains for 23 and 24 resulted 

from an optimized hydrogen bond network facilitated by their R3 moieties. 
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Table 3 - Structure and activity of (R)-pteridinone derivatives 
having changes in R3 

 

Entry R3 
% inhibition 

(1 µM) a 
Ki (nM) b 

23 

 

96.8 ± 3.3 
13.6 

(0.5 - 403.6) 

24 

 

100.7 ± 0.8 
17.9 

(12.3 - 26.1) 

25 

 

91.5 ± 1.8 
72.6 

(37.2 - 141.9) 

26 

 

91.6 ± 1.1 
87.3 

(46.1 - 164.8) 

27 
 

88.5 ± 2.4 
94 

(79.4 - 111.4) 

28 
 

89.6 ± 0.1 
181.6 

(48.9 - 674.5) 

29 
 

57.4 ± 4.5 ND 

30 

 

55.7 ± 2.7 ND 

31 

 

54.1 ± 2.8 ND 

32 

 

45.2 ± 5.8 ND 

33 

 

44.4 ± 2.1 ND 

34 

 

25.1 ± 1.1 ND 

a values shown are the average ± SD of a single experiment 
performed in duplicates; b inhibition constants calculated using 
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the Cheng-Prusoff equation from IC50 values estimated from two 
independent experiments performed in duplicates; numbers in 
parenthesis are CI 90%.; ND - not determined 
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Figure 6. VRK1 inhibition activity of (R)-2-amino-dihydropteridinones 23-28 and binding mode of analogue 24. (A) 

Dose-response curves for analogues 23-28. Data shown are mean  SD of at least two independent experiments 

performed in duplicates. Indicated Ki values were obtained by applying the Cheng-Prusoff equation to IC50 values 

determined following fitting of the experimental data to the four-parameter sigmoidal dose-response equation. See 

Supplementary Table S2 for IC50 and SD values. (B) Co-crystal structure of 24 bound to VRK1. Relevant residues and 

secondary structures around the enzyme ATP-binding site are indicated - ⍺-helix C (blue cartoon), P-Loop (residues 

39-55; blue ribbon), the hinge region (residues 132-136; sticks), the gate-keeper residue (M131), the catalytically 

important glutamate (E83) and lysine (K71) residues, F48 in the P-loop and Y87 in ⍺-helix C. The bottom of VRK1 

ATP-binding site is shown as a white (molecular) surface.   
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In our (R)-pteridinone series, compound 1 was 2-fold less potent than racemic BI-D1870, indicating the 

chiral center's absolute configuration plays an important role in compound efficacy. To investigate this 

further, we selected seven compounds from the series for re-synthesis with L-alanine as the precursor 

and then assessed their VRK1 inhibitory activity (Table 4; Supplementary Table S2; Supplementary Figure 

S5). The activities of these compounds indicated that (S)-pteridinones with shorter groups, such as methyl, 

in R1 (35, 36 and 37) were up to 5 times more potent than their (R)-pteridinone equivalents. In contrast, 

(S)-pteridinones with propargyl moieties in R1 varied in potency, with some being equivalent (compounds 

38 and 39) and others being 2 to 3 times less potent (compounds 40 and 41) compared to their (R) analogs. 

These results suggested that the steric effects impacting both (R)- and (S)-pteridinone scaffolds depended 

on the identity of the substituents at R1. 
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Table 4 - Structure and activity of (S)-pteridinone derivatives having 
changes in R1, R2 and R3 

 
Entry R1 R2 R3 Ki (nM)a 

35 Me  

F

OH

F  

35.2 
(28.9 - 42.8) 

36 Me 

 

F

OH

F  

37.9 
(24.8 - 58.1) 

37 Me 
N  

F

OH

F  

50.0 
(17.9 - 
139.6) 

38 
 

 

F

OH

F  

21.8 
(13.4 - 35.6) 

39  N  

F

OH

F  

26.1 
(16.0 - 42.6) 

40   
 

36.9 
(7.0 - 193.6) 

41   

F

OH

F  

94.2 
(63.7 - 
139.0) 

a inhibition constants calculated using the Cheng-Prusoff equation from 
IC50 values estimated from two independent experiments performed in 
duplicates; numbers in parenthesis are CI 90%. 

 

  

https://doi.org/10.26434/chemrxiv-2023-cmgsv ORCID: https://orcid.org/0000-0003-1847-5090 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cmgsv
https://orcid.org/0000-0003-1847-5090
https://creativecommons.org/licenses/by-nc-nd/4.0/


SELECTIVITY PROFILE OF VRK1 INHIBITORS 

We assessed the selectivity of our most promising VRK1 inhibitors by measuring the percentage of enzyme 

inhibition at a single compound concentration of 1.0 µM across 320 human kinases performed at 

ProQinase (Table 5; Figure 7 and Supplementary Table S4). Compound 1 exhibited a selectivity index (S50) 

of 0.114, which reflects the fraction of kinases with less than 50% residual activity. Specifically, kinases 

with less than 20% residual activity at this concentration were predominantly members of the Ribosomal 

Protein S6 Kinases (RSK) and Casein Kinases (CK1) families. These findings are consistent with those 

reported for BI-D1870, a recognized inhibitor of RSK and CK1 kinases. 40 Moreover, these results 

highlighted the difficulties in creating a selective VRK1 inhibitor from the BI-D1870 pteridinone scaffold. 

Nevertheless, our results demonstrated that appropriate modifications to R1, R2, and R3 yielded highly 

selective VRK1 inhibitors. Kinome-wide selectivity data revealed that a smaller substituent in R1 was 

crucial for enhancing selectivity. For instance, replacing the isopentyl moiety in 2 (S50 = 0.163; Ki = 31.5 

nM) with a propargyl (7; S50 = 0.031; Ki = 33.8 nM) or a cyclopropyl (8; S50 = 0.044; Ki = 23.1 nM) group 

markedly increased compound selectivity without affecting compound potency. This pattern was 

consistent across both (R)- and (S)-pteridinone series, as evidenced by the high selectivity (S50 index range: 

0.024 - 0.038) of similarly potent (S)-pteridinones with methyl or propargyl substituents in R1. Although 

selectivity improvements were observed when replacing the isopentyl group in 1 and 2 with smaller 

propargyl or methyl groups, these modifications also reduced potency, thus adding complexity to the 

analysis. The comparison between matched (R)- and (S)-pteridinones, particularly 3 and 35, indicated that 

the potency increase for the (S)-enantiomer did not compromise selectivity, suggesting the chiral center's 

configuration significantly influenced both attributes. Further experiments are necessary to confirm these 

findings. 
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Table 5 - Kinome-wide selectivity profile 
for selected VRK1 inhibitors 

Entry S50
a 

1 0.114 
2 0163 
3 0.028 
7 0.031 
8 0.044 

11 0.075 
23 0.125 
24 0.119 
35 0.025 
36 0.024 
38 0.032 
39 0.038 

a defined as the fraction of kinases tested 
having < 50 % residual activity 
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Figure 7 - Human kinome-wide selectivity profiles for compounds 1 and 36. (A, B) Dendrogram for the 

human kinome. Colored circles represent tested kinases at 1.0 µM compound. Blue circles > 50% residual 

activity; red circles < 50% residual activity. Residual activity values were calculated from the average of 

two independent measurements. In B, numbers in parenthesis are Ki values obtained by applying the 

Cheng-Prusoff equation to IC50 values determined from at least two independent experiments following 

fitting of the experimental data to the four-parameter sigmoidal dose-response equation. 
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To complement selectivity data from kinome-wide panels for compound 36, we determined its Ki values 

against VRK2 and selected off-targets (Figure 7, Supplementary Figure S6). For VRK2, 36 had an IC50 value 

greater than 3.5 µM, making accurate Ki determination not possible and indicating this compound was 

markedly less active towards VRK2 compared to BI-D1870 (Ki = 28.0 nM; Supplementary Figure S3E) or 1 

(Ki = 17.8 nM; Supplementary Figure S7). Notably, compound 36 demonstrated over 30-fold reduced 

potency towards two out of six RSK family kinases tested that showed less than 50% residual activity in 

the kinome-wide selectivity panel. This panel also identified ROCK2 and four Casein Kinases 1 isoforms 

(CK1⍺, CK1ɣ, CK1δ and CK1ε) as potential off-targets. Indeed 36 was a potent, single-digit nanomolar 

inhibitor of CK1δ and CK1ε (Ki values of 8.3 and 7.8 nM, respectively), whereas the compound was > 20-

fold less active towards ROCK2 (Ki = 850 nM) compared to VRK1. Together, these results indicated that 36 

is a potent VRK1 inhibitor with few potential off-targets within the human kinome. 

Previously, BI-D1870 was shown to interact with Bromodomain-containing (BRD) proteins, which are key 

in recognizing acetylated lysine residues and recruiting regulatory proteins for chromatin organization. 

41,47 Therefore, to verify if 36 could interact with BRD proteins, we employed a thermal-shift assay 

(Differential Scanning Fluorimetry; DSF), a technique that measures the stabilization of proteins upon 

ligand binding. 48 Screening against a panel of 32 bromodomains covering all human BRD subfamilies 

(Supplementary Table S4) revealed that 36 did not produce temperature shifts greater than 0.9 °C. This is 

below the 2.0 °C threshold commonly used to denote significant ligand binding in the DSF assay. In 

contrast, BI-D1870 produced temperature shifts greater than 2.0 °C in five BRD proteins. Our DSF 

selectivity studies thus indicate that 36 has limited interactions with off-target proteins in both the human 

kinase and BRD protein families, underscoring its specificity. 
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36 engages VRK1 in live, intact cells 

To demonstrate that 36 could permeate intact human cells, we employed a split kinase/split luciferase 

complementation assay. 49 In this assay, VRK1 was divided into two fragments consisting of residues 1-64 

and 65-364. Each fragment, containing a portion of the protein’s ATP-binding site, was fused to either the 

N- or C-terminal part of the Renilla luciferase (Figure 8A). The assay is based on the premise that strong 

ligand binding within the ATP-binding site will bring the kinase fragments together, thus reconstituting 

both the kinase and luciferase activities and resulting in cellular luminescence. This method was previously 

demonstrated with Lyn kinase and its inhibitor dasatinib 49 (Figure 8B). Similarly, HEK293 cells co-

transfected with plasmids for the VRK1 fragments exhibited significantly higher luminescence in the 

presence of 36 (30 µM) compared to untreated controls or cells treated with the same concentration of 

VRK-N, a structurally similar compound that does not effectively inhibit VRK1. (Supplementary Figure S8). 
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Figure 8 - 36 interacts with VRK1 in live, intact human cells. (A) Split kinase/split luciferase 

complementation strategy for VRK1. Dashed black lines indicate flexible spacer between individual 

protein fragments. (B) Light emission by HEK293 cells co-transfected with plasmids encoding N- and C-

terminal VRK1/Luciferase fragments and treated with 36 or VRK-N - both compounds were added at 30 

µM final concentration. HEK293 cells co-transfected with N- and C-terminal Lyn/Luciferase fragments and 

treated with dasatinib (30 µM final concentration) were used as positive control. Non-transfected cells 

treated with DMSO only (vehicle) were used as negative control. 
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Compounds 35 and 36 have improved in vitro pharmacokinetics properties compared to 

BI-D1870  

We evaluated the in vitro pharmacokinetic profiles of compounds 35 and 36, examining their aqueous 

kinetic solubility, distribution coefficients (LogD), metabolic stability, and cytochrome P450 inhibition 

(Table 6). 50 The same properties were also obtained for BI-D1870. Compounds 35 and 36 displayed 

notably better pharmacological properties than BI-D1870. Specifically, their solubility in water exceeded 

30 µM, a substantial improvement over BI-D1870’s solubility of less than 1.6 µM. This enhancement is 

attributed to the substitution of the isopentyl group in BI-D1870 with a less lipophilic methyl group in R1 

and the addition of polar groups in R2, such as propargyl and methyl-isoxazole. Correspondingly, their 

lower distribution coefficients (LogD = 2.3) indicate improved potential for bioavailability compared to BI-

D1870 (LogD = 4.1), with LogD values in the range associated with drug-like molecules. 51  

Additionally, our findings showed that 35 and 36 were more stable in human and mouse microsomes and 

hepatocytes than BI-D1870, particularly in microsomes where they demonstrated low intrinsic clearance 

(CLint < 20 µL/min/mg protein) and consequently longer half-lives (t1/2 > 30 min). In hepatocytes, however, 

they exhibited higher intrinsic clearances (CLint > 50 µL/min/106 cells) and shorter half-lives (t1/2 < 30 min), 

suggesting a higher susceptibility to phase II metabolism compared to phase I metabolism. Both 

compounds also showed no significant inhibition of various cytochrome P450 isoforms (1A2, 2C9, 2C19, 

2D6, and 3A) at a concentration of 10 µM, suggesting a low potential for drug-drug interactions or toxicity 

due to the buildup of harmful metabolites. 
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Table 6 - In vitro pharmacokinetic properties of BI-D1870, 34 and 35 

Parameter BI-D1870 a 35 a 36 a 

Aqueous kinetic 
solubility (µM) 

<1.6 39.0 ± 21.9 31.0 ± 19.1 

    
Partition coefficient 4.10 ± 0.18 2.3 ± 0.0 2.3 ± 0.0 
    
Metabolic stability in 
liver human 
microsomes 

t1/2 = 32.2 ± 6.1 b 
CLint = 44.6 ± 8.4 c 

t1/2 = 143.8 ± 1.2 b 
CLint = 9.7 ± 0.1 c 

t1/2 >145 b 
CLint <9.6 c 

    

Metabolic stability in 
liver mice microsomes  

t1/2 = 20.3 ± 3.1 b 
CLint = 69.9 ± 10.7 c 

t1/2 = 62.1 ± 9.6 b 
CLint = 22.9 ± 3.5 c 

t1/2 = 101.8 ± 12.4 
b 

CLint = 13.8 ± 1.7 c 
    
Metabolic stability in 
human liver 
hepatocytes  

t1/2 = 7.7 ± 0.2 b 
CLint = 179.9 ± 5.7 d 

t1/2 = 10.9 ± 0.2 b 
CLint = 127.4 ± 2.9 d 

t1/2 = 10.8 ± 1.8 b 
CLint = 132.2 ± 22.7 

d 
    

Metabolic stability in 
mice liver hepatocytes c 

t1/2 = 8.4 ± 2.9 b 
CLint = 187.6 ± 64.1 d 

t1/2 = 18.4 ± 9.5 b 
CLint = 102.6 ± 52.8 d 

t1/2 = 21.1 ± 6.2 b 
CLint = 71.8 ± 21.2 

d 
    

% inhibition of 
cytochrome P450 
activity (10 µM) 

1A2 = 56.9 ± 21.0 
2C9 = 66.5 ± 13.9 

2C19 = 44.4 ± 19.4 
2D6 = 13.3 ± 7.2 
3A = 10.2 ± 6.2 

1A2 = 24.7 ± 2.6 
2C9 = 42.8 ± 2.1 

2C19 = 54.8 ± 9.5 
2D6 = 14.2 ± 4.4 
3A = 21.0 ± 6.0 

1A2 = 15.1 ± 3.4 
2C9 = 23.7 ± 2.8 

2C19 = 15.1 ± 10.2 
2D6 = 8.7 ± 4.5 
3A = 17.5 ± 4.4 

    
a values shown are mean ± S.D. from two independent experiments; b t1/2 - half-life in minutes; 
c CLint - intrinsic clearance in µL/min/mg; d CLint in µL/min/106 cells.  
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Pharmacological inhibition of VRK1 leads to cell cycle arrest and genome instability. 

Compounds 35 and 36 were tested for their ability to induce cellular phenotypes consistent with VRK1 

deficiency, which included examining effects on cell proliferation, genome stability, and interactions with 

the tumor suppressor p53. 52–54 We first evaluated if the VRK1 inhibitors led to immediate changes in cell 

proliferation using high-content immunofluorescence imaging of p53-proficient (p53+/+) and p53-deficient 

(p53-/-) human retinal pigment epithelial (RPE1) cells following a 24-hour drug exposure. Unlike the 

negative control, VRK-N, both VRK1 inhibitors 35 and 36 triggered a p53-dependent G0/G1 phase arrest, 

with over 80% of the p53-proficient cells arrested in the G0/G1 phase after 24 hours of treatment with 15 

µM of 36 (Figures 9A, B, and Supplementary Figure S9). By contrast, VRK1-inactive compound VRK-N had 

no impact on the cell cycle. 

The selective cytostatic activity of 36 was corroborated using an independent assay based on the redox 

indicator AlamarBlue 55 (Figures 9C, D). Consistent with the observed p53-dependent cell cycle arrest, 36 

upregulated the expression of p53 and its cell cycle target p21 in a dose-dependent manner (Figure 9E). 

Notably, 36 also reduced the levels of phosphorylated histone H2AX in a dose-dependent manner (Figure 

9E), which confirms a role for VRK1 in DNA damage signaling. 56 Treatment of p53-deficient cells with 36 

revealed additional signs of compromised genome stability associated with VRK1 deficiency, such as 

increased micronuclei and abnormal centrosome numbers. 57–59 A three-day treatment with 36 led to a 

dose-dependent increase in the occurrence of micronuclei (Figures 9F, G) and centrosome abnormalities 

(Figures 9H, I), particularly in p53-deficient cells. Identical treatment of p53-proficient cells led to a potent 

cell cycle arrest (Figures 9A, C) and consequent absence of mitotic cells after 3 days of treatment (Figure 

9H). Subsequent experiments showed that p53-proficient cells could reverse the cell cycle arrest induced 

by 36, implying a potential tolerance for VRK1 inhibition in normal tissues (Supplementary Figure S10). On 

the other hand, p53-deficient cancer cells are likely to experience persistent genomic instability when 

subjected to VRK1 inhibition (Figure 9J).  
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Figure 9 – Pharmacological inhibition of VRK1 causes classic VRK1 deficiency phenotypes including p53-

dependent cell cycle arrest and genome instability. (A) Cell cycle distribution of human RPE1 cells upon 

24-hour exposure to indicated compound concentrations. Cell cycle status was determined at single cell 

resolution by high-content microscopy and bar graph depicts mean fractions of three independent 

experiments. Error bars represent S.E.M., and p values were determined by Welch's t-test (B) Cell cycle 

distribution of p53-deficient RPE1 cells, performed as in A (C) Relative cellular activity measured by 

AlamarBlue fluorescence of human RPE1 cell populations exposed to VRK-N, 35 or 36 for 3 days. For each 

compound concentration (x-axis), the mean relative fluorescence intensity of six independent cell 

populations is depicted (y-axis) and error bars represent SD. Relative fluorescence intensity was 

determined using mock-treated controls (100%) and negative controls (0%) that were treated with a lethal 

dose of DMSO. The compound concentrations used, 1.5, 3, 6, 15 and 30 µM, are plotted on a log 2 scale 

expressed in integers (D) Relative cellular activity of p53-deficient RPE1 cell populations, determined as in 

C (E) Western blot analysis of human RPE1 cells, exposed to indicated concentrations of 36 for 24 hours. 

Ponceau-S staining (30-60kDa) is depicted for protein transfer/loading control. (F) Percentage of 

micronuclei-bearing cells among parental and p53-deficient RPE1 cells after a 3-day 36 treatment. Bar 

graph depicts mean percentage of six cell populations per compound concentration and error bars 

represent SD. Welch's t-test indicated significant induction of micronuclei at 6 µM 36 for both cell types 

(G) DAPI-stained cell nuclei showing nuclear deformations and micronuclei after 6 µM 36 exposure (H) 

Percentage of cells with abnormal (>2) centrosome foci among parental and p53-deficient RPE1 cells after 

a 3-day 36 treatment. Bar graph depicts mean percentage of six cell populations per compound 

concentration and error bars represent SD. Welch's t-test indicated significant induction of centrosome 

aberrations after 6 µM 36 treatment in p53-deficient cells.  (I) Microscopy images of p53-deficient RPE1 

cells treated with 0 µM or 6 µM 36, illustrating the drug-induced multi-polar spindles and ensuing 

chromosome segregation defects in mitotic cells. Single-channel and merged images are shown for DAPI, 

PCNT (pericentrin) and α-TUB (α-tubulin). (J) Model highlighting p53-dependent responses to VRK1 

inhibitors.  
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CONCLUSIONS 

The lack of suitable chemical tools has limited the validation of VRK1 as a potential therapeutic target. In 

this study, we detail the structure-based design of novel VRK1 inhibitors based on the pteridinone RSK 

inhibitor BI-D1870 38,40. Our optimized compound, 36, is as a potent VRK1 inhibitor (Ki = 39 nM) with 

improved kinome-wide selectivity compared to BI-D1870. Notably, 36 does not bind to bromodomain 

proteins, a known off-target for BI-D1870, 41 and does not inhibit VRK2, VRK1's closest homologue. The 

increased selectivity of compound 36 results from targeted modifications at the chiral center and the R1 

and R2 positions, as our SAR and structural analyses have shown. 

Compound 36 engaged with VRK1 in human cells and triggered cell cycle arrest and genome instability, 

effectively mimicking the effects of VRK1 downregulation using genetic approaches 17,18,22 Notably, these 

effects were absent with the structurally similar but VRK1-inactive compound, VRK-N, underscoring 

VRK1’s crucial role in cell cycle progression and DNA damage response. While p53-proficient cells 

exhibited reversible cell cycle arrest upon exposure to 36, indicating a potential for tolerance in normal 

tissues, p53-deficient cancer cells displayed severe chromosome segregation errors and signs of 

permanent genomic instability. These findings underscore the significant therapeutic potential of VRK1 

inhibitors, particularly for treating p53-deficient tumors, and suggest that combined treatment with VRK1 

inhibitors may reduce the required doses of DNA-damaging agents currently in clinical use, such as ionizing 

radiation and doxorubicin, Olaparib. 14,16,60,61 Similarly, VRK1 inhibition might improve the therapeutic 

window of potent mitotic drugs such as paclitaxel and Alisertib. 62,63  

Despite these promising results, caution is warranted in applying compound 36 to probe VRK1's cellular 

functions and therapeutic potential. It is crucial to note that the compound exhibits pronounced activity 

towards CK1 isoforms. The exact role of these kinases in cell cycle dynamics and DNA repair remains 

ambiguous; 64 therefore, more rigorous experiments are required to conclusively attribute the cellular 

effects of 36 to VRK1 inhibition exclusively. Further, a significant potency gap is apparent between the in 

vitro and cellular activities of 36. This discrepancy may arise from several factors, including VRK2's ability 

to compensate for VRK1 inhibition in RPE cells, the compound's limited cell permeability, or its reduced 

efficacy in the ATP-rich intracellular environment. 

In conclusion, we expect compound 36 and its negative control VRK-N to become invaluable chemical 

tools to further enhance our understanding of VRK1's role in both normal and disease biology. This study 

lays a solid foundation for future work aimed at refining the selectivity, cellular efficacy, and metabolic 

stability of VRK1 inhibitors. 
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METHODS 

Protein Expression and Crystallography 

Protein expression and co-crystallization of VRK1 with small molecule inhibitors have been previously 

reported. 44 Briefly, VRK1 (residues 3-364) was engineered to facilitate crystallization and contained the 

following surface entropy reduction mutations: K34A/K35A/E36A; E212A/K214A/E215A; 

E292A/K293A/K295A; and K359A/K360A. For protein production, BL21(DE3)-R3 cells harboring a plasmid 

expressing lambda phosphatase 65 were cultivated in TB medium supplemented with 50 µg/ml kanamycin 

and 35 µg/mL chloramphenicol at 37°C until the OD600 reached ~3, and then the temperature was 

reduced to 18°C for 1 hour. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final 

concentration of 0.1 mM, and growth continued at 18°C overnight. Cells were harvested by centrifugation, 

and the pellets were suspended in 2× lysis buffer (50 mM HEPES, pH 7.5, 500 mM NaCl, 10 mM imidazole, 

0.5 mM TCEP, and 1/1000 dilution of Protease Inhibitors Cocktail Set VII - Calbiochem) prior to flash-

freezing in liquid nitrogen. After thawing, cells were lysed by sonication on ice. Proteins were purified 

using Ni-Sepharose resin (GE Healthcare) and eluted stepwise with 300 mM imidazole in the binding 

buffer. The hexahistidine tags were removed at 4°C overnight using recombinant TEV protease while 

dialyzing against excess gel filtration buffer (25 mM HEPES, 500 mM NaCl, 0.5 mM TCEP, 5% [v/v] glycerol). 

Proteins were further purified by reverse affinity chromatography on Ni-Sepharose followed by gel 

filtration (Superdex 200 16/60, GE Healthcare). The protein in gel filtration buffer was concentrated to 14 

mg/ml using 30 kDa MWCO centrifugal concentrators (Millipore) at 4°C. Compounds dissolved in 100% 

dimethyl sulfoxide (DMSO) were added to the protein solutions at a 3-fold molar excess and incubated on 

ice for approximately 30 minutes. The mixture was centrifuged at 14,000 rpm for 10 minutes at 4°C before 

setting up 150-nl volume sitting drops at three ratios of protein-inhibitor complex to reservoir solution 

(2:1, 1:1, and 1:2). Crystallization experiments were performed at 20°C. Crystals were cryoprotected in 

reservoir solution supplemented with 20–25% glycerol before flash-freezing in liquid nitrogen for data 

collection. Diffraction data were collected at the Advanced Photon Source (APS) beamline 24-ID-C and at 

Diamond Light Source beamline I24. The best diffracting crystals grew under conditions described in 

Supplementary Table S3. Crystal optimization used Newman's buffer system. 66 Diffraction data were 

integrated using XDS 67 and scaled using AIMLESS from the CCP4 suite. 68 VRK1 co-crystal structures were 

determined via molecular replacement with Phaser 69 using the atomic coordinates of the BI-D1870 bound 

protein (PDB ID 5UVF). 44 Automated refinement was performed with REFMAC5, 70 and manual model 
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building and refinement were conducted using Coot. 71 Structure validation was carried out using 

MolProbity. 72 Structure factors and coordinates have been deposited in the Protein DataBank (PDB), as 

detailed in Supplementary Table S3. 

Enzyme Inhibition Assays 

TR-FRET-based enzymatic assays for VRK1 and VRK2 were established and performed at WUXI and in-

house, respectively. These assays utilized commercially available enzymes obtained from Carna 

Biosciences (VRK1 cat# 03-110; VRK2 cat# 03-111). Phosphorylation of a fluorescently labeled, generic 

peptide based on human histone H3 (Perkin Elmer, cat# TRF0125, ARTKQTARKSTGGK; the phosphorylated 

residue is underlined) by either VRK1 or VRK2 was monitored using commercially available anti-

phosphoH3 antibodies labeled with a Europium chelate (Perkin Elmer, cat# TRF0211). 

To establish the KM,ATP  for VRK2 , the protein and the H3 peptide were diluted in reaction buffer (20 mM 

HEPES, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 1 mM DTT, and 0.01% Tween 20) to final concentrations of 80 

nM and 200 nM, respectively. Then, 5 µL of the diluted protein solution and 2.5 µL of the diluted peptide 

solution were distributed into a 384-well, round-bottom, white assay plate (Corning, Cat# 4512). Freshly 

prepared ATP (Sigma, Cat# A7699) dissolved in reaction buffer to a 2 mM concentration was serially 

diluted (3-fold dilutions, 15 points) in the same buffer, and 2.5 µL from each dilution point was added to 

the assay plate to initiate the reaction. The final assay concentrations were 40 nM for VRK2 and 50 nM 

for the H3 peptide. The highest assay concentration of ATP was 500 µM, and the lowest was 110 pM. The 

plate was incubated for one hour at 30°C, and the enzymatic reaction was stopped by adding 5 µL of 24 

mM EDTA in 1X LANCE Detection Buffer (Perkin Elmer, Cat# CR97-100). Subsequently, 5 µL of anti-

phosphoH3 antibody (8 nM) in 1X LANCE Detection Buffer was added to each well, and the plate was 

incubated for 1 hour. TR-FRET measurements were acquired using a CLARIOstar (BMG Labtech) plate 

reader set to excitation and emission wavelengths of 320 nm and 665 nm, respectively. A LP-TR dichroic 

filter selective for the 250 to 412 nm reflection and 457 to 900 nm transmission range was used. The assay 

data were blank-corrected (subtracting the background from all reaction components except the protein) 

and fitted to Michaelis-Menten kinetics to estimate KM,ATP values in GraphPad Prism (Dotmatics). 

To estimate half-maximal inhibitory concentrations (IC50) for test compounds, a 15-point serial dilution (2-

fold dilutions) was prepared in 100% DMSO (highest concentration used was 3 mM). VRK2 was diluted in 

the same reaction buffer used for KM,ATP determination to a concentration of 10 nM, and 5 µL was 

dispensed into a 384-well, round-bottom, white assay plate (Corning, Cat# 4512). The serially diluted 

compounds (100 nL) were transferred to the assay plate using an automated liquid handling robot (CyBio 
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Felix; Analytik Jena) and incubated for 30 minutes at 30°C before the addition of 5 µL of a mixture 

containing ATP (196 µM) and the H3 peptide (100 nM). The final assay concentrations were 5 nM for VRK2, 

98 µM for ATP, and 50 nM for the H3 peptide. Compound concentrations ranged from 30 µM to 1.8 nM. 

The reaction was incubated for 1 hour at 30°C, and the stop and detection steps were conducted as 

described for the KM,ATP determination assay. IC50 values were obtained by fitting the data to a four-

parameter dose-response equation using GraphPad Prism version 8.4 (GraphPad Software, San Diego, 

California, USA). 

Bromodomain Selectivity 

Protein expression and purification - A total of 32 bromodomain-containing proteins, covering all BRD 

subfamilies, were used in the Differential Scanning Fluorimetry (DSF) selectivity panel and were expressed 

and purified as previously described by Knapp and colleagues. 41,47,73  

Differential Scanning Fluorimetry (DSF) - The assay was performed as previously described. 74 Briefly, 

recombinant bromodomain-containing proteins were assayed in a 96-well plate at a concentration of 2 

μM with 10 μM of the compound in a buffer containing 25 mM HEPES, pH 7.5, 150 mM NaCl, and 0.5 mM 

TCEP. SYPRO Orange dye (5000× concentrate, Invitrogen) was added at a 1:1000 dilution. Temperature-

dependent protein unfolding profiles were measured using an MX3005P real-time qPCR instrument 

(Agilent Technologies; excitation/emission filters = 492/610 nm), with the temperature increasing at a 

rate of 3°C/min. Melting temperatures (Tm) were calculated by fitting the fluorescence curves to the 

Boltzmann equation using GraphPad Prism version 8.4 (GraphPad Software, San Diego, California, USA). 

Changes in melting temperature upon compound binding are reported as ΔTm values in °C. Measurements 

were conducted in triplicate, and average values are presented as ± SD. Data for the bromodomain 

selectivity panel are included in Supplementary Table S4. 

In silico screening / docking 

Virtual Nucleophilic Aromatic Substitution (SNAr) or Buchwald-Hartwig coupling reactions were 

performed by Reactor 18.1.0 (ChemAxon®) using ~5K building blocks (anilines and benzylamines 

derivatives) in sdf format from the companies Wuxi and Sigma-Aldrich to generate the file of the ligands. 

In sequence, the computational procedures were carried out by Maestro 11.7 (Schrödinger® 2018; small-

molecule drug discovery suite). The 3D structures of the ligands were generated using LigPrep (Epik pH: 

7.4±0.5) with partial charges ascribed using OPLS3e force field. The human vaccinia-related kinase protein 

structure (PDB code: 5UVF; chain C) was prepared using Protein Preparation Wizard (Epik pH: 7.4±0.5 and 

OPLS3e force field). Water molecules outside of the binding site as well as the structural water at the deep 
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pocket region (αC helix) were removed. The docking grid was defined by a 20 Å x 20 Å x 20 Å box centered 

in the central ligand position (co-crystal template). Ligand docking was carried out using Glide containing 

the following constrained groups: backbone atoms from the hinge residues (Asp132, =O and Phe134, -

NH), side chain atoms from structurally-conserved and catalytically-important residues (Lys71, -NH and 

Glu83, =O) and the atoms from the non-conserved residue Tyr87, -OH. The score value from Glide Emodel 

and a visual inspection were used to rank the docking poses generated and select compounds for 

subsequent synthesis at Wuxi. 

Cell Biology 

Human hTERT-RPE1 cells (hereafter referred to as RPE) were cultured in an ambient-controlled incubator 

at 37°C with 5% CO2 and maintained using DMEM-F12 GlutaMAX (Thermo Fisher Scientific, 31331093) 

supplemented with 1% Pen/Strep (Thermo Fisher Scientific, 15140122) and 10% heat-inactivated FBS 

(Sigma, F7524). The p53-deficient and isogenic parental RPE cells were kindly provided by Arne Lindqvist 

75 and were regularly tested for mycoplasma contamination.  

Microscopy and quantitative immunofluorescence. For cell cycle analysis experiments, 7,000 RPE p53+/+ 

and RPE p53-/- cells were seeded in 96-well imaging plates (Sigma) 24 hours before drug treatments. 

Compounds (35, 36, and VRK-N) were dissolved in DMSO to prepare 30 mM stock solutions and added to 

the medium at the indicated concentrations for 24 hours. EdU (5-ethynyl-2'-deoxyuridine, 10 mM; Jena 

Bioscience) was added to live cells for 1 hour prior to fixation. Cells were then washed with TBS 

supplemented with 0.1% Tween-20 (hereafter referred to as TBS/T) and DPBS (#2037539, GIBCO), fixed 

in a 4% formaldehyde solution (#02176; Histolab) for 7 minutes, permeabilized in cold methanol (Sigma 

Aldrich) for 2 minutes, washed in TBS/T and DPBS, and incubated in blocking media (TBS/T and 2% bovine 

serum albumin) for 1 hour. Fixed samples were incubated with the primary antibody (Cyclin A2, 1:400; 

#66391-1-Ig; Proteintech) in blocking media overnight at 4°C, washed in TBS/T and DPBS, and incubated 

with the secondary antibody (Alexa Fluor 555-Goat anti-Mouse, 1:800, #A21422, Life Technologies) and 

DAPI (100 ng/ml; #D1306; Thermo Fisher Scientific) for 1 hour at room temperature. Samples were then 

washed in TBS/T and DPBS, and EdU-Click chemistry was performed by incubation in 100 mM Tris, 1 mM 

CuSO4 (C1297; Sigma), 100 mM ascorbic acid (#A4544, Sigma), and fluorescent dye azide (#A10277, 

Invitrogen) for 1 hour at room temperature, followed by washing in TBS/T and DPBS. Stained samples 

were stored in DPBS. Images were acquired at room temperature using a Nikon Ti2 ECLIPSE microscope 

with a 20X air objective and analyzed using CellProfiler and custom R pipelines. To assess cell cycle stages 

from high-content IF data, nuclei were segmented in CellProfiler using Global Otsu thresholding. 
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Integrated intensities for DAPI, EdU, and Cyclin A2 signals were obtained for each nucleus. Nuclear signal 

intensities were normalized relative to the baseline G1 cell population (EdU-negative/low DAPI) and 

classified into G1, S, G2, and M phases based on nuclear intensities of Cyclin A2, EdU, and DAPI using hard-

coded line boundaries (Supplementary Figure S8). Micronuclei and centrosome analyses were performed 

as described above, except cells were treated with compound 36 at the indicated concentrations. Fixed 

samples were treated with primary antibodies against Tubulin (α, 1:400; #T9026; Sigma), Pericentrin 

(1:400; #ab4448; Abcam), and the corresponding secondary antibodies Alexa Fluor 555-Goat anti-Mouse 

(1:800, #A21422, Life Technologies) and Alexa Fluor 488-Goat anti-Rabbit (1:800, #A11008, Life 

Technologies), followed by DAPI staining. Images were acquired as above and analyzed with CellProfiler 

to count the total cell number and by manual counting of micronuclei and centrosomes (over 2500 nuclei 

per condition, in sextuplicate). 

Cellular metabolism assay. Cellular activity was assessed using the alamarBlue cell viability assay 

(#BUF012, Bio-Rad). A total of 1,000 RPE p53+/+ and RPE p53-/- cells were seeded in 96-well imaging plates 

(Sigma) 24 hours before drug treatments. Compounds 35, 36, and VRK-N were added to the medium at 

the indicated concentrations for 72 hours. Each analysis plate included six baseline controls treated with 

a lethal dose of 10% DMSO to nullify viability. A 10% volume of the cell viability reagent was added directly 

to the cells in culture medium and incubated for 4 hours. Emitted fluorescence was measured at a 

wavelength of 600 nm using a Tecan Infinite M200 Pro plate reader, and data were analyzed using Tecan 

i-control software. Cell viability was expressed relative to the negative controls (10% DMSO-treated) and 

mock-treated positive controls. For studying drug recovery, the cellular metabolism assay was conducted 

as described above, except that cells were treated with 36 at a 30 µM concentration for 72 hours, then 

washed and allowed to recover for 3 days in fresh media without the drug. Viability was assessed either 

immediately following the 72-hour treatment (control samples) or after the 3-day recovery period 

(reversibility samples). 

Western blot. For protein expression analysis, 600,000 RPE p53+/+ cells were seeded in 6-well culturing 

plates (Sarstedt) 24 hours before inhibitor treatments. Compound 36\ was added to the medium at 

concentrations of 0 µM, 1.5 µM, 3 µM, 6 µM, 15 µM, and 30 µM for 24 hours. Cells were washed with 

DPBS (D8537; Gibco) and lysed in RIPA buffer (#89901; Thermo Fisher Scientific) supplemented with 

protease inhibitors (Complete ULTRA; Roche) and phosphatase inhibitors (PhosSTOP; Roche), and then 

sonicated for three cycles of 30 seconds on and 30 seconds off in a Bioruptor® (Diagenode). Protein 

concentrations were quantified using the DC™ Protein Assay Kit II (#5000112; Bio-Rad) and samples were 
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denatured at 70°C for 10 minutes using NuPAGE LDS Sample Buffer (#NP0008; Invitrogen) and NuPAGE 

Reducing Agent (#NP0004; Invitrogen). Gel electrophoresis was performed using NuPAGE 4 to 12% Bis-

Tris Protein Gels (NP0321; Invitrogen) and proteins were transferred onto a nitrocellulose membrane 

using the Trans-Blot Turbo RTA Mini 0.2 μm Nitrocellulose Transfer Kit (#1704270; Bio-Rad). The 

membrane was blocked in TBS/T containing 5% skim milk and probed with primary antibodies (α-p53 

#ab1101, Abcam; α-p21 #2947T, CST; α-H2AX pS139 #05-636, Merck; or α-vinculin #ab129002, Abcam) 

and HRP-conjugated secondary antibodies (α-mouse #A9044; Sigma or α-rabbit #A6154; Sigma). 

Chemiluminescence signals were detected using SuperSignal™ West Dura Extended Duration Substrate 

(#34076; Thermo Fisher Scientific) and imaged with an Amersham Imager 600. 

Split-kinase assay. In-cell target engagement assays were performed using a split kinase/luciferase assay 

as previously described. 49 Briefly, the synthetic DNA sequence encoding the N-terminal fragment of the 

VRK1 kinase domain (residues 1–64), a 10-amino acid flexible linker (sequence: GGSGGGSGGS), and the 

C-terminal fragment of Firefly Green Fluorescent Protein (UniProt ID P08659; residues 491–547) were 

introduced into the mammalian expression vector pTwist CMV to generate VRK1-Nter-64. Similarly, the 

sequence for the N-terminal fragment of Firefly Green Fluorescent Protein (UniProt ID P08659; residues 

2–491), a 10-amino acid flexible linker (sequence: GGSGGGSGGS), and the C-terminal fragment of the 

VRK1 kinase domain (residues 65–364) were cloned into the same vector to generate the plasmid VRK1-

Cter-68. The constructs used for the split Lyn kinase/luciferase were described previously. 49 For VRK1, the 

splitting point was determined based on the crystal structure and the published work on the Lyn protein 

kinase. 49 HEK293 cells were maintained in DMEM media (Gibco, Thermo Fisher Scientific) supplemented 

with 10% fetal bovine serum (Seradigm, Avantor) and cultured at 37°C with 5% CO2. For in-cell target 

engagement assays, both plasmids were co-transfected into HEK293 cells using Lipofectamine LTX with 

PLUS reagent (Invitrogen, USA) in 6-well plates for 24 hours. Co-transfected cells were then plated at 

25,000 cells/well on 96-well OPTI-Plates for 3 hours before the addition of the compound. Cells were 

incubated with the compound for 40 minutes before the addition of D-luciferin (Promega). Final assay 

concentrations were as follows: compounds at 30 µM, D-luciferin at 0.3 mM, and vehicle (DMSO) at 1.5%. 

After a 5-minute incubation, luminescence was measured every 30 seconds using a Varioskan LUX plate 

reader (Thermo Fisher Scientific) with SkanIt® software.  

Pharmacokinetics 

Distribution Coefficient Assay: The distribution coefficient (logD) was determined in n-octanol/aqueous 

phosphate buffer (100 mM, pH 7.4) using the shake-flask method. Compounds were incubated for 1 hour, 

https://doi.org/10.26434/chemrxiv-2023-cmgsv ORCID: https://orcid.org/0000-0003-1847-5090 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cmgsv
https://orcid.org/0000-0003-1847-5090
https://creativecommons.org/licenses/by-nc-nd/4.0/


with two independent determinations performed in duplicate, under constant shaking (880 rpm) at room 

temperature. After incubation, samples from each layer were analyzed by HPLC-MS/MS. LogD was 

calculated as the log10 of the ratio of the compound's concentration in the organic phase to that in the 

aqueous phase. 

Aqueous Kinetic Solubility: Aqueous solubility was measured in phosphate-buffered saline (PBS, pH 7.4) 

using the shake-flask method. Compounds were diluted in DMSO and transferred to the assay medium. 

Samples were incubated at room temperature for 24 hours, with two independent determinations 

performed in duplicate, and analyzed by HPLC-UV/VIS. Aqueous solubility was calculated as the ratio of 

the peak area from the test sample to that of a calibration standard (60% methanol and 40% water). 

Solubility results exceeding the maximum assay concentration were reported as >200 μM. 

Metabolic Stability in Liver Microsomes: Microsomal metabolic stability was assessed using human liver 

microsomes (HLM). Compounds (100 nM) were incubated with HLM (0.1 mg protein/mL) at 37°C, with 

one set of determinations conducted in duplicate for 0, 15, 30, 45, and 60 minutes. Samples were analyzed 

by HPLC-MS/MS. The in vitro half-life (t1/2) and microsomal intrinsic clearance (CLint) for each compound 

were calculated from the disappearance rate (k, the slope of the natural log of concentration versus time 

curve), assuming first-order kinetics, using the formulas t1/2 = 0.693/−k and CLint = 0.693/t1/2 × microsomal 

protein concentration. 

Metabolic Stability in Liver Hepatocytes: Hepatocyte metabolic stability was evaluated using CD-1 mouse 

and human cryopreserved hepatocytes. Compounds (1 μM) were incubated with hepatocytes (0.7 × 106 

viable cells/mL) at 37°C for 0, 0.5, 1, 1.5, and 2 hours. Both human and mouse hepatocyte stability assays 

were performed as two independent determinations in duplicate. Samples were analyzed by HPLC-

MS/MS. The in vitro half-life (t1/2) and hepatic intrinsic clearance (CLint) of each compound were calculated 

based on their disappearance rate (k) and assuming first-order kinetics, using the formulas t1/2 = 0.693/−k 

and CLint = 0.693/t1/2 × number of cells per μL. 

Cytochrome P450 (CYP) Inhibition: CYP inhibition assays were conducted for isoforms 1A2, 2C9, 2C19, 

2D6, and 3A4 using recombinant human enzymes and fluorometric quantification. Compounds (10 μM) 

were incubated for 20 to 50 minutes, once in duplicate, at 37°C with each isoform and specific substrates. 

The substrates used were 7-methoxy-4-trifluoromethylcoumarin for 2C9 and 2D6, 3-cyano-7-

ethoxycoumarin for CYP1A2 and 2C19, 7-benzyloxy-4-trifluoromethylcoumarin, and benzyloxyresorufin 

for 3A4. 
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Chemistry 

All chemicals and solvents of analytical grade were obtained from commercial sources and used as 

received without further purification. Analytical thin-layer chromatography (TLC) was performed on pre-

coated silica gel 60 F254 aluminum plates (Merck) with visualization under UV light at 254 nm and 360 

nm. High-resolution mass spectra (HRMS) were recorded on an Agilent Q-TOF instrument. ESI mass 

spectra were acquired on an Agilent LC-MS. 1H and 13C NMR spectra were recorded at 400 MHz and 500 

MHz, respectively, on a Bruker Avance instrument using DMSO-d6 and CD3OD as solvents. Chemical shifts 

were referenced to the residual non-deuterated solvent signals or to tetramethylsilane (TMS) as an 

internal standard. Coupling constants (J) are reported in Hertz (Hz) with multiplicities designated as s 

(singlet), bs (broad singlet), d (doublet), t (triplet), dd (doublet of doublets), td (triplet of doublets), q 

(quartet), quint (quintet), and m (multiplet). All assayed compounds had purity ≥95% (for further details 

see Supporting Information). 

Preparation of L/D Amino Acid Methyl Ester Hydrochloride (ii): Methanol was cooled in a round-bottom 

flask set in an ice bath. Thionyl chloride (0.3 mL/mmol) was added to the methanol, and the mixture was 

stirred at 0°C for 15 minutes. L/D-amino acid (1 eq) was then added, and the reaction mixture was left 

stirring at room temperature overnight. After 16 hours, volatiles were removed under reduced pressure. 

Preparation of Nitropyrimidine Derivatives (Step 1): L/D-amino acid methyl ester hydrochloride (ii) (1.1 

eq) was dissolved in distilled water (4 mL/mmol) in a round-bottom flask. To this solution, 2,4-dichloro-5-

nitropyrimidine (1-41) or 2,4-dichloro-5-nitro-6-methylpyrimidine (42, VRK-N) (1 eq) was added, followed 

by diethyl ether (4 mL/mmol) and K2CO3 (3 eq). The reaction mixture was stirred overnight at room 

temperature. Upon completion, the mixture was poured into a 2N HCl solution, and the reaction was 

extracted with ethyl acetate. The organic phases were collected, dried over anhydrous sodium sulfate, 

and concentrated under reduced pressure. The crude material was used in the next step without further 

purification. 

Reduction to Obtain Dihydro-5H-Pteridin-6-one Derivatives (iii) (Step 2): The crude material from the 

previous step (1 eq) was dissolved in acetic acid (AcOH) (5 mL/mmol) in a round-bottom flask. Iron powder 

(0.5 g/mmol) was added in portions with caution due to the exothermic reaction. The mixture was stirred 

overnight at room temperature. The resulting reddish solid was filtered under reduced pressure and the 

filtrate was evaporated. Cold distilled water was added to the residue to precipitate the solid, which was 

then filtered and dried in the air. This material was used in the subsequent step without further 

purification. 
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(R)/(S)-2-chloro-7-methyl-5,6,7,8-tetrahydropteridin-6-one. Off-white solid. 1H 

NMR (400MHz, DMSO-d6) δ = 10.62 (br s, 1 H), 8.47 (s, 1 H), 7.52 (s, 1 H), 4.25 (q, J = 6.6 Hz, 1 H), 1.36 (d, 

J = 6.8 Hz, 3 H). MS [M+H]: 199.1. Yield = 90% (2.5g). 

 

N-Alkylation Reaction to Generate iv: In a round-bottom flask, the pteridinone derivative (1 eq) was 

dissolved in DMF (1.5 mL per 100 mg), and the flask was placed in an ice bath. Sodium hydride (NaH) 60% 

in mineral oil (1.25 eq) was added in small portions. After the addition of all NaH, the reaction mixture 

was stirred at 0°C for 15 minutes. Subsequently, the alkyl bromide (1.25 eq) was added in one portion, 

and the reaction was left stirring at room temperature for an additional hour. Following the reaction time, 

as monitored by TLC analysis, the reaction mixture was poured into distilled water, acidified with 2N HCl 

solution, and extracted with ethyl acetate. The organic phases were collected, washed with brine, dried 

over anhydrous sodium sulfate, and the volatiles were removed under reduced pressure. The crude 

material was purified by silica gel chromatography using a 60-30% hexane:ethyl acetate (Hex:EtOAc) 

gradient as the eluent. 

Synthesis of (R)/(S)-Pteridinone Derivatives 1-42: In a vial, iv (1 eq) was suspended in 80% ethanol (EtOH) 

(0.5 mL per 30 mg). The aniline derivative (1.1 eq) was added, followed by one drop of HCl per 50 mg of 

the reaction mixture. The mixture was left stirring at 110°C overnight. Upon completion of the reaction, 

as indicated by TLC analysis, all volatiles were removed under reduced pressure. The crude material was 

purified by silica gel chromatography using 10% methanol:ethyl acetate (MeOH:EtOAc) as the eluent. 

(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-5,7-dimethyl-8-(3-methyl-butyl)-7,8-dihydro-5H-pteridin-

6-one (1) grey solid. 1H NMR (400MHz, DMSO-d6): δ  (bs, 1H), 9.97 (bs, 1H), 7.73 (s, 1H), 7.27-7.25 

(d, J = 9.27Hz, 2H), 4.46-4.42 (q, J = 6.60Hz, 1H), 3.89-3.83 (m, 1H), 3.18 (s, 3H), 1.61-1.55 (m, 2H), 1.47-

1.43 (m, 1H), 1.42-1.40 (d, J = 6.92Hz, 3H), 0.88-0.85 (t, J = 6.45Hz, 6H). 13C NMR (100MHz, DMSO-d6): δ 

163.4, 153.0, 152.9, 151.2, 151.2, 151.1, 151.0, 150.4, 129.7, 126.2, 115.2, 105.1, 56.5, 44.8, 35.0, 28.1, 

25.8, 22.3, 22.1, 18.4. MS [M+H]: m/z 392.2. Yield = 57% (55mg). 

(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-7-methyl-8-(3-methyl-butyl)-5-prop-2-ynyl-7,8-dihydro-

5H-pteridin-6-one (2) light brown solid. 1H NMR (400MHz, DMSO-d6): δ 10.23 (bs, 1H), 10.01 (bs, 1H), 7.78 
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(s, 1H), 7.27-7.25 (d, J = 9.27Hz, 2H), 4.72-4.64 (m, 2H), 4.52-4.49 (q, J = 6.60Hz, 1H), 3.09-3.04 (m, 2H), 

1.63-1.55 (m, 2H), 1.42-1.40 (d, J = 6.76Hz, 3H), 1.20-1.17 (t, J = 7.23Hz, 2H), 0.87-0.85 (t, J = 5.8Hz, 6H). 

13C NMR (100MHz, DMSO-d6): δ 163.0, 153.0, 151.5, 151.1, 113.0, 77.4, 75.6, 67.1, 56.5, 45.5, 45.0, 35.0, 

30.4, 25.9, 22.3, 18.3, 8.5. MS [M+H]: m/z 416.1. Yield = 37% (13mg). 

(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-7,8-dimethyl-5-prop-2-ynyl-7,8-dihydro-5H-pteridin-6-

one (3) beige solid. 1H NMR (400MHz, DMSO-d6): δ10.44 (bs, 1H), 10.05 (bs, 1H), 7.77 (s, 1H), 7.32-7.30 

(d, J = 9.43Hz, 2H), 4.74-4.64 (ddd, J = 15.5 HZ/ 10.85Hz/ 8.49Hz/ 2.36Hz, 2H), 4.54-4.50 (q, J = 6.92Hz, 

1H), 3.41-3.40 (t, J = 2.36Hz, 1H), 3.15 (s, 3H), 1.43-1.41 (d, J = 6.92Hz, 3H). 13C NMR (100MHz, DMSO-d6): 

δ 162.9, 153.0, 152.9, 151.7, 151.1, 113.0, 105.3, 105.1, 77.3, 75.6, 57.9, 33.6, 30.3, 17.5. MS [M+H]: m/z 

360.1. Yield = 44% (35mg). 

(R)-2-((3,5-difluoro-4-hydroxyphenyl)-amino)-8-ethyl-7-methyl-5-(prop-2-yn-1-yl)-7,8-dihydropteridin-

6(5H)-one (4) off-white solid. 1H NMR (400MHz, DMSO-d6): δ 10.20 (bs, 1H), 9.98 (bs, 1H), 7.76 (s, 1H), 

7.32-7.29 (d, J = 9.17Hz, 2H), 4.68 (s, 2H), 4.57-4.52 (q, J = 5.62Hz, 1H), 3.85-3.80 (q, J = 6.85Hz, 1H), 3.39 

(s, 1H), 1.43-1.41 (d, J = 6.85Hz, 3H), 1.24-1.21 (t, J = 6.85Hz, 3H). MS [M+H]: m/z 374.1. Yield = 42% 

(10mg). 

(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-7-methyl-8-propyl-5-prop-2-ynyl-7,8-dihydro-5H-pteridin-

6-one (5) off-white solid. 1H NMR (400MHz, DMSO-d6): δ 9.83 (bs, 1H), 9.67 (bs, 1H), 7.94 (s, 1H), 7.45 – 

7.43 (d, J = 9,9Hz, 2H), 4.51-4.46 (m, 2H), 4.36 – 4.33 (d, J = 17,13Hz, 1H), 3.84 – 3.79 (m, 1H), 3.76 – 3.71 

(m, 1H), 3.36 (s, 1H), 1.57 – 1.52 (q, J = 7,23Hz, 2H), 1.43 – 1.41 (d, J = 6,76Hz, 3H), 0.89 – 0.86 (t, J = 7,23Hz, 

3H). 13C NMR (100MHz, DMSO-d6): δ 163.4, 153.1, 153.0, 150.8, 113.7, 103.2, 78.8, 75.3, 56.8, 41.9, 35.2, 

21.0, 19.3, 17.4, 10.9. MS [M+H]: m/z 388.2. Yield = 55% (15mg). 

(R)-8-Allyl-2-(3,5-difluoro-4-hydroxy-phenylamino)-7-methyl-5-prop-2-ynyl-7,8-dihydro-5H-pteridin-6-

one (6) beige solid. 1H NMR (400MHz, DMSO-d6): δ 10.25 (s, 1H), 9.94 (bs, 1H), 7.84 (s, 1H), 7.31-7.29 (d, 

J = 9.05Hz, 2H), 5.97-5.89 (m, 1H), 5.34-5.30 (d, J = 17.2Hz, 1H), 5.26-5.23 (d, J = 10.15Hz, 1H), 4.70 (s, 2H), 

4.47-4.41 (m, 1H), 4.12-4.07 (m, 1H), 3.40 (s, 1H), 1.42-1.41 (d, J = 6.36Hz, 3H). 13C NMR (100MHz, DMSO-

d6): δ 163.0, 151.4, 150.9, 132.1, 118.3, 113.0, 77.4, 75.6, 56.5, 48.4, 30.4, 18.1. MS [M+H]: m/z 386.1. 

Yield = 71% (35mg). 

(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-7-methyl-5,8-di-prop-2-ynyl-7,8-dihydro-5H-pteridin-6-

one (7) off-white solid. 1H NMR (400MHz, DMSO-d6): δ 29 (bs, 1H), 9.82 (bs, 1H), 7.90 (s, 1H), 7.42-

7.40 (d, J = 9.29Hz, 2H), 4.70 (s, 2H), 4.62-4.59 (m, 1H), 4.50-4.38 (m, 2H), 3.40-3.38 (d, J = 8.68Hz, 2H), 
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1.48-1.47 (d, J = 6.60Hz, 3H). 13C NMR (100MHz, DMSO-d6): δ 162.8, 153.3, 151.1, 113.0, 104.4, 78.4, 77.4, 

75.5, 57.0, 35.8, 30.4, 17.8. MS [M+H]: m/z 384.0. Yield = 54% (25mg). 

(R)-8-(cyclopropylmethyl)-2-((3,5-difluoro-4-hydroxyphenyl)-amino)-7-methyl-5-(prop-2-yn-1-yl)-7,8-

dihydropteridin-6(5H)-one (8) beige solid. 1H NMR (500 MHz, CD3OH) δ 7.88 (s, 1H), 7.29 (d, J = 10.5 Hz, 

2H), 4.82 (dd, J = 11.5, 2.4 Hz, 1H), 4.62 (dd, J = 17.7, 2.4 Hz, 1H), 4.45 (q, J = 6.8 Hz, 1H), 3.85 (dd, J = 14.3, 

6.9 Hz, 1H), 3.26 (dd, J = 14.3, 6.8 Hz, 1H), 2.77 (t, J = 2.4 Hz, 1H), 1.40 (d, J = 6.8 Hz, 3H), 1.23 (dd, J = 12.2, 

6.0 Hz, 1H), 0.64 (dt, J = 8.1, 3.9 Hz, 1H), 0.58 (dd, J = 8.6, 4.5 Hz, 1H), 0.39 (dd, J = 9.2, 4.3 Hz, 1H), 0.34 

(dd, J = 9.2, 4.2 Hz, 1H). 13C NMR (126 MHz, CD3OH) δ 165.92, 157.34, 152.95, 139.89, 133.91, 129.27, 

114.16, 103.88, 103.81, 103.73, 103.67, 78.30, 74.20, 58.01, 50.72, 31.36, 30.67, 17.22, 10.26, 4.70, 4.06. 

MS [M+H]: m/z 400.2. Yield = 42% (18mg). 

(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-5,7-dimethyl-8-propyl-7,8-dihydro-5H-pteridin-6-one (9) 

beige solid. 1H NMR (400MHz, DMSO-d6): δ 10.01 (bs, 1H), 9.83 (bs, 1H), 7.75 (s, 1H), 7.34-7.32 (d, J = 

9.59Hz, 2H), 4.43-4.39 (q, J = 6.44Hz, 1H), 3.79-3.74 (m, 1H), 3.27-3.22 (m, 1H), 3.19 (s, 3H), 1.74-1.68 (m, 

1H), 1.65-1.59 (m, 1H), 1.39-1.37 (d, J = 6.6Hz, 3H), 0.91-0.88 (t, J = 7.3Hz, 3H). 13C NMR (100MHz, DMSO-

d6): δ 163.5, 153.0, 152.9, 151.1, 151.0, 150.9, 114.9, 103.8, 103.6, 56.7, 47.5, 28.0, 19.8, 18.2, 10.9. MS 

[M+H]: m/z 364.2. Yield = 39% (60mg). 

(R)-8-allyl-2-((3,5-difluoro-4-hydroxyphenyl)-amino)-5,7-dimethyl-7,8-dihydropteridin-6(5H)-one (10) 

beige solid. 1H NMR (400 MHz, DMSO) δ 10.43 (s, 1H), 10.01 (s, 1H), 7.77 (s, 1H), 7.27 (d, J = 9.5 Hz, 2H), 

5.91 (ddt, J = 16.0, 10.6, 5.5 Hz, 1H), 5.32 (d, J = 17.1 Hz, 1H), 5.24 (d, J = 10.3 Hz, 1H), 4.43 (dd, J = 13.8, 

6.7 Hz, 2H), 4.12 (dd, J = 15.8, 5.4 Hz, 1H), 3.20 (s, 3H), 1.43 (d, J = 6.8 Hz, 3H). MS [M+H]: m/z 362.2. Yield 

= 51% (21mg). 

(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-5,7-dimethyl-8-prop-2-ynyl-7,8-dihydro-5H-pteridin-6-

one (11) beige solid. 1H NMR (400MHz, DMSO-d6): δ 10.37 (bs, 1H), 9.92 (bs, 1H), 7.83 (s, 1H), 7.40-7.39 

(d, J = 9.6Hz, 2H), 4.59-4.55 (q, J = 6.76Hz, 1H), 4.51-4.40 (qd, J = 2.32Hz/17.6Hz, 2H), 3.41-3.40 (t, J = 

2.36Hz, 1H), 3.20 (s, 3H), 1.50-1.49 (d, J = 6.76Hz, 3H). 13C NMR (100MHz, DMSO-d6): δ 163.2, 153.1, 153.0, 

151.2, 151.1, 115.3, 104.5, 104.4, 78.3, 75.5, 57.2, 56.0, 35.9, 28.2, 18.2. HRMS calc. [M+H 360.1267] 

HRMS observed [M+H 360.1270]. Yield = 55% (30mg). 

(R)-8-Benzyl-2-(3,5-difluoro-4-hydroxy-phenylamino)-5,7-dimethyl-7,8-dihydro-5H-pteridin-6-one (12) 

grey solid. 1H NMR (400MHz, DMSO-d6): δ 10.25 (bs, 1H), 9.91 (bs, 1H), 7.81 (s, 1H), 7.34-7.30 (m, 5H), 

7.16-7.15 (d, J = 8.96Hz, 2H), 5.13-5.10 (d, J = 15.56Hz, 1H), 4.68-4.65 (d, J = 15.56Hz, 1H), 4.39-4.35 (q, J 

= 6.44Hz, 1H), 3.22 (s, 3H), 1.39-1.38 (d, J = 6.76Hz, 3H). 13C NMR (100MHz, DMSO-d6): δ 163.3, 152.9, 
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151.7, 151.0, 135.6, 128.6, 127.6, 127.4, 115.3, 104.9, 56.7, 48.7, 28.3, 18.2. MS [M+H]: m/z 412.2. Yield 

= 48% (55mg). 

(R)-5-Butyl-2-(3,5-difluoro-4-hydroxy-phenylamino)-7,8-dimethyl-7,8-dihydro-5H-pteridin-6-one (13) 

light brown solid. 1H NMR (400MHz, DMSO-d6): δ 30 (bs, 1H), 9.97 (bs, 1H), 7.79 (s, 1H), 7.33-7.31 (d, 

J = 9.6Hz, 2H), 4.45-4.41 (q, J = 6.8Hz, 1H), 3.84-3.74 (m, 2H), 3.15 (s, 3H), 1.52-1.46 (m, 2H), 1.41-1.39 (d, 

J = 6.8Hz, 3H), 1.35-1.27 (m, 2H), 0.92-0.89 (t, J = 7.23Hz, 3H). 13C NMR (100MHz, DMSO-d6): δ 163.3, 

153.1, 152.9, 151.8, 151.1, 151.0, 113.8, 104.8, 57.9, 33.6, 27.8, 19.3, 17.5, 13.7. MS [M+H]: m/z 378.1. 

Yield = 31% (8mg). 

(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-7,8-dimethyl-5-(3-methyl-butyl)-7,8-dihydro-5H-pteridin-

6-one (14) beige solid. 1H NMR (400MHz, DMSO-d6): δ 10.39 (bs, 1H), 10.00 (bs, 1H), 7.72 (s, 1H), 7.31-

7.29 (d, J = 9.61Hz, 2H), 4.46-4.42 (q, J = 6.87Hz, 1H), 3.81-3.78 (m, 2H), 3.14 (s, 3H), 1.64-1.58 (m, 1H), 

1.41-1.37 (m, 4H), 0.94-0.93 (d, J = 2.29Hz, 3H), 0.92-0.91 (d, J = 2.14Hz, 3H). MS [M+H]: m/z 392.1. Yield 

= 32% (35mg). 

(R)-2-((3,5-difluoro-4-hydroxyphenyl)-amino)-7,8-dimethyl-5-(3-methylbut-2-en-1-yl)-7,8-

dihydropteridin-6(5H)-one (15) white solid. 1H NMR (400MHz, DMSO-d6): δ 9.41 (bs, 1H), 9.16 (s, 1H), 

7.67 (s, 1H), 7.48-7.45 (dd, J = 11Hz, 2H), 5.06-5.03 (t, J = 6.36Hz, 1H), 4.46 (s, 2H), 4.28-4.24 (q, J = 6.97Hz, 

1H), 3.04 (s, 3H), 1.75 (s, 3H), 1.68 (s, 3H), 1.27-1.25 (d, J = 6.85Hz, 3H). MS [M+H]: m/z 390.2. Yield = 26% 

(15mg). 

(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-7,8-dimethyl-5-(5-methyl-isoxazol-3-ylmethyl)-7,8-

dihydro-5H-pteridin-6-one (16) grey solid. 1H NMR (400MHz, DMSO-d6): δ 9.47 (bs, 1H), 9.27 (bs, 1H), 

7.74 (s, 1H), 7.45-7.43 (d, J = 10.38Hz, 2H), 6.11 (s, 1H), 5.16-5.13 (d, J = 16.2Hz, 1H), 5.05-5.02 (d, J = 

16.35Hz, 1H), 4.38-4.34 (q, J = 6.6Hz, 1H), 3.07 (s, 3H), 2.36 (s, 3H), 1.32-1.31 (d, J = 6.76Hz, 3H). 13C NMR 

(100MHz, DMSO-d6): δ 170.3, 164.1, 159.5, 153.1, 151.24, 151.2, 113.4, 101.8, 100.9, 57.8, 36.2, 32.5, 

16.0, 11.8. HRMS calc. [M+H 417.1481] HRMS observed [M+H 417.1483]. Yield = 65% (41mg). 

(R)-[2-(3,5-Difluoro-4-hydroxy-phenylamino)-7,8-dimethyl-6-oxo-7,8-dihydro-6H-pteridin-5-yl]-

acetonitrile (17) beige solid. 1H NMR (400MHz, DMSO-d6): δ  (bs, 1H), 9.29 (s, 1H), 7.97 (s, 1H), 7.48 

– 7.46 (d, J = 11,0Hz, 2H), 5.11 – 5.08 (d, J = 17,76Hz, 1H), 5.02 – 4.99 (d, J = 17,76Hz, 1H), 4.41 – 4.37 (q, 

J = 6,76Hz, 1H), 3.06 (s, 3H), 1.31 – 1.29 (d, J = 6,76Hz, 3H). HRMS calc. [M+H 361.1219] HRMS observed 

[M+H 361.1234] Yield = 47% (7mg). 
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(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-7-methyl-5-(5-methyl-isoxazol-3-ylmethyl)-8-prop-2-ynyl-

7,8-dihydro-5H-pteridin-6-one (18) beige solid. 1H NMR (400MHz, DMSO-d6): δ 9.43 (bs, 1H), 9.28 (bs, 

1H), 7.84 (s, 1H), 7.49-7.47 (d, J = 10.69Hz, 2H), 6.12 (s, 1H), 5.18-5.14 (d, J = 16.35Hz, 1H), 5.06-5.02 (d, J 

= 16.19Hz, 1H), 4.54-4.47 (m, 2H), 4.31-4.27 (dd, J = 17.45/ 2.36Hz, 1H), 2.36 (s, 3H), 1.41-1.39 (d, J = 

6.92Hz, 3H). HRMS calc. [M+H 441.1481] HRMS observed [M+H 441.1479]. Yield = 41% (9mg). 

(R)-2-(2-((3,5-difluoro-4-hydroxyphenyl)amino)-7-methyl-6-oxo-8-(prop-2-yn-1-yl)-7,8-

dihydropteridin-5(6H)-yl)acetonitrile (19) beige solid. 1H NMR (500 MHz, CD3OH) δ 7.91 (s, 1H), 7.35 (d, 

J = 10.5 Hz, 2H), 5.03 – 4.97 (m, 2H), 4.63 (dd, J = 17.6, 2.5 Hz, 1H), 4.58 – 4.55 (m, 1H), 4.30 (dd, J = 17.7, 

2.4 Hz, 1H), 2.79 (t, J = 2.4 Hz, 1H), 1.52 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CD3OH) δ 165.92, 157.41, 

154.77, 154.70, 152.80, 152.23, 139.66, 133.60, 115.79, 114.12, 104.00, 103.93, 103.85, 103.78, 79.30, 

74.52, 57.89, 35.64, 29.85, 16.94. MS [M+H]: m/z 385.2. Yield = 45% (14mg). 

(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-5-ethyl-7-methyl-8-prop-2-ynyl-7,8-dihydro-5H-pteridin-

6-one (20) beige solid. 1H NMR (400MHz, DMSO-d6): δ  (bs, 1H), 9.26 (bs, 1H), 7.95 (s, 1H), 7.51-7.49 

(d, J = 10.7Hz, 2H), 4.54-4.50 (dd, J = 2.20Hz/ 17.45Hz, 1H), 4.40-4.36 (q, J = 6.76Hz, 1H), 4.28-2.24 (dd, J = 

2.36Hz/ 17.61Hz, 1H), 3.89-3.84 (m, 2H), 3.30-3.29 (t, J = 2.36Hz, 1H), 1.35-1.34 (d, J = 6.76Hz, 3H), 1.12-

1.09 (t, J = 7.07Hz, 3H). 13C NMR (100MHz, DMSO-d6): δ 163.2, 154.9, 153.2, 153.1, 151.3, 151.2, 150.4, 

138.9, 132.9, 126.8, 126.6, 113.2, 101.8, 101.6, 79.4, 75.0, 56.3, 35.4, 34.3, 16.5, 11.9. MS [M+H]: m/z 

374.2. Yield = 45% (20mg). 

(R)-2-(3,5-Difluoro-4-hydroxy-phenylamino)-5-isoxazol-5-ylmethyl-7-methyl-8-prop-2-ynyl-7,8-

dihydro-5H-pteridin-6-one (21) beige solid. 1H NMR (400MHz, DMSO-d6): δ 9.43 (bs, 1H), 9.29 (bs, 1H), 

8.52 (s, 1H), 7.94 (s, 1H), 7.49-7.47 (d, J = 10.69Hz, 2H), 6.47 (s, 1H), 5.34-5.31 (d, J = 16.82Hz, 1H), 5.27-

5.23 (d, J = 16.82Hz, 1H), 4.53-4.48 (m, 2H), 4.32-4.28 (dd, J = 17.45/ 2.20Hz, 1H), 1.41-1.40 (d, J = 6.76Hz, 

3H). HRMS calc. [M+H 427.1325] HRMS observed [M+H 427.1323]. Yield = 38% (8mg). 

(R)-2-[(3,5-difluoro-4-hydroxyphenyl)-amino]-5-(3-hydroxy-3-methylbutyl)-7-methyl-8-(prop-2-yn-1-

yl)-5,6,7,8-tetrahydropteridin-6-one (22) white solid. 1H NMR (400MHz, DMSO-d6): δ 10.14 (bs, 1H), 9.96 

(bs, 1H), 7.64 (s, 1H), 7.33-7.31 (d, J = 7.86Hz, 2H), 4.41 (m, 1H), 3.89-3.82 (m, 3H), 3.13 (s, 3H), 1.61-1.58 

(t, J = 7.86Hz, 2H), 1.39-1.37 (d, J = 5.87Hz, 3H), 1.16 (s, 6H). MS [M+H]: m/z 432.2. Yield = 6% (5mg). 

(R)-2-((3-amino-1H-indazol-6-yl)amino)-7-methyl-5,8-di(prop-2-yn-1-yl)-7,8-dihydropteridin-6(5H)-one 

(23) white solid. 1H NMR (400MHz, DMSO-d6): δ 11.05 (s, 1H), 9.28 (s, 1H), 7.99 (s, 1H), 7.94 (s, 1H), 7.49 

(d, J=8.5 Hz, 1H), 7.13 (dd, J=1.4, 8.7 Hz, 1H), 5.15 (s, 2H), 4.79 - 4.65 (m, 3H), 4.46 (q, J=6.9 Hz, 1H), 4.25 
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(dd, J=2.5, 17.6 Hz, 1H), 3.38 - 3.35 (m, 1H), 3.31 - 3.25 (m, 1H), 1.38 (d, J=6.8 Hz, 3H). MS [M+H]: m/z 

387.1. Yield = 11% (15mg). 

(R)-2-((3-hydroxy-1H-indazol-6-yl)-amino)-7-methyl-5,8-di(prop-2-yn-1-yl)-7,8-dihydropteridin-6(5H)-

one (24) white solid. 1H NMR (400MHz, DMSO-d6) δ 10.69 (br, 1H), 9.51 (s, 1H), 8.03 - 7.97 (m, 2H), 7.44 

(d, J=8.5 Hz, 1H), 7.20 (dd, J=1.5, 8.8 Hz, 1H), 4.74 (s, 2H), 4.66 (dd, J=2.5, 17.6 Hz, 1H), 4.48 (q, J=6.8 Hz, 

1H), 4.28 (dd, J=2.3, 17.6 Hz, 1H), 3.33 - 3.24 (m, 2H), 1.39 (d, J=6.8 Hz, 3H). HRMS calc. [M+H 388.1516] 

HRMS observed [M+H 388.1519]. Yield = 25% (11mg). 

(R)-2-((2-amino-4-methylbenzo[d]thiazol-6-yl)-amino)-7-methyl-5,8-di(prop-2-yn-1-yl)-7,8-

dihydropteridin-6(5H)-one (25) light beige solid. 1H NMR (400MHz, DMSO-d6) δ 9.47 (br s, 1H), 8.04 (br s, 

1H), 7.88 (s, 1H), 7.57 (br s, 2H), 7.33 (s, 1H), 4.71 (s, 2H), 4.54 - 4.47 (m, 2H), 4.33 (br d, J=19.3 Hz, 1H), 

3.38 (s, 1H), 3.33 (s, 1H), 2.40 (s, 3H), 1.41 (d, J=6.8 Hz, 3H). MS [M+H]: m/z 418.2. Yield = 22% (14mg). 

(R)-(3-fluoro-4-((7-methyl-6-oxo-5,8-di(prop-2-yn-1-yl)-5,6,7,8-tetrahydropteridin-2-yl)-amino)-

phenyl)-boronic acid (26) Off-white solid. 1H NMR (400MHz, DMSO-d6) δ 8.75 (br s, 1H), 8.16 - 8.00 (m, 

2H), 7.94 (s, 1H), 7.60 - 7.37 (m, 2H), 4.71 (s, 2H), 4.57 (dd, J=2.4, 17.7 Hz, 1H), 4.47 (d, J=7.0 Hz, 1H), 4.23 

(dd, J=2.3, 17.8 Hz, 1H), 3.32 - 3.17 (m, 2H), 1.38 (d, J=6.8 Hz, 3H). MS [M+H]: m/z 394.0. Yield = 32% 

(14mg). 

(R)-(4-((7-methyl-6-oxo-5,8-di(prop-2-yn-1-yl)-5,6,7,8-tetrahydropteridin-2-yl)amino)phenyl)boronic 

acid (27) white solid. 1H NMR (400MHz, DMSO-d6) δ 9.56 (br s, 1H), 7.96 (s, 1H), 7.77 - 7.69 (m, 4H), 4.77 

- 4.68 (m, 2H), 4.58 (dd, J=2.3, 17.6 Hz, 1H), 4.50 (q, J=6.8 Hz, 1H), 4.32 (br d, J=17.6 Hz, 1H), 3.50 - 3.24 

(m, 2H), 1.41 (d, J=6.8 Hz, 3H). MS [M+H]: m/z 376.0. Yield = 30% (25mg). 

(R)-2-((3-chloro-4-hydroxyphenyl)amino)-7-methyl-5,8-di-(prop-2-yn-1-yl)-7,8-dihydropteridin-6(5H)-

one (28) Off-white solid. 1H NMR (400MHz, DMSO-d6) δ 9.62 (s, 1H), 9.19 (br s, 1H), 7.93 (s, 1H), 7.86 (d, 

J=2.4 Hz, 1H), 7.44 (dd, J=2.6, 8.8 Hz, 1H), 6.86 (d, J=8.8 Hz, 1H), 4.78 - 4.63 (m, 2H), 4.56 (dd, J=2.3, 17.5 

Hz, 1H), 4.45 (q, J=6.7 Hz, 1H), 4.25 (dd, J=2.3, 17.6 Hz, 1H), 3.35 - 3.28 (m, 2H), 1.37 (d, J=6.8 Hz, 3H). MS 

[M+H]: m/z 381.9. Yield = 33% (18.5mg). 

(R)-2-(benzo[d]isoxazol-5-ylamino)-7-methyl-5,8-di(prop-2-yn-1-yl)-7,8-dihydropteridin-6(5H)-one (29) 

Light beige solid. 1H NMR (400MHz, DMSO-d6) δ 9.56 (s, 1H), 9.13 (d, J=1.0 Hz, 1H), 8.48 (d, J=2.0 Hz, 1H), 

7.99 (s, 1H), 7.85 (dd, J=2.2, 9.0 Hz, 1H), 7.67 (d, J=9.0 Hz, 1H), 4.73 (s, 2H), 4.60 - 4.46 (m, 2H), 4.31 (dd, 

J=2.3, 17.5 Hz, 1H), 3.40 (t, J=2.4 Hz, 1H), 3.32 (t, J=2.4 Hz, 1H), 1.39 (d, J=6.8 Hz, 3H). MS [M+H]: m/z 

373.3. Yield = 34% (20mg). 
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(R)-2-((3-bromo-1H-indazol-6-yl)amino)-7-methyl-5,8-di(prop-2-yn-1-yl)-7,8-dihydropteridin-6(5H)-one 

(30) Beige solid. 1H NMR (400MHz, DMSO-d6) δ 13.22 (s, 1H), 9.45 (s, 1H), 8.25 (s, 1H), 8.01 (s, 1H), 7.64 

(dd, J=1.9, 9.2 Hz, 1H), 7.46 (d, J=9.0 Hz, 1H), 4.75 - 4.66 (m, 3H), 4.49 - 4.43 (m, 1H), 4.32 (d, J=2.5 Hz, 1H), 

4.28 (d, J=2.3 Hz, 1H), 3.32 - 3.26 (m, 2H), 1.38 (d, J=6.8 Hz, 3H). MS [M+H]: m/z 450.1/452.1. Yield = 35% 

(19mg). 

Methyl (R)-2-hydroxy-5-((7-methyl-6-oxo-5,8-di(prop-2-yn-1-yl)-5,6,7,8-tetrahydropteridin-2-yl)amino) 

benzoate (31) white solid. 1H NMR (400MHz, DMSO-d6): δ 10.17 (bs, 1H), 9.29 (bs, 1H), 8.46-8.45 (d, J = 

2.7Hz, 1H), 7.96 (s, 1H), 7.77-7.74 (dd, J = 2.69/ 8.8Hz, 1H), 6.92-6.90 (d, J = 8.93Hz, 1H), 4.72 (s, 2H), 4.47-

4.42 (q, J = 6.72Hz, 1H), 4.28-4.23 (dd, J = 2.20/ 17.61Hz, 1H), 3.91 (s, 3H), 3.32 – 3.30 (m, 1H), 1.37-1.35 

(d, J = 6.85Hz, 3H). MS [M+H]: m/z 406.2. Yield = 54% (32mg). 

(R)-2-Fluoro-4-(7-methyl-6-oxo-5,8-di-prop-2-ynyl-5,6,7,8-tetrahydro-pteridin-2-ylamino)-benzoic acid 

(32) White solid. 1H NMR (400MHz, DMSO-d6): δ 48 (s, 1H), 8.02 (s, 1H), 7.91-7.87 (dd, J = 2Hz/ 14Hz, 

1H), 7.83-7.78 (t, J = 8.7Hz, 1H), 7.54-7.51 (dd, J = 2Hz/ 8.7Hz, 1H), 4.72 (s, 2H), 4.61-4.56 (q, J = 6.85Hz, 

1H), 4.54-4.49 (dd, J = 2.4Hz/17.6Hz, 1H), 4.44-4.39 (dd, J = 2.4Hz/ 17.6Hz, 1H), 3.41-3.40 (t, J = 2.32Hz, 

1H), 3.36-3.35 (t, J = 2.32Hz, 1H), 1.46-1.45 (d, J = 6.85Hz, 3H). 13C NMR (100MHz, DMSO-d6): δ 164.7, 

163.1, 160.8, 152.2, 150.7, 145.3, 132.5, 114.1, 113.7, 111.4, 105.9, 105.6, 78.8, 77.6, 75.4, 56.9, 35.5, 

30.3, 17.4. MS [M+H]: m/z 394.4. Yield = 43% (70mg). 

(R)-7-methyl-2-((1-oxo-1,2-dihydroisoquinolin-6-yl)-amino)-5,8-di-(prop-2-yn-1-yl)-7,8-

dihydropteridin-6(5H)-one (33) Off-white solid. 1H NMR (400MHz, DMSO-d6) δ 10.95 (br d, J=5.0 Hz, 1H), 

9.79 (s, 1H), 8.31 (s, 1H), 8.05 - 8.00 (m, 2H), 7.65 (br d, J=8.5 Hz, 1H), 7.09 (t, J=6.4 Hz, 1H), 6.43 (d, J=7.3 

Hz, 1H), 4.74 (br s, 2H), 4.54 - 4.48 (m, 2H), 4.42 - 4.35 (m, 1H), 3.39 (s, 1H), 3.32 (s, 1H), 1.40 (d, J=6.5 Hz, 

3H). MS [M+H]: m/z 399.3. Yield = 40% (24mg). 

(R)-7-methyl-2-((1-oxoisoindolin-5-yl)-amino)-5,8-di(prop-2-yn-1-yl)-7,8-dihydropteridin-6(5H)-one 

(34) Off-white solid. 1H NMR (400MHz, DMSO-d6) δ 9.75 (s, 1H), 8.26 (d, J=5.5 Hz, 2H), 8.00 (s, 1H), 7.69 

(dd, J=1.8, 8.3 Hz, 1H), 7.52 (d, J=8.3 Hz, 1H), 4.73 (s, 2H), 4.55 - 4.47 (m, 2H), 4.36 - 4.29 (m, 3H), 3.39 (t, 

J=2.4 Hz, 1H), 3.32 (t, J=2.4 Hz, 1H), 1.39 (d, J=6.8 Hz, 3H). MS [M+H]: m/z 387.2. Yield = 31% (18mg). 

(S)-2-((3,5-difluoro-4-hydroxyphenyl)amino)-7,8-dimethyl-5-(prop-2-yn-1-yl)-7,8-dihydropteridin-

6(5H)-one (35) white solid. 1H NMR (400 MHz, DMSO-d6) δ 9.44 (s, 1H), 9.22 (s, 1H), 7.86 (s, 1H), 7.47 (d, 

J = 11.2 Hz, 2H), 4.69 (dd, J = 4.1, 2.5 Hz, 2H), 4.32 (q, J = 6.8 Hz, 1H), 3.27 (t, J = 2.3 Hz, 1H), 3.05 (s, 3H), 

1.27 (d, J = 6.8 Hz, 3H).13C NMR (126 MHz, CD3OH) δ 165.67, 153.26, 138.00, 114.36, 104.20, 78.16, 74.27, 
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59.95, 33.38, 31.28, 16.52. HRMS calc. [M+H 392.1267] HRMS observed [M+H 392.1274]. Yield = 38% 

(21mg). 

(S)-2-((3,5-difluoro-4-hydroxyphenyl)amino)-7,8-dimethyl-5-((3-methylisoxazol-5-yl)methyl)-7,8-

dihydropteridin-6(5H)-one (36) beige solid. 1H NMR (500 MHz, CD3OH) δ 7.83 (s, 1H), 7.33 (d, J = 10.6 Hz, 

2H), 6.26 (s, 1H), 5.34 (d, J = 16.8 Hz, 1H), 5.15 (d, J = 16.7 Hz, 1H), 4.66 (dd, J = 17.7, 2.4 Hz, 1H), 4.57 (dd, 

J = 13.7, 6.8 Hz, 1H), 4.29 (dd, J = 17.7, 2.4 Hz, 1H), 2.79 (t, J = 2.4 Hz, 1H), 2.26 (s, 2H), 1.51 (d, J = 6.9 Hz, 

3H). MS [M+H]: m/z 441.2. Yield = 34% (12.5mg). 

(S)-2-(2-((3,5-difluoro-4-hydroxyphenyl)amino)-7,8-dimethyl-6-oxo-7,8-dihydropteridin-5(6H)-

yl)acetonitrile (37) off-white solid. 1H NMR (500 MHz, CD3OH) δ 7.82 (s, 1H), 7.31 (d, J = 10.1 Hz, 2H), 5.00 

(d, J = 6.0 Hz, 2H), 4.36 (dt, J = 12.7, 6.3 Hz, 1H), 3.16 (s, 3H), 1.43 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, 

CD3OH) δ 166.02, 157.51, 153.10, 138.29, 115.79, 114.03, 104.03, 59.84, 33.38, 29.69, 16.49. MS [M+H]: 

m/z 361.1. Yield = 43% (16mg). 

(S)-2-((3,5-difluoro-4-hydroxyphenyl)amino)-7-methyl-5-((3-methylisoxazol-5-yl)methyl)-8-(prop-2-yn-

1-yl)-7,8-dihydropteridin-6(5H)-one (38) beige solid. 1H NMR (500 MHz, CD3OH) δ 7.83 (s, 1H), 7.33 (d, J 

= 10.6 Hz, 2H), 6.26 (s, 1H), 5.34 (d, J = 16.8 Hz, 1H), 5.15 (d, J = 16.7 Hz, 1H), 4.66 (dd, J = 17.7, 2.4 Hz, 1H), 

4.57 (dd, J = 13.7, 6.8 Hz, 1H), 4.29 (dd, J = 17.7, 2.4 Hz, 1H), 2.79 (t, J = 2.4 Hz, 1H), 2.26 (s, 2H), 1.51 (d, J 

= 6.9 Hz, 3H). MS [M+H]: m/z 441.2. Yield = 34% (12.5mg). 

(S)-2-(2-((3,5-difluoro-4-hydroxyphenyl)amino)-7-methyl-6-oxo-8-(prop-2-yn-1-yl)-7,8-dihydropteridin-

5(6H)-yl)acetonitrile (39) beige solid. 1H NMR (500 MHz, CD3OH) δ 7.92 (s, 1H), 7.35 (d, J = 10.6 Hz, 2H), 

5.01 (d, J = 13.2 Hz, 2H), 4.65 (dd, J = 17.7, 2.5 Hz, 1H), 4.59 – 4.55 (m, 1H), 4.30 (dd, J = 17.7, 2.4 Hz, 1H), 

2.17 (s, 1H), 1.52 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CD3OH) δ 165.94, 157.50, 152.24, 139.82, 115.79, 

114.12, 103.99, 103.77, 79.31, 74.51, 57.88, 35.61, 29.84, 16.91. MS [M+H]: m/z 385.2. Yield = 37% 

(15mg). 

(S)-2-((3-hydroxy-1H-indazol-6-yl)amino)-7-methyl-5,8-di(prop-2-yn-1-yl)-7,8-dihydropteridin-6(5H)-

one (40) Off white solid. 1H NMR (500 MHz, DMSO) δ 10.61 (s, 1H), 9.45 (s, 1H), 8.02 – 7.99 (m, 2H), 7.43 

(d, J = 8.6 Hz, 1H), 7.20 (dd, J = 8.7, 1.7 Hz, 1H), 4.73 (s, 2H), 4.66 (dd, J = 17.6, 2.5 Hz, 1H), 4.47 (q, J = 6.8 

Hz, 1H), 4.26 (dd, J = 17.6, 2.4 Hz, 1H), 3.35 (t, J = 2.4 Hz, 1H), 3.30 (d, J = 2.4 Hz, 1H), 1.37 (d, J = 6.8 Hz, 

3H). 13C NMR (126 MHz, DMSO) δ 163.3, 155.5, 150.3, 141.5, 139.6, 120.7, 112.8, 112.7, 108.2, 97.8, 79.3, 

78.2, 75.3, 75.0, 56.0, 45.6, 34.1, 30.0, 21.2, 16.3. MS [M+H]: m/z 388.3. Yield = 39% (14mg). 
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(S)-2-((3,5-difluoro-4-hydroxyphenyl)-amino)-7-methyl-5,8-di(prop-2-yn-1-yl)-7,8-dihydropteridin-

6(5H)-one (41) white solid. 1H NMR (500 MHz, CD3OH) δ 7.94 (s, 1H), 7.35 (d, J = 10.5 Hz, 1H), 4.82 (dd, J 

= 17.8, 2.4 Hz, 1H), 4.65 (dd, J = 17.5, 2.3 Hz, 1H), 4.52 (q, J = 6.8 Hz, 1H), 4.28 (dd, J = 17.7, 2.4 Hz, 1H), 

2.78 (dd, J = 4.4, 2.3 Hz, 1H), 1.49 (d, J = 6.9 Hz, 1H). 13C NMR (126 MHz, CD3OH) δ 165.65, 157.28, 152.27, 

140.50, 114.38, 103.85, 103.64, 79.42, 78.22, 74.41, 74.25, 57.90, 35.46, 31.38, 16.82. MS [M+H]: m/z 

384.2. Yield = 42% (17mg). 

(R)-2-((3,5-difluoro-4-hydroxyphenyl)amino)-4,7,8-trimethyl-5-(prop-2-yn-1-yl)-7,8-dihydropteridin-

6(5H)-one (42) beige solid. 1H NMR (500 MHz, DMSO) δ 10.05 (bs, 2H), 7.32 (d, J = 9.5 Hz, 2H), 4.58 (dd, J 

= 18.1, 2.3 Hz, 1H), 4.47 (dd, J = 18.1, 2.4 Hz, 1H), 4.38 (q, J = 6.8 Hz, 1H), 3.39 (s, 1H), 3.14 (s, 3H), 2.57 (s, 

3H), 1.26 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO) δ 166.0, 154.4, 153.1, 153.0, 151.2, 151.1, 112.6, 

104.4, 79.2, 75.7, 58.5, 36.2, 33.6, 14.7. MS [M+H]: m/z 374.1. Yield = 29% (10mg). 
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