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Abstract: Casein kinase II (CK2) is considered as an attractive cancer therapeutic target, and recent
efforts have been made to develop its ATP-competitive inhibitors. However, achieving selectivity
with respect to related kinases remains challenging due to the highly conserved ATP-binding
pocket of kinases. Allosteric inhibitors, by targeting the much more diversified allosteric site
relative to the highly conserved ATP-binding pocket, might be a promising strategy with the
enhanced selectivity and reduced toxicity than ATP-competitive inhibitors. The previous studies have
highlighted the traditional serendipitousity of discovering allosteric inhibitors owing to the complicate
allosteric modulation. In this current study, we identified the novel allosteric inhibitors of CK2α by
combing structure-based virtual screening and biological evaluation methods. The structure-based
pharmacophore model was built based on the crystal structure of CK2α-compound 15 complex.
The ChemBridge fragment library was searched by evaluating the fit values of these molecules with
the optimized pharmacophore model, as well as the binding affinity of the CK2α-ligand complexes
predicted by Alloscore web server. Six hits forming the holistic interaction mechanism with the
αD pocket were retained after pharmacophore- and Alloscore-based screening for biological test.
Compound 3 was found to be the most potent non-ATP competitive CK2α inhibitor (IC50 = 13.0 µM)
with the anti-proliferative activity on A549 cancer cells (IC50 = 23.1 µM). Our results provide new
clues for further development of CK2 allosteric inhibitors as anti-cancer hits.
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1. Introduction

Protein kinase CK2 is involved in multiple physiological processes by phosphorylation of many
substrates as the cell survival promoter and apoptosis suppressor [1–3]. This kinase is considered to be
the promising cancer therapeutic target, and many efforts have been made on the discovery of CK2
inhibitors for the cancer therapy.

The conventional strategy for CK2 inhibition focused on the discovery of orthosteric molecules that
bind into the conserved ATP-binding site [4–6]. However, most of the known ATP-competitive inhibitors
have been impeded to be the drug candidates due to the off-target and low selectivity [7–10]. Recently,
the allosteric inhibitors targeting the sites out of the catalytic pocket are becoming an alternative strategy
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to develop the efficient and safe therapeutic agents [11,12]. For example, the subtype selective PDE4D
allosteric inhibitor, BPN14770 exhibited the reduced vascular toxicity over earlier PDE4 inhibitors that
lacked the subtype selectivity [13], and compound 8t as the allosteric inhibitor of phosphoglycerate
mutase 1 was demonstrated to delay tumor growth in H1299 xenograft model without the obvious
toxicity [14]. Identification of allosteric pockets is the basis for the design of allosteric inhibitors.
Six allosteric sites of CK2 have been predicted by Jiang et al. using the combination of bioinformatics
and biochemistry methods [15]. To date, three kinds of allosteric inhibitors were reported (show in
Figure 1). CK2 α/β interface (Site 6 including Tyr 39, Val67, Val112 and Val101) has been confirmed
to be occupied by the DRB, W16, CAM187 and cyclic peptide Pc, which antagonize the assembly of
CK2 holoenzyme complex [16]. The αD pocket named site 3 was demonstrated as the allosteric pocket
to accommodate the biaryl rings of CAM4712 analogues [17–19]. Recently, Bestgen et al. discovered
aminothiazole derivatives as the allosteric modulators of CK2 by targeting the interface between the
αC helix and glycine-rich loop [20,21]. However, most allosteric modulators were discovered by
high-throughput screening experiment, which is time-consuming and serendipitous to some extent
due to the lack of the comprehensive understanding about the allosteric sites and mechanisms [22].
With the development of computational allosteric prediction methods including the structure-based
virtual screening and protein-modulator interactions assessment, an integrated computational and
experimental approach provide a robust tool to aid in the allosteric inhibitors discovery [23–25].

Figure 1. The structures of reported CK2 inhibitors binding to Non-ATP binding pocket.

In this study, we aimed to explore the discovery of novel allosteric inhibitors targeting theαD pocket
of CK2α using structure-based virtual screening method. Specifically, structure-based pharmacophore
model and Alloscore were used to screen ChemBridge fragment library, and then the screened hit
candidates were subjected to an in vitro CK2 inhibition assay, as well as the anti-proliferative effects
against cancer cells with the potential to serve as lead compounds for anti-cancer treatments.

2. Results and Discussion

2.1. Structure-Based Pharmacophore Modeling

The structure-based pharmacophore model with 18 features was built based on the crystal
structure of CK2α in complexed with compound 15 (compound number used in reference [19], PDB
code: 5OTZ) using the “Interaction Generation” protocol in Discovery Studio 4.0. In order to optimize
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the pharmacophore model, ten active compounds reported in the literature were employed to hook
the key pharmacophoric features as the positive set, and eight inactive compounds were used as the
negative one [18,19] (Figure S1a). Two hydrophobic features (HY22 and HY39) were recognized by all
the ten active compounds, and two H-bond (hydrogen-bond) donor features (HBD32 and HBD96)
were hooked by eight out of ten active compounds (Figure 2a). Figure S1b showed the optimized
pharmcophore model mapped with the ten active compounds. Obviously, the amino group perfectly
mapped onto the two H-bond donor features, and the alkylbenzene ring rightly occupied the two
hydrophobic features. Furthermore, the four features also corresponded to the key residues of αD
pocket. Specifically, as shown in Figure 2b, two H-bond donor features matched with the backbone
oxygen of Val162 or Pro159 and Asn118, and two hydrophobic features mapped on the hydrophobic
pocket consisting of Ile133, Tyr136, Met221, and Met225.

Figure 2. The four pharmacophoric features (a) HBD32, HBD96, HY22 and HY39 identified by the
active compounds; and (b) mapped with the key residues of CK2αD pocket.

2.2. Virtual Screening

Virtual screening was carried out following the workflow as indicated in Figure 3. The well-validated
pharmacophore model was employed as a query for the retrieval of potent hits from ChemBridge Fragment
Library (13802 compounds), and only 92 compounds were retained with the Fit values > 2.5.

Figure 3. Virtual screening procedures.
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Then the binding affinities of 92 molecules with CK2α were further evaluated by the web server
Alloscore. As depicted in Figure S2, the AlloScore of active compounds were higher than 5.8, while six
inactive compounds were lower than 5.8. Consequently, there is a good correlation between the
AlloScore and the experimental Kd values among all the compounds, which validates the reliability
and adaptability of the Alloscore scoring function as the screening filter. Based on the predicted
AlloScore values of 92 compounds, 20 compounds that scored above any of the active compounds (5.8)
were retrieved as the potential hits (Figure S3). By checking the holistic interactions and the diversity
of chemical scaffolds of these fragments, six hits meeting the following requirements were retained for
biological test: 1) compounds that form H-bonds with the Asn118, Pro159 or Val162, 2) compound could
bind in the αD hydrophobic pocket consisted of Phe121, Tyr125, Ile133, Tyr136, Met221, and Met225,
and 3) if compounds possess the similar scaffolds, some of them with the unreported pharmacophoric
groups of αD pocket will be selected.

Docking results presented the interaction modes of six hits with CK2α (Figure 4). Clearly, all the
six hits located in the αD site, especially the ring B were entrapped by the hydrophobic pocket
consisting of Phe121, Tyr125, Ile133, Tyr136, Met221 and Met225. The ring A and the linker –NH-
of all the compounds formed polar interactions with the backbone atoms of Pro159 and Val162,
which are also involved in the formation of H-bond with the linker NH of the CAM4066 analogues [18].
These compounds were bought from ChemBridge Corporation to test their inhibitory effect against
CK2 and cancer cell proliferation.

Figure 4. Docking poses of compound (a) 1 (cyan); (b) 2 (orange); (c) 3 (yellow); (d) 4 (green); (e) 5S
(purple) and R (pink); (f) 6 (magenta) in the αD site of CK2α.

2.3. CK2 Kinase Assay

In vitro CK2 kinase inhibition assay were carried out for the six compounds using ADP-GloTM

kinase assay. Firstly, the six hits at four concentrations of 16 µM, 64 µM and 256 µM and 1024 µM
were tested to investigate their rough inhibition potency against CK2α. As indicated in Table 1 and
Figure 5a, these compounds presented the inhibitory effect on CK2α activity to different extent. At the
concentration of 16 µM, compound 3 inhibited nearly 50% of CK2α activity. However, at the same
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concentration, other compounds had only 20% inhibitory activity. Furthermore, except compound
2 and 6, the inhibition rates of these compounds were about 70% and 30% at 256 µM, respectively,
with the dose-dependent manner.

Table 1. Structure, AlloScore and % inhibition of kinase activity of compounds.

Compound 2D Structure AlloScore %Inhibition at 16 µM %Inhibition at 256 µM

1 6.38 14 27

2 6.38 16 19

3 6.07 52 72

4 6.00 22 40

5 5.89 (S)
5.80 (R) 16 29

6 5.81 12 18

Next, compound 3 with more than 50% CK2α inhibition at the concentration of 64 µM was
put into the elaborate concentration-response studies, indicating the most potent inhibition of
compound 3 on CK2α (IC50 = 13.0 µM). In contrast, compound 4, although sharing the common
2,4(1H,3H)-pyrimidinedione (Uracil) group with compound 3, was to be up to IC50 of 1024µM. However,
compound 5 (racemate) and 6 exhibited lower inhibition rates, below 50% at the concentration of
1024 µM. Following our results showing a potent inhibitory activity of compound 3, we further
investigated whether the inhibitory activity of compound 3 could be affected in the presence of 10 µM
and 100 µM ATP. The similar IC50 values of 13.0 µM and 10.2 µM indicated that inhibitory activity of
compound 3 was not influenced by 100 µM ATP (Figure 5b), which confirmed that this compound was
a novel non-ATP competitive inhibitor of CK2.
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Figure 5. (a) Inhibitory activity of six compounds against CK2 at four concentrations; (b) Dose-dependent
inhibitory effects of compound 3 and 4 against CK2 in the presence of 10 µM and 100 µM ATP.

It is very interesting to explore the structure mechanisms for the different inhibitory activity
of compound 3 and 4. As indicated in Figure 6a, the pose of compound 3 in the MD simulation is
extremely similar to that determined from the docking analysis. The skeleton of this compound fitted
well into the αD pocket. The ring A formed the polar interactions with Asn118 and Val162, and the
ring B was embedded into a hydrophobic cavity consisting of residues Ile133, Tyr136, Met221 and
Met225. However, compound 4 could not bind into the αD pocket as compound 3 did, especially
the ring B rotated out of the hydrophobic cavity (shown in Figure 6b). Maybe due to the steric clash
between the larger size of naphthalene group (ring B) and the side chain of residue Met225, as well as
the more flexibility of acetamide than amide, the naphthalene substituent tended to shift out of the
hydrophobic pocket which accommodated the 3,4-dimethylphenyl (ring B) substituent of compound 3.
And also the flexible acetamide linker (compound 4) may be unable to couple the ring A and B binding
into the appropriate site as the rigid amide (compound 3) could, which is consistent with the rigid
biaryl groups as the αD site fragments [17].

Figure 6. Superimposition of the docked conformation and the average structure from MD simulation:
(a) compound 3 (yellow and pink, respectively); (b) compound 4 (green and cyan, respectively).
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2.4. Cell Proliferation Assay

With the aim of investigating the anti-cancer cell proliferative activity of the CK2 inhibitors,
compound 3 and 4 was tested against human cancer cell lines based on Cell Counting Kit-8 (CCK-8)
assay. As shown in Figure 7, these two compounds exhibited a dose dependent response toward cell
proliferation of A549 with the similar inhibitory activity of compound 3 (IC50 = 23.1 µM) and 4 (IC50 =

8.8 µM). We presumed that the functional uracil group of two compounds, which is also presented in
the anti-cancer hits 5-fluorouracil [26], is essential and indispensable for anti-cancer activity.

However, two compounds generated the weak inhibitory effects on the proliferation of HeLa cells
(IC50 > 100 µM) Hence, both of two compounds could be the potential drug candidates for the lung
cancer although compound 4 was not regarded as the potent CK2 inhibitors.

Figure 7. Dose response curve for the inhibition of A549 cell proliferation by compound 3 and 4.

3. Materials and Methods

Structure-based pharmacophore model was generated based on the αD cavity of the co-crystal
structure of CK2α with compound 15 (compound number used in reference [19], PDB code: 5OTZ)
by using the “Interaction Generation” protocol in Discovery Studio 4.0. And the 18 pharmacophoric
features were identified according to the clustering analysis of the key residues. To get the optimized
pharmacophore models, a set of ten active and eight inactive molecules were used to identify the key
pharmacophoric features, and the features hooked by more than seven active compounds were selected.

The ChemBridge Fragment Library of 13802 commercially available compounds was used to
perform structure-based screening with the workflow shown in Figure 3. Firstly, the well validated
pharmacophore model was used as a 3D query to the potential hits, and only those fragments (92)
with the fit value over 2.5 were further evaluated their binding affinity with CK2 using Alloscore web
server [27]. Alloscore is a web server that predicts the binding affinities of allosteric ligand–protein
interactions. This method exhibits prominent performance in describing allosteric binding and could
be useful in allosteric virtual screening and the structural optimization of allosteric agonists/antagonists.
The known ten active and eight inactive compounds [18,19] were predicted to explore the correlation
between the AlloScore and experimental values. Secondly, in order to get the pre-docked structures
of CK2-inhibitor complexes, GOLD 4.0 [28] software was used to dock the 92 fragments into CK2
αD pocket. Based on the binding affinities (AlloScore) of 92 retrieved hits, 20 hits scored above the
active compounds were retained. Finally, taking the diversity of chemical scaffold into consideration,
the top six hits that formed the holistic interactions with key residues were bought from ChemBridge



Molecules 2020, 25, 237 8 of 10

Corporation for the following biological test. Molecular dynamics simulations were carried out for
30 ns using the Amber 14 package with the ff14SB force-field [29].

The ADP-GloTM Kinase Assay (Promega, Madison, WI, USA) was used to test the CK2 inhibition
effects of these compounds [30,31]. As indicated by the relevant studies [32], competitive and
noncompetitive inhibitors show the increased and similar IC50 values with increasing concentrations of
ATP, respectively. Therefore, we were able to distinguish between ATP competitive and noncompetitive
inhibitors of CK2 by exploring whether the IC50 value of inhibitors will change or not at 10 and 100 µM
ATP. The kinase reaction was performed in 25 µL mixture containing 10 ng casein kinase 2α, 0.1 µg/µL
casein protein, 10 µM or 100 µM ATP, 1× reaction buffer and serially diluted fragments (or DMSO for
control). After 60 min incubation at room temperature, 25 µL of ADP-GloTM Reagent was added to
terminate the kinase reaction and deplete the remaining ATP. Then 50 µL Kinase Detection Reagent
was added to convert ADP to ATP within 30 min, and allow the newly synthesized ATP to produce
a luminescence signal using luciferase/luciferin reaction, which was recorded by the luminescence
panel of Microplate Reader (Enspire2300-001A, Perkin Elmer, Waltham, MA, USA).The luminescent
signal is proportional to the ADP concentration produced and correlated with the kinase activity.

Cell Counting Kit-8 (CCK-8 Dojindo Laboratories, Kyushu, Japan) assays was used to assess the
cytotoxic activities of compound 3 and 4. A549 and HeLa cancer cells [33,34] were seeded in 96-well
flat-bottom culture plate at 2 × 104 cells/well and then cultured in an incubator of 5% CO2 and 37 ◦C for
24 h. After cells adherence, the cells were treated with targeted compounds at various concentrations
for 48 h. Blank wells (containing culture medium only) and negative wells (untreated cells) served
as controls. Following, 10 µL CCK-8 solutions was add to each well and incubated for 2 h at 37 ◦C,
the absorbance was measured at 450 nm by using a microplate reader (Enspire 2300-001A, Perkin
Elmer, Waltham, MA, USA).

4. Conclusions

In this study, compound 3, with a novel scaffold, has been identified as a potent allosteric CK2
inhibitor by structure-based virtual screening of ChemBridge fragment library. The pharmacophore
model including two H-bond donor and two hydrophobic features were used to screen the library
with the filtration of fit values > 2.5. Then, considering the holistic recognition mechanism and binding
affinity of fragments with CK2, docking studies and the Alloscore web server were used to further
refine the screening result. Compound 3 was proved to be the potent CK2 inhibitors with an IC50

value of 13.0 µM tested by in vitro CK2 inhibition assay, and also exhibited the anti-proliferative effects
against cancer cells (IC50 = 23.1 µM). These encouraging results provide the novel lead fragments
for CK2 inhibitors, and also prompt the application of the structure-based discovery of anti-cancer
allosteric drugs.

Supplementary Materials: The following are available online, Figure S1: (a) Structures of ten active compounds
and eight inactive compounds; (b) Superimposition of four pharmacophoric features on the ten active compounds.
Figure S2: Correlation of AlloScore and the experimental Kd values. Figure S3: Structures of the selected 20
compounds with the AlloScore higher than 5.8.

Author Contributions: C.L. and N.Z. conceived and designed the experiment; C.L. and N.Z. performed the
experiments and analyzed the data; X.Z., Y.Z., G.S., L.Z. and R.Z. contributed analysis tools and helped in the
“Results and Discussion Section”; C.L. and N.Z. wrote the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was financially supported by Beijing Natural Science Foundation (Grant No. 7192015),
National Natural Science Foundation of China (No. 21778011), Great Wall Scholars Program of Beijing Municipal
Education Commission (No. CIT&TCD20180308) and Education Commission Science and Technology Project of
Beijing Municipality (No. PXM2015_014204_500175).

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2020, 25, 237 9 of 10

References

1. Cozza, G.; Pinna, L.A. Casein kinases as potential therapeutic targets. Expert Opin. Ther. Targets 2016, 20,
319–340. [CrossRef] [PubMed]

2. Abdel-Magid, A.F. Inhibition of CK2: An attractive therapeutic target for cancer treatment. ACS Med. Chem. Lett.
2013, 4, 1131–1132. [CrossRef] [PubMed]

3. Otto, T.; Sicinski, P. Cell cycle proteins as promising targets in cancer therapy. Nat. Rev. Cancer 2017, 17,
93–115. [CrossRef] [PubMed]

4. Cozza, G.; Pinna, L.A.; Moro, S. Kinase CK2 inhibition: An update. Curr. Med. Chem. 2013, 20, 671–693.
[CrossRef] [PubMed]

5. Cozza, G.; Pinna, L.A.; Moro, S. Protein kinase CK2 inhibitors: A patent review. Expert Opin. Ther. Pat. 2012,
22, 1081–1097. [CrossRef] [PubMed]

6. Cozza, G.; Bortolato, A.; Moro, S. How druggable is protein kinase CK2? Med. Res. Rev. 2010, 30, 419–462.
[CrossRef]

7. Kitagawa, D.; Yokota, K.; Gouda, M.; Narumi, Y.; Ohmoto, H.; Nishiwaki, E.; Akita, K.; Kirii, Y. Activity-based
kinase profiling of approved tyrosine kinase inhibitors. Genes Cells 2013, 18, 110–122. [CrossRef]

8. Battistutta, R.; Cozza, G.; Pierre, F.; Papinutto, E.; Lolli, G.; Sarno, S.; O’Brien, S.E.; Siddiqui-Jain, A.;
Haddach, M.; Anderes, K.; et al. Unprecedented selectivity and structural determinants of a new class of
protein kinase CK2 inhibitors in clinical trials for the treatment of cancer. Biochemistry 2011, 50, 8478–8488.
[CrossRef]

9. Guerra, B.; Hochscherf, J.; Jensen, N.B.; Issinger, O.-G. Identification of a novel potent, selective and cell
permeable inhibitor of protein kinase CK2 from the NIH/NCI Diversity Set Library. Mol. Cell. Biochem. 2015,
406, 151–161. [CrossRef]

10. Kim, H.; Lee, K.-S.; Kim, A.-K.; Choi, M.; Choi, K.; Kang, M.; Chi, S.-W.; Lee, M.-S.; Lee, J.-S.; Lee, S.-Y.; et al.
A chemical with proven clinical safety rescues Down-syndrome-related phenotypes in through DYRK1A
inhibition. Dis. Models Mech. 2016, 9, 839–848. [CrossRef]

11. Wenthur, C.J.; Gentry, P.R.; Mathews, T.P.; Lindsley, C.W. Drugs for allosteric sites on receptors.
Annu. Rev. Pharmacool. Toxicol. 2014, 54, 165–184. [CrossRef] [PubMed]

12. Lu, S.; He, X.; Ni, D.; Zhang, J. Allosteric modulator discovery: From serendipity to structure-based design.
J. Med. Chem. 2019, 62, 6405–6421. [CrossRef] [PubMed]

13. Gurney, M.E.; Nugent, R.A.; Mo, X.; Sindac, J.A.; Hagen, T.J.; Fox, D.; O’Donnell, J.M.; Zhang, C.; Xu, Y.;
Zhang, H.-T.; et al. Design and synthesis of selective phosphodiesterase 4D (PDE4D) allosteric inhibitors for
the treatment of fragile X syndrome and other brain disorders. J. Med. Chem. 2019, 62, 4884–4901. [CrossRef]
[PubMed]

14. Huang, K.; Jiang, L.; Liang, R.; Li, H.; Ruan, X.; Shan, C.; Ye, D.; Zhou, L. Synthesis and biological evaluation
of anthraquinone derivatives as allosteric phosphoglycerate mutase 1 inhibitors for cancer treatment.
Eur. J. Med. Chem. 2019, 168, 45–57. [CrossRef] [PubMed]

15. Jiang, H.-M.; Dong, J.-K.; Song, K.; Wang, T.-D.; Huang, W.-K.; Zhang, J.-M.; Yang, X.-Y.; Shen, Y.; Zhang, J.
A novel allosteric site in casein kinase 2α discovered using combining bioinformatics and biochemistry
methods. Acta Pharmacol. Sin. 2017, 38, 1691–1698. [CrossRef]

16. Brear, P.; North, A.; Iegre, J.; Hadje Georgiou, K.; Lubin, A.; Carro, L.; Green, W.; Sore, H.F.; Hyvönen, M.;
Spring, D.R. Novel non-ATP competitive small molecules targeting the CK2 α/β interface. Biorg. Med. Chem.
2018, 26, 3016–3020. [CrossRef]

17. Brear, P.; De Fusco, C.; Hadje Georgiou, K.; Francis-Newton, N.J.; Stubbs, C.J.; Sore, H.F.; Venkitaraman, A.R.;
Abell, C.; Spring, D.R.; Hyvonen, M. Specific inhibition of CK2alpha from an anchor outside the active site.
Chem. Sci. 2016, 7, 6839–6845. [CrossRef]

18. De Fusco, C.; Brear, P.; Iegre, J.; Georgiou, K.H.; Sore, H.F.; Hyvonen, M.; Spring, D.R. A fragment-based
approach leading to the discovery of a novel binding site and the selective CK2 inhibitor CAM4066.
Bioorg. Med. Chem. 2017, 25, 3471–3482. [CrossRef]

19. Iegre, J.; Brear, P.; De Fusco, C.; Yoshida, M.; Mitchell, S.L.; Rossmann, M.; Carro, L.; Sore, H.F.; Hyvonen, M.;
Spring, D.R. Second-generation CK2alpha inhibitors targeting the alphaD pocket. Chem. Sci. 2018, 9,
3041–3049. [CrossRef]

http://dx.doi.org/10.1517/14728222.2016.1091883
http://www.ncbi.nlm.nih.gov/pubmed/26565594
http://dx.doi.org/10.1021/ml400410p
http://www.ncbi.nlm.nih.gov/pubmed/24900617
http://dx.doi.org/10.1038/nrc.2016.138
http://www.ncbi.nlm.nih.gov/pubmed/28127048
http://dx.doi.org/10.2174/092986713804999312
http://www.ncbi.nlm.nih.gov/pubmed/23210774
http://dx.doi.org/10.1517/13543776.2012.717615
http://www.ncbi.nlm.nih.gov/pubmed/22908959
http://dx.doi.org/10.1002/med.20164
http://dx.doi.org/10.1111/gtc.12022
http://dx.doi.org/10.1021/bi2008382
http://dx.doi.org/10.1007/s11010-015-2433-z
http://dx.doi.org/10.1242/dmm.025668
http://dx.doi.org/10.1146/annurev-pharmtox-010611-134525
http://www.ncbi.nlm.nih.gov/pubmed/24111540
http://dx.doi.org/10.1021/acs.jmedchem.8b01749
http://www.ncbi.nlm.nih.gov/pubmed/30817889
http://dx.doi.org/10.1021/acs.jmedchem.9b00193
http://www.ncbi.nlm.nih.gov/pubmed/31013090
http://dx.doi.org/10.1016/j.ejmech.2019.01.085
http://www.ncbi.nlm.nih.gov/pubmed/30798052
http://dx.doi.org/10.1038/aps.2017.55
http://dx.doi.org/10.1016/j.bmc.2018.05.011
http://dx.doi.org/10.1039/C6SC02335E
http://dx.doi.org/10.1016/j.bmc.2017.04.037
http://dx.doi.org/10.1039/C7SC05122K


Molecules 2020, 25, 237 10 of 10

20. Bestgen, B.; Krimm, I.; Kufareva, I.; Kamal, A.A.M.; Seetoh, W.G.; Abell, C.; Hartmann, R.W.; Abagyan, R.;
Cochet, C.; Le Borgne, M.; et al. 2-Aminothiazole derivatives as selective allosteric modulators of the protein
kinase CK2. 1. identification of an allosteric binding site. J. Med. Chem. 2019, 62, 1803–1816. [CrossRef]

21. Bestgen, B.; Kufareva, I.; Seetoh, W.; Abell, C.; Hartmann, R.W.; Abagyan, R.; Le Borgne, M.; Filhol, O.;
Cochet, C.; Lomberget, T.; et al. 2-Aminothiazole derivatives as selective allosteric modulators of the protein
kinase CK2. 2. structure-based optimization and investigation of effects specific to the allosteric mode of
action. J. Med. Chem. 2019, 62, 1817–1836. [CrossRef]

22. Hardy, J.A.; Wells, J.A. Searching for new allosteric sites in enzymes. Curr. Opin. Struct. Biol. 2004, 14,
706–715. [CrossRef]

23. Wagner, J.R.; Lee, C.T.; Durrant, J.D.; Malmstrom, R.D.; Feher, V.A.; Amaro, R.E. Emerging computational
methods for the rational discovery of allosteric drugs. Chem. Rev. 2016, 116, 6370–6390. [CrossRef]

24. Perna, A.M.; Reisen, F.; Schmidt, T.P.; Geppert, T.; Pillong, M.; Weisel, M.; Hoy, B.; Simister, P.C.; Feller, S.M.;
Wessler, S.; et al. Inhibiting Helicobacter pylori HtrA protease by addressing a computationally predicted
allosteric ligand binding site. Chem. Sci. 2014, 5, 3583–3590. [CrossRef] [PubMed]

25. Huang, Z.; Zhao, J.; Deng, W.; Chen, Y.; Shang, J.; Song, K.; Zhang, L.; Wang, C.; Lu, S.; Yang, X.; et al.
Identification of a cellularly active SIRT6 allosteric activator. Nat. Chem. Biol. 2018, 14, 1118–1126. [CrossRef]
[PubMed]

26. Ghiringhelli, F.; Apetoh, L. Enhancing the anticancer effects of 5-fluorouracil: Current challenges and future
perspectives. Biomed. J. 2015, 38, 111–116. [PubMed]

27. Li, S.; Shen, Q.; Su, M.; Liu, X.; Lu, S.; Chen, Z.; Wang, R.; Zhang, J. Alloscore: A method for predicting
allosteric ligand–protein interactions. Bioinformatics 2016, 32, 1574–1576. [CrossRef]

28. Jones, G.; Willett, P.; Glen, R.C.; Leach, A.R.; Taylor, R. Development and validation of a genetic algorithm
for flexible docking11Edited by F. E. Cohen. J. Mol. Biol. 1997, 267, 727–748. [CrossRef]

29. Case, D.A.; Babin, V.; Berryman, J.T.; Betz, R.M.; Cai, Q.; Cerutti, D.S.; Cheatham, T.E., III; Darden, T.A.;
Duke, R.E.; Gohlke, H.; et al. Amber 14; University of California: San Francisco, CA, USA, 2014.

30. Zegzouti, H.; Zdanovskaia, M.; Hsiao, K.; Goueli, S.A. ADP-Glo: A Bioluminescent and homogeneous ADP
monitoring assay for kinases. Assay Drug Dev. Technol. 2009, 7, 560–572. [CrossRef]

31. Liu, S.; Hsieh, D.; Yang, Y.L.; Xu, Z.D.; Peto, C.; Jablons, D.M.; You, L. Coumestrol from the national cancer
Institute’s natural product library is a novel inhibitor of protein kinase CK2. BMC Pharmacol. Toxicol. 2013,
14, 9. [CrossRef]

32. Davis, M.I.; Auld, D.S.; Inglese, J. Bioluminescence methods for assaying kinases in quantitative
high-throughput screening (qHTS) format applied to yes1 tyrosine kinase, glucokinase, and PI5P4Kalpha
lipid kinase. Methods Mol. Biol. 2016, 1360, 47–58. [PubMed]

33. Daya-Makin, M.; Sanghera, J.S.; Mogentale, T.L.; Lipp, M.; Parchomchuk, J.; Hogg, J.C.; Pelech, S.L. Activation
of a tumor-associated protein kinase (p40TAK) and casein kinase 2 in human squamous cell carcinomas and
adenocarcinomas of the lung. Cancer Res. 1994, 54, 2262–2268. [PubMed]

34. Ortega, C.E.; Seidner, Y.; Dominguez, I. Mining CK2 in cancer. PLoS ONE 2014, 9, e115609. [CrossRef]
[PubMed]

Sample Availability: Samples of the compounds are not available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.jmedchem.8b01766
http://dx.doi.org/10.1021/acs.jmedchem.8b01765
http://dx.doi.org/10.1016/j.sbi.2004.10.009
http://dx.doi.org/10.1021/acs.chemrev.5b00631
http://dx.doi.org/10.1039/C4SC01443J
http://www.ncbi.nlm.nih.gov/pubmed/26819700
http://dx.doi.org/10.1038/s41589-018-0150-0
http://www.ncbi.nlm.nih.gov/pubmed/30374165
http://www.ncbi.nlm.nih.gov/pubmed/25163503
http://dx.doi.org/10.1093/bioinformatics/btw036
http://dx.doi.org/10.1006/jmbi.1996.0897
http://dx.doi.org/10.1089/adt.2009.0222
http://dx.doi.org/10.1186/2050-6511-14-36
http://www.ncbi.nlm.nih.gov/pubmed/26501901
http://www.ncbi.nlm.nih.gov/pubmed/7513612
http://dx.doi.org/10.1371/journal.pone.0115609
http://www.ncbi.nlm.nih.gov/pubmed/25541719
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Structure-Based Pharmacophore Modeling 
	Virtual Screening 
	CK2 Kinase Assay 
	Cell Proliferation Assay 

	Materials and Methods 
	Conclusions 
	References

