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Abstract

Protein kinase CK2, also known as casein kinase II, is related to various cellular
events and is a potential target for numerous cancers. In this study, we attempted to
gain more insight into the inhibition process of CK2 by a series of CX-4945
derivatives through an integrated computational study that combines molecular
docking, molecular dynamics (MD) simulations, and binding free energy calculations.
Based on the binding poses predicted by molecular docking, the MD simulations were
performed to explore the dynamic binding processes for ten selected inhibitors. Then,
both Molecular Mechanics/Poisson Boltzmann Surface Area (MM/PBSA) and
Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) techniques were
employed to predict the binding affinities of the studied systems. The predicted
binding energies of the selected inhibitors correlate well with their experimental
activities (#°=0.78). The van der Waals term is the most favorable component for the
total energies. The free energy decomposition on a per residue basis reveals that the
residue K68 is essential for the electrostatic interactions between CK2 and the studied
inhibitors and a numerous residues, including L45, V53, V66, F113, M163, and 1174,
play critical roles in forming van der Waals interactions with the inhibitors. Finally, a
number of new derivatives were designed and the binding affinity and the predicted
binding free energies of each designed molecule were obtained on the basis of
molecular docking and MM/PBSA. It is expected that our research will benefit to the

future rational design of novel and potent inhibitors of CK2.
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Introduction

Protein kinase CK2 (formerly called casein kinase II) is a pleiotropic, ubiquitous, and
highly conserved serine/threonine protein kinase for more than 300 protein
substrates.'> CK2 is comprised of two catalytic o subunits (o or a’) and two
regulatory B subunits that can form tetrameric complexes with various combinations
of different subunits.* The CK2a subtype is widely expressed while the CK2a’
subtype is merely found in brain and testis.” However, unlike most protein kinases,
CK2 is constitutively active because its activation can be achieved without the
phosphorylation by other protein kinases. Overexpression of CK2 was discovered in

6-13
several human tumors

and the key functions of CK2 in tumor initiation and
progression make it an attractive therapeutic targe1:.14'17 Thus, all these findings
provide a rationale for the development of CK2 inhibitors as anti-cancer drugs. At
present, both ATP-competitive inhibitors which have an overwhelming proportion and
ATP-noncompetitive inhibitors of CK2 have been reported. The reported
ATP-noncompetitive CK2 inhibitors provide opportunities for the development of
allosteric inhibitors,'® ' which target the CK2B subunit or CK2a-CK2p interaction.
As for the ATP-competitive inhibitors, several classes of them have been

d,”*7 such as tetrabromo- 1 H-benzotriazole (TBB),38 coumarin derivatives,’’

discovere
emodin,® (5-0x0-5,6-dihydroindolo[ 1,2-a]quinazolin-7-yl) acetic acid (IQA),* and
pyrazolo[1,5-a][1,3,5]triazine derivatives,* for representative examples. However,
limited to selectivity, potency or possible potential long-term toxicity, none of the
above compounds have reached clinical trials. Recently, the benzonaphthyridine
derivative 31, CX-4945, was discovered and regarded as a rather promising, orally
bioavailable ATP-competitive CK2 inhibitor, which was pushed into the clinical
stage.**® Overall, there is still a dearth of potent and selective CK2 inhibitors
nowadays. In our present work, a series of benzonaphthyridine derivatives including

CX-4945 were studied through molecular modeling approaches. First of all, two

different molecular docking protocols were utilized to determine the binding
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geometries of the CX-4945 derivatives. Then, the dynamic binding processes of the
selected inhibitors with diverse bioactivities were explicated by MD simulations.
Furthermore, free energy calculations and decomposition were employed to highlight
the crucial structural features for inhibitor binding. In addition, a series of novel

derivatives of CX-4945 were designed according to the information we obtained.

Materials and Methods

1. Molecular Docking with Rigid Receptor. A total of 48 CX-4945 analogues with
experimental inhibitory activities and defined stereochemistry were collected from the
literature.** A majority of the studied molecules share similar scaffold and cover a
wide range of ICsy from 1nM to 2.1uM, with four orders of magnitude. The 3-D
structures of the studied molecules were sketched using the Maestro module in
Schrédinger 9.0 and minimized with the Macromodel module in Schrédinger using
the OPLS2005 force field.*”** After that, all of these molecules were processed with
the Ligprep module in Schrodinger to generate the correct tautomerization and
protonated states.

The crystal structure of CK2 in complex with CX-4945 was retrieved from the
RCSB Brookhaven Protein Data Bank (PDB entry: 3NGA),* which was served as the
template structure for the following molecular docking calculations. The Protein
Preparation Wizard in Schrodinger was used to add hydrogen atoms, remove the
crystal waters, retain “A” chain of the homodimer with the inhibitor located in the
active site, and minimize the structure with the OPLS2005 force field*® until the
root-mean-square deviation (RMSD) reached a maximum value of 0.3A.

As for the grid generation, the binding box with a size of 10 A x10 Ax10 A was
generated and centered on the co-crystallized ligand in the active site by using the
default values in the Receptor Grid Generation module in Schrodinger. Then, the
rigid receptor docking (RRD) protocol in Glide was employed to predict the binding
geometries of the inhibitors with three precision scoring modes, including the

high-throughput virtual screening (HTVS) mode, standard precision (SP) mode and
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extra precision (XP) mode. In the docking process, the protein was fixed while the
inhibitors were flexible. To soften the potential of the nonpolar parts of the inhibitors,
the scaling factor of van der Walls radii of ligand atoms was set to 0.8 and the
absolute value of partial atomic charge was set less than 0.15. Here, five poses per

ligand were written out at most in the output files.

2. Induced Fit Docking. Apart from the RRD protocol, the induced fit docking (/FD)
protocol in Glide was also used. In IFD, the flexibility of receptor is taken into
account by combining a series of Glide and Prime processes. In the preliminary Glide
docking step, the van der Waals radii scaling factor was 0.5 by default, and a
maximum of 20 poses per ligand was retained. In the following Prime induced fit
section, the residues within 5 A away from the ligand were refined while the others
were fixed, and the receptor-ligand complexes were minimized to an induced fit
conformation. Finally, the best receptor-ligand complex was identified using a
composite scoring function with the Glide XP scoring mode adopted for docking

calculations.

3. Molecular Dynamics (MD) Simulations. The structures of ten inhibitors
complexed with CK2a given by RRD were submitted to the MD simulations. In order
to select the ten inhibitors as logically as possible, the 48 inhibitors were divided into
four categories according to the orders of the magnitude of their ICsy values.
Subsequently, two or three inhibitors were selected symmetrically in each category.
The structures and bioactivities of the ten selected inhibitors are shown in Table 1.
The general AMBER force field (gaff) and ff99SB force field’' were used to for
ligand and protein, respectively. All the inhibitors were optimized by the
semi-empirical AM1 method in Gaussian09 followed by the single-point (HF)/6-31G*
calculation of electrostatic potentials®®. Subsequently, the atomic partial charges of the
inhibitors were obtained by the RESP fitting technique™ in Amber11°*. The system
was neutralized with the counter ions of Na', and each system was immersed in a

rectangular box of the TIP3P*® water molecules, keeping 12 A distance away from
6
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any solute atom. Furthermore, the particle mesh Ewald (PME) algorithm was used to
handle the long-range electrostatics®® in molecular minimization and MD simulations.
The sander program in AMBER11°* was employed for the MM optimization and MD
simulations.

Before MD simulations, each system was relaxed using a two-stage minimization
strategy: the inhibitor and water molecules were first subjected to 1000 cycles of
minimization (500 cycles of steepest descent and 500 cycles of conjugate gradient)
with protein backbone constrained (50 kcal/mol/A?), and then, the whole system was
minimized by 1000 cycles of steepest descent and 4000 cycles of conjugate gradient
minimization without any constrain. After minimization, each system was gradually
heated in the NVT ensemble from 0 to 300 K over a period of 50 ps followed by a 5
ns NPT MD simulations with a target temperature of 300 K and a target pressure of 1
atm. The SHAKE procedure’ was employed to constrain all bonds involving
hydrogen atoms. The time step was set to 2 fs. The coordinates were saved every 10

ps during the MD sampling process.

4. MM/GBSA and MM/PBSA Binding Free Energy Calculation. For all the
calculations below, a total of 100 snapshots from 2.0~5.0 ns were evenly extracted
from the single MD trajectory at a time interval of 30 ps. Then, the absolute binding
free energy (AGuing) Was predicted by applying the MM/GBSA and MM/PBSA

approaches according to the following equation:sg'75
AGbind = Gcamplex - Gprotein - Gligand
= AH + AGsolvation - TAS (1)

=AE,,, +AGgp pp + AGg, —TAS

where Geomplexs Gprotein and Giigand Tepresent the free energies of complex, protein and
ligand, respectively. AEmwy is the gas-phase interaction energy calculated using sander,
including internal, electrostatic, and van der Waals energies, and the internal energy
was cancelled based on the single MD trajectory. The solvation free energy AGsolvation

was comprised of polar and nonpolar parts, which was denoted by AGgp/pg and AGsa,
7
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respectively. In the MM/GBSA calculations, the Onufriev’s modified GB model
(igh=2)"® was used to calculate the polar desolvation free energy (AGgg). In the
MM/PBSA calculations, the polar desolvation free energy (AGpg) was calculated by
the PB solver implemented in the pbsa module in Amber11.”* The radii optimized by
Tan and Luo with respect to the reaction field energies computed in the TIP3P explicit
solvents were used.”” The grid size was defined as 0.5 A. In the PB and GB
calculations, the exterior dielectric constant (solvent) was set to 80 and the interior
dielectric constant (solute) was set to 1, 2, or 4. The nonpolar contribution (AGga) was
computed based on the solvent-accessible surface area (SASA) determined by the
LCPO method: AGga= 0.0072 x ASASA®. In consideration of low prediction
accuracy and expensive computational cost, the change of conformation entropy

79, 80

(-TAS) was ignored here.

5. MM/GBSA Binding Energy Decomposition Analysis. For the sake of illustrating
the interactions between each protein residue and inhibitor, the MM/GBSA
decomposition analysis supported by the mm_ pbsa module in AMBERI1 was
performed.78’ 8 The binding interaction of each residue-inhibitor pair consists of four
components: van der Waals contribution (AG4y), electrostatic contribution (AGee)
and polar contribution of desolvation (AGgg) and the nonpolar contribution of

desolvation (AGsy), as shown in Equation 2:

AG

nisitor—residue = D + MG, + AGgp + AGy, (2)

The AGy4w and AGee were calculated using the sander program in AMBERI11.
The GB model with the parameters developed by Onufriev et al. (igh=2)"® was used to
compute AGgp. The AGs,4 term was estimated based on the solvent-accessible surface
area (SASA) with the ICOSA method.” The values of the exterior dielectric constant
and the interior dielectric constant were set to 80 and 4, respectively, according to the
previous results of the binding free energy calculation. Similarly, 100 snapshots

extracted from 2.0 to 5.0 ns were used for the calculations of all energy components

in Equation 2.
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Results and Discussion

1. CK2/inhibitor complex models obtained by molecular docking. Although the 48
CX-4945 analogues (Table S1) share similar scaffold, their bioactivities are still quite
different, which is exactly what we are interested in. The crystal structure of CK2 in
complex with CX-4945 is available (PDB entry: 3NGA®). For the rest of them,
molecular docking technique was employed to predict their binding structures.

Above all, it is necessary to evaluate the reliability of the molecular docking
methods. Therefore, the inhibitor CX-4945 obtained from the co-crystal structure was
redocked into the binding site of CK2 using /F'D with the XP scoring mode and RRD
with three different scoring modes, including HTVS, SP, and XP. The conformation of
CX-4945 with the lowest Glide docking score was adopted as the correct binding pose,
which overlaps well with the co-crystallized structure of CX-4945. As shown in
Figure S1 in the Supporting Materials, the root mean square deviation (RMSD)
between the Glide-predicted pose and the co-crystallized structure of CX-4945 is
approximately 0.03 A for RRD with the HTVS scoring, 0.02 A for RRD with the SP
scoring, 0.02 A for RRD with the XP scoring, and 0.72 A for IFD with the XP scoring.
Thus, both RRD and IFD show excellent performance for the prediction of the
binding conformation of CX-4945.

Considering their remarkable performance for reproducing the crystal structure,
RRD and IFD were both employed to predict the binding geometries of the 48 studied
CX-4945 analogs. The linear correlation between the experimental pICsy and docking
scores was also evaluated. As shown in Figure 1, the correlation coefficients (+°) are
0.66, 0.63, 0.49 and 0.49 for RRD with HTVS, RRD with SP, RRD with XP and /FD
with XP, respectively. The docking scores predicted by the two different docking
protocols are summarized in Table S2 in the Supporting Materials. Although it has

been reported that JFD performed better than RRD for some cases,’® **

it is interesting
to find that RRD with HTVS performed better than RRD with XP or /FD with XP in
this study. This phenomenon demonstrates that the accuracy of different docking

protocols is dependent with different systems. In a word, the approach of RRD with

9
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HTVS is the optimal choice for our system, and the superposition of the binding poses
of the 48 inhibitors (Figure S2) indicates that all these inhibitors share a similar
binding mode in the active pocket of CK2. The docked structures afford valuable
information for exploring structure-activity relationships of the studied inhibitors. For
example, the binding modes of the inhibitors 1 and 36 predicted by RRD with HTVS
are shown in Figure 2. For both of the inhibitors 1 and 36, the oxygen of the hydroxyl
group can form two H-bonds with the ammonium group of Lys 68 and Asp 175.
Furthermore, the inhibitor 36 can also form another H-bond with Val 116, which is

favor of the binding affinity and is in agreement with the previous study.*

2. MD simulations. What we obtained through molecular docking are merely the
static binding configurations. In order to explore the dynamic binding features and
clarify the dynamic interaction patterns between the inhibitors and CK2, the MD
simulations for ten representative inhibitors/CK2 complexes, whose binding
structures were predicted by RRD with HTVS, were implemented. The RMSD values
of the C, atoms of the inhibitor 1/CK2 and inhibitor 36/CK2 complexes during the
production phase relative to the starting structures were calculated and displayed in
Figure 3. It can be observed that the conformations of the these two complexes do not
reach equilibrium until about 1500 ps, and the averaged C, RMSDs are 1.56+0.12 A
and 1.36+0.10 A, respectively, indicating that the fluctuation of the inhibitor 36/CK2
complex is less significant than that of the inhibitor 1/CK2 complex (the averaged
RMSD and standard deviation of RMSD were calculated based on the snapshots from
1.5 to 5 ns). The RMSD values for the C, atoms of the remaining eight
protein/inhibitor complexes are shown in Figure S3.

Furthermore, as an example, the detailed analysis of root-square fluctuation
(RMSF) versus residue number for the inhibitor 1/CK2 is illustrated in Figure 4. It is
clear that relatively smaller dynamic fluctuations locate in the active site residues,
such as the regions around the residues L45, V53, V66, K68, 195, N118, H160, M 163,
and W176. We can also observe that the regions around the residues S2, G185 and

D271 exhibit much larger dynamic fluctuations since they locate in the non-active site
10
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regions or around the N- and C- terminals.

3. MM/GBSA and MM/PBSA calculations. Considering the system-dependent
property of MM/GBSA and MM/PBSA,®' both methods were employed to calculate
the absolute binding free energies on the basis of three different solute dielectric
constants (1, 2 and 4) for the ten selected inhibitors. The accuracy of the calculated
results was evaluated by comparing the correlation coefficients between the
experimental pICsy and the calculated binding free energies. It is encouraging to find
that the results calculated with different methods and parameters are rather well
consistent with the experimental affinities of the inhibitors (Figure 5). The highest
correlation coefficient (r2=0.78) was obtained with MM/PBSA when the solute
dielectric constant was set to 4. Moreover, the method of MM/GBSA with the
constant of 2 or 4 yields the same correlation coefficients (+’=0.72), which are slightly
lower than that of MM/PBSA, indicating that the latter is more suitable for our system.
Based on the best result above, the energy components of the binding free energies for
the ten selected inhibitors are summarized in Table 2. By comparing each term, we
found that favorable van der Waals and electrostatic terms contribute greatly to ligand
binding, meanwhile the non-polar solvation contributes a little. Furthermore, the
correlations between each energy term and the predicted binding free energies were
calculated and compared. It is found that the van der Waals term has the best
correlation (#’=0.70) while the others (the electrostatic term 7°=0.36, the non-polar
solvation term +*=0.11 and the polar solvation term r2=0.47) have relatively worse
correlations. Therefore, it can be concluded that the non-polar contribution, especially
the van der Waals term, plays the dominant role in the binding of inhibitors. The
reason should be attributed to the hydrophobic environment around the inhibitors,
formed by the non-polar amino acid residues, such as L45, V53, V66, F113, M163,
and 1174.

4. MM/GBSA Binding Energy Decomposition Analysis. As we all know, the

quantitative information of the energy contribution for each residue is extremely
11
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beneficial to understand the binding mechanism. Therefore, in order to gain a deep
understanding of the binding mode of interactions between the substituents of the
inhibitors and the surrounding residues, the total binding free energy was decomposed
on the basis of per residue. Here, the interaction spectrums for five representative
inhibitors were systematically summarized and compared (Figures 6, 7 and 8).

The difference of the ICsy values between inhibitors 1 and 36 is the largest, and
the structures of the two inhibitors are shown in Table 1. According to the results of
the binding free energy calculations (Table 2), the predicted binding free energy for
inhibitor 36 (-68.09 kcal/mol) is much lower than that of inhibitor 1 (-45.16 kcal/mol),
which is consistent with the experimental data. Further analysis of the energy
contribution shows that both of the van der Waals interaction and the electrostatic
interaction between inhibitor 36 and CK2 (-44.30 kcal/mol and -25.37 kcal/mol) are
much stronger than those between inhibitor 1 and CK2 (-29.50 kcal/mol and -16.09
kcal/mol). By systematically analyzing the difference between the inhibitor-residue
interaction spectra of the inhibitors 1 and 36 complexes, we find that the favorable
residues between the two systems are quite similar, including the residues L45, V53,
V66, K68, F113, M163, 1174 and D175 (Figures 6¢ and 6d). Interestingly, most of
these residues are hydrophobic, and they form strong van der Waals interactions with
inhibitors 1 and 36. However, there are six residues (L45, V53, V66, M163, H115 and
[174) with the absolute value of difference equivalent to about or larger than 1
kcal/mol (Figure 6b), and all of them have stronger non-polar contributions (mainly
the van der Waals interaction) with 36 than with 1. Especially, L45 and M163 show
the largest difference (Figures 6e and 6f). Moreover, the comparison of the polar
contributions shows that the polar interactions of K68 is the major contributor for
both of the inhibitors 1 and 36 systems (Figures 6g and 6h), and the residue K68 can
form H-bonds with both inhibitor 1 and inhibitor 36, at the same time, inhibitor 36
can also form one H-bond with Val 116.The major unfavorable interactions of the
polar interactions are contributed from the residues E81, E114, and D175 in the
inhibitor 1 system. However, in the inhibitor 36 complex, the unfavorable

contribution of D175 is reduced.
12
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For inhibitors 36 and 43 (Table 1), the obvious difference is at the substituent R1,
where the CO,H in inhibitor 36 was replaced by a C-(1H-tetrazol-5-yl) group in
inhibitor 43. This replacement leads to a more than 10 kcal/mol change in the
predicted binding free energy (Table 2). Meanwhile, the averaged binding poses of the
two inhibitors are also significantly different (Figure 7a). The van der Waals
interaction between inhibitor 36 and CK2 (-44.30 kcal/mol) is almost the same as
quite similar to that between inhibitor 43 and CK2 (-42.57 kcal/mol), but the
electrostatic interaction between inhibitor 36 and CK2 (-25.37 kcal/mol) is about
twice lower than that between inhibitor 43 and CK2 (-13.09 kcal/mol), which may
result from the structural difference at R2. Interestingly, the polar interaction (AEj +
AGpgp) between inhibitor 36 and CK2 is effectively reduced due to its obvious
unfavorable contribution of the polar desolvation term (6.99 kcal/mol). The favorable
residues for both inhibitors are similar as well (Figures 7c and 7d), and they are the
residues L45, V53, V66, K68, F113, M163, 1174 and D175. There are seven residues
with the absolute value of the energy difference more than 0.5 kcal/mol according to
the comparison of the inhibitor-residue interaction spectrums of 36 and 43 (Figure 7b),
among which the residues V66, K68, F113, H115 and 1174 are more favorable to 36
than 43 and the other two residues N118 and H160 are more favorable to 43 than 36.
The residue F113 shows the largest difference. The comparison of the non-polar
interaction between each residue and 36 and that between each residue and 43
(Figures 7f and 7e) show that N118 is more favorable to 43 than 36, and it forms
stronger interaction with the group 3-Cl phenyl of inhibitor (Figure 7a). Moreover, the
comparison of the polar interaction between each residue and 36 and that of 43 shows
that K68 contributes most to the difference of them and the residue D175 is one of the
major unfavorable residue for the binding of inhibitor 43 to CK2 as well as the
residues E81 and E114 for both 36/CK2 and 43/CK2 (Figures 7h and 7g). The spatial
distribution of the related residues is shown in Figure 7a.

For inhibitors 9 and 23, the structural difference is in ring A and ring B (Table 1),
and the ICsy of inhibitor 23 is much smaller than that of inhibitor 9. Based on the

predicted values, the binding affinity of inhibitor 23 (-57.44 kcal/mol) is lower than
13
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that of inhibitor 9 (-48.85 kcal/mol). The energy component analysis shows that both
the van der Waals interaction (-38.70 kcal/mol) and the electrostatic interaction
(-18.86 kcal/mol) between inhibitor 23 and CK2 are stronger than those (-34.92
kcal/mol and -12.13 kcal/mol) between inhibitor 9 and CK2. There are six residues
with differences larger than 1 kcal/mol (Figure 8b), among which three residues (L45,
V66, and F113) produce stronger non-polar interactions (Figures 8e and 8f) and H115
produces stronger polar interaction with inhibitor 23 than with 9 while N118 and
H160 contribute more polar interactions with inhibitor 9 than with inhibitor 23
(Figures 8g and 8h). For both inhibitors, K68 is the major polar interaction contributor.
The spatial distribution of the related residues is illustrated in Figure 8a.

By comparing the results of molecular docking and energy decomposition
analysis, we found that the protein-ligand interaction patterns predicted by these two
approaches are consistent. For example, as shown in Figure 2, both inhibitors 1 and
36 can form an H-bond with the ammonium group of Lys68, and consistently, the
energy decomposition analysis reveals that the residue Lys68 is the major contributor
for the polar interactions (Figure 6). Moreover, by molecular docking, we know that
both inhibitors 1 and 36 are surrounded by the non-polar residues, including .45, V53,
V66, F113, M163, and 1174, and the energy decomposition analysis shows that these

residues form strong non-polar interaction with the inhibitors.

5. Insights into the design of potent inhibitors. Based on the results and discussions
above, we find some information about the crucial interaction patterns between these
inhibitors and CK2. First, the favorable residues (L45, V53, V66, K68, F113, M163,
[174 and D175) for these inhibitors are quite similar. Interestingly, most of these
residues are hydrophobic, and they create hydrophobic pockets for inhibitors to form
strong van der Waals interactions. Second, the H-bonding interaction between the
substituent at R1 and K68 is critical to achieve strong inhibitor binding. It is rational
to take all these information into account when designing more potent inhibitors.
Finally, a series of derivatives were designed according to the above analysis, and

the binding pose and affinity of each molecule was predicted by RDD with the HTVS
14
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mode that has been proved to be more suitable for our system. Subsequently, in order
to predict the binding free energies of these compounds, the MD simulations with Sns
were performed and the method of MM/PBSA was employed when the solute
dielectric constant was set to 4. The results obtained above were shown in Table 3 as
well as that of the control inhibitor 36 for its prominent bioactivity (ICso = 1 nM).
Compared with the inhibitor 36, these five compounds have rather well performance
in not only docking scores but also the predicted binding free energies, indicating they
are promising compounds. With the purpose of enhancing the van der Waals
interactions with the residues N117, L45, M163 and other residues surrounding ring B,
the hydrogen atom in the ring was replaced by isopropyl and 3-methyl-phenyl for
compounds N1 and N2, respectively. Similarly, in order to enhance the favorable van
der Waals interactions between 3-Cl-phenyl group and surrounding residues (such as
L45 and V53), the nitrogen atom was substituted by a carbon atom for compound N3,
which has improved docking score. Considering the potential toxicity of the halogen
element in the 3-Cl-phenyl group, the chlorine atom was replaced by an ethyl group,
which can form hydrophobic interaction for compound N4, and this substitution
significantly improves the binding affinity of the inhibitor. Finally, the replacement of
the hydrogen atom by a methyl near the carboxyl group can also improve the binding
affinity for compound N5. Overall, these five designed compounds may be potential
CK2 inhibitors with improved potency, and they deserve experimental verification in

the future research.

Conclusions

In the present study, the interactions between CK2 and a series of CX-4945
derivatives were explored by using an integrated computational protocol, consisting
of molecular docking, MD simulations, and binding free energy calculations. We
found that the Glide docking with the HTVS scoring achieves the most optimal
accuracy of prediction for our systems. Based on the MD simulations, the binding free

energies were predicted by using the MM/PBSA and MM/GBSA approaches, and
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MM/PBSA shows slightly better performance than MM/GBSA. According to the
calculated results of MM/PBSA, the overall rank of the predicted binding free
energies of the studied inhibitors is in excellent agreement with the experimental
activities. Further decomposition of the overall binding free energies into individual
energy terms indicates that the van der Waals energies are the dominant force for
inhibitor binding. The decomposition of the binding free energy on a per-residue
shows that the non-polar residues L45, V53, V66, F113, M163, 1174 play critical roles
in forming van der Waals interactions with the inhibitors. Moreover, the H-bonds
between the carboxyl group of the inhibitors and the residue K68 are the major
contributors for the electrostatic interactions and are also crucial for inhibitor binding.
Finally, a number of derivatives were designed, among which five candidates showed
great potency according to the calculations. Our study is beneficial for the further

rational design of novel potent inhibitors of CK2.
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Legend of the Figures

Figure 1. The correlation between the experimental plCsy and the docking scores
predicted by (a) RRD with HTVS, (b) RRD with SP, (c) RRD with XP and (d) /FD
with XP.

Figure 2. (a) The schema diagrams of the interactions (a) between inhibitor 1 and
CK2 and (b) between inhibitor 36 and CK2.

Figure 3. Root-mean-square displacement (RMSD) of the backbone C, atoms of the
CK2/inhibitor complexes (1 and 36) with respect to the first snapshot as a function of
time.

Figure 4. Root-mean-square fluctuation (RMSF) of backbone atoms versus residue
number of the CK2/inhibitor 1 complex.

Figure 5. The correlations between the experimental bioactivities and (a) the docking
scores predicted by RRD with HTVS, (b) the binding free energies predicted by
MM/PBSA with solute dielectric constant of 4, (c) the binding free energies predicted
by MM/GBSA with the solute dielectric constant of 2, and (d) the binding free
energies predicted by MM/GBSA with the solute dielectric constant of 4 for ten

selected inhibitors.
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Figure 6. (a) The comparison of the averaged structures for the 1/CK2 and 36/CK2
complexes (carbon atoms are colored in gray and dark green, respectively); (b) energy
difference of each residue to the binding of 1 and 36; the inhibitor-residue interaction
spectra for the individual energy terms for (c) the 1/CK2 complex and (d) the 36/CK2
complex; the non-polar energy (AE,qw+tAGsa) for (e) the 1/CK2 complex and (f) the
36/CK2 complex; the polar energy (AE..+AGgg) for (g) the 1/CK2 complex and (h)
the 36/CK2 complex.

Figure 7. (a) The comparison of the averaged structures for the 43/CK2 and 36/CK2
complexes (carbon atoms are colored in pink and dark green, respectively); (b) energy
difference of each residue to the binding of 43 and 36; the inhibitor-residue interaction
spectra for the individual energy terms for (c) the 43/CK2 complex and (d) the
36/CK2 complex; the non-polar energy (AE,qwtAGsa) for (e) the 43/CK2 complex
and (f) the 36/CK2 complex; the polar energy (AE..+AGgp) for (g) the 43/CK2
complex and (h) the 36/CK2 complex.

Figure 8. (a) The comparison of the averaged structures for the 9/CK2 and 23/CK2
complexes (carbon atoms are colored in plum and yellow green, respectively); (b)
energy difference of each residue to the binding of 9 and 23; the inhibitor-residue
interaction spectra for the individual energy terms for (c) the 9/CK2 complex and (d)
the 23/CK2 complex; the non-polar energy (AE,qwtAGsa) for (e) the 9/CK2 complex
and (f) the 23/CK2 complex; the polar energy (AE..tAGgg) for (g) the 9/CK2
complex and (h) the 23/CK2 complex.
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Table 1. Structures and biological activities of the ten selected inhibitors

A

R,
B
NO. A B R; IC5o(nM)  pICs,
1 -S-CH=CH- -CO-NH- CO,H 2100 5.68
2 -S-CH=CH- -CO-N((CH,);0H)- CO,H 1500 5.82
6 -S-CH=CH- -(C-NH(CH,),NMe,)=N- CO,H 102 6.99
9 -S-CH=CH- -(C-NMe-phenyl)=N- CO,H 1070 597
12 -S-CH=CH- -(C-NH(CH,),Ph)=N- CO,H 516 6.29
23 -CH=N-CH=CH- -(C-NH-phenyl)=N- CO,H 6 8.22
28 -CH=N-CH=CH- -(C-NH(CH,),0-i-Pr)=N- CO,H 11 7.96
36 -CH=N-CH=CH- -(C-NH-(3-Cl-phenyl))=N- COH 1 9.00
38 -CH=N-CH=CH- -(C-NH-(3-acetylenyl-phenyl))=N- COH 3 8.52
43 -CH=N-CH=CH- -(C-NH-(3-Cl-phenyl))=N- C-(1H-tetrazol-5-yl) 45 7.35
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Table 2. The predicted binding free energies and the individual energy components

for the studied inhibitors (kcal/mol)

No. Eaw Eqc Gsa Ghpg Gpred pICso
1 -29.50+2.47 -16.09+£3.41 -4.23+0.11 4.65+0.64 -45.16+2.87 5.68
2 -33.74+3.16 -21.56+2.90 -5.01+0.22 5.86+0.58 -54.45+3.37 5.82
6 -40.28+2.88 -9.45+3.19 -5.76+0.30 3.92+0.73 -51.57£3.83 6.99
9 -34.92+3.10 -12.13£1.66 -5.41+0.21 3.61+0.33 -48.85+£3.14 5.97
12 -40.08+2.52 -11.91£1.38 -5.734+0.17 3.81+0.30 -53.91+£2.58 6.29
23 -38.70+£2.78 -18.86+2.09 -4.934+0.33 5.06+0.43 -57.4443.05 8.22
28 -42.08+2.79 -18.74+£2.58 -5.714£0.18 5.56+0.56 -60.97+£3.35 7.96
36 -44.30+£2.63 -25.37£1.72 -5.414+0.12 6.99+0.37 -68.09+2.60 9.00
38 -46.62+2.83 -18.99+£2.46 -5.62+0.19 5.36£0.55 -65.87£3.35 8.52
43 -42.57£2.98 -13.09+2.83 -5.58+0.26 4.39+0.54 -56.86+3.24 7.35
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Table 3. Structures and Glide docking scores and the predicted binding free energies
for inhibitor 36 and five designed compounds (kcal/mol)

Compounds Structures Docking Scores Gored
36 OH -10.77 -68.09
O
Cl
N
Ny
H
—
NI - -11.05 -66.02
N
\
N
Cl
(o]
HO
N2 -10.91 -71.34
N3 -11.09 -56.43
N4 -10.77 -62.67
N—
N5 o -11.07 -64.76
HO
Cl
N
Ny
/\
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Glide score

AG,,, (kcal/mol)

Molecular BioSystems

8.0 .
45 r=0.78
-85
-50 4
-9.04 s
E 55
s
-9.5 £
£ 60
£ 60
e]
4100 3
4105 65
.
-11.0 T T T T T T T -70 T T T T i T T d T
5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 5.5 6.0 65 7.0 7.5 8.0 8.5 9.0
PIC, PIC,
(a) (b)
26
) 30 )
284 ® r=0.72 r=0.72
2324
=30 4
34 -
32
~ 36
-34 4 [}
£ 33
36 B
=< 40
384 2
£
o 42
-40 <
44 4
42
-46 .
44 -
48
.
-46 *
i} T ) T v T ¥ T .2 T T -50 T T T T T T T
55 6.0 6.5 7.0 7.5 8.0 8.5 9.0 55 6.0 65 7.0 7.5 8.0 8.5 2.0
plC;n plcsu
(c) (d)

31




. {c — Ligand-residue interactions (kcal/mol)

AGtclcv(im

Molecular BioSystems

4 MIG

DI7S -

AG difference (kcal/mol)

E81 Residue number

250 300 0 F
\ £
-1 =
<
2]
=<
24 =
i~
L4 D175 S
34 3
V53 MI63 5
E
44 o 44
K68 3
7
-5 o .54
1174 o)
g
6 .80 -6
-
-7 (C) -7
Residue number
50 100 150 200 250 300 350 o
0 TIT T T T T 1 i
-1 -1
2 - 2
z
b3
143 ves ]
F113 2 34
=] vsa e o -
e MI63 <
4 -4
5 L174 54
-6 -6
7d () 1=
E81
14 14
D175
0 -
15 200 350
Residue number
-1
24
34 34
44 K68 44
5 () 5

Figure 6

32

Page 32 of 34

Residue number

50 100 150 200 250 300 350
¥ T T T T 1
vs3 V66 1174
HILS
MI63

145

) _(b)

E8I Residue number

F113
V53 K68
e M6
174
(d)
Residue number
50 KOS 199 150 200 250 300 350
T T T i 3 1
D175
1 1
V66 F113
vs3
Mi63
L4s 174
ESI
E114

K68

Residue number

(h)



Page 33 of 34

Ligand-residue interactions (kcal/mol)
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