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Abstract The detailed understanding of the molecular

features of a ligand binding to a target protein, facilitates

the successful design of potent and selective inhibitors. We

present a case study of ATP-competitive kinase inhibitors

that include a pyradine moiety. These compounds have

similar chemical structure, except for distinct terminal

hydrophobic cyclopentyl or isopropyl groups, and block

kinase activity of casein kinase 2 subunit a (CK2a), which

is a target for several diseases, such as cancer and glo-

merulonephritis. Although these compounds display simi-

lar inhibitory potency against CK2a, the crystal structures

reveal that the cyclopentyl derivative gains more favorable

interactions compared with the isopropyl derivative,

because of the additional ethylene moiety. The structural

observations and biological data are consistent with the

thermodynamic profiles of these inhibitors in binding to

CK2a, revealing that the enthalpic advantage of the

cyclopentyl derivative is accompanied with a lower

entropic loss. Computational analyses indicated that the

relative enthalpic gain of the cyclopentyl derivative arises

from an enhancement of a wide range of van der Waals

interactions from the whole complex. Conversely, the rel-

ative entropy loss of the cyclopentyl derivative arises from

a decrease in the molecular fluctuation and higher confor-

mational restriction in the active site of CK2a. These

structural insights, in combination with thermodynamic

and computational observations, should be helpful in

developing potent and selective CK2a inhibitors.
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Introduction

In many cases of structure-based drug design (SBDD),

insufficient understanding of the atomic resolution structure

of the ligand–target protein complex restricts rational drug

design, modification, and optimization. For e.g., the intro-

duction of a methyl group to an adenosine deaminase

inhibitor as a lead compound yielded a 70-fold gain in

activity, which corresponds to a large binding free energy

change of 11.6 kJ/mol; however, it was reported that the

group contribution assigned to a methylene group was sta-

tistically estimated to be only 3–4 kJ/mol [1]. In contrast, the
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introduction of a large substituent composed of 13 atoms to

the same lead compound yielded only a 80-fold increase in

the inhibitory activity [2, 3]. Crystal structures of both

complexes showed that the introduction of both groups in

these derivatives were properly accommodated at the active

site of the target protein, and computational analysis indi-

cated that both modifications increased the interactions with

the protein compared with the original lead compound [2, 3].

Therefore, successful design of potent and selective protein

inhibitors, in terms of structure-based drug design, strongly

depends on an appropriate understanding of the physico-

chemical features determining the ligand binding to the

target protein. In the adenosine deaminase study, computa-

tional analyses of the binding free energy supported the

design of the ligand [4]. In addition to computational eval-

uation, thermodynamic profiling of the protein–ligand

complex plays a vital role in an accurate structural analysis.

Thermodynamic profiling of a homologous pair of thrombin

inhibitors, differing only by one methylene unit, showed that

both inhibitors have the same Gibbs free energy of binding,

yet showed a dramatic difference in the enthalpic and

entropic contributions to the Gibbs free energy value [5].

The results provided valuable insights for correctly under-

standing the crystal structures of the ligand–target protein

complexes for both inhibitors. Freire recently stated that

structure–activity relationships (SARs) that explicitly

incorporate the interplay between enthalpy and entropy

accelerate the optimization process [6], and the experience

of many pharmaceutical laboratories has shown that the

simultaneous optimization of enthalpy and entropy without

thermodynamic data is difficult to achieve.

Protein kinase CK2 is a highly conserved serine/threo-

nine kinase, and more than 300 protein substrates of CK2

have been identified [7]. The CK2 holoenzyme consists of

two catalytic subunits and two regulatory subunits [8].

CK2a is the catalytic subunit and has no phosphorylation

site required for activation. Consequently, CK2 is consti-

tutively active with or without the regulatory subunit, CK2b
[9]. CK2 has important roles in growth, proliferation, and

survival of cells via phosphorylation of substrates [7]. Since

CK2 is expressed in a wide variety of tumors [10], it rep-

resents an important target protein for tumor therapy.

Down-regulation of CK2 in tumor cell lines leads to cell

death, because CK2 suppresses apoptosis in tumor cells

[11]. We have recently reported that CK2 is also a target

protein for glomerulonephritis (GN) therapy, supported by

experiments showing that administration of an antisense

oligodeoxynucleotide against CK2 or low-molecular weight

CK2-specific inhibitors effectively prevented progression

of the renal disease in a rat model of GN [12].

Several planar chemical or natural compounds have been

identified as ATP-competitive, selective CK2 inhibitors,

such as ellagic acid [13], emodin [14], apigenin [15], 4,5,6,

7-tetrabromo-1H-benztriazole [16], 5-oxo-5,6-dihydroindolo

[1,2-a]quinazolin-7-yl [17], and 5,6-dichloro-1-beta-D-

ribofuranosylbenzimidazol (DRB) [18]. Other trials to pro-

duce potent and selective CK2 inhibitors are currently in

progress [19, 20]. In the process of a lead optimization stage,

expectant lead structures are modified by systemically

changing functional groups or side-chains on a given core

scaffold. The crystal structures of human CK2a complexed

with ATP-competitive inhibitors, including emodin [14],

DRB [21], AMPPNP as an ATP analog [22, 23], and ellagic

acid [24] provide valuable starting points that guide the

selection of an appropriate functional group to be attached or

modified. There is a pair of homologous CK2 inhibitors with

very high inhibitory activities (compounds 1 and 2 shown in

Fig. 1), which differ only by an ethylene unit in the hydro-

phobic substituent for the 6-amino-indazole moiety. These

compounds display almost the same potency to CK2 activity

[19], although the additional ethylene moiety of compound-2

has more favorable interactions with CK2 than compound-1.

In order to establish the correct rationale for SBDD

based on these compounds, we have evaluated the binding

features of these two homologous compounds by calori-

metric, structural, and computational analyses.

Methods

Preparation of human CK2a

Recombinant human CK2a was prepared according to the

reported protocol [18]. The C-terminal truncated form of

CK2a was cloned into the pGEX6P-1 expression vector

(GE Healthcare) and expressed in E. coli strain HMS174

(DE3) as a GST-fused protein at the N-terminus. Cells

were cultured in LB medium supplemented with ampicillin

at 310 K. Expression was induced by the addition of

0.5 mM isopropyl-1-thio-beta-D-galactopyranoside when

cells had reached an optical density of 600 nm reading of

Fig. 1 Chemical structures and inhibitory activities of the inhibitors
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0.5 at 298 K for 20 h. The cells were harvested, resus-

pended in a buffer consisting of 150 mM NaCl and 25 mM

Tris–HCl, pH 7.4, and sonicated. After removing the cel-

lular debris by centrifugation, the supernatant was loaded

onto a GSTrap HP column (GE Healthcare, England) and

incubated at 277 K for 1 h. The column was washed with

cleavage buffer containing 50 mM Tris–HCl, pH 8.0,

150 mM NaCl, 1 mM EDTA, 5 mM dithiothreitol, and

0.1% Tween 20. The GST-fused CK2a protein was

digested with 80 U/ml PreScission protease (GE Health-

care) for 4 h at 277 K. The GST-free CK2a protein was

eluted using the MonoQ buffer consisting of 25 mM Tris–

HCl, pH 8.0, and 5 mM dithiothreitol. CK2a was further

purified by anion-exchange chromatography with a MonoQ

column (GE Healthcare) using a linear NaCl gradient of

0–0.5 M, 50 CV of the MonoQ buffer at 277 K, and an

AKTA explorer system (GE Healthcare).

Structure determination

The purified protein was concentrated to 5 mg/ml without

buffer exchange. For the complex study, an excess amount

of inhibitor was added to the protein solution and the

centrifuged supernatant was used for crystallization. The

prism-shaped crystals of the complexes and the apo-form

were obtained by the sitting-drop vapor diffusion method

using ethylene glycol as the precipitant. This condition was

the same as that used for solving the ellagic acid-CK2a
complex [18]. After dipping into Paratone-N oil (Hampton

Research, Aliso Viejo, CA), the crystals were frozen using

a nitrogen gas stream at 100 K. Diffraction data were

collected at the BL6A and BL17A stations of the Photon

Factory, or at the BL44XU station of the SPring-8. The

data set was processed with the program HKL2000 [25].

The structures of the complex or the apo-form were solved

by the molecular replacement method, carried out with the

program MolRep [26] in the CCP4 suite [27]. All refine-

ments and model modifications were performed using the

program’s DS Modeling and CNX (Accelrys, San Diego,

CA). Data collection and refinement statistics are shown in

Table 1. The final coordinates of the cyclopentyl-, isopro-

pyl-derivative complexes, and the apo-form were deposited

into the Protein Data Bank with the accession codes of

3at3, 3at4, and 3at2, respectively.

Calorimetric analyses with an isothermal titration

calorimeter

The 28 lM inhibitor solution was prepared by dissolving the

inhibitor in the experimental buffer containing 25 mM Tris–

HCl, pH 8.5, and 250 mM NaCl. The buffer was used to

measure the heats of dilution of the inhibitor solutions. The

purified CK2a protein was dialyzed against the experimental

buffer and concentrated to 4 lM. The concentrations of CK2a
were determined by absorbance at 280 nm. The isothermal

titration calorimeter (ITC) experiments were performed at

293 K on a VP-ITC (Microcal Inc., Northampton, MA).

Inhibitor solutions were degassed before use and titrated into

the stirred cell containing the prepared CK2a solution of

1.4 ml after a stable baseline had been achieved. The injection

sequence consisted of 10 ll injections at 5 min intervals until

complete saturation of the enzyme binding sites was achieved.

The experimental data were analyzed using the Origin-ITC

software package (Microcal Inc.). Heats of dilution were

subtracted from the raw data before analysis.

Analyses of interaction energy and

conformational space

Each complex structure was modeled on the basis of the

crystal structures using the program MOE (Chemical

Computing Group Inc, Montreal, Canada). The protonation

Table 1 Data collection and refinement statistics

Compound-1 Compound-2 Apo

Data collection

Space group P212121 P212121 P212121

Unit cells (Å) a = 51.17 a = 51.26 a = 51.64

b = 78.48 b = 77.31 b = 78.42

c = 80.37 c = 79.23 c = 79.82

Observations 59623 117105 317720

Unique reflections 10437 16481 43472

Resolutions (Å) 56.2–2.6 38.66–2.20 55.94–1.60

(2.69–2.6) (2.34–2.20) (1.63–1.60)

Completeness (%) 100 (100) 99.0 (98.8) 99.9 (99.8)

Rmerge (%)a 10.0 (30.2) 13.3 (30.3) 6.3 (37.5)

I/r (I) 14.2 (4.8) 19.1 (7.8) 40.5 (6.6)

Refinements

Resolution (Å) 56.2–2.6 38.66–2.20 55.94–1.60

(2.72–2.6) (2.30–2.20) (1.64–1.60)

Reflections 10437 16481 43393

Total atoms 2971 3009 3286

R (%)b 23.6 (26.2) 24.2 (25.1) 16.1 (18.4)

Rfree (%)c 26.3 (30.4) 25.1 (26.4) 19.7 (24.3)

R.m.s. deviations

Bond length (Å) 0.007 0.007 0.028

Bond angle (�) 1.5 1.6 2.3

Values in parentheses are for the highest-resolution shell
a Rmerge = h j|Ihj - hIhi |/h j|Ihj| where h a unique reflection, j sym-

metry-equivalent indices, I observed intensity, h I i is the mean value

of I
b R = |Fobs - Fcalc|/Fobs, where Fobs and Fcalc are the observed and

calculated structure-factor amplitudes, respectively
c The Rfree value was calculated with a random 5% subset of all

reflections excluded from the refinement
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states of the residues and the direction of the hydrogen

atoms involved in hydrogen bonds were assigned by the

Protonate3D algorithm [28]. The molecular dynamics

(MD) simulations in a water environment for two ligands

with and without protein were performed (four MD simu-

lations). A water molecule sphere with a radius of 25 Å

from the ligand was generated on both complex systems to

consider the dynamics in an aqueous environment. After

structure optimization, the MD simulations were performed

by MOE. During the MD simulations, protein atoms far

from the ligands were fixed to their original coordinates to

focus on the ligand dynamics. In this case, atoms belonging

to residues or water molecules with shortest distances

of B20 Å from the ligand were allowed to move freely.

The conditions and protocol for MD are as follows. After

heating, the temperature was held at 300 K by the Nosé-

Poincaré-Anderson method [29]. The cut-off distance for

non-bonding interactions was 10 Å, the MMFF94x force

field parameter [30] was assigned for every atom, all bond

lengths including hydrogen atoms were fixed by the

SHAKE procedure [31], and the time step for the geometry

update was 1 fs. A total of 1,500 snapshots of the coordi-

nates were taken from 750 ps production time after the

50 ps heating, and the 250 ps equilibration stages were

analyzed. The residue-based interaction energy with the

ligand was determined using the generalized Born/volume

integral (GB/VI) solvation model [32] and was calculated

for every snapshot.

To consider the dynamic structural effect, the RMSD val-

ues excluding hydrogen atoms were calculated for the resi-

dues (Arg47 and Asn161) near the substitution group during

the MD simulations. Using the same MD scheme, the com-

pounds in the solvated state without protein were also calcu-

lated. A 30 Å solvation shell around the compounds was used.

The conformational flexibility of the compounds in the com-

plex and that in the isolated state were then compared.

Furthermore, to explore the conformational space for the

terminal hydrophobic group of the inhibitors, a rotational

barrier between the hydrophobic group and the 6-amino-

indazole moiety was calculated.

Results and discussion

Overall structures of CK2a

Based on the electron density maps, all amino acids of

CK2a were well-ordered in the complexes and apo-form,

including the entrance region of the ATP-binding site. The

high resolution confers the rational assignment of the 11

ethylene glycol molecules as crystallization precipitants

and 412 water molecules in the apo-form structure. On the

other hand, the lower resolution of the complexes com-

pared with the apo-form allows to assign no ethylene

glycol molecule, and there are only 140 and 138 water

molecules in the compound-1/and compound-2/CK2a
complexes, respectively. Although the fewer atom-assign-

ments of the complexes may yield the modestly high

R-values compared to the apo-form (Table 1), the well-

defined electron densities corresponding to the compounds

as well as protein in the respective complex are observed

sufficiently for the following discussion (Fig. 2b). The

conformations of CK2a complexed with compound-1 and

compound-2, with extension of the N-terminal segment

(Met1-Asn35), were very similar to those previously

reported [8, 15–18]. Both compounds did not induce a

significant structural change to CK2a when compared with

the apo-form. The structure of CK2a has a typical kinase

fold consisting of N-terminal and C-terminal lobes, which

are connected by a hinge region (Glu114-Asn118)

(Fig. 2a). The N-terminal extension of CK2a was found to

be tightly bound to the two lobes through an aromatic

cluster, and a number of hydrogen bonds. At the interface

of the N-terminal extension to the activation loop (Asp175-

Ser194) in the C-lobe, an aromatic cluster was formed

between Tyr23, Trp24, and Tyr26 on one side, and Phe181

and His183 on the other. The backbone nitrogen of Ala10

formed a hydrogen bond with the hydroxyl group of

Tyr182 and the amino group of the Asn16 side-chain

formed hydrogen bonds with the backbone oxygen atoms

of Gly151 and Tyr182. In addition, the activation segment

interacted with the aC-helix via three hydrogen bonds.

Fig. 2 Crystal structures of the CK2a complexes. a An overall view of the compound-1 complex. b Compounds in the respective complexes

with the calculated electron density map
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The amino group of Lys77 formed a hydrogen bond with

the backbone oxygen of Gly177, and the Ng1 atom of

Arg80 made hydrogen bonds with the backbone oxygen of

Ala179, and the carboxyl group of Asp180, which is also

interacting with the N-terminal extension residue Tyr26.

Thus, the activation segment and the aC-helix were in

active conformation because of close contacts to the

N-terminal extension. These overall structural features are

conserved in the apo-form and the complexed forms.

Inhibitor binding to the ATP-binding region of CK2a

Two homologous inhibitors (Fig. 1) bound to the ATP-

binding region in a similar manner, except for the terminal

hydrophobic groups, is shown by the clear density map

(Fig. 2b). Both inhibitors are bound to the CK2a with a

horseshoe-shape conformation. The N2 atom of the inda-

zole moiety, and the N1 atom of the pyrazine ring probably

allow the inhibitors to adopt a compact and planar con-

formation, because the lone-pair electrons of these N atoms

accept the C2 and C3 hydrogen atoms of the pyrrole ring,

and of the pyrazine ring, to make a weak but favorable

CH–N type intramolecular hydrogen bonds. Similar to the

planar inhibitors previously reported [15], the planar con-

formation in these inhibitors gain attractive interactions

from the van der Waals contacts with many hydrophobic

residues, including Leu45, Val53, Val66, Ile95, Phe113,

His160, Met163, and Ile174. The pyrazine ring interacts

with Val66 in the b3 strand. The pyrrole ring was held in

place by Ile174 in the activation segment. The indazole

moiety was sandwiched between Leu45 in the glycine-rich

loop located between the b1 and b2 strands, and Met163 in

the extra b-strand that follows the activation segment.

Furthermore, several hydrogen bonds were found between

the CK2a and the inhibitor. The carboxyl group of the

inhibitor formed a salt bridge, and hydrogen bonds with the

Nf atom of Lys68 and the backbone nitrogen of Asp175 in

the activation loop, respectively. The inhibitors also

interact with a highly conserved water molecule [8, 18] in

the active site, which is ligated by Glu81. Lys68, Glu81,

and Asp175 are essential residues for enzyme activity. One

of the nitrogen atoms of the pyrazine ring forms a hydrogen

bond with the backbone oxygen of Val116 in the hinge

region connecting the N- and C-lobes. Most of the inter-

actions were conserved in the two complexes, except for

the remarkable local structural differences around the ter-

minal hydrophobic groups of the inhibitors. The cyclo-

pentyl groups of compound-2 had additional van der Waals

interactions with Arg47 and Asn161, compared with the

isopropyl group of compound-1, and released a water

molecule between Asn161 and Asp175 observed in the

compound-1/CK2a complex and the apo-form (Fig. 3).

Calorimetric data analysis

To clarify the differences between the binding properties of

compound-1 and compound-2, we performed thermody-

namic analyses using isothermal titration calorimetry

(ITC). The standard binding enthalpy DH and the dissoci-

ation constant KD were determined by ITC experiments for

both compounds. The entropic contribution to binding,

-TDS, has been calculated as the difference between the

Gibbs free energy change, DG, derived from KD, and

DH according to the Gibbs–Helmholtz equation. The ITC

experiments yielded similar Gibbs energies of binding for

compounds 1 and 2 (Table 2), reflecting the same inhibi-

tory activities of the compounds. However, a dramatic

difference was observed for the enthalpic and entropic

contributions. For compound-2 binding to CK2a, the

additional ethylene moiety at the terminal hydrophobic

group resulted in an enthalpy gain of 11.1 kJ/mol

(Table 2), which is in agreement with the statistical esti-

mation derived by Kunz et al. [1]. However, the ethylene

moiety makes only weak interactions through van der

Waals contacts, giving rise to an enthalpy gain of no more

than 1 kJ/mol. Therefore, other interactions contribute to

the large enthalpy gain of compound-2.

On the other hand, the negative entropic term, -TDS, of

compound-1 turns positive for compound-2 and the

observed entropy decrease of compound-2 was 9.2 kJ/mol

Fig. 3 Close-up views around the ATP-binding site of the three

crystal structures. Residues surrounding the compounds are shown.

Hydrogen bonds are displayed as dotted lines. a The compound-1

complex. b The compound-2 complex. The additional van der Waals

interactions are shown as dashed lines. c The apo-form
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(Table 2). The entropy loss of compound-2 is consistent

with the enthalpy–entropy compensation rule. The restric-

tion of compound-2 and/or protein motions in the com-

plexed state prevails over the entropy gain, due to the

release of the water molecule ligated to Asn161 and

Asp175 upon compound-2 binding. The detailed analyses

of the enthalpic and entropic contribution are discussed in

the following sections.

Decomposition of the binding enthalpy to CK2a

The enthalpy gain of 11.1 kJ/mol for compound-2 com-

pared with compound-1 was dissected by computational

calculations of the average interaction energies of the

inhibitor molecules during molecular dynamics (MD)

simulations. The crystal structures intuitively suggested

that the enthalpy gain of compound-2 was achieved by the

additional ethylene moiety near Arg47 and Asn161. To

evaluate the effect of the ethylene moiety in compound-2,

the total interaction energy was decomposed into the

individual interactions between residues of CK2a and the

inhibitors. The difference of the calculated binding ener-

gies for the two compounds was similar to the measured

enthalpy differences using ITC (Tables 2, 3), and thus the

computational analysis provided a suitable approach to

discuss the structural differences.

From the MD simulations, Arg47 and Asn161, inter-

acting with the additional ethylene moiety of compound-2

(Fig. 3b), do not provide adequate energetic gain to

account for the enthalpy gain observed by the ITC exper-

iment (Table 3). Consequently, the computational analysis

revealed that the favorable enthalpy change of compound-2

is mainly due to van der Waals interactions (Table 3), and

widely distributed to the distal side of Arg47 and Asn161

in the ATP-binding site. Such interactions involve residues

Leu45, Val53, Ile95, Phe113, Val116, Met163, Ile174, and

Asp175, which are surrounding both compounds in the

complex states (Fig. 3).

In addition to van der Waals interactions, the salt bridge of

the inhibitor with Lys68, and hydrogen bonds formed between

the inhibitor and His115, Val116, and Asp175 are well con-

served in the crystal structures of the both protein-inhibitor

complexes (Fig. 3a, b). The computational energy decom-

position indicates that there was no enthalpy difference due to

the salt bridge formed, and the hydrogen bonds between both

compounds (data not shown). The strengths of the hydrogen

bonds involving residues His115 and Val116 in the hinge

region were equivalent for both compounds; however, the MD

simulations suggest that compound-1 could move closer to the

hinge region than compound-2. The enthalpy gain of com-

pound-1 by the electrostatic term just counteracts the enthalpy

loss due to the van der Waals term. The MD simulations also

suggest that the carboxylic group of compound-1 moves away

from Lys68, but closer to Asp175 compared with compound-

2. The enthalpy gain of compound-1 by the interaction with

Asp175 is offset by the loss of enthalpy due to the weaker

interaction with Lys68. Therefore, the differences in the en-

thalpic contributions due to the interactions involving Lys68,

His115, Val116, and Asp175 and compound-1 and com-

pound-2 were computed to be negligible.

Compound-2 binding also gave rise to an additional

enthalpic loss, because of the release of the structured-

water molecule ligated to Asn161 and Asp175 observed in

the crystal structure of the compound-1/CK2a complex and

the apo-form. The energy loss due to the rupturing of the

two hydrogen bonds with these residues was estimated to

be 20–60 kJ/mol. This enthalpic loss would be partially

canceled by the formation of new hydrogen bonds between

the released water molecule and the bulk solvent. In total,

the enthalpic loss by the structured-water release and the

reduced electrostatic interactions is perhaps indicated in the

calculated energy loss of 4.47 kJ/mol as the effective

electrostatic term (Table 3).

This enthalpic augmentation of compound-2 binding

probably reflects a transition from a state of loose inter-

action to that of tight binding, potentiated by the individual

van der Waals interaction surpassing the enthalpic loss due

to the release of water.

Table 2 Thermodynamic parameters for the binding of CK2a to the

inhibitors at 293 K

Compound-1 Compound-2 Difference

N (stoichiometry) 1.133 ± 0.007 1.075 ± 0.003 –

DH (kJ/mol) -46.28 ± 0.61 -57.36 ± 0.33 -11.08

KD (nM) 2.26 ± 1.07 1.022 ± 0.026 -1.24

DG (kJ/mol) -48.52 ± 1.15 -50.45 ± 0.62 -1.93

-TDS (kJ/mol) -2.23 ± 1.32 ?6.92 ± 0.70 ?9.15

Table 3 Average interaction energy of the inhibitors with CK2a
(kJ/mol)

Compound-1 Compound-2 DE

Arg47 ? Asn161

Overall -3.07 -3.76 -0.69

Van der Waals -2.87 -3.61 -0.74

Effective electrostatic

term

-0.20 -0.15 ?0.05

Total interaction

Overall -88.59 -103.04 -14.45

Van der Waals -7.53 -26.45 -18.92

Effective electrostatic

term

-81.06 -76.59 ?4.47
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The relative rigidity of compound-2 in the complexed

state results in an entropy loss

The decreased flexibility of compound-2 predicted by

computational calculations was also observed in the crystal

structure of the complex. The B-factor ratio of one atom

against another atom defines the relative thermal mobility

[33]. For compound-2, the B-factor ratio of the ligand

atoms against the binding pocket residues averaged for

Leu45, Val53, Val66, Lys68, Ile95, Phe113, His115,

His160, Met163, Ile174, and Asp175 was calculated as

0.84, indicating that the ligand has lower thermal motion

compared with the binding pocket atoms. On the other

hand, this ratio increases significantly to 1.09 for com-

pound-1. These results indicate that compound-1 confers

higher mobility than compound-2 due to relatively loose

binding at the ATP-binding site. Furthermore, the differ-

ence in the B-factor ratio between the cyclopentyl group of

compound-2 and the isopropyl group of compound-1

increases with values of 0.68 and 1.52, respectively. This

suggests that the thermal motion of the terminal isopropyl

group of compound-1 is larger than the cyclopentyl group

of compound-2. In other words, the flexibility/mobility of

compound-2 is diminished when bound to the CK2a,

whereas for compound-1 this is not as apparent.

Presumably, the decrease in the flexibility of compound-

2 in the complexed state is derived from the potentiated

van der Waals interactions, which gave rise to the enthalpy

gain for the compound-2–kinase complex. However,

simultaneously, this change contributes to the entropy loss

of the compound-2 complex. A similar observation for the

ligands that bind thrombin has been reported [33]. The

tighter binding shown by the B-factor ratio represents

the larger entropic loss.

An additional factor that leads to the entropy loss

of the cyclopentyl derivative

The entropic loss of 9 kJ/mol of compound-2 observed by

the ITC experiments compared with compound-1 is the

summation of the gain by the water release, the losses due

to the protein- and ligand conformational restrictions, and

the losses due to the decrease in the vibrational freedom of

the ligand and interacting residues.

As a contributor to the entropic gain, considerable

attention should be focused on the release of the strongly-

bound water molecule ligated to Asn161 and Asp175 in

both the compound-1 complex and the apo-form (Fig. 3a,

c). Dunitz postulated an upper limit of about 40 J/K as an

entropic gain for the release of a tightly bound water mol-

ecule [34]. Conversely, a range of between 0 and 30 J/K for

the entropy gain of transferring a water molecule from the

protein to the bulk solvent has been suggested, and this

corresponds to a free energy gain of between 0 and 9 kJ/mol

at 300 K. The water ligated with these residues is primarily

exposed to the solvent region, and thus a smaller entropic

gain is postulated.

The conformational entropic loss of compound-2 upon

binding to CK2a was evaluated by computational analysis.

Cheng showed that most of the entropic loss arises from

conformational losses, such as angular contributions from

bonds between the sp3 atoms, rather than a drop in the

number of accessible conformations [35]. Thus, the rota-

tional barriers of the terminal hydrophobic groups, and the

characteristic moieties between both compounds, were

compared. In the isolated state, both inhibitors were

equally stable in the range of 130–220� (compound-1) or

100–230� (compound-2) about the dihedral angle between

the amino N atom and the terminal hydrophobic group

(Fig. 4). In the complex state, the conformational window

for compound-2 was narrowed to 190–215� (Fig. 4). The

window range for compound-1 was slightly narrowed to

150–215� in the complexed state. Therefore, compound-2

is less favorable than compound-1 with respect to the

conformational entropic term of binding to CK2a. On the

other hand, the protein conformational entropy loss is

identical based on the crystal structures, because the apo

conformation, and the most free-state, remains in both

complexes.

The perturbation loss of the interacting residues, as well

as the ligand mentioned in the previous section, were

observed based on the crystal structure data. The B-factor

ratio of the residues interacting with the compound against

the average of all residues in the compound-2 complex was

further reduced compared to that observed for the com-

pound-1 complex: in the apo-form: 0.88, in the compound-

1 complex: 0.75, and in the compound-2 complex: 0.55.

Fig. 4 Rotational barriers around the N–C bond at the terminal

hydrophobic groups for compound-1 (gray) and compound-2 (dark
gray). The solid and dashed lines indicate the complex state and the

isolated state, respectively
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Ultimately, the ITC-observed entropy loss of com-

pound-2 compared with compound-1 primarily arises from

the rotational restriction of the terminal hydrophobic group,

and the fluctuation decrease of the ligand and protein in the

complexed state. This surpasses the entropic gain due to

the release of the bound water ligated at Asn161 and

Asp175. Regrettably, the entropy loss by the conforma-

tional restriction is currently impossible to illustrate

quantitatively. We must address this issue using more

rigorous computational methods, such as the fragment

molecular orbital method [36].

Overcoming the enthalpy–entropy compensation

in CK2 drug discovery

The enthalpy–entropy compensation, composed of the en-

thalpic gain and entropic loss, was observed in the chem-

ical modification of compound-1 to compound-2. Can we

overcome this phenomenon by simultaneously gaining

favorable enthalpy and entropy? Theoretical and experi-

mental approaches suggest that the enthalpy–entropy

compensation effect is not a general feature of weak

associations [37, 38]. Reports revealed that successful

chemical modification would be accomplished if the

binding enthalpy and entropy were considered simulta-

neously, that is, maximizing the enthalpy gain and mini-

mizing the entropy loss [23, 39–43]. Furthermore, keeping

conformational rigidity allows us to realize enthalpic and

entropic enhancement as recently shown by Freire [42].

Our results indicate that the entropy loss was mainly due to

ligand perturbation fixation and ligand conformational

restriction. Therefore, minor modification of compound-2,

once in the rigid state, would likely confer lower entropy

loss when compared with compound-1. The entropy gain

involving desolvation would probably arise because of this

minor modification, as shown by Kawasaki et al. [39]. The

minor modification of the cyclopentyl moiety of com-

pound-2, of course, is expected to produce further van der

Waals interactions with Arg47, Asn161 and other residues,

and thus it yields further enthalpy gains when compared

with compound-2. The modification also reduces the

enthalpy loss due to the release of bound water, which was

a significant factor in our computational analyses. The

crystal structure (Fig. 3b) suggests that the introduction of

a small substituent such as halogen atoms in the cyclo-

pentyl 3-position of compound-2 probably results in no

bound water release. We therefore, believe that this minor

modification would likely lead to further enthalpy energy

gains and minimize the entropy loss (or obtain the entropy

gain if fortunately). Such a modification may finally

overcome the enthalpy–entropy compensation required for

the inhibitor of CK2a.

Conclusions

X-ray crystal structures showed that two closely related

inhibitors, with similar inhibitory activity for CK2a, formed

similar complexes with the protein; however, the ITC data

showed that the free energy decomposition of the enthalpy

and entropy contributions differed for the two complexes.

The energy calculations revealed that the enthalpic gain of

compound-2 is largely because of van der Waals interac-

tions, and is distributed not only in the proximal residues

Arg47 and Asn161, but also widely in the distal residues

that include Leu45, Val53, Ile95, Phe113, Val116, Met163,

Ile174, and Asp175. Hydrogen bonds to His115, Val116,

and Asp175 and the salt bridge with Lys68 were unaltered;

although they were expected to be stronger. The enthalpy

gain due to van der Waals interactions greatly exceeded the

enthalpy loss due to the release of water. The total enthalpic

gain, however, forfeits the entropic loss due to a decrease in

fluctuation of the ligand and the ligand conformational

restrictions of compound-2.

This study emphasizes the benefits of combining struc-

tural information about binding modes of protein-inhibitor

complexes with thermodynamic data to characterize bind-

ing events. This combination offered an approach to

rationally explain the observed magnitude of the binding

affinities. Our study contributes to a better understanding of

the details for inhibitor binding. The results presented

should be valuable in structure-based drug design of CK2-

derived disease therapy.
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