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binding to Val66-mutated human CK2α as determined
by molecular dynamics
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Abstract Protein kinase CK2 (casein kinase 2) is a
multifunctional serine/threonine kinase that is involved in
a broad range of physiological events. The decreased
affinity of Emodin binding to human CK2α resulting
from single-point mutation of Val66 to Ala (V66A) has
been demonstrated by experimental mutagenesis. Molec-
ular dynamics (MD) simulations and energy analysis
were performed on wild type (WT) and V66A mutant
CK2α-Emodin complexes to investigate the subtle
influences of amino acid replacement on the structure
of the complex. The structure of CK2α and the
orientation of Emodin undergo changes to different
degrees in V66A mutant. The affected positions in
CK2α are mainly distributed over the glycine-rich loop
(G-loop), the α-helix and the loop located at the portion
between G-loop and α-helix (C-loop). Based on the
coupling among these segments, an allosteric mechanism
among the C-loop, the G-loop and the deviated Emodin
is proposed. Additionally, an estimated energy calcula-
tion and residue-based energy decomposition also indi-
cate the lower instability of V66A mutant in contrast to
WT, as well as the unfavorable energetic influences on
critical residue contributions.
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Introduction

Protein kinase CK2, a multifunctional and ubiquitous
eukaryotic serine/threonine kinase, is important in cellular
functions, transformation and circadian rhythm, as it
phosphorylates of more than 300 physiological substrates
[1–3]. As such, it operates as a key switch in a myriad of
physiological events and any aberrant activation of CK2
becomes an oncogenic force that underlies both the
development of malignant transformation in several tissues
and aggressive tumor behavior. Thus, CK2 is an attractive
therapeutic target and a number of pharmacological
inhibitors of this enzyme have been evaluated as promising
drug candidates [4, 5].

CK2 often presents as a heterotetramer composed of two
catalytic subunits (α and /or α’) and two regulatory β
subunits. The detailed forms of the holoenzyme are
different in every species examined thus far [6, 7]. The
exceptional feature of CK2α among protein kinases is its
ability to use either ATP or GTP as a phosphate donor for
phosphorylation. The enzyme is inhibited by inhibitors that
bind to the active site of the kinase and compete for
nucleotide triphosphate binding [8–10]. The ATP-
competitive inhibitors of CK2α can be classified into five
categories: flavonoids, hydroxylcoumarins, hydroxyantra-
quinones, halogenated benzimidazoles, and indoloquinazo-
line. Despite their structural differences and wide chemical
diversity, these compound have a number of properties in
common: (i) they have a low molecular weight with a rather
flat and hydrophobic heterocyclic structure; (ii) all of these
compounds can occupy the smaller hydrophobic pocket that
is characteristic of CK2α compared to other protein
kinases; (iii) the G-loop shows a variable conformation
when bound to these different ligands; and (iv) structural
water molecules are involved in ligand binding to CK2α.
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In general, the ATP-competitive inhibitors occupy a
conserved ATP-binding pocket through polar and hydro-
phobic interactions. For inhibitors derived from the scaf-
folds of Emodin and 4,5,6,7-tetrabromobenzotriazole
(TBB), the main energetic contribution to binding can be
principally attributed to hydrophobic interaction with the
apolar surface formed by residues Leu45, Val53, Val66 (Ile
in Zea mays CK2), Leu85, Ile95, Leu111, Phe113, Val116,
Met163, and Ile174. A number of polar contacts through a
polarized hydrogen bonding Lys68 and a conserved water
molecule (water 1) also exists [11–15]. In addition, a large
contribution to hydrophobic interactions is indicated by the
linear correlation between the logKi and the accessible
surface area of TBB derivatives [16] and by the linear
interaction energy (LIE) model of coumarins upon binding
to CK2α [17]. Inhibitory activity assays have demonstrated
that CK2α has an unusually modest sensitivity to staur-
osporine [18], while most inhibitors show a remarkable
selectivity for CK2α compared with a panel of 80 different
protein kinases [19, 20]. Structure-based sequence align-
ment implies that there is a polar moiety somewhere in the
hinge and phosphate anchor regions that include Lys68,
Glu81 and Asp175 (CK2α numbering), which are quite
conserved among the kinase family members. In contrast,
the hydrophobic moieties have a higher degree of variability
in their amino acid compositions; for example, Val(Ile)66,
Met163 and Ile174 are peculiar to CK2α, as they are generally
replaced with smaller ones in other protein kinases as
determined from statistical analysis, (Ala versus Val66, Leu/
Val versus Met163, Ala/Thr/Leu versus Ile174). The reduced
dimension of the active cleft as a result of large side chain
residues could account for the selectivity of inhibitors as well
as for the anomalous low potency of staurosporine toward
CK2α. Therefore, besides the evidently essential role of
hydrophobic residues in ligand binding, some key residues in
the hydrophobic portion of the binding site are also critical
factors that impart the unique selectivity of inhibitors for
CK2α.

The importance of the Val(Ile)66, Met163, and Ile174
residues in ligand binding has been corroborated by
detailed mutational analyses [12, 13]. For example, single-
point Val66 mutation to Ala in human CK2α results in a
measurable decrease in IC50 of Emodin from 5.9 μM to
>50 μM [18]. However, the subtle role of Val66 in ligand
binding cannot be determined from this type of experiment.
It is necessary to use other methods, such as molecular
modeling, to further characterize the effects of amino acid
substitution on the structural dynamic features of protein
and ligand binding.

Molecular dynamics (MD) simulation is a well-
established technique that complements experimentally
determined characterizations by providing detailed dynam-
ical behaviors of motional processes at the molecular level

[21, 22]. It also allows energy calculations to be performed
by the post processing method, MM/PBSA/GBSA (molec-
ular mechanical/Poisson-Boltzmann/generalized_born sur-
face area), which has been successfully applied to study
protein-protein complexes [23] and protein-ligand affinity
[24].

In the present study, molecular dynamics analysis was
applied to investigate the decreased binding affinity that is
observed in CK2α due to V66A mutation. Based on the
implied structural features of the V66A mutant derived
from MD simulations and energy calculations, an allosteric
mechanism among the C-loop, G-loop, and a deviated
Emodin is proposed.

Methods

System setup and parameters preparation

The atomic coordinates of the WT were directly obtained
from the Protein Data Bank (PDB entry is 3BQC [25]) and
hetero atoms, except for water molecules within 5.0Å of
the ligand, were removed. The V66A mutant was modeled
based on the WT by replacing target residues with the
desired amino acid. According to the pKa values of three
hydroxyls, based on Hammett theory and their position near
to residues environment, Emodin should be present, at least
partially, in its mono-anionic form under the experimental
pH 8.5. One of the Emodin hydroxyl groups is considered
to have a formal net charge equal to −1 and to participate in
the strong electrostatic interaction between Lys68 and water
1[13]. Partial charges of Emodin were obtained via
quantum electronic structure calculations, which included
use of an optimization procedure via the Gaussian 03
program [26] at the HF/6-31G* level, electrostatic potential
(ESP) generation using Merz-Singh-Kollman van der Waals
parameters [27], and the atom-centered charge fitting
through the RESP [28] program implemented in the
AMBER 10 package [29]. The two systems subsequently
were immersed in a truncated octahedron periodic box
filled with TIP3P water molecules [30] and neutralized by
adding the necessary amount of Cl- ions in electrostatically
preferred positions. The SANDER module with the 2003
force field reported by Duan et al. [31] was used for MD
simulations.

Molecular dynamics simulations

Conventional MD simulations were initiated on the WT and
V66A mutant and each simulation was performed for 7 ns.
The protocol for MD simulation on two systems is as
follows: (1) Optimization and relaxation were initially
performed by means of several subsequent minimizations,
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during which decreasing force constants were applied to the
backbone atoms, and the entire system was then minimized
without any constraint. (2) Each energy-minimized struc-
ture was gradually warmed to a final temperature of 300 K
over 15 psec (ps), followed by constant temperature
equilibration at 300 K for 35 psec with constant volume
dynamics. During this step, the density of the system was
stabilized. (3) Finally, constant pressure dynamics simula-
tion was carried out on the warmed system for 5 ns, using a
non-bonded cutoff of 10Å to truncate the VDW non-
bonded interactions. Temperature (300 k) and constant
pressure (1 atm) were maintained by Langevin dynamics
temperature coupling with a time constant of 1.0 ps [32]
and isotropic position scaling with a relaxation time of
2.0 ps, respectively. The SHAKE algorithm [33], with a
tolerance of 10-5, was used to constrain all bond lengths
involving hydrogen atoms, while the particle-mesh-Ewald
(PME) method [34] was introduced for the long-range
electrostatic contribution to the force field. During the
production run, 5000 structures for each simulation were
saved for post processing by uniformly sampling the
trajectory.

The analysis of MD simulations was carried out with the
PTRAJ module. The RMSD values for CK2α CA atoms
during the production phase, relative to the initial config-
uration, were monitored and taken as a measure of whether
the MD trajectories were or were not stable. Snapshots for
energy analysis were obtained from the last 1000 ps, at
10 ps intervals.

MM/PBSA and MM/GBSA calculations

The binding energy of the CK2α-Emodin complex was
calculated using MM/PBSA single trajectory methodology
[35, 36] according to

$Gbinding ¼ Gcomplex � Gprotein � Gligand

¼ $EMM þ $Gsol � T$S;

where ΔEMM is the molecular mechanics interaction
energy, comprised of electrostatic energy and van der
Waals energies. It was calculated using the sander without
applying a cutoff for non-bonded interactions. The solva-
tion free energy (ΔGsol) was estimated by continuum
solvent methods as the sum of electrostatic (ΔGpolar) and
non-polar (ΔGnonpolar) contributions. ΔGpolar was calculated
by solving the Poisson-Boltzmann equations with a grid
spacing of 0.4Å, and the values of interior dielectric constant
and exterior dielectric constant were set to 1 and 80,
respectively. The non-polar component (ΔGnonpolar), as a
linear function of solvent-accessible surface area (SASA),
was represented as ΔGnonpolar=lSASA+b, where l=
0.00542 kcalÅ−2 and b=0.92 kcal mol−1 [37]. The time-

consuming conformational entropy change, -TΔS, was not
considered because of the large computational overhead and
low prediction accuracy [38, 39]. We have also neglected the
entropy term, assuming that it will be very similar for all of
the systems. Thus, the energy we calculated is not a true
binding free energy. Apart from the calculation of relative
binding affinities, a per-residue decomposition of the total
energy using the MM/GBSA decomposition process was
also performed to evaluate the contribution of each residue to
the binding in each of the two systems. Here, the polar
contribution of desolvation was computed using the GB
model [40]. The detailed theory of energy decomposition is
described elsewhere [41].

Results

To elucidate the structural effects of a V66A substitution,
we chose to focus on the structural changes of CK2α, on
the interactions between Emodin and CKα, and on the
coupling among the C-loop, the G-loop, and the reoriented
Emodin.

Global structural features

The time-dependent root-mean-square deviation (RMSD)
profiles from the starting structure for WT and V66A mutant
are displayed in Fig. 1. A convergent behavior during the last
1000 ps simulation time indicates that acceptable equilibrium
states are being approached. The RMSD average values of
CK2α remain at about 1.7Ǻ and 2.5Å for WT and the V66A
mutant, respectively, suggesting that the structure of V66A
CK2α undergo conformational changes to some degree. In
the case of Emodin, due to its rigid structure characteristics,
the RMSD values of Emodin in the two systems have an
overlapping range from 0.1 to 0.2Ǻ during the entire course
of simulation, with an average of 0.15Ǻ in the equilibration
period. Each system in equilibrium has stabilized sufficiently
for sampling to be statistically valid.

To estimate the dynamic flexibility of the regions in
the protein structure, the residue fluctuations character-
ized by B-factors are plotted in Fig. 2. Judging from the
higher B-factor values in the region of the G-loop and
C-loop for V66A CK2α, these residues appear to exhibit
abnormal behaviors in the enzymatic function of CK2α.
The detailed changes could be deduced from structural
superimpositions. The WT average structure shows the
relative whole-translation movement in contrast to the
starting configuration (Fig. 3) without any observable
changes. For the V66A mutant, by superimposing the
averaged structures of both systems, remarkable structural
changes can be clearly seen, which mainly distribute over
the G-loop and C-loop in V66A CK2α, especially in the
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“open” conformation of G-loop. This is in agreement with
the conformational state of the G-loop in apo CK2, in
contrast to that in the presence of Emodin, as demonstrated by
experimental analysis. Here, the notable change in the G-loop
is the orientation of the tip residue Tyr50, which is nearly
vertical to that in the WT.

Interestingly, our previous studies have revealed that the
equivalent residue, either Phe67 in GSK3β [22] or Tyr15 in
CDK2 [42], also plays a vital role in anchoring the proper
conformation of the G-loop. As the functional role of the
G-loop is to correct the alignment of the ATP phosphate
moiety for the catalytic reaction [43, 44], the G-loop in an
“open” state definitely affects the orientation of Emodin, a
feature that could not have been deduced from the stable

RMSD values. The detailed structural features of Emodin,
the C-loop and the G-loop will now be discussed.

Different Emodin binding modes

The binding mode of Emodin with CK2α in the WT
simulation is extremely similar to that determined from its
crystallographic structure. Emodin locates at the active site
of the enzyme and binds primarily through hydrophobic
and polar interactions (Fig. 4). A hydrophobic cavity
consisting of Leu45, Val53, Val66, Ile95, Phe119,
Met163, and Ile174 accommodates the aromatic rings of
Emodin. Additionally, a number of polar interactions
involving conserved water 1, Lys68, Glu81, and Asp175
contribute to anchoring the orientation of Emodin. The O4
atom of Emodin forms electrostatic interactions with the
side chain of Ly68 and conserved water 1. A statistical
analysis finds that water 1 is highly conserved in 20 CK2α
structures and it plays essential functions in ligand binding
and in stabilizing protein structure. Simultaneously, the
water 1 participates in electrostatic interaction networks
involving residues Lys68, Glu81 and Asp175. Strong
electrostatic interaction networks formed between these
three amino acids (Fig. 5) are located at left and forward of
Emodin, respectively. Therefore, the orderly hydrophobic
and polar interactions position Emodin into the CK2α
active pocket.

Emodin in the V66A mutant, although locates in the co-
substrate binding cavity of CK2α, displays a position and
orientation that is quite different from that in WT, and the
aforementioned interactions disappear. As shown in Fig. 6,
the aromatic rings extend into the portion of the nucleotide-
binding cleft. Here, they are encompassed by Val53, Ile95,

Fig. 2 The calculated per residue B-factor for CK2α between WT
(red) and V66A mutant (blue)

Fig. 1 The time-dependent
RMSD for CK2α (upper panel)
and ATP (lower panel) for WT
(red) and V66A mutant (blue)
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Phe119, and Ile174, whereas the Ala66 and Met163 almost
make no contact with Emodin. Thus, the residue replace-
ment generates a packing defect at the hydrophobic
interface. In terms of the electrostatic interactions, the O4
atom still interacts with the side chain atom of Lys68, and
the conserved water 1 still serves as a hydrogen-bonding
bridge between the O5 atom and the side chain oxygen

atom of Glu81. In contrast, the electrostatic interactions
between Lys68 and Glu81 appear to be weakened, with
intermittent existence, as well as the complete loss of ion-
pairing between Lys68 and Asp175. Improper relative
positions and orientation of Emodin and CK2α indicate
that these interactions are not as specific or orderly as those
seen in the WT.

Fig. 3 The overall structural comparison (a) between averaged structure (yellow) and starting configuration (purple); (b) between WT (yellow)
and V66A mutant (cyan)

Fig. 4 The stable interactions
between Emodin and CK2α of
WT. The key residues of CK2α
are shown in stick with element
colors, and the Emodin atoms
are represented as ball and stick
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As stated above, the volume reduction from the
residue Val to Ala results in a hydrophobic packing
defect in the binding interface and a high flexibility of
the C-loop. This induces the G-loop to deviate away
from its original position, which in turn impairs the
orderly binding of Emodin with CK2α. The detailed
coupling between C-loop and G-loop will be discussed
next.

Energy analysis

The different interaction modes provide a full description of
the two complexes, while binding energy calculations provide
the qualitative analysis for the effects of residue replacement
on ligand binding affinity. The MM/PBSA energy terms

presented in Table 1 illustrate the lower binding affinity of
the V66A mutant relative to the WT. The ΔEele values of the
V66A mutant exhibit a ∼2 kcal mol−1 more unfavorable
value than that of WT complex, which is in agreement with
the loss of salt bridges between Lys68 and Glu81 and
Asp175 in the V66A mutant. TheΔΔGsubtotal can be crudely
approximated at 7.17 kcal mol−1 and is in accordance with
the instability of the V66A mutant derived from qualitative
analysis.

To evaluate the energetic influences on the contribu-
tions of critical residues, modeling of the residue-based
energy decomposition of the interaction energy between
CK2α and Emodin was performed (Fig. 7). Major
favorable energy contributions ranging from −6 to
−1 kcal mol−1 originate predominantly from Leu45,

Fig. 6 The position and
orientation of Emodin locating
at binding pocket of V66A
mutant

Fig. 5 Time evolution of dis-
tances between NZ atoms of
Lys68 and OE1 and OE2 atoms
of Glu81 (lower panel), and
OD1 and O2 atoms of Asp175
(upper panel) for WT (red and
magenta) and V66Amutant
(blue and green)
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Val53, Val66, Lys68, Glu81, Ile95, Phe113, Met163 and
Ile174, which is consistent with dominant roles for these
amino acids in the electronic and hydrophobic interactions
in WT. In the V66A mutant, however, the energy values of
most of the corresponding residues increase to different
extents compared with those of the WT, especially Leu45,
Val66, Lys68 and Met163, creating a ∼2.0 kcal mol−1

change of more unfavorable energy to the total energy.
These data agree with the loss of hydrophobic contacts and
electronic interactions of critical residues, as described in the
MD simulation results.

The coupling among the C-loop, the G-loop,
and the reoriented Emodin

The C-loop and G-loop display remarkable structural
changes when superimposed upon an average structure
of the two enzymes. Here, the relative conformation of the

α-helix, C-loop, and G-loop is coupled by several
interactions, including the hydrophobic interactions be-
tween Phe54 of the G-loop and Ile69 of the C-loop,
between aromatic ring of Tyr50 of the G-loop and Val73
of the C-loop, and ion pairing between Lys68 of C-loop
and Glu81 of the α-helix (Fig. 8). However, a hydropho-
bic interaction between Tyr50 and Val73 exists in the
shifted C-loop and the “open” G-loop of the V66A mutant,
as well as a weakened ion-pairing between Lys68 and
Glu81. Perhaps due to the unanchored C-loop that occurs
due to the presence of Ala66, the flexible C-loop allows the
Lys68 to shift away from the side chain of Glu81 and
Asp175. This is followed by a deviation of the C-loop away
from the G-loop, and the hydrophobic force between Tyr50
and Val73 may then compel the subsequent reorientation of
Tyr50 side chains, leaving it nearly vertical to its original
orientation in the WT. Consequently, the “open” conforma-
tion of G-loop is unfavorable for interacting with Emodin.
And also our previous study has elucidated the crucial roles
of the salt bridges network between Lys85 and Glu97 and
Asp200 (corresponding to Lys68, Glu81, and Asp175 in
CK2, respectively) in stabilizing the structure of active
GSK3β [45].

A similar coupling mechanism between the C-loop
and the G-loop is also found to interpret the loss of
catalytic activity of a cAMP-dependent protein kinase
(PKA) that lacks phospho-Thr197 [46], as well as
inactive GSK3β due to Arg96 mutation [22]. In addition,
within the protein kinase family, a conserved aromatic
residue, tyrosine or phenylalanine (corresponding to
Tyr50), is usually found as @ in the G-loop motif
GXGX@G. Since the aromatic side chain caps the site
of phosphate transfer, this site has been focused on as a
target of drug design and generates large structural

Fig. 7 The residue-based energy decomposition on critical residues of
WT (red) and V66A mutant (blue)

Table 1 Energy terms of MM/PBSA results for WT and V66A
mutant complexes

Energy termsa WT V66A

ΔEele −82.22 −80.34
ΔEvdw −31.44 −35.27
ΔEMM −113.66 −115.62
ΔGpolar −4.29 −4.51
ΔGnonpolar 89.79 99.14

ΔGsol 85.50 94.63

ΔGsubtotal −28.16 −20.99
ΔΔGsubtatal 0 7.17

a$EMM ¼ $Evdw þ $Eele;$Gsubtotal ¼ $EMM þ $Gsol

Fig. 8 The coupled interactions between C-loop and G-loop in WT
(yellow) and V66A mutant (cyan). Important residues are shown in
stick modes with the O and N atoms in element color
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distortions in the loop upon interaction with some
inhibitors [47, 48].

Discussion

The importance of hydrophobic residues such as Met163
and Ile174 in ligand binding has been well documented by
the effects of either single point mutation or of combined
mutations on inhibitor binding affinity [11]. Per-residue
energy decomposition indicates the dominant contributions
of these residues for ligand binding, which further confirms
their functional roles. The V66A mutation decreases the
binding affinity of Emodin by destabilizing the protein
structure, by destroying the integrity of hydrophobic cavity
and subsequently by inducing a deviant orientation of
Emodin. These conclusions are supported by other exper-
imental MD analyses that have reported similar results. For
example, Niefind et al. [49] has elucidated the structural
characteristics of a human double mutant V66A/M163L
CK2α in a complex with AMPPNP by comparing with the
structure of Zea mays CK2 and wild type human CK2 [50].
Features such as observable changes in the G-loop,
flexibility of the α-helix, and the considerable deviations
in the purine plane and in the phosphate group of AMPPNP
were reported, which are similar to those reported in the
present study for the structure of the V66A mutant. In
addition, Tyr50 is coordinated by Lys74 and Lys77 in
active human CK2α in a complex with AMPPNP [50],
whereas the anchoring of Tyr50 by these two residues is
destroyed in the V66A mutant and in the inactive human
CK2α structure [51].

Besides the significance of Val66 and Ile174 in ligand
binding, the key roles of two residues that modulate the
target selectivity to CK2α should also be mentioned. A
series of 70 Quinobene analogues exhibit a remarkable
inhibitory power toward CK2 with IC50 values of <2 μM.
In contrast, the IC50 value for TBB inhibition of CK2 is
approximately 10-fold weaker affinity than that seen for
CDK2, GSK3β, or PKA. The unique selectivity of TBB to
Zea mays CK2 is attributed to the substitution of Val66 and
Ile174, which are by Ala31 and Ala144 in CDK2.
Consequently, the ATP binding pocket shape of CK2, as
measured by molecular surface area, is smaller than that of
CDK2, and TBB in CDK2 is rotated and placed more
toward the hinge region compared with TBB placement in
Zea mays CK2 [52].

Conclusions

Molecular dynamics simulations and energy analysis
were conducted to explore instability of V66A CK2α-

Emodin complex. The V66A mutation results in a
packing defect due to a change in hydrophobicity and
also creates an abnormal behavior of the G-loop, the α-
helix, and the C-loop. The changes in coupling of these
portions of the enzyme induce a deviation in the
positioning of Emodin. An allosteric pathway among
the C-loop, G-loop, and deviated Emodin is proposed.
Improper relative positions and orientations of Emodin
within the V66A CK2α could explain the decreased
affinity of Emodin binding to CK2α. Energy analysis
also provides a qualitative explanation of the energetic
effects of substitution of Val66 by Ala on the binding
affinity between CK2α and Emodin.
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