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Abstract
Protein Kinase CK2 is ubiquitously expressed and highly conserved protein kinase that
shows constitutive activity. It phosphorylates a diverse set of proteins and plays crucial role
in several cellular processes. The catalytic subunit of this enzyme (CK2) shows remarkable
flexibility as evidenced in numerous crystal structures determined till now. Here, using
analysis of multiple crystal structures and long timescale molecular dynamics simulations, we
explore the conformational flexibility of CK2. The enzyme shows considerably higher
flexibility in the solution as compared to that observed in crystal structure ensemble. Multiple
conformations of hinge region, located near the active site, were observed during the
dynamics. We further observed that among these multiple conformations, the most populated
conformational state was inadequately represented in the crystal structure ensemble. The
catalytic spine, was found to be less dismantled in this state as compared to the “open”
hinge/D state crystal structures. The comparison of dynamics in unbound (Apo) state and
inhibitor (CX4945) bound state exhibits inhibitor induced suppression in the overall
dynamics of the enzyme. This is especially true for functionally important Glycine – rich
loop above the active site. Together, this work gives novel insights into the dynamics of
CK2 in solution and relates it to the function. This work also explains the effect of inhibitor
on the dynamics of CK2 and paves way for development of better inhibitors.
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Introduction
Phosphorylation of proteins is one of the most important regulatory phenomenon, playing
crucial role in almost all cellular processes. The enzymes catalyzing phosphorylation reaction,
referred to as protein kinases, form one of the largest protein super-families in human1. The
protein kinase, CK2 (Casein Kinase II), is a ubiquitously found and highly conserved kinase in
eukaryotic organisms. CK2 has a very broad specificity with close to 300 substrates 2 and unlike
most of the other protein kinases, it remains constitutively active3. Consistent with its role in
cell proliferation and apoptosis4, overexpression of CK2 has been found to be related with
tumorigenesis5, 6. This makes CK2 a pertinent drug target for anti-cancer therapy7.
Consequently, considerable efforts have been made to develop small molecule inhibitors
against this enzyme8.
Within cells, CK2 exists as a heterotetramer with two subunits of CK2/’ (catalytic
subunit) and two subunits of CK2 (regulatory subunit)9. The regulatory subunit, though
important for the function of CK2, has been known to play a role in modulation of the CK2
catalytic activity rather than as a molecular switch turning the activity on or off. This is also
evident from the fact that the isolated CK2 has been shown to be catalytically active

9, 10.

Comparison of the isolated CK2 structures and in complex with CK2 further show that there
is little effect of CK2 binding on the structure of CK2, particularly in the active site region.
However, binding of CK2 might have allosteric effect on the active site dynamics of CK211.
The inhibitors of CK2 discovered so far, primarily belong to the category of competitive
inhibitors, that target the catalytic subunit CK2 and bind to the co-substrate (ATP or GTP)
binding site with high affinity. A major deterrent, in targeting the active site to inhibit CK2, is
the low specificity of the inhibitors leading to off-target effects due to conserved nature of
kinase active sites. Currently, only one molecule (CX-4945), showing high specificity, has
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reached the clinical stages12. Recently, novel molecules and fragments have been discovered
that target either the CK2- interface13, or other sites in conjunction with the active site14, 15.
The structure of CK2 comprises of two domains and the active site lies at their
interface (Figure 1B). It remains constitutively active owing to the peculiar structural features,
which cause the activation segment and the helix C to always be primed for reaction.
Numerous studies have been undertaken to investigate the structure-function relationship of
CK2 and its inhibition16–18. More than a hundred structures of the Protein Kinase CK2 in
different complex states and from different organisms, have been deposited in the Protein Data
Bank. Based on this extensive structural evidence gathered overtime, it has been reasoned that
the inherent conformational plasticity in CK2 plays role in the regulation of this enzyme. This
becomes further intriguing when comparing the ortholog of CK2 from maize, which,
although sequentially and structurally remarkably similar, shows differences in the
conformational flexibility19. Based on multiple high resolution structures, crucial differences
in the flexibility of the human and maize CK2, particularly in the D helix and surrounding
hinge region, have been observed. Several original and review publications19–24 have discussed
the conformational heterogeneity of CK2 in great detail in the past. However, the dynamics
of this enzyme in solution and the role of dynamics in function and inhibition remains elusive22.
It is increasingly being realized that the proteins and particularly enzymes are much more
dynamic in nature with direct implications in function, inhibition and even evolution25. This
makes it imperative to understand the conformational dynamics of CK2 in solution. Exploring
the full conformational heterogeneity of CK2 in solution is important for development of
better inhibitors26. Molecular dynamics simulations provide an excellent approach to study the
dynamics of proteins in solution. With latest advances in software and hardware, microsecond
to millisecond scale molecular dynamics of small or medium sized proteins, is being routinely
performed 27–30.
4

Here, we set out to investigate the conformational plasticity of the CK2 as exhibited
by numerous crystal structures and more importantly the dynamics of the CK2 in solution.
Using a large dataset of human CK2 structures we first explore their conformational
heterogeneity. We compare this heterogeneity to the conformational landscape observed in the
molecular dynamics simulations. Further, we compare the dynamics observed in MD
simulations for the apo18 and inhibitor bound CK231 and find crucial differences in them.
Finally, we observe conformation of the hinge/D region, distinct from that observed in the
hitherto determined crystal structures.
Materials and Methods
Dataset
Human CK2 structures corresponding to uniprot id P68400 were downloaded from
Protein Data Bank32 (http://www.rscb.org). The structures with missing residues except for the
terminal regions were rejected. Finally, 70 structures were selected for the analysis (Table S1).
The resolution of the structures varied between 1.04 Å - 3.30 Å. The residues present in all 70
structures spanned from 4 to 327. These residues were used for the analysis wherever cross
structure comparison was made.

Alignment and Root Mean Square Deviation
Structures in the dataset were aligned using the Fold server at the European
Bioinformatics Institute33 (http://www.ebi.ac.uk/msd-srv/ssm/) and the Root Mean Square
Deviation (RMSD) was calculated. Residue wise RMSD was calculated from the aligned
structures as per following equation
1
𝑅𝑀𝑆𝐷𝑖 = √ ∑ 2𝑖
𝑛
𝑛
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where, RMSDi is the RMSD for the C of the ith residue. i is the distance between the C
atom of each of the n structures and reference structure. B-factors associated with the C atoms
in the individual PDB files were normalized with respect to the highest B-factors thus
converting each set into the range between 0 and 1.

Molecular Dynamics Simulation
Molecular Dynamics simulations were performed in Gromacs 5 34. The crystal
structures of Apo CK2 (PDB id 3AT2) and CX4945 bound CK2 (PDB id 3PE1) were used
as starting models for the simulation. All water and ethylene glycol molecules were removed
from the Apo structure PDB file. In case of CX-4945 bound CK2 structure, three water
molecules that were found to be the ordered waters near the inhibitor were retained and rest of
the water, sulphate and ethylene glycol molecules were removed. Amber99sb force field was
used for the simulation. The force field parameters for CX-4945 were derived using General
Amber Force Field35 in antechamber36 utility of Amber Tools 14, implemented through
ACPYPE37. The structures were solvated in a dodecaheron box filled with TIP3P water
molecules. Systems were neutralized using counter ions as needed. Energy minimization was
performed for the systems until the maximum force on any atom was less than 100 kJ mol -1nm1.

The energy minimized systems were then equilibrated in an NVT ensemble for 1ns followed

by NPT equilibration of 1ns using Berendsen barostat38. This was followed by the 2ns NPT
equilibration using Parinello-Rahman barostat39. The temperature was maintained at 300 K
using the modified Berendsen Thermostat (V-rescale)40. The pressure was maintained at 1 bar.
Following equilibration, the production run was performed for 200 ns. The time step used was
2fs and the trajectory frames were saved every 5000 steps. Three independent simulations were
performed using the same protocol for each system giving a total sampling of 1.2 s. Before
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analysis, the three independent simulation trajectories for each system were concatenated and
fitted to the first frame.
Root Mean Square Fluctuation (RMSF), distance and dihedral angles used in the
analysis were calculated using the gromacs utilities gmx rmsf, gmx distance and gmx angle
respectively. The eigen values and eigen vectors were determined using the gmx covar utility
of gromacs and were analysed using the gmx anaeig. Free Energy Landscapes were constructed
using the gmx sham and plotted using in-house python scripts.
UCSF-Chimera41 and VMD42 were used for molecular visualization and rendering
images of protein structures.

Results
CK2 exhibits conformational flexibility in five structural regions
In this work, we have focused on the human CK2 structures obtained from Protein
Data Bank (see Materials and Methods). 70 crystal structures were selected for the analysis.
The details of these structures have been given in Supplementary Table S1. The overall root
mean square deviation (RMSD) between all the structures was quite low (0.81 Å). RMSD is
an average measure that quantifies the overall difference between the structures, thus
overlooking the local variations in the structure. To understand the local variations among the
structures we calculated residue wise RMSD between the structures. The residue wise RMSD
for the ensemble of crystal structures shows high conformational variability in five regions
described as 1) Gly rich p-loop, 2) 3/ C loop, 3) 4-5 region, 4) Hinge/D region
comprising of D helix with the inter domain region that connects the C-terminal domain and
N-terminal domain and 5) the GH2 helix far from the active site region. (Figure 1).
This conformational flexibility also becomes evident in the B-factors of the structures.
There are five regions (excluding the termini) that show high B factors across most of the
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structures (Figure S1). These regions correspond to the five regions described above. A similar
observation was made previously by Niefind et. al.

20

using CK2 structures from maize, rat

and human, and comparing them to human CDK2 structures.

The conformation of Gly-rich loop (residues- 46-51, green shaded region in Figure 1A
and B) shows large variation among different structures. There are two extreme conformations
that can be observed among hitherto determined crystal structures. In the stretched
conformation, the Gly-rich loop is stretched with Arg 47 side chain pointing upwards leaving
the active site open. In the collapsed conformation, the Gly-rich loop is bent downwards with
the side chain of Arg 47 blocking the active site (Figure 2A). In a recent computational study21,
the free energy of these two states was found to be similar and the highest free energy barrier
in transition between these states was found to be low (~3 kcal/mol). In spite of this fact, out
of 70 structures analyzed in the current study, only 2 structures exhibit collapsed Gly-rich loop
(PDB: 3FWQ and 4IB5) and in both of these structures the ATP binding region does not
contain any ligand. Another atypical conformation of Gly-rich loop was observed in the crystal
structure of CK2 solved in high salt conditions and presence of ligand that contributes to a halogen interaction causing this conformation43.
The 3/C region (residues 70-74, tan shaded region in Figure 1A and B) is shortened
in the case of CK2 due to missing B helix, as compared to other kinases. Considering the
structural data available so far, no specific reason has been ascribed to the high flexibility
observed in this region (Yellow region in Figure S1B). Recently, in a structure in complex with
the CK2 competitive peptide, one of the CK2 chains in asymmetric unit had a cis Pro72 as
compared to trans Pro72 found in all other structures13. However, significance or role of this
cis-trans isomerization could to be determined.
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The region surrounding 4/5 loop (residues 96-113, orange shaded region in Figure
1A and B) forms the interface between the CK2 and CK2. High flexibility in this region has
been attributed to the regulation of CK2 binding and it has been suggested to act as a hinge
in this interaction44. In the crystal structures analyzed here, two states of this loop can be
observed corresponding to the bent and stretched conformation (Figure S1B). However, no
correlation can be made to the functional states of the enzyme owing to lack of consistency in
the conformation of this region in different holoenzyme (CK2-CK2 complex) structures
In earlier studies, two distinct states have been defined for the hinge/D region (cyan
(residues 114-118) and purple (residues 121-128) shaded region in Figure 1A and B), referred
to as “Open and “Closed” states depending primarily on the orientation of Phe121 side chain.
In order to understand the relative representation of these two states in the dataset analyzed
here we mapped all the crystal structures in a plane comprising of distance between center of
masses (COM) of Phe121 and Val162 (henceforth called dist121-162) as X-axis and C-CC-C dihedral angle of Phe121 (henceforth called dihed121) as Y axis (Figure 2B). A large
variation can be observed in dihed121 and the side chain of Phe121 seems to sample three
ranges primarily. Phe 121 residues with dihed121 in the range of 25-75 are buried within
hydrophobic cavity, whereas those with values -25 to -75 are exposed on the surface. The
distance between COMs of Phe121 and Val162, representing the distance between the D and
7 clearly distinguishes the open state and closed state structures. Apart from these
predominant orientations there are few structures that exhibit extreme values. Previous studies
have alluded to different conformations exhibited by the hinge/D region of human CK2
owing to its relevance to the function and inhibition of this enzyme 19,
comprehensive study, Klopffleisch et. al.

45

45.

In an earlier

determined CK2-resorufin structure in a low

density crystal packing state and compared it to other crystal structures both in high density
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packing state and low density states to delineate the effects of crystal contacts on the hinge/D
conformation. This study convincingly revealed that external factors like ligand, pH,
temperature etc might play a crucial role in defining the conformation of hinge/D region. It
also suggested an existence of dynamic equilibrium between different conformations of
hinge/D region in solution, which might shift due to these external factors. Thus, any efforts
in the past to correlate different hinge/D conformations observed in CK2 to the function of
the enzyme have failed except for perhaps one precept that the conformation observed in the
crystal structure is dependent on the crystallization conditions and nature of the ligand in the
active site26, 43 . The presence of high concentrations of kosmotropic salts in the crystallization
buffers causes the hydrophobic interactions to be dominant and in turn shifts the structures to
a closed like conformation.
The GH2 helix (gray shaded region in Figure 1A and B) is a part of the CMGC family
like insert in the CK2 structure. This helix evinces high B-factors and variability among the
crystal structures analyzed here, however, no functional role has been ascribed to it yet.
From the above-mentioned analysis, we can conclude that the conformational
flexibility is an intrinsic and important feature of CK2 however the role of this flexibility in
the function and inhibition remains largely unknown. Although, numerous crystal structures
along with the B-factors, give some indication towards the flexibility of the structure, the
conformational dynamics of this enzyme in solution remains unexplored. To this end, we
performed molecular dynamics simulations of CK2 subunit in explicit solvent in both
unbound and inhibitor (CX-4945) bound states. CX-4945 is a benzonaphthyridine derivative
that competitively inhibits CK2 with high specificity12. The structure of CK2 in complex
with CX-4945 (PDB 3PE1) is very similar to the Apo structure (PDB 3AT2) (C RMSD of
0.58 Å ) and expectedly shows open type conformation of the hinge/D region and stretched
Gly-rich loop31 (Figure 3A). In the present work, we investigated the dynamics of unbound
10

CK2 (hereafter ApoCK2) and compared it with that of the CX-4945 bound CK2 (hereafter
CXCK2) in explicit solvent conditions.
Three independent simulations of 200 ns for each system were performed giving a total
sampling time of 1.2 s. The trajectories obtained from three independent runs were
concatenated giving structural snapshots for equilibrium dynamics of 600 ns for each system.

Apo –structure shows higher flexibility than the inhibitor bound structure
Root Mean Square Fluctuation (RMSF) measures the flexibility of the molecule during
the dynamics. We calculated the RMSF for the C atoms of each residue over the course of
the trajectory (Figure 3B). For both, ApoCK2 and CXCK2, higher flexibility was observed
for the variable regions described in the crystal structure ensemble analysis (Figure 1A).
ApoCK2 exhibits higher flexibility as compared to CXCK2 at almost all the residues
suggesting inhibitor induced suppression of dynamics in CK2. There is a considerable
decrease in the flexibility in CXCK2 at and near the Gly rich loop (residues- 46-51, Figure
3B green shaded region). The suppression in dynamics of molecule upon binding of inhibitor
has been observed previously in other enzymes 46, 47. This suppression in dynamics is often
concomitant with the shift in dynamic equilibrium of conformational states and stabilization of
a particular state.
To further explore the difference in the dynamics of the systems and conformational
states explored by the enzyme in solution, 2D free energy landscapes (FEL) were generated
using the reaction coordinates (RC) corresponding to the Gly-rich loop and hinge/D
conformations.

Inhibitor stabilizes the stretched state by shifting the Gly-rich loop dynamic
equilibrium
11

The distance between the COMs of Arg47 and His 160 (henceforth dist47-160) was
chosen as the first RC (RC1) while the dihedral angle formed by Arg47 (C- C-C-) –
Gly48(N) (henceforth dihed47-48) was chosen as second RC (RC2). The FEL in case of
ApoCK2 reveals two minima corresponding to two different distances along RC1 (Figure
4A). The first and deeper minimum, at the lower distance of approximately 6-8 Å corresponds
to the collapsed conformation of the Gly rich loop whereas the second comparatively shallow
minimum at the distance of approximately 12-14 Å corresponds to the stretched conformation
of the loop. Instead, in case of CXCK2, the FEL displays a single minimum corresponding
to the stretched conformation (Figure 4B). This suggests that the ApoCK2 exists in a dynamic
equilibrium between the collapsed and stretched Gly-rich conformations. We hypothesize that
the inhibitor binds to the CK2 in the stretched conformation and stabilizes it. In the previous
metadynamics study21, the free energy of the two states was found to be comparable and the
highest free energy barrier between the two states was also low, however they did not observe
spontaneous collapse of Gly rich loop in 40 ns simulation. Here, in longer time scale simulation
(600 ns) of ApoCK2 we were not only able to observe both the states but also conclude that
the collapsed state is equally probable, if not preferred, to occur in solution over the stretched
conformation.

Dynamics reveals a conformational state of hinge/D region distinct from that
prevalent in crystal structures
For the analysis of conformational heterogeneity of the hinge/D region we chose
distance between the COMs of Phe121 and Val162 (dist121-162), and dihedral angle C-CC-C of Phe 121 (dihed121) as reaction coordinates and calculated the FEL (Figure 5).
The first important observation about the conformations of the hinge/D region is that
they deviate considerably from the conformations observed in the crystal structures. As
12

described in the earlier section, most of the crystal structures exhibit two types of hinge/D
conformations- closed and open (Figure 2B). However, the energy landscape for the hinge/D
conformations sampled in the molecular dynamics simulations demonstrates one deep
minimum and three comparatively shallower minima, both in the ApoCK2 and CXCK2
simulation (Figure 5A and B). We define them as Min1- with dist121-162 corresponding to
~12 to 14 Å and dihed121 corresponding to ~ -50 to -70 ; Min2- with dist121-162
corresponding to ~12 to 14 Å and dihed121 corresponding to ~ 50 to 70 ; Min 3- with dist121162 corresponding to ~8 to 10 Å and dihed121 corresponding to ~ 50 to 70 ; and Min4- with
dist121-162 corresponding to ~8 to 10 Å and dihed121 corresponding to ~ 140 to 180. This
points towards multiple hinge/D region conformations existing in dynamic equilibrium. We
extracted the representative structures from each of the minima and compared them (Figure
5C). The FELs in both ApoCK2 and CXCK2 reveal the stable conformations of hinge/D
region that are distinct from those observed in crystal structures determined so far. The deep
minimum on FEL (Min 3) with the lowest energy corresponds to a state in which the Phe121
is partially buried in the hydrophobic cavity and the distance between the D helix and 7 is
similar to that found in the open conformation structure (Figure 5C). This is the most populated
state found in the dynamics.
The description of the functional states for the protein kinases have incorporated the
concept of Catalytic-spine (C-spine) and Regulatory-spine (R-spine)24, 48. These are group of
conserved hydrophobic residues in kinases that occur contiguously in the protein kinases and
are assembled in the active state of the enzyme. Considering the constitutively active state of
the CK2, it was presumed that the C-spine as well as R-spine would be well formed as in the
active form of other protein kinases. However, in case of CK2, although R-spine, comprising
of residues Leu85, Leu97, His154, trp176 and Asp214 was found to be structurally assembled
in crystal structures, the C-spine, formed by Val53, Vl66, Phe121, Val162, Met163, Ile164,
13

Met221 and Met225 was found to be ambiguous (Figure 6). The source of this ambiguity is the
dismantled C-spine observed in the open hinge/D (hitherto assumed to be functional) state
with Phe121 pointing outward and assembled C-spine in the closed but non-functional state,
with Phe121 embedding the hydrophobic cavity22, 24. The analysis of structures representing
the deepest minimum in the FEL corresponding to the hinge/D region in this work, revealed
that R-spine was well formed in all the structures and the C spine is formed in most of the
structures (Figure 6).
Recently, novel inhibitors targeting the cavity near the D helix have been
discovered14. The hinge/D region conformation of several of these complex structures
resembles the one found in the lowest minimum. This suggests that the inhibitors described in
the work by Brear et al.14 target this particular conformation. From the analyses mentioned
above, we conclude that there exists an equilibrium between the hinge/D conformation with
partially buried Phe121 side chain along with comparable distance between D and 7 to that
found in crystal structures and an outward open Phe121 side chain with the longer distance
between D and 7.
Furthermore, during the long timescale dynamics (1.2 s) of either ApoCK2 or
CXCK2, closed state of hinge/D was not observed, further emphasizing the effect of
external factors like crystallization conditions and nature of ligands, on the determination of
this conformation in crystal structures.

Inhibitor does not affect the hinge/D region dynamics
Another interesting observation from the simulations is that the presence of inhibitor
does not significantly affect the hinge/D region dynamics and the difference in the dynamics
is much more subdued as compared to the Gly-rich loop. This is evident from both the RMSF
values (Cyan and Purple shaded regions in Figure 3B) and the FEL plots (Figure 5A and B).
14

The FEL for CXCK2, differs only slightly with ApoCK2. The region on the FEL
corresponding to the “open” state structures as described in the Figure 2B, is almost unoccupied
in ApoCK2 simulations (Figure 5A, black ellipse) whereas there are few frames that show
the hinge/D state corresponding to that region, in CXCK2 simulations (Figure 5B, black
ellipse) This is further evident in the Principal Component Analysis presented in the next
section.

Principal Component Analysis highlights the difference in the dynamics of ApoCK2
and CXCK2
The results described above indicate that simulating the dynamics of the CK2 captures
the conformational landscape of the enzyme unexplored by the crystal structures determined
till now. Additionally, we have observed crucial differences in the dynamics between
ApoCK2 and CXCK2. However, owing to high dimensionality of these systems, gaining
insight into the specific motions leading to the differences in the dynamics becomes difficult.
Principal Component Analysis alleviates this problem by reducing the dimensionality of the
system and highlighting only the dominant motions in the protein49. PCA was performed on
the C atom coordinates for entire trajectory of each system. Prior to the calculation of
covariance matrix, both the trajectories were fitted to the Apo crystal structure. First five
Principal Components (PC) explain 80.7 % and 79.2 % variance in ApoCK2 and CXCK2
trajectories respectively. The motion along the first PC is relatively dominant in both the
trajectories with 51.1 % and 62.7 % contribution to total variance in ApoCK2 and CXCK2
respectively.
The motion along the first PC in both the systems corresponds primarily to the shearing
motion between the two domains. The 4/5 loop stretches with the outward movement of the
D helix. Simultaneously, the C-terminal domain including F and GH2 helices moves in
15

opposite direction giving rise to shearing motion (Figure S2A). The motion along the second
PC corresponds to the opening and closing of the two lobes around active site. This mostly
incorporates the collapse and stretching of Gly-rich loop. In concert with the results obtained
from the FEL, motion along this PC vary in ApoCK2 and CXCK2. The distance between
the Arg47 C and His160 C are in accordance with the FEL values, with ApoCK2 showing
a much wider range as compared to CXCK2 (Figure S2B).
Interestingly, there is little difference in motions along the first PC in ApoCK2 and
CXCK2. Most of the difference between the dynamics of the two systems lies in the second
PC. To further explore this, we compared the flexibility of ApoCK2 and CXCK2 along their
corresponding first and second PCs (Figure 7).
Along first PC, both the systems show similar fluctuations (Figure 7A) with few
differences. 4/5 loop and the hinge/D region shows higher fluctuation in the CXCK2
whereas GH2 show slightly higher fluctuations in ApoCK2. However, in case of motion
along the second PC the flexibility of the Gly-rich loop and surrounding regions is drastically
reduced in CXCK2 (Figure 7B). This suggests that the binding of inhibitor restricts opening
and closing type motion of the enzyme.

Discussion
Since its discovery, CK2 has been an intriguing protein kinase with its constitutive
activity, ubiquitous presence, broad substrate specificity and dual co-substrate utilization. With
increasing repertoire of high resolution crystal structures, the remarkable conformational
heterogeneity of certain regions further added to the complexity in comprehensive
understanding of this molecule (Figure 1). In particular, the remarkable conformational
heterogeneity of the hinge/D region, as compared to its homolog in maize, has led to several
studies in pursuit to explore and understand it. We mapped this heterogeneity observed in the
16

human CK2 structures based on current understanding of the conformational states of the
hinge/D (Figure 2). This mapping primarily corroborates the previous studies that the
hinge/D region takes primarily two conformations- “open” and “closed”. Next, we go further,
to explore this conformational heterogeneity in solution. Long timescale MD simulations were
performed to observe the conformational landscape explored by the enzyme in solution. The
simulations revealed much higher conformational variability than that observed in the crystal
structure ensemble. Free energy landscape corresponding to the conformations of the hinge/D
region, revealed for the first time that in solution the enzyme is found in dynamic equilibrium
between multiple states. The “open” state of hinge/D prevalent in the crystal structure
ensemble is rarely populated in solution. Instead, we determine a novel prevalent state where
the Phe121 side chain is partially buried in the hydrophobic cavity (Figure 5). In this state, the
catalytic spine presumed to be important in the activity of the enzymes seems less dismantled
as compared to the “open” state structures determined so far (Figure 6). This corroborates the
observations made in previous studies, based on the numerous crystal structures obtained in
different conditions, that the hinge/D region is in dynamic equilibrium between different
conformational states and this equilibrium shifts in response to external factors. However, for
the inhibitor (CX-4945), studied in this work, we do not observe any such shift in the
equilibrium towards a particular conformation of hinge/D region (Figure 5). This provides us
with two novel insights regarding hinge conformation. Firstly, hinge can take multiple
conformations and not just the “open” and “closed” conformations observed in the crystal
structures. Secondly, the inhibitor CX4945 does not influence this equilibrium and
consequently dynamics of hinge region. A comparison of the dynamics of ApoCK2 with
CXCK2 further revealed quenching of the overall dynamics of the enzyme in inhibitor bound
state (Figure 3). This observation has also been made previously in case of PKA47 and shift in
the dynamic equilibrium between different states is a viable mechanism in this constitutively
17

active protein kinase. We observe this shift in equilibrium in the conformation of the Gly-rich
loop which also exists in dynamic equilibrium between two states in Apo form (Figure 4).
The results presented in this work provide novel insight into the conformational
heterogeneity of the catalytic subunit of the CK2 and underline the importance of dynamics of
enzyme in the solution state. The recent discovery of hinge pocket binding inhibitors 14 and the
resemblance of these structures with the most populated hinge/D conformational state
determined in our simulations further paves way to exploit these results in the discovery of
novel noncompetitive inhibitors.
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Figure Legends
Figure 1 – Five regions of conformational variability in CK2. A) Residue wise RMSD for
C atoms of the crystal structures analyzed in this study. The average RMSD has been shown
by black line. B) CX4945 bound crystal structure (PDB id 3PE1). Functionally and structurally
relevant regions showing high variability are colored
Figure 2 –Two conformational states of the Gly rich loop and hinge region. A) Two extreme
conformations of the Gly-rich loop observed in the crystal structures - PDB 3FWQ in grey
showing collapsed state and PDB 3PE1 in blue showing stretched state. B) Conformational
states of hinge and D helix region. Plot of the distance between COMs of Phe121 and Val162
versus the dihedral angle C, C, C and C of Phe121 for each structure. The two prevalent
states defined in previous studies have been encircled. Inset shows the difference in the hinge
region of the two states for the encircled structures.
Figure 3 – ApoCK2 shows higher flexibility than CXCK2. A) Superposed structures of
Apo (PDB id 3AT2 shown in Blue) and CX4945 bound CK2 (PDB id 3PE1 shown in wheat).
The inhibitor CX4945 has been shown in gray ball and stick representation. B) Root Mean
Square Fluctuation (RMSF) of ApoCK2 (Blue curve) and CXCK2 (Red). Shaded regions
are same as in Figure 1A.
Figure 4 - Presence of inhibitor shifts the equilibrium to stretched state of Gly rich loop. A)
The FEL along the dist47-160 and dihed47-48 in ApoCK2, showing two minima. Inset shows
comparison of the Gly rich loop in representative structures from two minima (Gray for the
minima with smaller dist47-160 and blue for the minima with longer dist47-160) in ApoCK2.
Residues Arg47 and His160 have been shown in red and green stick representation
respectively. B) The FEL along the dist47-160 and dihed47-48 in CXCK2, showing single
minima. The location of starting crystal structures (PDB:3AT2 and 3PE1) has been mapped on
this plot and shown in white crosses.
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Figure 5- Dynamics reveals hinge conformations distinct from crystal structures. A) The FEL
along the dist121-162 and dihed121 in ApoCK2, showing multiple minima. Four minima
have been marked by numbers. The location of closed and open state structures (as described
in Figure 2B) has been mapped on this FEL and shown by green and black ellipses. The
‘outlier’ crystal structures have been shown by pink crosses and are mainly close to minimum
3. Finally, the starting structures for MD simulations have been shown in black crosses within
the black ellipse. B) The FEL along the dist121-162 and dihed121 in CXCK2. C) Hinge
conformations in representative structures from four different minima in the ApoCK2 FEL.
Min1 in pink, Min2 in light green, Min3 in gray, Min4 in light blue. Crystal structure CXCK2
has been shown in red
Figure 6 - Catalytic-spine and Regulatory spine comparison between the crystal structure and
structure extracted from dynamics. Residues in Red and Blue show the C-spine and R spine
respectively in CX4945 bound crystal structure. Corresponding residues for the representative
structure from the most populated state have been shown in the tan (C-spine) and gray (R
spine).
Figure 7 - Difference in dominant motions in ApoCK2 and CXCK2. A) The RMSF along
first PC in ApoCK2 (Blue) and CXCK2 (Red). B) The RMSF along second PC in ApoCK2
(Blue) and CXCK2 (Red).
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Figures

Figure 1 - Five regions of conformational variability in CK2. A) Residue wise RMSD for
C atoms of the crystal structures analyzed in this study. The average RMSD has been shown
by black line. B) CX4945 bound crystal structure (PDB id 3PE1). Functionally and
structurally relevant regions showing high variability are colored
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Figure 2–Two conformational states of the Gly rich loop and hinge region. A) Two extreme
conformations of the Gly-rich loop observed in the crystal structures - PDB 3FWQ in grey
showing collapsed state and PDB 3PE1 in blue showing stretched state. B) Conformational
states of hinge and D helix region. Plot of the distance between COMs of Phe121 and
Val162 versus the dihedral angle C, C, C and C of Phe121 for each structure. The two
prevalent states defined in previous studies have been encircled. Inset shows the difference in
the hinge region of the two states for the encircled structures.
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Figure 3– ApoCK2 shows higher flexibility than CXCK2. A) Superposed structures of
Apo (PDB id 3AT2 shown in Blue) and CX4945 bound CK2 (PDB id 3PE1 shown in
wheat). The inhibitor CX4945 has been shown in gray ball and stick representation. B) Root
Mean Square Fluctuation (RMSF) of ApoCK2 (Blue curve) and CXCK2 (Red). Shaded
regions are same as in Figure 1A.
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Figure 4- Presence of inhibitor shifts the equilibrium to stretched state of Gly rich loop. A)
The FEL along the dist47-160 and dihed47-48 in ApoCK2, showing two minima. Inset
shows comparison of the Gly rich loop in representative structures from two minima (Gray
for the minima with smaller dist47-160 and blue for the minima with longer dist47-160) in
ApoCK2. Residues Arg47 and His160 have been shown in red and green stick
representation respectively. B) The FEL along the dist47-160 and dihed47-48 in CXCK2,
showing single minima. The location of starting crystal structures (PDB:3AT2 and 3PE1) has
been mapped on this plot and shown in white crosses.
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Figure 5- Dynamics reveals hinge conformations distinct from crystal structures. A) The FEL
along the dist121-162 and dihed121 in ApoCK2, showing multiple minima. Four minima
have been marked by numbers. The location of closed and open state structures (as described
in Figure 2B) has been mapped on this FEL and shown by green and black ellipses. The
‘outlier’ crystal structures have been shown by pink crosses and are mainly close to minimum
3. Finally, the starting structures for MD simulations have been shown in black crosses
within the black ellipse. B) The FEL along the dist121-162 and dihed121 in CXCK2. C)
Hinge conformations in representative structures from four different minima in the
ApoCK2 FEL. Min1 in pink, Min2 in light green, Min3 in gray, Min4 in light blue. Crystal
structure CXCK2 has been shown in red
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Figure 6 - Catalytic-spine and Regulatory spine comparison between the crystal structure and
structure extracted from dynamics. Residues in Red and Blue show the C-spine and R spine
respectively in CX4945 bound crystal structure. Corresponding residues for the
representative structure from the most populated state have been shown in the tan (C-spine)
and gray (R spine).
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Figure 7- Difference in dominant motions in ApoCK2 and CXCK2. A) The RMSF along
first PC in ApoCK2 (Blue) and CXCK2 (Red). B) The RMSF along second PC in
ApoCK2 (Blue) and CXCK2 (Red).
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