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Summary 

The Ser/Thr kinase CK2 is a heterotetrameric enzyme composed of two catalytic chains (CK2�) 

attached to a dimer of two non-catalytic subunits (CK2�). CK2� belongs to the superfamily of 

eukaryotic protein kinases (EPKs). To function as regulatory key components EPKs normally exist 

in inactive ground states and are activated only upon specific signals. Typically this activation is 

accompanied by large conformational changes in the helix �C and in the activation segment leading 

to a characteristic arrangement of catalytic key elements. For CK2�, however, no strict 

physiological control of activity is known. Accordingly, CK2� was found so far exclusively in the 

characteristic conformation of active EPKs, which is in this case, additionally stabilized by a unique 

intramolecular contact between the N-terminal segment on the one side and the helix �C and the 

activation segment on the other. We report here the structure of a C-terminally truncated variant of 

human CK2� in which the enzyme adopts for the first time a decidedly inactive conformation. In 

this CK2� structure those regulatory key regions still are in their active positions. Yet the glycin-

rich ATP-binding loop, which is normally part of the canonical anti-parallel �-sheet, has collapsed 

into the ATP binding site so that ATP is excluded from binding; specifically the side chain of Arg47 

occupies the ribose region of the ATP site and Tyr50 the space required by the triphospho moiety. 

We discuss some factors that may support or disfavour this inactive conformation, among them 

coordination of small molecules at a remote cavity at the CK2�/CK2� interaction region and 

binding of a CK2� dimer. The latter stabilizes the glycine-rich loop in the extended active 

conformation known from the majority of CK2� structures. Thus the novel inactive conformation 

provides for the first time a structural basis for the stimulatory impact of CK2� on CK2�. 
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 Eukaryotic protein kinases (EPKs) catalyze the transfer of the �-phospho group of ATP to the 

terminal hydroxy groups of specific serine, threonine and tyrosine residues within substrate proteins. In 

this way they act as molecular switches orchestrating almost all fundamental cellular processes as 

components of signalling pathways and regulatory networks1. To assure the spatial and temporal 

interplay of molecular processes, EPKs themselves are in general strictly regulated2 and dysregulations 

can lead to cell transformation and cancer.  

 With regard to their structures EPKs are closely related proteins. They share the same core 

architecture, consisting of an N-terminal domain based on a central anti-parallel �-sheet and an �-

helical C-terminal domain with the active site located in between. Typically EPKs exist in ground 

states of minimal activity and are activated in response to stimulatory signals2. The mechanisms to 

change from the “off” to the ”on” state include binding of activator proteins [(cyclin-dependent 

kinases (CDKs)], release of regulatory subunits [cAMP-dependent protein kinase], phosphorylation 

[mitogen-activated protein kinases], dephosphorylation [glycogen-synthase kinase 3], release of 

pseudosubstrate segments (twitchin kinase), dimerization (RNA-activated protein kinase, EGF 

receptor) or combinations of these2,3,4. In general these regulatory events are accompanied with large 

conformational changes, in particular in the two regulatory key elements, the so-called activation 

segment at the border of the C-terminal domain and the helix αC in the N-terminal domain2. 

 EPKs are conformationally individual and diverse in their inactive states, but they adopt a 

similar conformation in the “on” state due to the chemical constraints of the phospho transfer 

reaction2. In this conformation the activation segment is open to allow substrate binding5 whereas it is 

often non-productively rearranged in the “off” state. Moreover, in active EPKs the helix αC is 

orientated such that a conserved glutamate residue can establish a salt bridge to a likewise conserved 

lysine residue; fixed in this way the lysine side chain can coordinate the α- and �-phospho groups of 

ATP in their functional conformations. This lysine/glutamate ion pair is often absent in inactive EPKs 

and is therefore regarded as a sensitive identification for the active conformation of an EPK2. 
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The importance of activity control for EPK function makes the exploration of regulatory 

mechanisms and their structural bases a fundamental subject of EPK research. In this respect the 

regulation of protein kinase CK2 (former name: casein kinase 2) – a heterotetrameric Ser/Thr kinase 

composed of two separate catalytic chains (CK2�) attached to a central dimer of two non-catalytic 

subunits (CK2�)6 - is particularly puzzling since none of the above-mentioned control mechanisms 

works in this case. Thus, although CK2 itself is a regulatory factor in apotosis, proliferation7,8and 

multiple transitions in the cell cycle9, its own regulation is poorly understood10. CK2� alone has a 

significant basal catalytic activity, which is enhanced by CK2� as long as peptides serve as 

substrates11. With complete proteins as substrates, however, the modulatory impact of CK2� on CK2� 

is more diverse and can sometimes involve even down-regulation, e.g. in the case of calmodulin12. At 

any rate, CK2� is no on/off switch for CK2� and thus not comparable to the cyclins in the case of the 

CDKs. 

Various alternative notions of CK2 regulation have been considered so far, e.g.: (i) formation 

of inactive filamentous aggregates from heterotetrameric CK2 holoenzyme complexes13; (ii) 

regulation through small molecules like inositol phosphates14; (iii) modulation of specificity through 

protein-protein interactions15,16; (iv) intracellular translocation17; (v) long-term regulation via the 

enzyme concentration through gene expression and protein degradation18. 

None of these regulatory concepts requires an underlying inactive CK2� conformation. Thus, 

they are consistent with the fact that in more than 30 crystal structures CK2� was found exclusively in 

the typical conformation of active EPKs and that this active conformation is in the case of CK2� 

particularly constrained by at least three internal elements: (i) the N-terminal segment that fixes the 

activation segment and the helix �C in a way comparable to the cyclins in the case of the CDKs19; (ii) 

an exceptional tryptophane in the magnesium binding loop5 which replaces the central Phe residue of 

the canonical DFG motif: this Trp side chain allows an additional hydrogen bond19 that disfavours 

“DFG-out” conformations as known from inactive mitogen-activated protein kinases20; (iii) a 
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structural chloride ion together with a conserved water cluster that supports the contact between N-

terminal segment and activation segment21.  

In accordance with these and further structural features it was proposed that CK2� was 

“evolved to be active”22 and can possibly never occur in an inactive conformation. Therefore, we were 

surprised to discover a decidedly inactive conformation of human CK2�. Here, we describe this 

structure. We propose on its basis a concept for the stimulatory impact of CK2� on CK2� and 

moreover discuss its possible consequences for CK2 regulation. 

 

Co-crystallization of a hsCK2�
1-335

 and glycerol 

The inactive CK2� conformation was found by coincidence when we co-crystallized glycerol with 

hsCK2�1-335, a C-terminal deletion mutant of human CK2� that is catalytically fully active23 and 

capable to associate with CK2�24. The motivation for this co-crystallization was based on a recent 

report that the CK2�/CK2� interface region of human CK2� harbours a relatively unspecific small-

molecule binding site25 to which we refer from here on as the “remote cavity” in order to distinguish it 

from the canonical ATP-binding site. 

In that study24 the remote cavity was occupied by 5,6-dichlorobenzimidaziole ribofuranoside 

(DRB) in a complex structure with hsCK2�1-335 and by glycerol in complex with the mutant hsCK2�1-

335-V66A/M163L. In this context it became evident that the occupation of the remote cavity has a 

subtle impact on the crystallization behaviour of the enzyme enforcing a certain tetragonal crystal 

packing and salts like ammonium sulfate or sodium citrate as precipitating agents (rather than 

polyethylene glycols as in all previous crystallization reports with CK2�26). Such an impact should be 

mediated by either novel possibilities for crystalline contacts through the small molecule or by an 

influence on the enzyme’s 3D structure or by a combination of both. 

This notion should be substantiated by the co-crystallization of glycerol and hsCK2�1-335. As 

expected the hsCK2�1-335/glycerol crystals appeared under high concentrations of ammonium sulfate 
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and possess the same apparent space group (P43212) and lattice constants (Tab. 1) as observed in the 

previously described cases25. As shown below the remote cavity in the hsCK2�1-335/glycerol complex 

is in fact occupied by a glycerol molecule (Fig. 1a/b), meaning a certain correlation between the 

occupation of the remote cavity and the crystallization properties of hsCK2�1-335 seems to exists. 

 

Structure of a human CK2�
1-335

/glycerol complex 

The hsCK2�1-335/glycerol crystals diffracted to 2.3 Å resolution, and the corresponding structure was 

refined to acceptable R-values and stereochemical characteristics (Tab. 1). In the course of the 

refinement the apparent crystal symmetry had to be reduced to space group P43 combined with perfect 

merohedral twinning. While with the higher symmetry some important parts of the structure remained 

disordered, the consideration of twinning resulted in interpretable electron density in these regions. 

 The asymmetric unit of the crystals is occupied by two hsCK2�1-335 chains arranged as a dimer 

with C2 point symmetry (Fig. 1a). We submitted the hsCK2�1-335 dimer to the PISA server27 which 

reported a value of 1295.7 Å2 for the interface between the two monomers. This value is within the 

range typically found for homodimers with a monomeric molecular mass around 40 kDa28. Interesting-

ly, the final seven residues of the hsCK2�1-335 construct are involved in the homodimeric interaction; 

this observation suggests that the 57 residues longer C-terminal segment of wildtype human CK2� 

might further support the dimerization. On the other hand the PISA server27 – taking into account 

more criteria than just the interface size - does not predict a stable quaternary structure for hsCK2�1-335 

in solution which is consistent with data from ultracentrifugation studies with human CK2�29. Thus, it 

is open whether the dimeric arrangement shown in Fig. 1a has any relevance apart from the crystalline 

state. 

A structural comparison of the two hsCK2�1-335 protomers revealed some minor differences 

between them but the main feature we describe below – the blockade of the ATP-binding site – is 

visible in both cases; therefore, we restrict the following discussion to subunit A in which the remote 
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cavity is occupied by a glycerol molecule (Fig. 1a/b). This glycerol molecule overlaps partly with the 

remote cavity ligands of the hsCK2�1-335/DRB complex and of the hsCK2�1-335-

V66A/M163L/glycerol complex, but it sticks less deep in the cavity and leaves space for an additional 

water molecule (Fig. 1b). Apart from the remote cavity ligand each of the hsCK2�1-335 chains harbours 

a further glycerol molecule at the C-terminal domain (Fig. 1a). 

 We fitted the novel hsCK2�1-335 structure globally on the hsCK2�1-335/DRB complex25 (Fig. 

2a). Both structures are embedded in a similar crystalline environment so that any conformational 

deviations are most probably not caused by crystal packing constraints. While by far the largest 

structural differences occur in the glycin-rich ATP-binding loop (Fig. 2a), both structures are similar in 

the hinge region that connects the two main domains of the enzyme and functions as an anchor for the 

adenine group of ATP. A recent comparative analysis has revealed that two principle conformations – 

an open and a closed one – exist for the hinge region of human CK2�30. Hence, the hsCK2�1-

335/glycerol structure belongs to the same cluster as the hsCK2�1-335/DRB complex, namely the closed 

one. 

  Moreover, the major elements of EPK regulation – the activation segment and the helix �C – 

are essentially identical in the two structures compared in Fig. 2a, meaning in the novel hsCK2�1-

335/glycerol structure they adopt the typical arrangement of active EPKs2. Nevertheless, we 

characterize this structure as “inactive” for two reasons: first the above-mentioned Lys/Glu ion pair 

(Lys68 and Glu81 in the case of CK2�) which is required for productive ATP binding is no longer 

present, rather the side chain of Lys68 is coordinated by the negative charges of Asp175 (the 

magnesium binding aspartate in the productive state31) and a nearby chloride ion (Fig. 3c); second the 

ATP binding site is completely blocked as a result of a collapse of the glycin-rich loop (Fig. 3a). 

 

A collapse of the glycin-rich loop blocks the ATP-binding site 

The glycin-rich loop comprises the first two strands (�1 and �2) of the anti-parallel �-sheet within the 



 

 

 
9

N-terminal domain plus the interconnecting reverse turn (Fig. 2b). The prototype of the loop for active 

CK2� occurred in a complex of maize CK2� with AMPNP (blue tube in Fig. 2b) in which both the 

loop and the complete nucleotide were found as well defined by electron density31,32. Here, the loop is 

as extended as possible, meaning strand �1 ranges with good �-strand geometry up to Gly48, strand 

�2 starts with Ser51 and the reverse turn comprises only the two tip residue, i.e. Lys49 and Tyr50. 

Two glycine residues (Gly46 and Gly48) confer the loop a certain flexibility which is balanced, 

however, by the integration of the two strands into the bigger �-sheet (Fig. 2b). 

 The extended glycin-rich loop is found essentially in all CK2� structures (see representative 

examples in Fig. 2b), even including the complex of maize CK2� with the ATP-competitive inhibitor 

emodin (black tube in Fig. 2b), for which the biggest deviation of the glycin-rich loop from the 

canonical conformation has been reported so far33. In the CK2 holoenzyme6 the active conformation of 

the glycine-rich loop is additionally stabilized by the CK2β dimer (yellow and magenta chain in Fig. 

2b) which is in contact with all five strands of the β-sheet. 

 Against this background, the collapse of the glycine-rich loop in the hsCK2�1-335/glycerol 

structure is particularly striking. It is correlated with a reduction of the strands �1 and �2 by two 

residues each (Fig. 2b). The collapse results in a blockade of the ATP-binding site as clearly indicated 

by the fact that it is not occupied by the ATP-analogue AMPPNP, although such a substance was 

present in significant concentration in the crystallization drop. 

A comparison with the complex structure of hsCK2�1-335 and AMPPNP (PDB code 2PVR)22 

reveals the detailled structural basis of this fact: Tyr50, Arg47 and the surrounding loop region are 

folded in a way that prevents nucleotide binding (Fig. 3a). Arg47 is directed into a part of the 

canonical ATP binding site that was referred to as “sugar region”34; after a large movement of the 

Arg47 side chain its terminal guanidinium group forms a close hydrogen bond to His160, which 

itself is turned towards the critical region, and a salt bridge with Asp120 from the hinge region (Fig. 

3a). 
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A second remarkable residue of the glycine-rich loop is Tyr50. In the active conformation of 

hsCK2�1-335 22 its side chain is coordinated by Lys74 and Lys77 (Fig. 3b) while in the inactive form 

it bends down to the absolutely conserved catalytic aspartate (Asp156) and obtains the space 

normally required for the triphospho moiety of ATP (Fig. 3b). Thus, in a way an early notion of 

Allende & Allende10 that Tyr50 of CK2� – like its equivalent Tyr15 of CDK235 - may serve to 

downregulate the enzyme receives a certain confirmation – albeit the mechanism is not 

phosphorylation as in the case of CDK2 but conformational change. 

 

Which factors support or disfavour the inactive CK2� conformation?  

The structure we describe here expands the knowledge about the conformational possibilities of 

CK2�. In spite of the structural conservation of the EPK-typical control elements (helix �C and 

activation segment) the enzyme can exist either in an active or in an inactive conformation 

concerning the glycine-rich loop – or in an equilibrium of both. 

Unlike other EPKs phosphorylation has no impact on the transition between both activation 

states. Rather the inherent plasticity of the glycin-rich loop may support the interchange between 

them. Additionally, there may be external factors favouring either of the two states and thus 

affecting the putative conformational equilibrium, for instance: 

(i) Crystal packing 

The trivial case would be that the inactive CK2� conformation is a result of crystallization or 

crystal dehydration. Such artefacts can never be excluded in protein crystallography; however, 

we can at least state that crystal packing is not a sufficient condition to cause the glycin-rich 

loop to collapse since in the two aforementioned references cases, which are examples with 

similar crystallization conditions and crystal parameters24, the active conformation was found, 

and the ATP-binding site was occupied with DRB in one case and with AMPPNP in the other. 

(ii) Small-molecule binding to the remote cavity 
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Does glycerol binding to the remote cavity promote the glycin-rich loop collapse? To check this 

possibility we performed a series of catalytic activity tests with hsCK2�1-335 and increasing 

concentrations of glycerol, but we could not detect any inhibition by glycerol. 

In the case of DRB, however, the occupation of the remote cavity correlated with a non-

ATP-competitive inhibition effect24. Recently Laudet et al.36 reported that certain CK2�-

antagonists both can interfere with the CK2�/CK2� interaction and inhibit isolated CK2�; this 

inhibition can be overcome by increasing concentrations of CK2�, but not of ATP. Obviously, 

CK2� coordinates these substances in the CK2�/CK2� interface region, rather than at the ATP-

binding site, but is nevertheless down-regulated by them. So far it is unknown which 

conformational changes in CK2� are induced by these substances but the inactive conformation 

we describe here provides a plausible model. 

(iii) CK2� 

While certain small molecules may enforce the inactive conformation of the glycine-rich loop, 

CK2� probably acts in the opposite direction. In the CK2 holoenzyme6 the CK2� dimer binds to 

the other surface to the N-terminal �-sheet which is thereby stabilized (Fig. 2b) preventing a 

collapse of the glycine-rich loop. 

 This mechanistic model is consistent with the basal activation of CK2� by CK2�29. As in 

the case of calmodulin phosphorylation12 this stimulatory impact can be covered by remote 

interactions, but it becomes apparent when small peptides – like the significant phospho 

acceptor peptide from calmodulin29 - are used as substrates. 

 

Conclusion 

We desribe here for the first time an inactive structure of human CK2� in which the ATP-binding 

site is blocked by the glycine-rich loop that normally serves for ATP coordination. This structure 

together with further observations, we mentioned above, leads to a working hypothesis summarized 
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in Fig. 4: CK2� predominantly adopts an active conformation which is nevertheless in a reversible 

equilibrium with an inactive state. Certain small molecules – artifical ones, but possibly also 

physiological metabolites - can bind to the remote cavity and shift the equilibrium towards the 

inactive form, whereas CK2� displaces such ligands from the CK2�/CK2� interface region and 

stabilizes simultaneously the extended and active form of the glycin-rich loop. In this way CK2� 

removes active CK2� from the equilibrium which is thus completely transferred to the active side. 

This working hypothesis integrates the current structural and enzymological knowledge 

about CK2�. Nevertheless, it has to be substantiated by further experimental work. It will be 

particularly interesting in the future whether metabolites or synthetic small molecules can be found 

with the potential to shift CK2� to the inactive conformation. 
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Figures 

 
Fig. 1: Glycerol binding at hsCK2�1-335. 

(a) The hsCK2�1-335 dimer in the crystallographic asymmetric unit. The two hsCK2�1-335 chains 

A (red) and B (blue) differ in conformational details and ligands. The pieces of electron density 

around the ligands were contoured at 1 �. The figure was drawn with PyMol37. 

(b) Stereo picture of the remote cavity of hsCK2�1-335 chain A, filled with a glycerol and a water 

molecule. These two ligands are covered with blue electron density while the surrounding enzyme 

matrix is embedded in green electron density. The pieces of density were extracted from the final 

2Fo-Fc-density; the contouring level was 1 �. For comparison the glycerol molecule in the 

hsCK2�1-335-V66A/M163L structure (PDB code 3BW525) was drawn in black colour and the 5,6-

dichloro benzimidazole moiety of the hsCK2�1-335/DRB complex (PDB code 2RKP25) in green 

colour. Some hydrogen bonds are indicated with dotted lines in magenta colour. The figure was 

prepared with BOBSCRIPT38 and Raster3D39. 



 

 

 
19

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Structural comparisons. 

(a) Global comparison of the hsCK2�1-335/glycerol 

structure (this work) with the hsCK2�1-335/DRB 

structure25. The RMS deviation values averaged 

over main chain atoms were calculated with the 

program LSQKAP from the CCP4 suite40. 

(b) The glycine-rich ATP-binding loop as part of the anti-parallel �-sheet in the centre of the N-

terminal domain. The fully extended conformation of the loop is found in the zmCK2�/AMPPNP 

complex (1LP4, blue)31,32,  in the hsCK2�1-335/AMPPNP complex (2PVR, red)22 and in the human 

CK2 holoenzyme (1JWH, green)6. In the zmCK2�/emodin complex (1FOQ, black)33 certain 

deviations were found which were, however, not big enough to prevent the coordination of the 

emodin ligand at the ATP-binding site. The inactive conformation of the glycine-rich loop (this 

work) is shown in grey colour. The two chains of the CK2� dimer as found in the CK2 holo-

enzyme6 were drawn in magenta and yellow colour after structural overlay of the corresponding 

CK2� chains. The figure was prepared with BRAGI41. 
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Fig. 3: Details of the inactive CK2� conformation. 

Three stereo pictures were prepared with PyMol37 after structural superimposition of active CK2� 

in complex with AMPPNP (2PVR22) and inactive CK2� (this work). The grey colour for structural 

elements and labels refers to active CK2�. All pieces of electron density were extracted from the 

final 2Fo-Fc map using a contouring level 0.9 �. Some hydrogen bonds are indicated with dotted 

lines in magenta colour and donor/acceptor distances given in Å. 

(a) The core of the ATP-binding site is occupied by AMPPNP in active CK2�, but with Arg47 and 

Tyr50 in the active case after the collapse of the glycine-rich loop. 

(b) The anchoring of the tip of the glycine-rich loop conformation in active CK2� by two lysine side 

chains from the helix �C is broken in inactive CK2�. This allows the tip residue Tyr50 to move into 

the region normally occupied by the triphospho moiety of the ATP. 

 (c) Disruption of the conserved Lys68/Glu81 ion pair found in active CK2�. This salt bridge is a 

characteristic feature of active EPKs2 because it is a necessary condition for the correct coordination 

of the �- and �-phospho group of ATP. 

 

 

Fig. 4: Working hypothesis to illustrate the potential regulation of CK2� by CK2� and by small 

molecules. 
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Tables 

Table 1: X-ray diffraction data collection and refinement statistics. 

Diffraction data collection 

Temperature [K] 100 

Space group P43 

Cell dimensions  

    a, b, c [Å] 71.32, 71.32, 125.68 

    �, �, � [°]  90.0, 90.0, 90.0 

Resolution [Å] 34.50-2.30 (2.38-2.30)1 

Rsym 2 10.0 (72.4)1 

Signal to noise ratio (I/�I) 17.6 (2.0)1 

No. of unique reflections 26999 

Completeness [%] 96.9 (98.3)1 

Redundancy 7.7 (7.2)1 

B-factor from Wilson plot [Å2] 47.1 

Refinement 

Resolution [Å] 34.5 - 2.3 

No. of refl. in working set/test set 25746/1253 

Rwork / Rfree 17.0/23.3 

No. of atoms  

    Protein 5634 

    Ligand/ion 28 

    Water 204 

B-factors  

    Protein 41.4 

    Ligand/ion 46.3 

    Water 33.2 

R.m.s deviations  

    Bond lengths [Å] 0.006 

    Bond angles [°] 0.885 
1 values  in parentheses are for highest resolution shell 
2 Rsym = �h�j|Ih,j -<Ich>| / �h�j Ih,j, where Ih,j is the intensity of the jth observation of unique reflection 

h, and <Ih> is the mean intensity of that reflection. Friedel mates were merged. 
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HsCK2�1-335 was prepared as described22. The purified proteins were concentrated and rebuffered in 

500 mM NaCl, 25 mM Tris/HCl, pH 8.5, by ultrafiltration using AMICON Ultra-15 tubes. The 

crystallization experiments were performed at 20 °C with the sitting-drop variant of the vapor 

diffusion technique using the “Jena Bioscience-Screen 6” from Jena Bioscience. The crystallization 

drops were prepared as master mixes and each drop contained 1 µl of hsCK2�1-335 (10mg/ml), 3 �l 

1-mM AMPPNP, 0.6 �l 10-mM MgCl2, 0.1 �l glycerol (100%) and 1 µl reservoir solution  

composed of 2-M ammonium sulfate and 2-M NaCl. Cryo conditions were obtained by 

reequllibration after changing the reservoir to 3.9-M ammonium sulfate.  

 X-ray diffraction data were collected at the beamline X12 of the EMBL outstation in 

Hamburg. The wavelength of the X-rays was 0.9537 Å. The data collection temperature was 100 K. 

All diffraction data were processed with the HKL package42. The hsCK2�1-335/glycerol structure 

was determined by molecular replacement using MOLREP from the CCP4 suite43 and the structure 

of hsCK2�1-335 (PDB file 2PVR22) as a search model. For the refinement we used REFMAC43. 

Manual corrections were performed with COOT44. 

  


