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The regulatory mechanism of protein kinase CK2 has still to be fully clarified. The prevail-
ing hypothesis is that CK2 is controlled by a self-polymerisation mechanism leading to
inactive supramolecular assemblies that, when needed, can be disassembled into the
ooBo monomer, the active form of the holoenzyme. In vitro, monomeric oy, seems
present only at high ionic strengths, typically 0.35-0.50 M NaCl, while at lower salt con-
centrations oligomers are formed. In the present study, size-exclusion chromatography
(SEC), dynamic light scattering (DLS), small-angle X-ray scattering (SAXS) and mutagen-
esis have been employed for the characterization of the oligomeric states of CK2 in solu-
tion. SAXS measurements at 0.35 M NaCl show for the first time the shape of the ayps
active monomer in solution. At 0.25 M salt, despite single average properties indicating
an aggregated holoenzyme, deconvolution analysis of SAXS data reveals an equilibrium
involving not only circular trimeric and linear oligomeric (3—4 units) forms of 0,5, but also
considerable amounts of the monomer. Together SAXS and mutagenesis confirm the
presence in solution of the oligomers deduced by crystal structures. The lack of inter-
mediate species such as af,, a or B, indicates that the holoenzyme is a strong complex
that does not spontaneously dissociate, challenging what was recently proposed on the
basis of mass spectrometry data. A significant novel finding is that a considerable
amount of monomer, the active form of CK2, is present also at low salt. The solution
properties of CK2 shown in the present study complement the model of regulation by
polymerization.

Introduction

CK2 is a highly pleiotropic and conserved Ser/Thr protein kinase that is involved in many cellular
processes such as gene expression, cell cycle progression, embryogenesis, cell growth and differenti-
ation, circadian rhythms and apoptosis [1]. Deregulation of the CK2 catalytic activity has been linked
to several pathologies, mainly cancers, but also neurodegenerative disorders such as Alzheimer’s
disease, Parkinson’s disease and amyotrophic lateral sclerosis, inflammation and cardiovascular dis-
eases. The oncogenic potential of CK2 mainly relies on the capacity to act as an anti-apoptotic agent
[2] and has been connected to abnormally high levels of the enzymatic activity found in a large
variety of solid and haematological tumours [3]. Nowadays CK2 is considered a validated drug target,
with two inhibitors in ongoing clinical trials as antitumor agents [4-9].

The regulatory mechanism of the CK2 catalytic activity has not been fully elucidated yet. CK2 is
not regulated by ‘conventional’ mechanisms common to other eukaryotic protein kinases, such as
phosphorylation or dephosphorylation events, second messenger binding or reversible association
with regulatory subunits, with the consequence that its catalytic domain is not shifting between
inactive and active conformations. Indeed CK2 is often referred to as ‘constitutively active’, as its cata-
Iytic o subunit has been always found in an active state in the many crystal structures determined so
far, with all the structural elements necessary for catalysis locked in the proper position by structural
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features peculiar to CK2 [10-12]. The binding of the so-called ‘regulatory’ B subunit to form the tetrameric 55

0,3, holoenzyme leaves the structure of the catalytic subunit substantially unaffected in its main features, so 56
that both the holoenzyme and the isolated o-subunit are catalytically active, although to a different extent 57
depending on substrates. Apart from different expression or localization issues of the two subunits, in vivo the 58
fully functional form of CK2 is considered to be the o, holoenzyme, a heterocomplex of 140 kDa. Besides 59
those of the isolated o- and B-subunits, several crystal structures of the holoenzyme are now available [13-16]; 60
the constitutive B, dimer recruits two o-subunits on opposite sides, originating a ‘butterfly’-shaped, prolate het- 61
erocomplex in which the two catalytic subunits do not interact with each other. 62
Based on self-aggregation properties leading to filaments of Drosophila CK2, in 1986 Claiborne V. C. Glover 63
proposed that this enzyme could be unconventionally regulated by an oligomerization process, with the forma- 64
tion of inactive regular aggregates that could constitute the functional state of this kinase at rest [17,18]. 65
Activity is restored by (as yet unknown) events that trigger the dissociation of oligomers into the monomeric, 66
active form of the tetrameric holoenzyme. Currently this mechanism is the most accepted working model for 67
CK2 and has been supported over time by in vitro and in vivo studies [19-22]. 68
Crystal structures of the holoenzyme have supported this model of regulation suggesting how CK2 can oligo- 69
merize via the formation of circular trimers (PDB IDs 1JWH [13] and 4DGL [14]) and linear oligomers (PDB 70
IDs 4MD7, 4MD8, 4MD9 [15] and 4NH1 [16]) (Figure 1). In both cases aggregation is driven by inter- 71
molecular electrostatic interactions involving the basic P +1 loop of the a-subunit and the so-called ‘acidic 72
loop’ of the B-subunit of another holoenzyme. By means of mutagenesis studies these two regions were previ- 73
ously seen as directly implicated in the regulation of the catalytic activity [23,24], but, due to the lack of the 74
crystal structure of the holoenzyme at that time, these inhibitory ‘secondary interactions’ were wrongly inter- 75
preted as intra-tetrameric, i.e. among subunits of the same 0,3, assembly. 76
The significance of the oligomeric forms deduced from crystal packings of the CK2 holoenzyme needs to be 77
substantiated by a structural characterization that provides evidences of their existence and stability in solution. 78
Very recently, the ionic-strength dependent oligomerization of CK2 has been analysed by native mass spec- 79
trometry, bringing evidence of the existence of both circular trimers and linear assemblies [25]. The presence 80
of intermediate species of the holoenzyme such as (af,), has been reported as well, leading to the suggestion 81
of the transient nature of the o/ interaction. In the present study, we report solution structure studies by 82
size-exclusion chromatography (SEC), dynamic light scattering (DLS) and small-angle X-ray scattering (SAXS), 83
as well as mutational studies, that further support the presence in solution of the oligomeric species proposed 84
by the crystal structures. In particular, SAXS measurements performed at different salt concentrations (0.35, 85
0.25 and 0.20 M NaCl) have enabled insights into the equilibria between different oligomeric species, leading 86
to different conclusions regarding the stability of the holoenzyme and the existence of intermediate species in 87
solution. 88
89

Materials and methods 0

91
92
93
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95
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101
102
103
104
SEC and DLS analyses 105
Chromatographic runs were performed on an AKTApurifier 10 system (GE Healthcare) equipped with a 106
UV-visible detector set at 280 nm. Superdex 200 10/300 (GE Healthcare) and Superose 6 10/300 (GE 107
Healthcare) were calibrated using the HMW calibration kit (GE Healthcare) and following the manufacturer’s 108

Sample preparation

For SEC and DLS analyses, the CK2 holoenzyme was produced as detailed in Lolli et al. [14]. For SAXS experi-
ments, CK2o and CK2p were first produced and purified to homogeneity separately and then used to reconsti-
tute the o, holoenzyme. CK2o (aa. 1-336, called CK2017%%9) was produced as previously reported [6].
CK2p was produced in Escherichia coli at 30°C by induction with 0.5 mM IPTG for 4 h and purified by a three-
step purification protocol using HiTrap Heparin (GE Healthcare), MonoQ (GE Healthcare) and Superdex 75
(GE Healthcare) columns, as detailed in the Supplementary material. The o,f, holoenzyme was reconstituted
by mixing CK2a and the CK2P dimer in a ratio 4:1; the excess of CK20. was removed by SEC on a Superdex
200 column (GE Healthcare) using 25 mM Tris pH 8.5, 0.35 M NaCl and 0.2 mM TCEP as running buffer.
The MW of the a,B, holoenzyme under investigation, carrying the C-terminal truncated CK20!'~**®, was
130 kDa versus 140 kDa for the holoenzyme with full-length o. CK2 mutants were produced according to
Boldyreff et al. [23] and Sarno et al. [24].

2 © 2017 The Author(s); published by Portland Press Limited on behalf of the Biochemical Society
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Figure 1. Architecture of the circular trimer (A, viewed along the three-fold symmetry axis) and linear oligomers (C, a linear
pentamer in this case) of the CK2 holoenzyme, based on the PDB IDs 4DGL (hexagonal form with asymmetric a,p,) and 4MD7
(monoclinic form with symmetric a,pB,), respectively. Single o, monomeric assemblies have different colours. Different
inter-molecular orientation between the o-subunit of one monomer (orange) and the B-subunit of the neighbouring monomer
(green) in the circular trimer and in the linear oligomers are shown in panels B and D, respectively. In both cases, electrostatic
interactions between the basic P + 1 loop of the a-subunit (blue) and the ‘acidic loop’ of the B-subunit (red) are involved, even
though with a different arrangement.

instructions (Supplementary Figure S1). CK2 holoenzyme (2 mg/ml, 25 ul) was loaded on the pre-equilibrated
columns and eluted with buffers composed of 25 mM Tris pH 8.5, TCEP 0.2 mM and NaCl concentrations
ranging from 0.5 to 0.15 M, at a constant 0.5 ml/min flow rate. For DLS analyses, the CK2 holoenzyme was
tested at 5 mg/ml in the above buffer at 25°C, with either 0.5 or 0.25 M NaCl, by using a Zetasizer Nano™
(Malvern Instruments). Samples were centrifuged at 12 000 rpm (15 500xg, on a Beckman Coulter TA-14-50
rotor) at 4°C for 10 min prior to data collections.

Small angle X-ray scattering data collection

For the structural characterization of the CK2 holoenzyme in solution SAXS data were collected at the
European Synchrotron Radiation Facility (ESRF) BM29 BioSAXS beamline [26], in the SEC-SAXS mode, with
a SEC column coupled to SAXS measurements [27]. A 100 pl volume of o,f, at 10 mg/ml in 25 mM Tris pH
8.5, TCEP 0.2 mM and different NaCl concentrations were loaded onto a Superdex 200 10/300 size-exclusion
column (GE Healthcare), extensively equilibrated in the same buffering system, in three independent runs dif-
fering for the salt concentration, 0.35 M, 0.25 M and 0.20 M NaCl, respectively, at a flow rate of 0.5 ml/min,
using the beamline Shimadzu HPLC system. Solution eluting from the column was redirected to the sample
flow path for immediate SAXS data collection. Scattering data were collected using a Pilatus 1 M 2D detector
from Dectris (detector distance 2.8720 m), corresponding to a momentum transfer s (47sin6/A) range of 0.08-
45nm™", with 2's exposure time per frame (approximately 2000 frames were collected per sample run),
wavelength 0.99190 A and temperature 293 K. Initial data processing was performed automatically using the
pipeline for bioSAXS data implemented at the ESRF BM29 beamline using the EDNA framework [28] and ana-
lysed with the laboratory-information management system ISPyB [29]. Frames 1-749, 1-671 and 1-562 were
automatically averaged by the pipeline to yield an ‘average buffer’ profile for the 0.35M, 0.25 M and 0.20 M
NaCl run, respectively. The ‘average buffer’ was then subtracted from all frames classified as ‘sample’ [28]. For

© 2017 The Author(s); published by Portland Press Limited on behalf of the Biochemical Society
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each of the 0.35 and 0.25 M NaCl runs, two subsets of frames from the peak scattering intensity (one from the 163
front and one from the tail) were selected and manually merged to yield a single averaged frame, according to 164
the invariance of the values for the radius of gyration (Rg), the parameter Qg [30] and the molecular mass. For 165
0.35 M salt, ranges 816-839 (front) and 888-896 (tail) were selected; for 0.25 M salt, ranges 696-709 (front) 166
and 768-782 (tail) were selected. Single averaged frames were used for all further data processing and model 167
fitting. Manual processing was performed with PRIMUS [31] from the ATSAS 2.7.2 program package [32]. 168
Useful experimental data ranges were determined with SHANUM [33], discarding data at higher angles con- 169
taining no useful information. Fittings of the experimental scattering profiles with the theoretical ones calcu- 170
lated from known crystal structures (PDB ID 4DGL and 4MD7) were performed with CRYSOL [34] for a 171
single-component mixture and OLIGOMER [31] for a multi-component mixture. Ab initio solution recon- 172
struction of the protein shape at 0.35 M NaCl was obtained by GASBOR [35]. 173

174
Results 175

SEC and DLS results are compatible with the existence of CK2 trimers of

tetramers in solution

In a previous study we reported that the CK2 holoenzyme forms circular trimers of tetramers in hexagonal
crystals mainly through ionic interactions (Figure 1) [14]. In solution, this species has largely escaped attention
due to the established purification protocol for the CK2 holoenzyme, which ensures high yield while keeping
the proteins in a high ionic strength environment, typically 0.5 M NaCl, to limit aggregation. In this condition
(0.5 M NaCl) our analytical SEC on a calibrated column indicates that CK2 is in the monomeric 0,8, form
(Figure 2A). At lower ionic strengths, different oligomeric (o), species of the holoenzyme do appear, the
one at 0.25 M NaCl corresponding to a trimeric assembly (0,,8,)s. By lowering further the salt concentration to
0.2 M and 0.15 M the formation of higher-order oligomers with a mean MW of approximately 900-970 kDa is
observed.

A similar trend was observed by DLS analyses (Supplementary Figure S2). At 0.5 M NaCl the sample
appears to be monodisperse (100% in intensity and volume) with a low polydispersity index 7.9%, a Z-average
diameter 11.85 nm and a Stokes radius (Rg) 5.93 nm. This value for Rg is higher than that predicted for a
globular-shaped protein of 130 kDa (4.77 nm), as expected for a prolate-shaped object as a,f3,, a 15.0 x 7.0 x
7.0 nm ellipsoid with an axial ratio of 2.14. At 0.25 M NaCl there are two peaks in intensity, one corresponding
to particles with 16.39 nm diameter (97.2% in volume, Rg 8.20 nm) and the other corresponding to very large
particles with mean diameter 1124 nm. The smaller particles have an Rs value close to that of a globular-
shaped o,f, trimer (MW 390 kDa, Rs 7.62 nm; for a globular dimer of 260 kDa the theoretical Rs is 6.41 nm),
somehow higher in accordance with the elongated shape of both circular trimers (19.0 x 19.0 x 7.0 nm, oblate
shape, axial ratio 2.71) and linear trimers (30.0 x 11.5 x 11.5 nm, prolate shape, axial ratio 2.60).

184

194

Oligomerization in solution is driven by electrostatic interactions between the 199
CK20. P + 1 loop and the CK2p acidic loop 200
In both circular trimers (from hexagonal crystals with asymmetric a,f3,) and linear oligomers (from monoclinic 201

crystals with symmetric o,f3,) the most relevant interaction involves the basic P + 1 loop (Argl91-Lys198) of 202
CK20 and the CK2p acidic loop (Asp55-Asp64) [14-16]. Polyamines are known activators of CK2 [36], the 203

most effective being spermine, supposed to exert their function through interaction with the CK2p acidic loop. 204
We tested by SEC whether spermine is able to interfere with the salt-dependent oligomerization of the CK2 205
holoenzyme, showing that 5 mM spermine can destabilize oligomeric species of CK2 tetramers in a low ionic 206

strength environment (Supplementary Figure S3). At 0.25 M NaCl, CK2 appears to be mostly monomeric in 207
the presence of spermine (Supplementary Figure S3A); at 0.2 M NaCl, spermine strongly destabilizes the 208
high-molecular-weight aggregated forms observed in its absence (Supplementary Figure S3B). We propose that 209

spermine is able to compete with the basic stretch of CK2a. for the inter-molecular binding to the CK2p acidic 210
loop, hampering oligomerization. 211

To further define the molecular determinants responsible for the oligomerization properties of CK2 we 212
studied a CK2a with residues Argl91, Argl95 and Lys198 mutated to Ala, named o(nobasic), and a CK2f 213
with residues Asp55, Leu56, Glu57 mutated to Ala, named P(noacid). These mutants were already characterized 214
in their catalytic properties by Sarno et al. [24] and by Boldyreff et al. [23], respectively. The interest in these 215
mutants relies on the fact that the mutated residues are those showing the most relevant contacts responsible 216

4 © 2017 The Author(s); published by Portland Press Limited on behalf of the Biochemical Society
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Figure 2. SEC elution profiles at different NaCl concentrations.
(A) Wild-type 0B, at 0.50 M (blue), 0.25 M (green), 0.20 M (red) and 0.15 M (orange) NaCl, eluted from a Superpose 6 10/300 240
GL column. On the basis of column calibration (Supplementary Figure S1), the four main peaks in panel A correspond to a 241
monomer at 0.50 M salt, to a trimer at 0.25 M salt (calculated MW 370 kDa) and to higher-order aggregates at 0.20 M and 242
0.15 M salt (calculated MW 900-970 kDa). The MW of the monomeric holoenzyme was estimated to be 180 kDa in a Superdex 243

200 column run at 0.50 M NaCl (Supplementary Figure S3, blue profile) on the basis of a calibration at the same salt 244
concentration (Supplementary Figure S1). The difference between the apparent MW of 180 kDa and the theoretical MW can be 245
246

attributed to the elongated rod-like ‘butterfly’ shape of the monomer. (B-D) elution profiles of CK2 mutants on a Superdex 200
10/300 GL column (red 0.50 M, green 0.25 M and blue 0.20 M NaCl). All peaks correspond to monomeric forms of the 247

holoenzyme, indicating that mutations in either the p-acid loop (B) or the a-basic cluster (C) are sufficient to abrogate the 248
salt-dependant oligomerization of the wild-type holoenzyme. (D) Effect of mutating both the B-acid loop and the a-basic 249
cluster. Elution profiles in panels B-D suggests that their dependence on salt concentration for the monomeric CK2 250
; 251
holoenzyme is rather modest. Q10 o
253

for the oligomerization of the holoenzyme as deduced by the crystallographic structures describing circular z:
trimers and linear oligomers. Different CK2 holoenzymes were prepared, by combining the two mutants with ss
the wild-type partners [CK2o(nobasic)/wtCK2B and wtCK20/CK2B(noacid)] and between them [CK2o rr
(nobasic)/CK2B(noacid)]. According to SEC, none of them was able to form trimers of tetramers or higher- sss
order oligomers at 0.25 M and 0.20 M NaCl, respectively (Figure 2B-D), indicating that the mutated residues 150
are necessary for the oligomerization process. 260
261

SAXS measurements in solution 262
For a more detailed characterization of the oligomeric forms of the CK2 holoenzyme in solution, we performed 263
SAXS experiments at different ionic strengths. SAXS data were expected to complement SEC and DLS measure- 264
ments and to give more detailed information on the size and shape of the species in solution, as well as on 265
their possible equilibria; they could enable recognizing circular trimers and linear oligomers and distinguishing 266
between them. 267
To obtain the best possible SAXS data we prepared the CK2 tetrameric holoenzyme very carefully. The a- 268
and the B-subunits were produced and purified to homogeneity independently (see the Materials and methods 269
section). For the preparation of o,f,, appropriate aliquots of the single subunits were mixed together and 270

© 2017 The Author(s); published by Portland Press Limited on behalf of the Biochemical Society 5
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loaded on a SEC column equilibrated with 0.35 M NaCl; only fractions corresponding to the full tetrameric 271

holoenzyme were collected for successive SAXS experiments, discarding those at higher elution times. 272
Moreover, diffraction experiments were performed in the SEC-SAXS mode, i.e. with a further SEC run coupled 273
to SAXS measurements, at BioSAXS beamline BM29 of the ESRF. CK2 was analysed at three different salt con- 274
centrations, 0.35, 0.25 and 0.2 M NaCl. 275

At 0.35 M NaCl, CK2 eluted with an asymmetric peak, indicating the presence of some heterogeneity in 276
solution (Supplementary Figure S4). We then decided to analyse two sets of frames, one from the front and 277
one from the tail of the elution peak. The SAXS data on the tail indicate a MW of 128.9 kDa and a radius of 278
gyration of 51.7 A (Table 1), in accordance with the presence of the monomeric holoenzyme o,f, (theoretical 279
MW and Rg 130 kDa and 46.87 A, respectively). The experimental scattering data Iexp and the predicted scat- 280
tering profile I, for the known atomic structure of the a,, monomeric form of the holoenzyme (PDB ID 281
4DGL) showed good accordance (Figure 3) with a rather low x> of 0.80, as calculated with CRYSOL. For com- 282

parison, the fitting using a dimeric holoenzyme is rather poor, with a higher x> of 7.19 (Supplementary 283
Table S1). The comparison between the radius of gyration Rg determined by SAXS and the Stokes radius 284
(known also as hydrodynamic radius) Rg determined by DLS can give useful indications whether a molecule 285
has a spherical or elongated shape. The typical Rg/Rg ratio for a spherical protein is ~0.775 and tends to 286
higher values for elongated structures. Correspondingly, the Rg/Rs for CK2 at high salt is 0.87, in accordance 287

with the prolate shape of 0,3, and with what was previously derived by DLS alone. 288

To evaluate the possible presence of other species in solution, in particular of dissociated forms of the holo- 289
enzyme, we analysed the scattering data with OLIGOMER, using as input the theoretical scattering profiles of 290
four different atomic models: o,f,, aff, and the isolated o and B,. As shown in Supplementary Table S1, none 291
of the dissociated forms of the holoenzyme, neither aff, nor the isolated o and f,, are detectable. This reveals 292
that the equilibrium between the single components and the fully formed holoenzyme is largely shifted toward 293
the latter. 294

The deviation from the linearity of the Guinier plot at very low diffraction angles suggests the presence of 295
some aggregates; we then run OLIGOMER with different combinations of the monomer and possible oligo- 296
meric species, the dimer (IDim), the circular trimer (cTri) and the linear trimer (ITri). As reported in Table 1 297
and Supplementary Table S1, this analysis confirms the presence of some oligomeric forms, but with the dom- 298
inant presence of the monomeric holoenzyme, approximately 95% in volume. 299

To evaluate the shape of the scattering object in solution, we used GASBOR, an ab initio program that, by 300
means of a simulated annealing protocol, is able to obtain a structural model from X-ray solution scattering 301
data using a spatial distribution of ‘dummy residues’ representing the protein structure. The result of the 302

GASBOR analysis, reported in Figure 4, shows an elongated prolate shape (x> 0.73) that closely resembles the 303
butterfly-shaped CK2 holoenzyme, with a good matching between the GASBOR model and the experimental 304

atomic structure. This is the first time that the overall architecture of the o,f, tetrameric holoenzyme as seen in 305
the crystalline state has been confirmed in solution. 306

SAXS analysis of the peak front at 0.35 M NaCl (Table 1 and Supplementary Table S2) confirms the preva- 307
lence of the monomeric form in solution. However, a higher fraction of oligomeric species (~16% in volume) 308
is present, most probably dimers and circular trimers that, among those with a low x?, show the best accord- 309
ance in the Rg; value (53.4 vs experimental 53.2 A) (Figure 3). 310

SEC elution at 0.25 M salt again gives rise to an asymmetric peak (Supplementary Figure S5) that has been 311

analysed in the front and in the tail regions. The front corresponds to a MW of 349.6 kDa and an Rg value of 312
73.8 A (Table 1 and Supplementary Table S3), roughly corresponding to a trimer of tetramers, (0,,B,)s, in 313
accordance with SEC and DLS data. The Rg/Rs ratio is 0.90, indicative of an elongated shape. However, the 314
CRYSOL fitting of the experimental diffraction curve with single models of circular or linear trimers is poor, as 315
well as those using the dimer and the linear tetramer (Supplementary Table S3). The fitting considerably 316
improved using mixtures of the components (using OLIGOMER), the best one being composed by 28.0% 317

monomer, 30.5% circular trimer, 19.0% linear trimer and 22.4% linear tetramer, with x> 0.81 and Rg 73.9 A 318
(Table 1 and Supplementary Table S3; Figure 5). It is notable that the dimer is scarcely or even not present in 319
solution. Similar results are obtained with the tail of the 0.25 mM peak, with the difference that the equilibrium 320
is now more shifted towards the monomer, which increases from 28 to 45% in volume (Table 1 and 321

Supplementary Table S4; Figure 5). Again the fitting of different mixtures does not reveal the presence of 322
appreciable amount of dimer. Taken together, SAXS data at 0.25 mM NaCl indicate the presence of an 323
324

6 © 2017 The Author(s); published by Portland Press Limited on behalf of the Biochemical Society
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Table 1 Main SAXS results
SAXS data - 0.35 M Tail Dimax (A) Re A) MW (kDa)
180.7 51.7 128.9
Fittings Species x? % vol Ra (,&) MW (kDa)
Crysol Monomer 0.80 100 46.87 130
Oligomer Mono/oligomers 0.75 ~95/~5 ~50 ~141
SAXS data - 0.35 M Front Drmax (&) Rg (&) MW (kDa)
186.2 53.2 149.3
Fittings Species XZ % vol Ra (A) MW (kDa)
Crysol Monomer 6.29 100 46.87 130
Oligomer Mono/Dim/cTri 0.83 83.9/9.1/7.0 53.4 160.0
SAXS data - 0.25 M Front Dimax (&) Re &) MW (kDa)
260.8 73.8 349.6
Fittings Species x? % vol Ra (A) MW (kDa)
Crysol [Trimer 2.01 100 81.00 390
Oligomer Mono/cTri/ITri/ITetra 0.81 28.0/30.5/19.0/22.4 73.9 345.0
SAXS data - 0.25 M Tail Dimax (A) Re A MW (kDa)
230.7 68.8 281.1
Fittings Species x % vol Ra ) MW (kDa)
Crysol Dimer 1.74 100 63.38 260
Oligomer Mono/cTri/[Tri/ITetra 0.67 45.4/24.1/16.0/14.4 70.7 289.1
equilibrium in solution between different species, mainly the monomer, the linear and circular trimers and the
linear tetramer, with the absence of the dimer.

SAXS data were also collected at 0.20 mM NaCl but in this case the presence of large and not homogeneous
aggregates deteriorated the signal to such an extent that we could not perform reliable fittings with CRYSOL
and OLIGOMER. However we could have an estimate of the average Rg, 139 A, and the mean MW, around
800 kDa (Supplementary Table S5), value not far from that obtained by SEC at the same ionic strength
(900 kDa). As shown in Supplementary Table S5, these values are close to those of a hexamer, but the poor
quality of the SAXS signal indeed suggests the presence of a complex equilibrium between many oligomeric
species.

Discussion

Currently the prevalent model for the regulation of CK2 is based on the existence of inactive oligomers of the
0,23, holoenzyme that, when needed, can dissociate into the monomeric active form responsible for the correct
catalytic activity that triggers the physiological event. Oligomeric forms of CK2 have been described several
times at values of ionic strengths near the physiological one, and evidences of the existence of aggregated CK2
in cells have been reported. Oligomerization is driven by electrostatic interactions between the catalytic and the
regulatory subunits, hence the CK2 holoenzyme is usually studied at high salt, typically 0.5 M NaCl, to avoid
the formation of undesirable aggregates. Circular and linear molecular models for CK2 oligomers have been
proposed on the basis of crystal structures [14,16,37]. Recently, CK2 oligomerization has been investigated by
native mass spectrometry, supporting the existence of both circular trimers and linear oligomers [25].

In the present study we have characterized the oligomerization process by different biophysical techniques,
i.e. by SEC, DLS and in particular by SAXS, a technique that can give structural information not only on the
size but, most importantly, on the shape of the complexes in solution. In studying aggregation phenomena, it is
crucial to distinguish between specific and unspecific events, and often the quality of the sample is the primary
determinant for the reliability of the results. We then took great care in the preparation of the samples. For the
assembly of the tetrameric o,p, holoenzyme, the independently produced o173 and B (full sequence) subu-
nits were mixed together and then purified by SEC at 0.35 M NaCl from possible intermediate components
© 2017 The Author(s); published by Portland Press Limited on behalf of the Biochemical Society
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Upper panels: fitting by ‘Oligomer’ of the SEC peak front scattering profile (in green) with a mixture Mono/Dim/cTri =83.9/9.1/
7.0% (in red), ¥ = 0.83. Lower panels: fitting by ‘Crysol’ of the SEC peak tail scattering profile (in green) with the monomeric
CK2 holoenzyme (in red), x* = 0.80. Right-hand panels, fittings at very low scattering angle, up to the momentum transfer s =

0.15 and 0.1 A~". See also Table 1 showing SAXS results.

T
0.10
s (A

Figure 4. Structure model generated by Gasbor using the SAXS scattering profile at 0.35 M NaCl.
(A) Ab initio ‘dummy atom’ model. (B) Gasbor fitting (red) to the experimental data (green), x> 0.73. (C) Superposition of the
ab initio model (in green) and the crystal structure of the CK2 holoenzyme (in red). (D) 90° downward rotated superposition.
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Figure 5. SAXS fittings at 0.25 M NaCl.
Upper panels: ‘Oligomer’ fitting of the SEC peak front scattering profile (in green) with a mixture Mono/cTri/ITri/ITetra = 28.0/
30.5/19.0/22.4% (in red), x® = 0.81. Lower panels: ‘Oligomer’ fitting of the SEC peak tail scattering profile (in green) with the
mixture Mono/cTri/ITri/ITetra = 45.4/24.1/16.0/14.4% (in red), x° = 0.67. Right-hand panels: fittings at very low scattering angle,
up to the momentum transfer s =0.15 A~". See also Table 1 showing SAXS resullts.

such as af}, and isolated o or B,. This is an important point that distinguishes the present study to that using
native mass spectrometry where excesses of o. or B were intentionally used [25]. Further, small-angle diffraction
experiments in solution were performed using the SEC-SAXS configuration, where a second SEC step is imme-
diately preceding in-line the diffraction measurement, allowing the characterization of different portions of the
elution peak and of the interconverting equilibria between the single species present in solution. According to
previous SEC runs (data not shown), 0.35 M is the lowest NaCl concentration that guarantees the presence of
the holoenzyme essentially in the monomeric form (confirmed by succeeding SAXS results). This was assessed
to minimize the background (higher at high salt) and the sample dilution for SAXS measurements at 0.25 and
0.20 M salt, so as to obtain the best possible signal-to-noise ratio.

SEC results confirmed what already was known from the literature: lowering the salt concentration induces
CK2 oligomerization. In addition, using a calibrated SEC column we could estimate the molecular weight of
these oligomers at 0.25 M salt, which turned out to be compatible with the presence of trimeric forms in solu-
tion, at least in their mean properties. This result was confirmed by measurements of the hydrodynamic
(Stokes) radius by DLS. These oligomeric forms are stabilized by electrostatic interactions, as indicated by the
capability of polybasic spermine to dissociate the trimers at 0.25 M NaCl and even the more aggregated species
observed at 0.2 M NaCl. To assess the appropriateness of the oligomeric models deduced from the hexagonal
and monoclinic crystal packings of the holoenzyme, we used mutated forms of the basic P + 1 loop of CK2a
and the CK2p acidic loop and, according to SEC, as expected the holoenzyme remains monomeric at 0.25 M
salt, confirming that these regions are involved in oligomerization. The impairment in the formation of oligo-
mers caused by a different set of mutations in the CK2 acidic loop has been similarly reported elsewhere [25].
The residues mutated in the o-subunit, namely Argl91, Argl95 and Lys198, are also involved in substrate
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recruitment and, accordingly, the mutated CK2o. showed a significant decrease in activity, both when isolated
and in complex with the B-subunit [24]. In the same paper it was interestingly found that the holoenzyme with
a B-subunit carrying the same mutations studied in the present paper and able to dissociate the oligomers, i.e.
with B(noacid), is more active than the wild-type holoenzyme. This makes a clear link between the aggregation
state and the catalytic capacity, supports the model of the inactivation upon oligomerization and substantiates
the functional significance of the oligomeric structures as derived from crystallographic analyses.

SEC-SAXS measurements confirmed these outcomes and were also able to define the shape of the mono-
meric holoenzyme in solution and to detail its oligomerization equilibria. At 0.35 M NaCl, the monomer is the
most abundant species in solution, between 84% and 95% in volume, and its shape, as determined by ab-initio
procedures performed by GASBOR, i.e. without any a priori structural assumption, fully matches the butterfly-
shaped holoenzyme seen in the crystal structures. Our SAXS data do not indicate the presence of dissociation
species such as of,, o or B,, implying that, once correctly formed, the o,f3, holoenzyme is ‘stable’ in solution.
The stability of the holoenzyme as specified in the present study argues against its transient nature hypothe-
sized in Seetoh et al. [25], where diverse ‘intermediate’” species (0.8,), were identified by native mass spectrom-
etry. It has to be noted that firstly in native MS experiments, a truncated form of B, lacking a few residues
involved in the interaction with the a-subunit, is employed; secondly, samples were prepared simply by mixing
the two subunits, without any further purification step, with excesses of either o or . Hence the detection of
‘intermediate’ species does not necessary imply that they are coming from the dissociation of the pre-formed
tetramer. For instance, the species 03, was identified only in presence of an excess of § and not in the case of
an excess of o, suggesting that it could also be a consequence of the unbalanced stoichiometry rather than of
the dissociation of the o,p, holoenzyme. Instead, SAXS data presented here show that, once formed and care-
fully isolated from components in excess, the tetrameric form of the holoenzyme is stable and does not spon-
taneously dissociate in solution, in accordance with the Ky of approximately 5+10 nM determined by ITC. This
is in agreement with a similar conclusion derived by the detailed analysis of the o/p interfaces in the symmetric
holoenzyme (PDB ID 4MD7) [15], and is supported by the jsPISA assembly stock analysis [38] of the same
crystal structure indicating that the most probable oligomeric state with the maximum aggregation index is the
0B, tetramer, with the absence of partial assemblies such as of,. The presence of o, is predicted by jsPISA
when analysing the asymmetric enzyme (PDB ID 4DGL or 1JWH) that indeed is present only in the circular
trimers, where other stabilizing contributions come from inter-tetrameric interactions. Interestingly however,
the presence of the intermediate of, in excess of f,, as shown by native MS and confirmed by our SEC experi-
ments (data not shown), indicates the lack of any positive allostery in the formation of a,f3,, i.e. the two recruit-
ment sites in B, are equal and independent. This is in accordance with ITC binding data [39], showing only
one sharp transition at the 2:1 o:B, stoichiometry, and with the presence of two identical o/p interfaces in the
symmetric structure of the holoenzyme when not involved in cyclic trimers [15].

At 0.25 M salt, the ‘average properties’ [MW, Rg and maximum particle size (Dy,,x)] determined by SAXS
are compatible with a trimeric CK2, as determined by other techniques like SEC and DLS that give as output
only one single average quantity (MW or Rg). However, fittings of the experimental profiles with molecular
models show that indeed several species are present in solution, the most probable being a mixture of
monomer, circular trimer, linear trimer and linear tetramer. Of particular interest is the finding of an unex-
pected considerable amount of monomer at 0.25 M salt despite the average properties of a trimer.

Overall data presented here further support the model of CK2 regulation by auto-inhibitory oligomerization.
In solution the monomeric o,f, holoenzyme is in equilibrium both with circular trimers and linear oligomers
such as dimers, trimers, tetramers, etc. At 0.35 M NaCl, both equilibria are shifted towards the monomer, the
largely prevailing species, while at 0.25 M NaCl comparable amounts of circular trimers on one hand and
linear trimers and tetramers on the other are present, as well as a relevant amount of the monomer itself
(Supplementary Figure S6). Regarding the question of which aggregated form is physiologically more relevant,
we notice that the closed, circular trimer, with a three-fold symmetry axis, is structurally favoured by the posi-
tive cooperativity in the formation of the three equal interfaces (versus the two independent interfaces of the
linear assembly) [15]. This is in accordance with recently uncovered evolutionary evidences that establish pre-
ferences for the existence of rotational symmetry-related regular oligomers over non-symmetric ones [40].
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