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Synopsis

Emodin (1,3,8-trihydroxy-6-methyl-anthraquinonepismoderately potent and poorly selective
inhibitor of CK2, one of the most pleiotropic SemnfTprotein kinases, implicated in neoplasia and in
other global diseases. By virtual screening ofMMS database we have now identified
quinalizarin (1,2,5,8-tetrahydroxy-anthraquinong)ya inhibitor of CK2 more potent and selective
than emodin. CK2 inhibition by quinalizarin is coatipive with respect to ATP, with a; Kalue
around 50 nM. Tested afM concentration on a panel of 75 protein kinasesalizarin

drastically inhibits only CK2, with a promiscuitgare (11.1) which is the lowest ever reported so
far for a CK2 inhibitor. Especially remarkable netability of quinalizarinto discriminate between
CK2 and a number of kinases, notably DYRK1a, PIM2 and 3, HIPK2, MNK1, ERK8 and
PKD1, which conversely tend to be inhibited as tically as CK2 by commercially available CK2
inhibitors. The determination of the crystal stuuetof a complex between quinalizarin and GK2
subunit highlights the relevance of polar intei@usi in stabilizing the binding, an unusual
characteristic for a CK2 inhibitor, and discloskeststructural features which may account for the
narrow selectivity of this compound. Tested on atdells, quinalizarin proved able to inhibit
endogenous CK2 and to induce apoptosis more eftlgiehan the commonly used CK2 inhibitors
TBB and DMAT.

Key words: apoptosis; CK2 inhibitors; drug design; HIPK2MPL; quinalizarin; selectivity;
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Introduction

CK2, an acronym derived from the old misnomer “aakease 2", denotes one of the most
pleiotropic Ser/Thr protein kinases with hundretisubstrates already known many of which are
implicated in fundamental cellular processes, aghene expression, protein synthesis,
proliferation, apoptosis and differentiation/trasrshation [reviewed by 1-4]. The CK2 holoenzyme
is composed of two catalytic subunitsgnd/ora’) and a dimer of two non-catalytic subunif (
that are very tightly assembled together [5]. Intcast to the majority of other protein kinaseg, th
catalytic subunit of CK2 has never been found imnactive conformation due to unique
intramolecular constraints [6], a feature whicleasnmonly referred to by saying that CK2 is
“constitutively active”. Such a lack of evident dawegulatory devices is likely to reflect the
pleiotropy of this enzyme [7] but is also probat#gponsible for the pathogenic potential of this
kinase, whose aberrantly high activity has beenaated with numerous diseases [8].

Not surprisingly therefore considerable effortsénéaeen made in recent times to develop specific
cell permeable CK2 inhibitors. Several ATP siteedied CK2 inhibitors have been described to
date, belonging to different chemical classes [P-38me of these are effective in vitro in the pico
molar range [12], but no information is availableat their selectivity for CK2. On the other hand
selectivity is expected to be high in the case cantly developed non competitive inhibitor [14]
whose cell permeability however could not be dertrated so far. Consequently for the time being
the most widely used cell permeable CK2 inhibitevih K; values in the nano-molar range, are
commercially available compounds belonging to the<of halogenated benzimidazole/triazole,
notably TBB, TBI (TBBz) and DMAT. Recently, howeydne selectivity of these compounds for
CK2 has been shown to be not as narrow as it wiés/bd before. The inclusion of additional
members of the kinome into the panel of kinase figeskelectivity profiles revealed that some
enzymes, notably DYRK1a, DYRKS, PIMs 1, 2 and 3PK2, ERK8 and PKD, tend to be
inhibited as drastically as CK2 by one or anotHghese inhibitors [15]. This study also showed
that within a library of more than 50 TBB and DMAIErived compounds the efficacy toward CK2
was paralleled by similar ability to inhibit alséMPL and/or HIPK2.

This prompted us to adopt a different strategyttieridentification of specific CK2 inhibitors,
consisting of computer-aided virtual screeninghef MMS database based on the crystal structure
of the human CKa& subunit (LJWH). This scrutiny ended up with thentification of quinalizarin
(1,2,5,8-tetrahydroxy-anthraquinone) as a pote@2 inhibitor. Quinalizarin belongs to the same
chemical class of compounds also comprising em@ddt8-trinydroxy-6-methyl-anthraquinone)
previously described as a rather promiscuous itdribif several protein kinases, including CK2
[16-19]. Here we show that indeed the selectivitgwnalizarin toward CK2 is superior to that of
any other CK2 inhibitor tested so far, and we armalye structural features and the functional
consequences of quinalizarin binding to CK2.

EXPERIMENTAL

Inhibitors

>99% analytically pure quinalizarin was providedRrpduits Chimiques ACP Chemicals Inc.
(Montreal, Canada). Atomic structure was furtherfemed by solving its complex with CK2
(code 3FL5). Identical biochemical and structuiaiadwvere obtained with another stock of
quinalizarin previously purchased by EGA-Chemie(@teim, Germany). Emodin, has been
purchased from Sigma-Aldrich (St. Louis, USA). TB@As synthesized as previously described
[20]. TBB and benzimidazole derivatives were kindipvided by Prof. Z. Kazimierczuk (Warsaw,
Poland).
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Source and purification of protein kinases

Native CK2 (nCK2) was purified from rat liver [2H luman recombinard and subunits of CK2
were expressed in E. coli and the holoenzyme wamstituted and purified as previously
described [22]Single and double mutants of Cé&3ubunit were generated as reported in [19, 9].
The source of all the other protein kinases useggecificity assays is as previously either
described or referenced [23].

Phosphorylation assays

CK2 activity was tested in a final volume of gbcontaining 50 mM Tris-HCI pH 7.5, 100 mM
NaCl, 12 mM MgC}, 100uM synthetic peptide substrate RRRADDSDDDDD and Grd2 [y->*P-
ATP] (500-1000 cpm/pmole), unless otherwise indidaand incubated for 10 minutes at 37 °C.
Native CK2 purified from rat liver (0.5-1 pmol) wasually the phosphorylating enzyme, unless
otherwise indicated. Assays were stopped by adaddfdb pl of 0.5 M orthophosphoric acid before
spotting aliquots onto phosphocellulose filtersteffs were washed in 75 mM phosphoric acid (5-
10 ml/each) four times then once in methanol ametdsefore counting. PIM1 activity was
determined by following the same procedure by iatulg the kinase in the presence of 50 mM
Tris-HCI pH 7.5, 0.1% (v/v) 2-mercaptoethanol, M EGTA, 30uM synthetic peptide substrate
RKRRQTSMTD and 10QM [y-**P-ATP]. HIPK2 activity was determined under the sam
conditions used for PIM1 assays except for ATP Wwhies 2QuM and the use of MBP (10g) as
phosphorylatable substrate. Conditions for thevagtassays of all other protein kinases tested in
selectivity experiments are described or referemtselvhere [23].

Kinetic determination

Initial velocities were determined at each of thbstrate concentration testedy Malues were
calculated either in the absence or in the presehnitereasing concentrations of inhibitor, from
Lineweaver-Burk double-reciprocal plots of the déthibition constants were then calculated by
linear regression analysis of,R/ max vVersus inhibitor concentration plots. Alternativeihibition
constants were also deduced from thg/dG Cheng-Prusoff relationship [24]. The rationale
underlying this approach, based on the assumgtetmrhibition is competitive with respect to
ATP, is illustrated by Burlingham and Widlanski [25

Cell culturing, transfection and treatment

The human leukemia Jurkat T-cell line was maintimeRPMI-1640, while HEK-293T cells were
cultured in Dulbecco’s modified Eagle’s medium;tbatediums were supplemented with 10%
(v/v) foetal calf serum, 2 mM L-glutamine, 100 whml penicillin and 100 pg/ml streptomycin. For
transfection, HEK-293T cells were plated onto 60-aiameter dishes at about 80% confluency,
and transiently transfected withug of Akt cDNA by standard calcium-phosphate procedas
elsewhere described [26]. For the treatment, eedl® cultured in a medium containing 1% (v/v)
foetal calf serum, then incubated at 37 °C, indlesence of the compounds at the indicated
concentrations. Control cells were treated withaé@mounts of solvent (0.5 % v/iv DMSO). For
the determination of CK2 activity, at the end afubations, cells were lysed by the addition of
hypo-osmotic buffer, and 1429 of cell proteins were incubated with the CK2 sipepeptide in

the presence of a phosphorylation mixture, as ptesly described [27]; alternatively, 1@ of cell
proteins were analysed by western blot with phosggexific antibodies towards the CK2-
dependent site Akt Ser129 [26]. Cell viability wassessed by means of 3-(4,5-dimethylthiazol-2-
yl)-3,5-diphenyltriazolium bromide (MTT) reagenthile apoptosis/necrosis were evaluated by
means of the Cell Detection Elisa kit (Roche), blam® the quantification of nucleosomes present
in the cytosol of the apoptotic cells or releageanf necrotic cells, following the manufacturer
instructions. 10000 cells were used for each detextion.

Crystal preparation and data collection. 4
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The recombinant CK&-subunit fromZea mays was expressed iascherichia coli, isolated and
purified according to a previously described metf8]. Crystals of the CK2 complex with the
inhibitor quinalizarin were obtained by co-crystadtion with the sitting drop vapour-diffusion
technique. A 8 mg/ml protein stock (in 25 mM Tri§-800 mM NacCl, 7 mM 2-mercaptoethanol,
pH=8.5) was mixed with two volumes of a solutiomtzning a 6-fold molar excess inhibitor in
approx 2% DMSO. The mixture was incubated in igeiiad hours before setting up the
crystallization drops. Crystallization was perfodri®y mixing 3ul of the protein-inhibitor solution
with 1 pl of precipitant solution (20% PEG 4000, 200 mM &tzetate, 100 mM Na-HEPES
pH=7.5) and equilibrated against a 300eservoir containing the same precipitant. Tnagse
allowed to stand at 293 K and crystal grew in tag<d

X-ray diffraction data were collected at ESRF baaenlD14 in Grenoble, at a temperature of 100
K. Crystals were cryo-protected by immersion odeéyB (Hampton research). Data were indexed
with MOSFLM v.6.2.6 [29] and then scaled with SCAL20] from the CCP4 software package
[31].

Structure determination and refinement.

The CK2-quinalizarin complex crystallizes in spgeceup C2, with one molecule in the asymmetric
unit. To find the best position inside the unit @ initial rigid body transformation on the model
of the apo-enzyme was adequate, using the rigigt befthement option of REFMAC 5 [CCP4
suite] [32]. The refinement was carried out usitgFRIACS. Data collection and final model
statistics are reported in Table 1. The presentleoinhibitors in the active site was clear sitiee
beginning of the refinement in both Fo-Fc and 2Ea¥taps. The definition files for the inhibitor
were created using the monomer library sketcheinmewf CCP4. Refinement was carried out
alternating automated cycles and manual inspestigws using the graphic program Coot v.0.5
[33]. The stereochemistry and geometric propedfaie final model were checked using Coot
validate analysis and Sfcheck [34] and Prochecki[B&CP4 suite and resulted adequate for the
resolution.

Data Deposition.
The coordinates for the model of CK2 in complexwgtinalizarin has been deposited at the RCSB
Protein Data Bank with ID code 3FL5.

Molecular modelling

For the computer aided virtual screening and mddealocking stages human C&aubunit and
PIM1 catalytic subunit were retrieved from the PGB code: 1JWH and 3BGZ, respectively).
These crystal structures have shown to be thecheste to reproduce the correct pose of known
crystallized inhibitors, during the protocol cabtion phase (data not shown). Both structures were
considered with a constitutive water molecule [3@jjle all the other ligands and cofactors were
removed; in the case of 1JWH the CK2 conservednmatéecule was added to the crystal
structure. Hydrogen atoms were added to the prateicture using standard geometries with the
MOE program [37]Tc minimize contacts between hydrogens, the strastwere subjected to
Amber94 force field minimization until the rms afmjugate gradient was <0.1 kcal mdl™

keeping the heavy atoms fixed at their crystallpgra positions. To strictly validate the model
generated and to calibrate the high-throughput idggsrotocol, a small database of known PIM1
and CK2 inhibitors was built and a set of dockings were performed using four different
algorithms (MOE-DockgGlide, FlexX,and Gold) and four different scoring functions (IVsmmore,
Glide-score, FlexX-score and X-score). After thibeation phase a computer aided virtual
screening using the MMS-database (more than 3000dynthetic and natural compounds) and a
semiflexible ligand-docking steps were performeskasially as previously described [38, 39].

A detailed description of the molecular dockingtpoml together with analytical data is shown in
Supplementary Material. .
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RESULTS

Emodin (1,3,8-trihydroxy-6-methyl-anthraquinoneg #ictive principle of herbal medicine
extracted fronRheum palmatum, originally reported in the literature as a fairpesific inhibitor of
some tyrosine kinases [16, 17], was later founidhit the Ser/Thr kinase CK2 even more
effectively [18]. In contrast several other non stithited hydroxyanthraquinones differing from
emodin in the number and position of hydroxy grquyaably chrysophanic acid, aloe emodin and
1,8-dihydroxy-anthraquinone, display negligibleibitory efficacy toward CK2 [40] (see also Fig.
1A). However in a computer aided virtual screerohthe MMS-database, based on the crystal
structure of human CK2 (1JWH), quinalizarin (1,8;8trahydroxy-anthragquinone, see Fig. 1A)
has been found to sit in the top 10% of the rardegdbase independently of the nature of the used
scoring function.

This prompted us to assay quinalizarin as a CKitdr, by performing the kinetic experiments
illustrated in Fig. 1B. The results show that qlizaxin is indeed a powerful inhibitor of CK2,
competitive with respect to ATP: its Kalue (around 60 nM) is lower than those of emautid

TBB [41] and comparable to that of TBCA [20].

Next we wanted to assess the selectivity of quinaln by testing its inhibitory potency on a panel
of 75 protein kinases. The selectivity profile was at 1uM concentration, sufficient to inhibit
CK2 activity more than 90%. As shown in Fig. 2 unttese conditions the residual CK2 activity
was about 7%. By sharp contrast, none of the dinases was inhibited as drastically as CK2,
with the second most inhibited kinase (PIM3) &}{hibiting more than 50% residual activity,
followed by DYRK1A, DYRK3 and PIM1, whose residwaitivity was 60% or more. The K
values for the inhibition of these kinases by qglizaain were calculated (Table 2) and found to be
one to two order of magnitude higher than thatiiPCa difference sufficient to ensure a clear-cut
discrimination of CK2 among other kinases suscépti quinalizarin inhibition. By contrast some
of these kinases, notably PIM1 and PIM3 were inbatbby emodin as well as by the commercially
available CK2 inhibitors TBB, DMAT and TBI more dtically than by quinalizarin.

The remarkable selectivity of quinalizarin promptexito compare it with that of TBCA, another
CK2 inhibitor whose efficacy is sufficiently higb profile its selectivity at a concentration of 1
instead of 1uM. TBCA was previously tested at 1 concentration on a panel of 28 PKs,
disclosing its ability to discriminate between C&2d DYRK1a [20], a kinase often affected by
CK2 inhibitors. That panel however didn’t includeamber of kinases later shown to be inhibited
by TBB, DMAT and other CK2 inhibitors as drastigadls CK2 itself [15]. The new data with
TBCA (1 M) on a panel of 72 PKs are now displayed in Figo&er panel, where they are
compared with those obtained witlul quinalizarin (upper panel). They confirm that &ses of
the DYRK family are much less susceptible to TB@A ell as to quinalizarin) than is CK2.
However they also show that kinases of the PIM fatend to be inhibited more drastically by
TBCA than they are by quinalizarin and that twoentkinases either unaffected or poorly affected
by quinalizarin, MNK1 and ERKS, are inhibited 75%moore by 1uM TBCA.

Higher selectivity toward CK2 of quinalizarin asngpared to TBCA is also reflected in a lower
promiscuity score, expressing the average inhibitibthe PKs of the panel by an inhibitor
concentration sufficient to suppress CK2 activigs(dual activity <10%) [15]. As calculated in
Fig. 2 the promiscuity score of quinalizarin (11).is8below that of TBCA (15.7). Itis also much
lower than those calculated for the typical CKZ2ilors TBB, TBI (TBBz) and DMAT (see [15]).
In summary it appears that quinalizarin is the nsestctive CK2 inhibitor analyzed, with a
potency, in terms of Kvalue, comparable to those of the most powerfthes$e inhibitors, notably
TBCA, DMAT, DBC and NBC [20, 10]

Somewhat surprisingly the two unique CK2 hydropbabsidues shown to play a prominent role
in the interaction with the majority of CK2 inhibits, V66 and 1174, appear to be only of marginal
relevance in the case of quinalizarin, whosg i@lue is poorly affected by their mutation to
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alanine. In contrast these mutations and espedltalglouble mutant cause a more than 50-fold
increase in Ig for emodin (see Fig. 3).
To get a better insight into the mode of bindingjoinalizarin and try to disclose the structural
basis for its selectivity, the 3D structure of angbex between quinalizarin and C&Zfrom Z.
mays) has been solved. As shown in Fig 4A, quinalizanakes polar interactions with CK2 using
at least three of its hydroxy groups: the one aitjpm 2 is hydrogen bonded with the conserved
water molecule(1) and Lys68 (which is also neaguimalizarin hydroxyl group 2, 3.3 A from it),
the one at position 5 interacts with the hingeaedcarbonyl backbone of V116) through another
water molecule, while the hydroxyl group 8 make®gy stable polar interaction with H160 and the
backbone carbonyl group of R47. This latter octlrsugh hydrogen bonds among the three atoms
at almost the same distance, giving rise to adatjuilateral triangle and stabilizing the kinase
into a close conformation which entraps the inbibihside the pocket (Fig. 5). Note in this respect
that although the scaffold of quinalizarin in tetsucture is coplanar and super-imposable to that o
emodin in its complex with human CK2 (3BQC, seedii®) [42] the lack of a hydroxyl group in
position 5 in emodin prevents the formation of ithteraction with H160 and the backbone of R47
found with quinalizarin.
Since crystallographic data are not yet availabtePiM1 kinase in complex with quinalizarin or
emodin, a molecular docking of these inhibitorsv#iM1 was performed (Fig. 6). This discloses
structural features accounting, on the one handh®higher susceptibility of this kinase to
emodin, and on the other, for its reduced sensgjttai quinalizarin. Although both inhibitors can be
accommodated in the binding cleft of PIM1 in a posi similar to that observed in the two crystal
structures of CK2 discussed above (3BQC and 3FLErwodin and quinalizarin, respectively),
they have to face at least three important amimnb sudstitutions. Firstly, the replacement in PIM1
of the CK2 water-exposed Y50 with F49 (PIM3 cartles same substitution), which is oriented
inside the cleft, puts both inhibitors in contadthvithis hydrophobic side chain; while emodin can
take advantage of this apolar interaction duestmidre hydrophobic characteristics, F49 will
negatively affect quinalizarin binding, mainly fan unfavourable interaction with Gpat only 3.6
A from the Phe aromatic side chain. Note that edbrresponding position (5), emodin does not
carry any functional group.
Secondly, PIM1 replaces CK2 M163 with L174. Alsdhis case the docking mechanism suggests
an unfavourable interaction between the®@rt L174, at only 3.5 A. In this situation the OH
cannot make an interaction with a water moleculm éise case of CK2. On the other hand, emodin
is attracted towards L174, preserving the inteomctietween OBland the conserved water
molecule, but making a rotation of about 30 degres respect to the quinalizarin position. This
places emodin in a more favourable hydrophobiciseildermed by L44, V126 and L174. At the
same time with this new interaction the & emodin is hydrogen-bonded to the backbone
carbonyl group of E121, at 2.7 A distance. Findlle to the substitution of H160 with E171,
PIM1 is not able to make the same interaction afajizarin OH observable in the crystal
structure of its complex with CK2.
It is interesting to note that only 21% of the protkinases included in the selectivity panel have
tyrosine residue at the position homologous to G®R2 and only 10% have a methionine
homologous to CK2 M163. Almost all the kinases hglag to this latter group have a
phenylalanine instead of tyrosine-50. Moreoverdaghe selectivity panel CK2 is the only kinase
bearing the H160 residue. It can be concluded ther¢hat CK2 possesses a particular
combination of residues that could explain the miaiale selectivity of quinalizarin.
In order to see if quinalizarin is cell permealaldyantage has been taken of two cell lines:
HEK293T cells which can be easily transfected \wikh whose phosphorylation by CK2 at Ser129
can be specifically monitored by anti pS129 antiesd26] and Jurkat cells which have been
commonly used in the past to measure the cytotmxicpro-apoptotic efficacy of many CK2
inhibitors. Treatment of HEK293T cells withuB/ quinalizarin (Fig. 7A) is sufficient to reduce
Akt S129 phosphorylation by >60%, i.e. more efintig than treatment with 26M TBB. Similar

7
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results were obtained with Jurkat cells whose #datment with uM quinalizarin is sufficient to
induce a 48 6% drop of CK2 activity in the cell lysates, whasehe efficacy of TBB is hardly
detectable at this concentration (11 + 6% inhibiticConsistent with this quinalizarin is also more
effective than TBB in inducing cell death (Fig. 7B)terestingly cell death induced by quinalizarin
is mainly accounted for by apoptosis with just aonicontribution from necrosis (Fig. 7C).
Necrosis is instead more accentuated in the casBBfand, even more, of DMAT, where it
predominates over apoptosis. Since we know tharatwother kinases (especially those of the
DYRK, HIPK and PIM families) are drastically inhibd by DMAT, and to a lesser extent by TBB
[15] it is tempting to ascribe the necrosis obsdnwgh these CK2 inhibitors to the targeting of
protein kinases other than CK2.

DISCUSSION

For the time being and to the best of our knowleglgealizarin is the most selective CK2 inhibitor
with Kj in the low nanomolar range whose specificity hesrbprofiled on large panels of protein
kinases (70 or more). This reflects in a partidyliow “promiscuity score”, expressing the average
inhibition of all the kinases of the panel, meaduwsita concentration of the inhibitor sufficient to
inhibit activity drastically (>90%), but not to fylsuppress the activity of the kinase of interest
[15]. This value in the case of quinalizarin dropd.1.1, below that of TBCA (15.7) (see Fig. 2),
not to mention TBB (47.3), TBI/TBBz (53), DMAT (4%L) and even the improved DMAT
derivative K66 (19.3) [15].

Especially noteworthy is the observation that ksfifg quinalizarin at a concentration ofil on a
panel of 75 kinases CK2 is inhibited by 93 %, vifta second most inhibited kinase (PIM3) being
still >50% active and displaying ad&value (1.73:M) >15-fold higher than that of CK2 (0.11

MM). These data are particularly striking if it ierb in mind that quinalizarin is structurally very
similar to emodin, a quite promiscuous inhibitoiGK2 and of several other protein kinases as
well, whose potency toward PIM3 @& 0.08uM) is 30-fold higher than that toward CK2 g6
2.50uM)

The determination of the crystal structure of a plax between quinalizarin and CK2, in
conjunction with the availability of the structuwePIM1 (whose behaviour with emodin as
opposed to quinalizarin is similar to that of PIM@s disclosed a number of structural features that
may account for the marked predilection of quiraaiiz for CK2. Of crucial relevance appears to be
the presence in quinalizarin of the hydroxyl gredposition 8, forming with those at positions 2
and 5 a triad of hydroxyls which make possiblegtstong polar interactions within the active site
of CK2.These take place with: i) a water molecukespnt in all CK2 structures and with K68
nearby; ii) the backborie of the hinge region, tigioa second water molecule, and, iii) with the
backbone of R47 and with H160 (see Fig. 4A), repely. These interactions, moreover, force the
kinase to adopt a close conformation which favélkesentrapping of the inhibitor (Fig. 5). In
emodin the hydroxyl groups at positions 1 and 8careserved but the one at position 5 is not (see
Fig. 1A) and the one at position 2 is shifted tgippon 3. As a consequence, emodin cannot make
the same triad of hydrogen bonds observed withaljaerin: as observed in the 3BQC structure, it
can make two polar interactions (i and ii, respety) using hydroxyls 3 and 8, but not the third
one (iii) with R47 and H160. An additional disadtee of emodin is that Otand the methyl

group have an unfavorable environment, therefondrituting in a negative way to the energetics
of binding in comparison with quinalizarin. In tBBQC structure, the OHs situated in a
substantially hydrophobic environment in the degyaet of the cavity, near 166, V95, F113 and
V116, while the CHin position 6 is exposed to the solvent. In anotwailable emodin/CK2
complex (1F0Q), emodin has an inverted orientgd@j, but again with the methyl group in an
unfavorable hydrophilic environment near K68 and Ebhis can explain, at least in part, the
higher potency of Q1, where these adverse intemagire absent, compared to emodin.
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Although the scaffolds of emodin and quinalizane superimposed so that they make similar
apolar contacts with a number of hydrophobic siurts, the mutation of two of these (V66 and
1174) to alanine causes a 55-fold drop in inhilyitefficacy with emodin, while having an only
marginal effect with quinalizarin (see Fig.3). ThEsot straightforward to explain based solely on
the crystal structure of the wild type kinase; oy more general solvation/desolvation effects
must be considered, taking into account the modedphobic character of emodin compared to
guinalizarin as well as the possibility that theraduction of a mutation can also significantlyealt
the binding mode of the ligand.

In the same vein it should be noted that in PIMd @mnmany other kinases: i) Y50 which in CK2 is
oriented outwards owing to its hydrophilic hydroxgl replaced by more hydrophobic
phenylalanine, which implies an orientation inside cleft (as shown by modelling in Fig. 6); ii)
M163 is replaced by L174; iii) H160 is replacedHlj71. These three features favour the
accommodation of emodin (with the Phe side chaintpg towards the methyl group) while
hindering that of quinalizarin, forced to face tharophobic side chain of Phe and Leu with its
hydrophilic —OH groups at positions 8 and 5. Insérgyly, among all the kinases belonging to the
selectivity panel, only CK2 can accomplish at thme time all the three quinalizarin binding
optimizing interactions.

Similar to emodin [41], TBB [27], DMAT [44] and sekal other CK2 inhibitors [10] quinalizarin is
also cell permeable, as judged from its abilityntaibit endogenous CK2 in HEK293 and Jurkat
cells. Such an inhibition, which is higher thanttblbserved with TBB, correlates with a marked
cytotoxic efficacy (see Fig. 7B). It should be rbteowever that at variance with TBB and DMAT,
whose cytotoxic effect is substantially (and in tase of DMAT predominantly) accounted for by
necrosis, quinalizarin only marginally increasesrosis, with a much more remarkable
enhancement of apoptosis (Fig. 7C). Such behauemmniscent of that of etoposide, a typical
apoptosis inducer, in conjunction with the narr@lestivity of quinalizarin for CK2, corroborates
the notion that inhibition of CK2 mainly resultsamoptosis. This raises the possibility that the
necrotic effect observed with other CK2 inhibit@sat least partially due to the inhibition of
protein kinases other than CK2. It may be pertinemiote in this respect that DMAT, whose
necrotic effect is much more pronounced than issgpoptotic efficacy, is the least selective among
the three inhibitors tested in Fig. 7B, with ERK8(D1, DYRKSs 1a, 2 and 3, PIMs 1, 2, 3 and
HIPK 2 and 3 inhibited as drastically or even madwrastically than CK2 itself [15].
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LEGENDS TO FIGURES

Fig. 1.

A: Molecular structure of quinalizarin, of relatedmpounds and of other CK2 inhibitors discussed
in this paper. The values of §§xeported for each compound are either drawn fé®h ¢r have

been determined under conditions described in ¥pefmental Section.

B: Competitive inhibition of CK2 by quinalizarin.K2 activity was determined as described in the
Experimental Section in the presence of the indit@bncentrations of inhibitor.; vas calculated
from the Kn/Vmax Vs [i] replot shown in the inset. The data repnéslee means of experiments run
in triplicate with SEM never exceeding 10%.

Fig. 2 Selectivity profiling of quinalizarin and TBCA

Inhibition assays were performed gl concentration of the indicated inhibitor undenddions
described or referenced in the Experimental Sec@unthe right the values of promiscuity scores
(PS) are shown, calculated as described in [15].

Fig. 3: CK2 inhibition by quinalizarin is marginally affeed by VVal66 and lle174 substitutionssdC
values were calculated by determining the actioftCK2, either wild type or mutants, at gM
ATP with increasing concentration of inhibitors,eTtatio between the kgvalue of each mutants
and the 1G, value of CK2 wild type was then calculated. Adnhital details are given in the
Experimental Section.

Fig. 4. Structural insight into CK@-quinalizarin complex. The 2D cartoon summarizesrttain
polar interactions observed in the crystal striegwf CK2Z1 complexed with quinalizarin (panel A)
and emodin (panel B). Further details are givethatext.

Fig. 5. Close-up view of the inhibitor quinalizarin (yalv carbon atoms) bound to CK2 (in green).
Note the closed conformation of the enzyme, withittieractions between R47, H160 and the
quinalizarin OH (blue dotted line). For comparistive open conformation of the Gly-rich loop and
H160 (in magenta) in the emodin complex is showre Jellow arrows indicate the movement
from the open to the closed conformation.

Fig. 6: Molecular docking of quinalizarin by PIM1. Theenactions of emodin (left panel) and of
quinalizarin (right panel) with the most crucialiamacids of PIM1 catalytic site are highlighted.
Molecular modelling is described in the ExperiméSt@action. Further details are given in the text.

Fig. 7: Effect of cell treatment with quinalizarin.

A. HEK 293T cells were transfected with Akt andatexd, where indicated, with quinalizarin
(Quina, 5uM or 20uM Q1), or TBB (25uM). Endogenous CK2 activity was analysed by western
blot of cell lysates (1Qig of proteins) with antibodies towards the CK2 gdtasspecific site
Serl129 of Akt, or total Akt as a control. The résalre also shown as a bar graph for phospho-
Serl29 signal normalized to total Akt.

B. Jurkat cells were treated for 24 h with incregssoncentrations of the indicated inhibitors. Cell
viability was assessed by the MTT method, assigh®@fb value to the control cells, treated with
the solvent. Reported values represent the measMSfrom four separate experiments.

C. Jurkat cells were treated for 4h with solverar{), or quinalizarin (Quina, gM), TBB (5 uM)
and DMAT (25uM), as indicated. Treatment with 2B/ etoposide (Eto) was used as a positive
control. Apoptosis and necrosis were evaluateduantification of nucleosomes in the cytosol
(apoptotic cells) or in extracellular medium (reded by necrotic cells) using the Cell Death
Detection Elisa kit (Roche).
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Table 1: Structural data of the quinalizarin-@K@mplex.

Data collection (ESRF beamline ID14) = 0.9340 A)

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20090069

Space group

C2

Cell dimensions
a b, c(A)
a,B,y(®

142.7,61.1,44.8
90.0, 103.0, 90.0

Total number of observations

49129 (7176)

Total number unique

15986 (2321)

Resolution (A)

55.9 - 2.30 (2.42)

Reyr (%) 5.0 (15.3)
Rimea: (%0) 6.1 (18.4)
Mean 16(1) 17.6.(8.0)
Completeness (%) 95.4 (95.3)
Multiplicity 3.1(3.1)
Bwilson (AZ) 27.7
Solvent content (%) 49.3

Refinement (Final model PDB code =3FL5)

Resolution (A) 2.30
No. of reflections (reference set) 15182 (804, 5%)
Rerye/ Riree 18.3/23.5
No. atoms (Average B-values {/A
All atoms 2957 (16.4)
Protein 2715 (15.5)
Ligands: quinalizarin; PEG 20 (12.7); 7 (22.2)
Water 215 (27.5)
Root mean square deviations from ideality
Bond lengths 0.008
Bond Angles 1.082
Ramachandran plot statistics (%) (excl. Gly, Pro)
Most favoured regions 91.8
Additionally allowed regions 8.2
Generously allowed regions 0
Disallowed regions 0
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Table 2: K of CK2 inhibitors for selected protein kinases.

Inhibition constants of quinalizarin and emodin &vdetermined according to the procedures
described in the Experimental Section. The reportddes represent the means obtained from at
least three independent experiments with the SBmexceeding 15%.

Inhibitor Ki (UM)

CK2 DYRK1a PIM1 PIM3 HIPK?2
quinalizarin 0.052 5.850 1.382 1.205 1.956
emodin 1.250 2.815 0.283 0.048 8.105
TBB? 0.049 2.906 0.690 0.320 3.096
TBI® 0.139 1.408 0.076 0.026 0.550
DMAT?® 0.045 0.270 0.096 0.036 0.212

®Drawn from ref. [15] and calculated according tee@-Prusoff equation [24].
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