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Urolithin as a Converging Scaffold Linking Ellagic acid and
Coumarin Analogues: Design of Potent Protein Kinase CK2

Inhibitors
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Riccardo Pasquale,”” Angelo Rosolen,® Lorenzo A. Pinna,” Flavio Meggio,®

Giuseppe Zagotto, and Stefano Moro*™™

Casein kinase 2 (CK2) is a ubiquitous, essential, and highly plei-
otropic protein kinase; its abnormally high constitutive activity
is suspected to underlie its pathogenic potential in neoplasia
and other relevant diseases. Previously, using different in silico
screening approaches, two potent and selective CK2 inhibitors
were identified by our group: ellagic acid, a naturally occurring
tannic acid derivative (K;=20 nm) and 3,8-dibromo-7-hydroxy-
4-methylchromen-2-one (DBC, K;=60 nm). Comparing the crys-
tallographic binding modes of both ellagic acid and DBC, an
X-ray structure-driven merging approach was taken to design

Introduction

Casein kinase 2 (CK2) is probably the most pleiotropic protein
kinase known, with more than 300 protein substrates already
recognized—a feature that might, at least partly, account for
its lack of strict control over catalytic activity."? Its catalytic
subunits (o and/or ') are constitutively active either with or
without the regulatory B-subunits, which appear to play a role
in targeting and substrate recruiting, rather than controlling
catalytic activity. Furthermore, constitutively active CK2 is ubig-
uitous, essential, and implicated in a wide variety of important
cell functions.”’ Evidence has been accumulating that the cata-
lytic subunits of CK2 behave as oncoproteins,*” consistent
with the observation that they display an antiapoptotic effect
in prostate cancer cells.’! CK2 subunits are more abundant in
tumors as compared with normal tissues, and their overexpres-
sion is causative of neoplastic growth in animal and cellular
models, giving rise to alterations in the expression levels of cel-
lular oncogenes or tumor suppressor genes.” These data, in
conjunction with the observation that many viruses exploit
CK2 as a phosphorylating agent of proteins essential to their
life cycle,!"" are raising interest in CK2 as a potential target for
antineoplastic and/or anti-infectious agents."” CK2 has also
been implicated in glomerulonephritis,"" a progressive kidney
inflammation that is the primary cause of chronic renal failure
and end-stage renal disease, and is known to play a critical
role in the progression of immunogenic renal injury,"” making
CK2 a promising potential target for therapy in renal diseases.

In recent years, our group has undertaken an intensive
screening program, using both conventional and in silico ap-
proaches, with the aim of discovering novel, potent and selec-
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novel CK2 inhibitors with improved target affinity. A urolithin
moiety is proposed as a possible bridging scaffold between
the two known CK2 inhibitors, ellagic acid and DBC. Optimiza-
tion of urolithin A as the bridging moiety led to the identifica-
tion of 4-bromo-3,8-dihydroxy-benzo[c]chromen-6-one as a
novel, potent and selective CK2 inhibitor, which shows a K;
value of 7 nm against the protein kinase, representing a signifi-
cant improvement in affinity for the target compared with the
two parent fragments.

tive CK2 inhibitors."*'¥ In this context, several new derivatives
have been reported as potent and selective CK2 inhibitors,
such as ellagic acid (1), a naturally occurring tannic acid de-
rivative, 3,3',4',7-tetra-hydroxyflavone (fisetin),"® tetrabromo-
cinnamic acid (TBCA),"® 1,2,5,8-tetrahydroxy-anthraquinone
(quinalizarin),'”" 1,8-dihydroxy-4-nitroxanthen-9-one (MNX),!™®!
8-hydroxy-4-methyl-9-nitrobenzo[glchromen-2-one  (NBC),l'?
3,8-dibromo-7-hydroxy-4-methylchromen-2-one (DBC),"™® and
2,7-dihydroxy-3,6-dinitro-fluoren-9-one (FL12),"¥ as summar-
ized in Figure 1.

Recently, the crystallographic structures of both ellagic acid
and DBC in complex with the a-subunit of CK2 have been de-
posited into the Protein Data Bank (PDB) with the entry codes:
27ZJW and 2QC6, respectively."®'™ The availability of structural
information is generally accepted to be a requirement for the
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rational design of novel inhibi-
tors using structure-based ligand
design  approaches. Among
these, we decided to apply an X-
ray structure-driven merging ap-
proach to design novel CK2 in-
hibitors. In particular, comparing
the crystallographic  binding
modes of both ellagic acid and
DBC, we suggest urolithin as a
suitable converging scaffold link-
ing ellagic acid and coumarin
analogues (Figure 2).

ICey=0.11 1 In the present work, we syn-
Ki=0.077 uM thesized and tested a focused li-
brary of urolithin derivatives
with the aim of elucidating their
putative binding motifs and pos-
sible structure-activity relation-
ships. Optimization of urolithin A
led to the identification of a
potent and selective derivative,
4-bromo-3,8-dihydroxy-benzol[c]-
chromen-6-one (21), with a K;
value of 7 nm against CK2.

0,

FL12
|C50=1 .00 um

IC55=0.04 um
K=0.02 um

Figure 1. Chemical structures of known CK2 inhibitors and their biological activities against CK2 taken from the

literature ">
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Figure 2. Overview of our structural merging approach, combining the features of both compounds 1 and 2 to create a high-affinity inhibitor.
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Results and Discussion

As previously mentioned, the crystallographic structures of the
a-subunit of CK2 in complex with both ellagic acid (PDB:
27JW) and DBC (PDB: 2QC6) have recently been described.!'® !
Like all known inhibitors of CK2, where the a-subunit crystal
structure is available, both ellagic acid and DBC bind inside the
ATP binding cleft of the catalytic domain of CK2, and they can
be classified as type | or ATP-competitive inhibitors.

As shown in Figure 2, ellagic acid and DBC interact with
Lys68 through a water-mediated hydrogen bond with the phe-
nolic group at positions 3 and 7 of ellagic acid and DBC, re-
spectively. This water molecule (W1) is highly conserved in all
available crystallographic structures, suggesting its fundamen-
tal role in maintaining the correct conformational features of
the CK2 catalytic site."

However, while DBC does not bind the hinge region directly,
ellagic acid interacts both with the hinge region and the ATP
phosphate group binding area, as deduced by the three-di-
mensional crystallographic complex recently reported.'® The
hydroxy group at position 7 of ellagic acid interacts with the
carboxyl oxygen of the hinge-region residue Glu 114 through a
water bridge (W2), while the hydroxy group in position 8 binds
a nearby water molecule (W3) connected to Asn 118 and a car-
boxyl oxygen of Val 116 in the hinge region. On the other side,
the hydroxy groups at positions 3 and 2 interact with the side
chains of Lys68 and Asp 175, respectively."

Furthermore, the hydroxy group at position 7 of the coumar-
in moiety has already been described as an essential feature
for activity, even though it alone is not sufficient to achieve an
ICs, value in the sub-micromolar range."” Indeed, to increase
the inhibitory potency, an electron-withdrawing substituent
should be simultaneously present at position 8. As expected,
an electron-withdrawing substituent ortho to a phenol group
increases the pK, of the phenol, reinforcing the robustness of
the crucial water-mediated hydrogen bond. This hypothesis is
also supported by the fact that substitution of the 7-hydroxy
group in DBC with a 7-amine or 7-methoxy group results in a
complete loss of activity.'” With the aim to expand the struc-
ture-activity relationships known for ellagic acid (1) with CK2,
we demonstrate that both methylation of all hydroxy groups
(compound 3) and the introduction of an additional hydroxy
at position 1 (flavellagic acid, 4) drastically reduce the affinity
of both analogues for CK2 (Table 1).

In addition, hydrolysis under mild basic conditions of both
ellagic (1) and flavellagic (4) acids provides derivatives 5 and 6,
respectively (Scheme 1; complete details of the synthesis are
given in the Experimental Section). Both analogues 5 and 6
belong to the so-called hydrolysable tannins or urolithins, and
they show interesting binding affinities to CK2 (IC5,=0.20 um
and 2.20 pm, respectively; Table 1). Indeed, as already observed
with the precursors, derivative 5 is one order of magnitude
more active than 6, supporting the concept that the introduc-
tion of an additional hydroxy group is detrimental to the bind-
ing affinity of ellagic acid analogues. Finally, hydrolysis of ella-
gic acid (1) conducted under much stronger conditions gives
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Scheme 1. Reagents and conditions: a) H,SO, (96 %), H,0, K,S,0g, 4°C, over-
night; b) KOH, H,0, reflux, 0.5 h; ¢) CH;l, NaH, DMF, 0°C, 2 h; d) NaOH,
300°C, 20 min.

poly-hydroxyl-biphenyl analogue 7 that maintains an apprecia-
ble binding affinity for CK2 (IC5,=0.36 um; Table 1).

These data indicate that the urolithin moiety might be a
converging scaffold linking ellagic acid and coumarin ana-
logues. Following these preliminary data, we tested the inhibi-
tory activity of urolithin A (8), a natural metabolite of ellagic
acid that exhibits antioxidant behavior and has several poten-
tial therapeutic applications.”**? Chemically, urolithin A is
structurally related to compound 5, with the two hydroxy
groups at positions 3 and 8 maintained. Urolithin A binds to
CK2 in the sub-micromolar range (IC5,=0.39 um, Table 1), con-
firming that the hydroxy groups at positions 3 and 8 can be
considered key interactors within the CK2 binding cleft. Fur-
thermore, our molecular docking experiments support the hy-
pothesis that ellagic acid and urolithin A share the same bind-
ing motif in the CK2 binding cavity, with the two crucial hydro-
gen-bonding interactions mediated by the two water mole-
cules W1 and W3 preserved (Figure 3). In particular, W1 plays a
pivotal role in mediating the interaction between the hydroxy
group at position 3 and Lys 68.

In fact, methylating the hydroxy group in position 8 to give
the methoxy analogue 9 (Scheme 2; complete details of the
synthesis are given in the Experimental Section) reduces the in-
hibitory activity by one order of magnitude (IC;,=3.5 um),
while the same substitution at both positions 3 and 8 to give
the dimethoxy analogue 10 results in a complete loss of activi-
ty (IC5,>40 pm). By comparison, deletion of the hydroxy group
at position 8 and while maintenance the hydroxy group at po-
sition 3 (11) drastically compromises the inhibitory activity
against CK2 (IC5,=6.5 um).
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Table 1. Inhibition of CK2 by urolithin analogues.
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[a] ICs, values represent the mean of three independent experiments with the SEM not exceeding 15%. [b] Native CK2 purified from rat liver. [c] Human
recombinant o subunits of CK2 (see Experimental Section). Ellagic acid (1), flavellagic acid (4), and urolithin A (8).

Based on these findings, we investigated the effect of elec-
tron-withdrawing substituents at position 4 of urolithin A, with
the aim to mimic the very beneficial effect already observed
for coumarin analogues. Molecular docking simulations predict
good structural superposition of the coumarin position 8 in its
crystallographic pose and position 4 of urolithin A. It has al-
ready been shown that electron-withdrawing substituents,
such as nitro or bromo groups, at position 8 of the 7-hydroxy-
4-methylchromen-2-one scaffold significantly increase the
binding affinity of a compound to CK2."¥ Here, we confirm
that position 4 of urolithin A is compatible, with both nitro
(12) or bromo (21) substitutions in this specific position
(Figure 4).

After considering the synthetic feasibility of preparing uroli-
thin A derivatives with a nitro- or bromo substituent at posi-
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tion 4, we decided to make both 3-hydroxy-8-methoxy-4-nitro-
benzo[clchromen-6-one (12) and 3-hydroxy-8-methoxy-4-
bromo-benzo[c]lchromen-6-one (13); the corresponding 8-hy-
droxy analogue (21) was also prepared (Scheme 3; complete
details of the synthesis are given in the Experimental Section).

As expected, both derivatives 12 and 13 are potent inhibi-
tors of CK2 activity, with relative 1Cg, values in the low nano-
molar range (IC5,=26 nm and 15 nm, respectively). As already
observed for coumarin analogues, the beneficial role of an
electron-withdrawing substituent ortho to the phenol group
was confirmed. With respect to all other modifications, only
the specific combination of the 3-hydroxy and 4-nitro (or 4-
bromo) in the 8-methoxy-benzo[clchromen-6-one scaffold
gave compounds with improved CK2 binding affinity (Table 1).
In particular, modifications like the presence of an electron-do-

ChemMedChem 2011, 6, 2273 - 2286
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Figure 3. Molecular modeling results for urolithin A (8) docked to the active
site of human CK2 (PDB: 2ZJW"8).
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Scheme 2. Reagents and conditions: a) KMnO,, NaOH, reflux, 1 h; b) Br,,
AcOH, reflux, 3 h; c) CuSO,, NaOH, reflux, 1 h; d) HBr, AcOH, reflux, 11 h;
e) HNO; (65 %), AcOH, 50°C, 4 h; f) dimethylsulfate, K,CO,, acetone, reflux,
1 h; g) pyridine-HCl, 210°C, 4 h.
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Figure 4. Molecular modeling results for compounds a) 13 and b) 21 docked
to the active site of human CK2 (PDB: 2ZJW"#),

nating substituent at position 4, such as a methyl group (20),
or a shift of the electron-withdrawing substituent to position 2
(15), were not tolerated.

Supporting our initial hypothesis, hydrolysis of compound
13 gave the corresponding 4-bromo-3,8-dihydroxy-benzo[c]-
chromen-6-one (21), which maintained potent ATP-competitive
CK2 inhibitory activity (ICs,=0.015 pm), with a K; value, calcu-
lated from linear regression analysis of Lineweaver-Burk
double reciprocal plots, closed to 0.007 um which is among
the lowest reported so far (Figure 5). Moreover, according to a
preliminary selectivity study, compound 21 resulted quite spe-
cific for CK2 when tested again a representative panel of kinas-
es (Table 2).

To explore the potential oncological applications of the
more promising novel CK2 inhibitors, the cytotoxicity profile of
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Scheme 3. Reagents and conditions: a) KMnO,, NaOH, reflux, 1 h; b) Br,, AcOH, reflux, 3 h; c¢) CuSO,, NaOH, reflux, 1 h; d) H,SO,, 60°C, 5 min; e) HNO;, H,SO,,

RT, 1 h; f) H,0, reflux, 4 h; g) NBS, CCl,, reflux, 2 h; h) Br,, CHCl;, reflux, 2 h; i) Na,SO;,

several cancer cell lines was assessed. Initially, the antiprolifera-
tive activities of ellagic acid (1), urolithin A (8), and derivatives
9 and 10 were compared by means of an MTT growth assay.
Consistent with our previous findings, ellagic acid (1) was ef-
fective at inhibiting proliferation irrespective of tumor type
(leukemia: MOLT4 and HL-60; lymphoma: KARPAS-299 and
MAC-2A) or CK2 expression levels (Figure 6a). Under these con-
ditions, growth inhibition was comparable between the two
anaplastic large cell lymphoma (ALCL) cell lines tested,
KARPAS-299 and MAC-2A (25 %), whereas relative to leukaemia
cells, MOLT-4 resulted significantly more sensitive than HL-60
(15 and 50%, respectively) to drug treatment. Efficacy of uroli-
thin A (8) was comparable to that of ellagic acid (1) in the two

Table 2. Inhibition of a preliminary protein kinases panel by compound
21.

ICso [1m]

nCK2 PIM1 HIPK2 PKA AURORA DIRK1a GCK nCKl GSK3f3

0.015 3 3.84 >40 >40 0.26 >40 150 >40

The activity of each protein kinase was determined as described in the
Experimental Section. ICs, values represent the mean of at least three
independent experiments with the SEM not exceeding 15 %.
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H,0, reflux 12 h; 1) BBr;, C¢Hg, RT, overnight; m) HBr, AcOH, reflux, 11 h.

ALCL cell lines and resulted even better in HL-60 and MOLT-4
cells (16% and 8%, respectively). Under these conditions, com-
pounds 9 and 10 were moderately effective at inhibiting cell
growth, consistent with the biochemical data previously re-
ported (Figure 6a and Table 1).

Because CK2 is a survival kinase involved in the regulation of
many targets with direct or indirect antiapoptotic function,*2
we also examined urolithin A inhibitory activity on CK2-depen-
dent phosphorylation of AKT kinase at residue Ser129, the
phosphorylation of which corresponds to a hyperactivated
state of AKT.>?"! Cells were treated with urolithin A at 100 and
200 um for increasing time intervals, and protein expression
was assessed using a site-specific antibody. Under these condi-
tions, the overall expression of CK2 did not change significant-
ly, whereas phosphorylation of AKT was reduced in a time- and
dose-dependent manner, particularly in KARPAS-299 and
MOLT-4 cells; however, phosphorylation of AKT was reduced to
a lesser extent in MAC-2A and HL-60 cells (Figure 6b).

Consistent with these findings, we determined the level of
apoptosis in response to treatment using annexin-V/propidium
iodide labeling 24 and 48 h post-treatment.”?®>% As shown in
Figure 7a, abrogation of CK2 activity caused a dramatic in-
crease in apoptosis, which correlated with the exposure times
and the drug concentrations applied. In KARPAS-299 cells treat-

ChemMedChem 2011, 6, 2273 - 2286
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Figure 5. Kinetic analysis of compound 21-CK2 complexation consistent with a reversible and competitive mechanism of inhibition. The inset shows the de-

termination of the K; value for CK2 inhibition by 21. CK2 activity was determined as described in the Experimental Section either in the absence (m) or pres-
ence of compound 21: 200 nm (e); 100 nm (¥); 60 nm (A). Data represent the mean of triplicate experiments with the SEM not exceeding 15 %.
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Figure 6. a) Effect of CK2 inhibitors on tumor cell survival. KARPAS-299, MAC-2A, MOLT-4 and HL-60 cell lines were treated with increasing concentrations (50,
100, 150, 200 pm) of ellagic acid (1), urolithin A (8) and derivatives 9 and 10 as described in the Experimental Section. Cell growth was measured by an MTT
assay after 48 h exposure. Data are the mean absorbance of three replicate wells, of three independent experiments, relative to untreated controls
(bars & SD). Control cells were exposed to DMSO and assigned a viability value of 1.0. CK2 protein expression as assessed by Western blot is also shown
(right). b) Dose- and time-dependent analysis of urolithin A (8) activity on CK2 expression and activity, performed using antibodies specific for total CK2 and
phosphorylated AKT (AKT*'?). Exponentially growing cells were treated with 100 and 200 um of 8 for either 24 h or 48 h, and whole lysates of treated and un-
treated cells were probed with the indicated antibodies. Relative changes in expression levels of CK2 and phospho-AKT were obtained by densitometric anal-
ysis of the corresponding blots, and graphically expressed as fold change over DMSO-treated controls.
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Figure 7. a) Apoptosis induction in tumor cells exposed to urolithin A. Selected concentrations (100 and 200 um) of urolithin A (8) were used to treat KARPAS-
299 and MOLT-4 cells for both 24 and 48 h. Urolithin-treated and untreated cells were stained with annexin-V (AV) and propidium iodide (Pl) and analyzed
using a fluorescence-activated cell sorter (FACS) instrument. Percentages of viable (AV~/PI"), early apoptotic (AV*/PI"), late apoptotic (AV*/PI") and necrotic
cells (AV~/P1™) are reported in quadrants B3, B4, B2 and B1, respectively. b) Western blot analysis of KARPAS-299 and MOLT-4 cell extracts was performed to
measure caspase-dependent PARP cleavage (—) after treatment for 24 h with increasing concentrations of urolithin A. c) For comparison, the expression of
CK2, AKT*'® and cleaved PARP was assessed in the nontumor cell line DAA3. Cells were exposed to 100 and 200 pm of urolithin A for 24 h.

ed with 200 pum urolithin A, healthy cells were less than 15%,
and most of the cell population was distributed between late
apoptosis and necrosis. By comparison, when used at lower
concentrations or for shorter incubation periods, drug efficacy
in these cells was lower. In leukaemia MOLT-4 cells, urolithin A
activity was more dependent on drug concentration rather
than on exposure time. In fact, cell survival was reduced by
comparable amounts with either 100 or 200 pum urolithin A
after exposure for both 24 h and 48 h, whereas differences
were observed when concentrations were compared at fixed
time points (50% and 10% with 100 pm and 200 pm, respec-
tively). Additionally, whereas the cells treated with 100 pm uro-
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lithin A accumulated mostly in early apoptosis (B4 quadrant in
Figure 7 a), exposure to higher concentrations resulted in an in-
crease in the cell population in late apoptosis (B2 quadrant in
Figure 7 a). Consistent with these findings, exposure to urolithi-
n A correlated with PARP cleavage in all tumor cell lines (Fig-
ure 7b), but not in human EBV-immortalized DAA3 cells (Fig-
ure 7).

A comparison between nitro- and bromo-substituted uroli-
thin A analogues (compounds 12, 13 and 21) was performed
in order to assess the correlation between in vitro inhibitory
activity and intracellular efficacy. Data reported in Figure 8
demonstrate a striking difference between compound 13 and

ChemMedChem 2011, 6, 2273 - 2286
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Figure 8. Cytotoxicity of urolithin A (8) and derivatives 12, 13 and 21 in
KARPAS-299 and MOLT-4 cells. An MTT assay was performed on cells main-
tained for 48 h in the presence or absence of increasing concentrations of
test compound. Data represent the mean of three independent experiments
performed in triplicate, using untreated samples as a control.

21, with the latter capable of reducing cell survival by up to
85% compared with untreated controls both in leukaemia
(MOLT-4) and lymphoma (KARPAS-299) cell lines, while the
former did not cause more than 50% growth inhibition. By
comparison, the effectiveness of compound 12 was intermedi-
ate, and more cell-type dependent. MOLT-4 and KARPAS-299
were also exposed to urolithin A (8) and compound 21 for
48 h to assess their ability to induce apoptosis. FACS analysis
gave data consistent with the results reported above, where
compound 21 more strongly induced apoptosis in MOLT-4
compared to KARPAS-299 tumor cells when used at 100 pm,
while urolithin A appeared to be effective at impairing cell sur-
vival in both cell lines (Table 3). In particular, when exposed to
compound 21, MOLT-4 cells underwent apoptosis in a dose-in-
dependent manner and accumulated equally in early- and late-
stage apoptosis, whereas when treated with urolithin A most
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Table 3. Apoptosis detection rate by annexin-V (AV) and propidium
iodide (PI) staining.””

AV/PI [%]
Compd Concn [um] —/— +/= +/+ —/+
KARPAS-299"®!
none DMSO 94 36 1.7 0.7
8 100 49.4 18.4 29.6 2.7
8 200 10.1 24.4 59.5 6
21 100 77.5 123 8.6 1.6
21 200 12.8 235 58.2 55
MOLT-4®!
none DMSO 91.7 7.1 1.1 0.1
8 100 15.6 36.9 46.8 0.74
8 200 24 33.0 64.5 0.06
21 1001 18.3 458 35.5 0.44
21 200 129 496 37.5 0.27

[a] The association of growth inhibition with cell survival was assessed in
CK2-expressing cell lines (KARPAS-299 and MOLT-4 ) exposed to urolithin
A (8) or compound 21 for 48 h at the indicated concentrations (100 and
200 pm). Cell viability was measured by annexin-V (AV) and propidium
iodide (PI) staining. Flow cytometry analysis was performed as described
in the Experimental Section, and the proportion of healthy and dead cells
was calculated. The proportion of viable (AV7/PI7), early apoptotic
(AV*/PI7), late apoptotic (AV*/PI*) and necrotic cells (AV~/PI") are report-
ed as a percentage. [b] KARPAS-299 and MOLT-4 cells were used at a cell
density of 0.5x10° mL™". [c] Cells were exposed to urolithin A (8) or deriv-
ative 21 for 48 h at 100 pm.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of the cells accumulated in late-stage apoptosis at the higher
concentration only.

Conclusions

During the last ten years, we have accumulated a lot of experi-
ence in the design and synthesis of ATP-competitive CK2 inhib-
itors. The recent discovery of ellagic acid as a powerful and se-
lective inhibitor of CK2 has prompted optimization efforts to
improve its activity. Here, we have shown the applicability of
an X-ray structure-driven “merging approach” to discover
novel CK2 inhibitors. In particular, comparing the crystallo-
graphic binding modes of both ellagic acid and DBC,"®' we
identified the urolithin moiety as a converging scaffold linking
ellagic acid and coumarin analogues. After optimization of uro-
lithin A, a novel potent and selective urolithin derivative was
identified: 4-bromo-3,8-dihydroxy-benzo[clchromen-6-one (21),
which exhibits an K; value of 7 nm against CK2. Although the
most promising urolithin derivatives failed to exhibit potent cy-
totoxic effects in cell culture, these compounds could be
promising in alternative therapeutic applications, where cyto-
toxicity is not strictly required, such as in the treatment of viral
infections and inflammatory diseases like glomerulonephritis.

We are continuing the validation of our X-ray structure-
driven merging approach with the aim to improve potency
and selectivity of other novel protein CK2 inhibitors, hopefully
with novel therapeutic applications.
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Experimental Section
Chemistry

Melting points (mp) were performed on a Gallenkamp apparatus
and are uncorrected. Nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Avance AMX 300 spectrometer. '"H NMR
and "*C NMR experiments were run using CDCl,, (CD5),SO, CD,0D
or (CD,),CO as the solvent, and the residual solvent peak was used
as an internal standard. Chemical shifts (0) are expressed in parts
per million (ppm) relative to tetramethylsilane (TMS), and spin mul-
tiplicities are indicated as: singlet (s), broad singlet (br s), doublet
(d), double doublet (dd), triplet (t), and multiplet (m), and the cou-
pling (J) values are expressed in Hertz (Hz). Analytical thin-layer
chromatography (TLC) was carried out on precoated silica gel
plates (Merck 60F,s,), and plates were visualized under UV light at
254 nm. Column chromatography was performed using silica gel
(230-400 mesh; Merck). All starting materials not described below,
the solvents and the deuterated solvents were purchased from
commercial sources, mainly Aldrich and Fluka. All commercially ob-
tained reagents and solvents were used as received without addi-
tional purification, unless differently stated. Analytical HPLC was
carried out on a Varian HPLC system using an HP Lichrospher C18
column (4.6 mmx 250 mm, 100 A ) with a particle size of 5 um. The
flow rate was 1 mLmin~’, and the mobile phase consisted of a mix-
ture of A=H;PO, 0.15% and B=MeCN; the eluate was monitored
at 280 nm. Method: at time 0 min 80% A (gradient), 80—10% A
(20 min; linear gradient), 10% A (5 min; isocratric), and finally 10—
80% A (7 min; linear gradient).?"*? High-resolution mass spectra
(HRMS) were obtained using a Mariner API-TOF instrument (Persep-
tive Biosystems Inc., Framingham, USA) with electrospray ioniza-
tion (ESI).

Elemental analyses of all newly synthesized CK2 inhibitors and cor-
responding intermediates are reported in the Supporting Informa-
tion.

1,2,3,7,8-Pentahydroxy-4,9-dioxo-pyren-5,10-dione (4): A suspen-
sion of gallic acid (10 g, 0.059 mol) in H,SO, 96% (80 mL) and H,0
(33 mL) was cooled to —50°C and then treated with K,S,0; (20 g,
0.074 mol). The solution was left at 4°C overnight, after which time
a precipitate had formed. The desired product was collected by fil-
tration and recrystallized from pyridine (white solid, 2.7 g, 14%):
'HNMR (300 MHz, (CD,),SO): 6=7.47 ppm (s, 1H, H6); *C NMR
(300 MHz, (CD,),CO): d=158.7, 158.7, 151.5, 148.9, 147.5, 146.5,
139.4, 135.2, 132.0, 123.5, 122.8, 121.4, 114.9, 108.0 ppm; HRMS:
m/z [M+H]™ calcd for C,,HsOq: 317.0142, found: 317.0031.

2,3,4,8,9,10-Hexahydroxy-dibenzo[b,d]pyran-6-one (6): A solution
of KOH (22.5 g, 0.4 mol) in H,0 (30 mL) was treated with flavellagic
acid (4) (3.3 g, 0.010 mol) and refluxed for 20 min. The product was
extracted from the reaction mixture with Et,0 (3x50 mL), and the
combined organic extracts were dried with Na,SO,, filtered, and
concentrated in vacuo. The residue was washed with boiling water
in which flavellagic acid is not soluble, and excess flavellagic acid
was removed by filtration. The product was recrystallized from H,0O
at RT (white solid, 2.1 g, 72%): '"HNMR (300 MHz, (CD,),S0): 6 =
802 (s, 1H, H7), 728 ppm (s, 1H, H1); “CNMR (300 MHz,
(CD,),CO): 6=158.7, 147.5, 146.1, 145.7, 143.6, 141.7, 135.3, 132.1,
128.4, 124.4, 115.7, 110.7, 107.8 ppm; HRMS: m/z [M+H]~ calcd for
C,5HgOq: 291.0146, found: 291.0189.

2,3,7,8-Tetramethoxy-4,9-dioxo-pyren-5,10-dione (3): A suspen-
sion of ellagic acid (1 g, 3.31 mmol) in DMF (5 mL) was cooled at
0°C and treated with NaH (0.4 g, 16.6 mmol). The suspension was
stirred for 20 min at 0°C. The reaction was then treated with CH,l
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(2 mL) and stirred at 4°C for another 2 h. H,0 (50 mL) was added,
and the product was extracted with CHCl; (3 x50 mL). Purification
by column chromatography on silica gel (CHCI;) and then recrystal-
lization from toluene/CHCI; (1:1) gave the desired product (white
solid, 0.62 g, 52%): '"H NMR (300 MHz, (CD,),S0): 6=7.56 (s, 2H,
H1 and H6), 3.32 ppm (s, 12H, CH;); *C NMR (300 MHz, (CD,),CO):
0=158.7, 158.7, 152.3, 152.3, 149.1, 149.1, 137.4, 1374, 1227,
122.7, 120.7, 120.7, 112.9, 112.9, 56.2, 56.2, 56.2, 56.2 ppm; HRMS:
m/z [M+H]* calcd for C;gH,,04: 359.0761, found: 359.0660.

3,4,8,9,10-Pentahydroxy-dibenzo[b,d]pyran-6-one (5): A solution
of KOH (22.5g, 0.4 mol) in H,O (30 mL) was treated with ellagic
acid (3 g, 0.01 mol) and then refluxed for 20 min. The product was
extracted from the reaction mixture with Et,0 (3x50 mL), and the
combined organic extracts were dried with Na,SO,, filtered, and
concentrated in vacuo. The residue was washed with boiling water
in which ellagic acid is not soluble, and excess ellagic acid was re-
moved by filtration. The desired product was recrystallized from
H,O at RT (white solid, 1.7 g, 62%): 'H NMR (300 MHz, CD,0D): 6 =
8.47 (d, J=8.9Hz, 1H, H1), 7.41 (s, 1H, H7), 6.79 ppm (d, J/=8.9 Hz,
1H, H2); “CNMR (300 MHz, (CD,),CO): 6=1589, 147.5, 146.6,
145.7, 1422, 1417, 1395, 126.9, 124.5, 1223, 1157, 114.7,
110.7 ppm; HRMS: m/z [M+H]~ calcd for C,5Hg0;,: 275.0426, found:
275.0338.

Biphenyl-2,3,4,6,2',3',4',6’'-octaol (7): NaOH (359, 0.88 mol) was
melted at 300°C and treated with ellagic acid (3 g, 0.010 mol). The
reaction was stirred at the same temperature for 20 min. The mix-
ture was cooled to RT and H,0 (140 mL) was added. The insoluble
residue was removed by filtration, and the filtrate was acidified
with HCl (37 %) until complete precipitation of the desired product.
Compound 7 was collected by filtration and dried in vacuo (white
solid, 0.62 g, 22%): 'H NMR (300 MHz, (CD,),SO): 6 =7.56 ppm (s,
2H, H5 and H5); CNMR (300 MHz, (CD,),CO): 6=151.2 (20),
149.0 (2Q), 147.1 (2Q), 129.2 (2C), 107.1 (2C), 98.0 ppm (2C); HRMS:
m/z [M+H]~ calcd for C;,H,,04: 281.0661, found: 281.0560.

3-Methoxy benzoic acid (23): A solution of NaOH (7.2 g, 0.18 mol)
in H,0 (200 mL) was treated with 3-methoxybenzyl alcohol (5 g,
0.036 mol) and KMnO, (9.5 g, 0.06 mol). The mixture was heated at
100°C for 1 h (color change from green to brown due to MnO, for-
mation). The warm suspension was filtered, and the filtrate was
acidified with HCI (37%) until complete precipitation (pH 1). The
desired product was collected by filtration and dried in an oven at
30°C (white solid, 2.7 g, 49%): "H NMR (300 MHz, CDCly): 6=7.72
(ddd, J=7.6, 1.5, 1.5 Hz, 1H, H6), 7.62-7.59 (m, TH, H2), 7.39 (t, /=
8.0, 7.6 Hz, TH, H5), 7.16-7.12 (m, TH, H4), 3.77 ppm (s, 3H, OCH,);
3C NMR (300 MHz, (CD5),CO): 6=169.4, 160.6, 131.4, 129.8, 122.7,
119.6, 114.5, 56.0 ppm; HRMS: m/z [M+H]™ calcd for CgHgOs:
151.0401, found: 151.0401.

2-Bromo-5-methoxy benzoic acid (24): A solution of compound
23 (2.7 g, 0.018 mol) in AcOH (18 mL) was treated dropwise with a
solution of Br, (2.8 g, 0.018 mol) in AcOH (9 mL). The reaction mix-
ture was refluxed until completion (color change from orange to
colorless due to consumption of bromine). Then the mixture was
put into ice (5 g) until complete precipitation. The product was iso-
lated by filtration, washed with H,0/MeOH (1:1), and dried in an
oven at 30°C (white solid, 3.4 g, 82%): '"H NMR (300 MHz, CDCl,):
0=7.58 (d, J=8.8 Hz, 1H, H3), 7.50 (d, J=3.2 Hz, 1H, H6), 6.95 (dd,
J=8.8, 3.2 Hz, 1H, H4), 3.77 ppm (s, 3H, OCH;); *C NMR (300 MHz,
(CD,),CO): 6=169.4, 159.7, 133.0, 132.6, 121.8, 116.7, 115.1,
56.0 ppm; HRMS: m/z [M+H]™ calcd for CgH,BrO;: 230.9486,
found: 230.9440.
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3-Hydroxy-8-methoxy-dibenzo[b,d]pyran-6-one (9):*¥ A solution
of 24 (3.4g, 0.015 mol), resorcinol (3.2 g, 0.029 mol) and NaOH
(1.2 g, 0.029 mol) in water (15 mL) was refluxed for 20 min. Then a
5% aqueous solution of CuSO, (6.2 mL) was added to the mixture,
and the reaction was heated at reflux for an additional 1 h. Com-
pletion of the reaction was determined by TLC (CHCl;/MeOH, 9:1).
The suspension obtained was filtered, and the solid residue was
dried to give 9 (white solid, 1.8g, 51%): 'HNMR (300 MHz,
(CD,),S0O): 6=10.21 (s, 1H, OH), 8.21 (d, J/=8.9 Hz, 1H, H10), 8.09
(d, J=8.4Hz, 1H, H1), 7.60 (d, J=2.7 Hz, TH, H7), 7.49 (dd, J=8.9,
2.7 Hz, 1H, H9), 6.83 (dd, /=8.4, 2.4 Hz, 1H, H2), 6.75 (d, J=2.4 Hz,
1H, H4), 3.89 ppm (s, 3H, OCH,); "*C NMR (300 MHz, (CD,),50): 6 =
160.4, 158.8, 158.4, 151.1, 128.4, 124.1, 123.9, 123.5, 119.9, 113.0,
110.7, 109.4, 102.7, 55.5ppm; HRMS: m/z [M+H]" calcd for
Ci4H,00,4: 241.0506, found: 241.0488.

3,8-Dihydroxy-dibenzo[b,d]pyran-6-one (8): A suspension of 9
(1.8 9, 74 mmol) in an azeotropic mixture of HBr (40 mL) and
AcOH (80 mL) was refluxed for 11 h. Completion of the reaction
was determined by TLC (CHCl;/MeOH, 9:1). The mixture was put
into the ice (5 g) until complete precipitation of the desired prod-
uct, which was then isolated by filtration and dried (white solid,
1259, 74%): '"HNMR (300 MHz, (CDs),S0): 6=8.11 (d, J=8.8 Hz,
1H, H10), 8.02 (d, J=8.7 Hz, 1H, H1), 7.51 (d, J/=2.6 Hz, TH, H7),
7.32 (dd, /=8.8, 2.6 Hz, 1H, H9), 6.81 (dd, /=8.7, 2.4 Hz, 1H, H2),
6.72 ppm (d, J=2.4 Hz, 1H, H4); *C NMR (300 MHz, (CD5),S0): 6 =
160.5, 158.5, 156.9, 150.8, 126.8, 124.1, 123.9, 123.2, 120.1, 1134,
112.5, 109.7, 102.3 ppm; HRMS: m/z [M+H]~ caled for Cy3HgO,:
227.0350, found: 227.0334.

3,8-Dimethoxy-dibenzo[b,d]lpyran-6-one (10): K,CO; (31g, 0.225
mol) and dimethylsulfate (26.5 g, 0.21 mol) were added to a solu-
tion of 10 (0.5 g, 2.1 mmol) in acetone (300 mL). The reaction mix-
ture was refluxed for 40 min. Completion of the reaction was de-
termined by TLC (CHCl;/MeOH, 9:1). The solid salts were removed
by filtration, and the filtrate was concentrated in vacuo. The solid
residue was solubilized in EtOAc (30 mL) and washed with water
(3x50 mL). The organic phase was separated, dried (Na,SO,), fil-
tered and concentrated in vacuo (white solid, 0.102 g, 19%):
'H NMR (300 MHz, CDCl,): 6=7.90 (d, /=89 Hz, 1H), 7.84 (d, J=
8.7Hz, 1H), 7.74 (d, J=2.8 Hz, 1H), 7.35 (dd, /=8.9, 2.8 Hz, TH),
6.88 (dd, /=8.7, 2.6 Hz, 1H), 6.84 (d, J/=2.6 Hz, 1H), 3.95 (s, 3H),
3.87 ppm (s, 3H); *CNMR (300 MHz, CDCl,): 6=161.6, 160.7,
159.2, 151.7, 128.6, 124.5, 123.1, 122.8, 121.0, 1124, 111.3, 111.0,
101.9, 55.7, 55.7 ppm; HRMS: m/z [M+H]" calcd for CisH;,0,:
257.0808, found: 257.0790

3,8-Dihydroxy-2,4,7,9-tetranitro-6 H-dibenzo[b,dlpyran-6-one
(19): A solution of 11 (0.5 g, 2.2 mmol) in AcOH (25 mL) was treat-
ed with HNO; (65 %, 0.83 g, 13.2 mmol) and heated at 50°C for 4 h.
Completion of the reaction was determined by TLC (EtOAc/
n-hexane/MeOH, 7:2:1). Then the solvent was evaporated in vacuo,
and the residue was crystallized from AcOH (yellow solid, 0.2 g,
22%): "H NMR (300 MHz, (CD,),CO): 6=9.51 (s, 1H, H10), 9.49 ppm
(s, TH, H1); CNMR (300 MHz, (CD),C0): 6=154.9, 149.7, 149.0,
147.7, 142.6, 1344, 1268, 1257, 1245, 123.5, 1224, 119.0,
112.0 ppm; HRMS: m/z [M+H]~ caled for C;3H,N,O,,: 407.0107,
found: 407.0173.

3-Hydroxy-8-methoxy-2-nitro-6H-dibenzo[b,d]lpyran-6-one  (15)
and  3-hydroxy-8-methoxy-2,4-dinitro-6H-dibenzo[b,d]pyran-6-
one (16): A solution of 10 (0.5 g, 2.1 mmol) in AcOH (12 mL) was
treated with HNO; 65% (0.27 g, 4.3 mmol) and heated at 50°C for
4 h. Completion of the reaction was determined by TLC (CHCl,/
MeOH, 9:1). The suspension obtained was filtered, and the solid
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residue was dried to give a mixture of 15 and 16. The two prod-
ucts were separated by column chromatography on silica gel
(CHCl;/MeOH, 9:1).

Compound 15 (yellow solid, 0.078 g, 13%): 'H NMR (300 MHz,
(CD,),CO): 6=8.81 (s, 1H, H1), 8.37 (d, J=8.9 Hz, 1H, H10), 7.62 (d,
J=2.8Hz, 1H, H7), 7.53 (dd, J=8.9, 2.8 Hz, 1H, H9), 7.03 (s, TH,
H4), 4.01 ppm (s, 3H, OCH,); *CNMR (300 MHz, (CD,),SO): 6=
161.7, 161.6, 155.7, 155.0, 137,3, 128.9, 128.7, 126.0, 123.0, 122.8,
113.5, 112.5, 108.0, 57.9 ppm; HRMS: m/z [M+H]  calcd for
C,4HsNO,: 286.0357, found: 286.0383.

Compound 16 (yellow solid, 0.41g, 59%): 'HNMR (300 MHz,
(CD,),CO): 6=9.05 (s, 1H, H1), 8.45 (d, J=8.9 Hz, 1H, H10), 7.72 (d,
J=2.8Hz, 1H, H7), 7.59 (dd, J=8.9, 2.8 Hz, 1H, H9), 4.01 ppm (s,
3H, OCH,); ®CNMR (300 MHz, (CD),S0): 6=171.9, 159.2, 158.2,
151.6, 145.4, 135.8, 126.6, 124.5, 124.1, 121.3, 119.9, 111.3, 1064,
55.6 ppm; HRMS: m/z [M+H]™ caled for C,,HgN,Oq: 331.0208,
found: 331.0195.

3,8-Dihydroxy-2,4-dinitro-6H-dibenzo[b,dlpyran-6-one (14): A
50 mL flask was charged with excess pyridine chlorohydrate (0.7 g,
6 mmol) and 16 (0.2 g, 0.6 mmol), and the mixture was heated to
210°C to achieve complete solubilization of pyridine chlorohydrate
and then stirred at this temperature for 4 h. The reaction mixture
was cooled during which pyridine chlorohydrate resolidified. EtOAc
(20 mL) was added to the suspension, and the organic solution
was washed with water (5x20 mL) to removed excess pyridine
chlorohydrate. The organic phase was separated, dried (Na,SO,), fil-
tered and concentrated in vacuo. The crude was purified by
column chromatography on silica gel (CHCIl;/MeOH, 9:1) to give 14
(yellow solid, 60 mg, 31%): "H NMR (300 MHz, (CD,),C0O): 6 =8.96
(s, TH, H1), 8.56 (d, J/=8.9 Hz, 1H, H10), 7.69 (d, J/=2.8 Hz, 1H, H7),
743 ppm (dd, J=89, 28Hz, 1H, H9); "“CNMR (300 MHz,
(CD,),SO): 6=158.7, 157.4, 154.7, 149.4, 135.2, 131.1, 130.5, 130.0,
129.3, 127.6, 127.4, 121.7, 116.6 ppm; HRMS: m/z [M+H] ™ calcd for
Cy5HN,Og: 317.2294, found: 317.2369.

2-Nitro-resorcinol (25): Resorcinol (5 g, 0.05 mol) was dissolved in
hot H,SO, (96%, 36 mL, 33.84 g, 0.35 mol). After 5 min, resorci-
nol-H,SO, began to precipitate out of solution. The suspension was
cooled to RT with formation of a white precipitate. The suspension
was treated with HNO; (65%, 2.84 g, 0.05 mol) and H,SO, (9.05 g,
0.09 mol) under strong stirring until complete solubilization was
observed. Stirring was then suspended and ice (60 g per 100 g of
solution) was added slowly. The reaction mixture was refluxed, and
the product was obtained by distillation. The product was further
purified by crystallization from abs EtOH to give 25 as red needles
(3.8, 60%): '"HNMR (300 MHz, (CD,),CO): 6=7.40 (t, J=8.4 Hz,
1H, H5), 6.61ppm (d, J=84Hz, 2H, H4 and H6); "*CNMR
(300 MHz, (CD,),SO): 0=154.6, 1546, 137.8, 1229, 109.5,
109.5 ppm; HRMS: m/z [M+H]  calcd for C¢H;NO,: 154.0146,
found: 154.0157.

3-Hydroxy-4-nitro-dibenzo[b,dlpyran-6-one (17): A solution of 2-
bromo-benzoic acid (1g, 0.005mol), 2-nitro-resorcinol (1g,
0.006 mol) and NaOH (0.4 g, 0.010 mol) in water (20 mL) was re-
fluxed for 30 min. Then a 10% aqueous solution of CuSO, (0.5 mL)
was added to the mixture, and the reaction was refluxed for an ad-
dition 1 h. Completion of the reaction was determined by TLC
(CHCl/acetone, 1:1). The suspension was filtered, and the solid res-
idue was dried in an oven at 30°C. Purification by column chroma-
tography on silica gel (CHCl;/MeOH, 9:1) gave the title compound
(white solid, 0.2 g, 16%): "H NMR (300 MHz, (CD,),C0): 6 =8.16 (dd,
J=8.9, 2.7 Hz, 1H, H7), 7.82 (d, J=9.0 Hz, 1H, H1), 7.53-7.50 (m,
2H, H9, H10), 7.37-7.32 (m, 1H, H8), 6.96 ppm (d, J/=9.0HHz, 1H,
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H2); *C NMR (300 MHz, (CD,),CO): 6=160.7, 154.2, 145.7, 137.3,
136.3, 132.0, 130.9, 130.3, 127.4, 123.7, 121.2, 115.7, 111.7 ppm;
HRMS: m/z [M+H]~ calcd for C,;H,NO;: 256.0251, found: 256.0130.

3-Hydroxy-dibenzo[b,d]lpyran-6-one (11): A solution of 2-bromo-
benzoic acid (2 g, 0.010 mol), resorcinol (2 g, 0.018 mol) and NaOH
(0.4 g, 0.010 mol) in water (20 mL) was refluxed for 30 min. Then a
10% aqueous solution of CuSO, (0.5 mL) was added to the mix-
ture, and the reaction was refluxed for an additional 1 h. Comple-
tion of the reaction was determined by TLC (CHCls/acetone, 1:1).
The suspension was filtered, and the solid was dried in an oven at
30°C. Purification by column chromatography on silica gel (CHCly/
MeOH, 9:1) gave the title compound (white solid, 740 mg, 35 %):
'H NMR (300 MHz, (CD,),C0): 6=8.20 (dd, J=8.9, 2.7 Hz, 1H, H7),
7.63-7.57 (m, 2H, H10, H9), 7.47-7.42 (m, 2H, H1, H8), 6.69 (dd, J=
9.0, 2.1 Hz, 1H, H2), 6.67 ppm (d, J=2.1Hz, 1H, H4) CNMR
(300 MHz, (CD,),CO): 6=160.7, 157.9, 153.0, 135.6, 134.6, 130.8,
129.8, 129.0, 127.9, 127.7, 125.0, 113.2, 109.8 ppm; HRMS: m/z
IM+H]~ calcd for C,3Hg05: 2114534, found: 211.4237.

3-Hydroxy-4-nitro-8-methoxy-dibenzo[b,d]pyran-6-one (12): A
solution of 2-bromo-5-methoxy-benzoic acid (1 g, 0.004 mol), 2-
nitro-resorcinol (0.8 g, 0.005 mol) and NaOH (0.4 g, 0.010 mol) in
water (20 mL) was refluxed for 30 min. Then a 10% aqueous solu-
tion of CuSO, (0.5 mL) was added to the mixture, and the reaction
was refluxed for an additional 1 h. Completion of the reaction was
determined by TLC (CHCls/acetone, 1:1). The suspension obtained
was filtered, and the solid residue was dried in an oven at 30°C.
Purification by column chromatography on silica gel (CHCl;/MeOH,
8:2) gave the title compound (white solid, 600 mg, 52%): 'H NMR
(300 MHz, (CD,),S0): 6=8.29 (d, J=8.8Hz, 1H, H1), 826 (d, J=
88Hz, 1H, H10), 7.62 (d, J=29Hz, 1H, H7), 7.55 (dd, /=858,
2.9 Hz, 1H, H9), 7.06 (d, J=8.8 Hz, 1H, H2), 3.91 ppm (s, 3H, OCH,);
3C NMR (300 MHz, (CDs),SO): 6=159.2, 158.7, 150.3, 148.5, 142.0,
127.1, 125.4, 124.2, 124.1, 120.0, 1134, 111.1, 109.8, 55.65 ppm;
HRMS: m/z [M+H]~ calcd for C,,H,;NO,4: 286.0984, found: 286.0367.

2,4-Dibromo-3-hydroxy-8-methoxy-6H-dibenzo[b,d]pyran-6-one
(18): A solution of 9 (1g, 41 mmol) in CCl, (40 mL) was treated
with NBS (0.73 g, 4.1 mmol) and benzoyl peroxide (radical initiator)
(10 mg, 0.041 mmol), and the reaction was refluxed for 2 h. Com-
pletion of the reaction was determined by TLC (n-hexane/EtOAc,
8:2). The suspension obtained was filtered, and the solid residue
was dried in an oven at 30 °C. Purification by column chromatogra-
phy on silica gel (CHCI,/EtOAc, 9:1) gave the desired product 18
(white solid, 0.078 g, 30%): 'H NMR (300 MHz, (CD,),CO): 6 =8.11
(s, TH, H1), 7.90 (d, J=8.9 Hz, 1H, H10), 7.70 (d, J=2.8 Hz, 1H, H7),
7.42 (dd, J=8.9, 2.8 Hz, 1H, H9), 3.95 ppm (s, 3H, OCH,); *C NMR
(300 MHz, (CD,),S0O): 6=159.5, 158.8, 155.7, 151.8, 134.4, 130.1,
130.0, 128.8, 127.4, 120.0, 115.0, 114.6, 113.4, 56.0 ppm; HRMS: m/z
[M+H]™ calcd for C,,HgBr,0,: 399.0453, found: 399.0857.

2,4,6-Tribromo-resorcinol (26): Br, (4.5 mL, 14 g, 0.087 mol) was
added dropwise to a suspension of resorcinol (3 g, 0.027 mol) in
CHCI; (45 mL). The reaction mixture was refluxed for 2 h. Comple-
tion of the reaction was determined by TLC (CHCl;/MeOH, 9:1).
The solvent was partially evaporated in vacuo (50%), and the mix-
ture was left at 4°C to crystallize overnight until complete crystalli-
zation. The crystalline product was isolated by filtration and dried
to give 26 (white solid, 5.4 g, 58%): 'H NMR (300 MHz, (CDCl,): 6 =
760 (s, TH, H5), 592ppm (s, 2H,0H); “CNMR (300 MHz,
(CD,),S0): 6=153.0 (2C), 136.6, 110.8 (2C), 110.7 ppm; HRMS: m/z
[M+H]~ calcd for C¢H;Br;0,: 345.4014, found: 345.4057.

2-Bromo-resorcinol (27): A suspension of 2,4,6-tribromo-resorcinol
(2 g, 0.0058 mol) in H,0 (40 mL) was treated with Na,SO; (21.8 g,
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0.1773 mol) in H,0 (60 mL). The reaction mixture was acidified to
pH 2 by dropwise addition of H,SO, and then refluxed for 12 h.
Completion of the reaction was determined by TLC (CHCl,/MeOH,
9:1). The reaction mixture was cooled to RT and neutralized by
dropwise addition of aqueous NaHCO; (1 m). The aqueous reaction
mixture was extracted with toluene (3x60 mL), and the organic
phase was separated, dried (Na,SO,), filtered and concentrated in
vacuo to give 27 (white solid, 0.702 g, 64%): '"H NMR (300 MHz,
CDCly): 0=6.94 (t, J=8.1Hz, 1H, H5), 639 ppm (d, J=8.1Hz,
2H,H4, H6); CNMR (300 MHz, (CD,),SO): 6=158.1 (2C), 130.6,
110.7 (2C), 106.3 ppm; HRMS: m/z [M+H]™ calcd for C4HsBrO,:
188.0014, found: 188.0072.

4-Bromo-3-hydroxy-8-methoxy-dibenzo[b,d]pyran-6-one (13): A
solution  of  2-bromo-5-methoxy-benzoic  acid (200 mg,
0.866 mmol), 2-nitro-resorcinol (327 mg, 1.732 mmol) and NaOH
(69 mg, 1.732 mmol) in water (10 mL) was refluxed for 30 min.
Then a 10% aqueous solution of CuSO, (0.5 mL) was added to the
mixture, and the reaction was refluxed for an additional 1 h. Com-
pletion of the reaction was determined by TLC (CHCI;/MeOH, 9:1).
The reaction mixture was cooled to RT, and the precipitate was col-
lected by filtration and dried in vacuo. Purification by column chro-
matography on silica gel (CHCl;/MeOH, 95:5) gave 13 (white solid,
81 mg, 29%): 'H NMR (300 MHz, CDCl,): 6=7.93 (d, J=8.9 Hz, 1H,
H1), 7.84 (d, J=8.8Hz, 1H, H10), 7.79 (d, J=2.8 Hz, 1H, H7), 7.40
(dd, /=8.8, 2.8 Hz, 1H, H9), 7.05 (d, J=8.8 Hz, 1H, H2), 5.89 (br s,
1H, OH), 3.94 ppm (s, 3H, OCH,); *C NMR (300 MHz, (CD,),SO): 6 =
159.5, 158.7, 156.7, 156.0, 130.1, 128.8, 128.8, 127.8, 127.4, 120.0,
1154, 115.1, 1124, 56.0 ppm; HRMS: m/z [M+H]~ calcd for
C,4HsBrO,: 320.1454, found: 320.1398.

3-Hydroxy-8-methoxy-4-methyl-dibenzo[b,d]pyran-6-one (20): A
solution  of  2-bromo-5-methoxy-benzoic  acid (280 mg,
1.206 mmol), 2-methyl-resorcinol (300 mg, 2.416 mmol) and NaOH
(96 g, 2.4 mmol) in water (10 mL) was refluxed for 30 min Then a
10% aqueous solution of CuSO, (0.5 mL) was added to the mix-
ture, and the reaction was refluxed for an additional 1 h. Comple-
tion of the reaction was determined by TLC (CHCl;/MeOH, 9:1).
The reaction mixture was cooled to RT, and the precipitate was iso-
lated by filtration and dried in vacuo. Purification by column chro-
matography on silica gel (CHCI;/MeOH, 9:1) gave 20 (white solid,
100 mg, 32%): "H NMR (300 MHz, (CD;),C0): 6=8.16 (d, J=8.9 Hz,
1H, H10), 7.89 (d, J=8.7 Hz, 1H, H1), 7.70 (d, J=2.8 Hz, 1H, H7),
7.45 (dd, J=8.9, 2.8 Hz, TH, H9), 6.94 (d, J/=8.7 Hz, 1H, H2), 3.85 (s,
3H, OCH,), 231 ppm (s, 3H, CH,); *C NMR (300 MHz, (CD,),CO):
0=159.5, 158.7, 155.5, 154.1, 130.1, 128.8, 127.3, 126.7, 125.5,
121.2, 120.1, 115.0, 113.1, 56.0, 4.4 ppm; HRMS: m/z [M+H]™ calcd
for C,sH,,0,: 255.0663, found: 255.0581.

3,8-Dihydroxy-4-methyl-6H-dibenzo[b,d]lpyran-6-one (22): A sus-
pension of 20 (0.1 g, 0.39 mmol) in an azeotropic mixture of HBr
(4 mL) and AcOH (8 mL) was refluxed for 11 h. Completion of the
reaction was determined by TLC (CHCI;/EtOAc, 7:3). The mixture
was put into the ice (2 g) until complete precipitation. The solid
was isolated by filtration and further purified by column chroma-
tography on silica gel (CHCI;/EtOAc, 7:3) to give the title com-
pound (white solid, 53 g, 56%): '"H NMR (300 MHz, (CD5),CO): 6=
8.96 (s, TH, H1), 8.56 (d, /=89 Hz, 1H, H10), 7.69 (d, J=2.8 Hz, TH,
H7), 7.43 ppm (dd, J=8.9, 2.8 Hz, 1H, H9); *CNMR (300 MHz,
(CD,),C0): 6=158.7, 157.3, 155.6, 154.3, 132.4, 129.3, 127.6, 126.7,
125.5, 121.7, 121.3, 116.6, 113.2, 4.5 ppm; HRMS: m/z [M+H]"
calcd for C;,H,,0,: 243.0663, found: 243.0629.
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Source and purification of protein kinases: Native CK1 and CK2 were
purified from rat liver.?¥ Recombinant human CK2 subunit o was
expressed in Escherichia coli and purified as described previously.?”
Protein kinase A (PKA) was purchased from Sigma-Aldrich, and re-
combinant human GSK3f was purchased from Upstate Biotech-
nology Inc. Recombinant human DYRK1a was kindly provided by
Prof. Dr. Walter Becker (Institut fir Pharmakologie und Toxikologie,
Universitatsklinikum Aachen, Germany). The source of all of the
other protein kinases used for specificity assays is as described pre-
viously.B®

Phosphorylation assay: CK2 and CK1 phosphorylation assays were
carried out at 37°C in the presence of increasing amounts of test
compound in a final volume of 25 pL containing 50 mm Tris-HCl
(pH 7.5), 100 mm NaCl, 12mm MgCl,, 0.02mm ["3PIATP (500-
1000 cpmpmol ™), unless otherwise indicated. The phosphorylata-
ble substrates were the synthetic peptide substrate
RRRADDSDDDDD (100 um) and RRKHAAIGDDDDAYSITA (200 um)
for CK2 and all CK1, respectively. Reaction started with the addition
of kinase and was stopped after 10 min by addition of orthophos-
phoricacid (0.5m, 5 uL) before spotting aliquots onto phosphocel-
lulose filters. The filters were then washed with H;PO, (75 mm, 4%
5-10 mL) and MeOH, and then dried before counting.?® Each de-
termination was repeated in three independent experiments and
the mean of the data were calculated. PKA was assayed in the
presence of 1 um cAMP under identical conditions by omitting
NaCl and using the synthetic peptide substrate ALRRASLGAA.
GSK3p inhibition was determined using protein phosphatase inhib-
itor-2 (I-2) as a phosphoacceptor substrate following sodium dode-
cyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) of the
radiolabeled samples. DYRKTA was assayed using the peptide
RRRFRPASPLRGPPK. PIM1 activity was determined by following
the same procedure, incubating the kinase in the presence of
50 mm Tris-HCI (pH 7.5), 0.1 % (v/v) 2-mercaptoethanol, 0.1 mm eth-
ylene glycol tetraacetic acid (EGTA), 30 um synthetic peptide sub-
strate RKRRQTSMTD and 100 pum ["**PJATP. HIPK2 activity was de-
termined under the same conditions used for PIM1 assays, using
20 pm ATP and 10 pg myelin basic protein (MBP) as the phosphory-
latable substrate. PKA was assayed in the presence of 1 um cAMP
under identical conditions, omitting NaCl and using synthetic pep-
tide substrate ALRRASLGAA. Aurora-A was assayed under the
same condition used for PKA without cAMP.

Kinetic determination: Initial velocities were determined at each of
the substrate concentration tested. K, values were calculated in
the absence or presence of increasing inhibitor concentrations
from Lineweaver-Burk double-reciprocal plots of the data. Inhibi-
tion constants (K) were calculated by linear regression analysis of
Kiw/Vimax Versus inhibitor concentration plots. K; values were also cal-
culated using the Cheng-Prusoff equation® by determining the
ICs, value for each compound at 1 um ATP, assuming a competitive
mechanism of inhibition.

Cell viability assay: Human anaplastic large-cell lymphoma (ALCL)
cell lines KARPAS-299 and MAC-2A were maintained in RPMI-1640
containing 15% heat-inactivated fetal calf serum (FCS), 2 mmolL™"
glutamine, 100 UmL™" penicillin, and 100 ugmL™" streptomycin
under standard tissue culture conditions. Acute lymphoblastic leu-
kemia (ALL) cell lines MOLT-4 and HL-60 were maintained in RPMI-
1640 containing 10% heat-inactivated FCS.

Cell viability was measured using an MTT assay. Briefly, 0.1x10°
cells were seeded into 96-well microculture plates 12 h before ad-
dition of the test compound. Cells were cultured under standard
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conditions in 200 uL of complete RPMI-1640 medium for 48 h in
the presence or absence of test compound. 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (20 L,
5mgmL™") was added to the cell suspension and left for 4 h. The
intracellular formazan crystals were dissolved with DMSO (150 pL),
and the optical density was measured using a Victor3 multilabel
counter spectrophotometer at 540 nm. Values represent the mean
(4 SD) of triplicate cultures of three independent experiments.

Immunoblotting: Exponentially growing ALCL and ALL cells were
treated with test compound as described above. At the end of
treatment, the cells were washed twice with ice-cold 1x phosphate
buffered saline (PBS), resuspended in RIPA buffer (50 mm Tris-HCI
(pH 7.5), 150 mm NaCl, 1T mm EDTA, 0.1% SDS, 0.5% deoxycolic
acid, 1% Triton-X100) and kept on ice for 20 min. Cells were then
clarified by high-speed centrifugation (14.000g for 30 min at 4°C).
After centrifugation, supernatants were recovered and 60 pg of ly-
sates were loaded onto 12% SDS-PAGE, electrotransferred to poly-
vinylidene fluoride (PVDF) membranes, and probed for CK2
(Sigma), phosphorylated AKT (AKTS'?, Cell Signaling Technology,
Inc.) or full-length and cleaved PARP (Cell Signaling Technology,
Inc.) as indicated. Proteins were visualized by chemiluminescence
using a commercial kit (Chemicon) and Amersham Hyperfilms (GE
Healthcare), and when indicated, protein bands were quantified
using ImageJ 1.42q software (US National Institutes of Health).

Assessment of apoptosis: To measure drug-induced apoptosis, ALCL
and ALL cells were treated with test compounds and stained with
annexin-V-FITC/propidium iodide prior to flow cytometry analysis.
Briefly, cells were harvested, washed with PBS, and stained (0.5x
10%) with annexin-V (5 uL) and propidium iodide (5 pgmL'1, 5uL)
in 1 mL of 1x annexin binding buffer (10 mm HEPES (pH 7.4),
140 mm NaOH, 2.5 mm CaCl,) (Immunostep Research, Spain). Cells
were left at RT in the dark for 15 min, and apoptosis was measured
using a FACSCalibur flow cytometer (BD Biosciences, USA). Early
apoptotic (AV*/PI7) and late apoptotic cells (AV*/PI*) were includ-
ed in the analysis.

Molecular modeling

The crystal structure of human CK2 subunit o was retrieved from
the Protein Data Bank (PDB: 2ZJW"®) and processed in order to
remove the ligand (ellagic acid) and water molecules. Hydrogen
atoms were added using standard geometries to the protein struc-
ture with the MOE program.®® To minimize contacts between hy-
drogen atoms, the structures were subjected to Amber94 force-
field minimization until the root mean square (rms) of the conju-
gate gradient was <0.1 kcalmol™'A~", keeping heavy atoms fixed
in their crystallographic positions.>®

Ligand structures were built using the MOE builder tool, part of
the MOE suite,®® and were subjected to MMFF94x energy minimi-
zation until the rms of the conjugate gradient was 0.05 kcal mo-
I""A~". Charges were calculated using ESP methodology.

Three different programs were used to calibrate our docking proto-
cols: MOE-Dock,®® GOLD®? and Glide.*” To select the best per-
forming docking protocol, ellagic acid was re-docked to the crystal
structure of human CK2 subunit o (PDB: 2ZJW) with several combi-
nations of docking algorithms and scoring functions (see Tables S2
and S3 in the Supporting Information).
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Abbreviations

Casein kinase 2 (CK2); 3,8-dibromo-7-hydroxy-4-methylchromen-2-
one (DBCQ); 1,8-dihydroxy-4-nitroxanthen-9-one (MNX); 8-hydroxy-
4-methyl-9-nitrobenzo[glchromen-2-one (NBC); tetrabromocinnam-
ic acid (TBCA); root mean square deviation (RMSD); standard error
of the mean (SEM); water (W).
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