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Abstract

CK2«x and CK2«’, two paralogous members of the human kinome, are catalytic subunits of
protein kinase CK2. Together with the regulatory subunit CK2f3, they form heterotetrameric
holoenzymes. CK2 is the subject of efforts to develop effective and selective inhibitors.
For this, secondary binding sites remote from the canonical ATP/GTP cavity are critical.
A crystallographic fragment screening with CK2o crystals and an established molecular
fragment collection was performed to identify new ligands at known or novel sites. It
resulted in fourteen CK2«’/fragment structures. Five fragments were found at the CK2f3
interface of CK2a" and three fragments at the established D pocket, which exhibits subtle
differences between CK2o and CK2«’; comparative co-crystallisations with CK2x showed
that one of them binds to the aD pocket of CK2«” exclusively. No fragments bound at the
substrate-binding region of CK2«’, but a CK2«” structure with dp10, a decameric section of
the substrate-competitive inhibitor heparin, and the indenoindole-type ATP-competitive
inhibitor 4w was determined. A comparison with a published CK2x/dp10 structure
revealed features consistent with reports about substrate specificity differences between
the isoenzymes: dp10 binds to CK2«’ and CK2o with opposite strand orientations, and the
local conformations of the isoenzymes in the helix «D region are significantly different.

Keywords: protein kinase CK2; casein kinase 2; human CK2¢; human CK2«'; isoenzymes;
CSNK2A1; CSNK2AZ2; crystallographic fragment screening

1. Introduction

Protein kinase CK2 is a member of the CMGC family of eukaryotic protein kinases [1].
It occurs as a heterotetrameric holoenzyme with a central dimer of regulatory subunits
(CK2B) to which two catalytic subunits are attached [2]. In human and other vertebrates,
two paralogous isoforms of catalytic CK2 subunits exists, typically called CK2a (product
of the gene CSNK2A1) and CK2«’ (product of the gene CSNK2A2); they have similar
sequences; nevertheless, there are subtle differences between CK2«x and CK2« that are
important enough that they cannot fully compensate each other [3,4].
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For many years, human CK2 has been a target for the development of inhibitors [5-9],
most of them addressing the binding site for the co-substrate, which—as a rare excep-
tion among protein kinases—can be ATP or GTP [10]. Due to selectivity problems with
ATP/GTP-competitive inhibitors, “jumping-out-of the-catalytic-box” strategies were pro-
posed and pursued [6,11], for which allosteric ligand-binding sites—sometimes called
“secondary sites” [12]—remote from the ATP/GTP cavity (the “primary site”; Figure 1a)
were required.

One secondary site of CK2c or CK2«’ is the binding interface for CK2f3. Small
molecules addressing this region are potential protein/protein interaction inhibitors and
interfere with the formation of the CK2 holoenzyme. Several peptidic and non-peptidic
compounds—among them the cyclic peptidomimetic compound 12 (cpd. 12), visible
in Figure 1a—were developed and characterized with respect to their CK23-antagonistic
potential [13-18]. Cpd. 12 was found by high-throughput screening, and it is the only CK2f3-
antagonistic substance for which a crystal structure in complex with CK2«’ is available
(PDB_ID 9FBI).
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Figure 1. Ligand-binding to primary and secondary sites of CK2«" and CK2«. (a) Surface representa-
tion of a CK2/Cys3365er / 3,4-dichlorophenethylamine (DPA) complex structure [19] (gray: N-terminal
domain; yellow: C-terminal domain) with superimposed complex structures of CK2'CYs3365er /4
(PDB_ID 7AT9), CK20r'Cys3365er / ARC-780 (PDB_ID 8Q77), CK2'<¥s3365er / compound 12 (PDB_ID
9FBI), and CK2a!"33> /heparin (PDB_IDs 7B8H and 7B8I); for the superimposed complex structures,
only the ligands (in the case of ARC-780, only the middle part, which was defined by electron density)
were drawn in order to indicate the various binding sites, as indicated in the figure. (b) Differences
between CK2a’ (yellow C-atoms and bonds) and CK2« (magenta-colored C-atoms and bonds) in
the hydrophobic shell of the D pocket: the side chain difference Leu140/Ile141 correlates with a
180-degree rotation of DPA, the «D pocket anchor group of the bivalent inhibitor KN2 [19]. The
figure was prepared with PyMOL, version 1.7.0.3 [20].

Another allosteric ligand-binding site is the «D pocket, which is located adjacent
to the ATP/GTP cavity. It is a “cryptic” site [21] because it is normally blocked by side
chains from the nearby helix «D and accessible only after its opening in the presence of a
suitable ligand. The «D pocket was discovered by fragment screening with human CK2c

https:/ /doi.org/10.3390/kinasesphosphatases4010001


https://doi.org/10.3390/kinasesphosphatases4010001

Kinases Phosphatases 2026, 4, 1

30f22

crystals and exploited to construct a highly selective bivalent CK2 inhibitor addressing the
ATP/GTP site and the aD pocket itself in parallel [22,23]. Later, an «D pocket was observed
in the isoenzyme CK2«’ as well, occupied by 3,4-dichlorophenylethylamine (DPA) [19].

DPA, one of the molecular fragments identified via screening with CK2«x crystals [22],
/Cys336Ser

’

had been soaked into crystals of CK2« , which is an oxidation-insensitive CK2«x
variant [19]. It was then used as «D pocket anchor group of KN2 (Figure 1b), a second
bivalent CK2 inhibitor with excellent inhibition and selectivity properties [19]. Meanwhile,
further highly potent and selective bivalent CK2 inhibitors binding both to the ATP/GTP
cavity and to the D pocket have been published [24-27].

In the context of the bivalent inhibitor KN2, it was noted that in complex structures
with either CK2« or CK2a’, the DPA part of KN2 (Figure 1b) is orientated differently: bound
to the «D pocket of CK2«, the chloro substituent in meta position points outwards in the
direction of the dismantled helix «D; in complex with CK2«’, however, the dichlorophenyl
moiety is rotated by 180°, so that the meta-chloro substituent is in contact with the hy-
drophobic core residue Leul41 (Figure 1b). The CK2«x equivalent of this residue is Ile140,
whose space requirements and rigidity may prevent the meta-chloro substituent from being
in its direct proximity. This finding has been speculated to be exploitable for generating
isoenzyme-selective CK2 inhibitors [19]. In fact, KDX1381, a recently described bivalent
CK2 inhibitor, has a significant preference for CK2« compared to CK2«’ [25].

A further secondary binding site was discovered so far only in CK2«’, namely by
extensively soaking and desalting of CK20o'Y$3365¢r crystals with ARC-780. This is a com-
pound originally designed to be a bisubstrate inhibitor, meaning that it simultaneously
addresses the ATP/GTP site and the binding region for protein and peptide substrates [28].
Surprisingly, however, two copies of ARC-780 were found in a complex structure with
CK20©ys3365er one at the ATP/GTP cavity and the other—partly visible in Figure la—at
a novel “N-terminal segment site” that overlaps with the P+1 recognition site of pro-
tein/peptide substrates [28].

The substrate recognition area—also the binding region of heparin [29,30], one of the
oldest known CK2 inhibitors [31,32]—can also be classified as a secondary site. CK2 is
an acidophilic protein kinase with the consensus sequence S/T-E/D-X-E/D for substrate
recognition [33] (however, with interesting variations in substrate recognition between
CK2x and CK2o’ [3,34]). Its specific interactions with anionic substrates or substrate-
competitive inhibitors are dominated by ionic forces, which are weakened by the high salt
concentrations often used in crystallization and soaking media. In addition, divalent anions,
as sometimes found in the substrate recognition region of CK2 structures [2,28,35], compete
specifically with those interactions. Therefore, the only CK2 co-crystal structures with
higher-molecular-weight ligands bound in the substrate recognition region are the above-
mentioned CK2o’CYs3365er / ARC-780 complex structure [28] and two CK2x13% structures
in complex with a heparin decasaccharide [30]. This heparin fragment binds at two different
locations of CK2x, namely to a part of the P+1 recognition region of the substrate-binding
site (Figure 1a) and to a polybasic stretch at the beginning of the long helix «C, the only
helical element of the N-terminal domain, where acidic substrate side chains downstream
of the P+3 substrate recognition site are accommodated (Figure 1a) [30].

Finally, a further allosteric site was recently postulated to be located in the C-terminal
domain of CK2«’ [36]. However, a structural confirmation of this assumption was not
provided so far.

The study presented here was inspired by the question of whether crystallographic
fragment screening, which had previously been performed only with CK2«x [22,23], can
also provide a deeper understanding of the binding potential of the known binding sites
or even uncover novel binding sites in the case of CK2«’. From a methodological point
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of view, it was based on the availability of robust CK2o'©Ys3365€r crystals with excellent
X-ray diffraction properties on the one hand [28,37], and, on the other hand, on the well
established and continuously developed platform for crystallographic fragment screening
at the Helmholtz Centre Berlin (HZB) [38—-41].

Against the background of the difference between CK2« and CK2« in the binding of
KN2 at the oD pocket (Figure 1b), a particular aim of this screening study was to find new
fragments binding to the aD pocket of CK2«” and to subsequently check if they can occupy
the oD pocket of CK2c as well.

Differences between CK2o and CK2o” have also been reported for substrate recogni-
tion [3,34]. Even before the crystallographic fragment screening, we had started efforts to
uncover structural reasons for this and to create a structural basis for the development of
isoenzyme-specific bisubstrate inhibitors. In this context, crystallographic fragment screen-

'Cys336Ser grycture

ing provided helpful methodological input for the elucidation of a CK2«
in complex with the substrate-competitive inhibitor heparin [29,31], which was then used

for a comparison with published CK2«!3% /heparin structures [30], as explained below.

2. Results and Discussion

/Cys336Ser

2.1. Crystallographic Fragment Screening with CK2« Crystals

2.1.1. Overview of the Fragment Screening Results

An established protocol to grow triclinic well-diffracting CK2o'CYs3365¢r crystals [28,37]
was optimized by using the tight-binding ATP-competitive CX-4945 [8] as a crystallization
chaperone, which made the procedure faster, more reliable, and more efficient. This allowed
the preparation of more than 300 crystals of suitable size (50 to 150 pm in each direction)
within one month. The fact that the ATP/GTP binding site of the crystalline CK2o/'¢Ys3365er
was occupied by the high-affinity CK2 inhibitor CX-4945 was not a problem, but even
welcome, because we were primarily interested in ligands binding to secondary sites.

Each of the 96 compounds of the F2X-Entry screen [38] was soaked for 24 h at a
maximum concentration of 100 mM into at least two CK2o’Cys3365er /(CX-4945 crystals. In
parallel with the soaking with fragments, the crystals were dehydrated as described in
detail in the Materials and Methods section. This significantly reduced the handling time
because it enabled direct flash-freezing of harvested crystals in liquid nitrogen after soaking.

For six fragments, soaking caused the CK20'“Y$3365¢r crystals to completely lose their
X-ray diffraction capability. In the other 90 cases, however, X-ray diffraction data were
collected, processed, and used for structure determination. Fourteen members of the F2X-
Entry screen [38] (Table 1) were found to bind to the enzyme as ligands, corresponding to a
hit rate of 14.6%. The high-resolution limit of the 14 refined crystal structures ranges from
1.660 A t0 0.892 A (Table S1). The ligands bind to three established binding sites (ATP/GTP
cavity, aD pocket, CK2f3 binding site) and to three novel sites referred to as “further site”
in Table 1. These further sites will not be illustrated and discussed here, because two of
them—found for D10 and FO8—are most likely crystal-packing artifacts, and in one case
(E11), the further site is poorly occupied and located so far from functionally critical regions
of the enzyme that its exploitation for the design of bivalent ligand is improbable.

Strictly speaking, there were even a few more hits in which the electron density in the
ATP/GTP cavity indicated binding of a fragment. However, these were ligands that did
not completely displace CX-4945 from its site, which led to overlapping electron densities
and refinement problems. Since we were not primarily interested in new ligands of the
ATP/GTP cavity, we did not proceed with such problematic hits.
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Table 1. Compounds of the F2X-Entry screen [38] identified as ligands of CK20a“Ys3365¢r by crystallo-
graphic fragment screening.

F2X-Entry Fragment Structure . 1 ) ,  PDB_ID of CK2/Cys336Ser;
Screen ID SMILES Notation Binding Site(s) to CK2x CK2a-33% Complex
0
F .
o2 ATP/GTP cavity 9IHG /9HXU
HO aD pocket

Fclec(C(=0)O)c( C(OC)ClF

Co06 D/ T( CK2p interface 9Q9A /---

CC( O)Nclce(Cl)e(C)ecl

Cco7 / CK2p interface 9Q9B/---
(0] NH
O=C1CCc2ccccc2N1
F
(0]
NH_//
//
D02 O oD pocket 9IHI/9HYH
F
CH
NH, 3

0O=5(=0)(CCC)Nclce(N)c(F)cclF

D04 S ATP/GTP cavity 9Q9C/---
HoN 0
O=C(OC)[C@H](N)Cclccc(F)ccl
O O—CHs

N

D06 CK2p interface 9Q9D/---
7
@)

O=C(N1CCCC1)clec(cccl)OC

: ATP/GTP cavity
o C 7%( further site 9Q9G/---
H3

CC(C)(Ncleee(C)ecl)C(=0)O
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Table 1. Cont.

F2X-Entry Fragment Structure e ,  PDB_ID of CK20rCys336Ser/
Screen ID SMILES Notation Binding Site(s) to CK2x CK2«!335 Complex
0
\>—NH
E03 @N\_):o ATP/GTP cavity 9Q8Q/ -
O=C1INC(=0O)CCN1clcccecl
/ \ | OH
0] N4< CK2p interface
Ell \ / \N further site 9QAB/—
OCclenc(s1)N1CCOCC1
_N\
° o NH
ATP/GTP cavity
FO2 S 2D pocket 9Q8C/9HZH
H3C
FC(F)(F)cIn[NH]cc1C(=0)OCC
HO
F08 Further site 9IQAG/---
NH-CH,
Oclcce(CNC)ecl
Q H.C
A
N
Go7 HG {\ T ATP/GTP cavity 9QAK /-
NN
OC(=0)CSclnnenlC
0]
HO02 h N CK2p interface 9QB6 /-
HN\)
O=C(CCC1CCCC1)N1CCNCC1
NH
HO07 —N 0 ATP/GTP cavity 90QB0/---
OH

O=C(Cnlccen1)Neleec(O)ecl

2.1.2. Fragments Occupying the ATP/GTP Binding Site of CK2«’

Seven fragments of the F2X-Entry screen [38] were found as ligands at the ATP/GTP
binding site (Table 1, Figure 2), two of them—D10 (Figure 2c) and F02 (Figure 2e)—even
more than once. This was surprising because this site was blocked before soaking byCX-
4945, known to be a tight-binding inhibitor, as shown in the case of CK2a [42], but obviously
the large fragment concentration (up to 100 mM) could counteract this high affinity.

Looking at the seven ligands as a whole, they cover all known subsites of the ATP/GTP
cavity: some of the fragments (E03 in Figure 2d, HO7 in Figure 2g) address the backbone
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of the interdomain hinge, while all others bind to deeper docking anchors such as Lys69,
Phel14, or Asp176. In the case of E03, the break in the electron density in the 1,3-diazinane
ring, which can be seen in Figure 2d, is surprising. Possible explanations for this include
ring opening or rapid local conformational changes in the non-planar ring system, but the
true reason remains unclear.

Despite popular “jumping-out-the-catalytic-box” strategies [11], the development of
ATP-competitive compounds is still an actual field of CK2 inhibitor development [43], and
the fact that an ATP-competitive classic such as CX-4945 is also applicable beyond tumor
therapy was only recently demonstrated for CK2-associated obesity [44]. The future will
show whether some of the fragment identified here as ligands in the ATP/GTP binding
pocket—possibly integrated as substructures into larger inhibitors via Frag4Lead [40] or
comparable workflows—have similar application potentials.

a b
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Asp176
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Figure 2. ATP/GTP binding cavity in structures of CK2o'¥$3365¢r in complex with various F2X-Entry
screen fragments [38]: C02 (a), D04 (b), D10 (c), E03 (d), FO2 (e), G07 (f) and HO7 (g). The respective

https://doi.org/10.3390/kinasesphosphatases4010001


https://doi.org/10.3390/kinasesphosphatases4010001

Kinases Phosphatases 2026, 4, 1

8 of 22

fragments were drawn with magenta-colored C-atoms and are covered by final 2Fo-Fc electron
density (green mesh) with a cutoff level of 1.0 0. CX-4945 from PDB_ID 6HMB (black C-atoms) was
drawn for comparison after structural overlay. Critical H-bonds are indicated with dashed lines. The
figure was prepared with PyMOL, version 1.7.0.3 [20]. A supplementary version of the figure with
Fo-Fc OMIT maps (cutoff level: 4.0 o) instead of 2Fo-Fc electron density maps is available online in
the Supporting Material (Figure S1).

Fragment D10 [2-methyl-2-(4-methylanilino) propanoic acid] (Figure 2c) deserves a
special note, because a second, well defined copy of this fragment is bound in the ATP/GTP
binding site region. This second D10 ligand protrudes deeply into the core of the active site
around the catalytic base Asp157 (Figure 2c¢), i.e., into an area that, in a phosphorylation
reaction, is required for the substrate side chain to be phosphorylated. One could therefore
imagine that connecting the two D10 ligands shown in Figure 2c with a suitable chemical
linker could lead to a novel class of CK2 bisubstrate inhibitors.

2.1.3. Fragments Binding in the CK2f3 Interface Region of CK2«x’

The five fragments C06, C07, D06, E11, and H02 (Table 1) were observed at the CK2f3
interface region in the vicinity of Leu42 and Phe55 (Figure 3). These two residues are
equivalent to the CK2«x residues Leu41 and Phe54, which had been identified as hot spots
of the CK2x/CK2f interaction [45]. On the side of CK2p, the interaction hot spots are
Tyr188 and Phel90; they were preserved by Laudet et al. [13] when they designed the
cyclic CK2B3-antagonistic peptide Pc from the CK2a-binding region of CK23. Later, a
structure analysis disclosed that Pc binds to CK2« in fact exactly like the equivalent part of
its mother protein CK2(3 [18]. Superimposing this CK2o/Pc structure (PDB_ID 4IB5) onto
each of the five CK20'CYs3365¢r / fragment structures demonstrates that the bound F2X-Entry
screen fragments overlap with the Tyr188 side chain of Pc, as exemplarily illustrated for
the CK20a'©Ys3365er /C06 structure in Figure 3a.

In contrast, the five F2X entry screen fragments do not overlap with the cyclic pep-
tidomimetic cpd. 12, as shown by 3D fits with the complex structure CK20o¥s3365€r /cpd.
12 (PDB_ID 9FBI) (Figure 3b—f). Cpd. 12 addresses the binding region of Phe190, but not
that of Tyr188, as can be seen by comparing Figure 3a with Figure 3b. This opens the idea
of optimizing cpd. 12 in its CK23-antagonistic effect by linking it to one of the fragments
overlapping with Tyr188.

These structural comparisons show that the CK23 interface is a fairly extended bind-
ing region rather than a small cavity. Accordingly, the risk that it is incorporated into
crystal contacts and altered in its binding potential is relatively high. In fact, all five F2X-
Entry screen fragments shown in Figure 3 are also in contact with a symmetry-equivalent
CK20'Cys3365er protomer. While it is therefore uncertain whether they also bind to CK2«/
in the non-crystalline state, the five fragments may nevertheless have the potential to be
used as starting points for the design of new CK2[3 antagonistic compounds or to optimize
existing ones [14-17]. Thus, these F2X screen fragments effectively enrich the existing
knowledge about the chemical space of CK2f interface ligands.
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" Phe190 of Pc peptide

2>

N
Pc peptide

Figure 3. F2X-Entry fragments identified at the CK2p interface region of CK20'“Ys3365¢r In each
of the pictures, the N-terminal domain of CK20'“¥s3365¢r js displayed together with the bound
fragment, which is depicted with magenta-colored C-atoms and covered with final 2Fo-Fc electron
density drawn as a green mesh with a cutoff level of 1.0 0. (a) The cyclic peptide Pc was drawn
with black C-atoms after superimposition of the CK2a!"33% /Pc structure [18] (PDB_ID 4IB5) on the
CK20/Cys3365er /06 structure. (b—f) The cyclic CK2B-antagonistic and peptidomimetic cpd. 12 was
drawn with cyan-colored C-atoms after superimposition of the CK2a’C¥s3365¢r /cpd. 12 structure
(PDB_ID 9FBI) on the CK20'CYs3365er structures in complex with the fragments C06 (part (b)), C07
(part (c)), D06 (part (d)), E11 (part (e)) and HO2 (part (f)). The figure was prepared with PyMOL,
version 1.7.0.3 [20]. A supplementary version of the figure with Fo-Fc OMIT maps (cutoff level: 4.0 o)
instead of 2Fo-Fc electron density maps is available online in the Supporting Material (Figure S2).

2.1.4. Fragments Occupying the oD Pocket

The fragments C02, D02, and F02 of the F2X-Entry screen [38] were found as ligands
at the «D pocket of CK2 o Cys336Ser (Figure 4). While D02 (Figure 4a) and C02 (Figure 4e)
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are well defined by electron density, this is not the case for F02 (Figure 4c), which could be
identified as an «D pocket ligand only by PanDDA [46] and which has a low occupancy
(0.43) in the refined complex structure. These hits are particularly interesting because C02,
D02, and F02 have not been described so far as «D pocket ligands for the isoenzyme CK2«.
As illustrated in Figure 1b, there are subtle differences between the paralogs CK2x and
CK2«” at the oD pocket, which might be exploited for the development of isoenzyme-

specific inhibitors.
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Figure 4. Fragments of the F2X-Entry screen [38] binding to the aD pocket of CK2a'CYs3365er_ (a) Frag-
ment D02 in the «D pocket of CK2a'Y$3365¢r () Fragment D02 in the «D pocket of CK2«!-335; for
comparison, the equivalent part of the CK2x’C¥$3365¢r /D2 complex structure was drawn with black
C-atoms. (c) Fragment F02 in the oD pocket of CK20'“Y$3365¢r_(d) Fragment FO2 in the aD pocket
of CK2a!"33%; for comparison, the equivalent part of the CK2o'©Y$3365¢r /EQ2 complex structure was
drawn with black C-atoms. (e) Fragment C02 in the «D pocket of CK20/Cys3365er for comparison, the
equivalent part of the CK2«!3% /C02 complex structure was drawn with black C-atoms. (f) Fragment
C02 at the ATP/GTP cavity of CK2!"3; for comparison, C02 as bound to the ATP/GTP cavity of
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CK20/Cys3365er (yisible also in Figure 2a) was drawn with black C-atoms. Pieces of final 2Fo-Fc
electron density around the bound ligands (green) and additionally around Tyr126 in part (c) (blue)
were depicted with a cutoff level of 0.9 0. The main fragments, to which the electron densities refer,

were depicted with magenta-colored C-atoms. The labeling refers CK2o/'¢Ys336Ser

in parts (a,c,e) and
to CK201"3%% in parts (b,d,f), if not explicitly stated otherwise. The picture was prepared with PyMOL,
version 1.7.0.3 [20]. A supplementary version of the figure with Fo-Fc OMIT maps instead of 2Fo-Fc

electron density maps is available online in the Supporting Material (Figure S3).

For this, it would be favorable if C02, D02, and F02 did not bind to the aD pocket
of CK2«, or at least bound significantly worse than to that of CK2x’. We tested this crys-
tallographically: although not a suitable method to determine binding affinities between
proteins and ligands quantitatively, crystallography can provide a qualitative impression

of differences in binding strength. CK2c!-33°

, a C-terminally truncated version of human
CK2«x that is fully active and well established for crystallographic purposes [47], was
applied for this comparative crystallographic investigation.

CK20!-33° was crystallized after pre-incubation with both 0.5 mM CX-4945 and 100 mM
of either C02, D02, or F02, i.e., under similar ligand concentrations used before for soaking
of CK2a/CYs3365er crystals with fragments of the F2X-Entry screen [38]. In the case of the
combination D02/CX-4945, the ATP/GTP cavity of CK2«!3% harbors CX-4945, while
fragment D02 binds to the «D pocket, with the only difference from CK2o'“¥$3365¢r_pound
D02 being that the terminal propyl group of the propylsulfonamide substituent is turned
away from the nearby side chain (Ile140 in CK2«, but Leul41 in CK2e«') (Figure 4b). This
minor conformational difference is apparently not sufficient to generate a significant affinity
gap. Nevertheless, the example of D02 emphasizes that a spatial constraint is imposed by
the side chain of I1e140 in the posterior region of the «D pocket of CK2«. Compounds that
can evade this constraint by adjusting their conformation—such as KN2 (Figure 1b) or D02
(Figure 4b)—can still bind.

Another possible adaptation of a ligand to the paralog-specific local constraints within
the aD pocket is the adjustment of the orientation of the whole molecule. This can be
seen from fragment F02: its orientation in the «D pocket of the CK2013%5 /F(02 complex
(which likewise contains CX-4945 in the ATP/GTP cavity) is so different from that in the
CK20'CYs3365er /F02 complex that the two central pyrazole rings do not overlap in structural
overlay (Figure 4d). A further difference between the FO2 complex structures of the two

isoenzymes is that the F02 ligand in the oD pocket of CK2o(!-33

is well defined by electron
density (in both CK2«!"3%® protomers of the asymmetric unit) (Figure 4d), while in the
oD pocket of CK20'CYs3365er (Figure 4c), it is only partially recognizable, namely as an
alternative (with an occupancy factor of 0.43) to the side chain of Tyr126, which itself
occurs in two alternative conformations; correspondingly, the electron density around F02
is weaker and somewhat diffuse here. Given the fact that the CK2o'“Ys3365€r /F02 structure
contains a well defined FO02 ligand at the ATP/GTP cavity (Figure 2e, Figure Sle), it is
especially remarkable that its «D pocket is only partially filled with F02, whereas that of
CK2013% is completely occupied. This difference seems to indicate that the oD pocket of
CK2« may be better suited for binding of F02 than that of CK2a'.

In the case of fragment C02, it is the other way around: while C02 is clearly defined by
electron density in the aD pocket of CK2a'CYs3365¢" it js not visible at all in the oD pocket
of CK2u!"33%, which is instead occupied by the side chain of the helix aD residue Phe121
(Figure 4e). CO02 is the most sterically demanding of the fragments we could identify as
CK2«’ ligands (Table 1), since it is the only one with five substituents attached to the central
ring system. The mutual adaptability of C02, on the one side, and of the aD pocket of

CK2a, on the other side, is possibly not sufficient to accommodate such a bulky molecule.
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Remarkably, this striking difference between CK2a!"3% and CK2a'Cys3365¢r in the
binding of fragment C02 is restricted to the aD pocket. While the latter is free from C02
in the CK2«1-33% /C02 complex structure (structure with black C-atoms in Figure 4e), the
ATP/GTP cavity of this structure harbors C02, which is well defined by electron density
in spite of the presence of CX-4945 during co-crystallization (Figure 4f). This represents
a kind of internal control for the significance of the observed affinity difference at the «D
pocket. Overall, this analysis suggests that C02 is a top candidate for the anchor group of a
bivalent compound that inhibits CK2«’ significantly better than CK2«x. The reverse—better
inhibition of CK2x over CK2o'—might be achieved with F02 as an oD pocket warhead,
albeit this conclusion is less clear from this crystallographic comparison.

2.2. Characterization of the CK2a” Substrate-Binding Site by a Complex Structure with Heparin

None of the F2X-Entry screen fragments [38] was bound in the region of the substrate-
binding site of CK20'“Ys3365¢r The region is dominated by positively charged residues,
which requires anionic counterparts for binding. Although anionic fragments are present
in the F2X-Entry screen, the lack of hits was not surprising, because the salt concentration
during soaking was so high (900 mM LiCl, 200 mM Tris/HCI) that ionic interactions could
only be effective in shielded areas (such as the inner side of the ATP/GTP cavity facing
away from the surface).

Nevertheless, the experimental approach used in crystallographic fragment screening,

/Cys336Ser

specifically exposing CK2«x crystals to the highest possible ligand concentration

during soaking, was one of two critical methodological factors enabling the achievement of

a long-standing goal, namely the elucidation of the structure of CK2o'Cys336Ser

in complex
with dp10, a decameric fragment of the anionic substrate-competitive CK2 inhibitor hep-
arin (Figure 5a), and with the indenoindole-like ATP/GTP-competitive inhibitor 4w [48]
(Figure 5b), intended to serve as an ATP/GTP cavity warhead of a prospective bisubstrate
inhibitor. The second key measure was to reduce the salt concentration as much as possible,
an approach that had been successfully applied to discover the “upstream heparin-binding
site” of CK2«!3% [30] and the “N-terminal segment site” of CK20'Cys3365er [28], both
indicated in Figure 1a.

For CK20!"33%, upstream and downstream heparin-binding regions—named according
to their location relative to the phosphorylation position in a CK2 substrate—were identified
by co-crystallization with dp10 [30] (Figure 1a). In the CK20/<Ys3365€r /4w crystals used
here for extensive soaking with dp10, both heparin-binding sites were accessible and not
blocked by crystal contacts; nevertheless, dp10 (more precisely, a part of it) was found
exclusively at the upstream binding site (Figure 5c). One disaccharide consisting of N,06-o-
D-disulfoglucosamine (SGN) and 2-sulfo-a-L-iduronic acid (IDS) (Figure 5a) is well defined
by electron density, while the subsequent residue SGN3 is only partially visible (Figure 5f).

In both CK2«x isoenzymes, the P+1 loop (CK2«: Argl91 to Glu201; CK2«’: Argl92 to
Glu202) and the catalytic loop (CK2a: Argl55 to Asn161; CK2«': Argl56 to Asn162) provide
the most critical side chains for binding of heparin at the upstream site (Figure 5d,e), which
is primarily mediated by hydrogen bonds and ionic interactions (Figure 5f). In particular,
Lys159 and His161 in CK2a’ (respectively, their CK2o equivalents Lys158 and His160) from
the core region of the active site are key residues for heparin-binding.
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(a) A repetitive unit of heparin consisting of N,06-u-D-disulfoglucosamine (SGN) and 2-sulfo-«-L-
iduronic acid (IDS). (b) The indenoindole-type CK2 inhibitor 4w [48]. (c) Structural overview of the
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CK20/Cys3365er /4wy / dp10 complex; the two ligands are drawn with magenta-colored C-atoms and
covered with final 2Fo-Fc electron density (green mesh; contouring level: 1 o); for comparison, dp10
as bound to CK2a!3% was drawn with black C-atoms after 3D fitting. (d,e) Comparative 2D plots of
dp10 binding to CK2 o/ Cys3365er (picture (d)) and to CK201-3% (picture (e)) generated with LigPlot [49];
equivalent residues contributing to dp10 binding in both isoenzymes are highlighted with background
of different colors (blue: P+1 loop, orange: catalytic loop, and magenta: other regions); hydrogen
bonds are indicated by green dashed lines. (f) Binding of dp10 to CK20“¥s3365€r: involvement of the
P+1 loop (light blue C-atoms) and the catalytic loop; hydrogen bonds are indicated by gray dashed
lines; dp10 is covered by electron density (green mesh; contouring level: 1 o). (g) Involvement of the
helix «D in heparin-binding depending on the local conformation of the interdomain hinge/helix aD
region; the picture shows a structural comparison between the CK2'©Ys3365¢r /dp10 /4w complex
(colored C-atoms and colored labels for residues) and the CK213% /dp10 complex (black C-atoms
and black labels for residues), which in addition contains a small ligand (presumably nicotinic acid;
drawn with black C-atoms) at the ATP/GTP cavity; dashed lines indicate either halogen bonds of 4w
or hydrogen bonds. Parts (c,f,g) of the figure were prepared with PyMOL, version 1.7.0.3 [20].

Despite this similarity, the binding of heparin to CK2«’ differs from its binding to
CK2« in two key points, which appear to be correlated with each other:

- Asillustrated by the comparative 2D plots in Figure 5d (CK2x'Ys3365¢r) and Figure 5e
(CK2«!3%), the orientation of the oligosaccharide chain is exactly reversed. This
difference is also reflected in the fact that the bound heparin fragments hardly overlap
(Figure 5¢). In CK20/'©Ys3365¢r dp10 is exclusively in contact with the C-terminal

domain of the enzyme, whereas in CK2o1-3%

, parts of the N-terminal domain (e.g.,
Tyr50 from the ATP-binding loop; Figure 5e) contribute to dp10 binding.

- On the protein side, the heparin complex structures of CK20"33 and CK2o/'¢Ys3365er
differ in the local conformation of helix «D, which follows the interdomain hinge
region (Figure 5g). In CK2a'Ys3365¢r | this helix is not involved in heparin-binding,
but in CK2x13%, it contributes to this via Lys122, which is in direct contact with
two sulfo groups of dp10 (Figure 5e/g). This role of Lys122 requires a particular
conformation of the hinge/helix D region, referred to as the “closed conformation”
in the literature [47] because of its most characteristic feature: occupation of the «D

pocket by the side chain of Phel21 (Figure 5g).

This closed hinge/helix aD has occasionally been found in CK2e structures [47]
(including in this work, namely in the CK2!-33% /C02 complex, as illustrated in Figure 4e).
Remarkably, however, it has been never observed so far with CK2«'. This and the associated
differences in heparin-binding could reflect inherent characteristics and specific adaptations
of the two isoenzymes. In particular, they could explain the otherwise puzzling fact that
CK2x and CK2«’ differ in their substrate specificities, as reported recently [3] on the basis
of an analysis of the phosphosite database [50]. The additional positive charge introduced
into the upstream heparin and substrate-binding region of CK2« by Lys122 fits well with
the fact that CK2« substrates are significantly more acidic than CK2«’ substrates in the
sequence region upstream of the phosphorylation site (P-1 to P-4).

As convincing as this interpretation is, it must nevertheless be qualified with a reser-
vation based on an older comparative analysis of CK2« structures [47]. According to that
study, the closed hinge/xD conformation is disfavored by large ligands in the ATP/GTP
cavity that interact directly with the interdomain hinge region. A ligand of this type is
the indenoindole 4w (Figure 5b). 4w forms two halogen bonds with the hinge region of
CK20'Cys3365er (Figure 5¢), but it was absent when the CK2a"3% /dp10 complex structure
was determined [30]. In the presence of 4w, it might prevent the closed hinge/«D conforma-
tion by CK2a!13% and, consequently, prevent Lys122 from participating in heparin-binding.
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Further structural investigations are required to reveal to which extent CK2« and
CK2«'’ really differ in their propensity to adopt the closed helix xD conformation and, as a
consequence, in the composition and selectivity of their upstream substrate- and heparin-
binding region. If the differences indicated by the results described here are confirmed,
they appear to provide an attractive basis for the development of isoenzyme-selective
bisubstrate inhibitors.

3. Materials and Methods
3.1. Crystallization of CK2a'“Ys3365¢" gnd CK2a1-33% in Complex with Various Ligands

For all protein crystallization experiments of this study, the sitting drop variant of
the vapor diffusion method was applied at 20 °C. For this purpose, standard Cryschem
plates from Hampton Research (Aliso Viejo, CA, USA) were used. If not explicitly stated
otherwise, chemicals were purchased from Sigma Aldrich (Taufkirchen, Germany).

CK20o'Cys3365er \yas prepared as reported previously [28]. The final protein solution
had the following composition: 5.3 mg/mL CK2o'<Ys3365er 500 mM NaCl, 25 mM Tris/HCI,
pH 8.5. To produce crystals for crystallographic fragment screening, 19 parts of volume
of this CK20’CYs3365er solution were mixed with one part by volume of 20 mM CX-4945 in
DMSO to a final composition of 5 mg/mL CK20’Cys3365er 1 mM CX-4945, and 5% (v/v)
DMSO. CX-4945 was supplied by Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany.
After pre-incubation on ice for 30 min, the CK20o¢'¥$3365er /CX-4945 mixture was centrifuged

at high speed to remove any precipitate. Alternatively, when CK2o/Cys336Ser

crystals were
required to determine a complex structure with the heparin fragment dp10 (Figure 5a), all
steps mentioned so far were equivalent; however, CX-4945 was replaced by 4w (Figure 5b),
which had been synthesized according to Haidar et al. [48].

In the case of CK20o'CYs3365er /CX-4945 crystallization, each well of the crystallization
plate contained 700 pL of reservoir solution composed of 28% (w/v) PEG6000, 900 mM LiCl,
250 mM Tris/HCI, pH 8.5. Each sitting drop was prepared by mixing 4 uL of the previously
prepared CK2o'©Ys3365er /CX-4945 solution with 2 L of reservoir solution. The formation
of protein crystals was induced by microseeding, and the crystals were further optimized
by macroseeding, as described previously [37]. In this way, about 300 CK2 o Cys3365er /CX-
4945 crystals were prepared for the purpose of crystallographic fragment screening. It
should be noted that, with 250 mM, the buffer concentration in the reservoir (and in
the drop after equilibration) was significantly higher than in the established protocol
for CK2 oy Cys336Ser crystallization, where 100 mM Tris/HCI is mentioned [28,37]. In this
way, the CK2o'©Ys3365er /CX-4945 crystals should be protected against potential pH-shifts
caused by pH-active fragments of the F2X-Entry screen during soaking [38]. The details
of this soaking process at the HZB F2X-Facility in Berlin, Germany, [41] are described
separately below.

The heparin decasaccharide dp10 (Figure 5a) was purchased from Dextra Laboratories,
Reading, UK. Prior to soaking with dp10, the mother liquor of CK2o'¢Ys3365€r / 4y crystals
was adapted from 900 mM LiCl to 50 mM LiCl in a stepwise manner, while in parallel the
PEG6000 concentration was increased to saturation in order to maintain crystal stability.
CK2a/Cys3365er / 4y crystals prepared in this way were soaked for at least 24 h in 50 mM
dp10, saturated PEG6000, 50 mM LiCl, and 250 mM Tris/HC]l, pH 8.5. This soaking solution
allowed direct flash-freezing of the CK2'©Ys3365¢r /4vy /dp10 crystals in liquid nitrogen.

For comparative co-crystallization studies with CK2«!3%, the fragments C02, D02, and
F02 (Table 1) were purchased from BLD Pharmatech GmbH, Reinbek, Germany. CK2o(!-33°
was prepared as described by Werner et al. [35]. Its final solution had the following
composition: 5 mg/mL CK2x!-33%, 500 mM NaCl, 25 mM Tris/HCI, pH 8.5. In addition,
three CX-4945/fragment solutions were produced consisting of 10% (v/v) DMSO, 5 mM
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CX-4945 plus 1 M of either C02, D02, or F02. One part by volume of each CX-4945/fragment

1335 golution. After

solution was mixed with nine parts by volume of the purified CK2x
pre-incubation on ice for 30 min, each of the CK2a!"33% /CX-4945 / fragment mixtures was
centrifuged at high speed to remove any precipitates.

For CK2a!"33% crystallization, each well of the sitting drop crystallization plate con-
tained 700 pL of reservoir solution composed of 35%-(w/v) PEG3350, 200 mM LipSOy,
100 mM Bis-Tris/HCI, pH 6.5. The crystallization drops were mixtures of 2 uL reservoir so-
lution and 4 pL pre-incubated CK2a!-33% /CX-4945/ fragment solution. Crystal growth was
induced by microseeding. The final CK2!3% /CX-4945 /fragment crystals were shortly
soaked in a mixture of one part by volume 30% (v/v) ethylene glycol (cryoprotectant)
and nine parts by volume of reservoir solution and were subsequently flash-frozen in
liquid nitrogen.

3.2. Soaking of CK2a'CVs3365¢r /CX-4945 Crystals with F2X-Entry Screen Fragments

The soaking of CK2o/“Ys3365er /CX-4945 crystals with fragments of the F2X-Entry
screen [38] was performed at the HZB F2X-Facility in Berlin, Germany [41]. MRC-3 96-well
three-lens low-profile plates (JenaBioscience, Jena, Germany) were used, prepared with the
potential ligands in dried form. Two of the three lenses belonging to one well contained the
same fragment in an amount leading to a concentration of 100 mM after addition of 0.4 pL
soaking solution.

Each lens with fragment powder, plus 30 further lenses without any fragment were
filled with 0.4 uL soaking solution composed of 28%-(w/v) PEG6000, 900 mM LiCl, 250 mM
Tris/HCI, pH 8.5, and 5%-(v/v) DMSO; afterwards, one CK20Cys3365er /CX_4945 crystal
was added to each of the filled lenses. The rationale behind the fragment-free lenses
was to provide electron densities of CK2oCYs3365er /CX-4945 crystals that could serve as
background correction in a sensitive search for ligands by “Pan-Dataset Density Analysis”
(PanDDA) [46]. The reservoirs of the 96 wells were filled with 40 uL of a saturated PEG6000
solution in 900 mM LiCl, 250 mM Tris/HCI, pH 8.5, and 5% DMSO. The purpose of
increasing the PEG6000 concentration to saturation was to combine the soaking step with
dehydration of the crystals and thus achieve cryogenic conditions directly, without adding
a special cryoprotectant. During preparation for soaking, the plate was covered with the
EasyAccess Frame [51] to avoid evaporation of solvent during handling.

The CK20/©Ys3365er /CX-4945 crystals were soaked for 24 h at room temperature. Af-
terwards, they were harvested by flash-freezing in liquid nitrogen.

3.3. X-Ray Diffraction Data Collection and Processing

X-ray diffraction data from a total of 137 CK20'C¥$3365¢r crystals (two data sets per
crystal) combined either with F2X-Entry screen fragments [38] or with fragment-free soak-
ing solution were measured at beamline 14.1 of the HZB in Berlin (Germany) [52] at 100 K
and a wavelength of 0.9184 A. In each case, 1800 frames with 0.2° rotation were collected.

Further X-ray diffraction data were measured at beamline P13 of the EMBL out-
station at DESY in Hamburg (Germany) [53] with CK20'CYs3365€r /4wy /dp10 crystals as
well as CK2x1-335 /CX-4945 /D02 crystals, and at beamline ID30B of the ESRF in Grenoble
(France) [54] with CK2«!"3%° /C02 and CK2a!-3%° /CX-4945 /F02 crystals.

All but two of the X-ray diffraction data sets were finally processed with auto-
PROC [55], which integrates XDS [56], Pointless and Aimless [57] from the CCP4 suite [58]
and Staraniso [59]. The two exceptions were the diffraction data sets of the CK2/Cys336Ser
crystals after soaking with fragment D04 and of the CK2a!"33% /CX-4945/D02 crystals. In
the first case, autoPROC [55] failed for unknown reasons, so that the standalone programs
of the software pipeline had to be applied. In the latter case, the anisotropy analysis with
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Staraniso [59] was left out because, in initial trials, it had provided poor statistics and led to
very noisy electron density maps.

For those CK2x’Cys3365er and CK2x!-335 structures submitted to the PDB [60], the
essential details and statistics of the X-ray diffraction data are summarized in Table S1.

3.4. Structure Solution and Refinement

All structures of this study were determined by molecular replacement using
Phaser [61], as implemented in Phenix [62], as the search program. The search model
was either the CK20’©Ys3365er gtructure with PDB_ID 6HMQ [37] for the CK2x’Cys336Ser
structures or the CK2a!33 structure with PDB_ID 2PVR for the CK2a!"33% structures.

The structures were refined with the phenix.refine module [63] of Phenix [62]. The
bound ligands were parametrized with eLBOW [64]. Manual structure optimizations were
performed with Coot [65]. The search for fragments in electron densities was perfomed
in two rounds, first by manual inspection and second using PanDDA [46]. For Figures
51-53, Fo-Fc OMIT maps [66,67] around the placed ligands were calculated using the
corresponding Phenix routine [68]. Bulk solvent was excluded from omit regions, which is
consistent with the rationale of polder maps [69]. Cartesian molecular dynamics including
simulated annealing (starting temperature: 5000 K for structures with resolutions better
than 1.5 A and 3000 K for structures with resolutions worse than 1.5 A) was applied to
remove the memory of the structure for the respective ligand.

In case of the CK20'“¥s3365¢r /4w /dp10 structure, SGN and IDS residues of dp10
were added with Coot [65], and the carbohydrate chain as a whole was validated with
Privateer [70].

4. Conclusions

Ten years ago, fragment screening with crystals of CK2« led to the discovery of the aD
pocket [22], paving the way for a growing variety of bivalent CK2 inhibitors [19,22-27]. In
this study, crystallographic fragment screening with human CK2a’, the isoenzyme of CK2«,
and an established collection of pharmacologically interesting molecular fragments [38]
is described. Although no completely new binding sites were discovered, a wealth of
fragments previously unknown as ligands of CK2x or CK2«’ were identified (Table 1).
Some of them have sufficiently high-affinity to the canonical ATP/GTP cavity to displace
the tight-binding inhibitor CX-4945 [8], which was bound to the CK2«’ crystals used for
fragment soaking, from this site under the soaking conditions.

Three of the fragments were found at the «D pocket (Figure 4), one of which (C02)—
as revealed by a comparative crystallographic analysis with CK2x—binds exclusively
to CK2o'. Linking this fragment chemically to a CK2«/'-biased ATP/GTP-competitive
inhibitor—as described, for example, by Lindenblatt et al. [37] or recently by Mudaliar
et al. [36]—could potentially generate a bivalent inhibitor with even higher selectivity for
CK2«’ over CK2«, which could be applied as a chemical tool for determining specific cellu-
lar functions of CK2«’ or lead to drugs for the treatment of CK2«’-associated pathologies
such as Huntington’s disease [71,72].

Five fragments were discovered as ligands at the interface to the regulatory subunit
CK2p (Figure 3) and could potentially be used for the further development of the increas-
ing number of CK2f-antagonistic compounds [13-18]. Since the affinities of CK2c and
CK2«’ towards CK2f3 and CK2f antagonists such as cpd. 12 (Figures 1a and 3b—f) differ
significantly [73], it is possible that fragments binding to the CK2[3 interface, like certain ocD
pocket ligands, can be exploited to generate bivalent CK2 inhibitors that can distinguish
between CK2«x and CK2«'.
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Finally, crystallographic fragment screening paved the way to a CK2«’ crystal struc-
ture in complex with the decameric heparin fragment dp10 (Figure 5c¢), which is, to our
knowledge, the first CK2o structure with a substrate-competitive inhibitor at all. A system-
atic comparison of this structure with a previously published CK2a&/dp10 structure [30]
revealed surprisingly large deviations both in the bound heparin fragments and in the
enzyme matrices. Future studies will have to show whether these differences can lead to a
next generation of isoenzyme-selective bisubstrate inhibitors.
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