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Casein kinase 2 (CK2) is an evolutionarily conserved serine/threonine kinase implicated in a
wide range of cellular functions and known to be dysregulated in various diseases such as
cancer. Compared to most other kinases, CK2 exhibits several unusual properties,
including dual co-substrate specificity and a high degree of promiscuity with hundreds
of substrates described to date. Most paradoxical, however, is its apparent constitutive
activity: no definitive mode of catalytic regulation has thus far been identified. Here we
demonstrate that copper enhances the enzymatic activity of CK2 both in vitro and in vivo.
We show that copper binds directly to CK2, and we identify specific residues in the
catalytic subunit of the enzyme that are critical for copper-binding. We further demonstrate
that increased levels of intracellular copper result in enhanced CK2 kinase activity, while
decreased copper import results in reduced CK2 activity. Taken together, these findings
establish CK2 as a copper-regulated kinase and indicate that copper is a key modulator of
CK2-dependent signaling pathways.

Keywords: casein kinase 2 (CK2), copper, cell signaling, protein kinase (CK2), phosphorylation, kinase regulation

INTRODUCTION

The human kinome consists of 535 kinases capable of phosphorylating approximately 70% of
the proteins expressed in human cells (Olsen et al., 2010; Sharma et al., 2014; Ardito et al., 2017;
Sugiyama et al., 2019). Of these kinases, CK2 (formerly known as casein kinase 2) is predicted to
be responsible for generating over 20% of the phosphoproteome (Burnett & Kennedy, 1954;
Salvietal., 2009). Due to its significant contribution to the phosphoproteome and the fact that it
phosphorylates and regulates the activity of other kinases, CK2 is considered a master kinase.
As such, CK2 regulates a host of critical physiologic functions, including cell division, cell
survival, gene expression, and protein folding, and has been implicated in the progression of
multiple diseases (Litchfield, 2003; Meggio & Pinna, 2003; Borgo et al., 2021; Salvi et al., 2021;
Strum et al., 2021).

CK2 is an evolutionarily conserved serine/threonine kinase and is a heterotetramer composed of
two catalytic a subunits and two regulatory  subunits. The a subunit can phosphorylate substrates as
part of the tetrameric complex or as a monomer (Grankowski et al., 1991). An additional isoform of
the catalytic subunit, CK2a’ is expressed in humans, is catalytically active, and shares approximately
90% identity with CK2a in its catalytic domain (Litchfield, 2003). CK2 exhibits dual co-substrate
specificity and can use either ATP or GTP to phosphorylate substrates (Niefind et al., 1999).
Intriguingly, most studies to date suggest that CK2 is constitutively active and has no defined mode of
catalytic regulation, a finding that is bewildering given its central role in the regulation of many core
cellular processes (Pinna, 2013).
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Despite CK2 being considered constitutively active, numerous
studies provide solid evidence of varied enzymatic activity. Most
of these reports suggest that these differences are likely due to
changes in CK2 expression levels (Strum et al., 2021). However,
several other studies document significant alterations in CK2
catalytic activity even when changes in expression and substrate
abundance are considered, thus underscoring a likely unidentified
mechanism for regulating CK2 kinase activity (Dubois et al,
2016; Purzner et al.,, 2018). Specifically, evidence from in vitro
experiments suggests that polybasic molecules, such as
polyamines, can increase the catalytic activity of CK2, but
inconsistent catalytic enhancement was observed in cell-based
assays (Leroy et al., 1997; Lawson et al., 2006; Ao et al., 2019). The
binding of inositol phosphates to CK2 can enhance catalytic
activity for certain substrates (Solyakov et al., 2004), and CK2
phosphorylation by Src, Lyn, and protein kinase C has also been
shown to stimulate CK2 kinase activity (Donella-Deana et al,,
2003; Lee et al., 2016). Furthermore, the binding of CK2 to other
proteins such as fibroblast growth factor, p21, and Lamin A alters
CK2 activity and promotes or inhibits the phosphorylation of
specific substrates (Skjerpen et al., 2002; Jia et al., 2016; Ao et al.,
2019). However, in general, most of these examples are cell-type-
or context-specific, and there is currently no known universal
mechanism for the catalytic regulation of CK2 kinase activity
(Roffey & Litchfield, 2021).

Recent studies have uncovered a novel role for copper in
modulating the activity of specific protein kinases. Copper was
first identified as being essential for the activity of mitogen-
activated protein kinase 1 (MEK1) and has since been
demonstrated to regulate the activity of several other kinases,
including Unc-51 like autophagy activating kinase (ULK1) and 3-
phosphoinositide dependent protein kinase 1 (PDK1) (Brady
et al, 2014; Tsang et al, 2020; Guo et al, 2021). Here, we
identify CK2 as a copper-regulated kinase. We demonstrate
that copper binds directly to the enzyme, enhancing its
catalytic activity both in vitro and in vivo. These findings
expand the repertoire of kinases regulated by copper and
suggest that copper-mediated regulation is an important
mechanism for modulating CK2 activity.

MATERIALS AND METHODS

Plasmids

CK2 plasmids were a gift from David Litchfield and obtained
through Addgene: GST-CK2a (pDB1-CK2a, #27083) and CK2a-
HA (pZW6-CK2a, #27086) (Turowec et al., 2010). The CK2a-
Met153Ala/His154Ala mutant was generated by site-directed
mutagenesis using the QuikChange kit (Agilent). Mutagenic
primer sequences are available upon request. All constructs
were fully sequenced.

Metal lon-Binding Site Prediction

CK2a structures were acquired from the Protein Data Bank
(https://www.rcsb.org/). These PDB files were uploaded to the
MIB (Metal Ion-Binding site prediction and docking server)
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(http://bioinfo.cmu.edu.tw/MIB/), and representative images
were generated by the server (accessed March 2022).

Predicted copper-binding residues were included if the
residues were predicted to bind copper across three
independent PDB structures (3war, 3at2, 5zn0) uploaded to
MIB, with all other residues excluded that did not fit the
criteria. Binding potentials were normalized to the highest
scoring predicted copper-binding residue.

Protein Expression and Purification
Purification of CK2a was performed as described (Turowec et al.,
2010). In brief, competent BL21 E. coli were transformed with
plasmids encoding CK2a-GST WT or CBM. Transformed cells
were grown in Terrific Broth (TB) at 37°C until reaching an
optical density of 0.6-1.0 (at 600 nM) and then protein
expression was induced with 500uM Isopropyl pB-p-1-
thiogalactopyranoside (IPTG) overnight at 15°C. Cells were
centrifuged at 4,000 rpm for 1h at 4°C. Bacterial pellet was
resuspended in 30 ml of lysis buffer (PBS pH 7.4, IM NaCl)
and then frozen for 24-h at —80°C. Cells were thawed on ice and
30 ml of additional lysis buffer with reagents making the final
concentration of 10% TritonX-100, 1mg/ml lysozyme, and
protease inhibitors (Roche). The Ilysate was sonicated
(QSonica) at 70% amplitude cycles for 10s on and 20s off
pulses for 2 min total on ice. Lysates were ultracentrifuged at
45,000 rpm for 45 min at 4°C. The supernatant was filtered
through 20 um filter and run over a gravity column with 5 ml
glutathione agarose (GoldBio). The column was washed with
150 ml of PBS (pH 7.4) containing 1M NaCl, 10 mM EDTA, and
1% Triton X-100. Protein was eluted in 50 mM Tris-Cl (pH 8.0),
1 mM DTT, and glutathione ranging from 10 to 200 mM. For
cleavage with Factor-Xa (New England Biolabs), protein
underwent buffer exchange using a spin column with a 30 kDa
molecular weight cut-off (Corning) into 20 mM Tris-Cl, 100 mM
NaCl, 2 mM CaCl,. Protein was incubated for 24 h at 4°C and
subsequently applied to a gravity column with 3 ml GSH-resin.
The flow-through was applied to a fast protein liquid
chromatography system with a size-exclusion column HiLoad
16/60 Superdex 200 (Sigma Aldrich). Proteins eluted at the
correct size were collected and underwent buffer exchange and
concentration by spin column with 30 kDa molecular weight cut
off (Corning) into storage buffer (15 mM MOPS pH 7.0, 0.75 mM
DTT, 300 mM ammonium sulfate, with 5% glycerol). Following
concentration, protein was flash-frozen and stored at -80°C.

Cell-Based Methods

HeLa, HEK293, A375, and U87 MG cells were obtained from
ATCC and maintained in Dulbecco’s Modified Eagle Media
(DMEM) supplemented with 10% v/v fetal bovine serum
(FBS) and 1% penicillin-streptomycin (P/S) at 37°C in a
humidified incubator with 5% CO,. CtrI”/~ MEFs were
generously shared by the Brady Lab (University of
Pennsylvania) and maintained in Dulbecco’s Modified Eagle
Media (DMEM) supplemented with 10% v/v fetal bovine
serum (FBS) and 1% penicillin-streptomycin (P/S) at 37°C in a
humidified incubator with 5% CO,.
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For transient transfection, HEK293 cells were plated into
10cm plates. The cells were transfected following the
Lipofectamine 2000 protocol (ThermoFisher) with pZW6-
CK2a-HA-WT or CBM plasmids. Cells were lysed in 100 uL
or 500 pL RIPA buffer (50 mM Tris-HC, pH 7.4, 150 mM NaCl,
0.5% sodium deoxycholate, 1% NP-40) containing 20 mM EDTA
and 2X EDTA-free Halt protease and phosphatase inhibitors
(Thermo Fisher Scientific). Cells were scraped off the plate and
transferred into microcentrifuge tubes. Lysates were subjected to
homogenization by passing them twice through an insulin
syringe. Samples were subsequently incubated on ice for
30 min, followed by centrifugation at 21,000xg at 4°C for
15min. Following centrifugation, the supernatant was
removed, and the protein concentration was determined by
BCA protein assay (Pierce) using BSA as a standard.

For various treatments, HeLa, A375, or U87-MG cells were
sub-cultured into a 6-well plate seeded at a density of 150,000
cells per well and allowed to grow for 48 h. After 48 h, cells
were washed twice in PBS, and the media was replaced with
serum-free media. After 24 h in serum-free media, 1 uM CX-
4945 (in DMSO) was added. After 24 h of growth in serum-
free media with (or without) CX-4945, 10% serum, 100 uM
copper, or 100 uyM Cu-ATSM (in DMSO) was added, as
indicated. After 1h of treatment, the cells were lysed
as described, followed by SDS-PAGE and immunoblot
analysis.

Immunoblot Analysis

Proteins were resolved by SDS-PAGE and detected using the
following primary antibodies: mouse anti-GAPDH (1:4,000 in
BSA, #32233, Santa Cruz), mouse anti-CK2a (1:2000 in BSA,
#373894, Santa Cruz), mouse anti- CK2a’ (1:100 in BSA,
#514403, Santa Cruz), mouse anti-CK2p (1:2000 in BSA,
#46666, Santa Cruz), mouse anti-CCS (1:500 in BSA, #55561,
Santa Cruz), mouse anti-PTEN (1:500 in BSA, #7974, Santa
Cruz), mouse anti-CDC37 (1:1000 in BSA, #4793, Cell
Signaling), mouse anti-GST (1:2000 in BSA, #138, Santa
Cruz), rabbit anti-ERK (1:1000 in BSA, #4695, Cell Signaling),
rabbit anti-phospho-Thr202/Tyr204-ERK (1:1000 in BSA, #4370,
Cell Signaling), rabbit anti-MEK1/2 (1:1000 in BSA, #9122, Cell
Signaling), rabbit anti-phospho-Ser13-CDC37 (1:1000 in BSA,
#108360, Cell Signaling), rabbit anti-phospho-PTEN (Ser380/
Thr382/383) (1:500 in BSA, #9549, Cell Signaling), rabbit anti-
phospho-CK2 Substrate [(pS/pT)DXE] MultiMab (1:1000 in
BSA, #8738S, Cell Signaling), rabbit anti-AKT (1:1000 in BSA,
#4691, Cell Signaling), rabbit anti-phospho-Ser129-AKT (1:500
in milk, #13461, Cell Signaling), rabbit anti-thiophosphate ester
(1:1000 in BSA, #92570, Abcam), and rabbit-anti-HA (1:500 in
BSA, #3724, Cell Signaling). Primary antibody incubation was
followed by detection with secondary antibodies: IRDye® 800CW
Goat anti-Mouse IgG (1:10,000 BSA, 926-32210, Licor), IRDye®
680RD Goat anti-Rabbit IgG (1:10,000, 926-68071, Licor), or
anti-rabbit goat HRP-linked (1:1000, 7074, Cell Signaling) with
ImmunoCruz Western Blotting Luminol (Santa Cruz) detection
reagent. Immunodetection was performed using infrared imaging
on the Odssey CLx (Licor), or horseradish peroxidase, using
GeneSys (Syngene). The fold-change in the ratio of
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phosphorylated protein to total protein was quantified using
Image].

In vitro Kinase Assays

Reactions contained either 500 U of heterotetrameric CK2 (New
England Biolabs) or 250 nM purified CK2a with copper, TTM, or
Cu-ATSM, as indicated. Reactions were incubated with GST-
Jabba (250 uM) or GST-AKT (60uM [Abcam ab62279]) and
2mM DTT in reaction buffer (50 mM HEPES pH 7.5,
0.65 mM MgCl,, 0.65 mM MnCl,, 12.5 mM NaCl) for 30 min
on ice prior to the addition of 500 uM ATPYS, GTPYS, or ATP for
1 min @30°C. Reactions were quenched with 25 mM EDTA.
Following the reaction being quenched, 2.5 mM p-nitrobenzyl
mesylate (Abcam) was added for 1h at room temperature.
Sample buffer was then added to quench the alkylation
reaction. SDS-PAGE analysis and immunoblotting were
performed as described.

For the immunoprecipitation (IP)-kinase assay, HEK293 cells
were transfected as described with pZW6-CK2a-HA WT and
CBM plasmids. Cells were lysed as described without EDTA in
lysis buffer. Lysates were pre-cleared with 25 pL packed A/G
beads (Santa Cruz) for 1h with rotation at 4°C. Following
incubation, lysates were centrifuged at 21,000xg for 5min at
4°C. Subsequently, 2.5 uL of anti-HA antibody (Cell Signaling)
was added to the supernatant and incubated overnight. The next
morning, 50 pL of packed A/G beads (Santa Cruz) were added to
the tubes for 2h with rotation at 4°C. Following incubation,
samples were centrifuged at 21,000xg for 5 min and washed with
500 pL RIPA buffer three times. Following the final wash, samples
were resuspended in reaction buffer (50 mM HEPES pH 7.5,
0.65 mM MgCl,, 0.65 mM MnCl,, 12.5mM NaCl) with GST-
tagged Jabba (250 uM) and 2 mM DTT. Reactions were incubated
with 500 uM ATPyS for 10-30 min @30°C. Reactions were then
quenched with 25 mM EDTA. Following quenching, 2.5 mM
p-nitrobenzyl mesylate was added for 1h at room
temperature. After 1h, sample buffer was added to quench the
alkylation reaction. SDS-PAGE analysis and immunoblot were
performed as described.

Resin-Binding Assays

1000 U of purified recombinant CK2 (NEB) in RIPA buffer
containing 50 uL Profinity IMAC resin (Bio-Rad) charged with
no metal, Cu®*, Zn**, or Fe’*, for 1-h at 4°C. Following
incubation, samples were centrifuged at 1000xg at 4°C, and the
supernatant was discarded. Samples were washed with 500 uL of
RIPA buffer and centrifuged at 1000xg three times. Following
washes, sample buffer was added. SDS-PAGE analysis and
immunoblotting were performed as described.

For resin-binding assays using cell lysate, HEK293 cells were
transfected with pZW6-CK2a-HA-WT or CBM plasmids. Cells
were lysed as described. 100pug of cell lysate was incubated in
binding buffer (RIPA buffer with 20 mM Imidazole) containing
50 puL Profinity IMAC resin (Bio-Rad) charged with no metal,
Cu” for 1-h at 4°C. Following incubation, samples were
centrifuged at 1000xg at 4°C, and the supernatant was
discarded. Samples were washed with 500 uL of binding buffer
and centrifuged at 21000xg three times. Following the three
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FIGURE 1 | Identification of CK2 as a putative copper-dependent kinase. (A) Alignment of the amino acid sequences of human MEK1 and CK2a. The green letters

represent amino acids involved in copper-binding by MEK1. The blue letters represent residues in CK2a that share homology with MEK1 at copper-binding residues. (B)
Prediction output by the MIB site prediction server (Lin et al., 2016) using three PDB files: 3war, 3at2, and 5zn0 (Kinoshita et al., 2011; Kinoshita et al., 2013; Shibazaki
etal., 2018). Residues were only included if they were predicted to bind copper across all three structures. The top panel represents the prediction scores across

CK2a, with predicted potential binding sites denoted by a green circle. The bottom panel represents two predicted binding sites. Site 1 represents a surface-exposed
binding site composed of residues Gly235 and His236, indicated by blue asterisks in the top panel. Site 2 represents a predicted binding site buried in the catalytic
domain including residues His154 and His160, indicated by red asterisks in the top panel. (C) Immunoblot analysis of lysates from Ctr1**+ and Ctr1 ™'~ MEFs probed with

washes, sample buffer was added. SDS-PAGE analysis and
immunoblotting were performed as described.

Enzyme-Linked Immunosorbent Assay

(ELISA)

500 U of recombinant CK2 holoenzyme (New England Biolabs)
was preincubated with 25 uM copper sulfate and 500 uM DTT in
reaction buffer (50 mM HEPES pH 7.5, 625 uM MgCl2, 625uM
MnCl2, 12.5mM) for 45min on ice. Reactions were then
incubated in reaction buffer with 500 uM ATP or GTP on the
ELISA plate (CycLex CK2 kit) for 30 min at 30°C. Reactions were
quenched with 100 mM EDTA. Following quenching, all steps
from the ELISA protocol kit were followed, and samples were
read at 450 nM on a plate reader.

Inductively coupled plasma-mass

spectrometry (ICP-MS)

Purified CK2a (22.5uM) was incubated in the absence or
presence of varying concentrations of copper sulfate (22.5uM,
112.5 uM) along with varying concentrations of DTT (112.5uM,
675 uM) at five times the concentration of copper. The buffer
used in the reactions was 50 mM HEPES pH 8.0, 150 mM NacCl
with 5% glycerol. The reaction occurred on ice for 30 min.
Following incubation, samples were applied to a pre-
equilibrated PD SpinTrap G-25 column to remove excess

copper. Samples were subsequently analyzed by ICP-MS at the
Pennsylvania Animal Diagnostic Laboratory System at the
University of Pennsylvania School of Veterinary Medicine.

RESULTS

Identification of CK2 as a Putative
Copper-Regulated Kinase

To investigate if CK2 is a putative copper-dependent kinase,
we analyzed the homology between CK2a and the established
copper-binding kinase MEK1 (Figure 1A). Alignment of the
sequences of CK2a and MEKI1 confirmed that several of the
critical copper-binding residues in MEKI1 are indeed
conserved in CK2a. Additionally, several of these residues
are conserved in two other copper-binding kinases, ULK1 and
PDK1 (Supplemental Figure S1). To further explore the
potential of CK2 regulation by copper, we took advantage
of an in-silico approach: the Metal Ion-Binding Site
Prediction and Docking Server (Lin et al., 2016). Through
analysis of various CK2a crystal structures in the Protein Data
Bank (PDB) (Kinoshita et al., 2011; Kinoshita et al., 2013;
Shibazaki et al., 2018), multiple residues predicted to be
implicated in copper binding were identified (Figure 1B).
The majority of these residues are located within the catalytic
domain of CK2a and are identical to the residues identified by
homology analysis with MEKI.
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FIGURE 2| Copper enhances CK2 activity in vitro. (A) In vitro kinase assay assessing CK2 activity in the presence of various metals. Recombinant heterotetrameric

CK2 was incubated with GST-tagged Jabba and ATPyS in the presence or absence of the indicated metals (25 uM). Following incubation with PNBM, reactions were
resolved by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. (B) /n vitro kinase assay assessing CK2 activity in the presence of increasing
concentrations of copper. Recombinant heterotetrameric CK2 was incubated with GST-tagged Jabba and ATPyS in the presence or absence of copper. Following
incubation with PNBM, reactions were resolved by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. (C) Quantification of the thiophosphate
ester signal detected by immunoblot analysis in panel B (n = 4). Data are represented as mean fold change +SEM. *indicates p < 0.05 as calculated by a paired student
t-test. (D) In vitro kinase assay assessing CK2 activity in the presence of copper and increasing concentrations of TTM. Recombinant heterotetrameric CK2 was
incubated with GST-tagged Jabba and ATPyS in the presence or absence of copper and various TTM concentrations. Following incubation with PNBM, reactions were
resolved by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. (E) Quantification of the thiophosphate signal detected by immunoblot in panel D
(n = 3). Data are represented as mean fold change +SEM. *indicates p < 0.05 as calculated by a paired student t-test.
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Additionally, the server generated predictions as to which
residues might be capable of coordinating copper together
(Figure 1B). These sites clustered in two major predicted
copper-binding sites within CK2a: a binding site on the
protein’s surface (site 1) and a binding site within the catalytic
pocket (site 2). The latter aligned with the predicted binding
based on homology analysis with MEK1 (Figure 1A).
Collectively, the results from this analysis suggest that CK2a
has the capacity to interact with copper via residues in its catalytic
domain.

To wvalidate these findings, we investigated whether
endogenous CK2 kinase activity was dependent on the
expression of Ctrl, the primary copper transporter in
mammalian cells (Lee et al., 2002). Knockout of Ctrl has been
shown to modulate copper-dependent signaling by both MEK
and ULK (Turski et al.,, 2012; Brady et al, 2014; Tsang et al,,
2020). Specifically, we used mouse embryonic fibroblasts (MEFs)
in which the gene encoding Ctrl was deleted to examine if
reduction in copper import influences global CK2 signaling.
We assessed CK2 signaling by Western blot analysis using a
pan-phospho-CK2 substrate motif antibody that demonstrated
differential banding when comparing lysates from Ctr1™’* versus
Ctr1™""cells, suggesting an underlying difference in CK2 substrate

phosphorylation dependent on intracellular copper status
(Figure 1C). Together, these data suggest that CK2 is a
putative copper-regulated kinase.

Copper Enhances CK2 Kinase Activity

in vitro

In order to directly assess the influence of copper on CK2
enzymatic activity, we performed an in-vitro kinase assay. A
previously validated substrate of CK2, Jabba, was incubated with
recombinant CK2 holoenzyme and ATPYS in the presence or
absence of copper or other metals, allowing for
thiophosphorylation of the substrate (McMillan et al, 2018;
Chojnowski et al., 2019). Subsequent addition of the alkylating
agent p-nitrobenzyl mesylate (PNBM) generates a thiophosphate
ester moiety that can be detected with an anti-thiophosphate ester
antibody by Western blotting. Copper, and to a lesser extent silver
(which is isoelectric to cuprous copper), increased CK2 kinase
activity as evidenced by increased phosphorylation of Jabba,
whereas iron had no apparent effect (Figure 2A). Due to the
observed increase in CK2 activity when incubated with copper, a
titration experiment was performed that demonstrated a dose-
dependent copper-mediated 2.5-fold enhancement in CK2
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with each resin, respectively. Eluted protein was resolved by SDS-PAGE and
assessed by immunoblotting with the indicated antibodies. (B) Competition
assay assessing the capacity of imidazole to compete for CK2 off the copper-
charged resin. Recombinant heterotetrameric CK2 was incubated with
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detected in recombinant CK2a preincubated with or without copper by ICP-
MS (n = 2).

activity (Figure 2B,C). Copper-mediated enhancement of CK2
activity was confirmed in an independent ELISA assay using p53
as the substrate (Supplemental Figure S2). Interestingly, the
enhancement seen with ATPyS or ATP was not observed when
GTPyS or GTP was used in either the in vitro reaction or the
ELISA (Supplemental Figures S2, $3), suggesting that the effect
of the metal is nucleotide-specific.

To further investigate the enhancement of CK2 activity by
copper, increasing concentrations of the copper-specific chelator
tetrathiomolybdate (TTM) were titrated into the kinase reaction
(Ogra et al, 1996). As the concentration of the chelator
approached equimolar concentrations of copper in the
reaction, the enhancement in CK2 activity was abolished and
decreased to baseline (Figure 2D,E), and we confirmed that
incubation with TTM alone had no effect on CK2 activity
(Supplemental Figure S$4). Together, these results indicate
that cuprous copper enhances CK2 kinase activity in vitro and
that copper chelation abrogates this effect.

Copper Modulates CK2 Kinase Activity

CK2 Binds Directly to Copper

Given the enhanced enzymatic activity in the presence of copper, we
hypothesized that CK2 directly binds to the metal. We used
immobilized metal affinity chromatography (IMAC) to test this
hypothesis. Recombinant heterotetrameric CK2 was incubated
with uncharged resin or resin charged with various metals, and
the extent of binding was assessed by elution of bound protein.
Results of this experiment indicate that recombinant CK2 bound to
the copper-charged resin but did not bind to the zinc- or iron-
charged resins (Figure 3A). To validate the specificity of CK2 for the
copper-charged resin, we conducted a competition experiment in
which we assessed if CK2 could be eluted from the resin by titration of
imidazole. Increasing concentrations of imidazole competed CK2 off
the copper-charged resin (Figure 3B), demonstrating a specific
interaction between CK2 and the copper-bound resin.

To further explore the physical capacity of CK2 to bind
copper, we examined how incubating copper with the CK2a
subunit influenced copper retention via inductively coupled
plasma-mass spectrometry (ICP-MS). Purified CK2a was
incubated with copper, excess copper was subsequently
removed, and the protein was subjected to ICP-MS. The
samples pre-incubated with copper demonstrated a three-fold
increase in copper retention compared to control, although there
was a baseline amount of copper already bound to purified CK2a
prior to incubation (Figure 3C). Together, these results indicate
that CK2, specifically the CK2a subunit, binds directly to copper
in vitro.

Met153 and His154 of CK2a Are Essential

for Copper-Binding

We next aimed to identify residues in CK2 that are critical for binding
to copper. Here we focused on residues in MEKI1 that were previously
identified as being important for copper interaction and that shared
substantial homology with the CK2a subunit (Figures 1A, 4A). As
both MEK1 and CK2 are RD (arginine-aspartate) kinases containing
an arginine immediately preceding the catalytic aspartate in the
catalytic domain, we opted to mutate only the residues located
directly adjacent to this region, Met153 and His154, due to their
importance in regulating enzymatic activity in RD kinases (Johnson
et al,, 1996) (Figure 1A). To test if Met153 and His154 are indeed
critical for copper-binding, we generated a mutant of CK2 (hereafter
referred to as copper binding mutant, CBM) in which Met153 and
His154 were mutated to alanine. We first assessed how the mutations
influenced the catalytic activity of the CBM. We transiently expressed
either HA-tagged CK2a™" or CK2a“®™ in HEK293 cells and
performed a subsequent immunoprecipitation (IP)-kinase assay.
CK2a"" or CK2a“® were immunoprecipitated using an anti-
HA antibody and used in an in vitro kinase assay with Jabba as a
substrate as previously described. While CK2a™" was able to
phosphorylate Jabba, the CK2a“®™ did not and thus appeared to
be catalytically compromised (Figure 4A). To confirm that CK2a“*™
was not catalytically inactive due to misfolding induced by the
mutations, we assessed the association of CK2a"" and CK2a“®™
with the CK2B subunit by co-immunoprecipitation analysis. HA-
tagged CK2a"™'" and CK2a“®™™ were immunoprecipitated, and the
immunoprecipitates were probed with an anti-CK2p antibody.
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FIGURE 4 | Met153 and His154 are essential for copper-binding. (A) Top: Sequence of human CK2a. Blue letters represent residues in CK2a that share homology

with MEK1 at copper-binding sites. Red letters represent residues Met153 and His154 that were mutated to alanine to generate the CK2a°E™. Bottom: in-vitro kinase
assay assessing CK2a"/" and CK2a®BM enzyme activity. Constructs encoding HA-tagged CK2a"V" or CK2a®®M were transfected into HEK293 cells. CK2a was then
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by immunoblotting with the indicated antibodies. (B) Resin binding assay assessing the interaction of CK2a"™ and CK2a®EM with copper-charged resin. Constructs
encoding HA-tagged CK2a"'T or CK2a®BM were transfected into HEK293 cells. Cell lysates were prepared and incubated with resin charged with or without copper.
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quantified. (C) In-vitro kinase assay assessing enzymatic activity of bacterially expressed CK2a"V" and CK2a°B™. Constructs encoding GST-tagged CK2a"'™ or
CK24%®M were transformed into bacteria. The purified kinases were then incubated with GST-tagged Jabba and ATPyS or GTPyS. Following incubation with PNBM,
reactions were resolved by SDS-PAGE and assessed by immunoblotting with the indicated antibodies.
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Results from these experiments showed that both WT and CBM bind
the CK2p subunit equally (Supplemental Figure S5), indicating that
the mutations do not interfere with the interaction between CK2a
and CK2f and suggest the heterotetramer is properly assembled.

We next tested if the CK2a“®™ had a reduced ability to bind to
copper using IMAC. Lysates from HEK293 cells transiently
expressing CK2a™" or CK2a“®™ were incubated with the
(IMAC) copper-charged resin. Protein bound to the resin was
eluted to assess the extent of binding, and the eluates were probed
for CK2a. CK2a“®™ demonstrated a reduction in its capacity to
bind the copper-charged resin compared to CK2a™"
(Figure 4B). To further validate the influence of the mutations
on CK2 enzymatic activity, we expressed and purified GST-
tagged CK2a™" and CK2a“®™ from bacteria and performed
an in vitro kinase assay using GST-tagged Jabba as a substrate.
Results from this experiment corroborated that CK2a“"™
appears to be catalytically impaired (Figure 4C). Collectively,
these results indicate that residues Met153 and His154 are vital
for copper binding and the enzymatic activity of CK2a.

Copper Modulates CK2 Kinase Signaling in
vivo

To support the findings of the in vitro experiments, we next
investigated the effect of copper on CK2 signaling in cells. We first
utilized Ctr1™~ MEFs to evaluate whether loss of copper import
influenced phosphorylation of CK2-specific substrates. We
validated the reduction of intracellular copper in the Ctrl1™~

MEFs via the reduction in phosphorylation of ERK by MEK
(Brady et al., 2014; Turski et al., 2012), a copper-dependent
kinase, and by the increase in the expression of the copper
chaperone for superoxide dismutase (CCS), which is an
indirect readout for copper status: its expression is inversely
proportional to intracellular copper levels (Figure 5A)
(Bertinato and L’Abbé, 2003). Lysates from WT and Ctrl™~
MEFs were probed with antibodies to assess CK2 signaling. We
found that Ctrl knockout resulted in a reduction in site-specific
phosphorylation of two CK2 substrates, AKT at Ser129 and
CDC37 at Serl3 (Miyata & Nishida, 2004; Di Maira et al,
2005), indicating that a reduction in intracellular copper
concentration reduces CK2 kinase activity (Figure 5A).
Importantly, there were no observed changes in protein
expression of CK2a, CK2da', or CK2f, that could account for
these signaling differences.

We next employed a pharmacological approach to increase levels
of intracellular copper. In addition to incubating cells with excess
copper, we also used a copper ionophore delivery system, namely
diacetyl-bis(4-methyl-3-thiosemicarbazonato) copper II (Cu-ATSM).
Importantly, there is evidence that Cu-ATSM facilitates the delivery
of copper to cupro-enzymes, such as SOD1, by increasing the pool of
metallated protein (Roberts et al., 2014). We first verified that CK2
activity is enhanced in vitro by Cu-ATSM (Supplemental Figures S6,
7), similar to incubation with copper using both Jabba and AKT as
substrates. To assess the efficacy of the copper delivery methods, we
then treated serum-starved HeLa cells with serum, copper, or Cu-
ATSM, and then analyzed changes to the copper-modulated MAPK
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FIGURE 5 | Copper modulates cellular CK2 kinase signaling. (A) Lysates from Ctr1 ** and Ctr1—/— MEFs were resolved by SDS-PAGE and assessed by
immunoblotting with the indicated antibodies. (B) Lysates from Hel a cells treated with or without Cu-ATSM and/or CX-4945 were resolved by SDS-PAGE and assessed
by immunoblotting with the indicated antibodies.(C) Quantification of the CK2-phospho-substrate to CK2a ratio by immunoblot in panel B (n = 4). Data are represented
as mean fold change +SEM. *indicates p < 0.05 as calculated by a paired student t-test. (D) Quantification of the p-PTEN (S380/T382/T383) to total PTEN ratio by
immunoblot in panel B (n = 4). Data are represented as mean fold change +SEM. *indicates p < 0.05 as calculated by a paired student t-test. (E) Quantification of the
p-CDC37 (S13) to total CDC37 ratio by immunoblot in panel B (n = 4). Data are represented as mean fold change +SEM. *indicates p < 0.05 as calculated by a paired
student t-test. (F) Quantification of the p-AKT (S129) to total AKT ratio by immunoblot in panel B (n = 4). Data are represented as mean fold change +SEM. *indicates p <
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pathway. Following treatments, cell lysates were assessed by
immunoblotting. We observed a slight increase in ERK
phosphorylation in response to serum and copper, whereas Cu-
ATSM induced a dramatic increase in phosphorylation of ERK
(Supplemental Figure S8). In addition, Cu-ATSM was able to
induce an increase in CK2-specific phosphorylation of AKT at
Ser129 and CDC37 at Serl3 (Miyata & Nishida, 2004; Di Maira
et al, 2005), as well as slightly increase the intensity of the CK2-
substrate motif antibody, which is used as a global CK2
phosphorylation readout (Supplemental Figure S8).

Given the observed increase in CK2 substrate
phosphorylation upon treatment with Cu-ATSM, we next
wanted to test if we could modulate these Cu-ATSM-induced
changes with the ATP-competitive CK2 inhibitor CX-4945
(silmitastertib). We pre-incubated serum-starved HeLa cells
with CX-4945 to ensure inhibition of CK2 prior to Cu-
ATSM delivery. Following treatments, cell lysates were
prepared and assessed by immunoblotting. As previously
observed, treatment with Cu-ATSM increased site-specific
phosphorylation of AKT at Ser129 and CDC37 at Serl3, as

well as the signal obtained with the CK2-substrate motif
antibody and phosphorylated PTEN at Ser380/Thr382/
Thr382, an additional CK2-specific substrate (Torres &
Pulido, 2001) (Figure 5B). As expected, treatment with CX-
4945 resulted in a reduction in phosphorylation of all CK2
substrates analyzed, with the exception of AKT that, at baseline,
showed no detectable phosphorylation (Figure 5B).
Interestingly, the combination treatment of CX-4945 and Cu-
ATSM demonstrated that the reduction seen by CX-4945 could
be partially rescued by the treatment of Cu-ATSM on all of the
CK2 substrate readouts (Figure 5C-F). We corroborated these
findings in two other cancer cell lines, U87-MG glioblastoma
cells and A375 melanoma cells (Supplemental Figures S9, S10).
Together, these results indicate that CK2-dependent signaling
pathways are modulated by copper availability.

DISCUSSION

Despite the long-held notion that copper is predominantly a static
inorganic co-factor, there is now substantial evidence that copper
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plays a more dynamic role within the cell. Copper has been shown
to regulate the activity of multiple kinases, including MEK1,
ULK1, and PDK1 (Brady et al., 2014; Tsang et al., 2020; Guo et al.,
2021), and here we demonstrate that copper also regulates CK2.
Specifically, we demonstrate that copper enhances CK2 activity
and that this effect can be abolished using a copper-specific
chelator. We also showed that CK2 directly binds to copper
and identified residues critical for copper-binding. Finally, we
demonstrated that decreases in intracellular copper reduce CK2
signaling, whereas increases in intracellular copper increase CK2
signaling.

While copper enhances CK2 activity, the conditions under
which this occurs are dependent on the redox state of copper.
Indeed, cuprous copper is the predominant intracellular form of
copper, and it has been shown that MEK and ULK also require
reduced copper for catalytic enhancement. Our ICP-MS data
demonstrate that a portion of purified CK2a was copper-bound
prior to incubation with additional copper, indicating a potential
for reduced capacity for further copper interaction and, therefore,
enzymatic enhancement (Figure 3C). While not directly tested,
we further speculate that copper would also enhance the catalytic
activity of CK2a' based on homology of predicted copper-binding
residues between CK2a and CK2d'.

Understanding the physiological role of copper on kinase
activity has the added intricacy of determining the cellular
mechanism of copper delivery. A recent study established that
CCS delivers copper to MEKI1, thereby modulating the signaling
activity of MEK1 (Grasso et al., 2021). However, the copper
delivery mechanism for CK2 is unknown, and whether CCS
serves in this capacity or whether another chaperone is
involved has yet to be determined. This study also identified
two residues essential for copper-binding, Met153, and His154.
However, these residues are conserved in many kinases across the
kinome. Therefore, we cannot discount the influence of these
mutations as being potentially copper-independent. Future
studies will be directed at systematically identifying all putative
copper-binding residues using an unbiased approach.

Two findings emerged from our work suggesting that
copper-mediated regulation of CK2 may be more nuanced
than simple enhancement of enzymatic activity. The first was
that the enhancement in substrate phosphorylation by CK2 in
the presence of copper only occurred using ATP, whereas
there was no apparent enhancement with GTP (Supplemental
Figures S2, S3). Although CK2 exhibits dual co-substrate
specificity, to our knowledge, this is the first evidence
suggesting that nucleotide-specific regulation may exist
(Niefind et al., 1999). The second intriguing finding was
the observation of differential banding patterns in lysates
from the Ctrl wildtype versus null MEFS when probed
with the CK2-substrate motif antibody (Figure 1C).
Without knowing the identity of the specific proteins

Copper Modulates CK2 Kinase Activity

corresponding to the bands, we cannot discount changes in
protein abundance due to the presence or absence of Ctrl.
However, both of these findings suggest a potential underlying
complexity in the enhancement of CK2 activity by copper that
warrants further exploration.

Since CK2 plays a critical role in the progression of multiple
types of cancer and other diseases, there has been significant
interest in CK2 inhibition in the clinical setting, highlighted by
several clinical trials with the CK2 inhibitor CX-4945
(clinicaltrials.gov ~ ID#  NCT02128282,  NCT03897036,
NCT01199718, NCT 03904862, NCT00891280, NCT04668209).
With inhibition as the targeted outcome, it is critical to
understand any potential mechanisms that might modulate the
effect of the inhibitor in a cellular context. Here we report that
copper enhances CK2 activity and that treatment with Cu-ATSM
appears to partially restore CK2 activity following CX-4945
treatment. These data suggest that copper may modulate the
efficacy of CX-4945, suggesting the potential benefit of combining
CX-4945 with copper chelation therapy to achieve the best
outcome.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

JC, DB, and TS conceived the work. JC, RL, TT, and FA
performed experiments and generated data. AD and SC were
instrumental in experimental design and data analysis. JC and TS
wrote the manuscript. All authors contributed to the study and
approved the submitted version of the article.

ACKNOWLEDGMENTS

The authors thank Emily McMillian and Alison Goupil for the
generation of reagents. This research was funded by Drexel
University College of Medicine’s Dean’s Fellowship for
Excellence in Collaborative or Themed Research.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2022.878652/
full#supplementary-material

Frontiers in Molecular Biosciences | www.frontiersin.org

June 2022 | Volume 9 | Article 878652


http://clinicaltrials.gov
https://www.frontiersin.org/articles/10.3389/fmolb.2022.878652/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.878652/full#supplementary-material
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Chojnowski et al.

REFERENCES

Ao, Y., Zhang, J., Liu, Z,, Qian, M., Li, Y., Wu, Z,, et al. (2019). Lamin A Buffers CK2
Kinase Activity to Modulate Aging in a Progeria Mouse Model. Sci. Adv. 5 (3),
eaav5078. doi:10.1126/sciadv.aav5078

Ardito, F., Giuliani, M., Perrone, D., Troiano, G., and Muzio, L. L. (2017). The
Crucial Role of Protein Phosphorylation in Cell Signaling and its Use as
Targeted Therapy (Review). Int. J. Mol. Med. 40 (2), 271-280. doi:10.3892/
ijmm.2017.3036

Bertinato, J., and L’Abbé, M. R. (2003). Copper Modulates the Degradation of
Copper Chaperone for Cu,Zn Superoxide Dismutase by the 26 S Proteosome.
J. Biol. Chem. 278 (37), 35071-35078. doi:10.1074/jbc.m302242200

Borgo, C., D’Amore, C., Cesaro, L., Sarno, S., Pinna, L. A., Ruzzene, M., et al.
(2021). How Can a Traffic Light Properly Work if it Is Always Green? the
Paradox of CK2 Signaling. Crit. Rev. Biochem. Mol. Biol. 56 (4), 321-359. doi:10.
1080/10409238.2021.1908951

Brady, D. C,, Crowe, M. S,, Turski, M. L., Hobbs, G. A, Yao, X., Chaikuad, A., et al.
(2014). Copper Is Required for Oncogenic BRAF Signalling and Tumorigenesis.
Nature 509 (7501), 492-496. doi:10.1038/nature13180

Burnett, G., and Kennedy, E. P. (1954). The Enzymatic Phosphorylation of
Proteins. J. Biol. Chem. 211 (2), 969-980. doi:10.1016/s0021-9258(18)71184-8

Chojnowski, J. E., McMillan, E. A., and Strochlic, T. I. (2019). Identification of
Novel CK2 Kinase Substrates Using a Versatile Biochemical Approach. J. Vis.
Exp. 144. doi:10.3791/59037

Di Maira, G., Salvi, M., Arrigoni, G., Marin, O., Sarno, S., Brustolon, F., et al. (2005).
Protein Kinase CK2 Phosphorylates and Upregulates AKT/PKB. Cell. Death
Differ. 12 (6), 668-677. doi:10.1038/sj.cdd.4401604

Donella-Deana, A., Cesaro, L., Sarno, S., Ruzzene, M., Brunati, A. M., Marin, O.,
et al. (2003). Tyrosine Phosphorylation of Protein Kinase CK2 by Src-Related
Tyrosine Kinases Correlates with Increased Catalytic Activity. Biochem. J. 372
(Pt 3), 841-849. doi:10.1042/BJ20021905

Dubois, N., Willems, M., Nguyen-Khac, M.-T., Kroonen, J., Goffart, N., Deprez,
M., et al. (2016). Constitutive Activation of Casein Kinase 2 in Glioblastomas:
Absence of Class Restriction and Broad Therapeutic Potential. Int. J. Oncol. 48
(6), 2445-2452. doi:10.3892/ij0.2016.3490

Grankowski, N., Boldyreff, B., and Issinger, O.-G. (1991). Isolation and
Characterization of Recombinant Human Casein Kinase II Subunits Alpha
and Beta from Bacteria. Eur. J. Biochem. 198 (1), 25-30. doi:10.1111/j.1432-
1033.1991.tb15982.x

Grasso, M., Bond, G. J., Kim, Y.-J., Boyd, S., Matson Dzebo, M., Valenzuela, S., et al.
(2021). The Copper Chaperone CCS Facilitates Copper Binding to MEK1/2 to
Promote Kinase Activation. J. Biol. Chem. 297 (6), 101314. doi:10.1016/j.jbc.
2021.101314

Guo, J., Cheng, J., Zheng, N., Zhang, X., Dai, X., Zhang, L., et al. (2021). Copper
Promotes Tumorigenesis by Activating the PDK1-AKT Oncogenic Pathway in
a Copper Transporter 1 Dependent Manner. Adv. Sci. (Weinh) 8 (18),
€2004303. doi:10.1002/advs.202004303

Jia, Z.-m., Ai, X,, Teng, J.-f., Wang, Y.-p., Wang, B.-j., and Zhang, X. (2016). p21
and CK2 Interaction-Mediated HDAC2 Phosphorylation Modulates KLF4
Acetylation to Regulate Bladder Cancer Cell Proliferation. Tumor Biol. 37
(6), 8293-8304. doi:10.1007/s13277-015-4618-1

Johnson, L. N., Noble, M. E. M., and Owen, D. J. (1996). Active and Inactive Protein
Kinases: Structural Basis for Regulation. Cell. 85 (2), 149-158. doi:10.1016/
$0092-8674(00)81092-2

Kinoshita, T., Nakaniwa, T., Sekiguchi, Y., Sogabe, Y., Sakurai, A., Nakamura, S.,
et al. (2013). Crystal Structure of Human CK2a at 1.06 A Resolution.
J. Synchrotron Radiat. 20 (Pt 6), 974-979. doi:10.1107/S0909049513020785

Kinoshita, T, Sekiguchi, Y., Fukada, H., Nakaniwa, T., Tada, T., Nakamura, S., et al.
(2011). A Detailed Thermodynamic Profile of Cyclopentyl and Isopropyl
Derivatives Binding to CK2 Kinase. Mol. Cell. Biochem. 356 (1-2), 97-105.
doi:10.1007/s11010-011-0960-9

Lawson, K., Larentowicz, L., Artim, S., Hayes, C. S., and Gilmour, S. K. (2006). A
Novel Protein Kinase CK2 Substrate Indicates CK2 Is Not Directly Stimulated
by Polyamines In Vivo. Biochemistry 45 (5), 1499-1510. doi:10.1021/bi052480i

Lee, J., Petris, M. J., and Thiele, D. J. (2002). Characterization of Mouse Embryonic
Cells Deficient in the Ctr1 High Affinity Copper Transporter. J. Biol. Chem. 277
(43), 40253-40259. doi:10.1074/jbc.m208002200

Copper Modulates CK2 Kinase Activity

Lee, Y.-H., Park, J.-W., and Bae, Y.-S. (2016). Regulation of Protein Kinase CK2
Catalytic Activity by Protein Kinase C and Phospholipase D2. Biochimie 121,
131-139. doi:10.1016/j.biochi.2015.12.005

Leroy, D., Heriché, J.-K.,, Filhol, O., Chambaz, E. M., and Cochet, C. (1997).
Binding of Polyamines to an Autonomous Domain of the Regulatory Subunit of
Protein Kinase CK2 Induces a Conformational Change in the Holoenzyme.
J. Biol. Chem. 272 (33), 20820-20827. doi:10.1074/jbc.272.33.20820

Lin, Y.-F., Cheng, C.-W., Shih, C.-S., Hwang, J.-K,, Yu, C.-S., and Lu, C.-H. (2016).
MIB: Metal Ion-Binding Site Prediction and Docking Server. J. Chem. Inf.
Model. 56 (12), 2287-2291. doi:10.1021/acs.jcim.6b00407

Litchfield, D. W. (2003). Protein Kinase CK2: Structure, Regulation and Role in
Cellular Decisions of Life and Death. Biochem. J. 369 (Pt 1), 1-15. doi:10.1042/
BJ20021469

McMillan, E. A, Longo, S. M., Smith, M. D., Broskin, S., Lin, B., Singh, N. K., et al.
(2018). The Protein Kinase CK2 Substrate Jabba Modulates Lipid Metabolism
during Drosophila Oogenesis. J. Biol. Chem. 293 (8), 2990-3002. doi:10.1074/
jbc.m117.814657

Meggio, F., and Pinna, L. A. (2003). One-thousand-and-one Substrates of Protein
Kinase CK2? FASEB J. 17 (3), 349-368. d0i:10.1096/1j.02-0473rev

Miyata, Y., and Nishida, E. (2004). CK2 Controls Multiple Protein Kinases by
Phosphorylating a Kinase-Targeting Molecular Chaperone, CDC37. Mol. Cell.
Biol. 24 (9), 4065-4074. d0i:10.1128/mcb.24.9.4065-4074.2004

Niefind, K., Piitter, M., Guerra, B., Issinger, O.-G., and Schomburg, D. (1999). GTP
Plus Water Mimic ATP in the Active Site of Protein Kinase CK2. Nat. Struct.
Biol. 6 (12), 1100-1103. doi:10.1038/70033

Ogra, Y., Ohmichi, M., and Suzuki, K. T. (1996). Mechanisms of Selective Copper
Removal by Tetrathiomolybdate from Metallothionein in LEC Rats. Toxicology
106 (1-3), 75-83. doi:10.1016/0300-483x(95)03171-b

Qlsen, J. V., Vermeulen, M., Santamaria, A., Kumar, C., Miller, M. L., Jensen, L. J.,
et al. (2010). Quantitative Phosphoproteomics Reveals Widespread Full
Phosphorylation Site Occupancy during Mitosis. Sci. Signal 3 (104), ra3.
doi:10.1126/scisignal. 2000475

Pinna, L. A. (2013). Protein Kinase CK2. Wiley-Blackwell.

Purzner, T., Purzner, J., Buckstaff, T., Cozza, G., Gholamin, S., Rusert, J. M., et al.
(2018). Developmental Phosphoproteomics Identifies the Kinase CK2 as a
Driver of Hedgehog Signaling and a Therapeutic Target in Medulloblastoma.
Sci. Signal 11 (547). doi:10.1126/scisignal.aau5147

Roberts, B. R,, Lim, N. K. H., McAllum, E. J., Donnelly, P. S., Hare, D. J., Doble, P.
A, et al. (2014). Oral Treatment with Cull(atsm) Increases Mutant SOD1 In
Vivo but Protects Motor Neurons and Improves the Phenotype of a Transgenic
Mouse Model of Amyotrophic Lateral Sclerosis. J. Neurosci. 34 (23), 8021-8031.
doi:10.1523/jneurosci.4196-13.2014

Roffey, S. E., and Litchfield, D. W. (2021). CK2 Regulation: Perspectives in 2021.
Biomedicines 9 (10). doi:10.3390/biomedicines9101361

Salvi, M., Borgo, C., Pinna, L. A, and Ruzzene, M. (2021). Targeting CK2 in
Cancer: a Valuable Strategy or a Waste of Time? Cell. Death Discov. 7 (1), 325.
doi:10.1038/s41420-021-00717-4

Salvi, M., Sarno, S., Cesaro, L., Nakamura, H., and Pinna, L. A. (2009).
Extraordinary Pleiotropy of Protein Kinase CK2 Revealed by Weblogo
Phosphoproteome Analysis. Biochimica Biophysica Acta (BBA) - Mol. Cell.
Res. 1793 (5), 847-859. doi:10.1016/j.bbamcr.2009.01.013

Sharma, K., D’Souza, R. C. J., Tyanova, S., Schaab, C., Wisniewski, J. R., Cox, J.,
et al. (2014). Ultradeep Human Phosphoproteome Reveals a Distinct
Regulatory Nature of Tyr and Ser/Thr-Based Signaling. Cell. Rep. 8 (5),
1583-1594. doi:10.1016/j.celrep.2014.07.036

Shibazaki, C., Arai, S., Shimizu, R., Saeki, M., Kinoshita, T., Ostermann, A., et al.
(2018). Hydration Structures of the Human Protein Kinase CK2a Clarified by
Joint Neutron and X-Ray Crystallography. J. Mol. Biol. 430 (24), 5094-5104.
doi:10.1016/j.jmb.2018.09.018

Skjerpen, C. S., Nilsen, T., Wesche, J., and Olsnes, S. (2002). Binding of FGF-1
Variants to Protein Kinase CK2 Correlates with Mitogenicity. EMBO J. 21 (15),
4058-4069. doi:10.1093/emboj/cdf402

Solyakov, L., Cain, K., Tracey, B. M, Jukes, R,, Riley, A. M., Potter, B. V. L,, et al.
(2004). Regulation of Casein Kinase-2 (CK2) Activity by Inositol Phosphates.
J. Biol. Chem. 279 (42), 43403-43410. doi:10.1074/jbc.m403239200

Strum, S. W., Gyenis, L., and Litchfield, D. W. (2021). CSNK2 in Cancer:
Pathophysiology and Translational Applications. Br. J. Cancer 126,
994-1003. doi:10.1038/s41416-021-01616-2

Frontiers in Molecular Biosciences | www.frontiersin.org

10

June 2022 | Volume 9 | Article 878652


https://doi.org/10.1126/sciadv.aav5078
https://doi.org/10.3892/ijmm.2017.3036
https://doi.org/10.3892/ijmm.2017.3036
https://doi.org/10.1074/jbc.m302242200
https://doi.org/10.1080/10409238.2021.1908951
https://doi.org/10.1080/10409238.2021.1908951
https://doi.org/10.1038/nature13180
https://doi.org/10.1016/s0021-9258(18)71184-8
https://doi.org/10.3791/59037
https://doi.org/10.1038/sj.cdd.4401604
https://doi.org/10.1042/BJ20021905
https://doi.org/10.3892/ijo.2016.3490
https://doi.org/10.1111/j.1432-1033.1991.tb15982.x
https://doi.org/10.1111/j.1432-1033.1991.tb15982.x
https://doi.org/10.1016/j.jbc.2021.101314
https://doi.org/10.1016/j.jbc.2021.101314
https://doi.org/10.1002/advs.202004303
https://doi.org/10.1007/s13277-015-4618-1
https://doi.org/10.1016/s0092-8674(00)81092-2
https://doi.org/10.1016/s0092-8674(00)81092-2
https://doi.org/10.1107/S0909049513020785
https://doi.org/10.1007/s11010-011-0960-9
https://doi.org/10.1021/bi052480i
https://doi.org/10.1074/jbc.m208002200
https://doi.org/10.1016/j.biochi.2015.12.005
https://doi.org/10.1074/jbc.272.33.20820
https://doi.org/10.1021/acs.jcim.6b00407
https://doi.org/10.1042/BJ20021469
https://doi.org/10.1042/BJ20021469
https://doi.org/10.1074/jbc.m117.814657
https://doi.org/10.1074/jbc.m117.814657
https://doi.org/10.1096/fj.02-0473rev
https://doi.org/10.1128/mcb.24.9.4065-4074.2004
https://doi.org/10.1038/70033
https://doi.org/10.1016/0300-483x(95)03171-b
https://doi.org/10.1126/scisignal.2000475
https://doi.org/10.1126/scisignal.aau5147
https://doi.org/10.1523/jneurosci.4196-13.2014
https://doi.org/10.3390/biomedicines9101361
https://doi.org/10.1038/s41420-021-00717-4
https://doi.org/10.1016/j.bbamcr.2009.01.013
https://doi.org/10.1016/j.celrep.2014.07.036
https://doi.org/10.1016/j.jmb.2018.09.018
https://doi.org/10.1093/emboj/cdf402
https://doi.org/10.1074/jbc.m403239200
https://doi.org/10.1038/s41416-021-01616-2
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Chojnowski et al.

Sugiyama, N., Imamura, H., and Ishihama, Y. (2019). Large-scale Discovery of Substrates
of the Human Kinome. Sci. Rep. 9 (1), 10503. doi:10.1038/s41598-019-46385-4
Torres, J., and Pulido, R. (2001). The Tumor Suppressor PTEN Is Phosphorylated
by the Protein Kinase CK2 at its C Terminus. J. Biol. Chem. 276 (2), 993-998.
doi:10.1074/jbc.m009134200

Tsang, T., Posimo, J. M., Gudiel, A. A., Cicchini, M., Feldser, D. M., and Brady, D.
C. (2020). Copper Is an Essential Regulator of the Autophagic Kinases ULK1/2
to Drive Lung Adenocarcinoma. Nat. Cell. Biol. 22 (4), 412-424. doi:10.1038/
$41556-020-0481-4

Turowec, J. P., Duncan, J. S., French, A. C,, Gyenis, L., St. Denis, N. A,, Vilk, G.,
et al. (2010). Protein Kinase CK2 Is a Constitutively Active Enzyme that
Promotes Cell Survival: Strategies to Identify CK2 Substrates and
Manipulate its Activity in Mammalian Cells. Methods Enzymol. 484,
471-493. doi:10.1016/b978-0-12-381298-8.00023-x

Turski, M. L., Brady, D. C,, Kim, H. J,, Kim, B.-E., Nose, Y., Counter, C. M., et al.
(2012). A Novel Role for Copper in Ras/mitogen-Activated Protein Kinase
Signaling. Mol. Cell. Biol. 32 (7), 1284-1295. doi:10.1128/mcb.05722-11

Copper Modulates CK2 Kinase Activity

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chojnowski, Li, Tsang, Alfaran, Dick, Cocklin, Brady and
Strochlic. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org

11

June 2022 | Volume 9 | Article 878652


https://doi.org/10.1038/s41598-019-46385-4
https://doi.org/10.1074/jbc.m009134200
https://doi.org/10.1038/s41556-020-0481-4
https://doi.org/10.1038/s41556-020-0481-4
https://doi.org/10.1016/b978-0-12-381298-8.00023-x
https://doi.org/10.1128/mcb.05722-11
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Copper Modulates the Catalytic Activity of Protein Kinase CK2
	Introduction
	Materials and Methods
	Plasmids
	Metal Ion-Binding Site Prediction
	Protein Expression and Purification
	Cell-Based Methods
	Immunoblot Analysis
	In vitro Kinase Assays
	Resin-Binding Assays
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Inductively coupled plasma-mass spectrometry (ICP-MS)

	Results
	Identification of CK2 as a Putative Copper-Regulated Kinase
	Copper Enhances CK2 Kinase Activity in vitro
	CK2 Binds Directly to Copper
	Met153 and His154 of CK2α Are Essential for Copper-Binding
	Copper Modulates CK2 Kinase Signaling in vivo

	Discussion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


