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Abstract

Protein Ser/Thr kinase CK2 (casein kinase Il) is involved in a myriad of cellular processes
including cell growth and proliferation by phosphorylating hundreds of substrates, yet the
regulation process of CK2 function is poorly understood. Here we report that the CK2 catalytic
subunit CK2a is modified by O-GIcNAc on Ser347, proximal to a cyclin-dependent kinase
phosphorylation site (Thr344) on the same protein. We use protein semisynthesis to show that
Thr344 phosphorylation increases CK2a cellular stability via Pinl interaction whereas Ser347
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glycosylation appears to be antagonistic to Thr344 phosphorylation and permissive to proteasomal
degradation. By performing kinase assays with the site-specifically modified phospho- and glyco-
modified CK2a in combination with CK2f and Pinl binding partners on human protein
microarrays, we show that CK2 kinase substrate selectivity is modulated by these specific
posttranslational modifications. This study suggests how a promiscuous protein kinase can be
regulated at multiple levels to achieve particular biological outputs.

Introduction

Protein Kinase CK2 (also known as casein kinase I1) is a Ser/Thr kinase implicated in cell
proliferation and many disease processes’. CK2 is ubiquitously expressed and is proposed to
phosphorylate hundreds, if not thousands, of distinct cellular protein substrates, but its
mechanisms of regulation are poorly understood?3. The 45 kDa catalytic CK2 polypeptide
(CK2a) can exist as an active monomer in cells, but it can also phosphorylate substrates
when part of a tetrameric complex containing two CK2a and two 25 kDa CK2 subunits®.
The substrate specificity and catalytic activity of CK2a is reported to be modulated through
its association with the CK2f3 subunit, but this has only been studied for a handful of
substrates®~’. CK2a is modified by C-terminal phosphorylation on four sites (T344, T360,
S362, S370) by Cdk1/cyclin B (Fig.1a), but the role of such phosphorylation on CK2
function is not clear8°. Mutation of these positions to Glu, a rather crude phosphoSer/
phosphoThr mimic, has not yielded an obvious change in activity.

In many instances, nuclear, cytoplasmic, and mitochondrial proteins can be modified
dynamically by O-linked B-N-acetyl-glucosamine (O-GIcNAC) at or near sites of
phosphorylation1%11, The addition of O-GIcNAC to protein Ser/Thr residues is receiving
increasing attention in cell signaling studies as more of these sites are mapped!1-14, but it
has generally been difficult to elucidate the detailed functions of these modifications at
specific sites. Classical mutagenesis of the specific sites modified and/or inhibition of O-
GIcNAc transfer enzymes by drugs or RNAI have been standard techniques to analyze O-
GIcNAcylation, but they lack the precision needed to pinpoint biochemical effects of
particular PTMs (posttranslational modifications). In fact, the same challenges pertain to
sorting out phosphorylation-site specific effects.

As discussed below, we reveal here that CK2a is O-GlcNAc-modified on Ser347, near the
Cdk1/cyclin B-mediated Thr344 phosphorylation site. Protein semisynthesis?® is used in this
study to install metabolically stable O-GIcNAc equivalent, S-GIcNAc-, and phosphonate,
Pfa, mimics site-specifically into CK2a. Furthermore, the effects of these modifications on
kinase activity, substrate selectivity, as well as cellular stability have been analyzed. We
show that phosphorylation at Thr344 appears to stabilize CK2a by enhancing Pinl
interaction. In contrast, O-GlcNAcylation at Ser347 inhibits Thr344 phosphorylation and
reciprocal CK2a phosphorylation and O-GIcNAcylation modulate protein kinase substrate
selectivity.
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Results

CK2a is O-GIcNAc modified at Ser347

Although it has been shown that O-GIcNAc transferase (OGT) can modify CK2 in
vitrol1:14 it has not been previously reported that CK2a is O-GIcNAc modified in cells. We
purified CK2a from bovine brain, fractionated it on a WGA column, and tested fractions for
CK2 activity (Supplementary Results, Supplementary Fig. 1a). We found that fractions that
bound to the column and eluted with 0.5M GIcNAc contained the highest CK2 activity,
suggesting that a majority of the active CK2 protein is modified by terminal GIcNAc or
sialic acid residues. We used reaction with UDP-[3H]galactose and galactosyltransferase to
probe for terminal GIcNAc residues and demonstrated that CK2a but not CK2p3, contains
terminal GIcNAc residues (Supplementary Fig. 1b). The radiolabel was lost when we
subjected the samples to alkali-induced p-elimination, consistent with an O-glycosidic bond
to Ser/Thr. We found that sizing of the released saccharide by chromatography matched
standard Galp1,4GIcNAcitol disaccharide, which is the expected product for a single
GIcNAC residue labeled by galactosyltransferase and galactose. Using cyanogen bromide
cleavage followed by HPLC purification of peptides and Edman sequencing, we identified
Ser347 as the CK2a O-GIcNAc modification site, a position that is close to one of the
phosphorylation sites (Thr344) in the C-terminal tail of CK2a (Supplementary Fig. 1c,d).

CK2a semisynthetic protein preparation

To investigate the potential functions of Thr344 phosphorylation and Ser347 O-
GlcNAcylation, we generated modified and unmodified CK2a semisynthetic proteins using
expressed protein ligation16-18, For this strategy, we expressed in E. coli an N-terminal
recombinant CK2a protein fragment (residues 1-341, with or without an N-terminal
hemagglutinin (HA) epitope tag) bearing a C-terminal thioester using an in-frame intein. In
addition, we synthesized N-Cys containing peptides (aa 342-365) carrying substitutions of
interest at positions 344 (Thr, pThr, or phosphonodifluoromethylene alanine (Pfa)) or 347
(SGIcNAc-Ser or Ser) using solid phase peptide synthesis (Fig. 1b,c and Supplementary Fig.
2)16-19 | jgation of the recombinant protein and synthetic peptide fragments proceeded
smoothly, and we obtained the desired semisynthetic CK2a proteins in milligram quantities
in >95% purity judged by Coomassie-stained SDS-PAGE and MALDI-MS (Supplementary
Figs. 3,4). In control experiments, we showed that the necessary introduction of a Cys at
position 342 (in place of Gly) and a modest (26 residue) C-terminal truncation of the CK2a
relative to the full-length wild-type protein were well tolerated and did not alter the kinase
activity with synthetic peptide substrate. Specific kinase activities for semisynthetic
unmodified CK2a agreed within 20% of those for the recombinant full-length wild-type and
G342C CK2a proteins (see Supplementary Table 1). There were some experiments where
either the naturally occurring pThr or Pfa containing proteins were used, but in experiments
where both proteins were used, it was demonstrated that Pfa effectively mimics the pThr
residue.

Determination of kinetic parameters of CK2a proteins

We analyzed the kinase activities of the Pfa344, S-GIcNAc-Ser347, and unmodified
semisynthetic CK2a proteins using three different peptide substrates: an optimized

Nat Chem Biol. Author manuscript; available in PMC 2012 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tarrant et al.

Page 4

peptide20, a peptide based on casein?l, and a peptide based on the XRCC1 protein?2. We
determined the apparent k.ot and K, values for each of the semisynthetic CK2as with each
peptide substrate and ATP. Turnover numbers for CK2 activity with the optimized substrate
were within 2-fold of those previously described?3:24, As shown in Table 1, there were little
or no (<2-fold) changes in the catalytic parameters among the semisynthetic CK2as bearing
different modifications. The role of CK23 on CK2a activity has been investigated
previously®7.25.26 and we confirm here that it can modulate peptide phosphorylation
efficiency (Table 1). For the optimized and casein peptide substrates, there was an increase
in K, values in the presence of the CK2f subunit; however, this increase in K, was not
impacted by 344 or 347 PTM. These data suggest that the 344 and 347 PTMs in CK2a did
not have a significant effect in modulating CK2 catalytic efficiencies (Ksqt/Kms) with peptide
substrates regardless of the presence of CK2p.

Localization and stability of semisynthetic CK2as—Prior experiments suggest that
mitotic and phosphorylated CK2a, might be driven to the cell nucleus?’. To examine the
potential effect of 344-phosphorylation and 347-glycosylation of CK2a on cellular
localization, we microinjected N-terminally HA-tagged semisynthetic CK2a proteins
containing Pfa344, S-GIcNAc-Ser347, and no modifications into the cytoplasm of rat
embryonic fibroblasts (REF52 cells) and performed immunocytochemistry using an anti-HA
Ab (Supplementary Figs. 5,6). It should be noted that the Pfal8 and S-GIcNAc!® phospho-
and glyco-mimics are resistant to enzymatic cleavage?8 which makes them useful for
cellular studies. Unexpectedly, there did not appear to be any significant differences in
cellular localization (nuclear vs. cytoplasmic) of CK2a due to the different modifications on
its C-terminal tail (Supplementary Fig. 5). At 2 h following microinjection in the cytoplasm,
much of the CK2a had translocated into the nucleus although there was residual cytoplasmic
protein (Supplementary Fig. 5). Interestingly, when CK2f was co-injected with the
semisynthetic CK2as, we found that the CK2a subunit was apparently retarded in moving
into the cell nucleus (Supplementary Fig. 5). However, the Pfa- and S-GIcNAc-containing
CK2as behaved the same as unmodified CK2a in this regard (Supplementary Fig. 5). Taken
together, our data suggest that phosphorylation at Thr344 site or O-GIcNAcylation at Ser347
does not have a major impact on cellular localization regardless of the presence of the CK2f3
subunit.

We also carried out microinjection studies to examine the cellular stability of CK2a in
response to the different modifications on its tail (Fig. 2a—c and Supplementary Fig. 6).
Unexpectedly, the Pfa344-CK2a was significantly more stable than the S-GIcNAc-Ser347
or unmodified CK2as, most clearly evident 4 and 8 h after microinjection (Fig. 2a and
Supplementary Fig. 6). We also observed this enhanced stabilization of CK2a mediated by
the phospho-mimetic after co-injection with stoichiometric CK2p, although CK2p slowed
the breakdown of S-GIcNAc-Ser347 and unmodified CK2a (Fig. 2b). The idea that
degradation of unmodified CK2a is mediated by the proteasome was bolstered by our
finding that proteasome inhibitor MG132 led to stabilization of the microinjected kinase
(Fig. 2c).
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CK2a cellular stabilization, Cdks, and Pinl interaction

As shown above, the Pfa phospho-mimic at Thr344 of CK2a protects the kinase from
degradation in REF52 cells. To further examine how phosphorylation of CK2a enhances its
cellular stability, we analyzed endogenous CK2a protein levels in HeLa cells using Western
blots following pharmacologic manipulation predicted to perturb the phosphorylation state
of CK2a (Fig. 2d and 2e). Since Cdk1/cyclin B has been reported to be responsible for
cellular phosphorylation of CK2a8, we investigated the effects of two small molecule Cdk
kinase inhibitors flavopiridol?® and 9-cyanopaullone®? (Fig. 2d and Supplementary Fig. 7).
We treated HelL a cells with either flavopiridol or 9-cyanopaullone vs. vehicle (control
DMSO) which caused cell cycle changes (Supplementary Fig. 7) consistent with their
known broad spectrum Cdk inhibition31:32 and led to considerable decrease in total CK2a
protein levels (Fig. 2e). Prior studies report that the mitotic spindle poison nocodazole can
induce a state where CK2a is highly phosphorylated®33. Here we show that HeLa cells
treated with nocodazole, which caused G2/M phase arrest (Supplementary Fig. 9), had
higher levels of both phosphorylated and total CK2a compared with vehicle-treated cells
(Fig. 2e). Taken together, these pharmacologic and microinjection experiments support the
concept that phosphorylation by Cdks can stabilize CK2a in the cell.

It has been shown that phosphorylation of CK2a can confer interaction with the
phosphoSer/Thr adaptor protein Pin134, a peptidyl-prolyl cis/trans isomerase (PPlase) active
on only phospho-Ser/Thr-Pro motifs3®. We thus performed pull-down assays with HA-
tagged semisynthetic CK2as, which demonstrated that only pThr344 CK2a and Pfa344
could efficiently bind Pinl, whereas Thr344, Glu344 (a crude phospho-mimic), and S-
GIcNAc-Ser347 showed minimal evidence of Pinl interaction (Fig. 3a). The concentrations
of Pinl used in our pull-down assays were selected based on estimated Pinl concentrations
in the cell36. Co-immunoprecipitation of endogenous Pinl from REF52 cell lysates with
Pfa344 CK2a but not unmodified CK2a provides further evidence for the phosphorylation
dependence of this interaction (Fig. 3b). To determine whether this pThr-dependent
interaction with Pinl plays a role in CK2a cellular stability, we evaluated for the impact of
polyclonal anti-Pin1 antibody IgY, (which competed for pThr-CK2 binding to Pinl in vitro,
Fig. 3c), on HA-tagged Pfa344 CK2a level after cytoplasmic microinjection in REF52 cells.
Indeed, co-injection of anti-Pinl IgY with Pfa344 CK2a into REF52 cells resulted in
degradation of CK2a relative to cells co-injected with Pfa344 CK2a and vehicle or control
non-specific IgY Ab (Fig. 3d and Supplementary Fig. 12). These results suggest that
disruption of the Pin1/phospho-CK2a interaction was sufficient to eliminate the enhanced
cellular stability of CK2a imparted by the presence of Pfa at Thr344.

O-GIcNAc influences phosphorylation and stability of CK2a

The CK2a O-GIcNAc modification (Ser347) lies proximal to its Thr344 phosphorylation
site. We thus examined whether the presence of S-GIcNAc at Ser347 can influence the
extent to which Thr344 can be phosphorylated by recombinant Cdk1/cyclin B in the context
of a synthetic peptide substrate derived from the CK2a C-terminal tail (residues 337-352).
Using a 32P-ATP kinase assay, we showed that the peptide containing S-GIcNAc at Ser347
was phosphorylated by Cdk1/cyclin B very weakly compared with the unmodified peptide
substrate (Fig. 4a and Supplementary Fig. 13), indicating that the S-GIcNAc group
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interfered with enzyme-substrate binding, catalysis, or both. To test whether GICNAc
modification could influence phosphorylation-induced stabilization of endogenous CK2a in
cells, we examined the pharmacologic influence of selective O-GlcNAcase enzyme inhibitor
ThiametG (TMG)37 in cell culture. First, we showed that addition of TMG (20 uM) for 12 h
could enhance the level of O-GIcNAc modification on CK2a from HeLa cells as judged by
immunoprecipitation-western blot analysis (Fig. 4b). However, 12-16 h after TMG
exposure, there was a modest but reproducible (n=4) reduction in overall CK2a protein
amounts as judged by western blot (Fig. 4c). We interpret the results of these experiments as
evidence that enhancing CK2a O-GIcNAcylation reduced Cdk-mediated phosphorylation
and may have subsequently conferred reduced cellular stability of CK2a.

CK2 kinase activity with protein substrates

While the work described above establishes that 344 phosphorylation and 347 O-
GlcNAcylation of CK2a do not influence CK2’s activity in simple peptide substrate
phosphorylation, we considered the possibility that protein substrate selectivity might be
more sensitive to CK2a PTMs. Initial support for this idea came from our observation that
calmodulin, known to be more efficiently phosphorylated by CK2a monomer versus
CK2a:CK2p tetramer®, showed modestly greater inhibition of phosphorylation by pThr344-
CK2a relative to S-GIcNAc-Ser347-CK2a and unmodified CK2a in the presence of sub-
saturating CK2p (Supplementary Fig. 16).

To more comprehensively determine the interplay between CK2a PTMs and CK2f effects
on catalytic activity, we performed kinase assays on a home-made microarray of 17,000
human proteins fabricated using the same method as described previously38. Using the
standard deviation (SD) from the normal distribution of the signal intensities of all of the
proteins, we used a stringent cutoff of three SDs to identify positive hits. The initial set of
CK2 kinase assays on the microarray identified approximately 200 substrates that were
phosphorylated on duplicate microarrays by at least one of the CK2 enzyme forms tested
(unmodified CK2a f, S-GIcNAc CK2a 8, Pfa CK2a +f) (Supplementary Fig. 17).
Proteins identified as “positive hits” in both duplicate experiments were qualified as a
“substrate” for a given experiment. The results of these kinase assays on the microarray
were computationally validated by statistical analysis that demonstrated enrichment for
known CK2 substrates (see Supplementary Tables 2 and 3)3:39.

Of the substrates identified in the microarrays, 23 proteins could be classified as substrates
that were selectively phosphorylated by specific PTM forms of CK2. These are listed in
Table 2. To be included in Table 2, the “positive hit” could not have shown to be positive in
either of the duplicate experiments for the other CK2 enzyme forms. For example, AHCYL2
was phosphorylated in duplicate on both microarrays treated with S-GIcNAc CK2a+§, but
not on any of the microarrays treated with the other CK2 enzyme combinations. There were
also examples of substrates whose phosphorylation by CK2 was inhibited by the presence of
a PTM. PCDL2 was phosphorylated in duplicate on both microarrays treated with
unmodified CK2a as well as both microarrays treated with Pfa344 CK2a, but not
phosphorylated on either microarray treated with S-GIcNAc-Ser347 CK2a. To confirm the
findings with microarrays, we selected several of these substrates, expressed and purified
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them on a larger scale (Supplementary Fig. 18), and tested them in solution phase kinase
assays. Consistent with the protein microarray results, the S-adenosylhomocysteine
hydrolase homolog AHCYL2 was most efficiently phosphorylated by S-GIcNAc-Ser347-
CK2a in the presence of CK2p compared to all five other combinations (Fig. 5a). In
contrast, the histone chaperone NAP1L3 was most effectively phosphorylated by pThr344
(and Pfa344) CK2a in the presence of CK2p relative to the other five possibilities, as
observed in the microarray experiments (Fig. 5b). Interestingly, the T344E mutant could not
substitute adequately for the pThr344 or Pfa344 protein, indicating a role for the authentic
PTM or its close phosphonate mimic (Pfa) for achieving NAP1L 3 substrate specificity
(Supplementary Fig. 20). Other recombinant protein solution phase kinase assays that
recapitulated protein microarray results included eEF-2 kinase and WASL (best
phosphorylated by O-GIcNAc- and unmodified CK2a in the presence of CK2f), and
UBE20 and PCDL2 (best phosphorylated by phospho- and unmodified CK2a in the
presence of CK2p) (Supplementary Figs. 21, 22). Taken together, these results demonstrate
that single phosphorylation and O-GIcNAc modifications at sites remote from the active site
of a kinase can significantly influence protein substrate selectivity without necessarily
modulating kinase activity on short peptides.

We performed related protein microarray kinase assays to determine if Pinl modulates
phospho-CK2a activity toward protein substrates. We found no significant differences in
Kcat OF Ky values for Pfa344-CK2a with a synthetic peptide substrate in the presence versus
the absence of Pinl (Supplementary Fig. 23), suggesting that this protein-protein interaction
does not have a general activity effect on kinase action. However, there are subsets of
substrate proteins whose phosphorylation was positively or negatively influenced by Pin1-
pThr344-CK2a interaction (Supplementary Table 4, Supplementary Fig. 24). In a solution
phase assay with recombinant NIPBL protein substrate, we confirmed that Pinl dramatically
inhibits NIPBL phosphorylation by pThr344-CK2a but has no effect on unmodified CK2a
phosphorylation of NIPBL (Fig. 5¢ and Supplementary Figs. 18b, 24). These results further
highlight the combinatorial matrix of PTM-induced effects on CK2a patterns of protein
phosphorylation in the proteome.

Discussion

The finding that protein kinase CK2a was posttranslationally modified by O-GIcNAc on a
site near a known Cdk-phosphorylation site led us to explore how these modifications may
impact CK2 regulation. Expressed protein ligation is a strategy that was well suited for this
task, since the modification sites are near the C-terminus of the recombinant protein. We
provide evidence that Thr344 phosphorylation and Ser347 O-GIlcNAcylation of CK2a
transmit reciprocal information important for cell signaling networks. Thr344
phosphorylation enhances the stability of CK2a by Pinl interaction and can also shape the
pattern of protein substrates targeted by CK2. In contrast, it appears that Ser347 O-
GlIcNAcylation of CK2a may limit its cellular stability by altering Thr344 phosphorylation,
and this sugar residue can further induce a distinct pattern of protein substrates
phosphorylated by the kinase. Even though we did not see differences in stability between
the unmodified and S-GIcNAc-Ser347 CK2a proteins in the microinjection experiments at
the time points analyzed, we did observe a modest but reproducible reduction in endogenous
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CK2a levels when treating with TMG for a longer period. These results may differ since it
is presumed that only a minute fraction of the unmodified microinjected protein is
phosphorylated in cells during the course of the experiment.

Phosphorylation-dependent interactions with Pinl have been shown to be stabilizing for
other proteins including Nanog*® and p27Kip141. How Pin1 binding can stabilize CK2 from
proteasome-mediated destruction is not yet settled, although one possible mechanism is that
the Pinl complex prevents ubiquitination by sequestration from a requisite E3 ligase®2. A
consequence of our findings is that CK2a levels can spike in cells during the period of
mitosis, which might lead to a special set of phosphorylation events. In addition, the
function of the different patterns of substrate phosphorylation conferred by Cdk-mediated
modification of CK2a and Pinl interaction might have important roles in mitotic regulation.

The ability of pThr344 and S-GIcNAc347 to influence changes in phosphorylation by CK2
via direct contacts with the purified protein substrates summarized in Table 2 is a
noteworthy finding. PTM regulation of the function of kinases is typically associated with
general activation or inhibition of a kinase, or to serve as a specific recruiting site for
phosphoprotein binding adaptor molecules like SH2 domain or 14-3-3 domain containing
proteins. Such specific PTM binding domains are not readily apparent in the CK2 substrates
in Table 2, so the mechanism for specificity will be an interesting structural biology
challenge for future studies. The implications of the particular CK2 substrate interactions
that we identified in Table 2 and Supplementary Table 4 suggest a wide range of
biologically processes being affected. For example, CK2 catalyzed phosphorylation of eEF2
kinase and WASL (N-WASP), inhibited by CK2 phosphorylation on Thr344, could
influence translation? and cytoskeletal dynamics*4:4°, respectively. In contrast, pThr344-
CK2 is more active as a kinase toward histone chaperone NAP1L3, which could modulate
chromatin dynamics*6. The reversible kinetics of CK2 PTMs in vivo, not captured here
using fixed forms of CK2s in the microarray studies, could indeed create a mosaic of
complex cellular effects on the proteome.

The marrying of expressed protein ligation to generate site-specific and stoichiometrically
modified forms of a protein kinase with protein microarray phosphorylation assays,
performed here for the first time, can help illuminate distinct connections in signaling
cascades that would be very difficult to discern using other biochemical approaches. While
mass-spectrometric based phosphoproteomics*’ using inhibitors or chemical
complementation*8 in cellular assays is powerful, it cannot readily provide insights into the
substrate-altering behavior of specific PTMs on a kinase. As shown in our study, the
common mutagenesis phospho mimic approach, Thr to Glu, fails to replicate the properties
of pThr344 in CK2a in Pinl interaction or in selective phosphorylation of NAP1L3.
Moreover, there is no natural amino acid residue that can even be considered a plausible
mimic of an O-GIcNAc moiety.

In summary, the complex regulation of CK2 by competing phosphorylation and O-
GlcNAcylation provides a new framework for understanding this key signaling enzyme.
This study also provides a comprehensive approach to investigating how protein PTMs can
mediate multiple actions in a cellular network.
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As described in more detail below and in Supplementary Methods, we used the phospho-
mimic Pfa containing protein in all cell microinjection studies. In the Pinl pull-down assays,
we used both the Pfa and pThr containing proteins to demonstrate the ability of Pfa to mimic
pThr. To examine and validate protein substrate selectivity influenced by phosphorylation at
Thr344, we initially used Pfa, but subsequently validated the results using the natural pThr
residue.

Microinjection and immunocytochemistry

For individual microinjections (performed at rt), semisynthetic HA-CK2a proteins, FLAG-
CK2p, and other samples were diluted in microinjection buffer and injected into REF52
cells. Following microinjection, cells were incubated (37°C in 5% CO, for 1-8 h) or fixed
immediately (t=0 h). At least 85 cells were injected for each sample and condition in at least
three repeated independent experiments. For the experiments, final sample concentrations in
the microinjection capillary were as follows: 0.25 pg/uL CK2a; 0.25 pg/puL CK2a + 0.138
pg/pL CK2B (molar equivalent); 0.25 pug/uL CK2a + 1 pM MG132 (LC Biolabs); or 0.25
ug/uL CK2a + 2 pg/ul IgY. Cells were fixed and permeabilized prior to immunostaining
with anti-HA mouse antibody (Covance HA.11 Clone 16B12, 1:4000) and DyL ight488-
conjugated goat anti-mouse 1gG (KPL, 1:950). Imaging was performed using an Olympus
BX61 upright fluorescence microscope and FITC filter cube. By using SlideBook5 software,
fluorescence intensities of all positive cells were quantified, and the sum was multiplied by
the number of positive cells divided by the number of injected cells, giving a relative
fluorescence intensity value as the indication of the stability of the microinjected proteins
inside the cells. Data are presented as the mean + SD of at least three separate experiments.
These values were then normalized to the sample’s t = 0 time point.

Western blots and IPs

For Cdk inhibitor studies, HeLa cells were treated with 0.1% DMSO (control), 2 uM
flavopiridol (SantaCruz), or 3 pM 9-cyanopaullone (SantaCruz) for 18 h and membranes
were probed with 1:1000 anti-CK2a (Cell Signaling). For nocodazole studies, HelL a cells
were treated with 0.1% DMSO (control) or 100 ng/mL nocodazole (Sigma) for 24 h and
membranes were probed with 1:800 anti-CK2a, (SC-9030 SantaCruz). For O-GIcNAcase
inhibitor studies, HeLa cells were treated with 20 UM TMG (synthesized by custom order by
SD ChemMolecules) or 50 uM Tris (control) for 12 h or 16 h and membranes were probed
with 1:1000 anti-CK2a (Cell Signaling). For IP-Western, HeLa cells were treated with 20
UM TMG or 50 uM Tris (control) for 12 h. CK2a was immunoprecipitated with 2 pg mouse
monoclonal anti-CK2a (Abcam 8E5) and membranes were probed with 1:3000 anti-O-
GIcNAc mouse IgM (antigen purified CTD110.6 as previously described4?) or 1:1000 rabbit
anti-CK2a (Cell Signaling).

Pull-downs for Pinl

Pinl was expressed and purified from E. coli as previously described. Pull-down assays
were performed with HA-CK2a proteins (700 nM final) immobilized on Protein G
Dynabeads (Invitrogen) using anti-HA mouse monoclonal antibody (Covance). Beads were
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incubated with anti-CK2 antibody for 15 min at rt and then with various CK2a proteins for
40 min at 4 °C before being washed and incubated with recombinant human Pin1 (0.05 uM)
at 4 °C for 20 min. To demonstrate that the presence of anti-Pinl IgY, but not non-specific
IgY, can block the binding interactions between pCK2a and Pinl, pull-down assays were
performed after recombinant Pinl (0.1 uM) was allowed to pre-incubate with 1gY (0.03
pg/uL) for 10 min at rt.

For co-immunoprecipitation of Pinl, cell lysates were prepared from REF52 cells using Cell
Lytic-M (Sigma) reagent diluted in PBS plus protease inhibitors and spiked with either 2.3
UM Pfa344 CK2a or 2.3 uM unmodified CK2a. Lysates were allowed to incubate with
semisynthetic HA-CK2a proteins for 30 min at 4 °C prior to the addition of protein G beads
bound to anti-HA antibody (for 2 h at 4°C).

Kinase assays on chips

Kinase assays were performed on human protein microarrays provided by the Protein
Microarray Core at the High Throughput Biology Center at Johns Hopkins. Each kinase
group was run in duplicate. For the first set of kinase assays on the chips, we examined
differences in substrate selectivity for the following kinases: unmodified CK2a alone,
unmodified CK2a+f, S-GIcNAc-CK2a alone, S-GIcNAc-CK2a+p, Pfa-CK2a alone, Pfa-
CK2a+p. Kinase reaction conditions for this set of assays were 50 mM Hepes pH 7.5, 80
mM NaCl, 10 mM MgCl,, 1 mM DTT, 0.1% NP-40, 100 pM ATP, 6 uCi [33P]y-ATP, with
20 nM CK2a + 24 nM CK2p (Supplementary Fig. 17). For the second set of kinase assays
on the chips, we examined differences in substrate selectivity for the following kinases:
unmodified CK2a alone, unmodified CK2a + Pinl, pThr-CK2a alone, pThr-CK2a + Pinl.
Kinase reaction conditions for this set of assays were the same as above with the addition of
1 mM MnCl, and with 50 nM CK2a + 100 nM Pinl (Supplementary Fig. 24). Since this set
of kinase assays was performed subsequent to the first set reported, we added MnCl; to
enhance the signal of the controls used to align the protein chip results. Chips were exposed
to film for 4 weeks. The signal intensity of each spot on the microarray chips was quantified
and since the distribution of signal intensities of all of the proteins followed a normal
distribution, standard deviation of the signal intensity for each protein was used to qualify a
protein as a hit or not (see Supplementary Dataset 1 and Supplementary Results for
description of file). We used a stringent cutoff of three standard deviation (SD) values and
only proteins identified as “positive hits” in both duplicate experiments were qualified as a
“substrate” for a given experiment. To be included in Table 2 rows 1-3, the “positive hit”
must have been unique for a CK2 enzyme form, that is it could not be positive in either of
the duplicate experiments for any of the other CK2 enzyme forms. To be included in Table 2
rows 4-6, the “positive hit” was positive for two CK2 enzyme forms and it could not have
been positive in either duplicate experiments for the alternative CK2 enzyme form.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Preparation of CK2a semisynthetic proteins
(a) The posttranslational modifications on CK2. The known posttranslational modifications

on CK2a include: phosphorylation at positions Thr344, Thr360, S362, S370 and lysine
acetylation at K102°0, Here we demonstrate CK2a, is O-GIcNAc modified at Ser347. (b)
Scheme for expressed protein ligation and list of the peptides used for semisynthesis. (c)
Posttranslational modifications and the cleavage-resistant mimics used.
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Figure 2. Cellular stability of CK2a
(a) Relative CK2a, protein levels over time following cytoplasmic microinjection of REF52

cells with the HA-tagged semisynthetic proteins bearing different modifications using
immunocytochemistry with anti-HA Ab. Data represent mean values + s.d. (b) Relative
CK2a protein levels following co-injection of § subunit with CK2a proteins. Data represent
mean values * s.d. (c) Relative CK2a protein levels following co-injection of proteasome
inhibitor (1 pM MG132) with unmodified CK2a protein. Data represent mean values + s.d.
(d) Western blot for total CK2a protein in HeLa cells following treatment with Cdk

Nat Chem Biol. Author manuscript; available in PMC 2012 September 01.

(/]
N
©
P O
K &
& L &
S o

ANL-ACTHININ  — ——

anti-CK2o, weemm .

1 0.540.2 0.70.2

anti-actinin -y '

CK2
anti-CK20. ey e f%Kzf

- < CK2a'



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Tarrant et al.

Page 16

inhibitors. Numbers indicate relative quantification normalized for loading control, mean
values (n = 3) shown + s.d. (e) Western blot for total CK2a, protein in HeLa cells following
treatment with nocodazole to arrest cells in mitosis. See Supplementary Fig. 8 for full gels
corresponding to those in panels d, e.

Nat Chem Biol. Author manuscript; available in PMC 2012 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Tarrant et al. Page 17

>
%
a b o&&\
&
.g@’b ¥ < N
S v S v Y
@O ,(é > W O\o N > C\)L_ C\)L_
F T K g & & _
CK2aa + + + + + + - anti-CK2a --
Pint + + + + 4+ 4+ - anti-Pin1 S-S
anti-CK2o S SR SR SER D = IP: anti-HA
anti-Pin1 R - anti-CK2o e  s——
anti-Pin1 - ——
input
c . . d
\Q Q@ QQ)
e K o o 141 mpfa OPfa+PintlgY mPfa+IgY Control
I R & g a +1gY Contro
E & & &
gy - + + +
Pfa CK2a + + + =
Pin1  + + + -

antipin' [

Relative total fluorescence

0 1 4 8
Time (h)

Figure 3. CK2 interactions with Pinl
(a) Pull-down experiments with semisynthetic HA-CK2a protein and recombinant Pin1.

CK2a was immobilized using anti-HA antibodies bound to protein G beads. Pinl was
incubated with immobilized CK2a for 20 min at 4°C. (b) Co-immunoprecipitation of
endogenous Pinl with CK2a. Pfa containing and unmodified HA-CK2a semisynthetic
proteins were spiked into REF52 cell lysates and immobilized using anti-HA antibodies.
Input samples are shown for loading control. (c) Pull-down experiments with Pfa344 HA-
CK2a protein and recombinant Pinl in the presence of anti-Pinl or non-specific IgY. (d)
Relative CK2aq protein levels over time following microinjection of Pfa344 CK2a with anti-
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Pinl IgY or non-specific 1gY (control). Data represent mean values + s.d. See
Supplementary Figs 10, 11 for full gels corresponding to those in panels a—c.
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Figure 4. Role of O-GIcNAc modification in CK2a
(a) Phosphorylation of C-terminal tail CK2a peptides (residues 337 to 352) by Cdk1/cyclin

B. In vitro Cdk1/cyclin B kinase assays were performed using the following peptide
substrates: SSMPGGSTPVXSANMMK (eBiotin) where X = serine or S-GIcNAc-serine.
After reactions were quenched, peptides were separated from reaction mixture on Tris-
tricine gels. Data represent mean values + s.d. (b) IP-Western blot for O-GIcNAc CK2a in
HeL a cells following treatment with O-GIcNAcase inhibitor, TMG, for 12 h. Numbers
indicate relative quantification normalized for total CK2a levels. (¢) Western blot for total
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CK2a protein in HeLa cells following treatment with TMG for 12 or 16 h. Numbers indicate
relative quantification normalized for loading control, mean values (n = 4) shown + s.d. See
Supplementary Figs. 14, 15 for full gels corresponding to those in panel b,c.
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Figure 5. Substrate selectivity for CK2
Phosphorimage analysis of in vitro CK2 kinase assays with protein substrates. All reactions

were performed at 30 °C. Numbers indicate nM product for each kinase reaction. (a)
AHCYL2 substrate (25 ng/uL) with 100 pM ATP and 10 nM CK2a = 11 nM CK2p for 6
min. (b) NAP1L3 substrate (15 ng/uL) with 100 uM ATP and 10 nM CK2a + 11 nM CK2p
for 6 min. (c) NIPBL substrate (50 ng/uL) with 100 uM ATP and 5 nM CK2qa + 11 nM Pinl
for 5 min. See Supplementary Figs. 19, 25 for full gels corresponding to those in panel a—c.
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Table 1
Kinetic Parameters for CK2 semisynthetic enzymes

Substrate Enzyme Apparent ke,y  Apparent K, Keat / Km
(min™1) (UM) (min~tpmMh
unmodified a 260+ 10 3717 7.1
Pfaa 260+ 10 33+5 7.8
S-GlcNAC a 190 £ 10 33+5 5.7
Optimized Peptide
unmodified a+f 180+ 20 170 £ 50 1.0
Pfa a+f 200 £ 20 160 + 50 1.2
S-GlcNAc a+f 160 + 10 160 + 50 0.90
unmodified a 22+1 400 + 50 0.054
Pfaa 22+1 340 £ 60 0.065
S-GlcNAc a 15+1 340 + 30 0.044
Casein Peptide
unmodified a+ NS >1600 0.014
Pfa a+p NS >1600 0.015
S-GIcNAcC a+f NS >1600 0.013
unmodified a 180 + 10 250 £ 10 0.74
Pfaa 240 + 30 350 + 90 0.69
S-GlcNAc a 190 + 10 250+ 30 0.75
XRCC1 Peptide
unmodified a+3 75+4 260 + 40 0.29
Pfa a+p 130+ 20 460 + 120 0.28
S-GlcNAcC a+f 100 £ 10 440 +120 0.24
unmodified a 320 + 102 20+24 16
Pfaa 370+102 21£22 18
S-GleNAc a 270+108 16+22 17
ATP
unmodified a+p 250 +20bP 39+ 6P 6.3
Pfaa+p 250 + 200 30+4P 8.3
S-GIcNAca+p 190 + 100 3140 6.2

+ values indicate standard error obtained from non-linear curve-fitting parameters. NS = non-saturated with peptide substrate, Km value was not

determined. KPP peptide and kgat values were obtained with 100 uM ATP.
aKmapp ATP and keat values were obtained with 360 uM optimized peptide.

meapp ATP and kgat values were obtained with 800 pM optimized peptide.
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Table 2
Protein microarray results for substrate selectivity from CK2a PTM’s

Gene names listed with common protein name in parentheses. See Supplementary Methods for criteria for
positive hits.

Form of CK2 aonly a+f
S-GlcNAc DAPK? (death-associated protein kinase 2) AHCYL2 (S-adenosylhomocysteine hydrolase)
Phospho (Pfa) CPNEL1 (copine | isoform a), NAP1L3 (nucleosome assembly proteinl-like 3 or MB20 protein),
PGRMC1(progesterone receptor membrane COLA4A3BP (collagen binding protein isoform 2)
component 1),
GOLGA4 (GOLGAA4 protein)
Unmodified MAPKQ (stress activated kinase INK2), CLGN (calmegin precursor),
VPS25 (Vacuolar sorting protein 25) MLPH (melanophilin),
RADP51AP1 (RAD51 associated protein 1)
Both S-GIcNAc & None APLP2 (APLP2 protein)
phospho (Pfa)
Both S-GIcNAc & None EEF2K (eEF-2 kinase),
unmodified WASL (Wiskitt-Aldrich syndrome-like protein)

SLC7AB60S (Solute carrier protein family7 member 6)

Both Phospho (Pfa) & PDCD2L (programmed cell death protein 2-
unmodified like),
EAF2 (ELL associated factor 2),
DNAJB2 (DnaJ (Hsp40) homolog B2),
PFKM (Phosphofructokinase from muscle)

UBE20 (ubiquitin-conjugating enzyme E20),
HNRNPC (hnRNP C 1/2),
MTF2 (Metal-response element-binding transcription factor 2)
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