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Okur-Chung Neurodevelopmental Syndrome (OCNDS) and Poirier-Bienvenu Neurodevelopmental Syndrome (POBINDS) were recently identified as rare neurodevelopmental disorders. OCNDS and POBINDS are associated with heterozygous mutations in the CSNK2A1 and CSNK2B genes which encode CK2α, a serine/threonine protein kinase, and CK2β, a regulatory protein, respectively, which together can form a tetrameric enzyme called protein kinase CK2. A challenge in OCNDS and POBINDS is to understand the genetic basis of these diseases and the effect of the various CK2⍺ and CK2β mutations. In this study we have collected all variants available to date in CSNK2A1 and CSNK2B, and identified hotspots. We have investigated CK2⍺ and CK2β missense mutations through prediction programs which consider the evolutionary conservation, functionality and structure or these two proteins, compared these results with published experimental data on CK2α and CK2β mutants, and suggested prediction programs that could help predict changes in functionality of CK2α mutants. We also investigated the potential effect of CK2α and CK2β mutations on the 3D structure of the proteins and in their binding to each other. These results indicate that there are functional and structural consequences of mutation of CK2α and CK2β, and provide a rationale for further study of OCNDS and POBINDS-associated mutations. These data contribute to understanding the genetic and functional basis of these diseases, which is needed to identify their underlying mechanisms.
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INTRODUCTION
Okur-Chung Neurodevelopmental Syndrome (OCNDS; OMIM #617062) and Poirier-Bienvenu Neurodevelopmental Syndrome (POBINDS; OMIM # 618732) are rare, novel congenital autosomal-dominant neurodevelopmental conditions. Recently identified by whole exome sequencing, OCNDS and POBINDS are attributed mostly to de novo (germline non-inherited) variants in the genes CSNK2A1 and CSNK2B, respectively (Iossifov et al., 2014; Okur et al., 2016; Poirier et al., 2017). Common clinical features of patients with OCNDS include intellectual disability, developmental delay, autism spectrum disorder (ASD), language impairment, ataxia, attention deficit hyperactivity disorder, microcephaly and craniofacial dysmorphisms (Iossifov et al., 2014; Okur et al., 2016; Trinh et al., 2017; Yuen et al., 2017; Akahira-Azuma et al., 2018; Chiu et al., 2018; Owen et al., 2018; Duan et al., 2019; Nakashima et al., 2019; Martinez-Monseny et al., 2020; van der Werf et al., 2020; Wang et al., 2020; Wu R et al., 2020; Xu et al., 2020; Dominguez et al., 2021; Wu et al., 2021). Typical clinical features of patients with POBINDS include early onset seizures, intellectual disability and developmental delay, although some patients are also characterized by ASD, attention deficit hyperactivity disorder, language impairment and facial dysmorphisms (Poirier et al., 2017; Sakaguchi et al., 2017; Fernández-Marmiesse et al., 2019; Li et al., 2019; Nakashima et al., 2019; Ernst et al., 2021; Rahman and Fatema 2021; Selvam et al., 2021; Valentino et al., 2021; Yang et al., 2021).
CSNK2A1 and CSNK2B genes encode CK2⍺, a highly conserved serine/threonine protein kinase, and CK2β, a regulatory protein, respectively. CK2α is present in cells in monomeric form and in a heterotetrameric form composed of two CK2α subunits bound to a dimer of two CK2β subunits (CK2β) (Figure 1). Monomeric CK2α kinase and CK2α holoenzyme phosphorylate common and distinct substrates, as docking to CK2β is required for some substrates to be phosphorylated (reviewed in (Roffey and Litchfield 2021)). The CK2α-paralog CK2α’ is encoded by the CSNK2A2 gene and differs mainly in the length and sequence of the C-terminus (Pyerin and Ackermann 2003).
[image: Figure 1]FIGURE 1 | Architecture of the heterotetrameric CK2 holoenzyme. CK2α has two lobes: a N-terminal domain based on a central 5-stranded β-sheet and an α-helical C-terminal domain. CK2β has two domains: an α-helical domain and a zinc finger domain that serves as a dimerization interface. CK2β forms dimers via the zinc finger, hydrophobic core residues, and the crossover of the C-terminal tails over the other CK2β subunit. Due to the crossover of the C-terminal tails of the CK2β dimer, both CK2β chains are involved in the interaction with both CK2α chains. The contact of the CK2β dimer to the two spatially separated CK2α subunits is mediated via the C-terminal hairpin loop of one CK2β chain (α/β tail contact, coloured wheat) and the area around helix αF of the other CK2β chain (α/β body contact, coloured dark green). The subunit interaction interface of CK2α is located at the outer surface of the β-sheet of the N-terminal lobe (coloured salmon) (Niefind et al., 2001). The Figure was drawn with PyMOL (Schrödinger, 2013) using the CK2 holoenzyme structure (PDB_ID: 4DGL (Lolli et al., 2012)). Detailed figures of functional domains in the structural section.
CK2α and CK2β are linked to physiological and cellular functions in unicellular and pluricellular eukaryotes and are indispensable for embryonic development of animal and plants; they are also linked to cancer and neurodegenerative diseases, among others (Litchfield 2003; Meggio and Pinna 2003; Ahmad et al., 2008; Duncan and Litchfield 2008; Guerra and Issinger 2008; Dominguez et al., 2009; Ruzzene and Pinna 2010; Trembley et al., 2010; Macias Alvarez et al., 2013; Chua et al., 2017; Gotz and Montenarh 2017; Borgo et al., 2021). CK2α and CK2α′ mouse knockouts had different phenotypes (reviewed in (Macias Alvarez et al., 2013)). CK2α (Lou et al., 2008) and CK2β (Buchou et al., 2003) knockouts are embryonic lethal while CK2α′ knockout mice are viable but have impaired spermatogenesis (Xu et al., 1999). In vitro, the isoenzymes display partial functional redundancy, however there are examples that indicate different functions: the C-terminal phosphorylation sites of CK2α which are phosphorylated in a cell cycle dependent manner are absent in CK2α′ (St-Denis et al., 2009). The affinity of CK2α′ to CK2β is lower than the affinity between CK2α and CK2β (Bischoff et al., 2011a), and isoform specific binding partners have been described (Hériché et al., 1997; Bosc et al., 2000; Litchfield et al., 2001).
CK2α has the kinase-typical bilobal architecture with a N-terminal domain with a central β-sheet and a α-helical C-terminal domain (Figure 1, detailed schemes of functional domains are found in subsequent figures), which harbor common structural and functional elements of eukaryotic protein kinases (EPKs), such as the Gly-rich loop, the hinge region, the catalytic loop, the activation loop and the P+1 loop (all analyzed in this study). CK2α belongs to the CMGC family of EPKs—with cyclin dependent kinases (CDKs), mitogen-activated kinases (MAPKs), glycogen synthase kinase-3 (GSK-3) and cell division control 2 (CDC2)-like kinases (CLKs)—which is characterized by a helical insert after helix αG in the C-terminal lobe—(Manning et al., 2002). Unlike its highly regulated relatives within the CMGC family and the majority of other EPKs, CK2α is constitutively active (Niefind et al., 1998; Niefind et al., 2007; Borgo et al., 2021; Roffey and Litchfield 2021). Typically, EPKs are activated or inactivated in response to an extracellular signal and undergo large conformational changes. For example, often upon activation, the activation loop opens to allow the substrate to bind and the helix αC is re-oriented leading to the formation of a salt bridge between a conserved lysine and glutamine, which is critical for the coordination of the α- and β-phospho-groups of the cosubstrate ATP (Huse and Kuriyan 2002). The structural plasticity of most EPKs that enables the rearrangements of these regulatory key elements is absent in CK2α. On the contrary, the active conformation is fixed by internal structural constraints. Firstly, the N-terminal segment stabilizes the activation loop and helix αC in the canonical active kinase conformation (Niefind et al., 1998). Secondly, the Phe residue in the DFG-motif at the beginning of the activation loop is replaced by a Trp residue in CK2α. This unique DWG motif in CK2α is internally stabilized by an additional hydrogen bond and therefore disfavors the inactive “DFG-out” conformation known from other EPKs (Pargellis et al., 2002). Compared to the other EPKs, CK2α shows different epicentres of plasticity: in particular, the hinge region and the helix αD (Niefind and Issinger 2010) and the glycine-rich loop display a high degree of flexibility (Raaf et al., 2009). A number of publications describe many unconventional mechanisms of regulation for CK2 which have been recently reviewed (Borgo et al., 2021; Roffey and Litchfield 2021).
Unlike most other protein kinases, CK2α can efficiently use both ATP or GTP as cosubstrates. The arrangement of water molecules in the active site is crucial to switch from an ATP- to a GTP-compatible state explaining the dual cosubstrate specificity (Niefind et al., 1999). CK2α has an acidophilic substrate profile with the minimal consensus sequence S/T-D/E-X-D/E (Marchiori et al., 1988). The preference to phosphorylate its substrate at acidic clusters is determined by two anion binding sites (P+3 site and P+1 site) at the activation segment and is strongly interconnected with the enzyme’s constitutive activity. The function of the equivalent anion binding sites in the CMGC kinase family ranges from regulation to substrate recognition (Niefind et al., 2007). For example, during activation in MAP kinases the positive charge of the P+1 pocket is neutralized by a phosphorylated residue accompanied by large conformational rearrangements (Bellon et al., 1999), and in GSK-3 the positive charge is neutralized by an auto-inhibitory phosphorylation in its N-terminus (Cross et al., 1995) or by a primarily phosphorylated substrate (Frame et al., 2001). However, in CK2α, the anion binding sites solely serve substrate recognition and are not involved in regulation (Niefind et al., 2007). An additional determinant of CK2α′s preference for acidic substrate is the polybasic stretch.
Rigidly fixed in its active form, CK2α can only be regulated by more unconventional or subtle mechanisms (Niefind et al., 2007). In this context, the regulatory subunit CK2β comes into play: although it does not serve as an on/off-switch, it modulates CK2α substrate specificity and its stability against denaturation forces (Issinger et al., 1992; Meggio et al., 1992). CK2β has an absolutely conserved zinc finger motif that serves as a dimerization interface (Figures 1, 7F). Due to the zinc finger, hydrophobic core residues, and the crossover of the C-terminal tails, the dimerization surface is highly effective and causes CK2β to form permanent dimers (Chantalat et al., 1999). Integrated in the CK2 holoenzyme, the contact of the CK2β dimer with the two spatially separated CK2α subunits is mediated via the C-terminal hairpin loop of one chain (α/β tail contact) and the area around helix αF of the other chain (α/β body contact). The subunit interaction interface of CK2α is located at the outer surface of the β-sheet of N-terminal lobe (Niefind et al., 2001).
We are beginning to gather information about the genetic basis of OCNDS and POBINDS. To date, thirty six CSNK2A1 variants (mostly de novo) are published in both male and female individuals with OCNDS (Iossifov et al., 2014; Okur et al., 2016; Trinh et al., 2017; Yuen et al., 2017; Akahira-Azuma et al., 2018; Chiu et al., 2018; Owen et al., 2018; Duan et al., 2019; Nakashima et al., 2019; Martinez-Monseny et al., 2020; van der Werf et al., 2020; Wang et al., 2020; Wu W et al., 2020; Xu et al., 2020; Dominguez et al., 2021; Wu et al., 2021). Most published gene variants are missense, and the rest are nonsense, splice and frameshift variants. Forty CSNK2B variants (de novo) are published in both male and female individuals with POBINDS (Poirier et al., 2017; Sakaguchi et al., 2017; Fernández-Marmiesse et al., 2019; Li et al., 2019; Nakashima et al., 2019; Ernst et al., 2021; Rahman and Fatema 2021; Selvam et al., 2021; Valentino et al., 2021; Yang et al., 2021). A small subset of the identified CSNK2B variants are missense, and the rest are nonsense, splice and frameshift variants. In addition to the published data, CSNK2A1 and CSNK2B variants have also been deposited in data repositories, although these data have not been analyzed so far.
While NGS-based methods have improved clinical diagnosis of rare genetic diseases and accelerated the discovery rate of causative genes, there is a growing gap between the identification of rare-disease-causing genes and the medical and scientific knowledge leading to the formulation of effective therapies (Boycott et al., 2013). For CK2α and CK2β, published studies and databases have used programs to predict whether mutants are pathogenic, likely pathogenic or variants of unknown significance (VUS); sometimes these predictions have led to conflicting results. We are starting to learn the biochemical effects of the mutations in CK2α and CK2β. There is experimental evidence that the CK2α and CK2β mutations associated with OCNDS and POBINDS can cause biochemical changes in the proteins. Eighteen CK2α missense mutants have decreased kinase activity in vitro kinase assays and some have low expression levels, when recombinant and cell line-expressed mutant CK2α are analyzed (Dominguez et al., 2021). In addition, some of the CK2α mutant proteins show changes in subcellular localization compared to the wild-type protein (Dominguez et al., 2021). There is also experimental evidence that one CK2β mutant has low expression levels and another does not interact with CK2α (Nakashima et al., 2019). Recently, altered substrate specificity has been reported for CK2α variant K198R (Caefer et al., 2022; Werner et al., 2022). However, we still have no knowledge of the signaling, cellular and biological mechanism of action of the mutations in CK2α and CK2β that are associated with OCNDS and POBINDS, respectively.
The aims of this study are threefold: 1) provide an integrated list of all identified CSNK2A1 and CSNK2B variants to date by leveraging multiple resources–scientific articles and data repositories–to have a broader understanding of the mutation hotspots and the protein domains affected; 2) analyze all mutations collected using the same diverse in silico functional predictions tools and assess their concordance with experimental data, and 3) hypothesize on the potential effects of the mutations on protein structure and function.
MATERIALS AND METHODS
CSNK2A1 and CSNK2B variants
CSNK2A1 and CSNK2B variants were compiled from the OCNDS literature (Iossifov et al., 2014; Okur et al., 2016; Trinh et al., 2017; Yuen et al., 2017; Akahira-Azuma et al., 2018; Chiu et al., 2018; Owen et al., 2018; Duan et al., 2019; Nakashima et al., 2019; Martinez-Monseny et al., 2020; van der Werf et al., 2020; Wang et al., 2020; Wu R et al., 2020; Xu et al., 2020; Dominguez et al., 2021; Wu et al., 2021), and the POBINDS literature (Poirier et al., 2017; Sakaguchi et al., 2017; Fernández-Marmiesse et al., 2019; Li et al., 2019; Nakashima et al., 2019; Ernst et al., 2021; Rahman and Fatema 2021; Selvam et al., 2021; Valentino et al., 2021; Yang et al., 2021). We also compiled CSNK2A1 and CSNK2B variants from the DECIPHER database v11.6 (https://www.deciphergenomics.org; last accessed 1/5/22) (Firth et al., 2009), Simons Searchlight Single Gene Dataset v8.0, AutDB Autism Informatics Portal (http://autism.mindspec.org/autDB/; last accessed 1/5/22) (Basu et al., 2009), and website/url to ClinVar, “(https://www.ncbi.nlm.nih.gov/clinvar/) (last accessed 1/5/22) (Landrum et al., 2018).
To review the literature, we used the queries: OCNDS, POBINDS, CSNK2A1, CSNK2B. These queries identified papers focused on the two disorders, large-scale sequencing efforts, and other articles that did not contain OCNDS and POBINDS variants. In addition, we used the AutDB Autism Informatics Portal to find additional research articles that contain variants in CSNK2A1 and CSNK2B. For the gene variants described in the literature, we recorded each patients’ variant on CSNK2A1 or CSNK2B. For the ClinVar database, we compiled the gene variants described as OCNDS, POBINDS and also variants described as “neurodevelopmental syndrome/inborn genetic disease,” provided that the phenotypic description closely-related to OCNDS or POBINDS. Some of the patients in the DECIPHER database were published in research articles. These patients were identified by comparing clinical manifestations and/or sequencing facilities, to ensure that each patient data was only counted once.
We applied for and obtained the Simons Searchlight Single Gene Dataset v8.0 which includes CSNK2A1 gene variants of patients. The collection of gene variants was reviewed and deemed non-human subjects research by the Institutional Review Board (IRB) of Boston University Medical Campus and Boston Medical Center (IRB # H-41033). To avoid duplicates, we selected variants from the Simons database not already included in ClinVar, as it was highly possible that the variants were already submitted to ClinVar by the original sequencing teams. These variant data were combined and presented in Tables.
CK2α and CK2β sequences, protein domains and alignment
CK2α and CK2β gene and protein data were obtained from UniProt (Accession P68400; Accession P67870). Protein domains were determined based on the most consequent domain definition (according to the CATH database) given in (Niefind and Battistutta 2013), the crystal structure of protein kinase CK2α from Zea mays at 2.1 A resolution (Niefind et al., 1998), and the crystal structure of CK2β (Chantalat et al., 1999). For schemes and histograms, we utilized similar color palettes to facilitate reading and understanding of the data.
We utilized R (v4.0.3) and the Ggplot package (v3.3.5) to plot the number of unique patients per residue in the primary protein sequences, including data for missense, nonsense, and frameshift mutations (excluding splice-site variants). To determine the average number of point mutations per residue in each domain we calculated the number of unique patients per domain (End Residue − Start Residue + 1), and divided the total number of unique patients in each domain by the domain length in Microsoft Excel (v16.16.27).
To determine the probability of finding the number of patients with a particular mutation(s) in each residue, we calculated an exact chi-square test statistic comparing the observed mutation probabilities to those expected by chance and present the corresponding p-value. For this, we assumed that each of the 9 variants per codon are equally likely to occur, thus the counts across the 9 mutations will follow a multinomial distribution with the probability of observing each variant = 1/9 (=0.11).
The nonrandom mutation clustering (NMC) algorithm was utilized to identify nonrandom clusters of mutated residues on each protein (Ye et al., 2010). This probability model assumes that mutations along a protein follow a uniform distribution, that mutations are independent of each other in and within samples, and that the number of samples exceeds the number of mutations. NMC utilizes the differences between pair-wise order statistics to derive probabilities. In the original study, NMC was performed on missense mutations to identify activating mutations in cancers that could be targeted for pharmacological intervention. We have expanded the statistical method to identify residues that are found mutated non-randomly among the point mutations that we collected. We utilized all mutations, except splice, as our study differs from cancer studies where missense mutations are key for disease development and progression. All the mutation analyzed in CK2α and CK2β in this study appear in the patient populations that we are studying and therefore, all may have a role in disease (note that it has not been yet demonstrated that any of these mutations causes disease in vivo). For each analysis we obtained clusters ranging from 1 residue to almost full-length protein. Out of these data, significant (p < 0.05) clusters of only one residue were depicted in a table. R code used to generate histograms and NMC analysis is provided in R markdown upon request.
To determine the conservation of the changed residues across eukaryotic species through evolutionary alignment, the primary sequences of CK2α and CK2β from diverse eukaryotic organisms were downloaded. We utilized the species selected in Homologene, and utilized their curated sequences, except for Xenopus laevis and Danio rerio, for which we found sequences with high similarity to the human sequence using BLASTP. Multiple sequence alignment of the sequences utilized was built with MUSCLE (https://www.ebi.ac.uk/) (Edgar 2004) and displayed in HTML format. In this format, conserved residues appeared in blue (conservation across most species), gray (conservation across some species) or white (no conservation).
Prediction tools
In silico tools were used to obtain predictions of the impacts of CK2α and CK2β missense mutations based on their evolutionary conservation (PANTHER, MutationTaster2), functional impact (SIFT, PROVEAN, Polyphen-2, I-Mutant 3.0 Disease, MutationAssessor, SNAP2), and importance in protein stability (PremPS, Kinact, I-Mutant ΔΔG). Two consensus programs (PredictSNP, REVEL) were also used for functional predictions. Our classification of these programs into categories of evolutionary conservation, functional impact, and effect on protein stability are not strict classifications, as many of these programs generate their predictions based on many of these factors. Rather, these classifications are used to more easily compare programs that consider similar protein characteristics when evaluating mutations. The following steps (exemplified for CSNK2A1) were followed to obtain predictions from each of these prediction programs:
1) PANTHER is a protein classification system that predicts the functional consequence of a single-nucleotide polymorphism (SNP) based on the preservation time of the mutated amino acid (Tang and Thomas 2016). Click on the cSNP Scoring tab. Input the FASTA sequence for CSNK2A1 and a list of all missense substitutions. Select “Homo sapiens” for the organism and submit. Prediction outputs are “Benign,” “Possibly Damaging,” or “Probably Damaging.”
2) MutationTaster2 uses a Bayes classifier model to predict whether a mutation is disease-causing and examines conservation of amino acids across vertebrate and invertebrate species (Schwarz et al., 2014). Enter the gene name “CSNK2A1.” Select transcript “ENST00000217244 (protein_coding, 4416 bases) NM_177559.” Enter Position/snippet, which refers to “coding sequence ORF” nucleotide position. Enter the mutated base. Prediction outputs are “Polymorphism” or “Disease Causing.”
3) SIFT predicts the effect of missense mutations on protein function by assessing the evolutionary conservation as well as the physical characteristics of the wild type and variant amino acids (Sim et al., 2012). Input the FASTA sequence for CSNK2A1 and the list of all missense substitutions. Keep default parameters (search in UniProt-SwissProt 2010_09, Median conservation of sequences: 3.00, Remove sequences more than 90 percent identical to query) and submit. Use the SIFT Amino Acid Predictions Tables to obtain predictions and the Scales Probabilities for Entire Protein Table for prediction scores. Prediction outputs are “Tolerated” or “Not Tolerated,” and scores range from 0 to 1, with a damaging score <= 0.05 and a tolerated score >0.05.
4) Polyphen-2 predicts damaging missense mutations based on sequence and structure changes that could result from them (Adzhubei et al., 2010). Enter gene name or FASTA sequence. Enter the residue position of the missense mutation. Click the reference amino acid and mutant amino acid, and submit. Prediction outputs are “Benign” if score is <0.5, “Possibly Damaging” if score is 0.5–0.95, and “Probably Damaging” if score is >0.95, with scores ranging from 0 to 1.
5) PROVEAN assesses the effects of amino acid substitutions, insertions, and deletions on protein function by utilizing sequence homology and comparing with variants that have known functional consequences (Choi et al., 2012). Enter FASTA sequence. Enter the list of missense mutations and submit. Prediction outcomes are “Deleterious” if score is <−2.5 or “Neutral” if score is >−2.5.
6) I-Mutant 3.0 Disease predicts whether a single-site mutation is disease-causing based on the change in protein sequence (Capriotti et al., 2005). Select “Protein Sequence” under “Prediction of Disease associated single point mutation from.” Enter protein sequence. Enter the residue position of mutation and the new residue. Select “sequence-based” prediction and submit. Prediction outcomes are “Neutral” or “Disease Causing.”
7) MutationAssessor provides a functional impact score for missense mutations based on sequence homology (Reva et al., 2011). Input the missense mutations with “CSK21_HUMAN or CSK2B_HUMAN” before each mutation and submit. Prediction outcomes are “Neutral” if Functional Impact (FI) score is 0.8, “Low” if FI score is between 0.8 and 1.9, “Medium” if FI score is between 1.9 and 3.5, or “High” if FI score is >3.5.
8) SNAP2 predicts whether a missense mutation will have a functional effect based on sequence homology and possible alterations to protein structure (Hecht et al., 2015). Enter FASTA sequence for protein of interest and click “Run Prediction.” This will produce a chart with all of the possible variants for each amino acid of the protein. Search for residue position of interest and locate the prediction for each missense mutation in the chart. Prediction outputs are “Negative/Neutral” or “Positive/Effect”
9) PremPS computes the change in Gibbs free energy produced by a variant, using a 3D structure model of the protein, to predict its impact on protein stability (Chen et al., 2020). Enter PDB code and upload PDB file (we used 2PVR for CK2α and 3EED for CK2β) and click next. Select protein chains (Chain A) and click next. Select “Chain A” for “Chain to Mutate,” select residue to be mutated, and select the mutant residue. Click submit. Prediction outputs are “Negative/Stabilizing” or “Positive/Destabilizing.”
10) Kinact specifically assesses the impact of missense mutations on the activity of kinases by using structure and sequence characteristics to predict changes in protein stability (Rodrigues et al., 2018). Upload CK2α PDB file (2PVR). Enter the missense mutations and specify the chain (Chain A). Enter the FASTA sequence and submit. Prediction outputs are “Positive/Stabilizing” or “Negative/Destabilizing.”
11) I-Mutant ΔΔG predicts the effect of a single-site mutation on protein stability by calculating the difference between the unfolding Gibbs free energy of wild type and mutant protein structures (Capriotti et al., 2005). There are two options for generating an output: 1) Enter protein sequence, residue position of mutation, and the new residue. Enter temperature (37°C) and pH (7.4). Select “ΔΔG Value and Binary Classification” and submit. 2) Select “protein structure” under “Prediction of protein stability changes upon single point mutation from”. Upload the PDB file for the protein of interest (2PVR for CK2α and 3EED for CK2β). Enter the residue position of mutation and the new residue. Enter temperature (37°C) and pH (7.4). Select “ΔΔG Value and Binary Classification” and submit. Prediction outputs are “Positive/Stabilizing” or “Negative/Destabilizing.”
12) PredictSNP is a consensus program that compiles predictions from MAPP, PhD-SNP, Polyphen-1, Polyphen-2, SIFT, SNAP, nsSNPAnalyzer, and PANTHER to predict which missense mutations may be related to disease (Bendl et al., 2014). Load the FASTA sequence. Select positions of interest and the corresponding mutant residues. Select tools for evaluation (PredictSNP, MAPP, PhD-SNP, Polyphen-1, Polyphen-2, SIFT, SNAP), and click evaluate. Prediction outputs are “Neutral” or “Deleterious” along with a percentage indicating the confidence of the prediction.
13) REVEL is a consensus program that compiles predictions from MutPred, FATHMM v2.3, VEST 3.0, PolyPhen-2, SIFT, PROVEAN, MutationAssessor, MutationTaster, LRT, GERP++, SiPhy, phyloP, and phastCons to generate an overall prediction of pathogenicity for missense mutations (Ioannidis et al., 2016). Download the REVEL spreadsheet which corresponds to the genomic position of CSNK2A1 (clicking on the link for gene segment of interest will automatically download the REVEL spreadsheet for that segment). Search for the GRCh38 position of each variant to find corresponding predictions. Prediction outputs are “Non-diseasing causing” if score is <0.5 or “Disease causing” if score is >0.5.
The McNemar’s test was used to compare the categorical outputs of the functional programs (SIFT, Polyhphen-2, PROVEAN, Mutation Assessor, SNAP2, I-Mutant3.0 Disease, REVEL, and PredictSNP) and the stability programs (PremPS, Kinact mCSM, Kinact SDM, Kinact DUET, and I-Mutant3.0 ΔΔG). The Kinact suite of tools is only available for kinases such as CK2α therefore for CK2β we only compared PremPS and I-Mutant3.0 ΔΔG. We calculated two values to compare each pair of tests that were performed on the mutations. First, the Kappa Coefficient (which calculates the degree of agreement beyond what would be expected by chance.) Second, the p-value from McNemar’s test, an assessment of whether there is a significant difference between tests in the ratings or “benign” vs. “effect”. Third, the p-value from McNemar’s test, an assessment of whether there is a significant difference between tests in the ratings or “benign” vs. “effect.”
For prediction of changes in protein-protein binding affinity on mutations we utilized BeAtMuSiC (http://babylone.ulb.ac.be/beatmusic). BeatMusic predicts changes in binding free energy (ΔΔG) induced by point mutations (Dehouck et al., 2013) based on known protein structures, the strength of interactions at the interface and the overall stability of the complex. As input for this prediction we used the CK2 holoenzyme structure (PDB ID: 4DGL; (Lolli et al., 2012)).
Structural analysis
The CK2α1-335 structure (PDB ID: 2PVR (Niefind et al., 2007)) or CK2β1-193 structure (PDB ID: 3EED (Raaf et al., 2008)) were used as reference structures. The protein structures were downloaded from the RCSB Protein Data Bank (Berman et al., 2000). To visualize the conserved residues of CK2α and CK2β the ConSurf server (Glaser et al., 2003; Landau et al., 2005; Ashkenazy et al., 2010; Celniker et al., 2013; Ashkenazy et al., 2016) was used. Multiple Sequence Alignments were built using MAFFT (Katoh et al., 2018). The Homologues were collected from UNIREF90 using the homolog search algorithm HMMER (Eddy 2011) (E-value: 0.0001; No. of HMMER Iterations: 1). As maximal identity between sequences 95% and as minimal identity for homologs 40% were chosen. The calculation was performed on a sample of 150 sequences that represent the list of homologues to the query (Supplementary Table S3). Conservation scores were calculated using the Bayesian method (Mayrose et al., 2004). For structural analysis the programs COOT (Emsley et al., 2010) and PyMOL were used. Figures 1, 4A,C, 6, 7 were drawn using PyMOL (Schrödinger 2013).
RESULTS AND DISCUSSION
Update on CSNK2A1 and CSNK2B variants
The first publications for OCNDS and POBINDS associated these syndromes with variants in CSNK2A1 and CSNK2B, respectively, and provided clinical manifestations that defined the syndromes. Since then, other variants in these two genes have been published and classified as OCNDS and POBINDS. In addition, a number of unpublished CSNK2A1 and CSNK2B variants have been placed in data repositories which include clinical manifestations similar to the published variants. In view of the spread of the data, we collected all of the CSNK2A1 and CSNK2B variants from publications and data repositories. Chromosomal variants were not collected in this study. The results of this data collection are found in Tables 1, 2, where the data is divided into non-conservative amino acid mutations and splice mutations. Table 1 includes the 36 published CSNK2A1 variants (some of which were also in data repositories), and 32 unique variants from data repositories (Simons, DECIPHER, ClinVar, AutDB). Table 2 includes 40 published CSNK2B variants (some of which were also in data repositories) and 27 unique variants from data repositories. By pooling these diverse variant data resources, we have increased the number of variants analyzed by 89% in CK2α and by 68% in CK2β. Interestingly, no genetic diseases are known so far to be associated with mutants of CSNK2A2, a CSNK2A1 paralog, located on a different chromosome (Yang-Feng et al., 1991).
TABLE 1 | CK2α mutants associated with OCNDS phenotypes. Tables include nucleotide mutation, amino acid residue change (when applicable), number of patients per mutation and source. (A) includes variants that affect amino acid residues and (B) includes splice variants. Total number of patients for CK2α was 129. For samples found duplicated in different sets, we included all sources separated with a “/”.
[image: Table 1]TABLE 2 | CK2β mutants associated with POBINDS phenotypes. Table includes nucleotide and amino acid residue changes, number of patients per mutation and reference/source. (A) includes variants that affect amino acid residues and (B) includes splice variants. Total number of patients for CK2α was 90. For samples found in different sets, we included all sources separated with a “/”.
[image: Table 2]For CSNK2A1, we collected 7 splice variants and 61 single nucleotide variants (SNVs) (Table 1). The SNVs were: 1 start site, 47 missense variants (S51R was coded by 2 different variants), 9 nonsense, and 4 frameshift variants. For CSNK2B, we collected 14 splice variants and 49 SNVs: 4 different start site variants, 20 missense, 13 nonsense (Y101* was coded by 2 different variants), 11 frameshift, and 1 codon duplication variant (Table 2). Most of the SNVs in CSNK2A1 were substitutions leading to missense mutations while in CSNK2B there was a high number of duplications and deletions, which resulted in a larger number of nonsense and frameshift mutants compared to CSNK2A1. Figure 2 depicts the location of the CK2α and CK2β mutants along their primary protein structures. Indicated in the Figure are distinct structural domains, highly conserved functional domains and putative functional residues from the literature and from PhosphositePlus (Hornbeck et al., 2012) that we will analyze and discuss below.
[image: Figure 2]FIGURE 2 | Protein diagram of CK2α and CK2β including the location of mutations to date. CK2α (A) and CK2β (B) mutants (nonsense, missense, start site variants, frameshift and splice) are represented on a diagram of the primary structure of the proteins. The diagrams include distinct structural and functional domains, and putative functional residues for each protein. For CK2β, the acidic loop domain has also function as pseudosubstrate, and for oligomerization, polyamine binding and polybasic peptide binding. The four Cys (residues 109, 114, 137, 140) key for zinc binding are highlighted in the Zn2+ binding motif. Ac, acetylation; gly, glycosylation; m1, monomethylation; nit, nitrosylation; sm, sumorylation.
CK2α and CK2β mutation frequency and hotspots
We collected the number of patients with each variant to identify hotspots (excluding splice sites). First, we represented the total number of unique patients per mutation in each residue (Figure 3). Then, we utilized a non-random mutation clustering (NMC) approach to determine clusters of mutated residues that cannot be explained by random mutation in the nucleotide sequence. We found a number of significant clusters of residues of varying lengths (Supplementary Table S1), of which we selected single-residue clusters (Table 3). For CK2α, these were (in order of significance): K198, Y50, R47, R80, R191, R312, H160, D156, S51, Y39, R195 and D175. For CK2β, these were D32, R47, M1, C137 and R86. Since mutations in these residues were determined to be non-random in the NMC analysis, these residues may be potential mutational hotspots.
[image: Figure 3]FIGURE 3 | Histogram representing the number of mutations along the primary sequence of CK2α and CK2β. The X-axis represents the primary sequence and the functional domains of CK2α (A) and CK2β (B). The Y axis represents the number of patients with missense, nonsense, and frameshift mutations along the primary structure of CK2α and CK2β. Numbers in the histogram represent single residues found significant in the non-random mutation cluster (NMC) analysis.
TABLE 3 | Nonrandom mutation clustering (NMC) for CK2α and CK2β mutations. Analysis was performed on the total number of patients with mutations in each amino acid residue (excluding splice site mutations). Table only includes significant clusters with a cluster size of one amino acid residue.
[image: Table 3]For some residues, all the patient mutations were the same (e.g., K198R in CK2α, and R47* in CK2β) while for others, there were multiple different mutations in the same residue (Supplementary Table S2). For CK2α, 24% of residues had 2 or more distinct mutations (11 of 45 residues), and 18% for CK2β (7 of 39 residues) (Supplementary Table S2). Therefore, we calculated the probability of finding the number of patients with mutation(s) in each residue. If we assume that each of the 9 variants per codon are equally likely, then the counts across the 9 mutations will follow a multinomial distribution with the probability of observing each variant once in nine (1/9 = 0.11). We calculated an exact chi-square test statistic comparing the observed mutation probabilities to those expected by chance and present the corresponding p-value (Supplementary Table S2). For CK2α, significant results were found for R47G/Q, Y50C/F/S, R80C/H, H160R, R191Q/*, R195*, K198R and R312Q/W; and for CK2β for D32A/N, R47*, R86C, R111P, and H165R.
Understanding the genetic mechanisms (population, gene characteristics, etc.) underlying the higher mutability of these sites may lead to important insights that could help us understand the etiology of these diseases.
Mutation clusters
Studies on neurodevelopmental diseases (NDD) find that missense mutations cluster in or near the functional domains of NDD-associated proteins, in contrast with rare missense mutations found in the 1000 Genomes project (Geisheker et al., 2017). CK2α and CK2β missense mutants were found in both functional domains and interdomain sequences (Figures 2, 3).
We compiled the number of patients in the different functional domains (excluding splice sites) and calculated the ratio of mutations to residues (number of mutations in a protein domain divided by the number of residues in the protein domain) (Table 4; Supplementary Table S1). All functional domains had mutations, albeit at different ratios. None of the Ser and Thr phosphorylated sites in CK2α or CK2β were mutated, but as we will discuss in the structural section, phosphorylation may be affected. For CK2α, the highest ratio was found in the Gly-rich-loop (4.3) followed by the P+1 loop (3.2) while the lowest ratio was found in the activation loop (0.08, with a similar ratio to interdomain sequences). For CK2β, the highest ratios were in the Cys bound to Zinc (1), putative destruction box (0.75) and interface one to CK2α (0.71) while the lowest was in the acidic loop (0.13). Intriguingly, the ratio of the N-terminal segment was among the four highest, suggesting that this region contains functional domains. The interdomain sequences in CK2β showed a higher ratio (0.17) than one known functional domain, suggesting that there may be unidentified functional domains in CK2β located in these sequences. Both these hypotheses are supported by the fact that most of the clusters of one residue in the NMC analysis for CK2β fall in known functional domains, except for D32 and R47 in the N-terminal segment, and R86 in interdomain sequences.
TABLE 4 | Number of mutations per CK2α and CK2β functional and structural domain. Table summarizes the numbers of CK2α (A) and CK2β (B) mutants in each functional domain and the # mutations/# number of residues (excluding splice sites).
[image: Table 4]Therefore, as the regulation of CK2α and CK2β is still not fully understood, we examined the NMC data to identify short clusters of mutations outside the known functional domains that could be novel functional domains (Supplementary Table S1). For CK2α, we found clusters including the known functional domains (or shorter versions), except for the hinge region that appears in clusters including the activation segment. Residues in the N-terminal segment were found at minimum in clusters that included at least the Gly-rich loop (e.g.: cluster 21-53), suggesting a functional interaction between the N-terminal and the Gly-rich loop. We also found clusters from residue 107 until the second CK2β binding domain, and from residue 147 to the catalytic loop, the activation segment and residues 312/326. These residues (107, 147 and 312/326) are outside of the known functional domains. This suggests that these residues have functional interactions with known functional domains and/or form part of novel functional domains, particularly the Ct residues that are essential for CK2α’s tertiary structure. This is supported by the fact that most of the clusters of one residue in the NMC analysis fall in known functional domains, except for R312 in CK2α (discussed in our structural analysis).
For CK2β, the significance found in the NMC analysis was lower than in CK2α, most likely due to the limited sample number. We did not find short clusters that included the residues of the known functional domains. A number of clusters started at residues 1, 20, 21 and 27 of different lengths (highest significance ending in 32–47). We found significant short clusters around residue 32 (e.g., 31–35), and clusters including residues 47 (34/42-47) and 86 (86–88). These data suggest that these may be one to three novel functional domains, which will be further discussed in our structural analysis.
Overall, these data suggest that protein function will be affected at least by some of these mutations. We will need experimental data to show that the identified potential domains in CK2α and CK2β are bona fide functional domains. If so, NMC analysis could be used to identify novel potential functional domains for NDD-associated proteins. Our next analyses will assess, via diverse methods, the potential impact of these mutations in protein structure and function, and will indicate potential biochemical mechanisms.
Evolutionary conservation
Disease-causing mutations are more likely to occur in evolutionary conserved positions in proteins (Michaelson et al., 2012; Yuen et al., 2016; Geisheker et al., 2017; Lelieveld et al., 2017; Wang et al., 2020); therefore, we assessed whether the residues mutated in CK2α and CK2β in OCNDS and POBINDS were conserved across species including vertebrates, invertebrates, plants, yeast and fungi. Supplementary Figures S1, S2 show an alignment of a subset of species using MUSCLE (highest conserved residues highlighted in blue), with the residues mutated in OCNDS and POBINDS highlighted in red. Supplementary Figures S3, S4 show an alignment of 150 species (highest conserved residues highlighted in raspberry red) using MUSCLE. The accession numbers of the 150 sequences can be found in Supplementary Table S3. Figure 4 shows a 3D representation of alignment of 150 species using a 3D surface representation of the conserved residues calculated using the ConSurf server (Glaser et al., 2003; Landau et al., 2005; Ashkenazy et al., 2010; Celniker et al., 2013; Ashkenazy et al., 2016), and Supplementary Figure S5 shows the 3D surface representation using the subset of sequences in Supplementary Figures S1, S2. The alignments showed that the highest conservation across species was found in the first 324 CK2α residues. The CK2β sequence is less conserved than the CK2α sequence and there was a higher degree of conservation between vertebrate and invertebrate sequences and between plant and unicellular organisms (Supplementary Figure S5). Chantalat et al. (Chantalat et al., 1999) found 40 identical residues in the seven species they investigated, which are highlighted in Supplementary Figure S2. Among these conserved residues, 32, 34, 35 and 86 have missense mutations in POBINDS (defined by Chantalat as surface cluster 1, and discussed in the structural section). As discussed above, based on the NMC analysis, these residues could form part of novel functional domain(s).
[image: Figure 4]FIGURE 4 | Conserved residues in CK2α and CK2β across 150 species. (A) General clustering of the mutation sites in CK2α including surface representation. The structure of the CK2α1-335 monomer is shown as a pale cyan cartoon representation, the OCNDS related mutation sites are shown as sticks and are coloured raspberry red. The CK2α1-335 structure (PDB_ID: 2PVR (Niefind et al., 2007)) was used for the figure. The figure was drawn using PyMOL (Schrödinger 2013). (B) Conserved residues of CK2α. Conserved residues of CK2α in spacefill representation. The figure was created using the ConSurf server (Glaser et al., 2003; Landau et al., 2005; Ashkenazy et al., 2010; Celniker et al., 2013; Ashkenazy et al., 2016) with the CK2α1-335 structure (PDB_ID: 2PVR (Niefind et al., 2007)). Multiple Sequence Alignment was built using MAFFT (Katoh et al., 2018). The Homologues were collected from UNIREF90 using the homolog search algorithm HMMER (Eddy 2011) (E-value: 0.0001; No. of HMMER Iterations: 1). As maximal identity between sequences 95% and as minimal identity for homologs 40% were chosen. The calculation was performed on a sample of 150 sequences (see Supplementary Data Sheet S3) that represent the list of homologues to the query. Conservation scores were calculated using the Bayesian method (Mayrose et al., 2004). (C) General clustering of the mutation sites in CK2β including surface representation. The structure of the CK2β1-193 dimer is shown as a pale cyan cartoon representation, the mutation sites related to neurodevelopmental disability and epilepsy are shown as sticks and are coloured raspberry red. The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used for the figure. The figure was drawn using PyMOL (Schrödinger 2013). (D) Conserved residues in chain A of the CK2β dimer in spacefill representation. The figure was created analogously to Figure 3B with the ConSurf server (Glaser et al., 2003; Landau et al., 2005; Ashkenazy et al., 2010; Celniker et al., 2013; Ashkenazy et al., 2016). The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used as input file. Multiple Sequence Alignment was built using MAFFT (Katoh et al., 2018). The Homologues were collected from UNIREF90 using the homolog search algorithm HMMER (Eddy 2011) (E-value: 0.0001; No. of HMMER Iterations: 1). As maximal identity between sequences 95% ID and as minimal identity for homologs 40% ID were chosen. The calculation was performed on a sample of 150 sequences (see Supplementary Data Sheet S4) that represent the list of homologues to the query. Conservation scores were calculated using the Bayesian method (Mayrose et al., 2004).
Prediction programs based on evolutionary conservation are frequently used to determine the possible consequences associated with mutations. We used two well-known prediction programs, MutationTaster2 and PANTHER, to analyze CK2α and CK2β mutations (Supplementary Table S4). In MutationTaster2, all CK2α mutants were classified as disease causing and in PANTHER, all mutants were classified as probably damaging except for S356T (possible damaging). For CK2β mutants, both MutationTaster2 and PANTHER classified the mutants as disease causing/probably damaging. There was a concordance between the two prediction programs even for residues not fully conserved across species.
Functional predictions
We assessed the functional effects of CK2α and CK2β mutations with six functional prediction programs (SIFT, PROVEAN, I-Mutant 3.0 Disease, MutationAssessor, Polyphen-2, and SNAP2) and two consensus prediction programs (REVEL and PredictSNP). The majority of the programs only analyze missense mutations; therefore, the computational analyses below are restricted to these mutations. Figure 5 represents the residues and number of patients with missense mutations.
[image: Figure 5]FIGURE 5 | Histogram representing the number of missense mutations along the primary sequence of CK2α and CK2β. The Y axis represents the number of patients with missense mutations in each amino acid residue along the primary structure of CK2α (A) and CK2β (B). The X-axis represents the primary sequence and the functional domains of CK2α (A) and CK2β (B). Numbers mark single residues found significant in the non-random mutation cluster (NMC) analysis.
For CK2α, the mutations predicted to be functionally impacted across all programs were D156H, D156E, D156Y, K158E, N161S, N161D, P231R, R312Q, and R312W (Table 5A). Mutations Y50C, Y50S, S51I, S51R, V53L, C147Y, K158R, G177S, S194F, and F197I may also be highly affected as none of the programs predicted these mutations to be neutral, tolerated, or benign. In addition to these mutations, M1?, G46V, M153R, D175G, D175E, and L178W were predicted to be damaging by both consensus programs. Mutations S356T, P363H and P382L were predicted neutral/benign/non-disease causing in most of the programs. For the rest of the mutations there were discrepancies between the programs. For CK2β, the mutations predicted to be functionally impacted across all programs were D32A, N35K, R86C, R111P, C137R, C137G, C137F, and H165R (Table 5B). The mutations D32N, F34S, F106V, L187P, and L187R may also be highly affected because none of the programs predicted these mutations to be neutral/tolerated/benign. Six prediction programs also provided numerical values associated with the predictions (Supplementary Table S5).
TABLE 5 | Analysis of CK2α and CK2β protein mutations using functional prediction programs. Predictions for CK2α (A) and (B) CK2β. Colors in the cells reflect the effect from neutral (white) to high effect (red). The numbers obtained in the analysis can be found in Supplementary Table S4. (C, D) Comparison between CK2α predictions and experimental data on CK2α from Dominguez et al., 2021. (C) kinase activity of the recombinant CK2α protein mutants purified from bacteria; from 0% to 25% (top rows) to 25%–50% (bottom rows) compared to wild-type purified protein. (D) Degree of similarity between nuclear/cytoplasmic localization CK2α protein mutants to wild-type proteins expressed in cell lines; from low to high. N/A (= not applicable) indicates residues that could not generate a prediction. [Note: MutationAssessor has been down precluding us from analyzing 7 mutants, indicated with (—)].
[image: Table 5]We performed McNemar’s tests to determine whether there were statistically significant differences in the categorial values between the programs. For this, each categorical value was coded as either as “benign” (neutral, benign, tolerated, non-disease causing) or “effect” (deleterious, effect, probably damaging, possibly damaging, not tolerated, disease, low/medium/high impact, disease causing). We then calculated percent agreement, the Kappa coefficient (to address agreement beyond what would be expected by chance) and the p-value in McNemar’s test (Table 6A,B). For CK2α functional predictions, REVEL had the least agreement with most other programs followed by Mutation Assessor Functional Impact, while SIFT and PredictSNP had agreement with the most number of programs. For CK2β there were fewer significant agreements between programs, probably due to limited sample size.
TABLE 6 | McNemar’s test of categorical values. Each categorical value was coded as either a benign or effect. We calculated percent agreement, the Kappa coefficient and performed McNemar’s test to determine statistically significant differences in categorical values.
[image: Table 6]Since disease-causing mutations are more likely to have common structural features, these computational analyses could identify the best mutant candidates for experimental testing of the functional impact. A complexity in using these programs is that they each have their own thresholds for determining what is damaging and the extent to which a mutation is damaging. For example, some programs predict nearly all mutations to be damaging, while other programs categorize mutations based on predicted severity. In addition, not all programs consider other factors, such as position of the mutation, which have a significant impact on the consequence of the mutation. For instance, in the case of M1?, some of the programs predicted this mutation to be neutral/benign/tolerated and did not take into consideration that this is a mutation at the start codon, and therefore cannot not be neutral. Therefore,
Our next aim was to compare the results from these computation analyses with experimental data to determine which prediction program(s) can best help guide us in understanding the potential consequences of CK2α and CK2β mutations. We acknowledge that we have limited experimental data to date, particularly for CK2β, nonetheless, we correlated experimental data, in particular, kinase activity and subcellular localization with the functional predictions. The in vitro kinase activity of 18 CK2α recombinant mutant proteins purified from bacteria ranges from 0% to 50% of wild-type protein (Dominguez et al., 2021). Table 5C displays the CK2α mutants sorted from low (0% for D175G, S51R and F197I) to medium activity (50% for V73E and R191Q) compared with the wild type protein. Given that all of these mutants had less than 50% activity, PROVEAN and SNAP2 could be used to find mutants that have impacted activity since these two programs properly categorized all of these mutants as having an effect (except M1?). For the rest of the programs, we assessed whether their categorical values may have discrimination power between mutants with the less activity (0%–25%) compared to those with higher activity (25%–50%) (bold line in the table). Based on this cut-off, PredictSNP appears to most accurately predict most of the 0%–25% range to be deleterious (eight out of nine mutations) and it predicts less of the 25%–50% to be deleterious (only 2 out of five mutations). This suggests that predictSNP may be able to pinpoint the mutants most affected and may be utilized to predict large activity changes. We also investigated the numerical predictions to determine whether we can set a range of values for mutants more or less affected (Supplementary Table S5). For CK2α, SNAP2 and REVEL showed somewhat overlapping ranges. For SNAP2: mutants with 0%–25% activity were in the range 96–6 and those with 25%–50% activity in the range: 79–31, suggesting that the most affected mutants could be found in the 96–79 range. For REVEL: mutants with 0%–25% activity were in the range 0.902–0.361 and mutants with 25%–50% activity were in the range: 0.552–0.357, suggesting that the most affected mutants could be found in the 0.902–0.552 range.
We also compared these prediction results with experimental data on nuclear/cytoplasmic distribution of CK2α mutant proteins (Dominguez et al., 2021) as the subcellular distribution could be an indicator of the similarity to the wild-type protein structure (e.g., folding). CK2α wild-type is predominantly nuclear in 80% of cells. To assess the predictions, we categorized the mutants into three groups: high, medium and low similarity to wild-type depending on the percentage of cells with predominantly nuclear distribution. High similarity mutants to wild-type had approximately 80% nuclear distribution (E27K, R80H, I174M, D175G, R191Q, K198R, P231R), medium similarity mutants had 50%–70% nuclear distribution (R47G, R47Q, Y50S, S51R, V73E, D156H and F197I), and low similarity mutants had 20%–30% nuclear distribution (R321Q/W). Table 5D displays the CK2α mutants from low to high similarity to wild-type nuclear distribution. There does not seem to be a clear correlation between the categorial predictions and CK2α subcellular distribution for any of the programs. We also investigated the numerical predictions to determine whether we can find a range of values to distinguish mutants more or less affected (Supplementary Table S5). SNAP2 and MutationAssessor showed somehow overlapping ranges, as follows. For SNAP2, these were the range 96–90 (20%–30% nuclear distribution); range: 91–31 (50%–70% nuclear distribution), and range 89–6 (80% nuclear distribution) suggesting that the most affected mutants could be found in the 96–91 range. For MutationAssessor, these were range >4.61 (20%–30% nuclear distribution), range 4.21–0.525 (50%–70% nuclear distribution), and range 3.865–0.095 (80% nuclear distribution), suggesting that the most affected mutants would be ranked >4.61 and the less affected mutants ranked <0.525.
More data is needed to determine the predictive power of these programs as it relates to CK2α and CK2β, including computing of more complex characteristics that can be affected by changes in the primary structure of these proteins, such as interaction and oligomerization.
Protein stability predictions
We utilized PremPS, Kinact, and I-Mutant 3.0 ΔΔG to predict protein stability changes of missense mutations. All three of these programs were utilized for CK2α mutations. Only PremPS and I-Mutant 3.0 ΔΔG were used for CK2β mutations since Kinact is specifically for kinase proteins. The prediction programs provide the Gibbs Free energy (kcal/mol) for change in protein stability. As in the above analyses only missense mutations were analyzed (Table 7).
TABLE 7 | Analysis of the CK2 protein mutations using stability prediction tools. Predictions for each mutant in CK2α (A) and CK2β (B) according to each program. Highlight colors in the cells reflect the effect from stabilizing (white) to high destabilizing (red). The numbers obtained in the analysis can be found in Supplementary Table S5. (C) Comparison between predictions and experimental data from Dominguez et al., 2021. Table includes CK2α mutants whose expression in cell lines is significantly altered.
[image: Table 7]For CK2α, mutations Y39S, G199D, and R312Q were predicted to be highly destabilizing across all programs (Table 7A; Supplementary Table S6). Mutations Y39C, Y50S, R80C, R80H, K158E, L178W, and P231R may also be destabilizing as several programs predicted them to be highly destabilizing and none of the programs gave them a stabilizing prediction. Predictions were somehow different between the programs. Kinact mCSM and I-Mutant 3.0 ΔΔG predicted all mutants to be destabilizing at some level, and PremPS predicted all mutants to be destabilizing at some level except for E27K and D156Y. Both Kinact SDM and Kinact DUET predicted all mutations to be destabilizing except for a few, including G46V, S51I, T127M and D175G that both programs predicted stabilizing. For CK2β, both PremPS and I-Mutant 3.0 ΔΔG predicted all CK2β mutations to be destabilizing at some level (Table 7B; Supplementary Table S6). Mutations F34S, F34C, F106V, C137G, L187P, and L187R were predicted to be highly destabilizing by both programs while D32A and E77K were predicted to have a lower destabilizing effect. We performed McNemar’s tests for the differences in the categorial values between the programs (Tables 6C,D). For CK2α stability, Kinact SDM ΔΔG and Kinact DUET ΔΔG had the least agreement with other programs (significant p-value).
A complexity of the use of these programs is that these prediction programs required a structure input, except for I-Mutant 3.0 ΔΔG that used protein sequence. Overall, there are 287 CK2α structures in the PDB; 228 of them are from the two human paralogs CK2α and CK2α. Selecting the structure to use may be difficult for the newcomer to the field. Indeed, we obtained varied results when using three different structures for human CK2α to run Kinact (PDB ID’s 2PVR, 5OMY, 2ZJW) (not shown). For the data in the table, we used PDB ID 2PVR as it was the structure with the highest resolution.
There is no experimental study of the stability of CK2α mutants to be compared with the results from these program analyses. However, there is data on expression levels from a subset of CK2α mutant proteins that were expressed in cell lines (Dominguez et al., 2021). Three mutants appear less expressed than others in cell lines: R312Q, R312W and R47Q. As we will discuss below, R312 is a key residue to maintain the 3D structure of CK2α as it forms an ion pair with Q201 in α-EF helix, coupling the a-GHI-subdomain with the α-EF-helix; therefore, it is predicted to be less stable. The mutant with the lowest expression, R312Q, was predicted to be destabilizing by all programs (Table 7C). We also investigated the numerical predictions to determine whether we can find a range of values to distinguish mutants more or less affected (Supplementary Table S6). For CK2α, the three less expressed mutants had I-Mutant 3.0ΔΔG scores from −1.27 to 0.73. For CK2β, T37Yfs*5 had low expression levels (Nakashima et al., 2019). However, we could not assess this mutant, as the prediction programs only analyze missense mutations. More experimental data is needed to determine specific programs that are better at predicting stability properties of the CK2α and CK2β mutants.
Prediction of changes in binding free energy induced by point mutations
The binding free energy change between the wild type and mutant complex (ΔΔG) was predicted using BeAtMuSiC (http://babylone.ulb.ac.be/beatmusic) (Dehouck et al., 2013). For this, the binding of one CK2α chain to a CK2β dimer was evaluated, using the CK2 holoenzyme structure (PDB ID: 4DGL; (Lolli et al., 2012)) as input file. Individual side chains whose contributions strongly dominate the binding affinity of protein-protein interactions—so-called “hotspots”—(Clackson and Wells 1995) are usually defined as positions which cause an increase of binding free energy of more than 2.0 kcal/mol upon mutation. BeAtMuSiC identifies a residue as part of the protein–protein interface if its solvent accessibility in the complex is at least 5% lower than in the individual partner (Dehouck et al., 2013). First, ΔΔG values for experimentally characterized CK2α and CK2β mutants were predicted and compared to the experimental data (Table 8A,B). Indeed BeAtMuSiC predicted the highest ΔΔG values for the exchanges to Ala for the described hotspots of the CK2α/CK2β interaction, namely Leu41 and Phe54 of CK2α (Raaf et al., 2011) as well as Tyr188 and Phe190 of CK2β (Laudet et al., 2007) (Table 8A,B).
TABLE 8 | Binding free energy changes between the wild type and mutant complexes. ΔΔG values were predicted using BeAtMuSiC (Dehouck et al., 2013). For this structure based approach, the binding of one CK2α chain (chain C) to the CK2β dimer (chains A/B) was evaluated, using the CK2 holoenzyme structure (PDB_ID 4DGL; (Lolli et al., 2012)) as input file. Mutations which cause an increase of binding free energy of more than 2.0 kcal/mol upon mutation are highlighted in red in the first column. Positive ΔΔG values indicate that the mutation decreases binding affinity (in red), and negative ΔΔG values indicate that the mutation increases binding affinity (in green). BeAtMuSiC (Dehouck et al., 2013) identifies a residue as interface residue if its solvent accessibility in the complex is at least 5% lower than in the unbound form. (A) ΔΔG values for previously experimentally characterized CK2α variants (Raaf et al., 2011). (B) ΔΔG values for previously experimentally characterized CK2 variants or corresponding exchanges in a CK2β-derived cyclic peptide including CK2β residues Arg186 to His193 (Laudet et al., 2007). (C) ΔΔG values for OCNDS-related CK2α variants. (D) ΔΔG values for POBINDS-related CK2β variants.
[image: Table 8]Among the OCNDS-linked CK2α mutants, Tyr39Ser, Tyr39Cys and Arg47Gly have the highest ΔΔG values (1.76 kcal/mol, 1.12 kcal/mol and 1.69 kcal/mol) but are not considered binding hotspots as they are close but not directly involved in the interaction site (although the BeAtMuSiC algorithm recognizes them as interface residues) (Table 8C). Residues not in the interface were not predicted to change the affinity for CK2β. This hypothesis is supported by the literature, at least in the case of Lys198Arg (Werner et al., 2022).
For CK2β, the interface mutation Leu187Pro has a predicted ΔΔG value of 2.25 kcal/mol (Table 8D). Laudet et al. included Leu187 in a CK2β-derived cyclic peptide mimicking the C-terminal CK2β hairpin loop (Arg186 to His193) essential for binding of CK2α (Laudet et al., 2007). In this study, each amino acid of the cyclic peptide was individually replaced by Ala and the derivatives of the original peptide were explored regarding their antagonistic activity in a CK2α/CK2β-binding assay. The exchange to Ala of the Leu187 equivalent position in the peptide caused a marginal reduction of CK2α/CK2β-binding and the role of this residue was interpreted as passive. Indeed, the Leu187Ala mutation is predicted to induce a smaller change in binding free energy (1.94 kcal/mol; Table 8B) than the POBINDS-related mutation Leu187Pro (Table 8D). Compared to the Leu187Arg variant with a predicted ΔΔG value of 1.04 kcal/mol, the Leu187Pro variant is predicted to have a stronger impact on the CK2 subunit interaction. It has to be noted that other variants of CK2β with a predicted ΔΔG value higher than 2 kcal/mol are not located in the interface, namely Tyr80Asn, Cys137Arg and Cys137Gly. As described later, Tyr80 and Cys137 are important for the global architecture of CK2β and hence, the high ΔΔG values for the exchange of these residues may be due to changes in folding free energy.
Therefore, this analysis identified Leu187Pro in CK2β as a potential mutation with consequences for CK2 holoenzyme formation. Further analyses could test the influence of mutations on the oligomerization of the holoenzyme, pseudosubstrate region or the binding to other partners.
A structural perspective on the OCNDS-related CSNK2A1 mutations
As we discussed above, the majority (57%) of the CK2α variants linked to OCNDS lead to missense mutations which cluster in highly conserved functional domains and key structural regions, such as the Gly-rich loop, the basic cluster, the activation loop and the P+1 loop (Figures 2A, 4, 6). Accordingly, the catalytic and structural key elements share a high score of conservation as represented in Supplementary Figures S1, Supplementary Data Sheet S3. Apart from residues involved in catalysis, certain mutations are located in the N- and C-terminal segments, which are important for the global fold of the kinase and are critical at stabilizing the constitutively active conformation (Figures 6B,H). Other mutations, such as Tyr39Cys, are located in the CK2β subunit interaction site (Figure 6F). Two of the reported mutations, Thr127Met and Cys147Tyr, are not located in functional domains. Thr127 is located in the helix αD and is exposed to the solvent, so its exchange with the hydrophobic Met might disturb solubility of CK2α.
[image: Figure 6]FIGURE 6 | Detailed CK2α functional and structural domains. (A) Clustering of mutation sites in the catalytic and structural key elements of CK2α. The side chains of the mutated residues are shown as sticks and are coloured according to the different elements as described in the figure. Mutation sites not residing in these elements are highlighted in raspberry red. The CK2α1-335 structure in complex with AMPPNP (PDB_ID: 2PVR (Niefind et al., 2007)) was used for the figure. (B) Mutation sites in the N-terminal segment and the helix αC. The N-terminal region of CK2α with the mutation sites Arg21 and Glu27 drawn in light pink. The helix αC, which is located adjacent to mutation site Val73, harbors the basic cluster (light blue) including the mutation site Arg80. The critical salt bridge between Lys68 and Glu81 is shown as well as the mutation sites residing in proximity such as Tyr50 from the Gly-rich loop (pale green) and Leu178 of the activation loop (yellow). The CK2α1-335 structure PDB_ID: 2PVR (Niefind et al., 2007) was used for the figure. (C) Mutation sites in the Gly-rich loop. The Gly-rich loop is shown in its open conformation (pale green, PDB_ID: 2PVR (Niefind et al., 2007)) and collapsed conformation (wheat, PDB_ID: 3FWQ (Raaf et al., 2009). The mutation sites of the Gly-rich loop Arg47, Tyr50, Ser51, Glu52 and Val53 are shown as sticks, as well as AMPPNP. In the collapsed conformation, Arg47 forms hydrogen bonds to Asp120 and His160, which are depicted as purple dashed lines. (D) Mutation sites in the active site of CK2α. The mutation sites in the catalytic loop (Asp156, Lys158, His160 and Asn161) are drawn as dark cyan sticks. The activation loop is shown as stick representation, the respective mutation sites are Gly177 and Leu178. The Gly-rich loop is drawn as sticks and the mutation sites Arg47, Tyr50, Ser51, Glu52 and Val53 are labelled. Magnesium ions are shown as dark salmon spheres. The maize CK2α structure in complex with AMPPNP and magnesium ions (PDB ID: 1LP4 (Yde et al., 2005)) served as a reference for the binding mode of AMPPNP and magnesium ions in this figure. (E) Mutation sites involved in substrate binding. To illustrate the substrate binding mode, a peptide substrate (coloured blue) was modelled into the substrate binding site as described (Niefind et al., 2007). Sulfate ions present in the structure mark the anion binding sites for the substrate. Mutation sites which are relevant for substrate binding from the P+1 loop (Arg191 and Ser194, Phe197, Lys198 and Gly199, dark salmon), catalytic loop (Met153 and His160, dark cyan), activation loop (Leu178, yellow) and the basic cluster (Arg80, light blue) are shown as stick representations. In addition to the mutated residues, Arg155 is shown as stick representation, as it creates a positively charged anion binding site together with Arg80 which is required for substrate recognition at the P+3 position. The CK2α1-335 structure (PDB_ID: 2PVR (Niefind et al., 2007)) was used for the figure. (F) Mutation sites in the subunit interaction interface. Critical residues for binding on the CK2α (Leu41 and Phe54, pale cyan) and CK2β (Tyr188 and Phe190, grey) surface are shown as sticks. The mutation site Tyr39 is not directly involved in the interaction but stabilizes the protein fold through a hydrogen bond to Asp99. To illustrate the movement of the β4β5 loop upon assembly of the CK2 holoenzyme, the closed conformation of the CK2α monomer (pale cyan) and the open conformation of CK2α with bound CK2β (grey) are shown. The CK2α1-335 structure monomer (PDB_ID: 2PVR (Niefind et al., 2007)) and the CK2 holoenzyme structure (PDB_ID: 4DGL (Lolli et al., 2012)) were used for the figure. (G) Cis-configuration of the Pro231. The mutation site Pro231 is located in the C-terminal segment of CK2α. Pro231 was found as a cis-peptide in all CK2α structures published so far. Pro231 is located in proximity to the P+1 loop and its mutation to a non-proline residue lacking cis-peptide propensity may disturb the local or even global fold of the protein. The CK2α1-335 structure (PDB_ID: 2PVR (Niefind et al., 2007)) was used for the figure. (H) Mutation sites in the hydrophobic cluster around Met153 and the C-terminal region. The mutation site Met153 is part of a hydrophobic cluster and resides in close proximity to Leu213 and the aromatic rings of Tyr188, Tyr209, Tyr211. The mutation site Arg312 forms a critical salt bridge with Glu201 of the P+1 loop/activation segment. Position Arg312 is in close proximity to the mutation site Asp210 and to a critical water cluster, which mediates the contact of the N-terminal segment (light pink), the activation loop, and the αC helix, which keeps them in the active conformation. The CK2α1-335 structure (PDB_ID: 2PVR (Niefind et al., 2007)) was used for the figure. Electron densities around water molecules have a cutoff level of 2σ.
The side chain of Cys147 is directed to the inside of the kinase and its replacement with the bulkier Tyr is likely sterically incompatible with the protein fold. These sites could be functional as Thr127 has been found phosphorylated (Phosphosite Plus) and Cys147 to be nitrosylated (Wu W et al., 2020; Borgo et al., 2021). For the nitrosylation at Cys147, however, the side chain must get exposed.
Missense mutations in the N-terminal segment
The N-terminal segment (residues 1-39) stabilizes the helix αC and the activation loop in their active conformations, and it is therefore a decisive element for the constitutive activity of CK2α (Niefind et al., 1998). Indeed, the deletion of the first 30 residues leads to loss of kinase activity (Sarno et al., 2002). The Met1? Mutation will affect the start codon, and is predicted to lead to an N-terminal truncation of the protein until amino acid 137, the position of the next in-frame start codon (Chiu et al., 2018). The mutation site Arg21 is directed towards the surface however, from a structural point of view, the consequences of the exchange with Gln cannot be anticipated. The likewise critical position Glu27 (Chiu et al., 2018) is in close contact to the basic cluster of helix αC and its exchange to Lys may have an repellent electrostatic effect (Figure 6B).
Missense mutations in the Gly-rich loop
The mutations Gly46Val, Arg47Gln/Gly, Tyr50Cys/Ser/Phe, Ser51Arg/Asn/Ile, Glu52Lys and Val53Leu reside in the highly flexible, Gly-rich loop (Figure 6C). Gly-rich loops are highly conserved among kinases and many other nucleotide-binding proteins. Gly residues are highly conserved in nucleotide positioning loops (NPLs) because of their minimal steric repulsion and their contribution to high backbone flexibility. In the protein kinase family the Gly-rich loop connects the β strands 1 and 2, and its sequence is Gly-X-Gly-X-X-Gly-X-Val (Grant et al., 1998). In CK2α however, the third Gly is replaced by a Ser residue: Gly46-Arg-Gly48-Lys-Tyr-Ser51-Glu-Val. The spatially undemanding Gly residues allow a close proximity of the loop backbone and the β- and γ-phosphates of ATP (and GTP in the case of CK2) (Niefind and Battistutta 2013). A systematic literature review revealed that mutations altering the Gly-rich loop are more likely to cause the widest range of phenotypes (Wu et al., 2021). Gly46 interacts with the ribose moiety of ATP/GTP (as shown in maize CK2α structures in complex with AMPPNP (Niefind et al., 1998) and GMPPNP (Niefind et al., 1999). Mutation of the equivalent position in PKA (Gly50) showed a 10-fold decrease of affinity for ATP (Grant et al., 1998), therefore Gly46Val may lead to a decreased affinity to ATP/GTP. Structural studies revealed that this particular loop can collapse so that Arg47 blocks the active site (Raaf et al., 2009). Tyr50 is of topological interest because cyclin-dependent kinases (CDKs) also carry a Tyr residue at the equivalent position. This tyrosine is an important phosphorylation site in CDKs because its dephosphorylation in a CDK/cyclin complex is necessary for full catalytic activity (Dorée and Galas 1994). In CK2α, there has been speculation about the regulatory significance of Tyr50 (Allende and Allende 1995). Mass spectrometry studies found Tyr50 to be phosphorylated (Gu et al., 2010; Schreiber et al., 2010) however, if putative phosphorylation of Tyr50 plays a role in the regulation of CK2 remains unresolved.
Val53 is a highly conserved residue in the catalytic spine (C-spine; residues: Leu41, Val53, Phe54, Val66, Val162, Met163, Ile164, Phe121, Met221, Met225) (Kornev et al., 2008; Taylor and Kornev 2011), and is located in the β2 strand at the end of the Gly-rich loop. The C-spine and its counterpart, the regulatory spine (R-spine; residues: Leu85, Leu97, His154, Trp176), are two stacks of hydrophobic side chains within the catalytic core of eukaryotic protein kinases (EPKs) extending from the C-lobe to the N-lobe of the kinase (Kornev et al., 2008). Unlike the R-spine, the C-lobe requires an external supplementation: it needs to be completed by the purine ring of ATP/GTP. Val53 is one of the residues sandwiching the purine moiety; hence, the introduction of Leu, another hydrophobic amino acid with a bulkier side chain, may subtly affect ATP/GTP cosubstrate binding.
The Gly-rich loop is in close proximity to the CK2α/CK2β subunit interface. Therefore, mutations in this loop might alter the flexibility of the Gly-rich loop or affect the assembly of the CK2 holoenzyme. GST-tagged CK2α Ser51Arg was inactive in an in vitro activity assay, while the Arg47Gln/Gly mutants showed 40%–50% activity compared to WT (Dominguez et al., 2021). The activity of these three GST-CK2α mutants remained unchanged in the presence of GST-CK2β. In contrast GST CK2α Tyr50Phe was partially rescued from 10% to 40% of in vitro kinase activity by addition of GST-CK2β, suggesting a potential conformation change due to the binding of CK2β. Noteworthy, the C-spine of CK2α has a remarkable extension that interacts with the interaction ‘‘hot spots’’ in CK2β: Leu41 and Phe54 (Bischoff et al., 2011b). Considering this, it makes even sense to test whether the mutation Val53Leu has an indirect effect on CK2β binding.
Missense mutations in the basic cluster
Val73 is located N-terminal of the CK2α typical KKKKIKRE-sequence which is important for substrate recognition and binding (Figure 6B). The exchange from Val to the negatively charged Glu in OCNDS may interfere with binding of the typically negatively charged substrates. Indeed, GST-CK2α Val73Glu had half the activity of the wildtype protein towards a synthetic negative charged peptide substrate, and could not be rescued by adding GST-CK2β. Arg80 is part of the RE-motif (Arg80-Glu81) which is characteristic for EPKs in the CMGC family. Arg80 resides in helix αC and is followed by Glu81. Glu81 forms a characteristic salt bridge with a conserved Lys68 (Figure 6B). Through this salt bridge, Lys68 is positioned in the correct conformation to bind the α and β phospho-groups of the ATP/GTP cosubstrate (Huse and Kuriyan 2002). Spatially, Arg80 is in close proximity to Arg155 to create a positively charged anion binding site required for substrate recognition at the P+3 position (Niefind et al., 2007) (Figure 6E). Therefore, loss of the positive charge upon exchange from Arg80 to His (Owen et al., 2018) or Cys (Wu et al., 2021) likely interferes with substrate binding, and might also disturb the conformation of the critical residue Glu81. Experimentally, GST-tagged CK2α Arg80His was only minimally active and the GST-Val73Glu mutant showed 40–50% activity compared to WT in vitro activity assays. Neither mutant is rescued by addition of GST-CK2β (Dominguez et al., 2021). This region of the protein is also involved in holoenzyme oligomerization however a mutation in the KKKKIKRE sequence would not have a big impact on oligomerization as the KKKKIKRE sequence is close to CK2β but the P+1 residues of the substrate binding site are significantly much closer.
Missense mutations in the active site
Met153 is a buried residue. Although its function is structural, it has been assigned to the active site in this study as it is located just before the beginning of the catalytic loop. Met153 is part of a hydrophobic cluster, and resides in close proximity to Leu213 and the aromatic rings of Tyr188, Tyr209, Tyr211 (Figure 6H). Met153 is located close to Arg155, which is involved in substrate binding at the P+3 site (Figure 6E). The exchange of Met153 to an Arg would significantly disrupt this hydrophobic arrangement and therefore the global folding of the protein.
Asp156 is located in the active site (Figure 6D). It is the catalytic base of the kinase, therefore the Asp156His or Asp156Tyr mutations likely abolish activity, as it was shown for the kinase dead mutant CK2α Asp156Ala (Korn et al., 1999). Even though the mutation Asp156Glu is electrostatically conservative, the exchange at this critical catalytic position may greatly affect kinase activity. The catalytic key residue Lys158 is highly conserved among EPKs and stabilizes the transition state of the phosphorylation reaction. An exchange of Lys158 to Glu/Arg may interfere with this stabilizing effect. In addition to their catalytic functions, it was shown that Asp156 and Lys158 contribute to heparin binding in a structure of CK2α complexed with the substrate competitive inhibitor heparin (Schnitzler and Niefind 2021). Analogously, both residues could be involved in substrate binding. His160 was shown to interact with the acidic residue of the substrate at the P-3 site (Schnitzler and Niefind 2021) (Figure 6E), therefore the substitution of His160 with Arg may sterically interfere with substrate binding. Asn161 coordinates Mg2+, which is essential for balancing the negative charges of ATP (or GTP). In addition to this, it forms a hydrogen bond to the catalytic base Asp156 (see Figure 6D). Exchange from the highly conserved Asn to Ser or Asp may interfere with these functions. Ile174 is a critical residue of the active site as well (Figure 6D). Together with the residues Met163, Val53 and Ile66 it forms a hydrophobic area to fix the adenine/guanine group of ATP/GTP (Niefind et al., 1998). Exchange with Met might interfere with ATP/GTP binding (Owen et al., 2018).
The Mg2+ binding Asp175 (Figure 6D) is a highly conserved residue among protein kinases and is involved in the coordination of both Mg2+ ions. GST-tagged CK2α Ile174Met showed 10% activity compared to WT, while GST-CK2α Asp175Gly was no longer catalytically active at all; Ile174Met showed a slight rescue by GST-CK2β (Dominguez et al., 2021). Gly177 is in close proximity to the Lys68-Glu81 salt bridge. A replacement with Ser might disturb the salt bridge and thereby alter catalytic activity. The intact Lys68-Glu81 salt bridge is critical for catalytic activity, and the formation of the corresponding salt bridges is involved in regulation of many EPKs. In the inactive state of many regulated EPKs, this critical salt bridge is broken and the helix αC is rotated. As part of coupled conformational rearrangements upon inactivation, the so-called DFG-motif at the beginning of the activation loop can rotate into the active site and block nucleotide and substrate binding (Huse and Kuriyan 2002). In CK2α, however, Gly177 is part of the equivalent DWG-motif (see Figure 6D) which—compared to the canonical DFG-motif—is internally stabilized by an additional hydrogen bond. Consistent with CK2α’s constitutive activity, the aforementioned rearrangements for inactivation have never been observed in CK2α. Leu178 is located close to the P+3 site of the substrate (Figure 6E), and replacement with the bulkier Trp residue might interfere with substrate binding.
Missense mutations in the P + 1 loop
The OCNDS-sensitive positions Arg191, Ser194, Phe197, Lys198 and Gly199 belong to the P+1 loop of the activation segment and are important for substrate recognition (Figure 6E). Mutational studies in which the combination of Arg191, Arg195 and Lys198 were replaced by alanines showed defective substrate recognition at the P+1 position and decreased inhibition by the substrate competitive inhibitor heparin (Sarno et al., 1996; Vaglio et al., 1996). In a complex structure of CK2α with heparin, it was shown that Arg191, Ser194, Phe197 and Lys198 are involved in heparin binding (Schnitzler and Niefind 2021). Changes in side chain charges in this region could alter the formation of regulatory holoenzyme oligomers.
Protein kinase C (PKC)-mediated phosphorylation at CK2α residues Ser194 and Ser277, and at CK2β residue Ser148 stimulate CK2 activity (Lee et al., 2016). Accordingly, the Ser194Phe mutation should interfere with the phosphorylation by PKC. Further phosphorylation sites in the proximity of the mutated residues are Tyr182 and Tyr188. Phosphorylation of Tyr182 and Tyr188 by Src-related kinase SRMS was shown to increase CK2α activity (Goel et al., 2018). Mutations near the phosphorylation sites may disturb the recognition by SRMS (Roffey and Litchfield 2021).
The Lys198Arg mutation is the most frequently observed variant in OCNDS patients and is considered as a mutation hotspot (Okur et al., 2016; Akahira-Azuma et al., 2018; Chiu et al., 2018; Owen et al., 2018; Nakashima et al., 2019; Xu et al., 2020). Lys198 was described as the key residue determining the anion binding potential of the P+1 loop (Sarno et al., 1995; Sarno et al. 1996; Sarno et al. 1997). The crystal structure of the CK2α Lys198Arg variant discloses a significant shift of a sulfate ion marking the anion binding site in the P+1 position (Werner et al., 2022). This observation supports the notion by Caefer et al. that the Lys198Arg mutation causes an alteration of substrate specificity (Caefer et al., 2022). In this recent publication (Caefer et al., 2022), a Proteomic Peptide Library Approach (ProPel) using CK2α Lys198Arg expressed in E. coli revealed that the mutation shifts substrate specificity by decreasing the preference for acidic residues in the P+1 position. Furthermore, the Lys198Arg mutation alters the phosphoacceptor preference: in contrast to the WT, CK2α Lys198Arg strongly disfavoured Thr phosphorylation and showed an increased preference for Tyr phosphorylation. The Lys198 equivalent position in protein kinase A (PKA-C) is Leu205 and, interestingly, the mutation Leu205Arg is linked to cortisol-secreting adrenocortical adenomas responsible for Cushing’s Syndrome. It was reported that the Leu205Arg mutation disrupts the binding of R (regulatory)-subunits; thereby, it renders the enzyme constitutively active (Calebiro et al., 2014) and it drastically changed the phosphorylation profile in a phosphoproteomic mapping (Lubner et al., 2018). Using NMR spectroscopy, thermodynamics, kinetic assays, and molecular dynamics simulations, Walker et al. (Walker et al., 2019) found that the Leu205Arg mutation causes global changes in PKA-C: it rewires the intra- and intermolecular interactions, and causes losses in nucleotide/pseudo-substrate binding cooperativity. By rewiring its internal allosteric network, PKA-C Leu205Arg is able to bind and phosphorylate non-canonical substrates. An additional interesting structural observation concerning Lys198 is that it stabilizes Arg193 in an unfavourable backbone conformation via hydrogen bonds. Similar tensions in the P+1 loop can be found in other CMGC Kinases, where tension and release are factors in the control mechanism (Huse and Kuriyan 2002). For CK2α, the tension at Ala193 is without any evident function (Niefind et al., 2007). GST-tagged CK2α Lys198Arg showed 20%–30% activity and CK2α Arg191Gln showed 40%–50% activity compared to wild type using a standard peptide (Dominguez et al., 2021).
The mutation Gly199Asp most likely changes the main characteristics of the P+1 loop and, therefore, the ability to bind substrates due to steric clashes of the larger residue may result in rearrangements of the P+1 loop. The substitution for an acidic residue will have a repulsive effect on the binding of acidic substrates.
Missense mutations in the C-terminal segment
This study defines the C-terminal segment as the sequence after the P+1 loop (residues 202–391). The OCNDS-associated mutations Asp210Asn, Pro231Arg, Arg312Gln/Trp, Ser356Thr, Pro363His, Pro382Leu and the C-terminal truncation Arg333* occur in the C-terminal segment. The GST-tagged variants of CK2α Pro231Arg and CK2α Arg312Gln lost 90% of their catalytic activity compared to WT, and Pro231Arg was rescued by CK2β (Arg312Gln was not tested) (Dominguez et al., 2021). A cis-peptide was found at Pro231, a in all CK2α structures published so far. The role of the Pro231 cis-peptide bond in CK2α (Figure 6G) is not known yet, but possibly the mutation to a non-proline residue lacking cis-peptide propensity destabilizes the local or even global fold of the protein. Position Arg312 forms a critical salt bridge with Glu201 of the activation segment. Arg312 is in close proximity to Asp210 which was substituted for Asn in OCNDS (Figure 6H). Both residues are located near a critical cluster of water molecules -observed in high-resolution CK2α structures- that mediates the close contact of the N-terminal segment, the activation loop, and the αC helix, keeping them in the active conformation. The C-terminus of CK2α is an important site of posttranslational modifications and mediates the interaction with peptidyl-prolyl isomerase Pin1 (Messenger et al., 2002). However, structural information about this region is not available except for a CK2α-derived peptide in complex with O-GlcNAc transferase (Lazarus et al., 2011). CK2α is phosphorylated in a cell cycle dependent manner by Cdk1/cyclin B at the positions Thr344, Thr360, Ser362 and Ser370 (Bosc et al., 1995) and can be O-GlcNAc-modified on Ser347 by O-GlcNAc transferase (Tarrant et al., 2012). Mutations in proximity to critical residues can potentially interfere with recognition motifs or binding site; for example, P363H may affect Thr360/Ser362 phosphorylation by CDK1 and MAPK1 (Ji et al., 2009).
Truncating and frameshift mutations
The majority of the truncating mutations (nonsense and frameshifts) likely result in the complete loss of the normal protein folding. Interestingly, the C-terminal truncated variant Arg333 resembles the CK2α1-335 construct commonly used for crystallization and other in vitro experiments. This variant is less prone to C-terminal degradation under in vitro conditions (Ermakova et al., 2003). Some frameshift mutants may also be an exception to miss-folding/destabilization, as we describe below for CK2β. This indicates that each mutant must be individually studied to address stability and function.
A structural perspective of the POBINDS-related CSNK2B mutations
In contrast to the CSNK2A1 mutations in OCNDS, most mutations of the CSNK2B gene linked to POBINDS or related syndromes are frameshift, truncating, and splice site mutations. Missense mutations cluster in highly conserved regions (Figures 2B, 4D; Supplementary Figure S2), including regions important for CK2β dimerization or CK2α subunit interaction and therefore for the assembly of the CK2 holoenzyme (Figure 1). Many of the missense mutations are located at buried residues important for the global architecture of the protein: Phe21Leu, Tyr80Asn, Met97Ile, Arg111Pro, Phe106Val, Cys137Arg/Gly/Phe, Pro164Arg and His165Arg. These missense mutations likely destabilize the protein. Still, there are surface exposed residues in the N-terminal segment (Asp32Asn/Ala/His, Phe34Ser/Cys, Asn35Lys, Arg86Cys), in the acidic loop (Glu77Lys), and in the CK2α interaction site, Leu187Arg/Pro and Gly189Val.
Missense mutations in Chantalat’s clusters and N-terminal segment (residues 1-54)
In the first published structure of CK2β (CK2β1-182), Chantalat et al. described two clusters of exposed, conserved residues (Chantalat et al., 1999). Since CK2β functions as a docking platform, it has been suggested that these conserved surface regions play a role in ligand binding (Chantalat et al., 1999). The first conserved surface cluster is composed of Asp32, Phe34, Asn35 and Arg86 and is directed away from the rest of the protein (Chantalat et al., 1999) (Figures 4C, 7B). Interestingly, the missense mutations of each of the residues (Asp32Asn/Ala/His, Phe34Ser/Cys, Asn35Lys and Arg86Cys) have been linked to neurodevelopmental disability and/or early onset epilepsy in POBINDS and in a new CK2β-linked intellectual disability-craniodigital syndrome (Asif et al., 2022). As discussed above, this could be a novel functional domain of CK2β. One possibility is that this region controls protein stability as Lys33 is found ubiquitinated; therefore, mutations in this region may affect protein half-life (Borgo et al., 2021). It has to be noted that in the CK2 holoenzyme, mutations of this surface cluster will be located in the neighbourhood of the Gly-rich loop and the basic stretch of CK2α—in particular, next to Tyr50, Lys49 and Val73 (Figure 7B). This proximity to the holoenzyme catalytic machinery could mean that mutations in the conserved surface cluster of CK2β may impact the catalytic properties and/or binding of substrate proteins of the CK2 holoenzyme.
[image: Figure 7]FIGURE 7 | Detailed CK2β functional and structural domains. (A) Clustering of mutation sites in structural and functional key elements of the CK2β dimer. The mutated residue side chains are shown as sticks and are coloured according to the different elements as described in the figure. Mutation sites residing outside of the highlighted elements are shown in raspberry red. The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used for the figure. Parts of chain A of the CK2β1-193 dimer, which are not belonging to the highlighted elements, are drawn in light cyan and the dimerization domain is drawn in light pink. Analogously, parts of chain B are drawn in dark cyan and the dimerization domain is drawn in raspberry red. The acidic loops were not defined by electron density and are therefore indicated as dashed lines. (B) Mutation sites in the N-terminal region forming a conserved surface exposed cluster. The structure of the CK2β1-193 dimer (PDB_ID: 3EED (Raaf et al., 2008)) is drawn in light cyan and the structures of the CK2β and CK2α subunit assembled in the CK2 holoenzyme (PDB_ID: 4DGL (Lolli et al., 2012)) are drawn in grey. The CK2β mutation sites Asp32, Phe34, Asn35 and Arg86 are drawn as sticks, as well as CK2α residues, which are located near the CK2β mutation sites in the assembled CK2 holoenzyme. The distance between CK2β Asp32 and CK2α Lys49 is shown as a purple dashed line to illustrate that the distance is too far to establish a close contact via a salt bridge. (C) Conserved surface clusters as described by Chantalat (Chantalat et al., 1999). The first conserved surface exposed cluster is composed of Asp32, Phe34, Asn35 and Arg86 (drawn in blue). The second surface cluster is composed of: Ile10, Glu20, Phe21, Phe22, Cys23, Glu24, Lys100, Asp105, Gly107, Pro110, Tyr144, Pro146, Lys147 and Ser148 (drawn in orange). The side chains of residues Ile10, Cys23, Phe21, Phe22, Pro146 and Tyr144 point into the inside of the protein. The mutation site Phe21 is highlighted. (D) Environment of the Chantalat’s cluster 2 mutation site Phe21. Phe21 and His151 are interacting through π-π stacking. The other His-residues of the of the karyophilic cluster (residues 147–153) as well as Pro121 and the mutation site Phe106 are highlighted. (E) Mutation site Glu77 residing in the helix αD of the e acidic groove. Further acidic residues are shown as sticks. The acidic loop is indicated as a red dashed line. The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used for the figure. (D) Mutation sites in the dimerization domain of the CK2β1-193 dimer (PDB_ID: 3EED (Raaf et al., 2008)). The dimerization domain of CK2β1-193 chain A is drawn in light pink and the dimerization domain of CK2β1-193 chain B is drawn in raspberry red respectively. The mutation sites Phe106, Arg111 and Cys137, as well as the remaining Cys residues of the zinc binding motif and Asp142, which is involved in an inter-subunit salt bridge with Arg111 of the other CK2β chain are shown as sticks. Zinc ions are drawn as spheres and the interactions between Zn2+ and the coordinating Cys residues are indicated as purple dashed lines. The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used for the figure. (E) Mutation sites located inside of CK2β and the contact area to the CK2β chain A body and the CK2β chain B C-terminal tail/hairpin loop. The mutation sites Met97, Phe106, Cys137 and His165 are buried inside of CK2β chain A and are shown as sticks as well as the mutation site Leu187 of the C-terminal hairpin loop of chain B. Further residues of the hydrophobic cluster such as Met141, Val143, Tyr136 and Phe168 of CK2β chain A and Phe183, Pro185 and Ile192 residing in CK2β chain A are shown as sticks, The Cys residues coordinating the Zn2+ ion in chain A are shown as sticks as well. The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used for the figure. (F) Mutation sites Leu187 and Gly189 are residing in the subunit interaction interface of CK2β. Critical residues for the subunit interaction of the C-terminal hairpin loop (coloured wheat) of CK2β chain A (Tyr188 and Phe190) and the helix αF (coloured green) of CK2β chain B (Met166 and Met169) surface are shown as sticks the CK2α (Leu41 and Phe54, pale cyan). The N-terminal region of CK2α subunit in the assembled CK2 holoenzyme is shown in grey and residues important for the subunit interaction (Leu41 and Phe54) are shown as sticks. The CK2 holoenzyme structure (PDB_ID: 4DGL (Lolli et al., 2012)) was used for the figure.
The second cluster of conserved surface residues is a helical groove wrapping around the dimer, containing identical residues in 6 species: residues Ile10, Glu20, Phe21, Phe22, Cys23, Glu24, Lys100, Asp105, Gly107, and Pro110 in chain A, and Tyr144, Pro146, Lys147, and Ser148 in chain B of the CK2β dimer (Chantalat et al., 1999) (Figure 7C; Supplementary Figure S2). However, the side chains of residues Ile10, Phe21, Phe22, Cys23, Pro146 and Tyr144 point to the inside of the protein according to their hydrophobic nature. Two of the residues of this groove are reportedly linked to POBINDS: residues 20 (Glu20Ter) and 21 (Phe21Leu). Although the hydrophobic character is retained by the exchange of Phe21 with Leu, the aromatic stacking with His151 can no longer be established Interestingly, His151 is one of the three His residues of the karyophilic cluster (147KSSRHHH153) proposed to serve as a nuclear localization signal (NLS) (Filhol et al., 2003). Residues adjacent to the ones in this second cluster (Met97Ile, Phe106Val, and Arg111Pro) were found mutated in POBINDS, which may affect the cluster’s structure.
Missense mutations in the acidic stretch
CK2β is characterized by an acidic stretch consisting of an acidic loop (Asp55 - Asp70) and an extended acidic groove with residues from helices αA, αC and the N-terminus of helix αD (Chantalat et al., 1999). It is noteworthy that the acidic loop plays a role in the modulation of CK2 activity. It was shown that mutation of residues 55-57 to alanine results in the neutralization of the acidic loop, and hyperactivates CK2 in vitro (Boldyreff et al., 1993). Furthermore, the crystal structure of the CK2 holoenzyme showed that crystal contacts between neighbouring CK2 heterotetramers are mediated by the CK2β acidic loop that binds to the positively charged substrate binding region of CK2α (Niefind and Issinger 2005). Among the residues located in helix αD is Glu77 (Figure 7E), which is mutated to Lys in CK2β-related neurodevelopmental disability (Ernst et al., 2021). The replacement with positively charged Lys changes the electrostatics of the acidic stretch and could alter the interactions with other proteins as well as it might affect the formation of oligomeric forms of the CK2 holoenzyme.
Missense mutations in the zinc-binding and CK2β dimerization domain
Many mutations in POBINDS patients occur in CK2β’s dimerization region (Figure 7F). Cys137 is one of the four cysteines in CK2β’s zinc finger/dimerization motif (Cys109, Cys114, Cys137 and Cys140). Three different POBINDS-associated mutations at position 137 have been reported (Cys137Arg/Gly/Phe). Lys139 has been proposed as a ubiquitination site as it is an exposed residue (Zhang et al., 2002; French et al., 2007), and we hypothesize that the ubiquitination may serve as a signal to degrade non-dimerized CK2β proteins. Mutation of Cys109 and Cys114 to Ser disrupted CK2β dimerization and CK2 holoenzyme formation in vitro and in vivo in previous studies (Canton et al., 2001). Arg111 is involved in an inter-subunit salt bridge with Asp142 of the other CK2β chain (Niefind et al., 2001). In addition to the loss of the salt bridge, the Arg111Pro (Li et al., 2019) mutation may lead to a structural rearrangement incompatible with zinc complexation. His165 is a part of the hydrophobic cluster in the dimerization interface (Niefind et al., 2001) (see Figure 7G). Exchange to Arg may induce steric clashes. The neighbouring residue Pro164 resides at the beginning of helix αF and has the function of a helix breaker. The exchange of Pro164 with Arg interferes with function and leads to steric clashes (see Figure 7G).
Missense and frameshift mutations in the C-terminal segment (residues: 179-215) and CK2α interaction site
POBINDS-related mutations were found also in the C-terminal region of CK2β harbouring the CK2α interaction site (see Figure 7H). Leu187 and Gly189 are important for CK2α binding and were included in a CK2β-derived cyclic peptide mimicking the highly conserved CK2β hairpin loop essential for binding of CK2α (Laudet et al., 2007). A Gly residue at this position is essential for the close contacts of the hairpin structure, therefore, Leu187/Arg or Pro and Gly189 Val are very likely to disturb the CK2α/CK2β interaction. In this segment, Arg186 is found methylated and Lys191 ubiquitinated, suggesting that mutations in neighbouring residues may affect these two posttranslational modifications (Phosphosite Plus) (Hornbeck et al., 2012).
The Pro179Tyrfs*49 mutation leads to an altered CK2β mutant with a prolonged C-terminus which in co-IP experiments lacks the ability to bind CK2α (Nakashima et al., 2019). Similarly, other frameshift variants with altered sequence of the C-terminal hairpin loop are lacking the main determinant for the subunit interaction and, consequently, may not be able to interact with CK2α.
Truncating mutations
The majority of the reported truncating mutations should affect the global fold of CK2β and its dimerization. Exceptions to this are truncating mutations in the C-terminal region. The crystal structure of the C-terminal deletion mutant CK2β1-182 showed that the global fold of the protein remains intact (Chantalat et al., 1999). All C-terminal deletion variants with complete loss of C-terminal hairpin loop (main determinant for CK2α interaction) may not interact with CK2α.
CONCLUDING REMARKS
We collected these data on CSNK2A1 and CSNK2B variants with the aim to provide a consolidated resource on CSNK2A1 and CSNK2B variants, and analyzed all the mutants using diverse methods to provide integrated information on their potential functional effects that can be used to inform researchers of OCNDS and POBINDS syndromes. We analysed both syndromes together, as the proteins encoded, CK2α and CK2β, can form a functional unit in the cell (protein kinase CK2). We acknowledge that there may be other variants yet to be identified that could modify some of the discussion and conclusions in this study.
Our study has opened additional research questions, including addressing the genetic mechanisms leading to hotspots in CSNK2A1 SNVs. The ratio of #mutations/#residues could serve to prioritize domains/mutations to study experimentally (e.g., Gly-rich loop in CK2α). Our study indicates that NMC analysis can be used to identify potential novel functional domains in the primary sequence of NDD-associated genes (e.g., N-terminal sequences in CK2α). Our approach in this study, combining NMC analyses with structural analysis (i.e., residues exposed or forming clusters) and evolutionary analyses (highly conserved residues), results in a more solid identification of novel domains that should be further studied experimentally.
A number of key residues involved in substrate recognition are found mutated majorly to a specific amino acid (e.g., Lys198Arg, Arg80His, His160Arg, Arg47Gln and Tyr50Cys). It is possible that mutations in these codons that lead to other amino acids result in embryonic lethality, and thus are not identified in patients. For example, for Lys198 and Arg80 the other potential mutations in the codon are less conservative. It is conceivable that the exchange of these residues involved in substrate recognition to a less conserved residue may result in a defect other than reduced CK2α activity. This hypothesis is supported by the fact that several mutations that strongly interfere with CK2 kinase activity (Dominguez et al., 2021) are present in patients.
For the mutations identified, potential mechanisms of action include: 1) change of substrate specificity but still a strong overlap with canonical CK2 substrates leading to phosphorylation of non-canonical substrates, as is likely the case for Lys198Arg as supported by the literature (Caefer et al., 2022; Werner et al., 2022); 2) change in substrate specificity with no overlap to CK2 canonical substrates (e.g., Lys198 exchange to Thr, Gln, Glu Asn, Ile) which we hypothesize is deleterious as proteins will be phosphorylated in an unregulated way; 3) interference with substrate phosphorylation; 4) the global fold of CK2α is disrupted whenever the amino acid is involved in stabilizing part of the architecture (e.g., Arg312 mutations). We do not expect a loss on the ability to bind substrates, as substrate recognition is not determined by one single residue.
Regarding the correlation of experimental to prediction data for CK2α, we found ranges in the numerical scores from some prediction programs that relate to the mutants with the lowest activity in kinase assays, with the most altered N/C distribution, and with the lowest expression levels. Future work should experimentally address the stability of the mutant proteins. Mutant stability will have implications for treatment; mutants that are destabilizing and degrade rapidly may lead to haploinsufficient phenotypes.
This study utilized prediction programs that analyze missense mutants. Nonsense, frameshift and splice variants that are also found in CK2α and CK2β are typically deemed as de facto loss-of-function. Determining the impact of these types of mutants is complex as the prediction programs are still under development (Abrahams et al., 2021; Lord and Baralle 2021). For CK2α and CK2β, it will be key to develop predictions programs that include computing of more complex characteristics that can be affected by changes in the primary structure (e.g., binding to each other or other proteins, post-translational modifications, subcellular localization or the formation of oligomeric forms that inhibit activity (Glover 1986; Valero et al., 1995; Borgo et al., 2021; Roffey and Litchfield 2021). The NMC analysis assumes that each residue has an independent and equal likelihood of mutation (i.e., homogeneous mutation probability across all base positions), and calculates the probability that mutations (or clusters of mutations) are non-random. Both population and gene characteristics can affect site mutability. Published studies estimate the genome-wide average mutation rate at ∼1–1.5 × 10−8 mutations per base pair per generation (Carlson et al., 2018), and that de novo missense mutations in patients with neurodevelopmental diseases are not randomly distributed, and cluster in fewer genes compared to controls (The Deciphering Developmental Disorders Study 2015). A potential explanation is that for mutations associated with neurodevelopmental disease, embryonic lethality will impact on the variants that are found in patients. This will result in a non-homogeneous distribution of patient mutations.
Genotype data for many of the patients included in this study is absent or partial. However, Wu et al. indicate that mutations in protein-coding CK2α regions appear to influence the phenotypic spectrum of OCNDS. In particular mutations residing in the Gly-rich loop were more likely to cause the widest range of phenotypes (Wu et al., 2021). For POBINDS, Bonanni et al. very recently reviewed the available literature, where they correlate the neurodevelopmental abnormalities to epilepsy severity and highlight the heterogeneity of the clinical phenotypes that have been associated with the CSNK2B gene (Bonanni et al., 2021). A recent article has reviewed both diseases (Ballardin et al., 2022). Broader phenotype-genotype correlation data will help us understand the severity of the diseases and may lead to a specific differential diagnosis to clearly identify OCNDS and POBINDS patients. These types of correlations will help us understand other diseases were these genes are mutated or functionally affected (Castello et al., 2017; Colavito et al., 2018).
Further experimental data is necessary to determine the impact (if any) of each identified mutation in protein structure and biochemistry, subcellular localization and molecular mechanism of disease in embryonic development and in adulthood, which will lead to insights to the severity and nature of reported symptoms. CSNK2A1 and CSNK2B variants could lead to mutants with reduced or increased activity, or dominant negative or gain of function effects. Defining these effects will help indicate therapeutic approach strategies that may be needed.
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
ID and JH conceived and designed the study. ID and PU compiled the variant database and obtained IRB determination. PU performed the evolutionary, functional and stability prediction analyses. JF plotted variant and patient numbers on the primary protein structures, performed NMC and number of patients per residue analyses. JH performed the analysis of conserved residues using the ConSurf server, and the protein-protein affinity and structural analyses and diagrams. ID performed the MUSCLE alignments. JW performed the Exact chi-square Test of a Proportion and percent agreement, the Kappa coefficient and performed McNemar's tests. VO helped identify duplicated patients and to utilize the numerical predictions to rank the effect of mutation. ID wrote the first draft of the manuscript. All authors contributed to the writing of the manuscript, read, finalized, and approved the submitted version.
FUNDING
This work was funded by the CSNK2A1 foundation, San Francisco, United States (to ID). JH was supported by the CSNK2A1 foundation, San Francisco, United States, and by the Deutsche Forschungsgemeinschaft (DFG) (grant NI 643/4-2). PU and JF were supported by scholarships from the Boston University Undergraduate Research Opportunities Program (UROP). JF was also supported by a scholarship from the STaRS program (NHLBI 5R25HL118693). JW was supported by the National Center for Advancing Translational Sciences, NIH, through BU-CTSI Grant Number 1UL1TR001430. Publication fees were supported by the Hematology and Medical Oncology Section/Department of Medicine/BUSM, the Library Department of the University of Cologne. Funding for the DECIPHER project was provided by Wellcome.
ACKNOWLEDGMENTS
The authors would like to thank Dr. Karsten Niefind for scientific discussions and suggestions to the manuscript, and Zeyuan Zhong for help setting up the code for statistical analysis. We are grateful to all the families who gave consent to the centers that submitted CSNK2A1 and CSNK2B variant data to ClinVar, the professionals at ClinVar that curate the data, and for access to this database. This study makes use of data generated by the DECIPHER community. A full list of centres who contributed to the generation of the data is available from https://deciphergenomics.org/about/stats and via email from contact@deciphergenomics.org. Professionals who carried out the original analysis and collection of the DECIPHER Data bear no responsibility for the further analysis or interpretation of the data. We thank the professionals at the AutDB site for collecting and sharing with the community publications on OCNDS and POBINDS. We are grateful to all of the families at the participating Simons Searchlight sites as well as the Simons Searchlight Consortium, formerly the Simons VIP Consortium. We appreciate obtaining access to genetic data on SFARI Base. Approved researchers can obtain the Simons Searchlight population dataset described in this study (https://www.simonssearchlight.org/research/what-we-study/csnk2a1/) by applying at https://base.sfari.org. Our deepest thanks to Jennifer Sills for the extraordinary work that she does in reaching out and helping OCNDS families, and in supporting and bringing together researchers and clinicians to work on mechanisms of disease and potential therapies.
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.
AUTHOR DISCLAIMER
The contents of this article are solely the responsibility of the authors and do not necessarily represent the official views of the NIH.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2022.851547/full#supplementary-material
Supplementary Figure 1 | Alignment showing conservation in CK2a mutated residues across eukaryotic species.
Supplementary Figure 2 | General statistics about orthologous gene groups.
Supplementary Table 2 | General statistics about orthologous gene groups.
Supplementary Table 2 | General statistics about orthologous gene groups.
REFERENCES
 Abrahams, L., Savisaar, R., Mordstein, C., Young, B., Kudla, G., Hurst, L. D., et al. (2021). Evidence in disease and non-disease contexts that nonsense mutations cause altered splicing via motif disruption. Nucleic Acids Res. 49 (17), 9665–9685. doi:10.1093/nar/gkab750
 Adzhubei, I. A., Schmidt, S., Peshkin, L., Ramensky, V. E., Gerasimova, A., Bork, P., et al. (2010). A method and server for predicting damaging missense mutations. Nat. Methods 7 (4), 248–249. doi:10.1038/nmeth0410-248
 Ahmad, K. A., Wang, G., Unger, G., Slaton, J., and Ahmed, K. (2008). Protein kinase CK2 – a key suppressor of apoptosis. Adv. Enzyme Regul. 48 (1), 179–187. doi:10.1016/j.advenzreg.2008.04.002
 Akahira-Azuma, M., Tsurusaki, Y., Enomoto, Y., Mitsui, J., and Kurosawa, K. (2018). Refining the clinical phenotype of Okur-Chung neurodevelopmental syndrome. Hum. Genome Var. 5 (December), 18011. doi:10.1038/hgv.2018.11
 Allende, J. E., and Allende, C. C. (1995). Protein kinases. 4. Protein kinase CK2: An enzyme with multiple substrates and a puzzling regulation. FASEB J. 9 (5), 313–323. doi:10.1096/fasebj.9.5.7896000
 Ashkenazy, H., Abadi, S., Martz, E., Chay, O., Mayrose, I., Pupko, T., et al. (2016). ConSurf 2016: An improved methodology to estimate and visualize evolutionary conservation in macromolecules. Nucleic Acids Res. 44 (W1), W344–W350. doi:10.1093/nar/gkw408
 Ashkenazy, H., Erez, E., Martz, E., Pupko, T., and Ben-Tal, N. (2010). ConSurf 2010: Calculating evolutionary conservation in sequence and structure of proteins and nucleic acids. Nucleic Acids Res. 38 (Suppl. 2), 529–533. doi:10.1093/nar/gkq399
 Asif, M., Kaygusuz, E., Shinawi, M., Nickelsen, A., Hsieh, T-C., Wagle, P., et al. (2022). De novo variants of CSNK2B cause a new intellectual disability-craniodigital syndrome by disrupting the canonical Wnt signaling pathway. HGG Adv. 3 (3), 100111. doi:10.1016/j.xhgg.2022.100111
 Ballardin, D., Cruz-Gamero, J. M., Bienvenu, T., and Rebholz, H. (2022). Comparing two neurodevelopmental disorders linked to CK2: Okur-chung neurodevelopmental syndrome and poirier-bienvenu neurodevelopmental syndrome—two sides of the same coin?Front. Mol. Biosci. 9, 850559. doi:10.3389/fmolb.2022.850559
 Basu, S. N., Kollu, R., and Banerjee-Basu, S. (2009). AutDB: A gene reference resource for autism research. Nucleic Acids Res. 37 (Suppl. l_1), D832–D836. doi:10.1093/nar/gkn835
 Bellon, S., Fitzgibbon, M. J., Fox, T., Hsiao, H. M., and Wilson, K. P. (1999). The structure of phosphorylated p38gamma is monomeric and reveals a conserved activation-loop conformation. Structure 7 (9), 1057–1065. doi:10.1016/s0969-2126(99)80173-7
 Bendl, J., Stourac, J., Salanda, O., Pavelka, A., Wieben, E. D., Zendulka, J., et al. (2014). PredictSNP: Robust and accurate consensus classifier for prediction of disease-related mutations. PLoS Comput. Biol. 10 (1), e1003440. doi:10.1371/journal.pcbi.1003440
 Berman, H. M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T. N., Weissig, H., et al. (2000). The protein Data Bank. Nucleic Acids Res. 28, 235–242. doi:10.1093/nar/28.1.235
 Bischoff, N., Olsen, B., Raaf, J., Bretner, M., Issinger, O-G., Niefind, K., et al. (2011a). Structure of the human protein kinase CK2 catalytic subunit CK2α’ and interaction thermodynamics with the regulatory subunit CK2β. J. Mol. Biol. 407 (1), 1–12. doi:10.1016/j.jmb.2011.01.020
 Bischoff, N., Raaf, J., Olsen, B., Bretner, M., Issinger, O-G., Niefind, K., et al. (2011b). Enzymatic activity with an incomplete catalytic spine: Insights from a comparative structural analysis of human CK2α and its paralogous isoform CK2α. Mol. Cell. Biochem. 356 (1–2), 57–65. doi:10.1007/s11010-011-0948-5
 Boldyreff, B., Meggio, F., Pinna, L. A., and Issinger, O. G. (1993). Reconstitution of normal and hyperactivated forms of casein kinase-2 by variably mutated β-subunits. Biochemistry 32 (47), 12672–12677. doi:10.1021/bi00210a016
 Bonanni, P., Baggio, M., Duma, G. M., Negrin, S., Danieli, A., Giorda, R., et al. (2021). Developmental and epilepsy spectrum of Poirier-Bienvenu neurodevelopmental syndrome: Description of a new case study and review of the available literature. Seizure 93, 133–139. doi:10.1016/j.seizure.2021.10.019
 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
 Bosc, D. G., Graham, K. C., Saulnier, R. B., Zhang, C., Prober, D., Gietz, R. D., et al. (2000). Identification and characterization of CKIP-1, a novel pleckstrin homology domain-containing protein that interacts with protein kinase CK2. J. Biol. Chem. 275 (19), 14295–14306. doi:10.1074/jbc.275.19.14295
 Bosc, D. G., Slominski, E., Sichler, C., and Litchfield, D. W. (1995). Phosphorylation of casein kinase II by p34(cdc2). Identification of phosphorylation sites using phosphorylation site mutants in vitro. J. Biol. Chem. 270 (43), 25872–25878. doi:10.1074/jbc.270.43.25872
 Boycott, K. M., Vanstone, M. R., Bulman, D. E., and Mackenzie, A. E. (2013). Rare-disease genetics in the era of next-generation sequencing: Discovery to translation. Nat. Rev. Genet. 14 (10), 681–691. doi:10.1038/nrg3555
 Buchou, T., Vernet, M., Blond, O., Jensen, H. H., Pointu, H., Olsen, B. B., et al. (2003). Disruption of the regulatory beta subunit of protein kinase CK2 in mice leads to a cell-autonomous defect and early embryonic lethality. Mol. Cell. Biol. 23 (3), 908–915. doi:10.1128/mcb.23.3.908-915.2003
 Caefer, D. M., Phan, N. Q., Liddle, J. C., Balsbaugh, J. L., O’Shea, J. P., Tzingounis, A. V., et al. (2022). The okur-chung neurodevelopmental syndrome mutation CK2K198R leads to a rewiring of kinase specificity. Front. Mol. Biosci. 9, 850661. doi:10.3389/fmolb.2022.850661
 Calebiro, D., Hannawacker, A., Lyga, S., Bathon, K., Zabel, U., Ronchi, C., et al. (2014). Pka catalytic subunit mutations in adrenocortical cushing’s adenoma impair association with the regulatory subunit. Nat. Commun. 5 (5680). doi:10.1038/ncomms6680
 Canton, D. A., Zhang, C., and Litchfield, D. W. (2001). Assembly of protein kinase CK2: Investigation of complex formation between catalytic and regulatory subunits using a zinc-finger-deficient mutant of CK2beta. Biochem. J. 358 (1), 87–94. doi:10.1042/0264-6021:3580087
 Capriotti, E., Fariselli, P., and Casadio, R. (2005). I-Mutant2.0: Predicting stability changes upon mutation from the protein sequence or structure. Nucleic Acids Res. 33, W306–W310. doi:10.1093/nar/gki375
 Carlson, J., Locke, A. E., Flickinger, M., Zawistowski, M., Levy, S., Myers, R. M., et al. The BRIDGES Consortium (2018). Extremely rare variants reveal patterns of germline mutation rate heterogeneity in humans. Nat. Commun. 9 (1), 3753. doi:10.1038/s41467-018-05936-5
 Castello, J., Ragnauth, A., Friedman, E., and Rebholz, H. (2017). CK2-An emerging target for neurological and psychiatric disorders. Pharm. (Basel) 10 (1), E7. doi:10.3390/ph10010007
 Celniker, G., Nimrod, G., Ashkenazy, H., Glaser, F., Martz, E., Mayrose, I., et al. (2013). ConSurf: Using evolutionary data to raise testable hypotheses about protein function. Isr. J. Chem. 53 (3–4), 199–206. doi:10.1002/ijch.201200096
 Chantalat, L., Leroy, D., Filhol, O., Nueda, A., Benitez, M. J., Chambaz, E. M., et al. (1999). Crystal structure of the human protein kinase CK2 regulatory subunit reveals its zinc finger-mediated dimerization. EMBO J. 18 (11), 2930–2940. doi:10.1093/emboj/18.11.2930
 Chen, Y., Lu, H., Zhang, N., Zhu, Z., Wang, S., and Li, M. (2020). PremPS: Predicting the impact of missense mutations on protein stability. PLoS Comput. Biol. 16 (12), e1008543. doi:10.1371/journal.pcbi.1008543
 Chiu, A. T. G., Pei, S. L. C., Mak, C. C. Y., Leung, G. K. C., Yu, M. H. C., Lee, S. L., et al. (2018). Okur-Chung neurodevelopmental syndrome: Eight additional cases with implications on phenotype and genotype expansion. Clin. Genet. 93 (4), 880–890. doi:10.1111/cge.13196
 Choi, Y., Sims, G. E., Murphy, S., Miller, J. R., and Chan, A. P. (2012). Predicting the functional effect of amino acid substitutions and indels. PLoS ONE 7 (10), e46688. doi:10.1371/journal.pone.0046688
 Chua, M. M. J., Ortega, C. E., Sheikh, A., Lee, M., Abdul-Rassoul, H., Hartshorn, K. L., et al. (2017). CK2 in cancer: Cellular and biochemical mechanisms and potential therapeutic target. Pharmaceuticals 10, 18. doi:10.3390/ph10010018
 Clackson, T., and Wells, J. A. (1995). A hot spot of binding energy in a hormone-receptor interface. Science 267 (5196), 383–386. doi:10.1126/science.7529940
 Colavito, D., Del Giudice, E., Ceccato, C., Dalle Carbonare, M., Leon, A., Suppiej, A., et al. (2018). Are CSNK2A1 gene mutations associated with retinal dystrophy? Report of a patient carrier of a novel de novo splice site mutation. J. Hum. Genet. 63 (6), 779–781. doi:10.1038/s10038-018-0434-y
 Cross, D. A., Alessi, D. R., Cohen, P., Andjelkovich, M., and Hemmings, B. A. (1995). Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature 378 (6559), 785–789. doi:10.1038/378785a0
 Dehouck, Y., Kwasigroch, J. M., Rooman, M., and Gilis, D. (2013). BeAtMuSiC: Prediction of changes in protein-protein binding affinity on mutations. Nucleic Acids Res. 41 (Web Server issue), W333–W339. doi:10.1093/nar/gkt450
 Dominguez, I., Cruz-Gamero, J. M., Corasolla, V., Dacher, N., Rangasamy, S., Urbani, A., et al. (2021). Okur-Chung neurodevelopmental syndrome-linked CK2α variants have reduced kinase activity. Hum. Genet. 140, 1077–1096. doi:10.1007/s00439-021-02280-5
 Dominguez, I., Sonenshein, G. E., and Seldin, D. C. (2009). Protein kinase CK2 in health and disease: CK2 and its role in wnt and NF-kappaB signaling: Linking development and cancer. Cell. Mol. Life Sci. 66 (11–12), 1850–1857. doi:10.1007/s00018-009-9153-z
 Dorée, M., and Galas, S. (1994). The cyclin-dependent protein kinases and the control of cell division. FASEB J. 8 (14), 1114–1121. doi:10.1096/fasebj.8.14.7958616
 Duan, H. L., Peng, J., Pang, N., Chen, S. M., Xiong, J., Guang, S. Q., et al. (2019). [A case of Okur-Chung syndrome caused by CSNK2A1 gene variation and review of literature]. Zhonghua Er Ke Za Zhi 57 (5), 368–372. doi:10.3760/cma.j.issn.0578-1310.2019.05.010
 Duncan, J. S., and Litchfield, D. W. (2008). Too much of a good thing: The role of protein kinase CK2 in tumorigenesis and prospects for therapeutic inhibition of CK2. Biochim. Biophys. Acta 1784 (1), 33–47. doi:10.1016/j.bbapap.2007.08.017
 Eddy, S. (2011). Accelerated profile HMM searches. PLoS Comput. Biol. 7 (10), e1002195. doi:10.1371/journal.pcbi.1002195
 Edgar, R. C. (2004). Muscle: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32 (5), 1792–1797. doi:10.1093/nar/gkh340
 Emsley, P., Lohkamp, B., Scott, W. G., and Cowtan, K. (2010). Features and Development of Coot, 66, 486–501. doi:10.1107/S0907444910007493Acta Crystallogr. Sect. D. - Biol. Crystallogr.
 Ermakova, I., Boldyreff, B., Issinger, O-G., and Niefind, K. (2003). Crystal structure of a C-terminal deletion mutant of human protein kinase CK2 catalytic subunit. J. Mol. Biol. 330 (5), 925–934. doi:10.1016/s0022-2836(03)00638-7
 Ernst, M. E., Baugh, E. H., Thomas, A., Bier, L., Lippa, N., Stong, N., et al. (2021). CSNK2B: A broad spectrum of neurodevelopmental disability and epilepsy severity. Epilepsia 62 (7), e103–e109. doi:10.1111/epi.16931
 Fernández-Marmiesse, A., Roca, I., Díaz-Flores, F., Cantarín, V., Pérez-Poyato, M. S., Fontalba, A., et al. (2019). Rare variants in 48 genes account for 42% of cases of epilepsy with or without neurodevelopmental delay in 246 pediatric patients. Front. Neurosci. 13, 1135. doi:10.3389/fnins.2019.01135
 Filhol, O., Nueda, A., Martel, V. V., Gerber-Scokaert, D., Benitez, M. J. M. J., Souchier, C., et al. (2003). Live-cell fluorescence imaging reveals the dynamics of protein kinase CK2 individual subunits. Mol. Cell. Biol. 23 (3), 975–987. doi:10.1128/mcb.23.3.975-987.2003
 Firth, H. V., Richards, S. M., Bevan, A. P., Clayton, S., Corpas, M., Rajan, D., et al. (2009). Decipher: Database of chromosomal imbalance and phenotype in humans using ensembl resources. Am. J. Hum. Genet. 84 (4), 524–533. doi:10.1016/j.ajhg.2009.03.010
 Frame, S., Cohen, P., and Biondi, R. M. (2001). A common phosphate binding site explains the unique substrate specificity of GSK3 and its inactivation by phosphorylation. Mol. Cell 7 (6), 1321–1327. doi:10.1016/s1097-2765(01)00253-2
 French, A. C., Luscher, B., and Litchfield, D. W. (2007). Development of a stabilized form of the regulatory CK2beta subunit that inhibits cell proliferation. J. Biol. Chem. 282 (40), 29667–29677. doi:10.1074/jbc.M706457200
 Geisheker, M. R., Heymann, G., Wang, T., Coe, B. P., Turner, T. N., Stessman, H. A. F., et al. (2017). Hotspots of missense mutation identify neurodevelopmental disorder genes and functional domains. Nat. Neurosci. 20 (8), 1043–1051. doi:10.1038/nn.4589
 Glaser, F., Pupko, T., Paz, I., Bell, R. E., Bechor-Shental, D., Martz, E., et al. (2003). ConSurf: Identification of functional regions in proteins by surface-mapping of phylogenetic information. Bioinformatics 19 (1), 163–164. doi:10.1093/bioinformatics/19.1.163
 Glover, C. V. (1986). A filamentous form of Drosophila casein kinase II. J. Biol. Chem. 261 (30), 14349–14354. doi:10.1016/s0021-9258(18)67025-5
 Goel, R. K., Meyer, M., Paczkowska, M., Reimand, J., Frederick, V., Franco, V., et al. (2018). Global phosphoproteomic analysis identifies SRMS-regulated secondary signaling intermediates. Proteome Sci. 16, 16. doi:10.1186/s12953-018-0143-7
 Gotz, C., and Montenarh, M. (2017). Protein kinase CK2 in development and differentiation. Biomed. Rep. 6 (2), 127–133. doi:10.3892/br.2016.829
 Grant, B. D., Hemmer, W., Tsigelny, I., Adams, J. A., and Taylor, S. S. (1998). Kinetic analyses of mutations in the glycine-rich loop of cAMP-dependent protein kinase. Biochemistry 37 (21), 7708–7715. doi:10.1021/bi972987w
 Gu, T. L., Cherry, J., Tucker, M., Wu, J., Reeves, C., Polakiewicz, R. D., et al. (2010). Identification of activated Tnk1 kinase in Hodgkin’s lymphoma. Leukemia 24 (4), 861–865. doi:10.1038/leu.2009.293
 Guerra, B., and Issinger, O-G. (2008). Protein kinase CK2 in human diseases. Curr. Med. Chem. 15 (19), 1870–1886. doi:10.2174/092986708785132933
 Hecht, M., Bromberg, Y., and Rost, B. (2015). Better prediction of functional effects for sequence variants. BMC Genomics 16 (S8), S1. doi:10.1186/1471-2164-16-S8-S1
 Hériché, J-K., Lebrin, F., Rabilloud, T., Leroy, D., Chambaz, E. M., Goldberg, Y., et al. (1997). Regulation of protein phosphatase 2A by direct interaction with casein kinase 2alpha. Science 276, 952–955. doi:10.1126/science.276.5314.952
 Hornbeck, P. V., Kornhauser, J. M., Tkachev, S., Zhang, B., Skrzypek, E., Murray, B., et al. (2012). PhosphoSitePlus: A comprehensive resource for investigating the structure and function of experimentally determined post-translational modifications in man and mouse. Nucleic Acids Res. 40 (Database issue), D261–D270. doi:10.1093/nar/gkr1122
 Huse, M., and Kuriyan, J. (2002). The conformational plasticity of protein kinases. Cell 109 (3), 275–282. doi:10.1016/s0092-8674(02)00741-9
 Ioannidis, N. M., Rothstein, J. H., Pejaver, V., Middha, S., McDonnell, S. K., Baheti, S., et al. (2016). Revel: An ensemble method for predicting the pathogenicity of rare missense variants. Am. J. Hum. Genet. 99 (4), 877–885. doi:10.1016/j.ajhg.2016.08.016
 Iossifov, I., O’Roak, B. J., Sanders, S. J., Ronemus, M., Krumm, N., Levy, D., et al. (2014). The contribution of de novo coding mutations to autism spectrum disorder. Nature 515 (7526), 216–221. doi:10.1038/nature13908
 Issinger, O. G., Brockel, C., Boldyreff, B., and Pelton, J. T. (1992). Characterization of the alpha and beta subunits of casein kinase 2 by far-UV CD spectroscopy. Biochemistry 31 (26), 6098–6103. doi:10.1021/bi00141a020
 Ji, H., Wang, J., Nika, H., Hawke, D., Keezer, S., Ge, Q., et al. (2009). EGF-induced ERK activation promotes CK2-mediated disassociation of alpha-Catenin from beta-Catenin and transactivation of beta-Catenin. Mol. Cell 36 (4), 547–559. doi:10.1016/j.molcel.2009.09.034
 Katoh, K., Rozewicki, J., and Yamada, Kazunori D. (2018). MAFFT online service: Multiple sequence alignment, interactive sequence choice and visualization. Brief. Bioinform. 4 (20), 1160–1166. doi:10.1093/bib/bbx108
 Korn, I., Gutkind, S., Srinivasan, N., Blundell, T. L., Allende, C., Allende, J. E., et al. (1999). Interactions of protein kinase CK2 subunits. Mol. Cell. Biochem. 191, 75–83. doi:10.1023/a:1006818513560
 Kornev, A. P., Taylor, S. S., and Ten Eyck, L. F. (2008). A helix scaffold for the assembly of active protein kinases. Proc. Natl. Acad. Sci. U. S. A. 105 (38), 14377–14382. doi:10.1073/pnas.0807988105
 Landau, M., Mayrose, I., Rosenberg, Y., Glaser, F., Martz, E., Pupko, T., et al. (2005). ConSurf 2005: The projection of evolutionary conservation scores of residues on protein structures. Nucleic Acids Res. 33 (Suppl. 2), 299–302. doi:10.1093/nar/gki370
 Landrum, M. J., Lee, J. M., Benson, M., Brown, G. R., Chao, C., Chitipiralla, S., et al. (2018). ClinVar: Improving access to variant interpretations and supporting evidence. Nucleic Acids Res. 46 (D1), D1062–D1067. doi:10.1093/nar/gkx1153
 Laudet, B., Barette, C., Dulery, V., Renaudet, O., Dumy, P., Metz, A., et al. (2007). Structure-based design of small peptide inhibitors of protein kinase CK2 subunit interaction. Biochem. J. 408 (3), 363–373. doi:10.1042/BJ20070825
 Lazarus, M. B., Nam, Y., Jiang, J., Sliz, P., and Walker, S. (2011). Structure of human O-GlcNAc transferase and its complex with a peptide substrate. Nature 469 (7331), 564–567. doi:10.1038/nature09638
 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
 Lelieveld, S. H., Wiel, L., Venselaar, H., Pfundt, R., Vriend, G., Veltman, J. A., et al. (2017). Spatial clustering of de Novo missense mutations identifies candidate neurodevelopmental disorder-associated genes. Am. J. Hum. Genet. 101 (3), 478–484. doi:10.1016/j.ajhg.2017.08.004
 Li, J., Gao, K., Cai, S., Liu, Y., Wang, Y., Huang, S., et al. (2019). Germline de novo variants in CSNK2B in Chinese patients with epilepsy. Sci. Rep. 9 (1), 17909. doi:10.1038/s41598-019-53484-9
 Litchfield, D. W., Bosc, D. G., Canton, D. A., Saulnier, R. B., Vilk, G., Zhang, C., et al. (2001). Functional specialization of CK2 isoforms and characterization of isoform specific binding partners. Mol. Cell. Biochem. 227, 21–29. doi:10.1023/a:1013188101465
 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
 Lolli, G., Pinna, L. a., and Battistutta, R. (2012). Structural determinants of protein kinase CK2 regulation by auto-inhibitory polymerization. ACS Chem. Biol. 7, 1158–1163. doi:10.1021/cb300054n
 Lord, J., and Baralle, D. (2021). Splicing in the diagnosis of rare disease: Advances and challenges. Front. Genet. 12, 689892. doi:10.3389/fgene.2021.689892
 Lou, D. Y., Dominguez, I., Toselli, P., Landesman-Bollag, E., O’Brien, C., Seldin, D. C., et al. (2008). The alpha catalytic subunit of protein kinase CK2 is required for mouse embryonic development. Mol. Cell. Biol. 28 (1), 131–139. doi:10.1128/MCB.01119-07
 Lubner, J. M., Dodge-kafka, K. L., Carlson, C. R., Church, G. M., Chou, M. F., Schwartz, D., et al. (2018). Cushing’s Syndrome mutant PKA L205R exhibits altered substrate specificity. FEBS Lett. 591 (3), 459–467. doi:10.1002/1873-3468.12562
 Macias Alvarez, L., Revuelta-Cervantes, J., and Dominguez, I. (2013). “CK2 in embryonic development,” in The wiley-IUBMB series on biochemistry and molecular biology: Protein kinase CK2 ed . Editor L. A. Pinna ( Wiley-Blackwell Publishing. John Wiley & Sons, Inc).
 Manning, G., Whyte, D. B., Martinez, R., Hunter, T., and Sudarsanam, S. (2002). The protein kinase complement of the human genome. Sci. (New York, NY) 298 (5600), 1912–1934. doi:10.1126/science.1075762
 Marchiori, F., Meggio, F., Marin, O., Borin, G., Calderan, A., Ruzza, P., et al. (1988). Synthetic peptide substrates for casein kinase 2. Assessment of minimum structural requirements for phosphorylation. Biochim. Biophys. Acta 971 (3), 332–338. doi:10.1016/0167-4889(88)90149-8
 Martinez-Monseny, A. F., Casas-Alba, D., Arjona, C., Bolasell, M., Casano, P., Muchart, J., et al. (2020). Okur-Chung neurodevelopmental syndrome in a patient from Spain. Am. J. Med. Genet. A 182 (1), 20–24. doi:10.1002/ajmg.a.61405
 Mayrose, I., Graur, D., Ben-Tal, N., and Pupko, T. (2004). Comparison of site-specific rate-inference methods for protein sequences: Empirical Bayesian methods are superior. Mol. Biol. Evol. 9 (21), 1781–1791. doi:10.1093/molbev/msh194
 Meggio, F., Boldyreff, B., Marin, O., Pinna, L. a., and Issinger, O. G. (1992). Role of the beta subunit of casein kinase-2 on the stability and specificity of the recombinant reconstituted holoenzyme. Eur. J. Biochem. 204 (1), 293–297. doi:10.1111/j.1432-1033.1992.tb16636.x
 Meggio, F., and Pinna, L. A. (2003). One-thousand-and-one substrates of protein kinase CK2?FASEB J. 17 (3), 349–368. doi:10.1096/fj.02-0473rev
 Messenger, M. M., Saulnier, R. B., Gilchrist, A. D., Diamond, P., Gorbsky, G. J., Litchfield, D. W., et al. (2002). Interactions between protein kinase CK2 and Pin1. Evidence for phosphorylation-dependent interactions. J. Biol. Chem. 277 (25), 23054–23064. doi:10.1074/jbc.M200111200
 Michaelson, J. J., Shi, Y., Gujral, M., Zheng, H., Malhotra, D., Jin, X., et al. (2012). Whole-genome sequencing in autism identifies hot spots for de novo germline mutation. Cell 151 (7), 1431–1442. doi:10.1016/j.cell.2012.11.019
 Nakashima, M., Tohyama, J., Nakagawa, E., Watanabe, Y., Siew, C. G., Kwong, C. S., et al. (2019). Identification of de novo CSNK2A1 and CSNK2B variants in cases of global developmental delay with seizures. J. Hum. Genet. 64 (4), 313–322. doi:10.1038/s10038-018-0559-z
 Niefind, K., and Battistutta, R. (2013). “Structural bases of protein kinase CK2 function and inhibition protein kinase CK2,” in The wiley-IUBMB series on biochemistry and molecular biology: Protein kinase CK2 ed . Editor L. A. Pinna ( Wiley-Blackwell Publishing. John Wiley & Sons, Inc). 
 Niefind, K., Guerra, B., Ermakowa, I., and Issinger, O. G. (2001). Crystal structure of human protein kinase CK2: Insights into basic properties of the CK2 holoenzyme. EMBO J. 20 (19), 5320–5331. doi:10.1093/emboj/20.19.5320
 Niefind, K., Guerra, B., Pinna, L. A., Issinger, O. G., and Schomburg, D. (1998). Crystal structure of the catalytic subunit of protein kinase CK2 from Zea mays at 2.1 A resolution. EMBO J. 17 (9), 2451–2462. doi:10.1093/emboj/17.9.2451
 Niefind, K., and Issinger, O-G. (2010). Conformational plasticity of the catalytic subunit of protein kinase CK2 and its consequences for regulation and drug design. Biochim. Biophys. Acta 1804 (3), 484–492. doi:10.1016/j.bbapap.2009.09.022
 Niefind, K., and Issinger, O-G. (2005). Primary and secondary interactions between CK2alpha and CK2beta lead to ring-like structures in the crystals of the CK2 holoenzyme. Mol. Cell. Biochem. 274 (1–2), 3–14. doi:10.1007/s11010-005-3114-0
 Niefind, K., Pütter, 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
 Niefind, K., Yde, C. W., Ermakova, I., and Issinger, O-G. (2007). Evolved to be active: Sulfate ions define substrate recognition sites of CK2alpha and emphasise its exceptional role within the CMGC family of eukaryotic protein kinases. J. Mol. Biol. 370 (3), 427–438. doi:10.1016/j.jmb.2007.04.068
 Okur, V., Cho, M. T., Henderson, L., Retterer, K., Schneider, M., Sattler, S., et al. (2016). De novo mutations in CSNK2A1 are associated with neurodevelopmental abnormalities and dysmorphic features. Hum. Genet. 135 (7), 699–705. doi:10.1007/s00439-016-1661-y
 Owen, C. I., Bowden, R., Parker, M. J., Jo, Patterson, Patterson, Joan, Price, S., et al. (2018). Extending the phenotype associated with the CSNK2A1-related okur–chung syndrome—a clinical study of 11 individuals. Am. J. Med. Genet. A 176 (5), 1108–1114. doi:10.1002/ajmg.a.38610
 Pargellis, C., Tong, L., Churchill, L., Cirillo, P. F., Gilmore, T., Graham, A. G., et al. (2002). Inhibition of p38 MAP kinase by utilizing a novel allosteric binding site. Nat. Struct. Biol. 9 (4), 268–272. doi:10.1038/nsb770
 Poirier, K., Hubert, L., Viot, G., Rio, M., Billuart, P., Besmond, C., et al. (2017). CSNK2B splice site mutations in patients cause intellectual disability with or without myoclonic epilepsy. Hum. Mutat. 38 (8), 932–941. doi:10.1002/humu.23270
 Pyerin, W., and Ackermann, K. (2003). The genes encoding human protein kinase CK2 and their functional links. Prog. Nucleic Acid. Res. Mol. Biol. 74, 239–273. doi:10.1016/S0079-6603(03)01015-8
 Raaf, J., Bischoff, N., Klopffleisch, K., Brunstein, E., Olsen, B. B., Vilk, G., et al. (2011). Interaction between CK2α and CK2β, the subunits of protein kinase CK2: Thermodynamic contributions of key residues on the CK2α surface. Biochemistry 50 (4), 512–522. doi:10.1021/bi1013563
 Raaf, J., Brunstein, E., Issinger, O., and Niefind, K. (2008). The interaction of CK2alpha and CK2beta, the subunits of protein kinase CK2, requires CK2beta in a preformed conformation and is enthalpically driven. Protein Sci. 17, 2180–2186. doi:10.1110/ps.037770.108
 Raaf, J., Issinger, O-G., and Niefind, K. (2009). First inactive conformation of CK2 alpha, the catalytic subunit of protein kinase CK2. J. Mol. Biol. 386 (5), 1212–1221. doi:10.1016/j.jmb.2009.01.033
 Rahman, M. M., and Fatema, K. (2021). Genetic diagnosis in children with epilepsy and developmental disorders by targeted gene panel analysis in a developing country. J. Epilepsy Res. 11 (1), 22–31. doi:10.14581/jer.21004
 Reva, B., Antipin, Y., and Sander, C. (2011). Predicting the functional impact of protein mutations: Application to cancer genomics. Nucleic Acids Res. 39 (17), e118. doi:10.1093/nar/gkr407
 Rodrigues, C. H., Ascher, D. B., and Pires, D. E. (2018). Kinact: A computational approach for predicting activating missense mutations in protein kinases. Nucleic Acids Res. 46 (W1), W127–W132. doi:10.1093/nar/gky375
 Roffey, S. E., and Litchfield, D. W. (2021). CK2 regulation: Perspectives in 2021. Biomedicines 9 (10), 1361. doi:10.3390/biomedicines9101361
 Ruzzene, M., and Pinna, L. A. (2010). Addiction to protein kinase CK2: A common denominator of diverse cancer cells?Biochim. Biophys. Acta 1804 (3), 499–504. doi:10.1016/j.bbapap.2009.07.018
 Sakaguchi, Y., Uehara, T., Suzuki, H., Kosaki, K., and Takenouchi, T. (2017). Truncating mutation in CSNK2B and myoclonic epilepsy. Hum. Mutat. 38 (11), 1611–1612. doi:10.1002/humu.23307
 Sarno, S., Boldyreff, B., Marin, O., Guerra, B., Meggio, F., Issinger, O. G., et al. (1995). Mapping the residues of protein kinase CK2 implicated in substrate recognition: Mutagenesis of conserved basic residues in the α-subunit. Biochem. Biophys. Res. Commun. 206 (1), 171–179. doi:10.1006/bbrc.1995.1024
 Sarno, S., Ghisellini, P., and Pinna, L. A. (2002). Unique activation mechanism of protein kinase CK2. The N-terminal segment is essential for constitutive activity of the catalytic subunit but not of the holoenzyme. J. Biol. Chem. 277 (25), 22509–22514. doi:10.1074/jbc.M200486200
 Sarno, S., Vaglio, P., Marin, O., Issinger, O. G., Ruffato, K., Pinna, L. A., et al. (1997). Mutational analysis of residues implicated in the interaction between protein kinase CK2 and peptide substrates. Biochemistry 36 (39), 11717–11724. doi:10.1021/bi9705772
 Sarno, S., Vaglio, P., Meggio, F., Issinger, O. G., and Pinna, L. A. (1996). Protein kinase CK2 mutants defective in substrate recognition: Purification and kinetic analysis. J. Biol. Chem. 271 (18), 10595–10601. doi:10.1074/jbc.271.18.10595
 Schnitzler, A., and Niefind, K. (2021). Structural basis for the design of bisubstrate inhibitors of protein kinase CK2 provided by complex structures with the substrate-competitive inhibitor heparin. Eur. J. Med. Chem. 214, 113223. doi:10.1016/j.ejmech.2021.113223
 Schreiber, T. B., Mäusbacher, N., Kéri, G., Cox, J., and Daub, H. (2010). An integrated phosphoproteomics work flow reveals extensive network regulation in early lysophosphatidic acid signaling. Mol. Cell. Proteomics 9 (6), 1047–1062. doi:10.1074/mcp.M900486-MCP200
 Schrödinger, L. (2013). The PyMOL molecular graphics system, version 1.7. Available at: https://pymol.org/.
 Schwarz, J. M., Cooper, D. N., Schuelke, M., and Seelow, D. (2014). MutationTaster2: Mutation prediction for the deep-sequencing age. Nat. Methods 11 (4), 361–362. doi:10.1038/nmeth.2890
 Selvam, P., Jain, A., Cheema, A., Atwal, H., Forghani, I., Atwal, P. S., et al. (2021). Poirier–bienvenuneurodevelopmental syndrome: A report of a patient with a pathogenic variant in CSNK2B with abnormal linear growth. Am. J. Med. Genet. A 185 (2), 539–543. doi:10.1002/ajmg.a.61960
 Sim, N-L., Kumar, P., Hu, J., Henikoff, S., Schneider, G., Ng, P. C., et al. (2012). SIFT web server: Predicting effects of amino acid substitutions on proteins. Nucleic Acids Res. 40 (W1), W452–W457. doi:10.1093/nar/gks539
 St-Denis, N. a., Derksen, D. R., and Litchfield, D. W. (2009). Evidence for regulation of mitotic progression through temporal phosphorylation and dephosphorylation of CK2alpha. Mol. Cell. Biol. 29 (8), 2068–2081. doi:10.1128/MCB.01563-08
 Tang, H., and Thomas, P. D. (2016). PANTHER-PSEP: Predicting disease-causing genetic variants using position-specific evolutionary preservation. Bioinformatics 32 (14), 2230–2232. doi:10.1093/bioinformatics/btw222
 Tarrant, M. K., Rho, H-S., Xie, Z., Jiang, Y. L., Gross, C., Culhane, J. C., et al. (2012). Regulation of CK2 by phosphorylation and O-GlcNAcylation revealed by semisynthesis. Nat. Chem. Biol. 8 (3), 262–269. doi:10.1038/nchembio.771
 Taylor, S. S., and Kornev, A. P. (2011). Protein kinases: Evolution of dynamic regulatory proteins. Trends biochem. Sci. 36 (2), 65–77. doi:10.1016/j.tibs.2010.09.006
 The Deciphering Developmental Disorders Study (2015). Large-scale discovery of novel genetic causes of developmental disorders. Nature 519 (7542), 223–228. doi:10.1038/nature14135
 Trembley, J. H., Chen, Z., Unger, G., Slaton, J., Kren, B. T., Van Waes, C., et al. (2010). Emergence of protein kinase CK2 as a key target in cancer therapy. BioFactors 36 (3), 187–195. doi:10.1002/biof.96
 Trinh, J., Hüning, I., Budler, N., Hingst, V., Lohmann, K., Gillessen-Kaesbach, G., et al. (2017). A novel de novo mutation in CSNK2A1: Reinforcing the link to neurodevelopmental abnormalities and dysmorphic features. J. Hum. Genet. 62 (1–1), 1005–1006. doi:10.1038/jhg.2017.73
 Vaglio, P., Sarno, S., Marina, O., Meggio, F., Issinger, O. G., Pinna, L. A., et al. (1996). Mapping the residues of protein kinase CK2 α subunit responsible for responsiveness to polyanionic inhibitors. FEBS Lett. 380 (1–2), 25–28. doi:10.1016/0014-5793(95)01542-6
 Valentino, F., Bruno, L. P., Doddato, G., Giliberti, A., Tita, R., Resciniti, S., et al. (2021). Exome sequencing in 200 intellectual disability/autistic patients: New candidates and atypical presentations. Brain Sci. 11 (7), 936. doi:10.3390/brainsci11070936
 Valero, E., Bonis, S. D., Filhol, O., Wade, R. H., Langowski, J., Chambaz, E. M., et al. (1995). Quaternary structure of casein kinase 2. Characterization of multiple oligomeric states and relation with its catalytic activity. J. Biol. Chem. 270 (14), 8345–8352. doi:10.1074/jbc.270.14.8345
 van der Werf, I. M., Jansen, S., de Vries, P. F., Gerstmans, A., van de Vorst, M., Van Dijck, A., et al. (2020). Overrepresentation of genetic variation in the AnkyrinG interactome is related to a range of neurodevelopmental disorders. Eur. J. Hum. Genet. 28 (12), 1726–1733. doi:10.1038/s41431-020-0682-0
 Walker, C., Wang, Y., Olivieri, C., Karamafrooz, A., Casby, J., Bathon, K., et al. (2019). Cushing’s syndrome driver mutation disrupts protein kinase A allosteric network, altering both regulation and substrate specificity. Sci. Adv. 5 (8), eaaw9298. doi:10.1126/sciadv.aaw9298
 Wang, T., Hoekzema, K., Vecchio, D., Wu, H., Sulovari, A., Coe, B. P., et al. (2020). Large-scale targeted sequencing identifies risk genes for neurodevelopmental disorders. Nat. Commun. 11 (1), 4932. doi:10.1038/s41467-020-18723-y
 Werner, C., Gast, A., Lindenblatt, D., Nickelsen, A., Niefind, K., Jose, J., et al. (2022). Structural and enzymological evidence for an altered substrate specificity in okur-chung neurodevelopmental syndrome mutant CK2α(Lys198Arg). Front. Mol. Biosci. 9, 831693. doi:10.3389/fmolb.2022.831693
 Wu, R., Tang, W., Liang, L., Li, X., Ouyang, N., Meng, Z., et al. (2020). [Identification of a novel de novo variant of CSNK2A1 gene in a boy with Okur-Chung neurodevelopmental syndrome]. Zhonghua Yi Xue Yi Chuan Xue Za Zhi 37 (6), 641–644. doi:10.3760/cma.j.issn.1003-9406.2020.06.011
 Wu, R., Tang, W., Qiu, K., Li, X., Tang, D., Meng, Z., et al. (2021). Identification of novel CSNK2A1 variants and the genotype–phenotype relationship in patients with okur–chung neurodevelopmental syndrome: A case report and systematic literature review. J. Int. Med. Res. 49 (5), 1. doi:10.1177/0300060521101706310.1177/03000605211017063
 Wu, W., Sung, C. C., Yu, P., Li, J., and Chung, K. K. K. (2020). S-Nitrosylation of G protein-coupled receptor kinase 6 and Casein kinase 2 alpha modulates their kinase activity toward alpha-synuclein phosphorylation in an animal model of Parkinson's disease. PLoS ONE 15 (4), e0232019. doi:10.1371/journal.pone.0232019
 Xu, S., Lian, Q., Wu, J., Li, L., and Song, J. (2020). Dual molecular diagnosis of tricho-rhino-phalangeal syndrome type I and okur-chung neurodevelopmental syndrome in one Chinese patient: A case report. BMC Med. Genet. 21 (1), 158. doi:10.1186/s12881-020-01096-w10.1186/s12881-020-01096-w
 Xu, X., Toselli, P. a., Russell, L. D., and Seldin, D. C. (1999). Globozoospermia in mice lacking the casein kinase II alpha’ catalytic subunit. Nat. Genet. 23 (1), 118–121. doi:10.1038/12729
 Yang, S., Wu, L., Liao, H., Lu, X., Zhang, X., Kuang, X., et al. (2021). Clinical and genetic analysis of six Chinese children with Poirier-Bienvenu neurodevelopmental syndrome caused by CSNK2B mutation. Neurogenetics 22 (4), 323–332. doi:10.1007/s10048-021-00649-2
 Yang-Feng, T. L., Zheng, K., Kopatz, I., Naiman, T., and Canaanil, D. (1991). Mapping of the human casein kinase II catalytic subunit genes: Two loci carrying the homologous sequences for the alpha subunit. Nucleic Acids Res. 19 (25), 7125–7129. doi:10.1093/nar/19.25.7125
 Ye, J., Pavlicek, A., Lunney, E. A., Rejto, P. A., and Teng, C-H. (2010). Statistical method on nonrandom clustering with application to somatic mutations in cancer. BMC Bioinforma. 11 (1), 11. doi:10.1186/1471-2105-11-11
 Yuen, R. K., Merico, D., Cao, H., Pellecchia, G., Alipanahi, B., Thiruvahindrapuram, B., et al. (2016). Genome-wide characteristics of de novo mutations in autism. NPJ Genom. Med. 1 (1), 160271–1602710. doi:10.1038/npjgenmed.2016.27
 Yuen, R. K. C., Merico, D., Bookman, M., Howe, L. J., Thiruvahindrapuram, B., Patel, R. V., et al. (2017). Whole genome sequencing resource identifies 18 new candidate genes for autism spectrum disorder. Nat. Neurosci. 20 (4), 602–611. doi:10.1038/nn.4524
 Zhang, C., Vilk, G., Canton, D. A., and Litchfield, D. W. (2002). Phosphorylation regulates the stability of the regulatory CK2beta subunit. Oncogene 21 (23), 3754–3764. doi:10.1038/sj.onc.1205467
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.
Copyright © 2022 Unni, Friend, Weinberg, Okur, Hochscherf and Dominguez. 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.
OPS/images/fmolb-09-851547-t006.jpg
SNAP2 Polyphen-2 SIFT I-Mutant 3.0 disease MAFI PredictSNP
SNAP2
(p = 0.5637)
Polyphen-2 K= 0.6319 K = 04535
(p = 05637) (p=0.99)
SIFT X = 00408 1336
(p=01317) (p = 0.1655)
I-Mutant 3.0 Disease K = 03597 x=02316 K =0.149%
(p = 0.0016) (p = 0.0039) (p = 0.1967)
MAFI x = 0.3968 x=02773 k= 03410 K =0.4397 K = 04788
(p = 0.0082) (p = 0.0047) (p =0.0339) (p = 04795) (p = >0.999)
PredictSNP K = 0.1455 K =0.1869 K = 00242 Kk = 0.5386 ®=01132 k= 05275
(p=0.1317) (p = 0.0578) (p = 0.0833) (p = 0.7055) (p = 03173) (p = 0.7055)
REVEL = 0.1983 x=0.1399 k= 08773 Kk =03244 K = 0.3081 K=03886  x=02828
(p = 0.0005) (p = 0.0003) (p = 0.5637) (p = 0.0075) (p = 0.1967) (p=0.0209  (p=0.0201)
SNAP2 k=" (p=03173)
Polyphen-2 *(p=01573) x=06429
(p=0.3173)
SIFT K=*(p=03173) x=-0.0526 K =0.6429
(p = >0.999) (p=03173)
I-Mutant 30 Disease  ** k=" (p=03173) x="(p=01573) *(p=03173)
MAFI - K="(p=03173) =*(p=0.1573) (p=03173) **
PredictSNP =*(p=01573) x=-0.0714 K = 0.4444 K = 06429 K=" (p=01573) Ki=d
(p=0.5637) (p = >0999) (p=03173) (p=03173)
REVEL K=" (p=00833) «=04595 k=07727 4595 K=" (p=00833) x=07727
(p=0.1573) (p =03173) 0.1573) 0.1573)  (p = 03173)

PremP$S

Kinact mCSM AAG
Kinact SDM AAG
Kinact DUET AAG
I-Mutant 3.0 AAG

K =-0.0320 (p = 0.5637)
Kk = -0.0854 (p = 0.0126)
K = 0.1357 (p = 0.0339)
.1573)

K="=

Kinact mCSM AAG

K = 01296 (p = 0.0016)
Kk = 0.1887 (p = 0.0082)
K=" (p=03173)

Kinact SDM AAG

.2621 (p = 0.3657)
(p = 0.0009)

Kinact DUET AAG

(p = 0.0047)

PremPS

I-Mutant 3.0 AAG

= Kappa coefficient, MAFI = Mutation Assessor Functional Impact, p = p-value from McNemar's test. * Could not be computed, ** Could not compute k or p-value.

wovales B Sl e atoutficant:Gr 008,





OPS/xhtml/nav.xhtml
Contents

		Cover

		Predictive functional, statistical and structural analysis of CSNK2A1 and CSNK2B variants linked to neurodevelopmental diseases		Introduction

		Materials and methods		CSNK2A1 and CSNK2B variants

		CK2α and CK2β sequences, protein domains and alignment

		Prediction tools

		Structural analysis





		Results and discussion		Update on CSNK2A1 and CSNK2B variants

		CK2α and CK2β mutation frequency and hotspots

		Mutation clusters

		Evolutionary conservation

		Functional predictions

		Protein stability predictions





		Concluding remarks

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Author disclaimer

		Supplementary material

		References









OPS/images/fmolb-09-851547-t005.jpg
CK2a Functional Consensus
IMutant | Mutation
Mutations | PROVEAN | SNAP2 | Polyphen-2 SIFT 3.0 " PredictSNP | REVEL
v Disease | Functional
Impact
m1? neutral neulral_| probably damaging | ot folerated | neutral NA deleterious | disease causing
R21Q neutral neutral | probably damaging | tolerated disease | - neutral non-disease causing
E27K deleterious | effect | probably damaging | not tolerated | disease | medium Geleterious | non-disease causing
Y3sc deleterious | effect | probably damaging | not tolerated | disease | high deleterious | non-disease causing
Y398 deleterious | effect | probably damaging | not tolerated | disease | high deleterious | non-disease causing
Ga6V deleterious | effect | probably damaging | not tolerated | disease B deleterious | disease causing
R47G deleterious | effect | probably damaging | not tolerated | disease | low neutral disease causing
R47Q deleterious | effect | probably damaging | tolerated disease neutral neutral non-disease causing
Ys0C deleterious | effect | probably damaging | not tolerated | disease | medium deleterious | disease causing
'Y50F deleterious | effect probably damaging | tolerated neutral neutral deleterious non-disease causing
Y508 deleterious | effect | probably damaging | not tolerated | disease | low deleterious | disease causing
S51IN deleterious | effect possibly damaging tolerated neutral medium deleterious non-disease causing
S51R deleterious | effect | possibly damaging | not tolerated | disease | high deleterious | disease causing
511 deleterious | effect | probably damaging | not tolerated | disease | medium deleterious | disease causing
E52K deleterious | effect | possibly damaging | tolerated disease | neutral neutral disease causing
Vs3L deleterious | effect | possibly damaging | not tolerated | disease | medium deleterious | disease causing
VT3E deleterious | effect | probably damaging | not tolerated | neutral neutral neutral non-disease causing
RBO0C deleterious | effect | probably damaging | not tolerated | disease | high deleterious | non-disease causing
R80H deleterious | effect | possibly damaging | nottolerated | disease medium deleterious | non-disease causing
T127M__ | deleterious | effect | probably damaging | not tolerated | disease | low neutral non-disease causing
C147Y_ | deleterious | effect | probably damaging | nottolerated | disease | medium deleterious | disease causing
M153R | deleterious | effect | probably damaging | nottolerated | disease | - deleterious | disease causing
D156H | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
D156E deleterious | effect | probably damaging | nottolerated | disease high deleterious | disease causing
D156Y | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
K158E deleterious | effect probably damaging not tolerated disease high deleterious disease causing
K158R | deleterious | effect | probably damaging | nottolerated | disease | medium deleterious | disease causing
H160R deleterious | effect | probably damaging | tolerated disease neutral neutral disease causing
N161S_ | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
N161D | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
174M deleterious | effect | probably damaging | not tolerated | neutral medium deleterious | non-disease causing
D175 | deleterious | effect | benign not tolerated | disease | medium deleterious | disease causing
D175E | deleterious | effect | possibly damaging | not tolerated | neutral high deleterious | disease causing
G177S | deleterious | effect | probably damaging | not tolerated | disease | medium deleterious | disease causing
L178W | deleterious | effect | probably damaging | not tolerated | neutral medium deleterious | disease causing
R191Q__ | deleterious | effect | probably damaging | tolerated disease | low deleterious | non-disease causing
S194F deleterious | effect | probably damaging | not tolerated | disease | medium deleterious | disease causing
F1o71 deleterious | effect | probably damaging | not tolerated | disease | low deleterious | disease causing
K198R | deleterious | effect | possibly damaging | tolerated neutral neutral neutral non-disease causing
G199D | deleterious | effect | possibly damaging | nottolerated | disease | neutral deleterious | non-disease causing
D210N deleterious | effect | probably damaging | tolerated disease Tow. neutral non-disease causing
P231R_ | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
R312Q deleterious | effect | probably damaging | not tolerated | disease high deleterious | disease causing
R312W | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
S356T neutral neutral benign not tolerated neutral neutral neutral non-disease causing
P363H neutral neutral | benign not tolerated | neutral neutral deleterious | non-disease causing
P382L neutral effect benign not tolerated neutral neutral deleterious non-disease causing
CcK2B Functional Consensus
I Mutation
' Mutant | Assessor .
Mutations | PROVEAN | v Poetoont | snaP2 | siFT Polyphen-2 | REVEL PredictSNP
Disease | Impact
F21L deleterious | disease | - effect | M probaby [ neutral
tolerated | damaging causing
- : - not probably : ’ ;
D32N deleterious | disease | medium | effect | g8 | BRSNS disease causing deleterious
) : not probably ) ’ )
D32A deleterious | disease | high e || B disease causing deleterious
F34s deleterious | disease | medium effect | Mot (A disease causing deleterious
tolerated | damaging
” " i not probably = "
F34C deleterious | disease effect | Glerated | damaging disease causing deleterious
) - not probably " " )
N35K deleterious | disease | high s || G | disease causing deleterious
ETTK deleterious | disease | medium effect | tolerated | benign 2:;‘:;‘5;3“ neutral
Y8ON deleterious | disease | - effect | Mot [ disease causing deleterious
tolerated | damaging
: ) " not probably . .
R86C deleterious | disease | high effect | {lerated | damaging disease causing deleterious
3 > : not non-disease 3
mo71 deleterious | disease | medium neutral | @E tag | beign catsing deleterious
" " : not possibly - " ’
F106V deleterious | disease | medium | effect | oo | Gamaging disease causing deleterious
R111P deleterious | disease | high effect | Mot [ disease causing deleterious
tolerated | damaging
5 not probably =
C137R deleterious | disease | high effect | {lerated | damaging disease causing deleterious
: " ot probably 5 " 5
c1376 deleterious | disease | high offect | 10 wted | Hamain disease causing deleterious
" " not probably 5 » "
C137F deleterious | disease | high effect | ioiorated | damogi disease causing deleterious
P164R deleterious | disease | - effect | Mot [ disease causing deleterious
tolerated | damaging
) " ; not probably ) ’ )
H165R deleterious | disease | high effect | Glerated | damaging disease causing deleterious
- - " not possibly - ’ ’
L187p deleterious | disease | medium | effect | g8y | BN disease causing deleterious
) - ) not possibly . ’ )
L187R deleterious | disease | medium | effect | gierated | amaging disease causing deleterious
- - not probably ) : -
G189V deleterious | disease | - offect | {orated | dameging disease causing deleterious
[
CK2a Functional Consensus Experimental
Mutation
2 I-Mutant .
:'""""" PROVEAN | SNAP2 | Polyphen-2 | SIFT 3.0 :S:z:z:’al E"’"""SN REVEL Kinase activity
Disease | ool
D175G6 deleterious | effect | benign 2;"; rated | disease medium deleterious :fj;::
possibly not " X disease
S51R deleterious | effect damaging tolerated disease high deleterious causing
Fl971 deleterious | effect | Probably | not disease | low deleterious | disease
damaging | tolerated causing
possibly not non-disease
R8O0H deleterious | effect | G0V | Worateq | dSe@se | medum deleteriovs | G20
probably not disease 0-25% of
R312wW deleterious | effect damaging oerated disease high deleterious causing Wild-type
probably not 8 non-disease
174m deleterious | effect damaging tolerated neutral medium deleterious causing
P231R | deleterious | effect | broady | ot dgisease | high deleterious | disease
jamaging | tolerated causing
probably 5 non-disease
Y50F deleterous | effect | GETEGH, | olerated | neutra neutral deleteriovs | G20
possibly non-disease
K198R deleterious | effect Gl tolerated neutral neutral neutral causiny
probably | not sease
R47G deleterious | effect | GRTH. | Werated | dSe@se | low neutral g
probably non-disease
R47Q deleterious | effect damaging tolerated disease neutral neutral causing
probably | not non-disease | 25-50% of
E27K deleterious | effect damaging tolerated disease medium deleterious causing Wild-type
V13E deleterious | effect | Propably | ot neutral | neutral neutral non-disease
jamaging | tolerated causing
probably ; non-disease
R191Q | deleterious | effect | EECH. | tolerated | disease | low deleterious | 100"
D
CK2a Functional Consensus N/C distribution
Mutation
I-Mutant N
Mutations | PROVEAN | SNAP2 | Polyphen-2 | SIFT 3.0 Assessor PredictSNP | REVEL similarity to
Disease | Functional wild-type
Impact
R312Q | deleterious | effect g:’;}’:;gg o ateg | de@se | high deleterious g:’:sal:; low
RI1ZW | deleterious | effect | o2t o atod | de@se | high deleterious | Ss0ase low
e ey e —
F1o71 deleterious | effect g;‘:f":;:zg o ated | disease | low deleterious g‘:f;:; mid
V73E deleterious | effect 5‘;::;:: A :‘;; rated | nevtral | neutral neutral 2:::[:2““’ mid
probably not disease.
R47G deleterious | effect damaging Serated disease low neutral causing mid
Y508 deleterious | effect g‘:;’:;'z 8 nol e | dSease | fow deleterious :fj;:: mid
R47Q deleterious | effect g’a"r;’:;'zg tolerated | disease | neutral neutral 2:3;?[:;9553 mid
S51R deleterious | effect 5:;5;‘;% . o ated | disease | high deleterious :';f;:; mid
D156H deleterious | effect s’a‘#":":: :g; rated | disease | high deleterious gi:f;:a mid
[ee—— - e
probably non-disease
R191Q deleterious | effect damaging tolerated disease low deleterious causing high
probably ot - : disease -
P231R | deleterious | effect | EVECN erated | disease | high deleterious | CNE0 high
’ ot . disease -
D175G | deleterious | effect | benign erated | isease | medium deleterious | SRS high
probably not ? non-disease |
174m deleterious | effect | FOR0N terated | neutral | medium deleterious | 10 e high
probably not non-disease
E27K deleterious | effect damaging tolerated disease medium deleterious causing high
possibly not : non-disease |
R8O0H deleterious | effect | EPRON orated | disease | medium deleterious | (0 high
possibly non-disease |
K198R | deleterious | effect | A°Y | tolerated | neutral | neutral neutral Hesiniven high






OPS/images/fmolb-09-851547-t008.jpg
CK2a Mutations

L41A
F54A
169A

CK2p Mutations

M166A
RIS6A
LIS7A
Y188A
G189A
FI90A
KI91A
[192A
H193A

CK2a Mutations

R21Q
E27K
Y39C
Y395
GA6V
R47G
R47Q
Y50C
YSOF
Y508
SSIN
SSIR
S511
E52K
Vs3L
V73E
RSOC
RSOH
T127M
C147Y
MIS3R
D156H
DIS6E
D156Y
K158E
K158R
HI60R
N161§
N161D
[174M
D175G
D175E
G1778
LI78W
R191Q
S194F
F1971
K198R
G199D
D210N
P23IR
R312Q
R312W
$356T
P363H
P382L
D

CK2a Mutations

F21L
D32N
D32A
F34S
F34C
N35K
E77K
Y80N
R86C
M971
F106V
R111P
CI37R
C137G
CI37F
P164R
H165R
L187P
LIS7R
G189V

AAGBiInd (kcal/mol)  Solvent accessibility (in partner(s))  Solvent accessibility (in complex)

352
292
235

53.34% 0%
21.10% 0%
27.07% 2.76%

AAGBind (kcal/mol)  Solvent accessibility (in partner(s))  Solvent accessibility (in complex)

1.53
135
1.94
245
1.74
3.63
0.87
1.49
134

22.62% 1155%
43.95% 36.13%
1269% 6.99%
71.58% 46.03%
46.54% 23.84%
68.45% 3321%
61.78% 46.50%
17.13% 1436%
60.99% 37.78%

AAGBind Solvent accessibility (in partner(s)) Solvent accessibility (in complex)

(kcal/mol)

-0.01 58.20%

024 40.82%

L2 1182%

176 11.82%

0.1 3405%

1.69 69.92%

079 69.92%

07 50.25%

021 50.25%

051 50.25%

031 24.65%

027 2465%

0.01 24.65%

045 3115%

024 1459%

075 32.83%

07 1094%

036 10.94%

021 54.43%

027 0%

041 049%

0.01 1134%

038 1134%

013 1134%

038 2081%

0.06 2081%

-0.03 74.07%

0.49 242%

0.49 242%

0.42 13.26%

016 39.07%

05 39.07%

016 13.62%

-0.08 21.75%

0.01 68.75%

018 2080%

076 6.28%

02 9.30%

021 0%

025 5.04%

086 1226%

041 117%

021 117%

nd. nd. nd.

nd. nd. nd.

nd. nd. nd.

AAGBind Solvent accessibility (in Solvent

(keal/mol) partner(s)) accessibility

(in complex)

123 180% 180%

012 50.72% 48.83%

022 50.72% 48.83%

039 75.85% 5L17%

088 75.85% 5L17%

0.6 24.17% 22.36%

0.03 49.95% 49.95%

24 0% 0%

096 2891% 28.12%

037 0% 0%

142 0.45% 0.45%

056 879% 8.79%

225 0% 0%

204 0% 0%

096 0% 0%

-0.43 0% 0%

029 1.23% 123%

225 12.69% 6.99%

1.04 12.69% 6.99%

159 46.54% 23.84%

Interface

Yes
Yes
Yes

Interface

yes
yes
yes
yes
yes
yes

yes

yes

Interface

Yes
Yes

Yes
Yes
Yes
Yes
Yes

Yes

Yes

Interface

Yes

yes

yes
yes

yes





OPS/images/fmolb-09-851547-t007.jpg
A

CK20 Mutations | PremPS | Kinact mCSM AAG | Kinact SDM AAG | Kinact DUET AAG I-Mutant 3.0 AAG
M1? N/A N/A N/A N/A destal g
R21Q weak effect weak effect weak effect stabilizing destabilizing
E27K stabilizing weak effect weak effect stabilizing destabilizing
Y39C destabilizing | destabilizing weak effect destabilizing destabilizing
Y398 destabilizing | destabilizing destabilizing destabilizing destabilizing
G46V weak effect weak effect stabilizing stabilizing eak effect
R47G weak effect weak effect stabilizing weak effect destabilizing
R47Q weak effect weak effect weak effect stabilizing destabilizing
Y50C destabilizing | weak effect weak effect weak effect destabilizing
Y50F weak effect weak effect stabilizing weak effect weak effect
Y508 destabilizing | destabilizing weak effect weak effect destabilizing
S51N weak effect weak effect weak effect weak effect destabilizing
S51R weak effect | weak effect weak effect weak effect weak effect
S511 weak effect weak effect stabilizing stabilizing weak effect
E52K weak effect weak effect weak effect weak effect destabilizing
V53L weak effect weak effect weak effect weak effect destabilizing
V73E weak effect weak effect destabilizing weak effect destabilizing
R80C weak effect destabilizing weak effect destabilizing destabilizing
R80H destabilizing | destabilizing weak effect destabilizing destabilizing
T127T™M weak effect stabilizing stabilizing stabilizing weak effect
C147Y destabilizing | weak effect destabilizing weak effect weak effect
M153R destabilizing | destabilizing destabilizing weak effect destabilizing
D156H weak effect | weak effect weak effect weak effect weak effect
D156E weak effect | weak effect weak effect weak effect weak effect
D156Y stabilizing weak effect weak effect weak effect weak effect
K158E destabilizing | destabilizing weak effect weak effect destabilizing
K158R weak effect destabilizing stabilizing weak effect weak effect
H160R weak effect weak effect stabilizing weak effect weak effect
N161S weak effect | weak effect weak effect weak effect weak effect
N161D destabilizing | destabilizing weak effect weak effect weak effect
1174M weak effect weak effect weak effect weak effect destabilizing
D175G weak effect weak effect stabilizing stabilizing destabilizing
D175E weak effect |weak effect stabilizing weak effect weak effect
G177S weak effect destabilizing weak effect weak effect destabilizing
L178W destabilizing | destabilizing weak effect weak effect destabilizing
R191Q weak effect weak effect weak effect stabilizing destabilizing
S194F weak effect weak effect stabilizing weak effect weak effect
F1971 destabilizing | destabilizing stabilizing weak effect destabilizing
K198R weak effect | weak effect weak effect weak effect weak effect
G199D destabilizing | destabilizing destabilizing destabilizing destabilizing
D210N weak effect weak effect weak effect weak effect destabilizing
P231R destabilizing | weak effect destabilizing weak effect destabilizing
R312Q destabilizing | destabilizing destabilizing destabilizing destabilizing
R312W weak effect | weak effect weak effect weak effect weak effect
N/A
destabilizing
P382L [N/A N/A weak effect
B
CK2B Mutations| PremPS |I-Mutant 3.0 AAG
F21L destabilizing
D32N weak effect |destabilizing
D32A weak effect |weak effect
F34S destabilizing | destabilizing
F34C destabilizing | destabilizing
N35K destabilizing | weak effect
E77K weak effect |weak effect
Y8ON destabilizing |destabilizing
R86C weak effect |destabilizing
M97I destabilizing | weak effect
F106V destabilizing | destabilizing
R111P destabilizing | weak effect
C137R destabilizing | weak effect
C137G destabilizing | destabilizing
C137F destabilizing | weak effect
P164R destabilizing
H165R destabilizing | weak effect
L187P destabilizing | destabilizing
L187R destabilizing | destabilizing
G189V weak effect Meak effect
C.
CK2a Protein expression
Mutatons | Premps | Kinact mCSM [ Kinact —SDM [ Kinact DUET | [Mutant 3.0 e
R47Q weak effect | weak effect weak effect stabilizing destabilizing | 30%
R312Q destabilizing | destabilizing destabilizing destabilizing destabilizing 10%
R312W weak effect [ weak effect weak effect weak effect weak effect 40%






OPS/images/fmolb-09-851547-t004.jpg
Domain

N-terminal segment
Gly-rich loop
Polybasic stretch
Hinge plus aD
Catalytic loop
Activation segment
CK2B binding

ATP binding

Mg?* binding loop
Activation loop

P+1 loop
Phosphorylation sites
Interdomain
N-terminal segment
Phosphorylation sites
Destruction box
Acidic loop (Asp/Glu-rich)
Zinc-finger

Cys bound to Zinc
CK2B/CK2p contact region
Interface to CK2a 1
Interface to CK2a 2
C-terminal segment

Interdomain

Residues

1-39

46-51

74-80

113-128

154-161

175-201

36-73, 103-108
46-51, 66, 114, 115, 116, 163, 174
175-177

178-190

191-201

13, 182, 255, T344, T360, $362, $370
1-54

234, 5209, T213
47-54

55-70

106-146

109, 114, 137, 140
110-205

164-170

186-198

179-215

39-45 & 71-105

Total residues

39
6
7
16
8
27
44
12
3
13
1

Number of patients

26

12
40
35
27

35

19
33

10

2

15

#Patients/#residues

023
433
086
0.19
15

148
08

225
133
0.08
318
0.00
0.08
061
0.00
075
0.13
024
1.00
023
071
038
022
017





OPS/images/fmolb-09-851547-t003.jpg
CK2a residue

39
47
50
51
80
156
160
175
191
195
198
312

Number samples

p-value

312107
4.16 x 107"
128 x 107
303 x 107
164 x 10
303 x 107
303 x 107
312x 102
260 x 107
312107
273 x 10
2,60 x 107

Functional domain or description

N-terminal segment; CK2b binding
Gly-rich loop; ATP binding; CK2b binding
Gly-rich loop; ATP binding; CK2b binding
Gly-rich loop; ATP binding; CK2b binding
Polybasic stretch

Catalytic loop

Catalytic loop

Activation segment; Mg?* binding loop
Activation segment (P+1 loop)

Activation segment (P+1 loop)

Activation segment (P+1 loop)

Interdomain

CK2 residue

Number samples

p-value

Functional domain or description

1

32
47
86

6
7
6
4
4

312x 107
1.04 x 107
302 % 107
208 % 107
208 x 10

N-terminal segment (Truncated protein)

N-terminal segment (Chantalat’s Conserved surface cluster 1)
N-terminal Segment (Destruction box; Truncated protein)
Chantalat’s Conserved surface cluster 1

Zinc finger (Cys bound to Zinc), CK2a contact region









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





OPS/images/fmolb-09-851547-g005.gif





OPS/images/fmolb-09-851547-g006.gif





OPS/images/fmolb-09-851547-g003.gif





OPS/images/fmolb-09-851547-g004.gif





OPS/images/fmolb-09-851547-t002.jpg
Position

20
21
27
31
32
32
34
34
35
37
12

47

57
61
77
77
80
82
86

132
137
137
137
158
164
165

167
179
181
186
187
187
188
189
207

Position

24
24
58
97
97
122
122
122
122
122
185
185
186
186

Nucleotide Mutation
change
C1A>G pMetl?
c2T>A pMetl?
€3G>A pMetl?
c2T>G pMet1?
<13G>T pGlusTer
c27del pTrp9Ter
<58G>T P.Glu20Ter
C63C>A pPhe2llen
<78_83dup PpGlu27_Asp28dup
<91C>T p.Gln31Ter
C94G>A PpAsp32Asn
<95A>C pAsp32Ala
<101T>C pPhe34Ser
c101T>G PpPhe34Cys
C105T>A pAsn35Lys
.108dupT Pp.Thr37TyrfsTers
c124C>T PpGlnd2Ter
€139C>T p.Argd7Ter
c.170del p.Glus7Glyfs*15
CI81G>T PpGlu61Ter
€229G>A pGlu77Lys
€229G>T PGlu77Ter
c238T>A p. Tyr80Asn
€ 245T>A P.Leus2Ter
€256C>T PArg86Cys
264delC pllessilefs a6
c268dupA Pp.Thr90Asnfs*24
c291G>A pMet97lle
€303C>A ¢303C>G  p.Tyrl01Ter
c316T>G pPhel06Val
€332G>C pArgl11Pro
€349C>T pGln117Ter
€.394_404del p-Met132LeufsTerl 10
<409T>C pCysl37Arg
c409T>G pCys137Gly
<410G>T pCys137Phe
cA72del p.Tyr158fs
c491C>G pProl6dArg
CA94ASG pHisl65Arg
<499delC Leul67Serfs*60
€533 534insGT pProl79TyrfsTer49
c.542del pAsn181ThrfsTerd6
€.554_555dupCC P.Argl86fs
C560T>C pLeul87Pro
C560T>G pLeul87Arg
c.564del pTyri8sTer
€566G>T PpGly189Val
€620_621insC P.Phe207Phefs*39

Nucleotide change

€72+ 1G>A

c73-2A5G

€175 + 2T>G

€2922A5C

€292245G

€367 + 1G>A

€367 + 2T>C

€367+5del

€367 + 6T>C

€368-24>G

€557 + 2T>C

€557 + 1G>A

€558-24>G

€558-3T>G

Residue

20
21
27
31
32
32
34
34
35
37
42

OHzZzmmoUOommmEmE EEE

=

47

57
61
77
77
80
82
86

e < Emomom

88

97

101
106
111
17
132
137
137
137
158

Z v <OoOO0OO0OEZO®®M=<Z A

165

167
179
181
186
187
187
188
189
207

mo K- o o®mzZ Y

Variant

Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant

Splice variant

Mut

_D28dup

® 0o ® >z

Yis'5

o}

1fs*46
Nfs*24
1

v

24

Lfs*110

Sfs*60
Yis*49
Tfs*46
fs
P
R

v
Ffs*39

Number of
patients

Number of patients

Source

Ernst et al,, 2021 (1); ClinVar (2)
Ernst et al, 2021 (1)

Yang et al,, 2021 (1)

ClinVar (1)

Li etal, 2019 (1)

Ermst et al, 2021 (1); ClinVar (1)
Ernst et al, 2021 (1)
DECIPHER (1)

Ernst et al, 2021 (1)

ClinVar (1)

Ernst et al,, 2021 (3); ClinVar (2); DECIPHER (1)
DECIPHER

Ernst et al,, 2021 (1)

ClinVar (1)

Ernst et al,, 2021 (1)

Sakaguchi et al., 2017 (1); ClinVar (1)
E

Fernindez-Marmiesse et al., 2019 (1); Ernst et al,

2021 (1)

Selvam et al, 2021 (1); E
ClinVar (4)

Valentino et al., 2021 (1)

Ernst et al, 2021/ClinVar (1)
Ernst et al., 2021 (1); ClinVar (1)
ClinVar (1)

ClinVar (1)

ClinVar (1)

Li et al, 2019 (1); Ernst et al, 2021 (1);
ClinVar (2)

Li et al, 2019 (1)

ClinVar (1)

Ernst et al,, 2021 (1)

Ernst et al, 2021 (2); ClinVar (1)
Ernst et al, 2021 (1)

Li et al, 2019 (2); ClinVar (1)
DECIPHER (1)

Ernst et al, 2021 (1)

Ernst et al, 2021 (1)

Li et al, 2019 (1)

Li et al, 2019 (1); Yang et al,, 2021 (1)
ClinVar (1)

ClinVar (1)

Nakashima et al,, 2019 (1), Yang et al., 2021 (1),
ClinVar (1)

Yang et al,, 2021 (1)

Nakashima et al., 2019/ClinVar (1)
Ernst et al, 2021 (1)

ClinVar (1)

st et al,, 2021 (1);

ClinVar (1)

Li et al,, 2019 (1)

Rahman and Fatema 2021 (1)
ClinVar (1)

Li et al, 2019 (1)

Source

ClinVar (1)

Ernst et al,, 2021/ClinVar (1)
Poirier et al., 2017/ClinVar (1)
Yang et al., 2021 (1); ClinVar (1)
ClinVar (1)

ClinVar (1)

Poirier et al, 2017/ClinVar (1)
ClinVar (2)

ClinVar (1)

Li et al., 2019/ClinVar (1)
DECIPHER (1)

Ernst et al,, 2021 (1)

Ernst et al,, 2021 (1)

Yang et al,, 2021 (1)





OPS/images/fmolb-09-851547-g007.gif





OPS/images/fmolb-09-851547-t001.jpg
Position

21
27

32
36
39
39
39
16
47
47

50

50
50
51
51

51
52
53
73
80
80

126
127
128

153
156
156
156
158
158

161
161
174
175
175
177
178
191
191
194
195
197
198

Nucleotide Mutation

change

ClA>G pMeti?
C62G>A pArg21GIn
C79G>A p.Glu27Lys
c.96delA pGlu32Aspfs*14
€106C>T pGln36*
c116A>G pTyr39Cys
C116A>C p.Tyr3oSer
cl17C>A pTyr39Ter
c137G>T pGlyd6Val
€139C>G pArgd7Gly
c140G>A p.Argd7Gln
C149A>G pTyr50Cys
C149A5T pTyrs0Phe
C149A>C p.Tyr50Ser
c152G>A pSerslAsn
cI51A>C pSerSlArg
CI5S3T>A

€152G>T pSersllle
C154G>A pGlus2Lys
157G>C p.Vals3Leu
C218T>A p.Val73Glu
<238C>T PArgs0Cys
€239G>A p.Arg80His
<319C>T p.Arglo7*
<.376delC p.Gln126Argfs2
<380C>T p.Thri27Met
<383T>A plLeul2s®
c440G>A pCysl47Tyr
c458T>G pMet153Arg
€466G>C p.Aspl56His
CA68T>A PpAspl56Glu
cA466G>T PASpIS6Tyr
CAT2A5G pLys158Glu
473A>G plLysI58Arg
c479A5G pHisl60Arg
c482A5G pAsnl6lSer
CA81A>G p-Asnl61Asp
<522A5G pllel74Met
C524A>G PpAsp175Gly
€596G>A PAsp175Glu
529G>A pGlyl77Ser
<533T>G pLeul78Trp
<572G>A pArgl91Gln
<571C>T pArglol*
581C>T pSer194Phe
<583C>T pArgl9s*
<589T>A pPhe1971le
C593A5G pLys198Arg
€596G>A pGly199Asp
<628G>A pAsp210Asn
€692C>G pPro231Arg
C783C>A pTyr261Ter
<916C>T p.Arg306*
€935G>A pArg312Gln
€934C>T pArg312Trp
€972_973dupCAG ~ p.Tyr325Serfs'5
€976_977insG p.T3268erfs*13
€997C>T pArg333
c1066T>A pSer356Thr
c.1088C>A pPro363His
c1145C>T p.Pro3s2Leu

Nucleotide change

c165G>A

€366_366+3del

€367-1G>A

€426 + 1G>T (IVS6+1G>T)
<824 + 2T>C

€973 + 1G>A

€973 + 1G>C

Ref

L]

RO << <Om

-~ ZZIAROYUUUZOCHO®B®RA << @O v oo oe o< =

AT m o R = E QOO

R )

Residue Mut

21
27

32
36
39
39
39
16
47
47

50

50
50
51
51

51
52

53

73

80

80

107
126
127
128
147
153
156
156
156
158
158
160
161
161
174
175
175
177
178
191
191
194
195
197
198

199
210
231
261
306
312
312
325
326
333
356
363
382

Dfs*14

“ w0

=z » o oo <

m oo m

Rfs*2

L v mMOZTU® R @M< mm®™®=

-

=z

Q

w
Sfs5
Sfs*13
T

H

L

Variant

Splice variant
Splice variant
splice variant
Splice variant
splice variant
Splice variant

splice variant

Number of
patients

24

Source

Chiu et al., 2018/Wang et al,, 2020/ClinVar (1)
ClinVar (1)

Lelieveld et al,, 2017/Chiu et al., 2018 (1);
(1)

ClinVar (1)

DECIPHER (1)
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Wang et al,, 2020 (1); ClinVar (1)

ClinVar (1)

Wang et al., 2020 (1)
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