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TBCK is an essential protein in neurodevelopment. Mutations in the TBCK gene are associated with TBCK Syndrome, a genetic neurological disorder characterized by global developmental delay. TBCK is an enigmatic multidomain protein that contains a pseudokinase domain, a TBC (Tre2-Bub2-Cdc16) domain, and a rhodanese-like domain. Emerging evidence increasingly links TBCK to multiple cellular processes, including mTOR signaling, autophagy, lysosomal function, and mitochondrial maintenance. This review consolidates recent advances in our understanding of TBCK, emphasizing comparative sequence analysis, structural modeling, and its cellular functions. Our analysis shows that both the protein kinase domain and the rhodanese-like domain likely lack catalytic activity and instead primarily function as scaffolds or regulatory domains. The TBC domain contains all the conserved residues, suggesting it may act as a GTPase-activating protein (GAP). These functional hypotheses provide a foundation for further investigations into TBCK’s physiological and pathological roles.
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INTRODUCTION
Identifying the genetic root of neurological disorders caused by inborn errors is often challenging because these disorders sometimes present with overlapping features, such as intellectual disability and global developmental delay, despite arising from distinct genetic mutations in hundreds of different genes (Chelly et al., 2006; Rexach et al., 2019). The growing application of next-generation sequencing in clinical settings significantly advanced the molecular etiology of neurological disorders, which enabled the identification and classification of numerous new neurological disorders in recent years (Rexach et al., 2019). Whole genome sequencing not only offers crucial opportunities for early diagnosis, but it also sheds light on the dark proteome that could be valuable for developing targeted treatments (Savatt and Myers, 2021). TBCK Syndrome, named after the human protein TBCK, is a compelling example of such progress (Durham et al., 2023).
TBCK Syndrome, TBCK encephaloneuronopathy or infantile hypotonia with psychomotor retardation and characteristic facies type 3, was first classified as an inborn genetic error in 2015 (Alazami et al., 2015). TBCK was identified as a novel candidate recessive gene associated with TBCK Syndrome through a combination of autozygosity mapping and whole-exome sequencing of samples from a single family that had a history of neurological disorders. This family had a mutation in the TBCK gene (NM 033115:c.1708+1G>A), located on chromosome 4 (Alazami et al., 2015). Following this breakthrough, thirteen individuals from nine unrelated families of Saudi, Syrian, Pakistani, and mixed European descent with intellectual disabilities were identified as carrying biallelic TBCK mutations (Bhoj et al., 2016). These individuals exhibited global developmental delays, affecting motor, speech, and cognitive abilities (Bhoj et al., 2016). Many cases exhibited hypotonia, seizures, unusual facial features, and macrocephaly (Bhoj et al., 2016). Neuroimaging also found distinct white matter changes and abnormalities in the periventricular area in the brain. How and why TBCK mutations lead to these phenotypes remain enigmatic.
TBCK is a protein of unknown function composed of three distinct domains: a protein kinase domain, a TBC (Tre2-Bub2-Cdc16) domain, and a rhodanese-like domain (Figure 1A). When modeled using AlphaFold3, an artificial intelligence (AI)-driven structural prediction tool, these three well-folded domains are predicted to be connected by linker regions with medium to very low confidence scores (pLDDT < 90) (Figure 1B) (Jumper et al., 2021; Varadi et al., 2022). AlphaMissense, another AI-driven large language model that integrates structural predictions with sequence context to assess the pathogenicity of single nucleotide substitutions leading to missense mutations, suggests that pathogenic mutations can occur throughout TBCK, potentially causing structural impairments that disrupt protein function (Cheng et al., 2023). Notably, the distribution of the likely pathogenic variants in TBCK is not uniform but mostly clusters within the TBC domain (Figure 1A). Although these computational tools provide intriguing predictions of the structure and function relationship of TBCK, their accuracy requires experimental validation. While much of the existing literature focuses on the clinical manifestations of TBCK syndrome, this article explores recent advances in sequence and structural homology predictions, molecular and cellular functional analysis, and the disease relevance of the TBCK protein. These insights provide a foundation for future investigations into TBCK’s physiological and pathological roles. A deeper understanding of its biochemical and biophysical properties, as well as its cellular functions of TBCK will also be crucial for evaluating its druggability and therapeutic potential in neurodevelopment disorders.
[image: Figure 1]FIGURE 1 | TBCK domain architecture. (A) Domain architecture of human TBCK (UniProt: Q8TEA7), showing the pseudokinase domain (teal), TBC domain (purple), and rhodanese-like domain (yellow). The heat map below highlights benign and pathogenic residues within the TBCK sequence, as predicted by AlphaMissense. (B) Predicted tertiary structure of TBCK (AF-Q8TEA7-F1-v4), with low complexity region (black) and color-coded domains: pseudokinase domain (teal), TBC domain (purple), and rhodanese-like domain (yellow).
PROTEIN ARCHITECTURE OF TBCK
TBCK homologs have been identified across various eukaryotic species (Figure 2A). Among the three protein domains, the TBC domain exhibits the highest level of conservation across eukaryotes (Figure 2B). Notably, some organisms, such as Allomyces macrogynus and Stylophora pistillata, possess truncated TBCK homologs lacking rhodanese and the TBC domain, respectively. Since the functional contribution of each domain remains unclear, these shortened homologs may serve distinct roles in their native organisms.
[image: Figure 2]FIGURE 2 | Sequence similarity of TBCK across different organisms. (A) A phylogenetic tree is illustrated using a gradient heat map, where yellow represents 100% sequence identity and dark purple represents 20% identity. The heat map displays the percentage identity matrix for TBCK sequences across 27 species. The species and UniProt IDs are: 1. Homo sapiens (Q8TEA7), 2. Pan troglodytes (K7BBM9), 3. Mus musculus (Q8BM85), 4. Rattus norvegicus (D3ZA89), 5. Trichechus manatus latirostris (A0A2Y9R7R3), 6. Myotis lucifugus (G1PKH5), 7. Equus caballus (F7D9M8), 8. Felis catus (M3WKS8), 9. Canis familiaris (A0A8I3QGU0), 10. Sus scrofa (A0A4X1UU08), 11. Bos taurus (F1MSR5), 12. Phascolarctos cinereus (A0A6P5JH21), 13. Ornithorhynchus anatinus (F7B506), 14. Gallus (Q5F361), 15. Xenopus laevis (Q6DCI5), 16. Callorhinchus milii (A0A4W3I855), 17. Salmo salar (A0A1S3SLA7), 18. Danio rerio (E7F1V3), 19. Petromyzon marinus (A0AAJ7WV02), 20. Hydra vulgaris (T2M976), 21. Drosophila melanogaster (Q9W4F8), 22. Phallusia mammillata (A0A6F9DTU8), 23. Salpingoeca rosetta (F2UF72), 24. Stylophora pistillata (A0A2B4R4K9), 25. Caenorhabditis elegans (Q18386), 26. Social amoeba (Q55G97), and 27. Allomyces macrogynus (A0A0L0SIE5). (B) Sequence similarity of each TBCK domain across these species is visualized, with darker gray indicating higher similarity to the human TBCK sequence. The human TBCK domain architecture is depicted at the top for reference. Color coding follows the same scheme used in Figure 1. Sequence alignments and the visual representation were performed with Clustal Omega v1.2.4 and GraphPad Prism.
The full-length human TBCK protein (UniProt Q8TEA7) consists of 893 amino acids and has a molecular mass of 100.7 kDa. Due to alternative splicing, more than nine distinct transcripts of TBCK can be classified into two major isoform types: long isoforms, which contain all three domains (UniProt: Q8TEA7-2 and Q8TEA7-3), and short isoforms with truncated domains (UniProt: D6RDY5, H0YA45, D6RDG2, D6RC61, D6R950, H0Y8U7, H0Y959, and Q5HYF5) (Wu and Lu, 2020). In the literature, the full-length protein is typically referred to as the canonical sequence. Although the exact mechanism remains poorly understood, each isoform may have a distinct functional role in cellular processes depending on the cell type (Wu and Lu, 2020). To date, no biochemical studies have explored the structure-function relationship of different TBCK isoforms. In this section, we examine the sequence homology of each TBCK domain in the canonical sequence and compare them with related proteins to propose testable strategies for their biochemical functions.
Protein kinase domain
The first 273 amino acids at the N-terminus of TBCK form a serine/threonine-like protein kinase domain (Figure 3A). Serine/threonine kinases catalyze phosphate transfer from ATP to protein substrates in the presence of divalent cations, such as magnesium and manganese (Figure 3B). Catalytically competent kinases typically contain four conserved motifs: a glycine-rich loop (G-loop) with a GXGX2G motif, a VAIK motif, an HRDX4N motif, and a DFG motif (Johnson et al., 1996; Taylor and Kornev, 2011; Murphy et al., 2014; Zhang et al., 2015). The G-loop assists in positioning ATP and binds the γ-phosphate, while the VAIK motif forms a salt bridge with the conserved glutamate residue on the αC helix to facilitate binding of the ⍺- and β-phosphates of ATP. The DFG motif coordinates divalent cations for ATP binding and activation. The aspartate residue of the HRD motif acts as a base in the hydrolysis of ATP (Figure 3C). If one or more of these catalytic motifs are missing or altered, kinases may lose catalytic activity and be classified as pseudokinases. Pseudokinases are thought to have evolved from functional kinases through gene duplication and subsequent mutations that eliminate one or more of the catalytic motifs (Sheetz and Lemmon, 2020). However, there are notable exceptions where missing motifs do not impact the kinase activity. In some cases, nearby residues can compensate for the loss, restoring catalytic activity (Shrestha et al., 2020). A well-documented example is the WNK (“With No K”) kinase, in which the conserved lysine residue in the VAIK motif is absent from the β3 strand but functionally replaced by a lysine in the β2 strand (Xu et al., 2000; Min et al., 2004). Such compensatory mechanisms challenge computational predictions of kinase activity and often yield unexpected experimental results. In particular, many “dark” kinases that were annotated as pseudokinases based solely on sequence comparisons require experimental characterization to determine their true biochemical behavior. This highlights the importance of experimental validation when distinguishing between functional kinases and pseudokinases.
[image: Figure 3]FIGURE 3 | Structural and sequence analysis of the pseudokinase domain in human TBCK. (A) The pseudokinase domain of human TBCK, spanning residues 1–273, is highlighted in teal. (B) Mechanism of kinase activity: the hydroxyl group of a serine/threonine residue in the substrate protein (white sphere) is phosphorylated by a serine protein kinase (gray) in the presence of ATP. (C) Structure of serine/threonine protein kinase human CDK7 (PDB: 1UA2), a catalytically competent protein kinase, highlighting key residues in functional motifs: G-loop (green), VAIK (magenta), ATP binding site, HRD (blue), and DFG (cyan). (D) Sequence alignment of the TBCK pseudokinase domain compared to other pseudokinases and active kinases, showing missing residues in key motifs, including the G-loop, VAIK, HRD, and DFG motifs. The UniPort codes for the sequences aligned are hTBCK (Q8TEA7), hULK4 (Q96C45), hJAK2_JH2 (O60674), hHER3 (P21860), hPRKACA (P17612), and hCDK7 (P50613). (E) Comparison of kinase and pseudokinase structures, including hULK4 (PDB: 6TSZ, cyan), pseudokinase domain of hJAK2-JH2 (PDB: 4FVQ, blue), hHER3 (PDB: 3KEX, green), tyrosine protein kinase hPRKACA (PDB: 2GU8, yellow). (F) AlphaFold3-predicted hTBCK (gray) with its pseudokinase domain (teal) and its pseudo-active site residues. (G) Three phosphorylation sites (orange) and the pseudo-active site (red dashed circle) in the pseudokinase domain of TBCK. Sequence alignments and the visual representation were performed with Clustal Omega v1.2.4, Jalview, and Pymol.
Pseudokinases are classified into four categories based on their ligand interaction features, particularly focusing on the binding capabilities of their pseudo-active sites: Class I no/low nucleotide or cation binding, Class II nucleotide binding only, Class III cation binding only, and Class IV both nucleotide and cation binding without the ability to catalyze phosphoryl transfer (Kung and Jura, 2019). Sequence alignment of TBCK’s kinase domain with representative pseudokinases and kinases reveals sequence identities of 29.3% with human CDK6, 29.2% with TAO1, and 27.4% with MARK2, all of which are serine/threonine kinases. None of the key catalytic motifs found in functionally active kinases are predicted to be present in TBCK (Figure 3D). As a result, TBCK’s kinase domain is classified as a Class I pseudokinase, likely lacking both nucleotide-binding and catalytic function (Vella et al., 2022; Jin and Jianjun, 2024). The structural model predicted by AlphaFold 3 further supports this classification (Figures 3D–F). First, the N-lobe of the pseudokinase domain in TBCK is shorter than that of most serine/threonine-like pseudokinases, missing the β1 and β2 strands. This could impair ATP and bivalent metal recruitment to the nucleotide-binding pocket. Although a GSNG motif near the αC helix may resemble an atypical glycine-rich loop, AlphaFold structural predictions suggest this region exists in a flexible loop with low confidence. Second, the catalytic lysine in the VAIK motif is absent from the TBCK β3 strand. Finally, the HRD and DFG motifs are replaced by HRA and KFG, respectively. Similarly to the Class I pseudokinase TRIB1, TBCK possesses a short αC helix and lacks the typical β1 and β2 strands, which contributes to a shallow nucleotide-binding pocket and makes it unlikely to bind nucleotides. Mass spectrometry-based proteomics screening has identified three phosphorylation sites, S118, Y153, and T169, in the pseudokinase domain of TBCK across various cancer cell lines (Figure 3G) (Hornbeck et al., 2015). Both S118 and Y153 are predicted to reside in the pseudo-active site of the pseudokinase domain. T169 is located in a loop within the AlphaFold-predicted structure, where confidence is low (70 > pLDDT >50). An ubiquitination site at K271 has also been detected in the immortalized T lymphocytes (Udeshi et al., 2013). The biological significance and function of these post-translational modifications remain unclear.
Given these sequence characteristics, TBCK’s pseudokinase domain is most likely to function through protein-protein interactions rather than catalysis. Pseudokinases, typically found as regulatory domains within larger proteins, serve as allosteric regulators, protein scaffolds, and signaling switches (Sheetz and Lemmon, 2022). For instance, Janus kinases (JAKs) use their pseudokinase domain as an autoinhibitory regulator to control phosphorylation of the signal transducer and activator of transcription (STAT) at its kinase domain, thus modulating inflammatory and immune responses (Wilmes et al., 2020; Glassman et al., 2022). Disruption of autoinhibition, as in the JAK2 V617F variant, alters dimerization at the pseudokinase-kinase interface and leads to myeloproliferative neoplasms (Abraham et al., 2024). Similarly, pseudokinases, such as IRAK3 and MLKL, utilize dimerization, triggered by ligand binding or protein-protein interactions, as a regulatory mechanism (Lange et al., 2021; Zhang et al., 2021). While some pseudokinases play critical roles in oncology, neurology, and immunology, many “dark” pseudokinases await experimental characterization with unknown functions awaiting experimental characterization (Zeqiraj and Van Aalten, 2010; Murphy et al., 2014; Mace and Murphy, 2021).
TBC domain
The TBC domain (residues 426–710) is the second domain of TBCK (Figure 4A). TBC domain-containing proteins are widely distributed among eukaryotes (Strom et al., 1993; Du et al., 1998). In humans, more than 40 TBC-containing proteins have been identified, nearly half of which exist as fusion proteins with additional domains that direct their localization and interactions with other cellular components (Fukuda, 2011). Notably, TBCK is the only human TBC protein containing a pseudokinase domain (Fukuda, 2011). Sequence similarity suggests that the TBC domain in TBCK is evolutionarily related to TBC1D23 and TBC1D21 (Figure 4B). TBC1D23 is a TBC protein functioning in endosome-Golgi trafficking, leading to pontocerebellar hypoplasia (Itoh and Fukuda, 2006; Huang et al., 2019). Whereas TBC1D21 is a protein related to the mitochondrial function of sperm and male infertility (Wang et al., 2020; Chen et al., 2022).
[image: Figure 4]FIGURE 4 | Structural and sequence analysis of the TBC domain in human TBCK. (A) The TBC domain of human TBCK is highlighted in purple, spanning residues 426–710. (B) Sequence alignment of the TBC domain in TBCK compared to other TBC-containing proteins, showing characteristic motifs, including the R finger (IX2DX2R), the Q finger (YXQ), and the conserved RX3W motif. The UniProt codes for the sequences aligned are hTBCK (Q8TEA7), ScGyp1 (Q08484), hTBC1D1 (Q86TI0), hTBC1D20 (Q96BZ9), hTBC1D21 (Q8IYX1), hTBC1D23 (Q9NUY8), and hTBC1D7 (Q9P0N9). (C) GTPase mechanism: the TBC domain facilitates the hydrolysis of GTP in GTPase to produce GDP and inorganic phosphate (Pi). (D) Structure of yeast Gyp1 (PDB: 2G77, magenta) highlighting key residues of the conserved motifs. The interaction between yeast Gyp1 and Rab33 (purple) is also shown. (E) Structural comparison of TBC domains, including hTBC1D1 (PDB: 3QYE, salmon), hTBC1D20 (PDB: 4HL4, cyan), hTBC1D23 (PDB: 6JL7, dark green), and hTBC1D7 (PDB: 3QWL, light green). Key motifs are displayed below each structure. (F) AlphaFold3-predicted human TBCK (gray) with the TBC domain highlighted in purple and the predicted unstructured region with low confidence in black. Key motifs are displayed below the structure. (G) The seven post-translational modifications have been highlighted in the TBC domain of TBCK, including K450, K456, K461, K495, R503 and K706. Lysine and arginine residues are represented in orange and red, respectively. Sequence alignments and the visual representation were performed with Clustal Omega v1.2.4, Jalview, and Pymol.
The primary function of known TBC proteins is to act as GTPase-activating proteins (GAPs) for members of the Rab family. Rab proteins, with over 60 members in humans, are small GTPases that catalyze GTP hydrolysis (Homma et al., 2021). As key players in vesicular transport, Rab proteins are implicated in various diseases, including neuropathy, type 2 diabetes, intellectual disabilities, blindness, immunodeficiencies, and cancer (Stenmark, 2009; Homma et al., 2021). Although many Rabs display intrinsic GTP-hydrolyzing capability, Rab-GAPs, such as TBC-containing proteins, can significantly accelerate GTP hydrolysis in vivo and in vitro. Structural studies of human TBC1D20 and yeast Gyp1 illustrated how TBC domains facilitate GTP hydrolysis (Pan et al., 2006; Gavriljuk et al., 2012). TBC-containing proteins stabilize the intermediate state of Rab proteins in the GTP-bound form, by donating a pair of catalytic residues, arginine and glutamine (R and Q fingers), thereby switching off the Rab signaling pathway (Figure 4C) (Pan et al., 2006). The R finger in the IX2DX2R motif interacts with the β-γ bridging oxygen of GTP. The Q finger in the YXQ motif aligns the water molecule necessary for GTP hydrolysis thereby replacing the role of the conserved glutamine in the DX2GQ motif in the Ras and Rho families (Figure 4D) (Barr and Lambright, 2010; Gavriljuk et al., 2012). TBC proteins have been categorized into five groups based on the presence or absence (designated as X) of the R and G fingers: R-Q, R-R, R-X, X-R, and X-X (Frasa et al., 2012). Group R-Q contains most of the identified TBC-containing proteins and is one of the best-characterized groups to date. Many of them are known to be catalytically competent GAPs, such as TBC1D1, which is a GAP for multiple Rabs involving type 2 diabetes and obesity (Meyre et al., 2008; Peck et al., 2009; Frasa et al., 2012). Lacking one or both residues, however, does not always abolish a TBC-containing protein’s ability to bind Rabs or modulate downstream pathways. For example, TBC1D7, an X-X group member, can still stimulate the GTPase activity of Rab17 via an unknown mechanism and forms a stable complex with other small GTPases to function as an effector (Yoshimura et al., 2007; Qin et al., 2016; Lupi et al., 2024). Another characteristic feature of TBC domains is a conserved RX3W motif near the N-terminus, which presumably helps maintain structural integrity (Pan et al., 2006). Sequence comparisons between TBCK and other characterized TBC-containing proteins suggest that TBCK contains all catalytically important motifs for potential GAP activity (Figures 4B,E,F). Additionally, seven post-translational modifications have been identified in the TBC domain of TBCK, including ubiquitination at K450, K456, K461, K495, and K706, as well as monomethylation at R503 in HEK-293 epithelial cells (Figure 4G) (Udeshi et al., 2013; Hornbeck et al., 2015; Larsen et al., 2016; Akimov et al., 2018). Specifically, R503 is located on the surface of the TBC domain and shares the same α-helix as the R finger. If TBCK functions as a GAP, the modification at R503 could potentially disrupt the interaction between TBCK and Rabs.
Rhodanese-like domain
Following a segment comprised of polar residues, which AlphaFold predicted to be intrinsically disordered (residues 711–789), the C-terminal region (residues 790–891) of TBCK adopts a rhodanese-like fold (Figure 5A). Rhodaneses catalyze the reaction between cyanide and thiosulfate to yield thiocyanate and sulfite. They are vital in sulfur trafficking, redox regulation, thiol modifications, and cofactor biosynthesis (Alsohaibani et al., 2023). Its enzymatic activity relies on a CX4-5 R/T motif, wherein the cysteine side chain enables sulfur transfer (Figure 5B) (Bordo and Bork, 2002). Another conserved feature is the DXR motif, which helps to position the catalytic residues and stabilize the overall fold. Beyond sulfur transfer, rhodanese-like proteins can sometimes act as phosphatases, transferring phosphate or arsenate (Zhang et al., 2022; Burroughs and Aravind, 2023). In such cases, the arginine residue within the CX4-5 R/T motif helps stabilize the transition state. Rhodanese homologs can exhibit higher functional diversity across different kingdoms. In prokaryotes, a rhodanese fold can be found in selenouridine synthase to assist with tRNA modification (Wolfe et al., 2004). Some yeasts and plants also contain rhodanese-like arsenate reductases for detoxification. Human Cdc25B and Cdc25C phosphatases are rhodanese-like proteins that can adventitiously reduce arsenate but do not primarily function in arsenate detoxification (Bhattacharjee et al., 2010; Zhang et al., 2022). Importantly, all of these functional rhodanese-like proteins contain catalytic cysteines (Alsohaibani et al., 2023; Burroughs and Aravind, 2023).
[image: Figure 5]FIGURE 5 | Structural and sequence analysis of the rhodanese-like domain in human TBCK. (A) The rhodanese-like domain of human TBCK is highlighted in yellow, spanning residues 790–893. (B) Mechanism of rhodanese activity: the enzyme features a conserved cysteine residue in its active site (left complex). This residue reacts with a sulfur donor (white sphere), forming a persulfide intermediate (middle complex) and releasing the first product. The sulfur atom from the persulfide intermediate is then transferred to an acceptor molecule (right complex), producing the final product. (C) Sequence alignment of the rhodanese-like domain in TBCK compared to other rhodanese domains, highlighting characteristic motifs. The UniProt codes for the sequences aligned are hTBCK (Q8TEA7), hTBC1D23 (Q9NUY8), hCdc25B (P30305), human mercaptopyruvate sulfurtransferase (MPST) (P25325), and Azotobacter vinelandii RhdA (P52197). (D) Structural comparison of rhodanese domains, including human TBC1D23 (PDB: 6JL7, cyan), human Cdc25D (PDB: 1YMK, magenta), hMPST (PDB: 3OLH, blue), AvRhdA (PDB: 1H4K, teal), and AlphaFold3-predicted human TBCK (gray). The rhodanese-like domain in TBCK is highlighted in yellow. The predicted unstructured region with low confidence is indicated in black. Key motifs identified in the sequence are displayed below each structure. Sequence alignments and visual representation were performed with Clustal Omega v1.2.4, Jalview, and Pymol.
In our sequence alignment, the rhodanese-like domain appears to display the lowest overall conservation across various organisms of TBCK’s three domains. The TBCK rhodanese-like domain likely lacks canonical sulfurtransferase activity because the critical CX4-5 R/T motif is replaced by GX4H. Further, the residue substitution is not consistently conserved across species (Figures 5C,D). Nevertheless, the DXR motif remains intact, suggesting it may still maintain a stable rhodanese fold for mediating protein-protein interactions. Only one ubiquitination site, K881, has been identified in the rhodanese-like domain of TBCK in the Jurkat T lymphocyte cell line (Udeshi et al., 2013). Additionally, S890, in the C-terminal tail, can be phosphorylated across a variety of model cell lines for breast cancer, lung cancer, ovarian cancer, and melanoma (Klammer et al., 2012; Mertins et al., 2014; Stuart et al., 2015; NCI CPTAC et al., 2016). TBC1D23 is another human TBC-containing protein with a rhodanese-like domain, but it lacks a pseudokinase domain (Figure 5C) (Liu et al., 2020). TBC1D23 is known for its involvement in endosome-derived vesicle transfer and is linked to neurodevelopmental disorders (Marin-Valencia et al., 2017; Liu et al., 2020). Although TBC1D23 retains a CX4-5 R/T motif and a DXR motif, it has no detectable sulfurtransferase or phosphatase activity. Instead, its rhodanese domain, packs against its TBC domain, forming a binding cleft for golgin-97 and golgin-245 at the Golgi apparatus (Liu et al., 2020). Through this interaction, TBC1D23 bridges golgin-97/245 and the WASH/FAM21 complex, facilitating endosome-to-Golgi trafficking (Shin et al., 2017; Navarro Negredo et al., 2018; Huang et al., 2019; Tu et al., 2024). This provides insight into the potential non-catalytic function of the rhodanese-like domain in TBCK. Whether the rhodanese-like domain of TBCK functions strictly as a protein-protein interface or has retained any catalytic functions remains an open question.
Linker regions
The three domains in human TBCK are connected by structurally flexible and partially disordered linker regions, which span residues 274–425 and 710–790 (Figure 1A). Several short α-helices are present in these regions. These segments exhibit low structural confidence in the AlphaFold3-predicted structure (pLDDT <70). Sequence alignment reveals that the residues in the linker regions are conserved among mammalian TBCKs, but their conservation drops significantly when comparing human TBCK across other eukaryotic organisms. Post-translational modifications have been discovered in the linker regions of TBCK. A total of eleven sites have been identified or predicted to be modified by phosphorylation and ubiquitination. Among them, three ubiquitination sites (K285, K343, K349) have been found in the linker between the pseudokinase and TBC domains. K343 shows the highest frequency of ubiquitination among these three residues in three separate studies (Mertins et al., 2013; Udeshi et al., 2013; Akimov et al., 2018). Residues K310 and T349 are predicted ubiquitination and phosphorylation sites, respectively, since their cognate positions in mouse TBCK have been reported to be modified (Wang et al., 2011; Hornbeck et al., 2015). In the linker region between the TBC and rhodanese-like domains, Y732 can be phosphorylated in T cell and myeloma (St-Germain et al., 2009; Arneja et al., 2014). Studies on the mouse TBCK ortholog further suggest that T775, T782, and S784 in human TBCK are potential phosphorylation sites (Hornbeck et al., 2015). Many multidomain proteins contain low-complexity regions, which are typically enriched in repeating sequences containing glycine, serine, glutamine, proline, or lysine (Fondon and Garner, 2004; Gemayel et al., 2015; Pelassa et al., 2019; Chavali et al., 2020). While glutamine-rich repeats are often related to neurodegenerative diseases, they have been shown to modulate protein activity in a length-dependent manner (Gemayel et al., 2015). Increasing evidence shows that these regions play functional roles in protein-protein interactions and liquid-liquid phase separation (Vaglietti et al., 2023). However, TBCK’s linker regions do not contain homopolymeric amino acid repeats. Whether these linkers contribute to TBCK’s biological function beyond providing structural flexibility remains to be explored through further investigation.
PROTEIN COMPLEXES INVOLVING TBCK
Recent breakthroughs in the molecular characterization of TBCK have revealed its unexpected role as part of the Five-subunit Early endosomal Rab5 and RNA/ribosome intermediarY (FERRY) complex, which regulates early endosomal mRNA trafficking in neurons through a small GTPase-guided pathway (Figure 6A) (Quentin et al., 2023; Schuhmacher et al., 2023). The FERRY complex is comprised of TBCK (Fy-1), Ppp1r21 (Fy-2), C12orf4 (Fy-3), Cryzl1 (Fy-4), and Gatd1 (Fy-5) (Schuhmacher et al., 2023). The FERRY complex was initially identified through pull-down experiments aimed at finding Rab5 effectors. Rab5 is a small GTPase central to vesicular trafficking, and the FERRY complex as a whole shows strong binding to the Rab5:GTPγS complex in pull-down assays (Horiuchi et al., 1997; Quentin et al., 2023; Schuhmacher et al., 2023). While the clamp-shaped core of the FERRY complex, formed by Ppp1r21, Cryzl1, and Gatd1, was well-resolved structurally in the cryogenic electron microscopy (cryo-EM) study, the details of the interactions between TBCK, C12orf4, and Rab5 were not (Quentin et al., 2023). Further cross-linking mass spectrometry experiments on FERRY-associated cellular components reveal that the FERRY complex primarily interacts with ribosomal proteins and mRNAs, potentially influencing the cellular transcriptome (Schuhmacher et al., 2023).
[image: Figure 6]FIGURE 6 | Proposed roles of TBCK in cellular processes. (A) TBCK is associated with the FERRY complex, potentially playing a role in endosomal trafficking and mRNA transport. The FERRY complex comprised of TBCK (Fy-1, yellow/purple/dark blue circles), Ppp1r21 (Fy-2, black/gray), C12orf4 (Fy-3, sky blue), Cryzl1 (Fy-4, gray), and Gatd1 (Fy-5, gray) interacts with Rab5 (wheat circle), and mRNA (yellow line). (B) The AlphaFold3-predicted structural model of human TBCK (gray and teal) and C12orf4 (pink) complex model. C12orf4 could potentially interact with the pseudokinase domain of TBCK. (C) AlphaFold3-predicted structural model of human TBCK (gray) with its TBC domain (purple) bound to Rab5A (wheat). (D) AlphaFold3-predicted structural model of human TBCK (gray) with its TBC domain (purple) bound to Rab5A (wheat) and C12orf4 (pink). (E) TBCK and the FERRY complex are implicated in mitochondrial maintenance, autophagy, lysosomal function, and the mTOR signaling pathway.
Among the five FERRY subunits, TBCK appears to be the most evolutionarily ancient. The other components exhibit lower conservation in organisms, such as fungi and flatworms, suggesting they emerged more recently (Schuhmacher et al., 2023). Despite TBCK’s evolutionary prominence, its functional role within the FERRY complex remains poorly understood. Notably, TBCK does not appear to be essential for the complex’s structural integrity or mRNA binding (Quentin et al., 2023). Given TBCK’s non-essential role in mRNA binding, TBCK could potentially contribute to the subunit interactions. Interestingly, AlphaFold predicts that C12orf4, a FERRY subunit, may interact closely with TBCK’s pseudokinase domain (Figure 6B). This is consistent with the role of many pseudokinases to act as scaffolds that facilitate protein-protein interactions.
As demonstrated in the previous section, it is likely that TBCK’s function is carried out by its TBC domain being a GAP of Rab. This is supported by evidence that substituting the R finger with histidine in TBCK leads to TBCK syndrome (Fukuda, 2011; Chong et al., 2016). This hypothesis is further supported by AlphaFold models of TBCK:Rab5 complex (Figure 6C). Additionally, the Rab5 docking site does not overlap with the predicated C12orf4 binding site (Figure 6D). The AlphaFold model predicts that the R and Q fingers point toward the Rab5 active site in a manner that closely resembles other known Rab-GAP complexes. Experimental findings regarding TBCK’s interaction with Rab5 are inconsistent. One study using the in vivo proximity labeling technique, MitoID, and in vitro pull-down assays did suggest that TBCK directly interacts with Rab5A:GTP (Gillingham et al., 2019), while a later pull-down study did not detect any interaction (Schuhmacher et al., 2023). A yeast two-hybrid interaction study also showed that TBCK does not interact with any Rab nor exhibit GAP activity (Itoh et al., 2006). Further studies confirmed that TBCK does not interact with Rab27A, a Rab involved in melanosome aggregation (Itoh and Fukuda, 2006). The challenges of identifying a specific Rab-TBC pair are derived from the weak correlation between different experimental methods, such as pull-down assays, yeast two-hybrid experiments, and RNAi knockdown-based validations under different conditions (Gabernet-Castello et al., 2013). These discrepancies may also reflect the transient nature of Rab-GAP interaction. Moreover, demonstrating physical binding does not conclusively prove catalytic activity. Indeed, GAP-deficient mutants of TBC proteins often bind Rab:GTP more tightly than their wild-type counterparts (Frasa et al., 2012). Further biochemical analyses are needed to clarify the exact relationship between TBCK’s TBC domain and Rab5.
BIOLOGICAL FUNCTION OF TBCK
In recent years, there has been a growing number of reports on the cellular function of TBCK, although much of its role remains unknown. TBCK is classified as a cytosolic protein. A report published in 2013 on TBCK’s potential function in cancer cell lines found that TBCK is broadly expressed in various human cell line models, including HEK293 and HeLa, and is localized near the nucleus and centrosomes (Liu et al., 2013). This aligns with the observation that TBCK is localized on the surface of myofibers and colocalized with nuclei in the myotubes of muscle cells in healthy individuals but is absent in samples collected from individuals lacking TBCK (Saredi et al., 2020). Further investigations demonstrated that TBCK is a cytoplasmic protein that accumulates at the mitotic apparatus during mitosis and meiosis. This supports the idea that TBCK may play a role in regulating cell proliferation (Wu et al., 2014).
The discovery of somatic frameshift TBCK mutations in tumor cells initially led researchers to suspect that TBCK might play a role in oncology (Greenman et al., 2007; Gao et al., 2021). This suspicion was further supported by the identification of miR-1208, a tumor suppressor microRNA that binds to TBCK’s 3′-untranslated region and negatively regulates TBCK expression in renal cancer cell lines (Kim et al., 2019). Notably, lowering TBCK levels enhances the sensitivity of cancer cells to chemotherapy, e.g., factor-related apoptosis-inducing ligand (TRAIL), cisplatin, and doxorubicin, suggesting therapeutic potential in modulating TBCK levels in oncology (Kim et al., 2019; Park et al., 2023). The drug sensitivity, however, does not necessarily mean that TBCK is an oncogene actively promoting cell proliferation in tumors (Wu et al., 2014). Further studies revealed that TRAIL sensitivity is likely due to the reduced TBCK level, which directly or indirectly inhibits PDK1, ERK, and AKT signaling pathways by suppressing the phosphorylation of these enzymes (Park et al., 2023). Additionally, TBCK expression levels are correlated with the expression of genes related to lipoproteins, such as apolipoprotein B in porcine hepatic tissue, suggesting TBCK’s potential role in lipid metabolism (Ballester et al., 2017).
A potential link was drawn between TBCK and mTOR signaling pathways because when TBCK is depleted, the phosphorylation of mTOR Complex1 (mTORC1) downstream targets decreases (Liu et al., 2013). The regulation of mTOR by TBCK is believed to be at the transcription level (Liu et al., 2013). If the mRNA of one of the mTOR proteins is a FERRY complex cargo, the mRNA binding capability of FERRY might explain the earlier observations that the transcription level of mTOR components was reduced in TBCK knockouts (Liu et al., 2013; Tan et al., 2022). The mTOR pathway is known to play a role in many neurological disorders, such as autism, epilepsy, intellectual disability, and macrocephaly, which are comorbid with TBCK Syndrome (Liu et al., 2013), (Lipton and Sahin, 2014). Studies have shown that rapamycin-mediated mTOR inhibition can prevent seizures in neurodevelopmental disorders caused by STRADα mutations, another pseudokinase that regulates neuronal pathfinding and migration (Parker et al., 2013). TBCK knockouts led to HEK293 cells becoming smaller, likely stemming from disrupted actin organization (Liu et al., 2013). The correlation between mTOR signaling and the function of TBCK in cell size and proliferation is logical because the mTOR pathway regulates gene transcription and protein synthesis to control cell growth (Saxton and Sabatini, 2017). Due to the link between TBCK and mTORC1, it was suspected that activating mTOR through leucine supplementation could be used to treat TBCK Syndrome, like many other mTOR-related disorders (Bhoj et al., 2016). Studies have shown that leucine activates mTOR pathway by binding to Sestrin2, an upstream regulator of mTORC1 (Wolfson et al., 2016). Leucine’s metabolite, acetyl-coenzyme A, also positively regulates mTORC1 activity by acetylating the mTORC1 regulator, Raptor (Son et al., 2019). Indeed, a 2016 study found the mTOR pathway was rescued when leucine was supplied to immortalized lymphoblastoid cells derived from a patient carrying the homozygous TBCK frameshift variant (Bhoj et al., 2016). However, a recent study suggests that mTORC1 inhibition observed in TBCK patient-derived cells and HeLa cells varies across different patients and cell types, indicating that the link between TBCK and mTOR may be cell type-specific (Angireddy et al., 2024).
TBCK deficiency leads to autophagy dysregulation, which is characterized by accumulation of autophagosomes (Tintos-Hernández et al., 2021). Since mTORC1 negatively regulates autophagy, dysfunction of TBCK could induce a pro-autophagic state and lead to increased autophagic flux (Mushtaq et al., 2023). Biochemical and morphological analyses of patient samples with the TBCK c.304C>T (p.Gln102*) mutation reveal vacuolated B-cells and prominent lipofuscin-like storage deposits in neurons and other organs (Beck-Wödl et al., 2018). Fibroblasts from patients harboring the TBCK mutations also display a significant accumulation of autophagosomes and heightened autophagic flux (Ortiz-González et al., 2018). Further investigations, using TBCK patient-derived induced pluripotent stem cells differentiated into neuroprogenitor cells, revealed severe impairments in endoplasmic reticulum-to-Golgi vesicular transport and autophagosome biogenesis coupled with slowed cell cycle progression and migration (Moreira et al., 2022). Consistently, TBCK knockdown in neuroprogenitor cell lines hinders their differentiation into neurons and astrocytes (Angireddy et al., 2024). Additional evidence linking TBCK to autophagy is the upregulation of TBCK expression during enterovirus 71 and coxsackievirus A16 infections, the viruses responsible for hand, foot, and mouth disease (Song et al., 2020). Moreover, disrupted oligosaccharide degradation aligns with aberrant autophagic and lysosomal activity (Ortiz-González et al., 2018). Lysosomal dysfunction contributes to the accumulation of mitophagosomes, which may explain the blockage in the degradation of autophagosomes and mitophagosomes (Tintos-Hernández et al., 2021). TBCK dysfunction can be classified as a lysosomal storage disorder due to the increased autophagosome formation and impaired autophagosome-lysosome fusion.
Mitochondrial function and mitophagosomes can also be impaired by TBCK dysfunction (Tintos-Hernández et al., 2021). Fibroblasts from TBCK patients also show reduced mitochondrial DNA and respiratory function with elevated mitophagy, which cannot be rescued by mTOR activation, suggesting that the disease mechanism could be multi-faceted (Tintos-Hernández et al., 2021). Reduced mitochondrial DNA copy number impairs the synthesis of essential respiratory chain components, leading to decreased respiratory capacity and compromised energy production (Tintos-Hernández et al., 2021). Elevated mitophagy is observed, possibly as a compensatory mechanism for dysfunctional mitochondria, evidenced by extensive colocalization of mitochondrial and lysosomal markers (Tintos-Hernández et al., 2021). Mitochondrial co-localization and membrane biogenesis during mitophagy are known to be influenced by other proteins in the same superfamily with TBCK, such as TBC1D15 (Yamano et al., 2014). Furthermore, the mRNA-loaded FERRY complex colocalizes with mitochondria in neurons. This suggests that TBCK can play a role in delivering nuclear-encoded transcripts of mitochondrial proteins (Quentin et al., 2023; Schuhmacher et al., 2023). This is supported by findings that, in TBCK knockdown neural progenitor cells, neurons, and astrocytes, altered mitochondrial membrane potential and dynamics can be rescued by a mitochondrial fission inhibitor (Angireddy et al., 2024).
Collectively, these studies establish a close link between TBCK, autophagy, lysosomes, and mitochondrial function. This aligns with the neurodegenerative manifestations of TBCK Syndrome because lysosomal impairment-induced mitochondrial dysfunction is a common feature of many neurodegenerative diseases (Figure 6E). These findings provide mechanistic support for both the neurodevelopmental and neurodegenerative phenotypes observed in patients.
TBCK MUTATIONS LEAD TO TBCK SYNDROME
More than 60 clinical cases of TBCK Syndrome have been reported worldwide since the first classification of TBCK Syndrome, spanning numerous countries and ethnic backgrounds (Table 1) (Chong et al., 2016; Guerreiro et al., 2016; Mandel et al., 2017; Reuter et al., 2017; Beck-Wödl et al., 2018, p. 1; Hartley et al., 2018; Ortiz-González et al., 2018; Sumathipala et al., 2019; Zapata-Aldana et al., 2019; Nass et al., 2020; Saredi et al., 2020; Tsang et al., 2020; Bertoli-Avella et al., 2021; Liu et al., 2021; Miyamoto et al., 2021; Murdock et al., 2021; Dai et al., 2022; Elliott et al., 2022; Maha and Shaza, 2022; Tan et al., 2022; De Luca-Ramirez, Rosado Fernández and Torres, 2023; Durham et al., 2023; Nair et al., 2023; Prem et al., 2023; Sabanathan et al., 2023; Jacob et al., 2024). Additionally, over 800 TBCK mutations have been identified through genome sequencing and added to clinical genetic databases, such as ClinVar (Landrum et al., 2024). More than 100 of these mutations are classified as pathogenic or likely pathogenic based on their expected impact on the integrity of the protein (Table 2 and 3). However, other variants classified as likely benign or of uncertain significance may still impair cellular function through different mechanisms. For instance, the compound heterozygous TBCK variants, NM_001163435.2:c.1201T>C p.(Tyr401His) and c.1588C>T p.(Arg530Cys), have been observed in individuals with corpus callosum anomalies, which overlaps with the phenotype of TBCK Syndrome. However, both variants were annotated as having uncertain significance in ClinVar (Miyamoto et al., 2021). The number of cases of TBCK Syndrome is likely underreported due to limited access to advanced diagnostic tools and neuroimaging (Durham et al., 2023). For example, two retrospective studies on tissue samples collected from individuals who died decades ago as children showcase the powerful genetic screening methods that were previously unavailable (Sumathipala et al., 2019; Jacob et al., 2024). Limited awareness of the disorder may also contribute to the poor understanding of TBCK Syndrome and the potential underreporting of cases (Durham et al., 2023).
TABLE 1 | Clinical cases of TBCK variants reported in literature.
[image: Table 1]TABLE 2 | TBCK variants reported in ClinVar, including details of the mutations and associated clinical notes describing the affected individuals.
[image: Table 2]TABLE 3 | Pathogenic or likely pathogenic variants identified in ClinVar but not reported in literature or have a clear clinical description of the affected individuals.
[image: Table 3]Among the 29 documented disease-associated mutations in TBCK, 7 (21.9%) result in frameshift mutations and 7 (21.9%) introduce premature stop codons in the open reading frame (Table 1; Figure 7A). These mutations could severely compromise protein integrity, potentially leading to biological consequences in two plausible ways: (1) the truncated protein misfolds and is rapidly degraded, preventing it from performing its biological function, and (2) the truncated variants may form toxic aggregates, further disrupting cellular processes, similar to what is observed with other neurodegenerative diseases, such as SOD1-induced amyotrophic lateral sclerosis (Brasil et al., 2019). When Western blotting was performed on immortalized lymphoblastoid cell lines, a distinct TBCK protein band was detected in the lymphoblastoid of the healthy control group, while no detectable protein was observed in lymphoblastoid from diagnosed individuals with frameshift mutations in TBCK (Bhoj et al., 2016). The absence of detectable protein suggests that the mutations likely result in a loss of correctly folded full-length protein, supporting the first proposed scenario in which the misfolded protein is rapidly degraded. The second scenario currently lacks experimental support. The clinical manifestations of TBCK Syndrome, such as macroglossia and coarse facies, resemble other lysosomal storage diseases (Ortiz-González et al., 2018). TBCK Syndrome also resembles diseases related to mitochondrial dysfunction because there are several overlapping clinical presentations with genetic mutations that disrupt mitochondrial protein function (Chong et al., 2016). These clinical presentations are consistent with the cellular function identified in the aforementioned in vitro assays.
[image: Figure 7]FIGURE 7 | Human TBCK mutations are linked to TBCK Syndrome. (A) Clinical mutations mapped onto the predicted tertiary structure of TBCK, with mutations represented as spheres. The structure is color-coded to match the domains: pseudokinase domain (teal), TBC domain (purple), and rhodanese-like domain (yellow). Red spheres indicate TBCK variants associated with TBCK syndrome, as reported in the literature. Wheat-colored spheres represent disease-associated TBCK variants listed in databases. Magenta spheres indicate the three missense variants I130N, R511H, and L551P. (B) AlphaFold3-predicted structural model of human TBCK and disease-associated variants zooming into missense mutations, I130N, R511H, and L551P (magenta), and nearby interactions in the pseudokinase domain (teal), TBC domain (purple), and Rab5A (wheat). Visual representations were performed with Pymol.
The most frequently reported TBCK mutation is the “Boricua mutation” (R126*), which causes the truncation of the protein at arginine 126 in the pseudokinase domain and accounts for nearly 20% of cases described in the literature and is predominantly found in individuals of Puerto Rican descent. To date, three missense TBCK variants (I130N, R511H, and L551P) have been associated with TBCK Syndrome (Figure 7B) (Bhoj et al., 2016; Chong et al., 2016; Liu et al., 2021). However, the correlation between specific mutation sites and clinical severity is currently considered weak. Individuals with I130N and R511H show symptoms comparable to truncation mutations, such as profound developmental delays and seizures (Chong et al., 2016; Liu et al., 2021). The individual with I130N, who exhibited seizures and white matter abnormalities, eventually died of other complications at 9 months (Liu et al., 2021). In contrast, individuals with the L551P variant generally exhibit milder symptoms, including normal reflexes, less severe developmental delays, and no seizures (Bhoj et al., 2016). The I130N variant resides in the pseudokinase domain, where a hydrophobic residue is replaced by a polar, non-charged residue. I130 is positioned within a hydrophobic pocket surrounded by isoleucine and leucine residues, and its substitution with asparagine may destabilize this local protein environment. The pathogenic substitution, L551P, replaces a branched hydrophobic residue with a cyclic residue, potentially disrupting protein folding or stability. The most notable variant is R511H, where the arginine corresponds to the R finger critical for GAP activity in the TBC domain is replaced by histidine. This clinically identified variant further supports the importance of the R511 residue and the essential function of the TBC domain.
Initially, TBCK mutations were believed to cause disease exclusively in an autosomal recessive manner (Guerreiro et al., 2016). However, emerging evidence suggests that TBCK heterozygotes, containing one functional wild-type TBCK in one allele, may also present mild neurological symptoms. Inspired by findings from TBCK+/− mouse models, which demonstrated reduced exploratory and investigatory behaviors, further investigations revealed sex-based differences in haploinsufficiency in mice (Nair et al., 2023). Consistent with this observation, a large-scale analysis of 10,900 unrelated individuals allows researchers to identify 19 TBCK+/− heterozygotes encompassing 16 unique loss-of-function variants (Nair et al., 2023). These individuals exhibited a significantly higher incidence of acquired toe deformities (Nair et al., 2023). TBCK variants are also connected to heart development, as evidenced by their association with congenital heart disease in genome analyses (Ma et al., 2023). Studies using the zebrafish model have revealed TBCK’s role in the formation of the atrioventricular canal (Ma et al., 2023). Collectively, these studies underscore TBCK’s essential role in axonal neuropathy and organ development.
CONCLUSIONS AND FUTURE PERSPECTIVES
Benefiting from genomic sequencing, previous studies have uncovered the genetic cause of TBCK Syndrome. Most reported cases carry mutations that yield truncated TBCK. However, diagnosis and classification are only the first steps in the long journey to improve the quality of life and life expectancy of individuals affected by this disorder. Much about TBCK’s biological function needs to be uncovered in order to develop effective therapeutic strategies to alleviate the burden on patients and their families. In-depth biological and biochemical characterization of TBCK, both structurally and functionally, is a critical next step. Based on sequence similarity, we propose that the protein kinase domain and the rhodanese-like domain likely function as structural scaffolds by interacting with other protein-binding partners. The TBC domain may function as a GAP for an as-yet-unidentified Rab protein. A comprehensive understanding of TBCK’s interactions, catalytic capabilities, and regulatory mechanisms, particularly within the FERRY complex, the mTOR pathway, and Rab-mediated early endosome trafficking, is needed to deepen our fundamental knowledge of this enigmatic protein. Such insights may ultimately pave the way for novel therapeutic approaches for TBCK-related disorders.
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TBCK variants

€382-245G European
c468C>G Tyrl56* Female
c531dup Prol78fs Compound Heterozygote, male
€557A5G Aspl86Gly Compound Heterozygote, male
c658+1G>A [ Homozygote
€659-1G>A [ [ Compound Heterozygote, female, African American
C677T>A Leu226* ) Brazil
€720+1G>A female, African American
c721G>T | Glu241* Single Heterozygote
€.737_738del ‘ Val246fs Compound Heterozygote male
€1039C>T Arg3a7t Global developmental delay
<.1370dup [ Asnds7fs [ Global developmental delay, female
€1861-7C>G Intellectual disability
<.1878G>T Trp626Cys. Homozygote, female
C1880T>G Phe627Cys Homozygote, female
€.2060-6793_2235+427del [ Homozygote female Hispanic Americans, European
€.2060_2235+1del Homozygote female, white and Indian
€2060-9050_2235+26133del | Compound Heterozygote female, African American
<2091dup Tie698fs ‘male Caucasian/German/Irish/Scottish/English/French/Native American
€2130C>G [ Tyr710% [ Homozygote female
€2512C5T [ Glng38* Female, atypical behavior, short attention span, mild intellectual disability, poor gross motor
coordination
GRCh37/hgl9 4q24(chr4:106989610- Male, autism spectrum disorder
107101268)x1
‘GRCh37/hgl9 4q24(chr4:107110401- Male autism spectrum disorder, developmental disorder of speech and language
107170995)x1
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TBCK variants Molecular Protein Accession Zygosity  Ethnicity Clinical notes

consequence  change

19341G>T Splic site VCV000984709.1 Hom Turkey Severe intllectual delay, sizures, Reuter et al. (2017)
muscular hypotonia, pectus
excavatum, EEG abnormalites,
increased creatine kinase,
abnormality of lipid metabolism

e Stop gain (PK) Ay VCVO011808285 Hom Chinese Profound developmental deay, low Tan etal. (2022)
muscle tension, infuntile hypotonia
with psychomotor retardation and
charactristic facies type 3

mCT Stop gain (PK) Gintoz* VCV0o0ss7sL4 Hom Hypotonia, global developmental Beck-Wodl et a. (2018)
delay, motor scizurs,reduced visual
acuity, non-verbal
€376CT Stop gain (PK) Age” VOV00022523530 Hom Puerto Rican, Case 1 svere cognitive delay, Bhoj et al. (2016)
Dominican, | abnormal of white matter intensites
Hispanic severe hypotonia, coarse facal
features
Case 2 severe motor and cognitive
delay, severe hypotonia, mildly corse:
facies
39TA Missense (PK) Tet30Asn veveoz6.3 Hom Scizures, periventricula white matter Liuetal o21)
abnormalies
456-245G Splicesiteand frameshift VCV00097749.2 Compound Generalized hypolonia, D et al. 2022)
het developmental deay,
dectroencephalogram abnormaliy,
cerebral white matter sbnormalites
AT8GHT and c76dupT Sop gain (PK)and Glute0" and Het Chinese Hypotonia, psychomotor reardation Taang et al. (2020)
Frameshift Tyr2sleuts'10 and charactristic acies 3
(Be)
€A90CT Stop gain (PK) Gintea* VEV000223228.10 Hom Afghani Delay n fine motor skils, ebrile Prem etal. 2023)
sezures, low muscle one, hypotonia
facies
535_554del Frameshift (PK) Leut798s Hom Moroccan | Severe cognitive dlay, no regression, Sored et al. 2020)
‘white matter abnormaltes, motor
delay, hypotonia
c614_617del Deltion (PK) 205_206del Hom Cancasan Profound hypotonia, global Guerreiro et al. (2016)
devclopmental delay, sow motor
development, dysmorphic features
<753dup Stop gain (PK) Lys2 VCV000129%39.8 Hom Syrian Global developmenal delay, severe  Zapata-Aldana et al. (2019)
hypotonia, dysmorphic features,
<803 806del Frameshift (PK) Metests VeVO0022524033 Hat Mived Buropean | Case 1: severe cognitve delay, Bhoj et al. (2016)
‘moderate hypotonia, mild
macrocephay. Case 2 mid cogni
delay, severe hypotoria
831_832insTA Frameshift Pro27sfs Vevoonzs238.2 Hom Syrian Non-verbal, svere cognitive delay, Bhoj et al. (2016)
severe hypotonia, macrocephaly
CI0ITSC & cIS8CST Missense (TBC) Tyr0lHisk | VCVO0I431297 38VCV0020708554  Compound Miyamoto et al. (2021)
Args0Cys het
701G Splice site VCV000974855.1 Hom Bertol-Avella et al. 2021)
36T Stop-gin (TBC) Lystss® VeVo02s2369 Hom Lebanese Severe hypotonia, visual imps
profound developmental disabilty, Chong et al. (2016)
developmental regession, chronic
respiratory insuffcency
c1370del Frameshift (TBC) Asmis7hs vevozsa1.2 Hom Algerin Moderate hypotonia, moderate to Bhoj et al. (2016)
severe cognitve delay, abnormal
bilateral parietal white mater
152654 Missense (TBC) ArgsiHis VCV000225237.2 Hom Egrptian Profound developmental disailty, | Chong et al. (2016)
o developmental regression no
sezures, hypovenilation
C1581dup & NC_OO0OO411: | Frameshiftand deletion Compound “The parents of the child had these Jocob et al. 2024)
£107091826_107099220del het variants. Did not sate TBCK variant
of the patient. Muscular hypotonia,
motor delay,fcial dysmorphia
C162T>C Missense (TBC) Leus5iPro Hom Pakistani Mild delay in specch, motor, and Bhoj et al. (2016)
cogpitiv development; mild
hypotonia,decp-set yes, broad nasal
bridge,epicantha fods
1854 defT Splice site NiA Hom Arab-Mosiem | Severe to moderate hypotonia and Mandel et al. (2017)
cognitive delay; mid delay i specch
and motor functon
CI860+1G>A Splice site VEV000636213.5 Compound Caucasian | Severe global delay, severe hypotonia, D etal. 2022)
het scizures, absent specch
CI89741GA Splice site VCV000183338.33 Hom Sdi Global developmental deay,epilepsy, | Alazami et al. (2015), Bhoj et .
dysmorphism, hypotonia, deayed | (2016), Dai et al. (2022), Maha
reflexes and Shaza (2022)
20602456 Splce site Vevon2252397 Compound | Mixed European | Severe to moderate hypotonia and | W et al. (2014), Bhoj et a.
het cognitive delay. Mild deay in speech | (2016), Oriz-Gonzilee et al
and motor (2018), ot et al. (2022)
<2060_22354el Deletion! Gluss7ts veveonrsii2 Hom South Asian, Profound to severe global Dai etal. (2022)
Frameshit (TBC) Cancasan, Middle | developmental delay and hypotonia,
Eastem Absent specch, coare faial features
GRONS7g19 dq2i(chri: Copy number loss vevoozsmi21 Hom Profound to severe lotal Murdock et al. (2021)
107092252-107092427)x1 developmental delay and hypotonia.
absent specch, coare faial feature
GRONS7g19 dq2i(chri: Copy number loss VCV000915974.1 Hom Murdock et al. (2021)
107092252107092428)
GRCK39/g38 dq2i(chet: Copy number loss Vevooszra Murdock et al. (2021)
106170998-106171368)x0
NC_000004.12: Deleion VCV00097748.2 Hom Caucasian | Profound developmenta delay, severe Dai et al. 2022)
B106168703_106217941del hypotoria, visual impairments,
delayed responses

Urlessindicatedotherwise,all he
b

pscript squences references 10 NM_001163435.3. An asterisk (*) indicates nonserse rmut

s resalting in st gain at the protei leve,and " denotes rameshift vrians, Abbeviation of Hom fo homorygous and Het for
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Molecular consequence Variants

Deletion NC_000004.11:g(?_107110358)_(107171624_2)del; NC_000004.11:
(2_107110361)_(107171624_2)del; NC_000004.11:g.(2_107114746)_(107115931_?)del; NC_000004.11:g.?_107114746)_(107171655_?)del;
NC_000004.11:(2_107114746)_(107181687_7)del; NC_000004.11:g,(?_107092232)_(107092447_7)dlel; NC_000004.11:g.(?_107114746)
_(107183389_7)dups NC_000004.11:g.(7_107170058)_(107183389_?)del; NC_000004.11:g.(107169464_107170077)_(107183370_107216250)
del; NC_000004.11:g.(2_107216231)_(107216343_?)del; NC_000004.11:g.(2_107216231)_(107216343_?)del; NC_000004.11:g(?_107216231)
(107216343 _2)del; NC_000004.11:g.(7_107216231)_(107230117_?)del; NC_000004.11:g107169414_(107183370_107216250)del;
NM_001163435.2(TBCK):c.2060-9050_2235+26133del; 1350+ 1dek; ¢.1740CTT(2] (p.Phe582del); ¢267-8502del

Stop gain C196C>T (p.Arg66*); c663T>A (p.Cys221%); c.1108C>T (p.Arg370%); ¢.1203C>A (p.Tyr401%); c.1259T>A (p.Leud20%); ¢.1372C>T
(pGInd58); c.1584dup (p.Arg529%); .1605G>A (p.Trp535%); c.1635G>A (p.Trp545%); c.1731C>G (p.Tyr577%); €.1771C>T
(p.GIn591*); c.2143C>T (p.GIn715%); ¢2479G>T (p.Glus27*)

Splice site €266+2T>G; €38141G>A; c93141G>A; c.1071-1G>C; C.122041G>A; €.1351-1G>A; €.1775-1G>C; c1860+2T>A; ¢.1898-24>G;
€2235+1G>A
Frameshift .186_189dup (p.His64s); c.253del (p.Arg85fs); c.305delinsCATTTGAGGTTCTTC (p.Gln102fs) ¢.538_568del (p.Prol80fs); c.827del

(p-Val276f5); ¢.1058del (p.Cys353fs); c.1250del (p.Asnd1765); ¢.1290del (p.Argd31fs); c.1334del (p.Pheddfs); c.1378del (p Trpd60fs);
1398_1399insTTAA (p.lled67fs); c.1439del (p.Leud80s); c.1475dup (p.1e493fs); c.1786_1787del (p.Val596f5); c.1854del (p.Pro619fs);
.1888_1889del (p.Met630fs); c.1938del (p.Leu647fs); c.2025del (p.Phe675fs); c.2044_2048del (p.Phe682fs); c.2154del (p.Lys718f5)s
<2252del (p.Pro7515)

Missense <1975G>A (p.Gly659Arg)

An asterisk (*) indicates nonsense mutations resulting in a stop gain at the protein level, while “fs” denotes frameshift variants.The authors declare no conflict of interest.
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