[image: image1]Are the class 18 myosins Myo18A and Myo18B specialist sarcomeric proteins?

		REVIEW
published: 09 May 2024
doi: 10.3389/fphys.2024.1401717


[image: image2]
Are the class 18 myosins Myo18A and Myo18B specialist sarcomeric proteins?
Markus Horsthemke1, Charles-Adrien Arnaud1,2 and Peter J. Hanley1*
1IMM Institute for Molecular Medicine, HMU Health and Medical University Potsdam, Potsdam, Germany
2Department of Medicine, Science Faculty, MSB Medical School Berlin, Berlin, Germany
Edited by:
Manuel H. Taft, Hannover Medical School, Germany
Reviewed by:
Anne Houdusse, Institut Curie, France
James R. Sellers, National Heart, Lung, and Blood Institute (NIH), United States
* Correspondence: Peter J. Hanley, peter.hanley@health-and-medical-university.de
Received: 15 March 2024
Accepted: 22 April 2024
Published: 09 May 2024
Citation: Horsthemke M, Arnaud C-A and Hanley PJ (2024) Are the class 18 myosins Myo18A and Myo18B specialist sarcomeric proteins?. Front. Physiol. 15:1401717. doi: 10.3389/fphys.2024.1401717

Initially, the two members of class 18 myosins, Myo18A and Myo18B, appeared to exhibit highly divergent functions, complicating the assignment of class-specific functions. However, the identification of a striated muscle-specific isoform of Myo18A, Myo18Aγ, suggests that class 18 myosins may have evolved to complement the functions of conventional class 2 myosins in sarcomeres. Indeed, both genes, Myo18a and Myo18b, are predominantly expressed in the heart and somites, precursors of skeletal muscle, of developing mouse embryos. Genetic deletion of either gene in mice is embryonic lethal and is associated with the disorganization of cardiac sarcomeres. Moreover, Myo18Aγ and Myo18B localize to sarcomeric A-bands, albeit the motor (head) domains of these unconventional myosins have been both deduced and biochemically demonstrated to exhibit negligible ATPase activity, a hallmark of motor proteins. Instead, Myo18Aγ and Myo18B presumably coassemble with thick filaments and provide structural integrity and/or internal resistance through interactions with F-actin and/or other proteins. In addition, Myo18Aγ and Myo18B may play distinct roles in the assembly of myofibrils, which may arise from actin stress fibers containing the α-isoform of Myo18A, Myo18Aα. The β-isoform of Myo18A, Myo18Aβ, is similar to Myo18Aα, except that it lacks the N-terminal extension, and may serve as a negative regulator through heterodimerization with either Myo18Aα or Myo18Aγ. In this review, we contend that Myo18Aγ and Myo18B are essential for myofibril structure and function in striated muscle cells, while α- and β-isoforms of Myo18A play diverse roles in nonmuscle cells.
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INTRODUCTION
In mouse and human, the myosin superfamily of motor proteins is divided into 12 classes. Conventional class 2 myosins have long coiled-coil domains which mediate dimerization and assembly into bipolar (thick) filaments, whereas the other 11 classes are collectively referred to as unconventional myosins and serve various specific roles (Kalhammer and Bähler, 2000; Sellers, 2000; Hartman et al., 2011; Maravillas-Montero and Santos-Argumedo, 2012; Batters and Veigel, 2016; Coluccio, 2020). All myosins contain a conserved head (motor) domain which typically exhibits ATPase activity and binds to filamentous actin (F-actin), enabling the chemical energy from ATP hydrolysis to be converted to force production (Mermall et al., 1998; Sellers, 2000). Class 18 myosins are encoded by two genes: Myo18a and Myo18b in mice, and MYO18A and MYO18B in humans (Bruford et al., 2020). Extensive biochemical analyses of purified myosin 18A (Myo18A) and myosin 18B (Myo18B) proteins or protein fragments have revealed, surprisingly, that these myosins exhibit negligible ATPase activity (Guzik-Lendrum et al., 2013; Taft et al., 2013; Latham et al., 2020; Taft and Latham, 2020), perhaps barely sufficient to justify membership in the myosin superfamily. Nevertheless, class 18 myosins have strong phylogenetic roots and show localization to actin-based structures, such as actin stress fibers and sarcomeres (Salamon et al., 2003; Mori et al., 2005; Ajima et al., 2008; Billington et al., 2015; Horsthemke et al., 2019; Latham et al., 2020; Taft and Latham, 2020; Ouyang et al., 2021). Whether Myo18A and Myo18B exhibit ATPase activity in their natural environment remains to be clarified. Alternatively, these proteins may act as scaffold proteins or inhibitors (brakes) to actin translation by bipolar myosin two filaments, among other functions. In this review, we contend that Myo18B and the gamma-isoform of Myo18A, Myo18Aγ, have evolved as indispensible structural elements or regulators of sarcomeres. We also discuss the diverse functions ascribed to the PDZ-containing alpha-isoform of Myo18A, Myo18Aα, and we briefly speculate on the roles of the beta-isoform, Myo18Aβ.
Myosin 18A
Myo18A was first identified over two decades ago (Furusawa et al., 2000). In 2000, Furusawa et al. (Furusawa et al., 2000) cloned a novel myosin, which was initially denoted MysPDZ (myosin containing PDZ) since it harbors an N-terminal extension containing a PDZ domain in addition to a KE (lysine and glutamic acid)-rich sequence. Northern blot analysis revealed that MysPDZ (7.5 kb transcript), now known as Myo18Aα, is widely expressed in mouse tissues, whereas a 7.0 kb transcript is additionally expressed in hematopoietic cells and a 10.5 kb transcript is expressed in heart and skeletal muscle. In further work, Mori et al. (Mori et al., 2003) showed that the 7.0 kb transcript corresponds to an isoform lacking the PDZ-containing N-terminal extension, which was denoted MysPDZβ, as distinct from MysPDZα (MysPDZ), and is now denoted Myo18Aβ. Fluorescence imaging of either Myo18A labeled with antibodies against the coiled-coil domain or expressed YFP-tagged Myo18A constructs revealed that MysPDZα (Myo18Aα) localizes to the perinuclear region, possibly corresponding to the endoplasmic reticulum and Golgi apparatus, and the actin cytoskeleton, whereas MysPDZβ (Myo18Aβ) localizes diffusely in the cytoplasm. Truncation mutants fused to YFP or a Myc tag (also known as c-Myc tag) indicated that the KE-rich sequence was required for localization to F-actin, whereas the PDZ domain mediated localization to the plasma membrane (Mori et al., 2005).
The physiological roles of the widely expressed PDZ-containing myosin Myo18Aα have not yet been conclusively established. PDZ domains typically function as scaffolding modules (molecular glue), mediating protein-protein interactions and often localizing proteins to specific subcellular locations (Bezprozvanny and Maximov, 2001; Liu and Fuentes, 2019). These domains recognize short peptide motifs at the C-terminus of their target proteins, which include membrane-bound receptors and ion channels. Using anti-surfactant protein A receptor 210 antibodies, affinity chromatography, and mass spectrometry, Yang et al. (Yang et al., 2005) deduced that Myo18A is the molecular correlate of surfactant protein A receptor 210, which mediates the clearance of pathogens opsonized with surfactant protein A, a collectin secreted by alveolar epithelial type II cells (Casals et al., 2018; King and Chen, 2020). The authors identified a putative transmembrane α-helix in the head domain of Myo18A, suggesting that it is a single-pass membrane protein. Moreover, antibodies targeted to the neck domain of Myo18A blocked the binding of surfactant protein A to macrophages, implying that the N-terminus is on the cytosolic side of the plasma membrane. The apparent minimal ATPase activity of Myo18A (Guzik-Lendrum et al., 2013; Taft et al., 2013) would support a potential role of Myo18A as a membrane-bound receptor. Macrophages predominantly express Myo18Aβ (Horsthemke et al., 2019) which would be expected to bind surfactant protein A without further action, whereas expression of Myo18Aα, which occurs, for example, following activation of macrophages with leukemia inhibitory factor (Mori et al., 2003), is probably required to recruit proteins via its cytosolic PDZ domain and initiate phagocytosis. More recently, macrophages isolated from myeloid-restricted Myo18a conditional knockout mice were shown to exhibit normal motility, chemotaxis, and phagocytosis, but, unfortunately, surfactant protein A binding or phagocytosis mediated by surfactant protein A opsonization were not investigated (Horsthemke et al., 2019). However, RAW 264.7 cells (macrophage cell line) stably transfected with a dominantly negative truncated Myo18Aα mutant exhibited markedly impaired uptake of surfactant protein A-opsonized Staphylococcus aureus (Sever-Chroneos et al., 2011). On the contrary, the diffuse cytosolic localization of N-terminally YFP-tagged Myo18Aβ (Mori et al., 2003), which corresponds to the short variant of surfactant protein A receptor 210 (Yang et al., 2005), argues against a role for Myo18A isoforms as plasma membrane receptors. Lack of membrane localization of YFP-Myo18Aβ cannot be explained by an inhibitory effect of the fluorescent protein tag since N-terminally YFP-tagged Myo18Aα localizes to the plasma membrane (Mori et al., 2003). Further investigations are necessary to confirm whether Myo18A is indeed a transmembrane protein which binds surfactant protein A-opsonized particles. However, it is most unlikely that the Myo18A head domain spans the plasma membrane since this would require extensive unfolding of this highly conserved structure.
In 2009, Dippold et al. (2009) reported that Myo18A, identified by co-immunoprecipitation and mass spectrometry, is a binding partner of GOLPH3 (Golgi phosphoprotein 3). When Myo18A was knocked down in HeLa cells using siRNA, it mimicked the effects of GOLPH3 knockdown by inducing a more condensed (less stretched) Golgi structure and reducing vesicle budding. Expression of GFP-tagged mouse Myo18A, predicted to be resistant to the siRNA used to target human Myo18A, rescued the Golgi morphology phenotype, whereas a motor mutant (lacking ATPase activity) failed to rescue the phenotype. These data implied a model in which Myo18A is linked to Golgi via GOLPH3 and binds to actin filaments to exert force (actomyosin-ATPase activity) and produce a flattened stack of cisternae, the characteristic morphology of the Golgi apparatus. At variance with this model, two independent groups showed that Myo18A binds weakly to F-actin, but only exhibits negligible ATPase activity, even in the presence of GOLPH3 (Guzik-Lendrum et al., 2013; Taft et al., 2013; Bruun et al., 2017). Indeed, in vitro gliding assays revealed that Myo18A inhibits the translocation of actin filaments by class 2 myosin (Guzik-Lendrum et al., 2013). However, Taft et al. (2013) showed that GOLPH3 interacts with the PDZ domain of Myo18A and increases its affinity for actin. One possibility to explain the incongruent findings is that mixed bipolar filaments containing both nonmuscle myosin 2 and Myo18Aα (Billington et al., 2015) could provide a means for stretching Golgi cisternae. In this scenario, nonmuscle myosin 2 exerts force and Myo18Aα binds to GOLPH3 and acts as an F-actin tethering protein (Guzik-Lendrum et al., 2013; Taft et al., 2013), along the lines schematically illustrated by Billington et al. (2015). Bruun et al. (2017) re-investigated the role of Myo18A in Golgi morphology and found using two different anti-Myo18A C-terminus antibodies that endogenous Myo18A, as well as GFP-tagged Myo18Aα, did not localize to Golgi. The authors also showed that knockdown of Myo18A using shRNA did not affect Golgi morphology. Similarly, Horsthemke et al. (2019) observed no differences in the Golgi morphology of resident peritoneal macrophages isolated from wild-type and myeloid-restricted Myo18a conditional knockout mice. Thus, although Myo18A interacts with Golgi proteins, the extent and functional importance of Myo18A localization to Golgi remains to be clarified.
Various studies have implicated Myo18A in cell motility. Tan et al. (2008) deduced that Myo18A is part of a tripartite protein complex essential for cell motility. This complex, which also includes LRAP35a (leucine repeat adapter protein 35a), encoded by LURAP1 and also known as leucine rich adaptor protein 1, and MRCK (myotonic dystrophy kinase-related Cdc42-binding kinase), encoded by CDC42BPA and also known as CDC42-binding protein kinase alpha, promotes nonmuscle myosin 2-dependent actomyosin assembly and retrograde actomyosin flow. The authors stressed that the Myo18A-containing tripartite protein complex localizes to retrograde moving actomyosin bundles in the lamella, which consist of nonmuscle myosin 2-rich actin arcs and dorsal stress fibers (Burnette et al., 2014), but not actin stress fibers, also known as ventral stress fibers or subnuclear actin stress fibers, which contain nonmuscle myosin 2 and are anchored to the substrate at each end by focal adhesions. siRNA-mediated knockdown of Myo18A led to loss of actomyosin structures in the lamella. Moreover, MRCK localization to the lamella was decreased by either knockdown of Myo18A or introduction of a motor mutant (lacking ATPase activity) of Myo18A. Using U2OS cells (human epithelial cell line derived from an osteosarcoma) and wound-healing assays, Tan et al. (2008) also showed that microinjection of a dominant-negative construct of Myo18A inhibited cell migration. These data suggest that Myo18A is required for the formation and/or maintenance of nonmuscle myosin 2-containing actin arcs and dorsal stress fibers. In accord with Tan et al. (2008), Billington et al. (2015) clearly showed using confocal microscopy that GFP-tagged Myo18Aα and GFP-tagged Myo18Aβ colocalized with tdTomato-tagged nonmuscle myosin 2A in lamellar protrusions of U2OS cells, but GFP-tagged Myo18Aα additionally localized to subnuclear actin stress fibers. The authors also showed by co-sedimentation and electron microscopy that polymerization of nonmuscle myosin 2A with Myo18Aβ produced mixed bipolar filaments. Indeed, mixed bipolar filaments containing nonmuscle myosin 2A together with Myo18Aα or Myo18Aβ could be resolved in cells using superresolution imaging, obtained by TIRF-SIM (combined total internal reflection fluorescence (TIRF) and structured illumination microscopy (SIM)). Thus, imaging by various independent groups strongly supports the notion that Myo18Aα associates with nonmuscle myosin 2-containing stress fibers, but there are conflicting results in relation to Myo18Aβ (Mori et al., 2005; Billington et al., 2015). We assume that the N-terminal extension of Myo18Aα, lacking in Myo18Aβ, is required for localization to actin stress structures. The role of Myo18Aβ remains unclear, although it has been shown to form antiparallel dimers in high-salt buffer (Billington et al., 2015) and may heterodimerize with Myo18Aα. Further work is required to clarify the subcellular localization and function of Myo18Aβ.
Myo18A was also implicated in regulating actin cytoskeletal dynamics and cell motility by Hsu et al. (2010), who identified Myo18A as an interaction partner of PAK2 (p21-activated kinase 2) by co-immunoprecipitation and mass spectrometry. PAKs are a family (PAK1–PAK6) of serine/threonine kinases which interact with and are thought to be important downstream targets of the p21 Rho GTPases Rac1 and Cdc42, each of which induce actin polymerization and membrane protrusions and are key mediators of cell motility and chemotactic navigation (Lawson and Ridley, 2018). The authors deduced that PAK2 binds to Myo18A via the βPIX/GIT1 (β-PAK-interacting exchange factor and G protein-coupled receptor kinases interactor 1) complex. βPIX, encoded by ARHGEF7 (Rho guanine nucleotide exchange factor 7), interacts with group I PAKs (PAK1–PAK3) though its N-terminal SH3 (Src homology 3) domain. This interaction leads to the activation of Rac and Cdc42 via the Dbl-homology (DH) domain of βPIX, which serves as a selective GEF (guanine nucleotide exchange factor) for Rac and Cdc42. Following guanine nucleotide exchange, Rac-GTP and Cdc42-GTP activate group I PAKs, which in turn inhibit cofilin via LIM kinases, among other functions. Thus, βPIX not only activates Rac and Cdc42 but also serves as a link to their downstream targets (PAK1–PAK3). Hsu et al. (2010) showed that knockdown of Myo18A did not impair the formation of PAK/βPIX/GIT1 complexes, but induced morphological changes, including marked cell spreading and a reduction in dorsal ruffles, as well as decreased cell migration in wound healing assays. Truncation mutant analysis indicated that the C-terminus of Myo18Aα, also present in Myo18Aβ, interacts with βPIX. In complementary work, Hsu et al. (2014) showed that deletion of the C-terminal extension impairs cellular localization of βPIX in A431 cells and decreases cell motility. Consistent with these findings, Myo18Aα was shown to target the Rac-/Cdc42-GEF βPIX to the dendritic spines of cultured Purkinje neurons, whereas knockdown of Myo18Aα or deletion of the C-terminal Myo18Aα-binding site of βPIX markedly decreased βPIX enrichment in spines, which was associated with loss of F-actin and nonmuscle myosin 2 in these structures (Alexander et al., 2021). Thus, Myo18Aα and possibly also Myo18Aβ localize to nonmuscle myosin 2-containing stress fibers and interact with proteins that regulate actin dynamics. To gain further insight, phenotypic analysis of mice selectively lacking both Myo18A isoforms would be most helpful, especially if homozygous mutants prove to be viable.
In developing zebrafish embryos, myo18a genes, myo18aa and myo18ab, were observed to be expressed in the somites (Cao et al., 2014). Knockdown of either gene resulted in mildly irregular localization of dystrophin and α-dystroglycan, two key proteins involved in linking F-actin to the extracellular matrix. This irregularity manifested as unsharp somite demarcations and was associated with disrupted myofibers (skeletal muscle cells), identified using anti-slow myosin heavy chain antibodies. Simultaneous knockdown of both genes or overexpression of the PDZ-containing N-terminal extension resulted in a more pronounced phenotype. Further work by Cao et al. (2016) showed that Myo18A is required for adhesion of cultured zebrafish embryo myoblasts to laminin-coated substrates. Together with other findings, including interaction of Myo18A with the Golgi protein Golgin45, Cao et al. (2016) deduced that the N-terminal extension of Myo18A acts as a scaffold to bind various signaling molecules, link Golgi to F-actin, and stabilize myoblast adhesion to the extracellular matrix.
Deletion of Myo18a in mouse is embryonic lethal at around embryonic day 12.5, but surprisingly lacZ (X-Gal) staining indicated that Myo18a is highly expressed in the developing heart, as well as in somites (Horsthemke et al., 2019). Cardiac myocyte-restricted deletion of Myo18a in mice was similarly embryonic lethal and electron microscopy revealed disorganized cardiac sarcomeres in embryos carrying homozygous Myo18a mutations. More surprisingly, a novel isoform of Myo18A, denoted Myo18Aγ, was detected in the heart which was larger than Myo18Aα and contained alternative N- and C-terminal extensions (Horsthemke et al., 2019). Notably, the N-terminal extension of Myo18Aγ does not contain either a KE-rich sequence or PDZ domain, but instead contains a polyproline helix (Figure 1A). Myo18Aγ-GFP expressed in neonatal rat ventricular myocytes clearly showed localization to the sarcomeric A-band. All of these findings are reminiscent of Myo18B, discussed in the next section, and suggest that each class 18 myosin gene encodes a protein required for sarcomere function.
[image: Figure 1]FIGURE 1 | Domain structures and sequence alignments of Myo18A and Myo18B. (A), Domain structures of mouse (Mus musculus) Myo18Aα, Myo18Aβ, Myo18Aγ, and Myo18B. Sequence identity (Id) and similarity (Sim) are indicated for various regions. Abbreviations: KE-rich, lysine (K) and glutamic acid (E)-rich; PDZ, post-synaptic density (PSD) protein, Drosophila discs-large (Dlg) tumor suppressor protein, and zonula occludens (ZO) protein; P-loop, phosphate-binding loop; SW1, switch-1; SW2, switch-2; IQ, IQ (isoleucine (I) and glutamine (Q)) calmodulin-binding motif; aa, amino acids; P-rich, proline (P)-rich; S-rich, serine (S)-rich; NLS, nuclear localization signal. (B), Alignment of the extreme N-terminal ends of Myo18Aγ and Myo18B (marked by red boxes in panel (A), highlighting high identity and similarity. In the aligned sequences, vertical lines (“|”) indicate positions of identity (amino acids are identical), colons (“:”) indicate positions of similarity (amino acids have similar side chain properties), single dots (“.”) indicate mismatch of amino acids, and dashes (“–”) indicate gaps in a sequence relative to its counterpart. The gray filled boxes show alignment of Mus musculus (Ms) Myo18A and Ms Myo18B P-loop, switch-1, and switch-2 sequences with those of Ms Myo6, Ms Myh9 (nonmuscle myosin IIA), Ms Myo5a, and Ms Myo1e. Conserved sequence motifs are highlighted in bold black, while deviations in Myo18A and Myo18B are shown in red. Inserts specific for Myo18A and Myo18B are shown in orange.
Most recently, Myo18Aα was shown to immunoprecipitate with GIPC3 (GIPC PDZ domain containing family, member 3) and the authors showed that the PDZ domain of GIPC3 interacts with the C-terminus of Myo18Aα, which is shared by Myo18Aβ (Chatterjee et al., 2023). GIPC3 localizes to the cuticular plate of inner and outer hair cells of the cochlea during postnatal development. Each stereocilium of the hair cells inserts into the cuticular plate, a dense network of filamentous actin. SIM imaging of immunolabeled Myo18Aα showed that it localizes immediately below the actin-rich cuticular plate. Mutations of various unconventional myosin genes are associated with deafness (Friedman et al., 1999; Moreland and Bird, 2022), including Myo6 (Avraham et al., 1995), Myo7a (Gibson et al., 1995; Weil et al., 1995), and Myo15a (Wakabayashi et al., 1998; Liang et al., 1999; Belyantseva et al., 2003). Whether mutations or deletion of Myo18a in hair cells causes significant abnormalities in the morphology and function of hair cells remains to be determined.
Myosin 18B
In a human squamous cell lung carcinoma cell line, Lu24, a homozygous deletion on chromosome 22q12.1 suggested the presence of a tumor suppressor gene within the deletion, ultimately leading to the identification of a novel myosin gene, denoted MYO18B, which is structurally related to MYO18A (Nishioka et al., 2002). Consistent with a potential role as a tumor suppressor gene, MYO18B is inactivated by deletions, mutations, or methylation in about 50% of lung carcinomas (Yokota et al., 2003). Further studies have shown that MYO18B expression is reduced in various cancers, including primary ovarian and colorectal carcinoma, and restoration of MYO18B expression in pleural mesothelioma cell lines decreased tumor growth and metastatic potential. In contrast, high MYO18B expression was correlated with poor prognosis in hepatocellular carcinoma and knockdown of MYO18B in HepG2 cells (human hepatocellular carcinoma cell line) decreased cell proliferation and invasiveness. Thus, MYO18B has been associated with either tumor suppression or progression and the role of MYO18B presumably varies depending on the specific cancer type and the cellular context. Interestingly, among prostate cancer cell lines, MYO18A expression was shown to be higher in a cell line with higher metastatic potential, and the authors inferred, based on knockdown studies, that effects of MYO18A on actin organization and motility could contribute to metastasis (Makowska et al., 2015).
Nishioka et al. (2002) also investigated the expression of MYO18B across various human tissues. Northern blot analysis revealed that MYO18B transcripts (∼8 kb) were expressed in heart and skeletal muscle, but not in other tissues. Using real-time quantitative PCR, which is much more sensitive than Northern blot, MYO18B expression was detected in a broader range of tissues, including bone marrow, thymus, and testis. Phylogenetic analysis highlighted that MYO18A genes are expressed in both vertebrates and invertebrates, whereas human and mouse Myo18B genes appear to have arisen from a duplication in vertebrates. Using human and mouse tissues, Salamon et al. (2003) similarly could only detect MYO18B mRNA in heart and skeletal muscle using Northern blotting, with higher levels in the heart. RT-PCR corroborated these findings, but expression of MYO18B mRNA could be detected in other tissues, albeit after a high number of PCR cycles. The authors showed that Myo18b expression is weak in C2C12 cells (mouse myoblast cell line), but it increases following induction of myogenesis (myogenic differentiation), reaching a peak and leveling off at around day 3 after induction. When cells were stably transfected with Myo18B-Myc, the tagged protein was found to be localized to the cytoplasm, but following myogenesis, Myc-tagged Myo18B localized to some of the nuclei. Localization of endogenous Myo18B to the nucleus was observed in a subset of cultured rat ventricular myocytes, but Myo18B also localized to bands (A-bands) between Z-disks, labeled with anti-α-actinin-2 antibodies, in myofibrils. Notably, Myo18B did not appear to localize to the nucleus in ventricular myocytes exhibiting a prominent banding pattern.
Using anti-human MYO18B-N-terminus and anti-human MYO18B-C-terminus antibodies, Ajima et al. (2008) showed that Myo18B localized to actin stress fibers in differentiated C2C12 cells, but localization to the nucleus was not observed. Exogenously expressed MYO18B-GFP, but not GFP-tagged MYO18B lacking the N-terminal extension, similarly localized to actin fibers. Furthermore, the N-terminus alone was sufficient for localization to stress fibers. However, in frozen sections of mouse cardiac and skeletal muscle, immunofluorescence imaging indicated that Myo18B (green signal) localizes to Z-lines, labeled with anti-α-actinin antibodies (red signal). These findings contradict those of Salamon et al. (2003), who found that Myo18B localizes to the A-band, and we presume that the anti-Myo18B antibodies used by Ajima et al. exhibited poor specificity, at least in cardiac myocytes. The authors also generated Myo18b reporter knockout mice, but homozygous mutants died around embryonic day 10.5. LacZ (X-Gal) staining of heterozygous mutant embryos revealed that Myo18b is highly expressed in the heart, and also clearly in somites. Electron microscopy of embryonic day 10.5 hearts showed developing sarcomeres in wild-type hearts, whereas sarcomeric thick and thin filaments appeared less organized in homozygous mutant hearts, especially in cross-sections of developing myofibrils. Thus, Myo18B appears to localize to sarcomeres and may be critical for the formation and/or maintenance of myofibrils.
Consistent with a role in the heart, mutations of MYO18B have been associated with cardiomyopathies (Alazami et al., 2015; Malfatti et al., 2015; Mihaylova et al., 2020). The pathophysiology of the cardiomyopathies is unclear, although loss-of-function mutations of myo18b in zebrafish were reported to severely impair myofibrillogenesis in fast-twitch skeletal muscle cells (Berger et al., 2017; Gurung et al., 2017), suggesting that it may be explained by impaired formation and/or maintenance of myofibrils, as speculated by Ajima et al. (2008). Latham et al. (2020) provided insight into the function of Myo18B by showing that it initially localizes to nuclei during cardiac differentiation and then to actin stress fibers before incorporating into sarcomeres. Moreover, recombinant Myo18B heavy meromyosin exhibited negligible ATPase activity and failed to translocate F-actin filaments in in vitro gliding assays. These data suggest that Myo18B may be involved in sarcomere assembly in accord with the transition model in which myofibrils arise from actin stress fibers, which serve as premyofibrils and initially contain nonmuscle myosin IIB (Sanger et al., 2005; Sanger et al., 2010). Immunolabeling of Myo18B in cardiac myocytes, derived from human embryonic stem cells, together with anti-β-cardiac myosin (encoded by MYH7) or anti-α-actinin antibodies clearly showed that Myo18B localizes to sarcomeric A-bands, as distinct from Z-lines. The authors also confirmed that Myo18B binds actin filaments and proposed a model in which Myo18B tethers the thick filament to the thin (actin) filament and provides internal resistance to sarcomere length changes. Superresolution imaging by another group (Jiu et al., 2019) using U2OS cells suggested another function for Myo18B, which may also apply to sarcomeres, in which Myo18B mediates lateral stacking of nonmuscle myosin IIB-containing actin stress fibers, which notably are thought to be precursors of sarcomeres. Zhao et al. (2020) confirmed that Myo18B acts as “glue” for nonmuscle myosin two stacks. U2OS cells lacking Myo18B exhibited a paucity of thick ventral stress fibers and focal adhesions, as well as lower traction forces, when plated on a hard surface (glass), compared to control cells. Moreover, MYO18B knockout cells exhibited decreased migration velocity and directionality.
Sequence alignments and predicted structure
Sequence alignments reveal moderate sequence identity and similarity between the shared motor, neck, and tail domains of Myo18A isoforms compared to Myo18B (Figure 1A). In contrast, the N- and C-termini are highly variable and exhibit low identity and similarity. One notable exception is the extreme N-terminus, particularly the first 19 amino acids, which exhibit high identity and similarity between Myo18Aγ and Myo18B (Figure 1B). The N-terminal extensions of Myo18Aα, Myo18Aγ, and Myo18B are distinctive features of class 18 myosins, and they are likely sufficient for localization to actin stress fibers in the case of Myo18Aα, or sarcomeric A-bands in the case of Myo18Aγ and Myo18B.
Guzik-Lendrum et al. (2013) previously highlighted significant deviations of Myo18A from conserved structural motifs of the nucleotide-binding pocket in the head domain of myosins, which include the P-loop (phosphate-binding loop), switch-1 (SW-1), and switch-2 (SW-2). Similar deviations can also be observed for Myo18B, as highlighted by Taft and Latham (2020) and depicted in Figures 1B, 2D. A model of the head domain of Mus musculus Myo18Aγ predicted using AlphaFold v2.3.2 (Jumper et al., 2021) is depicted in Figures 2A, B, including magnified views of the nucleotide-binding pocket (Figures 2C–F; PDB file available upon request). Note that a model of Mus musculus Myo18Aα was previously predicted and deposited on the beta version of the AlphaFold Protein Structure Database (accession number Q9JMH9). As expected, the prediction of the structure of the head domain of Myo18Aγ is very close to that of Myo18Aα (rmsd 0.557).
[image: Figure 2]FIGURE 2 | Protein structure prediction of (Mus musculus) Myo18Aγ. (A), AlphaFold v2.3.2 was used to perform structure predictions via a Jupyter Notebook hosted on GitHub. Due to computational power constraints, predictions were restricted to amino acid residues 1 to 1400, encompassing the N-terminal extension, as well as the head domain. Visual representation of the structure was generated using ChimeraX. For clarity, only the head domain is represented (residues 281–1200). The ribbon representation of the head domain is shaded in gray, except for features forming and surrounding the nucleotide-binding pocket: the P-loop (G473–T480) is colored green, SW-1 (S520–Q533) is blue, and SW-2 (D758–Q763) is cyan. In addition, a small loop extension following SW-2 (G769–A774) is highlighted pink and the moderately large Myo18A-loop (E1024–L1052) is yellow. (B), Ribbon representation of the head domain color-coded for the confidence score (pLDDT, predicted local distance difference test) of the model generated by AlphaFold. (C), Close-up view of the nucleotide-binding pocket, albeit including the synthetic substrate ADP-AlF4 (transparent sand colored surface), incorporated by overlaying the structure 1MND from the PDB. (D), Side chains of residues which deviate from censensus sequences are shown as sticks (see also Figure 1B). (E), Rotated view (90° rotation relative to panels (C, D) highlighting the proximity of the moderately long Myo18A-loop (yellow) to the nucleotide-binding site. (F), View optimized to show the side chains of residues within SW-1 and SW-2 which deviate (colored red) from the consensus sequences.
P-loops are recognized for their ability to bind both the phosphates of nucleotides and Mg2+ ions. Within myosins, the P-loop contains a highly conserved consensus sequence motif (GESGAGKT) (Ruppel and Spudich, 1996) (Figure 1B). Changes from this consensus sequence, such as substituting the negatively charged amino acid glutamic acid (E) with the uncharged polar amino acid serine (S) in Myo18A or the positively charged amino acid arginine (R) in Myo18B, may have a significant impact on ATP binding and hydrolysis.
Switch-1 is also a critical region in myosin proteins that undergoes considerable conformational changes upon nucleotide binding and hydrolysis (Smith and Rayment, 1996; Fujii and Namba, 2017; Kato et al., 2018). This was previously demonstrated through alanine scanning, which identified residues in switch-1 required for nucleotide binding and ATPase activity (Shimada et al., 1997). Both Myo18A and Myo18B harbor numerous deviations from the consensus sequence motif of switch-1 (Taft and Latham, 2020) (Figure 1B). Mapping of these deviations in our predicted model (Figure 2F) shows that hydrophobic residues replace charged and polar residues: (i) M524 replaces a positively charged residue typically seen in the variable position in other myosin sequences and (ii) A528 has effectively exchanged positions with S520, resulting in a deviation of the consensus sequence from (A520, S528) to (S520, A528). This swap, illustrated by the semicircular arrow (Figure 2F), positions A528 closer to the binding pocket.
Switch-2 is another important structural motif which has been deduced to stabilize the closed conformation of the nucleotide-binding pocket and thereby promote ATP hydrolysis (Furch et al., 1999; Trivedi et al., 2012). In both Myo18A and Myo18B, the position typically occupied by the hydrophobic amino acid isoleucine (I) in the switch-2 consensus sequence DIXGFE, where X denotes any residue, is instead filled by threonine (T). However, what is perhaps more remarkable, the presence of glutamine (Q763 in Figure 2F) instead of negatively charged glutamic acid at the end of the motif (DIXGFE → DTXGFQ) is expected to prevent formation of a salt bridge with a conserved arginine (R530 in Figure 2F) on switch-1 (Furch et al., 1999; Guzik-Lendrum et al., 2013), demonstrated to be critical for ATP hydrolysis and actin affinity (Onishi et al., 1997; Friedman et al., 1998; Onishi et al., 1998; Furch et al., 1999).
Other notable deviations from the consensus sequence in Myo18A are the presence of prolines (P) in switch-1 (P521) and switch-2 (P760) (Figures 2D, F), as well as the loop extensions E1024–L1052 (yellow in Figure 2), denoted the Myo18A-loop, and G769–A774 (pink in Figure 2). Myo18B also contains a proline in switch-2 (Figure 1B). These prolines may impair conformational flexibility of the loops required for catalysis. Loop extensions have previously been pointed out (Guzik-Lendrum et al., 2013). The large Myo18A-/Myo18B-loop (sequences shown in Figure 1B) is not predicted with high confidence, but as depicted in Figure 2E, the Myo18A-loop (colored yellow) is likely to hinder nucleotide access to the binding site. The small loop extension (colored pink) at the C-terminal end of switch-2 is predicted with high confidence and causes the whole loop to fold in a different conformation compared to known structures, such as myosin S1 fragments of Dictyostelium discoideum and Bos taurus (Protein Data Bank (PDB) identification codes 1MND and 8QYU, respectively).
CONCLUSION
The genes encoding class 18 myosins, Myo18a and Myo18b, are highly expressed in the developing heart and somites, as well as in adult striated muscle, and deletion of either gene is embryonic lethal around embryonic day 11.5, notably at a time when the need for blood pumping function becomes vital for growth. Myo18B and specific isoforms of Myo18A may be involved in myogenesis, potentially playing roles in the transition of premyofibrils, nonmuscle myosin 2-containing stress fibers, to sarcomeres. In differentiated cardiac myocytes, both Myo18B and the gamma-isoform of Myo18A localize to the A-bands of sarcomeres, presumably via their respective N-terminal extensions (Figure 1A). Myo18Aγ and Myo18B most likely coassemble with class 2 myosins at low stoichiometric ratios to form mixed-class bipolar myosin filaments. They may function as scaffold proteins, potentially extending to the thin filaments to provide stability and internal resistance. These putative functions align with the apparent lack of ATPase activity in the head domains of class 18 myosins, although it remains to be established whether this holds true in vivo. Whether Myo18Aγ and Myo18B also regulate sarcomere function, for example, by acting as sarcomere length-dependent molecular brakes, remains to be explored.
Ultimately, Myo18Aγ and Myo18B are localized somewhere in the A-bands of highly organized sarcomeres, which have just been resolved at unprecedented resolution using cryo-electron microscopy by the groups of Roger Craig (Dutta et al., 2023) and Stefan Raunser (Tamborrini et al., 2023). Thus, there is a good chance that the precise arrangements and interaction partners of Myo18Aγ and Myo18B will soon be determined using such state-of-the-art structural data sets.
Assuming that class 18 myosins have evolved to become indispensible components of sarcomeres, the relative importance of PDZ-containing Myo18Aα remains to be clarified. Myo18Aα has been implicated in diverse functions, including Golgi structure and function and surfactant protein A binding, whereas the shorter PDZ-less isoform Myo18Aβ may act as a negative regulator via heterodimerization. One approach to assess the relative importance of the various Myo18A isoforms would be to genetically inhibit the expression of Myo18Aα in mice and screen for phenotypes. Subsequently, if no significant abnormalities manifest, the α-isoform-specific knockout mouse model could be further modified to additionally inhibit expression of the β-isoform, while retaining the expression of Myo18Aγ. That is, phenotypic analysis of Myo18A isoform-specific knockout mouse models may help to resolve the specific functions of the various isoforms.
AUTHOR CONTRIBUTIONS
MH: Formal Analysis, Visualization, Writing–review and editing, Conceptualization. C-AA: Conceptualization, Formal Analysis, Visualization, Writing–review and editing. PH: Writing–original draft, Conceptualization.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work is funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)–project number 512106520 (HA 3271/12-1).
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.
REFERENCES
 Ajima R., Akazawa H., Kodama M., Takeshita F., Otsuka A. Kohno T., et al. (2008). Deficiency of Myo18B in mice results in embryonic lethality with cardiac myofibrillar aberrations. Genes cells. 13, 987–999. doi:10.1111/j.1365-2443.2008.01226.x
 Alazami A. M., Kentab A. Y., Faqeih E., Mohamed J. Y., Alkhalidi H. Hijazi H., et al. (2015). A novel syndrome of Klippel-Feil anomaly, myopathy, and characteristic facies is linked to a null mutation in MYO18B. J. Med. Genet. 52, 400–404. doi:10.1136/jmedgenet-2014-102964
 Alexander C. J., Barzik M., Fujiwara I., Remmert K., Wang Y. X. Petralia R. S., et al. (2021). Myosin 18Aα targets the guanine nucleotide exchange factor β-Pix to the dendritic spines of cerebellar Purkinje neurons and promotes spine maturation. Faseb J. 35, e21092. doi:10.1096/fj.202001449R
 Avraham K. B., Hasson T., Steel K. P., Kingsley D. M., Russell L. B. Mooseker M. S., et al. (1995). The mouse Snell's waltzer deafness gene encodes an unconventional myosin required for structural integrity of inner ear hair cells. Nat. Genet. 11, 369–375. doi:10.1038/ng1295-369
 Batters C., Veigel C. (2016). Mechanics and activation of unconventional myosins. Traffic 17, 860–871. doi:10.1111/tra.12400
 Belyantseva I. A., Boger E. T., Friedman T. B. (2003). Myosin XVa localizes to the tips of inner ear sensory cell stereocilia and is essential for staircase formation of the hair bundle. Proc. Natl. Acad. Sci. U. S. A. 100, 13958–13963. doi:10.1073/pnas.2334417100
 Berger J., Berger S., Li M., Currie P. D. (2017). Myo18b is essential for sarcomere assembly in fast skeletal muscle. Hum. Mol. Genet. 26, 1146–1156. doi:10.1093/hmg/ddx025
 Bezprozvanny I., Maximov A. (2001). PDZ domains: more than just a glue. Proc. Natl. Acad. Sci. U. S. A. 98, 787–789. doi:10.1073/pnas.98.3.787
 Billington N., Beach J. R., Heissler S. M., Remmert K., Guzik-Lendrum S. Nagy A., et al. (2015). Myosin 18A coassembles with nonmuscle myosin 2 to form mixed bipolar filaments. Curr. Biol. 25, 942–948. doi:10.1016/j.cub.2015.02.012
 Bruford E. A., Braschi B., Denny P., Jones T. E. M., Seal R. L., Tweedie S. (2020). Guidelines for human gene nomenclature. Nat. Genet. 52, 754–758. doi:10.1038/s41588-020-0669-3
 Bruun K., Beach J. R., Heissler S. M., Remmert K., Sellers J. R., Hammer J. A. (2017). Re-evaluating the roles of myosin 18Aα and F-actin in determining Golgi morphology. Cytoskelet. Hob. 74, 205–218. doi:10.1002/cm.21364
 Burnette D. T., Shao L., Ott C., Pasapera A. M., Fischer R. S. Baird M. A., et al. (2014). A contractile and counterbalancing adhesion system controls the 3D shape of crawling cells. J. Cell Biol. 205, 83–96. doi:10.1083/jcb.201311104
 Cao J., Li S., Shao M., Cheng X., Xu Z., Shi D. (2014). The PDZ-containing unconventional myosin XVIIIA regulates embryonic muscle integrity in zebrafish. J. Genet. Genomics 41, 417–428. doi:10.1016/j.jgg.2014.06.008
 Cao J. M., Cheng X. N., Li S. Q., Heller S., Xu Z. G., Shi D. L. (2016). Identification of novel MYO18A interaction partners required for myoblast adhesion and muscle integrity. Sci. Rep. 6, 36768. doi:10.1038/srep36768
 Casals C., Campanero-Rhodes M. A., García-Fojeda B., Solís D. (2018). The role of collectins and galectins in lung innate immune defense. Front. Immunol. 9, 1998. doi:10.3389/fimmu.2018.01998
 Chatterjee P., Morgan C. P., Krey J. F., Benson C., Goldsmith J. Bateschell M., et al. (2023). GIPC3 couples to MYO6 and PDZ domain proteins, and shapes the hair cell apical region. J. Cell Sci. 136, jcs261100. doi:10.1242/jcs.261100
 Coluccio L. M. (2020). Myosins and disease. Adv. Exp. Med. Biol. 1239, 245–316. doi:10.1007/978-3-030-38062-5_12
 Dippold H. C., Ng M. M., Farber-Katz S. E., Lee S. K., Kerr M. L. Peterman M. C., et al. (2009). GOLPH3 bridges phosphatidylinositol-4- phosphate and actomyosin to stretch and shape the Golgi to promote budding. Cell 139, 337–351. doi:10.1016/j.cell.2009.07.052
 Dutta D., Nguyen V., Campbell K. S., Padrón R., Craig R. (2023). Cryo-EM structure of the human cardiac myosin filament. Nature 623, 853–862. doi:10.1038/s41586-023-06691-4
 Friedman A. L., Geeves M. A., Manstein D. J., Spudich J. A. (1998). Kinetic characterization of myosin head fragments with long-lived myosin.ATP states. Biochemistry 37, 9679–9687. doi:10.1021/bi973143f
 Friedman T. B., Sellers J. R., Avraham K. B. (1999). Unconventional myosins and the genetics of hearing loss. Am. J. Med. Genet. 89, 147–157. doi:10.1002/(sici)1096-8628(19990924)89:3<147::aid-ajmg5>3.0.co;2-6
 Fujii T., Namba K. (2017). Structure of actomyosin rigour complex at 5.2 Å resolution and insights into the ATPase cycle mechanism. Nat. Commun. 8, 13969. doi:10.1038/ncomms13969
 Furch M., Fujita-Becker S., Geeves M. A., Holmes K. C., Manstein D. J. (1999). Role of the salt-bridge between switch-1 and switch-2 of Dictyostelium myosin. J. Mol. Biol. 290, 797–809. doi:10.1006/jmbi.1999.2921
 Furusawa T., Ikawa S., Yanai N., Obinata M. (2000). Isolation of a novel PDZ-containing myosin from hematopoietic supportive bone marrow stromal cell lines. Biochem. Biophys. Res. Commun. 270, 67–75. doi:10.1006/bbrc.2000.2377
 Gibson F., Walsh J., Mburu P., Varela A., Brown K. A. Antonio M., et al. (1995). A type VII myosin encoded by the mouse deafness gene shaker-1. Nature 374, 62–64. doi:10.1038/374062a0
 Gurung R., Ono Y., Baxendale S., Lee S. L., Moore S. Calvert M., et al. (2017). A zebrafish model for a human myopathy associated with mutation of the unconventional myosin MYO18B. Genetics 205, 725–735. doi:10.1534/genetics.116.192864
 Guzik-Lendrum S., Heissler S. M., Billington N., Takagi Y., Yang Y. Knight P. J., et al. (2013). Mammalian myosin-18A, a highly divergent myosin. J. Biol. Chem. 288, 9532–9548. doi:10.1074/jbc.M112.441238
 Hartman M. A., Finan D., Sivaramakrishnan S., Spudich J. A. (2011). Principles of unconventional myosin function and targeting. Annu. Rev. Cell Dev. Biol. 27, 133–155. doi:10.1146/annurev-cellbio-100809-151502
 Horsthemke M., Nutter L. M. J., Bachg A. C., Skryabin B. V., Honnert U. Zobel T., et al. (2019). A novel isoform of myosin 18A (Myo18Aγ) is an essential sarcomeric protein in mouse heart. J. Biol. Chem. 294, 7202–7218. doi:10.1074/jbc.RA118.004560
 Hsu R. M., Hsieh Y. J., Yang T. H., Chiang Y. C., Kan C. Y. Lin Y. T., et al. (2014). Binding of the extreme carboxyl-terminus of PAK-interacting exchange factor β (βPIX) to myosin 18A (MYO18A) is required for epithelial cell migration. Biochim. Biophys. Acta 1843, 2513–2527. doi:10.1016/j.bbamcr.2014.06.023
 Hsu R. M., Tsai M. H., Hsieh Y. J., Lyu P. C., Yu J. S. (2010). Identification of MYO18A as a novel interacting partner of the PAK2/betaPIX/GIT1 complex and its potential function in modulating epithelial cell migration. Mol. Biol. Cell 21, 287–301. doi:10.1091/mbc.e09-03-0232
 Jiu Y., Kumari R., Fenix A. M., Schaible N., Liu X. Varjosalo M., et al. (2019). Myosin-18B promotes the assembly of myosin II stacks for maturation of contractile actomyosin bundles. Curr. Biol. 29, 81–92. doi:10.1016/j.cub.2018.11.045
 Jumper J., Evans R., Pritzel A., Green T., Figurnov M. Ronneberger O., et al. (2021). Highly accurate protein structure prediction with AlphaFold. Nature 596, 583–589. doi:10.1038/s41586-021-03819-2
 Kalhammer G., Bähler M. (2000). Unconventional myosins. Essays Biochem. 35, 33–42. doi:10.1042/bse0350033
 Kato Y., Miyakawa T., Tanokura M. (2018). Overview of the mechanism of cytoskeletal motors based on structure. Biophys. Rev. 10, 571–581. doi:10.1007/s12551-017-0368-1
 King S. D., Chen S. Y. (2020). Recent progress on surfactant protein A: cellular function in lung and kidney disease development. Am. J. Physiol. Cell Physiol. 319, C316–c320. doi:10.1152/ajpcell.00195.2020
 Latham S. L., Weiß N., Schwanke K., Thiel C., Croucher D. R. Zweigerdt R., et al. (2020). Myosin-18B regulates higher-order organization of the cardiac sarcomere through thin filament cross-linking and thick filament dynamics. Cell Rep. 32, 108090. doi:10.1016/j.celrep.2020.108090
 Lawson C. D., Ridley A. J. (2018). Rho GTPase signaling complexes in cell migration and invasion. J. Cell Biol. 217, 447–457. doi:10.1083/jcb.201612069
 Liang Y., Wang A., Belyantseva I. A., Anderson D. W., Probst F. J. Barber T. D., et al. (1999). Characterization of the human and mouse unconventional myosin XV genes responsible for hereditary deafness DFNB3 and shaker 2. Genomics 61, 243–258. doi:10.1006/geno.1999.5976
 Liu X., Fuentes E. J. (2019). Emerging themes in PDZ domain signaling: structure, function, and inhibition. Int. Rev. Cell Mol. Biol. 343, 129–218. doi:10.1016/bs.ircmb.2018.05.013
 Makowska K. A., Hughes R. E., White K. J., Wells C. M., Peckham M. (2015). Specific myosins control actin organization, cell morphology, and migration in prostate cancer cells. Cell Rep. 13, 2118–2125. doi:10.1016/j.celrep.2015.11.012
 Malfatti E., Böhm J., Lacène E., Beuvin M., Romero N. B., Laporte J. (2015). A premature stop codon in MYO18B is associated with severe nemaline myopathy with cardiomyopathy. J. Neuromuscul. Dis. 2, 219–227. doi:10.3233/JND-150085
 Maravillas-Montero J. L., Santos-Argumedo L. (2012). The myosin family: unconventional roles of actin-dependent molecular motors in immune cells. J. Leukoc. Biol. 91, 35–46. doi:10.1189/jlb.0711335
 Mermall V., Post P. L., Mooseker M. S. (1998). Unconventional myosins in cell movement, membrane traffic, and signal transduction. Science 279, 527–533. doi:10.1126/science.279.5350.527
 Mihaylova V., Chablais F., Herenger Y., Spiegel R., Heinrich Jung H. (2020). Novel truncating mutations of MYO18B causing congenital myopathy in a Swiss patient. Neurol. Genet. 6, e458. doi:10.1212/NXG.0000000000000458
 Moreland Z. G., Bird J. E. (2022). Myosin motors in sensory hair bundle assembly. Curr. Opin. Cell Biol. 79, 102132. doi:10.1016/j.ceb.2022.102132
 Mori K., Furusawa T., Okubo T., Inoue T., Ikawa S. Yanai N., et al. (2003). Genome structure and differential expression of two isoforms of a novel PDZ-containing myosin (MysPDZ) (Myo18A). J. Biochem. 133, 405–413. doi:10.1093/jb/mvg053
 Mori K., Matsuda K., Furusawa T., Kawata M., Inoue T., Obinata M. (2005). Subcellular localization and dynamics of MysPDZ (Myo18A) in live mammalian cells. Biochem. Biophys. Res. Commun. 326, 491–498. doi:10.1016/j.bbrc.2004.11.058
 Nishioka M., Kohno T., Tani M., Yanaihara N., Tomizawa Y. Otsuka A., et al. (2002). MYO18B, a candidate tumor suppressor gene at chromosome 22q12.1, deleted, mutated, and methylated in human lung cancer. Proc. Natl. Acad. Sci. U. S. A. 99, 12269–12274. doi:10.1073/pnas.192445899
 Onishi H., Morales M. F., Kojima S., Katoh K., Fujiwara K. (1997). Functional transitions in myosin: role of highly conserved Gly and Glu residues in the active site. Biochemistry 36, 3767–3772. doi:10.1021/bi9630772
 Onishi H., Morales M. F., Kojima S., Katoh K., Fujiwara K. (1998). Smooth muscle myosin. Amino acid residues responsible for the hydrolysis of ATP. Adv. Exp. Med. Biol. 453, 99–104.
 Ouyang Z., Zhao S., Yao S., Wang J., Cui Y. Wei K., et al. (2021). Multifaceted function of myosin-18, an unconventional class of the myosin superfamily. Front. Cell Dev. Biol. 9, 632445. doi:10.3389/fcell.2021.632445
 Ruppel K. M., Spudich J. A. (1996). Structure-function analysis of the motor domain of myosin. Annu. Rev. Cell Dev. Biol. 12, 543–573. doi:10.1146/annurev.cellbio.12.1.543
 Salamon M., Millino C., Raffaello A., Mongillo M., Sandri C. Bean C., et al. (2003). Human MYO18B, a novel unconventional myosin heavy chain expressed in striated muscles moves into the myonuclei upon differentiation. J. Mol. Biol. 326, 137–149. doi:10.1016/s0022-2836(02)01335-9
 Sanger J. W., Kang S., Siebrands C. C., Freeman N., Du A. Wang J., et al. (2005). How to build a myofibril. J. Muscle Res. Cell Motil. 26, 343–354. doi:10.1007/s10974-005-9016-7
 Sanger J. W., Wang J., Fan Y., White J., Sanger J. M. (2010). Assembly and dynamics of myofibrils. J. Biomed. Biotechnol. 2010, 858606. doi:10.1155/2010/858606
 Sellers J. R. (2000). Myosins: a diverse superfamily. Biochim. Biophys. Acta 1496, 3–22. doi:10.1016/s0167-4889(00)00005-7
 Sever-Chroneos Z., Krupa A., Davis J., Hasan M., Yang C. H. Szeliga J., et al. (2011). Surfactant protein A (SP-A)-mediated clearance of Staphylococcus aureus involves binding of SP-A to the staphylococcal adhesin eap and the macrophage receptors SP-A receptor 210 and scavenger receptor class A. J. Biol. Chem. 286, 4854–4870. doi:10.1074/jbc.M110.125567
 Shimada T., Sasaki N., Ohkura R., Sutoh K. (1997). Alanine scanning mutagenesis of the switch I region in the ATPase site of Dictyostelium discoideum myosin II. Biochemistry 36, 14037–14043. doi:10.1021/bi971837i
 Smith C. A., Rayment I. (1996). Active site comparisons highlight structural similarities between myosin and other P-loop proteins. Biophys. J. 70, 1590–1602. doi:10.1016/S0006-3495(96)79745-X
 Taft M. H., Behrmann E., Munske-Weidemann L. C., Thiel C., Raunser S., Manstein D. J. (2013). Functional characterization of human myosin-18A and its interaction with F-actin and GOLPH3. J. Biol. Chem. 288, 30029–30041. doi:10.1074/jbc.M113.497180
 Taft M. H., Latham S. L. (2020). Myosin XVIII. Adv. Exp. Med. Biol. 1239, 421–438. doi:10.1007/978-3-030-38062-5_19
 Tamborrini D., Wang Z., Wagner T., Tacke S., Stabrin M. Grange M., et al. (2023). Structure of the native myosin filament in the relaxed cardiac sarcomere. Nature 623, 863–871. doi:10.1038/s41586-023-06690-5
 Tan I., Yong J., Dong J. M., Lim L., Leung T. (2008). A tripartite complex containing MRCK modulates lamellar actomyosin retrograde flow. Cell 135, 123–136. doi:10.1016/j.cell.2008.09.018
 Trivedi D. V., David C., Jacobs D. J., Yengo C. M. (2012). Switch II mutants reveal coupling between the nucleotide- and actin-binding regions in myosin V. Biophys. J. 102, 2545–2555. doi:10.1016/j.bpj.2012.04.025
 Wakabayashi Y., Takahashi Y., Kikkawa Y., Okano H., Mishima Y. Ushiki T., et al. (1998). A novel type of myosin encoded by the mouse deafness gene shaker-2. Biochem. Biophys. Res. Commun. 248, 655–659. doi:10.1006/bbrc.1998.8976
 Weil D., Blanchard S., Kaplan J., Guilford P., Gibson F. Walsh J., et al. (1995). Defective myosin VIIA gene responsible for Usher syndrome type 1B. Nature 374, 60–61. doi:10.1038/374060a0
 Yang C. H., Szeliga J., Jordan J., Faske S., Sever-Chroneos Z. Dorsett B., et al. (2005). Identification of the surfactant protein A receptor 210 as the unconventional myosin 18A. J. Biol. Chem. 280, 34447–34457. doi:10.1074/jbc.M505229200
 Yokota J., Nishioka M., Tani M., Kohno T. (2003). Genetic alterations responsible for metastatic phenotypes of lung cancer cells. Clin. Exp. Metastasis 20, 189–193. doi:10.1023/a:1022978932215
 Zhao S., Shi X., Zhang Y., Wen Z., Cai J. Gao W., et al. (2020). Myosin-18B promotes mechanosensitive CaMKK2-AMPK-VASP regulation of contractile actin stress fibers. iScience 23, 100975. doi:10.1016/j.isci.2020.100975
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 © 2024 Horsthemke, Arnaud and Hanley. 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/xhtml/nav.xhtml
Contents

		Cover

		Are the class 18 myosins Myo18A and Myo18B specialist sarcomeric proteins?		Introduction		Myosin 18A

		Myosin 18B

		Sequence alignments and predicted structure





		Conclusion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-15-1401717-g001.gif
A Myot8As sz i k.
e —
[ e T Ay oo
Myotans
o _ﬂ_ iz

P S wiekion @

AVA

R e e—— R
.
o woe ST gy L e
g
o —— o o
B Ntemminus Myo18AvMyo188

Suenz w2y






OPS/images/fphys-15-1401717-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





