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Abstract. 
Efficient striated muscle contraction requires precise assembly and regulation of diverse actin filament systems, most notably the sarcomeric thin filaments of the contractile apparatus. By capping the pointed ends of actin filaments, tropomodulins (Tmods) regulate actin filament assembly, lengths, and stability. Here, we explore the current understanding of the expression patterns, localizations, and functions of Tmods in both cardiac and skeletal muscle. We first describe the mechanisms by which Tmods regulate myofibril assembly and thin filament lengths, as well as the roles of closely related Tmod family variants, the leiomodins (Lmods), in these processes. We also discuss emerging functions for Tmods in the sarcoplasmic reticulum. This paper provides abundant evidence that Tmods are key structural regulators of striated muscle cytoarchitecture and physiology.


1. Introduction
Striated muscle cells are composed of densely packed myofibrils, which are, in turn, composed of large numbers of sarcomeres that repeat in series.  In sarcomeres, actin (thin) filaments slide past myosin (thick) filaments to produce sarcomere shortening and, thus, contractile force.  The precise temporal and spatial orchestration of actin filament assembly and architecture is critical for muscle contractile function [1–3].  Notably, precise regulation of actin filament lengths is a key feature of striated muscle sarcomeres and confers muscle-specific biomechanical and contractile properties (sarcomere length-tension relationships) [4–6].  Such finely tuned actin assembly is made possible by the regulatory actions of actin-binding proteins.  While a host of proteins are known to nucleate filament assembly, cap the fast-growing (barbed) ends of actin filaments, or bind along the sides of filaments, only the tropomodulin (Tmod) family of proteins caps the slow-growing (pointed) filament ends [7–12].  Tmods (~40 kDa) are present in all metazoans, including flies and worms [13–15], with four Tmod isoforms expressed in mammalian cells; Tmod1 is predominantly expressed in terminally differentiated, postmitotic cells (such as erythrocytes, lens fiber cells, neurons, and striated muscle), Tmod2 is in neuronal tissues, Tmod3 is nearly ubiquitous, and Tmod4 is restricted to skeletal muscle fibers [16–26]. Thus, the Tmod isoforms relevant to actin filament regulation in mammalian striated muscles are Tmod1, Tmod3, and Tmod4.  Tmods are dynamic caps that inhibit actin monomer association and dissociation from actin filament pointed ends [12, 27–30]; for a review, see [8].  Tmods also bind the terminal tropomyosins (TMs) of TM-coated actin filaments, and, through TM-isoform-specific binding [16–18, 31–39], they regulate the tightness of actin filament pointed-end capping and, thus, actin filament stability and lengths [12, 15, 19, 30, 36, 37, 40–42]; for reviews, see [1, 8, 43]. Aside from their pointed-end capping activities, some Tmods also possess actin monomer-binding and nucleation activities [40, 44, 45].  In addition to Tmods, striated muscles also contain leiomodin2 (Lmod2), a larger Tmod family variant (~65 kDa) with a potent actin-nucleating activity that can be regulated by TM [21, 46]. It is also noteworthy that the closely related Lmod1, which is predominantly expressed in smooth muscles, is additionally present in a subset of extraocular striated muscle fibers [47, 48].
The amino acid sequences of Tmods share ~80% similarity, and Tmods share a common domain structure with two major domains: an unstructured and extended N-terminal half, the TM/pointed-end actin capping (TM-Cap) domain, and a compactly folded C-terminal half, the leucine-rich repeat/pointed-end actin capping (LRR-Cap) domain (Figure 1).  The N-terminal TM-Cap domain is disordered in solution [32, 49–51], except for one α-helix (residues 24–35), which provides the first TM-binding site, and two downstream predicted α-helices (residues 65–75 and 126–135), which bind actin or provide the second TM-binding site, respectively [22, 34, 36–39, 42, 45, 51–53] (Figure 1).  The C-terminal LRR-Cap domain of Tmods consists of a series of five leucine-rich repeats (LRRs) that are composed of tandem repeats of a parallel α-helix/β-sheet pair, followed by a nonhomologous C-terminal α-helix (α6) and C-terminal tail, which, together, provide an actin pointed-end capping site [40, 54–56] (Figure 1).  Tmod’s TM-Cap is the unique TM-regulated actin pointed-end capping domain of the Tmod family, with TM enhancing the capping activity of the TM-Cap domain several thousand-fold [12, 30, 36–38, 40, 42].  On the other hand, Tmod's LRR-Cap domain provides a unique actin pointed-end capping domain for TM-free actin filaments [40, 54, 56].  The TM-Cap domain can also bind actin monomers, and the TM-Cap and the LRR-Cap domains are both required for actin nucleation [44, 45].  These distinct actin-regulatory activities of the TM-Cap and LRR-Cap domains and their constituent α-helices, with respect to monomer-binding, filament capping, and filament nucleation [40, 42, 44, 45] (Figure 1), impart Tmods with isoform-specific actin-regulatory functions.  Lmod1 and Lmod2 contain the α1- and α2-helices, but not the α3-helix, of the TM-Cap domain, as well as the complete LRR-Cap domain of Tmods, followed by a nonhomologous, ~150-residue-long C-terminal extension [21, 46]. This extension contains a polyproline region, two predicted α-helices, a basic region, and a WASP homology 2 (WH2) domain, which, in Lmod2, imparts strong actin-nucleating activity [46] (Figure 1).





	
		
		
		
			
			
			
			
			
			
			
			
			
		
		
			
		
		
		
			
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
			
		
		
			
			
			
			
			
			
			
			
			
			
		
	




	
		
	


Figure 1: Schematic of the molecular sequence and domain organization of Tmods and Lmods found in vertebrate striated muscle.  Tmods contain an N-terminal TM-Cap domain and a C-terminal LRR-Cap domain, whose α-helices possess distinct combinations of TM-binding and actin-regulatory activities, as shown. The α-helices are numbered sequentially within each domain, and the NES and NLS of Tmods are highlighted.  Lmods also contain a C-terminal extension with a polyproline region, two predicted α-helices, a basic region, and a WH2 domain.


Tmod family members play important roles in myofibril assembly and thin filament length regulation and are essential for striated muscle development and contractile function in both vertebrates and invertebrates.  Tmod1 (possibly in combination with Lmod2 [46, 57, 58]) caps the pointed ends of the sarcomeric thin filaments in cardiac muscle, whereas a combination of Tmod1 and/or Tmod4 caps thin filament pointed ends in skeletal muscle [11, 19, 31, 59–62] (Table 1, Figures 2 and 3).  The relative proportions of Tmod1 and Tmod4 in skeletal muscle have not been measured directly but may depend on the muscle twitch speed, with Tmod4 predominating in fast skeletal muscle in chickens [19].  By 