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Abstract

Leiomodin is an important emerging regulator of thin filaments. As novel molecular, cellular, 

animal model and human data accumulate, the mechanisms of its action become clearer. Structural 

studies played a significant part in understanding the functional significance of leiomodin’s 

interacting partners and functional domains. In this review we present the current state of 

knowledge on the structural and cellular properties of leiomodin which has led to two proposed 

mechanisms of its function. Although it is known that leiomodin is essential for life, numerous 

domains within leiomodin remain unstudied and as such, we outline future directions for 

investigations that we predict will provide evidence that leiomodin is a multi-functional protein.

In this review, we present the current knowledge on the role of leiomodin in thin-filament length 

regulation. The latest structural and biochemical findings are discussed within the context of two 

existing models for the mechanism of leiomodin function. We also outline future directions for 

research to reconcile the available experimental data in the literature.
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Introduction

Sarcomeres, the repeating contractile units of striated muscle tissue, are impressively well 

organized. Despite the seemingly unchanging highly regular sarcomere structure, they are 

maintained by tightly regulated continuous dynamic processes ensuring the integrity of its 

protein components [1].

Thin and thick filaments, made predominantly from actin and myosin, respectively, are the 

main functional elements of sarcomeres. The filaments are overlapped (Fig. 1), and since the 

length of thick filaments is considered constant and measure at ~1.6 μm in both skeletal and 

cardiac muscles from different vertebrates [2], thin filament length, which varies in different 

muscle types and in different species, determines the effective overlap. According to the 

sliding filament theory [3], contraction is produced by relative sliding of the thin and thick 

filaments. Optimal overlap is required for efficient force generation, and dysregulation of the 

thin filament length is associated with severe cardiac and skeletal myopathies [4–8].

Understanding of the mechanisms that regulate thin filament length is undergoing rapid 

evolution [2]. New factors are continuously being identified, and roles of the previously 

known factors are being reassessed. Leiomodin (Lmod), which is a regulatory actin-binding 
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protein involved in sarcomere assembly and organization [9], is one of such proteins. This is 

an exciting time for the field since new functions of this protein, that is essential for life, are 

emerging. In this review we will focus on the current state of knowledge on the functional 

roles of Lmod derived from a plethora of structural and biochemical investigations, as well 

as its involvement in thin filament assembly and maintenance.

Lmods are members of the leiomodin/tropomodulin protein family. They are represented 

by three isoforms, Lmod1-Lmod3, expressed mainly in muscle [10–12]. Lmod1 is found 

mostly in smooth muscle but also in cardiac muscle [11–13], and, surprisingly, in the 

central nervous system [14, 15], although its function there is unclear. Lmod2 is considered 

a predominantly cardiac protein [6, 9, 16], but it is also present in skeletal muscle 

[11, 17, 18]. Recently, Lmod2 has been found to be a critical component of a dual 

nebulin/Lmod2 thin-filament length-regulation mechanism in some skeletal muscle types 

[18]. Lmod3 is expressed primarily in skeletal and to some extent in cardiac muscle 

[4, 19–21]. Several recent reports showed that Lmod dysfunctions result in debilitating 

myopathies. More specifically, a homozygous premature termination codon in Lmod1 was 

demonstrated to lead to a visceral myopathy consistent with the megacystis microcolon 

intestinal hypoperistalsis syndrome [13]. Several Lmod3 mutations were linked to severe 

and often fatal nemaline myopathy [4, 22], whereas an Lmod2 biallelic mutation has been 

recently demonstrated to cause neonatal dilated cardiomyopathy [7].

The structural organization of Lmods is modular (Fig. 2), which plays an important part in 

how they perform their function realized through physical interaction with the thin filament. 

The modular architecture of Lmods and its relation to Lmod’s function is best visualized 

and understood when compared with that of a smaller homologous protein, tropomodulin 

(Tmod).

Architecture and Function of Tropomodulins

Unlike Lmod, Tmod is an ubiquitous protein; its isoforms are expressed in both muscle and 

non-muscle cells [23–27]. Its main identified molecular function is to regulate actin filament 

length via capping the pointed end of the actin-thin filament (Fig. 1); that is, it prevents 

actin filament depolymerization and elongation [28, 29]. Tight interaction of Tmod with the 

actin-thin filament is achieved by simultaneous binding of four binding sites within Tmod to 

two actin plus two tropomyosin (Tpm) protomers at the pointed end [30–32]. The two Tpm- 

and two actin-binding sites (TpmBS and ABS, respectively) are localized to sequentially 

non-overlapping regions of Tmod, and they are numbered according to their position in the 

Tmod amino acid sequence as TpmBS1, ABS1, TpmBS2, and ABS2 (Fig. 2). Covering such 

an extensive interaction surface with a relatively small (~350 aa) Tmod molecule is only 

possible because the N-terminal half of Tmod containing TpmBS1, ABS1, and TpmBS2 is 

intrinsically disordered [33]. Only one binding site of Tmod, i.e. ABS2, is a folded globular 

domain [34] representing topologically a consensus leucine-rich repeat (LRR) [35]. The 

flexible nature of the N-terminal region allows Tmod to wrap around and effectively cover 

the relatively large surface of the pointed end of the actin filament [32, 36, 37].

Four Tmod isoforms (Tmod1-Tmod4) are present in vertebrates [23, 26, 38, 39]. The 

diversity of Tmod and Tpm isoforms (~40 in mammals) [40] combined with the wide range 
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of isoform-specific Tmod affinities for Tpm [41] gave rise to a hypothesis that the variability 

in Tmod/Tpm binding strength is the basis of tissue-specific regulation of pointed-end 

capping [42, 43].

Architecture and Functions of Leiomodins

Compared to widespread Tmods, Lmods are more specialized and function as muscle 

proteins. While Lmod is located at the pointed end of thin filaments, unlike Tmod, 

localization of Lmod is not restricted to the pointed end. Lmod’s staining pattern suggests 

that it may also bind along thin filaments, next to the pointed end. Lmod is a potent 

nucleator of actin in biochemical assays and Lmod knockdown results in disrupted 

sarcomere assembly in cardiomyocytes [4, 9]. Therefore, it has been proposed that the 

main function of Lmod is that of a thin filament nucleator [9, 44–46]. On the other hand, 

the influence of Lmod expression level on pointed-end elongation [16, 47] and Lmod 

localization at or close to the pointed end [9, 16] in isolated myocytes and in hearts in 

vivo suggested that Lmod acts as a pointed-end regulator (elongator) of thin filament length 

[16, 18, 47–49]. Additionally, recent findings suggested that Lmod can also have a role as 

a regulator of myosin activity [50], but this possibility has not been extensively studied. 

Although these three functions are not mutually exclusive, there is no consensus on which of 

these play essential roles in vivo.

Clarifying the true place of Lmod in the complex process of muscle actin dynamics starts 

with understanding of its modular molecular structure and its interaction with binding 

partners, which is discussed below. Similarly to Tmod, Lmod is an intrinsically disordered 

modular protein built from distinct functional segments [51]. However, the homology 

between Lmods and Tmods is shared for some regions but not others (Fig. 2, Table 1), which 

makes drawing conclusions on Lmod’s function, based solely on homology, unreliable. For 

example, Lmods bind to Tpm via a TpmBS1 site but they do not have a TpmBS2 site [52, 

53], whereas both TpmBS1 and TpmBS2 sites are important for Tmod’s capping function 

[31, 32]. Additionally, the assignment of binding sites and identification of interacting 

partners of Lmod and Tmod is incomplete which has resulted in disputes about how, where, 

when and for what purpose Lmods interact with the thin filament [44, 46, 51, 53].

Tropomyosin-binding site.—Lmods have only one of the Tpm-binding sites (TpmBS1) 

present in Tmods [52, 53] (Fig. 2A). The existence of this Tpm-binding site was first 

assumed based on sequence homology with Tmods and later confirmed in binding assays 

[10, 52]. The affinities of peptides corresponding to TpmBS1 in Lmods and Tmods for long 

Tpm isoforms are comparable [4, 41, 52, 54].

Sequences of TpmBS1 in Tmods and Lmods are highly conserved and are expected to 

share the same mode of binding to Tpm across different Tmod and Lmod isoforms (Fig. 

2B). Until very recently, that mode of binding remained largely unknown. The first model 

of TpmBS1/Tpm complex was proposed as early as 2007 by comparing the [15N-1H]- 

heteronuclear single quantum coherence (HSQC) nuclear magnetic resonance (NMR) 

spectra of an 15N-labeled coiled-coil model Tpm peptide in the presence and absence of 

TpmBS1 from Tmod1 [32]. The model Tpm peptide contained 19 N-terminal residues of a 
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non-muscle Tpm fused at the C-terminus with a part of the 33-residue leucine-zipper coiled-

coil domain of the yeast transcription factor GCN4 [55]. The GCN4 fragment sequence used 

in the study promoted formation of a stable coiled coil. Fusing GCN4 and Tpm fragment 

sequences is a typical approach to recreate a coiled-coil Tpm conformation in shorter Tpm 

fragments (e.g. [56, 57]).

The observed spectral changes indicated that a 38-residue TpmBS1 peptide was binding to 

the 19 N-terminal residues of Tpm, while the following GCN4 residues were not affected. 

Since no non-specific binding between TpmBS1 and GCN4 residues was detected in the 

complex, it was proposed that the mode of TpmBS1 binding represented a hairpin-like 

structure, with the middle of the TpmBS1 being on top of the Tpm N-terminus [32]. In the 

absence of more detailed structural information, another mode of interaction was proposed 

where the orientation of the TpmBS1 “hairpin” was inverted, with the tip of the clamp 

pointing towards the C-terminus of Tpm [36].

The question about the mode of binding between Tpm and Lmod TpmBS1 has been recently 

resolved [48]. This was accomplished by utilizing three-dimensional (3D) NMR spectral 

analysis and NMR-guided molecular dynamics simulations to generate a 3D model of a 

complex between Lmod2 TpmBS1 and the N-terminus of striated muscle Tpm. The model 

was validated (1) by residual dipolar coupling data; this approach reports information on 

internuclei vector orientations [58], and (2) by spectral effects of amino acid substitutions 

in Tpm. The Lmod2 TpmBS1 folds into an α-helical hairpin, which is positioned over the 

N-terminal side of the Tpm coiled coil to form a four-helix bundle (Fig. 3). In the bundle, 

two helices of Lmod occupy opposite corners of the bundle thus generating a crisscross 

topology similar to that of the head-to-tail (N-terminus to C-terminus) Tpm overlap complex 

[56, 59, 60] (Fig. 3).

The immediate implication of the obtained structure is that the Lmod TpmBS1 can only be 

bound to an unobstructed N-terminus of Tpm, which is only located near the pointed end of 

the thin filament, near the M-line [48]. The N-termini of other actin-bound Tpm molecules 

form the head-to-tail overlap complexes and are therefore blocked by the C-termini of 

adjacent Tpm molecules inside the continuous helical Tpm cable spanning the entire 

filament [61]. The broader meaning of these and other structural results will be discussed 

below in a separate section summarizing proposed Lmod functions and mechanisms of 

action.

The importance of TpmBS1 in thin filament nucleation remains unclear. Direct quantitative 

evaluation of the effects of TpmBS1 on the nucleation is challenging because Tpm 

inhibits actin nucleation in a dose-dependent manner [45, 62]. Skwarek-Maruszewska and 

co-authors compared rates of actin nucleation induced by either full-length Lmod or by 

truncated Lmod lacking the TpmBS1 region [45]. At 1 μM Tpm (which approximately 

corresponds to a dissociation constant, Kd, value for the TpmBS1/Tpm complex [52, 63]) 

the presence of TpmBS1 was shown to improve nucleation by 30–40 %. However, at 

slightly higher Tpm concentrations, Tpm inhibits nucleation to the point where experimental 

errors make it hard to discriminate between nucleation rates in the presence of full-length 

and truncated Lmod [45]. The effects of TpmBS1 truncation were also small at Tpm 
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concentrations below 1 μM, which is not surprising because if the Tpm concentration is 

lower than the Kd value, then the population of seeds bound to Tpm via TpmBS1 is smaller 

than the population of those without Tpm. Therefore,Lmod TpmBS1 appears to promote 

Tpm attachment only moderately and only in a very narrow range of Tpm concentrations. 

Additionally, only one Tpm molecule can be recruited by Lmod vs two Tpm molecules 

required for two sides of a mature thin filament. To summarize, Tpm binding to Lmod is 

not likely to be essential for Lmod-induced thin-filament nucleation. On the other hand, 

a single-point mutation reducing TpmBS1 binding to Tpm virtually destroyed the ability 

of exogenous Lmod2 to make thin filaments longer in cardiomyocytes [48]. This result 

confirmed that Lmod is part of another regulatory mechanism for which TpmBS1 binding to 

Tpm is critical.

Actin-binding site 1.—Attempts to map the ABS1 site of Lmod based on its sequential 

homology with that of Tmod led to conflicting results. The Lmod and Tmod regions 

of ~55–60 residues immediately following the TpmBS1 show a considerable degree of 

similarity (Fig. 2, Table 1), suggesting that both of them (residues Pro42–Lys96 of human 

Lmod2 and residues Pro39–Lys99 of human Tmod1) might bind actin, with the majority 

of these homologous residues directly involved in the interaction. Nevertheless, a crystal 

structure of a complex between G-actin and the human Tmod1 region encompassing 

residues Gln50–Lys101 fused with human gelsolin segment 1 (GS1, residues 52–176) 

showed that only residues Pro58–Lys99 form contacts with actin [36]. The residues Gln50–

Ala57 in the studied peptide were not visible, and therefore it was concluded that the entire 

N-terminal end of the putative Tmod1 ABS1 region (Pro39–Ala57) does not interact with 

actin. Residues Arg64–Glu77 formed a helix important for binding. A secondary-structure 

prediction matched this experimental result reasonably well by identifying residues Arg64–

Ala75 as α-helical residues [51].

The dissociation constant (Kd) of the complex between G-actin and the fragment Gln50–

Lys101 of Tmod1 was in the low μM range (~8 and ~9–12 μM for ATP-G-actin and 

ADP-G-actin, respectively) as detected by isothermal titration calorimetry (ITC) [46]. Since 

the identification of the structure of a complex between G-actin and Lmod ABS1 has not 

been done so far, the structural results obtained for Tmod ABS1 were extended to Lmod. 

The Lmod residues corresponding to the Tmod1 residues Pro39–Ala57 were considered 

irrelevant for actin binding and excluded from the Lmod fragment tested by ITC for actin 

interactions [46]. Rather surprisingly, unlike the corresponding Tmod region, the Lmod 

ABS1 region lacking the N-terminal end did not interact with actin at a detectable level. As 

a result, a conclusion was made that the ABS1 site might not exist in Lmod altogether [44, 

46].

Contrary to these conclusions described in the paragraph above, when the N-terminal 

end of the Lmod ABS1 homology region was included in the analyses, the binding of 

Lmod ABS1 to actin was detected by three independent techniques. More specifically, 

N-terminal fragments of Lmod2 containing ABS1 (but not other ABSs) were shown to 

inhibit actin pointed-end polymerization in a pyrene-actin polymerization assay [53]. In 

the same work, an Lmod2 fragment corresponding to ABS1 (Asn45–Glu94) was shown to 

bind to G-actin in an NMR titration assay. In another study, interactions of Lmod2 with 
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G-actin were quantified by atomic force microscopy [64]. The distribution of an unbinding 

force measured when the full-length Lmod2 was pulled away from G-actin revealed three 

distinct unbinding events – manifested as three well-resolved force peaks. Each of the three 

unbinding force peaks was assigned to a particular Lmod2 region by testing interactions 

of actin with a set of truncated Lmod2. If an interacting binding site was removed by 

truncation, the corresponding unbinding force peak was not observed. Using this approach, 

the N-terminal Lmod2 fragment 1–201 was shown to be responsible for one of the force 

peaks, consistent with the existence of ABS1 within this region.

To summarize, these studies suggest that ABS1 is present in Lmods, and it is homologous 

to that found in Tmods. However, there are differences between the way Lmod and Tmod 

ABS1s bind to actin. In Tmods, ABS1 binding is dominated by interactions of the central 

α-helix (Arg64–Glu77 helix in human Tmod1), whereas in Lmods the N-terminal end 

of the ABS1 (corresponding to the residues N45LPVGQR51 of chicken Lmod2) region 

plays an important role adding to the strength of interactions between ABS1 and actin. 

Consistently, this region is more conserved among both Tmod and Lmod isoforms than the 

part corresponding to the central helix [46, 53]. Weaker interactions of the central helix with 

actin in Lmods might be important for a “swinging gate” mode of action of Lmod, allowing 

it to function as a “leaky cap” at the pointed end. The detailed description of the “swinging 

gate” mechanism is provided below in the Conclusions section.

The inability to detect an interaction of the N-terminal part of the Tmod ABS1 fragment 

with actin in the crystal structure can be explained by the fact that, for crystallization, the 

chosen fragment(1) lacked residues 43– 49, and (2) was fused at the N-terminus with a 

gelsolin fragment via a 9-aa flexible linker to ensure binding to actin. The gelsolin fragment 

binds at the opposite side of actin monomer, keeping the linker and residues 50–57 of 

Tmod1 in a fully extended conformation preventing any possible interactions with actin via 

this region (for more details see [51]).

Linker between actin-binding site 1 and actin-binding site 2.—ABS1 in Lmod 

is followed by a long stretch of amino acids connecting ABS1 with ABS2 (Fig. 2B). The 

linker is likely to be disordered because of the high content of negatively charged amino 

acid residues. In Tmods, this region houses TpmBS2, which is absent in Lmods [53]. 

Currently, the function of this region, other than being a linker between ABS1 and ABS2, 

is unknown. It is predicted, however, to play an as yet unknown auxiliary role because its 

length significantly exceeds the length required to connect the two ABSs [48].

Actin-binding site 2 (LRR domain).—The crystal structure of Lmod ABS2, alone and 

bound to actin [46, 65, 66], is structurally homologous to that of Tmod ABS2 [34, 36]. 

Like the ABS2 in Tmods, it is also folded as a typical LRR, but it misses an N-terminal 

segment that in Tmods interacts with the DNase I-binding loop in actin [36]. The N-terminal 

segment of Tmod ABS2 is conserved in Tmods, but not in Lmods [44]. Also, residues 

from this region in Lmod are not structurally defined in the X-ray structure of the complex 

between Lmod ABS2 and G-actin [65, 66], suggesting that they are not constrained by 

direct interactions with actin. In Tmods, this segment is essential for Tmod capping function 

because it blocks intrastrand actin-actin interactions. Therefore, Lmod ABS2, unlike a Tmod 
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ABS2, is predicted to not compete with another actin subunit for binding at the pointed end. 

In other words, intrastrand interactions between actin subunits should not interfere with the 

binding of Lmod ABS2 to actin.

The first in vitro evidence suggesting that ABS2 can bind to the side of an actin filament 

came from sedimentation data. In sedimentation assays, Lmod and F-actin cosedimented 

at Lmod/actin ratios considerably exceeding the ratio that can be explained by binding of 

Lmod only at the pointed ends of the filaments [45, 50, 67]. Since ABS1 is considered 

specific for the pointed end, while ABS3 (which will be discussed later) is considered 

specific for the barbed end of F-actin, the only candidate domain left to mediate this binding 

is seemingly ABS2.

Surprisingly, binding of a truncated version of Lmod lacking the entire C-terminal extension 

to F-actin was much weaker than binding of full length Lmod to F-actin in cosedimentation 

assays [45]. The C-terminal-truncated version of Lmod used in the assay included ABS1 

and ABS2, but not the C-terminal extension missing in Tmods. From this experiment, 

it can be ascertained that the presence of the C-terminal extension is required for 

formation of a sufficiently long-lived Lmod/F-actin complex that can be readily observed 

in cosedimentation assays. Moreover, truncated Lmod localized in cells similar to Tmod1 as 

a sharp band exclusively at the pointed end, suggesting that no side-binding was occuring 

[16].

Interestingly, low-speed sedimentation experiments and visualization of actin filaments by 

transmission electron microscopy demonstrated that Lmod side-binding to F-actin induces 

bundling of actin filaments [67]. Centrifugation at low speed sedimented filament bundles 

more readily than isolated filaments, and the amount of actin that was spun down was highly 

dependent on the presence of Lmod. These experiments not only confirmed the in vitro side 

binding of Lmod to F-actin, but also suggested that more than one Lmod ABS is involved in 

the interactions, providing non-covalent cross-linking of individual actin filaments.

Lmod-dependent actin filament bundling in a test tube might not be physiologically relevant, 

but may be a manifestation of the di- or polyvalent nature of Lmod binding to the sides of 

F-actin. Although ABS2 is capable of actin nucleation [46] and could, in principle, link two 

filaments, results of the cosedimentation assays with the truncated Lmod [45] showed that 

ABS2 alone does not bind to the filament strongly enough for this binding to be detected in 

the assays. It is reasonable to assume that simultaneous binding of ABS2 and at least one 

other actin-binding site located in the C-terminal part of Lmod enhances Lmod interactions 

with the sides of F-actin through a so-called avidity effect. The biochemical results on side 

binding of Lmod are consistent with the diffuse localization of Lmod near the pointed end 

in sarcomeres [45]. However, as discussed above, binding of Lmod to Tpm via TpmBS1 can 

only happen at the pointed end.

Linker between ABS2 and ABS3.—ABS2 Lmods have an ~20 kDa extension with 

the actin-binding site 3 (ABS3) located at the C-terminus of the extension (Fig. 2). The 

extension is not present in Tmods in which ABS2 is the last C-terminal domain. The linker 

between ABS2 and ABS3 is not conserved between different Lmod isoforms and it is most 
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likely disordered, since no electron density was seen for this region in a crystal structure of 

Lmod2 that revealed the positions of both ABS2 and ABS3 [65, 66]. Currently, nothing has 

been reported about the function of the linker between ABS2 and ABS3.

The linker contains a polyproline region (polyP) which varies in length depending on the 

Lmod isoform and the studied species (from 12–18 consecutive Pro residues in Lmod2 

from different species to ~7 Pro residues in Lmod1). It is known that profilin, another 

actin-binding protein, can bind to polyP regions in other proteins. A polyP region should 

contain a minimum of 5 consecutive Pro residues and no bulky side chains of neighboring 

residues to bind profiin [68–70]. It was therefore tempting to hypothesize that profilin 

binds to Lmod and affects its function. However, based on conclusions reported by Chereau 

and co-authors, profilin does not bind to Lmod because it had no effect on nucleation by 

Lmod2 [9]. In these experiments, profilin was added to a mixture of G-actin and Lmod2 

fragment (res. 162–495), containing polyP or with polyP replaced with Gly-Ser repeats 

(named polyP-GS). For both fragments, profilin caused a decrease in Lmod’s nucleation 

due to its actin-sequestering ability. The authors concluded that the decrease in nucleation 

was the same for the fragment containing the polyP region and for the fragment polyP-GS, 

and therefore, neither of the Lmod2 fragments binds profilin. Although not discussed, it 

is surprising that polyP-GS had a very low nucleation effect compared to the wild-type 

fragment [9]. In addition, the Lmod2 version used in this study contained only 8 Pro (res 

440–449 of 495), while the longest uninterrupted polyP sequences in Lmod2 from different 

sources vary between 12 and 18 residues. As such, it is possible that this polyP region was 

not long enough to bind profilin.

Experiments studying the effects of profilin on nucleation by Lmod1 were also performed 

[46]. In these studies, nucleation by full-length Lmod1 and the ABS2 fragment lacking both 

the N-terminal and the C-terminal regions were compared in the presence of profilin causing 

a concentration-dependent decrease in nucleation. The authors concluded that profilin does 

not bind to Lmod1; however, the concentration effects of profilin were not linear for both 

proteins rendering the conclusion unreliable.

Based on the data from both manuscripts, it cannot be concluded with certainty that profilin 

does not bind to Lmod’s polyP region. More experiments including direct studies of binding 

between Lmod and profilin are necessary to clarify the role of this region.

Actin-binding site 3 (WASP-Homology 2 domain).—The third known actin-binding 

site in Lmods (ABS3) is located in the C-terminal extension, which is absent in Tmods 

(Fig. 2). ABS3 represents a WASP-Homology 2 (WH2) domain which often functions as 

an actin-recruiting domain within actin nucleators [71, 72]. The Lmod2 WH2 domain binds 

between subdomains 1 and 3 of an actin subunit, in the barbed-end groove [65]. The Lmod2 

WH2 domain binding to actin creates steric hindrance for the adjacent intrastrand actin 

molecule. The WH2 domain/actin complex is not likely to be stable in the middle of the 

F-actin filament and therefore is predicted to be observed at the barbed end of the filament 

[72].
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Initially, on the basis of its ability to bind actin, the Lmod WH2 domain was assigned 

a critical role in actin nucleation and formation of an F-actin seed [9]. A recombinant 

C-terminal-truncated version of Lmod devoid of the WH2 domain is a markedly less potent 

nucleator than the full-length Lmod. It inhibits pointed-end polymerization of actin in a 

Tpm-dependent manner [16], much like Tmod does, but with one important difference. The 

inhibition by the Lmod fragment is only partial; in the presence of saturating concentrations 

of Lmod elongation of the pointed end is still allowed although at a slower rate. Once the 

ability of ABS2 to promote nucleation by itself was established, the role of the WH2 domain 

in nucleation was reassigned to auxiliary [46]. Moreover, further studies of truncated Lmod 

versions in actin nucleation assays led to the conclusion that the influence of the whole 

C-terminal extension on nucleation is larger than that provided by the WH2 domain alone 

[65].

Conclusions: Physiological Roles of Lmod and Future Directions

Currently, there is no consensus on what Lmod does in cells and what it does not do. 

The available data suggest that it serves as a powerful actin nucleator and a specific 

pointed-end regulator (elongator) of thin-filament length. As Lmod’s biochemical and in-

cell properties are better characterized, additional functionalities of Lmods are predicted 

to emerge. The existence of many structural similarities between functionally different 

Tmods and Lmods adds to the confusion of deciphering their physiological roles. Available 

biological, biochemical and structural information about Tmods is consistent and defines it 

as a pointed-end cap protein. With Lmods, the picture is not nearly as clear. In fact, it is 

complex.

Binding of Lmod to the pointed ends of mature thin filaments and its competitive 

displacement of Tmod is one of the theories proposed for the mechanism of pointed end 

thin filament length regulation. The ability of Lmod to displace Tmod from the pointed 

end of actin filaments and the effect of Tpm on this process was shown in co-sedimetation 

experiments [54] and by high-resolution immunofluorescence imaging [16]. According to 

the competition model, Lmod binds to the pointed end via three of its domains: TpmBS1, 

ABS1 and ABS2; these interactions displace Tmod from the pointed end, allowing thin-

filament elongation [16] (Fig. 4). The kinetic rate of Lmod/Tmod exchange can be quite 

fast due to the instrinsically disordered nature and multi-site structural organization of 

Tmods and Lmods. Indeed, the mechanisms of dissociation of polyvalent and monovalent 

non-covalent complexes are different [73]. For a polyvalent intrinsically disordered protein, 

each binding site might bind/unbind comparatively independently. Then, in the presence of a 

competitor, stepwise “Velcro-like” unbinding events accelerate the kinetics of dissociation of 

a multivalent complex considerably [73] – this is what we predict is the mechanism of thin 

filament regulation by Lmod and Tmod.

A recent publication sheds more light on the specific mechanism of thin filament elongation 

upon Lmod binding in the competition model [48]. We can envision that intrinsically 

disordered regions of Lmod anchors to the pointed end of the thin filament via TpmBS1 

and displaces Tmod by stepwise engaging ABS1 and ABS2 in the interactions (Fig. 4). In 

this scenario, the ABS1 and TpmBS1 subdomains of Lmod serve as specificity determinants 
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for Tmod displacement at the pointed end. Once Lmod removes Tmod and settles on the 

pointed end, the suggested ability of Lmod ABS2 to bind to the side of thin filament without 

obstructing the pointed end, as well as weaker interactions of the Lmod ABS1 central helix 

with the pointed end makes the central helix act as a “swinging gate” [48]. This allows 

limited actin polymerization to occur from the actin filament pointed end (Fig. 4). The 

“swinging gate” molecular mechanism of the competition model is depicted in more details 

in Figure 5. The pointed end with bound Lmod is shown in Figure 5A. Next, the actin 

subunit 2 attaches to the unobstructed pointed-end side of actin subunit 4 (Fig. 5B). At this 

step ABS1 is in a “closed gate” position over the pointed-end side of actin subunit 3. As 

the next step (Fig. 5C)), since the ABS1 helix is not forming very efficient contacts for 

binding, it swings away, now adopting an “open gate” conformation to allow actin subunit 

1 to bind to the pointed-end side of actin subunit 3. Interstrand interactions between actin 

subunits 1 and 2 facilitate the transition from the “closed gate” to “open gate” conformations 

of Lmod. In the following step, six more subunits of actin attach to each strand of the 

filament. This step is concluded upon binding of two protomers of Tpm making the pointed 

end available for association with either Lmod or Tmod. This mechanism accounts for the 

observed diffuse nature of Lmod localization at the pointed end because Lmod might remain 

attached to the filament via side binding.

The roles of Lmod as an actin nucleator and the pointed-end competitor are linked to 

specific domains within the Lmod molecule; however, functions of some Lmod regions 

remain unexplained. For example, the linker between ABS1 and ABS2 is much longer than 

what is required for unobstructed arrangement of Lmod binding sites at the pointed end 

of the mature thin filament or during nucleation. The role of the C-terminal extension that 

includes the polyP region and the WH2 domain is also not clear. In cells, while the full 

length Lmod2 promotes thin filament elongation, the Lmod2 fragment devoid of the WH2 

domain shortens thin filaments [16]. This observation suggests a critical role of WH2 in 

thin-filament length regulation. However, it is not understood yet how WH2 interaction 

with the barbed-end groove fits into the pointed-end binding of Lmod. The answer to 

these apparent inconsistencies suggest that Lmod is a multifunctional protein with some of 

its domains serving distinct functions. For example, Lmod can be involved in regulatory 

processes that are not yet sufficiently studied, such as Lmod-dependent regulation of myosin 

activity during the cross-bridge cycle [50] or regulation of thin filament maintenance [48]. 

Exploring these potential functional roles are some of the promising directions for future 

investigations

A deeper understanding of Lmod functions can be achieved by gaining structural knowledge 

on the interactions of full-length Lmod with thin filaments. All of the currently known 

structural data have been obtained by X-ray and NMR using, due to the methodological 

limitations, complexes between Lmod fragments and monomeric actin or Tpm fragments 

[48, 65] rather than complexes between full-length proteins and F-actin. Currently, the field 

demands engaging other structural methods, such as super-resolution cryo-EM, to fully 

understand modes of Lmod binding to actin filaments and molecular mechanisms of its 

roles in the sarcomere. Lastly, the recent identifications of devastating disease-associated 

mutations in human Lmod1, Lmod2 and Lmod3 outlined in the Introduction section [4, 7, 
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13, 22] provide a new avenue for modeling human disease and the functional properties of 

the Lmods therein.
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Figure 1. 
A schematic view of the sarcomere showing actin (green), myosin (cyan), tropomysin 

(black), tropomodulin (blue) and leiomodin (red) (modified from [51]).
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Figure 2. 
A: A schematic view of Tmod and Lmod molecules B: A Clustal Omega multiple 

sequence alignment [74] of human Tmod1 (NP_001159588), Lmod1 (NP_036266.2), 

Lmod2 (NP_997046.1), and Lmod3 (NP_938012.2) showing in color TpmBS1 (cyan), 

ABS1 (green), TpmBS2 (gray), ABS2 (yellow), polyP (magenta), and WH2 (red).
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Figure 3. 
Comparison of the complex of Lmod2 TpmBS1 with the N-terminus of striated muscle 

tropomyosin Tpm1.1 (PDB ID 6UT2) (A) and the head-to-tail Tpm1.1 overlap junction 

(PDB ID 2G9J) (B). The sequence alignment of the structurally homologous parts of the 

C-terminal helix of Lmod2 TpmBS1 and the C-terminus of Tpm 1.1 (C). Similar residues 

are marked in green on the sequence and their side chains are dispayed on the 3D structures. 

Helices of the N-terminal Tpm1.1 peptides in (A) and (B) are shown in magenta. Modified 

from [48].
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Figure 4. 
Putative schematic steps of competitive displacement of Tmod by Lmod followed by Lmod-

controlled elongation at the pointed-end. The displacement of Tmod (shown in blue) is 

initiated by a Lmod molecule (shown in red) approaching the Tmod-capped pointed end 

(A). Sequential binding of Lmod’s TpmBS1 (B), ABS1 (C) and ABS2 (D) removes Tmod 

from the pointed end. The pointed end occupied by Lmod (E) can now bind G-actin 

molecules (shown in green) in the process of slow pointed-end elongation (F, G). In the 

first step of Lmod-dependent elongation, an actin monomer attaches to the filament strand 

interacting with the Lmod ABS2 (F). This allows a conformational change of the Lmod 

ABS1 and opens up a “gate” for further elongation (G). Magnified: what might be a 

molecular mechanism allowing this elongation?
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Figure 5. 
A “swinging gate” 3D model for the leaky cap created by Lmod2 binding at the pointed end 

of the thin filament (modified from [48]). For each pointed-end elongation step (labeled as 

A, B and C) shown are a side view (top panel) and a view from the top (bottom panel) of 

the Lmod/pointed end assembly. (A) The initial position of Lmod2 assembled at the pointed 

end. ABS1 is in a “closed gate” conformation with the blue helix of ABS1 obstructing 

the attachment of an actin molecules to actin 3. Tpm is shown in cyan, ABS2 is shown in 

magenta, and Lmod2 TpmBS1 is shown in green. (B) Step 1, an actin molecule 2 (shown 

in purple) attaches to actin 4. Actin molecule 2 does not interfere with the Lmod2 binding, 

and the ABS1 of Lmod2 remains in the “closed gate” conformation. (C) An actin molecule 

1 (shown in turquoise) attaches to actin 3. Interstrand interactions between actin molecules 

1 and 2 facilitate displacement of Lmod2 ABS1 helix, and ABS1 adopts an “open gate” 

conformation (the blue helix moves away from the point of intrachain actin-actin interaction 

interface). This allows further actin polymerization until new tropomyosin N-termini are 

available for Lmod or Tmod attachment.
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Table 1.

Pairwise sequential homology percentages for TpmBS1, ABS1, and ABS2 regions of human Tmod1 

(NP_001159588), Lmod1 (NP_036266.2), Lmod2 (NP_997046.1), and Lmod3 (NP_938012.2). Sequence 

alignment and calculations of homology percentages were performed using an online pairwise sequence 

alignment tool EMBOSS-Needle [74]. The percentages are shown for identical/similar residues.

Lmod1 TpmBS1 Lmod2 TpmBS1 Lmod3 TpmBS1

Tmod1 TpmBS1 * 38/55% 46/68% 33/58%

Lmod1 TpmBS1 48/67% 30/56%

Lmod2 TpmBS1 37/54%

Lmod1 ABS1 Lmod2 ABS1 Lmod3 ABS1

Tmod1 ABS1 * 38/58% 42/58% 41/59%

Lmod1 ABS1 45/76% 28/66%

Lmod2 ABS1 46/70%

Lmod1 ABS2 Lmod2 ABS2 Lmod3 ABS2

Tmod1 ABS2 * 44/64% 49/69% 43/66%

Lmod1 ABS2 67/83% 60/77%

Lmod2 ABS2 62/77%

*
For calculations, we used Tmod1 amino acids 1–38 (TpmBS1), 43–88 (ABS1), and 179–349 (ABS2).
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