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Abstract

Actin filaments are major components of the cytoskeleton in eukaryotic cells and are involved in
vital cellular functions such as cell motility and muscle contraction. Tropomyosin is an alpha-
helical, coiled coil protein that covers the grooves of actin filaments and stabilizes them. Actin
filament length is optimized by tropomodulin, which caps the slow growing (pointed end) of thin
filaments to inhibit polymerization or depolymerization. Tropomodulin consists of two structurally
distinct regions: the N-terminal and the C-terminal domains. The N-terminal domain contains two
tropomyosin-binding sites and one tropomyosin-dependent actin-binding site, whereas the C-
terminal domain contains a tropomyosin-independent actin-binding site. Tropomodulin binds to
two tropomyosin molecules and at least one actin molecule during capping. The interaction of
tropomodulin with tropomyosin is a key regulatory factor for actin filament organization. The
binding efficacy of tropomodulin to tropomyosin is isoform-dependent. The affinities of
tropomodulin/tropomyosin binding influence the proper localization and capping efficiency of
tropomodulin at the pointed end of actin filaments in cells. Tropomodulin and tropomyosin are
crucial constituents of the actin filament network, making their presence indispensable in living
cells. Here we describe how a small difference in the sequence of the tropomyosin-binding sites of
tropomodulin may result in dramatic change in localization of Tmod in muscle cells or
morphology of non-muscle cells. We also suggest most promising directions to study and
elucidate the role of Tmod-TM interaction in formation and maintenance of sarcomeric and
cytoskeletal structure.
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Introduction

The dynamics of actin filaments is essential for muscle contraction and whole-cell
locomotion, and determine the shape of the cell surface (for reviews see (dos Remedios et al.
2003; Winder and Ayscough 2005; Pollard and Cooper 2009)). Actin belongs to a highly
conserved family of proteins and is abundant in the cytoplasm of eukaryotic cells. Actin
concentration is highest in striated muscles, but non-muscle cells also contain a considerable
amount. In vertebrates there are three groups of actin isoforms: a-, 8- and y-actin. Actin
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monomers, or G-actin, polymerize to form actin filaments (F-actin). The ends of the
filament, a fast growing (barbed) and a slow growing (pointed) end have different
polymerization rates. Actin filament elongation is a strictly regulated process in eukaryotic
cells and it ensues from association and dissociation of actin monomers from either end of
the filament. Association is more prevalent at the barbed end, whereas dissociation
dominates at the pointed end.

There are a large number of actin-binding proteins. Although they may share the same locus
on the surface of the actin filament, actin-binding proteins have distinct functions, including
sequestering monomers and severing, depolymerizing, cross-linking, stabilizing, or capping
the thin filament.

Dynamic arrangement and organization dictates the precise structure and architecture of
actin filaments. This phenomenon is crucial for cellular functions, both in muscle and non-
muscle cells. This review investigates the joined function of two actin-binding proteins:
tropomodulin (Tmod) and tropomyosin (TM). TM, a rodlike a-helical protein, polymerizes
in a head-to-tail fashion to span along the thin filaments and stabilizes them. Tmod binds to
and caps the pointed end of actin filaments in a TM-dependent manner (Weber et al. 1994).
Tmod regulates the length of thin filaments by inhibiting association or dissociation from
this end. Tmod together with TM protect actin filaments from depolymerization and
severing by other actin-binding proteins (Yamashiro et al. 2008). We will describe the
molecular basis behind the interactions of Tmod, TM and actin, and the fate of cell
physiology and functions that depend on their proper action.

Tropomodulin

Tropomodulin Isoforms

Tmod was first detected in the erythrocyte membrane as a TM-binding protein with a
molecular mass of 40 kDa (Fowler 1987). It inhibits actin polymerization and
depolymerization to fine-tune TM-coated thin filament lengths in muscle and non-muscle
cells (Fowler et al. 1993; Gregorio and Fowler 1995). The determination of Tmod’s
sequence revealed that the Tmod protein family is different from the other TM-binding
protein families (Sung et al. 1992). So far, four Tmod isoforms have been identified (Cox
and Zoghbi 2000). Tmod1 (E-Tmaod) is mainly found in erythrocytes (Fowler 1987), heart
muscle (Sussman et al. 1994a), skeletal muscles (Fowler et al. 1993) and also in other
tissues in lesser amounts (Conley et al. 2001). Tmod2 (N-Tmod) is exclusively found in the
brain cells (Watakabe et al. 1996). Tmod3 (U-Tmod) is ubiquitously distributed in a variety
of cells, and Tmod4 (Sk-Tmod) is the isoform that functions in skeletal muscle cells and
replaces Tmod1 during development (Almenar-Queralt et al. 1999; Cox and Zoghbi 2000).
Tmod isoforms show 60% identity and 70% similarity in amino acid sequence.

Recently a new Tmod isoform, E-Tmod29, was reported (Yao and Sung 2010). This isoform
of 29 kDa is derived from the Tmod1 gene, and is a truncated version of Tmod1 that lacks
the N-terminal 102 residues. E-Tmod29 was found in the smooth muscle cell (aorta and
uterus in particular) and in the erythrocyte ghost membrane. The authors suggested that
expression of E-Tmod29 and Tmod1 may be the result of alternative splicing, multiple
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transcriptional sites, alternative promoters, promoter switch, protein stability and final
cellular destination during cell development and/or differentiation.

Highly ordered organisms such as amphibians, avians and mammals have the genes that
code for all Tmod isoforms. However, zebrafish lacks Tmod2, and ascidian, amphioxus and
nematode have only one Tmod gene (Bao et al. 2012). Drosophila has one Tmod homolog
coded by the so-called sanpodo gene (Dye et al. 1998). The absence of multiple Tmod genes
in simpler organisms may indicate that they have appeared in highly ordered organisms as a
result of evolution for advanced tissue/organ formation and function. The reason zebrafish
lacks Tmod2 may be the adequacy of Tmod1 and Tmod3 for the development of a simpler
neural structure and brain. Accordingly, the Tmod?2 isoform appeared in vertebrates where a
more complex and efficient central nervous system is formed.

Isoforms can replace each other for capping the pointed-ends of actin filaments; it was
shown that knocking out Tmod1 resulted in the replacement of Tmod1 with Tmod4 in
embryonic mice skeletal muscle (Gokhin et al. 2010). The same study reported that both
Tmod3 and Tmod4 were detected at the sarcomeric pointed ends in adult skeletal muscles
after Tmod1 knockout. On the other hand, the short Tmod isoform E-Tmod29 (Yao and
Sung 2010) does not replace Tmod1 and compensate its action, because Tmod1 knockout
was shown to be lethal in embryonic mice (Chu et al. 2003; Fritz-Six et al. 2003; McKeown
et al. 2008). Tmod1 is degraded faster than E-Tmod29 due to the unstructured nature of the
N-terminal regions. Therefore, E-Tmod29 may be more stable at later stages of red blood
cell development and it compensates the action of Tmod1 once the cells are matured (Yao
and Sung 2010). In the Tmod1 knock-out mouse Tmod3 was detected in red blood cells,
although it is not found there under normal conditions (Moyer et al. 2010). The absence of
Tmod1 resulted in transportation of Tmod3 to red blood cells to fulfill Tmod1’s function.

Tmod was shown to nucleate actin monomers (Fowler et al. 2003). Tmod2 and Tmod3 are
capable of sequestering and nucleating actin monomers, but this function is performed
weakly by Tmod1 and not performed at all by Tmod4 (Fowler et al. 2003; Fischer et al.
2006). Actin nucleation by Tmod is concentration-dependent, and micromolar concentration
of Tmod is necessary for this function to take place.

Structural Organization of Tropomodulin

The structure of Tmod1 has been investigated more extensively than the structure of the
other isoforms. Tmod1 consists of two distinct structural domains: a compact, globular C-
terminal domain and an unstructured, highly disordered N-terminal domain (Kostyukova et
al. 2000; Fujisawa et al. 2001; Kostyukova et al. 2001; Krieger et al. 2002). The N-terminal
domain of Tmod1 has two TM binding sites and one TM-dependent actin-capping site
(Fowler et al. 2003; Greenfield et al. 2005; Kostyukova et al. 2005; Kostyukova et al. 2006)
(Figure 1). The elongated and flexible, yet highly disordered N-terminal domain of Tmod1
gains structure upon binding to TM (Kostyukova et al. 2001).

The compact C-terminal domain of Tmod bears a TM-independent actin-capping site. This
site is crucial for capping actin in the absence of TM in vitro (Fowler et al. 2003;
Kostyukova and Hitchcock-DeGregori 2004) and for localizing at the pointed end in
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sarcomeres of myocytes (Gregorio et al. 1995; Tsukada et al. 2011). The exact location of
the C-terminal actin-binding site of Tmod is yet to be mapped, but there is strong evidence
that it is located within the C-terminus of Tmod (Kostyukova and Hitchcock-DeGregori
2004; Yamashiro et al. 2010).

The C-terminal domain contains 5 leucine-rich repeats (LRRs) that are 28-30 residues long
and it is also called the LRR domain (Krieger et al. 2002). Its structure is alternating a-
helices and p-strands. LRR sites are usually involved in protein-protein and ligand
interactions (Kobe and Deisenhofer 1994). The members of Tmod protein family are the
only known actin-associated proteins with an LRR motif (Krieger et al. 2002).

Homologs of Tropomodulins

Leiomodin (Lmod) is a 64 kDa protein that belongs to the tropomodulin protein family
(Conley et al. 2001). Lmod has three isoforms. Lmod1 (SM-Lmod) is found in smooth
muscle, Lmod2 (C-Lmaod) is restricted to cardiac and skeletal muscle, and lastly, Lmod3
(fetal Lmod) is the fetal isoform (Conley et al. 2001). Lmods share common structural and
functional properties with Tmods. Lmod2 is the most investigated isoform and it is thought
to be involved in the pathogenesis of hypertrophic cardiomyopathy (Conley et al. 2001). The
first two thirds of the Lmod2 domain structure are markedly similar to Tmod1. This region
contains one TM-binding site and one actin-binding site at its N-terminus, and an LRR
domain. Trials for finding the second TM-binding site of Lmod failed, since Lmod2131_163,
the region that is homologous to the second TM-binding site of Tmod, was not able to bind
any TM isoforms (Kostyukova 2007). Current opinion is that Lmod2 contains only one TM-
binding site (Kostyukova 2007; Chereau et al. 2008; Skwarek-Maruszewska et al. 2010).

Lmods have an extended region at their C-terminus, which accounts for their higher
molecular weight than Tmod (Conley et al. 2001). In Lmod2, the C-terminal extension
contains a proline-rich region and an actin-binding Wiskott-Aldrich syndrome protein
homology 2 (WH2) domain (Chereau et al. 2008). The presence of three-actin binding sites
in Lmod2 makes it a very effective actin-nucleating agent and it was shown to nucleate actin
polymerization in vitro (Chereau et al. 2008). Lmods bind both muscle and non-muscle TM
isoforms with different affinities (Kostyukova 2007). It was proposed that during late stages
of development, Lmod2 replaces Tmod1 at the pointed end of thin filaments and allows the
actin filament to elongate (Tsukada et al. 2010).

Significance of Tropomodulin/Leiomodin in Cells

Overexpression of Tmod1 results in dilated cardiomyopathy in mouse myocardium due to
myofibril degeneration and formation of shorter thin filaments (Sussman et al. 1998a;
Sussman et al. 1998b; Littlefield et al. 2001). On the other hand, inadequate concentrations
of Tmod1 cause formation of longer actin filaments (Sussman et al. 1998a); the Tmod1
knockout mouse exhibited fragile red blood cells, heart defects, such as the inability to
pump, aborted development of the myocardium and eventual embryonic lethality (Chu et al.
2003; Fritz-Six et al. 2003; McKeown et al. 2008). Absence of Tmod1 in embryonic stem
cells and cardiac myocytes leads to delayed myofibril assembly (Chu et al. 2003; Ono et al.
2005).
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In the brain, Tmod2 is expressed in parallel with TM. Through its interaction with TM and
actin, Tmod2 is thought to assist neuronal growth and differentiation by organizing the thin
filament architecture of the central nervous system (Sussman et al. 1994b). Supporting this,
studies showed altered Tmod2 expression levels during neural disorders such as epilepsy
and cerebral ischemia (Sung et al. 1996; Iwazaki et al. 2006; Chen et al. 2007). Deletion of
Tmod2 in mice results in behavioral changes such as impaired memory, reduced
sensorimotor gating, hyperactivity and impaired learning, but enhances long-term
potentiation with no gross morphological or anatomical abnormalities (Cox et al. 2003).
Tmod2 expression exceeds normal levels after middle cerebral artery occlusion and this may
be related to its influence in increased neuronal repair and synaptic plasticity (Chen et al.
2007).

A study done on another Tmod isoform reports that overexpression of Tmod3 caused
decreased endothelial cell motility (Fischer et al. 2003). Deletion of Tmod3 from intestinal
epithelial cells resulted in a 30% and 20% decrease in TM and F-actin expression,
respectively (Weber et al. 2007). Disassembly of thin filaments was observed due to
decreased expression of TM. In this study, it was stated that Tmod3 acts as an agent to
consolidate the spectrin-actin membrane skeleton in epithelial cells and maintain epithelial
cell morphology.

The knockout of the gene encoding hematopoietic protein-1, which participates in regulation
of polymerization of F-actin in erythrocytes, caused decreased expression of Tmod1 in
murine erythrocytes (Chan et al. 2013). Simultaneously, the expression of Tmod3 increased.
This supports the idea that Tmod3 can compensate the function of Tmod1 and erythrocytes
compensate the loss in the amount of Tmod1 by counter-expressing Tmod3.

Tmod, TM and F-actin associate to form protofilaments in erythrocyte membranes (Sung et
al. 2000). The participation of Tmod and short TM isoforms in the thin filament structure
stabilizes the lens cell cortical cytoskeleton (Fischer et al. 2000). This improved strength in
the F-actin framework augments cellular functions, such as adhesion (Watanabe et al. 1992)
and intercellular communication (Goodenough 1992; Goodenough et al. 1996) in
differentiated lens cells. Developmental regulation of Tmod expression in cells indicates the
importance of its interaction with thin filaments in tissue and cell differentiation (Ito et al.
1995).

Recently, Lmod isoforms were detected in non-muscle cells. The presence of Lmod1 was
found as a result of steroid induction in human trabecular meshwork cells (Clark et al.
2013). It was demonstrated that phencyclidine (a dissociative drug) induction resulted in up-
regulation of Lmod2 in the thalamus of rat brain (Takebayashi et al. 2009). The authors
proposed that the expressional change in the level of thalamic Lmod2 is caused by the drug
involvement for regulating psychological and motor function, which eventually causes age-
dependent onset of drug-induced schizophrenia. This finding is highly intriguing because
before there was no evidence of Lmod presence in brain tissue.

These findings taken together strongly suggest that Tmod and Lmod are essential
contributors for the proper and healthy functioning of muscle and non-muscle cells. Further
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experiments are necessary to clarify how certain Tmod and Lmod isoforms appear in cells
and tissues, where they are normally not expressed (Takebayashi et al. 2009; Moyer et al.
2010; Clark et al. 2013).

Tropomyosin
Tropomyosin Isoforms

In vertebrates, four distinct genes (a, B, v, 8) undergo alternative primary RNA splicing to
code for more than 40 TM isoforms (for review see (Gunning et al. 2008)). The TM
isoforms are classified in two categories: low-molecular weight (LMW) or short, and high-
molecular weight (HMW) or long isoforms. Short TMs consist of 248 amino acids (28.5
kDa), whereas long TMs consist of 284 amino acids (33 kDa) (Lin et al. 1997). The gene
products from the alternate promoter selection express exons 1a and 2 in long TM isoforms
and exon 1b in short TM isoforms for their N-termini, and exons 9(a-d) for their C-termini.

The structural differences among the isoforms, especially at the N-terminus (Greenfield et
al. 1998; Greenfield et al. 2001), give the isoforms divergent functional properties such as
actin-binding affinities (Mak et al. 1987; Novy et al. 1993; Fanning et al. 1994;
Moraczewska et al. 1999), inclination for head-to-tail association (Cote et al. 1978;
Dabrowska et al. 1983) and Tmod-binding affinities (Greenfield and Fowler 2002; Uversky
et al. 2011). Different TM isoforms are responsible for the regulation of cell motility and the
organization of actin filaments in various cell types.

Structural Organization of Tropomyosin

TM is composed of two monomers that form a coiled coil (Perry 2001). TM molecules form
one polymer on each side of the actin filament and coat the grooves of the filaments in a
head-to-tail fashion: the N-terminal end of one molecule binds the C-terminal end of the
following molecule (Leavis and Gergely 1984). Each TM molecule spans six or seven actin
monomers, depending on the TM isoform (Cote and Smillie 1981).

The function of TM is governed strongly by its N-terminus (Cho et al. 1990). Deletion of the
first 7 or 9 residues caused the loss of TM’s regulatory function and ability to bind to actin
(Cho et al. 1990). The N-terminus of TM also contains a Tmod-binding site (Sung and Lin
1994), while the C-terminus has no effect on Tmod binding (Kostyukova and Hitchcock-
DeGregori 2004). Also, unlike the N-terminus of TM, the sequence of C-terminus is highly
variable between isoforms.

Because of the flexibility of the TM molecule, it was difficult to obtain high resolution
crystals; 3.5A was the best resolution for full-length TM (Meshcheryakov et al. 2008).
Therefore, the structure of various TM isoforms was solved using fragments (Greenfield et
al. 1998; Greenfield et al. 2001; Brown et al. 2005; Greenfield et al. 2006; Nitanai et al.
2007; Minakata et al. 2008; Greenfield et al. 2009; Meshcheryakov et al. 2011; Rao et al.
2012).

The N-terminus of TM goes through acetylation, which increases the stability of the N-
terminal domain (Greenfield et al. 1994). Acetylation also increases the affinity of long TM
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isoforms for actin (Hitchcock-DeGregori and Heald 1987; Heald and Hitchcock-DeGregori
1988; Cho et al. 1990; Willadsen et al. 1992) and Tmod (Greenfield and Fowler 2002).
Replacing the N-terminal acetyl group with Gly reestablishes the formation of the a-helical
coiled-coil and restores the ability of TM to bind to Tmod (Greenfield and Fowler 2002).

Significance of Tropomyosin in Cells

TM is a significant regulator of actin filaments in muscle and non-muscle cells. TM
regulates muscle contraction by enhancing the binding of troponin and myosin (Patchell et
al. 2005). TM also acts as a stiffening and stabilizing agent for thin filaments (Fattoum et al.
1983) and it is responsible for recruiting specific myosins in epithelial cells (Gupton et al.
2005). Actin filaments coated with TM show resistance to bundling (Burgess et al. 1987),
severing, branching (Pruliere et al. 1986; Ishikawa et al. 1989; Blanchoin et al. 2001,
DesMarais et al. 2002), fragmentation (Wegner 1982; Fattoum et al. 1983) and disassembly
(Bernstein and Bamburg 1982; Nishida et al. 1985) by actin-binding proteins.

TM is known to hold significance in vivo, and it regulates actin-filament organization. It was
shown that in budding yeast, a single TM gene disruption resulted in reduced cell growth
and the disappearance of cytoplasmic actin cables (Liu and Bretscher 1989). Caenorhabditis
elegans show disorganized sarcomeric actin filaments and muscle paralysis when TM
expression is suppressed (Ono and Ono 2002). Mutagenesis of TM1, a muscle TM isoform
causes alterations in force-generating properties in Drosophila (Kreuz et al. 1996).
Mutations in exons 2a and 6b of a-TM, in particular D175N, E180G are associated with
familial hypertrophic cardiomyopathy (for review see (Gunning et al. 2008)).

Even very small differences in TM isoforms may be responsible for distinct functional
properties and the TM isoform selectivity in cells may arise from these minor dissimilarities
at their N-termini. The R14Q mutation in the sequence of short non-muscle a-TM
drastically decreased its binding to Tmod1 (Kostyukova et al. 2007). In human skeletal
muscle, the M8R mutation weakens the binding of TM to actin (Moraczewska et al. 2000)
and to Tmod (Greenfield and Fowler 2002), which leads to nemaline myopathy, a skeletal
muscle disease associated with muscle weakness (North et al. 1997). Recently, Ochala et al.
showed that E181K and R167H mutations in the TPM2 and TPM3 genes, respectively,
cause nemaline myopathy (Ochala et al. 2012). The TPM3-R167H mutation decreased
cooperative thin filament activation, myosin cross-bridge number and force production. On
the other hand, the TPM2-E181K mutation demonstrated the opposite effect and it increased
thin filament activation, myosin cross-bridge binding and force production.

The consequences of altered TM expression and function are not limited to muscle
disorders. In the blood cells, an altered ratio of cytoskeletal TM isoforms has been
associated with idiopathic hypertension (Dunn et al. 2003). TM is also involved in the
formation of neurofibrillary tangles, which are intracellular protein aggregates that cause
neurodegenerative disorders such as Alzheimer’s disease (Galloway et al. 1990). TM5NM1
was found to be a major target of oxidative damage in Alzheimer’s disease (Perez-Gracia et
al. 2009) and altered levels of TPM3 gene products have been detected in the postmortem
brain tissue of subjects diagnosed with schizophrenia (Martins-de-Souza et al. 2009).
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In addition to neurological diseases, the growth and spread of cancer is also associated with
altered TM expression (for review see (Gunning et al. 2008)). Several studies corroborate
that during malignancy the expression of short TM isoforms increases, compensating the
decrease in the levels of long TM isoforms. It is believed that short TM isoforms are
associated with cancer and are essential for tumor growth (Hughes et al. 2003; Raval et al.
2003; Li et al. 2006; Stehn et al. 2006; Helfman et al. 2008).

The Molecular Basis of Tropomodulin/Tropomyosin Interaction with and

without Actin

Tmod-Binding Site of Tropomyosin

An investigation using point mutations made on the N-terminal domain of TM5NM1, a
short y-TM isoform, showed that the Tmod-binding site is located at residues 6-13
(corresponds to residues 7-14 when first Met is present in the sequence) (Vera et al. 2000).
To form a coiled coil TMs contain a series of heptad repeats (a, b, ¢, d, g, f, g), where
residues a and d are hydrophobic and link the two alpha helices in TM together. Residues 6,
9 and 13 in the N-terminal region of TM are hydrophobic and they are located at the aand d
positions. These residues are responsible for the hydrophobic interaction between Tmod and
TM. Mutations that changed the length of the side chains or the hydrophobicity of residues 6
and 13 decreased the binding of y-TM to Tmod. Additionally, the R11A mutation showed
the necessity for a basic residue at the f position of the heptad repeats for Tmod binding
(Vera et al. 2000). In this manner, both hydrophobic interactions and ionic interactions play
roles in the interaction between TM and Tmod for complex formation.

In long TMs the first 14 N-terminal residues are homologous to residues 6-19 of short TMs
and also form a binding site for Tmod (Greenfield and Fowler 2002). Other residues are
shown to be responsible for isoform-dependent binding. Mutations S4T and R14Q made in
short a-TM were shown to attenuate its affinity to the first TM-binding site in Tmod1
making it similar to that of y-TM and 8-TM.

TM-Binding Sites of Tropomodulin/Leiomodin

It was originally thought that erythrocyte TMs and skeletal TMs bind to different sites on
Tmod, residues 6-94 and 90-184, respectively (Babcock and Fowler 1994). Truncation of
Tmod1 showed that residues 1-104 have no ability to bind to short non-muscle y-TM, but
residues 1-127 and longer clones were able to bind (Vera et al. 2005). Later, it was shown
that all TM isoforms can bind to both sites though with different affinity (Table 1)
(Kostyukova et al. 2007; Uversky et al. 2011). The low affinity of y-TM for the first TM-
binding site of Tmod1 could not be detected earlier due to lower sensitivity of methods used
in that study (Babcock and Fowler 1994).

The shortest known fragment of Tmod1 that preserves the function of inhibiting actin
filament elongation at the pointed end in the presence of TM is the N-terminal 92 residue
fragment, Tmod1,_g, (Kostyukova and Hitchcock-DeGregori 2004). Residues 24-35 of this
fragment form an amphipathic helix and have a high probability to form a triple coiled coil
(Greenfield et al. 2005). Mutations that destabilize the helix (L27G) or destroy the formation
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of the hydrophobic surface on the helix (L27E) were found to disrupt Tmod1,_g,’s ability to
bind TM (Table 2). A shorter Tmod1 peptide (residues 23-38) that contained only the
helical region, did not bind to TM (Kostyukova et al. 2007). Based on these results the first
TM-binding site was localized to residues 1-38 of Tmod1.

A series of point mutations made in the region of residues 90-184 allowed localization of
the second TM-binding site. Initially, Vera et al. (2005) stated that residues 105-127 are
essential for Tmod’s binding to y-TM. Later, the L116A and E117R/E118R mutations
within this region of Tmod1 were shown to cause a loss of binding to y-TM (Table 2). The
secondary structure prediction for the N-terminal half of Tmod1 stated that residues 126—
135 should also form an amphipathic helix (Kostyukova et al. 2006). The 1131D mutation
that destroyed the hydrophobic surface of this putative helix resulted in a loss of TM-
binding ability in the second site (Kostyukova et al. 2006). Other mutations that were done
in this helix also affected TM binding (Kong and Kedes 2006). Mutation L135E in Tmod1
caused a loss in its binding ability to short non-muscle y-TM, TM5NM1, whereas the 1134D
and L135V mutations caused ~50 % reduction in their binding ability to TM5NM1. Both of
these independent studies confirmed that the formation of the amphipathic helix (residues
126-135) is crucial for the second TM-binding site of Tmod (Kong and Kedes 2006;
Kostyukova et al. 2006). Finally, the second TM-binding site was localized to residues 109—
144 (Kostyukova et al. 2006).

Both TM-binding sites of Tmod show a great conservation among vertebrates. Interestingly,
the helix that comprises the first TM-binding site of the only Tmod isoform in amphioxus is
significantly less conserved than the second TM-binding site when compared with human
Tmod isoforms (Bao et al. 2012). The higher identity of the second TM-binding site of
Tmod1 in amphioxus may be explained by the fact that this site has a greater affinity to non-
muscle TMs. Since only one Tmod isoform is expressed in these organisms, tight binding of
the second TM-binding site to the non-muscle TM isoforms may be crucial for neural
system operation. Therefore, the second TM-binding site is evolutionarily more conserved
when compared to the first TM-binding site.

To study the affinity of Lmod binding to TM, two Lmod fragments, Lmod13_4q and
Lmod2s5_4, which were chosen based on Lmod’s sequence homology with Tmod, were
used (Kostyukova 2007). Lmod-TM interaction is isoform-dependent (Table 1). The binding
affinity of Lmod fragments to long TM isoforms was close to that of the first TM-binding
site of Tmod1. However, the binding of short a-, y- and 8-TM isoforms to Lmod fragments
was drastically stronger than their binding to Tmod1, with the binding affinity between short
a-TM and Lmod fragments being 100-fold higher in particular.

Actin-binding Sites of Tropomodulin

Tmod contains two actin-binding sites, TM-dependent and TM-independent (Fowler et al.
2003; Kostyukova et al. 2005; Kostyukova et al. 2006). The TM-dependent site was
localized to residues 48-92 (Greenfield et al. 2005; Kostyukova et al. 2005). It was
predicted that residues 65—75 within this region form an amphipathic helix, which was
thought to be involved in Tmod-actin binding. The L71D mutation, which destroyed the
formation of the hydrophobic surface of this helix, did not affect TM binding but decreased
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the actin-capping ability (Table 2) (Kostyukova et al. 2005). Tmod13g_go, a truncated
Tmod1 lacking the first TM-binding site, was shown to be unable to inhibit actin
polymerization (Kostyukova et al. 2005). This finding confirmed that binding to TM is
crucial for inhibiting actin polymerization and this actin-binding site is TM-dependent.
Residues 55-62 in this site were found to have increased flexibility (Greenfield et al. 2005;
Kostyukova et al. 2005). It was shown that changing T59, G60 and P61 to alanines caused
10-fold decrease in the ability of Tmod1,_g, to inhibit actin polymerization. It was
concluded that this flexibility is essential for Tmod’s capping ability. It was suggested that
the flexibility is important for the correct positioning of Tmod at the pointed end of thin
filaments.

In the recent study of Yamashiro et al. the crosslinking of Tmod3 and G-actin was
performed (Yamashiro et al. 2010). It was demonstrated that not only residues within the
known N-terminal actin-binding site but also Lys169, a conserved residue located outside of
this site, interacted with G-actin. It was concluded that Tmod3 binds actin monomers over
an extended interface.

The C-terminal end of Tmod contains another actin-capping site and its function is
independent of TM (Fowler et al. 2003; Kostyukova and Hitchcock-DeGregori 2004).
Although the exact location of the TM-independent actin-capping site of Tmod is still
unknown, it is thought to consist of residues 323-359 in the C-terminal domain (Fowler et
al. 2003). Tmod1, without the last 15 C-terminal residues, did not cap actin filaments in the
absence of TM; however, it demonstrated the same capping activity as full-length Tmod1 in
the presence of TM (Kostyukova and Hitchcock-DeGregori 2004). The current opinion is
that the basic residues at the C-terminal end of Tmod are involved in the interaction with
actin. Yamashiro et al. showed that mutations K344A and R345A/R346A in Tmod3 had a
decreased inhibitory effect for actin polymerization from pointed ends, as well as decreased
nucleation ability (Table 2) (Yamashiro et al. 2010). This finding is in concert with the
docking model that was proposed earlier for interaction of the C-terminus of Tmod and F-
actin (Krieger et al. 2002). On that account, it is plausible that the positively charged cluster
(RKRR) composed of residues 340-343 at the C-terminus of Tmod1 is mainly responsible
for actin binding. Nonetheless, additional investigations are needed for definitive
localization of the TM-independent actin-capping site of Tmod.

Without TM, the affinity of Tmod for the pointed end of actin thin filaments is low, with a
Kgq of 0.3-0.4 uM (Weber et al. 1994). Tmod is still able to inhibit polymerization and
depolymerization of thin filaments without TM, but higher concentrations are necessary.
The affinity of Tmod for actin pointed-ends increases dramatically when TM is present and
Tmod caps actin filaments with greater efficiency (Kq ~ 50 pM) (Weber et al. 1994; Weber
et al. 1999). The affinity of the C-terminal domain (residues 160-359) of Tmod1 for actin is
greater than that of the N-terminal domain (residues 1-130) (Fowler et al. 2003). This
results in the C-terminal domain having superior actin pointed end-capping activity
compared to the N-terminal domain. However, in the presence of TM, the capping activity
of the N-terminal domain increases 1000-fold and demonstrates similar affinity levels as the
full-length Tmod1, whereas the activity of the C-terminal domain remains unchanged
(Fowler et al. 2003).
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Although Tmod/TM complex caps the pointed ends of actin filaments tightly in vitro, the
capping is transient and dynamic in vivo, and actin monomers are available for exchange
from the pointed end (Littlefield et al. 2001).

Sevdali et al. introduced six mutations (G15R, 1136M, D154N, V163L, V163M, D292V) to
the Drosophila indirect flight muscle-specific actin, which shows 93% homology to human
skeletal a-actin (Sevdali et al. 2013). Each of these mutations individually represents a
distinct phenotype. All of the heterozygous mutations resulted in changes in muscle
structure and function such as muscle weakness, flightlessness, myofiber splitting and
disorganization of actin filaments. Although the expression levels and localization of actin
and actin-associated proteins (myosin heavy chain, a-actinin, troponin T, TM) was not
changed by mutations, surprisingly, Tmod demonstrated disrupted staining and
mislocalization in all mutations, except 1136M. We believe that actin residues G15, D154,
V163 and D292 are important for the interaction of actin with Tmod. Dislocalization of
Tmod may be one of the reasons for actin filament disorganization in the myofibrils of
Drosophila. Invitro studies on interaction between Tmod and actin with corresponding
mutations can elucidate the importance of these residues for Tmod binding.

The Model of Tropomodulin and Tropomyosin Binding at the Pointed End

Kostyukova et al. showed that Tmod1 binds two molecules of the TM peptide containing the
N-terminus of short non-muscle a-TM in a cooperative manner (Kostyukova et al. 2006).
Later, it was demonstrated that Tmod2 also binds two molecules of TM peptides, which
contain the N-terminus of the short non-muscle TM (a, vy or &), however, there was no
cooperativity in the binding (Moroz et al. 2013a).

In concordance with the molecular and structural studies, a model for interaction of Tmod1
and short non-muscle a-TM was proposed (Kostyukova et al. 2007). This model suggests
that each Tmod molecule binds to the N-termini of two molecules of TM, and interacts with
at least one molecule of actin at the pointed end (Figure 2A).

At the first TM-binding site of Tmod1, residues 1-13 lie in an antiparallel fashion on one
side of TM and residues 15-26 encircle the N-terminus of TM (Figure 2B). The following
residues, 27-38, of Tmod1 close up the loop by binding in parallel with the other side of the
TM. The interaction at the second TM-binding site of Tmod1 with TM is executed by
formation of a three-helix bundle between residues 121-138 of Tmod1 and residues 6-23 of
a-TM (Figure 2C). The orientation of Tmod1 to TM at this site is antiparallel (Kostyukova
et al. 2007).

The significance of the localized TM-binding sites were tested in cardiac myocytes
(Tsukada et al. 2011). Tmod1, with mutations L27E and 1131D, which caused loss of TM-
binding in both sites, was found to exhibit either no or very faint pointed end localization. In
addition, the expression of single mutations in Tmod1, L27E and 1131D revealed that both
TM-binding sites are necessary for proper localization of Tmod1 at the pointed ends of thin
filaments. However, the second TM-binding site was suggested to be primarily responsible
for optimal assembly of Tmod1 in cardiomyocytes (Tsukada et al. 2011). These results
support the above-stated binding model.
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Lmod was found to localize not only at the pointed ends but also along the thin filaments
(Skwarek-Maruszewska et al. 2010; Tsukada et al. 2010). However, the mechanism for the
interaction of Lmod with TM and actin at the pointed ends is still not clear. Two hypotheses
have been suggested: (1) The final structure and organization of sarcomeres is associated
with Lmod through its ability to promote TM-dependent actin filament nucleation (Skwarek-
Maruszewska et al. 2010), and (2) Lmod contributes to the elongation of the thin filaments
by competing with Tmod1 and antagonizing its capping activity (Tsukada et al. 2010). To
create a model for Lmod binding to thin filaments requires more experiments to be done for
a better understanding of Lmod’s localization and function on actin filaments. We
hypothesize that Lmods utilize different sets of its TM and actin-binding sites: for
localization at the pointed end Lmod uses the TM-binding site and first two actin-binding
sites, whereas for localization along the actin filament it uses three actin-binding sites only.
The different localization patterns of Lmod2 fragments, Lmods4_495 without TM-binding
site (Skwarek-Maruszewska et al. 2010) and Lmod2;_g14 lacking the WH2 domain
(Tsukada et al. 2010) support this hypothesis.

Isoform-dependent Interaction of TM and Tmod as a Regulatory Mechanism for Capping
Actin Filaments

Various studies suggested that Tmod’s affinity for TM is isoform-specific (Sung et al. 1992;
Sung and Lin 1994; Greenfield and Fowler 2002; Kostyukova et al. 2007; Gokhin et al.
2010; Uversky et al. 2011). To investigate the isoform specificity of the Tmod/TM
interaction, a thorough analysis of the affinities was done using four TM peptides, which
contained the N-terminus of long muscle a-TM and short non-muscle a-, 8- and y-TMs, and
Tmod peptides that corresponded to the first or second TM-binding sites for each Tmod
isoform (Uversky et al. 2011) (Table 1). The dissociation constants were obtained for each
complex of Tmod/TM peptides. According to these data, short non-muscle 8- and y-TMs
bind to the first TM-binding site of Tmod2 and Tmod3 with a greater affinity than to that of
Tmod1 and Tmod4. Whereas, Tmod1’s binding to short non-muscle a-TM is the strongest
among all Tmod isoforms (Uversky et al. 2011).

Surprisingly, E-Tmod29 (Tmod1 lacking the first TM- and actin-binding sites) was shown to
bind better to TM5NM1 and to G-actin compared to the full-length Tmod1 (2-fold and 1.3-
fold, respectively), while binding to F-actin was lower (Yao and Sung 2010). The authors
suggested that E-Tmod29 acts as a reservoir for TM5NM1 and G-actin. E-Tmod29 may
sequester and release TM5 and G-actin in erythrocyte membranes, making them accessible
for Tmod1. However, the solid-phase binding assay used in these experiments is not a
quantitative method. Other binding assays should be used to support these findings on E-
Tmod29 interactions with TM and actin.

The hypothesis that isoform-dependent interaction of TM and Tmaod is one of the regulatory
mechanisms of pointed end capping is very tempting. This hypothesis was tested in several
studies where the TM-binding ability of one Tmod isoform was altered by mutations and
became similar to that of another isoform. The consequences of such alterations were
investigated in two types of cells, skeletal muscle myocytes (Moroz et al. 2013b) and PC12,
a model cell line used to study neuritogenesis (Moroz et al. 2013a).
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Mutations R11K, D12N and Q144K in both TM-binding sites decreased the affinity of
Tmod1 to the skeletal muscle a-TM, stTM, making it similar to that of other isoforms,
Tmod3 and Tmod4 (Table 2) (Moroz et al. 2013b). As a result, the actin-capping ability of
the mutated Tmod1 in the presence of stTM also decreased 3-fold (Moroz et al. 2013b).
Moreover, assembly of this mutant at the pointed end of thin filaments in the sarcomeres of
skeletal myocytes was shown to decrease by ~35%. Together, these data indicate that TM-
binding affinity influences actin-capping ability and localization of Tmod in myocytes.

In neurons and PC12 cells, a model system for neuronal differentiation, Tmod1 was found to
be associated with the F-actin bundles in the lamellipodia and growth cones, whereas
diffused Tmod2 was found in the cytoplasmic compartment of the cell body and the central
domain of the growth cone (Fath et al. 2011; Moroz et al. 2013a). Overexpression of Tmod1
did not affect neurite formation, while overexpression of Tmod2 caused drastic reduction in
the number and the length of neurites. Mutations A21K and E33V were introduced to
Tmod1 in the first TM-binding site to alter its TM-binding ability (Moroz et al. 2013a).
Earlier these mutations were shown to increase the binding affinity to short 8- and y-TM
isoforms found in brain cells, TM4 and TM5NM1, respectively, making this affinity similar
to that of Tmod2 (Table 2) (Uversky et al. 2011). These mutations also were found to
decrease binding to short nonmuscle a-TMs (Moroz et al. 2013a). Overexpression of Tmod1
with A21K/E33V mutations in PC12 cells exhibited localization similar to Tmod2 (Moroz et
al. 2013a). There was only a slight decrease in the number of neurites per cell, while at the
same time, the average length of neurites shortened by 2- to 3-fold.

Conclusions

Tmod and TM are crucial components of the cytoskeleton. Selective binding of Tmod to TM
isoforms, which is induced by their specific binding affinities, influences the localization
and activity of each Tmod isoform in different cell types. Interaction of Tmod with TM and
actin takes place in a precise and strictly regulated manner. Indeed, even minor structural
changes, such as a single mutation, in these proteins are adequate for instigating drastic
transformations in protein behavior, cytoskeletal architecture and operation of cells. Recent
studies have begun to concentrate on the purpose and consequences of isoform specificity in
both Tmod and TM isoforms. From our point of view, there are three worthwhile directions
to study and elucidate the role of Tmod-TM interplay in actin dynamics. The first direction
is further exploration of isoform-dependent interaction between these two proteins by
altering Tmod affinity to specific TM isoforms. The second direction is determination of the
pointed end structure. It is a very difficult task but it can be done by determining the
structures of Tmod/Lmod-actin and Tmod/Lmod-TM complexes (full-length or fragments)
separately using x-ray crystallography and/or NMR. These structures then can be combined
into one structural model with the help of high-resolution electron microscopy. The third
direction is to study the influence of Tmod-TM interactions on the formation of cytoskeleton
in non-muscle cells. Future investigations will provide augmented insight on formation of
the intracellular network and filament dynamics in living cells.
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Figure 1.
The schematic view of Tmod1 molecule. LRR: leucine rich repeats. TM1 and TM2 are the

tropomyosin-binding sites, Al and A2 are the actin-binding sites. Amino acids sequences of
the sites are presented in the insets with the helical regions indicated by grey color. Residues
mutated in the sites are in capital.
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Figure 2.
The model of Tmod’s binding at the pointed end of the actin filament. (A) Cartoon

representation of the binding of Tmod to TM and actin molecules at the pointed end. (B) and
(C) Ribbon diagrams for the possible binding modes for the first and second TM-binding
sites of Tmod, respectively (adapted from (Kostyukova et al. 2007)).
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Table 1

Dissociation constants (Kg) obtained for the complexes of TM and Tmod/Lmod peptides from different
isoforms. Tmod peptides contain the TM-binding sites 1 (s1) and 2 (s2). Lmod13_409 and Lmod25_4, were

chosen as possible TM-binding sites based on Lmod’s sequence homology with Tmod. TM peptides contain
the N-terminal residues of long a-TM (aTM1a), and short a-, y- and 8-TMs (aTM1b, yTM1b and TM1b,
respectively).

Kg, HM

Peptides
aTMla | aTM1b yTM1b 8TM1b

Tmodlsl | 114042 [ 0.09+0.02P Weak® WeakC
Tmod2sl | 47+042 | 0.260.22 0.6+0.12 [ 0.9+0.142
Tmod3sl [ 19+0.32 | 0.24+0.12 1120128 | 11042
Tmod4sl [ 24+062 | 0.27+0.132 Weak@ Weak®
Lmodlz 4o [ 1.98d | 0.01620.0009 | 0.61+0.07d | 0.43:0.08¢
Lmod2s4, | 0.8+0.2d | 0.011+0.0089 | 0.6+0.19 | 0.24+0.07d
Tmodls2 [ 13+0.32 | 0.003+0.001P | 0.04+0.03C | 0.09+0.02€
Tmod2s2 [ 44+058 | 03+0.238 | 0.20+0.112 | 0.1420.012
Tmod3s2 [ 21+042 | 0.69+0.072 | 0.86+0.032 | 0.240.022

Tmod4s2 | 36+128 | 043£0202 | 03620192 | 2.5+0.52

aPublished by Uversky et al. 2011;
bPublished by Kostyukova et al. 2006;
CPublished by Kostyukova et al. 2007;

dPublished by Kostyukova 2007.

1duosnue Joyiny

1duasnuen Joyiny

J Muscle Res Cell Motil. Author manuscript; available in PMC 2016 March 02.



Page 24

Colpan et al.

‘uorrendioaidounwiwi ‘d| ‘WSI04yoIp JenaaId ‘ad

VIve/VSred
INL JO 8ouasqe - cpow
(0TOZ 1€ 18 OJIYSEWEA) Aesse unoe-auaiAd ay1 ul Ajige Buiddes pue Anjige Buiyesjonu unoe pasesloap YIvET
NSET
Anige Buipuig-IALL pasealdsp 3G€T
(9002 sapay pue Buoyy) AydesBorewolyd Aluige-1S9 ‘di aretl TINNSINL
(9002 "[e 10 eAOYNAISON) 39Vd Bunnieuapuou Z d)s Buipuig-|ALL ut Buipuiq jo sso| pasnes arteTl dizgu1»
d8TT3/4.113
TIWNSINL Tpowl
(5002 "e 18 BI3A) AKesse Buipulq sseyd-pt|os ‘dI INL-* 0} Buipulq Jo sso| pasned VITT1
(9eT0T |0 19 ZOION) Kesse unoe-sualhd (AL 35) WL~ Buoj 03 Anuiyge ayy pasealosp Ny TO/NCTAMTTY LIS
dizqTINLP 01 Alulyye ay) pasealdsp dizqTNLP
AEEANTZY dizqTNLA
(egT0C
[e 19 ZOJOW ‘TTOZ '[e 18 AsIann) 39Vvd buunieuspuou ‘ad dizqTNLP 03 Ayuyge ayy pasesioul dizqTINLe
Aunnoe Buidded Jo asealodp ploj-OT ‘ANIQIXa]} dU} pasealddp VT9d/V059/65.L
(5002 "1e 18 BAOYNAISON) Aesse unoe-suaiAd Annnoe Buiddes 4o ssof pasneo arLyoLel BSINL
Buipuig unoe 4o sso|
pasned ‘T 8)is Buipuiq unoe ui adeyaiul d1qoydolpAy ayr pakosisep aia 2-Trpow |
Buipuig-INLL Jo ssoj
pasned ‘T a)is Buipuig-ALL ul 8depaiul aiqgoydolpAy ayr pakonsep 3L diz qT/eTINLD
(5002 '[e 18 pIRYUBRID) 39vd Buinieuspuou ‘ad
Buipuig-N L
10 SSO| pasned ‘T als BuIpuig-|ALL Ul Uolew.o) XIjay-» pakoisap oL diz qT/eTINLD
EIEIETEN| poYIBIN uoneINW J0 19813 powi] ui uoreIN WL pow |

Author Manuscript

Author Manuscript

‘powl] Jo saiuadoud Buipuig-unoe pue -|ALL aY1 Uo suoleINW JO 198)J8 ay L

¢ ?dlqel

Author Manuscript

Author Manuscript

J Muscle Res Cell Motil. Author manuscript; available in PMC 2016 March 02.



