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The N-terminal tropomyosin- and actin-binding 
sites are important for leiomodin 2’s function

ABSTRACT  Leiomodin is a potent actin nucleator related to tropomodulin, a capping protein 
localized at the pointed end of the thin filaments. Mutations in leiomodin-3 are associated 
with lethal nemaline myopathy in humans, and leiomodin-2–knockout mice present with di-
lated cardiomyopathy. The arrangement of the N-terminal actin- and tropomyosin-binding 
sites in leiomodin is contradictory and functionally not well understood. Using one-dimension-
al nuclear magnetic resonance and the pointed-end actin polymerization assay, we find that 
leiomodin-2, a major cardiac isoform, has an N-terminal actin-binding site located within resi-
dues 43–90. Moreover, for the first time, we obtain evidence that there are additional interac-
tions with actin within residues 124–201. Here we establish that leiomodin interacts with only 
one tropomyosin molecule, and this is the only site of interaction between leiomodin and 
tropomyosin. Introduction of mutations in both actin- and tropomyosin-binding sites of leio-
modin affected its localization at the pointed ends of the thin filaments in cardiomyocytes. On 
the basis of our new findings, we propose a model in which leiomodin regulates actin poly
merization dynamics in myocytes by acting as a leaky cap at thin filament pointed ends.

INTRODUCTION
Filamentous actin is a major component of thin filaments in muscle 
cells. Leiomodin (Lmod) is an actin-binding protein and the only 
known homologue of tropomodulin (Tmod), a capping protein 
found at the slow-growing (pointed) end of the actin filament (Con-
ley et al., 2001). In contrast to the weak actin-nucleating ability of 
Tmod (Fowler et  al., 2003; Fischer et  al., 2006; Yamashiro et  al., 
2014), Lmod is a potent actin nucleator in vitro (Chereau et al., 2008; 

Boczkowska et al., 2015; Yuen et al., 2015). Whereas Tmod inhibits 
polymerization and depolymerization of actin filament pointed ends 
(Weber et al., 1994), Lmod elongates thin filaments at their pointed 
ends (Tsukada et al., 2010; Pappas et al., 2015). Together with Tmod, 
Lmod modulates the length of the filaments in a tropomyosin (Tpm)-
dependent manner (Chereau et al., 2008; Tsukada et al., 2010). In 
our model, Lmod competes with Tmod for binding to actin filaments 
at the pointed ends, which antagonizes Tmod’s actin-capping func-
tion, resulting in elongation of the filaments (Tsukada et al., 2010).

There are three Lmod isoforms with different expression patterns. 
Lmod1 is predominantly expressed in tissues containing smooth mus-
cles (Conley et al., 2001) and is also found in extraocular muscle (vol-
untary striated muscle; Conley, 2001). Lmod2 and Lmod3 are found 
mainly in cardiac and skeletal muscle (Conley et al., 2001; Nanda and 
Miano, 2012; Yuen et al., 2015). Lmod2 expression is higher in cardiac 
muscle than in skeletal muscle (Yuen et al., 2015). Lmod2 is highly 
expressed in mature cultured cardiomyocytes and therefore was sug-
gested to play an important role in maintenance and repair of thin 
filaments in cardiac muscle rather than contribute to early premyofi-
bril assembly (Skwarek-Maruszewska et  al., 2010). Recently it was 
found that Lmod2 knockout results in severe dilated cardiomyopathy 
in mice and their death 3 wk after birth (Pappas et al., 2015). Several 
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site does not exist in Lmod1 and Lmod2 
and that this site is only conserved in the 
Tmods (Boczkowska et al., 2015).

The region composed of ∼100 residues 
between the putative N-terminal actin-bind-
ing site in Lmod2 and the leucine-rich re-
peat (LRR) domain has very low homology 
not only between Lmod2 and the Tmods 
but also between Lmod isoforms. In the 
Tmods, this region contains a second Tpm-
binding site. Attempts to localize the sec-
ond Tpm-binding site in Lmod2 based on 
the secondary structure prediction were un-
successful (Kostyukova, 2007). Despite this, 
it was shown by blot overlay that bacterially 
expressed Lmod1 lacking the first 30 N-ter-
minal amino acids (and therefore the first 
Tpm-binding site) is able to bind striated α-
tropomyosin, which is expressed in cardiac 
and skeletal muscles (Conley, 2001). There-
fore it is still not known whether Lmod has a 
second Tpm-binding site.

In this study, we analyze the Tpm- and 
actin-binding properties of the N-terminal 
region of Lmod2 using several in vitro and 
cell culture approaches. We provide addi-
tional evidence that Lmod2 contains only 
one Tpm-binding site, which is necessary for 
Lmod2’s pointed-end localization and thin 
filament elongation in cardiomyocytes. We 
find the presence of an N-terminal actin-
binding site that influences Lmod2’s assem-
bly and dynamics at the pointed end. We 
provide evidence of additional actin-bind-
ing interactions within residues 124–201 of 
Lmod2. On the basis of our findings, we 
propose a model in which Tmod1 functions 
as a tight cap and Lmod2 acts as a leaky cap 
at the pointed end of the thin filament. In 
this model, Lmod2 allows actin to polymer-
ize at the pointed end, although at a lower, 
and consequently more easily regulated, 
rate than in the absence of these proteins.

RESULTS
Lmod2 fragments 1–94 and 
1–201 differentially inhibit actin 
polymerization

Previously we demonstrated that when the WH2 domain is removed, 
truncated Lmod2 (Lmod2 [1-514]) inhibits pointed-end actin polym-
erization, similar to Tmod1 (Tsukada et al., 2010). The difference is 
that in saturation, Lmod2 [1-514] inhibits 75–80% of what is possible 
to achieve with Tmod1. The ability to measure potent inhibitory activ-
ity of truncated Lmod2 was exploited in pointed-end polymerization 
assays to study the actin-binding ability of Lmod2 N-terminal frag-
ments Lmod2 [1-94] and Lmod2 [1-201]. They were chosen based on 
sequence alignment with fragments Tmod1 [1-92] and Tmod1 
[1-159] (Figure 1), which were previously used to study Tpm- and ac-
tin-binding sites within Tmod1 (Greenfield et al., 2005; Kostyukova 
et al., 2005, 2006). One would predict no difference in the ability of 
Lmod2 [1-94] and Lmod2 [1-201] to inhibit actin polymerization, pro-
vided that a second Tpm-binding site (Tpm2) is not present in Lmod2 

mutations in Lmod3 result in severely disrupted sarcomeric organiza-
tion in skeletal muscle and are linked to lethal nemaline myopathy in 
humans (Yuen et al., 2015).

The Lmod2 isoform is the best characterized and least diver-
gent from Tmod proteins (Conley et al., 2001; Yuen et al., 2015). 
Lmod2 shares ∼50% sequence identity with the first 100 N-termi-
nal residues of Tmod1. This region in Tmod1 contains a Tpm-bind-
ing site (residues 1–38) and an actin-capping site (residues 48–92; 
Greenfield et al., 2005; Kostyukova et al., 2005, 2006). Based on 
sequence homology, the Tpm-binding site and the first actin-bind-
ing site in Lmod2 are located at residues 5–42 and 43–95, respec-
tively. The presence of the Tpm-binding site in Lmod2 was con-
firmed by circular dichroism (Kostyukova, 2007). However, recent 
isothermal titration calorimetry data suggest that the actin-binding 

FIGURE 1:  (A) Domain structure of Tmod1 and Lmod2 based on biochemical and structural 
analysis of Tmod1 and sequence homology of Lmod2 to Tmod1. A1, A2, and WH2 are actin-
binding sites; Tpm1 and Tpm2 are Tpm-binding sites; LRR is the leucine-rich repeat domain; and 
P is the proline-rich domain. Truncated fragments are indicated by lines. (B) Amino acid 
sequence alignment of N-terminal fragments for Lmod2 and Tmod1 made using MultAlin. 
Identical amino acids in the alignment are shaded. The prediction of the secondary structure in 
Lmod2 was made using Jpred. α-Helical regions are shown in bold italic. Arrowheads and 
vertical dashed lines show the end of Lmod2 fragment 1–94 and Tmod1 fragment 1–92. Arrows 
indicate the residues mutated in Lmod2. Lmod2 residues 45–51 are shown in bold underlined.
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actin-binding site within the N-terminal re-
gion of Lmod2. In contrast, it was suggested 
that Lmod2 lacks an N-terminal actin-bind-
ing site (Boczkowska et al., 2015). To resolve 
this contradiction, we used nuclear mag-
netic resonance (NMR) to study interactions 
between G-actin and Lmod2 fragments. 
NMR is a well-established method to detect 
micromolar to millimolar binding between 
proteins and ligands using differential reso-
nance peak perturbation (Williamson, 2013). 
To establish the presence of an actin-bind-
ing site in the N-terminal region of Lmod2, 
we investigated the effects of G-actin on 
NMR spectra of the Lmod2 fragments. The 
presence of G-actin added to a peptide cre-
ates equilibrium between the free and 
bound peptide, affecting its spectrum. Us-
ing an excess molar peptide/actin ratio 
(e.g., 10–30/1) allows us to see mainly sig-
nals from the peptide, which are affected by 
actin only if binding exists.

To map the putative N-terminal actin-
binding site, we divided the N-terminal re-
gion of Lmod2 into several overlapping 
peptides. Residues shown to bind Tpm 
(Kostyukova, 2007) were excluded. Each 
fragment was designed to include 10 over-
lapping residues with adjacent fragments to 
minimize the chance of disruption of a pos-
sible actin-binding site.

The fragments Lmod2 [45-94], Lmod2 
[85-123], Lmod2 [114-150], Lmod2 [140-
180], and Lmod2 [172-210] were subcloned 

and expressed. We successfully purified all of the fragments with the 
exception of Lmod2 [114-150]. Owing to low expression and high 
content of Glu and Asp (54.1% Glu and 21.6% Asp), we were unable 
to obtain Lmod2 [114-150] in amounts necessary for NMR experi-
ments. However, it is unlikely that this fragment contains sites of 
specific interactions, due to its low sequence complexity.

One-dimensional (1D) proton NMR spectra of the fragments 
Lmod2 [45-94], Lmod2 [85-123], Lmod2 [140-180], and Lmod2 [172-
210] were recorded in the presence and absence of G-actin. Adding 
G-actin resulted in drastic spectral changes in the NMR spectrum of 
Lmod2 [45-94], indicating the presence of a continuous stretch of 
interacting residues in the peptide (Figure 3). Figure 3 displays two 
spectral regions, one corresponding to the aromatic/amide proton 
resonances (top) and the other to the side chain proton (nonaro-
matic, noncarboxamide) resonances (bottom). In the presence of 
actin, many resonance peaks experienced differential broadening/
shifts. The peak broadening led to a marked loss of peak resolution 
and height (e.g., see groups of peaks at ∼0.7, 0.95, 1.3, 1.55, 6.65, 
7.1, 7.4, 7.75, and 7.85 ppm). The marked differential broadening of 
both amide and side chain proton peaks is typical of specific interac-
tions between proteins and their peptide ligands with Kd values in 
the micromolar range (Ni et  al., 1990, 1995; Yu et  al., 1998; 
Tolkatchev et al., 2003). This result is consistent with the high degree 
of homology between Lmod2 [45-94] and the first actin-binding site 
in Tmod1 (Kostyukova et al., 2005; Figure 1B). Together with the 
results of the polymerization assays, our data indicate that the N-
terminal region of Lmod2 may bind to G-actin with a lower affinity 
than to F-actin.

and the arrangement of the first Tpm-binding site (Tpm1) and first 
actin-binding site (A1) in Lmod2 is the same as in Tmod1.

We prepared actin seeds (short actin filaments capped at their 
barbed ends by gelsolin) and studied polymerization of G-actin on 
the seeds in the presence of Lmod2 [1-94] and Lmod2 [1-201]. 
When striated muscle α-tropomyosin, or Tpm1.1 according to a re-
cently introduced nomenclature (Geeves et al., 2015), was added to 
the seeds at a saturating concentration, both Lmod2 [1-94] and 
Lmod2 [1-201] inhibited pointed-end polymerization (Figure 2). Sur-
prisingly, we observed that Lmod2 [1-201] had a stronger inhibitory 
effect than Lmod2 [1-94], suggesting that the arrangement of bind-
ing sites in Lmod2’s N-terminal region differs from what had been 
proposed (Chereau et al., 2008; Boczkowska et al., 2015).

Of interest, in the absence of Tpm1.1, Lmod2 [1-201] caused 
slight but statistically significant decrease of actin polymerization, 
whereas Lmod2 [1-94] had no effect (Figure 2). This indicates that resi-
dues 95–201 may provide previously unrecognized additional inter-
actions with actin, and these interactions are not Tpm dependent.

Nucleation ability of Lmod2 [1-94] and Lmod2 [1-201] was tested 
(Supplemental Figure S1). As expected, both Lmod2 [1-94] and 
Lmod2 [1-201], which lack LRR and WH2 domains, had no concen-
tration-dependent nucleating activity, which indicates that they do 
not bind more than one G-actin molecule.

Discovery of an actin-binding site within the N-terminal 
region of Lmod2
The ability of N-terminal fragments of Lmod2 to inhibit actin poly
merization at the pointed end suggests that there is at least one 

FIGURE 2:  Both Lmod2 [1-94] and Lmod2 [1-201] inhibit pointed-end polymerization. Effect of 
0.2 μM Lmod2 fragments in the absence (A) and presence (B) of a saturating concentration of 
Tpm1.1 (1 μM) on the polymerization of 1.1 μM G-actin at the pointed end of gelsolin-capped 
actin filaments. Control, actin alone in the absence of Tpm1.1 and Lmod2 fragments. 
(C) Dependence of inhibition of actin polymerization on the concentration of Lmod2 fragments 
in the presence of 1 μM Tpm1.1. (D) The inhibition of actin polymerization by 0.2 μM Lmod2 
fragments calculated as Rexp/Rcontrol. Initial rates (R) were determined as the first derivatives at 
time 0 after fitting. Asterisks indicate statistically significant groups determined using one-way 
ANOVA with Tukey–Kramer post hoc test. All values are mean ± SD (n = 3–6); *p < 0.05, 
**p < 0.01, ***p < 0.001.
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spectral resolution, we generated 15N-labeled Lmod2 [103-201] and 
recorded two-dimensional (2D) 15N–heteronuclear single quantum 
coherence (HSQC) spectra. Unfortunately, even in the labeled sam-
ple, about two-thirds of the peaks overlapped. Among the resolv-
able peaks, we did not observe spectral changes in the presence of 
actin (Supplemental Figure S5). This region may interact, however, 
with actin via a few residues located apart from each other, which 
are difficult to resolve on the 2D 15N-HSQC spectra.

Lmod2 [1-201] binds one Tpm molecule
To complete the mapping of binding sites in the N-terminal region 
of Lmod2, we studied the Tpm-binding properties of Lmod2 [1-201]. 
The N-terminal Tpm-binding site in Lmod2 is highly homologous to 
the first Tpm-binding site in Tmod1 (Kostyukova, 2007). In the 
Tmod1 [1-92] fragment, which contains only the first Tpm-binding 
site (Figure 1), the mutation of Leu-27 to Glu (L27E) destroys the 
formation of the hydrophobic surface in the amphipathic helix and 
results in loss of Tpm binding (Greenfield et al., 2005). However, the 
same amino acid substitution did not prevent Tpm from binding to 
a longer Tmod1 fragment [1-159] and full-length Tmod1 due to the 
presence of a second Tpm-binding site (Kostyukova et al., 2006). 
We introduced the homologous mutation into the Lmod2 [1-201] 
fragment, changing Leu-30 to Glu (L30E; Figure 1B).

Previously we demonstrated that Lmod binds both short and 
long Tpm isoforms (Kostyukova, 2007). We tested the ability of 
Lmod2 [1-201] and Lmod2 [1-201(L30E)] to form complexes with 
αTM1bzip, a chimeric peptide that contains the binding site of short 
Tpm isoforms (19 N-terminal residues encoded by exon 1b of the 
Tpm1 gene) for Tmod and Lmod (Kostyukova, 2007), using native 
gel electrophoresis. This 19-residue sequence is different from that 
of Tpm1.1, which is encoded by exon 1a of the Tpm1 gene (Geeves 
et al., 2015). The use of this peptide is preferred in this assay be-
cause complex formation with Tpm1.1 cannot be detected in native 
gel electrophoresis due to its low melting temperature and dissocia-
tion during electrophoresis.

Lmod2 [1-201] and Lmod2 [1-201(L30E)] were mixed with 
αTM1bzip in 1:1 and 1:2 M ratios and loaded onto a native poly-
acrylamide gel (Figure 4). αTM1bzip is positively charged and does 
not enter the gel. Binding of αTM1bzip changes the mobility of 
Lmod2 fragments in a gel, and a shift of the Lmod2 band should be 
observed when the complex is formed. An additional band ap-
peared when αTM1bzip was mixed with wild type but not mutated 
Lmod2 [1-201]. Therefore the wild-type fragment Lmod2 [1-201] 
binds αTM1bzip, whereas the mutant fragment Lmod2 [1-201(L30E)] 
does not.

There were no observable differences in NMR spectra of Lmod2 
[85-123] in the presence and absence of G-actin (Supplemental 
Figure S2). Therefore the fragment Lmod2 [85-123] cannot account 
for differences in actin-binding abilities between fragments Lmod2 
[1-94] and Lmod2 [1-201].

We observed subtle changes in the aromatic/amide chemical 
shift regions of the spectra of fragments Lmod2 [140-180] and 
Lmod2 [172-210] (Supplemental Figures S3 and S4), indicating a 
possibility that some of the amino acid residues of the Lmod2 re-
gion [124-201] participate in interactions with actin. The fragment 
Lmod2 [172-210] contains two residues, N207 and T209, that cor-
respond to residues N179 and T181, respectively, in Tmod1 and are 
conserved in the Tmod family. The residue N179 in Tmod1 has been 
shown to interact with actin (Rao et al., 2014), and therefore some of 
the changes in the NMR spectra of Lmod2 [172-210] may be attrib-
uted to interaction of N207 with actin. Other spectral changes (e.g., 
in Lmod2 [140-180]) are consistent with our observation that removal 
of residues 95–201 reduces the actin-binding ability of N-terminal 
fragments of Lmod2 in the absence of Tpm. We propose the exis-
tence of additional interactions with actin within residues 124–201 
of Lmod2.

Because changes in the spectra of Lmod2 [140-180] and Lmod2 
[172-210] were comparatively small, we were concerned that divid-
ing the region represented by residues 140–201 into shorter pep-
tides damaged the additional actin-binding site. We produced a 
continuous Lmod2 fragment (residues 103–201) that partly overlaps 
with Lmod2 [85-123]. Because the fragment Lmod2 [103-201] is lon-
ger, we did not expect that its proton resonance peaks could be 
resolved sufficiently well in 1D proton NMR spectra. To improve 

FIGURE 3:  Formation of a complex between the fragment Lmod2 
[45-94] and G-actin. NMR proton spectra of 0.2 mM Lmod2 [45-94] in 
the absence (red) and presence (blue) of 10 μM G-actin in the aromatic/
amide (top) and side-chain (bottom) chemical shift regions in 2 mM 
potassium phosphate, 0.1 mM ATP, 0.1 mM CaCl2, and 0.01% NaN3 at 
pH 6.8. In the presence of actin, a large number of resonance peaks 
manifested differential broadening/shifts (regions with broadened 
peaks are boxed). The NMR spectra were recorded at 25°C.

FIGURE 4:  Complex formation between αTM1bzip and Lmod2 
[1-201] or Lmod2 [1-201(L30E)] monitored by native (nondenaturing) 
PAGE. αTM1bzip/Lmod2 molar ratio was 0:1 (lanes 1 and 5), 1:1 (lanes 
2 and 6), 2:1 (lanes 3 and 7), and 1:0 (lane 4). Concentration of Lmod2 
fragments was 5 μM. αTM1bzip is positively charged and does not 
enter the gel. Arrows indicate Lmod2 fragments and the complex.
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(Figure 6, A and C). Although binding of Tpm is important for 
the inhibitory effect, the L30E mutation does not eliminate it 
completely.

Further, Lmod2 [1-201] was titrated by αTM1bzip (Figure 5). 
The decrease of free Lmod2, as well as the complex formation in 
the mixtures, was monitored by scanning and quantifying bands in 
the native polyacrylamide gel. The position of the complex band 
did not change at all Tpm/Lmod2 molar ratios. The density of the 
complex band increased and the density of Lmod2 [1-201] band 
decreased between 0.125 and 1 molar ratio and remained un-
changed at higher molar ratios. These results demonstrate that 
each molecule of Lmod2 [1-201] binds only one Tpm molecule, 
and the binding affinity is abolished if Leu30 located in Tpm1 is 
replaced with Glu, confirming that there is only one Tpm-binding 
site in Lmod2.

To analyze further the locations of the Tpm- and actin-binding 
sites within the N-terminal region of Lmod2, we performed pyrene-
actin polymerization assays in the presence of full-length Tpm1.1 
and Lmod2 [1-201] containing mutations in these sites.

Mutations L30E and W73D decrease the actin-binding 
ability of Lmod2 [1-201] in the presence of Tpm1.1
Using native gel electrophoresis, we did not detect any binding of 
Lmod2 [1-201(L30E)] with αTM1bzip. Here Lmod2 [1-201(L30E)] 
was tested in the pyrene-actin polymerization assay in the pres-
ence of Tpm1.1. The inhibition of pointed-end actin polymeriza-
tion by Lmod2 [1-201(L30E)] was approximately fivefold lower than 
that of Lmod2 [1-201]. The inhibitory activity of Lmod2 [1-201] 
reached 50% at a concentration ∼50 nM, whereas Lmod2 [1-
201(L30E)] reached 50% inhibition at a concentration of ∼500 nM 

FIGURE 5:  Titration of Lmod2 [1-201] by αTM1bzip. A stock solution 
of Lmod2 [1-201] was diluted to a final concentration of 5 μM with 
different concentrations of Tpm peptide in 20 mM Tris-HCl, pH 7.4. 
The decrease of free Lmod2 [1-201] and the increase of the complex 
were monitored by scanning and quantifying the Lmod2 [1-201] band 
in native polyacrylamide gels. (A) 9% native gel. (B) Dependence of 
the amount of free Lmod2 [1-201] (○) and density of the complex 
band (●) on the amount of αTM1bZip added. Lanes on the gel 
correspond to points on the graph. Lanes 1–11 contain αTM1bzip/
Lmod2 in ratios of 0, 0.125, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 
and 2.5, respectively.

FIGURE 6:  Mutations L30E and W73D reduce the capping ability of 
the Lmod2 [1-201] truncated fragment. Polymerization of 1.1 μM 
G-actin at the pointed end of gelsolin-capped actin filaments was 
measured in the presence of a saturating concentration of Tpm (1 μM) 
and various concentrations of Lmod2 [1-201(L30E)] (A) and Lmod2 
[1-201(W73D)] (B). Control, actin alone in the absence of Tpm1.1 
and Lmod2 fragments. (C) Dependence of inhibition of actin 
polymerization on concentration of Lmod2 [1-201] fragments, wild 
type, and with the mutations. Initial rates (R) were calculated as the 
first derivatives at time 0 after fitting. The inhibition of polymerization 
was calculated as Rexp/Rcontrol.
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Mutations L30E and W73D affect Lmod2’s assembly 
and function in neonatal rat cardiomyocytes
To study the functional effects of mutating the first Tpm- and actin-
binding sites of Lmod2, we introduced L30E and W73D mutations 
into GFP-Lmod2. GFP, GFP-Lmod2, GFP-Lmod2 (L30E), and GFP-
Lmod2 (W73D) were expressed in neonatal rat cardiomyocytes using 
adenovirus. Cells with similar expression levels were then analyzed 
by immunofluorescence microscopy to determine the localization of 
each construct and thin filament lengths (Figure 7).

GFP-Lmod2 and GFP-Lmod2 (W73D) both localize to the 
pointed end and along the length of the thin filaments but are ab-
sent from the Z-disk (Figure 7A). However, GFP-Lmod2 (W73D) 
does not visibly assemble as well at the pointed end as does wild 
type (Figure 7A). GFP-Lmod2 (L30E) also assembles along the fila-
ment but displays very little pointed-end localization (Figure 7A). 
Note that assembly of GFP-Lmod2 along the length of the thin fila-
ment was previously observed and is likely nonspecific or of low 
affinity (Tsukada et al., 2010; Boczkowska et al., 2015). Therefore, to 
aid in quantifying the location of the GFP-Lmods, the cytosol of 
cardiomyocytes was extracted before fixation, which removes non-
specific sarcomere/cytoskeleton associations. GFP-Lmod2 assem-
bles at the pointed end of the thin filament in 90 ± 2.9% of cardio-
myocytes analyzed. Introduction of the W73D mutation or the L30E 
mutation significantly reduces assembly at the pointed end of the 
thin filaments to 63 ± 5.2% or 22 ± 2.4% of cardiomyocytes ana-
lyzed, respectively (Figure 7B).

The average thin filament length increases upon Lmod2 expres-
sion (Figure 7C), as we previously reported (Tsukada et al., 2010). The 
W73D mutation does not significantly alter the ability of Lmod2 to 
elongate thin filaments (GFP-Lmod2 [W73D], 0.92 ± 0.009 μm; GFP-
Lmod2, 0.93 ± 0.007 μm). However, the presence of the L30E muta-
tion abolishes Lmod2-induced thin filament elongation (GFP-Lmod2 
[L30E], 0.87 ± 0.007 μm; GFP, 0.84 ± 0.008 μm; Figure 7C).

To study the effect of the W73D mutation on exchange of 
Lmod2 molecules, we performed fluorescence recovery after pho-
tobleaching (FRAP) experiments. Rat neonatal cardiomyocytes 
transduced with either GFP-Lmod2 or GFP-Lmod2 (W73D) were 
photobleached in a rectangular area spanning nearly four sarco-
meres and fluorescence recovery monitored at the pointed end for 
∼1 min after photobleach (Supplemental Figure S6). Recovery was 
fitted using a single-exponential association equation for each cell. 
The mutant has a slight increase in the mean rate of recovery and 
a shorter mean half-time (Figure 8), suggesting that it exchanges 
more quickly than the wild type. A faster exchange is characteristic 
of a weaker affinity (Sprague et al., 2004). The wild-type and mu-
tant Lmod2 have the same mobile fraction (i.e., the same fraction 
of exchangeable molecules).

DISCUSSION
The role of Lmod2 in sarcomeres of cardiac muscle is under debate. 
There are data demonstrating its ability to act as a potent actin nu-
cleator (Chereau et  al., 2008; Tsukada et  al., 2010; Boczkowska 
et  al., 2015) and an elongation factor for thin filaments (Tsukada 
et al., 2010). Moreover, the location and roles of Lmod2’s TM- and 
actin-binding sites are being constantly revised (Chereau et  al., 
2008; Tsukada et al., 2010; Boczkowska et al., 2015). Assignment of 
binding sites is the fundamental basis for understanding Lmod2’s 
function in myocytes, and the aim of this study was to determine the 
arrangement of binding sites within the N-terminal region of Lmod2.

Recent work on the actin-binding properties of Lmod2 suggested 
that Lmod2 has no N-terminal actin-binding site (Boczkowska et al., 
2015). In the present study, we discovered the presence of an 

To confirm further the presence of the functional actin-binding 
site that we localized to residues 45–94 by NMR, we mutated Trp-73 
to Asp (W73D) in Lmod2 [1-201]. The position of Trp-73 in Lmod2 
corresponds to Leu-71 of Tmod1 (Figure 1B). Mutating Leu-71 to 
Asp decreased the actin-capping ability of Tmod (Kostyukova et al., 
2005). In pointed-end polymerization experiments, introduction of 
W73D into Lmod2 [1-201] caused threefold decrease of the ability 
of the fragment to inhibit actin polymerization (50% inhibition 
reached at ∼150 nM; Figure 6, B and C), suggesting that Trp73 be-
longs to the actin-binding site. However, the effect of the W73D 
mutation is lower than that of the L30E mutation.

In addition, we introduced the W73D mutation into full-length 
Lmod2. Lmod2 (W73D) was purified and tested in actin nucleation 
assays. The mutation had almost no effect on the nucleation ability 
of Lmod2; Lmod2 (W73D) nucleated actin similarly to wild-type 
Lmod2.

FIGURE 7:  The N-terminal TM- and actin-binding domains of Lmod2 
contribute to its localization and thin filament elongation function.  
(A) Representative images of rat neonatal cardiomyocytes expressing 
GFP alone, GFP-Lmod2, GFP-Lmod2 (L30E), or GFP-Lmod2 (W73D) 
stained with phalloidin to label F-actin and for sarcomeric α-actinin to 
label the Z-disks. Arrows mark pointed-end assembly. Scale bar, 
10 μm. Insets in GFP/α-actinin merged images represent twofold 
magnification to highlight pointed-end assembly of each construct. 
Scale bar, 2 μm. (B) Pointed-end assembly of cytosol-extracted rat 
neonatal cardiomyocytes transduced with GFP, GFP-Lmod2, GFP-
Lmod2 (L30E), and GFP-Lmod2 (W73D). Graph shows the percentage 
of cardiomyocytes demonstrating pointed-end assembly (mean ± 
SEM); 300 total counts from ∼100 cells/culture, three cultures; 
**p < 0.01, ***p < 0.001, one-way ANOVA. (C) Thin filament lengths 
of rat neonatal cardiomyocytes transduced with GFP, GFP-Lmod2, 
GFP-Lmod2 (L30E), and GFP-Lmod2 (W73D). All values are mean ± 
SEM; 54–66 total measurements from ∼10 cells/culture, 3-4 cultures; 
***p < 0.001, one-way ANOVA.
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excluding these residues in the peptides used in isothermal titra-
tion calorimetry experiments resulted in the decrease of actin bind-
ing for the Lmod2 peptide below the sensitivity of the technique 
(Boczkowska et al., 2015).

Our data also indicate that there are additional interactions with 
actin within residues 124–201. Based on the NMR data, actin bind-
ing in the region is not localized to a long, continuous stretch of resi-
dues but is instead mediated by interactions with a few individual, 
and most likely separated in sequence, residues. It is possible that 
these residues form transient yet biologically significant contacts 
with actin. The presence of these interactions is also supported by 
the increased ability of Lmod2 [1-201] to inhibit actin polymerization 
at the pointed end compared with the shorter Lmod2 fragment 
[1-94] both with and without Tpm1.1 (Figure 2). Whereas in the pres-
ence of Tpm1.1, maximal possible inhibition of actin polymerization 
by Lmod2 [1-201] was reached at 0.2 μM (Figure 6C), inhibition by 
Lmod2 [1-94] was weaker at the same concentration (Figure 2D). 
Moreover, even in the absence of Tpm1.1, Lmod2 [1-201] was able 
to decrease actin polymerization.

Although the mutation W73D decreased the ability of Lmod2 
[1-201] to inhibit actin polymerization, it did not affect the actin nu-
cleation activity of full-length Lmod2. However, recently it was 
shown that the double mutation Y72D/W73D caused a slight but 
visible decrease in nucleation ability (Chen et al., 2015). These ob-
servations agree with our mapping of an actin-binding site in the 
N-terminal region. In addition, removal of the whole N-terminal re-
gion up to the beginning of the LRR domain caused an even larger 
decrease of Lmod2’s nucleating ability, although much less than the 
removal of the WH2 domain (Chereau et  al., 2008; Boczkowska 
et al., 2015). Together all of the data indicate that interaction of the 
N-terminal region of Lmod2 with actin is less important for actin 
nucleation but has an essential role in the previously demonstrated 
ability of Lmod2 to inhibit actin polymerization (Tsukada et al., 2010).

In cardiomyocytes in culture, assembly of Lmod2 (W73D) is re-
duced compared with wild-type Lmod2. Furthermore, in FRAP ex-
periments, the W73D mutant displays a slight increase in rate of re-
covery at the pointed ends and a resulting decrease in half-time of 
recovery compared with the wild-type protein. The rate of recovery 
after photobleaching is indicative of either dissociation rate of a 
molecular complex (off-rate) or binding affinity (the ratio between 
association [on-rate] and off-rate [Sprague et al., 2004]). Together 
these data suggest that the W73D mutation results in a decrease in 
the pointed-end binding affinity, consistent with the results of the in 
vitro actin polymerization experiments. However, it is not clear why, 
with an overall reduction in binding affinity/assembly, the W73D 
mutation is still able to elongate thin filaments as well as wild type. 
It is possible that due to the relatively high level of expression of the 
constructs in the cells, we are unable to detect a difference in activ-
ity between the W73D mutant and wild type. This is potentially sup-
ported by actin polymerization assays that show a fairly narrow 
range in concentration in which the W73D mutation and wild type 
show a difference in inhibition. Alternatively, maintenance of thin 
filament length may depend not only on the binding of Lmod2 but 
also on the rate of filament elongation when Lmod2 is bound. De-
pending on the balance between on-rate, off-rate, and rate of elon-
gation, Lmod2 mutations may influence thin filament maintenance 
in a way that does not directly correlate with Lmod2 binding affinity. 
Thus, the W73D mutation could increase the elongation rate of 
bound filaments, possibly explaining why the mutant elongates thin 
filaments even though it does not assemble as well.

Based on our data, Lmod2 has only one Tpm-binding site and 
binds to one Tpm per molecule. Titration of Lmod2 [1-201] by 

actin-binding site immediately following the only Tpm-binding site 
in the N-terminal region of Lmod2 (residues 7–41; Colpan et  al., 
2016). Our NMR data show numerous interactions between actin 
and the Lmod2 fragment encompassing residues 45–94 and no in-
teraction between actin and the Lmod2 fragment encompassing 
residues 85–123. Because, due to introduced charges of amine and 
carboxyl groups, terminal residues of an interacting fragment may 
lose interactions otherwise present in the entire protein, we can 
safely assign the actin-binding site to be within residues 43–90. 
Neighboring residues beyond this region are not likely to participate 
in actin binding. These data are corroborated by results of the py-
rene-actin assays demonstrating that the W73D mutation decreases 
the ability of Lmod2 to inhibit actin polymerization and therefore 
binding at the pointed end of the actin filament.

Boczkowska et al. (2015) detected no interaction between actin 
and an Lmod2 peptide that included residues 52–103; taken to-
gether with our data, this indicates that Lmod2 residues 45–51 are 
critical for binding to actin. Residues 45–51 (NLPVGQR, underlined 
in Figure 1B) in Lmod2 correspond to residues 43–49 (LLPAGLR) in 
Tmod1 (Figure 1B), residues MLPAGFR in Tmod2 (accession num-
ber AF177169.1), residues LLPAGFR in Tmod3 (accession number 
AF177171.1), and residues LLPAGLR in Tmod4 (accession number 
AF177173.2), indicating that residues *LPAG*R are conserved in 
different members of tropomodulin family and important for the 
common function of the isoforms in this region. It is possible that 

FIGURE 8:  Fluorescence recovery after photobleaching of GFP-
Lmod2 and GFP-Lmod2 (W73D). (A) Mean relative recovery after 
photobleaching over time for GFP-Lmod2 (blue triangles) and 
GFP-Lmod2 (W73D) (red squares). (B) Recovery data fit using 
nonlinear regression curves with the single-exponential association 
equation R = M[1 − exp(−kt)] for each individual cell, where R is the 
relative recovery of fluorescence at time t. Mean mobile fraction (M), 
rate (k), and half-time of recovery (t1/2) are indicated ± SEM. Bold 
indicates values that are statistically significantly different between 
GFPLmod2 and GFPLmod2 (W73D). n = 34–36 from three 
independent cultures; *p < 0.05, Student’s t test.
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were purchased from Integrated DNA Technology (Coralville, IA). 
Subcloning enzymes and buffers were purchased from New 
England Biolabs (Ipswich, MA). DNA sequencing was confirmed 
by GENEWIZ (South Plainfield, NJ).

MultAlin (multalin.toulouse.inra.fr/multalin/; Corpet, 1988) and 
Jpred (www.compbio.dundee.ac.uk/www-jpred/; Drozdetskiy et al., 
2015) were used for amino acid sequences alignment and second-
ary structure prediction, respectively.

Protein expression and purification
Lmod2 [1–94], Lmod2 [1-201], Lmod2 [1-201(L30E)], and Lmod2 [1-
201(W73D)] were expressed and purified as described (Chereau 
et al., 2008). After purification, proteins were exchanged into 20 mM 
Tris-HCl, pH 7.4, for biochemical analysis.

Lmod2 [43-94], Lmod2 [85-123], Lmod2 [140-180], and Lmod2 
[172-210] fusion proteins were expressed in regular Luria–Bertani 
(LB) medium. Lmod2 [114-150] was expressed in ZYP medium 
(Studier, 2005). Lmod2 [103-201] was expressed in M9 minimal me-
dium with 28 mM (15NH4)2SO4 as the only nitrogen source. All cell 
pellets, except for those expressing the Lmod2 [140-180] construct, 
were solubilized in 8 M urea, 300 mM NaCl, 10 mM imidazole, and 
50 mM sodium phosphate buffer at pH 8.0, followed by sonication 
at 50% amplitude for 5–6 min and centrifugation at 17,000 rpm for 
30 min at 4°C. For the Lmod2 [140-180] construct, cell pellets were 
resuspended in a buffer containing 300 mM NaCl, 10 mM imidazole, 
50 mM sodium phosphate at pH 6.9, 0.7 mM phenylmethylsulfonyl 
fluoride (PMSF), and one cOmplete Mini, EDTA-free tablet. The cell 
suspension was sonicated at 50% amplitude for 5–6 min, followed 
by centrifugation at 17,000 rpm for 30 min at 4°C. For all constructs, 
the supernatant was purified with His60 Ni Superflow (Clontech) and 
the fusion proteins were eluted with 250 mM imidazole. Lmod2 [85-
123], Lmod2 [114-150], Lmod2 [140-180], Lmod2 [172-210], and 
Lmod2 [103-201] fusions were cleaved with CNBr at a 500:1 molar 
ratio and in 0.3 M HCl. Several trials showed that Lmod2 [85-123] 
and Lmod2 [140-180] were cleaved by CNBr more efficiently in 6 M 
GuHCl than in 8 M urea. After CNBr cleavage, each reaction was 
loaded onto reversed-phase chromatography (Sep-Pak C18; Waters, 
Milford, MA). All constructs were eluted with 30% acetonitrile and 
0.1% trifluoroacetic acid (TFA), which were then frozen at −80°C and 
lyophilized overnight.

After Ni–nitriloacetic acid purification from cell lysates, Lmod2 
[43-94] fusion protein was additionally purified with reverse-phased 
chromatography to remove imidazole and other salts before being 
cleaved by enterokinase at pH 6.8. The plasmid pET-15b-EK_
C122S_His5 (entry number 49048) for expression of recombinant 
enterokinase was obtained from the nonprofit plasmid depository 
Addgene. Enterokinase was purified as described (Skala et al., 
2013). Enterokinase cleavage reaction was controlled to reach ∼60–
80% cleavage efficiency overnight in order to minimize the degree 
of nonspecific cleavage. To stop the proteolytic reaction, 1 mM 
PMSF was added to the overnight reaction mixture, followed by 
purification with reversed-phase chromatography. Mass spectrom-
etry analysis showed that enterokinase cleaved the fusion after Arg-
44, resulting in an Lmod2 [45-94] fragment. During purification with 
reversed-phase chromatography, the Lmod2 [45-94] fragment was 
eluted with 40% acetonitrile and 0.1% TFA. The purified product 
was frozen and lyophilized overnight.

For all Lmod2 constructs, lyophilized samples were purified by 
high-performance liquid chromatography (HPLC) on a Waters Vydac 
218TP reversed-phase C18 column, using a linear (0–50%) gradient 
of acetonitrile in the presence of 0.1% TFA at a constant flow rate 
of 1 ml/min. Lmod2 [85-123] and Lmod2 [103-201] were further 

αTM1bZip showed that no more than one Tpm peptide was bound 
by this Lmod2 fragment. The mutation L30E, which is predicted to 
disrupt the formation of an amphipathic helix within this site, re-
sulted in loss of Tpm-binding ability and approximately fivefold de-
crease in actin-capping ability of Lmod2 [1-201]. Consistently, our 
cell data showed that the mutation L30E in Lmod2 led to a drastic 
decrease in assembly at the pointed end and the loss of Lmod2’s 
ability to increase thin filament lengths in cardiomyocytes. These 
results support that pointed-end assembly is necessary for Lmod2’s 
ability to increase thin filament length. It also suggests that the Tpm-
binding site is necessary for Lmod2’s pointed-end assembly, which 
is similar to that seen for Tmod. Of interest, the comparable muta-
tion in Tmod1 (L27E) reduces pointed-end assembly by only 25% 
(Tsukada et  al., 2011), but the mutation L30E in Lmod2 reduces 
pointed end assembly in 68% of cardiomyocytes analyzed. This fur-
ther supports the notion that, unlike Tmod1, Lmod2 does not have 
a second Tpm-binding site.

We propose a model in which Tmod1 functions as a tight cap at 
the pointed end and Lmod2 acts as a leaky cap. Lmod2 allows actin 
to polymerize at the pointed end, although at a lower, and therefore 
more easily controlled, rate than in the absence of these proteins. 
This is substantiated by our observation that only <80% inhibition 
can be achieved in actin polymerization assays with Lmod2 [1-201] 
(Figure 6) and Lmod2 [1-514] (Tsukada et al., 2010). According to 
this model, the Tpm-binding site is the major determinant of bind-
ing at the pointed end and competition with Tmod1, whereas the 
N-terminal actin-binding site ensures only limited inhibition at the 
end, allowing elongation of the filament.

MATERIALS AND METHODS
Plasmid construction
The constructs Lmod2 [1-94], Lmod2 [1-201], Lmod2 [1-201(L30E)], 
and Lmod2 [1-201(W73D)] were made using the previously de-
scribed N-terminal histidine (His)-tagged chicken Lmod2 (cLmod2) 
construct (Tsukada et al., 2010). Reverse primers were designed to 
truncate the full-length cLmod2 and add a single alanine (GCA) to 
the C-terminus of Lmod2 (for efficient dithiothreitol [DTT]-induced 
cleavage). The product was inserted between NcoI and SapI within 
pTYB3 (New England BioLabs, Ipswich, MA), which fuses an intein-
tag to the C-terminus of Lmod2. For expression in cardiomyocytes, 
mouse Lmod2 was cloned from cDNA generated from left ventricle 
tissue and the coding sequence inserted into pEGFP-C2 (Clontech, 
Mountain View, CA) using XhoI and HindIII restriction sites. Muta-
tions (L30E and W73D) were introduced using a QuikChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA). All sequences 
were confirmed by DNA sequencing.

Synthetic DNA coding Gallus gallus Lmod2 (NP_001186644) 
and optimized for Escherichia coli expression was obtained from 
GenScript (Piscataway, NJ). DNA regions coding for amino acid resi-
dues 43–94, 85–123, 140–180, 172–210, and 103x201 were sub-
cloned into the pET-21b(+) vector (EMD Millipore, Billerica, MA) 
between EcoRI and XhoI sites as MFH-fusion proteins (Tolkatchev 
et  al., 2010). An enterokinase cleavage site (5′-GACGATGAT-
GACAAG-3′, coding for DDDDK) was inserted between the coding 
regions for Lmod2 [43-94] and MFH. An alanine residue was also 
inserted at the beginning of Lmod2 [43-94] coding sequence to fa-
cilitate efficient enterokinase cleavage. For Lmod2 [85-123], Lmod2 
[140-180], Lmod2 [172-210], and Lmod2 [103-201] fusion con-
structs, a cyanogen bromide cleavage site (5′-ATG-3′ coding for one 
methionine residue) was inserted between the Lmod2 coding re-
gions and the MFH tag protein. The cleavage sites enabled the re-
moval of the MFH tag from Lmod2 peptides. Primers for subcloning 
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Lmod2 [1–94], Lmod2 [1-201], Lmod2 [1-201(L30E)], and Lmod2 [1-
201(W73D)] peptides were determined using a BCA Assay Kit 
(Thermo Fisher Scientific, Waltham, MA).

The identity of all Lmod2 fragments purified for NMR experi-
ments was confirmed by mass spectrometry: 5814.14 (average 
mass, expected 5813.6) for Lmod2 [45-94], 4487.6 (monoisotopic 
mass, expected 4487.8) for Lmod2 [85-123], 4545.2 (monoiso-
topic mass, expected 4546.0) for Lmod2 [140-180], 4187.1 
(monoisotopic mass, expected 4189.0) for Lmod2 [172-201], and 
11415.7 (average mass, expected 11415.47) for Lmod2 [103-
201] (15N-labeled construct). The differences between the ex-
pected and detected values were within the error of the experi-
ment. With the exception of the Lmod2 [140-180] fragment, the 
concentrations of the Lmod2 fragments were determined by 
measuring difference spectra as described earlier. The concen-
tration of Lmod2 [140-180] fragment was determined using the 
BCA Assay Kit.

Fluorescence measurements
Actin polymerization was detected as the change in pyrene-actin 
fluorescence using a PTI fluorometer (excitation, 366 nm; emission, 
387 nm; with a 2-nm slit). To measure actin nucleation, a range of 
concentrations of Lmod2 wild type, truncated, and mutant was 
added to 1 μM G-actin/0.1 μM pyrene-G-actin or 1.5 μM G-ac-
tin/0.15 μM pyrene-G-actin, and the reaction was initiated by add-
ing the 20× polymerization buffer (final concentration, 100 mM KCl, 
1 mM MgCl2, 1 mM ethylene glycol tetraacetic acid (EGTA), 25 mM 
imidazole, pH 7.0). Actin polymerization in the absence of Lmod2 
was measured as a control. To measure polymerization of actin at 
the pointed end, seeds (short filaments capped at the barbed ends 
with gelsolin) were prepared as described (Kostyukova and Hitch-
cock-DeGregori, 2004) by polymerization of 3 μM G-actin in the 
presence of 30 nM gelsolin. Polymerization was monitored by the 
increase in fluorescence when the seeds were diluted fivefold with 
1 μM G-actin (10% pyrene-actin) in the polymerization buffer. The 
initial concentrations of F- and G-actin after dilution were 0.6 and 
1.1 μM, respectively. We added 1 μM Tpm1.1 and Lmod2, wild type 
or mutant, to the seeds before dilution with G-actin solution. Gelso-
lin capped seeds were prepared in sets of four, and fluorescence 
measurements were carried out in parallel in a four-cuvette holder 
with actin alone as a control in each set. Exponential curves were 
fitted to the polymerization data using SigmaPlot 12, and initial 
rates (R) were calculated as the first derivatives at time zero. Statisti-
cal analysis was done using one-way analysis of variance (ANOVA) 
with a Tukey–Kramer post hoc test in SigmaPlot 12.

The fluorescence signal was normalized using the equation

F F F F F( ) 100 / ( )t (sample) min(sample) max (control) min(control)= − × −

where F is the normalized fluorescence, Ft(sample) is the real fluores-
cence at time t; Fmin(sample) is the minimal sample fluorescence after 
fitting, Fmax (control) is the maximal control fluorescence after fitting, 
and Fmin (control) is the minimal control fluorescence after fitting

Binding experiments
The chimeric Tpm peptide designed for structural and functional 
studies (Greenfield et al., 2001) contained 19 N-terminal residues of 
short Tpm isoforms encoded by exon 1b of the Tpm1 gene. To 
stabilize the coiled-coil structure, the Tpm peptide contained an ad-
ditional 18 C-terminal residues of the GCN4 leucine zipper domain. 
The identity of the synthetic peptide was confirmed using mass 
spectroscopy.

purified by HPLC on a XBridge C18 column using gradients of ace-
tonitrile in 1% NH4HCO3 and desalted on a XBridge C18 column by 
a 0–50% acetonitrile gradient in 0.1% TFA. All HPLC-purified sam-
ples were freeze-dried overnight.

Actin acetone powder was purified according to protocols de-
scribed in Pardee and Spudich (1982a,b) with modifications. Purifi-
cation was carried out in the cold room at 4°C. Breast muscle from 
a freshly killed chicken was immediately embedded in ice. The vis-
ible fat and connecting tissue were trimmed, and the muscle was 
ground in an electric meat grinder, which was rinsed with cold 
0.2 M EDTA. Ground muscle was weighed and placed in a 4-l 
plastic beaker, and myosin was extracted with 2× (volume/muscle 
weight) extraction buffer (0.15 M potassium phosphate buffer, 
pH 6.7, 0.3 M KCl, 20 mM EDTA, 5 mM MgCl2, and 3.3 mM ATP) 
for 10–15 min with stirring. Then, a double volume of cold, deion-
ized water was added to stop extraction. The mixture was filtered, 
and the pulp was washed in sequence with 5× volume of 0.4% 
NaHCO3, 0.1 mM CaCl2, 2× volume of 10 mM NaHCO3, 10 mM 
Na2CO3, 0.1 M CaCl2, and 10× volume of MQ-H2O. A 2× volume 
of ice-cold acetone was added to the pulp, and the mixture was 
stirred for 30 min in ice. Pulp was filtered, and this step was re-
peated five more times; then the acetone powder was dried and 
stored at −20°C.

G-actin was purified from acetone powder following protocols 
previously described (Spudich and Watt, 1971; MacLean-Fletcher 
and Pollard, 1980) with modifications. Briefly, actin was extracted 
twice from 1 g of acetone powder with 20 and 10 ml of buffer A 
(2 mM Tris-HCl, pH 8, 0.5 mM DTT, 0.2 mM ATP, 0.2 mM CaCl2, and 
0.01% NaN3) during 10 min on ice. The solution was filtered through 
a Whatman filter and through a 0.2-mm Millipore filter. To polymer-
ize actin, 50 mM KCl and 2 mM MgCl2 were slowly added to the 
solution. After 2 h, KCl concentration was adjusted to 0.6 M. The 
mixture was centrifuged at 50,000 rpm (Beckman Ti-70 rotor) at 4°C 
for 2.5 h. The pellet was washed twice, resuspended in 2 ml of buffer 
A, and sonicated for 2 min on ice. ATP concentration was adjusted 
to 1 mM and dialyzed for 2 d against buffer A at 4°C. Dialysis buffer 
was changed daily. After centrifugation at 100,000 rpm (Beckman 
TLA-100 rotor) for 2 h at 4°C, G-actin from the supernatant was puri-
fied using a gel-filtration Sephacryl S-300 column equilibrated with 
buffer A.

Pyrene iodoacetamide–labeled G-actin was prepared as de-
scribed (Kouyama and Mihashi, 1981; Cooper et  al., 1983) and 
stored in liquid nitrogen. Before experiments, pyrene-actin was de-
frosted at 37°C and centrifuged to remove aggregates.

Tpm1.1 was purified as in Moroz et al. (2013). Recombinant hu-
man gelsolin was a generous gift from John H. Hartwig (Brigham 
and Women’s Hospital and Hematology Division, Boston, MA). 
N-acetylated Tpm peptide, αTM1bzip, was synthesized by the Tufts 
University Core Facility (Boston, MA).

Protein and peptide concentration measurements
The purity of G-actin, Tpm1.1, αTM1bZip, Lmod2 [1–94], Lmod2 
[1-201], Lmod2 [1-201(L30E)], and Lmod2 [1-201(W73D)] was evalu-
ated using SDS–PAGE. Actin, Tpm1.1, and αTM1bZip concentra-
tions were determined by measuring difference spectra in 6 M gua-
nidine HCl between pH 12.5 and 7.0 using the equation [C] = A294/
(2357NY + 830NW), where [C] is molar protein concentration, A294 is 
absorbance at 294 nm, 2357 and 830 are extinction coefficients for 
tyrosine and tryptophan, respectively, and NY and NW are numbers 
of tyrosines and tryptophans in a protein, respectively (Edelhoch, 
1967; Fasman, 1989). Tpm concentrations were determined for two-
stranded coiled-coil Tpm1.1 and αTM1bZip. The concentrations of 
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visible striations at the pointed end. The data are presented as the 
percentage of the total number of GFP-positive mature cardiomy-
ocytes in each group (mean ± SEM). Data are from three indepen-
dent cultures.

FRAP
A Leica SP5-II spectral confocal with a 63×/NA 1.4 objective and a 
488-nm argon laser was used for FRAP experiments. Cells were 
plated on glass-bottom dishes (MatTek, Ashland, MA) thin-coated 
with Matrigel (1:100) at ∼1.5 × 105 cells/dish and maintained at 37°C 
with CO2 for the duration of the experiment. One prebleach image 
was recorded, followed by photobleaching for 1 s at 100% total la-
ser power. To monitor recovery after photobleaching, images were 
captured in successive intervals of 0.17 s (for a duration of 5 s), 1 s 
(for a duration of 20 s), and 2 s (for a duration of 40 s). Analysis of 
recovery was completed as described previously with minor modifi-
cations (Wang et al., 2005). In brief, images were analyzed using 
Leica Application Suite software, and mean intensities from 
bleached and nonbleached regions were recorded. After correction 
for photobleaching caused by image acquisition, intensities were 
normalized so that prebleach intensity was set to 1 and postbleach 
intensity was set to 0. Mobile fractions and half-times were deter-
mined from nonlinear regression curves fit using the one-exponen-
tial association equation R = M[1 − exp(−kt)] with Prism 4 software, 
where R is the relative recovery at time t, and M is the mobile frac-
tion. Half-time is equal to 0.69/k. Recovery was determined inde-
pendently at two or three thin filament pointed ends per cell. Ap-
proximately 10 cells per treatment were analyzed in each experiment, 
and three experiments were averaged.

NMR sample preparation
Special care was taken to ensure identical pH for Lmod2 peptide 
samples in the presence and absence of G-actin. Specifically, puri-
fied, lyophilized Lmod2 fragments were dissolved in 1 mM sodium 
phosphate and pH adjusted to 6.8. Each sample solution was di-
vided into two equal portions and lyophilized to dryness. G-actin 
was dialyzed against 2 mM potassium phosphate, 0.1 mM ATP, 
0.1 mM CaCl2, and 0.01% NaN3, pH 6.8, with one buffer change. 
For each Lmod2 construct, the dialysis buffer equilibrated with the 
actin dialysate was used to dissolve the first lyophilized portion, and 
an equal volume of actin was added to the other lyophilized portion. 
For NMR measurements, the concentration of the Lmod2 fragments 
was ∼0.2 mM for the unlabeled fragments and ∼0.1 mM for the 15N-
labeled fragment; actin concentration was ∼10 μM.

NMR spectral analysis
The 1D proton and 2D 15N-HSQC NMR spectra were recorded at 
25°C on a Varian VNMRS 600 MHz spectrometer (Agilent Technolo-
gies, Santa Clara, CA) equipped with a 5-mm triple-resonance probe. 
The gNhsqc pulse sequence found in the BioPack pulse sequence 
library (Agilent Technologies, Liberty Lake, CA) was used to record 
the 2D 15N-HSQC spectra. Extra care was given to the calibration of 
the water flipback pulse to avoid water saturation and signal loss. For 
each 2D spectrum, we recorded 2 × 128 increments with 10,000-Hz 
spectral width in F2 (1H) and 3700-Hz spectral width in F1 (15N).

Lmod2-Tpm binding was detected using native gel electrophore-
sis in nondenaturing 9% polyacrylamide gels that were polymerized 
in the presence of 10% glycerol without SDS. To prepare complexes 
for loading onto gels, Lmod2 [1-201] and Lmod2 [1-201(L30E)] were 
mixed with αTM1bzip in a 1:1 and 1:2 molar ratios. For titration, a 
stock solution of Lmod2 [1-201] was diluted to a final concentration 
of 5 μM with different concentrations of αTM1bzip in 20 mM Tris-HCl, 
pH 7.4. After electrophoresis, gels were stained by Coomassie R-250, 
scanned, and analyzed using an Image-Scanner III densitometer with 
Labscan 6.0 and ImageQuantTL 7.0 image analysis software.

Cell culture and adenoviral transduction
Cardiomyocytes were isolated from postnatal day 1–3 rat hearts as 
described (Brand et al., 2010). Isolated cells were plated on 35-
mm tissue culture dishes containing 12-mm round glass coverslips 
thin-coated with Matrigel (1:100; BD Biosciences, San Jose, CA) at 
∼4.5 × 105 cells/dish. Cells were maintained in DMEM with 1 g/l 
glucose (Life Technologies) with the addition of 10% (vol/vol) fetal 
bovine serum (HyClone, Logan, UT) and 1% penicillin/streptomy-
cin (Cellgro; Mediatech, Manassas, VA). Cardiomyocytes were 
transduced with adenovirus 2 d after plating at a multiplicity of 
infection of 1. Expression differences between constructs were fur-
ther normalized using Western blot analysis (unpublished data). 
Adenovirus expressing GFP, GFP-Lmod2, GFP-Lmod2 (L30E), and 
GFP-Lmod2 (W73D) were generated as previously outlined (Bliss 
et al., 2013).

Immunofluorescence microscopy
At 2–3 d after transduction, cells were incubated in relaxing buffer 
(150 mM KCl, 5 mM MgCl2, 10 mM 3-(N-morpholino)propanesul-
fonic acid, pH 7.4, 1 mM EGTA, and 4 mM ATP) for 15 min and 
fixed with 2% paraformaldehyde in relaxing buffer for 15 min. 
Transduced myocytes were stained as described (Pappas et  al., 
2008) with monoclonal anti–sarcomeric α-actinin (1:3000; EA-53; 
Sigma-Aldrich, St. Louis, MO) and Texas red–phalloidin (1:50; Invi-
trogen, Carlsbad, CA) to mark Z-disks and F-actin, respectively. 
Alexa Fluor 350 goat anti-mouse immunoglobulin G (1:200; Invit-
rogen) was the secondary antibody used. The cells were analyzed, 
and images were captured using a DeltaVision RT system (Applied 
Precision, Mississauga, Canada) with an inverted microscope (IX70; 
Olympus, Tokyo, Japan), a 100×/numerical aperture (NA) 1.3 
objective, and a charge-coupled device camera (CoolSNAP HQ; 
Photometrics, Tucson, AZ) using SoftWoRx 3.5.1 software (Applied 
Precision). The images were then deconvolved using SoftWoRx 
and processed using Photoshop CS (Adobe, San Jose, CA). Thin 
filament and sarcomere lengths were measured using the DDecon 
plug-in for ImageJ (the precision of the method is 0.01–0.02 μm; 
Littlefield and Fowler, 2002). Thin filament lengths were analyzed 
within a sarcomere length range of 2.0–2.2 μm; this sarcomere 
length was not significantly different between groups. Statistical 
analysis was done using a one-way ANOVA with Prism 4 software 
(GraphPad Software, La Jolla, CA). To determine specific interac-
tions of GFP-Lmod2 at the pointed end, cells were extracted in 
cytoskeleton-stabilization buffer (10 mM 1,4-piperazinediethane-
sulfonic acid, pH 6.8, 100 mM KCl, 300 mM sucrose, 2.5 mM 
MgCl2, and 0.5% Triton X-100 plus protease inhibitors) before fixa-
tion. Nearly 100 cardiomyocytes per culture (with mature staining 
for α-actinin) were imaged, and sarcomeric assembly of each con-
struct was analyzed as follows: “pointed-end assembly” refers to 
clear and well-defined striated staining at the pointed end (>90% 
of sarcomeres contain GFP striations); “no pointed-end assembly” 
refers to faint (<90% of sarcomeres contain GFP striations) or no 
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