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Abstract

The LIM and SH3 domain protein (lasp) family, the smallest proteins in the nebulin

superfamily, consists of vertebrate lasp-1 expressed in various non-muscle tissues,

vertebrate lasp-2 expressed in the brain and cardiac muscle, and invertebrate lasp

whose functions have been analyzed in Ascidiacea and Insecta. Gene evolution of

the lasp family proteins was investigated by multiple alignments, comparison of gene

structure, and synteny analyses in eukaryotes in which mRNA expression was con-

firmed. All invertebrates analyzed in this study belonging to the clade Filasterea, with

the exception of Placozoa, have at least one lasp gene. The minimal actin-binding

region (LIM domain and first nebulin repeat) and SH3 domain detected in vertebrate

lasp-2 were found to be conserved among the lasp family proteins, and we showed

that nematode lasp has actin-binding activity. The linker sequences vary among

invertebrate lasp proteins, implying that the lasp family proteins have universal and

diverse functions. Gene structures and syntenic analyses suggest that a gene frag-

ment encoding two nebulin repeats and a linker emerged in Filasterea or Holozoa,

and the first lasp gene was generated following combination of three gene fragments

encoding the LIM domain, two nebulin repeats with a linker, and the SH3 domain.

K E YWORD S

actin-binding, invertebrate, lasp, LIM and SH3 protein, nebulin

1 | INTRODUCTION

In mammals, five proteins with nebulin repeats encoded by four genes

comprise the nebulin superfamily: nebulin (gene symbol in humans:

NEB), nebulette (LASP2/NEBL), nebulin-related-anchoring protein (N-

RAP; NRAP), LIM and SH3 protein 1 (lasp-1; LASP1), and LIM and SH3

protein 2 (lasp-2; LASP2/NEBL), (Pappas et al., 2011; Figure 1a). The

smallest proteins in the nebulin superfamily are lasp family members,

which consist of lasp-1 and lasp-2 in vertebrates and lasp in inverte-

brates (reviewed by Butt & Raman, 2018). Lasp-1 is expressed in vari-

ous non-muscle tissues and is localized in actin-rich subcellular

regions such as focal adhesions and lamellipodia; its localization varies

according to cell type (Chew et al., 2002). Lasp-2 is highly expressed

in the brain and shows similar cellular localization to lasp-1. Lasp-2 is

also localized in the Z-lines and intercalated discs of the cardiac mus-

cle, where lasp-1 shows no localization (Ziesennis et al., 2008). Four

phosphorylation sites (S61, S99, Y146, and Y171) have been identified

in mammalian lasp-1, and phosphorylation of lasp-1 was reported to

decrease affinity to F-actin and other interacting proteins such as

zyxin and affect cellular localization of lasp-1 (Butt et al., 2003; Chew

et al., 2002; Keicher et al., 2004; Lin et al., 2004; Mihlan et al., 2012;

Figure 1a). Phosphorylation-dependent translocation of lasp-1 to the

nucleus has also been observed and mutation of an essential amino

acid (L74) in the nuclear export signal (NES) promoted this nuclear

localization (Mihlan et al., 2012).

The minimal actin-binding region of lasp-2 is the LIM domain and

the first nebulin repeat (Nakagawa et al., 2009), which is similar to

that in lasp-1. The SH3 domain of both lasp-1 and lasp-2 interacts
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with components of focal complexes such as zyxin and paxillin (Bliss

et al., 2013; Li et al., 2004). Additionally, the SH3 domain of lasp-1

binds to dynamin and controls membrane transport (Okamoto et al.,

2002), and the SH3 domain of lasp-2 binds to alpha actinin in Z-lines

(Zieseniss et al., 2008). The gene structures of LASP1 and LASP2/NEBL

of mammalian and avian species differ, although their amino acid

sequences are similar. LASP1 has no splice variants; however, human

and chicken LASP2/NEBL generate another transcript which encodes

nebulette, an actin-binding protein specifically expressed in cardiac

muscle. The mRNA of human lasp-2 consists of seven exons; the first

23 (of 28) exons of nebulette mRNA are located between exons 4 and

5, and exon 6 and 7 of lasp-2 are identical to exon 27 and 28 of

nebulette (Terasaki et al., 2006; Figure 1b). Thus, LASP2/NEBL gener-

ates proteins with different molecular weights (34 and 115 kDa) and

the amino acid sequences of the region from the third nebulin repeat

to the SH3 domain in the two proteins are identical (Figure 1a).

We first reported that the mRNAs of four invertebrates, fruit fly

(Drosophila melanogaster), nematode (Caenorhabditis elegans), sea

urchin (Strongylocentrotus purpuratus), and sea squirt (Ciona

intestinalis), encode proteins homologous to both vertebrate lasp-1

and lasp-2 (Terasaki et al., 2008). Among them, the transcripts of

C. intestinalis (Ci lasp) bound to F-actin and were detected in various

tissues, including the central nervous system, suggesting that inverte-

brate lasp family proteins have similar functions to those found in

both vertebrate lasp-1 and lasp-2. We also confirmed that

D. melanogaster and C. elegans have a single gene encoding lasp (gene

symbol used in this study: LASP). Lee et al. (2008) reported that a

mutant of D. melanogaster LASP resulted in male sterility, whereby

spermatid migration was perturbed. Dm lasp also binds actin and con-

tributes to accumulation of oskar, a posterior determinant of the

embryo (Suyama et al., 2009). Fernandes and Schöck (2014) showed

that Dm lasp localizes to the Z-line and controls I-band architecture.

In our previous study, we proposed that some (or all) genes of the

nebulin superfamily are derived from one ancestral gene similar to

invertebrate lasp, because nebulin superfamily proteins have a LIM or

SH3 domain (or both), and domain order (LIM domain, nebulin

repeats, linker sequence, and then SH3 domain) is conserved (Terasaki

et al., 2008; Figure 1a). This hypothesis was supported by comparative

genome analyses of muscle components including the nebulin super-

family in various eukaryotes which showed that most invertebrates in

Holozoa, except Placozoan (Trichoplax adhaerens), have only LASP

(Steinmetz et al., 2012).

Among invertebrates, only Cephalochordata and Urochordata

express genes other than the typical invertebrate LASP. Based on the

F IGURE 1 Schematic representation of the nebulin superfamily members and gene structure of human LASP2/NEBL. (a) Protein names, gene
symbols, molecular mass, domain structures, expressed tissues, and subcellular localization of the nebulin superfamily. The gene symbols of the
various species are described in the same manner as human genes. Lasp-2 and nebulette are generated by alternative splicing from a single gene
in avian and mammalian species. Abbreviations used in “cellular localization” are as follows: DB, dense body; FA, focal adhesion; FL, filopodia; ID,
intercalated disc; LA, lamellipodia; MJ, myotendinous junction; SA, thin filament of sarcomere; Z, Z-line. Subcellular localization of invertebrate
lasp is described following previous reports in Drosophila melanogaster (Dm) of Fernandes and Schöck (2014), Branchiostoma belcheri (Bb) of
Hanashima et al. (2009b), and Caenorhabditis elegans (Ce) of Meissner et al. (2011). Asterisks indicate four phosphorylation sites (S61, S99, S146,
and Y171) and an essential amino acid in the nuclear export signal (NES; L74) of lasp-1 reported in mammalians and putative phosphorylation
sites of lasp-2 (T150 and Y184) predicted from sequence homology to lasp-1. (b) Human lasp-2 mRNA consists of seven exons and shares exons
5–7 with nebulette mRNA, which has a total of 28 exons. Chicken nebulette mRNA lacks exons 25 and 26 corresponding to the linker region.
Colored regions correspond to the LIM domain (green), nebulin repeats (pink, magenta, and red), SH3 domain (blue), and conserved linker
sequences of vertebrate lasp-1 and lasp-2 (pale orange and yellow, respectively)
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genome database of the lancelet Branchiostoma floridae, Hanashima

et al., (2009a) predicted the gene structure of Bf LASP/NEB, coding

lasp and nebulin. Bf LASP/NEB comprised the LIM domain, more than

100 nebulin repeats, and the SH3 domain dispersed across a large

genomic region (>200 kb). Although the full-length cDNA sequences

of Bf lasp and Bf nebulin were undetermined, the authors obtained

cDNA encoding lasp with the LIM domain, three nebulin repeats, and

the SH3 domain from Branchiostoma belcheri, a closely related species

of B. floridae. Another study (Hanashima et al., 2009b) determined the

partial cDNA sequence of B. belcheri nebulin and an antibody against

Bb nebulin reacted with a 750-kDa band and stained the Z-line of sar-

comeres. Thus, lancelets are thought to express both lasp and nebulin

from a single LASP/NEB that is similar to vertebrate LASP2/NEBL (see

Figure 1b). Recently, Nishikawa et al., (2019) reported that the Ci NEB,

coding Ascidiacea nebulin, is located on the same chromosome 1 as Ci

LASP, albeit distantly (14.3 Mb). The LIM domain was not found in Ci

NEB and transcripts encoding nebulin repeats and the SH3 domain

are expressed in various muscle tissues.

Steinmetz et al. (2012) mainly used predicted mRNA sequences

based on the Reference Sequence (RefSeq) collection in the National

Center for Biotechnology Information (NCBI) database annotated

from whole-genome sequencing data, although the expression of

some genes was not confirmed. Additionally, among invertebrates,

actin-binding activities and cellular/tissue localization of lasp family

proteins have been studied only in Ascidiacea (Ci lasp; Terasaki et al.,

2008) and Insecta (Dm lasp; Suyama et al., 2009).

In this study, we analyzed the evolution of invertebrate LASP, ver-

tebrate LASP1, and vertebrate LASP2/NEBL. First, we searched for

genes encoding the LIM domain, nebulin repeats, and the SH3 domain

in updated genome databases. Next, we confirmed mRNA expression

of the genes using expressed sequence tag (EST) clones and RNA

sequencing (RNA-seq) data. We also sequenced some EST clones to

obtain full-length mRNA sequences. Then, we compared the amino

acid sequences and gene structures. We also conducted synteny ana-

lyses to examine the evolutionary relationships among genes of the

lasp family proteins, including Bf LASP/NEB and Ci NEB. Our data sug-

gest that the ancestral lasp with two nebulin repeats emerged in the

origin of multicellular organisms and retained exons encoding a region

for actin-binding activity. Additionally, our findings imply that genes

of the vertebrate nebulin superfamily, at least vertebrate LASP1 and

LASP2/NEBL, were derived from invertebrate LASP. These findings are

the first step in analyzing the molecular evolution of the nebulin

superfamily.

2 | RESULTS

2.1 | Lasp family proteins analyzed in this study

Most invertebrate LASP and vertebrate LASP1 and LASP2/NEBL ana-

lyzed in the current study are deposited in the NCBI database and are

also found in the Ensembl and Ghost databases (Table S1; for all species

details, refer to Section 5). Most mRNA sequences encoding lasp pro-

teins are deposited as RefSeq sequences in NCBI, and some sequences

were also deduced from RNA-seq data and EST clones. Complete

mRNA sequences of Hs lasp-1, Hs lasp-2, Gg lasp-1, Gg lasp-2, Xt lasp-1,

Dm lasp, Ce lasp, and Ci lasp were determined from full-length cDNA or

assembled EST clones in the NCBI database, and these mRNA records

have “known RefSeq” accession prefixes (category NM).

mRNA sequences of Lo lasp-1, Lo lasp-2, Xt lasp-2, Bf lasp, Sp

laspA, Sp laspB, Nv lasp1, Nv lasp2, Nv lasp3, Hv lasp, Aq lasp, Co

lasp, Mb lasp, and Sr lasp were predicted by the eukaryotic genome

annotation pipeline in NCBI using “model RefSeq” accession prefixes

(category XM). RNA-seq data of Lo lasp-2 in PhyloFish was identical

to model RefSeq of Lo lasp-2. RNA-seq data of Lo lasp-1 was almost

homologous to model RefSeq of Lo lasp-1; however, the former

included additional sequences corresponding to exon 6, and was

therefore used for subsequent analyses (see Data S1). We previously

reported EST clones encoding Sp laspA and laspB (Terasaki

et al., 2008), and the RNA-seq data of Sp laspA were identical to

sequences of the EST clone, although the Sp LASPA was predicted to

have a shorter transcript in NCBI. In Nematostella vectensis, two EST

clones covered most of the model RefSeq of Nv lasp1, except for the

N-terminal region of the LIM domain (see Data S1). One EST clone

was identical to the model RefSeq of Nv lasp2, and another was

identical to that of Nv lasp3. In Hydra vulgaris, two EST clones were

identical to the model RefSeq of Hv lasp. Two EST clones of

Amphimedon queenslandica were identical to the model RefSeq of

Aq lasp.

An EST clone of Co lasp was almost identical to the model RefSeq

encoding the LIM domain, one nebulin repeat, and the SH3 domain.

The EST clone lacked the latter part of the SH3 domain encoding

24 amino acids and a stop codon, which were found in the genomic

sequence. The model RefSeq of Mb lasp has two PH domains, one

LIM domain, one nebulin repeat, and three SH3 domains; however,

the EST clones covered one LIM domain and one nebulin repeat. The

model RefSeq of Sr lasp has one LIM domain, one nebulin repeat, and

two SH3 domains, but no EST clone was deposited. The mRNAs cod-

ing lasp of Capitella teleta, Clytia hemisphaerica, and Mnemiopsis leidyi

have not been deposited as known/model RefSeqs, but two EST

clones of Ct lasp were almost identical to the hypothetical protein

predicted in the draft genome sequence and cDNA coding Ch lasp

was deposited (Figure 2; Table S1). cDNA of Ml lasp encoding the LIM

domain and nebulin repeats followed by a stop codon were previously

determined (Steinmetz et al., 2012), and no homologous EST clone

was found. The determined cDNA sequence of Xt lasp-2 was

completely identical to the RefSeq of Xt lasp-2. The determined cDNA

sequence of Bf lasp had additional sequences corresponding to exon

3, which were not identified in the model RefSeq due to sequence

gaps in the genome sequence; we thus used our Bf lasp cDNA data

for subsequent analyses.

We also searched for mRNA sequences of nebulette, another

transcript of vertebrate LASP2/NEBL, to compare gene structures. The

full-length mRNA sequence of Hs nebulette (NM_006393) was depos-

ited as a known RefSeq. An EST clone of Gg nebulette (U35276.1)

encoded a partial cDNA of the C-terminus of nebulette and covered

all amino acid sequences shared with Gg lasp-2 (Terasaki et al., 2006).

RNA-seq data of Lo nebulette was identical to the model RefSeq. The
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mRNA sequence of Xt nebulette was predicted by adding some EST

clones from the closely related Xenopus laevis, whose nucleotide

sequences overlapped with Xt EST clones. All deduced amino acid

sequences are listed in Data S1.

We checked all species analyzed for phylogenomic distribution

of genes of lasp family proteins by Steinmetz et al. (2012) for

updated genome databases, and confirmed that no other LASP, LASP1,

or LASP2/NEBL had been deposited (Figure 2). We further

analyzed the genome databases of Corallochytrium (corallochytrean,

Corallochytrium limacisporum) and Ichthyophonida (ichthyosporean,

Sphaeroforma arctica), and could not find proteins with nebulin

repeats. We confirmed that ciliate protozoans (Tetrahymena

thermophila) and higher plants (Arabidopsis thaliana), for which genome

sequences have mostly been determined, lack proteins with nebulin

repeats in the genome database. Most invertebrates have only one

LASP, but sea urchins (Sp LASPA and LASPB) and sea anemones (Nv

LASP1, LASP2, and LASP3) have multiple genes closely localized

(Table S1 and Figure S1). All vertebrate species have one LASP1 and

LASP2/NEBL. LASP1 of all vertebrates analyzed in this study (human,

chicken, frog, and spotted gar) encode two nebulin repeats and LASP2

encode three nebulin repeats (see Data S1). We found that most

invertebrate LASP have two nebulin repeats. However, Bf LASP has

three nebulin repeats, similar to Bb LASP (Hanashima et al., 2009a).

SMART predicted one nebulin repeat in Co LASP and Mb LASP

(Figures 2 and 3a, described later).

2.2 | Amino acid homology of lasp family proteins

2.2.1 | Conservation of the LIM domain and nebulin
repeats

Sequence alignment of lasp family proteins demonstrated conserva-

tion in the LIM domain, first nebulin repeat, and second nebulin repeat

(Figure 3a). The SDXXYK motif of nebulin repeats, first identified in

nebulin (Labeit et al., 1991), was found as SQXXYK in the first nebulin

repeat and as SNXXYK in the second nebulin repeat of vertebrate

lasp-1 and lasp-2. Serine (S) and tyrosine (Y) in the SDXXYK motif

were conserved in all nebulin repeats except the second nebulin

repeat of Co lasp (Figure 3a, b). Additionally, the glutamine (Q) just

before the SDXXYK motif was conserved in the first nebulin repeat,

with the exception of Co lasp (Figure 3a). We found another new con-

sensus sequence (VADTPEXXR) in the nebulin repeats, and arginine

(R) in this motif was completely conserved in all nebulin repeats

(Figure 3a). Co lasp showed homology to VADTPEXXR both in the

first and second nebulin repeats, although SMART detected only one

nebulin repeat in Co lasp (Figure 3a). Both motifs were also conserved

in the third nebulin repeat specific for vertebrate lasp-2. The phyloge-

netic tree of the LIM domain and the first and the second nebulin

repeats showed two distinct clusters of vertebrate lasp-1 and lasp-2

(Figure 3c). Invertebrate lasp family proteins showed similarity to both

lasp-1 and lasp-2, and Bf lasp showed most similarity to vertebrates.

F IGURE 2 Phylogenomic distribution of lasp family proteins. Rows: species and their phylogenetic positions. Pink rows indicate species in
which genes of lasp family proteins were deposited with their genome data. Gray rows indicate species in which genome sequences were fully
determined and no LASP were found. In the “lasp” column, we have added the domain structures of lasp family proteins if the structures differ
from that of one LIM domain, two or three nebulin repeats, and one SH3 domain. Bold gene or domain names in a column indicate that EST
clones or RNA-seq data were found (see Table S1). The phylogenetic relationship of the analyzed organisms is indicated as a tree diagram on the
left. †Organisms first analyzed in this study
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2.2.2 | Conservation of the SH3 domain

The SH3 domains were highly conserved in all lasp family proteins

(Figure 4a). The SH3 domain of Co lasp, of which the amino acid

sequence is much shorter than that of other lasp family proteins,

was also identified as an SH3 domain by SMART. Additional amino

acid sequences connecting to the SH3 domain of Co lasp and Ce lasp

were deduced (Data S1). Similar to the LIM domain and nebulin

repeats (Figure 3c), phylogenetic analyses of the SH3 domain

showed two distinct clusters of vertebrate lasp-1 and lasp-2, and

invertebrate lasp showed similarity to both lasp-1 and lasp-2

(Figure 4b).

F IGURE 3 Conservation of the LIM domain and nebulin repeats of lasp family proteins. (a) Multiple sequence alignment of the LIM domain
(green), the first nebulin repeat (pink), and the second nebulin repeat (magenta) of vertebrate and invertebrate lasp family proteins. For all figures,
refer to Table S1 for species information. Conserved residues are indicated in black and similar residues in light gray. Asterisks (*) under sequences
indicate amino acids completely conserved in all species. Colons (:) indicate amino acids showing 50%–99% identity or 50%–100% similarity, and
periods (.) indicate 30%–49% similarity between species. The LIM domain and nebulin repeats are shown in colored boxes. S61 and S99 indicate
phosphorylation sites and L74 is an essential amino acid in the NES reported in mammalian lasp-1. SDXXYK is a consensus sequence of the nebulin
repeat, and VADTPEXXR is a newly identified consensus sequence revealed in our study. Red letters in the consensus sequences are conserved
between all proteins used in our study. Lines above the alignment indicate exons of Gg lasp-2; lines under the alignment indicate the fragments with
(LIM domain—the first nebulin repeat) and without (exons 2–7) actin-binding activity of Gg lasp-2. Double underline indicates the fragment
corresponding to exons 1–3 of Gg lasp-2 analyzed in this study. (b) Multiple sequence alignment of the third nebulin repeat of vertebrate lasp-2.
(c) Phylogenetic analysis of the LIM domain, first nebulin repeat, and second nebulin repeat of lasp family proteins by maximum likelihood method.

Bootstrap values are shown for each node. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. Co lasp
was used as the outgroup. (d) Co-sedimentation assay of Gg lasp-2 fragments. s: supernatant; p: pellet. GST-LIM-n1 (arrowhead) was co-precipitated
with actin filaments, but GST-E1-3 was not (asterisk). Samples were run in 12.5% gel and mobilities of molecular mass markers are listed on the left
of the gel images (in kilodaltons). (e) Co-sedimentation assay of Ce lasp in high-speed and low-speed centrifugation. Arrowheads indicate Ce lasp
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2.2.3 | Amino acid homology of linker sequences

Phylogenetic analyses of the linker sequences of vertebrate lasp-1

and lasp-2 proteins showed that each group of linker sequences was

distinctly clustered (Figure S2a,b). However, the sequences and

lengths of the linker sequences of invertebrate lasp varied between

species (Figure S3). We also searched for proteins homologous to the

linker sequence and found that Bf lasp, Dm lasp, Ce lasp, and Nv lasp

showed homology to lasp of the same phylum, whereas others (Nv

lasp1 and Aq lasp) showed homology to unrelated proteins. The linker

sequences of Sp laspA, Sp laspB, Nv lasp3, Hv lasp, and Co lasp had no

homologous proteins (Table S2).

(a)

(b)

F IGURE 4 Alignment of the SH3 domain of vertebrate and invertebrate lasp family proteins. (a) Multiple sequence alignment of the SH3
domain (blue) of vertebrate and invertebrate lasp proteins. The SH3 domains predicted by SMART are shown in boxes. (b) Maximum likelihood
tree of the SH3 domain. Co lasp was used as the outgroup
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2.2.4 | Conserved amino acids of phosphorylation
sites and the NES

The phosphorylation sites of the actin-binding region (S61 and S99;

Figure 3a) and linker region (S146 and Y171; Figure S2a) reported in

mammalian lasp-1 were conserved among all vertebrate lasp-1,

except Lo lasp-1, which has a threonine instead of serine at S61.

S61, S99, and Y171 were also conserved among vertebrate lasp-2

(Figures 3a and S2a). The putative phosphorylation site of lasp-2

(T150) in the third nebulin repeat was conserved except in Lo

lasp-2 (Figure 3b). S61 was substituted to threonine in most inverte-

brate lasp (Ci lasp, Sp laspA, Sp laspB, Nv lasp1, Nv lasp2, Nv lasp3,

Hv lasp, Aq lasp, and Co lasp); however, Dm lasp and Ce lasp had no

phosphorylatable amino acids in the region. S99 was conserved as

serine or threonine in all invertebrate lasp, except for Ce lasp

(Figure 3a). As mentioned above, the linker sequences of inverte-

brate lasp showed no homology to vertebrate lasp-1 or lasp-2, and

we could not find possible phosphorylation sites from sequence

homology (Figure S4). L74, an essential amino acid in the NES in

human lasp-1 (Mihlan et al., 2012), was conserved between lasp-1

and lasp-2 in all vertebrates analyzed in this study. We found that

some lasp in invertebrates, including Ci lasp, Sp laspA, Sp laspB, Nv

lasp2, Nv lasp3, and Aq lasp (Figure 3a), have L74.

2.3 | Actin-binding activity of lasp family proteins

2.3.1 | Actin-binding activity of Gg lasp-2

In a previous study, using a co-sedimentation assay with F-actin, we

determined that the LIM domain and first nebulin repeat (LIM-n1) of Gg

lasp-2 are responsible for actin-binding activity (actin-binding region of

Gg lasp-2 in Figure 3a; Nakagawa et al., 2009). In the present study, we

analyzed actin-binding activity of shorter fragments encoding exons 1–

3 (E1–3), corresponding to the LIM domain and the first half of the

nebulin repeat. Under high-speed sedimentation, polymerized actin was

detected in the pellet, and the GST-tagged LIM-n1 fragment precipi-

tated with actin, as previously demonstrated (Nakagawa et al., 2009;

Figure 3d). However, the shorter Gg lasp-2 fragment (GST-E1–3) was

confirmed to have lost actin-binding activity (Figure 3d).

2.3.2 | Actin-binding activity of Ce lasp

We also performed a co-sedimentation assay of recombinant Ce lasp.

In the absence of actin, only a small proportion of full-length Ce lasp

precipitated, with most of the protein remaining in the supernatant

(black arrowhead, Figure 3e). When actin was added, about half of the

Ce lasp co-precipitated with F-actin. Therefore, low-speed sedimenta-

tion analysis of Ce lasp and actin was performed to analyze cross-

linking or bundling activity. F-actin alone did not sediment with low-

speed centrifugation. However, when we performed the assay with

Ce lasp at a molar ratio of 5:1, most of the actin were found in the

pellet with Ce lasp, indicating that Ce lasp complexed with F-actin to

form large aggregates.

2.4 | Gene structures of lasp family proteins

We analyzed gene structures, such as exon–intron boundaries and the

length of introns, of LASP1, LASP2/NEBL, and LASP from mRNA

sequences. All exon–intron boundaries in mRNA of vertebrate lasp-1

and lasp-2 in this study were conserved except Lo lasp-1, in which a

boundary between exons 5 and 6 was expected from RNA-seq but

could not be identified due to incomplete genome assembly (Figure 5,

wedge in Lo lasp-1).

Co lasp had the simplest structure, consisting of three exons: the

first exon encoding the LIM domain, the second encoding the nebulin

repeat and the linker region, and the third encoding the SH3 domain.

The LIM domain of most invertebrate lasp family proteins are encoded

by two exons as in vertebrates, except in Ce, Hv, and Co lasp (Figure 5).

Additionally, the exon–intron boundaries between the LIM domain and

the first nebulin repeat were conserved, with the exception of Hv lasp,

which had no boundary (Figure 5). The exon–intron boundaries in the

first nebulin repeat of vertebrate lasp-1 and lasp-2 mRNA were also

found in the mRNA of Aq lasp, Nv lasp1, Nv lasp2, Nv lasp3, Sp laspA,

Sp laspB, and Bf lasp, and boundaries in the second nebulin repeat

were conserved in Bf lasp. Exon–intron boundaries located in the linker

sequence of invertebrate lasp mRNA varied because of low homology

in the region (Figure S3). The mRNA of most lasp family proteins has a

single exon encoding the SH3 domain, and these exons have no addi-

tional sequence except in Co lasp and Ce lasp. Exon–intron boundaries

between the linker sequence and SH3 domain conserved among verte-

brate lasp-1 and lasp-2 were observed in some invertebrate lasp such

as Nv lasp1, Nv lasp2, Nv lasp3, and Ci lasp. We found that all six exons

of Sp laspB were inserted in the boundary between the first and sec-

ond exons of Sp laspA; in other words, the two genes were nested

(green arrowhead, Figure 5; details in Figure S1a).

Bf lasp, for which the mRNA sequence was fully determined in

this study, shares four exons (underlined exons 5, 7, 8, and 9 in

Figure 5) with exons predicted in Bf nebulin mRNA, similar to Bb

LASP/NEB (Hanashima et al., 2009a). The exons of Xt and Lo nebulette

were inserted between exons 4 and 5 of Xt and Lo lasp-2, respec-

tively, in the same manner as Hs and Gg LASP2/NEBL (red arrow-

heads), which we previously determined (Terasaki et al., 2006).

Distances between exons 2–3 and 3–4 of lasp-2 mRNA are large,

although insertions of nebulette exons in LASP2/NEBL analyzed in this

study occur only between exons 4–5 and 5–6 (Figure 6). All verte-

brate lasp-2 mRNA in this study shared exons 5–7 with exons of

nebulette mRNA (underlined exons 5–7 in Figure 5), and additional

insertions were found between exons 5 and 6 in Lo and Hs LASP2/

NEBL (yellow arrowheads in Figure 5; see Figure 6 in detail).

We also analyzed the distances between exons and overall gene

lengths of lasp family proteins to determine whether they have suffi-

cient intron length for insertion of exons encoding other proteins such

as nebulette. The genomic regions were substantially larger in all
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vertebrate LASP1 than in invertebrate LASP, but no additional exons

encoding other proteins were found between exons of LASP1

(Figure 6 and Table S1).

The genomic regions of all vertebrate LASP2/NEBL were much

larger than those in vertebrate LASP1 and invertebrate LASP

(Figure 6). Seven exons coding Hs lasp-2 mRNA were dispersed in a

large 394.2-kb genomic region, and the distances between exons 2, 3,

4, and 5 were much larger than those in Hs LASP1 (51.9 kb). Exons

1–23, 26, and 27 of human nebulette were located between exons

4 and 5 of Hs lasp-2, and exons 5–7 of lasp-2 mRNA were shared with

nebulette mRNA (Figure 1). The exons encoding Hs nebulette are

located in the last third of the genomic region of LASP2/NEBL. In addi-

tion, exons of Xt lasp-2 and Lo lasp-2 also span large genome regions

(132.8 kb and 116.7 kb, respectively), similar to Hs lasp-2.

F IGURE 5 Exon–intron boundaries of mRNA of lasp family proteins. Colored regions are as in Figure 1 and the striped magenta region
indicates the putative second nebulin repeat of Co lasp found in this study. Shaded regions indicate sequences predicted from genome databases
but lacking EST clones or RNA-seq data. The wedge in Lo lasp-1 indicates the position of at least one hypothetical boundary that could not be
determined due to incomplete genome assembly. Red arrowheads in Hs lasp-2, Gg lasp-2, Xt lasp-2, and Lo lasp-2 indicate sites where nebulette
exons were inserted, and yellow arrowheads indicate additional insertion sites of Lo lasp-2 and Hs lasp-2. White arrowheads in Bf lasp indicate
insertion sites of nebulin exons. The green arrowhead in Sp laspA indicates the insertion site of Sp laspB exons. Underlined exons are shared with
nebulette (Hs lasp-2, Gg lasp-2, Xt lasp-2, and Lo lasp-2) or nebulin (Bf lasp)
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As mentioned above, we revealed that two Sp lasp genes are

nested, whereby Sp LASPB is located on an intron within Sp LASPA

(Figure S1a). All six exons coding Sp laspB were inserted in the bound-

ary between the first and second exons of the Sp laspA. Nv LASP1,

LASP2, LASP3 were located close together in a tandem manner in the

same genomic region (Figure S1b).

In C. intestinalis, as an example of Ascidians (Urochordata), LASP

and NEB are located on chromosome 1 separated by a distance of

142 Mb (Figure S4). We confirmed that Ciona savignyi, a closely

related species, have LASP and NEB in different contigs (data not

shown). On the other hand, in amphioxi (Cephalochordata), like

B. floridae, the mRNAs of lasp and nebulin, which share some exons,

are transcribed from the same location on chromosome 16 (Figures 5

and S4). Furthermore, as mentioned above, the genomic region of the

Ci LASP gene is small (6.7 kb; Figure 6), but the region of the Bf LASP/

NEB is large (138.8 kb).

2.5 | Syntenic relationships among invertebrate
LASP, vertebrate LASP1, and LASP2/NEBL

We analyzed the syntenic conservation among invertebrate LASP

including Bf LASP/NEB using the physical maps of many

representative species (Figure 7 and Table S3). We also compared

their syntenic conservation with Ci NEB, which is located on the same

chromosome as Ci LASP. Many homologous genes surrounding inver-

tebrate lasp genes of sponge (Aq LASP), sea anemone (Nv LASP1/2/3),

and sea urchin (Sp LASPA/B) were found in Ensembl Metazoa. Addi-

tionally, one syntenic gene (STT3B) close to Aq LASP and Nv

LASP1/2/3 was located within 2 Mb of LASP of Filasterean (Co LASP).

Moreover, STT3B was found in the contig of sea urchin, chromosome

1 of sea squirt, and chromosome 16 of lancelet where the lasp genes

are located, although the distances between STT3B and Sp LASPA/B,

Ci LASP, Ci NEB, and Bf LASP/NEB were large (40, 9.2, 3.4, and 2.8 Mb,

respectively). Many syntenic genes among Aq LASP, Nv LASP1/2/3,

and Sp LASPA/B were mapped close to both Ci LASP and Ci NEB, and

three genes (CBX1B, FBXL20, and STARD3) were also found on verte-

brate chromosomes where LASP1 or LASP2/NEBL were located

(Figures 7 and S4). Two syntenic genes (TMEM245 and AOX) between

Aq LASP and Sp LASPA/B were localized close to Bf LASP/NEB, but

these genes were neither found on chromosome 1 of Ci nor identified

as syntenic genes in vertebrates. The syntenic genes conserved

among vertebrates were located far from Bf LASP/NEB.

We also searched genes surrounding LASP1 or LASP2/NEBL in

four vertebrates (fish, frogs, chickens, and humans) that were

orthologous to genes on Ci chromosome 1 (Figure S4 and Table S3).

F IGURE 6 Intron length and overall gene lengths of invertebrate LASP and vertebrate LASP1 and LASP2/NEBL. The horizontal line depicts
genomic regions of the genes; the upright boxes represent exons. In LASP2/NEBL, genomic regions coding lasp-2 and nebulette are indicated,
respectively. The large genomic region of Hs LASP2/NEBL is illustrated across two rows. The genomic regions of invertebrate LASP are much
smaller than those of vertebrate LASP1 and LASP2/NEBL, so enlarged images of the invertebrate LASP genes are presented in the box
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F IGURE 7 Syntenic relationships
of invertebrate LASP, Cephalochordata
NEB/LASP, and Urochordata NEB.
Physical maps of genes neighboring
Co LASP, Aq LASP, Nv LASP1/2/3, Sp
LASPA/B, Ci LASP, Ci NEB, and Bf
LASP/NEB. Species, chromosome
number or contig name, and
chromosome or contig length are

shown on the left side of each line.
Genes on vertical lines are located
within a 2-Mb distance from LASP
(indicated by red vertical boxes),
whereas genes not placed on lines are
located >2 Mb away. Boxes with black
borders indicate genes syntenically
conserved in vertebrates (see
Figure S4). Table S3 presents the
genes used in the syntenic analysis

428 FUJITA ET AL.



Seven genes within 5 Mb of Ci LASP (CBX1, FAM187B, SNF8, FBXL20,

ETV1, GRB10, and NFE2L1) were mapped close to some vertebrate

LASP1, although one gene (MASTL) was close to LASP2/NEBL of frogs

and chickens. Six genes within 5 Mb of Ci NEB (RPL19, LSM12, MYL1,

PLCH2, PSMC3IP, and STARD3) were mapped close to some verte-

brate LASP1. Two genes close to Ci NEB (STAM and HACD1) were

mapped close to all vertebrate LASP2/NEBL and one gene (YME1L1)

was close to LASP2/NEBL of frogs and chickens.

3 | DISCUSSION

3.1 | Genes and transcripts of lasp family proteins
in eukaryotes

The recent release of new genomic data from many invertebrate spe-

cies allowed us to more comprehensively investigate the evolution of

lasp family proteins. Genes in this family were analyzed based not

only on genome sequences but also mRNA sequences, because lasp

proteins have high amino acid similarity and gene structure analysis is

essential to define LASP, LASP1, and LASP2/NEBL. Indeed, the

sequences of EST clones and the RNA-seq of some species, such as

Sp laspA, were found to differ from the model RefSeq in this study

(Table S1 and Figure S1).

We searched for genes and transcripts encoding lasp family pro-

teins in various species of Unikonta and Bikonta. Our data support

the results of Steinmetz et al. (2012), showing that all Filozoa (animals

of Holozoa excluding Ichthyosporea and Pluriformea), except

Placozoan, analyzed in our current study had genes of the lasp family

proteins (Figure 2). We could not detect lasp genes in corallochytrean

(C. limacisporum) or ichthyosporean (S. arctica), which belong to

Holozoa and are phylogenetically placed near the animal–fungal diver-

gence. Their genome sequences have not been fully determined; thus,

the possibility that lasp genes exist remains.

Steinmetz et al. (2012) suggested that no genes of the nebulin

superfamily proteins exist in Opisthokonta including fission yeast

(Schizosaccharomyces pombe) and budding yeast (Saccharomyces

cerevisiae, Unikonta including slime mold (Dictyostelium discoideum)

and Sulcozoa (Thecamonas trahens), and Bikonta including amoeba

(Naegleria gruberi), green algae (Chlamydomonas reinhardtii), and fern

(Selaginella moellendorffii). We could not identify genes or transcripts

encoding nebulin repeats from the above-mentioned organisms in

updated databases, or from additionally analyzed ciliate protozoans

(T. thermophila) and higher plants (A. thaliana), for which the genome

sequences have been completely determined (Figure 2 and Table S1).

Therefore, we can confidently conclude that no organisms apart from

Holozoa express nebulin superfamily members.

The invertebrates of Filozoa analyzed in this study express only

genes encoding lasp as the nebulin superfamily protein, suggesting

that invertebrate lasp family proteins have multiple functions

corresponding to vertebrate nebulin superfamily proteins such as Ci

lasp and Dm lasp (Fernandes & Schöck, 2014; Lee et al., 2008;

Suyama et al., 2009; Terasaki et al., 2008). As an exception, sea

urchins and sea anemones have multiple lasp family proteins

(Steinmetz et al., 2012; Terasaki et al., 2008). One lasp gene of sea

urchins (Sp LASPB) is nested in the exons of another lasp gene (Sp

LASPA; Figure S1) in a similar manner to genes reported in other

organisms (Lee & Chang, 2013). In addition, three lasp genes of sea

anemones (Nv LASP1, Nv LASP2, and Nv LASP3) are tandemly

located (Figure S1), implying that local gene duplication frequently

occurred.

Among Filasteria, only Placozoa lacked LASP, as Koch et al.,

(2012) reported (Figure 2). Placozoa has the simplest body, consisting

of an outer layer of simple epithelium, although the Placozoa phylum

has been placed between Ctenophora and Cnidaria based on genomic

sequences (reviewed by Eitel et al., 2013). Lasp-1 and lasp-2 of verte-

brates are observed in cell–substrate adhesion but not cell–cell adhe-

sion; thus, lasp family protein of Placozoa may have been lost after

the simplification of body structures.

3.2 | Emergence and evolution of lasp family
proteins

The most primitive organism analyzed in our study whereby we

identified a gene and transcript encoding lasp is Capsaspora

owczarzaki, a close unicellular relative of metazoans. C. owczarzaki has

an aggregative stage similar to multicellular animals during part of the

cell cycle and has orthologs of genes that establish multicellularity

such as integrins and cadherins (Sebé-Pedr�os et al., 2013; Suga

et al., 2013). Phylogenetically, C. owczarzaki belongs to the class Dis-

cosea, together with choanoflagellates such as Monosiga brevicollis

and Salpingoeca rosetta, whose morphologies are similar to sponge

choanocytes (Hoffmeyer & Burkhardt, 2016). Recent genome analyses

have implied that C. owczarzaki is a closer unicellular ancestor of

metazoans than M. brevicollis and S. rosetta (Suga et al., 2013). The

predicted domain structure of Co lasp is more similar to other lasp

proteins compared to Mb lasp (with three SH3 domains) and Sr lasp

(with two SH3 domains; Figure 2).

The gene structure of Co LASP was the simplest among the spe-

cies analyzed in this study, consisting of only three exons encoding

the LIM domain (exon 1), a typical first nebulin repeat and a putative

second nebulin repeat proposed in our analysis (exon 2), and the SH3

domain (exon 3; Figure 5). All eukaryotes other than Filasterea ana-

lyzed in our study were confirmed to have no proteins with nebulin

repeats (Figure 2), implying that nebulin repeats emerged in Filozoan

or Holozoan animal ancestors. Proteins with the LIM and SH3

domains in prokaryotes have been reported (Bianco, 2021; Burroughs

et al. 2011); thus, ancestral eukaryotes are thought to have genome

fragments encoding these domains.

Based on our findings, we propose mechanisms by which

LASP emerged and developed throughout evolutionary history

(Figure 8i–iv). Two nebulin repeats with a linker emerged in Filozoan

or Holozoan animal ancestors (Figure 8i). At the same time, the first

LASP similar in structure to Co LASP may have evolved through the

connection of exons encoding the LIM domain, nebulin repeats with

linker, and SH3 domain, and consequently obtained actin-binding

activity in the LIM domain and first nebulin repeat (Figure 8ii).
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Syntenic conservation among invertebrate LASP suggests that

they evolved from the same ancestral gene (Figure 7). During evolu-

tion to Metazoa, the exons of the LIM domain and the first nebulin

repeat may have split (Figure 8iii), because Aq LASP has exon bound-

aries in both, and the boundaries are also found in Dm LASP and Ce

LASP, respectively (Figure 5 and Data S1). However, the connection

between exons 1 and 2 (encoding the LIM domain) and that between

exons 3 and 4 (encoding the first nebulin repeat) may have been

retained to preserve actin-binding activity, because the co-

precipitation assay revealed that lasp-2 lacking exon 4 (encoding the

latter part of the first nebulin repeat) failed to bind actin (Figure 3d).

We also previously reported that deletion of the first exon of lasp-2,

encoding the former part of the LIM domain, resulted in loss of actin-

binding activity (Nakagawa et al., 2009).

During the evolution of Chordata, exon splitting may have

occurred in the second nebulin repeat (Figure 8iv), because Bf LASP/

NEB and all vertebrate LASP1 and LASP2/NEBL have exon boundaries

in this region (Figure 5), while other invertebrates do not have splits in

this position. Conserved exon–intron boundaries between vertebrate

LASP1 and LASP2/NEBL imply that they derived from the same ances-

tral gene (Figure 5), and the syntenic relationships between Ci LASP

and vertebrate LASP1 as well as between Ci LASP and LASP2/NEBL

support this idea (Figure S4). However, the genomic regions of all ver-

tebrate LASP2/NEBL are much larger than vertebrate LASP1 (Figure 6).

Gelfman et al. (2012) reported that introns were longer during the

evolution of Chordata, possibly due to complex gene regulatory sys-

tems. Lasp-2 is specifically expressed in neural tissues and striated

muscle, whereas nebulette is specifically expressed in cardiac muscle

(Moncman & Wang, 1995; Terasaki et al., 2004); thus, the large

introns may be related to regulation of tissue expression.

3.3 | Evolution of the vertebrate nebulin
superfamily

We previously showed that exon–intron boundaries of nebulin repeats,

which split the SDXXYK motif into two exons, were conserved

between NEB and NRAP of mammalians, and proposed the idea that

F IGURE 8 Molecular evolution of the lasp family proteins and nebulin superfamily. Hypothesized emergence of LASP. The first gene
fragment coding two nebulin repeats emerged (i) and the first LASP (Origin LASP) was generated by connection of the LIM and SH3 domains by
nebulin repeats (ii). Exon splitting occurred in the LIM domain and nebulin repeats during evolution (iii and iv). Additionally, we present two
hypotheses for the generation of the nebulin superfamily. Hypothesis 1: ancestral Chordata LASP/NEB emerged following exon multiplication of
Chordata ancestral LASP and generation of splice variants (v); then, vertebrate LASP1, LASP2, NEB, and NRAP were generated (vi). Hypothesis 2:
Chordata ancestral NEB was generated from Chordata ancestral LASP after local gene duplication (vii), vertebrate LASP1 and LASP2 were
generated from Chordata ancestral LASP (viii), and LASP2/NEBL was generated by insertion or multiplication of nebulin repeats. NRAP may have
been generated by homologous recombination between NEB and LASP1 or LASP2
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the entire nebulin superfamily was generated from ancestral LASP

(Terasaki et al., 2008). However, it is unclear how NEB and NRAP

evolved with LASP1 and LASP2/NEBL. In C. intestinalis (Urochordata),

LASP and NEB are located far apart on the same chromosome; by con-

trast, mRNA of lasp and nebulin in B. floridae (Cephalochordata) are

transcribed from LASP/NEB (Figures 5 and S4). Thus, we present two

hypotheses for the generation of vertebrate LASP1, LASP2, NEB, and

NRAP (Figure 8v–viii). Hypothesis 1: ancestral Chordata LASP/NEB

emerged by multiplication of exons coding the latter part of the first

nebulin repeat and the former part of the second nebulin repeat of

Chordata ancestor LASP (Figure 8v). Then, Chordata LASP/NEB devel-

oped splicing variants like Bf LASP/NEB. LASP1, LASP2/NEBL, NEB, and

NRAP were generated by two rounds of whole-genome duplication

from ancestral Chordata LASP/NEB (Figure 8vi). Subsequent loss of

exons of nebulin repeats led to LASP1, whereas LASP2/NEBL may have

retained splice variants as LASP/NEB. Loss of exons coding the LIM or

SH3 domains may have generated NEB or NRAP, respectively. This

hypothesis is supported by the fact that Bf LASP/NEB has nebulin exons

between exons 4 and 5, and Hs, Xt, and Lo LASP/NEBL have nebulette

exons between exons 4 and 5 (Figures 5 and 6). Hypothesis 2: through

local gene duplication, Chordata ancestral LASP generated Chordata

ancestral NEB, similar in structure to Ci NEB (Figure 8vii). Subsequently,

vertebrate LASP1 and LASP2 evolved from Chordata ancestral LASP by

whole-genome duplication (Figure 8viii). Then, multiplication of exons

or homologous recombination between LASP2 and NEB may have gen-

erated LASP2/NEBL with nebulette exons. NRAP, with an LIM domain

and multiple nebulin repeats, may have evolved from homologous

recombination between NEB and LASP1 or LASP2. This hypothesis is

supported by multiple genes of Nv LASP1/2/3 and Sp LASPA/B, which

are thought to be generated by local gene duplication (Figure S4). This

hypothesis is also supported by the stronger synteny of Ci LASP and Ci

NEB (compared to Bf LASP/NEB) to other invertebrate LASP and verte-

brate LASP1 and LASP2/NEBL (Figures 7 and S4).

Analysis of the gene structure of lasp-2 of Chondrichthyes and

Cyclostomata should be conducted in future studies to determine

whether they have nebulette exons. To date, N-RAP has been

reported only in mammalian and avian species; thus, searching for N-

RAP genes in Amphibia, Actinopterygii, Chondrichthyes, and Cyclo-

stomata is important. The evolution of nebulin superfamily genes

should be analyzed based not only on genome sequences but also on

mRNA sequences (as for the lasp family proteins), and syntenic analy-

sis will clarify the evolutionary relationships. Moreover, it is important

to investigate the tissue expression and cellular localization of the

nebulin superfamily.

3.4 | Roles of invertebrate lasp proteins in the
actin cytoskeleton

Our previous study of Ci lasp was the first to report the actin-binding

function of invertebrate lasp (Terasaki et al., 2008). We also revealed

that both the LIM domain and first nebulin repeat of Gg lasp-2 are

essential for actin binding and localization in filopodial actin bundles

(Nakagawa et al., 2009). The conservation in the LIM domain and the

first nebulin repeat among vertebrate and invertebrate lasp family

proteins (Figure 3a) implies that all lasp family proteins may have

actin-binding activity and localize in actin-containing structures.

Indeed, we confirmed the actin-binding activity of Ce lasp by a

co-sedimentation assay (Figure 3e). Additionally, most of the F-actin

sedimented at low speed in the presence of full-length Ce lasp (actin:Ce

lasp = 5:1), suggesting that Ce lasp either has more than one actin-

binding motif, or forms dimers or oligomers. Among lasp family proteins,

only Gg (chicken) lasp-2 was reported to have weak bundling activity

because a high molar ratio (actin:Gg lasp-2 = 1.5:1) was necessary for

sedimentation of most of F-actin at low speed and short actin bundles

were observed at a molar ratio of 2:1 (Zieseniss et al., 2008). Thus,

detailed analysis of the actin-binding site of Ce lasp should be analyzed

in future. “Localizome” for C. elegans body wall muscle by expression of

227 GFP-tagged proteins of orthologs and homologs of human muscle

cytoskeletal proteins showed that Ce lasp (F42H10.3) was localized in

dense bodies (Meissner et al., 2011). Dense bodies, homologous to the

vertebrate Z-line, are components of the contractile apparatus of body

muscle, and thin filaments are anchored to dense bodies. Ce lasp might

connect actin filaments to dense bodies via its actin-binding region.

The second nebulin repeat of vertebrate lasp-1 and lasp-2 and

the third nebulin repeat of vertebrate lasp-2 were also well-conserved

(Figure 3a) and may have some functions, although no binding part-

ners have been reported to date. Fernandes and Schöck (2014)

showed that a point mutation of Y in the SDXXY motif in the first and

second nebulin repeats had different phenotypes in Dm lasp; thus,

whether the point mutations of these motifs change their localization

or actin-binding activity should be examined in other invertebrates.

Nebulin repeats were first reported in nebulin, a giant protein

(~800 kDa) that is thought to regulate thin-filament lengths in skeletal

muscle (Horowits, 2006). Labeit & Kolmerer (1995) and Wang

et al., (1996) predicted that the conserved residues present in most (but

not all) of the nebulin repeats (SDXXYK) could bind to actin. To date,

however, biochemical evidence supporting this prediction is limited. Bac-

terially expressed multiple nebulin repeats of nebulin, nebulette, and N-

RAP have actin-binding activities (Luo et al, 1997; Ogut et al., 2003;

Wang et al., 1996). Thus, the actin-binding activity of lasp family proteins

was obtained by a combination of the LIM domain and nebulin repeats,

and subsequently, actin-binding activity without the LIM domain may

have evolved by multiplication of nebulin repeats.

The new consensus sequence (VADTPEXXR) identified in this

study (Figure 3a) is partly conserved in other nebulin superfamily pro-

teins. In human nebulin, sequences similar to the motif were found as

VLDTPEIQR, VQDTPEILR and VLDTPEMRR around repeats 172–183

located in the latter part of the 185 repeats, although sequences simi-

lar to VADTPE or PEXXR were found in many of the repeats (Labeit &

Kolmerer, 1995). In human nebulette, sequences similar to the

VADTPEXXR motif were found in some repeats, with the most similar

as VKDSPEIER and VSMTPEIER (Millevoi et al., 1998). In mouse N-

RAP, the motif has been identified as VADTPELLR (Mohiddin

et al., 2003). The VADTPEXXR motif in lasp family proteins may play

roles in actin-binding activity with the LIM domain, and point
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mutations like the SDXXY motif like Dm lasp (Fernandes &

Schöck, 2014) should be analyzed in future.

3.5 | Possible regulation of invertebrate lasp family
proteins

Most phosphorylation sites reported in mammalian lasp-1 were con-

served among all vertebrate lasp-1 and lasp-2, and the putative phos-

phorylation site of lasp-2 (T150) in its third nebulin repeat was

conserved among vertebrates (Figure 3b). However, among inverte-

brates, only S99 was conserved as serine or threonine in all inverte-

brate lasp family proteins, with the exception of Ce lasp (Figure 3a).

S99 and S146 were identified together as major phosphorylation sites

of recombinant mammalian lasp-1 by cAMP-dependent protein kinase

(PKA) that showed lower affinity to F-actin; moreover, double muta-

tion of S99A and S146A inhibited phosphorylation of lasp-1 in vitro

and redistribution of lasp-1 in gastric parietal cells caused by forskolin,

an activator of PKA (Chew et al., 2002). Similar regulation may exist in

invertebrate lasp family proteins, because PKA is conserved in most

eukaryotes (Gancedo, 2013).

L74, which has been reported to be an essential amino acid in the

NES in human lasp-1 (Mihlan et al., 2012), was conserved in lasp-1

and lasp-2 in all vertebrates analyzed in this study, and in some lasp

family proteins of invertebrates (Figure 3a). Normally, lasp-1 has been

observed in actin-rich structures such as lamellipodia, filopodia, and

focal adhesions; however, there are some observations of nuclear

localization of lasp-1. Mihlan et al. (2012) reported that lasp-1 bound

to zona occludens protein 2 (ZO-2) and translocated to the nucleus in

response to phosphorylation by PKA at S146. Additionally, Duvall-

Noelle et al., (2016) observed that lasp-1 translocated to the nucleus

of breast cancer cell lines in response to chemokines and growth fac-

tors, and also showed that lasp-1 was associated with transcription

factors such as Snail1. Based on this, nuclear lasp-1 has been specu-

lated to act as a transcriptional factor or regulate nuclear F-actin in

chromatin remodeling and assembly. In future, experimental investiga-

tion of phosphorylation and NES function should be applied to each

lasp family protein, especially in invertebrates, since our speculations

are based on predictions from amino acid similarities.

3.6 | Universal and diverse functions of
invertebrate lasp family proteins

The SH3 domains of the lasp family proteins of vertebrates and

invertebrates are well conserved (Figure 4a,b). There are a number

of cytoskeletal proteins (e.g., paxillin, dynamin, and alpha actinin)

that bind the SH3 domain of vertebrate lasp-1 and lasp-2, regulating

cell–substrate adhesion, membrane transport, and scaffold Z-disks in

muscle. Therefore, invertebrate lasp may also bind to homologs of

these cytoskeletal proteins if they exist in the respective organisms.

The sequences and lengths of the linker sequences vary even within

the same species (for example, Nv lasp1, Nv lasp2, and Nv lasp3; Sp

laspA and Sp laspB; Figure S3 and Table S2), whereas the linker

sequences of vertebrate lasp-1 differ from those of lasp-2 but are

conserved within each group (Terasaki et al., 2008; Figure S3). These

results suggest that the functions of linkers of lasp-1 and lasp-2 are

conserved in vertebrates and variable in invertebrates, although pro-

teins that bind to the linker sequences of lasp family proteins have

not been identified. Indeed, mRNA of Nv lasp1, lasp2, and lasp3

showed differences in tissue expression (Steinmetz et al., 2012). Pre-

vious studies have proposed the function of lasp family proteins

based only on the LIM domain, nebulin repeats, and the SH3 domain.

Therefore, future studies of lasp family proteins in invertebrates

should analyze localization and conduct biochemical assays to con-

firm function.

4 | CONCLUSION

Exploration of genes and transcripts encoding invertebrate lasp family

proteins has revealed that all invertebrates belonging to Filasterea,

except Placozoa, have at least one LASP. The simplest gene structure

of Co LASP indicates that an exon encoding two nebulin repeats with

a linker emerged in the origin of multicellular animals and obtained

actin-binding activity by connecting with the LIM domain. The LIM

domain, nebulin repeats, and SH3 domain are highly conserved among

vertebrate and invertebrate lasp family proteins, although the inverte-

brate lasp linker sequences vary, suggesting that invertebrate lasp

family proteins have universal and diverse functions. Gene structure

and syntenic analyses have implied that invertebrate LASP and verte-

brate LASP1 and LASP2/NEBL have the same ancestral gene. Our

study also proposes two hypotheses for the molecular evolution of

the nebulin superfamily.

5 | MATERIALS AND METHODS

5.1 | Identification of genes of lasp family proteins

Genes and transcripts encoding invertebrate LASP, vertebrate LASP1,

and vertebrate LASP2/NEBL were collected from representative

samples of the following taxonomic groups: Mammalia (human, Homo

sapiens = Hs), Aves (chicken, Gallus gallus = Gg), Amphibia (tropical

clawed frog, Xenopus tropicalis = Xt), Actinopterygii (spotted gar,

Lepisosteus oculatus = Lo), Urochordata (sea squirt, C. intestinalis = Ci),

Cephalochordata (Florida lancelet, B. floridae = Bf ), Echinoidea (purple

sea urchin, S. purpuratus = Sp), Arthropoda (fruit fly, D. melanogaster =

Dm), Nematoda (nematode, C. elegans = Ce), Ctenophora (segmented

annelid worm, C. teleta= Ct), Cnidaria (sea anemone, N. vectensis= Nv;

fresh-water polyp, H. vulgaris = Hv; jellyfish, C. hemisphaerica = Ch),

Placozoan (tricoplacia, T. adhaerens), Ctenophora (warty comb jelly,

M. leidyi=Ml), Porifera (sponge,A.queenslandica=Aq), Choanoflagellate

(choanoflagellata, M. brevicollis = Mb; S. rosetta = Sr), Filasterea

(filasterean, C. owczarzaki = Co), Corallochytrium (corallochytrean,

C. limacisporum), Ichthyophonida (ichthyosporean, S. arctica), Ciliophora

(ciliate protozoa, T. thermophila), and Magnoliophyta (thale cress,

A.thaliana).
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For species in taxonomic groups previously reported by Steinmetz

et al. (2012) to not express nebulin superfamily members

(Chytridiomycota [chytrid fungi, Spizellomyces punctatus],

Blastocladiomycota [wood-decay fungi, Allomyces macrogynus],

Ascomycota [budding yeast, S. cerevisiae; fission yeast, S. pombe],

Myxomycota [slime mold, D. discoideum], Basidiomycota [Phanerochaete

chrysosporium], Sulcozoa [T. trahens], Percolozoa [amoeba, N. gruberi],

Chlorophyta [green algae, C. reinhardtii], and fern [S. moellendorffii]), we

used updated genome databases to confirm whether LASP genes have

since been deposited. Gene sequences were collected by searching

NCBI (http://www.ncbi.nlm.nih.gov/), Ensembl (http://www.ensembl.

org/), and Ghost (http://ghost.zool.kyoto-u.ac.jp/default_ht.html) data-

bases using translated nucleotide BLAST (tBLASTn) with previously

identified amino acid sequences of Gg lasp-1, Gg lasp-2, and Ci lasp

(Terasaki et al., 2008) as queries. For invertebrates, we also searched

for proteins with nebulin repeats using the first nebulin repeat of Co

lasp as the query sequence. Domain searches of amino acids deduced

from the genes were analyzed using the InterProScan platform at the

European Bioinformatics Institute (http://www.ebi.ac.uk/Tools/pfa/

iprscan/) according to the definitions of the SMART domain identifica-

tion program, and proteins with an LIM domain, nebulin repeats, and

SH3 domain were annotated as lasp family proteins.

We confirmed the mRNA expression of lasp family proteins

predicted by genome annotation using partial EST clones or RNA-seq

data from the NCBI and PhyloFish databases (http://phylofish.sigenae.

org/index.html). To search for insertion of nebulette exons in frog (Xt

LASP) and fish (Lo LASP), a tBLASTn search was performed using Hs

nebulette protein sequences coded by exons 1–23, which are specific

for nebulette in the NCBI database. We determined the full-length

cDNA sequences of Xt lasp and Bf lasp by sequencing EST clones. The

Xt EST clone IMAGE:7649913 (Acc. No CX809890) was purchased.

Three Bf EST clones, bfad007c10(50; BW702005), bfga050e10(50;

BW778269), and bflv032c03(50; BW805004), were generously pro-

vided by Dr Noriyuki Sato. We deposited sequences for Xt lasp-2

(LC656622) and Bf lasp (AB545041) in the NCBI database.

5.2 | Multiple sequence alignment and
phylogenetic tree analyses

Multiple sequence alignment was performed using ClustalW in MEGA

X (https://www.megasoftware.net/) and re-aligned manually.

Datasets of the LIM domain plus two nebulin repeats, the SH3

domain, and linker sequences represented in ClustalW were analyzed

separately by the maximum likelihood method with bootstrap values

(percentage of 100 replicates) displayed in MEGA X.

5.3 | Search for proteins homologous to the linker
in lasp family proteins

To confirm whether invertebrate linker sequences have any function,

the sequences between the second or third nebulin repeat and the

SH3 domain (see sequence in Data S1) were used for tBLASTn.

5.4 | F-actin co-sedimentation assay of Gg lasp-2
fragment and Ce lasp

The pGEX6p vector encoding Gg lasp-2 fragments of the LIM domain

and first nebulin repeat (LIM-n1, equivalent to amino acid positions

1–98) was previously reported (Nakagawa et al., 2009). The cDNA of

Gg lasp-2 fragments encoding exons 1–3, and lacking the latter part of

the first nebulin repeat (E1–3, equivalent to 1–85; see Figure 3a),

were amplified by PCR from plasmids using the following primer set:

50-CGCGGATCCACCATGAACCCCCAG-30 and 50CCGGAATTCTTTTA

CCTGACTCTGCAATTC-30. Bacterially expressed recombinant pro-

teins fused with glutathione S-transferase (GST) were purified with a

Glutathione-Sepharose 4B column (GE Healthcare, Waukesha, WI).

The pET19b clone inserted with full-length Ce lasp was a kind gift

from Dr Guy Benian and Dr Hiroshi Qadota (Emory University). Bacte-

rially expressed His-tagged Ce lasp was purified with a His-Bind Purifi-

cation Kit (Merck Millipore, Burlington, MA).

The actin-binding activity of the recombinant proteins was ana-

lyzed as previously described (Nakagawa et al., 2009). Briefly, proteins

were dialyzed against F-actin buffer (20 mM Na-PO4 and 0.1 M KCl,

pH 7.2). After centrifugation at 100,000 � g for 1 hr, each of the

supernatants was mixed with 0.2 mg�mL�1 G-actin in F-actin buffer

containing 5 mM MgCl2 and 0.2 mM ATP at a molar ratio of 5:1

(actin:lasp). After incubation for 2 hr at room temperature, the mix-

tures were centrifuged at 100,000 � g for 1 hr, and the supernatants

and pellets were subsequently analyzed by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE). A co-sedimentation

assay with low-speed centrifugation (20,000 � g for 20 min) was also

performed to analyze the cross-linking or bundling activity of F-actin.

Bovine serum albumin (0.2 mg�mL�1) was added to the co-

sedimentation assay of Ce lasp because Ce lasp was easily absorbed

into the centrifugation tubes.

5.5 | Genomic organization

The number of exons, length of introns, and size of the genomic

regions of LASP, LASP1, and LASP2/NEBL were determined by com-

paring mRNA and genome sequences (see Table S1). We also used

the NCBI and Ensembl databases to analyze whether genes of the

lasp family proteins in this study share exons with other genes.

5.6 | Syntenic analyses

The BioMart tool in Ensembl Metazoa (https://metazoa.ensembl.org/)

was used to collect homologous genes surrounding LASP of Aq, Nv,

and Sp. BioMart in Ensembl (https://www.ensembl.org/) was used to

collect homologous genes surrounding LASP1 and LASP2/NEBL of Hs,

Gg, Xt, Lo, and LASP of Ci. Finally, to identify genes conserved

between vertebrates and invertebrates, we conducted a tBLASTn sea-

rch of conserved genes found in Ensembl against Ensembl Metazoa,

and vice versa. We searched for syntenic genes of Co LASP in Ensembl

Protists (https://protists.ensembl.org/) and Bf LASP/NEB using

FUJITA ET AL. 433

http://www.ncbi.nlm.nih.gov/
http://www.ensembl.org/
http://www.ensembl.org/
http://ghost.zool.kyoto-u.ac.jp/default_ht.html
http://www.ebi.ac.uk/Tools/pfa/iprscan/
http://www.ebi.ac.uk/Tools/pfa/iprscan/
http://phylofish.sigenae.org/index.html
http://phylofish.sigenae.org/index.html
https://www.megasoftware.net/
https://metazoa.ensembl.org/
https://www.ensembl.org/biomart/
https://protists.ensembl.org/


tBLASTn in the NCBI database. Chromosomal loci of the genes anno-

tated in Ensembl, Ensembl Metazoa, and Ensemble Protists were used

for syntenic analyses, except for C. intestinalis and B. floridae, for

which we used the HT (Hoya T-line) assembly 2019 (https://www.

ncbi.nlm.nih.gov/assembly/GCA_009617815.1/) and NCBI database

(https://www.ncbi.nlm.nih.gov/gene/?term=118403155),

respectively.
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