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Myostatin (GDF8) is a growth factor that limits muscle tissue growth and development in
vertebrates. We isolated a myostatin-like gene (Py-MSTN) from the marine invertebrate, the
scallop Patinopecten yessoensis. Py-MSTN was highly expressed in the adductor muscle and in
the gill unexpectedly. Amino acid analysis showed that Py-MSTN has 49% amino acid sequence
identity and 64% similarity to human myostatin (Hs-MSTN), and 42% identity and 61%
similarity to myoglianin, the only invertebrate homolog. These results indicated that Py-MSTN
may be functionally similar to the vertebrate MSTN than the invertebrate homolog. Phylogenetic
analysis suggested that Py-MSTN is an ancestral form of vertebrate MSTN and GDF11 and does
not belong to other TGF-# family members. Molecular modeling showed that Py-MSTN
exhibits a similar tertiary structure to mammalian BMP7, a member of TGF-8 family. In
addition, the amino acid residues which contact extracellular domain of the receptor were
relatvively conserved. Given these results, we propose that Py-MSTN is a functionally active

member of the TGF-A family and is involved in muscle growth and regulation.

Key words: Patinopecten yessoensis, Scallop, Myostatin, TGF-5, Muscle

Introduction

Myostatin is a member of the TGF-8 superfamily
that are responsible for growth and development of
tissue. Originally identified as growth and differentia-
tion factor-8 (GDF-8), its mutation resulted in a
double-sized muscle in mouse (McPherron et al.
1997) and in cattle (McPherron and Lee, 1997),
which indicated its inhibitory roles in muscle growth
and development. Given its potential commercial and
medicinal applications, many myostatin genes have
been isolated and characterized from a variety of
vertebrates including human (Jespersen et al., 2006),
pork (Stratil and Kopecny 1999), chicken (Yang et al.,
2001b), and fish (Kocabas et al., 2002; Amali et al.,
2004; Ko et al.,, 2006). Interestingly, most fishes
appear to have two copies of the myostatin genes as a
result of the gene duplication (Biga et al., 2005).

The inhibitory roles of myostatin in muscle de-
velopment appear to be conserved throughout all ver-
tebrates in that muscle mass increases by eliminate-
ing its function (Yang et al., 2001a; Nishi et al., 2002).
It has been recently demonstrated that knocking-
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down of myostatin-1 gene in Danio rerio enhances
the expression of muscle-specific transcription factors
such as MyoD and myogenin as well as IGF-II
(Amali et al., 2004). More recently, a dsSRNA inject-
tion in early development stage in zebrafish produced
hyperplasia or hypertrophy caused by drastic de-
crease of myostatin mRNA (Acosta et al., 2005).
Myostatin has been well studied in the vertebrates,
however, few studies have examined invertebrate
myostatin homologs. One of the most closely related
gene identified thus far is myoglianin in Drosophila
melanogaster (Lo and Frasch, 1999). However with
598 amino acid residues myoglianin is much larger
than its vertebrate homologs.

The scallop Patinopecten yessoensis is a cold-
tolerant species inhabiting the northern Pacific Ocean.
The northeastern regions of the peninsula, mostly
belonging to Kangwon province, are a key place for
the scallop production in Korea. This species
contributes significant value to the Korean seafood
market, and given that the scallop requires 2-3 years
before it is ready to harvest, the regulation of growth
and development of skeletal muscle is of commercial
as well as scientific importance. For example, by
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understanding the molecular mechanisms governing
muscle development, it may be possible to manipu-
late and control muscle growth for commercial
applications. In addition, this study would contribute
to the understanding of the regulation of muscle
development in invertebrates in general.

We isolated and characterized the invertebrate
myostatin-like gene (Py-MSTN) from scallop
Patinopecten yessoensis. Py-MSTN was highly ex-
pressed in skeletal muscle as in the other MSTNs. In
addition, the sequence alignment and structural model
analysis suggested that Py-MSTN is the ancestral
form of vertebrate MSTNs and that it uses a similar
signaling pathway by binding the same type of
receptor family. Therefore, we suggest that Py-MSTN
may be used to regulate muscle growth in scallop
aquaculture.

Materials and Methods
Materials
Scallops were purchased from a local seafood
market and were stored in a autoclaved and filtered
seawater tank at 15°C until dissection. The E. coli
strain XL-1 Blue was used for cloning and sequence-
ing.

Cloning Py-MSTN gene

Total RNA was extracted from the adductor
muscle tissue of the scallops using an RNeasy Protect
Mini Kit (Qiagen). mRNA was isolated from the total
RNA using the Oligotex mRNA Mini Kit (Qiagen)
according to the manufacturer’s instructions. Purified
mRNA was quantifed and stored at -80°C until cDNA
synthesis. mRNA was reverse transcribed using
MMLYV reverse transcriptase (Invitrogen) and an
anchored oligo-dT primer.

Myostatin cDNAs were initially obtained by nested
RT-PCR using degenerate primers (Table 1) targeted
to conserved sequences in the mature peptide regions
of a wide variety of myostatins from the GenBank
database (http://www.ncbi.nlm.nih.gov). The First
round of PCR was performed with mstnF1 and

mstnR1 (94°C, 30 s; 50°C, 20 s; 72°C, 30 s; 35
cycles) and the second nested PCR was carried out
under the same PCR conditions using 1 #«L of the
first round PCR product as a template. Amplified
PCR products were identified by 2% agarose gel
electrophoresis and excised, purified, and cloned in
TOPO/pCR 2.1 (Invitrogen). Positive colonies were
selected and cultured in LB broth medium. Plasmids
were purified using QIAprep Spin Miniprep Kit
(Qiagen) and their DNA sequences were determined
using an automated DNA sequencer (Applied Bio-
systems). Rapid amplification of cDNA ends (RACE)
was used to obtain the 3' region of mRNA using the
RACE system (Invitrogen Inc.) which has been used
previously (Kim et al. 2005b; Lee et al. 2007). The
second round nested PCR was carried out using two
forward primers for 3' RACE (Tablel)

Expression Analysis of Py-MSTN gene

We used RT-PCR to examine the tissue type ex-
pression profiles of Py-MSTN. cDNAs were syn-
thesized and used for cloning the Py-MSTN gene.
c¢DNA samples were treated with DNase I ( Promega
Inc.) to prevent genomic DNA contamination of
genomic DNA and then quantified. A 500 ng aliquot
of ¢cDNA from cach tissue type was used as a
template and specific forward and reverse primers
were designed (Table 1). Each sample was amplified
by PCR while considering the melting temperatures
of the primers and the PCR product sizes (94°C, 30 s;
62°C, 20 s; 72°C, 30 s; 35 cycles). PCR products were
confirmed by 2% agarose gel clectrophoresis. B-actin
was amplified as a positive control.

Real-time PCR was carried out using the DNA
Engine Opticon 2 Real-Time PCR Detection System
(Bio-Rad) to measure the Py-MSTN expression
levels in various tissues. cDNA synthesized from
each tissue was quantified and 100 ng was used for
each reaction. SYBR premix Ex Taq™ ( TaKaRa Bio
Inc.) was used to detect fluorescence during PCR
cycles. Real-time PCRs were carried out under the
same conditions as in the standard PCR described

Table 1. Oligonucleotide primers used for the study of scallop myostatin

Name Sequence Description

MSTN F1 5-RTNGARGCNYTNGAYGAR-3' Degenerate forward primer-1
MSTN F2 5-TGYTGYMGNTAYCCNYT-3' Degenerate forward primer-2
MSTN R1 5-SWRCANCCRCANCKATC-3' Degenerate reverse primer-1
MSTN R2 5'-RCANCCRCANCKATCNAC-3' Degenerate reverse primer-2
Py-MSTN F1 5-TTTGGGTGGGACTTTGTGATAGCTC-3' First primer for 3' RACE
Py-MSTN F2 5-TGATTCAGCAAGCACCGTCCCCAACA-3' Nested primer for 3' RACE
Py-MSTN F3 5'-AAAGTTCCAACCAAACGAGAAATCGG-3' Specific primer for RT-PCR

Py-MSTN R1

5'-CTATCACAAAGTCCCACCCAAACGC-3'

Specific primer for RT-PCR
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above. All PCR products were reconfirmed by
agarose gel electrophoresis after evalutating expected
melting temperatures to assure proper amplification.
Standard curves were constructed to quantify copy
numbers as described previously (Kim et al., 2005a).
B-actin gene expression was used to normalize
expression levels.

Amino acid sequence analysis

The deduced Py-MSTN amino acid sequence was
obtained from the web-based open reading frame
(ORF) finder program (http://www.ncbi.nlm.nih.gov/
gorf/gorfhtml). The amino acid sequence was then
aligned with previously identified other TGF-8
family members. From the amino acid sequence
similarity, seven MSTNs (gi6016121, gi48314966,
216754752, g1113912357, gid7825371, gi14646885,
g114646883), four GDF11s (gi6649914, gi47085753,
21109480148, gi6649923), three bone morphogenetic
proteins (BMP3) (2i8392993, gi27734166, gi4557371)
and myoglianin (gi4580679), the only invertebrate
homolog, were selected. Given that fish contain at
least two copies of MSTN genes, we included two
MSTN amino acid sequences (om-MSTN1 & 2) from
rainbow trout as a representative sample. Expected
mature peptides of each protein were selected and
analyzed by submitting them to internet-based
clustal W program (http://www.ebi.ac.uk/clustalw/
index.html). Analyzed data were then edited and
annotated using GeneDoc program (http://www.psc.
edu/biomed/genedoc). A phylogenetic tree was con-
structed using clustalW and was annotated graphi-
cally using PhyloDraw (http://pearl.cs.pusan.ac.kr/
phylodraw).

Molecular modeling

In order to construct the structural model of Py-
MSTN, we wused MODELLER which is a
comparative protein structure modeling program by
satisfaction of spatial restraints (http://salilab.org/
modelier). We used the program’s default values and
scripts unless specified. The modeling is based on a
single template and consists of five comparative
modeling steps: identification of related structures,
selection of template(s), alignment of structures,
building a model based on template structure(s), and
model evaluation.  Briefly, sequences of known
structures potentially related to Py-MSTN were
searched in the non-redundant PDB sequences. The
template was selected based on two criteria: sequence
identity and e-values, which are representative in-
dicators of similarity. Typically, a sequence identity
greater than approximately 25% is considered a

potential template. We were able to obtain ten
possible templates. These templates were further
analyzed to select the most appropriate template, and
the bone morphogenic protein-7 (1 bmp) sequence
was selected. The Py-MSTN sequence was then
aligned against 1 bmp. The 3D model of the Py-
MSTN was constructed automatically based on the
structure of 1 bmp using the automodel module in
MODELLER. Out of five models generated, the
model with lowest value of the MODELLER ob-
jective function was selected and further evaluated
for DOPE potential using MODELLER and the
program PROCHECK.

Results and Discussion
Cloning of the Py-MSTN gene

We isolated an invertebrate myostatin, gene se-
quence of Py-MSTN from a scallop. Several PCR
amplicons were produced using a combination of
degenerative primers designed from amino acid
alignments (Table 1). Two products were identified as
MSTN homologs and their sequences contained an
overlapping region. By combining the two sequences,
678 bp of partial fragment was generated. We used
3'RACE with two consecutive sequence specific
primers and confirmed that “TAA” was the stop
codon of the sequence. 5' RACE was also performed
to obtain 5' upstream sequences, but was not
successful. Although we were unable to obtain the
full ORF, we identified sufficient mature sequence of
the functional form of MSTN (Fig. 1). Analysis of
Py-MSTN revealed a putative proteolytic processing
site (RSKR). Vertebrate MSTN is processed by the
serine protease, furin, which belongs to a family of
proprotein covertases (PC) (Lee and McPherron
2001). Furin recognizes a conserved RXXR sequence
and cleaves it into an N-terminal latency associated
peptide (LAP) and a C-terminal mature MSTN
peptide (Thomas et al. 2000). This result suggested
that Py-MSTN should be the substrate for a furin-like
protein in the scallop. Humans contain at least nine
different PC but there has been no previous report
about the scallop homolog.

We found that Py-MSTN contains nine conserved
cysteine residues (Fig.1). MSTN, like other TGF-£s,
contains six highly conserved cysteine residues that
are involved in the formation of three disulfide
linkers. Cysteines 2 and 3 form disulfide bonds with
cysteines S and 6, respectively and the third bond is
formed between cysteines 1 and 4 (Fig. 2). The con-
served cysteine residues of Py-MSTN indicate that
Py-MSTN has a similar three-dimensional structure
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Fig. 1. Nucleotide and deduced amino acid sequences of the C-terminus of Py-MSTN. The proteolytic
processing site (RXXR) is underlined. All nine conserved cysteine residues are boxed. The asterisk indicates the

stop codon.
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Fig. 2. Comparison of the deduced amino acid sequences of the TGF-p family. The sequence of Py-MSTN was
aligned with other vertebrate myostatins (MSTNs), growth and development factors (GDF11s), and bone
morphogenic factors (BMP-3s) using ClustalW program. Arabic numerals indicate the conserved cysteine
residues for intra-molecular disulfide bonds.
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to other MSTNs and members of the TGF-f family.
Compared with MSTNs from vertebrates, Py-MSTN
has nine additional amino acid residues between
cysteine 3 and 4, which contain the @ helix region
‘heel’, which is important for binding to the specific
receptor.

Amino acid sequence comparison

To examine the possible role of Py-MSTN in
muscle growth, deduced amino acid sequence of Py-
MSTN was aligned with other previously reported
MSTN, GDF11, and BMP proteins from a variety of
species (Fig. 2). The mature peptides of Py-MSTN
consist of 104 amino acid residues which are nine
residues longer than all other MSTN and GDF1l
proteins discovered thus far. There are no gaps in the
amino acid sequence between MSTN and GDF11,
and more than 90% of amino acid sequences are
similar among all vertebrates. This suggests that in
vertebrates, MSTN and GDF11 may be functionally
closer to each other than to Py-MSTN. Py-MSTN
exhibited 67% similarity to human MSTN and 65%
similarity to human GDF11 respectively that is little
different. GDF11 in mammals is expressed in skeletal
muscle and in several other tissues such as brain,
limb bud, and dental pulp (Nakashima et al. 1999).
Although its detailed function in each tissue and
developmental stage remains unclear, GDF11 may be
involved in axial skeleton patterning in developing
vertebrates (McPherron- et al. 1999). Our results
suggest that Py-MSTN, vertebrate GDF11, and
MSTN may share the same ancestral gene and that
GDF-11 and MSTN have recently diverged. Our
phylogenetic analysis supported this hypothesis (Fig.
5). Py-MSTN appears to be more closely related to
vertebrate MSTNs and GDF11s than to BMP3 and
other TGF-8 family membert. This suggests that Py-
MSTN shares the same ancestral gene with MSTN
and GDF 11 but not with other TGF-£s. In addition, It
appears that after GDF11 and MSTN diverged into
two groups, the fish MSTNs experienced a whole
genome duplication event, resulting in two copies of
MSTN gene, which explains why fish possess an
additional MSTN gene.

Expression of Py-MSTN

The expression of Py-MSTN was detected in the
adductor muscle and the gill tissue, which is mostly
composed of skeletal muscle by RT-PCR (Fig. 3).
Low expression levels were also detected in the ovary,
testis, and mantle. This strongly suggests that like its
vertebrate homolog, Py-MSTN is involved in the
development of skeletal muscle in invertebrates.
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Fig. 3. Expression of Py-MSTN genes in various
tissues. Regular RT-PCR was carried out and ampli-
cons were run on 2% agarose gel for 20 min. The B-
actin gene was used as a positive control (a).
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Fig. 4. Real-time RT-PCR analysis of Py-MSTN
mRNA expression in different tissues. Each copy
number out of 100 ng of total RNA was measured by
constructing the standard curves referring threshold
(Ct) values of Py-MSTN. Tm values were used to
reconfirm each value.

However, further analyses including detailed reac-
tions in development of muscle are necessary to con-
firm this hypothesis. The inhibitory roles of MSTN in
the development of mammalian muscle tissue are
clear, however fish contain at least two copies of the
MSTN gene and their expression patterns differ
considerably (Rescan et al. 2001). Our real-time PCR
data indicated a 100-fold increase in Py-MSTN ex-
pression in the adductor muscle and gill compared to
the digestive gland (Fig. 4). In addition, a small
amount of Py-MSTN mRNA was detected in other
tissues including the mantle, testis, and ovary. The

-expression of Py-MSTN in reproductive organs may

be important for the successful development of
embryos as in fish (Vianello et al. 2003).

Moleular modeling of Py-MSTN

To model Py-MSTN, we began by aligning the Py-
MSTN target sequence with templates of known
related three-dimensional structures. We then sear-
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Fig.5. Phylogenetic tree of the TGF-p family mem-
bers based on the amino acid sequence similarity. The
phylogenetic tree for TGF-B was generated using the
neighbor-joining method with the GeneDoc program.
The distance along each branch represents the un-
biased unrooted evolutional distance. Genebank ace-
ssion numbers: gi6016121, gi48314966, gi6754752,
gil113912357, gi47825371, gil4646885, gi114646883,
216649914, 2147085753, gi109480148, gi6649923,
218392993, 2127734166, gi4557371, gi4580679.

ched for structures related to the Py-MSTN sequence,
and of the 35 sequences retrieved from the database,
ten structures (PDB ID codes 1bmp, 3bmpA, les7a,
les7C, 11x5A, lIxiA, lreuA, lrewA, lrewB, and
Im4ul) exhibited 40% sequence identity to Py-
MSTN-with e-values of zero. These structures were
further compared and clustered. Finally, 1 bmp was
selected as a single template for its relatively long
alignment lengths, high sequence identity, and
slightly better crystallographic resolution. The 40%
primary sequence identity between Py-MSTN and
bone morphogenic protein-7 (1 bmp), is well above
the minimal potential value (25%). This indicates that
the crystal structure of BMP-7 would act as a good
template for Py-MSTN. This alignment, which is
very crucial to obtain a high quality model structure,
was carefully examined and used as the input to
calculate the three-dimensional model for the target
sequence.

The quality of the models was assessed by the
model evaluation module in the MODELLER, and
the program PROCHECK. The energy level obtained
using the former module was comparable to that of
the template 1 bmp (data not shown). A Rama-
chandran plot for the Py-MSTN structure calculated
using the latter program, was produced to compare
the overall stereochemical quality of Py-MSTN

model against the crystal structure of BMP-7.
Analysis of the Ramachandran plot of the modeled
PyMSTN structure indicated that 88.6% of the
residues were in the most favorable regions, and the
additional 10.2% were in the allowed regions. These
evaluations confirmed that overall the model was
reasonable. Therefore, given its similar three-dimen-
sional structure, it appears that Py-MSTN may be a
functional member of the TGF-8 family.

We determined that Py-MSTN is a functional
member of the transforming growth factor 5 (TGF-2)
superfamily of proteins. Many X-ray crystal struc-
tures of the TGF-£8 superfamily are available (Griffith
et al. 1996; Allendorph et al. 2006). The C-terminal
regions of this superfamily share sequence similarity,
and our Py-MSTN model has the same fold as its
relatives (Fig. 6). Our model has three structural
elements; finger 1 and 2 and a heel. The four strands
of the antiparallel 5-sheet form two finger-like pro-
jections. An a-helix position perpendicular to the
axis of the two fingers forms the heel of the hand.
The N-terminus of finger 1 corresponds to the thumb
of the hand.

Finger 1

A "

Heel —»
»‘1@1\: »A'}
B -~ Finger 2
] KFinger 1
Heel -»

Finger 2

Fig. 6. Ribbon representation of 3D structures of (A)
BMP-7 (PDB ID code 1bmp, template) and (B) Py-
MSTN (target). The B-sheets are displayed as arrows
and the o-helix is represented as a tube.

The member of the TGF-8 superfamily perform
their biological functions by interacting with specific
type 1 and type II serine/threonine kinase receptors.
The residues of BMP-7 involved in receptor binding
are highlighted in cyan in Figure 7A and corres-
ponding residues of Py-MSTN are indicated. A com-
parison of the two ligand-binding interfaces clearly
shows that Py-MSTN is a member of the TGF-£
family and has similar receptors to BMP-7. The
residues highlighted indicate that the specificity of
binding between the Py-MSTN and receptor should
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Fig. 7. Schematic drawing of the ligand-binding
interface of BMP-7 to ActRII-ECD (Activin receptor
type 11 extracellular domain) (A) and corresponding
residues of Py-MSTN to BMP-7 (B).

be different from that of BMP-7.

In conclusion, we isolated a myostatin homolog
(Py-MSTN) from Patinopecten yessoensis and de-
monstrated that it shares many features with
vertebrate myostatins. Our data strongly suggest that
Py-MSTN is involved in growth and development of
muscle in invertebrate. Further studies should
examine possible commercial applications of this
protein.
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