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Abstract The actin-myosin contractile apparatus consists of several thick filament and thin filament
proteins. Specific regulatory mechanisms are involved in this highly ordered process. In this paper, we
reported the identification and characterization of a novel myofibrillogenesis regulator, MR-1. The MR-
gene was cloned from human skeletal muscle cDNA library by using a strategy that involves EST data base
searching, PCR and RACE. The MR-1 gene is located on human chromosome 2q35 and encodes a 142 aa
protein. Northern blot revealed that the mRNA level of MR-1 was highest in the skeletal muscle and certain
level of MR-1 expression was also observed in heart, liver and kidney. Immunohistochemical assay
confirmed that the MR-1 protein existed in human myocardial myofibrils. It was found by yeast two-hybrid
screening and confirmed by in vitro binding assay that MR-1 could interact with sarcomeric proteins, such
as myosin regulatory light chain, myomesin 1 and B-enolase. These studies suggested that MR-1 might play
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a regulatory role in the muscle cell and it was worth investigating further.
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Myofibrils are components of both cardiac and skeletal
muscle cells. Myofibrillogenesis is a highly complex
process that involves the expression and assembly of
muscle proteins into sarcomeres [1]. The key components
of sarcomeres are two filamentary proteins, actin and
myosin. Sarcomeric myosin is the molecular motor that
transduces energy from the hydrolysis of ATP into directed
movement and drives sarcomere shortening and muscle
contraction. Each myosin hexamer is composed of two
heavy chains, two essential light chains (ELC), and two
regulatory light chains (RLC) [2]. The M-band is the trans-
verse structure in the center of the sarcomeric A-band,
which is responsible both for the regular packing of thick
filaments and for the uniform distribution of the tension
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over the myosin filament lattice in the activated sarco-
mere [3]. Although some proteins from the Ig-superfamily,
such as M-protein and myomesin, are the major candi-
dates for the role of M-band bridges, the exact molecular
organization of the M-band is not clear. Muscle-specific
[B-enolase is also present in the M-band of striated muscle
and associated with the sarcomere by binding aldolase and
troponin. The structural characteristics of 3-enolase would
permit their accumulation near the muscle contractile
apparatus, so that the ATP produced via glycolysis could
be more efficiently delivered and used for contraction [4].

We recently identified a novel gene, MR-1, from
human skeletal muscle cDNA library (AF417001). MR-1
is highly expressed in skeletal muscle and heart. Yeast
two-hybrid screen and in vitro GST pull-down assay
indicated that MR-1 could interact with myosin regula-
tory light chain, myomesin and B-enolase. Sarcomere-
associated localization of MR-1 was observed by immuno-
histochemical microscopy using isolated human cardiac
myofibrils. This observation suggests that MR-1 is
involved in the formation of multi-protein complexes near
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the muscle contractile apparatus. The gene cloning,
chromosomal location, expression profile and possible
function of MR-1 were reported here.

Materials and Methods

Materials

Human skeletal muscle Matchmaker cDNA library,
multiple-tissue Northern blot and yeast two-hybrid kits were
purchased from Clontech. Plasmids pGEX-5X-1 and
pcDNAS3 were purchased from Pharmacia and Invitrogen,
respectively. Escherichia coli strains DH5o and BL21(DE3)
were used for cDNA cloning and expression of GST-
MR-1 fusion proteins, respectively. TNT® coupled
transcription/translation system and Random primers DNA
labeling system were purchased from Promega. All DNA
restriction endonucleases, T4 ligase, and the LA-Tag PCR
amplification kits were obtained from TaKaRa Inc.. All
chemical reagents were purchased from Sigma unless
otherwise noted. L-[**S]methionine, [a-**P]dCTP and
glutathione-Sepharose 4B were products from Amersham
Pharmacia. The rabbit anti-MR-1 polyclonal antibody was
self-made. Biotinylated goat anti-rabbit secondary antibody,
ECL immuno-detection kits and DAB kits were purchased
from Santa Cruz.

Cloning of MR-1

Two primers (Oligl, 5-AGCGCGGTGAAGCGGGGG-
TGGGATCTG-3', and Olig2, 5-ATAACTTTATTTGCC-
TTTGGCTGG-3") were generated according to the DNA
sequence information from three EST clones (W60939,
W60939 and AA0774597). 0.65 kb PCR fragment was
amplified by using the human skeletal muscle cDNA
library as the template. The PCR reaction was carried out
in a volume of 50 pl containing 50 mM KCI, 2 mM MgCl,,
0.2 mM dNTP, 10 mM Tris-HCI, pH 8.3, 100 ng of each
primer, and 25 u LA-Taq polymerase on a PTC-200 pro-
grammable thermal cycler (MJ Research Inc.). The PCR
was conducted at 94 °C for 4 min followed by 30 cycles
at 94 °C for 30 s, 55 °C for 50 s, and 72 °C for 1 min,
with a final extension at 72 °C for 5 min. To clone the full-
length cDNA of human MR-1, 5-RACE was employed
using Marathon-Ready skeletal muscle cell cDNA accor-
ding to the manufacturer’s instructions (Clontech). Two
sense primers Olig3 (§~“TACCACTACAATGGATG-3") and
Olig4 (5'-CTATTCGATGATGAAGATAC-3") designed
from the cDNA library vector pACT2, and two antisense
primers Olig5 (5-CCTTGTCCACTTCCCGCTTG-3") and

Olig6 (5-GGGTTCTTGCCCCTCTTTCT-3") designed
from 0.65 kb PCR product were used in the primary
(Olig3/0lig5) and secondary (Olig4/Olig6) PCR. 0.1 pl
of the primary PCR product as template was used in the
secondary PCR. The Olig7 (5-GAGTAGTTCTCCTGG-
GTCCG-3") was designed based on the nest PCR product
sequence. Using Olig7 and Olig2 as primers, the whole
cDNA fragment of MR-1 was amplified from the human
skeletal muscle cDNA library.

Plasmid construction

pGBKT7-MR1 was generated by subcloning the co-
ding sequence of the entire MR-1 (GenBank™ accession
No. AF417001) in-frame with the GAL4 DNA-binding
domain into the BamHI/Sall sites of the yeast two-hybrid
vector pGBKT7 (Clontech). PCR primers were: Olig8
(5'-ATTAGGATCCAAATGGCGGCGGTGGTAGCT-
GCT-3', BamHI site was underlined) and Olig9 (5"-AAT-
TGTCGACTCAGGTCTGCACCCCAGACCC-3', Sall site
was underlined). The BamHI/Sall fragment of MR-1
was inserted into the same sites of pGEX-5X-1, and
pGEX-MR1 plasmid was constructed and used to express
GST-MR-1 fusion protein in E. coli BL21(DE3). All
plasmids constructs were made using the standard
techniques [5]. Each constructed plasmid was sequenced
to verify the correct frame as well as the proper sequence
of any linker introduced during the cloning procedure.
Sequence analysis and oligonucleotides synthesis were
performed by Sangon Co., Shanghai.

Yeast two-hybrid screening and interaction analysis

The Matchmaker GAL4 two-hybrid system 3 (Clontech)
was used to identify new interaction partners for MR-1.
First, the Saccharomyces cerevisiae strain AH109 was
transformed with pGBKT7-MR1 using a small-scale lithium
acetate/single-stranded carrier DNA/polyethylene glycol
(LiAc/ss-DNA/PEG) transformation protocol [6]. Selected
transformants were transformed with a human skeletal
muscle Matchmaker cDNA library (in AD-vector pACT2;
Clontech) using a large scale LiAc/ss-DNA/PEG trans-
formation protocol. Positive transformants were selected
on adenine, histidine, leucine and tryptophan lacking
dextrose-containing synthetic (SD/Ade/His/Leu/Trp)
selection media. All yeast clones were re-streaked onto
SD/Trp/Leu media and assayed for activity of B-galacto-
sidase by a B-galactosidase plate assay [7,8]. AD-library
plasmids were isolated from all /acZ positive clones and
rescued in E. coli strain DH5a. For further analysis,
every isolated library plasmid was re-transformed into the
S. cerevisiae strain AH109 and additionally co-transformed
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with the following DNA-BD plasmids: pGBKT7-MR1,
empty pGBKT7, and pGBKT7-LAM (Clontech; encodes
human lamin C and provides a control for a fortuitous
interaction). Transformation reactions were plated onto
appropriate minimal synthetic dropout media, followed by
a B-galacto-sidase plate assay. Furthermore, the library
insert was transferred from the pACT2-AD vector into
the BamHI site of the pPGBKT7-BD vector, and MR-1 (bait)
was subcloned from the pGBKT7-BD vector into the
BamHI1/Xhol sites ofthe pGADT7-AD vector, followed
by a two-hybrid assay in yeast strain AH109.

In vitro transcription/translation and GST pull-down
experiments

pcDNA3-MLC2, pcDNA3-Enolase and pcDNA3-
myomesin (511-786) were constructed for the translation.
In vitro transcription and translation was carried out in
the presence of L-[**S]methionine (Amersham Pharmacia
Biotech) using the TNT phage T7-coupled reticulocyte
lysate system according to the manufacturer’s descrip-
tion (Promega Corp.). Reaction mixtures containing 25 pl
of lysate, 40 uCi of [**S]methionine (1000 Ci/mmol),
15 u of RNasin, 50 uM amino acid mixture (minus
methionine) and 1 pg of DNA in a final reaction volume of
50 ul were incubated at 30 °C for 60 min. The constructed
pGEX-MRI1 plasmid was transformed into BL21(DE3)
cells (Stratagene Corp.). GST-MR-1 fusion protein
expression was induced by | mM IPTG for 5 h at 37 °C.
Whole cell lysates in coating buffer [2xPBS, 1% Triton
X-100 (W/V)] were prepared as described. The GST
fusion protein was immobilized on glutathione-Sepharose
4B beads (Amersham Pharmacia Biotech) applying
ap-proximately 100 pl lysate onto 50 pl of beads (50%
slurry) in 1 ml coating buffer for one hour at 4 °C. The
beads were washed three times with coating buffer and
resuspended in binding buffer (20 mM Tris-HCI, pH 7.5,
1 mM EDTA, 1 mM DTT, 150 mM NaCl, 0.5% Triton X-
100, 1 mg/ml leupeptin). 5 pl of in vitro translated protein
were added to 50 pl of beads coated with 20 ug of
GST-MR-1 fusion protein in 500 pl binding buffer. The
mixture was incubated for 1.5 h at 4 °C and washed
five times with binding buffer and resuspended in SDS
sample buffer. The protein complexes were separated by
SDS-PAGE using 15% (W/V) polyacrylamide gels. The
gels were fixed, treated with Amplify (Amersham
Pharmacia Biotech), dried and exposed using BioMax
MR-1 film (Eastman Kodak, Rochester). The results of
the CBB staining were used to confirm that equal amounts
of each GST-protein in the different reactions were bound
to the glutathione beads (data not shown). GST alone was

used as negative control peptide.
Northern blot analysis

To study the expression pattern of the MR-/ gene, a
commercial Human 12-lane multiple tissue Northern
(MTN™) blot was used. The full-length coding human
MR-1 ¢cDNA was labeled with [a-**P]dCTP using the
Random primers DNA labeling system and used as probe.
Hybridization and washing were carried out according to
the manufacturer’s manual. The blot was dried and
autoradiographed with an X-ray film and intensifying
screen at —70 °C for 3 d.

Immunohistochemical assay

Human heart tissues were collected from patient corpse,
and fixed in methacarn (60% methanol, 30% chloroform,
and 10% glacial acetic acid) for 24 h. Tissues were
subsequently dehydrated and embedded in 100% paraffin.
Serial sections (6 um) were made and subsequently
rehydrated through a graded ethanol series to a final
incubation in PBS. Endogenous peroxidase activity was
quenched by incubating slides in methanol containing
0.3% hydrogen peroxide for 30 min, then subsequently
rehydrated in PBS and blocked in a 1:50 solution of nor-
mal goat serum solution made up in PBS. Immunodetection
was performed using rabbits anti-MR-1 polyclonal primary
antibody (1:200 dilution) by incubation at 4 °C for 3 h and
then using biotinylated goat anti-rabbit secondary antibody
(1:5000 dilution) by incubation at 37 °C for 1 h. DAB
methods were applied for detection and Image-Pro
software was used for results analysis. Negative controls
were incubated in the absence of primary antibody.

Results

Molecular cloning and characterization of MR-1

To identify novel genes in human muscle, we employed
a strategy for cDNA cloning which has been successfully
applied to identify many novel genes from human cDNA
libraries [9—12]. We performed a screening of the EST
database using several key words, such as heart and
muscle, and identified 132 positive EST clones. The cDNA
sequence from each positive clone was aligned with the
known sequences in the GenBank using the BLAST
program. In these analyses, three EST clones (W60863,
W60939, and AA074597) were identified from human heart
and shared a 443 bp region, which is different from any
known genes. The overlapped cDNA is covered by three
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regions of human chromosome 2q35 (AC021016). Ac-
cording to this information, several Oligs were synthesized.
Using Oligl and Olig2 as primers, a 0.65 kb PCR product
was initially obtained from the human skeletal muscle cDNA
library. 5'-RACE was performed to extend the 5'-direc-
tion of the cloned cDNA. A 755 bp PCR product with
expected sequence was cloned from the human skeletal
muscle cDNA library. This 755 bp cDNA contains an open
reading frame of 426 bp, which encodes a protein of 142
amino acids (Fig. 1).

The predicted coding region of this ORF is preceded
by an in-frame stop codon at the 4 nt position. At the
3"end of the cDNA, one potential polyadenylation signal
(AATAAA) is present at the 726 nt position. The protein
encoded by this open reading frame is estimated as
15.4 kD and the calculated pl volume is 10.5. Alignment
analysis in the GenBank database shows that this cDNA
has no homologous gene, which suggested that it might
be a novel gene. This gene was named as MR-1 (myo-
fibrillogenesis regulator 1, NCBI accession No. AF417001).
The MR-1 gene is located in human chromosome 2q35
because it is carried by the Homo sapiens BAC clone
RP11-378A13 (GenBank Accession number AC021016).
It spanned about 2887 bp of contiguous DNA. The MR-1
gene is composed of 3 distinct exons ranging between
169 bp and 713 bp. Both the 5’ and 3’ acceptor splice
sites in each of the introns followed the GT-AG consen-
sus sequence for eukaryotic genes (Fig. 2). The exon 1
(212 bp) encoded whole 5'-untranslated region plus the
first 22 amino acids. The exon 2 (169 bp) encoded the

next 56 amino acids whereas the exon 3 (713 bp) contains
the final 64 codons and an extensive 3'-untranslated
region of about 182 bp (Fig. 2). A computer search of
EST database with the amino acid sequence of MR-1 also
identified MR-1 orthologs in mouse, rat, cow, and pig,
but no detectable homologs were present in Saccharo-
myces cerevisiae, Drosophila melenogaster, Caenorhabditis
elegans, Fugu rubripe or Danio rerio.

Distribution of MR-1 in human tissues

The expression pattern of human MR-1 across dif-
ferent tissues was detected using Northern blot analysis.
The results are shown in Fig. 3. A band of approximately
0.8 kb was identified. This made it an independent con-
firmation that the full-length MR-1 mRNA was transcribed
as predicted. The expression level of MR-1 was highest in
the skeletal muscle and heart, relatively lower in kidney,
liver, while the expression levels of human MR-1 in brain,
colon, lung, peripheral blood leukocytes, placenta, small
intestine, spleen, and thymus were barely detected.

Identification of the MR1-interacting proteins

Yeast two-hybrid screen was performed to identify
proteins able to interact with GAL4 binding domain (BD)-
MR-1 fusion protein. About 2x10° transformants were
screened from the human skeletal muscle cDNA library,
which fused with GAL4 activation domain (AD). A total
of 94 colonies appeared on SD/Ade/His/Leu/Trp™ se-
lective medium, 8 of which exhibited significantly elevated
level of B-galactosidase activity. These 8 plasmids were
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Fig. 1

tgaaccceaggetgttgecaaacectaceety
caaataaagttattgagtgtttagtaga

Nucleotide sequence of the coding and flanking region of human MR-1

The deduced amino acid sequence is given below the nucleotide sequence in single-letter code. The asterisk indicates the stop codon, and potential polyadenylation signal

is underlined. The nucleotide sequence was determined on both strands by automated sequencing.
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AC021016 BAC clone RP11-378A13 on human chromosome 2

212 778 169 1020 713
[1] [ 2] 3 MR-1
1 2 3 MR-1 cDNA 755 bp
1 MR-1 142 aa
. ~ . Intron length .
Exon No. [ Length (bp) 5" Splice donor (bp) 3' Splice aceeptor
1 212 teeggg  ptaagg 778 ccacag  ggatte
2 169 ggeetg  gtgapt 1020 cogtug  ggeeat
3 375 agaaag
Fig.2  Chromosomal localization of the human MR-1 gene

The panel shows the exon and intron organization of the human MR-1 gene. The 5’ acceptor GT and 3’ donor AG are underlined, the exonic sequences are printed in bold.
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Fig.3  Northern blot analysis of human MR-1 mRNA from
various human tissues

Human tissue blot (CLONTECH) was probed with 3?P-labeled cDNA of MR-1.
Hybridization and washing were carried out according to the manufacturer’s manual.
RNA in each line was from human tissues. 1, brain; 2, heart; 3, skeletal muscle;
4, colon (non mucosa); 5, thymus; 6, spleen; 7, kidney; 8, liver; 9, small
intestine; 10, placenta; 11, lung; 12, peripheral blood leukocyte.

isolated and the digestion pattern was shown in Fig. 4.
Comparison of the amino acid sequences indicated that
AD10 and AD38 were overlapped with C-terminal 89 amino
acids (269—357 aa) of homo elF3 subunit 5 (NM003754),
with identity 93% and 97%, respectively. AD62 showed
high similarity with Myomesinl (NM003803, identity
91%). AD43 and AD91 resemble homo sapiens 3-enolase
3 (ENO3, NM053013) with overlapped region of 147 amino
acids (25-171 aa, identity 95% and 97%, respectively).
AD29 was similar to MRLC2 (AF363061, identity 91%);
AD?3 was very similar to homo copper metabolism gene
MURRI (NM152516, identity 97%); AD82 was similar to

Ml M2 1 2 3 4 5 6 7 8

Fig.4 Electrophoresis pattern of EcoRl/Xhol double digestion
of 8 positive AD containing plasmids

M1, M/HindIll, from top to down: 23, 9.4, 6.6, 4.4, 2.3, 2.0 kb; M2, 2.0-0.2 kb
ladder marker; 1-8, No. 3, 10, 29, 38, 43, 62, 82, and 91 positive AD plasmids
digested.

homo sapiens MRIP1 (AF359283, identity 90%).
Retransformation of these isolated library plasmids into
the pGBK-MRI1 containing yeast AH109 or alone was
accomplished to confirm the interaction specificity. To
eliminate a false positive, we moved the inserts from the
pACT2-AD to the pGBKT7 vector and handled MR-/ in
the same way. Co-transformants containing the switched
plasmids could also activate the reporter genes. This
confirmed the interaction between MR-1 and other proteins.

Confirmation of the interaction between MR-1 and
B-enolase, MRLC2, or myomesin by in vitro GST
pull-down assay

As an independent approach to test whether the inter-
action detected in the two-hybrid analysis could be
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detected by biochemical means, we performed GST
pull-down assays. For this experiment, myosin light chain,
myomesin (residues 511-786) and B-enolase were trans-
cribed and translated in vitro by reticulocyte extracts in
the presence of [**S]methionine. Expression of GST-
MR-1 fusion protein in E. coli (DE3) which contained the
pGEX-MR1 recombinant plasmid was accomplished as
described in Methods. The in vitro translated [*S]methio-
nine-labeled proteins were incubated with either GST or
GST-MR-1 in the presence of glutathione-Sepharose beads.
The beads were pelleted, washed extensively, and bound
proteins were eluted by boiling the beads in SDS-loading
buffer. The samples were then subjected to SDS-PAGE
and *S-labeled species detected by autoradiography of the
dried gel were selectively retained on the GST-MR-1 beads,
in contrast no significant retention of GST was observed
(Fig. 5). These results therefore verified the interaction
detected in the two-hybrid analyses and indicated that the
interaction between MR-1 and MRLC2, or myomesin, or
B-enolase is likely direct.

Expression of MR-1 protein in isolated cardiac
myofibrils

Striated muscles are characterized by a very precise
organization of contractile proteins into repeating struc-
tural subunits, the sarcomeres. A sarcomere is defined as
the region between two Z-discs that anchor the thin (actin)
filaments, with the thick (myosin) filaments being anchored
in the center via a structure called the M-band. Both
myomesin and -enolase have been found in M-band [4].
In order to study the biological role of MR-1, we did the
immunohistochemical staining by using isolated cardiac
myofibrils. The results indicated that MR-1 was expressed
in human myocardial myofibrils (Fig. 6).

Discussion

Myofibrillogenesis is a complex process that depends
on the coordinated assembly and integration of a number
of cytoskeletal scaffolding and signaling proteins. There
are three proposed stages during the assembly of myofibrils:
premyofibrils to nascent myofibrils to mature myofibrils
[13]. As premyofibrils become nascent myofibrils,
myomesin also accumulate in the cytoplasm and gradually
organize into a periodic pattern of primordial M-line struc-
ture prior to the incorporation of titin into M-line [14,15].
Myomesin binds directly to titin and is thought to promote
the proper orientation and incorporation of its C-terminus
into developing M-line [16]. Myomesin also binds directly
to sarcomeric myosin, suggesting that it may link titin to
myosin filaments [17].

In this work, through EST database searching and PCR
combined with 5' RACE, we cloned MR-1 from human
skeletal muscle cDNA library. MR-1 is highly expressed

Fig. 6 Expression of MR-1 protein in isolated cardiac
myofibrils (400x)
(A) Detected with human anti-MR-1 antibody. (B) Negative control.

™
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Fig. 5

In vitro binding of GST-MR-1 with *S-B-enolase (A), **S-MRLC2 (B) and **S-myomesinl (C) proteins
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in skeletal muscle and heart. Yeast two-hybrid screen and
in vitro GST pull-down assay indicated that MR-1 could
interact with myomesin, suggesting that MR-1 might
regulate the function of myomesin in linking titin to
myosin filament.

Myosin is found in almost every cell type in vertebrate,
which is composed of one pair of heavy chain (MHC) and
two pairs of light chain (MLC). MLC2 phosphorylation
plays pivotal roles in smooth muscle contraction and
actin-myosin interaction for stress fiber and contractile
ring formation in non-muscle cells [18-20]. MLC muta-
tions have been identified in the hypertrophic cariomyopathy
(HCM) patients [21]. The striking structural regularity
was required in the contractile apparatus by a series of
complex events occurring in a highly coordinated manner,
which guaranteed the correct protein-protein interactions
to take place in right spatial and temporal order [22].
B-Enolase, a glycolytic enzyme, supplies energy for
movement in muscle contraction process. It consisted of
three subunits, o, § and v, in homodimer and heterodimer,
and distributed in tissue-specific manner. The B-enolase
presented in the M-band of striated muscles, and was
associated with binding aldolase and troponin.

The interaction of MR-1 with sarcomeric structural
proteins and regulatory proteins involved in muscle
contraction, its expression in various human muscle
tissues and its presence in human myocardial myofibrils
suggest that it may play an important role in the regulation
of muscle contractile apparatus, which lays a basis for its
further studies.
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