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The complete nucleotide sequence of the cDNA clone encoding rat skeletal muscle myosin-
binding protein H (MyBP-H) was determined and amino acid sequence was deduced from the
nucleotide sequence (GenBank accession number AF077338). The full-length cDNA of 1782
base pairs(bp) contains a single open reading frame of 1454 bp encoding a rat MyBP-H
protein of the predicted molecular mass 52.7kDa and includes the common consensus 'CA_ _
TG' protein binding motif. The cDNA sequence of rat MyBP-H show 92%, 84% and 41%
homology with those of mouse, human and chicken, respectively. The protein contains
tandem internal motifs array (-FN lil-lg C2-FN IlI- Ig C2-) in the C-terminal region which
resembles to the immunoglobulin superfamily C2 and fibronectin type 11l motifs. The amino
acid sequence of the C-terminal ig C2 was highly conserved among MyBPs family and other
thick filament binding proteins, suggesting that the C-terminal Ig C2 might play an important
role in its function. All proteins belonging to MyBP-H member contains 'RKPS' sequence
which is assumed to be cAMP- and cGMP-dependent protein kinase A phosphorylation site.
Computer analysis of the primary sequence of rat MyBP-H predicted 11 protein kinase C (PKC)
phosphorylation site, 7 casein kinase 1l (CK2) phosphorylation site and 4 N-myristoylation site.
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INTRODUCTION

Vertebrate striated muscle sarcomere is consisted of
the thick filaments which interact with the thin filaments
to produce the cross-bridge of the A-band resulting in
muscle contraction. Although several abundant thick
filament-associated proteins have been known, myosin
is the reigning component of the thick filament. MyBP-
C, MyBP-H (previously termed 86 kDa protein) and
MyBP-X (slow type isoform of MyBP-C) have been
identified as a family of myosin binding proteins which
regulate the function of myosin (Starr and Offer, 1993;
Vaughan et al, 1993; Weber et al, 1993; Yamamoto,
1984). In addition, titin, twitchin, telokin and smooth
muscle myosin light chain kinase (smMLCK) have been
identified as myosin-binding protein (Benian et al, 1989;
Kobayashi et al, Labeit ef al, 1990, 1992; Olson et
al., 1990; Shirinsky ef al., 1983).

MyBP-H gene is known to be expressed exclusively
in skeletal muscle, but it is also expressed during
Purkinje fibers formation (Schiaffno, 1997). MyBP-H has
an extensive homology with MyBP-C winch™ contains
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the conserved immunoglobulin superfamily C2 and
fibronectin type Il motifs, as do other members of
MyBPs, such as titin, twitchin, telokin, and skelemin
{Smith and Xue, 1997; Vaughan et al,, 1993). The H-
proteins generally have a tandem array between two
Ig C2 and between two FN Ill repeat, while the C-
proteins have a pattern of seven Ig C2 and three FN
Il motifs (Vaughan et al, 1993). The function of these
repeat structure has not yet been determined, although
the Ig C2 set of the C-terminal 14 kDa peptide has
been known to play a central role in binding myosin
with high affinity (Okagaki et al., 1993).

In vitro studies have shown that the addition of
purified rabbit skeletal muscle MyBP-C to synthetic
thick filaments decreases the critical concentration of
myosin required for filament formation and produces
filaments of greater length and more uniform diameter
than those formed in the absence of MyBP-C (Davis,
1988). Additional studies have shown that both of the
MyBP-C and MyBP-H are able to bind to the complex
of myosin and actin filaments to modulate the myosin
ATPase activity (Moos and Feng, 1980; Yamamoto,
1984). Tatiana et al. (1997) extracted a portion of
MyBP-C from chicken skeletal muscle to cause an
increased number of MyBP-H bound to the myosin.
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They have noticed that although MyBP-H is far less
abundant protein than MyBP-C in both skeletal and
cardiac muscle, the binding of MyBP-H can inhibit
the binding of MyBP-C to the reconstituted filaments.

In this study, we report the full-length nucleotide
sequences of a rat skeletal muscle MyBP-H. We have
also analyzed the secondary structure of the deduced
amino acid sequence compared to the MyBP family
proteins and other muscle binding proteins.

MATERIALS AND METHODS

c¢DNA library construction and screening of rat skele-
tal MyBP-H cDNA

Total cytoplasmic RNA from rat skeletal muscle
was prepared by the acid guanidium thiocyanate-
phenol-chloroform extraction method (Chomczynski
and Sacchi, 1987; Oh et al, 1995: Park et al., 1995).
Poly (A)+ mRNA was purified by poly A Tract® mRNA
isolation system from Promega (USA). The cDNA was
made using Zap-cDNA synthesis kit (Stratagene, La
Jolla, CA, USA). The size-fractionated cDNA was
ligated into the EcoRI- and Xhol-cut pJG4-5 library
vector that contains a Gall promoter, SV40 T antigen
nuclear localization sequence, the B42 activation do-
main and the HAT1 epitope at the NH,terminus of
restriction site. The ligated DNA was transformed into
Sure cells (Stratagene, La jolla, CA, USA) by electro-
poration, using a Bio-Rad electroporator according to
the manufacturer's instructions. The transformed colonies
of 9.7x 10°* were obtained from the plates. The cDNA
was screened by the Yeast Two-hybrid system to find
out proteins interacting with the 4" cytoplasmic do-
mains of (Na, K) ATPase. Therefore rat MyBP-H clone
was initially isolated as the (Na, K) ATPase-interacting
protein.

DNA sequencing

cDNA sequencing was performed by customer service
of Bioneer (Korea), using automatic sequencer. The
sequencing primers are as follows: next to the EcoRl
site primer 5'- TACCCTTAtGATGTGCCA-3', (-) strand
sequencing primer of p)JG 4-5 5'-AAGCTTCTCGAG-
TTTTTT-3', primer R1 5'-ATCCTCAGGTCTGGAGGAC-3'
(from 1548 to 1567), primer F3 5'-TAGACCAGCCTGT-
CCACAT-3' (from 512 to 531), primer 8R-2 5'-AAGGA-
GGGCGGTTCTGAG-3' (from 1170 to 1188), primer
10F-4 5'-CTATTGGATGTCTGGGGT-3' (from 859 to
877), primer 10F-3 5'-GCTGACCTTGGAGGA- TGAG-
3' (from 264 to 283), primer A 5'-AGCGAGACTTCTC-
AGAACCG-3' (from 1160 to 1180).

Analysis of the nucleotide and deduced amino acid
sequences

The nucleotide sequence data of rat MyBP-H appear
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in the GenBank database under accession No. AF
077338. Nucleotide sequence similarity searches were
performed by Entrez Advanced BLAST search program
of current GenBank sequences. Multalign software
(ver 5.3.3 copyright LN.R.A France 1989, 1991, 1994,
1996) was used to compare multiple alignment and
SIM program from ExPASy home page Prosite was used
for binary sequence alignment in World Wide Web.
Protomics tools, ScanProsite-Protein against PROSITE
and TRANSFAC browser were provided to scan the
nucleotide sequence, peptide pattern, rule and matrix
entries in PROSITE from the University of Minesota
Biological science net working service. The 3D-struc-
ture image was downloaded in PDB (Protein Data
Bank; http://www.pdb.bnl.gov/).

RESULTS AND DISCUSSION

Nucleotide and deduced amino acid sequence

The nucleotide sequences of the cDNA encoding
rat MyBP-H (1782 bp) contain the entire 1454 bp
coding region corresponding to the protein of 484
amino acids. To date, there have been no reports
indicating nucleotide binding property of MyBP-H,
but it does contain the predicted common consensus
sequence of 'CA_ _TG' which recognizes basic helix-
loop-helix (bHLH) proteins as found in MyoD and E
2A protein complexes (Blackwer and weintraub, 1990).
The deduced amino acid sequence revealed APEP,
ASVST, ASEST, KAAI calculated periodic, tandem, se-
parated amino acid alphabet repeats, and two fibron-
ectin type lll and two immunoglobulin superfamily C2
motifs, while MyBP-C protein revealed three FN Il
and seven lg C2 motifs (Fig. 1).

Primary sequence analysis

The predicted molecular weight is 52.7 kDa and
the charge clusters are distributed mainly in the region
of 30 to 60 residues. Compositional analysis showed a
large number of alanine (9.1%) and proline (9.5%) in
the N-terminal region. In spite of the fact that the
anomalous electrophoretic mobility in SDS gels which
is a property of the A-P-A-P motif in the N-terminus of
the 86 kDa protein, we have not found the A-P-A-P
repeat sequences in rat MyBP-H.

Muitiple alignment analysis of the MyBP proteins
from various species has revealed a high degree of
amino acid identity, particularly in the C-terminal 40
kDa fragments. The rat H-protein showed 92% DNA
sequence homologous to the mouse H-protein. H- and
C-proteins of human and those of chicken share the
identity with the H-protein of rat as follows; 84%
peptide identity plus 17% conserved motif sequence,
51% peptide identity plus 15% conserved motif se-
quence, 41% peptide identity plus 14% conserved
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1 GGCACGAGCTCAGARATEACAGGARAAGCCACCCCTGAGGCTTCTGTCTC
MTGX AT PE B S5 V3
51 TACTTCAGAGGGGACAGCACHTEAGCCTGCCAAGGTGCCCACTCCAGAGC

s e T BRP EH aAaKV P TP E
101 CTTCTGGACAGHTGGCAGCATCAGAGTCCACGGGGCAAGAGCAGGCTCCA
s 6Q VARS ESs Be QE 0f 9
151  GAGCCACAGAAGCAGCCTCAGGCACAGGACCCTGCAGCCCACGAAGCTCC
E§ ockoPp @ AQD PAA HE AP
201 CGCCACACCTGCCACCACTAAGCCTGAAGCTCCGAGCGAAGATGTCCCCA
AT PA TTK PE APS EDV P
251  GTGCCCCACTGCAGCTGACCTTGGAGGATGTGAGCCACAGCTCCTTGACT
SA PL QLT LE DVS HS S LT
301 GTGAGCTGGGAGCCTCCGGAGGACCTGGGAAGCTGGGGCTCCAGGGCTAT
"V s W EP PE DLGS W GSR AM
351 GTGTTGGAGCTCTGTCAGAGAGGGAGCCTCAGAATGGGTACCTGTGAATC
CW $ SV RE GAS EWV pV N
401  CCCGGCCCGTGATGGTGACCCAGCAGACAGTTCGAAACCTGGCTCTGGGA
PR PVM VT QQT V RN LA L G
451  GACAAGTTCTTCCTGCGCGTGACTGCAGTAAACTCCGCAGGGGCGGGCCC
DK FFL RV TAV NS AGATG P
501 TCEAGTETGCTAGACCAGCCTGTCCACATCCAGGAGATCACTGAAGCCC

P A VL DQP VH I Q EITE A

551  CCAAGATCCGTGTTCCCCGACACCTTCGTCAGACCTATATCCGCCAGHTS
P K I RV PR HL RQ TYTIR QV

601  GGAGAGTCTGTCAACTTGCAAATCCCCTTCCAGGGGAAGCCCAAGCCGCA

GES VN LQ I PF QG KPEK P Q

651  GGCCTCTTGGACCCACAATGGCCACGCCCTGGACAGCCAGAGAGTTAATG
A'S WTH NG HAL D S QR VN

701 TGCGCAGTGGGGACCAGGACTCCATCCTCTTCATTCGCTCAGCTCAGCGE
VR S DQD $IL FI RSA QR

751  TCAGACTCAGGCCGCTATGAGCTCACTGTCCGTCTGGAAGGCTTGGARAGC

S D $SGR YEL TV RL'EGTL E A

801  CAAGGCCGCCATTGACATCCTGGTGATCGAGAAGCCCGGCCCCCCTAGTA
KA A 7§D I 1T VI EXP GP P S

851 GCATCAAGCTATTGGATGTCTGGGGTTGCAATGCTGCCCTTGAGTGGATG

$ I KLL DVW GC NAALE W M
901  CCACCCCAGGACACGGGAAACACAGAGCTCCTGGGCTACACAGTGCAGAA
PP QDT GN TEL LG YTV QK
951  GGCAGACARAAAGACAGGGCAATGGTTCACAGTGTTGGAGCGATACCACC
A DKEK TG QWF TVL ER YH
1001 CCACCACCTGCACCGTCTCAGACCTCATCATTGGCAACTCGTACTCTTTT
PT TC TVS DL I IG NS Y SF
1051  CGGGTCTTCTCAGAAAACCTGTGTGGCCTCAGTGACTTAGCCACCACCAC
RV £F8 EN LC GLS DLA TTT
1101  CAAGGAGCTGGCTCACATCCACARGGCAGCTATCACTGCCARACCTAGAG
K ELA HI HfKA A1 TA KZPR
1151  AGTTTACTGAGCGAGACTTCTCAGAACCGCCCTCCTTCACCCAGCCGGTG
EF TE RDF SEP PS FT QP V
1201 GCTGACCGTACCTCCACTCCTGGCTATAGCACGCAGCTTTTCTGCAGCGT
A DRT S§TP GY ST QLF CS5§5 V
1251 CCGAGCGTCACCTRAGCCTAAGATCATCTGGATGAAAAACAAGATGAGTA
R A S P KP XKII WM KN KMS
1301  TCCAGGGGGACCCCAAGTATCGTGCTGTCTCCGAGCAAGGGGTCTGCACC
I QG DP KY RAV SE QGV CT
1351  CTGGAGATCCGGAAGCCCAGCCCTTTTGATTCTGGGGTCTACACTTGCAA
L EIRK PS PF DSG VY TC K
1401  GGCCATCAACGTGCTAGGAGAGCCTGCCGTGGATTGTCGGTTGGAGGTTA
A INV LG EPAVD CRL EV
1451  AAGCCTCTGCCACACACTGAAGACCAACACAGGCAGAGACTGGGACAAGG
KA SA TH -
1501  AGACAGCTTGGTCACATACCAGGATCGCGACGGACATTCTCTGCCAGGTC
1551  CTGCAGACCTGAGGATCAGGCGCCCAGGCATCCCCAAGACCAAGATACCA
1601  CAAGAACAGCTRATGGGGGTGAACCTCCAGAACCTGCTGGCTCTCTCCAC
1651  CAGAGGTTGGGTCCAGACCCAGGAGTGGGCCTGGCGGGCCCCAGGTCATA
1701  CCTCCTGGGTATGAGAGGGCCCCARGGGTGCAGAGACTGGCACCCCTCTG
1751  CAGAATTGTACACTGTGTGAGAATATCCAATA

Fig. 1. Nucleotide and deduced amino sequences of rat
myosin binding protein H {MyBP-H). The nucleotides that
are common consensus sequence, CA--TG, are boxed and
underlined. APEP (18-21, 44-47), ASVST (9-13), ASEST (35-
39), KAAI (263-266, 370-373) amino acid alphabet repeats
between FN Il (78-164, 274-359) and Ig C2 (196-255, 403-
463) motifs are boxed.

J.H. Jung, J.H. Oh and K.L. Lee

Table 1. The homology percentage of the amino acid se-
quence and the conserved motif homology of human and
chicken MyBP-H, and human and chicken MyBP-C com-
pared with rat MyBP-H

MyBP-H MyBP-C Conserved motif

FN I Ig C2
MyBP-H MyBP-C MyBP-H MyBP-C
HUMAN 84%  41% 12% 18% 8%  15%
CHICKEN 51%  42% 16% 18% 12%  16%

motif sequence, and 42% peptide identity plus 14%
conserved motif sequence, respectively (Table I).

Over the decade, cDNA cloning and primary se-
quence comparison have shown that many myosin-
associated proteins in both vertebrates and invertebrates
exhibit similar repeat structure including immunoglobulin
superfamily C2 and fibronectin type Il motifs which
are primarily observed in adhesion molecules, growth
factor receptors and proteins involved in viral binding
uptake (Cunningham et a/,, 1987) (Fig. 2A). Projectin,
smooth muscle myosin light chain kinase (MLCK),
telokin, twitchin, and titin which belong to a novel
family of cytoskeleton-associated protein kinase contain
Ig C2 and FN Il motifs. In our study we have also
identified both Ig C2 and FN type lll repeats in rat
MyBP-H protein. These motifs are found in the globular
domain which is involved in isoform-specific interaction
of the myosin binding proteins (MyBPs) with skeletal
and cardiac myosin (Alyonycheva et al., 1997; Holness
and simmons, 1994).

Multiple alignment analysis of the C-terminal Ig C2
repeats of MyBP proteins, telokin, and twitchin has
shown that they have highly conserved sequences
except the 'RKPS' sequence (Fig. 2B) which is a pre-
dicted cAMP- and cGMP-dependent protein kinase A
(PKA) phosphorylation site (Glass et al,, 1983, 1986).
Although the C-terminal Ig C2 motif has been implicated
to have the binding activity, its presence without FN
Il motif is not sufficient to target MyBP-H and -C
correctly to the A-band. Thus FN Il motif is required
for this process, implying that MyBPs are associated
with the thick filament through its C-terminus con-
taining both lg C2 and FN Il motifs (Gilbert et al,
1996). Interestingly, all MyBP-H family proteins appear
to have the PKA phosphorylation site but other muscle
binding proteins do not. Therefore, it seems likely that
MyBP-H family proteins are regulated differently from
other muscle binding proteins to play a physiological
role.

We have found that the deduced amino acid se-
quence of rat MyBP-H contains a number of pro-
phesied phosphorylation site. Those are 11 protein
kinase C (PKC) phosphorylation site, 7 casein kinase
Il (CK2) phosphorylation site, and 4 N-myristoylation
site (Kishimoto et al, 1985; Saijo et al, 1997; Woodget
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Fig. 2. (A) Schematic representation of MyBP proteins. Regions
of homology to the Ig C2 (©) or FN 1If (@) are shown for full
length MyBP-C and MyBP-H. (B) Multiple alignment of the C-
terminal ig C2 repeats of MyBP proteins, telokin and twitchin,
and lg C2 family. The 'RKPS' sequence, predicted cAMP- and
cGMP-dependent protein kinase A (PKA) phosphorylation
site (amino acid sequence number 449~452), is boxed. The
shad- ed area represents the conserved sequences.

et al, 1986) (Fig. 3A). During the contraction and the
relaxation mechanism of the cardiac and muscle cells,
Gs proteins are activated to have two distinct effects;
it opens directly calcium channels in the plasma
membrane and it activates membrane-bound adenylyl
cyclase. The latter effect results in an increase in the
intracellular cAMP, which activates cAMP-dependent
protein kinase, which in turn phosphorylates and
thereby activates at least three proteins; a plasma
membrane protein, like Gs, a sarcoplasmic-reticulum
protein, and myosin. Phosphorylation of myosin causes
an increase in the rate at which the cross bridges
cycle, resulting in an increase in the velocity of the
contraction. From the sequence, we can imagine that
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Fig. 3. (A) The predicted secondary structure of MyBP-H. The
g C2 () and FN it ) motifs are illustrated and the deduc-
ed amino acid sequence has 11 protein kinase C (PKC) phos-
phorylation site (2~4, 67~69, 116~118, 138~140, 224~226,
248~250, 254~256, 279~281, 344~346, 361~363, 411~413),
7 casein kinase I {CK2) phosphorylation site (12~15, 17~20,
39~42, 68~71, 85-~88, 116~119, 322~325), 4 N-myr-
istoylation site (31~36, 105~110, 287~292, 318~323).

PKA, PKC, and CK2 may regulate the MyBP-H proteins
in the presence of the second messengers, cCAMP and
Ca®* that stimulate the phosphorylation of myofibriflar
proteins.

Secondary structure analysis

The immunoglobulin superfamily is the most abundant
protein among the cell surface molecules, accounting
for 50% of leukocyte surface glycoproteins (Holness
and simmons, 1994). It is thought that the lg domain
maintains its stability that can be able to resist the
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Telokin Twitchin

Titin
Fig. 3. (B) Immunoglobulin-like domain secondary structures
of telokin (PDB code: 1tlk), twitchin (PDB code: Twtl), and ti-
tin (PDB code: 1tit) are presented by solid black.

harsh proteolytic and oxidative environment of the
extracellular circumstance. The Ig domain found in
recognition/adhesion molecules has usually the beta
barrel plan, but it seems that the one in adhesion
molecules have longer beta strands and shorter con-
necting loop regions as compare to the one in antibody
V domain. Adhesion molecules, peculiarly, do not
have 'RKPS' sequence in the Ig C2 motif but still
involved in protein binding through the C-terminal
region. We have found that MyBP-H proteins do
have 'RKPS' sequence between the two beta strands
in the C-terminal Ig C2 motif (Fig. 3A). This implies
that the binding property of MyBP-H may be different
from that of adhesion molecules. From the predicted
2™ structure of rat MyBP-H, we have found that the C-
terminal Ig C2 motifs resemble to many other skeletal
muscle myosin binding protein's immunoglobulin-like
domain as well as adhesion molecules. For example,
all of the immunoglobulin-like domain of telokin, titin
and twitchin exhibit mainly beta sandwich architecture
of the protein as shown in Fig. 3B.
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