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 The amino acid sequence of a cyanogen bromide-generated 

peptide corresponding to the region of subfragment-1 of 
chicken gizzard myosin, predicted from the cDNA sequence 
to contain a seven-amino acid insertion, was determined 
directly. Subfragment-1 was prepared from adult chicken 

gizzard myosin by limited digestion with papain, and a 
137-residue peptide was obtained by cleaving subfragment-1 
with cyanogen bromide. Amino acid composition analysis 
and sequence analysis of the fragments generated from this 

peptide by formic acid or a-chymotrypsin revealed that the 
peptide corresponded to leucine-165 to methionine-301 of 
chicken gizzard myosin heavy chain previously deduced from 
the cDNA sequence by Yanagisawa, M. et al.. The predicted 
seven-amino acid insertion (Gln-Gly-Pro-Ser-Phe-Ser-Tyr), 
absent from other smooth muscle myosin,was thus con-
firmed to be present in chicken gizzard myosin. The amino 
acid sequence surrounding the insertion site of chicken 
gizzard myosin shows greater homology to the correspond-
ing sequence of other known smooth muscle and non-muscle 
myosins than to those of chicken skeletal and cardiac muscle 
myosins. The insertion sequence may confer gizzard-specific 
functions to the gizzard myosin heavy chain, whereas the 
amino acid sequence surrounding the insertion site may be 
specific to smooth muscle. 
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mentally and hormonally in a tissue-specific manner')-7) . 
Three MHC isoforms, SM1, SM2 and SMemb, have been 
identified in smooth muscle. The structural difference 
between SM1 and SM2 lies in the COOH-terminal portion 
of light meromyosine)-15 ; both isoforms (SM1, SM2) are 

generated by alternative RNA splicing and are also regu-
lated developmentally"", 12) Although the expression of 
SMemb is predominant in embryonic and fetal smooth 
muscle"),"), the protein is reexpressed in proliferating 
smooth muscle cells such as those present in arterio-
sclerotic intimal tissues"). On the basis of its cDNA se-

quence, chicken gizzard S-1 was recently predicted to 
contain an insertion of seven amino acids compared with 
the corresponding region of S-1 from uterus") and aortas) 
smooth muscle myosins. Chicken gizzard myosin contain-
ing this insertion exhibits a higher ATPase activity than 
aorta smooth muscle myosin without it'). However, 
because differences between amino acid sequences deter-
mined directly and those predicted from cDNA have been 
detected"), it is important to verify the seven-amino acid 
insertion in chicken gizzard S-1 at the protein level. We 
have now determined the primary structure of the ATP-

binding region of chicken gizzard S-1 thought to contain 
the seven-amino acid insertion and compared the sequence 
with those of other myosins.

Introduction 

 The contractile protein myosin consists of two heavy 
chains and two pairs of light chains. Myosin heavy chain 
(MHC) comprises a globular head (subfragment-1, S-1) 
and an a -helical, coiled-coil rod, which can be separated 
from each other by limited proteolysis. S-1 possesses 
ATPase activity and binds actin'). The skeletal and cardiac 
muscle MHCs of vertebrates are encoded by a family of at 
least 10 genes whose expression is regulated develop-

Materials and Methods 

 Preparation of S-1 and isolation of CNBr peptides. 
Myosin was prepared from adult chicken gizzard muscle 
essentially as described by Ikebe et al.'). S-1 was obtained 
by digesting myosin with papain in 50 mM MgC12. The 

purity of myosin and S-1 was examined by SDS-
polyacrylamide gel electrophoresis. S-1 was further puri-
fied by gel filtration on a column (2.4 X 132 cm) of 
Sephacryl S-300 (Pharmacia) after subjecting to S-



  carboxymethylation. 
   S-Carboxymethylated S-1 (CM-S-1) in 70% (v/v) formic 

  acid was treated with a 300-fold excess of CNBr per 
  methionine residue under nitrogen for 24 hr at 251C. The 
  CNBr-generated peptides were applied to a column (1.8 X 

  132 cm) of Sephadex G-75 (Pharmacia) that had been 
  equilibrated with 5 % (v/v) acetic acid and were eluted 

  with the same buffer. Peptides in each peak were further 

  purified by reversed-phase high-performance liquid chro-
  matography (RP-HPLC) at room temperature on a 

  column (4.6 X 250 mm) of Wakosil 5 C8 (Wako Pure 
  Chemical Industries, Ltd.) that had been equilibrated with 
  0.1% trifluoroacetic acid ; peptides ' were eluted with a 

  linear gradient of acetonitrile. A large CNBr peptide was 
  fragmented with 0.4 M formic acid at 108°C for 2 hr in an 

  evacuated sealed tube, or further digested with a-chymo-
  trypsin type VU; SIGMA) at 37°C for 2 hr in 1% NH4HCO3 
 (pH 8.0).

Fig. 1. Purification of CM-S-1. The S-carboxymethylated 
crude S-1 was gel-filtered on a Sephacryl S-300 column 
(2.4X132 cm) equilibrated with 25 mM Tris-HCl (pH 8.4) in 
8 M urea at a flow rate of 47 ml/hr, and 6.1 ml fractions were 
collected. The effluent was pooled as indicated by the bar 
(S-1).

Amino acid analysis and sequence determination 

 Amino acid analysis of peptides was performed with a 
JLC-300 automatic amino acid analyzer (JEOL Co.) after 
hydrolysis with 5.7 M HC1 at 110'C for 22 hr in evacuated 
sealed tubes by the method of Spackman et al."). Amino 
acid sequences were determined with an Applied Biosys-
tems model 476A protein sequencer equipped with a model 
610A analysis program for the on-line detection of phe-
nylthiohydantoin amino acids.

Results 

 S-1 was subjected to S-carboxymethylation and was 

purified by chromatography on a column of Sephacryl 
S-300 (Fig. 1). 

 CM-S-1 was cleaved with CNBr and the resulting pep-
tides were separated by gel filtration on a column of 
Sephadex G-75 (Fig. 2). One large peptide (CN-1) was 
further purified by RP-HPLC on a column of Wakosil 5C8 
(Fig. 3). The amino acid composition of CN-1 is shown in 
Table 1. The NH2-terminal 20 residues of CN-1 were se-

quenced by automated Edman degradation. CN-1 was thus 
shown to comprise 137 amino acid biginning with Leu-165 
of the amino acid sequence of chicken gizzard MHC pre-
dicted from the cDNA sequence by Yanagisawa et al.'). 

 The primary structure of CN-1 surrounding the region of 
the seven-amino acid insertion was analyzed by first 
cleaving CN-1 with formic acid. The resulting peptides 
were separated by RP-HPLC on a column of Wakosil 5C8 
(Fig. 4). Three peptides (fa-1 to fa-3) were obtained and 
their amino acid sequences were determined either com-

pletely or partially. 
 CN-1 was also digested with a -chymotrypsin and the 

resulting peptides were separated by RP-HPLC on a

Fig. 2. Separation of CNBr peptides of CM-S-1. The CNBr 
peptides of CM-S-1 were gel-filtered on a Sephadex G-75 
column (1.8X132 cm) equilibrated with 5% (v/v) acetic acid 
at a flow rate of 13ml/hr, and 3ml fractions were collected. 
The effluent was pooled as indicated by the bar (CN-1).

Fig. 3. Purification of CN-1 by RP-HPLC. CN-1 in Fig. 2 
was applied to a column of Wakosil 5C8 (4.6 X 250 mm). 
Elution was carried out at a flow rate of 0.7 ml/min with a 
linear gradient of acetonitrile concentration by mixing 0.1% 
trifluoroacetic acid with 90% CH3 CN containing 0.1% 
trifluoroacetic acid. Dotted line indicates CHBCN concentra-
tion.



Table 1. Amino acid composition of peptide CN-1. Cysteine 

and methionine were determined as carboxymethyl cysteine 

and homoserine, respectively. Values in parentheses were 

obtained from the sequence data.

                Number of 
Amino acid residues 

  Cys + (1) 
  Asp 13.6 (13) 
  Thr 8.7 ( 9) 

  Ser 10.1 (11) 
  Glu 19.6 (18) 
   Pro 3.2 ( 2) 

  Gly 12.1 (11) 
  Ala 11.4 (11) 
  Val 6.0 ( 6) 

  Met 1.0 (1) 
  I 1 e 10.3 (11) 
  Leu 10.2 (10) 
  Tyr 4.6 ( 6) 

  Phe 6.1(7) 
  His 1.8(2) 
  Lys 11.7 (12) 

  Arg 5.7 ( 6) 

  Total 137

Fig. 4. Separation of cleavages of CN-1 with 0.4M formic 
acid by RP-HPLC. The cleavages of CN-1 with 0.4M formic 
acid were applied to a column of Wakosil 5C8 (4.6 X 250 mm). 
Conditions were the same as in Fig. 3 except for the CH3CN 
concentration gradient.

column of Wakosil 5C8 (Fig. 5). Twelve peptides (Chy-1 to 
Chy-12) were obtained and sequenced either completely or 

partially. The sequences of both formic acid- and a-chymo-
trypsin-generated peptides are shown in Fig. 6. 

 Although CN-1 was sequenced completely, four overlap-

ping peptides were not obtained ; the corresponding 
junction sites were aligned on the basis of the amino acid 
sequence of chicken gizzard MHC deduced from the 
cDNA18), '>

Fig. 5. Separation of digests of CN-1 with a-chymotrypsin 
by RP-HPLC. The digests of CN-1 with a-chymotrypsin were 
applied to a column of Wakosil 5C8 (4.6 X 250 mm).' Condi-
tions were the same as in Fig. 3 except for the CH3CN concen-
tration gradient.

Fig. 6. Sequence determination of CN-1, a 137-residue peptide, containing the seven-amino acid insertion in S-1 from chicken 
gizzard muscle myosin. 

 The peptides obtained by fragmentation with 0.4 M formic acid (fa), a-chymotrypsin (chy) are shown. The arrows indicate 
the amino acids identified by automated Edman degradation. The double line and thick line indicate seven-amino acid 
insertion and the ATP binding site, respectively.



(1) chicken gizzard K K D T S I T Q G P S F S Y G E L 

(2) chicken aorta K K D T S I T------- G E L 

(3) rabbit uterus KKD T S I T - - - - - - - G E L 

(4) rat stomach K K D S S I T - - - - - - - G E L 

(5) fetal rat visceral K K D S S I T Q G P S FAY G E L

Fig. 7. Comparison of the sequence surrounding the seven-amino acid insertion of chicken gizzard MHC with the 
corresponding sequences of smooth muscle myosins. 
From the top, (1) chicken gizzard (present study), (2) chicken aortal', (3) rabbit uterus", (4) rat stomach and (5) fetal rat 
visceral"'. Asterisks indicate the insertion. Dashes indicate the absence of residues corresponding to the insertion.

                                                  30 60 

(1) chicken gizzard LQDREDQSILCT GESGAGKT ENTKKVIQYLAVVASSHKGKKDTSITQGPSFSYGELEKQL 

(2) chicken cardiac LRNRENQSMLIT GESGAGKT VNTKRVIQYFATVAALGEPGKKSQPATKTGGTLEDQIIQA 

(3) chicken skeletal LTDRENQSILIT GESGAGKT VNTKRVIQYFATIAASGEKKKEEQSGKMQGTLEDQIISAN

Fig. 8. Comparison of the sequence surrounding the ATP binding site and seven-amino acid insertion of chicken gizzard S-1 
with the corresponding sequence of chicken cardiac and skeletal myosins. 
From the top, (1) chicken gizzard (present study), (2) chicken cardiac"), (3) chicken skeletal'). Underline indicates seven-amino 
acid insertion sequence. The boxed area indicates the ATP-binding site.

Discussion 

 A seven-amino acid insertion has been predicted near the 
ATP-binding site in chicken gizzard MHC and is associated 
with increased actin-activated Mg"-ATPase activity') 
White et ai.21' described a similar insertion in fetal rat 
visceral smooth muscle myosin that was not present in 
myosin from the adult rat stomach. Furthermore, a 
10-amino acid insertion has been identified in chicken 
nonmuscle MHC at the same position as the seven-amino 
acid insertion in intestinal MHC22'. It has been assumed 
that these various myosin isoforms result from alterna-
tive splicing of the primary transcript smooth muscle 
MHC gene. 

 However, these amino acid sequence were deduced from 
the corresponding cDNA sequences, we have now deter-
mined, by direct analysis, the amino acid sequence of a 
large CNBr fragment of chicken gizzard S-1 predicted to 
contain the seven-amino acid insertion. A seven-amino acid 
insertion with a sequence (Gln-Gly-Pro-Ser-Phe-Ser-Tyr) 
identical to the sequence deduced from the corresponding 
cDNA by Kelley et al.") was indeed present in chicken 

gizzard S-1. Comparison of the sequence of the region 
surrounding the seven-amino acid insertion of chicken 

gizzard S-1 with that of other smooth muscle MHCs 
revealed a difference of only one residue with fetal rat 
visceral MHC and showed that this insertion is not present 
in rabbit uterus, chicken aorta, or rat stomach MHC (Fig. 
7). Furthermore, the amino acid sequence of this region of 
chicken gizzard S-1 shows greater homology to the

corresponding regions of smooth muscle myosins from 
other animals (Fig. 7) than to chicken skeletal') or car-
diac') muscle MHC (Fig. 8). It is unclear how the seven-
amino acid insertion in chicken gizzard myosin may affect 
the function of the protein, but its location near the 
ATP-binding site is consistent with a role in the increased 
ATPase activity of myosin from this tissue.

Acknowledgments 

 We thank Prof. Masataka Ichikawa, the Department of 

Hospital Pharmacy, Nagasaki University School of 

Medicine, for his useful advice and continuous encourage-

ment in the present study.

References 

1) Harrington, W. F., and Rodgers, M. E.: Myosin. Annu. Rev. Biochem. 
   53: 35-73, 1984. 

2) Izumo, S., Nadal-Ginard, B., and Mahadavi, V.: All members of the 
   MHC multigene family respond to thyroid hormone in a highly 

   tissue-specific manner. Science 231 : 597-600, 1986. 
3) Kavinsky, C. J., Umeda, P. K., Sinha, A. M., Elzinga, S., Tong, S. W., 

   Zak, R., Jakovich, S., and Rabinowitz, M.: Cloned mRNA sequences 
   for two types of embryonic myosin heavy chains from chick skeletal 

   muscle. J. Biol. Chem. 258: 5196-5202, 1983. 
4) Mahadavi, V., Periasamy, M., and Nadal-Ginard, B.: Molecular 

   characterization of two myosin heavy chain genes expressed in the 
   adult heart. Nature 297: 659-665, 1982. 

5) Nguyen, H. T., Gubits, R. M., Wydro, R. M., and Nadal-Ginard, B.: 
   Sarcomeric myosin heavy chain is coded by a highly conserved



   multigene family. Proc. Natl. Acad. Sci. U.S.A. 79: 5230-5234, 1982. 
6) Periasamy, M., Wieczorek, D. F., and Nadal-Ginard, B.: Characteriza-

   tion of a developmentally regulated perinatal myosin heavy-chain gene 
   expressed in skeletal muscle. J. Biol. Chem. 259: 13573-13578, 1984. 

7) Wydro, R. M., Nguyen, H. T., Gubits, R. M., and Nadal-Ginard, B.: 
   Characterization of sarcomeric myosin heavy chain genes. J. Biol. 

   Chem. 258: 670-678, 1983. 
8) Rovner, A. S., Thompson, M. M., and Murphy, R. A.: Two different 

   heavy chains are found in smooth muscle myosin. Am. J. Physiol. 250: 
   C861-C870, 1986. 

9) Kawamoto, S., and Adelstein, R. S.: Characterization of myosin heavy 
   chains in cultured aorta smooth muscle cells. J. Biol. Chem. 262: 

   7282-7288, 1987. 
10) Eddinger, T. J., and Murphy, R. A.: Two smooth muscle heavy chains 

   differ in their light meromyosin fragment. Biochemistry 27: 3807-3811, 
  1988. 

11) Babij, P., and Periasamy, M.: Myosin heavy chain isoform diversity in 
   smooth muscle is produced by differential RNA processing. J. Mol. 

   Biol. 210: 673-679, 1989. 
12) Nagai, R., Kuro-o, M., Babij, P., and Periasamy, M.: Identification of 

   two types of smooth muscle myosin heavy chain isoforms by cDNA 
   cloning and immunoblot analysis. J. Biol. Chem. 264: 9734-9737, 1989. 

13) Kuro-o, M., Nagai, R., Tsuchimochi, H., Katoh, H., Yazaki, Y., 
   Ohkubo, A., and Takaku, F.: Developmentally regulated expression of 
   vascular smooth muscle myosin heavy chain isoforms. J. Biol. Chem. 

  264: 18272-18275, 1989. 
14) Kuro-o, M., Nagai, R., Nakahara, K., Katoh, H., Tsai, Rong-Chi, 

   Tsuchimochi, H., Yazaki, Y., Ohkubo, A., and Takaku, F.: cDNA 
   cloning of a myosin heavy chain isoform in embryonic smooth muscle 
   and its expression during vascular development and in arteriosclerosis. 

   J. Biol. Chem. 266: 3768-3773, 1991. 
15) Babij, P., Kelly, C., and Periasamy, M.: Characterization of a 

   mammalian smooth muscle myosin heavy-chain gene : Complete

   nucleotide and protein coding sequence and analysis of the 5' end of the 
   gene. Proc. Natl. Acad. Sci. U.S.A. 88: 10676-10680, 1991. 

16) Kelley, C. A., Takahashi, M., Yu, J. H., and Adelstein, R. S.: An insert 
   of seven amino acids confers functional differences between smooth 

   muscle myosins from the intestines and vasculature. J. Biol. Chem. 268: 
   12848-12854, 1993. 

17) Watanabe, B., and Tanigawa, M.: Primary structure of the hinge 
   region in adult chicken cardiac myosin subfragment-2. Biol. Chem. 
   Hoppe-Seyler 374: 27-35, 1993. 

18) Ikebe, M., Aiba, T., Onishi, H., and Watanabe, S.: Calcium sensitivity 
   of contractile proteins from chicken gizzard muscle. J. Biochem. 83: 

   1643-1655, 1978. 
19) Spackman, D. H., Stein, W. H., and Moore, S.: Automatic recording 

   apparatus for use in the chromatography of amino acids. Anal. Chem. 
   30: 1190-1206, 1958. 

20) Yanagisawa, M., Hamada, Y., Katsuragawa, Y., Imamura, M., 
   Mikawa, T., and Masaki, T.: Complete primary structure of vertebrate 

   smooth muscle myosin heavy chain deduced from its complementary 
   DNA sequence. J. Mol. Biol. 198: 143-157, 1987. 

21) White, S., Martin, A. F., and Periasamy, M.: Identification of a novel 
   smooth muscle myosin heavy chain cDNA ; isoform diversity in the S1 

   head region. Am. J. Physiol. 264: C1252-C1258, 1993. 
22) Takahashi, M., Kawamoto, S., and Adelstein, R. S.: Evidence for 

   inserted sequences in the head region of nonmuscle myosin specific to 
   the nervous system. J. Biol. Chem. 267: 17864-17871, 1992. 

23) Maita, T., Yajima, E., Nagata, S., Miyanishi, T., Nakayama, S., and 
   Matsuda, G.: The primary structure of skeletal muscle myosin heavy 

   chain : N. Sequence of the rod, and the complete 1,938-residue sequence 
   of the heavy chain. J. Biochem. 110: 75-87, 1991. 

24) Nakayama, S., Tanaka, H., Yajima, E., and Maita, T.: Primary 
   structure of chicken cardiac myosin S-1 heavy chain. J. Biochem. 115: 

  909-926, 1994.


