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ABSTRACT A cDNA clone, pVHCl, was isolated from a
Syrian hamster heart cDNA library and was compared to the
rat a (pCMHC21) and ,8 (pCMHC5) ventricular myosin heavy
chain cDNA clones. The DNA sequence and amino acid
sequence deduced from the DNA show more homology with
pCMHC21 than pCMHC5. This indicates that pVHCl is an a
ventricular myosin heavy chain cDNA clone. However, even
though pVHC1 shows a high degree of nucleotide and amino
acid conservation with the rat myosin heavy chain sequences,
the carboxyl-terminal peptide and the 3'-untranslated region
are highly divergent and specific for this cDNA clone. There
appears to be an amino acid deletion in the 3' end of the hamster
a myosin heavy chain as compared to the rat a myosin heavy
chain. S1 nuclease mapping experiments have shown that the
mRNA represented by this cDNA clone is scarcely expressed in
neonatal development, but its expression increases with age and
reaches maximal levels in adult life. This cDNA clone provides
a useful tool to follow the myosin heavy chain mRNA changes
during development and during the genesis of a cardiomyop-
athy, an autosomal recessive defect carried by the Syrian
hamster.

The Syrian hamster has several features that can be used
to study myocardial cells during normal growth and during
the development of heart disease. Some strains of this animal
exhibit an autosomal recessive defect, a cardiomyopathy,
which appears 30-45 days after birth (25-27). It has been
reported that development of the cardiomyopathy is associ-
ated with an altered distribution ofthe three myosin isozymes
(28, 29); there is a shift from the V1 form of the ventricular
myosin isozymes (which contains a higher ATPase activity
than the V3 form) to the V3 form. It has been speculated that
this shift in the myosin isozymes to the V3 form and to a lower
ATPase activity is a compensatory process that may lead to
a more economical working of the myocardial cell (29).

This report deals with the construction of a myocardial
cDNA library from Syrian hamster ventricular tissue and the
characterization of the a form of a ventricular myosin heavy
chain cDNA clone. This specific cDNA clone, through the
use of the S1 nuclease mapping technique, provides a feasible
means of examining the expression of hamster ventricular
myosin isoforms during growth and the course of developing
cardiomyopathy.

Considerable evidence indicates that several muscle-specific
contractile proteins, including the myosin heavy chain, are
constituted by multigene families. Differential expression of
myosin light and heavy chains have been demonstrated in
muscle and nonmuscle cell types as well as in invertebrate
and avian muscle tissues by peptide mapping, immunological
cross-reactivity, and DNA analysis (1-5). The myosin iso-
zymes in cardiac tissue present a particularly intriguing
challenge for the examination of differential expression
during development.
The isoforms of ventricular myosin, which are expressed

as either homodimers of the a myosin heavy chain (V1 form)
or the 13 myosin heavy chain (V3 form) or as heterodimers of
the a and the , myosin heavy chain (V2 form) in the course
of myocardial cell development (6-10), are a striking example
of specific gene expression; these three forms of ventricular
myosin have been extensively studied in rat and rabbit (6, 7,
11-15). The molecular basis for the expression of the
ventricular myosin isoforms has been actively investigated in
relation to hormone induction (11, 16-18), stimulation by
cardiac pressure overload as well as in disease states (19-21).
The structure of the a and P forms of the ventricular myosin
heavy chain genes in rat have been partially elucidated by
Mahdavi and her coworkers (22-24). They have shown that
the a and the p forms of the ventricular myosin heavy chain
genes in rat are organized in tandem, and the intron positions
in the 5'-end region of the genes are conserved.

MATERIALS AND METHODS
Materials. Reverse transcriptase from avian myeloblasto-

sis virus was purchased from Life Sciences (St. Petersburg,
FL). Nuclease S1, DNA polymerase I (Klenow fragment),
and restriction enzymes were purchased from Boehringer
Mannheim and used according to manufacturer's specifica-
tions. Low-melting agarose, terminal deoxynucleotidyl-
transferase (TdT), and pBR322 cut at the Pst I site and
oligo(dG)-tailed were purchased from Bethesda Research
Laboratories. Nitrocellulose paper (0.45-,Am pore size) was
from Schleicher& Schuell. 32P-labeled nucleotides were from
New England Nuclear.

Methods. Total RNA was isolated from the ventricular
tissue of28-day-old random-bred Syrian hamster by using the
guanidine hydrochloride method, and oligo(dT)-cellulose
chromatography was used to obtain poly(A)+ RNA, as
described (30).

Construction of Recombinant Plasmids. Total poly(A)+
RNA from the hamster ventricle was used as a template for
the synthesis of single-stranded cDNA by using oligo(dT)
primers in the absence of actinomycin D (30). Double-
stranded cDNA synthesis was carried out using DNA poly-
merase I (Klenow fragment) (31). The incubation was done at
16°C for 20 hr followed immediately by a 75-min incubation
at 42°C. We found that the additional use of reverse
transcriptase was unnecessary. The double-stranded cDNA
was then separated from the nucleotides by column chroma-
tography on Sephadex G-50 Fine (Pharmacia) using 100 mM
NaCl, 10 mM Tris HCl (pH 8.0), 1 mM EDTA (TNE buffer).
Nuclease S1 digestion, tailing of the cDNA with dCTP and
terminal deoxynucleotidyltransferase, and annealing were

3175

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



3176 Biochemistry: Liew and Jandreski

completed following standard procedures (31). The recom-
binant plasmids, containing the oligo(dC)-tailed cDNA and
oligo(dG)-tailed pBR322, were used to transform Escherichia
coli LE392 as described by Hanahan (32). The resultant
transformants were selected by their resistance to tetracy-
cline and sensitivity to ampicillin. Myosin heavy chain clones
were detected by the method of Grunstein and Hogness (33)
using labeled DNA fragments from a rat ventricular myosin
heavy chain cDNA clone pCMHC21 (22, 34).

Restriction Endonuclease Mapping of Recombinant Plas-
mids. Following the restriction endonuclease cleavage of
plasmid DNA, fragments were analyzed by 0.8% agarose gel
and 10% polyacrylamide gel electrophoresis (31). Alterna-
tively, partial digestions of plasmid DNA were carried out
essentially as described by Smith and Bernstiel (35) to
delineate the restriction endonuclease sites of the insert.

S1 Nuclease Mapping. S1 mapping was carried out essen-
tially by the rapid and simple method of Burke (36). Frag-
ments obtained by restriction endonuclease (e.g., Pst I)
digestion were inserted into the M13 mp8 vector (37). The
M13 sequencing (17mer) was annealed to the template.
[a-32P]dATP (100 ACi; 800 Ci/mmol; 1 Ci = 37 GBq) was
added to the mixture containing unlabeled dCTP, dGTP, and
dTTP, each at a final concentration of 100 ,uM. DNA
polymerase I (Klenow fragment) was added to extend and
copy the cloned fragment at 30°C for 20 min and then
immediately chased by adding excess unlabeled dATP. The
labeled M13 transcripts were then cleaved with EcoRI. This
cloned radioactive fragment was isolated by 2% low-melting
agarose gel electrophoresis (31).

Total cardiac RNA was isolated from 2- to 3-day-, 20-day-,
and 7-month-old hamsters. The radio-labeled cDNA probe
(300,000 cpm) and 30 ug of total RNA were precipitated
together. The pellet was resuspended in 20,ul of hybridization
buffer containing 0.4 M NaCl and 10 mM Pipes, pH 6.5. The
samples were heated at 100°C for 3 min and then hybridized
at 65°C for 1 hr. At the end of 1 hr, 200 1.l of a solution
containing 180mM NaCl, 30mM sodium acetate (pH 4.5), 4.5
mM zinc acetate and 1 unit (Vogt) of nuclease S1 per,l was
added to the mixture and incubated for 30 min at 37°C. EDTA
was added to a concentration of 10 mM, and the S1 nuclease-
resistant hybrids were precipitated by addition of 3 vol of
ethanol and then analyzed on a 6.5% polyacrylamide gel
containing 8 M urea. Following gel electrophoresis, the gel
was dried and exposed to Kodak XAR x-ray film.

Sequencing of DNA. Fragments, which were obtained from
restriction endonuclease digestion (e.g., Pst I and Pvu II) of
the myocardial cDNA clone, were inserted into the M13 mp8
and mp9 vectors (37). DNA sequencing was carried out by
the dideoxy chain termination method (38).

RESULTS AND DISCUSSION
Construction and Isolation of Ventricular Myosin Heavy

Chain cDNA Clones from Cardiac Muscle. Ventricles of
neonatal hearts from 28-day-old hamsters were rapidly col-
lected and kept in liquid nitrogen prior to the extraction of
RNA. Poly(A)+ RNA was isolated by oligo(dT)-cellulose
column chromatography and synthesized into double-strand-
ed cDNA. A cDNA library was constructed by the G-C tailing
method in the Pst I site of pBR322. Eight recombinant
plasmids, giving a positive hybridization signal to probe
pCMHC21 (22), a rat a ventricular myosin heavy chain
cDNA clone, were identified. Subsequent characterization of
these cDNA clones indicated that there were only four
different-sized clones with two distinctive restriction site
patterns. One of these clones, pVHC1, has a similar pattern
of restriction enzyme sites to the restriction map of
pCMHC21, as shown in Fig. 1. pCMHC21 has been identified
as an a ventricular myosin heavy chain cDNA clone. How-
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FIG. 1. The restriction enzyme sites of pVHC1 compared to the
a form of the rat myosin heavy chain cDNA clone pCMHC21. A, Ava
I; B, Bgl I; P, Pst I; V, Pvu II. bp, Base pairs.

ever, due to the high proportion of homology between the a
and the / forms of the myosin heavy chain, the restriction
maps could not be relied on to identify whether pVHC1 was
an a or a /3 clone conclusively.

Nucleotide Sequence Analysis of pVHC1. The recombinant
plasmid pVHC1 was cut with either Pst I or Pvu II (to
sequence across Pst I sites), inserted into the M13 mp8 and
mp9 sequencing vectors, and sequenced by the dideoxy chain
termination method. Each strand was sequenced in both
directions. The DNA sequence of pVHC1 is shown in Fig. 2
along with the encoded amino acid sequences. Comparison of
its encoded amino acid sequence with the published se-
quences of the rat ventricular a (pCMHC21) and /3
(pCMHC5) myosin heavy chain is also presented (22). As
shown in Table 1, the DNA sequence of pVHC1 and the
computer generated amino acid sequence have more homol-
ogy to pCMHC21 than to pCMHC5, including the 3'-
untranslated region. This indicates that pVHC1 is an a
ventricular myosin heavy chain cDNA clone.

It should be noted that the fifth amino acid residue from the
3' end glutamine (codon CAG) is missing in the hamster a
myosin heavy chain cDNA clone pVHC1 as compared to the
rat a myosin heavy chain clone pCMHC21. However, the
fifth amino acid residue from the 3' end glycine (codon GCC)
in the hamster /3 myosin heavy chain cDNA clone pVHC2 is
not missing (unpublished data). This is a significant deviation
between the rat and hamster a myosin heavy chain genes.
Not only have three base pairs of DNA been removed from
the gene but an amino acid has been removed from the
protein. However, it does not appear that this amino acid
deletion would significantly affect the structure of the myosin
heavy chain protein.

Expression of the a Form of the Ventricular Myosin Heavy
Chain mRNA During Postneonatal Development. Alterations
of the myosin isoforms have been reported to be associated
with development, hormonal stimulation, and pressure-over-
load in the rat and rabbit (6, 7, 11-15). We selected the
28-day-old hamster heart for the purpose of isolating both the
a and the /3 forms of the ventricular myosin heavy chain
mRNAs. To follow the phenotypic expression of the a
isoform of the myosin heavy chain mRNA, ventricular RNA
from 2-day-old, 20-day-old, and 7-month-old hamster heart
was isolated. The 3' end of the Pst I restriction fragment from
pVHC1 was subcloned into the M13 mp8 sequencing vector,
used to generate a probe, and hybridized to equivalent
amounts of ventricular RNA isolated from the three different
developmental stages and adult soleus muscle RNA. The
probe is 350 bases long, maps at the 3' end of the cDNA
insert, and includes the codons for the last 73 amino acids at
the carboxyl terminus, the3'-untranslated region (69 bases),
one of the poly(C) tails (13 bases), and 46 bases from the M13
vector. As shown in Fig. 3, when the probe hybridized to the
RNA, it gave the expected full length of protection for the
mRNA portion of the probe (=-290 bp) and is only seen in the
heart RNA samples. The soleus RNA is not protected and is
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CAG CTC AGC CAG GCC AAC AGA ATA GCC TCA GAG GCC CAG AAG CAC CTG AAG AAC GCC
Gln Leu Ser Gln Ala Asn Arg Ile Ala Ser Glu Ala Gln Lys His Leu Lys Asn Ala
___________________________________________________________________________

------------ His-------------Met-----Ala-----------------Glu-Val-----Ser-leu

CAA GCC CAC TTG AAG GAC ACC CAG CTC CAG CTG GAT GAT GCG CTC CAC GCC AAT GAC
Gln Ala His Leu Lys Asp Thr Gln Leu Gln Leu Asp Asp Ala leu His Ala Asn Asp
--------------------------------------------------------Val-Arg------------
----Ser-Leu---------------------Ile---------------------Val-Arg------------

GAC CTG AAG GAG AAC ATC GCC ATC GTG GAG CGG CGG AAC ACC CTG CTG CAG GCG GAG
Asp Leu Lys Glu Asn Ile Ala Ile Val Glu Arg Arg Asn Thr Leu Leu Gln Ala Glu
___________________________________________________________________________

--------------------------------------------------Asn--------------------

CTG GAG GAG CTG CGG GCT GTG GTG GAG CAG ACA GAG CGG TCT CGG AAG CTG GCG GAG
Leu Glu G]u Leu Arg Ala Val Val Glu Gin Thr Giu Arg Ser Arg Lys Leu Ala Glu
___________________________________________________________________________

___________________________________________________________________________

CAG GAG CTG ATC GAG ACC AGC GAG CGG GTG CAG CTG CTG CAC TCT CAA AAC ACC AGC
Gin Glu Ieu Ile Glu Thr Ser Glu Arg Val Gin Leu leu His Ser Gln Asn Thr Ser
-----------------------------------------------------------------Asn-----
___________________________________________________________________________

CTC ATC AAC CAG AAG AAG AAG ATG GAG GCA GAC CTG ACC CAG CTC CAG ACC GAG GTG
I.eu lie Asn Gin Lys Lys Lys MET Glu Ala Asp Leu Thr Gln Leu Gln Thr Glu Val
--------------------------------Asp-------------Ser------------------------
--------------------------------His-------------Ser------------------------

GAA GAG GCG GTG CAG GAG TGT AGG AAT GCG GAG GAG AAG GCC AAG AAA GCC ATC ACA
Glu Glu Ala Val Gln Glu Cys Arg Asn Ala Glu Glu Lys Ala Lys Lys Ala Ile Thr
___________________________________________________________________________

___________________________________________________________________________

GAT GCC GCC ATG ATG GCG GAG GAG CTG AAG AAG GAG CAG GAC ACC AGC GCC CAC CTG
Asp Ala Ala MET MET Ala Glu Glu Leu Lys Lys Glu Gin Asp Thr Ser Ala His Leu
___________________________________________________________________________

___________________________________________________________________________

GAG CGC ATG AAG AAG AAC ATG GAG CAG ACC ATC AAG GAC CTG CAA CAC CGG CTG GAC
Glu Arg MET Lys Lys Asn MET Glu Gln Thr Ile Lys Asp Leu Gin His Arg Leu Asp
___________________________________________________________________________

___________________________________________________________________________

GAA GCC GAG CAG ATC GCG CTC AAG GGT GGC AAG AAG CAG CTG CAG AAG CTG GAG GCC
Glu Ala Glu Gin Ile Ala Leu Lys Gly Gly Lys Lys Gln Leu Gln Lys Leu Glu Ala
___________________________________________________________________________

___________________________________________________________________________

CGG GTC CGC GAG CTG GAG AAC GAG CTG GAG GCT GAG CAG AAG CGC AAT GCC GAG TCC
Arg Val Arg Glu Leu Glu Asn G1u Leu Glu Ala Glu Gln Lys Arg Asn Ala Glu Ser
___________________________________________________________________________

___________________________________________________________________________

GTG AAG GGC ATG AGG AGG AGT GAG CGG CGC ATC AAG GAG CTC ACC TAC CAG ACA GAG
Val Lys Gly MET Arg Arg Ser G1u Arg Arg Ile Lys Glu Leu Thr Tyr Gin Thr Glu
--------------------Lys---------------------------------Asn----------------
--------------------Lys---------------------------------Asn----------------

GAG GAC AAG AAG AAC CTG GTG AGG CTG CAG GAC CTG GTA GAC AAG CTA CAG CTG AAG
Glu Asp Lys Lys Asn Leu Val Arg Leu Gln Asp Ieu Val Asp Lys Leu Gln Leu Lys
--------------------------------- ---------------Asn--------------------
---------------------Leu------------------------------------------------

GTG AAG ACC TAC AAG CGC CAG GCT GAG GAG GCG GAG GAG CAG GCC AAC ACC AAT CTG
Val Lys Thr Tyr Lys Arg Gin Ala Glu Glu Ala Glu Glu Gln Ala Asn Thr Asn Leu
--------Ala----------------------------------------------------------------
--------Ala----------------------------------------------------------------

TCC AAG TTC CGC AAG GTG CAG CAT GAA CTG GAC GAG GCA GAG GAG AGG GCC GAC ATC
Ser Lys Phe Arg Lys Val Gin His Glu Leu Asp Glu Ala Glu Glu Arg Ala Asp Ile

GCC GAG TCC CAG GTC AAC AAG CTG CGG GCC AAG AGC CGT AAC ATC GGT GCC AAG
Ala Glu Ser Gln Val Asn Lys Leu Arg Ala Lys Ser Arg Asn Ile Gly Ala Lys
----------------------------------------------------Asp-----------------Gin
----------------------------------------------------Asp-----------------Gly

AAG ATG CAC GAT GAA GAA TGA
Lys MET His Asp Glu Glu END TGCTGCCCGCAGGCCTTGCTGTTGCTAGCCCACAATAAACACG
------------------------END CCTGTCCAGCAGAAAGA----GC--C--- -C-T-----------T---
Leu Asn Glu Glu END ATCTTGCTCTACCCAACCCTAAGGATGCCTGTGAAGCCCTGAGACCTGGAGCCTTT

AATGCCTGACTCTG (A)12
----TTC- (A)27
GAAACAGCACCTTCAGGCAGAAACACAATAAAGCAATTTTCCTTCAAGCC (A)37

FIG. 2. The DNA sequence of pVHC1. The amino acid sequence was deduced from the DNA sequence, and its amino acid sequence was
compared with those of the a (pCHMC21) and 13 (pCMHC5) forms of the rat ventricular myosin heavy chain. Line 1, nucleotide sequence of
pVHC1; line 2, amino acid sequence of pVHC1; line 3, amino acid sequence of pCMHC21; line 4, amino acid sequence ofpCMHC5. The dashed
lines indicate areas of homology. Amino acids and nucleotides at the 3-untranslated region that are not homologous are printed out.
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Table 1. Homology of hamster myosin heavy chain cDNA (pVHC1) compared to the rat a (pCMHC21) and 13
(pCMHC5) myosin heavy chain cDNA (excluding the 3'-untranslated regions)

DNA homology in
Myosin Homology, % Protein Protein DNA the 3'-untranslated

heavy chain DNA Protein homology,* % homology,t % homology,: % regions, %

a 93 96 99 97 98 55
(3 90 92 96 94 96 9

*Allowing conservative amino acid changes.
tDiscounting 3'-carboxyl-terminal peptides.
tDiscounting third base changes.

degraded. This finding strongly suggests that the myosin
heavy chain in slow-twitch skeletal muscle is distinctly
different from that in cardiac muscle, which agrees with
reported data (22, 39). The 3'-carboxyl-amino acid codons
and the 3'-untranslated regions in the cardiac myosin heavy
chain mRNAs appear to be unique (see Table 1, Fig. 2, and
refs. 22 and 40). This allows the probe to be used as a specific
tool to follow the expression of the a ventricular myosin
heavy chain mRNA during development. The results in Fig.
3 clearly show that the a form of myosin heavy chain mRNA
is expressed during all stages of development. However, the
amount of mRNA expressed at 2 days after birth is far less
than at 20 days after birth, which in turn, is less than at 7
months. This pattern corresponds very closely to the
ventricular myosin protein pattern seen during maturation of
both rat and hamster heart (28, 41); these data suggest that the
mRNA represented by pVHC1 is coding for the a ventricular
myosin heavy chain.

In conclusion, we have constructed and isolated a cDNA
clone that codes for the a form of myosin heavy chain mRNA
from Syrian hamster heart. The expression of the a form of
the ventricular myosin heavy chain mRNA is age dependent
and tissue specific. Based on the nucleotide sequence and the
deduced amino acid sequence ofpVHC1, this cDNA clone is
highly homologous to the rat a cardiac cDNA clone
pCMHC21 with some distinct differences at the 3' end of the
clone. It can be concluded from these results that the myosin
heavy chain mRNA coded for in pVHC1 represents the a

ventricular myosin heavy chain mRNA from the Syrian
hamster.
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FIG. 3. S1 nuclease mapping. RNA obtained from 2-day-old (lane
N), 20-day-old (lane Y), and 7-month-old (lane A) hamster heart and
hamster soleus muscle (lane S) were hybridized with a 350-base
probe (P) that maps at the 3' end ofpVHC1. This probe was obtained
by digestion of pVHC1 with Pst I and labeling the probe using the
M13 mp8 vector. The expected size of a fully protected fragment
(-290 bp) is seen in the heart RNA samples and not in the soleus
muscle sample. As a control the probe with no RNA hybridized to
it is completely degraded by S1 nuclease (lane Pn). bp, Base pairs.
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