Biochem. J. (1995) 305, 445450 (Printed in Great Britain)

445

Caldesmon mRNA splicing and isoform expression in mammalian

smooth-muscle and non-muscle tissues
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The recent determination of the genomic sequence of human
caldesmon indicates that eight caldesmon mRNA species could
be generated by selection of exon 1 or 1’, exon 3a or 3ab and/or
exon 4. We used reverse transcriptase PCR to determine which
transcripts were produced in human, rabbit and sheep artery,
vein, lung, intestine, kidney and liver. In all tissues the same three
transcripts were present: exons 1’-2-3a-5-6...13, exons 1’-2-
3a3b-5-6-...13 and exons 1’-2-3a3b-4-5-6...13. Exon 1 was not
present and exon 4 was only present when exon 3b was also
present. Three protein isoforms of caldesmon can be distin-
guished by electrophoresis on high-porosity 6 % polyacrylamide

gel: 130 kDa, 120 kDa and 70 kDa. The 70 kDa isoform lacks
the sequence encoded by exon 3b. We investigated whether the
two high-molecular-mass isoforms correspond to the presence
and absence of exon 4 using an antiserum specific to the sequence
encoded by exon 4. Western-blotting and immunoprecipitation
experiments showed that both the 130 kDa and the 120 kDa
isoforms were expressed with and without the exon 4 sequence.
We therefore propose that the molecular-mass heterogeneity
arises from additional first exons, possibly with separate pro-
moter regions, which have not yet been characterized in the
genomic sequence.

INTRODUCTION

Caldesmon is a calmodulin- and actin-binding protein which
forms an integral part of thin myofilaments in smooth-muscle
and many non-muscle contractile cells (for reviews see refs.
[11H3]). It is believed to play a significant role in regulating thin-
filament interaction with myosin in smooth-muscle and non-
muscle tissue similar to the role of troponin in striated muscles.
Two isoform classes have been identified, a high-molecular-
mass form, caldesmonh, and a lower-molecular-mass form,
caldesmon/ (793 and 538 amino acids respectively from the
human cDNA sequence [4]). On SDS/PAGE caldesmonk often
appears as a closely spaced pair of bands [5-7]. Usually the
caldesmon/ isoform is predominant in smooth-muscle cells, and
caldesmon/ is expressed in non-muscle cells. The relative levels of
caldesmon/ and caldesmon/ expression change when the smooth-
muscle-cell phenotype changes, and this isoform change has been
considered to be a marker for smooth-muscle cell differentiation
[8-15].

The ¢cDNAs coding for human and chicken caldesmon/ and
caldesmon/ have been sequenced [4,16,17] revealing that the two
isoforms have identical sequences except for the insertion of 229
amino acids in the centre of the molecule. Caldesmon is an
extended molecule and the insertion results in an increase in
length from 53 nm in caldesmon/ to 74 nm in caldesmonh [18,19].
The insert forms an «-helix which is stable in aqueous solution
and has been shown to interact with tropomyosin [20,21]. The
remainder of the functional sites, including those involved in
tropomyosin-dependent control of the thin filament, are in the
invariant regions of the sequence [1,20].

It has been suggested that caldesmon/ and caldesmon/ may be
produced from a single gene by alternative splicing of the nRNA
[4,22,23]. This was recently confirmed by Hayashi et al. [17] who
published a sequence from the human caldesmon gene. It was
shown that all the known human caldesmon protein isoforms are
transcribed from a single gene composed of at least 14 exons

mapping to a locus of 7q33-q34. Caldesmon isoform diversity
can be generated by the selection of exon 1 or 1’, exon 3a or 3ab
and/or exon 4. Exon 1 and 1’ codes for the short N-terminal
sequences (17 or 23 amino acids). Exon 3b encodes the 229-
amino acid insert present in caldesmons. mRNA transcripts
with exon 3a generate caldesmon/, whereas exon 3ab encodes
caldesmonk. Exon 4 codes for 26 amino acids including an
extension of the stable a-helical motif. Expression of caldesmon
with and without exon 4 might be responsible for the two
caldesmonh species observed on SDS/PAGE, although all the
sequences of caldesmon# published to date contain the exon 4
sequence [4,17,24,25]. More recently Haruna et al. [26] have
published evidence for at least four possible first exons on
analysis of the chicken caldesmon genomic clone.

Very little work has been carried out to determine which of the
possible caldesmon transcripts are actually present in human and
other mammalian tissues and which protein isoforms are ex-
pressed. We have therefore examined a number of smooth-
muscle and non-muscle tissues from human, sheep and rabbit by
reverse transcriptase PCR (RT-PCR) and have found that only
three of the possible eight combinations of exons were actually
present. We then raised antiserum specific to the sequence
encoded by exon 4. We have determined that the exon combina-
tions observed do not account for the protein isoform diversity
observed; in particular the two caldesmonk bands seen on
SDS/PAGE are not due to the presence or absence of exon 4.
Thus still more exons coding for human caldesmon variants
remain to be discovered.

MATERIALS AND METHODS
Tissue samples

Samples of human, rabbit and sheep artery, vein, stomach,
lung, intestine, kidney and liver tissue were obtained up to 6 h
post mortem, snap-frozen in liquid nitrogen and stored in liquid

Abbreviation used: RT-PCR, reverse transcriptase PCR.
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Table 1 Sequences of oligonucleotides used for PCR analysis of caldesmon exon expression

Exon
Primer Sequence 5 to 3" specificity
a (sense) 359CGAGCCCGACAGGAACGGCTGCGGCA® 2
b (antisense) 24P CTCCTGGTCTCAAGTCAGAAGGTTT 18 1,12
¢ (sense) 209CCCTGAACCTGAAATCACACC??® 5 Untranslated
d (sense) 705 GATACGAGATAGAGGAAACAG™? 3a

e (antisense)
f (antisense)
g (antisense)

1586C T TGGAGCTTTTCTCTTTTAGC! %% 4
1616C ATCTTTGATCTG®2% 1537 T TTCTTTAGGA 2!
1816 CATCTTTGATCTG! 25850 CTGATTTTCTCCAACS3?

Junction of 3b/5
Junction of 3a/5

h (sense) 43CGCAGCCTGGCCGCGCTCTCCCS? 1
i (sense) 23 GGGAGGAGATGCGACTCGAAGC?® 1
Protein sequences and domains (a) (b)
Molecular-
1 2 3 4 mass
[ : - + ] 1 2 3 4 5 6 7 markers 1 2 3 4 5 6 7
1 208 445-458 646 793 o
mRNA sequence and exons 2
4 & 200
* -
3b e ' 97 A
1565 68
+3 1586 8 1 ’32 - 43
cli
209-273- 12 | 3a ‘f' s 6 |7 10I 13 29
229 29
+ 1521-1537, S 18.7
a d 1616-1625 b 14.3
359- 705~ 2516-2541 .
n 384725 ¢
[¢]
43-63 832-850,
1616-1625

Figure 1 Domain structure of caldesmonh [1] related to the exon structure
of the human caldesmon gene, based on the genomic sequence published by
Hayashi et al. [17]

Amino acid numbers (italics) and nucleotide numbers refer to the human caldesmon cDNA
sequence [4]. The short arrows indicate the position and orientation (—, sense; «, antisense)
of the primers used for PCR amplification (Table 1). The peptide sequence from exon 4 is
indicated by a hatched box.

nitrogen for up to 2 months. For extraction of protein and
mRNA the frozen tissue was ground to a powder under liquid
nitrogen using a percussion mortar.

RT-PCR analysis

Total RNA was extracted from 0.3-1 g of the powdered tissue
samples with guanidinium isothiocyanate followed by ultra-
centrifugation in caesium chloride solution [27]. First-strand
cDNA was synthesized from 1 g of RNA using (dT)12-18
(Pharmacia) primer and Superscript reverse transcriptase
(Gibco-BRL) at 42 °C [27]. This cDNA mixture (1 xl) was then
used as the starting material for PCR.

PCR primers were designed to detect mRNA coding for the
exons expected to be differentially spliced. Their specificities and
sequences are given in Table 1 and the positions of the primers
relative to the intron/exon map of the genomic sequence are
shown in Figure 1. By using different pairs of primers it was
possible to amplify unique sequences for each of the theoretical
isoform transcripts in a given tissue or library. The optimum

Figure 2 Demonstration of specificity of antiserum to exon 4 protein
sequence

(a) Caldesmon fragments separated by 8—18% gradient SDS/PAGE and stained with PAGE Blue
83. The exons contained in each fragment are indicated. Lane 1, 0.75 xg of 203—419 exon 3b
(central helix); lane 2, 0.25 ug of partially purified sheep aorta caldesmon; lane 3, 0.3 ug
of N578 exons 17, 2 3a, 3b, 4, 5 (chicken); lane 4, 1 xg of N128 exons 17, 2 (chicken); lane
5,1 ug of H1 exons 5, 6-13; lane 6, 1 ug of purified caldesmon/exons 1”2 33,5-13; lane
7,1 ug of purified caldesmon/ exons 17,2 3a, 3b, 4, 5-13. (b) Autoradiograph from a Western
blot of the same gel slab probed with anti-(exon 4) serum and '%| Protein G. The only cross-
reactivity is with caldesmonh and the caldesmon/ impurity in the caldesmon/ sample.

Mg?* concentration and annealing temperature were determined
empirically for each pair of primers used. For reactions using
primers binding within the coding region of caldesmon cDNA a
nested PCR approach was used to ensure greater specificity and
detection of transcripts present in low concentration. Primers a
plus b, h plus b and i plus b (see Table 1 and Figure 1) were used
as the first primer pairs for PCR to amplify caldesmon cDNA
selectively. Then 1 ul of PCR products was added to 100 sl total
volume of the second PCR mixture designed to amplify specific
sequences within caldesmon cDNA.

PCR was also performed on a human aorta Agtl0 cDNA
library (Clontech). cDNA isolated from the clones grown up
from the cDNA library (1 gl of a 1:100 dilution) was added
directly to the PCR mixture.

The products of the various PCRs were separated by electro-
phoresis in 2 %, agarose gel; the DNA fragments were visualized
by ethidium bromide and their size was determined by com-
parison with internal standards (see Figure 3).



Caldesmon mRNA and protein diversity 447

Protein extraction

Extraction of caldesmon took advantage of its heat stability [6].
Heat-stable proteins were extracted from frozen tissue samples as
described by Lehman et al. [28] with the following revisions;
10 xg/ml leupeptin, 10 xg/ml E64 [trans-epoxysuccinyl-L-leucyl-
amido-(4-guanidino)butane] and 10 ug/ml chymostatin were
included during extraction in addition to the standard phenyl-
methane sulphonyl fluoride to inhibit proteolysis, and the tem-
perature of the homogenates was maintained at 90 °C for 10 min.
After the sample has been chilled on ice, the denatured proteins
were removed by centrifugation at 47000 g for 10 min. Cal-
desmon was partially purified by precipitation with 659,
(NH,),SO, and dialysis of the water-solubilized pellets against
10 mM citric acid/NaOH buffer, pH 3.0 (caldesmon is acid
soluble [29]). The dialysed mixture was centrifuged for 10 min at
47000 g leaving caldesmon of greater than 809, purity in the
supernatant. The soluble proteins were neutralized to pH 7.0
with 1 M Tris. Protein concentration was determined using the
Lowry method. Pure sheep caldesmonh and caldesmon/ were
separated from partially pure caldesmon by chromatography on
Q Sepharose as described previously [30].

Gel electrophoresis

SDS/PAGE was performed using high-porosity discontinuous
gels as described by Cuda et al. [31]. The separating gel contained
6% acrylamide and 0.8 %, bisacrylamide and the gels were run at
75 V for 3 h. Isoelectric focusing was performed using Pharmacia
Immobiline DryPlate gels with an ampholine gradient, range
pH 4-7. The gels were rehydrated in 6 M urea/2 %, CHAPS/2%,
carrier ampholines pH 4-6.5 and used according to the manu-
facturer’s instructions. Western immunoblotting was performed
by the method of Towbin et al. [33] on nitrocellulose membranes.
1z5]-labelled Protein G (Amersham) was used to detect primary
antiserum binding.

Antiserum production

Antibodies were raised against a unique amino acid sequence in
exon 4 of human caldesmon (see Figure 1). The peptide **Gln-
Ala-Lys-Arg-Glu-Lys-Leu-Gln-Glu-Asp-Lys-Pro-Thr-Phe?®®
linked to the e-amino groups of a polylysine carrier peptide
(molecular mass 17626 Da) was synthesized by Alta Biochemicals
(Birmingham, U.K.). Rabbits were immunized by fortnightly
repeated subcutaneous injection of 0.5 mg of the peptide emulsi-
fied in Freund’s complete adjuvant for the primary injection and
Freund’s incomplete adjuvant for subsequent boosters. All the
results reported here were obtained with a single batch of serum
diluted 1:10. We also used a pan-caldesmon antiserum which
was raised against pure sheep caldesmoni by Dr. C. Redwood
[34).

The specificity of the antiserum for exon 4 was demonstrated
by Western blotting of human and chicken caldesmon and
recombinant caldesmon fragments separated by SDS/PAGE
(Figure 2). The antiserum cross-reacted with human caldesmon#,
which is the only caldesmon species known to contain the
sequence encoded by exon 4. It did not cross-react with human
fragments containing exons 1’,2,3a,3b,5,6,7-13, nor with N578
derived from a chicken cDNA clone [20] the exon 4 sequence of
which is substantially different from human caldesmon [4]. In
addition, antiserum binding to caldesmonk was competed out
when the peptide used to raise the antiserum was added to the
primary incubation solution during the immunoblotting pro-
cedure.

1T 2 3 4 5 6 7 8 9

10 11 12 13 14 15 16

Figure 3 Electrophoresis of PCR products on 2% agarose gel

The primers used and the exons detected are given in Table 2.

RESULTS
Exons present in caldesmon mRNA

Exons 2,3a,5,6,7,8,9,10,11,12 and 13 are reported to be invariant
in human and chicken mRNA, whereas exons 3b and 4 may be
retained or excluded from the transcript. The first exon is
believed to exist in at least two variants (exon 1 and 1’ in human
mRNA) each possessing separate promoters [17,26] (Figure 1).
RNA preparations from a number of human, rabbit and sheep
smooth muscles and non-muscle tissue were analysed by RT-
PCR for the presence or absence of exons 1,1°,3a,3b and 4. The
primers used (Table 1, Figure 1) are based on the human
genomic sequence published by Hayashi et al. [17]; however,
they worked equally well with human, rabbit and sheep mRNA,
indicating strong conservation of sequence between species [26].

The human aorta cDNA library was examined for the presence
of exons 1 and 1. PCR with primers i and g, i and e or i and f
yielded products of the predicted size containing exon 1’ (Figure
3 lanes 13, 14 and 16). PCR with primers h and g, hand e or h
and f yielded no product (Figure 3, Lanes 11, 12 and 15 and
Table 2); thus exon 1 was not present in any transcript. As no
products corresponding to the amplification of the cDNA clones
containing exon 1 were detected in the human aorta Agtl0
library, the majority of tissue samples were not tested for
expression of this exon.

PCR using primer ¢, which is located in the 5 untranslated
region of exon 1’, and e, f or g (Figure 3, lanes 8, 9 and 10) yielded
single bands on the agarose gel corresponding to the transcripts
with 5" exons 1’-2-3a etc. There was no evidence for any exon
insertion or deletion in this region of the mRNA.

mRNA extracted from tissue was amplified by RT-PCR using
the primer pair a and b to select out cDNA containing caldesmon
exons 2-13. The cDNA was then subjected to further PCR using
primer pairs d and e, which amplifies cDNA containing exon 4,
d and f, which amplifies cDNA containing exon 3b but not exon
4, and primers d and g, which amplifies cDNA containing neither
exon 4 nor exon 3b (lanes 2-7 in Figure 3). cDNA coding for
exon combinations -3a-3b-4-5-, -3a-3b-5- and -3a-5- was detected
in all the tissue samples (see Table 2).

Exon 4 was only present in cDNA that also contained exon 3b,
coding for caldesmonh isoforms. Caldesmon/ mRNA containing
exon 4 (i.e. -3a-4-5-) should give a 252 bp RT-PCR product with
primers d and e (lanes 2 and 5 in Figure 3), but none was
observed. The positive result from amplification of -3a-3b-4-5-
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Table 2 Detection of caldesmon mRNA transcripts on 2% agarose—gel electrophoresis after PCR.

The results shown in Figure 3 are analysed.

Size of PCR Exon transcripts
Lane Source of DNA Primers product (bp) detected
1 @X174 RF DNA, - - -
Healll digest
2 Human aorta RNA a,b then de 882 3a,3b4
3 Human aorta RNA a,b then d.f 843 33,3b5
4 Human aorta RNA a,b then d,g 156 3a5
5 Human aorta RNA a,b then de 882 3a,3b4
6 Human aorta RNA a,b then df 843 3a,3b5
7 Human aorta RNA a,b then d,g 156 3a5
8 cDNA library (human aorta) ce 1378 17 (5" untranslated) ... 3b,4
9 cDNA library (human aorta) cf 1338 17 (57 untranslated) ... 3b,5
10 cDNA library (human aorta) cg 653 17 (5" untranslated) ... 33,5
1 cDNA library (human aorta) hg None
12 cDNA library (human aorta) he None
13 cDNA library (human aorta) i0 588 17.....35
14 cDNA library (human aorta) ie 1314 17.....33,3b4
15 cDNA library (human aorta) hf None
16 cDNA library (human aorta) if 1275 17.....333b5
Table 3 Caldesmon-encoding mRNA species in human, rabbit and sheep tissues
+, Transcript present; —, transcript absent.
Caldesmonh Caldesmon/
Tissue (no. of specimens) 1”4+ 3a3b-4 17+ 3a3b 1"+ 3a-4 1"+3a
Rabbit
Aorta (1) + + - +
Carotid (3) + + - +
Stomach (1) + + - +
Trachea (1) + + - +
Small intestine (1) + + - +
Lung (1) + + - +
Skeletal muscle (1) + + - +
Kidney (1) + + - +
Sheep
Aorta (3) + + - +
Femoral artery (1) + + - +
Human
Aorta (6) + + - +
Umbilical cord (4) + + - +
Liver (1) + + - +
Kidney (1) + + - +
Oesophagus (1) + + - +
Carotid (2) + + - +
Femoral artery (1) + + - +
Mesenteric artery (1) + + - +
Renal vein (1) + + - +
Pulmonary artery (1) + + - +

(882 bp) in the same lanes rules out any defect in the experimental
protocol. Thus the PCR products derived from transcripts coding
for caldesmon/ (-3a-5-) lacked exon 4 as well as exon 3b.

PCR with primers d and ¢ and d and f produced products
indicating that transcripts containing exons 3b-4 and transcripts
containing only exon 3b were present (Figure 3, lanes 2, 3,
5, 6). This is the first evidence of mRNA diversity within the
caldesmonh class.

Table 3 summarizes the results of RT-PCR on mRNA from a
variety of species and tissues. The pattern of caldesmon tran-

scripts was the same in all three species and did not differ
between gut and vascular smooth muscles. The presence of
caldesmons mRNA in the non-muscle tissue samples may
represent transcripts derived from vascular tissue contained
within them.

Analysis of protein isoform expression

Caldesmon separates into high- and low-molecular-mass isoform
classes, with the high-molecular-mass isoforms frequently ap-
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Caldesmonh

130 kDa »-
120 kDa B> & ‘ «,

Caldesmon/ 70 kDa b

Figure 4 Electrophoresis on high-porosity SDS/6% polyacryalmide gel of
sheep aorta caldesmon

Partially purified caldesmon (mixed isoform; 1 xg per lane) was analysed. Lane 1, stained with
PAGE Blue 83; lane 2, immunoblot probed with anti-pan-caldesmon serum; lane 3, immunoblot
probed with anti-(exon 4) serum. In each lane two caldesmon/ bands are clearly visible. The
caldesmon/ band is recognized by the anti-pan-caldesmon serum in lane 2 but not by the anti-
(exon 4) serum in lane 3.

Figure 5 Immunoprecipitation experiments

A solution of 20 ug of caldesmon (2 mg/ml) was incubated with 100 z! of Protein
G—Sepharose (Pharmacia) and sedimented to remove any proteins that bound non-specifically
to the protein G. The caldesmon was then incubated and precipitated twice with 100 sl of
Protein G—Sepharose + 100 ! of anti-(exon 4) serum. The protein precipitated from three steps
is shown in Lane 1. The depleted caldesmon solution was then incubated and precipitated with
100 I of Protein G—Sepharose + 100 I of anti-pan-caldesmon serum (shown in lane 2). The
precipitated proteins were separated on high-porosity 0.1% SDS/6% polyacrylamide gels and
stained with PAGE Blue 83. Lane 1, caldesmon immunoprecipitated with anti-(exon 4) serum;
lane 2, caldesmon immunoprecipitated with anti-pan-caldesmon serum; lane 3, protein
immunoprecipitated with preimmune serum. All the caldesmon/ bands are present in both the
immunoprecipitates. Little caldesmon/ binds to the Protein G—Sepharose non-specifically (lane
3).

pearing as a closely spaced pair of bands on high-resolution
SDS/PAGE. The use of 6% polyacrylamide/0.089, bisacryl-
amide (high-porosity) gels enabled us to separate clearly the
bands of the high-molecular-mass isoform with both purified
caldesmon/ and semi-pure tissue extracts (Figure 4). The bands
ran at 130kDa and 120 kDa. In some samples a band of
intermediate mobility was seen (e.g. Figure 5). As this was
variable, we suspect it to be a breakdown product of the higher
band. Only one band corresponding to caldesmon/ was seen
(70 kDa).

When these gels were immunoblotted the pan-caldesmon
antiserum detected two caldesmon/ bands and one caldesmon/
band (Figure 4, lane 2). The antiserum specific to the exon 4
sequence (see Figure 2) also detected two caldesmon/ bands but

did not detect any exon 4 sequence in caldesmon/ (Figure 4, lane
3). The latter result is in accord with the RT-PCR results (Tables
2 and 3); however, the RT-PCR also predicted the presence of
two caldesmonh isoforms, one with and one without exon 4
(Figure 3, Table 2). As both the caldesmon/ bands detected by
SDS/PAGE contain exon 4, the alternative splicing pattern
suggested by Hayashi et al. [17] (Figure 1) cannot account for
them.

To investigate this result further we performed an immuno-
precipitation experiment (Figure S). Protein was precipitated
from a partially purified sheep aorta caldesmon solution in two
steps: first using the antiserum to exon 4 and then a pan-
caldesmon antiserum. The PAGE Blue 83-stained gel shows that
the same pattern of caldesmon/i bands was seen in the protein
precipitated by anti-(exon 4) serum as in the remaining caldesmon
when precipitated by anti-pan-caldesmon serum. In control
immunoblots immunoreactive exon 4 was present in the samples
precipitated by anti-(exon 4) serum and absent from the samples
precipitated by anti-pan-caldesmon serum from the supernatant
remaining after precipitation with anti-(exon 4) serum (results
not shown).

These results demonstrate that each caldesmon/ band seen on
SDS/PAGE contains at least two isoforms: one with and one
without exon 4. Thus there are at least four forms of caldesmonh
present: 120 kDa and 130 kDa bands that contain exon 4 and
120 kDa and 130 kDa bands that do not contain exon 4.

DISCUSSION

The genomic sequence of human caldesmon described by Hayashi
et al. [17] showed that its mRNA is made up of 13 exons. The
same exon pattern was found for the chicken caldesmon gene
[26]. The exon boundaries appear to correspond to the boundaries
between protein domains previously identified (see Figure 1) [1].
The myosin- and tropomyosin-binding domain 1 corresponds to
exons 1, 2 and 3a [20,35,36). Domain 2, the tropomyosin-binding
helical sequence [20,21], corresponds to exons 3b and 4. Domain
3 corresponds to exons 5, 6 and 7, and domain 4, which contains
all the actin- and calmodulin-binding sites [1,20,37], is coded for
by exons 8-13.

Hayashi and others [4,17,22] showed that alternative splicing
could result in inclusion or exclusion of exons 3b and 4 and could
account for the two major isoforms of caldesmon, caldesmonh
and caldesmon/. This heterogeneity plus alternative promoters in
exon | and 1’ gives eight possible isoforms of caldesmon (Figure
1) [17]). Hayashi’s group did not determine which of these
isoforms was expressed in human tissue. We have examined the
expression of caldesmon in smooth-muscle and non-muscle
tissues of human, sheep and rabbit at the mRNA and protein
levels and found that the pattern of expression is in fact quite
restricted.

We detected mRNA containing exon 1’ in all the tissue
samples and in the aorta cDNA library (Figure 3, Table 1); we
did not detect any exon 1. This agrees with the published cDNA
sequences of caldesmon from smooth-muscle and non-muscle
sources, all of which contain the amino acid sequence encoded by
exon 1’ [4,5,22-25].

The main diversity in caldesmon isoform expression is between
the low-molecular-mass caldesmon/ and the high-molecular-
mass caldesmonh. The difference between caldesmons and
caldesmon!/ is the presence of exon 3b in the former, which codes
for a stable a-helical 229-amino acid peptide [4,23] (see Figure 1).
Regulation of expression is thought to depend on selection of the
two 5’ splice sites within exon 3 [17] (Figure 1). We confirmed this
and demonstrated that caldesmon-encoding mRNAs with and
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without exon 3b were present in all tissues (Figure 3, Tables 2
and 3). We also found that exon 4 was only present in transcripts
that also contained exon 3b. The caldesmonh isoform is pre-
dominant in smooth-muscle cells, whereas caldesmon/ pre-
dominates in non-muscle cells. Changes in expression of the two
major caldesmon isoforms are characteristic of smooth-muscle-
cell phenotypic change and have been considered to be markers
of cell differentiation [8—15]. On the other hand the pattern of
expression of caldesmon#/ with and without exon 4 was invariant
(Table 3).

On SDS/PAGE caldesmonh usually showed a pair of bands
[5-7] which could be better separated in high-porosity 6 %, gels
(Figure 4). The apparent mass of these bands was 120 and
130 kDa, corresponding to a difference of 80-90 amino acids.
Caldesmon/ was always a single 70 kDa band. One likely source
of heterogeneity is the inclusion or exclusion of exon 4 which
codes for 26 amino acids, by alternative splicing of mRNA
(Figure 1) [17]. We did, indeed, find that caldesmons mRNA was
obtained with and without exon 4 but caldesmon/ mRNA never
contained exon 4 (Figure 2, Table 1). It appeared possible that
the presence or absence of exon 4 could account for the two
caldesmon/ bands observed on SDS/PAGE with 69, gels,
whereas the absence of exon 4 from caldesmon/ transcripts could
account for the single band. In fact this proved not to be the case.
Direct Western blotting with an antiserum specific to the sequence
encoded by exon 4 (Figure 4), confirmed by immunoprecipitation
(Figure 5), showed that all the bands of caldesmons on SDS/
polyacrylamide gels contain isoforms with and without the
sequence encoded by exon 4.

What is the origin of the molecular-mass heterogeneity of
caldesmon#? It is not accounted for in the model derived from
the genomic sequence of human caldesmon [17] (Figure 1). PCR
amplification using primers c or h and b, e, f or g, failed to show
any evidence of multiple mRNAs with differences in any of the
known exons 1’,2-13 (Figure 3). The heterogeneity clearly arises
from either additional exons inserted 5’ to exon 1’ or additional
first exons with separate promoter regions. Unfortunately this
part of the human caldesmon genomic sequence is not well
defined [17]. However, a recent paper on the chicken genomic
sequence proposed additional 5" exons and two promoter regions
[26], indicating potential for molecular-mass heterogeneity. Con-
siderable further work is required to define this region of the
caldesmon gene.

Two promoters and the inclusion or exclusion of exon 4 could
account for up to four variants of caldesmonh and two variants
of caldesmon/. Additional forms of heterogeneity are required to
account for the five or more isoelectric variants of caldesmon/
and the nine variants of caldesmonh observed to separate in the
isoelectric focusing dimension of two-dimensional gels [10,28].

The function of the different isoforms is obscure. There seems
to be no tissue-specific variation in isoform expression other than
the well-documented expression of caldesmon/ in smooth muscle
and caldesmon/ in embryonic and non-muscle cells [14,15] (Table
3). The major functional properties of caldesmon are located in
invariant exons (actin and calmodulin binding in exons 8-13,
myosin binding in exons 2,3 and 5-8 [1,20]). It has been noted
that the protein sequence encoded by exon 3b is a tropomyosin-
binding region [1] and it has been suggested that the length of the
caldesmon molecule may be matched to the length of the
tropomyosin molecule. Non-muscle caldesmon and tropomyosin
molecules are shorter than smooth-muscle caldesmon and tropo-

Received 28 April 1994/22 August 1994; accepted 26 August 1994

myosin molecules [20]. Perhaps the two calesmon# isoforms of
different molecular size are involved in precise matching of
caldesmon length to tropomyosin length.
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