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Heterogeneity of Rat Tropoelastin mRNA Revealed by cDNA Cloning'#
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ABSTRACT: A Agtll library constructed from poly(A+) RNA isolated from aortic tissue of neonatal rats
was screened for rat tropoelastin cDNAs. The first screen, utilizing a human tropoelastin cDNA clone,
provided rat tropoelastin cDNAs spanning 2.3 kb of carboxy-terminal coding sequence and extended into
the 3-untranslated region. A subsequent screen using a 5’ rat tropoelastin cDNA clone yielded clones
extending into the amino-terminal signal sequence coding region. Sequence analysis of these clones has
provided the complete derived amino acid sequence of rat tropoelastin and allowed alignment and comparison
with published bovine cDNA sequence. While the overall structure of rat tropoelastin is similar to bovine
sequence, numerous substitutions, deletions, and insertions demonstrated considerable heterogeneity between
species. In particular, the pentapeptide repeat VPGVG, characteristic of all tropoelastins analyzed to date,
is replaced in rat tropoelastin by a repeating pentapeptide, IPGVG. The hexapeptide repeat VGVAPG,
the bovine elastin receptor binding peptide, is not encoded by rat tropoelastin cDNAs. Variations in coding
sequence between rat tropoelastin cDNA clones were also found which may represent mRNA heterogeneity
produced by alternative splicing of the rat tropoelastin pre-mRNA.

Elastin is the major connective tissue protein that confers
elasticity to vertebrate elastic tissues (Partridge, 1962; Ro-
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senbloom, 1984). Tropoelastin is the soluble secreted precursor
of elastin. In the extracellular space, tropoelastin is extensively
cross-linked by the copper-requiring enzyme lysyl oxidase,
resulting in an insoluble elastic fiber (Partridge, 1962). The
amino acid sequence of tropoelastin was first obtained from
tryptic peptides derived from the aortic tissue of copper-de-
ficient pigs. Extensive sequencing of these fragments revealed
glycine-rich hydrophobic domains and alanine-rich cross-
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linking domains containing lysine residues (Sandberg &
Davidson, 1984). Earlier work by several investigators sug-
gested the presence of multiple isoforms of this multidomain
tropoelastin (Foster et al., 1980; Davidson et al., 1982a;
Chipman et al., 1985). More recently, by use of cDNA se-
quencing, considerable heterogeneity in the primary sequence
of tropoelastins was confirmed in several phylogenetic species,
including bovine, chick, and man (Raju & Anwar, 1987a;
Indik et al., 1987; Baule & Foster, 1988). It is well established
that tropoelastin is synthesized from a single copy gene (Olliver
et al., 1987), and several investigators have demonstrated that
this sequence heterogeneity arises as a consequence of alter-
native splicing of the primary transcript of the tropoelastin
gene.

While previous work had not demonstrated alternative
splicing in rat tropoelastin, several differences between rat
tropoelastin and other mammalian tropoelastins have been
suggested. Rat tropoelastin has been reported, for example,
to be 75000-79000 in molecular weight (Chipman et al., 1985;
Franzblau et al., 1989), which is larger than reported sizes
of bovine tropoelastin (Davidson et al., 1982a; Wrenn et al.,
1986). Preliminary evidence has also proposed that rat tro-
poelastin, in contrast to all other tropoelastins analyzed to date,
is a substrate for glycosylation (Mogayzel et al., 1987). In
addition, studies have suggested that rat tropoelastin is syn-
thesized in a precursor form of higher molecular weight
(Chipman et al., 1985). Franzblau et al. (1989) have shown
that discrete elastin peptides isolated from neonatal rat smooth
muscle cells contain identical NH,-terminal amino acid se-
quences and have suggested that these peptides were generated
by proteolytic cleavage of the COOH terminus of rat tro-
poelastin.

Therefore, to characterize possible rat-specific differences
in tropoelastin synthesis, cDNAs coding for rat tropoelastin
were isolated from a neonatal rat aorta cDNA library. This
paper describes the characterization of overlapping cDNA
clones that contain DNA sequence coding for the complete
rat tropoelastin sequence. While alignment with bovine tro-
poelastin sequence demonstrates conserved primary structure,
we found numerous differences. The elastin receptor binding
hexapeptide repeating element VGVAPG, found in bovine and
human tropoelastins, is not encoded by these cDNAs, nor is
the pentapeptide repeat VPGVG, found in bovine, human, and
chick tropoelastins and used for structure function analyses
of tropoelastin, The results obtained from this analysis indicate
that rat tropoelastin is a higher molecular weight protein than
the bovine equivalent. However, no evidence was found to
suggest that rat tropoelastin is a substrate for N-linked gly-
cosylation. In addition, while considerable sequence variability
was evident in the rat tropoelastin cDNAs characterized, no
evidence was found for a rat-specific protropoelastin sequence.
The sequence heterogeneity characterized in these rat tro-
poelastin cDNAs is very likely due to alternative splicing of
the primary transcript of the rat tropoelastin gene.

MATERIALS AND METHODS

The isolation and characterization of overlapping cDNA
clones encompassing 252 bp of translated sequence and 971
bp of the 3"-untranslated sequence of rat tropoelastin have been
previously described (Deak et al., 1988). In this study,
poly(A+) RNA was isolated from pooled neonatal rat aortas
and used to construct a Agtl1 cDNA library. Recombinants
were selected by screening with the human tropoelastin cDNA
clone pcHEL-2 (Indik et al., 1987). Subsequently, the library
was rescreened by using a 240-bp 5’ rat elastin cDNA frag-
ment derived from the clone REL 124. After preparative
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FIGURE 1: Restriction map and overlapping positions of rat tropoelastin
cDNAs. The lightly shaded bar represents a composite restriction
map. Individual cDNA clones from which both this information and
DNA sequence were obtained are indicated as solid bars. Open boxes
are regions of DN A sequence that were missing in the indicated clones.
The scale indicates size of DNA fragments in kilobases. The symbols
are as follows: A, restriction enzyme Accl; B, BamHI; K, Kpnl; P,
Pstl; S, Sau3A; Sm, Smal; TGA, termination codon.

isolation of positive clones, the EcoRl ¢cDNA inserts were
subcloned into the M13 vector, mpl8.

DNA sequencing was carried out by using the dideoxy chain
termination procedure (Sanger et al., 1980), using a modified
T7 DNA polymerase (Sequenase, U.S. Biochemicals, Cleve-
land, OH) and [*S]dATPyS. Single-stranded DNA was
primed with universal primer or, alternatively, with rat elastin
specific oligomers. The oligomers were synthesized with an
automated Model 381 A Applied Biosystems DNA synthesizer
using g-cyanoethyl phosphoramadite reagents (Matteucci &
Carruthers, 1981); oligomers were finally purified by prepa-
rative polyacrylamide gel electrophoreses and ethanol pre-
cipitation. Computer analysis of DNA sequence was carried
out by using an IBM AT computer and software provided by
International Biotechnologies, Inc. (IBI).

RESuULTS

From the initial rat aorta cDNA library screening, using
a 1.2-kb BamHI1/HindllI fragment of pcHEL-2 (Indik et al.,
1987), a number of positive clones were selected for further
analysis. These clones range from 0.9 to 1.7 kb in size and
include REL 103, REL 108, REL 115, REL 120, and REL
124 (Figure 1). These overlapping cDNAs encompass 2285
bp of coding sequence and extend into the 3’-untranslated
portion of the cDNA. They contain a single open reading
frame which codes for rat tropoelastin and is contiguous with
previously published rat tropoelastin sequences (Deak et al.,
1988). A 241-bp Hpall fragment of the rat elastin cDNA
REL-124 was subsequently used to screen the rat aorta Agtll
c¢DNA library. A number of positive clones were isolated
including REL 1 and REL 43 (Figure 1). These clones overlap
with the clones from the first screening and extend into the
signal peptide sequence of rat tropoelastin. The clones isolated
in the two screening procedures contain 2593 nucleotides of
coding sequence and code for 864 amino acids, including 21
amino acids of the signal sequence (Figure 2). As these
c¢DNAs correspond to sequences from all the bovine tropoe-
lastin exons described to date (Yeh et al., 1989; Indik et al.,
1990), it is likely they represent the entire amino acid sequence
of secreted tropoelastin and most of the signal peptide.

Rat Tropoelastin cDNAs Contain Typical Tropoelastin
Domains. The derived amino acid sequence of these clones



Rat Tropoelastin

contains the expected tropoelastin domains. As previously
described (Deak et al., 1988), rat tropoelastin is strongly
homologous to other tropoelastins in the carboxy-terminal
portion of the molecule. In sequences corresponding to exon
36 of the bovine gene, two cysteine residues separated by four
amino acids are followed by the characteristic basic, hydro-
philic sequence GRKRK found in bovine (Raju & Anwar,
1987a), human (Indik et al., 1987), and chick (Bressan et al.,
1987) tropoelastin cDNAs. As we described previously (Deak
et al., 1988) rat tropoelastin cDNA contained sequences coding
for exons 34 and 35, which are absent in the human gene. The
remainder of the coding sequence consists of signal peptide
sequences followed by alternating glycine-rich hydrophobic
domains and alanine-rich domains containing lysine residues.
Thus, the overall structure is similar to bovine and other
tropoelastin cDNA sequences.

Rat Tropoelastin cDNAs Demonstrate Further Variation
between Species. Previous papers have noted variation between
tropoelastin cDNAs isolated from bovine, human, and chick
c¢DNA libraries (Raju & Anwar, 1987b). The composite
sequence reported here demonstrated further variability of
tropoelastin between species. While alignment of the majority
of the sequence with the bovine tropoelastin sequence is un-
equivocal, numerous conservative amino acid substitutions,
deletions, and insertions in the rat tropoelastin cDNA occur.
In sequences corresponding to bovine exons 2, 7, 20, 22, 24,
28, and 30, the rat sequence contains apparent insertions
relative to the bovine sequence. The coding region corre-
sponding to bovine exon 24 in rat tropoelastin contains seven
more amino acids than the corresponding exon in bovine
tropoelastin, while exons 2 and 20 contain apparent insertions
of eight amino acids each. Relatively large insertions of 13,
21, and 23 amino acids occur in regions corresponding to
bovine exons 28, 22, and 30, respectively (Figure 2). All these
insertions occur in hydrophobic domains and are often part
of repeating peptides in these exons.

Cross-linking domains of rat tropoelastin are strongly con-
served when compared to bovine tropoelastin. Many of these
domains consist of lysine residues separated by alanines and
followed by an aromatic amino acid. Typical is the sequence
encoded by nucleotides 1256—1309 in Figure 2. This sequence,
GAVSPAAAKAAAKAAKYG, is nearly identical with bo-
vine exon 19 derived amino acid sequence with the tyrosine
in rat substituted for phenylalanine in bovine tropoelastin. This
pattern continues in the COOH-terminal half of the molecule,
with tyrosine residues commonly replacing phenylalanine
following potential cross-linking regions.

Repeating Nature of Rat Tropoelastin. As noted in chick
tropoelastin cDNAs (Bressan et al., 1987), the hydrophobic
domains of tropoelastin contain numerous peptide repeats. In
the rat tropoelastin cDNAs, repetitive amino acid sequences
are found in regions corresponding to bovine exons 2, 7, 18,
20, 22, 24, 26, 28, and 30 (Table I). The pentapeptide repeat
VPGVQG, repeated many times in bovine exon 18, has been
used in structure—function relationship studies of elastin (Urry
& Long, 1976). In rat tropoelastin cDNAs the closely related
sequence TPGVG is repeated five times in the corresponding
area of the molecule. The tropoelastin hexapeptide VGVAPG,
encoded by exon 24 of the human and bovine tropoelastin
genes and shown to bind to the bovine elastin receptor
(Mecham et al., 1989), is not encoded by these rat tropoelastin
¢DNAs. Instead, we find related hydrophobic sequences
VGGVPG, GGVGPG, and IGTGPG in this region. Other,
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Table I Peptide Repeats in the Hydrophobic Domains of Rat
Tropoelastin Sequence Derived from cDNA Clones

exon  repeating peptide? exon  repeating peptide?
2 PGGV (3X) 22 PGAVPGAL (3%)
7 GVGGVPGA (2X) 24 PGGV (3x)
7 GGIGG (2x%) 26 GAGVPG (3%)
18 IPGVG (5x) 28 GGLGGP (3X)
20 YGVGAG (2X) 30 GAGGL (6x%)

“The sequence of the derived peptide repeat is indicated together
with the number of such repeats (in parentheses). The location of
these rat tropoelastin peptide domains relative to exons within the bo-
vine tropoelastin gene is indicated.

similar sequences, including VGVLPG, are encoded by other
regions of these cDNAs. Interestingly, sequence corresponding
to exon 30 contains the amino acid sequence GAGGL repeated
six times. This same repeat occurs only five times in a rat
elastin cDNA sequence previously reported (Baule & Foster,
1988). This may represent allelic variation in the rat tro-
poelastin gene.

Heterogeneity in Rat Tropoelastin cDNA Sequence. One
of the clones analyzed in the present study, REL 115, lacks
nucleotides 2426~2491 while spanning this area of the com-
posite cDNA sequence (Figure 2). This apparent deletion,
which is present in clone REL 108, corresponds almost exactly
to the bovine sequence of exon 33, with one amino acid residue,
phenylalanine, replaced by tyrosine in the rat. This 15 amino
acid hydrophobic exon has previously been noted to be al-
ternatively spliced in bovine (Yeh et al., 1987) and human
(Fazio et al., 1988) cDNAs in a cassette fashion, with the
entire exon present or absent in a cDNA.

A more 5 clone, REL 1, lacks nucleotides 788-924 (Figure
2). These sequences, coding for 45 amino acids, are repre-
sented in clones REL 43, REL 103, REL 120, and REL 124,
The missing sequence codes for a hydrophobic, tyrosine-rich
region and a cross-linking domain and corresponds to bovine
tropoelastin exons 13, 14, and 15. Exons 13 and 14 have been
shown to be alternatively spliced in bovine cDNAs (Yeh et
al., 1987). This rat cDNA may be the first example, therefore,
of three contiguous exons spliced alternatively in tropoelastin
mRNA.

Another area of heterogeneity in the rat cDNAs analyzed
is the variable presence of the alanine codon GCA, nucleotides
922-924 (Figure 2). This codon is present in the clones REL
103 and REL 124, and absent in the clones REL 120, REL
1, and REL 43. This heterogeneity is at the proposed
boundary between exons 15 and 16 in the rat tropoelastin gene.
Analysis of the 5’ end of exon 16 in the rat tropoelastin gene
has revealed two adjacent splice acceptor sites separated by
three nucleotides (unpublished data). The alternate usage of
these acceptor sites would yield the alternate inclusion or
exclusion of nucleotides 923-925 in the cDNA sequence and
explain the variation observed.

Rat Tropoelastin Lacks an Asn-X-Ser/Thr Sequence.
While it has previously been reported that rat tropoelastin is
a substrate for glycosylation (Mogayzel et al., 1987), the
present study has not revealed a potential N-linked glycos-
ylation site. Thest rat tropoelastin cDNAs code for two
asparagine residues, at nucleotides 40—42 in the signal peptide
and at nucleotides 821-823 in exon 13 (Figure 2). These
asparagine residues are not, however, part of the glycosylation
sequence Asn-X-Ser/Thr.

Calculated Molecular Weight of Rat Tropoelastin. The
molecular weight of rat tropoelastin isoforms estimated by
SDS-PAGE analysis varies in the literature. Previous papers
have demonstrated that rat tropoelastin isoforms are larger
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BOVINE - A - L - - . - - B .

35/36

AGA CCT GGG TIT GGA CTT TCT CCT ATC TAC CCA .GGT GGT 2475
R F

Y
33/34

AAG CCC TAT GGA GGA GCC CTT GGA GCC CTG GGA TAT CAA 2550
K P Y GG G A L G A L G Y a
N Y

AGA AAG TGA

A=zAla C=Cys D=zAsp E=Glu F=Phe G=Gly H=His I=lle K=Lys L=Leu

M=Met N=Asn P=Pro Q=GIn R=Arg S=Ser T=Thr V=Val W=Trp Y=Tyr

FIGURE 2: ¢cDNA sequence and derived amino acid sequence of rat tropoelastin. (Line 1) DNA sequence derived from rat tropoelastin cDNAs.
The sequence is numbered from the 5/-end. (Line 2) Amino acid sequence derived from rat tropoelastin cDNA sequence. The single letter
amino acid code is used. The boxed table explains the abbreviations. (Line 3) Aligned bovine tropoelastin amino acid sequence. Amino acid
substitutions are indicated; a dash has been used when the amino acid in a particular position is identical with the derived rat tropoelastin
sequence, and a diamond indicates the lack of an amino acid residue in bovine tropoelastin in the analogous position of the rat sequence. Amino
acids present in the bovine sequence but absent in the equivalent position in rat tropoelastin are indicated in parentheses. (Line 4) Positions
of the exon boundaries within the bovine tropoelastin gene. The numbering of the exons is from the 5’-end of the gene. The boxed regions
of sequence correspond to the open boxes presented in Figure 1 and represent DNA sequence missing in certain cDNA clones.

in molecular weight than bovine tropoelastin (Chipman et al.,
1985; Campagnone et al., 1987). Raju and Anwar (1987a)
reported the isolation of bovine tropoelastin cDNAs which
potentially code for polypeptides of 64171, 62649, and 60942
daltons. The calculated molecular weight of the derived amino

acid sequence of secreted rat tropoelastin is 70 562 daltons.
The expected molecular weight of the precursor, signal se-
quence containing polypeptide should exceed 73 000 daltons.
The patterns of alternative splicing in rat tropoelastin mRNA
are unknown, and it is not known if all tropoelastin mRNA
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species are translated and secreted. The variant cDNA se-
quences described here demonstrate deletions of 1, 15, and 46
amino acids and could represent decreases of 98, 1484, and
4242 daltons, respectively, in the tropoelastin polypeptide.
Therefore, the rat tropoelastin protein has a potential maxi-
mum molecular weight of 70 562 and a potential minimum
molecular weight of 64738 as calculated from the cDNAs
studied here.

DiSCUSSION

The present study has provided the primary sequence of
secreted rat tropoelastin and much of the corresponding signal
peptide. As expected, rat tropoelastin contains domains similar
to human, bovine, and chick tropoelastin. We report the
sequence of overlapping rat tropoelastin cDNAs corresponding
to exons 1-36 of the bovine gene and align the rat tropoelastin
sequence with the bovine sequence (Indik et al., 1990). The
most 5 sequence reported here codes for 21 amino acids
contained in the signal peptide. By comparison with the signal
peptide of 26 residues sequenced from sheep tropoelastin
(Davidson et al., 1982a,b) and the derived signal sequence of
26 amino acid residues in human tropoelastin cDNA (Indik
et al., 1987), the majority of the rat tropoelastin signal peptide
has been derived. Following the signal peptide are regions
coding for alternating hydrophobic and cross-linking domains
and the characteristic carboxy terminus containing two cysteine
residues and terminating with the amino acid sequence
GRKRK. Therefore, the overall primary structure of rat
tropoelastin is similar to that of bovine and other tropoelastins.

Significant variability between tropoelastin cDNAs from
various species has been reported (Indik et al., 1990). Human
tropoelastin cDNAs lack exons 34 and 35 (Indik et al., 1987),
and chick tropoelastin cDNAs exhibit significant rearrange-
ments when compared to cDNAs coding for human and bovine
tropoelastins. Comparisons between species have revealed
conservative amino acid substitutions, as well as deletions and
insertions. Rat tropoelastin cDN As demonstrate further in-
terspecies heterogeneity. In addition to small insertions, de-
letions, and conservative amino acid substitutions, a number
of large insertions were demonstrated in the rat cDNAs com-
pared to bovine. A number of highly repetitive sequences were
observed in the hydrophobic domains of rat tropoelastin, and
the large insertions occur in these repetitive domains. At
present, the significance of these repetitive coding sequences
is unknown. It is possible that highly repetitive domains as-
sociated with insertions and deletions may occur in the tro-
poelastin gene by recombination or unequal crossover. Alu
repetitive sequences are prevalent in the bovine and human
tropoelastin genes (Yeh et al., 1987, Indik et al., 1987) and
may contribute to the generation of diversity in tropoelastin
sequences.

Specific hydrophobic peptides of bovine tropoelastin have
been used in chemotactic assays, studies of elastin binding
proteins, and structure—function studies of tropoelastin. The
hexapeptide repeat VGVAPG, encoded by exon 24 in the
bovine and human tropoelastin genes, has been shown to be
a binding site for the 67-kDa membrane-associated component
of the elastin receptor. Mecham et al. (1989) demonstrate
that the 67-kDa elastin binding protein has distinct binding
sites for elastin and carbohydrate and interacts with 61- and
55-kDa integral membrane proteins. They propose the elastin
receptor complex may be involved in signal transduction across
the cell membrane or may mediate elastin fiber assembly. Rat
tropoelastin does not contain the hexapeptide repeat
VGVAPG, but does encode similar hydrophobic sequences.
These differences suggest that an elastin receptor may bind

Pierce et al.

to closely related sequences or may be species specific in its
binding-site recognition. The repetitive sequence VPGVG,
present in human, bovine, and chick tropoelastin, has been used
in studies of the structure of tropoelastin. Urry et al. (1976)
synthesized repeating peptides corresponding to tropoelastin
sequences and demonstrated an ordered §-spiral conformation.
In rat tropoelastin, the repeat IPGVG replaces the repetitive
sequence YPGVG found in other tropoelastins. While various
models of elastin structure have been proposed, the consid-
erable variability of hydrophobic sequences observed between
species is consistent with the proposed random coil structure
of tropoelastin (Fleming et al., 1980).

Fragmentation of elastin peptides in neonatal rat smooth
muscle cells in culture has recently been described (Franzblau
et al., 1989). They propose a model in which proteolytic
cleavage occurs at aromatic residues following a-helical
cross-linking domains. It is interesting to note that the aro-
matic residues following cross-linking domains are almost
invariably tyrosine in rat tropoelastin and phenylalanine in
bovine tropoelastin. The functional significance of this sub-
stitution remains unknown.

Alternative splicing of tropoelastin pre-mRNA has been
reported in bovine (Raju & Anwar, 1987a), human (Indik et
al., 1987), and chick (Baule & Foster, 1988) tropoelastin
c¢DNAs. In rat tropoelastin, variations between clones are
observed in two regions of the composite sequence. Tropo-
elastin is a single copy gene (Olliver et al., 1987) and the
variations observed correspond to an entire exon and conti-
guous exons. Therefore, alternative splicing of the primary
transcript of the rat tropoelastin gene is a probable mechanism
for the generation of these cDNA variants. The variability
in cDNA sequence reported in this paper offers a possible
origin for multiple isoforms of rat tropoelastin, and the derived
amino acid sequence and patterns of cDNA sequence het-
erogeneity strongly suggests that these isoforms are due not
to glycosylation or the existence of a secreted tropoelastin
precursor but rather to alternative splicing of the transcrip-
tional product of the rat tropoelastin gene.

In addition to the production of multiple tropoelastin iso-
forms that may be mediated by alternative splicing of the
tropoelastin pre-mRNA, variations in rat tropoelastin cDNA
sequence which may be due to allelic variation are reported
here. It is evident from this sequence heterogeneity within a
species, and from phylogenetic comparisons, that the hydro-
phobic domains of rat and, in general, vertebrate tropoelastins
are not subject to rigorous amino acid sequence constraints.
It is clear from the comparison of primary amino acid sequence
derived from several vertebrate tropoelastins that the cross-
linking domains and the cysteine-containing region at the
carboxy-terminal end of the protein are rigorously conserved.
The glycine-, valine-, and proline-rich hydrophobic domains,
however, vary considerably with respect to sequence per se and
the number of repeating peptide units. This sequence variation
may be significant when considering the possible role of elastin
in a variety of inherited disorders of elastic tissue which may
involve mutations within the tropoelastin gene. We speculate
that mutations within the carboxy terminus or in cross-linking
domains of tropoelastin may elicit a clinically relevant alter-
ation in the function of elastic tissue such as would be expected
in a monogenic disorder, while the hydrophobic domains may
be more tolerant of variation. Subtle mutations within these
hydrophobic domains may be neutral or may manifest an
altered phenotype only in concert with other genetic or en-
vironmental factors. Further work will be necessary to identify
and ascertain the role of such mutations or variants in influ-



Rat Tropoelastin

encing the normal functioning of elastic fibers in elastic tissue.
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