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ABSTRACT Recombinant ¢cDNA plasmids for the inter-
mediate filament proteins desmin and vimentin were con-
structed from baby hamster kidney (BHK-21) mRNA. Analy-
sis of four desmin clones gave a sequence of 1574 nucleotides,
which is 75% of the total mRNA length. The derived amino
acid sequence for hamster desmin shows 92% overall homol-
ogy with chicken desmin; the homology with hamster vimentin
is highest in the a-helical middle part (74%). The 3'-noncoding
region of desmin mRNA is found to be 677 nucleotides long.
With the aid of 5’- and 3'-specific probes, it has been estab-
lished that there is a single gene for desmin in the hamster
genome. This gene expresses a single mRNA species of 2.2
kilobases. Hybridization experiments of a number of DNAs
with desmin and vimentin probes show that there are distinct
restriction enzyme fragments carrying vimentin and desmin
sequences in the genome of representatives of all vertebrate
classes.

The intermediate filaments (IF) along with microfilaments
and microtubules are the major constituents of the cytoskel-
eton of higher eukaryotic cells. Although all IF show a rather
similar morphology, their subunits have been divided into
five chemically distinct classes, each characteristic of a
particular cell type: keratin filaments in epithelial cells,
neurofilaments in neurons, glial filaments in astrocytes, vi-
mentin filaments in cells of mesenchymal origin, and desmin
filaments in muscle cells (for review, see ref. 1). In the past
few years, sequence data have been obtained for some rep-
resentatives of these classes, and it appeared that long a-
helical regions in the middle part of the polypeptide chain are
common structures shared by all IF (2—4). On the other hand,
the nonhelical COOH and NH, parts are identified as the
variable structures of IF, because they show large variations
in both sequence and size (5-8).

The functional significance for the existence of different IF
proteins in different cell types is still unclear. For studies of
the molecular basis of this tissue-specific expression, knowl-
edge of the responsible genes is needed. So far, the gene
organization of only two IF classes has been studied with the
aid of cDNA probes: the epidermal keratin genes, which
form a multigene family (9, 10), and the single-copy vimentin
gene, whose structure has been completely elucidated (11).

To obtain further insight into the organization, evolution,
and expression of the IF genes, it is desirable to have cDNA
probes for all five classes. We present here the cloning and
characterization of desmin cDNA and the detection of the
corresponding sequences in the genome of all vertebrate
classes.
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MATERIALS AND METHODS

Construction of Recombinant Plasmids. Poly(A)* RNA
was isolated from baby hamster kidney cells (BHK-21) as
described (12). Double-stranded cDNAs were synthesized
on this RNA by a one-step procedure adopted from Wickens
et al. (13) as described (12). The only change that we intro-
duced for the construction of the BHK cDNA was the
consecutive use of both reverse transcriptase and Esch-
erichia coli DNA polymerase I (nuclease-free) for the second
strand synthesis. cDNAs were size-selected on 3.5% poly-
acrylamide gels, and the fraction above 700 base pairs was
electroeluted, C-tailed, and annealed into Pst-cleaved G-
tailed pBR327. E. coli HB101 cells were transformed by the
recombinant plasmids and plated on HATF filters as de-
scribed (14). Replica filters were hybridized with the Sau3A
fragment of pVim-1 that covers amino acids 240-453 (4)
under the conditions described below, except that 40% for-
mamide was used and the last wash with 2 x NaCl/Cit/0.5%
NaDodSO, was at 50°C (1 x NaCl/Cit = 0.15 M NaCl/0.015
M Na citrate). Isolation of plasmid DNA from positive clones
was done using standard methods (15).

Sequence Analysis and Blot Analysis. For sequence analy-
sis, suitable fragments were ligated into M13 mp8 and mp9
vectors, grown in JM103 (16), and subjected to dideoxy
reactions as described (17). RNA blots were prepared and
hybridized essentially as described by Thomas (18). Total
genomic DN A was isolated from diverse tissues of all species
described using standard methods (19). Ten-microgram
amounts were electrophoresed on 0.7% agarose gels, blot-
ted, and hybridized under the following conditions: 50%
formamide/5x NaCl/Cit/20 mM sodium phosphate, pH
6.8/5 mM EDTA/0.06% bovine serum albumin/0.06%
Ficoll/0.06% polyvinylpyrrolidone/100 ug of herring sperm
single-stranded DNA per ml/0.1% NaDodSO, at 42°C. Wash-
ings were done with hybridization mix and, finally, with
NaCl/Cit and NaDodSO,. The stringency of the last washing
is described in the figure legends. M13 probes were prepared
by carrying out a standard T-reaction of dideoxy sequencing
with ATP of >3000 Ci/mmol (1 Ci = 37 GBq) (17, 20).

RESULTS

Isolation of Desmin ¢cDNA Clones. We constructed a cDNA
library on poly(A)* RNA isolated from BHK-21 cells. These
cells, which express both vimentin and desmin (21, 22), are
derived from a Syrian gold hamster. Lens mRNA from the
same species has been used for the construction of vimentin
clones (12). About 5000 colonies were plated and screened
under conditions of low stringency with a 32P-labeled probe
derived from pVim-1 (4). This probe covers amino acids
240453 of vimentin. Within that region, there is a sequence

Abbreviations: IF, intermediate filaments; kb, kilobase(s); GFA,
glial filament acidic protein; NaCl/Cit, 0.15 M NaCl/0.015 M Na
citrate.
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mined after subcloning of the corresponding fragments in mp8 or mp9.

of 35 amino acids that is nearly identical to the corresponding
stretch in desmin (4, 23). Thirteen more or less positive
clones were identified, 11 of which showed a restriction map
that agreed with the map of pVim-1 (4). The other two
plasmids had a different restriction pattern. Partial sequence
analysis showed that within these clones there is a region
that encodes a sequence that is identical to the partial por-
cine desmin sequence (23). Rescreening of the library with
the insert of these two clones yielded two additional desmin
clones. The restriction map and relative position of the four
desmin cDNAs are shown in Fig. 1.

The Sequence of Desmin cDNA. Suitable restriction frag-
ments were isolated from all four recombinant plasmids (Fig.
1), and their nucleotide sequence was determined by the M13
dideoxy method (16, 17). For pDes-1 and pDes-4, both
strands were completely determined; the sequences of pDes-
2 and pDes-3 are completely located within pDes-1 and
pDes-4. No differences between the corresponding parts of
the four desmin clones could be found. The combined se-
quence shown in Fig. 2 covers 1599 nucleotides. There is one
open reading frame of 894 bases, which encodes 298 amino
acids. The TAA stop codon is followed by a noncoding
region of 677 nucleotides. At the 3’ end, a stretch of 25
adenines is found, which is preceded by the consensus A-A-
T-A-A-A polyadenylylation signal (24). This led us to con-
clude that in pDes-4 the complete 3’ nontranslated region is
present. The rather unusual length of this noncoding region
is consistent with the estimated size of 2200 bases for desmin
mRNA (see below). This implies that the cDNAs represent
=~75% of the total length of the mRNA. From a comparison
with the known sequence of chicken desmin (25), we esti-
mate that the information for 160 amino acids is lacking at the
5’ end of pDes-1.

The Structure of Hamster Desmin Compared with Chicken
Desmin, Vimentin, and Glial Filament Acidic Protein (GFA).
It has been shown that intermediate filaments share homol-
ogy predominantly in the helical middle part of the protein.
Therefore, these regions are called the constant domains and
the NH, and COOH ends are considered as the variable
domains. For the regions that span amino acids 1-67 and

114-244 of the sequence in Fig. 2, a-helical conformation is
predicted. This was done by the application of the heptade
convention, which has been used for secondary structure
predictions of other IF proteins (2, 4). The open circles in
Fig. 3 indicate the ‘‘a’’ and ‘‘d’’ positions of the heptade;
82% of these residues are hydrophobic. To test the variabil-
ity in the COOH domain, we aligned the sequence of hamstér
desmin to chicken desmin (25) and to the two most closely
related other IF subunits, vimentin (4) and GFA (8). In Fig.
3, the hamster desmin sequence is shown at the bottom line;
from the aligned sequences in the upper lines, only the
deviating residues are drawn. The arrowhead marks the
border between the helical region and the nonhelical carboxyl
terminus. The homology of hamster desmin with the other IF
subunits is highest in the helical part; in this region, the
homology with vimentin is 74%; with the partial GFA se-
quence, it is 73%. The 52 COOH-terminal residues show
much less homology: 44% with vimentin and 42% with GFA.
Between hamster desmin and chicken desmin, there is only
8% sequence divergence. These differences are, however,
not predominantly found in the COOH-terminal piece, but
they are evenly spread over helical and nonhelical regions,
indicating that all domains are equally well conserved com-
paring one type of IF subunit in different species.

Size and Specific Expression of Desmin mRNA. The size of
desmin mRNA was determined by RNA blot analysis.
Poly(A)* RNA from BHK-21 cells and from hamster lens
cells was glyoxylated, electrophoresed, and transferred to a
nitrocellulose filter (18). Two identical blots were hybridized
to pDes-1 and pVim-1, respectively (Fig. 44). Obviously,
desmin mRNA is only expressed in BHK-21 cells, in contrast
to vimentin mRNA, which is detected both in BHK-21 and in
lens cells. This is in concert with the observation that lens
cells contain only IF of the vimentin type (26) and that IF of
BHK-21 cells comprise vimentin and desmin (21, 22). This
latter finding has led to the suggestion that BHK-21 cells are
probably derived from an embryonal vascular smooth muscle
cell (27).

The detection of a single desmin mRNA class shows that
no alternative polyadenylylation signals are used for tran-
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Fi1G6. 2. Combined nucleotide sequence of pDes-1, pDes-2, pDes-3, and pDes-4. The predicted amino acids (represented by standard
one-letter abbreviations) are shown above the middle of their triplets. The polyadenylylation signal and the stop codon are indicated.

scription, as in the case of the chicken vimentin gene (28, 29). were constructed for sequencing the cDNA. Two identical
With a length of =2.2 kb, desmin mRNA is 0.3 kb longer than Southern blots of hamster DNA digested with two restriction
vimentin mRNA. This difference is consistent with the long- enzymes were hybridized to a 5'-specific and a 3'-specific
er 3'-nontranslated region of the desmin cDNA (677 bases; probe, respectively. The 5’ probe (covering nucleotides
Fig. 2) as compared to the vimentin cDNA (320 bases; see 315-609 of the cDNA, as presented in Fig. 2) hybridizes
ref. 11). exclusively to a 7.4-kb EcoRI fragment and to a 3.4-kb
Evidence for a Single-Copy Desmin Gene. To test genomic BamHI/EcoRI fragment (Fig. 4B). The 3’ probe (covering
hamster DNA for the presence of desmin sequences, we nucleotides 1061-1257) hyridizes exclusively to another
used as hybridization probe M13 recombinant phages, which EcoRI fragment, 8.2 kb long, and to a 5.4-kb BamHI/EcoRI
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FiG. 3. Comparison of hamster desmin with chicken desmin (25), hamster vimentin (4), and the partial GFA sequence (8). The residues
of the aligned sequences are only printed when they differ from hamster desmin. Hamster desmin residues are numbered on the bottom line;
the other sequences are numbered at the beginning and end. Borders of the partla] GFA sequence are marked by asterisks. The information
that corresponds to the first 164 residues of chicken desmin is not present in our clones. The line under the sequences represents the a-

helical regions; open circles in this line represent the “‘a’’ and “‘d”’ positions of the heptade convention. Arrow marks the border between the
helical core part and the nonhelical COOH region.
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F1G. 4. (A) Size and expression of desmin and vimentin mRNA.
RNA blots of 10 ug of BHK-21 poly(A)* RNA (lanes a and c) and
3 ug of lens poly(A)* RNA (lanes b and d) were hybridized with
nick-translated pDes-1 (lanes a and b) and pVim-1 (lanes ¢ and d).
Desmin mRNA is only detected in BHK cells; vimentin mRNA is
in both cell types. Ribosomal 185 and Pvu II/EcoRI-digested
pBR322 were run on parallel lanes as markers. (B) Desmin gene
number in hamster DNA. Ten-microgram amounts of total hamster
DNA were digested with EcoRI (lanes a and d), BamHI (lanes b and
e), and EcoRI/BamHI (lanes ¢ and f), run on 0.7% agarose gels, and
blotted on nitrocellulose filters. Lanes a, b, and ¢ were hybridized
with a 5’-specific desmin probe; lanes d, e, and f were hybridized
with a 3’'-specific probe. Final washing was done with 0.1x
NaCl/Cit/0.1% NaDodSO, at 63°C for 30 min.

fragment. An 8.5-kb BamHI band is detected by both probes.
This implies that there is a single desmin gene that resides (at
least for the major part) on the 8.5-kb BamHI fragment;
within this gene, there is an EcoRI cut that separates the 5’
and 3’ parts of the gene. Since the cDNA does not carry an
EcoRl site, this cut must lie in an intronic region.
Detection of Desmin and Vimentin Sequences in the DNA of
Vertebrates. The use of cloned cDNA probes allows us to
test different vertebrate genomes for the presence of se-
quences homologous to desmin and vimentin. EcoRI-di-
gested DNAs from representatives of all vertebrate classes
were hybridized with the inserts of pDes-1 (Fig. 54) and
pVim-1 (Fig. 5B). Representatives of all vertebrate classes,
including fish, amphibia, reptiles, birds, and mammals, all
showed clear bands under the medium stringent conditions
used. Although as a result of cross-hybridization in some
DNAs the desmin and the vimentin probe seem to recognize
a common band under these conditions, it is clear that in all
species pDes-1 and pVim-1 show the strongest hybridization
with different fragments. This means that there are different
genes that code for desmin and vimentin in all vertebrates. A
precise estimation of the number of genes in all these species
cannot be made from this experiment. However, the pres-
ence of one or two prominent bands in all lanes suggests that
the single-copy nature of the vimentin and desmin gene, as it
is found in the hamster genome, holds true for all species. In
the same experiment, we also tested DNA from Drosophila
and yeast from hybridization with pDes-1 and pVim-1, but no
signal could be detected under these conditions. Comparison
of Fig. 5A (lane a) (hamster DNA hybridized with pDes-1)
with Fig. 4B (lane a) shows that under conditions of lower
stringent washings more bands are detected in addition to the
already mentioned 7.4-kb EcoRI fragment. The disappear-
ance of the weaker bands upon more stringent washing was
also observed with the other mammalian DN As with both the

Proc. Natl. Acad. Sci. USA 81 (1984) 5973
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F1G. 5. Detection of desmin and vimentin sequences in verte-
brate DNAs. Ten-microgram amounts of DNA were digested with
EcoRlI, run on 0.7% agarose gels, blotted onto nitrocellulose, and
hybridized with the nick-translated insert of pDes-1 (A) and pVim-
1 (B). The DNAs were extracted from the following species: lane
a, Syrian gold hamster; lane b, mouse; lane ¢, man; lane d, chicken;
lane e, Varan (lizard); lane f, Xenopus laevis; and lane g, Tilapia
mossambica, a cichlid teleost fish. Hybridization was under con-
ditions described and final washing was at 55°C with 1x
NaCl/Cit/0.2% NaDodSO, for 30 min.

desmin and the vimentin probe (data not shown). Candidates
for these additional bands are other IF genes and/or desmin
pseudogenes. The observation that most weak bands in the
desmin lane do not show a counterpart in the vimentin lane
is an argument against the first possibility, because one
would expect the same comigrating weak bands with both
probes as they share the same degree of homology with other
IF genes (7, 8). Therefore, the possibility of pseudogenes
cannot be excluded.

DISCUSSION

The amino acid sequence derived from the nucleotide se-
quences of the four desmin cDNA clones described allows
the prediction of a secondary structure for hamster desmin

.similar to other IF proteins (2-5). Comparison of the struc-

ture of hamster desmin with both chicken desmin and other
closely related IF proteins leads to some interesting conclu-
sions: (i) the interspecies differences (at least between mam-
mals and birds) for one and the same IF protein are much less
than the differences with other IF proteins, and (ii) the
COOH-terminal domain that has been recognized to be vari-
able upon comparison of different IF protein sequences (2, 3,
S, 7, 8) is not variable when we consider corresponding IF
proteins in different species.

On the basis of paleontological and biochemical data, it is
assumed that the evolutionary divergence of the ancestors of
chicken and hamster took place some 270 million yr ago (30,
31). Supposing a constant evolution rate for IF sequences in
the helical domains, we can estimate from the differences
between hamster desmin and chicken desmin (8%) on the
one hand and hamster desmin and vimentin (26%) on the
other hand that the divergence of the precursor desmin and
vimentin genes took place before the origin of the earliest
vertebrates (500-600 million yr ago; see ref. 30). Another
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indication for this statement stems from the observation that
there is no homology in the nucleotides at silent positions of
the codons of similar amino acids of hamster desmin and
vimentin (data not shown).

More convincing evidence for the presence of distinct
genes for both IF subunits in all present-day vertebrates
comes from the experiment described in Fig. 5. The probes
for both IF genes show their most prominent hybridization
with different bands in all vertebrate DNAs, a finding that
can only be explained by the presence of different restriction
fragments carrying desmin and vimentin sequences. This

implies that the gene duplication event, which has most -

likely been at the basis of the evolution of separate genes for
vimentin-and desmin, has taken place before the evolution-
ary divergence of the vertebrate classes. The observation
that both vimentin and desmin are present in Xenopus (32) is
in concert with this conclusion. For the invertebrate species
Drosophila, it has been reported that there is a protein with
immunological relations to vimentin and desmin (33, 34).
However, we were not able with either of the probes to
detect any signal on Southern blots under the conditions
used. In this context, it is interesting to mention that the
clones for type I and type II epidermal keratins, which
" recogriize: different restriction fragments in all vertebrates,
also do not hybridize with invertebrate DNA under condi-
tions comparable to those we used (35). Screening of a gene
library of invertebrate species under low stringent conditions
and characterization of homologous sequences could shed
more light on the early evolution of IF genes.

The availability of IF cDNA clones is a prerequisite for the
study at the gene level of the tissue-specific expression of IF
proteins. Desmin cDNA clones in combination with vimentin
cDNASs open the possibility of investigating RNA expression
of IF during embryogenesis and, in particular, during myo-
genesis. ‘An important conclusion from the results presented
here is that for desmin there is only a single gene, as has been
evidenced recently also for vimentin (11). Both IF genes,
which are strongly related in sequence, show a totally dif-
ferent expression pattern: the desmin gene is active in muscle
tissue, while the vimentin gene is predominantly expressed
in cells of mesenchymal origin. A comparison of structure
and in’ vitro expression of the cloned genes for these IF can
help'to discover which regulatory elements are responsible
for this tissue specificity.
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