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ABSTRACT A cDNA library prepared from RNA isolated
from a cultured human tumor cell line, HT-1080, was screened
with a mouse cDNA clone coding for part of the -Gly-Xaa-Yaa-
domain of the a2(IV) collagen chain. Four overlapping cDNA
clones were characterized that coded for a low molecular
weight human collagen. The cDNA clones did not, however,
code for the short-chain collagens, types IX and X. The amino
acid sequences derived from the clones resembled type IV
collagen in that there were short interruptions in the repeating
-Gly-Xaa-Yaa- sequence. The noncollagenous, carboxyl-termi-
nal domain was, however, much shorter and contained only 18
amino acid residues. Interestingly, one of the cDNA clones
contained an additional 36 nucleotides not found in an over-
lapping clone. The 36 nucleotides encoded four -Gly-Xaa-Yaa-
repeats without changing the reading frame. Nuclease S1
mapping demonstrated that the difference between the clones
was due to existence of two different mRNAs. A synthetic
24-residue peptide corresponding to the last two -Gly-Xaa-Yaa-
triplets and the entire carboxyl-terminal domain was used to
generate polyclonal antibodies. Electrophoretic transfer blot
analysis of HT-1080 cells and normal human skin fibroblasts
identified two polypeptides, M, 67,000 and M, 62,000, that
were sensitive to bacterial collagenase.

The collagens are major structural components of the extra-
cellular matrix. In vertebrates they consist of 10 or more
genetically distinct protein types and at least 22 genes code
for their constituent a chains (1-3). The fibrillar collagen
types I, II, III, and V are synthesized as precursor proa
chains that include a central collagen domain of about 1000
amino acids with a repeating sequence of -Gly-Xaa-Yaa-
triplets. In addition, the proa chains contain amino- and
carboxyl-terminal propeptides that are cleaved after the
chains are assembled into procollagen trimers. Type IV
collagen is specific to basement membranes and forms a
network-like structure. In contrast to fibrillar collagens, type
IV collagen has a somewhat larger -Gly-Xaa-Yaa- domain
that is interrupted at several sites (1-3).

Recently, several additional nonfibrillar collagens have
been identified in various connective tissues. In type VI
collagen, the collagen domain comprises only one-third of the
protein and large globular domains are present at each end
(4). The long-chain collagen or type VII collagen contains an
extended triple helical domain (5). The size of type VIII
collagen polypeptides is presently controversial. An ‘‘inter-
rupted helix’’ (6) or a ‘‘cassette’’ (7) model describes type
VIII collagen as composed of three chains of about M,
180,000, arranged in a predominantly helical structure, but
with interruptions in the helix at approximately one-third and
two-thirds the length of the molecule. Furthermore, a recent
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work by Kapoor et al. (8) describes isolation of two struc-
turally different pepsin-resistant M, 50,000 polypeptides that
were derived from a larger form of type VIII collagen. In an
alternative model by Benya and Padilla (9), however, type
VIII collagen is composed of three identical al chains of M,
61,000, arranged in a predominantly helical structure, with
nonhelical domains at each end. This structure is stabilized in
the presence of NaDodSO, by strong noncovalent acid-labile
interactions and covalent cross-links to produce y and B8
chains of M, 194,000 and 124,000. Type IX (10) and X
collagen (11) polypeptides are about half the size of the proa
chains of types I, II, and III procollagens. In addition, several
other low molecular weight collagens have been isolated and
partially characterized (12-14), and collagenous sequences
are also found in several other proteins such as Clq (3),
acetylcholinesterase (3), and conglutinin (15).

Here, we describe nucleotide and amino acid sequences of
a low molecular weight human collagen as derived from four
cDNA clones. The collagen synthesized by the cultured
human tumor HT-1080 cells and human skin fibroblasts was
studied by using polyclonal antibodies to a synthetic peptide
derived from the cDNA sequences.

MATERIALS AND METHODS

Isolation of cDNA Clones and DNA Sequencing. The clones
were isolated from a cDNA library of human tumor cell line
HT-1080 that was previously prepared to isolate cDNAs for
al(IV) collagen (16). The library was screened with the
mouse cDNA clone pE18 [1100 base pairs (bp)] encoding part
of the -Gly-Xaa-Yaa- domain of a2(IV) collagen (17) using
conditions described previously (16). The cDNA sequences
were determined by the Maxam-Gilbert procedure (18).

RNA Transfer Blot Analysis and Nuclease S1 Protection
Experiments. An oligo(dT)-cellulose affinity column (19) was
used to extract poly(A)* RNA from HT-1080 cells and a
locally established normal human skin fibroblast cell line.
Electrophoresis and blotting of the RNA was performed as
described (16). The nuclease S1 protection experiments were
performed as described (19) except a double-stranded probe
was used. To prepare a probe from recombinant plasmid
HT-125, the 540-bp Pst 1/Pst 1 insert was isolated and
restricted with Sau3A. The antisense strand of the insert
DNA was 3’ end-labeled at the single Sau3A site by addition
of [a-*?P]JdATP (3000 Ci/mmol; 1 Ci = 37 GBq) using the
Klenow fragment of DNA polymerase I. The double-strand-
ed 530-bp Sau3A/Pst I fragment was then isolated from a
nondenaturing 5% polyacrylamide gel. Three nanograms of
32P-labeled probe and 8 ug of poly(A)* RNA were used for
nuclease S1 digestion at pH 4.8, and the digestion products
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were examined by electrophoresis on a 5% polyacrylamide
sequencing gel as described (19).

Preparation of the Synthetic Peptide and Antiserum Against
It. The peptide was chemically synthesized by the solid-
phase procedure of Merrifield (20) with the aid of an auto-
matic Beckman model 990 peptide synthesizer. The complet-
ed peptide was cleaved from the resin by treatment with
liquid HCl at 0°C and purified further by gel filtration through
Sephadex G-25 and reverse-phase high-pressure liquid chro-
matography. Approximately 500 ug of the synthetic peptide
was conjugated to 7.5 mg of hemocyanin with glutaraldehyde
(21) and emulsified in Freund’s complete adjuvant prior to
intradermal injection into rabbits; booster injections were
given 2 and 5 weeks later using Freund’s incomplete adju-
vant.

Electrophoretic Transfer Blotting of Cellular and Medium
Proteins. HT-1080 cells and normal human skin fibroblasts
were grown in 100-mm plates under standard conditions in
Dulbecco’s modified Eagle’s minimal essential medium con-
taining 10% newborn calf serum and 50 ug of ascorbate per
ml. At near confluency, the cell layer and medium proteins
were processed separately as described (22) with some
modifications. The cell layer from one plate was scraped into
0.5 ml of homogenizing buffer (22), the cells were homoge-
nized with a Teflon/glass homogenizer, and the sample was
centrifuged at 15,000 X g for 10 min. Half of the supernatant
was prepared for electrophoresis by adding sample buffer to
give a final concentration of 2% NaDodSO,, 10% glycerol,
0.5 M urea, 0.001% bromphenol blue, and 0.125 M Tris-HCI
(pH 6.8) at room temperature and boiled for 5 min. The other
half was digested with pepsin (Boehringer Mannheim) and
prepared for electrophoresis as described (22) except 50 ug of
pepsin per ml was used.

For examination of cellular proteins after bacterial colla-
genase digestion, p-aminobenzamidine, phenylmethylsul-
fonyl fluoride, and EDTA were omitted from the homoge-
nizing buffer (22). Half of the cell extract was prepared for
electrophoresis as described above. CaCl, was added to the
other half to give a final concentration of 10 mM and 0.18 mg
of bacterial collagenase per ml (Sigma, type VII) was added.
The sample was then digested at 37°C for 4 hr. The reaction
was stopped by adding sample buffer and was boiled for 5
min. Medium proteins were precipitated by ammonium
sulfate (22) and the precipitate was suspended in sample
buffer prior to gel electrophoresis.

Gel electrophoresis was performed by using 8% polyacryl-
amide gels containing 0.5 M urea and 0.1% NaDodSO, (23).
The fractionated proteins were then blotted on nitrocellulose
filters (BA8S, Schleicher & Schuell) as described (21). The
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sheets were stained with heparin/toluidine and, after cutting
into strips, destained as described (21). The nitrocellulose
strips were first treated with antibody and peroxidase-
conjugated goat anti-rabbit IgG (Bio-Rad) and then stained
with 4-chloro-1-naphthol as described by de Wet et al. (24).

RESULTS

Isolation of cDNA Clones and RNA Transfer Blot Analysis.
An HT-1080 cDNA library (16) containing 10° recombinant
clones was screened with a mouse a2(IV) collagen cDNA
clone (17) under cross-hybridizing conditions and one posi-
tive clone, HT-125, was identified. During subsequent re-
screening of the library, three additional clones, HT-127,
HT-133, and HT-141, were identified. The four overlapping
positive clones contained inserts of about 540, 700, 250, and
230 nucleotides, respectively (Fig. 1), and covered one-third
of the corresponding 3000-nucleotide mRNA (Fig. 2). RNA
transfer blot analysis of normal human skin fibroblast and
HT-1080 poly(A)* RNAs demonstrated an identical hybrid-
ization pattern (Fig. 2, lanes C and D). The clones encoded
228 amino acid residues of -Gly-Xaa-Yaa- sequences, an 18
amino acid residue-long noncollagenous, carboxyl-terminal
domain, and 319 nucleotides of the 3’ untranslated region
(Figs. 1 and 3).

Nucleotide and Derived Amino Acid Sequences of the
¢DNAs. The 5’ end of HT-125 began with a 7 amino acid
residue-long noncollagenous domain and two shorter inter-
ruptions in the -Gly-Xaa-Yaa- sequence were present (Fig. 3).
The 3’ end of the -Gly-Xaa-Yaa- region was relatively rich in
charged amino acid residues. The carboxyl-terminal domain
was only 18 amino acid residues in length. This region
contained two cysteine residues but no sequences that could
serve as a potential attachment site for asparagine-linked
oligosaccharides (Fig. 3). The clone HT-127 contained a
229-nucleotide 3’ untranslated region and a poly(A)* tail.
Two in-phase stop codons were present at the end of
translation and one slightly altered poly(A) signal, AATACA,
was seen. Part of HT-141 was sequenced and the nucleotide
sequence was identical with HT-127 (Fig. 1). The clone
HT-133 was derived from a longer mRNA than HT-127 in that
it extended 90 nucleotides further 3'. HT-133 contained an
additional poly(A) signal of AATAAA.

¢DNA Clones HT-125 and HT-127 Show a Difference in
Coding Capacity of Their Corresponding mRNAs. Compari-
son of nucleotide sequences of clones HT-125 and HT-127
demonstrated that HT-127 did not contain 36 nucleotides
(432-467) found in HT-125 (Fig. 3). These 36 nucleotides
coded for four -Gly-Xaa-Yaa- repeats and therefore did not
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FiG. 2. RNA transfer blot analysis of
poly(A)* RNAs. Lane A, 1 ug of human skin
fibroblast RNA hybridized with the 32P-
labeled nick-translated cDNA clone a12 cod-
ing for human a1(I) collagen chain (25); lane
B, 4 ug of HT-1080 RNA; lane C, 1 ug of
normal human skin fibroblast RNA; and lane
D, 1 ug of HT-1080 RNA hybridized with the
32p.labeled, nick-translated cDNA clone
HT-127. The size of the mRNA hybridizing
with HT-127 was determined by using the
al(I) mRNAs of 5.8 and 4.8 kilobases (kb) as
standards (26).

A BCD

change the reading frame. Interestingly, the -Gly-Xaa-Yaa-
repeats were uninterrupted in both clones (Fig. 3). Except for
the 36-nucleotide difference, the clones HT-125 and HT-127
were identical in their overlap region that extended 133
nucleotides to the 5’ direction of the mismatch and 52
nucleotides to the 3’ direction (Figs. 1 and 3).

The difference in the two cDNAs either reflected differ-
ences in their mRNAs or was due to a cloning artifact. To
determine which alternative was correct, the region of
interest was analyzed by nuclease S1 mapping of the corre-
sponding mRNAs. A 530-bp double-stranded cDNA probe
was prepared (Fig. 4A) extending from the single Sau3A site
(Fig. 1) to the 3’ end of HT-125. In addition to sequences
complementary to mRNA, the probe contained a 15-nucle-
otide dC tail at the 3’ end added during cloning (16). When
poly(A)* RNA from HT-1080 cells hybridized with the probe
labeled at the Sau3A site was subjected to nuclease Sl
digestion, bands of 510 and 426 nucleotides were observed
(Fig. 4B). The 510-nucleotide band represented the fully
protected cDNA probe minus the dC tail. The 426-nucleotide
band was the size expected if some of the mRNA did not
contain the 36 nucleotides found in HT-125 but missing in
HT-127 (Fig. 4A). Surprisingly, a third band of 271 nucleo-
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tides was found after nuclease S1 mapping (Fig. 4B). The
271-nucleotide band suggested that there was another site of
mismatch between the probe and the mRNA (Fig. 4 A and B).
However, no overlapping clones covering this region were
found and therefore the sequence of the second mismatch
was not defined.

Codon Usage in the -Gly-Xaa-Yaa- Region. The nucleotides
used for the third base of glycine codons (Table 1) were
clearly different from those encoding the al(I) or a2(I) chain
of type I procollagen from either chicken (28) or human (27).
A preference for uracil and cytosine for glycine can be seen
for the type I procollagen but is not apparent in the collagen
gene studied here. Instead, the codon usage for glycine
showed a slight preference for adenine and guanine.

The nucleotide used for the third base of proline codons
(Table 1) also showed a clear difference from chicken (28) and
human type I collagen genes (27) and was similar to the
pattern seen in chicken type IX (29) and human al(IV)
collagens (16).

Characterization of the Collagen by Electrophoretic Trans-
fer Blotting. To characterize the human collagen chain(s)
encoded by the mRNAs complementary to the clones report-
ed here, antiserum was prepared in a rabbit against a
synthetic peptide derived from the cDNA sequences. The
synthetic peptide was 24 amino acid residues in length, and
it corresponded to the last two -Gly-Xaa-Yaa- repeats and the
18 amino acid residues of the noncollagenous, carboxyl-
terminal domain (Fig. 3). This stretch of amino acids was
selected because it contains several charged residues and
such residues usually enhance antigenicity (30). Confluent
HT-1080 cells and normal human skin fibroblasts were
analyzed by electrophoretic transfer blotting with antibodies
to the peptide. Different dilutions of antiserum were tested
and a dilution of 1:3000 was found to give the best results in
these studies.

ATT 66C CCA CTT GGA GCT CTA GGG
Ile Gly Pro Leu Gly Ala Leu Gly
gﬁ; glyys xg g?; g-c»l ﬁ?ﬁ g?; m Fi1G. 3. Nucleotide sequences
and encoded amino acid se-
66A CCT CCA G6A GT6 AAg 66A 6aa quences of the human cDNAs.
Gly Pro Pro Gly Val Lys Gly Glu  Eirst line, nucleotide sequence of
. . . c¢DNAs for a distinct human col-
A o s e s lagen; second line, amino acid se-
quence encoded by the cDNAs.
GTT CCT GGA CCA AAG GGG GAA GCA Numbering of nucleotides and
Val Pro Gly Pro Lys Gly Glu Ala  amino acid residues is shown. Un-
derlined amino acid residues indi-
ﬁ‘s‘g ﬁf; gﬁ; EEﬁ f:ﬁ E?: flﬁ §¢C cate interruptions of the -Gly-Xaa-
Yaa- sequence; the asterisk above
CCA ATT 6GA GTT ccA cec cca ocg  Ducleotide 302 indicates the begin-
Pro Ile Gly Val Pro Gly Pro Ala ning of HT-127 and the asterisk
above nucleotide 522 indicates the
ccA A6 GGA 6CA 6CT 666 ¢1T cct end of HT-125. |, End of -Gly-
Pro Thr Gly Ala Ala Gly Leu Pro Xaa-Yaa- domain; A, 5 (amino
G A o7 MG cG6 coT acid 222) and 3’ (amino acid 245)
tys Lys Gly Ser Arg Gly pro Lyc termini of the synthetic polypep-
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quences added during cloning (16)
6 have been omitted.
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Fi6. 4. Nuclease S1 mapping of poly(A)* RNA with the cDNA
clone HT-125. (A) The probe used in the nuclease S1 mapping (open
bar) is shown below cDNA clone HT-125 (black bar). A 530-
nucleatide (nt)-long Sau3A/Pst 1 probe labeled (*) at the 3’ end of the
antisense strand was prepared from HT-125. The 3’ Pst I site of
HT-125 generated during cloning by dC tailing the cDNAs and dG
tailing the vector pBR322 (14) is shown in parentheses. The probe
covers the region (V) that is absent in clone HT-127 (black bar). The
nuclease S1 digestion products (S1) are shown below the probe.
Nucleotide scale is indicated. (B) Autoradiography of the nuclease S1
digestion products fractioned by gel electrophoresis. Lanes: ¢$X174,
markers derived from bacterial phage $X174 Hae III fragments; +
S1, probe with nuclease S1 in the absence of RNA; — S1, probe
without nuclease S1; HT, products of nuclease S1 digestion of
hybrids of the 3’ end-labeled probe and two preparations of RNA
from HT-1080 cells.

Two prominent polypeptides of M, 67,000 and M, 62,000
were seen in the cell homogenates of HT-1080 cells (Fig. 5,
lanes A and D). When using collagenous protein standards,
the two major polypeptides were M, 55,000 and M, 43,000.
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Fic. 5. Electrophoretic transfer blot analysis of HT-1080 cells.
Electrophoretically fractionated HT-1080 cell (1 X 10% homogenates
were transferred to nitrocellulose filters that were incubated with a
1:3000 dilution of preimmune serum (lane C) or antiserum (lanes A,
B, D, and E) directed against the synthetic peptide. Lanes A, D, and
E, total cell homogenate; lane B, cell homagenate digested with
bacterial collagenase; lane E, cell homogenate digested with pepsin.
Bovine serum albumin (M, 68,000) and « and B subunits of prolyl-
4-hydroxylase (M, 64,000 and 60,000) were used as molecular weight
markers. Molecular weights are shown as M, x 1073,

Bacterial collagenase digestion resulted in disappearance of
these two polypeptides and no new ones appeared (Fig. 5,
lane B). The fainter bands seen on the blots all remained after
bacterial collagenase digestion. The faint bands were -also
detected with serum taken from the rabbit prior to immuni-
zation (Fig. 5, lane C) and thus represented reaction of the
serum with some noncollagenous polypeptides. As a result of
pepsin digestion, the prominent polypeptides disappeared
and a new polypeptide of about M, 60,000 appeared (Fig. 5,
lane E). Also, the faint peptides disappeared as a result of
pepsinization. Electrophoretic transfer blot examination of
ammonium sulfate-precipitated protéins from the cell culture
medium did not reveal the presence of collagenous polypep-
tides (not shown).

DISCUSSION

The cloned cDNAs characterized here encoded a low mo-
lecular weight human collagen that is synthesized in small
amounts by cultured fibroblasts from normal skin and a
human tumor cell line, HT-1080. Comparison of the nucleo-
tide sequences presented here to nucleotide sequences for
other cloned collagen chains indicated it is not al(I) (27),
a2(I) 31), a1(ID) (32), al(IIl) (25), al(IV) (16), a2(IV) (17),

Table 1. Comparative codon usage in DNA sequences coding for -Gly-Xaa-Yaa- regions of

several collagens

Human  Chicken Chicken Human Low molecular  Third base
Amino acid al(D* al(D?t type IX*  al(IV)®  weight collagen of codon
Glycine 0.50 0.57 0.41 0.29 0.11 Uracil
0.30 0.36 Y019 0.24 0.17 Cytosine
0.18 0.06 0.29 0.27 0.40 Adenine
0.02 0.01 0.11 0.19 0.32 Guanine
Codons examined 261 67 198 62 72
Proline 0.57 0.25 0.37 0.35 0.36 Uracil
0.40 0.69 0.13 0.18 0.22 Cytosine
0.03 0.04 0.39 0.40 0.36 Adenine
0.00 0.02 0.11 0.07 0.06 Guanine
Codons examined 179 91 119 45 36

*Ref. 27. TRef. 28. Ref. 29. §Ref. 16.



944 Biochemistry: Pihlajaniemi et al.

a2(V) (33), al(IX) (10), a2(IX) (10), or al(X) (34). The size
of the mRNA hybridizing with the cDNA clones and the size
of the polypeptides seen on electrophoretic transfer blots
largely excludes the possibility that the clones encode a still
uncloned chain of type V, VI, or VII collagen. If type VIII
collagen is composed of chains of M, 177,000 and M; 125,000
(7), the collagen described here is not type VIII. Benya and
Padilla (9), however, recently reported that type VIII col-
lagen from rabbit corneal endothelial cells is composed of M,
61,000 polypeptides. The rabbit type VIII collagen contains
terminal noncollagenous peptides of M, 14,700 and M,
4000-5000 that are pepsin sensitive (6). The collagen studied
here is different in that it has a carboxyl-terminal, noncol-
lagenous peptide of only 18 amino acid residues (M, 2185) that
is largely resistant to pepsin digestion. Comparison of cyan-
ogen bromide fragments of the rabbit type VIII collagen and
the human collagen studied here is inconclusive since the
cDNA clones cover only the last 246 amino acids. Therefore,
although the collagen studied here is probably not one
previously reported, it cannot safely be assigned a new roman
numeral until more information is available about type VIII
collagen. Also, two additional incompletely characterized
low molecular weight collagens of about M, 60,000 have been
reported (13, 14). Until more information is available about
them no conclusion can be reached whether they are the same
or different from the low molecular weight collagen described
here.

The most striking feature of the low molecular weight
collagen is that its RNA transcripts undergo alternative
splicing. The 36 nucleotides of coding sequences present in
one of the cDNA clones (HT-125) but lacking in the other
(HT-127) correspond precisely to a single 36-bp exon of the
gene (L. Tikka, T.P., D.J.P., and K. Tryggvason, unpub-
lished results). Therefore, the two cDNA clones and the two
or more mRNAs detected by nuclease S1 protection exper-
iments arose from alternative splicing of RNA transcripts of
the same gene. Nuclease S1 mapping experiments demon-
strated that the mRNAs complementary to both cDNA
clones were present in cultured normal skin fibroblasts (not
shown) as well as in HT-1080 cells. The present study
provides an example of alternative splicing of a collagen gene
and it will be of interest to study the biological significance of
the finding. )

Two bacterial collagenase-sensitive polypeptides of M,
67,000 and M, 62,000 were detected in cell homogenates of
HT-1080 cells and cultured human skin fibroblasts (not
shown) with antiserum to a synthetic peptide. The polypep-
tides detected with the antiserum differed in size by about
5000, or considerably more than can be accounted for by
alternative splicing of 36 bp. Also, the nuclease S1 experi-
ments suggested the presence of a second site of mismatch
between the mRNAs. Therefore, the RNA transcripts may
undergo alternative splicing at more than one site and the net
effect of these splicing events on protein level is not yet
known. It is also possible that the polypeptide chain of M,
62,000 is a partially processed form of the M; 67,000 chain.

The amino acid sequences derived from the cDNA clones
presented several interesting features. The noncollagenous,
carboxyl-terminal domain was very short, 18 amino acid
residues, in contrast to most other collagens. Only in type IX
collagen is the comparable domain of similar size. The
collagenous sequences were interrupted by short noncollag-
enous domains as has been found for type IV collagen.
Furthermore, the codon usage was similar to that of type IV
and IX collagens. Thus, the results presented here show
characterization of a low molecular weight collagen that

Proc. Natl. Acad. Sci. USA 84 (1987)

belongs to the nonfibrillar collagens with features of type IV
and type IX collagens.
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