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ABSTRACT We have isolated overlapping mouse cDNAs
encoding a collagenous polypeptide that we have d ated
al(XVI) collagen. Nucleotide sequence analysis shows that
al(XVI) collagen contains 10 triple-helical domains sepa-
rated and flanked by non-triple-helical regions. Within the
non-triple-helical regions, there are several Ser-Gly-containing
sequences that conform to consensus sequences for glycosami-
noglycan attachment sites in proteoglycan core proteins.
Northern blots show that al(XVIM) transcripts are present in
multiple organs, with the highest levels in liver, lung, and
kidney. We have also isolated overlapping cDNAs encoding
human al(XV) collagen, and their sequence extends a pub-
lished partial al(XV) sequence to the 3' end. Comparison of
the al(XV) and al(XVIM) sequences reveals a strking simi-
larity in the lengths of the six most carboxyl-terminal triple-
helical domains. In addition, within the carboxyl non-triple-
helical domain NC1 of the two chains, a region of 177 amino
acid residues shows about 60% identity at the amino acid level.
We suggest, therefore, that al(XV) and al(XVIM) collagens
are structurly related. Their structure is different from that
of other known collagen ypes. We conclude that they belong to
a subfamily of extracellular matrix proteins and we suggest the
degnation multiplexins (for protein with multiple triple-helix
domains and jterrptions) for members of this subfamily.

The ability of collagenous proteins to form structures of high
tensile strength is based on the rigid structure of collagen
molecules. Collagen polypeptides contain one or more blocks
of Gly-Xaa-Yaa repeats, in which Yaa frequently represents a
proline or hydroxyproline residue. The presence of such
sequence repeats allows groups of three polypeptides to fold
into triple-helical domains which are rigid and inextensible.
The use of such triple-helical domains was initially thought to
be limited to molecules that make up collagen fibrils in tissues,
but it is now known that such domains are present in a large
number of proteins. Most of these proteins are found in the
extracellular matrix and serve a structural role; thus they are
considered members of the collagen superfamily of proteins.
Within the superfamily of collagens, the fibrillar collagens
represent a distinct family. Their triple-helical domains poly-
merize in a staggered fashion to form fibrils (1-3).
Members of other collagen families do not by themselves

form cross-striated fibrils but may be associated with fibrils
(fibril-associated collagens with interrupted triple helices,
FACIT) (4) or form their own distinct polymers (5, 6). The
lengths as well as the number of triple-helical domains within
molecules of nonfibrillar collagens are frequently quite differ-
ent from those of triple-helical domains in fibrillar collagens.

The non-triple-helical domains that separate triple-helical
domains in some nonfibrillar collagens represent regions of
flexibility. For example, in types IX, XII, and XIV collagens,
non-triple-helical hinges allow triple-helical domains on ei-
ther side to be oriented in a variety of directions (7-9).
Whether this is the case also in other collagens with short
triple-helical domains, such as al(XVI) (10) and al(XVII)
(11), is not known, but it is conceivable that one function of
non-triple-helical domains in such collagen types is to provide
for flexibility between triple-helical regions.
Here we report on a collagenous polypeptide with multiple

regions of such potential flexibility. This polypeptide, which
we designate al(XVII) collagen, contains 10 triple-helical
domains separated and flanked by non-triple-helical regions.
Within the non-triple-helical regions are several Ser-Gly-
containing sequences that conform to consensus sequences for
glycosaminoglycan attachment sites in proteoglycan core pro-
teins (12). The al(XVI) collagen gene is expressed in mul-
tiple organs with the highest levels ofRNA in liver, lung, and
kidney. Comparison of the al(XVIH) sequence with recently
published sequences of al(XV) collagen (13), as well as with
sequences of additional al(XV) cDNAs reported in this pa-
per,§ reveals a striking similarity in the lengths of the six most
carboxyl-terminal triple-helical domains. In addition, within
NC1, the non-triple-helical carboxyl domain of the two colla-
gen chains, the carboxyl-most region of 177 aa shows about
60%6 identity [for mouse al(XVIII) versus human al(XV)] at
the amino acid level. We suggest, therefore, that al(XV) and
al(XVIII) collagens belong to a subfamily of collagenous
proteins with multiple short triple-helical domains. Members
of this subfamily, for which we propose the designation
multiplexin (for multiple triple-helix domains and interrup-
tions), share a highly homologous non-triple-helical carboxyl
domain. Rehn and Pihlajaniemi (14) have independently iso-
lated cDNAs that also code for al(XVIII) collagen, and
differences between the 5' regions of their sequences and our
clones suggest that the al(XVIII) gene is transcribed from
alternative transcription start sites or gives rise to alternatively
spliced transcripts.

MATERIALS AND METHODS
Screening of cDNA Libraries and Nucleotide Sequencing.

For isolation of mouse al(XVIII) collagen cDNAs, two
cDNA libraries purchased from Clontech were screened. The
first library contained cDNA synthesized with RNA isolated
from 15.5-day mouse embryos and cloned into the EcoRI site
of AgtlO. For screening, a 1.3-kb HindIII-EcoRI fragment of
the mouse type XII collagen cDNA mXIIc5 was used as

Abbreviation: 5' RACE, rapid amplification of cDNA 5' ends.
§The nucleotide sequences reported in this paper have been depos-
ited in the GenBank database (accession no. L22545).
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probe (15). One positive clone, mcl9, containing a 1.5-kb
insert, was isolated and characterized.
To extend the sequence defined by mcl9, a second library

was screened with a 0.5-kb EcoRI-Apa I fragment from the 5'
region of mc19. The second library contained cDNA synthe-
sized with RNA isolated from 17.5-day mouse embryos and
cloned into the EcoRI site of Agtll. This led to the isolation of
mcE4, a clone containing a 2.4-kb insert. This Agtll library
was also screened with a 2.0-kb Pst I fragment of the human
cDNA hcl-1 encoding the 3' portion of al(XVIM) (16), leading
to the isolation of a third mouse cDNA, mc3, with a 3.7-kb
insert.
For isolation of cDNAs encoding al(XV) collagen, a

cDNA library in Agtll from human placenta (Clontech) was
used. One probe was a cDNA fragment encoding an uniden-
tified collagenous protein (23). A second probe was a 550-bp
EcoRI-Apa I fiagment from the 5' end of the insert of the
al(XVIII) cDNA mcl9 (see above). This led to the isolation
of the cDNAs YMh46, YMh4, YKhl7-1, and YKh17-2.

Nucleotide sequence was analyzed by the dideoxynucle-
otide chain-termination method (17).
mRNA Pp t and Rapid Ampaon of cDNA 5'

Ends (5' RACE). Livers were dissected from 2-month-old
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C57BL/6J mice. Total liver RNA was prepared by the guani-
dinium isothiocyanate method (18), and poly(A)+ RNA was
enriched on an oligo(dT) column from the FastTrack 2.0 kit
(Invitrogen). The 5' RACE procedures were slightly modified
from Frohman (19). Adaptor-(dT)17, containing Xho I, Sal I,
and Cla I restriction enzyme sites (19), and specific antisense
primers PS1 (5'-GTGACAGGAGGTGGCTGA-3'), PS2 (5'-
TGTGTGACTTGCTGCTTT-3'), PS3 (5'-TAGCTCC AGTC-
CCTGCGA-3'), and PS4 (5'-CCGAGCAAATGGCACCCT-
3') were synthesized on a Cyclone Plus oligonucleotide syn-
thesizer (MilliGen).

Second-strand cDNA was synthesized with an aliquot of
oligo(dA)-tailed cDNA by using the adaptor-(dT)17 primer
and Taq DNA polymerase. Initial denaturation at 940C for 3
min was followed by annealing at 55TC and 37C for 5 min
each and extension at 720C for 40 min. The specific primer
PS1 was added to the reaction mixture and 30 cycles of
first-round PCR were performed; initial denaturation at 940C
for 3 min was followed by annealing at 420( for 90 sec,
extension at 72TC for 150 sec, and denaturation at 940C for 45
sec. One-tenth of the first-round PCR products was used for
second-round nested PCR using the adaptor primer and PS2.
The PCR conditions were the same as for the first round
except that the annealing temperature was 52TC instead of
420C. The nested PCR products were cut with the restriction
enzymes Sma I and Sal I and subcloned into pBluescript
(Stratagene). The subclones were screened by Southern
blotting with a 145-bp EcoRI-Sma I fragment of mcl9 as
probe (Fig. 1A). One positive clone, SS8, contained a se-
quence matching that of the 5' region of mcl9 and extending
70 bp further in the 5' direction. The specific primers PS3 and
PS4 were used for first-round and nested PCR with the same
strategy as described above. A major PCR product was
obtained, purified by agarose gel electrophoresis, and sub-
cloned into the modified EcoRV site of pBluescript. One
clone, TA5, contained the 70 bp of sequence of the 5' region
of SS8 and extended 530 bp further in the 5' direction.

Southern and Northern Hybridization. Filters containing
DNA or mRNA were hybridized with probes labeled with the
random-primer labeling method (Boehringer Mannheim) at
420C overnight in 50% formamide/6x standard saline cit-
rate/5% dextran sulfate, 1 mM EDTA/0.5% SDS/lx Den-
hardt's solution containing salmon sperm DNA at 25 pg/ml.
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FIG. 1. Diagrams showing overlapping cDNAs that encode the
complete mouse al(XVIII) collagen chain, except the amino-
terminal 27 aa (A); the domain structure of al(XVIII) collagen (B);
the domain structure ofhuman al(XV) (C); and overlapping cDNAs
encoding human al(XV) chain (D). Triple-helical domains are indi-
cated by rectangular areas; non-triple-helical regions are indicated by
heavy lines. Numbers indicate the length (in amino acid residues) of
the domains. For the human al(XVIII) chain only the carboxyl half
of the sequences is known (16); within the human sequence the
domains are slightly different in size from the mouse sequence. The
human sizes (when different from the mouse) are indicated in
parentheses above and below the numbers for the mouse. The six
most carboxyl-terminal triple-helical domains in al(XVII1) and
al(XV) are remarkably similar in size; these domains are shaded in
the diagram. E, EcoRI; S, Sma I.

CAG TTC TGT GAG GCC TTG GAG GAC GM TGT TGG MC TAC CTA GCT GGG
O F C E A L E D E C W N Y L A G

GAC AGG CTG CCC GTC GTC TGT GCC TCT CTC CCT TCT CAG GAG GAC GGG
D R L P V V C A S L P S O E D G

TAC TGT GTG TTC ATT GGG CCA GCT GCA
Y C V F G P A A TA5

GAG MTT GH GCT GAG GAG GTG GGG CTG CTG CAG CTC CTT GGA GAC
E N V A E E V G L L Q L L G D

common sequence

FIG. 2. For the 5' region of the al(XVHI) collagen mRNA we
(Middle) and Rehn and Piblajaniemi (14) (Top) have isolated cDNAs
that differ in their 5' region but have common 3' sequences (Bottom,
overlapping with the sequence shown in Fig. 3). The sequence of
Rehn and Pihlajaniemi (14) contains a clear signal-peptide sequence,
whereas our sequence (TA5) has a different reading frame that
continues to the 5' end.
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RESULTS AND DISCUSSION day whole mouse embryo with an al(XII) collagen probe,
mXIIcS (15). Nucleotide sequencing of mcl9 revealed that it

Primary Structure of al(XVIII) Collagen. The first al- encoded part of a polypeptide containing several triple-helical

(XVIII) collagen cDNA, mcl9, was isolated by cross- domains separated by non-triple-helical sequences (Fig. 1).

hybridization during screening of a cDNA library from 15.5- Since mcl9 contained an open reading frame without a trans-
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FIG. 3. Complete nucleotide and corresponding amino acid sequence of mouse al(XVIII) collagen, except for the amino-terminal 27 aa.
Triple-helical regions are underlined. The imperfections in Gly-Xaa-Yaa repeats are doubly underlined. Cysteine residues are indicated by dots.
Potential glycosaminoglycan attachment sites and N-linked glycosylation sites are indicated by a series of carets.

lation start or stop codon, we used it as a probe to isolate
overlapping cDNAs that would extend the reading frame in
both 5' and 3' directions. Screening ofboth mouse and human
libraries led to the isolation of two additional overlapping
mouse cDNAs (Fig. 1A). The mouse cDNAs, mcl9, mcE4,
and mc3, have a common 5' end but vary in their lengths. The
common 5' end coincides with the 5' EcoRI cloning site; this
EcoRI site is an internal site in the al(XVIII) sequence. The
sequences of mcl9 and mcE4 are contained within the se-
quence ofmc3, except for an A-rich sequence of 70 nt at the
3' end of mcl9. We believe that this sequence represents a
cloning artifact.

Preliminary sequence analysis showed that mc3 encodes
the carboxyl end of the al(XVIII) translation product. To
extend the sequence in the 5' direction, we used 5' RACE
with RNA isolated from mouse liver. This led to the isolation
of the cDNAs SS8 and TA5. SS8 spans the EcoRI site at the
5' end of mcl9, mcE4, and mc3; TA5 extends the sequence
further in the 5' direction.
Except for the amino-terminal region the sequence of the

overlapping cDNAs defines an open reading frame of 1288 aa.
Comparison of this open reading frame with the sequence
defined by independently derived cDNA clones character-
ized by Rehn and Pihlajaniemi (14) shows 100% identity at the
nucleotide and amino acid levels within a region of901 aa (the
cDNA clones isolated by Rehn and Pihlajaniemi do not cover
the carboxyl region of the polypeptide). Upstream of this
open reading frame, however, the sequence defined by the
cDNA TA5 differs from that described by Rehn and Pihla-
janiemi (14). In fact, while the 3' region of TA5 defines a
sequence that is idedtical to that reported by Rehn and
Pihlajaniemi, the 5' region defines an open reading frame that
is completely different (Fig. 2). We do not believe that the
5'-most region ofTA5 represents a cloning artifact, since the
same sequence is found in a cDNA isolated from a mouse
king library (data not shown). More likely is the possibility
that the TA5 sequence represents an alternatively spliced
transcript. Therefore, at least two forms of al(XVIII) colla-
gen may exist. One form contains a signal peptide of25 aa and
2 additional residues, defined by the cDNA of Rehn and
Pihlajaniemi (Fig. 2), attached to the open reading frame of
1288 aa (Fig. 3). A second form contains a larger amino-
terminal non-triple-helical domain (the 5' portion of this
domain is defined by TA5) attached to the common open
reading frame of 1288 aa (Figs. 2 and 3). Further studies are
needed to establish whether additional variants may exist.
The amino acid sequence of al(XVIII) collagen starting at

residue 28 [as defined by Rehn and Pihlajaniemi (14)] and the
corresponding nucleotide sequence are shown in Fig. 3. Also
included are 155 nt of 3' untranslated sequence and a short
poly(A) tail. The sequence defines 10 domains of Gly-Xaa-
Yaa repeats (COL domains), which are separated and flanked
by non-triple-helical regions (NC domains). The COL do-

mains, numbered from the carboxyl end of the polypeptide
chain, vary in length from 18 aa (COLl) to 122 aa (COL8).
Because ofimperfections in the Gly-Xaa-Yaa triplet structure
(Fig. 3), their lengths are not always an integral number of
triplets.

Potential Glycosylation Sites in al(XVIII) Collagen. Within
the al(XVIII) sequence there are two potential sites for
N-linked glycosylation, one site in the amino-terminal NC11
domain and one site in COL8 (Fig. 3). In addition, six Ser-Gly
sequences are potential attachment sites for glycosaminogly-
can chains (Fig. 3), since they are located within consensus
sequence contexts for glycosaminoglycan side chains in
proteoglycan core proteins (12). If these sequences are in-
deed utilized for attachment of glycosaminoglycans,
al(XVIII) collagen would be an additional member of a
growing group of known collagen-proteoglycans, including
types IX and XII collagens (7, 9, 20-22). Also, al(XV)
collagen contains potential sites for N- and 0-linked glyco-
sylation (13).
al(XVI) Collagen mRNA Is Expressed in Several Internal

Organs. Northern blot analysis (Clontech multiple tissue
Northern blot) demonstrated that liver, lung, and kidney
contained the highest levels ofal(XVIII) mRNA (Fig. 4). The
mRNA migrated as two or three bands, depending on the
tissue source. In testis, kidney, spleen, brain, and heart one
transcript was about 4.5 kb; a second transcript was 5.5 kb.

9.5 -

7.5 -

4.4 -

2.4 -
(kb)

7.5 -

4.4 -

-
-
.._-

-
-*_
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FiG. 4. Northern Iplot showing that al(XVIII) transcripts are
present in multiple organs. The probe (mc3b; Fig. 1) recognizes two
bands (4.5 and 5.5 kb) in heart, brain, spleen, kidney, and testis. Note
that the two bands in lung and liver have a lower mobility than the
two bands in other tissues. The hybridized filter was exposed for a
short period of time (1 hr) to demonstrate these differences more
clearly (Lower). In brain RNA, a third band migrated slightly above
the 5.5-kb band.
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al (XVIII)
S

LPPARPTLSLAHTHQDFQPVLHLVALNTPLSGGHRGIRGADF'QCF'QQARAVGLSGTFRAF
1* 1~1*1 1~1* 1 11 1 11 1~1*

acl (xv) PHQLLPPPNPISSANYKPALHLAALNMPFSGDIR----ADFQCFKQARAAGLLSTYRAP
0

al (XVIII) LSSRLQDLYSIVRRADRGSVPIVNLKDEVLSPSWDSIFSGSQGQVQPGARIFSFDGRDVL
III IiII I I1*1*1 1*11111 1 11 1 1*111 * IIIIIl*

al (XV) LSSHLQDLSTIVRKAERYSLPIVNLKGQVLFNNWDSIFSGHOGQPN0HIPIYSFDGRDIN

*

al (XVIII) RHPAWPQKSVWHGSDPSGRRMESYCERTEGATGQASSG AS SY

I i| * * ** **I* 1*

al (XV) TDPSWPQKVIWHGSSPHGVRLVDNYCEAWRTADTAVTGLASPISTGILDQKAYSCANRL
* 0

al (XVIII) IVLCIENSFMTSFSK%
11111111III

al (XV) IVLCIENSFWTDARK%

FIG. 5. Comparison ofamino acid sequences within the carboxyl
two-thirds of the carboxyl non-triple-helical (NC1) domain ofmouse
al(XVIII) and human al(XV) collagen chains. Identical residues are
indicated by vertical lines, and similar residues are indicated by stars.
To obtain the best alignment, a gap was introduced (dashes). Four
cysteine residues are marked with dots. The termination of transla-
tion is indicated (%).

In brain a third band migrated above the 5.5-kb band. In
humans, it is known that two different-size al(XVIII) tran-
scripts are generated due to utilization of alternative poly-
adenylylation signals (16). Since the pattern of two different-
size transcripts in mouse tissues is similar to that in human
tissues, it is possible that these two major bands are also
produced by alternative polyadenylylation. Two major bands
were also seen in liver and lung, but they had a slightly lower
mobility than the two bands seen in the kidney.
al(XVIM) and al(XV) Cobgens Belong to a Subfamily of

Collagens. The domain organization of al(XVIII) collagen is
different from most other known collagen types. Comparison
with a recently defined human collagen chain, al(XV) (13),
shows, however, that the lengths of the six most carboxyl-
terminal triple-helical domains are almost identical in al(XV)
and al(XVIII). In fact, they differ in size only by one amino
acid triplet. In the 5' direction, beyond the six domains, the
two chains are quite different. Thus, the mouse al(XVIII)
chain contains four additional amino-terminal triple-helical
domains of 27, 74, 122, and 83 aa, whereas human al(XV)
contains three domains of 18, 114, and 35 aa residues in the
same region (Fig. 1).
The published al(XV) sequence (13) does not extend to the

translational stop codon, making a comparison between the
NC1 domains of al(XVIII) and al(XV) not possible, based
on the published sequence. Screening of a human placenta
cDNA library, however, resulted in clones that extended into
the 3' untranslated region of al(XV) (Fig. 1). A comparison
of the amino acid sequences of al(XV) and al(XVIII) shows
a remarkable similarity within the carboxyl-terminal non-
triple-helical domain NC1. In this region, the most carboxyl-
terminal 177 amino acid residues are about 600% identical
[comparing mouse al(XVIII) with human al(XV)] at the
amino acid level, with the locations of four cysteine residues
conserved (Fig. 5).
Based on these similarities, we propose that al(XV) and

al(XVIII) collagen chains are two members of a collagen
subfamily, which we designate the multiplexin family (for
collagens with multiple triple-helix domains and interrup-

tions). A common and distinguishing feature of members of
this family would be a highly conserved carboxyl-terminal
non-triple-helical domain.

Note Added In Proof. Since the communication of this article, the
complete sequence of the human al(XV) collagen chain has been
published (23).
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