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ABSTRACT We have isolated overlapping mouse cDNAs
encoding a collagenous polypeptide that we have designated
al(XVIII) collagen. Nucleotide sequence analysis shows that
al(XVIII) 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 a1(XVIII) 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 a1(XV) sequence to the 3’ end. Comparison of
the a1(XV) and a1(XVIII) sequences reveals a striking 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 al1(XV) and al(XVIII) collagens
are structurally related. Their structure is different from that
of other known collagen types. We conclude that they belong to
a subfamily of extracellular matrix proteins and we suggest the
designation multiplexins (for protein with multiple triple-helix
domains and interruptions) 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.
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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 «1(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(XVIII) 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 al1(XVIII) collagen gene is expressed in mul-
tiple organs with the highest levels of RNA in liver, lung, and
kidney. Comparison of the al(XVIII) sequence with recently
published sequences of al(XV) collagen (13), as well as with
sequences of additional a1(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
NCl1, the non-triple-helical carboxyl domain of the two colla-
gen chains, the carboxyl-most region of 177 aa shows about
60% identity [for mouse al(XVIII) versus human a1(XV)] at
the amino acid level. We suggest, therefore, that a1(XV) and
al(XVIID) 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
c¢DNA 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 Agtl0. 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. 1.22545).
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probe (15). One positive clone, mc19, containing a 1.5-kb
insert, was isolated and characterized.

To extend the sequence defined by mc19, 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 EcoRlI site of Agtl1. This led to the isolation of
mcEA4, 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 al1(XVIII) (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 1 fragment from the 5’ end of the insert of the
al(XVIII) cDNA mc19 (see above). This led to the isolation
of the cDNAs YMh46, YMh4, YKh17-1, and YKh17-2.

- Nucleotide sequence was analyzed by the dideoxynucle-
otide chain-termination method (17).
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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 of human a1(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 a1(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 mple-hehcal domains in «l(XVIID) and
al(XV) are remarkably similar in size; these domains are shaded i m
the dlagram E, EcoRI; S, Sma 1.
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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),7, 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);; primer
and Taq DNA polymerase. Initial denaturation at 94°C for 3
min was followed by annealing at 55°C and 37°C for 5 min
each and extension at 72°C 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 94°C
for 3 min was followed by annealing at 42°C for 90 sec,
extension at 72°C for 150 sec, and denaturation at 94°C 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 52°C instead of
42°C. 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 1 fragment of mc19 as
probe (Fig. 1A). One positive clone, SS8, contained a se-
quence matching that of the 5’ region of mc19 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, TAS, 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
42°C overnight in 50% formamide/6X standard saline cit-
rate/5% dextran sulfate, 1 mM EDTA/0.5% SDS/1x Den-
hardt’s solution containing salmon sperm DNA at 25 ug/ml.

aat tcg gge cgg geg cag gac gee tgg oct ggg gag ATG GCG CCC AGG TGG CAC CTC
M A P R W H L

CTG GAT GTG CTC ACC AGT TTG GTC TTG CTG CTG GTG GCA CGC GTC TCC
L DV L T s L VL L L V A S

TGG GCA GAG CCA

w A E P Ref. 14

CAG TTC TGT GAG GCC TTG GAG GAC GAA TGT TGG AAC TAC CTA GCT GGG
Q F ¢ E A L E D EC WNY L A G

GAC AGG CTG CCC GTC GTC TGT GCC TCT CTC CCT TCT CAG GAG GAC GGG
DR L P VV CAS L P s Q E D G

TAC TGT GTG TTC ATT GGG CCA GCT GCA

YC VF I G P A A TAs

GAG AAT GTT 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(XVIII) collagen mRNA we
(Middle) and Rehn and Pihlajaniemi (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 (TAS5) has a different reading frame that
continues to the 5’ end.
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RESULTS AND DISCUSSION

Primary Structure of «1(XVIII) Collagen. The first al-
(XVIID) collagen cDNA, mcl9, was isolated by cross-
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day whole mouse embryo with an «1(XII) collagen probe
mXIIc5 (15). Nucleotide sequencmg of mc19 revealed that it
encoded part of a polypeptide containing several triple-helical
domains separated by non-triple-helical sequences (Fig. 1).

hybridization during screening of a cDNA library from 15.5- Since mc19 contained an open reading frame without a trans-

GAGAATGTTGCTGAGGAGGTGGGGCTGCTGCAGCTCCTTGGAG. AGACCCCCTACCTGAGAAGATCTCACAAATCGATGACCCTCACGTCGGG 90
E NV AETEVGTLTLG QLLGDTPLTPET KTISSG QTIDDPHVG
COGGCCTACATCTTTGGACCAGACTCCARCAGTGGCCAGGTGGCCCAGTATCA' 180
pAY I FGPDSNSGA QVAQYUHTFTPI KTLTFTFRDTFSLL
TTTCATGTCOGGCCAGCCACAGAGGCAGCAGGGGTGCTATTTGCCATCACAGATGCTGCCCAGGTGGT! 270
F HVRPATEAAGVLTFAITDA AAQVVVSLGVKHL
TCAGAGGTCCGAGATGGACAGCAAAACATCTCATTGCTCTACACGGAGCCTGGGGCCAGCCAGACCCAGACGGGAGCCAGCTTCCGCCT! 360
S EVRDG GO QO QNXNTISLLYTETPGASO QT QTG GASTFRIL
A A A
CCTGCATTTGTTGGGCAGTGGACACACTTCGCGCTCAGCGTOGACGGAGGCTCTGTOGCTCTCTACGTAGACTG TGAAGAA' 450
PAFV'GQWTHFALSVDGGSVALYVD%BEFQR
GTGCCATTTGCTOGGGCCTCGCAGGGACTGGAGCTAGAGCG TGGOGCTGGCCTCTTTG TGGGTCAGGCTGGAACAGCAGACCCTGACAAG 540
V PFARASAO QGTLTETLTERGAGTLTFVGQAGTA ADTPDK
TTCCAGGGGATGATCTCAGAGCTGAAGGTACGCAAAACCCCOCGGGTGAGCCCTGTGCACTGTCTGGATGAAGAAGATGATGATGAAGAC 630
FQGMISELKVRKTPRVSPVHgLDEEDDDED
a
CGGGCATCTGGAGATTTTGGAAGTGGCTTTGAAGAAAGCAGCAAGTCACACAAGGAGGATACATCTCTACTACCTGGGCTCCCTCAGCCA 720
R A S 6D FGSGTFETESSIKSHIEKEDTSLULUZPGLZPAOQFP
A A A A A A A A A
CCTCCTGTCACTTCCCCAS  AGGCAGCACCACAGAAGATCCTAGAACAGAAGAAACGGAGGAAGACGCCGOGGTAGATTCT 810
P PV TSPZPLAGG G STTETDTPRTETETETETDA AARAMVDS
ATAGGAGCTGAGACCCTTCCTGGCACAGGTTCAAGCGGTGCATGGGATGAGGCTATCCAGAACCCCGGAAGGGGCTTGATAAAGGGAGGT 900
I GAETTLUPGTG GS S GAWDEA ATIOQNZPGHRTGTLTIZKGG,
ATGAAAGGACAAAAGGG: 990
M K G Q K GEPGAQGUPPGPAGT®POQOGEPAGEPVVQSTP
AACTCACAACCTGTCCCTGGAGCACAAGGACCCCCGGGACCTC. X ACTCCAGGAAGGGATGGTGAACCG 1080
N S 0 PV P GAQGPPGZPOQG?PUPGKUDGT®PGRDGEP
GGTGACCCTGGTGAAGATGGGAGACCGGGTGACACTGGACCTCAAGGCTTTCCAGGGACCCCAGGAGA! 1170
G D P GEDGRUPGDTGPOQG.F PG TP G DV G P KGEK
GGAGATCCTGGTATTGGGCCCOGAGGACCTCCAGGGCCTOCAGGGCCACCAGGACCCTCCTTCAGAS CCTTCATTGAC 1260
G D PG I GPRGZ?PPGU®PPG?P?PG?PSFRAOQDIKTLTTFTID
ATGGAGGGA' 1350
M E G S G F 8 G DIZESTLURGEPRTGT FUPG?PUPG?PPGVEPG
A A A A A A A A
CTTCCTGGTGAGCCAGGACGCTTTGGGATCAATGGTTCCTATGCACCAGGACCTGCAGGCCTTCCTGGTGTACCTGGGAAGGAAGGACCC 1440
L P GEPGRVFGTI®NGSJYAPGTUPAGTLU?PGVEPGIKTEGP
A RTTR
1530
P G F PGP PGPPG?PUPGTIKTEGU?P®PGVAGT QKT GS SV GTD
GTGGGCATCOCAGGACCCAAGGGGAGCAA CTTGGGCCCATOGGTATGCCTGGCA. 1620
VG I PGP KG S K GUDULGEPTIOGMEPGIKT S GULAG S PGP
GTTGGACCCCCAGGACCTOCAGGGCCTCCAGGGCCACCAGGACCAGGATTTGCTGCTGGATTCGATGATATGGAAGGCTCTGGAATACCC 1710
VG P PG PPGPPGPPG?PGT FARAGTFDTUDMEGSGTIU®P
A A A A A
CTCTGGACAACAGCCCOGAAGCTCTGATGGGCTGCAGGGACCTCOOGGGTCGCOGGGACTCAAGGGGGA 'ACCT 1800
L WTTARSSDGL QG P PG S P G L K G DP GV A G L P
GGAGCCAAGGGAGAAGTTGGAGCAGATGGAGCCCAGGGCATCCCTGGTCCCCCAGGAAGAG. 1890
G A K G E V GADGMAQ G I PG P P G RE G A A G S P G P K
A X AAAGGGAAA( TGGAGTGGGCOGGCCGGGCCTCCCTGGGCCTCCAGGACCTCCAGGG 1980
G E K G M P GEKGNZPGIKDGVGRUZPGLPGPPGUP P G
CCTGTGATCTATGTGTCAAGTGAGGATAAAGCAATAGTGAGCACGCCAGGACCTGAGGGCAAGCCAGGGT: 2070
P VI Y VS SEDZI KA AIVSTZ®PG?PEGIKPGYAGTF PG P
GCTGGACCGAAGGGTGACCTGGGTTCCAAAGGOGAGCAGGGTCTTCCGGGGCCCAAGGGTGAGAAGGGAGAGCCAGGCACTATCTTTAGT 2160
A G P K G DL G S K GE Q GL PGP K GEZKGEUPGTTITF S
CCTGATGGCAGAGCTCTGGGCCATCCCCAGAAGGGAGCCAAGGGAGAGCCAGGCTTTOGAGGACCCCOGGGTCCTTATGGACGACCTGGE 2250
P DGR ALGUHUPAO QI KGAIKTGEU®PGT FURGU®PUPG P Y G R P G
CACAAGGGTGAAATTGGCTTCCCTGGACGGCCGGGTOGACCTGGARCGAATGGCTTAAAGGG. AGCCTGGAGATGCCAGC 2340
H K GE I GFPGRPGRZPGTNGTL K GEIKT GEPGDAS
CTTGGGTTCAGCATGAGGGGA ' TGCCCATCTATGACAGCAATGCA 2430
L GF S MRGULPGU?PUPGUPUPGUP PG PP G MPIYDSNA
TTTGTGGAGTCTGGCOGACCTGGACTACCAGGACAGCAGGGTGTGCAGGGGCCTTCAGGA 2520
F VE SGRPGLPGOQOOQGV QG P S G P K G DUKGEVGCEP
CCTGGGCCACCAGGGCAATTCCCCATTGACCTCTTCCACCTGGAAGCGGAAATGAAGGGGGACAAGGGAGACCGAGGGGATGCTGGACAG 2610
P G P P G QF P IDLTFHLEA RAWEMIEKGDIKGTUDTRTGDAGOQ
AAAGGAGAGAGGGGAGAACCTGGGGCTCCTGGTGGTGGATTCTTCAGCTCAAGTGTACCTGGCCCA \CCTGGATACCCTGGA 2700
K G E R G EPGAPGG GG GT FTFSS SV PG PP G PP G Y P G
A'I'ICCGOG‘ICCAAAGOCACAGAGCA"K:CGGGGGCCACmCﬂCmGGCCCCCAOGGACmﬂOGCAmANACGGmCCAG 2790
I P G P K G E S I R G P P G P P G P Q G P Y E G R Q
‘GGTCCCCCAGGACCTCCAGGACCTCCAGG. ACAGACAGAC’!C'ICAG‘IG'I'ICC’!GGMCCGGCCCA 2880
G P P G P P G P P G P P S F P G P H Q T V s vV P G P P G P
CCTGGTCCTCCAGGTCCCCCAGGAGCCATGGGTGCCTCTGCTGGGCAGGTGAGGATCTGGGCCACATACCAGACCATGCTGGACAAGATC 2970
P G P P G P P G A MGA S AGOQVIRTIWATYOQTMLDIKI
CGGGAGGTGCOGGAGGGCTGGCTCATCTTTGTGGCOGAGAGGGAAGAGCTCTATGTACGCGTTAGAAATGGCTTCCGGAAGGTGCTGCTG 3060
R EV P EGWILTIVFVAERETETLYUVRVRERNGTFRIKVILTL
GAGGCCCGGACAGCCCTCCTGAGAGGCACGGGCAATGAGGTGGCTGCTTTCCAG! A ATGAGGGCAGTCCATAC 3150
E ARTALLURGT GNEUVAAMATFOQPUZPLVQLHETGSTUPY
ACCCGGAGGGAGTACTCCTATTCCACGGCACGACCCTGGCGAGCAGATGACATCCTGGCCARCCCACCGCGCCTGCCAGACCGCCAGCCT 3240
T R R E Y S Y S TARUPWRADUDTITLA ANPUPRTLUPIDIROQP
"ACTTGCTCATACTCATCAGGACTTT 3330

‘TACCCTGGAGTTCCACATCACCACAGTTCCTATGTGCACCTGCOGCCAGCCCGCCCCACCCTCTC.
Y P GV PHHHS SY VHLUPUPARUPTILSULAHRTUHAGQDF

F1G. 3. (Figure continues on the opposite page.)
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\CTGAACA
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"ATCCGTGGAGCAGATTTCCAGTGCTTCCAGCAA 3420

CAGCCAGTGCTCCACCTGGTGGCA CCCCCCTGTCTGGAGGCATGCGTGGT:
QPVLHLVALNTPLSGGMRGIRGADPQSFQQ

ATCTCTATAGCATCGTGCGCCGTGCTGACCGG 3510

GCCOGAGCCOGTGGGGCTGTCGGGCACCTTCOGGGCTTTCCTGTCCTCTAGGCTGCAGG.
A RAVGL SGTTFRAFLSSRLOQDILY s IVRRADR

'TCGTCAACCTGAAGGA

AGGGTCAAGTGCAACCC 3600

GGGTCTGTGCCCA \OCGAGGTGCTATCTCCCAGCTGGGACTCCCTGTTTTCTGGCTCCC:
G S VPIVNLIKDEUVTLSUPSWDSULTFSGSQGOQV QTP

ACGGCAGAGATGTCCTGAGACACCCAGCCTGGCOGCAGAAGAGCGTATGGCACGGCTCGGACCCCAGT 3690

GGGGCCOGCATCTTTTCTTTTG.
G A RIVF S F DGRUDUVTILR RH

GGGC

GTTAC
@ R R L MESY

' TGGOGAACTGAAACTACTGGGGCTACAGGTCAGGCCTCCTCCCTGCTGTCAGGCAGG
E TWRTETTGA AT GO QAS SLUL S G R

P A WP Q K S VWHG S D P s
a

A A

3780

<

[
CTCCTGGAACAGAAAGCTGCGAGCTGCCACAACAGCTACATOGTCCTGTGCATTGAGAATAGCTTCATGACCTCTTTCTCCAAATAGGCC 3870
LLZQKAASSHNSYIVLgIENSFMTSFSK'

‘TCTGCCAGCTAGGGTGGCAGACAGAGGCCATGCAGAACTTTGACACAGOGCAGGGAGCATTCAGTCAGCACCCAGGGCTCTGGCTGGGAT 3960

ATCCTCAAGAAATAAAAGGAAGCCAAAGAGTAAAAAAAAA 4031

Fic. 3. Complete nucleotide and corresponding amino acid sequence of mouse al(XVIII) collagen, except for the amino-terminal 27 aa.
Triple-helical régions 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 of both mouse and human
libraries led to the isolation of two additional overlapping
mouse cDNAs (Fig. 14). The mouse cDNAs, mc19, 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
EcoRlI site is an internal site in the al(XVIII) sequence. The
sequences of mcl9 and mcE4 are contained within the se-
quence of mc3, except for an A-rich sequence of =70 nt at the
3’ end of mc19. 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 TAS. SS8 spans the EcoRlI site at the
5’ end of mc19, mcE4, and mc3; TAS extends the sequence
further in the 5’ direction.

Except for the amino-terminal region the sequence of the
overlapping cDN As 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 of 901 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 TAS differs from that described by Rehn and Pihla-
janiemi (14). In fact, while the 3’ region of TAS defines a
sequence that is idertical to that reported by Rehn and
Plhlagamemn, the 5’ region defines an open reading frame that
is completely different (Fig. 2). We do not believe that the
5'-most region of TAS represents a cloning artifact, since the
same sequence is found in a cDNA isolated from a mouse
hing library (data not shown). More likely is the possibility
that the TAS sequence represents an alternatively spliced
transcript. Therefore, at least two forms of al(XVIII) colla-
gen may exist. One form contains a signal peptide of 25 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 TAS) 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 (COL1) to 122 aa (COLS).
Because of imperfections in the Gly-Xaa-Yaa triplet structure
(Fig. 3), their lengths are not always an integral number of
triplets.

Potential Glycosylation Sites in «1(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 COLS (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 O-linked glyco-
sylation (13).

al1(XVII) Collagen mRNA Is Expressed in Several Internal

. Northern blot analysis (Clontech multiple tissue
Northern blot) demonstrated that liver, lung, and kidney
contained the highest levels of a1(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.
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F16. 4. Northern blot 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) LPPARPTLSLAHTHQDFQPVLHLVALNTPLSGGMRGIRGADFQCFQQOARAVGLSGTFRAF
I e PEEERE e it

al(xv) PHQLLPPPNPISSANYEKPALHLAALNMPFSGDIR----ADFQCFKQARAAGLLSTYRAP

o

al(XVIII) LSSRLQDLYSIVRRADRGSVPIVNLKDEVLSPSWDSLFSGSQGQVQPGARIFSFDGRDVL
[N A A O A RN R P 1t L

al(xv) LSSHLODLSTIVRKAERYSLPIVNLKGQVLFNNWDS IFSGHGGQPNMHIPIYSFDGRDIM

L [
al(XVIII) RHPAWPQKSVWHGSDPSGRRLMESYCETWRTETTGATGQOASSLLSGRLLEQKAASCHNSY
I O O I O R O L e R R O e S N N A O
al(xv) ‘TDPSWPQKV IWHGSS PHGVRLVDNY CEAWRTADTAVTGLASPLSTGKILDQKAYSCANRL

.
Qal(XVIII) IVLCIENSFMTSFSK$
[EARRRENANN) |
al(xv) IVLCIENSFMTDARKS
o

F16.5. Comparison of amino acid sequences within the carboxyl
two-thirds of the carboxyl non-triple-helical (NC1) domain of mouse
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(XVIII) and a1(XV) Collagens 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, a1(XV) (13),
shows, however, that the lengths of the six most carboxyl-
terminal triple-helical domains are almost identical in a1(XV)
and a1(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 a1(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 a1(XV) (Fig. 1). A comparison
of the amino acid sequences of a1(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 60% 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 a1(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-

Proc. Natl. Acad. Sci. USA 91 (1994) 4233

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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