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We report here the complete nucleotide and amino
different domains of collagen IV evolve at different rates,
acid sequences for the al-chain of mouse collagen IV probably due to varying evolutionary constraints acting upon
which is 1669 amino acids in length, including a pu- them.
tative 27-residue signal peptide. In comparison with
theaminoacidsequenceforthe
a2-chain (Saus, J.,
EXPERIMENTALPROCEDURES
Quinones, S., MacKrell, A. J., Blumberg, B., MuthkuMaterials-Radioisotopic compounds were obtained from Du Pontmaran, G., Pihlajaniemi,J., and Kurkinen, M. (1989) New England Nuclear. T7 DNA polymerase (Sequenase) and the
J. Biol. Chem. 264, 6318-6324), thetwochainsof
sequencing kit were from United States Biochemicals (Cleveland,
collagen IV are 43% identical. Most of the interrup- OH). All other enzymes were from Pharmacia LKB Biotechnology
tions of the Gly-X-Y repeat are homologously placed Inc. and Boehringer Mannheim. AMV reverse transcriptase was
obtained from Seikagaku America (St. Petersburg, FL). XgtlO, XZAP
but strikingly show no sequence similarity between the
and Phagescript cloning vectors and invitro packaging extracts were
two chains. Availability of the amino acid sequences
for human collagen IV allows a detailed comparisonof purchased from Stratagene Cloning Systems (LaJolla, CA). The
nitrocellulose filters used for screening were from Sartorius (Bohemia,
the primary structure of collagen IV and reveals evo- NY).
biochemicals were purchased from Boehringer Mannof the protein. Between heim,Ultrapure
lutionarily conserved domains
agarose NA was from Pharmacia, and Bio-Gel A-150 was from
the two species, the al(1V) chains are 90.6%and the Bio-Rad.
a2(IV) chainsare 83.5% identicalinsequence. We
cDNA Cloning-Total cellular RNA was isolated from 13.5-dayto differential evolution old mouseembryo parietal endoderm (PE),’ tissue which is known to
discuss these data with respect
synthesize large amounts of basement membrane components (17),
between and within the collagenIV chain types.

The basement membrane is a specialized extracellular matrix that underlies epithelial and endothelial cell structures.
It provides architectural support for the overlying cells, functions as amolecular filter and selective barrier for various cell
types, and participates inthe development and metabolism of
the cells with which it comes in contact (reviewed in Refs. 1
and 2). Although collagen IV is one of the major components
of all basement membranes, its participation in these processes at themolecular level is not understood.
We and others (3-15) have been characterizing cDNA and
genomic sequences for collagen IV in order to gain insight
into their structure andevolution. In this and the accompanying paper (16) we present the complete primary structure
for the al- and a2-chains of mouse collagen IV as derived
from cDNA clones. This enables a comparison of the two
complete chains and their alignment within a putative heterotrimeric molecule. Furthermore, because complete sequences for the human al(1V) andaZ(1V) collagen chains are
now available (7, 11, 12, 15), a detailed comparison of these
polypeptides is possible. These comparisons reveal that the
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part by the payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18U.S.C. Section
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The nucleotide sequence(s)reported in thispaperhas been submitted
to the GenBankTM/EMBLData Bank withaccessionnumber(s)
504694.
$ Present address: Dept. of Biological Chemistry, UCLA Medical
School, Los Angeles, CA 90024.

by the method of Chirgwin et al. (18)except that a 6 M CsCl cushion
wasused. Double-stranded cDNA was prepared as described (19).
The cDNA was size-fractionated by chromatography on Bio-Gel A150 m, and the size distribution was analyzed by agarose gel electrophoresis. Fractions containing cDNA of approximately 0.5-5 kb were
pooled and ligated into X g t l O vector, while those containing larger
cDNA molecules were pooled
and ligated into XZAP vector. The X g t l O
and ZAP libraries contain 7 X lo6 and 4 X 10‘ clones, respectively.
The ZAP library was screened with the previously described cDNA
PE 123 (8) which contains the NC1 domain and the 3”untranslated
region of mouse oll(IV) collagen. In this screening, 45 clones were
purified and the largest clone (5.7 kb), ZAP45, was characterized by
nucleotide sequencing. In order to obtain upstream clones, a mouse
PE library constructed in h g t l l (16) was screened. In addition, a
primer extension library was constructed from total RNA of PYS
cells using a 34-mer oligonucleotide complementary to nucleotides
286-320 (Fig. 2). The cDNA synthesis conditions were as described
(19) except that thereverse transcriptase incubation temperature was
52 “C. The resulting cDNA was ligated into XZAP vector, amplified,
and screened with an oligonucleotideto isolate clones covering the 5’
end of the oll(1V) collagen cDNA.
DNA SequenceAnalysis-Appropriate
restriction fragments of
ZAP45were isolated and subcloned into the vectors M13mp18,
M13mp19 (20), or Phagescript. The sequencingstrategy used is shown
in Fig. 1C. The cDNA was sequenced by the dideoxy chain termination method (21) using 36S-dATP(22) and T7DNA polymerase (23).
Some parts of the cDNA sequence were determined by using specific
oligonucleotides as sequencing primers (24). The oligonucleotides
were synthesized on a Biosearch Cyclone DNA synthesizer, dried,
and partially purified by gel exclusion chromatography on Sephadex
G-25. The sequence was completely determined on both strands and
across most restriction sites used in cloning. The DNA sequence was
maintained and aligned using Staden’s DB-system (25). Each nucleotide of the final sequence is represented, on the average, by5.7
nucleotides in the database. DNA and amino acid sequences were
The abbreviations used are: PE, parietal endoderm; kb, kilobase
pair; bp, base pair; NC1, noncollagenous.
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analyzed using various programs of the University of Wisconsin
Computer Group (26),the National Biomedical Research Foundation
(27), and the Los Alamos Portable Sequence homology package (28)
running on a VAX 111750 or 11/785.
RESULTS

C ~ r ~ t e r ~ z u t of
ion
the EDNA Clones for Mouse al(IV)
Collagen-We used the previously described mouse al(1V)
collagen cDNAclone PE 123 (8)to screen a parietal endoderm
cDNA library constructed in the XZAP vector. The longest
clone, ZAP45, with an insert of 5.7 kb was characterized by
nucleotide sequencing. It extends from nucleotide position
913 to the 3' end of the mRNA sequence. A 140-bp EcoRIKpnI fragment from the 5' end of ZAP45 was usedto screen
a Xgtll PE library to obtain clones coveringupstream regions.
This screening yielded the clone M2C (0.6-kb insert) which
was characterized by nucleotide sequencing. Based on the
sequence of this clone, a 34-meroligonucleotidecovering
nucleotides 486-520 was synthesized and used to rescreen the
g t l l library resulting in the clone 013C (0.8-kb insert). The
oligonucleotide complementary to nucleotides 286-320was
then used as primer to construct a primer extension library
from total RNA of PYS-2 cells, a parietal yolk sac carcinoma
cell line (17). Screening of this library with a 17-mer oligonucleotide complementary to nucleotides 234-251 yielded the
clone 2g (0.3-kb insert) which, together with clones 0134,
M2C, and ZAP45, covers the entire coding sequence of mouse
al(1V) collagen. The relationship of the various clones is
shown in Fig. L4. A composite restriction map of these overlapping clones and the sequencing strategy adopted are depicted in Fig. l, B and C, respectively.
The complete coding sequence deduced from the overlapping cDNA clones is shown in Fig. 2. The sequence of 6512
nucleotides encodes the 1669 amino acids of mouse al(1V)
collagen and includes 131 nucleotides of 5"untranslated and
1451 nucleotides of 3"untranslated sequences. Thereare
seven consensus polyadenylation signal sequences, AATAAA
(29), in the 3"untranslated region and the cDNA ends with
a 37-bp poly(A+)tail. The size of 6.5 kb is consistent with the
mRNA sizes we previously determined for the mouse al(IV)
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FIG. 1. eDNA maps and sequencing strategy. A , overlapping
cDNA clones ZAP45, M2C, 013C, and 2g are shown. B , partial
restriction map of the composite cDNA showing relevant restriction
sites. C, the arrows show the restrictionfragments subcloned to
determine the sequence.
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chain of 6.8 and 6.4 kb (3). Theuse of the most 5"polyadenylation signal could also account for the 5.5-kbmRNA
reported by Oberbaumer et al. (4). The 131-bp 5'-untranslated
region is GC-rich and, based on the reported length of this
region in human al(1V) of 130 bp (7, 111, probably contains
all but a few nucleotides of the mRNA sequence. The cDNA
has a single ATG codonthat can serve as thetranslation start
site. The sequence around this codon, C C A C C a G , not
only conforms to theconsensus sequence for eukaryotic translation initiation sites, but to the highest efficiency sites as
well (30).
for a
Signal Peptide and 7 S Region-The cDNA codes
putative signal peptide of27 residues. The signal peptidase
cleavage site, as predicted by the weight matrix calculations
for eukaryotic signal peptides (31) most likely lies between
alanine and lysine (residues 27 and 28). This is in agreement
with the NH2-terminal protein sequence for human al(1V)
collagen (11).The amino-terminal 7 S domain of al(IV),
which extends to the first sequence interruption, is 135 (residues 28-162) residues long and shows several structural
features essential for the antiparallel aggregation of four
collagen IV molecules into a tetramer including 5 cysteine
and 8 lysine residues which are potential cross-linking sites.
The 10-residue interruption I between residues 163-172 probably is involved in the 40" bend in the molecule as observed
in electron microscopy (32).
I n t e r r u p t ~ oof~the Gly-X-Y Repeat Sequence-A characteristic feature of collagen IV molecule is the frequent interruptions inthe Gly-X-Y repeat sequence. In the mouse a1(IV)
chain, 21 such interruptions are seen (Fig. 2, Table I). These
interruptions are between 2 to 10 amino acids in length and
distribute preferentially at the amino-terminal end of the GlyX-Y repeat sequence. For comparison, we have included in
Table I the amino acid lengths of corresponding or homologous interruptions of mouse a2(IV) collagen. This comparison
clearly shows that there is no obvious conservation in the
length or sequence of the in~rruptions between the two
chains (see below for discussion). Finally, it should be noted
that we define the interruptions as amino acid sequences
which do not conform to theGly-X-Y repeat. This is straightforward except when glycine is in the X or Y position of the
last perfect triplet. In these cases we rely on sequence alignment with the a2(IV)chain to determine whether the glycine
is in fact the glycine of a following Gly-X-Y triplet (see
accompanying paper (16)). We have adopted the above definition for an interruption for two reasons. First, this definition is consistent with all the interruptions. Second, using
this definition, interruptions in the al(1V) and a2(IV)chains
become maximally aligned (see Fig. 3 in the accompanying
paper (16)).
Carboxyl-terminal Noncollagenous Peptide-The mouse
and human al(1V) collagens contain a 229-residue noncollagenous (NC1) carboxyl-terminal peptide (4, 8, 9). As reported before, a striking feature of this peptide is that the
first and second half of the sequence is 36% identical suggesting that thisdomain evolved by gene duplication (4,8,9).
Sequence Comparisons-The
alignment of the sequences
for mouse al(1V) and a2(IV) collagen reveals that the two
chainsare 43% identical in amino acid sequence. In this
alignment (see Fig. 3 in theaccompanying paper (16)), of the
21 and 24 interruptions in the d(1V) and a2(IV) chains,
respectively, 19 are homologouslyplaced. In addition, five
interruptions of the a2(IV)chain are not present in the al(1V)
chain andtwo interruptions of the al(1V) chain are notfound
in the aS(1V) chain. As discussed in the accompanying paper
(161, a heterotrimeric collagen IV molecule contains a total of
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replacements occur in the collagenous
domain (data not shown) and could result from nucleotide polymorphisms or
allelic variations.
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26 imperfections in the triple helicaldomain. In order to
account for the different number of interruptions in the
collagen IV chains we have collectively numberedthe imperfections I-XXVI, counting from the amino-terminal end of
the molecule (see Table I). By far the most conserved region
of collagen IV is the carboxyl-terminal noncollagenous (NC1)
domain, whichshows63%(1421229)sequence
identity between the al(1V) and aB(1V) chains (8). Furthermore, it is
striking that the homologous in~rruptions
show no sequence
conservation between the two collagenchains.
Fig. 3 schematicallydepicts the aligned interruptions of the
Gly-X-Y repeat sequence of mouse collagenIV chains. For a
comparison this figure also includes the interruptions found
in Drosophila al(1V) collagen (14). Pairwise comparison of
the sites of interruptions in the three molecules reveals that
~ r o ~ o pcollagen
hi~
IV,11match
of the 18interruptions in the
quite well with sites of interruptions in the mouse al(1V)
chain and 15 match well with mouse or2(IV) chain. Furthermore, all but one interruption in the Drosophila al(1V) chain
have equivalents at homologouspositions in themouse al(1V)
or a2(IV) chains. The approximate locations of 11 interruptions are shared by all three chains which is suggestiveof an
important role for these inintermolecular interactions. However the interruptions are neither similar in sequence nor in
length among the three chains. Therefore, the functions of
the interruptions are probably independent of their composition. Although it is not clear what these functions are, the
interruptions likely contribute to molecularflexibility and

permit interactions with other molecules. It has beensuggested that in~rruptionsmay be involved in the supramolecular assemblyof collagen IV (14, 16).
Availability of complete amino acid sequences for human
al(1V) and aB(1V) chains (7, 11, 12, 15) allows us to make a
detailed sequencecomparisonbetweenmouse
and human
collagen IV. The amino acid sequences of the al(1V) chains
(Fig. 4) are 90.6% identical and the a2(IV)chains (Fig. 5) are
83.5% identical. Except for one, all the 21 i n ~ r ~ p t i o of
ns
the al(1V) chain are conserved in length and position and in
many cases also in amino acid sequence withhuman al(1V).
In t o t a l they represent 89 amino acids and show an overall
85.6% sequenceidentity between mouse and human.
Greater differences exist in the 24 i n t e ~ p t i o n sof the
(uB(1V)chain. Interruption 3which is 19 residuesin length in
mouse and 21 residues in the human shows no obvious sequence conservation. Similarly, interruption9 which is 7
residues in mouse and 10 residues long in the human shows
no sequence conservation. In addition, the 3-residue interruption 15 found in the mouse a2(IV) collagen is not present in
the human sequence. In total, the interruption sequences of
mouse aP(1V) collagen represent 148 amino acids and are75%
identical with those of human a2(IV) collagen. In both chains
of collagen IV the most conserved sequence is the carboxylterminal noncollagenous (NC1) domain. Between the mouse
and human they are 96.9% [al(IV)]and 96.5% [a2(IV)]
identical in sequence.
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TABLEI
Noncollagenous interruptiom in mouse cul(IV) collagen
In the left-hand column are indicated the interruptions (arabic)
and the imperfections (roman)
in which they are located. The residue
number for the amino-terminal amino acid of each interruption is
shown. In the right-hand column is the number of residues within
each interruption and, in brackets, the
number of residues in homologous interruptions of the mouse a2(IV) chain.
Length
Interruption/imperfection
Sequence

servation is found in the noncollagenous (NC1) carboxylterminal domain (63%). As discussed elsewhere (4, 8, 9), the
two genes of collagen IV most likely evolved by gene duplication, and the above figures suggest that the NC1 domain
evolves at a slower rate with respect to therest of the molecule.
This notion is further supported by comparing the al(1V) and
a2(IV) collagen sequences for mouse and human. Inthis
comparison, the NC1 domains of both chains show higher
sequence similarity than therest of the sequence. In fact, the
a1 [a21
NC1 domain of collagen IV represents one of the slowest
163
evolving protein sequences known. Between the mouse and
LGHVPGTLLK
111
224
human, both the al(1V) and a2(IV) NC1 peptides are 96%
2/11
FQ
identical in sequence. This high sequence conservation is
247
likely to reflect the multiple interactions and thus stringent
31111
QVKEKGDFAPT
sequence
requirements for the NC1 domain of collagen IV.
273
The rest of collagen IV sequences also show a strikingly high
4/IV
GY
sequence conservation, 85% for the al(1V) and 78% for the
335
IGTMPL
a2(IV) chain. In part this Conservation can be explained by
51v
377
the triple helical tertiary structure and constraints imposed
6/VI
TP
upon it. However, it is possible that itis also due to thelateral
403
interactions of collagen IV molecules (33). It is also likely
LP
7/VII
that the cross-linking of four molecules in the 7 S domain
429
requires sequence conservation in that region.
NGIVECQP
8/VIII
467
The least conserved regions of collagen IVare the interrupCLACDTE
9/IX
tions in the Gly-X-Y repeat sequence. al(1V) has 21 and
534
a2(IV) has 24 (in human 23) interruptions. Of these, 19 are
1o/x
FFDMRLK
homologously placed between the two chains. Due to nono590
verlapping interruptions, a heterotrimeric collagen IV molelI/XII
GV
cule presents a total of 26 imperfections in the triple-helical
642
12/XIII
VPLP
domain. Such imperfections are likely to give the molecule
689
flexibility. As discussed elsewhere (32) a major 40" bend is
I
13/XIV
present
in collagen IV molecule close to the 7 S domain and
738
probably
is due to thefirst imperfection of the triple helix. In
14/xv
LP
this region the lengths of interruptions are 10 in the al(1V)
800
15/XVI
GI
and 12 residues in the a2(IV) chain.
838
Although the amino acid sequences of interruptions appear
I6/XVII
MP
totally unrelated between the al(1V) and a2(IV)chains, they
939
show high sequence similarity between the mouse and human
EHVDMGSMK
17/XVIII
for a given chain. The al(1V) chain interruptions are 85.6%
1056
and the a2(IV) interruptions are 80.2% identical in sequence
I8/XX
GI
1172
between the two species. As discussed in the accompanying
19/XXI
GR
paper (16), these data and thehomologous placement of the
1231
interruptions suggest that they also are involved, directly or
VE
2O/XXIII
indirectly, in the assembly and interaction of collagen IV
1353
molecules. It is also possible that a role for the interruptions
DVIK
21/xxv
is inherent in the fact that many display sequence homology.
For example, in a2(1V) the amino acid sequences of interruptions 5 (10 residues in length), 10 (6 residues), 14 (5 residues),
16 (11 residues), and 21 (6 residues) are almost identical
between the mouse and human.In thisrespect, it is of interest
that some interruptions (3 and 9) completely lack sequence
conservation. In addition, the fact that between the mouse
d ( 1 V ) and a2(IV) andDrosophila al(1V) chains there are11
"
' ' ' ' " " ' ' MI UOUW OIphoZ(N)
FIG. 3. Alignment of imperfections of collagen IV triple homologously placed interruptions (Fig. 3) suggests an imporhelix in mouse al(IV), a2(IV),and Drosophila al(IV) chains. tant role for the interruptions in the structure and function
The triple-helicalportions of the threemolecules are diagrammed as of collagen IV molecules.
horizontal lines which are aligned at the boundary between the colThe a2-chain of collagen IV apparently has evolved at a
lagenous and NC1 domains. The imperfections
are depicted by oertical fasterrate thantheal-chain.
First, it is less similar in
lines which do not reflect the length of the imperfections.
sequence to the human a2-chain than is the al-chain to the
human a1-chain. In addition, the human a2(IV) chain has
DISCUSSION
1712 residues (12, 15), whereas the mouse a2(IV) chain has
We report here and in the accompanying paper (16) the 1707 (16). Second, three interruptions of the a2-chain are
complete nucleotide and amino acid sequences for the a1- and distinctly different between mouse and human. Interruption
a2-chains of mousecollagenIV,which
are 1669 and 1707 3, which is 19 residues in length in mouse and 21 residues in
amino acids in length, respectively. Overall, the two chains the human shows no obvious sequence conservation. Simiare 42% identical in sequence and the highest sequence con- larly, interruption 9 which is 7 residues in mouse and 20

FIG. 4. Comparison of mouse and
human al(1V) collagen chains. The
derived aminoacid sequences for mouse
(this paper) and human al(1V) (7, 11)
were aligned using theprogram GAP
(28) using the mutation data matrix
with
a gap penalty of 8 and a gap length
weight of 0.1. Identical residues are indicated by vertical tines between the sequences. Interruptions in the Giy-X-Y
repeat are boxed.

residues in human shows no sequence conservation. In addition,the 3-residue long interruption 16,foundinmouse
a2(IV) collagen is not present in the human sequence. In
contrast to these differencesin the a2(IV) chain, the positions
and lengths of interruptions in the a2(IV) chain (with one
exception) are completely conserved between mouseand human.
An interesting question is how the interruption sequences
evolved in collagen IV. One model is that they evolved in the
Gly-X- Y repeat sequence by point mutations in theGly codon.
This model would easily
explain evolution of the interruptions
AFP, ALP, and AVP present in the mouse a2(IV) chain. It is
of interest that changing Gly to Ala represents a minimal
perturbation in the triplehelical structure. In every case, one
nucleotide change is required to mutate a Gly codon into an
Ala codon.Lack of this mutation could also explain the
absence of AFP interruption in thehuman a2(IV) chain. The
IGT interruption in the human a2(1V) chain and the homologous IGTMPL interruption in the mouse al(IV) chain,
however,would require two and fournucleotidechanges,

respectively, if they had evolved from a Gly-X-Y sequence.
Similarly, 6-residue interruptions elsewhere would also require multiple mutations in the Gly codon which is a very
unlikely event. To explain evolution of the %residue interruptions (a total of 17 in thecollagen IV chains), one would have
to assume deletion of a Gly codon, which
also is very unlikely.
Finally, the evolution of the longer interruptions would require several deletions and/or insertions ofGly codon. In
another model, the interruptions are thoughtto have evolved
from intron sequences that became incorporated into exon
sequences. Recently, examining the exon structure of mouse
a2(IV) collagen gene we found an intriguing result. In many
cases, the DNA sequencesencoding the interruptions are
present either at the 5' or 3' ends of the exons. From these
findings we suggest that theinterruptions evolved fromintron
sequences, most likely due to mutations in the intron splice
sites.' Because collagen IV doesnot form largefibrillar strucG. Buttice, J. DArmiento, P. Kaytes, G. Vogeii, and M. Kurkinen,

manuscript submitted for publication.
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tures, the selective pressure to maintain primary structure
may have been considerably lower than in the case of fibril
forming collagen types, allowing interruptions to be incorporated in the Gly-X- Y repeat sequence.
Since collagen IV genes are thoughtto have evolved by gene
duplication it is striking that the interruption sequences are
totally unrelated between the al- and a2-chains. The sequence similarity is only 4% (6,448) whereas the overall
similarity of the two chains i s 42%. Had the interruption
sequences evolved, by whatever mechanism, before the gene
duplication it is difficult to understand how they became so
different in the two chains. Another possibility is that the
interruption sequences evolved independently after the gene
duplication and were selected by position and approximate
length but notby exact sequence.
Collagen IV genes are linked head-to-headin both the
mouse and human genome and the intergenic region is only

42 bp (35-38). Despite this close linkage, a recent report
indicates surprisingly high recombination between the two
human collagen IV genes (34).This fact may have contributed
to the divergence and the differential evolution rates of the
two chains of collagen IV.
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