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Summary

We have isolated and characterized a cDNA clone containing DNA sequences coding for the noncollagen-
ous carboxy-terminal domain of human pro ot2(IV) collagen. Using this cDNA clone in both Southern blot
analysis of DNA isolated from human-mouse somatic-cell hybrids and in situ hybridization of normal hu-
man metaphase chromosomes, we have demonstrated that the gene coding for human pro a2(IV) collagen
is located at 13q33-*34, in the same position on chromosome 13 as the pro al(IV) collagen gene.

Introduction

The genes coding for fibrillar collagens have previ-
ously been shown to be widely dispersed in the hu-
man genome (Huerre et al. 1982; Solomon et al.
1983; Strom et al. 1984; Emanuel et al. 1985;
Huerre-Jeanpierre et al. 1986b). Recently we and
others have shown that a nonfibrillar collagen gene,

coding for a basement membrane component, pro
al(IV) collagen, is located at the distal end of the
long arm of chromosome 13 (Pihlajaniemi et al.
1985; Solomon et al. 1985; Boyd et al. 1986;
Emanuel et al. 1986). This chromosomal location is
different from any previously reported for collage-
nous coding sequences. To investigate the possibility
that other nonfibrillar collagen genes are also dis-
persed throughout the genome, we undertook the
chromosomal location of the pro ao2(IV) collagen
gene, using a cDNA clone containing sequences cod-
ing for human pro a2(IV) collagen. The present pa-
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per reports results demonstrating that the gene cod-
ing for human pro a2(IV) collagen is located at the
distal end of the long arm of chromosome 13, in the
same position on 13q as the pro a1(IV) collagen gene
(Boyd et al. 1986).

Material and Methods

A. Recombinant DNA Clones

A previously constructed library of recombinant
cDNA clones (Pihlajaniemi et al. 1985), made by
using RNA isolated from a human tumor-cell line
(HT-1080), was screened with a mouse pro at2(IV)
collagen cDNA clone (Kurkinen et al. 1987). The
1.9-kbp insert in the mouse cDNA recombinant con-
tained DNA sequences coding for the entire NCI do-
main of mouse pro a2(IV) collagen, 96 amino acids
of carboxy-terminal Gly-X-Y sequences of pro
ot2(IV) collagen, and 950 nucleotides corresponding
to the 3'-untranslated region of the mouse pro ao2(IV)
collagen mRNA. The HT-1080 cDNA library was
screened as described elsewhere (Pihlajaniemi et al.
1985). Autoradiographically positive colonies were
characterized by means of Southern blot and DNA
sequence analysis. Southern blot analysis was per-
formed according to a method described elsewhere
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(Vandenplas et al. 1984). DNA sequencing was per-
formed using either the chemical modification proce-
dure of Maxam and Gilbert (1977) or the method of
dideoxy-chain termination using single-stranded
DNA derived from M13 subclones of insert DNA
sequences (Sanger et al. 1977; Messing 1983).

B. Parental and Hybrid Cell Lines
A panel of mouse-human somatic-cell hybrids was

provided by Mohandas et al. (1986). DNA from hy-
brid cell lines and from both human and mouse pa-
rental cell lines was analyzed by means of Southern
blot analysis using 32P-labeled human pro a2(IV) col-
lagen cDNA sequences.

C. In Situ Hybridization
pBR322 recombinants, containing DNA sequences

coding for human pro a2(IV) collagen, were radio-
labeled, by means of either nick-translation or primer
extension (Feinberg and Vogelstein 1983) using 3Hd-
CTP, to specific activities of 1.2-2.7 x 108 dpm/4Lg
DNA. In situ hybridization to metaphase chromo-
somes was performed according to a method de-
scribed elsewhere (Boyd et al. 1986).

Results

A. cDNA Analysis

Two cDNA recombinants were isolated from the
HT-1080 cDNA library after screening 8 x 104
transformants with a mouse pro a2(IV) collagen
cDNA clone. The insert DNA fragments within the
PstI site of the pBR322 vector were overlapping
DNA sequences of 1.5 kbp and 1.7 kbp in length
(HT-68 and HT-39, respectively). DNA sequence
analysis of the 5' end of the 1.5-kbp DNA insert in
HT-68 revealed nucleotide sequences coding for
polypeptide sequences homologous to a portion of
the carboxy-terminal noncollagenous domain of hu-
man pro a2(IV) collagen and mouse pro a2(IV) colla-
gen (fig. 1). Polypeptide sequences derived from HT-
68 are identical to peptide sequences obtained from
isolates of human pro a2(IV) collagen (R. Glanville,
personal communication). Protein sequences derived
from HT-68 were also identical to polypeptide se-
quences obtained from a similar coding region within
a mouse pro a2(IV) collagen cDNA (Kurkinen et al.
1987). Further, comparison of derived amino acid
sequences from the NCI domains of human pro
al (IV) collagen and pro a2(IV) collagen revealed ex-

CCA GGC CGC
Pro Gly Arg

CTG GTG AAG
Leu Val Lys

AGC GTC
Ser Val

AGC ATC GGC TAC CTC
Ser lie Gly Tyr Leu

CAC AGC CAG ACG GAC CAG
His Ser Gin Thr Asp Gin
- - - - lie

CCC ATG TGC CCG GTG GGC
Pro Met Cys Pro Val Gly
- - - Ser -

ATG AAC AAA
Met Asn Lys

GAG
Glu

CTC
Leu

TGG AGT GGA TAC AGC CTG CTG TAC TTC GAG
Trp Ser Gly Tyr Ser Leu Leu Tyr Phe Glu

GGC CAG GAG AAG GCG CAC
Gly Gln Glu Lys Ala His

GGG CTG GCC
Gly Leu Ala

AGC ACC ATG
Ser Thr Met

AAC CAG GAC
Asn Gln Asp
Gly -

GGC TCC TGC CTG GCG CGG
Gly Ser Cys Leu Ala Arg

CCC TTC
Pro Phe

CTG
Leu

TTC
Phe

CTG TAC TGC AAC CCT
Leu Tyr Cys Asn Pro

GGT GAT
Gly Asp.

Figure I Nucleotide sequences and derived amino acid se-
quences from a human pro a2(IV) collagen cDNA. First line, Nu-
cleotide sequences from a human pro a2(IV) collagen cDNA, HT-
68. Second line, Derived amino acid sequences from nucleotide
sequences of HT-68. Underlined amino acids correspond to identi-
cal amino acids found in cyanogen bromide fragments of placental
human pro a2(IV) collagen. Third lines, Amino acid sequences
derived from conserved regions within human pro al (IV) collagen
(Pihlajaniemi et al. 1985). Identical amino acids are indicated with
a dash (-). 4 Indicates the beginning of the NCI domain.

tensive sequence homology, particularly within con-
served sequence elements previously shown to be part
of a tandem repeat within the noncollagenous car-
boxy-terminal domain of human pro al(IV) colla-
gen. These conserved sequence elements are shown in
figure 1.

B. Somatic-Cell Hybrid Analysis
Table 1 illustrates the panel of mouse-human hy-

brid cell lines used in the present study. Southern blot
analysis of DNA obtained from hybrid cell lines and
from both mouse and human parental cell lines is
presented in figure 2. A human-specific 18-kbp pro
a2(IV) collagen genomic DNA fragment is evident in
EcoRI digests of DNA isolated from either the hu-
man parental cell lines (1MR91) or circulating lym-
phocytes (fig. 2, lane 1). Mouse-specific pro a2(IV)
collagen genomic DNA fragments are also evident,
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Table I

Chromosome Content of Hybrid Cell lines

CHROMOSOME COMPLEMENT'

CELL LINE 1 23 4 56 7 8 9 10 111213 14 1516 17 18192021 22X Y SCORINGb

CF84-28 .......82 73...82 64100 91 91.... 973...100100 73 10091 73 100...100 ....
CF84-4/8.......83 83 92 92 ... 100 83 83 ... 75.....100 100 92 ... 92 92 92 100........ +
CF84-5/8 .........90 80... 40 20 ... 100.........20 90 100 ... 100 ... 50 ... 90 80 60 90 +
CF84-7/8...........80 67 ... 67 7 20.....53 27... 87.....87.....47 ........

CF84-20/8 ...... 50 64 57 14... 93 43.....36 5093 93 7 43 100 93...36 9343 57.. +
CF84-21/5..... . . 82.....85... 82.. 97.....100.....97 100.....18
CF84-25/8............62 9285 62 ..54 85 77.........100...15...100 ......
CF84-27/8 ........83 ...83 100 75.....83 92.....100...100 100... 75 92 ......
CF84-34/9............33 ... 100 100 58.. 83 92.....100.....92 ... 25 58 ... 42 ....
CF84-35/8 ..........60 80... 90 90100.......70 ... 80 80...100 100 ............

Discordancy
fraction.. ....27 .27 .27 .54 .40 .70 .60 .60 .27 .45 .60 .72 .0 .45 .50 .27 .72 .36 .30 .45 .36 .27 .09 .20

a Percent of cells in each hybrid cell line that contain human chromosomes. Hybrid lines, in which human chromosomes were present in <20% of cells, were

excluded from analysis; this is reflected in the calculation of the discordancy fraction. The "Scoring" column indicates the presence (+) or absence (-) of
human-specific Eco DNA restriction fragments following Southern blot analysis with HT-68.

1 2 3 4 5 6 7 8 9 10 11 12

18

5.8-

3.2-

1.4-

1.3-

following EcoRI digestion of DNA isolated from

mouse parental cell lines (B82; fig. 2, lane 2). These

DNA fragments of 5.8, 3.2, 1.4, and 1.3 kbp are also

present in EcoRI digests of DNA isolated from

mouse-human hybrids (fig. 2, lanes 3-12). Only
DNA isolated from hybrid cell lines that contained

human chromosome 13 demonstrated the presence of

an 18-kbp human pro o2(IV) collagen genomic DNA

fragment (fig. 2, lanes 4, 5, and 7, and table 1).

C. In Situ Hybridization

Hybridization of radiolabeled HT-39 to normal

metaphase chromosomes revealed a clear association

of autoradiographic grains with the distal region of

the long arm of chromosome 13 (13q33--*34) (figs. 3,

4). The chromosomes from 100 metaphase cells were

Figure 2 Southern blot analysis of DNA isolated from
somatic-cell hybrid lines. DNA was isolated from human and
mouse parental cell lines (1MR91 and B82 cell lines, respectively)
in addition to the human-mouse hybrid cell lines indicated in table
1. DNA preparations were digested with EcoRI and analyzed by
means of Southern blot hybridization using a radiolabeled human
pro o2(IV) collagen cDNA, HT-68. Lane 1, 1MR91 human DNA.
Lane 2, B82 mouse DNA. Lanes 3-12, DNA isolated from cell
lines CF84 - 2/8 (lane 3), 4/8 (lane 4), 5/8 (lane 5), 7/8 (lane 6), 20/
8 (lane 7), 21/5 (lane 8), 25/8 (lane 9), 27/8 (lane 10), 34/9 (lane
1 1), and 35/8 (lane 12). The sizes (in kbp) of the indicated restric-
tion fragments were calculated on the basis of the comigration of
radiolabeled HindIII fragments of lambda DNA.
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Figure 3 Left, Idiogram of chromosome 13 (ISCN 1985). Right, Grain distribution in 100 metaphase cells from a normal individual
examined following in situ hybridization with a human pro a2(IV) collagen cDNA, HT-39. Note the significant number of grams over
distal 13 (right). The number system and location of bands are indicated by the ideogram of chromosome 13 (left).

analyzed. Forty-one percent of these cells revealed
hybridization to gene sequences within the q33-)q34
banding region of chromosome 13. This is equivalent
to 28% (57/203) of the total number of autoradio-
graphic grains.
Boyd et al. (1986) have shown that this region of

13q contains the gene coding for pro al (IV) collagen.
To exclude the possibility that the results presented in
figures 3 and 4 represent cross-hybridization to pro
al (IV) collagen gene sequences, a series of Southern
blots were undertaken using human pro al (IV) and
human pro a2(IV) collagen cDNA clones (fig. 5).

B '

* N:i sB

Figure 4 Metaphase chromosome spread of a cell from a normal individual, hybridized to a human pro a2(IV) collagen cDNA, HT-
39. The spread is R-banded (A) for chromosome identification, destained, and restained with Wright's (B) to show location of grains.
Arrows indicate grains associated with the end of 13q.
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Figure 5 Southern blot analysis of restriction digests of hu-

man pro o2(IV) collagen cDNAs. Restriction digests of HT-68 and

HT-39 were analyzed by means of Southern blot analysis using a

radiolabeled PstI, 2.6-kbp DNA fragment isolated from HT-21, a

human pro oal(IV) collagen cDNA (Pihlajaniemi et al. 1985). Re-

striction digestion, radiolabeling, and Southern blot analysis were

performed according to a method described elsewhere (Vanden-

plas et al. 1984). Lane 1, Radiolabeled Hindlll digest of lambda

DNA used as molecular-weight marker. The sizes (in bp) of indi-

vi'dual DNA fragments are indicated. Lane 2, Ethidium bromide-

stained DNA fragments of HT-21, following DNA digestion with

PstI. Lane 3, Autoradiography after hybridization of HT-21 DNA

fragments, shown in lane 2, with a 32P-labeled 2.6-kbp DNA frag-

ment isolated from HT-21 after PstI digestion. Previous characteri-

zation of this insert DNA fragment (Pihlajaniemi et al. 1985) has

shown DNA sequences coding for human pro al(IV) collagen,

including the entire NCI domain. Lanes 4 and 6, Ethidium

bromide-stained DNA fragments of HT-68 and HT-39, following

digestion of DNA with PAt. Lanes 5 and 7, Autoradiography after

hybridization of HT-68 and HT-39 DNA fragments with the

radiolabeled insert of HT-21.

HT-21 contains the DNA sequence coding for the

entire NCI domain of human pro al (IV) collagen;
both the cDNA clones, HT-39 and HT-68, contain

DNA sequences coding for the NCI domain of hu-

man pro ot2(IV) collagen. In spite of considerable

homology at the level of amino acid sequence within

these domains of human pro tl (IV) and pro ot2(IV)

collagen, no significant nucleotide sequence homol-

ogy is apparent following Southern blot analysis of

the human pro ot2(IV) collagen cDNA clones with

HT-21 (fig. 5, lanes 3, 6, and 7). Therefore, hybridiza-
tion of HT-39 to DNA sequences within the q33--*q34

region of chromosome 13 specifically detects only ho-

mologous pro ot2(IV) collagen gene sequences.

Discussion

The extensive homology between derived amino

acid sequences from the cDNA clone HT-68 and

mouse pro a2(IV) collagen cDNA clones, in addition
to the homology of amino acid sequences obtained
from human pro ot2(IV) collagen peptide sequences,
clearly demonstrate that HT-68 contains DNA se-
quences coding for human pro a2(IV) collagen. Fur-
ther, Southern blot analysis of DNA isolated from a
library of mouse-human somatic-cell hybrids and in
situ hybridization using this human pro a2(IV) colla-
gen cDNA clone have localized the gene coding for
pro a2(IV) collagen to the distal end of the long arm
of chromosome 13.
The syntenic nature of the genes coding for base-

ment membrane collagens is significant for a number
of reasons. The chromosomal localization of gene se-
quences coding for pro aol(IV) and pro ot2(IV) colla-
gen represents the first chromosomal assignments of
nonfibrillar collagen genes. With the exception of the
syntenic arrangement of the genes coding for pro
al(III) and pro cx2(V) collagen (Emanuel et al. 1985;
Huerre-Jeanpierre et al. 1986a) on chromosome 2, all
collagenous coding sequences analyzed to date are
widely dispersed in the genome. The location of base-
ment membrane collagen genes to a chromosome dif-
ferent from those previously shown to contain Gly-
X-Y coding sequences is consistent with the dispersed
nature of the collagen multigene family. However,
the syntenic arrangement of both pro atl(IV) and
pro o2(IV) collagen genes contrasts with the over-
all chromosomal dispersion of Gly-X-Y coding se-
quences. It is significant to note that the synteny of
the genes coding for the nonfibrillar heterotrimeric
type IV collagen contrasts particularly with the dis-
persed chromosome location of the genes coding for
the fibrillar heterotrimer, type I collagen (Huerre et
al. 1982)
The functional significance of these findings re-

mains speculative. We and others have suggested
elsewhere that genomic dispersion of repetitive Gly-
X-Y coding sequences is a necessary prerequisite to
reducing the incidence of unequal crossover within
these coding sequences during meiotic recombina-
tion. (Boedtker et al. 1985; Boyd et al. 1986). The
presence of multiple introns within Gly-X-Y coding
sequences and the dispersed chromosomal locations
of these multiexon genes is consistent with this hy-
pothesis. However, further detailed analysis of the
structure of syntenic collagenous coding sequences
will be necessary to determine whether this is a neces-
sary prerequisite in the evolution of all Gly-X-Y cod-
ing sequences or is confined only to those fibrillar
collagen genes in which alterations in the final size of
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the procollagen protein affect triple-helix formation.
It seems that aberrant triple-helix formation of non-
fibrillar procollagens, a consequence of meiotic or
somatic recombinations within the genes coding for
these proteins, is less likely to produce the lethal phe-
notypes characteristic of changes within genes coding
for fibrillar collagens (Prockop and Kivirikko 1984;
Boedtker et al. 1985). Should this increased tolerance
prove to be correct, the syntenic nature of the
nonfibrillar basement membrane collagen genes may
be of considerable significance both to considerations
of the evolution of Gly-X-Y coding sequences and the
role of basement membrane collagen in a variety of
human disorders.
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