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ABSTRACT Two basement membrane collagen genes
coding for the proal chain and proa2 chain of type IV
collagen map to 13q34 and are linked with a maximum
likelihood estimate of recombination of 0.028 at a logarithm of
odds (lod) score of 19.98. The single-copy sequence that
identifies the locus D13S3 is also closely linked to both collagen
genes. Four enzymes reveal polymorphisms with COL4Al,
and 10 haplotypes have been observed in Caucasoids. Within
COL4Al a nonrandom association of alleles exists only be-
tween alleles defined by Hae III and those defined by the other
three enzymes. A random association of alleles of COL4AI and
COL4A2 is observed. Between the two collagen genes were
detected three meiotic recombination events that contributed
to the estimate of 2.8% recombination. This is higher than
expected for two genes that lie within 650 kilobases of each
other. The lack of linkage disequilibrium between COL4A1
and COL4A2 is in agreement with the relatively high recom-
bination that is observed.

Collagens are the major structural protein in mammals. There
are at least 10 different collagen families, which themselves
can be composed of more than one type of collagen chain. So
far at least 20 collagen chains are known to exist (1). The
genes coding for these collagen chains are dispersed through-
out the genome; so far, seven human collagen genes have
been mapped to five chromosomes (2).

Type IV collagen is a nonfibrillar protein found exclu-
sively in basement membranes (3). This basement membrane
collagen molecule is a heterotrimer, composed of two genet-
ically distinct polypeptide chains, proal(IV) and proa2(IV)
collagen (4). The genes coding for these human collagen
chains have been mapped to the distal region of chromosome
13q. The proal(IV) collagen gene (COL4Al) was mapped to
chromosome 13 (4, 5) and localized to band q33-q34 by in
situ hybridization (2, 6), and the proa2(IV) collagen gene
(COLA4A2) was recently also mapped to band q33-q34 by in
situ hybridization (7-9). Close localization of these genes has
prompted the suggestion that they may be physically linked
and perhaps be as close as the genes comprising the multi-
gene clusters of a- and B-globin (10). Close physical prox-
imity between two collagen genes within the same family has
not been reported previously. For example, in the case of the
type 1 collagen family, the genes coding for the al and a2
chains lie on different chromosomes (11).

In this report we show that COL4AI and COL4A2 are
closely linked. Meiotic recombination between COL4AI and
COLA4A2 is described. We have recently shown that COL-
4Al is closely linked to the locus DI13S3 (12, 13) and this
marker is included in the analysis. Haplotypes for COL4Al
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that are used in the linkage analysis are reported, and linkage
disequilibria within COL4AI and between the loci DI3S3,
COILA4AI, and COL4A?2 are studied. The physical distance
between COL4AI and COL4A? is investigated.

Although these data indicate a close proximity between
the genes coding for the proal and proa2 chains of type IV
collagen, significantly more recombination than expected is
observed between them. This is supported by the failure to
observe linkage disequilibrium between the two genes.

MATERIALS AND METHODS

Description and Source of Families and Probes. DNA from
lymphoblastoid cell lines of 30 normal families was obtained
from the Human Polymorphism Study Center [Centre
d’Etude du Polymorphisme Humain (C.E.P.H.); Paris].
These families were used in the determination of COL4Al
haplotypes and in pairwise and three-point linkage analysis
between COL4Al, COLA4A2, and DI13S3. Probes identifying
the basement membrane collagen genes were as follows: (i)
A cDNA clone, HT39, which contains 1.7 kilobases (kb) of
DNA sequences coding for the carboxyl-terminal noncolla-
genous domain of human proa2(IV) collagen (9) and the
entire 3’ untranslated region of the proa2(IV) collagen
mRNA. (ii) A cDNA clone, HT21, which contains 2.6 kb of
DNA sequence coding for 185 amino acids of a collagenous
portion of human proal(IV) collagen, all of the globular
carboxyl-terminal domain, and the 3’ untranslated region (4).
(iii) The probe for the human single-copy sequence p9A7
(12), which identifies the locus D13S3.

Southern Analysis. DNA digestion, electrophoresis,
Southern transfer, hybridization, and autoradiography were
carried out as described (14). Cloned DNA fragments were
isolated by electrophoresis in low-melting (FMC) agarose
gels and were labeled with 32P by the method of Feinberg
and Vogelstein (15).

Linkage Analysis. Two- and three-point linkage analyses
were performed by using the program MLINK from the
LINKAGE package (16).

Pulsed-Field Gel Analysis. Preparation of high molecular
weight DNA, restriction endonuclease digestion, electro-
phoresis, Southern transfer, hybridization, and autoradiog-
raphy were carried out as described (17), except that 5%
dextran sulfate was included in the hybridization solution.
Probes for the COL4A1 and COL4A2 genes were used and
are described above.

RESULTS

Restriction Fragment Length Polymorphism (RFLP)
Screen. To locate RFLPs in the COL4A2 gene, the probe

Abbreviations: RFLP, restriction fragment length polymorphism;
lod, logarithm of odds; C.E.P.H., Centre d’Etude du Polymor-
phisme Humain.
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Table 1. Frequency of RFLP haplotypes at human COL4Al in
the Caucasoid population

Haplotype
Hae 111 HindIIl Xmn 1 Hinfl Frequency
1.65 2.1 5.0 1.95 0.297
0.95 3.2 5.0 1.95 0.297
0.95 2.1 5.0 1.95 0.183
0.95 3.2 5.0 1.1 0.063
1.20 2.1 4.7 1.95 0.029
1.65 3.2 5.0 1.95 0.063
0.95 2.1 5.0 1.1 0.046
1.20 3.2 4.7 1.95 0.010
1.65 3.2 4.7 1.95 0.006
0.95 3.2 4.7 1.1 0.006

One-hundred seventy-five chromosomes were studied. The alleles
detected are indicated in kb.

HT39 was used on a panel of six unrelated individuals
digested separately with 29 restriction enzymes. HT39 de-
tected a simple two-allele polymorphism with the restriction
endonuclease Taq 1. Allele lengths are 2.4 kb and 2.0 kb. A
sample of 97 chromosomes gave allele frequencies of 0.26
and 0.74, respectively. Constant bands revealed by this
enzyme are 3.7, 3.2, 1.5, 0.77, and 0.64 kb. No polymor-
phism was detected with the following enzymes: Alu I, Apa
I, BamHI, Ban 11, Bcl 1, Bgl 1, Bgl 11, Bsp1286, Dde 1, Dra
I, EcoRl, Hae 111, Hincll, Hinfl, HindIll, Hph 1, Kpn 1,
Mbo 11, Msp 1, Pst 1, Pvull, Sacl, Scal, Xbal, Xmal, and
Xmn 1. RFLPs were also revealed with EcoRV and Nci 1,
but these enzymes were not used in the analysis, since the
polymorphisms were less clear. EcoRV-defined alleles were
20 kb and 15 kb with frequencies of 0.76 and 0.24 and Nci I
allele lengths were 5.2 kb and 1.35 kb. Both alleles were
present at a frequency of 0.5.

Haplotype Analysis at the COL4AI Locus. Within COL4Al
four RFLPs have been described (13): Hae III reveals a
three-allele polymorphism with alleles of 1.65 kb, 1.2 kb, and
0.95 kb and frequencies of 0.39, 0.05, and 0.56, respectively;
Hindlll, Hinfl, and Xmn 1 each reveal two-allele polymor-
phisms; HindlIlI-defined alleles are 3.6 kb and 2.4 kb with
frequencies of 0.55 and 0.45, respectively; Hinfl-defined
alleles are 1.95 kb and 1.1 kb with frequencies of 0.81 and
0.19, respectively; and Xmn I-defined alleles are 5.0 kb and
4.7 kb with frequencies of 0.93 and 0.07, respectively.

Haplotypes within COL4Al were constructed by typing
individuals in the C.E.P.H. pedigrees for the four COL4A!
RFLPs described above. Of 24 possible haplotypes, 10 were
observed. Table 1 describes these haplotypes and provides
their frequencies in the Caucasoid population. The 3 most
common haplotypes are also frequent in African and Chinese
populations, though with differing frequencies (unpublished
results).

Linkage Analysis. The linkage relationship between
COLA4AI and COL4A2 was determined by using COL4Al
haplotypes and the Taq I alleles of COL4A2. The HindIll
alleles of D13S3 were also included in the linkage analysis.
The data on D1353 was partly determined by us and partly
derived from data provided by the C.E.P.H. collaboration
that had been used in the construction of a primary map of
chromosome 13 (18). Two-point linkage analysis was per-
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formed in 30 families for all three pairs of markers and the
results are given in Table 2. All markers are very closely
linked, and in fact no recombinants were observed between
COL4A2 and DI13S3, which demonstrated linkage with a
logarithm of odds (lod) score of 6.86 at a maximum likeli-
hood estimate of recombination () at 0.00. The confidence
interval is between § = 0.000 and 0.080 [the two recombi-
nation fractions that have lod scores =1 unit (lod scale)
below the maximum lod score (19)]. The COL4Al and
COL4A?2 genes are tightly linked, giving a maximum likeli-
hood estimate of recombination (8) of 0.028 with a lod score
of 19.98. The confidence interval for recombination between
these two genes is between 0.006 and 0.078. Three recombi-
nation events were detected between COL4A1 and COL4A2.
One event was of paternal origin; the other two events were
observed together in a different family and were identical. The
parental origin of the two recombination events that had
occurred in this family could not be ascertained. Linkage
between COL4Al and D13S3 has been reported (13); how-
ever, inclusion of more data has increased the lod score to
28.52 at a maximum likelihood estimate of recombination of
0.025 and a confidence interval of 8 = 0.007-0.062. Four
recombination events were detected between COL4AI and
Di3S83: two were of parental origin, one was of maternal
origin, and one could have been from either parent. Sex
differences in recombination rate were not significant.

Multipoint Analysis. Odds for the three possible orders
were very similar and no order could be claimed to be most
favored (Table 3).

Pulsed-Field Gel Electrophoresis. This technique was used
to investigate the physical proximity of the two collagen
genes, since it allows resolution of DNA fragments of at least
between 50 and 3000 kb (20, 21). Hybridizations with the two
probes were carried out using the same filters, since frag-
ment sizes are dependent on several factors and can vary
from filter to filter. Fig. 1 shows the same filter containing
human genomic DNA digested with a variety of restriction
endonucleases and hybridized to probes for COL4AI (Fig.
1A) and COL4A2 (Fig. 1B). Fragment sizes observed with
the two probes on this and other filters are listed in Table 4.
Both probes hybridized to Mlu 1 fragments of 850 and 650 kb
(lane 1) and to Sac II fragments of 900 and 825 kb (lane 7).
COL4AI also hybridized to Sac II fragments of 725 and 600
kb, and COL4A2 also hybridized to a Sac 11 fragment of 200
kb (not seen in Fig. 1). Both probes also hybridized to very
large Nru I and Not 1 fragments (>1000 kb). Fragment
lengths observed with the enzymes Sfi I, Nae I, and Nar 1
were smaller and of different lengths, except for a 90-kb Nar
I fragment.

These results suggest that the two collagen genes may lie on
the same Mlu I fragment of 650 kb and possibly the same Sac
II fragment of 825 kb. Both may also be located on large Nru
I and Not I fragments (>1000 kb). The larger 850-kb Mlu I and
900-kb Sac II fragments may be the results of incomplete
digestion or may be due to differences in the methylation of
Miu1and Sac 11 sites in this region. A large number of smaller
fragments is observed with the enzymes Nae I and Nar I and
these may be due to partial digestion or methylation at these
sites. The close proximity of the two collagen genes has been
independently observed by Cutting et al. (22), who have used

Table 2. Results of two-point linkage analysis between COL4Al, COL4A2, and DI3S3

Recombination fraction (6)

Marker pair 0.00 0.001 0.01 0.05 0.1 0.2 0.3 0.4 ] 2
COL4A2-DI13S3 6.86 6.85 6.74 6.24 5.60 4.23 2.76 1.25 0.00 6.86
COLA4AI-COLA4A2 -00 16.87 15.46 19.71 18.22 14.06 9.17 4.01 0.028 19.98
D1353-COL4Al -00 24.57 27.96 27.98 25.62 19.40 12.35 5.23 0.025 28.52
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Table 3. Results of multipoint analysis for the three loci
COL4Al, COL4A2, and DI3S3
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Table 4. Sizes of fragments (kb) generated by pulsed-field gel
electrophoresis with the COL4A1 and COL4A2 probes

Recombination
Locus order estimate Odds
DI3S3—-COL4AI-COL4A2 0.023 0.025 1
COLAAI-D13S3—-COL4A2 0.024 0.011 1.1
COL4A1-COL4A2-DI13S3 0.029 0.000 1.3

The odds reported are for a given order versus the odds for the
order DI3S3-COL4AI-COL4A2.

pulsed-field analysis to construct a map of this region, placing
the two genes within 400 kb of each other.

Nonrandom Association of Alleles. Pairwise association of
alleles within the COL4A1 locus is shown in Table 5. There
is an association between alleles defined by Hae III and
those defined by the other three enzymes, Hinfl, Xmn I, and
HindIIl. This can be seen not only in the above three
pairwise comparisons but also in comparisons of Hae III
alleles versus the haplotypes constructed with the remaining
three enzymes (y2 = 55.2, 3 df, data not shown).

The only significant between-locus association occurs for
the D133 locus and the HindIII alleles of COL4Al (x? =
4.33, 1df, P < 0.05). Linkage disequilibrium is not observed
between any alleles belonging to COL4Al and COL4A2 or
between COL4A2 and D13S3 (Table 5).

DISCUSSION

Linkage analysis has shown that COL4Al and COL4A?2 are
tightly linked with a maximum likelihood estimate of recom-
bination between them of 2.8%. On average, the physical
distance represented by 2.8% recombination is 2800 kb. This
is derived from the estimate that 1 centimorgan (which
represents 1% recombination) is about 1000 kb (24). The
confidence limits for recombination between COL4Al and
COL4A2 of 0.6% and 7.8% can be interpreted in a similar
fashion, to represent, on average, a distance of between 600
and 7800 kb. However, our physical mapping data place
COL4AI and COL4A2 to within 650 kb of each other, and
Cutting et al. (22) have mapped them to within 400 kb of each
other. The distance between COL4Al and COL4A?2 is there-
fore less than that set by the lower confidence limit, suggest-
ing that recombination in this region is higher than average.
Further evidence for this increased recombination is pro-

900
825
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FiG. 1.

lymphoblastoid line WT/S1. The hybridization patterns with a COL4Al probe (A) and a COL4A2 probe (B) on the same blot are shown.
Genomic DNA was digested with the following restriction enzymes: Mlu I (lanes 1), Nae I (lanes 2), Nar I (lanes 3), Nru I (lanes 5), Sfi I (lanes
6), and Sac II (lanes 7). Lanes 4, ladder of A concatamers used as size markers.

Locus

Enzyme COL4Al COL4A2
Miu 1 850 850
650 650
Nae 1 600 450
180 320
250
Nar 1 600 370
290 280
230 170
9 90
Nrul >1000 >1000
Sfil 150 <50
Sac 11 900 900
825 825
720 200

600

Not 1 >1000 >1000

vided by the absence of linkage disequilibrium between the
two genes, which is unlikely to be due entirely to the low
level of information provided by the Taq I polymorphism of
COL4A2.

A possible explanation for the local increase in recombi-
nation is the presence of a recombination hot spot between
the two collagen genes. It is difficult, however, to distinguish
this hypothesis from that of a general expectation of in-
creased recombination in terminal regions, which is ob-
served at least in some chromosomes (see ref. 25 for
examples). It is not known, in any case, if the increased
recombination in terminal regions results from a local in-
crease in the number or effectiveness of recombination hot
spots, thereby generating greater discontinuity in the prob-
ability of recombination per megabase, or if the increased
recombination is relatively continuously distributed.

Recombination hot spots may be a feature of DNA se-
quences between gene family members. For example, in the
B-globin gene cluster on chromosome 11p, two independent
meiotic recombination events have been observed (26, 27),
and at the population level a region 5’ to the B-globin
structural gene has 3-30 times more recombination than
expected (28).

- 350
- 250
- 150
A 50

Pulsed-field gel analysis of the human basement membrane collagen gene region. Genomic DNA was from the human
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Table 5. Pairwise association of alleles in the
COL4A1/COL4A2/D13S3 region in Caucasoids

COL4Al COILAAl COL4Al COLAAI COL4A2 DI3S3

Hae 1l Hindlll Xmn1 Hinfl Tagl  Hindlll
COL4Al
Hae 111 — 0.09 0.15 0.04 0.06 0.12
(40.8)* (73.3)* (13.9F  (0.83) (2.44)
COL4AI
Hindlll — — 0.10 0.05 0.06 0.15
(2.32)  (0.44) (0.85) (4.33)%
COL4AI
Xmn 1 — — — 0.04 0.05 0.04
0.25) (0.67) (0.25)
COL4Al
Hinfl — — — — 0.05 0.12
0.37) (2.18)
COL4A2
Taq 1 — — — — — 0.05

(0.55)

The correlation coefficient r is shown for each enzyme pair. Its
corresponding x? or a measure of similar meaning is shown under-
neath in parentheses. N, the number of chromosomes included in
the analysis, was from 140 to 248. In all rows except the first, 2 =
Nr? with 1 df. In the first row, with Hae 11l there are three alleles
and x? values with 2 df; the measure of correlation is that used by
Migone et al. (23).

*P << 0.001.
TP < 0.001.
P < 0.05.

All together three recombinants were observed between
COL4AI and COL4A2, and, interestingly, two of the events
occurred in the same family and were identical. The geno-
types of these individuals differed at other loci, eliminating
the possibility that the same DNA sample was mistakenly
used. Further experiments will help clarify whether or not
the same recombination event occurred twice in the same
family due to chance.

Significant linkage disequilibrium is detected within the
COL4AI gene between alleles defined by Hae I1II and those
defined by the other three enzymes, Hinfl, Xmn 1, and
HindIll. This nonrandom association is confined to compar-
isons involving Hae III, and a random association of alleles
revealed by the other three enzymes is observed. Hae 11l is
also in significant disequilibrium with the haplotypes con-
structed with the three enzymes. These results suggest that
the mutations causing the polymorphisms revealed by HinfI,
Xmn 1, and HindIII occurred earlier in evolution than that
revealed by Hae III. Alleles revealed by these three en-
zymes then had time to reach equilibrium before the muta-
tion causing the Hae III polymorphism occurred. It is also
possible that natural selection has maintained the linkage
disequilibrium related to Hae I1I. The lack of association of
alleles revealed by Hinfl, Xmn 1, and HindlIII could also be
due to mutational hot spots or gene conversion at these sites.
Weak linkage disequilibrium has also been observed in the
proa2(I) collagen gene (COL1A2) for pairs of alleles revealed
by three enzymes (29).

In spite of the existence of 2.5% recombination, there is a
suggestion of linkage disequilibrium at a significance level of
5% between DI3S3 and the HindIll alleles of COL4Al.
Perhaps the estimate of 2.5% recombination between these
two loci is too high so that recombination is closer to that
provided by the lower confidence limit of 0.7%. Linkage
disequilibrium was not detected between other COL4Al
alleles and DI3S3, between COL4Al and COL4A2, or
between COL4A2 and DI3S3.

Multipoint analysis did not favor any particular order for
the three loci. Pulsed-field mapping involving D/3S3 may
determine which order is correct.

Proc. Natl. Acad. Sci. USA 85 (1988)

Close linkage between two members of a collagen gene
family has not been described previously. The close proxim-
ity of these two basement membrane collagen genes at human
chromosome 13q33-34 and the high level of recombination
between them may be of considerable significance to the
evolution of these complex multi-exon genes. Furthermore,
this detailed linkage analysis will serve as the basis for future
considerations of the role of the 13q33-34 region in a variety of
human diseases, involving not only basement membrane
collagen but possibly also other genes known to occur at this
region, such as those coding for factors VII and X (30).
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