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ABSTRACT We have found by pulsed-field gel electro-
phoresis that the human immunoglobulin heavy chain constant
region gene complex maps entirely to a 350-kilobase (kb) Mmu
I fraient. The enzyme Eag I was used with pulsed-field gel
electrophoresis alone and in double digests with Spe I to map
the region. Co,3 ofthe CAC,--Cy,1-Cd cluster, maps 60 kb
to the 3' side of C8; Cy2 of the Cy2-CO4Ce.Ca2 chlser maps
80 kb to the 3' side of Ca1, where C.3 encodes the constant
region of the immunoglobulin y3 chain, C1. encodes the
constant region ofthe immunoglobulin yl chain, etc. Cp, maps
35 kb to the 3' side of C.1 and is in the same transcriptional
orientation as the other genes. Although in the cloned DNA
many CpG-containing restriction sites were identified, most of
these were methylated in peripheral blood leukocytes. The sites
that were not methylated were predominantly found in three
clusters, or Hpa I tiny fragment islands. One was found on the
5' side of C,,; the other two lie 30 kb to the 3' side of each of
the C. genes and could indicate the presence of regulatory
sequences or genes. A region showing strong linkage disequi-
librium between all C,, genes spans at least 160 kb. The 70-kb
Cg-C.3 region, however, shows no linkage disequilibrium,
possibly indicating a recombination hot spot. The immuno-
globulin heavy chain constant region has been almost entirely
cloned and mapped, and thus most rearrangements occurring
in this region should be detectable.

The immunoglobulin heavy chain gene complex maps to
chromosome 14q32.3 (1) and is comprised of some 200
variable (V) gene segments, at least 20 diversity (D) elements,
and six joining (J) segments, a constant (C) region of nine
genes, and two pseudogenes. During B-cell development,
gene segments of the two regions recombine together, me-
diated by the J and D segments that lie between the V and C
regions. The variable repertoire determines the binding spec-
ificity of the antibody. The C region genes mediate effector
functions, such as membrane binding or secretion, or spe-
cialized class-dependent functions, such as the ability to
activate complement or to cross the placenta (for review, see
refs. 2 and 3). The total size of the germ-line immunoglobulin
gene complex has been estimated to be about 2500 kilobases
(kb), based on the summation of Not I fragments as revealed
with a set ofheavy chain V and C region probes (4). However,
an accurate map of the gene segments is still lacking for both
the V region and the C region genes.
The organization of portions of the V region has been

determined by mapping of cloned regions and has revealed
interspersed organization ofVH families (5). A VH6 fragment
maps 90 kb on the 5' side of the C region of the A& chain (Ci,)
(4, 6). There is some evidence that VH6 is used preferentially
in early development (7) and was, therefore, expected to be
one of the most 3' VH genes, according to the mouse model

(8). Identification of 3' VH segments may be important for our
understanding of the generation and regulation of both the
normal and the disease antibody repertoire.
The immunoglobulin heavy chain constant region gene

complex (IGHC) is more completely characterized. Appar-
ently a large ancestral duplication has yielded two similar
clusters. The C.3-Cl-C1CYj-eCa1 cluster maps on the 5' side
of the C,,2-Cy44CeCa2 cluster (where C.3 is the constant
region of the immunoglobulin y3 chain, Cyl is the constant
region of the immunoglobulin yl chain, etc). Gene organiza-
tion within each cluster has been determined by cosmid
cloning (9). These clusters are located on the 3' side of the CL
and C,6 genes (10). However, to the best of our knowledge
prior to this report, distances between C, and CY3, and
between Cal and C,,2 were unknown. The City gene maps
between Cal and C12 as established by linkage analysis (11)
and deletion analysis (12, 13).
The IGHC region is highly polymorphic. Allotypes of IgG,

the Gm variants (for review, see ref. 14), as well as restriction
fragment length polymorphisms (RFLPs) (11, 15-17) have
been demonstrated. Most disease-association studies are
based on the Gm system and have yielded low correlations
between haplotypes and disease. Since this may be due to a
limited number of alleles, RFLPs may prove to be extremely
useful in extending the polymorphisms of the Gm system to
a much larger haplotype set. As many as 82 haplotypes have
been described (16). The two C,, clusters show a tight linkage
disequilibrium extending at least from C,3 to Cy4 (16).
However no such linkage disequilibrium exists between the
,u-switch RFLPs and C,3 (15). Optimal use of the immuno-
globulin genes in disease-association studies can only be
made when the entire region has been mapped by physical
and genetic means. In particular the region between C. and
C,3 requires more study, since the lack of association be-
tween these loci must be considered in seeking disease
associations. The presence of regulatory elements or even
potential genes in this region cannot be excluded.
The physical map ofthe IGHC, which we present here, will

allow a better understanding of recombination frequencies in
this region of the genome. In addition, the identification of
rare-cutting sites has led to the detection of three Hpa I tiny
fragment (HTF) islands, an indication of nonmethylated
regions that are CpG-rich and most likely evolutionarily
conserved (18, 19). Understanding the nature ofHTF islands
is important in view of their usefulness in identifying genes.

Abbreviations: IGHC complex, immunoglobulin heavy chain con-
stant region gene complex; V, D, J, C, variable, diversity, joining,
and constant region genes, respectively; PFGE, pulsed-field gel
electrophoresis; HTF, Hpa I tiny fragment; C71, C,,3, etc., constant
region of the immunoglobulin yl chain, constant region of the
immunoglobulin y3 chain, etc.; RFLP, restriction fragment length
polymorphism; VH, heavy chain V gene segment.
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MATERIALS AND METHODS
Cosmid Clones and Probes. Cosmids cosIgi, cosIg8, cos-

IglO, and cosIgl3, provided by T. H. Rabbitts (Medical
Research Council, Cambridge), were described (9). Cosmids
c3pl and c17p3 (provided by H. W. Schroeder, Jr., Univer-
sity of Washington, Seattle) and cospu6 have been described
(6). Cosmid CH630A was provided by J. Ellison (University
of California at Los Angeles). Probe 24BRH is a 2.0-kb
HindIII-EcoRI fragment of clone 24B (20), containing the
C-y4 gene. Probe a5.6 is a 5.6-kb Sst I-BamHI fragment
containing the Cal gene plus a 3' portion and was derived
from the phage Hual (21). Probe CE1.6 (M.A.W. and N.
Norman, unpublished data) is a 1.6-kb Sst I fragment that
maps on the 5' side of the C6 gene but is deleted in the C,61
gene and was derived from the phage Hue (22). Probe sp& is
a 2.2-kb Sst I fragment derived from the switch region of C,,
isolated from phage h18, and provided by R. Wall (National
Institutes of Health, Bethesda). Probe PCW101, provided by
M. Belle White (University of Wisconsin, Madison), maps
just on the 5' side of C, (23). Probe Clal7 is a 17-kb Cla I
fragment ofcosmid c17p3 (6) containing the 9-kb repeat of the
D region.

Restriction Mapping. For conventional electrophoresis,
genomic DNA was isolated as described (24). DNA was
digested with restriction enzymes obtained from Pharmacia,
New England Biolabs, and Boehringer Mannheim. Incuba-
tions were carried out in the five-buffer system of Boeh-
ringer, except for rare-cutting enzymes that were used in the
recommended buffers as specified by New England Biolabs.
Separation of relatively large DNA fragments (15 kb-100 kb)
was obtained by electrophoresis of 3 jkg of the digested
samples through a 0.35% agarose gel for 88 hr at 0.5 V/cm in
TEA buffer (25). Gels were denatured in 0.4M NaOH/1.5 M
NaCl and transferred in the same solution to GeneScreenPlus
(DuPont). Probes were labeled with [a-32P]dCTP (Amer-
sham, 3000 Ci/mmol; 1 Ci = 37 GBq) to a specific activity of
2 x 109 dpm/pug by using a random-priming kit (Boehringer
Mannheim). Hybridizations were carried out at 650C in 7%
(wt/vol) SDS/0.5 M sodium phosphate, pH 7.2/10 mM
EDTA/1% bovine serum albumin (26).

Pulsed-field gel electrophoresis (PFGE) was performed as
described (6). DNA used for this analysis was derived from
the peripheral blood cells of a normal Caucasian and was the
same as that used for conventional electrophoresis.
Spe I sites were mapped to cloned regions of the IGHC by

linearization of the cosmids with Sal I and subsequent partial

1 2 3

digestion with Spe I and hybridization with pBR322 frag-
ments (27).

RESULTS
Long-Range Restriction Map Around the IGHC. An esti-

mate of the total size of the IGHC was obtained by hybrid-
izing probes for C , (24BRH), Ca (a5.6), and the switch region
of C,6 (st.) toDNA digested with Mlu I, Eag I, and BssHII and
separated using PFGE. Probe 24BRH yielded a 350-kb Mlu
I fragment, a 520-kb BssHII fragment, and two smaller Eag
I fragments (Fig. LA). Probe aS.6 revealed the same pattern
(data not shown). The sox probe also revealed the 350-kb Mlu
I fragment and the 520-kb BssHII fragment (Fig. 1B). Since
the most 5' C gene (CL) and the most 3' gene (Ca2) were on
the same 350-kb Mlu I fragment, the entire IGHC was
contained within this fragment.
The Eag I fragments revealed by 24BRH were 180 kb and

130 kb, as observed when shorter switch times were used,
and were not cleaved by Mlu I (Fig. 1C). Hence the Eag I
fragments were entirely contained within the Mlu I fragment.
Since no fragment was observed in the size range of40 kb, the
two Eag I fragments are most likely contiguous as discussed
below.
The 180-kb band contains s~u(Fig. 1B). Also a 300-kb band

is visible that results from partial digestion. The 300-kb band
is much stronger for probe sit than for probe 24BRH;
therefore, the Eag I site just on the 5' side of sg (see below)
is partially digested.
Probe CE1.6, specific for the C6 gene, maps to the 130-kb

Eag I fragment (Fig. ID). Also a smaller, 100-kb fragment is
visible that is occasionally produced when more enzyme is
used. This Eag I site maps between C6 and Ca2, as confirmed
by double digests with Spe I and EcoRI. A summary of the
PFGE results is shown in Fig. 2.
Mapping the Rare-Cutting Sites Relative to the IGHC. The

mapping of the rare-cutting sites, specifically Eag I, relative
to the IGHC gene segments was necessary to resolve the
distances between IGHC genes and the rare-cutting sites and
to obtain the distance between CA and CY3 and between CY2
and Ca2.
Double digests were used to screen large regions of the

IGHC for rare-cutting sites, by using restriction enzymes that
generate fragments >20 kb in combination with rare-cutting
enzymes. One enzyme, Spe I, proved to be particularly
useful, since it generates a 110-kb fragment for probes s.t and
PCW101 (4) and allowed scanning for sites of a comparable

1 2 3

1 2 3

-520 * 520 I

-350

~300
;|I 1 80

-1 30

C..

A_
4

-350
4

30 0
-1 80

0 -180
4J -1l 30 - 130

.:I

00o

A Probe: 24BRH B Probe: sg C Probe: 24BRH D Probe: CE1.6

FIG. 1. (A and B) Autoradiograms of a pulsed-field gel hybridized with probe 24BRH (A) and subsequently with probe sji (B). DNA was
cleaved with BssHII (lanes 1), Mlu I (lanes 2), and Eag I (lanes 3). A switch time of 45 sec was used, giving separation in the range of 50-700
kb. Both probes detect Mlu I and BssHII fragments of identical size. Probe sA detects Eag I fragments whose sizes coincide with the two largest
24BRH fragments. (C) Autoradiogram of a pulsed-field gel hybridized with 24BRH. DNA was cleaved with Eag I (lane 2) or Eag I and Mlu
I (lane 3). The 25-sec switch time resolved 50- to 300-kb fragments, allowing sizing of the Eag I fragments of 180 kb and 130 kb. The A ladder
(lane 1) has increments of 50 kb; the smallest A fragment is not visible. (D) Autoradiogram ofEag I-digested DNA, hybridized with probe CE1.6.
In addition to the 130-kb fragment, a smaller fragment is visible, due to different digestion conditions.
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FIG. 2. Restriction map, with fragment sizes in kb, ofthe IGHC showing the map positions of the V, D, J, and C gene segments. The various
gene segments are indicated by solid boxes. Cosmid clones are indicated by solid bars, and their clone numbers are given below. 8 clones refer
to a series ofplasmid clones (23). Position ofthe cloned probes is indicated by solid boxes at the bottom ofthe figure. Open boxes show additional
regions to which probes 24BRH and a5.6 hybridize. Dotted lines between the Spe I and EcoRI fragments refer to regions that are not mapped
for these enzymes. Eag I and Mlu I sites (boldface) were obtained from PFGE analysis and by conventional electrophoresis using double digests;
Eag I* sites were occasionally observed, when an excess amount of enzyme was used; Eag I, Nae I, and Sac II sites (italics) were obtained
from conventional electrophoresis using double digests only.

region of the 5' side of CB. Cal and Ca2 were on 70-kb and
65-kb fragments, respectively (Fig. 3C). The assignment of
Ca2 to the 65-kb fragment was obtained by using probe
CE1.6, which hybridized only to the smaller band (data not
shown). Restriction maps of the cosmids, obtained from
published data for EcoRI (9) and generated in this study for
Spe I, showed that the 5' Spe I sites were S kb to the 5' side
of CQ and 4 kb to the 5' side of CQel. Hence Spe I allowed us
to map sites 50 kb to the 3' side of both Ca genes.
The 70-kb band revealed by probe 24BRH (Fig. 3A) is

identical to the Spe I fragment found for Cal. A probe for the
switch region of C,1 (yl-switch), which does not hybridize to
Ca, (28), does not show this band (Fig. 3B); therefore C*,, was
assigned to the 70-kb Spe I fragment.
Double digests using Spe I and Eag I yielded a 50-kb band

with probe a5.6 (Fig. 3C), showing that Eag I sites mapped
30 kb to the 3' side of each Ca gene. Another Eag I site was
found 24 kb to the 5' side of CB, as revealed by probe PCW101
(Fig. 3D). Double digests with Eag I and EcoRI (data not
shown) mapped the latter Eag I site more accurately 2 kb to
the 5' side of the u switch. The C*, gene mapped to a Spe

I-Eag I fragment of 18 kb, which agrees with our finding that
the C*, and Cal genes are on identical Spe I fragments.
Double digests with Spe I plus Mlu I or BssHI showed that

these sites map on the 3' side of the Spe I fragment of Ca2.
The 5' Mlu I site was revealed by probe PCW101 (Fig. 3D)
and maps 1 kb to the 5' side of the 1L switch. Two enzymes,
Nae I and Sac II, had sites very close to the Eag I site
revealed by Cal and Ca2. These sites were also demonstrated
with probe 24BRH and provided additional evidence for
linking C*,, to Cal.

From these mapping data, it can be concluded that Co.
maps to the 3' side of the 180-kb Eag I fragment. Since no
additional Eag I fragment has been found with 24BRH, Ct,
must map to the 130-kb Eag I fragment and hence the two Eag
I fragments are contiguous.

Orientation of Ca,. C*, maps to a 17.6-kb EcoRI fragment.
Spe I recognized a site 2.6 kb from one of the ends of the
EcoRI fragment, which places C*, at the 3' end of the 70-kb
Spe I fragment (Fig. 4). In agreement with our map, the
17.6-kb EcoRI fragment is not cleaved by Eag I. In addition,
C#, maps to a 10-kb or 8.8-kb BamHI fragment (dependent
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FIG. 3. Autoradiograms of Southern blots of genomic DNA digested with the following enzymes. Lanes: 1, Spe I; 2, Spe I and Eag I; 3,
Spe I and Nae I; 4, Spe I and Sac II; 5, Spe I and Mlu I. Identical blots were hybridized with probes 24BRH (A), yl-switch (B), a5.6 (C), PCW101
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FIG. 4. Orientation of Co. in the IGHC. (A) Restriction map
around Cat. The 5' BamHI and EcoRI sites are from ref. 28; for the
10-kb BamHI allele, the BamHI site is found 500 base pairs to the 3'
side of the EcoRI site. Other sites are derived from the data of Figs.
3 and 4B. (B) Autoradiogram of a Southern blot of genomic DNA
digested and enzymes as follows and hybridized with probe 24BRH.
The 10-kbBamHI fragment for Co, does not alter upon Spe I digestion,
whereas the C*,EcoRI fragment is cleaved by Spe I. Lanes: 1, BamHI
and Spe I; 2, BamHI; 3, EcoRI; 4, EcoRI and Spe I.

upon the allele involved). For the 10-kb allele, the EcoRI and
BamHI fragments mapped within a 500-base-pair region (28).
These two sites are 5' with respect to the putative transcrip-
tional orientation of Co.. Since the 10-kb BamHI allele was
unaltered in Spe I/BamHI-digested DNA (Fig. 4), the Spe I
site maps at the 3' end, outside the BamHI fragment but
inside the EcoRI fragment. From the map (Fig. 2) and these
double-digest results, it can be concluded that Co.y is in the
normal transcriptional orientation with the rest of the genes
of the cluster.

Methylation of the IGHC. Analysis of each of the cosmids
with Eag I, BssHII, and Sac II yielded an abundance of
restriction sites (Table 1). Several sites were in the exons of
the Cy genes; every Cy gene contains at least one Nae I and
two Sac II sites (sequences were obtained from GenBank).
Double digests using either EcoRI or Spe I in combination
with a rare-cutting enzyme allowed us to scan virtually all of
the cloned regions. With two exceptions, none of the rare-
cutting sites detected in cosmid DNA is accessible to restric-
tion enzymes in genomic DNA from peripheral blood cells
(Figs. 2 and 3). The nonmethylated sites, described above,

Table 1. Total number of rare-cutting sites in the
immunoglobulin cosmids

Rare-cutting sites, no.

Eag I Mu I Nae I Sac II
Cosmid (CGGCCG) (ACGCGT) (GCCGGC) (CCGCGG)
coslgi 6 1 7 4
coslg8 9 0 9 6
cosIglO 1 0 3 2
coslgl3 4 1 6 3

mapped to three small distinct regions outside the cosmid
clones and have characteristics of HTF islands (see Discus-
sion).

Interestingly, many rare-cutting enzymes, especially Nae
I, have accessible sites in the D region. Fig. 3E shows the
results for a probe containing the 9-kb D region repeat (29).
In addition to the 110-kb Spe I fragment, a 32-kb fragment can
be found containing aD region that is located >1000 kb to the
5' side of the D region (30). The 110-kb fragment contains
many accessible Nae I sites as shown by the presence of a
large number of bands, while the 32-kb fragment appeared to
be unaltered upon digestion by Nae I or any of the other
enzymes used in the double digests.

DISCUSSION
IGHC Structure. Genes of the human IGHC are contained

within 300 kb. The distance between C, and Cr3 is 60 kb, very
similar to the distance in the mouse. In both species, the
genes are in the same order 5'-C,,, C, C,,, CE, Ca-3'. The Cy
gene in particular has been duplicated, giving rise to four
copies in the mouse (31). In man, most likely, after an initial
C, duplication, an entire Cy-Cy-Ce-C. segment has been
duplicated (9). The HTF islands 30 kb to the 3' side of Ca,
characterized by the presence of sites for Eag I, Nae I, and
Sac II, also appear to be duplicated. Since the regions
between Ca and the HTF islands lack Spe I sites in both cases
(Spe I cleaves on average as frequently as BamHI), it is very
likely that this duplication has involved at least 90 kb.

It has been suggested from sequence analysis of the CY
hinge regions that an ancestral Co.ey and Cyl yielded C.3 by
unequal crossing-over (28). This cannot be readily explained
by the current physical map. Our lack ofunderstanding ofthe
evolutionary relationships may be due to the disappearance
of some crucial intermediate alleles from the population. In
addition, gene conversion could have contributed to these
sequence homologies, as has been described for other CY
genes (32). Interestingly, since Ca,,, is in the normal transcrip-
tional orientation and its sequence has no deleterious muta-
tions (33), except for the lack of a switch region (28),
expression may be possible.
The ongoing evolution of the IGHC is evidenced by the

detection of many deletion events, especially in populations
of Southern Italy (34) and Tunisia (12, 13, 35), and of
duplication events (11, 36). Our long-range map, based on
peripheral blood cell DNA will allow more rapid character-
ization of these deletions and duplications.
Unequal Rates of Homologous Recombination in the IGHC.

Several studies, using Gm markers as well as RFLPs, dem-
onstrate linkage disequilibrium throughout the C,. region.
Two ancient haplotypes have been observed, and many
alleles are derived from those by either point mutation or
homologous recombination (11, 15, 16). As expected from the
extensive linkage disequilibrium, no meiotic recombinants
have been described for the C,,3-Cy4 region in the family
analyses. From our study it is now clear that this linkage
disequilibrium spans a region of 160 kb.

In contrast to the C,, region, the Au switch-C,3 portion ofthe
IGHC reveals no linkage disequilibrium (15). Three recom-
binants have been found in 77 meioses using polymorphisms
for PCW101 and C.3 (J. Benger and D.W.C., unpublished
data). The physical mapping data show that this elevated
recombination frequency is confined to an interval of only 70
kb. From the average recombination frequency in the human
genome, one would expect only one recombinant in 1400
meioses; in this 70-kb region from g switch to C,,3, the
recombination frequency is -50 times higher. Probes flank-
ing this region and in linkage disequilibrium with either 3' or
5' RFLPs may improve disease association studies and may
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also lead to the characterization of this apparent hot spot for
recombination.
HTF Islands. HTF islands, which have many Hpa II sites,

are defined as nonmethylated, CpG-rich sequences. Since
most CpG dimers in mammalian genomes are methylated and
have a strong tendency to undergo transition to TpG, non-
methylated CpG dimers are scarce. However, they are com-
monly found in the 5' region of housekeeping genes (18, 19).
Rare-cutting enzymes, such as those used in this study,
cleave predominantly in HTF islands. For the IGHC, the
examination of cloned DNA has revealed many rare-cutting
sites common to HTF islands, notably for Sac II (37).
However, in genomic DNA, the only sites detected were
confined to a 1-kb region on the 5' side of the C. switch,
containing sites for Mlu I, Nae I, and Eag I, and to two
regions 30 kb to the 3' side of both Cal and Ca2, containing
sites for Sac II, Nae I, and Eag I. The occurrence of multiple
recognition sites for the same enzyme in one of the HTF
islands will remain undetected.
The accessibility of rare-cutting sites just on the 5' side of

the ,u switch is compatible with the observation that the CI-J
intron and the 3' portion of the J region contains non-
methylated CpG dinucleotides in granulocyte DNA (38, 39),
which is the major fraction of peripheral blood DNA. Hy-
pomethylation is one of the requirements for the production
of immunoglobulin transcripts (39). Restriction analysis of
cosmid DNA and the sequence data for the J region (10) show
that the Eag I and Nae I sites map in the 3' portion of the J
region on the 5' side of the bt enhancer (40). Moreover, the
sequence for J region reveals 23 Hpa II sites in 3.1 kb,
characteristic of an HTF island. Our study shows that
hypomethylation extends much further 5', asjudged from the
presence of many accessible Nae I sites and other rare-
cutting sites in the D region. In granulocytes, this hypome-
thylation is probably a remnant of potential activation of the
immunoglobulin gene, which is shut off due to conforma-
tional changes in the chromosome (39).

In further studies, it will be of interest to determine ifHTF
islands on the 3' side of the Ca genes are of functional
importance. They could be associated with regulatory ele-
ments for IGHC or mark the presence of additional genes,
such as those found in the mouse major histocompatibility
complex (41). The HTF island on the 5' side of Ca, could be
the 5' end or the promoter region of a gene (partly) encoded
by Con.
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