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SUMMARY
We have used heteroduplex analysis to investigate the sequences surround-

ing the germline Cyl and Cy3 genes, and to compare them with those surrounding
the Cp gene. We detected an inverted pseudogene 5' to the Cy3 gene and 50-65%
homologous to it. A 400 bp region of the Cyl and Cy3 3' flanking sequences
was conserved as strongly as the genes (65-80%), suggesting it may have a
specific function. The sequences 5' to the Cyl and Cy3 genes and possibly
also the Cp gene are composed of tandem partially homologous repeats of a
similar 250 bp unit, arranged in the case of the Cyl gene, in 2-5 kb blocks of
alternating orientation. These repeats comprised over 13 kb of the spacer
region separating the Cy3 and Cyl genes. Recombination sites for heavy chain
class switching fell within these repeated sequences, suggesting that recombin-
ation between partially homologous blocks of repeat sequences 5' to C genes
generates the deletion responsible for class switching. This hypotheVis was
strongly supported by an examination of published nucleotide sequences around
the recombination sites of rearranged Cyl and Cy2b genes (1,2).

INTRODUCTION
Little is yet known about the organization or role of the sequences

flanking eukaryotic genes. The sequences flanking immunoglobulin genes are of

particular interest since both the light (L) and heavy (H) polypeptide chains

which comprise immunoglobulin (Ig) molecules are encoded in the germline by

separate genes for their N-terminal variable (V) and C-terminal constant (C)
regions (3,4; for a review, see 5). In the mouse, the different classes of

heavy chains (p, 6, Yl, Y2a' Y2b' y3, a and e) are encoded by a cluster of CH
genes probably in the order Cp, C6, Cy3, Cyl, Cy2b, Cy2a' Ca (5,6,7), and

separate from the larger cluster of VH genes (8). Very large spacer regions
separate the C and Cy2b genes (21,100 bp; 21.1 kb) (9) and also the Cy3 and

C., genes (>27 kb) (S. Cory, unpublished results).
The functional light and heavy chain genes in an antibody producing cell

are formed by deletions which bring a V gene into close proximity with the C

gene (7,10). Heavy chain gene expression requires an additional DNA rearrange-

ment since, during the maturation of an Ig producing cell, a single VH gene
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may be expressed with a series of different CH genes. Recent evidence

suggests that this 'class switching' is achieved by a deletion which transfers

the VH gene from its initial point of joining, the Cp gene, to a new CH gene

(6,7,11), the recombination site lying 4-5 kb 5' to the Cp gene and 2-3 kb 5'
to the CH gene (2,9,11). The mechanism of class switching should therefore be
reflected in the organization of the 5' flanking sequences of different CH
genes. The sequences flanking CH genes should also reflect the evolution of
the structural genes. In particular, any regions which have specific func-
tions related to CH gene expression should be conserved.

We have previously isolated clones of embryonic Cyl and Cy3 genes (12;
E. Webb, S. Cory, S. Gerondakis, J.M.A., manuscript in preparation) and of a
plasmacytoma C gene (13) (summarized in Table 1). Each clone contains exten-

sive regions of flanking sequences. In this paper, we analyze, by electron
microscopy, the structures of the sequences flanking the C 1 and C 3 genes and
compare them with each other and with those flanking the Cp gene. Our most
significant finding is that partially homologous blocks of tandemly repeated

Table 1. Summary of clones.

Clone Gene Extent of Flanking Orientation

Sequences (kb) of Insertd
5' 3'

G1.1a C 12.9c 0.3 L-5'-3'-RY1
G1.2a C 9.3c 3.0 R-5'-3'-L

86
G3.1a c 8.5 6.6 R-5'-3'-Ly3
G3.2a ~ C 8.5 6.6 L-5'-3'-Ry3

pI b C 3.8 3.8 R-5'-3'-L
p

a Derived from embryo DNA (E. Webb, S. Cory, S. Gerondakis, J.M.A. , manuscript
in preparation).

b Derived from plasmacytoma HPC76 (13).
C G1.1 and G1.2 terminate on the 5' side of the gene at same point within the

genome. However G1.1 has suffered a 2.7 kb deletion and G1.2, a 6.1 kb
deletion during cloning.

d L and R refer to the left and right vector arms respectively. Hence
L-5'-3'-R indicates that the 5' terminus of the insert is joined to the left
vector arm.
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sequences are located 5' to the C 1 and Cy3 genes and possibly also the Cp
gene and that these blocks contain the recombination sites for class switch-

ing. We propose therefore that homologous recombination between these blocks

of repeated sequences generates the deletion responsible for class switching.

MATERIALS AND METHODS

Construction of heteroduplexes. For most experiments, the two DNA

species (0.5-1.1 pg/ml each) were mixed in 60% recrystallized formamide

(Merck)/80 mM 1,4 piperazine diethanesulfonic acid (Pipes) pH 7.9/5 mM

Tris.HC1 pH 7.9/0.42 mM NaC1/3 mM EDTA, denatured at 800C for 3 min, then

annealed at 200C for 15-60 min depending on the experiment. For G3.1/G1.2 and

G3.2/G1.1 heteroduplexes (Figs. 2 and 3), in order to favour interstrand

hybridization over intrastrand hybridization, the DNAs were incubated at 50°C
for 30 min, then diluted 5 fold into hyperphase solution without cytochrome C

and allowed to anneal for a further 15 min at 200C before spreading.

To form snapbacks with single stranded DNA molecules (Fig. 1B), the DNA

(2.2 pg/ml) was denatured, then immediately diluted 5 fold into the hyperphase

solution without cytochrome C and allowed to anneal for 30 min at 200C before

spreading.
Electron microscopy of heteroduplexes. Three sets of conditions were

used for preparing heteroduplexes for electron microscopy. For spreading at

low stringency, the heteroduplex mixture was diluted 5 fold to yield a hyper-

phase containing 50% recrystallized formamide (Merck)/0.2 M NaCl/100 mM

Tris.HC1 pH 8.5/10 mM EDTA/50 pg/ml cytochrome C (Sigma or Calbiochem) which

was spread onto a hypophase containing 15% or 20% unpurified formamide (Fluka

or Merck)/20 mM Tris.HC1 pH 8.5/2 mM EDTA. For moderate stringency the final

hyperphase was 60% recrystallized formamide/100 mM NaC1/100 mM Tris.HC1 pH 8.5

/10 mM EDTA/50 pg/ml cytochrome C and the hypophase was 30% unpurified form-

amide/ 10 mM Tris.HC1 pH 8.5/1 mM EDTA. For high stringency, the DNA was

diluted 7.5 fold to give a hyperphase of 75% formamide/ 75 mM NaCl/50 mM

Tris.HC1 pH 8.5/5 mM EDTA/50 pg/ml cytochrome C. The hypophase was 40% form-

amide in twice distilled water.

To estimate the stringencies of the hyperphases and hypophases we used

the formula Tm = 81.5 + 0.41 (% G+C) + 16.6 log1o (X ) - 0.7 (% HCONH2) (14).

This formula neglects any effect of the cytochrome C, but it accurately pre-

dicted the Tm of T7 DNA even in its presence (14). Using the formula, the

conditions described above are all isodenaturing and, assuming a 50% G+C

content, and a spreading temperature of 20°C, correspond to Tm -35°C at low
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stringency, Tm -250C at moderate stringency and Tm -130C at high stringency.

After spreading, the heteroduplexes were picked up on parlodion coated
grids, stained with 0.1 mM uranyl acetate, rinsed once in 90% ethanol, blotted
dry, rotary shadowed with platinum/palladium (80:20), and viewed using a
Phillips EM300. Photographed molecules were measured from prints using a
Numonics Graphics Calculator 240.

Estimation of sequence homology from isodenaturing spreads of hetero-
duplexes. To calculate the homology between two sequences which hybridized
sunder given conditions, we used the formula: 10C depression of Tm = 1.5% mis-
match (15). Hence sequences which hybridize at Tm -35°C but not at Tm -25°C
(e.g. the CY3 gene and its inverted repeat (Fig. 1)) must be between (100 -

1.5 x 35) % -50% and (100 - 1.5 x 25) % -65% homologous if their G+C content
is 50%. Sequences which hybridize in only a proportion of heteroduplex mole-
cules must be close to their Tm; hence their homology can be estimated from
the temperature of spreading. For example, 450 bp of the C 1 and Cy3 genes

hybridized in only 23% of G3.1/ G1.2 heteroduplexes spread at low stringeny
(approx. Tm -35°C) (Fig. 2). Hence the mismatch must be approximately
1.5 x 35 = 52.5% and so the homology must be 45-50%, or, for a more variable
and heterogeneous set of hybrids (e.g. Fig. 3), 40-55%.

RESULTS

A partially homologous inverted repeat of the C 3 gene. When we examined
the sequences surrounding the Cy3, C 1 and Cp genes for inverted repeat

sequences using heteroduplex analysis, we detected two pairs of such sequences

in the Cy3 clones under conditions of low stringency (approx. Tm -35 C: see

Materials and Methods) (Fig. 1A). As shown in Fig. 1C, these two pairs of
inverted repeats (a and a', b and b') are arranged one pair within the other.

Repeats a and a' did not hybridize under conditions of moderate stringency
(approx. Tm -25°C), indicating that these two sequences were only 50-65% homo-

logous (see Materials and Methods), while b and b' remained hybridized even at

high stringency (approx. Tm -130C), indicating that they were >80% homologous.

When the snapbacks were aligned with the restriction map (Fig. IC), sequence

al coincided with the C structural gene. We confirmed our alignment by
-y3

examining snapbacks formed by the 5' terminal EcoRI/Bam fragment of the mouse

DNA insert. Fig. 1B shows that, as expected from the map, this fragment

displayed only hybridization between b and b' (arrowed). Since the Bam site

at one end of the fragment falls just inside the C gene, the distance from

the snapback to this Bam site (the short arm in molecules like that in
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Figure 1. Heteroduplexes of G3.1 showing inverted repeat sequences. (A)
Heteroduplex between G3.1 (upper strand) and the vector CH4A formed at low
stringency. L and R refer to the left and right vector arms respectively and
the thickened region, the Cy3 gene. (B) Snapback formed by the 5' EcoRI/Bam
fragment of G3.1 (see C). (C) Location within G3.1 of the inverted repeat
sequences and of the restriction fragments to which cloned Cy probes hybrid-
ized. In B and C, RI, Kp, Ba and Bg indicate EcoRI, Kpn 1, Bam HI and Bgl 2
cleavage sites. Arrows indicate orientations. Black regions within the gene

(the hatched box) indicate intervening sequences. The bars indicate the DNA
fragments to which th8 various probes (indicated on the right) hybridized.
Hybridization was at 50 C in 0.75 M NaCl, 0.075 M Na3 citrate.

Fig. 1B), gives the distance from the snapback to the 5' end of the gene.

This was 370 ± 30 bp (standard error: s.e.). Since in the heteroduplexes of

Fig. 1A, the distance from the b.b' snapback to sequence a' was 420 ± 100 bp

(s.e.), we concluded that, as shown in Fig. 1C, sequence a' did correspond to

the Cy3 gene and therefore that sequence a was a partially homologous copy of

the gene. The coding and intervening sequences must have been equally well

conserved within the inverted repeat since the snapbacks between the gene and

its repeat included the large intervening sequence in the gene which separates

the CH1 and CH2 domain coding segments.
The presence of the repeated gene sequence was independently confirmed by

filter hybridization of cloned C.3' Cy2a and Cyl probes to restriction digests

of G3.1 under conditions of very low stringency. As summarized in Fig. 1C,

these probes hybridized not only to the Bgl 2 and Kpn 1 fragments containing

the genes, but also to the fragments predicted by electron microscopy to

contain the inverted repeat of the gene.
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Homology between the DNA fragments containing the Cyl and Cy3 genes. To
determine the amount of homology between the sequences surrounding the Cyl and
C genes, we examined G1.1/G3.2 and G1.2/G3.1 heteroduplexes, in which the
mouse DNA inserts have the same orientation. These molecules showed two
reproducible regions of homology at low stringency as illustrated by the panel
of molecules in Fig. 2. The first, HRI, was present in both G1.2/G3.1
(Fig. 2A) and G1.1/G3.1 (Fig. 2B) heteroduplexes. It presumably corresponds
to the structural gene sequence, since in G1.1 it mapped 300 bp from the right
vector arm, precisely the position of the C.1 gene (Fig. 2B). HRI also co-
incided with the Cy1 gene in G1.2 and the Cy3 gene in G3.1 and G3.2. In
two-thirds of the G1.2/G3.1 heteroduplexes (26/42) and in all G1.1/G3.2 hetero-
duplexes (15/15), HRI was interrupted by an approx. 470 bp region of non-
hybridization, which corresponds closely in size and position to the inter-
vening sequences within the C.1 gene (16) and the CY3 gene (E. Webb, S. Cory,
S. Gerondakis, J.M.A. , manuscript in preparation) which separate the CH1 and
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1~~~~l C61/C63

B GI/G32 HRI
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_
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Figure 2. Heteroduplex analysis of homology between Cyl and Cy3 clones.
Insert lengths were normalized to 14.0 kb (G1.2), 14.7 kb (G1.1) or 16.7 kb
(G3.1 and G3.2). In A and B, the Cyl strands are displayed, while the lines
with down-turned tails indicate the positions of the ends of the Cy3 insert in
each molecule with respect to HRI and HRII. The filled blocks indicate hybrid-
ization with the G3.1 or G3.2 strand respectively. Summary diagrams below A
and B give the mean positions of HRI and HRII within each clone calculated
from 29 G1.2/G3.1 heteroduplexes (A) or 15 G1.1/G3.2 molecules (B), plus the
degrees of homology within HRI and HRII. The diagonally hatched boxes
indicate the positions of the genes within each clone and IS indicates an
intervening sequence (16; E. Webb, S. Cory, S. Gerondakis and J.M.A. , manus-
cript in preparation).
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CH2 domain coding segments of each gene (Fig. 2). All of HRI except for the

intervening sequence region was stable at moderate stringency (approx. Tm

-25°C) but not at high stringency (approx. Tm -13 C), indicating that, as

summarized in Fig. 2, the C 1 and Cy3 coding sequences are 65-80% homologous

(see Materials and Methods), but the intervening sequences only 45-50% homo-

logous.

The second homology region (HRII) was located 1.0 kb to the 3' side of

HRI and averaged 1.3 kb in length. In a quarter of the molecules (12/53), it

was interrupted by a short (-300 bp) region of non-hybridization, indicating

that the central region was poorly conserved. The 400 bp gene proximal region

of HRII is as strongly conserved as the gene sequences, being 65-80% homo-

logous (Fig. 2A). The gene distal 700 bp showed 50-60% homology.

The sequences flanking the 5' side of the Cy1 and Cy3 genes are composed

of tandem partially homologous repeats of the same unit. Both G1.2/G3.1 and

G1.1/G3.1 heteroduplexes displayed at low stringency various regions of

apparent hybridization between sequences 5' to the genes (Fig. 2). The varia-

bility of the hybridization indicates that under the spreading conditions, the

hybrids were close to their Tm, and hence that the hybridizing regions must be

40-55% homologous.

Several alternative patterns of hybridization were observed (Fig. 3).

Because we could not readily distinguish the G1.2 and G3.1 strands in these

heteroduplexes, we plotted both strands from the 5' terminus of the insert to

the midpoint between HRI and HRII. Fig. 3A shows two heteroduplexes in which

the hybridization is in the same register; that is, the distance from the

hybridizing region to the genes is the same along both strands. In B, hybrid-

ization has occurred to essentially the same regions as in A, but the dis-

tances from the hybridizing region to the genes differ by about 1 kb along the

two strands. In C, this difference of register is -3 kb. In D, as indicated

by the oblique lines, the molecules show changes of register within otherwise

continuous regions of hybridization. In E, multiple shifts of register occur

within a single molecule.

These variable patterns of hybridization and changes of register imply

that the hybridizing sequences are repeated several times on at least one of

the strands. In fact, the sequences must be repeated on both the G1.2 and

G3.1 strands since some molecules, e.g. those arrowed in Fig. 3, exhibited

shifts of register markedly shorter than the hybridizing regions. These short

shifts can only occur if the hybridizing regions are composed of multiple

copies of a short repeating unit, the lengths of the shifts of register being
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GI2/G3 CyI/Cy3

HRI

Figure 3. Alternative patterns
of hybridization between sequen-
ces 5' to the Cyl and Cy3 genes
in G1.2/G3.1 heteroduplexes.
Both strands of each heteroduplex
are shown plotted from the 5' end
of the insert to the midpoint
between HRI and HRII without
distinguishing between the G3.1

*4- and G1.1 strands. In each case,
the sum of the lengths of the two
strands was normalized to 22.6 kb
(11.6 for G1.2 + 11.0 for G3.1).
The filled blocks indicate
regions of hybridization.

equal to the repeat length or to integral multiples of it.
To determine the length of the repeat unit, we measured 53 changes of

register on 35 molecules. As shown in Table 2, the sizes of the smallest 39
changes fell into discrete groups corresponding to 1, 2 or 3 copies of a unit
approximately 240 bp long. To estimate the repeat length more precisely, we

Table 2. Calculation of repeat unit lengths from sizes of changes of register.

a

Groupa Number of Mean Lengthb Differences Number of
Measurements (kb) ± s.d. Between Groups (kb) Repeat Units c

A 21 0.24 ± 0.06 1

B 9 0.48 ± 0.07 0.24 2

C 9 0.74 ± 0.07 0.26 3

a Groups of similarly sized shifts of register.
b s.d. is standard deviation.
c Since the differences between the group means are approximately equal to each

other and to the smallest group mean (A), these differences, and also mean A,
must represent one repeat unit length. Hence, means B and C must represent
two and three repeat units respectively.
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determined the slope of a plot of the lengths of individual shifts of register

against their estimated repeat unit number (from Table 2), using regression

analysis. The length was 245 ± 10 bp (s.e.).
To determine the distribution of the repeated sequences in G1.2 and G3.1,

we examined G1.2/G3.1 heteroduplexes in which the G3.1 strand could be distin-

guished by its characteristic snapback. Hybridization indicative of repeated

sequences was observed in G3.1 over the entire region lying between the inner

pair of inverted repeats (b and b' in Fig. 1C) and in two molecules, also to

the 1.6 kb sequence between b and a. Thus as summarized in Fig. 8C, apart

from the inverted repeats described above, it is likely that the entire
sequence 5' to the Cy3 gene in G3.1 is composed of multiple copies of a 250 bp
repeat unit. In G1.2, the repeated sequences probably comprise all of the
8.6 kb region from 1.0 kb 5' to the C.1 gene to 3.3 kb from the 5' end of the
insert (Fig. 8A). Two molecules showed hybridization to within 1.6 kb of the
end of the insert, indicative of further repeats within this region.

We obtained further evidence for repetitive sequences 5' to the Cyl gene

and for the repeat length from heteroduplexes of the 5' terminal Hind III/
EcoRI fragments of G1.1 and G1.2, which had been subcloned into pBR322. Since
G1.2 has a 3.4 kb deletion within this segment with respect to G1.1 (E. Webb,

S. Cory, S. Gerondakis, J.M.A., manuscript in preparation), the majority of

heteroduplexes displayed a single large deletion loop (Fig. 4A). However, in
about 20% of molecules this was replaced by two or three smaller loops of
varying sizes. As illustrated in Fig. 4F, these alternative structures imply
the presence of tandemly repeated sequences within and immediately adjacent to

the region of G1.1 deleted from G1.2. The multiple small loops result from

hybridization between a sequence in pG1.2 adjacent to the 3' end of the

deletion and different repeated homologous sequences within the deletion loop
of pG1.1. The sizes of the smallest loops formed a clear progression corres-

ponding to two copies (e.g. Fig. 4B & E), three, four (e.g. D & E) or five

copies (e.g. C) of a unit whose length was 255 ± 10 bp (s.e.), as determined

by regression analysis. This length is in close agreement (p>0.5) with that
obtained from G1.2/G3.1 heteroduplexes (245 ± 10 bp).

The heteroduplexes of Fig. 4 were formed and spread at moderate string-
ency. Hence the homology between the repeat units must be at least 65%. In

fact, it must be considerably greater for hybrids between non-identical repeat

units (e.g. b-e) to be resistant to displacement by the fully homologous

sequence.

5587



Nucleic Acids Research

Figure 4. Repeated sequences 5' to the Cyl gene revealed by pG1.1/pG1.2
heteroduplexes. In each heteroduplex, the arm extending left to the cleaved
Hind III site was distinguished by length from the one extending to the right
across the EcoRI site and into the plasmid sequences (4.8 kb cf 5.7 kb respect-
ively). In the schematic representations and in f, filled blocks represent
repeat units inferred directly from particular classes of heteroduplexes
(including those shown); open blocks represent those inferred by extra-
polation. Continuous arrows mark the end points of the deleted region in
pG1.1 and broken arrows the position of the deletion in pG1.2. RI and H3
indicate EcoRI and Hind III cleavage sites. In f, the bold lines indicate the
Hind III/EcoRI fragments of G1.2 and G1.1 that were subcloned in pBR322 to
form pG1.2 and pGl.1.

The repeat units 5' to the Cy1 gene are arranged in 2-5 kb blocks of
alternating orientation. When we examined G1.1/Ch4A heteroduplexes for in-
verted repeat sequences, we frequently observed snapback structures at low
stringency (see Materials and Methods). Since these did not have a reprod-
ucible position or size and were usually very short (<300 bp), we plotted 48
of the apparent snapbacks on a two-dimensional map of the clone by plotting
the location of the gene-proximal strand of the snapback stem against that of
the gene distal strand. Specific hybridization should appear as tight clus-
ters on such a map, whereas artefacts should be randomly scattered.

The snapbacks fell into four broad clusters (Fig. 5A). Their statistical
significance was determined using David's Empty-Cell Test (17): when the map
was divided into 50 equal areas, 28 contained no lollipop stems indicating
that the snapbacks resulted from specific hybridization (p<0.001). However,
from the broadness of the clusters, we inferred that the hybridization was
between blocks of repeated sequences arranged in opposite orientations rather
than unique inverted repeats. Fig. 6 illustrates the variable hybridization
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Figure 5. Blocks of repeated
sequences arranged in alternating
orientations revealed by G1.1
snapbacks. (A) Two-dimensional
map of G1.1 snapbacks. The
locations and sizes of all potent-
ial snapbacks (54), including
simple crossovers, were deter-
mined in 18 G1.1/Ch4A and 10
G1.1/G3.1 heteroduplex molecules
and plotted as described in the
text. Lines represent apparent
double-stranded regions, and
dots, crossovers. (B) Locations
and orientations of the blocks of
repeat sequences within G1.1.
For clarity, the repeat units are
drawn as twice the length of the
actual repeat unit. Arrows
indicate relative orientations.

which can occur between two poorly homologous blocks of repeated sequences and
which would result in the dispersed type of clusters seen in Fig. 5A.

From the positions of the clusters in Fig. 5A, we infer that, as shown in

Fig. 5B, the G1.1 snapbacks result from variable hybridization between five
essentially non-overlapping blocks of repeat units designated a, a and y (one
orientation) and A and B (opposite orientation). These blocks comprise almost
al l of the CY1 5' flanking sequences. The uneven distribution of snapback

hybridization between the different blocks presumably reflects different
degrees of homology. A portion of region y overlaps the CY1 structural gene.
This may be due to measuring errors or to artefactual 'snapbacks' , but it is
also possible that the sequences 5' to the C y1 gene are related to sequences
within the gene as observed in the Drosophila rRNA genes (18), and the chicken

conalbumin gene (19).

ABCABCABC
C4

C'B'C'CB'A:C'B'A:

Figure 6. Snapback hybridization between two hypothetical blocks of repeated
sequences arranged in opposite orientations. Five possible snapbacks are
shown, the heavy blocks indicating the regions of hybridization. The arrows
indicate the relative orientations of the blocks.
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As shown previously, much of the C 3 5' flanking sequences is composed of

multiple copies of a repeat unit homologous to that found 5' to the Cy1 gene

(see Fig. 3). Examination of individual G1.2/G3.1 heteroduplexes showed that

as summarized in Fig. 8C, probably all of the units 3' to inverted repeat b

have the orientation of blocks a, a and y of G1.1, while those 5' to inverted

repeat b have the opposite orientation.
Extragenic sequences conserved between CH genes. Since DNA regions

important in the expression of CH genes may have been conserved, we examined

heteroduplexes between the Cp and C.1, and Cp and Cy3 clones for regions of

homology. Fig. 7A shows histograms of hybridization at low stringency between

the Cy3 and Cp clones, G3.1 and p1. A single short region of homology (<100

bp) was observed 0.9 kb 3' to the Cp gene and 3.6 kb 3' to the Cy3 gene. This

was not present at high stringency (-Tm -13°C). At low stringency, the C and
p.-

Cyl clones p1 and G1.2 hybridized in three places (Fig. 7B). As shown by the

vertical lines, the region located 3' to the two genes coincided with the

region of the Cp clone homologous to the Cy3 clone (p>0.5), suggesting a

sequence common to all three CH clones. The existence of a common sequence

was further indicated by hybridization (not shown) of the three CH clones to a

VH clone, M48 (8) which also appeared to contain the sequence (Figs. 8A, C

& E).
The conservation of a sequence 3' to all three CH genes examined is

analogous to the conservation of a short sequence 3' to the mouse a and maJ

G31 1I Gl2
A pi

B Gl12 CAJ p

woCy,

3.,i11 r ,53,Xkb
0 2 4 6 8 10 2 s$ 16 0 2 4 6 8 O 2 14 16 0 2 4 6 8 O Q 4

G3.1 p1 G1.2

Figure 7. Histogram analysis of homology between three CH clones. A shows
hybridization between G3.1 and pl and B between pl and G1.2. The number of
molecules displaying strand contact at low stringency were plotted for each
position along both strands. In a particular heteroduplex experiment, the
different strands were plotted in separate panels, the positions of the gene
within a strand being indicated by a hatched box. The 5' terminal 6.8 kb
EcoRI fragment of the pl insert, indicated by the broken line, is derived from
the vector (13).
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globin genes (20) and suggests that the sequence may have a specific function.

Alternatively, it may correspond to the interspersed moderately repeated class

of sequences (21).
The two other regions of homology between p1 and G1.2 (arrowed in

Fig. 7B) mapped 5' to both genes and within the region of G1.2 composed of

tandemly repeated sequences (although the p1 strand shows only a single histo-

gram peak, individual molecules clearly showed two separate hybridizing

regions). This suggests that part of the Cp 5' flanking sequences may also be

tandemly repetitious. Although no similar hybridization was observed between

the CY3 and Cp 5' regions, the relevant sequences may have been deleted from

our Cp clone (Fig. 8E) (13).

DISCUSSION
Fig. 8 summarizes the organization of the sequences surrounding the Cyl,

Cy3 and Cp genes. The sequences 5' to the Cy1 genes (Fig. 8A and B) are

composed of tandem partially homologous repeats of a 250 bp unit (the open

boxes), arranged *in four blocks with alternating orientations: A, a, B and

1-y. In clone G1.2, most of block B has been lost through a cloning deletion.

The sequences 5' to the Cy3 gene (8C) are also primarily composed of tandem

repeats of a 250 bp unit 40-55% homologous to that comprising the C 1 5'

region. The Cy3 5' region contains, in addition, a partially homologous

(50-65%) inverted repeat of the Cy3 gene (sequence a in Fig. 8C and D) and a

pair of inverted repeats (the stippled boxes b and b') which are >80% homo-

logous to one another. The strongest regions of homology between the Cyl and

Cy3 clones (Figs. 2 and 8A-D) are HRI, which corresponds to the two genes, and

HRII, located 1 kb 3' to the genes. A short sequence is also conserved

between 3' flanking regions of the CP, CY1 and Cy3 genes (the short filled

boxes in A, C and E) while the Cyl and Cp clones share two short regions of

homology 5' to the genes located within the repeated sequences 5' to the C

gene. The significance of these various structural features is discussed

below.
An inverted C pseudogene. The inverted sequence homologous to the CY3

gene ('a' in Figs. 8C and D) is probably a non-functional 'pseudogene' and

does not encode a novel class of y chains since its orientation is incompat-
ible with the deletion mechanism responsible for formation of an expressed
heavy chain gene (6,7). Moreover, the sequence hybridizes equally well to

both the coding and intervening sequences of the Cy3 gene, in contrast to the

Cyl and Cy3 genes where the intervening sequences rarely hybridized. The
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Figure 8. Structure of sequences surrounding the Cyl, Cy3 and Cp genes.
Filled boxes represent regions of homology; open boxes, repeat units; and
stippled boxes, inverted repeats. G3.2 was not analyzed independently for the
presence of repeated sequences. S 0Cand S indicate the switch re-
combination sites of the plasmacytomas MC1o1 (1 and Y5606 (S. Cory, E. Webb,
J. Gough and J.M.A. , submitted) respectively. Syl, Sy2b and Su indicate the
positions within the Cp 5' flanking sequences of recombination sites for
switching to Cyl, Cy2b and Cu. CpM is the segment of the Cp gene encoding the
C-terminus of p chains in membrane bound IgM (35).

regions of the sequence corresponding to the C coding sequences have thus

been no more strongly conserved than the region corresponding to the inter-

vening sequences. An inverted pseudogene has been described for a Drosophila

heat shock protein (22) while directly repeated pseudogenes exist of the 5S

rRNA genes of Xenopus (23), and of several globin genes (24,25,26).

Conservation of the Cy genes and their flanking sequences. The homology

between the coding sequences of the C 1 and Cy3 genes is about 65-80%. By

contrast, that between the large intervening sequences of each gene is only

45-50%. This compares with 75% homology between the coding regions of the C

and Cy2b genes and 51% between the large intervening sequences (27). Poor

conservation of intervening sequences has also been observed for globin genes

(29,30), and the two rat preproinsulin genes (31). These observations argue
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strongly that the function, if any, of intervening sequences is not dependent

upon their nucleotide sequence.

The gene proximal 400 bp of HRII was the only flanking region to be as

highly conserved as the coding sequences of the genes. This suggests it has a

specific function. For instance it may represent the regions encoding the

C-terminal sequences of the yl and y3 chains of membrane bound IgG (32,33)

like the region 3' to the Cp gene which encodes the C-termini of membrane

bound p chains (34,35).

Spacer regions between CH genes contain tandem repeats. We have shown

that multiple partially homologous repeats of a similar 250 bp unit comprise

the sequences 5' to both the C 1 and Cy3 genes (Figs. 8A-C). In agreement

with this, we could identify a 240-245 bp repeat within the published nucleo-

tide sequence of 600 bp of the C 1 5' flanking region (1) (Fig. 10). Since

the Cy2a and Cy2b genes are more closely related to both the C 1 and the Cy3
genes than the C 1 and Cy3 genes are to each other (28), we would expect that

the Cy2a and Cy2b 5' flanking sequences are also tandemly repetitive.

The Cp 5' flanking sequences are probably also repetitive since a region

1.5-2 kb 5' to the C gene is partially homologous to the repetitive sequences

5' to the C.1 gene (Figs. 7A and 8A and E) and since most of the embryonic Cp
clones described (1,9,36) contain cloning deletions 1-2 kb 5' to the gene, a

characteristic of clones bearing tandemly repeated sequences (37). Thus

tandem repeats may comprise the regions 5' to all CH genes.

The spacer between the Cy3 and C.1 genes is at least 27 kb long, the Cy3
gene lying 5' to the C 1 gene (S. Cory, unpublished data). The 13 kb of

repeated sequences present in G1.1 thus accounts for a substantial proportion

of this distance. The spacer regions between the 5S and the 40S rRNA genes of

Xenopus also consist largely of tandemly repeated sequences (38,39). On the

other hand, those between the rabbit n-like globin genes (40) and between the

histone genes of two sea urchin species (41,42) do not.

Homologous recombination between repetitive sequences may generate heavy

chain class switching. The recombination sites for class switching for

several rearranged CH genes in Fig. 8 are indicated by 'S'. In the case of

the C 1 and Cy3 genes, these sites clearly fall within repetitive sequences:

in Cy1/Cy3 heteroduplexes, the regions containing the sites hybridized in

several different registers (see Fig. 3) and uninterrupted by any visible

region of non-homology. The switch sites 5' to the Cp gene (Sy2b, S.l and Sa)
also fall within regions which may be repetitive (see above). These observ-

ations suggest that, as illustrated in Fig. 9, the deletion responsible for
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Figure 9. Generation
of the class-switching
deletion by homologous
recombination. 'Si
indicates the blocks of
repeated sequences
involved in the class
switching recombination
event. V and J indi-
cate heavy chainHvaria-
ble and joining region
genes. The small
arrows indicate the
point of recombination.

heavy chain class switching is generated by homologous recombination between

partially homologous blocks of repeated sequences 5' to each of the CH genes.

This hypothesis gained further support from nucleotide sequences pub-
lished during the preparation of this manuscript, of short regions of 5'

sequences surrounding the recombination sites of rearranged C and Cy2b genes

(1,2,43,44). Honjo and co-workers (1,2) sequenced three regions of DNA which

comprised the rearranged C.1 gene of MC101. Two were derived from the Cp and

Cyl 5' regions (A and C in Fig. 10), while the third, a 492 bp sequence (B)

kb51 RI C5, RI 31

A (CL) B (CH) C

+350 +505 +^0 +64 +"3
+44 +246 F(-44) (-309) f-) (0) (+179)

11

_._ __ ______..____,. __ __ __

0 1100bP

|DPW62b)I | C (Ce,) C (Ce,)

Figure 10. Structure of the sequences surrounding Cyl and Cy2b switch re-
combination sites. The solid bar indicates sequences in the rearranged Cyl
gene derived from Cp flanking sequences and the open bar, from embryonic Cyl
sequences while the stippled bar indicates a region interposed between the
Cyl-derived and Cp-derived sequences (1,2). The cross-hatched bar indicates
embryonic Cy2b 5' sequences. The horizontal square brackets indicate repeat-
ing units while the numbers refer to the numbering of the nucleotide sequence
in Fig. 7 of ref. 2 (above the line, unbracketed) and in Fig. 3 of ref. 1
(above the line in brackets and below the line). The arrows on the left
indicate the Cp-Cy2b switch sites in MOPC 141 while that on the right indi-
cates the site within the embryonic Cyl 5' sequences of the Cp-Cyl site in
MC101 (2). The wavy line at the top of the figure indicates the sequenced
region (1,2). The region 5' to nucleotide -66 in the p sequence was
sequenced, but we could identify no homologies or repeating units within it.
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interposed between these two, was presumably derived from the 5' region of

another CH gene (2). We observed from the sequences presented that, as indi-

cated by the horizontal square brackets in Fig. 10, all three regions were

repetitive: each could be divided into a 210-250 bp repeat unit plus a portion

of a second unit. In addition, within a 600 bp region of germline Cyl 5'
sequences containing the MC101 recombination site (C' + C), we could identify

two 240 bp repeats and part of a third. The repetitive Cp 5' region (A) also

contained the single recombination site in the rearranged Cy2b gene of MOPC141

(2,43). Dunnick and co-workers (44) sequenced part of the Cyl switch region

in the MOPC21 mutant IF2 and identified tandem 20 bp and 49 bp repeats, lead-

ing them to a similar model for CH switching. These short repeats may repre-

sent components of the higher order 250 bp repeat observed here.

When we compared the regions 5' to the C Cy3, Cy1, Cy2b genes and to a

presumptive fifth CH gene (the interposed region), we found that as summarized
in Table 3, all were 50-55% homologous to one another. This homology, more

extensive than that noted (2), comprises the whole of the sequenced Cy1, Cy2b
and interposed regions. In the case of the C 1 and Cy3 genes, and possibly

the Cp gene and the unidentified CH gene, these homologous regions are com-

posed of tandem repeats of a 250 bp unit. All contain recombination sites for

Table 3. Mutual homology between heavy chain switch regions.

Regiona A B C D
5' to Cp (CH) CY1 Cy2b Cy3

A 100 50d 50 54 n.d.b

B 100 52 50 n.d.

C 100 51 40_55c

D 100 n.d.

a Regions A, B, C and D refer to the regions 5' to the Cp, CH (see text), Cyl
and Cy2b genes respectively, and are defined in Fig. 10.

b n.d. = not determined.
c From electron microscopy (this paper).
d Percentage homology was calculated using the total length of the paired

sequences including gratuitous insertions. The length of such insertions
introduced to maximize homology was no more than 20% of the length of
either sequence; except for B and C where it was 30%. Large differences
in length (>20 bp) were resolved primarily as a single deletion and ex-
cluded from the calculation.
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CH switching and, as indicated by the vertical bars in Fig. 10, for a re-

arranged CYI and Cy2b gene these sites (arrowed) occur precisely in register

with the nucleotide sequence homology between the recombining regions (A and D

for Cy2b, B and C' for C ). This is strongly indicative of homologous recom-

bination.
A key prediction of this model is that, for a given CH gene, the site of

recombination will vary in different plasma cells and plasmacytomas both with

respect to the Cp gene and with respect to the other CH gene. Such variation

with respect to the CH gene has been reported for three rearranged C 1 and two

rearranged Cy2b genes (1) and with respect to the C gene for two rearranged

Cy2a and two rearranged C genes (S. Cory, E. Webb, J. Gough, J.M.A. , sub-

mitted).
The mechanism proposed here for class switching differs markedly from the

highly site specific joining of V and J genes (10,45). The differing mecha-

nisms presumably reflect the requirement in V-J joining for a high degree of

precision to maintain a functional polypeptide as opposed to CH switching
where recombination occurs within the JH-CH intervening sequence.

An unresolved aspect of this model is why 'switching' events do not occur

at random during B lymphocyte ontogeny (32). Perhaps the homology between the

switch regions is so low (40-60%) that a specialized switching recombinase is

required. Alternatively, recombination in B lymphocytes and their progenitors

might be repressed until class switching was required, e.g. until after con-

tact with antigen.
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