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termed CH switching, allows important 
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binding site. At an early stage of B cell 
differentiation, an individual B cell ini- 
tially expresses immunoglobulin M (IgM) 
molecules with a single V domain (VL- 
VH combination) (6, 7). Later, this B cell 
or its clonal progeny may express another 
immunoglobulin class while continuing to 
express the same V domain (8). Since 
the class of immunoglobulin is determined 
by the CH region (C,, Cy, and Ca deter- 
mining IgM, IgG, and IgA, respectively), 
the B cell must shift from the expression 
of another C, gene to the expression 
of another CH gene during differentiation. 
Thus, CH switching associates a particu- 
lar antigen-binding specificity, the V do- 
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joining and they are, in part, responsible 
for the generation of antigen-binding di- 
versity in V domains. 

A second type of DNA rearrangement, 
termed CH switching, allows important 
flexibility in the use of a given antigen- 
binding site. At an early stage of B cell 
differentiation, an individual B cell ini- 
tially expresses immunoglobulin M (IgM) 
molecules with a single V domain (VL- 
VH combination) (6, 7). Later, this B cell 
or its clonal progeny may express another 
immunoglobulin class while continuing to 
express the same V domain (8). Since 
the class of immunoglobulin is determined 
by the CH region (C,, Cy, and Ca deter- 
mining IgM, IgG, and IgA, respectively), 
the B cell must shift from the expression 
of another C, gene to the expression 
of another CH gene during differentiation. 
Thus, CH switching associates a particu- 
lar antigen-binding specificity, the V do- 
main, with a series of different effector 
functions encoded by the various CH re- 
gions. 

Two types of experiments have pro- 
vided insights into the mechanism of CH 
switching. First, Honjo and Kataoka (9) 
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have employed hybridization kinetics to s 
determine the numbers of CH genes in q 
mouse myeloma tumors that produced o 
different immunoglobulin classes. Their \ 

results suggest that the VH gene is sepa- d 
rated from one CH gene and combined 
with a second by a deletion of the inter- 
vening DNA between the VH gene and 
the second Cn gene. From these data a c 
heavy chain gene order of 5'-C.-C3-C,1- p 
C2b-Cy2a-C-3' was suggested. Recent ( 
experiments (10) with cloned probes and 5 
Southern blot analyses generally support p 
the gene order and deletional mechanism r 
proposed by Honjo and Kataoka (9). n 
Second, we examined the rearranged is 
(expressed) a gene in an IgA-producing s 
myeloma tumor (M603) and obtained di- fi 
rect evidence that DNA rearrangement c 
mediates CH switching (5). The rear- n 
ranged M603 a gene is composed of g 
three distinct germ-line gene segments- s 
VH, JH with 5' C4 flanking sequences, 
and C, with its flanking sequences. This 
tripartite structure of the rearranged a 6 
gene suggests that the VH gene was ini- e 
tially associated with the C, gene by j< 
DNA rearrangement through V-D-J join- t] 
ing and was expressed as a ,t chain in the q 
IgM molecule. A subsequent DNA rear- g 
rangement could then replace the C4 s 
gene with the C, gene by linking together I 
5' C, and Ca flanking sequences. The ) 
point at which the flanking C, and Ca se- s 
quences join in the rearranged gene and 
the corresponding breakpoints on the 
germ-line DNA's are termed the switch 
(S) sites. Subsequently, other laborato- 
ries have obtained similar evidence for 
C, to Cy switches in rearranged yl (11) 
and y2b (12, 13) genes. 

Three Examples of IgM -- IgA Switching 

To investigate the molecular mecha- 
nisms underlying CH switching, we se- 
quenced the switch sites of two rear- 
ranged a genes and compared these rear- 
ranged switch sequences with their 
germ-line counterparts in the 5' flanking 
sequences of the C4 and C, genes. To 
this end, we have constructed genomic 
libraries (14) from the DNA's of M603 
(15, 16) and an additional IgA-producing 
myeloma tumor, T15, and isolated the 
rearranged a genes. Homologies be- 
tween clones corresponding to the rear- 
ranged a genes of T15 and M603 are de- P: 

a', 
picted in Fig. 1 and compared with their (2 
germ-line C4 and C, counterparts [ob- S 
tained from a genomic library of mouse ci 
sperm DNA (5)]. These homologies were tt 
established by detailed restriction en- al 
zyme analysis (data not shown). Both re- a 
arranged a genes exhibit the tripartite ir 
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tructure of VH, JH with CM flanking se- 
luences, and Ca gene segments. The size 
)f the intervening sequence between the 
VH and C, coding regions is substantially 
lifferent in these two cases-5.4 versus 

colleagues (11), contains a 500-nucle- 
otide region of Ca flanking sequence be- 
tween C4- and Cyi-derived sequences 
(Fig. 1). The evidence for this supposi- 
tion is that this 500-nucleotide sequence 

Summary. Immunoglobulin class switching involves specific DNA rearrangements 
)f the gene segments coding for heavy chain constant regions (CH) during B lym- 
)hocyte differentiation. In two different cases of C, to Ca switching examined here 
T15 and M603) and one taken from the literature (MC101), three different sites on the 
i' side of C, and three different sites on the 5' side of Ca are joined together in the 
)rocess of CH switching. The sequences surrounding the three germ-line C, sites of 
ecombination are highly conserved blocks of 30 nucleotides that may serve as recog- 
lition sequences for CH switching to the C, gene. This putative recognition sequence 
s repeated 17 times in approximately 1400 nucleotides of the germ-line C, 5' flanking 
;equence. The lack of homology between this C0 sequence and sequences reported 
or the Cy, and Cy2b switch sites suggests that heavy chain switching is mediated by 
:lass-specific recognition sequences and, presumably, class-specific regulatory 
nechanisms. In addition, it appears that in one example (MC101) CH switching pro- 
gressed from C, to C, to Cy,. This switching pathway may present difficulties for the 
simple deletional model of CH switching. 

L.8 kilobase pairs (kbp) (Fig. 1). Since 
ach of the two VH gene segments is 
oined to the same JH gene segment (17), 
he variation in size in the intervening se- 
luences between the V and Ca coding re- 
,ions may be the result of different CH 

witching sites in rearranged C, genes. 
n addition, we found that a rearranged 
1y gene from myeloma MCIO1, whose 
equence was reported by Honjo and 

has been localized solely in a region on 
the 5' side of the Ca gene by Southern 
(18) blotting analyses and restriction 
mapping with fragments containing all or 
part of this region used as probes (11, 
19). Therefore, this fragment is apparent- 
ly represented just once in the genome 
and must have been derived from flank- 
ing sequences on the 5' side of the Ca 
gene. Furthermore, DNA sequence anal- 

S region Scale kbp Fig. 1. Clones containing rearranged a 
VDJ 

- 

C heavy chain genes and germ-line C4 
. 5.4 k b-- a and C, genes. The rearranged T15 and 

M ' ...^.:. T[5 'M603 genes were isolated from ge- 
R M R nomic libraries of their respective 

VDJ C myeloma tumors, and MC101 was iso- 
6.8kb ? a lated as described (11). Clones contain- I _l_l:lllE I: .......... M603 * 1 

1-i iV 1j 1 ( 
M603 ing the germ-line C4 and Ca genes were 

R HSSM R isolated from libraries of mouse sperm 
DNA (5). Raised boxes denote coding 

Cyl regions. The shaded areas indicate 
_PL _rZ/Zz/ MCOI homologies with germ-line genes and 

their flanking sequences: 11, VH and 
R H 1 flanking region; *, C, and flanking re- 

I kbp 
Scale i--4 gion; M, Ca and flanking regions; and 

0, uncertain origin, probably C, de- 
J region T15 S603 S C Germ-line rived (see text) M, C,1 and flanking re- 

1 111 C1C1 gions. Homologies were determined by 
R --^H H detailed restriction mapping. Restric- 

tion enzyme sites are denoted as fol- 
lows: Hf, Hinf I; H, Hind III; M, Msp 

SMCIOI SM603 STI5 C I; R, Eco RI; Rs, Rsa I; S, Sau 3a; and 
1 I I .1JL-3_ -L r Germ-line Mb, Mbo II. The position of the JH re- 

71 =.L 4^ I l \ I ' a gions was determined from experi- 
Hf Mb S S RsM Hf S R ments described in (4, 13). The M603 

clone was isolated and characterized as 
reviously described (5, 15, 16). The T15 library was made from Eco RI partially digested DNA 
s described (5, 14). Recombinant phage were screened by the procedure of Benton and Davis 
23) with 32P nick-translated VH + Ca complementary DNA clones used as probes (5, 14). 
outhern (18) blot analysis of Eco RI-digested myeloma DNA indicated the identity of the 
entral Eco RI fragment of the clones shown here with the fragment of the same size found in 
he T15 genome (data not shown), indicating that the clones isolated are representative of their 
enome of origin. This analysis has been previously reported for M603 (16). DNA sequence 
nalysis was performed by the procedures of Maxam and Gilbert (24). Arrows originating from 
restriction site indicate 5' end labeling with [y-32P]adenosine triphosphate, and arrows ending 
n a restricting site indicate 3' end labeling with [a-32P]deoxynucleotide triphosphates. 
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Simple 
switching 

C 
pl 

ACTTCCTGGTTGTTAAAGAATGGTATCAAAGGACAGTGCTTAGATCCAAGGTGAGTGTGA 
4 

C TGAGCTAGGCTGGGCTGAGCTGGAATGAGCtGGGTTGAGCTGAACTAGAATAAACITGGC 

T15 ACTTCCTGGTTGTTAAAGAATGGTATCAAATGGGTTGAGCTGAACTAGAATAAACTTGGC 
I I . . 

Complex 
switching 

C 

C 
a 

AAGGGAACAAGGTTGAGAGCCCTAGTAAGCGAGGCTCTAAAAAGCATGGC 

I GGACTAGGC GGAATAGGTTG GCGA 
GGACTAGGCTGGAATAGGTTGGGCTGGGCTGGTGCGAGCTGGGTTAGGCT 

M603 AAGGGAACAAGGTTGAGAGCCCTAGCGTGAGTCTGAGCTGGGGTGAGCTGAGTGGGCTGAGTTGGGGTGA 

GCTGGGCTGAGTCTGGGGTGAGCTGAGCTGAGCTGGGGTGAGCTGAGCTGGGGTGAGCTGAGCTGAGCTG 

AGCTGGGCTGAGCTGAGATGAGCTGGGGTGAGCTGAGCTGAGTTGAGCTGGGGTGAGCTGGAGCTGGGCT 

AGCTGAGCTGGGGTGAGCTGAGCTGAGCTGGGGCTGAGCTGAGCTGAGCTGAGC TGGGCTGA 

GAGCTGGGCTGAGCTGGGT CTAGCTGGGCTGAGCTGGG TGCGACTGGGTTAGGC 

Successive 
switching 

C AAAATGCGCTAAACTGAGGTGATTACCTTGAGGTAAGCAAAGCTGGGCTT 
L I 

C GGCTGAGAGCTGAGCTGAGCTGGAATGAGCTGGGATGAGCTGAGCTAGGC 

MC 0 I AAAATGCGCTAAACTGAGGTGATT TGAGCTGGGATGAGCTGAGCTAGGC 
I i 

Fig. 2. Switch sequences for the rearranged T15, M603, and MC101 genes and their germ-line 
C, and C, counterparts. Cy1 corresponding sequences for MC101 have been reported by Ka- 
taoka et al. (11). Sequences surrounding CH switch sites are shown in 5' -- 3' orientation. Un- 
derlining indicates sequence identity of unrearranged C, (n) and C, (U) flanking sequences with 
their counterparts in the individual rearranged genes. Dots indicate ten nucleotide spacings. 
DNA sequence analysis was performed as described (24). 
c SMI 41 T 15 Fig. 3. Comparison of 

P _____ ______ _____ the DNA sequences 
TCCTG G T T G T T AAAGAATGGTA-TCAAAGGACAG of the germ-line CL 

SMc10 and C, switch sites 
IJ-^~~~ ~~~for the rearranged 

C TG A G G T G A T T A C T C T GAG G T A A G C A A A G C T G G C T15, M603, and 

Dsg _ MC101 genes. Se- 
M603 quences obtained 

AGA G CC C T A GT A A G C G A G GCT C T A A A A G C A T GG from C, and C, flank- 
ing regions were 
aligned for maximum 

ST15 homology around 
a --?__, their CH switch sites. 

TGGGCTG A G C T G G A A T G A G C T G G TTGAGCTGA B C T A A Boxes indicate nucle- 
SM603 otide identities and 

+ dashes indicate a gap 
G G A G C T A G G C T G G A A T A G G TT G G G C T G G G C T G GT introduced for homol- 

sMC 101 ogy alignment. Ar- 
4 i rows indicate break- 

T GG CT G A G CTGGAA TG AG CT G GG AT G A G CT G A G points for the switch 
sites of each rear- 

ranged gene. Where the switch breakpoint is ambiguous, arrows appear directly above the 
nucleotide. Also indicated is the C, switch site for a y2b producer, M141 (12, 13). A consensus 
sequence for at least some cases of C, switching might therefore be GGTNATTANNNNNN- 
GGTANNCAAAG, which does not occur elsewhere in any of the 1900 nucleotides of C, 
flanking region sequenced (13). It has been suggested previously that elements of this C, 
homology region may play a role in CH switching (12, 13). A consensus sequence for Ca switch- 
ing derived from the examples shown here would be PGTCPPGCTGGAATPPGYTGGGNTG- 
PGCTG. 
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yses of the corresponding germ-line C, 
sequence show virtual identity (approxi- 
mately 95 percent) with the sequence 
found between the C, and Cy, flanking 
sequences in the yl gene of MC101 (Fig. 
4A) (20). Thus we feel the yl gene of 
MC101 is composed of several distinct 
germ-line sequences: a VH gene (21), a 
flanking sequence for the CQ gene, a 
flanking sequence for the C, gene, and 
the CG1 with its flanking sequences. 

The arrows in Fig. 1 indicate the re- 
gions analyzed by DNA sequence analy- 
sis in our laboratory. The DNA se- 
quences of the MC101 S region (11) and 
the rearranged M603 and T15 a genes 
and their germ-line C, and C, counter- 
parts are shown in Fig. 2. 

Examination of the rearranged switch 
sequences indicates that all three ex- 
amples juxtapose C,- and C,-derived se- 
quences. However, each switch site 
seems distinct from the others. Further- 
more, the arrangement of sequences in 
these genes suggest that at least three 
distinct types of switching may occur. 
We denote these categories "simple," 
"complex," and "successive." 

In the simple category (T15) the C, 
flanking sequence joins directly to the Ca 
flanking sequence. Similarly, a y2b gene 
(M141) has been found in which the C, 
flanking sequence joins to that of C2b 
(12, 13). In the complex category 
(M603), a short sequence of 287 base 
pairs (bp), is interposed between the C. 
and C, flanking sequences. This se- 
quence appears to derive from a region 
on the 3' side of SM603 on the C, gene 
(Fig. 1). Probes containing this sequence 
hybridize strongly to restriction frag- 
ments containing or adjacent to the C, 
gene in Southern blotting analyses (data 
not shown). The region of hybridization 
corresponds to the 1.5- to 2.5-kbp region 
on the 5' side of the CL gene (5) which 
deletes spontaneously upon cloning and 
hence is not present in our C,-containing 
clones. Thus the complex category may 
be explained by two distinct deletions: a 
CH switch and a deletion within the C, 
flanking sequence. This deletion of the 
C, flanking sequence (at SM603) does not 
appear to be a random event in that an- 
other a-producing tumor line, M167, 
switches at exactly the same point adja- 
cent to the C, gene. However, the com- 
plex category reflects DNA deletions 
seen to date only in myeloma cells and, 
accordingly, may or may not be bio- 
logically significant. In the third cate- 
gory, successive switching, the yl gene 
of MC101 contains C,, Ca, and Cy1 
flanking sequences between the VH and 
Cy1 gene segments. Therefore, it appears 
to have switched twice, once from C, 
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A SMCI 0l 

AAGGCGAG GCTGAGAGCTGCTA GGAATG GATGAGCGCTGTAGGCTGAATAGGCTGGGCTGGGC. GTGTGTGAGCTAGGTTAGGCTGG A 100 
~~~~1 

0~~~- . -12 
GCTGGAATGAGCTGGGTTGAACTGAGCAAGGCTGGATGGAATAGGCTGGGCTGGGCTG'GTGTGAGGCTGGGTTAGG CTGA GCTGAGCTGAGCTGAGCTGA 200 

-3 .- --------. ~-_:____ ____ ..... -50 
GCTGAGCTGA'GCTGAGCTGAGCTGAGCTGAGCTGAGCTGAGCTGGAAGGAGAGGAGAAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGA 300 

MboI 
G _ _C 

GGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGGAGAGG0G~TAGGCTGGAATAGGT 400 
f~-T 3 ? 6 

TOOGGI CG G GG_ _ G C- T C 
TGGGCITGGGGCGTGCGAGCTGGGTTAG TAGCTGAGCTGATGGAATGAGCTAGGATGAGCTGCTAGGTGGAACAGGCTGGGTTTGGCTGGTGTGAGAT 500 

. 7 SlC1 01 
C A - G GG T G T , -.C G 

C4AGTT-- (GiTGATCCGAGCTGAAATGAGCTGAGATAAGATTAGCTAGGCTGGAATAGGCTGGGCTGGGC.TGTGTGTGCTAGGTTGAGTCTAGCGGAAG 600 

700 

jau3A 8 

CTGG GCTGCAT TGAAGCTAGCTGGAGAGTGGATAGGTTGGGCTGGCT'TGTGTGAACTGGGTTAGGCTGAACTGAACTGAATGAGCTAGGATG 700 ? 
9 10 

GCAAGACTGACTAGGCTGGAATAGGCTGGGTTCTGCTGTGTTGAGCCAGGTTGATCC GAGCG TGAGAGCG GACTAATT GCCTGGAATGGC 800 ' ? 
~?R1_ - 16 ?-- Sau3A 12 

TGGCTAAAGCTGGCAGTGTGTGCTAGGTTGGAAGGTGA CTGGAGCTGGCTGGTGGGCTAGC G'GA-GCTGG 900 
?'. '13 14? 

ACAGCTG GGTGCGdGGCTTAGGTGAATAAGC GAGT1GCT0GGCTGGCTGGATTGAGCTGGGCTAGCTGAGCTGAGCTAAACTAGGCTGAAA 1000 fi__ 
_15 

TGGGCTGAGCAGAGCTGGACAAAGCTAGGCTACTGhGCACTGTCTGGCTA,GGCTGTACTGGAATGAGCTGAGCTGAGCTGGGCTAAGCTGGGATGGACTA 1100 
Rsa 16 S 

T15 

GGATAAACTAAGCTGGGATU\GAGAAGGCTGACTGCAGGAGGAAGACTGGA.GGGCTGGCTGAGCTAGACTAGGCTGGGCTGAGCTGGAATGAGCGGGTT 1200 
17-- 

GAGCT- AACTAGATATAAACTTGGAGCGGTAAATGGATTGAGCGAGCTAGACTAGGGTGGAATGGGCTGAACAAGGCTGAGCTTACCTAGACGCGCC 1300 

IGTGGCAGACCTAGATAGAGTTGCACTGAGGTAGGTTAGACAGGGTTGTCTGTAGCTTGAGCTTGACCTAGGNGCTGTGCTTGTCTGTAGCTG 1400 
ls p 

B 
SMCIOI SM603 ST15 

V v 
oIi III 111111 I I 
1234 5 67 891011 12J3j45 16 17 

1.4 kbp 

Fig. 4. (A) DNA sequence in the region of the germ-line Ca switch 
sites. Restriction sites are indicated; Sa homology regions are boxed. 
S5 appears to be a homology region which has been interrupted by 
a stretch of tandem repeats. Arrows are as described in Fig. 3. Also 
shown is a comparison of the MC101 Co-derived sequence (11) with 
that of the germ-line C, sequence. The MC101 sequence is bracketed 
by SMCIOI and S'MC101 and differences from the corresponding germ- 
line sequence are indicated above, either as base changes or gaps 
(-) or (-10, and so on). Precise localization of gaps in the tandem 
repeats GAGGA and GAGCT is not possible, since the deletions are 
symmetrical. It is interesting that virtually all of the sequence differ- 
ences are on the 3' half of the MCIO1 sequence, with the tandem 
repeats acting as a "border" between highly conserved and mutated 
regions. (B) Schematic diagram of the location of 17 repeated se- 
quences of 30 nucleotides adjacent to the germ-line Ca gene. Arrows 
indicate which repeats are used in the three rearranged genes de- 
scribed in this article. (C) DNA sequences of 17 repeats found inter- 
spersed in germ-line 5' flanking CQ sequence. Boxes indicate nu- 
cleotide identities and a dash indicates a gap. 
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C ca 
Consensus So ST M603 
sequence 

ST15 SM603 

(Fig. 3) P G C T P P G C T G GA A T P P G Y T G G G N T G P G CT G 

MC101 S .A G C T - -G A G C T G G A AT G A GC T G G G A -T G A G C T G 

S2 A GCT- -AG G CT G G A A T A G GC T G GC- T G GGC T G 

S3 G G T- - GA G C T G G A A T G A G C T G G G T -T GA A C T G 

S4 G:G C T--- G G[AT GGAATA G-G G G GC T G GG C T G 

S5 AG C T-- GA GCTGG A A GAG A GHG!A A G A G GA G 

M603 S6 A G C T- - A GG C G G A A T A GG G G C G G G T G 

S7 A G C T- - G A G CT G GA A T G A G C T[G GA- T GAG CT G 

S8 AGCT--AGGCTGGAATAGGCTGGGC-TGGGCTG S3 A G C T - - A G G CT G G A A T A G G C T G G G C - T G G G C T G 

S7 A CG - A A C T G G A AT GA G 0 T GG C A T G G G C T G 

S10 A G C T- A G G C T G G A A A G TT G G GC-TGGG T G 

S11 AG C T-- A G G C G A A TA G GCT G G G GTTTG-G TG 

S12 G C T A G G C T G G A A T --GG C T G G C - T GIGIG C T G 

S13 A G CT GAA G C TGGAAT G AGC T G GA -TG G CTG 

S14 AG A G C T G G A T A G G 7 T G G G C - T G G 

S15 A 3 C T - A G 0C T 7 G A A T G A C T TG G A - A G G C T G 

S16 G G C T G T AG T GA A A T G A G GGC TG C T G 

T15 SU7 G G C T _ - G A TG A G C T G G G T A G C T G 

P = purine Y = pyrimidine N = any nucleotide 
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SMCIlI S15 M603 Fig. 5. Germ-line se- 
+ ? + quences; comparison 

a pG TPPGCTGGAAT1PPOYTGGG'NFT--GI PGof the switch se- cG PIG C TI P P G YC T G G G N 0P P IG C T Gl of the switch se- 
quences from germ- 

MC IO line 5' flanking se- 
+ quences for the Ca 

YI C A G G G A G C T G G A G C T G A - T G G G T A T A A A A A (see Fig. 3), C1 (), l CAGGGAGCTGGAGCTGA- TG GG TATAAAAA (see Fig. 3), C,j (11), 
SM141 nand CZb (12, 13) 

+ genes. Boxes in the 
Y2b T G G G G G C C A G G A G A G T T G T C C G A 1T G A G C A germ-line Ca sequence 

denote the conserved 
bases of the 30-nucleotide S, sequence (Fig. 3). Boxes in the germ-line yl and y2b sequences 
denote nucleotide identities to the germ-line S, sequence; a dash indicates a gap. 

to C,, subsequently from C, to Cyi. 
The DNA sequence data in Fig. 2 

show that the three rearranged genes em- 
ploy three germ-line C, switch sites up to 
300 bp apart and three germ-line Ca 
switch sites up to 1350 bp apart. The lo- 
cations of these germ-line switch sites, 
ST15, SM603, and SMC101, are depicted in 
Fig. 1. Thus multiple sites exist for Ca 
switching in sequences 5' to both the 
germ-line C, and C, genes. 

Recognition Sequences for Class Switching 

The DNA sequences involved in V-D- 
J joining are quite distinct from those im- 
plicated in CH switching. The inverted 
repeat CACAGTG or CACTGTG (C, 
cytosine; A, adenine; T, thymine; G, 
guanine) occurs at the 3' end of antibody 
V gene segments and at the 5' end of the 
J gene segments (2, 4, 22). This inverted 
repeat is believed to be a recognition se- 
quence that mediates the juxtaposition of 
the V, D, and J gene segments to allow 
subsequent joining by site-specific re- 
combination [for a proposed mechanism, 
see (4)]. This inverted repeat is not found 
in the flanking regions surrounding any 

of the C, switch sites. This sequence also 
is missing from the switch sites for a yl 
(11) and a y2b gene (12, 13). Therefore, 
CH switching and V-J joining employ dis- 
tinct mechanisms for DNA rearrange- 
ment. 

In an effort to determine which se- 
quences are important in CH switching, 
we compared the sequences of the three 
C, sites and the three Ca sites (Fig. 3). 
The germ-line C, switch sites of MC101 
and T15 share significant homology (15 
of 25 nucleotides), although 16 nucle- 
otides separate the actual switch points. 
We believe that these homologies are 
significant and may represent general se- 
quence requirements for CH switching 
adjacent to the C, gene. Neither the 
MC10I nor the T15 C, sites share any 
homology with the C, site of M603. The 
switch site of a y2b-producing tumor, 
M141 (12, 13), also depicted in Fig. 3, is 
nine nucleotides away from that of T15 
and may indicate that y2b and a switch- 
ing can use the same recognition se- 
quence adjacent to C,. 

The sequences around each Ca switch 
site are even more highly conserved. 
Each germ-line S, site occurs within a 
block of 30 conserved nucleotides (Fig. 

VDJ CI C, Ca 
? l ,?- - I-?/ g // ag I ? ? l I ? 

s,s,~s^ S S Y SrSr s s,a S 
Heterodimer formation 

I Site-specific recombination 

VDJ Ca 

Fig. 6. Model for class-specific regulation of CH switching (see text). In this scheme the small 
boxes represent recognition (S) sequences that bind to switch proteins to mediate CH switching; 
the circle represents switching proteins, and the large boxes represent coding regions. This 
model depicts a CH gene order of CM, C, C, C (see text), but this is not a requirement. 

1364 

3). Twenty-two bases are identical and 
seven of the remaining eight nucleotides 
are conserved with regard to type of base 
(purine-purine or pyrimidine-pyrimidine 
substitutions). The three points of re- 
combination differ within each of these 
conserved sequences. Since the first 
three of the rearranged a genes exam- 
ined switched at distinct Co sites, we rea- 
soned that there must be additional Sa 
sites. We determined the DNA sequence 
of some 1400 nucleotides in the region of 
these germ-line S, sites (Fig. 4A) and 
found a total of 17 Sa-like sequences 
(Fig. 4B). These sequences are very sim- 
ilar to each other (boxed regions in Fig. 
4C). Since these repeated sequences rep- 
resent 500 of 1400 nucleotides in the re- 
gion analyzed, the CH switching into 
three of these repeated sequences does 
not appear to represent random DNA re- 
arrangement. We suggest that most of 
these repeats are potential germ-line S, 
sites. 

Evidence for Class-Specific 

Regulation of CH Switching 

The data presented in this article, 
taken together with sequence data on 
y2b (12, 13) and yl (11) switch sites from 
the literature, lead to several important 
inferences about the mechanism of CH 
switching. 

The germ-line sequences for CH 
switching appear to be class-specific with 
regard to Cyl, Ca, and Cy2b switch sites. 
The germ-line Cy1, Ca, and Cy2b switch 
sequences are compared in Fig. 5. The 
yl sequence is identical to the prototype 
S, sequence in 10 of 22 bp and the y2b 
sequence is identical for 7 of 22 nucle- 
otides (only 3 of which are contiguous). 
Thus, various germ-line S, sequences 
are far more similar to one another than 
to the germ-line Sy1 or Sy2b sequences 
(Fig. 3). One explanation for these se- 
quence differences is that CH switching is 
mediated by class-specific recognition 
sequences. 

Since the germ-line Sa and S, se- 
quences are not homologous (Fig. 3), ho- 
mologous recombination cannot account 
for their joining. We believe that the join- 
ing may be mediated by a number of dis- 
tinct types of switching proteins (Fig. 6). 
For example, one switching protein (PO) 
may bind the germ-line Sa sequence and 
a second (Pa) may bind one of the germ- 
line S, sequences. These proteins may 
then interact to form a heterodimer that 
juxtaposes the V-D-J gene with the C, 
gene segment (Fig. 6). The multiple 
germ-line S, sequences would increase 
the probability that Ca switching could 
occur once the appropriate joining pro- 
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tein is expressed. Because the germ-line 
S,, Sy1, and Seb sequences seem dis- 
tinct, different joining proteins could 
bind these sequences. Accordingly, the 
developmental regulation of the expres- 
sion of these proteins would lead to 
class-specific regulation of CH switching. 

Implications of Successive 

CH Switching in MC101 

The evidence for successive switching 
in MC101 indicates that two or more CH 
switches can occur in a particular B cell 
line. In the simple deletional model for 
class switching proposed by Honjo and 
Kataoka (9), CH switching progresses in 
a linear fashion, deleting intervening CH 
genes at each stage. As mentioned, the 
experiments supporting this model (9, 
10) indicate a gene order of Cr-Cy-C1,- 
Cy2b-Cy2a-C,. Paradoxically the MCIO1 
clone appears to have switched from C, 
to Ca and then from Ca to Cy1, contrary 
to the linear deletional model for class 
switching proposed by Honjo and Ka- 
taoka (9). Several explanations seem 
plausible. 

1) The CH gene order is Cw-C-Cy. 
This seems difficult to support because 
of the large number of myeloma tumors 
that express the Cy1 gene and still con- 
tain Ca genes (10). Furthermore, those 
myeloma tumors that express the Ca 
gene generally appear to have deleted 
the Cy1 genes (9, 10). However, until 
these CH genes are ordered in the germ- 
line DNA, this remains a formal possi- 
bility. 

2) Interchromosomal recombination. 
In this scheme, C, -- Ca rearrangement 
on one chromosome could be followed 
by recombination with a Cy1 gene on 
another chromosome to produce the 
MC10 yl mosaic gene (VH-C,-Ca-C1). 
Moreover, a prediction of this model is 
that the reciprocally rearranged chromo- 

some should have a rearranged Ca gene. 
3) Episomal deletion. If the deleted 

DNA between the VH gene and the Ca 
gene forms a circular intermediate (an 
episome) that is at least transiently 
stable, the episome could then reinte- 
grate into the chromosome, replacing the 
C, gene with the Cy1 gene. This model is 
easily testable because it predicts the 
presence of a CQ gene, a Cy3 gene, and so 
on, in the MC101 genome and, in partic- 
ular, both the Cg and the Ca genes 
should be rearranged. 

The rearranged yl gene of MC101, ac- 
cordingly, raises two general possibili- 
ties with regard to CH switching and nor- 
mal B cell differentiation. (i) The succes- 
sive (and complex) types of CH switching 
observed here may arise from one or 
more aberrant chromosomal rearrange- 
ments that are characteristic of myeloma 
cell lines and would not generally be 
seen in normal B cells. The numerous 
cell divisions that occur between myelo- 
ma tumor production and our analyses of 
the corresponding DNA's, as well as the 
aneuploid nature of myeloma cells, make 
this a serious possibility. (ii) Normal B 
cells may have multiple CH switching 
mechanisms, some perhaps different 
from any of those cited above. 

Conclusion 

The developmental regulation of CH 
switching may operate at several dif- 
ferent levels. (i) The nature of the se- 
quences mediating V-D-J joining and CH 
switching implies that these phenomena 
are regulated independently. (ii) The ex- 
istence of distinct switch sequences for 
a, yl, and y2b genes implies that the ex- 
pression of these classes may be devel- 
opmentally regulated at the level of DNA 
rearrangement, depending, for example, 
on which specific switching protein is ex- 
pressed. 
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