
S O M A T I C  M U T A T I O N  C R E A T E S  D I V E R S I T Y  IN 

M A J O R  G R O U P  OF M O U S E  I M M U N O G L O B U L I N  K 

C H A I N S  

T H E  

L I G H T  

BY GUNTHER HEINRICH, *~: ANDRI~ TRAUNECKER,* AND 

SUSUMU TONEGAWA ~ 

From the *Basel Institute for Immunology, Postfach, 4005 Basel, Switzerland; *Department of 
Biochemistry and Molecular Biology, Harvard University, Cambridge, Massachusetts 0213& 

~Center for Cancer Research, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 02139 

The V and C regions of an immunoglobulin light chain are encoded by 
different gene segments. The C-region segment encodes the carboxy-terminal 
part, while two segments--V and J - - a r e  somatically rearranged to create the 
gene segment that encodes a V region (1-4). The V regions of light and heavy 
chains are characterized by great sequence variability. This variability is especially 
high in the three parts of the V region that primarily form the antigen-binding 
site and that are therefore referred to as "complementarity determining re- 
gions '--CDR1, CDR2, and CDRBmor "hypervariable regions" (5-7). The parts 
of the V region outside of CDR1, CDR2, and CDR3 are called "framework 
regions." 

It could be shown that somatic mutation in a single V gene segment generates 
antibody diversity in the ~,~ light-chain system of BALB/c and NZB mice (2, 8-  
10). It could also be demonstrated that somatic mutation is responsible for 
antibody diversity in the VH regions of specific mouse antibodies (11, 12). 

Evidence has also been produced that suggests that somatic mutations also play 
a role in the amplification of the germ line-encoded genetic information in the 
K chain genes (13, 14). However, confirmation of  this evidence by direct analysis 
of cloned DNA fragments has been limited (15, 16). 

Diversity in myeloma protein VK regions has only been extensively studied in 
BALB/c and NZB mice (17, 18). Based on amino acid sequence homology in the 
amino terminal 23 residues the variable regions of these myeloma K light chains 
were first classified into different groups, of  which the VK-21 group is one (19). 
Based on more extensive sequence data for more than 30 BALB/c and NZB 
myeloma K light chains of the V~-21 group, they were further subdivided into 
seven major subgroups, designated Vr-21A through Vr-21G (20, 21). 

Even though Vx-21 is the best defined group, amino acid sequence analysis 
allows only indirect conclusions about the mechanisms that generate antibody 
diversity. Therefore,  we cloned most of the germ line V genes of the VK-21 
group using cDNA of MOPC321 as a probe. 
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R e l a t e d  V H genes have been shown to be linked at an average distance o f  10- 
12 kb (11, 12, 22). The  analysis of  the clones containing overlapping chromo- 
somal segments enabled us to determine the linkage ar rangement  o f  the germ 
line genes that encode the VK-21 group. This also supports our  assumption that 
we have cloned almost all germ line genes of  the VK-21 group. We determined 
the complete nucleic acid sequence of  five different  germ line V genes and 
showed that three o f  these sequences encode the "prototype sequence" of  three 
different  subgroups, namely Vr-21B, C, and E. Therefore ,  we conclude that 
antibody diversity in the K system, as in the ~1 system, is generated predominantly 
by somatic mutat ion of  few germ line V genes. Somatic mutat ion is not restricted 
to the hypervariable regions; it also occurs in the framework regions. 

Mater ia ls  a n d  M e t h o d s  
Bacteria, Phages, and DNA. Phage Charon 4A was obtained from F. Blattner (23). The 

XgtWES:XB was originally from P. Leder (24). E. coli 803 (rZ, m,-, Su III +) was obtained 
from K. and N. E. Murray. Lysogens used for preparation of packaging mixtures, BHB 
2688 (N205 recA- [Ximm434 b2 red3 Earn4 SamT]/X) and BHB 2690 (N205 recA- 
[~,imm434 cIts b2 red3 Daml5 Sam7]]~) were obtained from B. Hohn (25). MPCll  
DNAs LF and L+LF were obtained from H. Zachau (26). 

Mice. We obtained pregnant BALB/c mice from Tierfarm, CH-4414 Ffillinsdorf, 
Switzerland and Bomholtgard, 8680 Ry, Denmark. 

Enzymes. Restriction enzymes were purchased from Boehringer Mannheim Biochem- 
icais (Mannheim, Federal Republic of Germany), New England Biolabs (Beverly, MA) and 
BRL. 

DNA Blots. Cellular Southern blot hybridization was carried out as described by 
Southern (27) and modified by Wahl et al. (28). 10 ~g of embryo BALB/c DNA was 
digested with the appropriate restriction endonuclease and separated on a vertical agarose 
slab gel. After partial depurinization and denaturation the DNA was transferred to a 
nitrocellulose membrane filter (Schleicher and Schuell BA85) and hybridized with 3 x 
107 cpm of the nick-translated 850-bp-long 5D10 HhaI fragment (3). 

Southern blot hybridization for phage DNA under low stringent washing conditions 
was carried out as described by Matthyssens et al. (29). 

DNA Cloning. Two recombinant phage libraries previously constructed in this labo- 
ratory (30, 31) were screened using the HhaI fragment of plasmid 5DI 0 as a probe. 6 x 
105 plaques from an EcoRI partial library and 6 × 105 plaques from an EcoRI* partial 
library were screened by the method of Benton and Davis (32). The 2.3-kb EcoRI clone 
was isolated from a complete EcoRI digest of BALB/c embryo DNA using the preparative 
agarose gel method (33). All cloning experiments were carried out under P3-EK2 
conditions, in accordance with the National Institutes of Health guidelines for recombinant 
DNA research issued in 1976. 

Electron Microscopy. Electron microscopic analysis of double-stranded DNA. mRNA 
hybrids, DNA heteroduplexes, and R hybrids was carried out as described by Brack (34). 

DNA Sequencing. The 3' end of DNA fragments were labeled with four deoxyribo- 
nucleoside triphosphates and radiolabeled with as2P (Radiochemical Centre, Amersham) 
and Klenow enzyme (Boehringer Mannheim), as described previously (33). The 5' ends 
of DNA fragments were labeled as described by Sakano et al. (35). The strands of labeled 
fragments were separated and sequenced as described by Maxam and Gilbert (36). 

Resul ts  

Gene Segments that Cross-hybridize with MOPC321. To  detect gene segments 
encoding the variable regions o f  the Vx-21 group, we performed a series of  
Southern blotting experiments using, as a hybridization probe, a nick-translated 
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850-bp HhaI fragment from the plasmid 5D 10, which carries the nearly complete 
cDNA of the K light chain from the myeloma MOPC321. With this probe we 
would expect to be able to detect the germ line V gene segment of  MOPC321 
(VK-21 C subgroup) as well as any other germ line VK-21 gene segment sufficiently 
homologous to the V region of MOPC321. 

When EcoRI-digested BALB/c DNA of  10-12-d-old embryos was separated 
on a 0.8% agarose gel, transferred to nitrocellulose paper, and hybridized to the 
K probe, we detected seven bands of the following sizes: 1.5 kb, 2.6 kb, 4 kb, 6 
kb, 8.5 kb, 15 kb, and 18 kb (Fig. 1A). We previously reported part of  this 
experimental result (3). The 15-kb fragment had been previously cloned and a 
partial nucleotide sequence determined. By sequencing and R-loop mapping, it 
had been shown that it contains all of  the JFs and the Cr but no MOPC321 or 
MOPC321-1ike V~ sequence (33). The HpaI digest shows at least 8, BglII 10, 
HindIII 10, and BamHI 9 bands (Fig. 1A). In all of  these digests some of  the 
bands are more intense than others. In the EcoRI digest, the 4-kb, 6-kb, 8.5-kb, 
and 18-kb bands are stronger than the others, and as the DNA was depurinated 
before transfer, this is unlikely to be due to different transfer efficiencies. This 
view is supported by the fact that variation in the intensity of the bands was not 
dependent upon the size of the fragments. Several factors can be considered. 
First, these fragments might bear sequences with varying homology to the 
MOPC321 Vr sequences. Second, the intensity difference may be due to variation 

FIGURE 1. (A) Southern blot analysis of BALB/c embryo DNA. - 1 0  #g BALB/c DNA was 
digested with different restriction endonucleases (number 1, EcoRI; number 2, HpaI; number 
3, BglII; number 4, HindIII; number 5, BamHI) fractionated on a 0.8% agarose gel, 
transferred to nitrocellulose paper, hybridized with 5 x l0 T cpm nick-translated 850-bp-long 
Hbal fragment of plasmid 5D 10. (B) 10 embryo VK gene clones that cross-hybridized with the 
cDNA probe of MOPC321. The numbers indicate the length of the DNA between the two 
EcoRI sites (~). The location of  the exons which encode the variable-region polypeptide chain 
was determined by R-loop analysis. The shaded bars under certain V genes indicate which 
genes have been sequenced. 
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in the number of V genes on a single fragment. Third, some bands might contain 
two or more hybridizable fragments of the same or very similar size. For instance, 
when we separated the fragments over a larger distance we found that the 1.5- 
kb and 8.5-kb bands contain two fragments of slightly different size (see Fig. 4). 
Each of these points are dealt with in the subsequent section. Based on the overall 
results we conclude that there are ~8-10 germ line genes that cross-hybridize 
with MOPC321. 

Cloning of the MOPC321-type V Fragments. Clones of Southern-positive EcoRI 
fragments were obtained from two sources; from EcoRI fragments enriched by 
preparative agarose gel electrophoresis, and from a partial EcoRI phage library. 
Most of the isolated clones were characterized by restriction site mapping, 
Southern gel blotting with the 5D10 probe, and electron microscopy of R-loops 
formed with MOPC321 K mRNA. On the basis of this characterization we could 
place each V gene clone into 1 of 10 groups (Fig. 1 B). For each clone group, 
several independent clones were isolated. R-loop and Southern blot analysis 
showed that all but the 18-kb EcoRI fragment carry a single copy ofa  MOPC321- 
type V sequence; the 18-kb EcoRI fragment having two V copies separated by 
12 kb. Clones containing the 2.3-kb fragment have a partial V gene copy that is 
cleaved by EcoRI. This explains why the 2.3-kb band is uridetectable in Fig. 1A 
but can be seen in Fig. 4, in which the hybridization conditions were different. 
The 4-kb clone seems to have a short insertion in the middle of a single-copy V 
sequence. This was shown by R-loop mapping and Southern blotting (data not 
shown). R-loops of some groups of clones, like 16 kb, 9.5 kb, and 6 kb, were well 
opened, while those on others were smaller or closed. These morphological 
differences of R-loops can be attributed to varying homology betwen the V 
sequences of the clones and that of the MOPC321 cDNA probe. This strengthens 
the argument that the variations in band intensity, demonstrated in our Southern 
blot experiments, are at least in part due to differences in sequence homology. 

VK-21 Germ Line Genes are Clustered in the Genome. To determine the organi- 
zation of VK-21 germ line genes, we cloned a set of overlapping chromosomal 
DNA fragments by screening a partial EcoRI and EcoRI* library with the nick- 
translated plasmid 5D10 as a probe. In all, 87 clones were isolated and the 
overlaps between these clones were determined by "R-hybrid" (see Materials and 
Methods), heteroduplex, Southern blot analysis, and restriction mapping. In two 
cases (GH20 and GHP53; KE112 and GH21), DNA sequencing was applied to 
determine whether segments in two different clones were in fact identical. The 
conclusions drawn from this work are shown in Fig. 2. Within 90 kb of chro- 
mosomal DNA there is a cluster of six VK-21 genes, all in the same transcriptional 
orientation. The order and distances of these genes are 5' - "l.5-kb VK" - 14 kb 
- "4-kb VK" - 12 kb - "16-kb V~" - 18 kb - "6-kb VK" - 21 kb - "9.5-kb V~" - 7 kb 
- "8.5-kb VK" - 3'. Below are some of the characteristics of the clones that led to 
this conclusion. 

Several clones, such as clone GH20, bear the 1.5-kb V-containing EcoRI 
fragment and three other fragments of 9 kb, 1 kb, and > 1 kb, the last of which 
is connected with the short phage arm (Fig. 2). This last fragment partially 
overlaps the 2.6-kb fragment of clone GHP53. The GHP53 clone carries a V 
gene segment on a 4-kb fragment. Nucleotide sequences of the overlapping 
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FIGURE 2. Linkage arrangement ofcross-hybridizable Vx-21 V gene clones. (1 A) The linkage 
map of  six MOPC321 cross-hybridizable V genes. The complete EcoRI cleavage map is shown. 
EcoRI sites are indicated with vertical lines• The V genes are indicated by black boxes. The 
5'-3' orientation from each gene is from left to right. The distance between two V genes is 
indicated above the linkage map. Below the linkage map the different V-gene clone types are 
indicated. (1B) Cloned BALB/c mouse DNA fragment. The inserts arranged to show their 
overlapping regions. EcoRI sites and genes are indicated as in A. EcoRI partial clones are 
named GHP, partial EcoRI* clones GH, and the complete EcoRI clone KE. (2A) Linkage map 
of three MOPC321 cross-hybridizable V genes. The complete EcoRI cleavage map is shown. 
V genes, V gene orientation, V gene distances, and V gene clone types are indicated as in 1A. 
(2B) Cloned BALB/c mouse DNA fragments. Inserts are arranged to show their overlapping 
region. EcoRI sites and V genes are indicated as in 1A. EcoRI partial and EcoRI* clones are 
indicated as in IB. The clone 13A6 is a complete EcoRI clone. (3) Partial EcoRI clone 
containing a 1.6-kb V-containing fragment that could not be linked to either of  the two Vg- 
21 gene clusters• The V gene and EcoRI sites are indicated as in 1A. 

segments from both clones were partially determined, and it was found that the 
sequences are not completely identical. Nevertheless, we believe that the 1.5-kb 
and 4-kb type V genes are only 14 kb apart from each other; the reasons for this 
wi l l  b e  d i s c u s s e d  below. 

The clones GHP11 and KE112 bear the 16-kb V-containing EcoRI fragment 
and GHP11 shares with GHP53 a 1.2-kb EcoRI fragment. This was shown by a 
Southern blotting experiment using the nick-translated 1.2-kb fragment from 
GHP 11 as a probe (Fig. 3). The  probe hybridized to a lesser extent with other 
fragments of other clones derived from different regions of our linkage map. 
This is due to sequence homologies in the flanking regions of related V genes. 
C l o n e  GH21 and GH 13 includes a V gene-containing a 6-kb fragment and four 
other fragments at 1.3, 3.4, 1.1, and 0.8 kb. The 1.3-kb and 0.8-kb fragments 
must have been created from the EcoRI* site by joining with the phage arms 
because they could not be detected in EcoRI partial clones. The 1.3-kb fragment 
of clone GH21 and GH13 overlaps with clone KE112 because the n u c l e o t i d e  
sequence around the common EcoRI site was completely i d e n t i c a l .  

C l o n e  GHP25 also bears a 6-kb, V-containing fragment and two other frag- 
ments of  2.5 kb and 5.8 kb. Clone GHP34 contains this 5.8-kb fragment a n d  
another 9.5-kb fragment carrying a V gene. This was shown by 5.8-kb hetero- 
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FmURE 3. Detection of overlapping clones by Southern blot hybridization. (A) 0.5 t~g phage 
DNA was digested with EcoRl electrophoresed on a 1% agarose gel and stained with ethidium 
bromide (1 #g/ml). (B) DNA fragments were blotted to a nitrocellulose membrane filter and 
hybridized with a nick-translated 1.2-kb large EcoRI fragment isolated from clone GHPI 1 
and indicated in Fig. 2 by a shaded box. 

duplexes formed between both clones. 
R-loop analysis shows that clone GHP19 carries two V genes located 7 kb from 

each other. These genes are carried on 8.5-kb and 9.5-kb EcoRI fragments. 
Clone GHP67 bears the 8.5-kb, V-containing EcoRI fragment and another 
fragment of 7 kb. 

As mentioned above the distance between the "6-kb Vr" and the "9.5-kb Vr" 
is 21 kb, the longest among the five spacers in this gene cluster. To exclude the 
possibility that another cross-hybridizable V gene is located between these two 
Vr-21 genes, we performed a series of Southern blotting experiments under low 
stringency conditions (32) using 5D10 as a probe and found none (38). 

It was previously shown by R-loop analysis that clone 13A6 carries two V 
genes, located 12 kb from each other on an 18-kb EcoRI fragment (3). Clone 
GH6 contains a 2.4-kb fragment and two Southern positive fragments at 2.6 kb 
and >4 kb, the last of which is connected with a short phage arm. R-loop mapping 
showed that both V genes are 6 kb apart. The V gene encoded by the >4-kb 
fragment corresponds to the 3' V gene of clone 13A6, as shown by restriction 
mapping and Southern blotting. Clone GHP3 bears the 2.6-kb V-containing 
EcoRI fragment and two other fragments of 2.4 and 10 kb. Their order was 
determined by restriction enzyme analysis. Thus, the second cluster extends over 
30 kb of chromosomal DNA and contains three V~-21 genes in the same 
transcriptional orientation (Fig. 2). 

Clone GHP56 bears the 1.6-kb V-containing EcoRI fragment and three other 
fragments of 1.8 kb, 5.0 kb, and 5.3 kb. The order of these fragments was 
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determined by restriction mapping. This is a third "cluster" with only one Vg-21 
gene segment. 

Determination of the Relative Order of Vx-21 Gene Clusters. To determine the 
relative order of  the VK-21 gene clusters, we performed a series of Southern 
blotting experiments with EcoRI-digested DNA from BALB/c embryo DNA and 
from two variant lines of myeloma MPC 11: MPC 11 LF and MPC 11 LF+L. Both 
MPC11 variants have one abnormally rearranged "9.5 kb VK" (39, 40). On the 
other homologue MPCl l  LF+L has a normally rearranged MPCl l  V gene 
(belongs to Vx-19 group) and as a consequence the entire V~-21 group V genes 
are deleted. The other variant of  MPC11, MPC11 LF, has lost this homologue 
altogether. We subjected the digested DNA to prolonged electrophoretic sepa- 
ration and analyzed it using the whole 5D10 plasmid as a probe under washing 
conditions of low stringency. Under  these hybridization conditions, we could 
detect three additional bands at a size of  1.8, 2.3, and 2.5 kb in the BALB/c 
embryo DNA digests (Fig. 4) that were not apparent in previous experiments 
performed under hybridization conditions of  higher stringency (Fig. 1 and other 
data not shown). The 9.5-, 8.5-, 2.6-, and 18-kb Southern-positive bands were 
not detectable in the DNA digest of  the two MPC 11 variants, but the 1.5-, 1.6-, 
4-, 6-, 16-, and 17-kb fragments were detectable. (In Fig. 4, the faint bands in 
the MPC11 digests are due to DNA from non-MPC11 cells contaminating the 
solid tumor). The 17-kb band, which contains two unresolved fragments, encodes 
the normally and abnormally rearranged V gene and the C gene (26). These 
results led to three conclusions. First, the order of the Vx-21 genes in the 90-kb 
cluster is consistent with the deletion pattern. Second, the "1.6-kb V~" is probably 
located to the 5' side of the 90-kb cluster. Third, the 30-kb cluster as well as the 

FIGURE 4. Southern blot analysis of MPCl l and BALB/c embryo DNA. (A) 1 0 # g o f M P C l l  
L+LF, MPC11 LF, and BALB]c embryo DNA were digested to completion with EcoRI, 
fractionated on a 1% agarose gel by electrophoresis, transferred to a nitrocellulose membrane 
filter, and hybridized with 5 x l0 ~ cpm of nick-translated 5D10 probe. Sizes of  the V-gene- 
containing fragments are indicated in kilo bases (kb). (B) 10 #g MPC11 L+LF and BALB/c 
embryo DNA were digested with EcoRI and separated on a 0.8% agarose gel over a longer 
distance. The transfer of the DNA fragments and the hybridization with the probe was 
performed as in A. Fragment size is indicated in kilo bases (kb). 
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"1.8 VK', "2.3 VK", and "2.5 kb Vr" are located to the 3'  side of  the 90-kb V 
gene cluster. 

The Germ Line V Genes of the Vr-21 Group. Fig. 7 shows the nucleotide 
sequences o f  five cloned VK genes. T h e  "9.5-kb Vr" and the "16-kb VK" showed 
the greatest  homology to the cDNA of  MOPC321 and the rea r ranged  V+C gene 
o f  MOPC321 o f  clone Ig25x (3). Ig25x could form well-associated heteroduplexes  
with only KE5e (9.5 kb, Fig. 1 B) and KE112 (16 kb, Fig. 1 B). T h e  beteroduplexes  
were Y-shaped and the homology ex tended  f rom the 5 '  EcoRI end to a position 
corresponding to the 3 '  end o f  the VK sequences (C. Brack, unpublished results). 
Restriction-map analysis o f  the three  clones gave fu r the r  indication that one  o f  
the two embryo  clones contains the germ line V gene segment for  MOPC321.  
Clones Ig25r,  KE5e, and KM23 contain one BamHI site in their  V-coding part  
which is absent in KE112 (Fig. 5, A and B). Thus,  the "9.5-kb VK" was the best 
candidate for  the germ line V gene for  MOPC321.  This  notion was conf i rmed 
by nucleotide sequencing o f  clone KE5e and KM23 using the sequencing strategy 
indicated in Fig. 5 A. T h e  protein sequence encoded  by the sequenced V genes 
is exactly the same as those o f  five myeloma K chains o f  subgroup C in the amino 
terminal 95 residues (la in Fig. 6). T h e  sequence o f  this "9.5-kb Vr" is different  
f rom the cDNA sequence o f  MOPC321 (O. Bernard,  unpublished results) in 
amino acid positions 27 (Lys instead of  Glu), 27D (Thr instead of Ser), and 60 (G 
instead of  C, with no amino acid change). T h e  sequencing data support  the view 
that the V region of  MOPC321 is encoded by a gene that is der ived by somatic 
mutat ion f rom the germ line "9.5-kb Vr". 

Amino acid sequence data showed that subgroup B and subgroup C are over  
94% homologous  (41). Since the 9.5-kb and 16-kb fragments are very highly 

A B C 

D E 

1008P IOOBP 

FIGURE 5. Sequencing strategy for five different Vr-21 type V genes. The restriction sites 
for KM23 and KE5e were identical and the nucleotide sequence was determined in the same 
way for both clones. The exon that encodes most of the leader peptide and the other exon 
that encodes the other part of the signal peptide and the V region are indicated by an open 
box. Horizontal arrows indicate the direction and extent of the determined nucleotide 
sequence. The restriction sites in the five different clones were determined by single or double 
digestions. Restriction endonucleases are abbreviated as follows: A, AccI; B, BamHI; C, BstNI; 
D, DdeI; E, EcoRI; F, Avail; G, BglII; H, HinfI; I, HphI; K, KpnI; L, HaeIII; M, HpaI; N, 
Sau3AI; P, PstI; S, Sau96I; V, PvuI. 5A: KE5e, KM23; 5B: KE112; 5C: GHP53; 5D: GHP56; 
5E: 5' 13A6. 
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homologous, it seemed likely that the "16-kb VK" encodes a member or members 
of subgroup B. In Fig. 6 (lb), this is shown to be the case: the nucleotide sequence 
corresponds exactly to the amino acid sequences of seven K chains of subgroup 
B. 

The "l.5-kb VK" shows less homology to the cDNA of MOPC321 in the 
Southern blot experiments and the mRNA of MOPC321 in the R-loop experi- 
ments. The nucleotide sequence indicates that this V gene segment encodes the 
V regions of myeloma proteins 6684 and 7175, which belong to subgroup E 
(Fig. 6, lc). 

The nucleotide sequence of the "l.6-kb VK" is very homologous to that of  the 
"1.5-kb VK". This was shown by heteroduplex analysis and confirmed by nucleo- 
tide sequencing (the sequencing strategy is indicated in Fig. 5D). The protein 
sequence encoded by this gene does not correspond to any of  the known VK-21 

chains, but it shows high homology to the V region 2154 K chain (Fig. 6, 2a). 
This myeloma does not define an independent VK-21 subgroup because no other 
closely related sequence is known to date. It is likely that the sequence for this 
myeloma protein represents a variant of  the protein sequence encoded by the 
"l.6-kb VK'. 

The amino acid sequence encoded by the "5' 18-kb VK" (Fig. 6, 2b) corresponds 
to none of the known protein sequences. It shows similarities to the recurring 
sequence of subgroup D, but also differences. This germ line gene segment 
probably encodes a new subgroup. 

Discussion 
Genes for VK-21 Variable Regions. The V regions of more than 80 myeloma x 

chains of BALB/c and NZB origins have been classified into 49 different groups 
based on the amino acid sequence of the amino terminal 23 residues. Of  these 
about 30, belonging to the Vx-21 group, have been completely sequenced and 
classified into seven subgroups based on the entire V region sequence. Members 
of the VK-21 group are closely homologous by amino acid sequence and nucleic 
acid hybridization (41, 42). Using a probe for a given Vx-21 subgroup i.e. V~- 
21C (MOPC 321) we should detect all genes coding for the VK-21 group. Indeed, 
EcoRI-digested embryo DNA exhibited 12 Southern positive bands with the 
MOPC321 cDNA probe (Fig. 4). We isolated several independent clones from 
the nine most strongly hybridizing of these bands. We did not try to clone the 
three weakly hybridizing fragments, but nevertheless one was found in a clone 
library. The analysis of  multiple clones isolated from a single band indicated that 
in all cases one band represents an EcoRI fragment of a single size. All fragments 
contained one V~ sequence, except the 18 kb, which encoded two. Thus, we 
have identified 13 gene segments homologous to MOPC321. This value is 
substantially higher than that determined by saturation-hybridization experi- 
ments (4-6 germ line genes [42]) or the number predicted based on the amino 
acid sequence analysis (7 genes for 7 subgroups [21 ]). The number of known 
subgroups is not exhaustive and further amino-acid sequencing might reveal new 
subgroups. On the other hand, numerous examples for inactive genes or pseu- 
dogenes have been reported in mouse and human heavy-chain V genes as well 
as in other gene families (11, 12, 43, 44). It is possible that one of our gene 
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segments, the "4-kb Vx," contains an inactive V gene, because this gene seems to 
be split atypically in the mid region. Further nucleotide sequence analysis might 
show that more VK-21 genes are inactive similar to VH genes. Furthermore, as 
already shown for the Al system, saturation hybridization does not allow an exact 
determination of  the gene number (45). In view of  the above consideration, the 
correlation of subgroups as defined by Potter (19) with germ line V genes seems 
to hold well in the Vx-21 group. This correlation was previously suggested by 
the analysis of  the hl system. 

V-region Sequences Arise by Somatic Mutation. The amino acid sequence varia- 
bility within one VK-21 subgroup is similar to the variability previously observed 
in the V regions of ~,1 chains (8, 9). For instance, in subgroup C, at least five 
independently induced myelomas, T 111, A 17, 3741, 2242, and 10916 produce 
K chains with identical V regions. At least four other myelomas including 
MOPC321, also independently induced, were shown to synthesize ~ chains with 
V regions that differ from each other and from the first type by two or more 
residues, mostly but not exclusively localized in the three CDR regions. We will 
refer to the former, recurring type V region, as the prototype and the latter 
uniquely occurring type V regions as variants. 

In A! chains, it was previously demonstrated that the prototype V region is 
encoded by the germ line V gene segment and the variant V regions are encoded 
by the genes that arose in lymphocyte clones by introduction of somatic mutations 
in the germ line V gene segment (2, 8, 10). The present study extends this 
concept to VK-21 chains. Heteroduplex and restriction enzyme analysis indicated 
that the "9.5-kb VK" is the germ line counterpart of  the rearranged K gene active 
in myeloma MOPC321 belonging to subgroup C of  the Vx-21 group. However, 
the nucleotide sequence of  two independent isolated "9.5-kb V~" differ from 
that of  the corresponding region of  MOPC321 cDNA in three nucleotides, one 
each in codons for residues 27, 27D, and 60 (O. Bernard, unpublished results). 
On the other hand, the germ line "9.5-kb VK" sequence corresponds exactly to 
the amino-acid sequence of the prototype V region of subgroup C (Fig. 6, la). 
This result indicates that the V gene of  MOPC321 arises by somatic mutation 
from the germ line "9.5-kb Vx". 

The  amino acid sequence homology between subgroups B and C prototype 
sequences is >95% (41). Our analysis of  the 9.5-kb clone and the 16-kb clone 
showed that the two are highly homologous. Therefore,  it is likely that the 16- 
kb clone encodes the prototype sequence of  subgroup B. The nucleotide sequence 
of the "16-kb VK" proved the validity of this assumption (Fig. 6, lb). It encodes 
the V region of seven identical but independently isolated myeloma ~ chains 
from BALB/c and NZB mice. The other x chains of this subgroup would be 
encoded by somatic variants of  this germ line V gene. 

The third example of the correlation between a germ line V gene and a 
prototype V region can be seen with "l.5-kb Vx" and subgroup E. Again the 
nucleotide sequence of this germ line gene corresponds exactly to the amino acid 
sequences of  two independently induced myelomas, 7175 and 6684. In addition 
to the two prototype V regions at least three variant V regions are known for 
subgroup E (Fig. 6, lc). 

The prototype sequences of subgroups E and F are about as homologous to 
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each other as are those of the subgroups B and C (41). Since the nucleotide 
sequence of "l.5-kb VK" (which encodes subgroup E) and "l.6-kb VK" are also 
very homologous, we expected the V gene of the latter clone to encode subgroup 
F. However, the nucleotide sequence of the "l.6-kb VK" did not correspond to 
the protein sequences of subgroup F or of any other known VK-21 V regions. 
Nevertheless, the protein sequence predicted from this germ line V gene is very 
similar to the V region of the NZB myeioma 2154. It differs from it in framework 
amino-acid residues 5, 12, 84, and 86 as well as in the first hypervariable region 
in residue 29, but it shares characteristic amino acids at residues 27, 49, 50, 92, 
and 94 (Fig. 6, 2a). We believe that "l.6-kb V~" is the germ line V gene from 
which the VK gene of myeloma 2154 arose by somatic mutations. 

The nucleotide sequence of  one of the 18-kb type V genes ("5' 18-kb VK 
gene") also does not encode any of the known VK-21 V regions. However, the 
protein sequence predicted by this germ line V gene contains several amino acid 
residues at defined positions that are characteristic for subgroup D (Fig. 6, 2b). 
Despite this, it is unlikely that the members of this subgroup arose from this 
germ line V gene by somatic mutation. There  exist two independently induced 
NZB myelomas, 7043 and 7183, that synthesize K chains with identical V regions 
that differ from the amino acid sequence predicted from the "5' 18-kb V gene'.  
Since it is unlikely that two K chains sharing exactly the same V region arise by 
somatic mutations from a common germ line V gene, 7043 and 7183 V regions 
define the subgroup D prototype sequence, for NZB at least. The V region of 
BALB/c myeloma C 101 shares the characteristic amino acids with the prototype 
V-region of subgroup D at residues 22, 24, 34, and 36. On the other hand, all 
three differ from the "5' 18-kb" residues in the same positions (Fig. 6, 2b). 
Perhaps the subgroup defined by the "5' 18-kb V gene" has not yet been 
discovered, or perhaps this V gene is not expressed. 

In summary, the results show that the three sequenced germ line V genes of 
the 9.5-kb, 16-kb, and 1.5-kb types encode the prototype sequences of subgroups 
VK-21C, V~-21B, and VK-21E. All other protein sequences in these three 
subgroups differ by one or two base pair changes from these three germ line 
genes. Somatic mutation is not restricted to the hypervariable regions; it also 
occurs in the framework regions. The generation of different V regions by 
somatic mutation also occurs in the ~ V regions as well as in the heavy chain V 
regions (46). Transitions and transversions occur with approximately equal 
frequency. Among the transitions, purine exchanges are three times more 
frequent than pyrimidine exchanges, and among transversions, purine to pyrim- 
idine transitions are seven times more frequent than those in the opposite 
direction. These statistics more likely reflect idiosyncrasies of the DNA repair 
enzymes involved in the mutation process than the mutant selection process. 

V Genes for VK-21 Are Linked in the Genome. Although the linkage arrangement 
of heavy-chain constant-region immunoglobulin genes has been determined (31, 
47), and limited data are available on how VH gep.es are organized (11, 12, 22), 
there is no data in the literature on the arrangement of Vx genes. We attempted 
to determine the arrangement of the germ line V genes for the VK-21 group by 
molecular cloning of overlapping fragments. These fragments were shown to 
define regions of 90 kb and 30 kb, containing six and three V genes, respectively. 
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The linkage arrangement supports our contentions that most of  the Southern- 
positive bands contain a DNA fragment of one size and that the VK-21 group is 
probably encoded by not more than 13 germ line V genes. 

The nucleotide sequences of two partially overlapping EcoRI and EcoRI* 
clones containing the "4-kb VK" and the "l.5-kb VK', respectively, revealed six 
differences in a stretch of 130 base pairs. Nevertheless, we placed the latter 
immediately 5' to the former. These sequence differences can best be explained 
by a lack of  inbreeding or by substrain differences; the two EcoRI libraries were 
constructed from different BALB/c embryo DNA preparations. The fact that 
we could isolate only one 4-kb clone type out of more than 80 EcoRI partial 
clones indirectly supports the gene linkage. Also, our linkage map shows that at 
the 5' and 3' ends of  the 4-kb-type V gene are two large EcoRI fragments that 
cannot be cloned together with this V gene in phage Charon 4A. 

It has been suggested that rearrangement of V genes leads to the deletion of 
DNA that is located at the 3' side of the rearranged V gene and the 5' side of 
the rearranged J segment (33, 40). The Southern gel blot analysis of  the two 
variant cell lines of MPC11, MPC11 L+LF, and MPCl l  LF provided some 
supporting evidence for the order of the various VK-21 genes in the 90-kb cluster 
and, in addition, allowed us to produce the tentative order of V~-21 genes. 
According to these results, the probable order is, from 5' to 3', "l.6-kb VK", 
"l.5-kb VK", "4.0-kb V~", "16-kb VK", "6.0-kb VK", "9.5-kb VK", and "8.5-kb VK". 
In addition, the data suggests that the 30-kb cluster containing "5' 18-kb V~", 
"3' 18-kb V~", and "2.6-kb VK" is located further downstream (i.e., 3' side). "2.5- 
kb VK", "2.3-kb VK", and "l.8-kb V~" also appear to be located further down- 
stream. We believe that the "18-kb V~" are at some distance from the "8.5-kb 
VK gene" because none of our EcoRI* clones containing the latter V gene 
overlapped with the 18-kb clone. Perhaps the "l.8-kb V~", "2.3-kb Vg", and/or  
"2.5-kb V~" are located between the 90-kb and 30-kb V gene clusters. 

Sequence Comparison of Germ Line V Genes. Comparison of the nucleotide 
sequences of the five germ line V genes reveals several common features (Fig. 
7). All V regions are encoded by two exons that are separated by an intron. One 
exon encodes the majority of the leader peptide, while the other encodes the 
rest of  the leader peptide and the variable region. In all V regions of heavy and 
light chains sequenced to date, the leader peptide is interrupted by an intron at 
amino acid position -4 .  The introns of the five sequenced VK genes are all - 240  
base pairs long. However, the intron of the 18-kb clone is 12 base pairs shorter. 
In the relevant area (see Fig. 7) there are two short, direct repeats of  the sequence 
AAGG separated by 12 bases. The deletion removes one of the repeats entirely 
but not the other. A similar small repeated sequence borders the deletions in 
introns of heavy-chain variable regions and ~-like globin (11, 48). As proposed 
by Farabaugh et al. (49), these short, direct repeats probably promote deletions 
by a slippage mispairing during DNA replication. 

We compared the nucleotide sequence of the Vg-21 germ line genes with each 
other and calculated the percentage of silent and replacement substitutions 
according to the procedures of  Lomedico et ai. (50). Table I shows the results 
of  these calculations from which several conclusions can be drawn. First, the 
nucleotide sequence of the leader exon is highly preserved; only two silent 



FIGURE 7. Nucleotide sequence of germ line VK-21 regions. The  nucleotide sequences were 
determined by the method of Maxam and Gilbert. The  sequence of the 9.5-kb clone type V 
gene was used as a reference sequence for comparison with the others. A dash (--) indicates 
sequence identity with the 9.5-kb clone type V gene. Amino acids translated from the 
nucleotide sequence are numbered from the beginning of the mature light chain according to 
the nomenclature of  Kabat et al. (58). The  order  of the amino acid sequences corresponds to 
the order  of the nucleotide sequence, beginning with the amino acid sequence for the 9.5-kb 
type V gene. The  intron begins with the nucleotides G T  and ends with AG so that the first 
nucleotide of the glycin codon is encoded by a different exon from the second and third 
nucleotides. The  framework regions and hypervariable regions are separated by vertical lines. 
The  recognition sequences involved in V-J joining are underlined. Short, direct repeats which 
promote deletions are colored gray. Insertions are indicated by arrows. 
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Compared nu- 
cleotide se- 

quences 

9.5 x 16 
9.5 x 18 
9.5 x 1.6 
9.5 × 1.5 
16 x 18 
16 x 1.6 
16 x 1.5 
18 X 1.6 
18 x 1.5 

TABLE I 
Comparison of Germ Line V~-21 Nucleotide Sequences 

Leader FR 1 
Intron 

s r s r 

0 0 3 + 1  0 23=2 
0 33=3 2 3 ± 3  2 0 ± 1 0  23=2 
0 0 233=3 5 0 + 1 6  83=4 

163=1210 2t3=3 453=15 0 
i 

0 3 ± 3  233=3 303=12 33=2 
0 0 233=3 553=16 23=2 

1 6 ± 1 2  0 203=3 5 0 ± 1 6  23=2 
0 33=3 3 3 ± 4  603=17 3 + 2  

163=12 33=3 283=4 603=17 23=2 

CDR 1 FR2 CDR2 

s r s r s r 

0 0 0 0 0 6 + 6  
363=18 1 8 ± 7  93=9 33=3 0 133=9 
363=18 2 4 + 8 [ 9 3 = 9  63=4 0 1 3 + 9  
$63=18 213=8 93=9 ' .0  0 63=6 
363=18 183=7 9 ± 9  33=3 0 133=9 
273=15 2 7 + 9  93=9 63=4 0 1 3 + 9  
363=18 213=8 93=9 0 0 0 
2 7 ± 1 5  303=9 0 93=5 0 133=9 
3 6 ± 1 8  273=9 0 33=3 0 133=9 

FR$ CDR3 

s r s r 

4:t:4 3:t:2 0 73=7 
43=4 10-1-4 0 73=7 
8:t:6 133=4 0 2 7 ± 1 3  
43=4 113=4 0 2 0 ± 1 2  
4 + 4  1 0 + 4  0 133=9 

1 3 ± 7  83=3 0 473=18 
83=6 7 + 3  0 4 0 + 1 6  
84-6  33=2 0 4 0 + 1 6  
43=4 I ± 1  0 3 3 ± 1 5  

1 . 5 x l . 6  1 6 + 1 2  0 53=1 5 ± 5  0 0 63=410  : 6 + 4  0 153=9 43=4 13=I 0 133=9 

The nucleotide sequence of all determined VK-21 germ line sequences were compared with each other. Each change was classified as a 
replacement substitution (r) if it changed the amino acid, or as a silent substitution (s). The division of the observed number of silent changes 
by the number of silent sites (25% of total number of sites in the different leader, intron, framework, and hypervariable regions) yields the 
number of silent changes indicated in %. Replacement substitutions have been calculated as the observed number of replacement sites (75% of 
the total number of sites in the different parts of the V region). Each group in the intron sequence was scored as one change. The errors shown 
are the Poisson standard deviations. 

T A B L E  I I  

Comparison of VK-21 Germ Line Nucleotide Sequences with Other Germ Line Vx Sequences 

C o m p a r e d  
n u c l e o t i d e  L e a d e r  I n t r o n  F R 1  C D R I  F R 2  C D R 2  F R 3  C D R 3  
s e q u e n c e s  

9 . 5 x M 4 1  3 3  3= 16  - -  7 0  3= 1 9  9 7  3= 3 4  5 3 3 = 2 2  5 7  3= 3 3  4 2 3 = 1 3  2 0  3= 2 0  

9 . 5 x M 1 4 9  - -  - -  7 0 ± 1 9  7 3 ± 3 0  5 3  3= 2 2  0 5 8  3= 16 2 0  3= 2 0  

9 . 5 × M 1 6 7  4 9  3= 2 0  - -  7 0  3= 19 8 0  3= 3 6  5 3  3= 2 2  5 7  3= 3 3  5 0 ±  14  4 0  3= 2 8  

1 8 × M 4 1  16  3= 12 - -  5 5  3= 17 9 7  3= 3 4  6 2  3= 2 4  5 7 ± 3 3  4 2  3= 13 2 0  3= 2 0  

1 8 x M 1 4 9  - -  - -  7 5  3= 19  7 3  3= 3 0  4 4  3= 2 0  0 5 8  3= 16  2 0  3= 2 0  

1 8 x M 1 6 7  7 3 3 = 2 4  - -  6 0 3 =  17 71 _ + 2 5  6 2 3 = 2 4  3 8 ± 2 7  5 8 3 =  16  4 0 3 = 2 8  

1 . 5 x M 4 1  3 3  3= 16 - -  5 5  3= 17 9 7  3= 3 4  6 2  3= 2 4  5 7  3= 3 3  4 6  3= 14 4 0  3= 2 8  

1 . 5 x M 1 4 9  - -  - -  4 5  3= 15 8 5  3= 3 2  4 4  3= 2 0  0 6 3  3= 16  4 0 + 2 8  

1 . 5 x M 1 6 7  8 2  3= 2 6  - -  6 0  3= 17 71 3= 2 5  5 3  3= 2 2  5 7  3= 3 3  5 4  3= 15 4 0  3= 2 8  

M 4 1 X M 1 4 9  - -  - -  2 5 3 = 1 1  6 1 + 2 7  4 4 3 = 2 0  7 6 3 = 3 8  3 3 3 = 1 2  2 0 3 = 2 0  

M 4 1 x M 1 6 7  3 3 + 1 6  - -  4 0  3= 14  7 3  3= 3 0  1 8 + 1 6  9 5 ± 4 3  6 3 + 1 6  2 0 + 2 0  

M 1 4 9 X M I 6 7  - -  - -  6 0  3= 17 61 3= 2 7  5 3  3= 2 2  3 8  3= 2 7  5 4  3= 15 0 

S i l en t  s u b s t i t u t i o n s  w e r e  c a l c u l a t e d  as  d e s c r i b e d  in  T a b l e  I a n d  a r e  i n d i c a t e d  in  %. T h e  n u c l e o t i d e  
s e q u e n c e  o f  t h e  g e r m  l ine  VK s e q u e n c e s  o f  M O P C I 4 9  ( V r - 1 3 )  w a s  d e t e r m i n e d  b y  S e i d m a n  e t  al .  
(57) ,  o f  M O P C 4 1  (V•-9) b y  S e i d m a n  e t  al .  (4), a n d  M O P C 1 6 7  ( V r - 2 4 )  b y  S e l s i n g  a n d  S t o r b  (15) .  

mutations and one replacement mutation are observed (Fig. 7 and Table I). 
Secondly, the similarity of  the "l.5-kb VK" to the "l.6-kb VK" and the "9.5-kb 
VK" to the "1 fi-kb Vx" suggests that these genes arose by recent gene duplications. 
Third, replacement substitutions are generally more frequent in the CDR regions 
than in framework regions. Finally, silent substitutions are significantly more 
frequent in the intron, FR 1, and CDR 1 than in the rest of  the V gene subregions. 
As shown in Table II, this unequal distribution of  silent substitutions is not 
observed when two germ line V genes belonging to two different VK groups are 
compared. The unequal distribution of  silent substitutions cannot result from 
selection since they are neutral at the protein level. This phenomenon might be 
attributed either to correction mechanisms such as gene conversion (51-54) or  
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to homologous but unequal crossing over (55). Although we cannot exclude the 
possibility of gene conversion, several facts suggest that the homology among 
the VK-21 genes within the BALB/c mouse is due to unequal crossing over: First, 
the flanking regions of these genes exhibit extensive sequence homology. Second, 
unequal crossing over changes the number of V genes and leads to their 
rearrangement. Such rearrangement of VK-21 genes can be found in different 
mouse strains (M. Weigert, personal communication). The distribution of silent 
substitutions in the VK-21 genes implies that the presumed unequal crossing over 
occurred between CDR 1 and FR2 and was followed by expansion of the VK-21 
gene pool. The conclusion can be drawn that unequal crossing over is responsible 
for the segmental homologies among linked VK-21 genes encoding a group of V 
regions as it was shown for the a globulin genes in humans (56). 

Summary  

Using a cloned cDNA of a mouse immunoglobulin ~ light chain synthesized in 
a myeloma MOPC321 (VK-21 subgroup C) as a probe we could detect 13 germ 
line V~ gene segments. 11 of these were isolated. Using a set of overlapping 
cloned segments, we showed that nine of these germ line VK genes are arranged 
in two linkage clusters and that they all have the same transcriptional orientation 
(11, 12, 22). These two clusters occupy 90 and 30 kb of chromosomal DNA and 
contain six and three VK's, respectively. We determined the complete nucleotide 
sequences of five germ line V~'s and showed that three of them encode the 
prototype sequence of Vx-21 subgroups B, C, and E. None of these five germ 
line VK's encodes the variant amino acid sequences of known V~-21 subgroups. 
We thus conclude that, as in the ~ light chains, the variant V regions are encoded 
by gene segments derived by a few somatic mutations from the corresponding 
germ line DNA. Such somatic mutations are not restricted to sequences encoding 
the hypervariable regions; they also occur in sequences encoding framework 
regions. 
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