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ABSTRACT
We have determined the complete nucleotide sequence (1990 base pairs) of

mouse immknoglobulin 12a gene, and compared it with the sequences of other I

subclass genes so far sequenced, i.e. II and 12b genes. Divergence of the
nucleotide sequences betveen a compared pair of the I genes varies extensively
among different segments of the gene. For example, comparison of the 72a and 12b
genes has revealed a remarkable homology in a long continuous segment (about 900
bases) that covers from the 3' portion of the first intervening sequence to the
third intervening sequence. However, there is no particular segment of the I

gene that is conserved universally among the three 7 genes. Tnese findings
suggest that, during their evolution, segments of the I genes had been scrambled
between different subclass genes through recombinations within intervening
sequences, thus providing further evidence for the intervening sequence-mediated
domain transfer hypothesis. We have discussed several possible phylogenic trees
which can explain the difference of divergence in various segments of the I
genes.

INTRODUCTION

Gene duplication has been proposed to be a driving force for gene evolution

in higher organisms (29). Recent studies on the cloned genes have clearly
demontrated examples of gene duplication in various multi-gene families such as

a andi globin, ovalbumin, amylase, imnunoglobulin heavy (H) ckrain, interferon,
chorion and vitellogenin genes (13, 17-19, 21, 26, 31, 33, 40). In case of immu-

noglobulin H chain genes, both variable (V) and constant (C) region genes have

been derived by duplication of respective ancestral genes, evolving a family of

VH genes and eight classes and subclasses of C,. genes in mouse. Similar

VH genes, which are probably derived by more recent duplication, are shown to be

clustered (16, Kataoka et al., in preparation). Molecular cloning experiments of

mouse CH genes (20, 27, 33) have demonstrated that organization of mouse CH gene

is 5'-VH genes-(unknown distance)-JH-(6.5 kb)-CMr(4.5 kb)-CS-(unknown
distance)-C13-(34 kb)-Cl1-(21 kb)-C'2b-(15 kb)C'2a-(14.5 kb)Cg-(12.5
kb)-Ca-3'. The results also indicate that more related genes such as I subclass

genes (1, 7-9, 30, 41) are clustered.
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Cloning and nucleotide sequence determination of mouse imnunoglobulin

CH genes (2, 6, 12, i4, 15, 32, 39, 42) have clearly demonstrated that all the

CH genes are interrupted by intervening sequences (IVSs) at the junction of the

domains and the hinge region, which constitute the functional and structural

units of the H chain protein. These studies indicate that the IVS was introduced

into CH genes probably during duplication of ancestral DNA segment encoding a

domain to establish a multi-domain structure of the prototype CH gene (6, 14,

32).

Comparison of the nucleotide sequences of the 11 and 12b genes has revealed

a remarkable homology region containing the entire CHI coding region and about

the 5' half of the IVS located at the 3' side of the CHI domain (23). These

results suggest that, during the t1 and 72b gene evolution, a double unequal

crossing-over event has taken place in the IVSs, resulting in the transfer of

the DNA segment coding for the CHI domain. Amino acid sequence comparison of the

I1, 12a and 12b chains also suggested a similar domain transfer between the 72a

and 12b genes. We have proposed that such an IVS-mediated domain transfer event

may have played a significant role in the evolution of many other eukaryote

genes. IVS-mediated domain transfer was recently found in globin genes as well

(Miyata, Nishida and Hayasnida, in preparation; 35).

To test the above possibility we have determined the complete nucleotide

sequence of the mouse 72a gene and compared it with those of other immunoglobu-

lin genes, i.e. 'TI (12), 12b (42) and (15) genes. These results provide

further evidence for IVS-mediated domain transfer among these I subclass genes.

MATERIALS AND METHODS

Preparation of DNA and Nucleotide Sequence Determination

Ch-M-Ig72a-9 (33) was digested with Eco RI and ligated with pBR322 DNA

which had been digested with Eco RI and treated with bacterial alkaline

phosphatase. The ligated DNA was then used to transform an E.coli strain LE392

in a P3 facility. Transformants which contain the structural sequence of the 12a

gene were screened using a nick-translated 72b gene fragment as probe (28).

Plasmid DNA was prepared as described (3). DNA sequencing was carried out

according to the Maxam and Gilbert (22).

Alignment of Nucleotide Sequence and Calculation of Divergence

Nucleotide sequences of three I subclass genes were aligned using a com-

puter program (23). Alignment was done first between the 12a and 12b genes which

are the most homologous pair among the three genes, and then the Y1 gene
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sequence was aligned to the paired sequences. The extent of the nucleotide

sequence divergence was calculated for each functional or structural unit as

described (23-25). Divergences or sequence difference is defined as the number

of sites which differ between aligned sequences relative to the total number of

sites compared. The divergence of the noncoding region (Kn) was calculated by

comparison of every nucleotide of the aligned sequences. Since lengths of non-

coding regions vary considerably, gaps are introduced to maximize homology.

Given no routine procedures in treating gaps, it might be appropriate to esti-

mate the Kn value by two different approaches: in Method I gaps are excluded

from comparison and in Method II a gap is considered as a substitution,

Nucleotide positions consisting of more than 10 consecutive gaps are excluded

from comparion in both methods. Obviously Methods I and 1I would give values

correspoding to the lower and upper bounds, respectively, of the true Kn value.

Averages of values obtained by the two methods were used in the present study.

Divergence at amino acid-substituting sites (Ka) and at synonymous sites (Ks)

are evaluated separately for coding regions according to the methods described

previously (24).

Previously, we compared several mammalian gene sequences (25) and showed

that the evolutionary rate at the synonymous sites (Vs) is 5.1 X iO-9 per site

per year in average and is approximately constant among different genes within

relatively a short period of time. We have also proposed that this property is

suitable for a molecular clock to determine the evolutionary relationships and

branching order of closely related duplicated genes. Tne time since divergence

of duplicated genes (T) is estimated by the equation T - Ksc/2Vs where Ksc -

-(3/4)ln [ i - (4/3)Ks 1. The estimation of the divergence time is accurate only

for the recent events. We have set the upper limit of the meaningful value

arbitrarily at 75 million years, which is the approximate divergence time bet-

ween primates and rodents (25).

Materials

7-32P-ATP (spec. act. >500OCi/mmole) was purchased from New England Nuclear

(Boston, Massachusetts) and from Radiochemical centre (Amersham, U.K. ). Sources

of restriction endonucleases and other enzymes are as described previously
(14).

RESULTS

Sequencing Strategy

Mouse immunoglobulin '72a gene clone was previously isolated from a library
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of embryonic mouse DNA by screening with a 32P-labeled mouse t2b gene as probe

(33). The 3' Eco RI fragment (5.2 kb) of the clone called Ch*MIg'2a-9 was shown

to contain the structural sequence and subcloned into the plasmid vector pBR322

to obtain a large quantity of DNA.

The detailed restriction enzyme cleavage map was constructed by a conven-

tional procedure. The ranges and restriction sites used to determine the DNA

sequence of the 12a gene is shiown in Figure 1. Tne nucleotide sequence was

determined by the chemical modification method of Maxam and Gilbert (22). The

entire 1990 base pairs (bp) of DNA sequence determined includes, in addition to

thie coding sequences and IVSs, the 5' region (248 bp) flanking the CHI domain

and the 3' region (ii9 bp) flanking the poly(A) addition site. Thne nucleotide

sequences of the coding regions and the 3' untranslated region agree completely
with those determined for the 12a cDNA clone (34). The amino acid sequence

determined for the 12a chain protein of MOPC 173 (9) differs at 25 positions
from that predicted from the nucleotide sequences. Tne coincidence of the

nucleotide sequences determined independently in two different laboratories

suggest that these differences are not due to errors in nucleic acid

sequencing.

kilobases
0 5 10 15

N7v1C "IZ

hoig NtS2 IVS3 39UJT

* @ * - - _

o 5 10 15 20
z. . . . . . .

Figure 1. Diagram of Restriction Endonuclease Cleavage Sites of the 12a Gene
and Strategy for Sequencing

The top line represents the insert of the phage clone Ch4A-Ig-M-7'2a-9
(33). The 5.2 kb Eco RI fragment subcloned into pBR322 is magnified below. Wide
rectangles indicate the structural gene. Tne direction and range of the sequen-
ces read are indicated by horizontal arrows. (IVS) intervening sequence; (IJT)
untranslated sequence; (7) Eco RI site.
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Sequence and General Organization of the '2a Gene

The complete nucleotide sequence of the 12a gene is shown in Figure 2. The

sequence of the 12a gene reveals that functional units of protein domains and

the hinge region are separated by IVSs as shown in all the immunoglobulin heavy

chain genes thus far examined including mouse 'T1 (12), 12b (14, 39, 42), 1i
(2, 11, 15), a (6) and 8 (20) genes and also human U gene (37). The lengths of

homologous domains and IVSs are similar among I subclass genes as shown in

Table 1.

20 40 60 80 100

n GGATTCACTGCTCCCTTCTACCAGCACAGATATCTGAAACACACATAATACACAAATTCATACATAGAAAATATAATTCATGGAAAATTAAGATCAGGAT
100 ACACCATCAAGAGAGGGAAGGTGC TTACCC TGCCTGTC TCAAAGCAATTGAAGAAGACACAGTC T TTCGAGCAAAGCTAA6ACCAGAGCC TCTCCAAATA

A K T T A P S V Y P L A P V C G D
200 TCTGAGGCCACAGATAACAG^AAAAGCTCACACATCCTCC TCTCTTGCAGCCAAAACAACAGCCCC ATCGG6TC TATCCAC TGGCCCC r6TGTGTGGAGAT A

T T fi S S V T L G C L V K G Y F P E P V T L T W N S G S L S S G V H
300 CAACTGGC TCCTCGGTGACTC TAGGATGCCTfi6TCAAGGGTTAT TTCCCTGAGCCAGTGACCTTGACCTGGAACTCTGGATCCCTGTCCAGTGGTGTGCA

T F P A V L a s D L Y T L S S S V T V T S S T W P S 0 S I T C N V
4 00 CACC TTCCCA6C TGTCC TGCAGTCTGACC TCTACACCCTCAGCAGCTCAGTGAC TGTAACCTCGAGCACCTGGCCCAGCCAGTCCATCACC TGCAATGTG

A H P A S S T K V D K K 1
5 00 GCCCACCCGGC AAGCAGCACCAAGGTGGACAA6AAAATTGGTGAGGAAAACAA666fiA6TAGAGGTTCACAAGTGATTAGTCTAAGGCC TTAGCCTAGCT
600 AGACCAGCC^AAGATCAGCAGCCATCACCAAAAATGGGAACTTGGCCCAGAAGAGAAGGAGATACTGACThGG6ATTCCCTC TTGGAAACT TC TAAC TAT GA

700 CCACCT ACCTTCAAGG6TCATGATCCTC TAGGATAGATGTCCTTGTCATTTCCAGGATCATCCTGACC TAAGCCCATACCCAGG.GACAAAGTCCC TGG6TT T
E P R G P T I K P C P P C K C P

800 GGTGCCT TTTCTCCTTCAAACTTGAGTAACCCCC AGCCTTCTC TCTGC6AGACCCAGAGGGCCCACAATCAAGCCCTGTCC TCCATGCAAATGCC CAG6GT
900 AAGTCACTAGACCAGAGCTCCACCCGhGAGAATGGTAAGTGCTGTAAACATCCCTGCACTAGAGGATAAGCCATGTACAGATCCATT TCCATC TC TCC TC

A P N L L 6 G P S V F I F P P K I K D V L M- I S L S P I V T C V
1000 ATCAGCACCTAACCTCTTGGGTGGA^CCATCCGTCTTCATCTTCCCTCCAAAGATCAAGGiATGTAC TCATGATC TCCCTGAGCCCCAT AGTCACAT GTGT G

v v n v s F n D P n v 0 I s W F V N N V E V H T A 0 T 0 T H R E D
1 100 GTGGfTGGATGTGAGCGAGGATGACCCAGATGiTCCAGATCAGCTGGTTTGTGAACAACGTGG6AAGTACCACACACTCAGAC ACAAACCCATAGAGAGG AT T

Y N S T L R V V S A L P I 0 H 0 D W N S G K F F K C K V N N K D L P
1200 ACAACA6GTACTCTCCGGGTGGTCAGTGCCCTCCCCATCCAGCACCAGGAC TGGATGAGTGGCAAGGAGT TCAAATGCAAGGTCAACAACAAAGACC TCC C

A P I E R T I S K P K
1300 AGCGCCCATCGAGAGAACCATCTCAAAACCCAAAGGTGAGAGCTGCAGCC TGACTGCATGGGGG6CTGGGATGGGCATAAGGATAAAGGTCT6GTGTGGAC A

6 S V R A P 0 V Y V L P P P E E E M
1400 GCCTTCTGC TTCAGCCATGACCTTTGTGTATGTTTCTACCCTCACAGGGTCAGTAAGAGCTCCACAGGTATATGTCTTGCCTCCACCAGAAGAAGAGAT G

T K K 0 V T L T C M V T n F M P E n I Y v E W T N N fi K T F L N Y
1500 ACTAAGAAACAGGTCACTCT6ACCTGCATGGTCACAGACTTCATGCCTGAAGA^CATTTACGTGGAGTGGACCAACAACGG6AAAACAGAGCT AAACTrACA

K N T E P V L n s n G S Y F M Y s K L R V E K K N W V F R N S Y S C
1600 AGAACACTGiAACCAGTCCTGGACTCTGATGGTTC TTACTTCATGTACA6CAAGCTGAGiAGTGGAAAAGAAGAAC TGGGTGGMAAAAAATAGCT AC TCC TG

S V V H F fi L H N H H T T K S F S R T P fi K TE RM
1700 TTCAGTGGTCCACG6G66TCTGiCACAATCACCACACGACTAAGAGCTTCTCCCGGACTCCGGGTAAATGAG6CTCAGCACCCACAAAAC TCTCAGGTCCAA

*PoL_Y(A^)
1800 6AGAGACACCCACACTCATCTCCATGCTTCCCTTGTATAAATAAAGCACCCAGCAATGCCTGGGACCATGTAAAACTGTCCTGGT TAC T TTCCAAGfiTATA
1900 GAGCATAGCTCACAGGCTGiATATT TCTGGCCAG6GTTGGAGGA^CAGCCTTGTCTATAGAAGAGAATGAGGTT TTTGCAC TGCAGGACTC

Figure 2. Nucleotide Sequence of the Mouse 72a Gene
T'ne nucleotide sequence of the strand corresponding to the mRNA is

displayed 5' to 3' on the bottom row. The amino acid predicted by the nucleotide
sequence is shown abovre the coding sequence. (Term) refers to the termination
codon U}GA. [poly(A)l indicated the site of poly(A) addition (34). Aino acids
are expresoed by a one letter code as follows: (A) alanine; (C) cysteine; (D)
aspartic acid; (E) glutamic acid; (F) pbenylalanine; (G) glycine; (H) histidine;
(I) isoleucine; (K) lysine; (L) leucine; (M) methionine; (N) asparagine; (P )
proline; (Q) glutamine; (R) arginine; (S) serine; (T) threonine; (V) valine; (W)
tryptophan; (Y) tyrosine.
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Table 1. Lengths of Domains and IVSs of 7 Subclass Genes

Segments of Gene 71 12a 72b
(base pairs)

CHI 291 291 291
IVSl 356 310 316
Hinge 39 48 66
IVS2 98 107 107
CH2 321 330 330
IVS3 121 112 112
CH3 321 321 321
3' UT 93 103 103

Data of the 11 and 72b genes are taken from Honjo et al. (12) and
Yamawaki-Kataoka et al. (42), respectively. The lengths of the 3'
untranslated sequence of the 12b and 12a genes were determined by Tucker
et al. (38) and Sikorav et al. (34), resoectively. UT, untranslated
sequence.

Comparison of tihe Nucleotide Sequences of the 71, 12b and 12a Genes

We have compared the nucleotide sequences of three '7 subclass genes, 11,

V2b and 72a genes to see whether or not the divergence of the sequences varies

among different segments of the genes. Insomuch as the 72a and 12b genes a-re

similar to each other, the two genes were first aligned to maximize homology.

Then, the t1 gene sequence was aligned to the matched sequences using a computer

program described previously (23). The aligned sequences are shown in Figure 3.

The divergence of the coding region was calculated separately for synonymous

(Ks) and amino acid-substituting (Ka) sites as shown in Table 2. It should be

noted that nucleotide divergence at the synonymous sites of the coding regions

is free from the selective constraint operating at the protein level. The

divergence of the noncoding region (Kn) was calculated by comparing every

nucleotide position.

Tule divergence of nucleotide sequenices at amino acid-substituting sites is

roughly consistent with that evaluated by trhe comparison of tne amino acid

sequences (23). The nucleotide sequences coding for the CHI and CH2 domains are

more conserved than that for the CH3 domain between the 72a and 12b genes, while

the sequence coding for the CH'i domain is more conserved than thiose for the CH2

and CH3 domains between the 12a and 7i genes.

Tihe nucleotide divergence at the synonymous sites of the coding regions and

that in the noncoding regions were plotted against segments of the I genes in

Figure 4. When the 12a and 72b genes are compared, the segments of compared

sequences are classified into three groups on the basis of the extent of
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LC*

AIAAACA6CTTTTC6IA--CAICTAAIACC.----AGCCTCTCCAAATATCT6A66CCACA--GATAACA6AAACTCACACATCCTCCTCTCTT6C1ICAAAACAACA6
TCI C

TI---IAAITI AlICIICTTC T AIITIICCI CTITCT-ITCC CI:Tt-T A
- T C

1C 66 TC ---6A 6 TC Ai 6CCCC CTTCT A66 T 66 CC 6 CT6TC T-6TCC C 6TC-T -- T A T- T T- 6 C

A P S V Y P L A P V C C I T T 6 S S V T L6 6V. 1 6 Y F P E P V T L T A I SCCCCATC6STCTATCCACT66CCCCT6T6T6T66A6ATACAACT66CTCCTC66T6ACTCTA66AT6CCT6CAA666TTATTTCCCT6A6CCA6T6ACTT6ACCT66AACTCT66AT
A T C I CC T TI T
T SIC CT CCCA AA AT C6 C T

S S S6 V T F PP V L S D L Y T L S S S V T V T S T PS SI T C I V
CCC6TTCCAIT66T6T6CACACCTTCCCA6CT6TCCT6CA6TCT6ACCTCTACACCCTCA6CA6CTCA6TIACT6TAACCTCIA6CACCT66CCCA6CCA6TCCATCACCT6CAAT6TI6

CA C 6A TA 6 CC C T A T A 6 6C T
C T 6 CC C C TC 6 A 6 C T

A I P A S S T K V S K K AAAAIIAAAITC AATA AIC-ACCACTACACACAIA AC
CCCACCC66CAA6CA6CACCAA66T66ACAA6AAAAT 6T6A6---6ACAA6666A6TA6A66TTCACAAIT6ATTA6TCT-AA66CCTTA6CCTA6CTA6ACCA6CCAAGATCA6C
T AC C A C AG C TTC 6 6 A C A T 6 6A TA T A 6 C 6- 6

C AG C TAT - 6 6 T AA6 6 6 C C A 6C A A 6 C 66A

A6CCATC--ACCAAAAAT666AACTT66CCCA6AA6A6AA66A6ATAC T6ACT666ATTCCC TCTT66AAACTTCTAACTAT6ACCACCTACC-TTCAA66TCAT6AtTCC TCTA66A^TA6
T 66I T C A I6A I TCTCC C 6 IG A C A T 6A CA 66 AT T CA ATCA A6TT6ITCTTC TC I T ---- V -VT AAC TT66T A ATC I TI6

ATGTCCTT-------------------------------------------- TCATTTCCAGGATCATCCTG-ACCTAA6CCCATACCCAGGGACAAAGT--------CCCT66TTT66
G6 GA I-- C TV CCTCT T
GTC ACACATCTTGACAAACAGAGACAAATTT6A6TATCACCAGCCAAAA AC AA 1 6 GCA- 6 C A C A- ACT C TACCCTAC TT ATCC

ble

E P R 6 P - - T I K P C P P C - - - - K C PJ
720 T6CCTTTTCTCCTTCAAACTTGAGTAACCCCCAGCCTTCTCTCTGCIIAICCCAIA666CCC------ACAATCIA6CCCTITCCTCCATIC------------ AATGCCC6 TAAGT

C AA C AT C ATTTCA C AA66A?T6TCVCSCAT C 6 CC A AT T CA IT 6 AT--- ------------ 61 --- TAAGCCTTGC T TA

CH2
AP MLII

CACTA6ACCAUA6CTCCA--CCC666A6AAT66TAA6T6CT6TAAACATCCCT6CACTA6A66ATAA6CCAT6TACA6ATCCATTTCCATCTCTCCTTCT CACCTAACCTCTT666T

6 6 C .TTC.C AT ------ C-46 66AAAV6 -6_6 6 TT C T T V --

6 P S V F F P P K I K D V L S L S P V T C V V V D V S E D D P D V I S
66ACCATCC6TCTTCATCTTCCCTCCAAATATCAA66AT6TACTCATGATCTCCCT6A6aCCCCATA6TCACATGTGT66T66T66AT6T6AGC6A66AT6ACCC6AGA6TCCA6ATCA6C
T T T C CC 6 CC T T CT T A6 6 T A CA C A T C T

I F VINNV E VITAAT ITHNR E DTYIS T I
V S A L PA IH DIMMSS6

T66TTT6T6AACAAC6T66AA6TACACACA6CTCA6ACACAAACCCATA6A6A66ATTACAACA6TACTCTCCI66T66TCAIT6CCCTCCCCATCCA6CACCA66ACT66AT6A6T66C
A CA

AG T6 T 6 6 6 C 66^6A C 6 T C T CTCA AA T AT C C A

K EF K CK VINNK DL PAP EKIT S KP K
120 A66A6TTCAAAT6CAA66TCAACACAAAS6CCTCCCA6C6CCCATC6I6A6AACCATCTCIAAACCCAAA6T6IAA6CTGCA6CCT6ACT6CAT66666CT666AT666CA--TAA6

T A ATT 6 C ?ACA
6 6T6C CTT T C A C I T6-T6T6A A M CA A T 6TCC T

Cal

A A ---- ----- - --- --- i C rCACC
-

Ci 6 .
AGAC 6I CT 6CATA I CC CCT6TT 6 C CT6ACCAA CC ACC A C CA6 CC6 A6 6 CAC I T I T CA 6

TTKK V VT TCV T D FSE 11VTVE STIN N 6 KET LIY KIN T EAAIIAIACAAAAAASTCACTC AC C T66TITCACATIATCAT6ACIICA TT66TIA6T66ACCAACAACI66AAAACA6CAACACAA6AACACT6AAC
6C T T C 6 6 T 6 C T C 6T6 6 ' AC 6 CUT
6C 6 C 6 TAA 6 A T C ACT

6 T C T GAG 6 C C
CA6T66 T C 6C C GAG C 6

P V L D S D 6 S Y F N Y S K L I V E K K N V V E R N S Y S C S V V H E 6 L H I H
1560 CA6TCCT66ACTCT6AT66TTCTTACTTCAT6TACUAGCACTc6A6A6T66AAAI A6AAC666T^66AA6ACAT6 C6ATC6TA CACT 6TCAC6A6TCTCACAA T TCA C AIV CIATA A CI I IA CI6 TC TIA CAAC AlA AI TT

CA A A A A C CC CtAT rCG A CE CT TA rCT T AT c r

ACAC1C0TA I6CTTCTCCCVACTCI66CTII6TCA6CACCCACATCTCA66TCCAAA6CACCCuCATCTCCATGCTTCCCTTGTATAAATAA6CACCCA6
IT A6 C ACT T I TC T6T TT66 6 C T T CA6 T T6 CT C CCC -

*PoLY(A) Crfi andtfi K.e pr.t*l.
1800 CAT6CC-T666ACCATGTAAAACT6TCCT66TTACTTTCCAA66TATA6IACATA6CT----CACA66CT6ATATTTCT

T r 6 - T6 A 6 TC A66T T6 AA 666G

Figure 3. Aligned Nucleotide Sequences of the 'V, 12b and V2a Genes
The nucleotide sequences of the 12a, r2b and 71 genes are aligned at the

top, middle and bottom rows, respectively. Only the nucleotides which differ
from those of the 12a gene are shown tor trite Ii and 12b genes. Dashes indicate
deletion inserted to maximize homology. T'he amino acid sequence of the 12a gene

is shown above the coding regions which are also boxed. Amino acids are

expressed by a one letter code as described in tlie legend of Figure 2.
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Table 2. Comparison of Nucleotide Sequences of tne 11, 72a and 12b Genes

Divergence (per s'ite)
Segment of Nucleotide 12a vs 12b 12a vs 11
Gene Positiona)

Ka Ks or Ka Ks or
Kn Kn

5' Flanking 1-107 0.139 0.527

CH1 108-398 0.069 0.291 0.084 0.236

IVSI 5' portion 399-513 0.269 0.306
3' portion 514-767 0.182 0.447

Hinge 768-833 0.054 0.0 0.269 0.563

IVS2 834-942 0.084 0.394
(95i)b)

CH2 943-1272 0.053 0.104 0.178 0.493
(952)b)

1VS3 1273-1394 0.134 0.458

CH3 1395-1715 0.228 0.356 0.225 0.524

3' Flanking 5' portion 1716-1775 0.140 0.439
3' portion 1776-1880 0.076 0.241

a) nucleotide position shown in Figure 3. b) position for the 11 gene.
Ka, divergence at amino acid substituting sites; Ks, divergence at synony-
mous sites. Kn, divergence at noncoding regions.

divergence. The 5' flanking region, the 3' portion of IVS 1, the hinge region,
IVS 2, the CH2 domain, IVS 3, and the 3' flanking region are the most conserved

segments. Tne CH3 domain is the least conserved segment. The CHI domain and the

5' portion of IVS 1 fall inbetween. Wnen the 12a and 7i genes are compared, it

is obvious that the CHI domain and the 5' portion of IVS I in addition to the

region surrounding the poly (A) addition site are distinctly more conserved than

the other segments. The overall divergence profile obtained by the comparison of

the 12a and 11 genes is similar to that of the Il and 12b gene.

We have divied the I gene into six segments based on the extent of

divergence (Figure 4). Segment A is the 5' flanking region. Segment B includes

the CHI domain and the 5' portion of IVS 1. Segment C comprises the region bet-

ween the 3' portion of IVS i and IVS 3. Segments D, E and F include the CH3

domain, the 3' untranslated sequence and 3' flanking region, respectively.
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CH I h CH2 CH3 7A
I_ _
IVS 2 IVS3

bases

Al B | C I D j,|F|

Figure 4. Nucleotide Divergence of Various Segments of the I Genes
Divergence values (Ks and Kn) shown in Table 2 are plotted across the

segment of the I gene. Values for comparison between 11 and 72b genes are taken
from the previous data (23) except for slight changes in noncoding regions due
to re-alignment. For coding regions, divergence at the synonymous sites (Ks)
alone was shown. The gene was divided into segments A, B, C, D, E and F
depending on the extent of divergence as indicated at the bottom. Divergence
values are shown by a wide line (12a-12b), a narrow line (72b-11) and a broken
line (1r2a-'11).

DISCUSSION

IVS-Mediated Domain Transfer

In most mammalian genes so far examined, amino acid-substituting sites of

coding regions and the 3'portions of 3' untranslated regions show strong

sequence conservation, whereas IVSs and the 5' portions of 3' untranslated

regions are almost comparable to or slightly lower in divergence than synonymous

sites of coding regions, the rapidly evolving sites (25). Tnus, it is expected

that, if no recombination events had occured between the I genes or there are

no additional constraints, the Kn value is approximately the same as the Ks

value. The divergence profiles obtained by the comparison of three pairs of the

I genes (Figure 4) clearly show that there are no specific segments conserved

among all the I genes except for the 3' flanking region which is obviously

under the functional constraint to conserve the nucleotide sequence surrounding

the poly(A) addition site. The extent of homology is almost constant among dif-
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ferent domains when the amino acid sequence of a human I chain was compared with

those of mouse I chains (23). Thnerefore, it is difficult to explain varied

divergence among different segments of the I gene by selective constraint. We

have proposed that the homology region might have been generated by the exchange

of the DNA segment due to the relatively recent recombination events between I

subclass genes (23). Tne present results are also explained by unequal crossing-

over at the boundary of each segment shown in Figure 4.

The recombination required for such domain exchange is a double unequal

crossing-over event. Since the sequence divergence change drastically at the

middle of [VS 1, one site of the unequal crossing-over seems to be located

within IVS 1. The precise crossing-over point was estimated by comparison of

every 50 base segment of IVS I along the gene sequence (Figure 5). Assuming that

recombination took place at the drifting point of divergence, the crossing-over

point between the r2a and 72b gene seems to be located at around 160 bp (- 110

bp at the starting point of the 50 bp segment) 3' to the end of the CHI domain

or position 558 of Figure 3. Thne crossing-over points for the other two pairs,

71-12b and 71-72a genes is located at around 115 bp (- 65 bp at the starting

point of the 50 bp segment) 3' to the end of the CHI domain or position 513 of

Figure 3.

Judging from marked shifts in divergence at the junction of the domains and

lVSs (or flanking sequences), it seems likely that other unequal crossing-over

occured at points close to the boundary of the IVSs (or flanking sequences) and

the domains although difficult to pin point (Figure 4). In general, the recom-

bination within the coding region is difficult to accomplish fruitfully because

it is often accompanied by deleterious changes to the structural sequences whiich

include deletion, addition and frameshift. On the other hand, recombination

within [VS is more efficient and safer means to exchange a segment (domain) of

the gene. It is obvious that deletions and/or additions are rather frequent in

IVSs whicih do not code for any protein (see Figure 3). Tnese consideration lead

us to a tentative conclusion that other crossing-over events took place at the

boundary of domains and IVSs. Dunnick, Rabbitts and Milstein (5) have reported

that a variant ([F2) of the T11 chain-producing myeloma MOPC21 contains an

expressed 11 gene that has lost the CHI domain by the recombination at the

middle (position 721) of IVS 1.

It has been proposed that IVS is a trait of the flanking sequences that

have been incorporated into the gene by duplication of domains or by linking

different prototype genes during evolution of eukaryote genes (4, 10, 12, 14,

32). IVS may have played not only a passive role as a foreign segment for-
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5 0 0

Posito of Segmeis (bosou)

Figure 5. Comparison of Nucleotide Sequences of IVS 1 among 11, 12b and 12a
Genes

Homologous 50 bp long segments of LVS1 were compared between (A) 12a and
12b, (B) 12a and "1 and (C) 11 and 12b genes. The every 50 bp segment is used
for comparison. Values are plotted against the nucleotide where the 50 bp
segment starts. Dashed horizontal lines indicate average values.

tuitously incorporated into the gene but also a positive role as a mediator of

domain exchange between related genes.

Evolution of Mouse I Genes

Since the nucleotide substitution rate at the synonymous site is almost

constant within relatively a short period of time regardless of the type of tihe

mammalian genes (25), we have evaluated the time since devergence of each

segment of the I gene as summarized in Table 3. Although many other complicated
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Table 3. Divergence Time of Segments of the I Gene

Time Since Divergence of
Genes Compared Each Segment (10 years)

B C D

72a and 72b 36 11 C75

11 and jr2a 28 >75 >75

i1 and 12b 25 >75 >75

Segments B, C,and D are indicated in Figure 4. Using average of the Ks
values of the coding regions involved in each segment, divergence time was
estimated as described in Mateials and Methods. Since the value larger than
75 million years is not accurate, the calculated value is not shown.
Considering tihe extent of divergence (Kn) shown in Table 2, the divergence
time of segments A and E may be approximately identical to that of segment C
between the 12a and 12b genes. Similarly, the divergence times of segments A
and E may be the same as those of segments C and D for the other
combinations.

phylogenic trees can be drawn, we will describe relatively simple examples of
the evolutionary relationship among V genes based on the two alternative
assumption. The first model assumes that the 72a and 12b genes were separated
from each other by duplication at a relatively early stage (around 75 million
years ago) or as early as the segment D (the CH3 domain) began to diverge
(Figure 6A). Then, the segment B (the CHi domain and the 5' portion of IVS1) was

AHI MH2CH3 B CH3

A> MY D DID M

A A t~~~ ~~~5A 75

r, 'I rx r2a r2b ry

Figure 6. Evolutionary Relationship of Mouse I Genes
Two possible phylogenic trees are shown. Horizontal lines with arrows indi-

vate exchange or transfer of segments by recombination. Squares and narrower
bars indicate domains and IVS, respectivly. See text for explanation of each
pathway.
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exchanged between the '2a and 12b genes at about 25-36 million years ago, imme-

diately followed by the second double unequal crossing-over event to transfer

the segment B from the 12b gene to the 11 gene. At a later stage (about 11

million years ago), the segment C was exchanged by another double unequal

crossing-over event between the 12a and 12b genes. At about the same time, two

crossing-over events took place, one at the boundary of the segments A and B and

the other at the boundary of the segments D and E.

Alternatively, one can assume that the 12a and 12b genes were separated at

a relatively recent stage (about 11 million years ago) or as recently as the

segment C began to diverge (Figure 6B). After the separation of the 12a and 12b

genes, the segments B and D were transfered from other diverged I or related

genes. We have postulated two genes %x and Iy as the donors of the segments B

and D, respectively. The 7X gene, the donor of the segment B was separated from

the prototype "12" gene at about 36 million years ago and the 'y' the donor of

the segment D arose probably more than 75 million years ago. Tne 11 and "12"

genes were separated at around 75 million years ago. Then, the segment B seems

to have been exchanged between the 11 and- "12" genes at around 25-36 million

years ago. It is possible that 'x gene is the 13 gene, which is homologous to

the other 1 genes with the decreasing order of 12a, 12b and Ti.(41). The segment

D could heve been transfered from the ly gene either to the 12a or 12b gene. We

have recently found several pseudo I genes around the 13 gene during molecular

cloning of the whole chromosomal region containing CH genes (Takahashi, Shimizu,

Kataoka and Honjo, in preparation). One of these pseudo I genes can be a can-

didate for the putative ly gene. It is also conceivable tnat the Ty gene is one

of the other CH genes such as the 13, c and a genes whose sequences are not yet

determined.

We prefer the latter possibility because it is simpler. Obviously, tnere are

many other possible phylogenic trees which can explain the differential

divergence of the I gene segments. In any case, it is clear that the I subclass

genes have undergone several recombinational events within IVS resulting in the

exchange of the segments of the genes.

Shift of the Splicing Site May Have Created the Hinge Region

Since primitive vertibrates posess only IgM-type itmmunoglobulin and higher

vertibrates have IgG-type (and IgA-type) as well as IgM-type immunoglobulin, it

is reasonable to assume that the 1 gene has evolved from the U gene which con-

tains the four domains and no hinge region. Wnen the 11 and 12b genes were co

pared with u gene, the CH2 domain of the 1 gene is more homologous to CH3 domain

(about 45%) than to the CH2 domain (about 40%) of the i gene (15). Likewise, the
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JLCN1 36 60 90
E S O S F P I V F P L V S C E S P L S D K 0 L6V A N 6 C L ARA D F L P S T I S F

6A6A6TCAETCCTTCCCAAAT6TCTTCCCCCTC6TCTCCT6C6A6A6CCCCCT6TCT6ATAA6TCT T66CCAT666CT6CCT66CCC666ACTTCCT6CCCA6CACCATTTCCTTC

CCT6ACTACCAACAACACt6 TCATCCA66GATCAAACCTTCCCAACAC6A6CA6666CAA6TCCT A6CCACCTC66CA66TCT TTCGTCTCC 6A6CATCCTT
TA USS L6 S - L A HTFbAA A_S DL YL L V KYFPEPV--TVTVP SP

ET VS D EY L VTC K I H 6 6R T R D L HTP I P
6AA66TTCA6AT6AATACCTT6TAT6CAAAATCCACTAC66A66CAAAAACA6A6ATCT 6CAT6T6CCCAITCCA66TAA6MCCAAACCCTCCCA6CA6666T6CCCA66CCCA66CAT
- -C66CpCCA6C6A^6ACC6TCACCTc6CAAC6TT6CtCC^CCCp66CAlC!61CA5CAAT6Gfi6:CAA66^AAA^ATt---6:6T:6:i6^6ACATATA666-A66A6666TTCACTA6Aft------

A V A E M N P - - - N V N V F C P
66CCCA6A666A6CA6C666T6666CTTA66CCA--A6CT6A6CTCACACCTT6ACCTTTCA-TTCCA6CT6TC6CA6A6AT6AATCCC---------AAT6TAAAT6T6TTC6TCCCAC
-------------------6T6^6CtA^6UCC A:6!ATT:6CT6CCtt^CAAACACCA66Ct66ACA6CC^ACCAAtCA^66^ At66AtCTCA6CCCA6AA6!fC IA:6T16ttTMTCTC
P R D 6 F S 6 P A P R K S K L I C E A T N F T P K P I T - - V S w L K D 6 K L V
CAC666AT66CTTCTCT66CCCT6CACCAC6CAA6TCTAAACTCATCT6C6A66CCAC6AACTTCACTCCAAAACC6ATCACA------GTATCCT66CTAAA66AT666AA6CTC6T66
T TCT66A6ATTTCTAT6TCCTTtACAACTCAATT66TTAATkfTCCT666TT66A6TCICACACATC Tt6ACAACA6AA6ACAAATTT6A6TATCACCA6CCA:AAA6TCATICCC:AAAAC
E S 6 F T T D P V T I E H K 6 S T P O T Y K V S T L T I S E I DWL H L N V YAATCT66CTTCACCACA6ATCC66T6ACCATC6A6AACAAA66ATCCACACCCCAAACCTACAA66TCATA6CACACTTACCATCTCT6AAATC6ACT66CT6AACCT6AAT6T6TACA

600 ::::: :::::: :: . . . . ::: . . . . ..: : :: . . 31A6CCT66CAT6ACCACACACCA6------------------A----ATCAAACTTTACCiCACTT-TATCCT66T66CTTCTCATCTCCA6ACCCCA6TAACACA-TA6CTTCtCtCiCA
T C R V D - - - H R 6 L T F L K N V S S T C A A
CCT6CC6T6T66AT--------CACA6666TCTCACCTTCTT6AA6AAC6T6TCCTCCACAT6T6CT6CCA6T6A6T66CT666ATAA6CCCAAT6CCTA6CCCTCCCA6ATTA666AA

720 . .-...

CA6T6CCCA6:66ATIT6T66TT6TAA6CCTT6CATATt TACA66TiA6TCA6tt66CtTTCiCCt6ACI-----------------------------------------------------V P R D C 6 C K P CI T
To HINGE

6TCCTCCTACAATTAT66CCATGCCCCCC66CAT66TCCTTT6CTCCTT6AACTTT66CTCCCCA6A6T66CCAA66ACAA6AT66CAATA66CA6TTA6A6666T6A6MTCA6C
840

T66AA66CCA6CATCTTCCC6TTTA6TA66TTT66666ATT66A6CTAA6CTTTTTTCCAACTTCACAACTC6ATAT6CCATAACCT6ACACA6T6TTCTCTT6A-CT6CA66TCCCTTC
- ------------CAGAt6CAACAA6T66CAAT6TTii6^6gT66CCA6!TAt t6ACCTATTtCCAtC--------------------------- fTiCTtCt TCA:T&CTWTC--- -

To CH2
T D I L T F T I P P S f A D I F L S - - K S A N L t C L V S PA T YI LE p

ACA6ACATCCT6TACCTTCACCATCCCCCCCTCCTTT6CC6ACATCTTCCTCA6CA------A6TCC6CTTCCt6ACCT6TCT66TCTCAAACCCA66CACCTAT6AAACCC6ATAC
CCA6AA6TATCATCT6tCTTCtAtTTCCCCCCAAA6CCCAS66AT6T6CtC^ACCATTACTCTAT6CII'I""TCi6CCttt66Ti A6kAfCA6CI 66tTC 66TC6
P E v S S V f I F P P K P K D V L T I T L T P K V T C V V V D I S K D D P E V O
S W A S O S 6 E P L E T - K I K I N E S H P N 6 T F S A K 6 v A S v C V E D 9 NTCCT666CTTCTCAAA6T66T6ACCACT66AAACC---AAATTAATCAT66AAA6CCATCCCT66CACCTTCA6T6CT666T6T66CTA6T6TTT6T6T66A6CT6ST

iTTA6CT66tT 6T:A6At6At6T66A66t6CACICAUCTC!61Ct6CiiCC A6a6A6^C6 TCi^§lT C6 C6C6tS Cp^CtCC I6 6CTC
F S AF V D D V E V H A O O P E E O F R SV E L I6 0 - P L

R K E F V C T V T H R D L P S P SK K F I TSK P
AACA66AC66AATTT6T6T6TACT6TACTACAC6A66ATCT6CCTTC6CCACA6M6ATTCAACTCAAACCCAAT66TA66TATCCCCCCTT----ACCTTCCTTCCATTCA66
AAT6iCkAig6A6ttCAAAtgCAR666tCAACA6sT6C^AiCtTtC CCt6CCCpCCATC6E6!W!ilCtCltCCIAI CAUiAiA6CT6lA6^T6cA6T6T6AcTA6ZcT6&TA6TCAI

6KU E OP INRVN S A-AsFYFAVYIs K I VKTNWEDIIK)

EKV K H P PL V yK LTPACCCTTCCT6TACCTCATA66TA66GCA66A------TCCTCTTCC6A CCCATCCTCACTACT6TCTTCATTT----ACA6A66T6CACACATCCACCT6CT6T6TACCT6CuCCACCu
TCUAtA6ACA6A:6CTIT66CATAACA6:ACCCCT6CCCT6TTC6T6ACCTtT6t6Ct6kCC^Af CtltTICCCACCCAC1666CAJAp6^pU66tCCpIAC6--16t6tfkACCAfTlCpk

A R E O S A T V t C L V K 6 F SPA DIS V a w L E K
A6C TC6TGA6CAACT6ANACCTAAR6A6EA6TCA6CCACA6TCACCT6CCT66T6AA666CTTC TCSTCCPT6CA6AICATC6T6t6CA6T66CT TC6AR6AJ6^66ACTCTT6CCPCCAA6A6AA
TCpCC- AA^66^6!A:6lT66CCIA666ATAA^^I:6C6TC6TCCt6CiAlflAA" ftcICT^CtICFCC6fAgYksT 1116416'616C6T6gATy6c--- 4;AJ6'41

Y V T S A P M P E P 6 A P 6 f r F THSILT VT EEE S 6ET TCVV66TAT6T6ACC46T6CCCC6AT6CCA6A6CCT6666CCCCA66CTTC TACTTTAICCACACAICTCC 6ACT6t6AC6A6166^66AT66AA'CTCC66A6A6^CCTTAICT6C6tT6YAJ
Y K N at It N N-T - 6 YsTAtF 6V Y K L^6tCN V 0 K N N^CgUgE^6CA TA{TtCA VCTL6T

NEAN Y661C K T K P O~~~FPOTIINim
6CAC6A66CCCT6CCPACACCTA6T6^CC616ACC6T AAC64CCCT61TAACCC janm

Figure 7. Aligned Nucleotide Sequences of Mouse '1 and 1J Genes
Tne sequence of the IA gene is shown above that of the 11 gene. Homologous

nucleotides are linked by dots. Dashes indicate deletions introduced to maxi-
mize homology. Amino acids are shown by a one letter code at the coding
regions.
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CN3 domain of the I gene is more similar to the CH4 domain (about 50%) than to

the CH3 domain (about 40%) of the 3) gene. The results suggest that the hinge

region of the I gene might have been derived from the CH2 domain of thie U gene.

We have aligned the nucleotide sequences of the 'TI and 3) genes with a com-

puter program which is useful to align such diverged pair of the sequences. As

shcown in Figure 7, the hinge region is aligned to the 3' end of the CH2 domain

of the 3) gene. Since the IVS I of the 1i gene can be paired with the CH2 domain

of the Is gene, it is likely that the hinge region may have been created by

shifting the acceptor site of the splicing from the 5' end of the CH2 domain to

the 3' side. A similar conclusion was drawn by Tucker et al. (39) who compared

the nucleotide sequence of the hinge region of the 72b gene with those of the

domains of the same gene. It is interesting that the lengths of the hinge

regions vary rather extensive among ' genes while lengths of other domains

remain constant.

Difference of Nucleotide Seauences of '2b Genes

Tne complete nucleotide sequence of the 'V2b gene was published from two

laboratories (39, 42). Two sequences match very well except for positions 1-44

(Figure 3) in the 5' flanking region where two sequences diverge more than 25

percents. The most striking difference is the presence of different restriction

sites; tine Bgl II site (AGATCT) of Wisconsin group is replaced by the Hinf I

site (AGMTCT) of our group at position 42-48.

We have reexamined our sequence and also tested whether or not the Bgl II

site is present in the 5' flanking region of the 72b gene by Southern (1976)

blot experiments. Our data clearly indicate digestion with Bgl L produces a

5.3 kb fragment that hybridizes with thie structural sequence of the 12b gene.

The sizes of the fragment expected from restriction maps of Wisconsin and our

groups are 3.1 and 5.3 kb, respectively. Tne presence of two 72b genes is unli-

kely because molecular cloning of the CH gene region demonstrated the order

5'-13-(34 kb)-tl-(21 kb)-12b-(I5 kb)-i2a-(14.5 kb)-e-(i2.5 kb)-a-3' (33).
Although both groups used BALB/c mice we cannot exclude the possibility of tile

polymorpihism of the 72b gene.
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