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Molecular Analvsis of the H o t s ~ o t  of 
~ecombinatioi  in the Murine ~ a j o r  

Histocompatibility Complex 

Biological and serological assays have been used to define 
four subregions for the I region of the major histocom- 
patibility complex (MHC) in the order I-A, I-B, I-J, and 
I-E. The I-J subregion presumably encodes the I-J poly- 
peptide of the elusive T-cell suppressor factors. Restric- 
tion enzyme site polymorphisms and DNA sequence 
analyses of the I region from four recombinant mouse 
strains were used to localize the putative I-B and I-J 
subregions to a 1.0-kilobase (kb) region within the Ep 
gene. Sequencing this region from Ep clones derived from 
the two mouse strains: BlO.A(3R), I - J ~  and BlO.A(5R), 
I- J~ initially used to define the I- J subregion revealed that 
these regions are identical, hence the distinct I - J ~  and I-Jk 
molecules cannot be encoded by this DNA. In addition, 
the DNA sequence data also refute the earlier mapping of 
the I-B subregion. Analysis of the DNA sequences of 
three parental and four I region recombinants reveals that 
the recombinant events in three of the recombinant 
strains occurred within a 1 -kb region of DNA, supporting 
the proposition that a hotspot for recombination exists in 
the I region. The only striking feature of this hotspot is a 
tetramer repeat (AGGC), that shows 80 percent homolo- 
gy to the minisatellite sequence which may facilitate 
recombination in human chromosomes. 

T HE 1 REGION OF THE MAJOR HISTOCOMPATIBILITY COM- 

plex (MHC) of the mouse encodes two class I1 or Ia 
molecules denoted I-A and I-E ( 1 4 ) .  The class I1 genes 

encode restricting elements for helper T cells and for some cytotoxic 
T cells. These Ia molecules are cell-surface heterodimers, A,Ap 

and E,Ep, shown to be identical to the Ir gene products that 
regulate immune responses to specific antigens. Differing inbred 
strains of mice exhibit different constellations of I region alleles; 
these constellations are denoted haplotypes and are indicated by 
superscripts; for example, a mouse of the k haplotype has Ak,, Akp, 
E k,, and E kp genes. 

Before the advent of molecular cloning of the M H C  genes, the I 
region was considered by immunologists to include, as judged by 
recombinational analysis, four subregions, I-A, I-B, I-J, and I-E. 
These analyses were based on serological and biological (immune 
responsiveness) assays (Fig. 1) (1,2,4). The I-A and I-E subregions 
were serologically defined and encode the conventional Ia antigens. 
The genes for the &, Ap, and Ep polypeptides mapped to the I-A 
subregion, whereas the E, gene mapped to the I-E subregion. The I- 
B subregion uTas defined by the regulation of immune responses to 
mouse immunoglobulin G2, (IgG2,) and lactate dehydrogenase B 
(LDHB) antigens (5, 6). The I- J subregion was defined serologically 
by reagents directed against the I-J polypeptide, which is believed to 
be expressed as a component of secreted and membrane-bound 
suppressor factors of suppressor T cells (7, 8). Understanding the 
expression and function of the I-J polypeptide would provide major 
insights into how immune responses can be suppressed. Estimates of 
molecular size of the I-J polypeptide range from 20 to 25 hlodaltons 
(9-11). However, repeated attempts to purify enough I-J material 
for protein sequence analysis have failed. 

Restriction enzyme site polymorphisms detected by genomic 
DNA blotting techniques have been used to correlate the genetic 
map with the molecular map of the major histocompatibility 
complex. By mapping the right-most boundary of the I-A subregion 
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I - A  I - 0 1 - J  I - E  kb each of four I region recombinant and three parental chromo- 
somes in and around a hotspot of recombination. 

d l 0  HTT  
1 I 

BIOGD 8 0  A ( 3 R l  
e_/ 

Fig. 1. Schematic representation of the I region. The I region is represented 
with the ADZ, AD, &, ED, Ep2, and E, genes. The Ep gene region is expanded 
to show the exon-intron organization based on (31). The I-J subregion as 
mapped by restriction site polymorphisms is indicated. The arrows indicate 
the particular mouse recombinant used to define either boundary. The strain 
B 1 O . m  indicates the localization of the right-hand boundary of I-J as 
previously described (13). The horizontal bar represents the region subjected 
t o  DNA sequence analysis. 

and the left-most boundary of the I-E subregion, Steinmetz e t  al. 
(12) suggested that the I-B and I-J subregions must be contained 
within a region of DNA no larger than 3.4 kilobases (kb). More 
recent restriction map data of Kobori e t  al. from isolated clones of 
four parental and six recombinant strains support the notion that the 
I-J subregion must be confined to a region of just 2 kb of DNA 
within the 3' end of the class I1 gene Ep (13). In addition, 16 I 
region recombinants analyzed mapped to within a region of 9.8 kb 
or less, indicating the presence of a recombinational hotspot (12- 
16). 

We now report our effort, using restriction enzyme site polymor- 
phism~ and DNA sequence analysis, to further define the putative I- 
J (and I-B) subregion to a 1.0-kb region that maps entirely within 
the second intron of the Ep gene. We have used specific oligonucleo- 
tides as primers to facilitate the rapid DNA sequence analyses of 3.1 

5I-d 5L3' - .  I R e g ~ o n  

PI exon p2 exon A B J  E 

S A S R P  R R S M 
C 5 7 B L / O  I 

I 
1 b b b b  
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Fig. 2. Maps of partial Ep clones defining the I-J subregion. Only enzymes 
indicating polymorphism within the 3.1-kb region cloned into pUC8 are 
shown. Nonpolymorphic Barn HI sites are not shown. S, Sma I; B, Bam HI; 
A, Aha 111; R, Rsa I; P, Apa I; Hg, Hga I; M, Mst 11. The P2 exon of the EP 
gene is indicated by a black box. This diagram also indicates the parental 
origin of I-J subregion DNA in recombinant strains as judged from DNA 
sequence data. The origin of DNA in the four recombinants is represented 
by the pattern indicated in the three parental strains. The hatched box located 
5' to the P2 exon of the Ep gene represents a repeat sequence found in all 
strains analyzed. 

Mapping the right boundary of I-A and the left boundary of I- 
E by restriction site polymorphisms. For higher resolution map- 
ping of the 1-7 subregion, we subcloned a 3.1-kb Bgl I1 restriction 
fragment from seven bacteriophage lambda clones derived from 
three parental and four I region recombinant strains into the Bam 
H I  site of the plasmid, pUC8. (13) (Fig. 2). The polymorphism 
analyses allow the right-hand I-A and left-hand I-E borders to be 
located more accurately. The colinearity of the restriction map from 
one mouse strain to another permits exact alignment and compari- 
son of sites in one strain to another strain. The right-hand border of 
the I-A subregion is operationally defined in the  plasmid clone 
derived from B1O.GD DNA (a d/b recombinant) because of the lack 
of an Apa I site indicating d haplotype DNA encodes the I-A 
subregion (Fig. 2). Hence, the putative I-J subregion must map to 
the right of this site. The left-hand border of the I-E subregion is 
defined in the plasmid clone derived from BlO.A(3R) DNA (a blk 
recombinant) by the presence of the Hga I site indicating that k 
haplotype DNA encodes the I-E subregion. The location of the 
right-hand boundary of the I-A subregion is supported by neighbor- 
ing polymorphisms with the enzymes Sma I, Aha 111, Rsa I, Apa I, 
and Fok I. The location of the left-hand boundan7 of the I-E 
subregion is supported by neighboring polymorphisms with Mst 11, 
Hga I, and Fnu 4HI. These data narrow the amount of DNA 
mapping to the right of the I-A and to the left of the I-E subregions 
as not more than 1.37 kb. This 1.37 kb of DNA encompasses part of 
the intron between the p 1 and P2 exons and the first 11 amino acids 
of the P2 exon of the Ep gene (see DNA sequence) (Fig. 1). We 
denote this 1.37-kb region the putative I-J subregion. 

The B1O.GD recombinant clone between d and b haplotypes is 
the only one in which both sides of the recombination event can be 
identified by restriction site polymorphism analysis. The DNA on 
the left-hand side, up to the location of the Apa I site present in the k 
or b haplotypes, is definitely of d origin. The DNA on the right- 
hand side, up to the location of the Hga I site present in the d or k 
haplotypes but absent in the b haplotype, is definitely of b origin. 
Hence, our data suggest for the B1O.GD recombinant that the 
leader and P l  exons are of d origin and the P2 exon, transmembrane 
and cytoplasmic domains are of b origin. The B1O.GD mouse is , . u 

known to express a hybrid Ep polypeptide consistent with this result 
(17, 18). 

DNA sequence analysis of the putative I-J subregion. We 
decided to sequence 3.1 kb of DNA in and around the putative 1-7 
(I-B) subregion. These data would allow us to determine whether 
there was an intact I-J (I-B) gene present in the second Ep intron, or 
whether alternative RITA splicing patterns could create an I-J gene. 
Moreover, the sequence of the putative I-J subregion in the 
BlO.A(3R) and BlO.A(SR) strains initially used to define the I - J ~  
and I - J ~  alleles should allow us to determine whether sequence 
differences are localized to this region. 

We aligned 3.1 kb of sequence from three parental and four I 
region recombinant mouse strains. comparing the nucleotide se- 
quence of the parental clones to the recombinant clones, the left- 
hand boundary of the I-E subregion and the right-hand boundary of 
the I-A subregion can be localized (Figs. 2 and 3). The sequence 
analysis allows us to narrow the putative 1-7 subregion to 1.0 kb of 
DNA entirely contained within the intron separating the P l  and P2 
exons of the-Ep gene. All nucleotides present in the recombinants 
can be directly aligned with the parental DNA sequences. No base 
changes or deletions of unknown origin are present. Both 
BlO.A(3R) and BlO.A(5R) are identical for the 3.1-kb region 
sequenced. This result rules out the possibility that their I-J 
phenotypic difference maps here (see below). 
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Our DNA sequence analysis provides an explanation for the 
serological recombinational analyses mapping the class I1 gene Ep 
into the I-A subregion. The first major protein-coding domain, the 
p l  exon, maps at the DNA level into the I-A subregion. This 
polymorphic exon expresses the determinants detected by the 
serological reagents used for the recombinational mapping studies 
(19). The second major protein-coding domain, the P2 exon, is 
highly consenled and maps into the I-E subregion. All I region 
recombinant mouse strains examined so far should have hybrid Ep 
molecules as has been reported for the B1O.GD mouse strain (17, 
18). 

The above observations allow us to eliminate several models for 
the I-J gene. (i) A stretch of 1 kb of DNA can encode about 333 
amino acid residues. However, there are no significant open reading 
frames on either DNA strand for any of the six reading frames 
examined. Hence the putative 1-7 subregion cannot completely 
encode a 25,000-dalton polypeptide. (ii) Multiple short open 
reading frames are found in the putative I-J subregion with suitable 
donor and acceptor signals for RNA splicing. An analysis of the 
introns of the Ap and E, genes reveals open reading frames of 
similar length. One open reading frame of 387 nucleotides extends 
through the P2 exon. However, Kronenberg e t  al. (20) were unable 
to detect in suppressor T cells any messenger RXA species homolo- 
gous to the putative I-J subregion or the surrounding area when 
they used DNA probes spanning 250 kb throughout the I region. 
There is the possibility, however, that the I-J polypeptide is encoded 
by a very low abundance messenger RNA. Second, the I-J polymor- 
phism cannot be encoded in the putative I-J subregion. The putative 
I-J subregion is identical in BlO.A(3R) and BlO.A(SR) mice, which 
encode the I-Jb and I - J ~  polypeptides, respectively. These data 
formally eliminate the possibility that allelic forms of the I-J 
polypeptide are encoded in the putative I-J subregion. RNA splicing 
differences appear unlikely as an explanation for 1-7 polj~morphisms 
because of the identity of the putative I-J subregion in BlO.A(3R) 
and BlO.A(SR) mice (the P2 exons are also identical) and the data 
of Kronenberg e t  al. (20) discussed above. 

Several other models to explain the I-J paradox have been 
proposed. First, data of Hayes e t  al. (21) suggest that two genes are 
required for I - J ~  expression--one mapping in the MHC and one 
mapping on chromosome 4, denoted J,. Two recent reports do not 
strongly support this study (22, 23). However, the discrepancies 
may be attributed to the complexity of different assays used in the 
different laboratories to detect I-J expression. Second, a MHC gene 
may regulate the expression of the I-J molecule. The I-J molecule 
may be part of a T-cell receptor that must recognize antigen in the 
context of an appropriate MHC molecule such as Ep. Suppressor T 
cells may be selected during ontogeny for expressing the I-J 
molecule that results in their ability to recognize Ep on appropriate 
immune cells (24, 2.5). Thus, the genes for the I-J suppressor 
molecules might appear to map to the MHC (or Ep) even though 
their structural genes map elsewhere. Ikezawa reported I-J positive 
suppressor factors that react with conventional Ia monoclonal 
antibodies, suggesting that a modified Ep molecule shares 1-7 
determinants (26). One major problem with these molecules is the 
existence of mouse strains that cannot express I-E molecules but do 
express 1-7 molecules (4). Reports by Uracz e t  al. (27) and Sumida e t  
d. (28) suggest that expression of I-J determinants is adaptively 
acquired and determined by the MHC environment. The available 
data do not support the possibility that the I-J gene may be derived 
partially from Ep coding sequences, novel gene structure within the 
Ep gene, or an alternative splicing mechanism of the Ep gene. 

The mice used to obtain DNA for all studies presented in this 
article were provided by laboratories doing immunological studies 
of BlO.A(3R) and BlO.A(SR) strains. The exact mice used were not 

subjected to typing immediately before isolation of the DNA. 
Because of the lack of differences identified by restriction site 
polymorphisms or sequence analysis in the 3.1-kb region examined, 
finer restriction mapping would not distinguish the BlO.A(3R) 
clone from the BlO.A(5R) clone. We handled these samples as 
carefully as possible and feel it is highly unlikely that the samples 
were mixed up. 

The sequence analysis included a total of 2.1 kb more than the 
1.0-kb region designated as the putative I-J subregion and the 
recombination region of BlO.A(3R) and BlO.A(SR) . We cannot 
rule out the poss<bility that a small gene conversion event or other 
genetic alteration outside this region not detectable by the extensive 
restriction site analysis (12, 13) could account for the obsen~ed I-J 
phenotypic differences. The suggestion has been made that perhaps 
differences in the p l  exons of the Ep genes could be responsible for 
I-J. However, the p l  exon does not map into the region that 
putatively controls the I-J phenotype. Moreover, the probability 
that a second independent event, a gene conversion, occurred in the 
I region simultaneously with a recombination event at a nearby 
location does not seem very likely. 

Our study definitively rules out the possibility that an I-J gene 
product is encoded in the 3.1-kb region of sequenced DNA. This 
result therefore does not identifi the location of the 1-7 gene nor 
does it explain why the I-J gene appears to map to this region. The 
biology of the I-J gene product is controversial, and we believe that 
the resolution of the I- J paradox requires biochemical studies of the 
I-J molecule and the eventual molecular cloning of its structural 
gene. 

The I-B subregion as initially mapped is incorrect. The I-B 
subregion was originally defined with two recombinants, H-2" 
[BlO.A(5R)] and ~ - 2 ~ ~  [BlO.A(4R)] derived from an H - 2 a / ~ - 2 b  
heterozygote. The H-2a haplotype (Ak BLR Jk Ek) is a low 
responder (LR) to both IgG myeloma protein and LDHB while 
H-2h (Ab B~~ Jb E ~ )  and the two recombinants are high responders 
(HR) (5, 6). Baxevanis e t  al. have demonstrated that the &pire- 
ment of an I-B subregion to explain immune response differences to 
LDHB can be explained by an interaction between the I-A and I-E 
subregion gene products (29). They demonstrated the conversion of 
a nonresponderstrain to a responder by blocking I-E molecules with 
antibody. They proposed the removal of the I-B subregion from the 
H-2 map. 

Our DNA sequence analysis indicates that both k (low responder) 
and b (high responder) haplotypes are identical for the 1.0 kb of 
DNA that includes the recombination region of BlO.GD, I-Ad 
I - B ~ ,  and BlO.A(SR), I - B ~  I-Jk. This region must encompass the I-B 
subregion. We have ruled out the possibility that a distinct immune 
response gene can map in this region and therefore we conclude that 
the initial mapping of the I-B subregion is incorrect. These data do 
not provide an explanation for the biological obsen~ations related to 
the I-B subregion. A recent report discusses and reevaluates the 
immunological and molecular data concerning the I-B subregion 
130). 

Prior to the advent of molecular cloning, the best genetic 
description of the I region involved recombinational analysis by the 
classical assays of immunogenetics-serologjr and immune respon- 
siveness. This generated various maps that evolved to the current 
picture of four subregions. At present, the use of relatively crude 
recombinational analysis to describe the I region is no longer 
warranted. Its use led to a concept of regions which is not tenable, as 
was shown later by artifacts in the biological or serological assays. It 
also led to the idea of the Ep gene being split between the I-A and I- 
E subregion. Therefore, we suggest that, in the future, the I region 
should be defined in terms of class I1 genes and their locations. 

A hotspot for recombination in the I region. In order to 
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B1O.GD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . .  . . 
B1O.A (4RI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  i . . . . . . . . . . . . . . . . .  

I I I I I I I I I I I 

C57BL/lO 361 AATTTATTCTTTTACACTGTAGTGCTCTGCAGCTGTCCTCCCGGGATGTAGACATGCTGCCACACAGGGGCTAGGACAGGCACACTGAAGCCAATGGCAGTTTCCACACTGTGCCTGCCA 480 
B1O.A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  . . . .  810 .02  G . . . . . . . . . .  C . . . .  C . .C  . . . . . . . . . . . . . . . .  A , .  A. T .  
. . . .  B1O.A (3Rl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  010. A (5Rl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . .  B1O.GD G . . .  . . . . . . .  C . . .  . C . . C  . . . . . . . . . .  . A .  . . . . . . . . . . . . . . . . . .  .A T 

B10.A (4Rl . . . . . . . .  . . . . . .  , . .  . . . . . . . . . . . . . . . . . .  . . . . 
1 1 1 1 I I I I I I I I 

C57BL/10 481 CTCAGTGCTGCCAACACTGCATAAGGACAGGGAGGTCTCATGAGGGTGTCAGGGGCTGGGTGGTGCCTAGATCCACATGTGTGCAGTCACTGAAGCTGGGACAGAGGTGTTGCTGTAGAT 600 
B1O.A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , , .  . . , ,  

. . . . . . . .  . . . . . . . . . . . . . . .  . . . .  . . . . . . . . . . . . . . . . . . . .  810.02 . . . . G . . G .  
. . .  B1O.A (3Rl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  010.  A (5RI . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . , .  . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010. GO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G G 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 .A (4R1 . . . . . . . . . . . . . . . . . . . .  , . 

I 1 I I I I I I I I I I 

C57BL/10 601 GAAGCCAGAGCTCAGTTCCCCAAAACCTGGATTTAGGGAAGTTCAGACTGAAGCCTGTATGTCTGCAGTTTTTAAAAAATCTGGCATTTTGAATGGAGGCAATGTCCAAGACCAACCTAA 720 
. . . . . . . . . . . . . .  B l 0 . A  . . . . . . . . . . . . . . . . . .  " ' . ' G  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  810 .02  . . . . . . . . . . . . . . . . . . . . . .  . , .  , G . . . .  
B10.A (3Rl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  
B10.A (5Rl . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . .  . : . : . . . , . ,  . , , . : ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B1O.GD . G . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A (4RI . . . . . . . .  
i " " " " '  i ' I I I I I I I I I I 

, .  . ,  , 

C57BL/10 721 T T T A G A T A A A T G T T G C T G C C A C A T C C T T T G G G T G T C T G G C T A T T G A G G A T T T A G A C A T T G T A T G T A T T A T T T G A G C C T T T C T G G A C C C G G G G G T G G G C T G C C T T C T G C C T G C T A G C C T G  840 
. . .  . . . . . . . . . . . . . . . . . . . . .  B10.A . . . . . . . . . . . . . . . . . . . . .  , , . . , . , . , 

. . . . . . . . . . . . . . . .  . .  . . . . . .  . . . . . . .  810 .02  . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . .  . A , . .  A. 
. . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . .  010.  A (3R1 . . . . . . . . . . . . . . . . . . . . . . . .  

010.  A L5R1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , , , , 
. . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  010.  GD . . . . . . . . . . . . . . . . . . . . . . . . . .  C .A A 

. . . . . . . .  . . .  010.  A (4Rl . . . . . . . . . . . . . . . . . . . . .  . i ,  . . . . . . . . . . . . . . . . . .  
I I I I i I I I I I I 

C57BL/lO 841 GG TAGTACTGTGGTTCATGGTGGGGTAGGCTCAAGTCAACGGTGTTTGAACTCTTTCCTGATGAGAAGAAAAGACCAGGCCTTTGTTTGGGTCCTTGAGTGGCCAAGGCTCTTGGCAGA 960 
B1O.A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. .  810 .02  G . . . A  . . .  T . . . G . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G .G . . A T . . T  
. . .  . . .  010.  A (3% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . .  010.  A (5R1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . , . . . . . . . . . .  B10.GD . .  G . . . A  . . . . . .  T . . . G  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  'G ' G '  ' . .  A. . T  .T 
. . . . . . .  010 A L4RI . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  , ,  . 

I I I I I I 1 I 1 1 I I 

C57BL/lO 961 GTGCCTGAGAAGTGTGTCGGGCCCTGGAGGAGGTAGAGGCTGGGACCGAAGTGGATTTCCTAAGTCTGAAAG TCAGGGTTGAGATGTTGTAGGTCCACAGCCGAATTGCAGTTAATCTT 1080 
B1O.A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . .  810 .02  . . . . . . . . . . . . . . .  .A . . . . . . . . . .  . . T  . . .  A . . A  . . . . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A L3RI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . .  61O.A (5RI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . , , , . , 

. . . . . . . . . . . . . . . . . .  . . . . . . . . . .  010 GD . . . . . . . . . . . . . .  . . A  T . .  . A. A. . . . . . . . . . . . .  G . . .  , , 
010 A (4RI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 1 I I I 1 I I I I I I 

C57BL/lO 1081 G G G C T T G C T T A G C T T A C A C T T C T T T A T G C T T C T C A T A A G T A A A G G A A G T C A G G A C A G A A A C T C C A G C A G G G C A G G A A C T T G G A A A C A G G A G C T G A T G C A G A G G C C A T G G A G A G T G G G T T G  1200 
B10.A . . . . . . . . . . . .  .C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . 

. . . .  a l 0 . 0 2  . . . . . . . . .  . c  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , , . ,  , 
. . .  . . . . . . .  . . . . . . . . . . .  B10.A L3R1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  B1O.A L5R1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . 
. . . . . . . . . . . . . . . . . . . . .  . . .  . . . . . . . . . . . . .  010.  GO . . . . . . . . . . . . . .  C . . .  . . . . . . . . . .  

. . . .  . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  010 A (4R1 . . . . . . . . . . . . . . . . . . . .  . . 
' i '  " I I I 1 1 I I 1 1 I I 

C57BL/lO 1201 CTCCTCAGAGCCTGCTCAGCCTGCTCTCTTATAGAGCCCAGGACAACCATCAAGGGACAGCACCTCCCACAGTGGGTGAGTCCCTCCCCCCCCCATCAATCACTAATTAAGAATATGCCC 1320 
. . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  B1O.A A . . . . . . . . . . . . . .  . . . . . . . . . . .  810 .02  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

010.  A L3R1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
010 .A L5R1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . 

. . . . . . .  010.  GO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B1O.A (4R1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I 1 1 I I I I 1 1 I I 1 

Fig. 3. DNA sequence of the I-J subregion and Aanhng area. The three constructed with the use of Bal 31 nuclease (45). Specific oligonucleotide 
parental sequences derived from C57BLl10, BlO.A, and B10.D2 are aligned primers based on the sequence obtained from BlO.A(3R) deletion clones 
and shown above the four recombinant sequences derived from BlO.A(3R), were used to obtain the sequence of the other clones (46). AU sequences were 
BlO.A(SR), BlO.GD, and BlO.A(4R). A dot indicates identity with the obtained from M13mplO or ~M13mpll clones (47). The 16- or 20- 
nucleotide presented above it. Deletion clones for sequence analysis were nucleotide primers were synthesized in the Caltech Biology Microchemical 
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C570L/lO 1681 AAAATGAAAATGGCCTGGCTTCTTCAGCTGGGAGAGGATCCTCGCTCAGCACTGCCATCTGCTGTTTGTCCACTGCTCTGCATGGTCAGGGTGCAGACTGCAGCTCAGCCCACAATCCCT 1000 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010.A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 02 . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A L3R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  O1O.A 15R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0lO.GO . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A 14R) . . . i  

I I I I I I I I I I 1 

C570L/lO 1801 G C A G C T C A C A G T C T G G C C C C T G C T G A T G T G A C T G T G A A T C C C T G T T T A G C C G A C A T G A A G A A G T A A T G A T G T C A G A T A T G G C A A A G T T G A T T T A G A G T T T T G C C A A A A C A G A T G A G A A A G  1920 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010.02 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A (3R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A 15R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  810.GD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  O1O.A 14R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i 

I I I I 1 I I I I I I 

C570L/10 1921 G A G T A A C A C T C A G T A A G T C T T C C T G C C T C A C C C A A A G A A C T T T C A C C A T C T A C A G A C A A G A A G A A A C A G A A C C C A T G T G C T A T A C A C A C A G G G T A T G T G G G T G T C G C T T A G C T G T T G G T T  2040 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  O1O.A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 02 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A (3R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  01O.A 15R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 GD . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 .A (4R) . . . . . . . . . . . . . . . . .  

i ' I I I I 1 I I I I I I 

C570L/10 2041 AAAGTATCACAGCTGAGAGGAGAGCCTGTTTCTCTCCGCCTGGAGCTTCACCTCCAGCTGGTGATTCCTCCTGAGAGTGGAGCTGACAGTAAATTGTGAAAACAGAACCTGAGTCCTGGG 2160 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 .02  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010.A 13R) . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  01O.A (SR) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010.G0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 lO.A (4R) 

I I 1 I 1 I I 1 I I I I 

C570L/lO 2161 C G A C T G T A G A A C C T T A G C C T G C C T G G A T C C A G T C T G G A T G G A T A G A T G G A G G T A G G C A G G C A G G C A G G C A G  GCAGGCATGCAGGCAGC 2280 
. . . . . . . . . . . . .  010.A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 02 TGCAGGCAGGCAGGCAGGCAGGCAGGCAGGCAG . . . . . . . . . . . . . . . .  010 A (3R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  O1O.A L5R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  010 .  GO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  010 A (4R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . i . . .  . . . . . . . . . . . . . . . .  

I I I I I 1 1 I I I I 

C570L/lO 2281 CTACAAGGAGGACAGCTCCACCCTCATGGCTCCTTCTCACCTATCTTTCTCTAGTTGAGCCTACGGTGACTGTGTACCCCACAAAGACACAGCCCCTGGAACACCACAACCTCCTGGTCT 2400 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  010 A C G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  010.02 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .C , G . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  010 A L3RI C . . , G . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  O1O.A (5R1 C G 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010.GD 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A L4Rl 
I I I 1 I 1 I I I I I I 

C570L/lO 2401 GCTCTGTGAGTGACTTCTACCCTGGCAACATTGAAGTCAGATGGTTCCGGAATGGCAAGGAGGAGAAAACAGGAATTGTGTCCACGGGCCTGGTCCGAAATGGAGACTGGACCTTCCAGA 2520 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 l O . A  . . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 02 G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  O1O.A L3R) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  810.A (5R1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0lO.GD . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A I4R) 

I I I I I I I I I I I 1 

C570L/10 2521 CACTGGTGATGCTGGAGACGGTTCCTCAGAGTGGAGAGGTTTACACCTGCCAGGTGGAGCATCCCAGCCTGACCGACCCTGTCACGGTCGAGTGGAGTGAGTGGTAACTTCCAGACTCTG 2640 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010.A 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010.02 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 .A (3R) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  810 A(5R) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010.GD 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  01O.A 14R1 . . . . . . . . . . . . .  . . . . i  

I I I I I I I I I I I 

C570L/10 2641 TGAATGCCCGCCCGGGTGGGTGTGGTTTATCCCTGCCTGTCAGCTTTCTCCACCCACACACTCTTTCCACTGGCTTTGTGCTGTCCTGCCTTTCACCATGGCTTACAGGGTAGGTGCGTG 2760 
O1O.A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
010.02 . . . . . . .  T . . . T . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . T  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B1O.A 13Rl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B1O.A (5R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
010.G0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
010.A [4R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I I I I I I I I I I I I 

C570L/10 2761 AAGCTTCTACAAGCACAGTTGCCCCCTGGGAAGCAGTTATGCCCCCATAGACTCATCTGAGCCTGCCAGTGACATAACAGGTCCTGGAATCTTCTTG CAGCCTCTGCCGC 2880 
010 A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G. . . . . . . . . . . . . . . . . . . . . . . . .  

. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  BIO 02 GCCCCTGCTGT 1 . 1  : : : : 
. . . . . . . . . .  010 A 13R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . .  010 .A 15R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . .  010.GD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  O1O.A 14R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i , , .  
I I I I I I I I I 1 I 

C570L/10 2881 TAGCTGGGTTGTGT TCCTCCTGCTGCTGCTGCTG ATGGACAAGGAGCAGTGCAGGGTCATGGCTGACCTCAG 3000 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  O1O.A . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

010 .02  . . . :  . . . . . .  TCC . . . . . . . . . . . . . . . . .  CTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGACG . . . . . . . . . . . . . . . . . . . . .  . A . C . . . . . .  . 
. . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . .  010 A [3R) . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  01O.A (5R) . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 GO . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  010 A [4R) . . . . .  . . I i .  . . . . . . . . . . . . . . . .  

I I I I I I I I I 1 I 

C570L/ i0  3001 G G A C A T A T A G T C A T A G C T C T G C C T T T G C T A C C C C T C A G A G C T C A G C A G C T T C C T G T C A G C T C G G C T C A G G G T G G T C A T G T T T A A G G C T C T T C A T G G T G T G A G C C T T T T C C T G T T T T G T T G  3120 
0 1 0 : ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G . . . .  

. . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  010.02 T C . .  A . . , , T . . ,  A. G. 
010 .A I3R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G . . . .  
010 A 15R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G . . .  
010 .  GO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C570L/10 3121 GTTTCTCAACATGACCAGGAA 
010.A . . . . . . . . . . . . . . . . .  

Facility on an Applied Biosystems 380A DNA synthesizer. All sequences 
presented were obtained on both strands from overlapping clones or 
overlapping sequencing gel runs (or both). The following nucleotide 
positions correspond to polymorphic restriction sites: 549 (Barn HI), 675 
(Aha 111), 81 1 (Sma I), 847 (Rsa I), 979 (Apa I), 2369 (Hga I), and 2653 
(Sma I). The left-hand boundan of the 1-7 subregion is designated nucleo- 
tide 1287 and the right-hand boundary is designated nucleotide 2322. The 
cross-over occurred between nucleotide 1287 and 2322 (inc1usii.e) in the 
strains BlO.A(3R) and BlO.A(SR), between nucleotide 1287 and 1697 in 

the strain BlO.GD, and to the left of nucleotide 1094 in the strain 
BlO.A(4R). The P2 exon of the E, gene as delineated by Saito e t  al. (31) is 
from nucleotides 2335 to 2616. The locations of nonoverlapping sequences 
exhibiting at least 80 percent homology to the human minisatellite repeat 
sequence are as follows (listing the first base): 335, 505, 1149, 2214, 2226, 
and 2454. The strain B10.D2 contains mro additional homologous se- 
quences at nucleotide locations 2238 and 2250 in the I-J subregion repeat 
region showing 80 percent homology and a change to 70 percent homology 
at positions 2214 and 2226. 
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GCTGGTGG lambda c h ~  sequence 

. .  . .  
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GGGCAGGA G human min isa le l l~ te  core sequence 

G 

Fig. 4. Alignment of the I-J subregion repeat sequence to the lambda chi 
sequcnce and the human minisatellite core repeat sequence. The lambda chi 
sequence (32, 33) is aligned with the 1-7 subregion repeat found in the b or k 
haplotypes. The human minisatellite corc sequence (34) gives a maximum 
homology of cight out of ten bases to the I-J subregion repeat. There are 
three nonoverlapping core-like sequences, or eight overlapping core-like 
sequences. 

determine locatiot~s and special D N A  sequence characteristics of the 
recombinational hotspot, if any, we analyzed the recombination 
regions of four I region recombinant chron~oson~es and compared 
their sequences with those from the appropriate parental chromo- 
somes. Three of the four recombi~la~lts analyzed recombi~led within 
a 1-kb region of DNA within the intron between the p l  and P2 
exon of the Ep  gene (Fig. 2).  Both BlO.A(3R) and BlO.A(5R) 
recombined within a 1.0-kb region and B1O.GD recombined within 

u 

a 410-bp region. The precise location of the recombination event in 
the strain RlO.A(4R) cannot be identified because of a lack of 
polymorphism between the b and k haplotypes. The detailed 
analysis of I region recombinants supports the obsenration that 
recombination within the I region is highly localized in the Ep  gene. 
These obsenlations raise a question as to whether any DNA 
sequences correlate with this hotspot of recombination. 

DNA sequence analysis revealed the presence of an imperfect 
four-base repeat sequence (AGGC), fourld in all seven mouse strains 
examined. It  is located approximately 50  bp 5 '  to  the P2 exon of the 
Ep  gene (Fig. 2).  This sequence has also been observed by Saito et 
al. (31) in the Edp gene sequence. However, lacking our extensive 
sequence analysis in this region, they could not assign any possible 
sig~lifica~lce to  this repeat. This repeat sequencc is the only notable 
feature of the 3.1 kb of putative I-J subregion sequence. This 
sequcnce is repeated 18  times in the d haplotype (B10.D2) and 10 
rimes in the b and k haplotypes (C57BLi10 and BIO.A). It  shows 
that only five bases out of eight are homologous to the lambda 
phage chi sequence, which promotes homologous recombination in 
Escbe~icbia coli (Fig. 4 )  (32, 33). But the recombination hotspot 
repeat sequence sl~bws three ~lo~loverlapping sequences that are 70 
or 8 0  percent homologo~~s  to the human mi~lisatellite core sequence 
reported by Jeffreys et al. (Fig. 4) (34). This core sequence has been 
postulated t o  provide a recombination signal promoting formation 
of minisatellites. There is a relative clustering of minisatellite core- 
like sequences in the DNA repeat region of the recombinational 
hotspot of the I-J subregion in the Ep  gene as compared to the 
correspo~lding region of  the Ap gene. Hence, it is attractive to 
speculate that this repeat sequence in mouse may facilitate recombi- 
nation. This hypothesis requires experimental test. However, there 
is no evidence to  suggest that recombination in other parts of the I 
region is specificallp inhibited but rather may be enhanced in the Ep 
gene region. 

If the I-J subregion repeat sen7es t o  promote recombination in the 
I region and is the reason why the recon~bi~lation event in I region 
recombinants analyzed map to the Ep gene, then this sequence 
might not be located elsewhere in the I region. A 40-nucleotide 
fragment of the repeat sequence was used as a hybridization probe 
against restriction-digested cosmid DNA clones derived from 
BALBic (12). DNA blots of individual cosmid clones spanning 
approximately 170 kb of the I region were probed with this repeat 
sequence. These cosmids i~lclude the genes Ap, A,, Ep, ,Epz, and E,. 
Only the three cosmids cont-ailling Ep  sequences hybr~d~zed  to the 

oligonucleotide. These data demo~lstrate that this repeat sequence 
does not occur elsewhere in the I region and is, accordingly, 
consistent with its postulated role in facilitation of recombination. 
Ge~lon~ic  blot analysis with the repeat region as probe indicates a 
few major hybridizing bands, including one that correspo~lds to  the 
reco~nbinational hotspot, and a high background of weak hybridiza- 
tion. 

Recombinational hotspots-mechanisms and examples. The 
recombinatiollal hotspot in the Ep  gene may arise from DNA 
sequence characteristics in this region, such as the repeat sequence, 
o r  from special features of chromatin structure which may promote 
chromosome pairing and recombination. The existence of the 
hotspot indicates a possibility that there is a selective pressure for 
hybrid Ep genes. Perhaps recombination in other locatio~ls would 
produce a p  heterodimer combinations that are less effective in 
functioning as M I l C  restricting elements. The observation of 
certain mixed-haplotype u p  dimers (AkAdp) that are unable to  
associate and the observation that some mixed-isotype dilners 
(Ed,Adp) can form and function as restricting elements suggest that 
structural constraints dictate the permissive association of class I1 a 
and p chains (3.5, 36). The location of the recombinant hotspot 
would then prevent the generation of ~lo~lpermissive A, and Ap 
alleles (37, 38). In addition, the co~lserved E, chain can associate 
with both E p  and Ap, and this too is maintained in the I region 
recon~bina~lts analyzed. Two recombillants have recently been 
mapped to two difi'erent locatio~ls 5 '  to  the Ap gene and thus d o  not 
affect the a and p associations (39). A more general effect of 
recon~bi~lation in the I region is to  provide a n~echa~lism for 
generating diversity by joining the proximal end of the M H C  of one 
haplotype to the distal end of the M H C  of another haplotype. 

Recent analyses of recombinants between wild mice (Mus muscu- 
lus molossinus and M. m. castaneus) and laboratory mice permit the 
identification of recombi~lational hotspots between the K and I 
region loci of the MHC (39, 40). Another study suggests that 
recombinants between the p and k haplotypes map to an additional 
recon~bi~lational hotspot in the E, gene region (41). This result is 
somewhat surprising because 16 out of 16 I region recombinants 
map to the Ep  gene region. These latter recombinants are derived 
from the b, d, k, and s haplotypes. The current available data suggest 
that the location of recombinational hotspots may be dependent on 
the specific parental DNA. 

Studies of the human p-globin locus and human insulin locus also 
indicate hotspots of recombination ( 4 2 4 4 ) .  Each of these hotspots 
also co~ltai~ls  tandem repeat sequences, unrelated to those we have 
described above, which may promote unequal crossing-over. Our 
data demonstrate that the recombi~lation frequency per kilobase of 
DNA is not random, which, indeed, may be due to the presence of 
hotspots of recombination scattered throughout the genome. 
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In Vivo Half-Life of a Protein Is a Function of 
Its Amino-Terminal Residue 

When a chimeric gene encoding a ubiquitin-P-galacto- 
sidase fusion protein is expressed in the yeast Saccharumy- 
ces cuevisiae, ubiquitin is cleaved off the nascent fusion 
protein, yielding a deubiquitinated P-galactosidase 
(pgal). With one exception, this cleavage takes place 
regardless of the nature of the amino acid residue of pgal 
at the ubiquitin-pgal junction, thereby making it possible 
to expose different residues at the amino-termini of the 
otherwise identical Pgal proteins. The Pgal proteins thus 
designed have strikingly different half-lives in vivo, from 
more than 20 hours to less than 3 minutes, depending on 
the nature of the amino acid at the amino-terminus of 
pgal. The set of individual amino acids can thus be 
ordered with respect to the half-lives that they confer on 

@?, 
when present at its amino-terminus (the "N-end 

rule ). The currently known amino-terminal residues in 
long-lived, noncompartmentalized intracellular proteins 
from both prokaryotes and eukaryotes belong exclusively 
to the stabilizing class as predicted by the N-end rule. The 
function of the previously described posttranslational 
addition of single amino acids to protein amino-termini 
may also be accounted for by the N-end rule. Thus the 
recognition of an amino-terminal residue in a protein may 
mediate both the metabolic stability of the protein and 
the potential for regulation of its stability. 

I N BOTH BACTERIAL AND EUKARYOTIC CELLS, RELATIVELY 

long-lived proteins, whose half-lives are close to or exceed the 
cell generation time, coexist with proteins whose half-lives can 

be less than 1 percent of the cell generation time. Rates of 
intracellular protein degradation are a function of the cell's physio- 
logical state, and appear to be controlled differentially for individual 
proteins (1). In particular, damaged and otherwise abnormal pro- 
teins are metabolically unstable in vivo ( I ) .  Although the specific 
functions of selective protein degradation are in most cases still 
unknown, it is clear that many regulatory proteins are extremely 
short-lived in vivo (I, 2). Metabolic instability of such proteins 
allows for rapid adjustment of their intracellular concentrations 
through regulated changes in rates of their synthesis or degradation. 
The few instances in which the metabolic instability of an intracellu- 
lar protein has been shown to be essential for its function include the 
cII protein of bacteriophage A and the HO endonuclease of the yeast 
Saccbaromyces cerevisiae ( 3 ) .  

Most of the selective turnovcr of intracellular proteins unlder 
normal metabolic conditions is adenosine triphosphate (ATP)- 
dependent and (in eukaryotes) nonlysosomal (1, 4 ) .  Kecent bio- 
chemical and genetic evidence indicates that, in eukaryotes, covalent 
conjugation of ubiquitin to short-lived intracellular proteins is 
essential for their selective degradation (1, 5 ) .  

By analogy with the signal sequences that confer on a protein the 
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