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Several inbred strains and a certain percentage of wild mice
bear a deletion in the EL gene of the mouse major histocom-
patibility complex (H-2). This mutation prevents transcrip-
tion of the EL gene and hence functional expression of the
ELaE dimer on the cell surface. Two strains were selected for
a more precise localization of this deletion. BALB.B is a con-
genic line carrying the H-2b haplotype on the BALB/c
background. CRO435 is an outbred stock derived from a wild
mouse captured near Cairo, Egypt; it carries the H-2w37
haplotype including a null EL28 allele, as well as semi-lethal
mutations in the H-2 linked t complex (tTUWT). From these
two strains, we have isolated genomic clones that contain
fragments spanning the Ea deletion, and have sequenced the
breakpoint region. The deletions in the two strains are iden-
tical, spanning 627 bp which include the promoter region and
the signal peptide exon of the EL gene. Limited sequence
comparison suggests that the Eb allele of BALB.B is more
closely related to the Ep28 allele of CRO435 than both of
these are to an EL-expressor allele, EL. It is therefore likely
that the EO deletions in the various inbred strains and wild
mice are of the same origin, and we propose that they have
been disseminated throughout the mouse population because
of linkage to the t complex.
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the E complex at the cell surface (Jones et al., 1981).
Inbred laboratory strains that lack a cell-surface E complex

(E° strains) have a deficiency in intracellular protein levels of
either Ea (haplotypes H-2b and H-25) or both E, and EL
(haplotypes H-2f and H-2q; Jones et al., 1981). By analyzing
the mRNA of mice that do not express E,L, it has been
established that at least three EO phenotypes exist: mice of the
H-2f haplotype synthesize predominantly an aberrant EL
mRNA because of defective splicing (G.Garcin, C.O.Benoist
and D.J.Mathis, in preparation); H-2q mice have very little
Ea mRNA, none of which is of the correct size; and mice of
haplotypes H-2b and H-2s express no Ea mRNA (Mathis et
al., 1983a). In H-2b and H-2s mice, there is no transcription
of the Ea gene because of a 650-bp deletion encompassing the
promoter region and the first exon (Mathis et al., 1983a;
Hyldig-Nielsen et al., 1983). Interestingly, the deletion ap-
pears to be identical for the two strains examined, at least at
the level of resolution afforded by Southern blotting.
The failure to express an E complex is not limited to inbred

laboratory strains of mice (Gotze et al., 1980). In particular,
18 t haplotype-carrying strains of wild mice were found to
have an E° mutation (Dembi6 et al., 1984); these represent
more than half of the known t-bearing strains. Among the E°0
strains, 15 exhibit a deletion at the 5' end of the ELa gene, and
strikingly, the location and length of the deletion appears to
be the same as in the H-2b and H-2s laboratory strains. This
observation leads to the hypothesis that this ELa deletion is an
old mutation that has been disseminated throughout mouse
populations by the t-bearing chromosome (Dembit et al.,
1984).
To test this hypothesis, we have cloned the EL gene from

two strains bearing the deletion and sequenced the deletion
end-points. We have chosen a laboratory strain BALB.B (H-
2b), and a wild strain, CRO435 (H-2w3'), for which there is no
evidence of genetic relatedness. We find that the ELa deletion
in these two strains is identical.

Introduction
In the initial phase of the immune response, an antigen is
presented to T lymphocytes together with molecules control-
led by the individual's major histocompatibility complex
(MHC; for review seen Klein et al., 1983; Kaufmann et al.,
1984). Antigens integrated in the host-cell membranes are

recognized in the context of class I MHC molecules, whereas
soluble antigens are offered to regulatory T lymphocytes
together with class II molecules. In the mouse, the functional-
ly active class II molecules are controlled by four loci, Aa,
AO, E, and EL . The polypeptide chains controlled by these
loci assemble as two heterodimers, the Aa¢Af and the LaLfE
molecules. Both the A and E molecules seem to be important
in regulating the immune response since some antigens are

recognized in the context of the former and others in the con-

text of the latter (Baxevanis et al., 1980). Thus, it was
somewhat surprising to find that all mouse strains so far
tested express the A complex but certain mice do not assemble
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Results
Endpoints of the EO deletion in H-2b mice
A lambda genomic library was constructed from partially
EcoRI digested BALB.B liver DNA, and was screened with
an ELa probe, the 2.9-kb SstI fragment depicted in Figure la.
A clone containing the H-2b haplotype ELa gene (Bb 2.9.1)
was thus identified and isolated.

Figure lb shows a partial restriction enzyme map of a
2.5-kb Sall fragment at the 5' end of the H-2k and H-2d EL
genes, both of which are transcribed normally. Previous
results indicated that the Sstl and the two XmnI sites were ab-
sent in mice bearing the 5' JY mutation (Mathis et al., 1983a).
To facilitate more precise localization of the deletion, we
subcloned into pBR322 the corresponding 1.9-kb Sall frag-
ment from our BALB.B genomic clone, thus producing
pSLEABl.9. Restriction enzyme analysis on the purified Sall
fragment confirmed the absence of the XmnI and SstI sites
and allowed us to make the tentative conclusion that the in-
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Fig. 1. Ea gene maps. (A) Configuration of the Ea genes in H-2k and H-2d mice (as per Hyldig-Nielsen et al., 1983; Mathis et al., 1983b). Thicker regions
represent exons. E = EcoRI. (B) Partial restriction enzyme map of the 5' 2.5-kb Sall fragment in H-2k and H-2d mice (taken from Hyldig-Nielsen et al.,
1983; Mathis et al., 1983a; and Ayane et al., unpublished results). For any given enzyme, not all sites are shown, only those relevant to the discussion. Below

the maps are the maximum possible limits of the 650-bp E° deletion as described in Mathis et al. (1983b). The solid area represents the known deleted region
of -200 bp; the hatched areas demarcate an additional 450 bp on each side. (C) Sequencing strategy used for pSLEABl .9. (D) Sequencing strategy used for

pE°5. Solid lines, 5' labeling; hatched lines, 3' labeling.

dicated RsaI and Fnu4HI sites were present in H-2b mice.
Hence, these sites were used as end-labeled start-points for
Maxam and Gilbert sequencing, as illustrated in Figure Ic.

The endpoints of the H-2b deletion are situated along the
Eny sequence in Figure 2. The mutation boundaries are nucleo-
tides 162- 164 and nucleotides 787 -789, excising 627 bases,
in good agreement with our previous estimate of 650 4 50
bases. Since the deletion starts and ends with an AT, it is not
possible to determine the precise boundaries.

Endpoints of the EO deletion in H-2W37 mice
A cosmid genomic library was constructed from partially
Sau3AI digested CRO435 liver DNA, and was screened with
an En, probe, the 3.4-kb Sail fragment depicted in Figure la.
Four positive clones, encompassing a region of 70 kb, were

isolated. Restriction enzyme mapping revealed considerable
homology between this stretch of DNA and the correspon-
ding regions of H-2k and H-2d mice (data not shown). The
1.9-kb Sall fragment spanning the EO deletion in cosmid
clone 2.1 was subcloned into pUC8, and portions of the
resulting clone, pE°5, were sequenced according to the
strategy illustrated in Figure ld. The sequence data (Figure 2)
revealed exactly the same deletion end-points as described
above for H-2b mice.
H-2d, H-2b and H-2W37 sequence comparison
The sequence shown in Figure 2 includes a stretch of 603
nucleotides which has been sequenced in all three haplotypes.
This region is part of the intron separating exons 1 and 2. The
H-2d sequence differs from that of H-2W37 in 12 positions and
from that of H-2b in 10 positions. The H-2W37 and H-2b se-

quences differ at only four residues. Hence, H-2b and H-2W37
mice appear to be more closely related to each other than
either haplotype is to H-2d mice.
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Discussion

A deletion at the 5' end of the Ec, gene has thus far been
demonstrated in 16 H-2 haplotypes via restriction enzyme

analysis (Mathis et al., 1983a; Dembic et al., 1984). Five of
these haplotypes are present in six strains of laboratory mice
(b, s, dx, sg4 and w67), nine occur in wild mouse strains car-

rying t haplotypes (w28, w31, w36, w37, w38, w56, wS9, w60
and w63) and two are present in other strains derived from
wild mice (w17 and wS3). Restriction enzyme analysis sug-

gested that the deletions may be the same in all 16 haplotypes,
because their size and location within the En, gene was in-
distinguishable. The demonstration here, that the H-2b and
H-2W37 haplotypes carry an identical En deletion renders it
likely that in the other 14 haplotypes the deletions are also the
same. If so, how did this mutation disperse throughout the
various haplotypes?
One possibility is that the same deletion occurred repeated-

ly in different haplotypes. It has been reported that large dele-
tions in the globin gene cluster may occur by exchange bet-
ween locally homologous sequences at two different sites
(Baglioni, 1963; Flavell et al., 1978), while shorter deletions
seem often to be bordered by direct repeats (Marotta et al.,
1977; Efstratiadis et al., 1980). However, there is no striking
homology between the sequences bordering the deletion, and
the short AT repeat (Figure 2) seems a very unlikely cause for
the repeated occurrence of precisely identical deletions.

Recently, Vanin and his co-workers (1983) have suggested
that similar independent deletions in approximately the same
regions of a gene may arise because the 5' and 3' breakpoints
happen to be physically close in the nucleus (e.g., at the stem
of a chromatin loop), although far apart on the linear DNA.
Following this line of reasoning, the E, deletions, too, might
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100
w 37 ACC TACTCTCAAAAGGAGATGCATCCAACAATAAGAAGATCCCTGAATGACATCCTGTTACCAGAATCCGGCATTCTCCATCACCTGCTTGTTCCGTTTC
b

200
d ACC-TCACACTCAGAGGTACAA3CCCCATTTTCATATTAGCGATTTTAATTTATTCTAG
w37 TCTTTAGATAATTCAATGTCCCTTGAAAGCAGTCTTCCCAG--T.----.
b ----------------------------------------G--T--------------------//////////////////

0.. . 300
d CCTCACTGATGTGTTCAGATAGGACTTAGATTGGGACAGAAGATGTGTATTTTACAACCAACATTCCCAATCTCTTGAAATTTTTGTCCTGTTTGTCTAC
w37
b

,... 400
d AGCCTTTATTATTTTTTTGTTAATAAGTGGAAAAATTTCTTCTTGAGGAAAATTATTTCTTGAAATGTTAAGTGGAAACTCGGATACTAAATAGGACCTG
w37
b

'*** 500
d GTTGCAAGGAACCCTTTCCTAGCAACAGATGTGTCAGTCTGAAACATTTTTCTGATTGGTTAAAAGTTGAGTGCTTTGGATTTTAATCCCTTTTAGTTCT
w37
b

600
d TGTTAATTCTGAAT TGAACCACAAAC AAGAA
w37 I/I/I//I/I/////T77/7////t1//////7//1tt//tTAS////////
b

700
d ,GCTGJTTCTJAJJAGCTCCAGAAGrCTGGGCTA141TCaiGTAAGTGCTAAGAAAACCAAAACCAAGGTGGTAGACTGTATGAGGCTTTGGAGAAATGAA
w37 J7777JJJJJJJJJJJJJ/ JJJJJJJJJJJJ7//
b

800
d CATGGGCATAGAAAGGGCAGTCTTTGAACTGAAAAAATAAGAATGGCAGACACCATGTAAGTCTAAATCTGAAGGTTATCAGGCAGTTEi9GTTCAGGGG
w37 -----C----

900
d GAAAAATCTTTCTACTGAAGTAAAATGACTCAGACTTAGTTGAGCAAACAAATAAAGGCACATGTTGCTGAGAGCTGCTGTCTCTCCAGAGGTCAGACAT
w37 -- - - --------------------------- C--
b ----------------------------------------------------------------C-----------------------------------

1000
d TTGGGGCTATGGGAAAGTAGCTTTCAGTAGGCACCAACCAGTTTCATCCCTGGGTTTTATTTTTTTTTCTTTCTGGAACATTGGGAAAATTAATAATTGG
w37 -----------------------------------------------T-------------------------__ --7-------------------

* * . 1100
d AAACCTCACGCTATTTTGTGGAGACCAAGTGAGCTAATGTATGAGAGGCTCTCAGTGCTGTTCTCGTCTGAGAATCCTGTTCACACCAGTCCTGTTGTAT
w37 ---------A--------------T-----------------------------------------------T--/------------------------
b - A-----------------------------------------I-

1200
d TTAAACATGGACACCATATTTAAGATCACGAGAAAGAAAGGACATCATCCCACTCCAAATCTACCCAAGAGGTAGGGCAGGCACACTGATATGAAGTGCA
w37 ---------------------------------------T------------------------------------------------------------
-T-

1300
d CTTAGTTGACTGATTCTTGGGGCAGTTGTAGCTGTGCCAGCCCCTTCCTGTGACACAGCAGATGCTACAAGAACTGTGGTCACCACTACCGAGTTCTAGT

b.A.

1400
d TACCAGAGAGCAGAGAGACGTAAGTGGAGGTTGGAATCATCTCCAGAGCAAATATTTTGTGCTGATGTGAGAAAGGGTTCTGCATCCGGAGCATCCCTGT
w37 -------------------.T__---------------------------------------T--
b -----. _ T------------------------------------ T-------

Fig. 2. Comparison of the E, sequences in H-2b, H-2"7 and H-2k haplotype mice. The first exon is underlined with the thicker area representing the protein
coding region. The directly repeated dinucleotides at the deletion boundaries are boxed. '-', indicates identity with top sequence; '/', indicates deletion.
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be a consequence of DNA secondary structure or of
chromatin superhelix formation. However, such a
mechanism seems unlikely because one would not expect ex-
actly the same breakpoints in different haplotypes. There is
thus no obvious mechanism that could explain the repeated
occurrence of the same deletion in theELa gene, although it is,
of course, possible that the borders of this deletion contain
some as yet unrecognized feature that make them a 'hot spot'
for repeated excision of an identical DNA stretch by some as
yet unidentified mechanism.
An alternative possibility is that the 16 H-2 haplotypes car-

rying the ELa deletion, although different, are all related to
one another and that the deletion arose only once and was
then disseminated throughout the mouse population. We
favor this possibility for two reasons. The first is that, in fact,
evidence for relatedness of the 16 H-2 haplotypes is ac-
cumulating. In the present study we could show that the short
determined sequence of the Eb gene is clearly more closely
related to that of the L~'28 allele of the CR0435 strain than
both of these sequences are to the sequence of anELa gene that
does not carry a deletion (e.g., Et). This relatedness of Eb and
E":28 occurs in spite of the fact that the non-functional, non-
expressedE° genes seem to diversify more rapidly than the ex-
pressedEa genes, as evidenced by a higher incidence of restric-
tion enzyme fragment length polymorphism (Dembit et al.,
1984). Relatedness of the 16 H-2 haplotypes is also suggested
by serological analysis of class I and class II molecules
(Nizetic et al., 1984). For example, H-2b and several of the t-
bearing strains share the determinant H-2.33 which is, other-
wise, very rare among wild mice. Also, the limited knowledge
of the genealogy of the different inbred strains suggests
several possible connections between the different EO
haplotypes.
The second reason for believing that the ELa deletion occur-

red just once is that the t haplotypes provide a logical ex-
planation for the spreading of a single mutation. Most of the
naturally occurring haplotypes carry a complex of genes that
distorts gene transmission through the sperm in favor of the t
chromosome (reviewed in Klein and Hammerberg, 1977). In
some matings, males transmit the t chromosome to nearly
1000/o of the progeny. Since the EO deletion is closely linked to
the distorter gene by a strong suppressor of recombination ac-
ting on the entire centromeric arm of the t-H-2 chromosome,
it can be easily imagined how the original ELa deletion could
have been spread throughout the world together with the t
chromosomes. The presence of this deletion in non-t mice
could then be explained by rare crossing over between t and
H-2. According to this hypothesis, the ELa deletion arose a
long time ago, in the original chromosome from which most
if not all of the present-day t chromosomes derive. The t
chromosomes spread the deletion into different mouse
populations where it occasionally separates from the t
haplotype. Once relieved of the crossing-over suppressor ef-
fect, the EO gene is free to recombine with other H-2 genes
and so it ends up in different H-2 haplotypes.

This hypothesis may seem to be contradicted by the recent
reports of an inversion associated with the t haplotypes and
encompassing the entire H-2 complex (Artzt et al., 1982). An
intra-H-2 recombination should then represent crossing over
within the inverted region and as such should lead to the for-
mation of nullicentric and dicentric chromosomes. However,
there is evidence that the H-2 complex can separate itself by
rare recombination from the t chromosome without any of

the impairments which are predicted in the inversion
hypothesis. An example of such a separation is the th18
chromosome which carries the H-2 complex of the original t6
chromosome (Bechtol and Lyon, 1978) and yet recombines
normally with wild-type chromosomes (Lyon and Meredith,
1964). These observations indicate that not all the t
chromosomes carry an H-2-encompassing inversion and sug-
gest that the spreading of theEX gene, as put forward here, is
theoretically possible.

Whether theE, deletion can persist stably in a population
without t is not clear. Since some antigenic determinants are
recognized exclusively in the context of E molecules, the
absence of these molecules is probably a deleterious trait.
However, since virtually all wild mice are H-2 heterozygotes
(Duncan et al., 1979), mice that lack E molecules are prob-
ably rare outside of the laboratory. Nevertheless, a hetero-
zygous mouse carrying the E, deletion can express only one
allelic form of the E molecule whereas a mouse with func-
tional Ea genes expresses at least two E allomorphs. Because
a particular antigen may be recognized in the context of only
some E allomorphs, a mouse heterozygous for the E,L dele-
tion might still be at a selective disadvantage. One could,
therefore, imagine that the t-freeE' haplotypes are slowly be-
ing eliminated from mouse populations, only to be replaced
by deletions newly released from the t complex. Because t
haplotypes are present in virtually all mouse populations,
there is probably never a shortage of opportunities for the
replenishment of t-free E, genes.

Materials and methods
Mice
CRO435 mice were produced in the breeding colony at the Max-Planck In-
stitute for Biology, Tubingen. They were derived from a mating between a
wild mouse captured near Cairo, Egypt and a laboratory strain. They carry
the H-2w37 haplotype and a semi-lethal tTuW7 haplotype (Nifetie et al., 1984).
BALB.B (H-2b) mice were bred in the laboratory of Dr. H.O.McDevitt, Stan-
ford University, Stanford, CA.

DNA cloning and analysis
A BALB.B liver DNA genomic library was produced in Charon 4 exactly as
described (Mathis et al., 1983b). Six hundred thousand clones were screened
with an E, probe (The 2.9-kb Sstl fragment from H-2k mice - see Figure la
and Mathis et al., 1983a). A positive clone, Bb2.9. 1, was isolated and the
1.9-kb Sall fragment from this recombinant was subcloned into pBR322 to
produce clone pSLEAI.9.
A CRO435 liver DNA genomic library was produced in cosmid pNNL by

described methods (M.Steinmetz et al., 1985). DNA was partially digested
with Sau3AI, the digest size-fractionated on a sucrose gradient, 30-50 kb
fractions isolated and ligated to the purified BamHI-digested arms of pNNL,
and the ligated mix packaged and used to infect Escherichia coli 490 A. One
million clones were screened with an E, probe (the 3.4-kb Sail fragment from
cos H-2d 32.1, see Figure 1 a). Cosmid clone 2.1 was used for further analysis.
The 1.9-kb SalI fragment was subcloned into pUC8 to produce clone pE°5.
DNA sequencing
Sequences were determined according to the method of Maxam and Gilbert
(1980). Deletion subcloning of pE°5 was performed as described by Frischauf
et al. (1980). Relevant regions of pSLEABI.9 were sequenced after 5' end-
labeling of the Rsal, Fnu4HI or Hinfl sites.
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