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The E: gene may have acted as the donor gene in a gene

conversion-like event generating the AM12 mutant
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At least two different class II histocompatibility antigens, I-A
and I-E, are encoded by the murine major histocompatibility
complex. Both types of class II antigens are composed of
polypeptide chains called a and ,B. Class H antigens display
extensive genetic polymorphism, the main part of which
resides in the NH2-tenninal domains of the Aa, AO and Eq
chains. Recently it was shown that the mutant gene A3m1
differed from the wild-type gene AB by three nucleotide
substitutions, which all occur within a stretch of 14 nucleo-
tides. Multiple substitutions of the type found in the Abm12
gene suggest that the mutant arose by a gene conversion-like
event. To examine whether the EB gene may have served as
the donor gene in the generation of the A m12 gene, we have
isolated and sequenced a cDNA clone corresponding to the
EB gene. Comparisons of the E:, the AB and the A m12
nucleotide sequences revealed that the EM sequence is identical
to that of AMm12 in the positions where the latter differs from
the AM sequence. This observation is consistent with the no-
tion that the A:m12 mutant gene arose by a gene conversion-
like event involving the EB gene.
Key words: major histocompatibility complex/EB gene/
AP12 mutant/gene conversion event

Introduction
The major histocompatibility complex (MHC) antigens of the
class I and II types belong to the same family as the immuno-
globulins (Larhammar et al., 1982). At least one chain of the
T-cell antigen receptor is also a member of this family
(Hedrick et al., 1984; Yanagi et al., 1984). A common feature
of many members of this family of proteins is their extensive
genetic polymorphism (Klein and Figuerora, 1981). However,
allelic variants of some members are rare, e.g., of 032-micro-
globulin (Robinson et al., 1981) Thy-I (Williams and Gagnos,
1982) and the secretory component (Mostov et al., 1984). The
mechanisms generating the polymorphism of the MHC an-
tigens are not known. However, gene conversion or similar
mechanisms may contribute to the polymorphism of class I
MHC antigens (Weiss et al., 1983; Pease et al., 1983) in much
the same way as has been suggested for immunoglobulin
germ-line V-genes (Baltimore, 1981). Whether such gene
conversion-like events may explain most of the polymor-
phism in the MHC or whether they just contribute marginal-
ly, remains unclear.

Class II antigens, which are cell surface-expressed
molecules composed of one a and one (3 chain, are derived
from adjacent genes in the I-region of the murine MHC
(Steinmetz et al., 1982). Two types of class II antigens, called
I-A and I-E, having different a and (3 chains have been iden-

tified (Jones, 1977; Uhr et al., 1979). I-A as well as I-E (3
genes are polymorphic (Charron and McDevitt, 1979; Cook
et al., 1979). Recently, McIntyre and Seidman (1984) propos-
ed that a mutant of the I-A: gene may have been generated by
a conversion event involving the I-EB gene as the donor gene.
To establish that a mutant is generated by a conversion event
it is necessary to identify the donor gene. We describe here the
isolation and the characterization of a cDNA clone that codes
for the murine I-Eb chain. Analysis of the nucleotide se-
quence suggests that the I-E4 gene may be the donor gene in
the event that generated the Abm12 mutant gene.

Results and Discussion
Isolation and characterization of the cDNA clone pEBB24
A cDNA library consisting of 10 000 colonies was con-
structed from total poly(A) + mRNA of spleens of C57BL/6
mice (b haplotype). The library was screened with a 600-bp
restriction fragment of the E2 gene as the probe in a search
for a cDNA clone corresponding to this gene. The fragment
used was subcloned from the cosmid c39.1 derived from a
BALB/c library and corresponds to the entire second domain
exon of the E,2 gene (Steinmetz et al., 1982). The homology
between the E2 second domain exon and that of the Eo gene
is > 80% (data not shown). We therefore expected that even
under stringent conditions we would detect not only putative
E,2 cDNA clones but also clones corresponding to the Eo
gene.

Five cDNA clones were isolated and subjected to partial
restriction enzyme mapping. All clones contained sites
characteristic for E, gene exons. The largest E,B cDNA clone,
pEBB24, was further restriction mapped and sequenced.
Figure IA depicts the restriction map of the clone together
with the strategy employed to determine its nucleotide se-
quence.
The insert of clone pEBB24 consists of 1054 bp and, as

shown in Figure 1B, its sequence starts at the last nucleotide
of the codon for amino acid - 4 of the signal sequence and
ends with a short poly(A) tail. A termination signal is present
at base pair 725 and it is followed by a 340 bp long
3 '-untranslated region that includes a polyadenylation signal
(see Figure IB). The amino acid sequence predicted from the
nucleotide sequence encompasses the last three amino acids
of the signal sequence and the 238 amino acids that form the
mature protein.
The predicted EX amino acid sequence shows one glyco-

sylation site in the first domain. The first and second domains
each display two cysteine residues that probably interact to
form intra-domain disulfide bonds. The Eg sequence contains
an additional cysteine residue at position 12 in agreement with
the sequence of the Eh allele (Mengle-Gaw and McDevitt,
1983). Thus, the EB chain shows the characteristic features of
other murine and human class 1 chains (Larhammar et al.,
1982; Gustafsson et al., 1984; Saito et al., 1983; Larhammar
et al., 1983; Mengle-Gaw and McDevitt, 1983).
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Val Ala Leu Val Arg ASP Ser Arg Pro Trp Phe Leu Glu

A GTG GCT TTG GTC AGrA GAC TCC AGA CCA TGG TTT TTG GAM
Leu Leu Glu Arq TXyr Phe TXyr Asn Leu Glu Glu Asn
CTT CTG GAA AGA TAC TTC TAC AAC CTC CAC GAG AAC
Pro Asp Ala Glu Asn Trp Asn Ser Gln Pro Glu Phe
CCA GAC GCC GAG AAC TGG AAC AGC CAG CCG GAG TTC
Ser A Lvs Phe Leu Val Arq Ara Ara Al Glu Pro
TCG GAT AAA TTC CTT GTG CGG CGG AGA GWT GAG CCT
Val Cys Ser Val Ser Asp Phe Tvr Pro Gly Asn Ile
GTC TGC TCT GTG AGT GAC TTC TAC CCT GGC AAC ATT

Gly LeRu Val AGY TrPThr Phe Gln Thr
GGC CTC GTC CAAT GGAGA TGG ACC TCAG ACA

Glu His
GAG CAT
Phe Val1
TTC GTG

Leu Arm
CTG CGC
Leu Glu
CTG GAG

Thr Val
ACG GTG
Glu Val
GAA GTC
Leu Va
CTG GTG

TIKr CY LYrS Ser Glu CY
TC TGT AA TCT GAG MT'G

Phe Asp Ser Asp Val Gly
TTC GAC AGC GAC GTG GGC
Gln L s Ara Ala
CAA M'G CGG GCC

Thr Val Tvr Pro
ACT GTG TAC CCC
Ara Trp Phe Ara
AGA TGG TTC CGG
Met Leu Glu ThrAP, CTG, GAGu ACG

Pro Ser Leu Thr Asp Pro Val Thr Val Glu Trp L ys Ala Gln Ser Thr
CCC AGC CTG ACC GA CCT GTC ACG GTC GAG TGG AAA GCA CAA TCC ACA

Leu Gly Leu Leu Phe Leu Gly Ala Gly Leu Phe Ile Tyr Phe Arg Asn
CTG GGC CTG CTC TTC CTA GGA GCG GGG CTG TTC ATC TAC TTC AGG AAC

Glu Val
GAG GTG

Thr LkXsACAAG
Asn GI
AAT GGI
Val Pro
GTT CCT

Ser Ala
TCT GCA

Gln Lys
CAG AAA

His Phe T r Asn G1Y Thr GIn Arg Val Arq
CAT TTC TAC AAC GG5 ACG CAG CGC GT GG
Glu Phe Ara Ala Val Thr Glu Leu Glv Ara
GAG TTC CGC GCG CTr. ACC GAG CTG CC CCr,C
Asp Thr Val Cvs
GAC ACG GTG TGC
Thr Gln Pro Leu
ACA CAG CCC CTG

Lys Glu Glu Lys
M'G GAG GAG AAA
Gln Ser Gly Glu
CAG AGT GGA GAG

Gln Asn
CAG AAC
G1 Gln
G^G CAG

L s Met
MAG ATG

Ser Glv
TCT GGA

Leu Ser STOP
CTTGC MCTGCGGATGA GCAGGAAGGAATATGCCTGCCATGAAAMCATGTCCTGCTTGGCCCACATCCCTCCAGAGACACTGCTC CCAGGACCTG

GCTCCTCCTGATTrTCACCCTGGAGATCTGTGCTCCTGATG;GCTiGTTATCCCTGACCCAGGCCTTGCAGCTCCCAGGACAGAGGrCCCCACTCT CACATCTCTGTCCCCU-i-rolU-C
CTTG~CCSi-'TlCITGGCA=TCTGAkGCCAG;TCTGCTGTCATATG%'-TTTTTT~ACATTTTTCTCAAATAAACAAATAATGAAAGTCAAAAAAAA

Ara His
AGA CAC

Glu His
GAA CAC
Thr Gli
ACA GGA
Val i r
GTT TC

Leu Ser
TTG AGT

Leu Gln
C=T CAG

Asn T r Glu 'le
MAC TA. GAG ATC

His Asn Leu Leu
CAC AAC CTC CTG
Ile Val Ser Thr
ATT GTG TCC ACG
Thr Cs Gln Val
ACC TGC CAG GTG

Glv Val GIs GIs
GGA GTT GGG GGZ
Pro Thr Gly Leu
CCA ACA GGA CTC
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Fig. 1. (A) Restriction map of the I-E cDNA clone pEBB24. Only restriction sites used for Maxam and Gilbert chemical degradation procedure are shown.
Arrows show the direciton of sequencing. (B) Nucleotide sequence and predicted amino acid sequence of the I-Eo cDNA clone pEBB24. Arrows mark exon
boundaries according to the organization of the Ed gene (Saito et al., 1983). The attachment site for the N-linked carbohydrate and the polyadenylation signal
are underlined.

Comparisons of the nucleotide and amino acid sequences of
three Eo alleles
The nucleotide and amino acid sequences of three E, alleles,
i.e., the b, the d (Saito et al., 1983) and the k alleles (Mengle-
Gaw and McDevitt, 1983), were compared (Figure 2). As for
other murine and human allelic class II chains, the amino acid
replacements are predominantly located in the first domain
while the second domain is well conserved (Kampe et al.,
1983; Benoist et al., 1983; Choi et al., 1983; Schenning et al.,
1984; Gustafsson et al., 1984).
A conspicuously high number of nucleotide substitutions

are present in the codons for amino acids 2, 3 and 4, notably
in the k allele. No allelic variation has been found at the cor-
responding positions in other (3 genes (Choi et al., 1983;
Gustafsson et al., 1984). Moreover, the NH2-terminal se-
quences of the I-Ek and I-Ed (3 chains, determined at the pro-
tein level (Silver et al., 1979; Cook et al., 1979) are in good
agreement with the amino acid sequence predicted for the
I-Eb (3 chain. The substitutions found in the Eb allele and
possibly also in the E7 allele might therefore be due to cloning
artefacts or sequencing mistakes and should be investigated
further by analyses of independent clones.

Disregarding the differences at codons 2, 3 and 4, only five
nucleotide substitutions leading to four amino acid
replacements are found in the first domain exon of the EB
gene compared with the E: allele (Figure 2). The first domain
exon of the Eg allele contains 22 nucleotide substitutions giv-
ing rise to 14 amino acid replacements compared with the EB
sequence. The nucleotide sequences encoding the second do-
main, the membrane, and the cytoplasmic portions are vir-
tually identical between the E,3 alleles, displaying just a few
scattered substitutions. These results are consistent with those
of serological and biochemical studies suggesting that the Ed
allele is less similar to other E, alleles than they are to eacf
other (Kupinsky et al., 1982).

Four of the five nucleotide substitutions between the EB
and E4 sequences are located within a stretch of 19 bp in

codons 87- 93. The sequence of this stretch in the E allele is
completely identical to the corresponding portion of El gene.
Based on these sequences it is conceivable that the EB allele
might have arisen by a crossing-over event that occurred bet-
ween the 4 and Eg alleles at around base pairs 79 and 87.
The 5' end of the gene would then be derived from Eb and
the 3' end from Eg. However, this suggestion is only consis-
tent with available data about the I-region provided a second
cross-over event occurred between the A. and the E, genes,
since the Ak gene is no more similar to AP than is A$.
Another alternative is that the EB allele has arisen by gene
conversion-like events involving the E7 and Eh or related
alleles. A third possibility, which by no means can be exclud-
ed, is that the three alleles have evolved independently from a
common ancestral gene by accumulation of multiple point
mutations. Available knowledge is not sufficient to allow a
distinction to be made as to which extent, if any, the different
mechanisms have contributed in generating the different E,
alleles.
Comparison of the nucleotide sequences of the I and the
Agml2
Recently, the nucleotide sequence of a mutant of the I-Ab
gene called A m12, was published (McIntyre and Seidman,
1984). The A 12 mutant displayed three nucleotide substitu-
tions in the first domain exon compared with the A: wild-type
sequence. On the basis of all mutations occurring within a
stretch of 14 bp the authors proposed that the substitutions
might have originated from a related gene after a gene
conversion-like event. The E: gene was suggested to have
acted as the donor gene. In order to test this hypothesis the
sequence was compared with the AP and the AWml2 sequences
(Figure 3). It is obvious that the nucleotide stretch of 14 bp
containing the three substitutions was completely identical
between the E, and the A3m12 sequences. Consequently, this
finding is consistent with the idea that a transfer of genetic
material involving from 14 to 44 bp might have occurred
from the E: to the AP gene to generate the AWmi2 mutant.
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I v 10 i(0
GTG GC r m17; GTC AGA GAC TCC AGA CCA TGG TTT ITG GAA TAC TGT AAA TCT GAG; T(;T CAT TTC TAC AAC GGG ACG CAG ryr- rTGrT; 1=
Val Ala Leui Val A-Q Asp Ser Arq Pro Trp Phe Leu Glu Tyr Cys Lys Ser Glu Cvs His Phe Tyr Asn Gly Thr Gln Arq 'Jal Ara Leu

-- - GC AG T
Ala Ser Phe

A C
Thr Ara

GT C
Val Thr

A T
His Phe

3 0 40 50
CTG GM AGA TAC TTC TAC MC CTG GAG GAG MC CTG CGC TTC GAC AGC GAC GTG GGC GAG TTC CGC GCG GTG ACC GAG CTG7rCr-,CGG,r, CCA
Leu Glu Arq Tvr Phe Tyr Asn Leu Glu Glu Asn Leu Arg Phe Asp Ser Asp Val Gly Glu Phe Arq Ala Val Thr Glu Leu Gly Arq Pro

T
Val

G T A
Phe Ile

G
Ar's

A
Tyr

A

bO 70 80
b GAC GCC GAG MC TGG MC AGC CAG CCG GAG TTC CTG GAG CM MG CGG GCC GAG GTG GAC ACG GTG TGC AGA CAC MC TAT 5AG ATC TCG

EB Asp Ala Glu Asn Trp Asn Ser Gln Pro Glu Phe Leu Glu Gln Lys Ara Ala Glu Val Asp Thr Val Cys Ara His Asn Tyr Glu Ile Ser

TC
Phe

A G T GC
Ile Asp Ala

TC
Ser

TAC
Tvr

90 v 100 110
GAT AAA [TC CTT GTG CGG CGG AGA GTT GAG CCT ACG GTG ACT GTG TAC CCC ACA MG ACA CAG CCC CTG GM CAC CAC MC CTC CTG GTC
Asp Lvs Phe Leu Val Arq Ara Ara Val Glu Pro Thr Val Thr Val Tyr Pro Thr Lys Thr Gln Pro Leu Glu His His Asn Leu Leu 'Jal

C

Asn
c

Pro
G

G

120 130 140
TGC TCT GTG AGT GAC ITC TAC CCT GGC MC ATT GM GTC AGA TGG TTC CGG MT GGC MG GAG GAG AAA ACA GGA AlT GTM TCC ACG GGC
Cys Ser Val Ser Asp Phe Tyr Pro Gly Asn Ile Glu Val Ara Trp Phe Ara Asn Gly Lys Glu Glu Lys Thr Gly Ile Val Ser Thr ilv

G

Glu

150 160 170
b CTG GTC CGA MT GGA GAC TGG ACC TTC CAG ACA CTG GTG ATG CTG GAG ACG GTT CCT CAG AGT GGA GAG GTT TAC ACC TGC CAG OTG GAG

EB Leu Val Ara Asn Gly Asp Trp Thr Phe Gln Thr Leu Val Met Leu Glu Thr Val Pro Gln Ser Gly Glu Val Tvr Thr Cvs Gln Val Glu

k
EB

d
EB

180 1]90 200
b CAT CCC AGC CTG ACC GAC CCT GTC ACG GTC GAG TGG AAA GCA CM TCC ACA TCT GCA CAG MC MG ATG ITG AGT GGA GlT GGG GGC TTC

EB His Pro Ser Leu Thr Asp Pro Val Thr Val Glu Trp Lys Ala Gln Ser Thr Ser Ala Gln Asn Lys Met Leu Ser Gly Val Glv Glv Phe

k
EB

d
EB

G

210 220 v 230 v
b GTG CTG GGC CTG CTC TITC CTA GGA GCG GGG CTG ITC ATC TAC TTC AGG AAC CAG AAA GGA CAG TCT GGA CTT CAG CCA ACA GGA CTC CTG

EB Val Leu Gly Leu Leu Phe Leu Gly Ala Gly Leu Phe Ile Tyr Phe Ara Asn Gln Lys Gly Gln Ser Gly Leu Gln Pro Thr Glv Leu Leu

k G T
EB

d G
EB

238
b AGC TGA

EB Ser STOP

k

d

Fig. 2. Comparison of nucleotide and predicted amino acid sequences of the E,b E, and E, alleles. Arrows mark exon boundaries.

Conclusions
Analysis of the EB nucleotide sequence showed that this gene
may have acted as the donor sequence in a gene conversion-
like event generating the A m12 mutant. The size of the
nucleotide stretch, 14-44 bp, implicated in the event is
similar in length to the nucleotide stretch that has been sug-
gested to have been transferred from a Qa-gene to the H-2Kb
gene to create the H-2Kbml mutant. This latter case is so far
the only case of a possible gene conversion-like event analysed
regarding class I MHC antigens (Weiss et al., 1983; Pease et
al., 1983; Meilor et al., 1984).
Gene conversion as it is known in yeast normally involves

longer nucleotide stretches, 200 bp and longer. Such events

tend to homogenize sequences since they lead to the loss of
genetic information in the individual. To contribute to poly-
morphism ofMHC antigens the sequences involved in genetic
exchange events must be short. In fact, two cases, the Abml2
and the Kbml mutants, that have been examined provide sug-
gestive evidence that gene conversion-like events occur among
the MHC genes. Although the individual loses genetic infor-
mation by such genetic exchange, the genetic information of
the species obviously increases. However, it should be borne
in mind that the existence of molecular mechanisms allowing
short nucleotide segments with several mismatches to interact

specifically with homologous genes remains to be established.
It cannot either be excluded that both the A ml2 and the
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Aab

Aabml 2

Eab

60

CGC GCG GTG ACC GAG CTG GGG CGG CCA GAC GCC GAG TAC TGG AAC AGC CAG CCG GAG
Arg Ala Val Thr Glu Leu Gly Arg Pro Asp Ala Glu Tyr Trp Asn Ser Gln Pro Glu

A
Asn

70 80

b ATC CTG GAG CGA ACG CGG GCC GAG CTG GAC ACG GTG TGC AGA CAC AAC TAC GAG
AS -Ile Leu Glu Ar Thr Arg Ala Glu Leu Asp Thr Val Cys Arg His Asn Tyr Glu

bml2 T A A

A6 2 PheC Gln Lys

b ITIA A G T

Ea a Gln Lys Val

Flg. 3. Comparison of nucleotide and predicted amino acid sequences of the E, A and Abml2 genes from codons 49 to 85. Positions where the Aal2
sequence differs from the Ab sequence but is identical to that of E, are within boxes.

Kbml mutants might have arisen by separate point mutations
accumulated over a period of time. Actually, all poly-
morphism of class II antigens so far examined may be ac-
counted for by independent and random point mutations,
provided there are no strong selective forces operating on the
polymorphic exons (Gustafsson et al., 1984). Thus, it is as yet
too early to decide to which extent gene conversion-like events
and point mutations, respectively, contribute to the poly-
morphism of class II antigens.

Materials and methods
Construction and screening ofcDNA library
Total mRNA was prepared from spleens of C57BL/6 mice essentially accor-
ding to the protocol of Auffray and Rougeon (1980) with minor modifica-
tions. Briefly, tissue frozen in liquid nitrogen was homogenized in 3 M LiCl,
6 M urea and 10 mM Vanadyl Ribonucleotide Complex. After 5 h on ice the
homogenized material was centrifuged, re-dissolved in 10 mM Tris, pH 7.5,
containing 5 mM EDTA and % SDS, treated with phenol and chloroform,
and finally precipitated with ethanol. This RNA preparation was enriched for
poly(A) I mRNA, by two passages on oligo(dT)-celiulose.

Double-stranded cDNA was synthesized according to Land et al. (1981).
Tailing, annealing and transformation was according to Maniatis et al. (1982).
The cDNA library was screened by colony hybridization (Maniatis et al.,
1982) with the nick-translated (Davies et al., 1980), 600-bp BglII fragment
containing the second domain exon of the E, gene from cosmid c39. 1 as the
probe (Steinmetz et al., 1982).
Nucleotide sequence determination
Nucleotide sequences were determined by the chemical degradation procedure
(Maxam and Gilbert, 1980).
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Note added in proof
A sequence error involving a BstNI site, whose second C is methylated in the
E. coli strain used is present at nucleotide position 652 where it should be a G.
This correction does not influence the deduced amino acid sequence and the
conclusions.
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