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Summary

Five class II H-2 genes borne by / chromosomes were partially sequenced: A J30 '* borne by the
tTuw>° chromosome of EDY589 (H-2w2); A]312 and £J31 borne by the tTuw8 chromosome of
CRO437 (H-2w57\ as well as Af*x and £J311 borne by the tTuw7chromosome of CRO435 {H-T37).
These genes are representatives of the three major groups of alleles found associated with
; chromosomes. The sequenced part consisted of almost the entire exon 2 and the entire exon 3
coding for the first and the second domain of the /? polypeptide chains, respectively. The sequence
was compared with the published sequences of Afi and Efi alleles borne, by non-t chromosomes. The
comparison revealed that the ^-associated alleles are no more similar to one another than they are
to the corresponding genes present on non-t chromosomes in laboratory mice. This divergence in
the nucleotide sequence among the class II genes is interpreted as evidence that the t complex is
very old.

1. Introduction

Some 5-35% of all wild mice carry chromosome 17
with two inversions in the proximal region. The
abnormal chromosomes, referred to as t haplotypes,
are maintained in the population by a potent system
of segregation distorters whose action is opposed by
certain genes that cause male sterility and others that
cause lethality of tit embryos (for reviews see Klein &
Hammerberg, 1977; Lyon, 1981; Silver 1985; Klein,
1986). The inversions span a number of loci, most of
which apparently have no relation to the / complex
genes themselves (Artzt, Shin & Bennett, 1982;
Herrmann et al. 1986). The most prominent among
these unrelated loci are the members of the H-2
complex, the major histocompatibility complex (Mhc)
of the mouse.

Different mouse populations carry different /
haplotypes characterized by specific lethality genes
(Dunn, 1955; Dunn, Beasley & Tinker, 1960; Klein,
Sipos & Figueroa, 1984), alleles at the H-2 complex
loci (Hammerberg & Klein, 1975; Sturm, Figueroa &
Klein, 1982; Nizetic, Figueroa & Klein, 1984;
Figueroa et al. 1985), alleles at the enzyme-encoding
loci (Nadeau, 1983, 1986; Ayane et al. 1987), and
specific random DNA fragments (Rohme et al. 1984;
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Fox et al. 1985). Sixteen different complementation
groups carrying specific lethality genes have been
identified so far and there are indications that a few
more may exist among wild mice (Klein, Sipos &
Figueroa, 1984; F. Figueroa & J. Klein, unpublished
data). The H-2 typing of mice with t haplotypes has
revealed the existence of at least three major groups
(Nizetic, Figueroa & Klein, 1984; Figueroa et al.
1985).

Neither serological nor restriction enzyme analysis
has revealed any geneological relationship among the
three groups. These results suggest that the H-2
haplotypes within each group are descended from a
single ancestral haplotype but they do not tell us
whether all /-associated H-2 haplotypes are descended
from a single ancestral haplotype. It is possible that
the three branches of the genealogical tree separated
from a common stem such a long time ago that the
extent to which H-2 loci are related in different
branches is no longer obvious when studied sero-
logically or by restriction fragment length poly-
morphism (RFLP). It is, however, also possible that
the three branches reflect three independent origins of
t chromosomes. To decide between these two possibili-
ties, we sequenced representative H-2 genes from the
three branches of / haplotypes, hoping that the
sequences might reveal relationships not revealed by
the serological and RFLP analyses.
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2. Materials and Methods

The 3 strains used in this study were: CRO435 (tTuw7,
H-2w3?), CRO437 (tTuwS, H-2w5?), and EDY589
{fuw 10, H-2W 2). The first two of these were derived from
wild mice captured at Nahya, Giza, Governate, Egypt
and the third originated from a mouse captured at
Eday on the Orkney Islands. The alleles carried by the
three H-2 haplotypes are: H-21"2: K"302 Afax Ef E?
rjw30. JJ_2w37' IC030'4 J w 3 6 1 /TW31-1 £"28 / ) w 3 ? " ff-2wS7'

K"57 A}312 E%31 E%291 Dw". All three of these wild-
derived strains bear semi-lethal t haplotypes and
hence produce a small fraction of viable t/t indi-
viduals. It was from such homozygotes that the DNA
for sequencing was isolated. The detailed charac-
terization of the t and H-2 haplotypes carried by
these strains has been previously reported (Nizetic,
Figueroa & Klein, 1984; Klein, Sipos & Figueroa,
1984; Figueroa et al. 1985). The three t haplotypes
represent different groups in terms of their H-2 loci
(Klein et al. 1985; Figueroa et al. 1985).

Cosmid genomic libraries prepared from kidney
DNA of the three r-bearing strains were screened with
mouse class II A^ and E^ probes. The A^ probe was a
5-6 kb Eco RI genomic fragment obtained from the
34-2 BALB/c cosmid clone provided by Steinmetz and
co-workers (1982). It covers most of the Afi gene from
the first exon to the central part of the 3' untranslated
region. The E^ probe was a 2 kb Eco RI fragment
obtained from the 24-2 BALB/c genomic cosmid
clone provided by Steinmetz and co-workers (1982). It
corresponds to the second exon of the gene.

Cosmid clones hybridizing with the A^ or E0 probes

were isolated and their restriction enzyme maps
constructed. Four A^ clones and one E^ clone were
isolated from the CRO435 library, one A^ clone and
one Ê  clone were obtained from the CRO437 library,
and one AA clone was isolated from the EDY589
library. The cosmid clones were digested with either
Eco RI (A^ clones) or Hindlll (E^ clones); the
genomic DNA fragments containing, as judged by
their restriction maps, the A^ and E^ sequences were
isolated and subcloned in pUC8 (Viera & Messing,
1982). The EDY589 Afi fragments were additionally
subcloned in the M13mpl8 vector.

All subclones, with the exception of the EDY589
A^ subclone, were sequenced by the chemical degra-
dation method (Maxam & Gilbert, 1977). The
EDY589 A^ subclone was sequenced by the primer
extension method in the presence of 2'-3' dideoxy-
nucleotide triphosphates (Sanger, Nicklen & Coulson,
1977).

3. Results and Discussion

We have partially sequenced three Ap {Af\ AJ3

3 311
and two Efi (EJ3 genes. From each

gene we sequenced most, if not all, of the exon coding
for the p\ domain and the exon coding for the entire
/?2 domain. In some of the genes we also sequenced
short stretches of intron 2 separating the two exons
(data not shown). The sequencing strategy is shown in
Fig. 1; the nucleotide sequence appears in Fig. 2. The
amino acid sequence derived from the nucleotide
sequence appears in Figs. 3 and 4, together with the
sequence of further A^ and E^ polypeptides determined
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Fig. 1. Restriction enzyme maps of the Afi and Efi genes
and the sequencing strategy. Solid rectangles in each gene
correspond to the second and third exons. DNA
fragments were subcloned in pUC8 and deletion
subclones were prepared as described (Frischauf, Garoff
& Lehrach, 1980). Arrows indicate the length of DNA

regions that were sequenced. The 3'-labelled ends are the
arrow tails. The Ay301 was subcloned in M13mpl8 and
sequenced by the dideoxinucleotide chain termination
method. Restriction enzymes used: B, Bam HI; E, Eco
RI;H, Hindlll,; S, Sac 1.
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Fig. 2. For caption see page 141
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Fig. 2. Nucleotide sequence of /-associated class II genes.
Dash ('-') indicates identity with the nucleotide in the top
line; slash (/) indicates absence (deletion) of a nucleotide;
codons are numbered to correspond with the amino acid
residues for which they code in the polypeptide chain.
For comparison, the sequences of Ap and Efi genes borne

by non-r laboratory mice are also shown. The Ae
sequences are taken from Larhammer et al. (1983) and
Estess et al. (1986). The Eg sequences are taken from
Widera & Flavell (1984), Saito et al. (1983) and Mengle-
Gaw & McDevitt (1983, 1985).

by other investigators. The percentages of similarity
between the various genes and polypeptide chains are
given in Tables 1-3.

The ten A^ first-domain sequences can be divided
into two groups: in the first group the codons
specifying amino acid residues at positions 65 and 67
are deleted; in the second group these two codons are
present. The former group (Aft contains the Afi alleles
/ , k, s, u, w30-l, w31-2 and w36-l; the latter contains
Afi alleles b, d and q. Hence all three Ap genes carried
by the t chromosomes have the A% form of the gene.
Since the three genes represent the three main groups
of t haplotypes, it is likely that most if not all /
chromosomes bear the A% gene. The three genes not
carrying the deletions (Ap Adp, A"fi) show from 93 % to
95% similarity to one another in their nucleotide
sequence and only 84-91 % similarity to the A# genes.
Among the A% genes, the A'p and Af

fi alleles show 98 %
similarity. One further group of genes showing from
92% to 96% similarity consists of A), Ak

f and /*J361

alleles. The A]301 and Af12 alleles show only an
average of 90 % similarity to these two groups.

The similarities among the ten Afi genes in the third
exon (i.e. that coding for the second domain) are
significantly higher than those among the second
exons. Since the differences range from only 1 % to
4% it becomes difficult, if not impossible, to draw any
firm conclusions from the comparisons of these genes.

Bearing this point in mind, it is nevertheless apparent,
that there are two groups of very similar sequences,
A^ and A^, as well as A"^ A^, and A^36'1 (within-group
similarity of 99%). The high similarity of A^ and AQ

fi

could be expected from the foregoing discussion. The
relative dissimilarity of Ab

f from either A^ or A"fi is
surprising because all three of these genes are members
of the same group, as determined by comparisons of
the second exons. The result could indicate either that
the comparisons in the third domain are highly
unreliable or that in the A^ gene, crossing-over
occurred some time in the past between the second
and the third exon which obscured the relationship
among the A^ genes. Such an event is by no means
improbable; it appears that most of the crossing-overs
within the class II region lead to exchanges of exons
within a gene (Steinmetz et al. 1982). Be that as it may,
the third exons again reveal no closer similarity
among the r-associated A^ genes than among the
genes not associated with / chromosomes or between
/ and non-t genes.

The comparisons of the Efi sequences reveal that the
E^ allele is most dissimilar from all other alleles (from
90 % to 92 % similarity in the nucleotide sequence and
from 78% to 84% similarity in the amino acid
sequence). The E% allele is therefore the most distant
and at the same time approximately equidistant from
all other alleles. This observation suggests the existence
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Table 1. Percent nucleotide and amino acid similarity between the fil domains of different
(allomorphs)a

alleles

Amino acid
similarity,
allomorph

b
d
q
s
f
w31-2
k
u
w361
w301

Nucleotide similarity,

b

87-8
86-7
82-2
811
75-6
83-3
800
83-3
77-8

d

95-2
—
88-9
82-2
82-2
76-7
82-2
76-7
78-9
800

allele

1

94-8
93-7
—
86-7
86-7
73-3
82-2
76-7
811
77-8

s

911
88-9
91 5
—
95-6
811
86-7
84-4
83-3
800

f
90-4
881
911
981
—
83-3
87-8
85-6
82-2
811

w31-2

86-3
87-8
84-4
91-5
91-5
—
83-3
800
77-8
72-2

k

89-3
88-9
87-8
91-9
91-9
911
—
900
911
800

u

88-5
870
870
92-6
92-2
89-3
94-4
—
85-6
73-3

w361

89-6
88-5
87-8
900
89-3
881
95-9
92-6
—
85-6

w301

881
881
870
91-5
900
881
911
87-4
91-9
—

" Similarity was calculated by dividing the number of identities between any two alleles (allomorphs) by the total number of
nucleotides (amino acid residues) compared. References for sequences of b, d, q, s, f, k, and u are given in the legend to
Figs. 3 and 4.

Table 2. Percent nucleotide and amino acid similarity between the f}2 domains of different Afi alleles
(allomorphsf

Amino acid
similarity,
allomorph

d
q
w31-2
f
s
b
w361
w301
k
u

Nucleotide similarity

d

100
96-8
95-7
95-7
96-8
97-8
94-6
95-7
96-8

q

99-6
—
96-8
95-7
95-7
96-8
97-8
94-6
95-7
96-8

, allele

w31-2

97-5
97-2

—
98-9
98-9

100
98-9
97-8
98-9

100

/

97-5
96-8
98-2
—
97-8
98-9
97-8
96-8
97-8
98-9

s

961
96-5
97-9
98-9
—
98-9
97-8
96-8
97-8
98-9

b

96-5
96-8
98-9
99-3
98-9

—
98-9
97-8
98-9

100

w36-l

96-8
97-2
98-2
99-3
98-9
99-3

96-8
97-8
98-9

w301

961
96-5
97-9
98-9
98-6
98-9
98-9

96-8
97-8

k

950
95-4
961
97-2
96-8
97-2
97-5
96-8
—
98-9

u

961
96-5
97-2
98-2
97-9
98-2
98-6
97-9
98-9
—

" See footnote to Table 1.

Table 3. Percent nucleotide and amino acid similarity between the pi domains of different
(allomorphsY

alleles

Amino acid
similarity,
allomorph

w31
b
k
wl7
s
w31-l
d

Nucleotide similarity

w31

981
94-4
93-3
910
910
820

b

97-8
—
91-7
910
921
921
831

, allele

k

97-8
981

93-3
910
921
78-7

wl7

970
97-4
96-3
—
86-5
921
84-3

s

960
96-3
95-9
93-7
—
93-3
831

v/31-1

96-3
96-7
96-3
95-6
97-4
—
820

d

91 5
91-9
900
91 5
92-6
92-2

" See footnote to Table 1.

of a linkage disequilibrium between the Ad
p and Ej

genes. (The sequence of the E% gene is not available
and the Ep gene is relatively dissimilar from E%, as one
would expect if an intragenic crossing-over occurred
in the A"f gene.) The £J31 gene is almost identical with
the Ep~ gene (98 % similarity in both the nucleotide and

amino acid sequences). The £J3 1 1 gene is relatively
similar to Ep (97 % similarity in nucleotide sequence).
The r-associated Ef genes, again, are no more similar
to one another than they are to other alleles (excluding
Ep which is, as already pointed out, very dissimilar
from other alleles). In the Eg31'1 gene, a mutation
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produced a stop codon right at the beginning of the
second exon, so that the gene cannot be expressed on
the cell surface.

How do these data fit into the present knowledge
about the origin of the / chromosomes obtained from
other studies? The analysis of the RFLP of class I
Mhc loci has revealed a remarkable uniformity of
restriction enzyme patterns among the various t
chromosomes, in contrast to a considerable variability
of the same loci among inbred strains carrying non-t
chromosomes (Silver, 1982; Shin etal. 1982). Random
DNA probes obtained by microdissection of chromo-
some 17 have failed to indicate any RFLP among the
known / chromosomes analysed by several restriction
endonucleases (Rohme et al. 1984; Silver et al. 1986).
High resolution, two-dimensional gel electrophoresis
analysis of several testes-specific proteins encoded in /
complex genes disclosed no polymorphic variation
among / haplotypes (Silver, Artzt & Bennett, 1979;
Silver et al. 1983). These observations lead to the
conclusion that all the t haplotypes originated from a
single ancestral t chromosome (Klein et al. 1985). Yet
the serological analysis of class I and class II Mhc loci
(Nizetic, Figueroa & Klein, 1984; Artzt et al. 1985),
RFLP analysis of class II and C4 loci (Figueroa et al.
1984; Golubic et al. 1985; Artzt et al. 1985), and the
nucleotide sequence analysis of the class II loci (this
communication), all seem to contradict this conclu-
sion. These analyses indicate that the class II (class I,
C4) genes fall into at least three groups. Genes within
each group are closely related to one another but
genes in different groups are no more similar to one
another than they are to genes borne by non-t
chromosomes.

These seemingly contradictory observations can,
theoretically, be reconciled in one of two ways. One
possibility is that the / chromosomes recombine with
non-t chromosomes and the t complex genes thereby
become associated with new H-2 genes (Artzt et al.
1985). Although recombination within the t complex
is known to occur (Lyon & Phillips, 1959), the
recombination frequency is very low (< 0-5 %) and
the event almost always changes complete haplotypes
into partial ones (Lyon & Phillips, 1959). It is,
therefore, difficult to envisage how the complete t
haplotypes could have acquired by recombination the
different H-2 haplotypes now associated with them.

The second possibility is that the groups of H-2
genes on t chromosomes are as old as the groups of H-
2 genes borne by non-t chromosomes. The grouping
would then be a reflection of gene differentiation from
a single ancestral form.

The strongest argument in favour of the common
origin of all /-associated class II alleles is the presence
of the two deletions in the Afi exon 2. It is extremely
unlikely that these deletions arose repeatedly and
independently and hence the fact that probably all t
chromosomes carry the A% genes supports the notion
that they all arose from a single ancestral chromosome.

The observation that many non-t chromosomes also
carry the A^ genes could then be explained in one of
two ways. Either the A% genes are continuously being
' released' from t chromosomes during recombination
with non-t chromosomes, or the two deletions
occurred before the generation of the ancestral /
chromosome. That all non-t A% genes are derived
from t chromosomes seems rather unlikely to us since
their number is already large and is likely to increase as
additional genes are analysed. The release of A% genes
from t chromosomes could be expected to be a rare
event so that not many alleles could be introduced
into mouse populations in this way. (It is, however,
possible that the release occurred a long time ago and
that the extant non-7 A% alleles are all derived from
one originally-released A% gene.) On the other hand,
the very great similarity of Ak

fi and A^3ei suggests a
uerivation of the former from a t chromosome.
Similarly, as we pointed out earlier (Klein et al. 1985),
some of the JE£ mutations that are not associated with
t haplotypes are also likely to have originated from /
chromosomes.

We propose therefore the following explanation for
the generation of /-associated class II gene poly-
morphisms : the major alleles present in contemporary
mouse populations were founded long before the
extant mouse species appeared on the evolutionary
scene (Klein, 1980). Some of these alleles carried the
two deletions in the Af} exon 2, and it was one such
gene that was included in the ancestral / chromosome
when the / complex arose. The A% alleles, both / and
non-t, then differentiated to generate the present
major groups. Some of the A% genes have been
released from the / chromosomes rather recently and
these show a high similarity with /-associated alleles.
Other non-t A% genes have persisted since the time
before the generation of / chromosomes and these are
much less similar to /-associated alleles. The deletion
(mutation) in the £^ gene (Jones, Murphy & McDevitt,
1978; Dembic, Singer & Klein, 1984) occurred
probably after the generation of the / chromosome
but this gene, too, has subsequently been released
from the / complex by recombination (Klein et al.
1985). All the E% genes now found in laboratory and
wild mice on non-t chromosomes are derived, accord-
ing to this explanation, from / chromosomes by
double crossing-over within the inverted region (Klein
et al. 1985) or by gene conversion.
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