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ABSTRACT The multigene family of the class I histocom-
patibility antigens is unusual in that allelic and intergenic
differences often are of equal magnitude. It has been suggested
that this is due to gene conversion events, which would produce
allelic variation but at the same time reduce intergenic differ-
ences. We compared the sequences of 11 class I genes in an
attempt to elucidate the evolutionary history of this gene
family. Our analysis shows that the intron sequences can be
used to establish the order of divergence of various class I genes
from each other. The results obtained agree with the order of
divergence deduced from major insertion and deletion events.
It appears that certain genes in the murine TL antigen-
encoding region diverged very early from the H-2 and Qa-2,3
genes. The latter can be subgrouped as H-2 and Qa-2,3 genes
by both sequence homology and insertion patterns. In contrast
to the introns, exon sequences provide less information on
evolutionary relationships. Thus, these analyses are consistent
with the view that concerted evolution due to gene conversion
occurs preferentially in exons.

The basis of immunity is the ability to distinguish between
foreign and self-determinants. In vertebrates this function is
mediated by a group of related proteins that includes the
immunoglobulins, the T-cell receptor(s), and the class I and
class II major histocompatibility (MHC) antigens (1-4).
Whereas the former two recognize foreign determinants, the
MHC antigens are essential for self-recognition (restriction)
in the immune response. Thus, foreign cell-surface antigens
are recognized by the immune system only in the context of
self MHC antigens. Class I restriction and class II restriction
occur at different stages of the immune response. The
recognition of a foreign antigen by helper T cells is class
II-restricted, whereas the cytolytic attack of killer T cells is
class I-restricted (5).

Class I molecules are membrane proteins with four extra-
cellular domains. Three domains are located on a
transmembrane chain, whereas the fourth domain is a sepa-
rate protein, P2-microglobulin (6). The transmembrane chains
are highly polymorphic and are all encoded in the same
chromosomal region, the MHC (2, 3). In the mouse, the MHC
also contains a large number of class I genes that encode Qa
and TL antigens (Fig. la). These are structurally related to
the classical class I antigens (the H-2K, -D, and -L molecules)
but are less polymorphic and are only expressed by differ-
entiating lymphocytes (7). The human genome also contains
many more class I genes than the number of human class I
antigens identified so far (the HLA-A, -B, and -C molecules).
A conspicuous property of the H-2 and HLA antigenic

systems is the fact that alleles are no more similar to each
other than to nonallelic class I genes (8, 9). To account for
this, it has been suggested that class I genes participate in
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FIG. 1. Organization ofMHC class I genes. (a) Schematic outline
of the murine MHC on chromosome 17. The centromere is to the left.
Only class I genes are shown in the figure (black boxes). The number
of genes in each region varies between different inbred strains. (b)
Exon/intron organization of a typical class I gene. Translated regions
are black boxes, untranslated sequences are open boxes. The
polypeptide domain encoded by each exon is abbreviated above the
figure: S, signal peptide; D1-D3, extracellular domains; M,
transmembrane peptide; C1-C2, cytoplasmic region. Introns (IN) 3
and 5 (discussed in the text) are marked below the figure.

gene conversion events involving short segments of DNA
(9-11). Such conversions are likely to increase allelic
polymorphisms at the expense of intergenic differences. The
class I antigens would then be subject to concerted evolution,
something which would frustrate attempts to analyze the
evolutionary history of the gene family.
There is some evidence that conversion events in class I

genes occur preferentially in exons (9). In that case, com-
parisons of intron sequences could reveal evolutionary rela-
tionships that have been obscured in the coding regions. To
investigate this possibility, we have aligned both coding and
noncoding regions ofthose class I genes for which reasonably
complete sequences are available. Our results confirm that
exons provide little information on evolutionary relation-
ships. However, the intron sequences seem to have evolved
in a more conventional way, by duplications and mutational
drift. Accordingly, they can be used to deduce the order of
divergence of various class I genes from each other.

METHODS
Sequences Compared. The sequences of five murine class

I genes have been published: the H-2Kd and H-2Kb alleles (9,
12), the H-2Ld gene (13, 14), the pseudogene 27.1, and the
Q10 gene from the Qa-2,3 region (15, 16). We have recently
isolated and sequenced a class I gene from the A/J mouse.
This gene, 72A, is a pseudogene from the TL-encoding region
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(17), referred to here as TL. Another gene, TIA, adjacent to
the T2A gene in the TL region has also been isolated, and the
partial sequence of intron 5 has been determined (unpub-
lished data). Four human class I genes have been sequenced:
the HLA-A3 and HLA-CW3 genes (18, 19) and the pseudo-
genes HLA-12.4 and LN-JIA (20, 21). Finally, the sequence
of a rabbit class I gene has been determined (22). These 11
sequences were used in the comparisons.
Alignment Methods. Low-stringency dot-matrix compari-

sons (six matches in eight positions) were used initially to
identify regions of homology. Insertions and deletions were
then identified by repeated alignments of all 11 sequences.
Nucleotide substitution frequencies were calculated from
pairwise comparisons of the aligned sequences, omitting
those positions where either sequence had a deletion or an
undetermined base.
Dendrogram. The data from the pairwise comparisons of

intron sequences were corrected for multiple events and back
mutations (23). The corrected values were used to compute
a dendrogram (see Fig. 3). Distances within the dendrogram
were optimized by using the least-squares method (24).
Separate calculations were made for the H-2/Qa-2,3 genes,
the HLA genes, and interspecies comparisons. The error of
each calculation is given in Fig. 3 as a variance (squared
length of residual vector divided by the number of dimen-
sipns).

RESULTS

Alignment of Class I Genes. The sequences of the class I
genes were aligned as detailed in the Methods section. Most
differences between the aligned genes are either substitutions
or small insertions or deletions. However, there are also
some striking differences that distinguish subgroups among
the genes. One such diagnostic feature is the length of intron
S (Fig. lb). This intron is about 400 base pairs (bp) in the TIA
and T2A genes from the murine TL region (17). In contrast,
the H-2 and Qa-2,3 genes have a much shorter intron. The
longer intron is present in the human and rabbit genes,
suggesting that a deletion occurred in a common ancestor of
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the H-2 and Qa-2,3 genes after the divergence of the TL
genes. A similar difference is found in the second cytoplasmic
exon, which has three extra codons at the 5' end in the
human, rabbit, and T2A genes. Again, the absence of these
codons in the H-2 and Qa-2,3 genes suggests a deletion in a
common ancestor.

Evolution of the Third Intron. A more complex picture is
provided by the large third intron. In the human and rabbit
genes, this intron is about 600 bp. The murine genes contain
a core element of similar size that is homologous to the human
and rabbit introns. However, a number of independent
insertion events have added to the length of the murine
introns (Fig. 2). Thus, the T2A gene has a 1200-bp insertion
at the 5' end of the core element, whereas the H-2 and Qa-2,3
genes have insertions at the 3' end. The latter have diverged
further by insertions that are specific to the H-2 and Qa-2,3
genes, respectively.
The H-2- and Qa-2,3-specific insertions are made up of

dispersed repeat elements. Thus, both H-2 and Qa-2,3 genes
have a B1 repeat (25) inserted in the middle of the intron.
However, the points of insertion differ by 200 bp, suggesting
two independent insertion events or a rearrangement in one
group of genes. The Qa-2,3 genes also have a tandem B2
repeat (26) at the 3' end of the intron. An 8-bp target site
duplication indicates that this tandem repeat was inserted as
a single unit. There is some evidence that also the large 3' and
5' insertions in the murine genes were associated with
dispersed repeats. Thus, within these insertions, DNA seg-
ments that are weakly homologous to dispersed repeat
sequences are interspersed with A+T-rich stretches ofDNA.
Such stretches are often found at the end of dispersed repeat
elements (27).
Sequence Comparisons. In pairwise comparisons, we

counted the minimum number ofnucleotide substitutions that
separates any two sequences. Different mechanisms are
probably responsible for substitutions and insertions or
deletions. Since the latter two contribute significantly to
divergence in introns but not in exons (28), care was taken to
eliminate such events so as to count only true substitutions.
Some typical values are shown in Table 1. There is a
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FIG. 2. Evolution of the third intron. The core element present in all class I genes is dotted. Black boxes are A- or T-rich stretches ofDNA

(6 of 8 matches). Inserted dispersed repeat elements are identified by an arrow and the name of the repeat family. Deletions in the core element
are shown as constrictions. The A marks a deletion in the Qa-2,3 genes that has removed part of the inserted B1 element. Hatched regions are
simple DNA repeats, the extent of which varies from gene to gene. The simple repeat sequences are shown in the figure. The Qa-2,3 genes are
the Q10 and 27.1 genes, whereas the H-2 genes are the H-2Kd and H-2Ld genes. The sequences of the Q10 and H-2Ld genes are not complete
in this region. However, sufficient information is available to show that they have the same inserted repeat elements as the 27.1 and H-2Kd genes,

respectively. In addition to the events shown, a large deletion has occurred in the H-2Ld intron. RLA, rabbit class I histocompatibility complex
gene.
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Table 1. Percent nucleotide substitutions between aligned class I
genes

Genes compared Exons 2-4 Introns 1-5
H-2Kd and -Kb 9.9 3.7
QIO and 27.1 10.9 6.1
H-2Kd and -Ld 9.8 7.8
H-2Kd and 27.1 10.2 11.5
H-2Ld and 27.1 10.7 13.2
HLA-A3 and HLA-12.4 8.4 9.2
HLA-A3 and HLA-CW3 9.7 15.2

Exons 2-4 encode the major extracellular part of the antigens. The
number of nucleotide positions in the comparisons was 822 for the
exons and 2417 for the introns.

pronounced difference between exons and introns. Thus, the
H-2/Qa-2,3 genes all differ from each other by approximately
10% in exons 2-4, a difference ,that equals that between non-
allelic HLA genes. This is probably due to gene conversion
events (9-11), which would tend to increase allelic polymor-
phism at the expense of intergenic H2/Qa-2,3 differences.

In contrast, the introris show little evidence of concerted
evolution. The H-2K alleles are more similar to each other
than to the H-2L gene. The three H-2 genes and the two
Qa-2,3 genes also formi well-defined subgroups with respect
to homology (Table 1). A similar difference is seen among the
HLA genes, where the HLA-CW3 gene has diverged from the
other genes. These observations suggest that the evolution of
the introns may be described by. a conventional model in
which duplicated or allelic genes diverge from each other by
insertions, deletions, and mutational drift (29).

Dendrogramn. If concerted evolution is an exon-specific
process, then a comparison of intron sequences should reveal
relationships that have been obscured in the coding regions.
Accordingly, we used the intron data to compute a dendro-
gram (Fig. 3) in which the distance between any two se-
quences equals their separation in terms ofPAM (percentage
of accepted point mutations) units (23). Several conclusions

can be drawn from this dendrogram. First, it confirms the
observation that the rabbit gene is more closely related to the
human genes than to the mouse genes (24, 30), suggesting a
comparably more recent divergence of primates from lago-
morphs.

Second, it shows that the H-2 and Qq-2,3 genes are all
closely related to each other. In contrast, the T2A gene from
the TL region differs considerably from the other mouse
genes. In fact, this difference is as great as the difference
between the human and rabbit genes. Thus, the divergence of
the T2A gene from the H-2/Qa-2,3 genes is probably at least
as old as the divergence of primates from lagomorphs. This
is a minimum estimate because it is possible that some
exchanges (gene conversions) have occurred between the
H-2/Qa-2,3 and TL genes, resulting in a slower rate of
intraspecies divergence. Lirnited sequence data on the TJA
gene (intron 5) supports the notion that the TL genes differ
from the H-2/Qa-2,3 genes and also shows that the TIA and
72A genes have diverged considerably from each other.
A third conclusion is that the H-2 genes and the Qa-2,3

genes form two distinct subgroups. Among the H-2 genes, the
two H-2K alleles are most closely related to each other. In the
HLA family the HLA-CW3 gene stands well apart from the
other genes. This divergence seems to be at least as old as the
divergence of H-2 from Qa-2,3. The HLA-A3 gene differs as
much from the two HLA pseudogenes as the H-2L gene
differs from H-2K. The two pseudogenes, finally, are as
similar to each other as are the two H-2K alleles.

DISCUSSION
Physical Extent of Concerted Evolution. The observation

that class I antigens of different loci are no more divergent
than allelic products of any given locus (8, 9) led to the
suggestion and subsequent documentation that gene conver-
sion-like events probably occur among the class I genes
(9-11). As a corollary it is likely that class I genes are subject
to concerted evolution, since frequent transfers of DNA
segments between different loci would increase allelic poly-
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FIG. 3. Evolutionary dendrogram of MHC class I genes. The distance along the lines between any two genes is proportional to their
divergence in PAM (percentage of accepted point mutations) units (23). The sequences of introns 1-5 were used for the comparisons. Introns
6 and 7 were omitted because of difficulties in making interspecies alignments. Also shown is the tentative position of the TIA gene (dotted line)
based on the partial sequence of intron 5. The positions at which major insertions and deletions have occurred are marked by arrows. The
variances shown are least squares. RLA, rabbit class I histocompatibility complex gene.
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morphism but reduce interlocus differences. Since the puta-
tive conversion events are clustered in exons, mRNA inter-
mediates may be involved in the process (9).

If this were the case, then concerted evolution due to gene
conversion should be restricted to exons. Our results (Table
1; Fig. 3) are in agreement with the notion that concerted
evolution is indeed most prominent in exons (9) and suggest
that the noncoding sequences have evolved in a more
conventional way. Even though this could be taken as

support for an mRNA intermediate, another possible expla-
nation is selection for antigenic polymorphism. Such selec-
tion would cause conversion events in exons 2-4 (which
encode the major extracellular part of the molecule) to be
preferentially retained in the population. New alleles isolated
in the laboratory were also selected for antigenic differences.
Thus, it is possible that conversions take place in both exons

and introns, with only the former events being preserved.
Evolution of Class I Antigens. The fact that noncoding

sequences evolve in a more conventional way makes it
possible to trace the evolution of the class I genes. A
dendrogram can be computed that gives the order of diver-
gence of class I genes from each other (Fig. 3). It appears that
the function and chromosomal organization of the class I
genes reflect their evolutionary history. Thus, the H-2K and
H-2L genes, which have a similar function, are more closely
related to each other than to the Q10 and 27.1 genes.
Similarly, the two genes from the Qa-2,3 region are more
homlogous to each other than to the H-2 genes.
More striking is the difference between the T2A gene and

the H-2/Qa-2,3 genes. The TL and H-2/Qa-2,3 gene clusters
have not been linked together (31) and, thus, probably are

situated some distance apart on chromosome 17. This is in
agreement with a comparably ancient divergence of the two
regions from each other. Limited sequence data on the TIA
gene shows that it shares at least one of the special features
of the T2A gene. The sequencing of more genes from the TL
cluster will reveal whether they are all more closely related
to each other than to the H-2/Qa-2,3 genes.

Insertions and Deletions. Strong independent support for
the deduced evolutionary history is provided by the pattern
of insertions and deletions. All such events can be fitted into
the dendrogram in such a way that all genes beyond a given
branch point share the event in question (Fig. 3). Thus, the
genes in the H-2/Qa-2,3 region have in common a deletion in
intron 5, the absence of three codons in exon 7 and a large 3'
insertion in intron 3. Within this family, the H-2Kd and H-2Ld
genes share a B1 insertion in intron 3, whereas the Q10 and
27.1 genes have in common another B1 insertion and a

tandem B2 element. Among the H-2 genes, the H-2Ld and
H-2Dd genes have a B2 insertion in the 3' untranslated region
that is not shared by the H-2K alleles (32). The H-2Ld gene
also has a large deletion in intron 3 that is absent from the
H-2K genes (14). Interestingly, insertions of dispersed repeat
elements have occurred only in the murine genes. Possibly,
these elements are more mobile in the mouse than in the
human or rabbit genome. Alternatively, the insertion of one
such element might facilitate further insertions.

Conclusions. The comparison of 11 class I gene sequences
reveals that the intron sequences can be used to reconstruct
the evolutionary history of this gene family. An evolutionary
dendrogram computed from nucleotide substitutions in
introns is in perfect agreement with the order of gene

divergence determined independently from insertion and
deletion events. Thus, both sequence homology and insertion
patterns allow H-2 and Qa2,3 genes to be subgrouped among
the class I genes. Moreover, at least some of the genes in the
TL cluster reveal structural features that are only consistent
with these genes having diverged very early from the H-
2/Qa-2,3 genes. While these evolutionary relationships are
easily discerned by comparing intron sequences, analyses of

exons are much less informative. This confirms and extends
previous observations and may suggest that some mechanism
for sequence transfer (such as gene conversion) contributes
preferentially to the evolution of class I exons.

Note Added in Proof. After the completion of this work, the
sequences of three more H-2 genes have been published (33-35). As
expected, their intron sequences are highly similar to the other H-2
genes but less similar to the 27.1, Q10, and T2A genes. A recent
subgrouping of the murine class I genes based on hybridization data
(36) is in agreement with the relationships outlined in Fig. 3.
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