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Genetic diversity among the K and D alleles of the mouse major histocompatibility complex is generated by
gene conversion among members of the class I multigene family. The majority ofknown class I mutants contain
clusters of nucleotide changes that can be traced to linked family members. However, the details of the gene
conversion mechanism are not known. The bm3 and bm23 mutations represent exceptions to the usual pattern
and provide insight into intermediates generated during the gene conversion process. Both of these variants
contain clusters of five nucleotide substitutions, but they differ from the classic conversion mutants in the
important respect that no donor gene for either mutation could be identified in the parental genome.
Nevertheless, both mutation clusters are composed of individual mutations that do exist within the parent.
Therefore, they are not random and appear to be templated. Significantly, the bm3 and bm23 mutation clusters
are divided into overlapping regions that match class I genes which have functioned as donor genes in other
characterized gene conversion events. The unusual structure of the mutation clusters indicates an underlying
gene conversion mechanism that can generate mutation clusters as a result of the interaction of three genes in
a single genetic event. The unusual mutation clusters are consistent with a hypothetical gene conversion model
involving extrachromosomal intermediates.

The spontaneous mutations in the class I major histocom-
patibility complex (MHC) genes of mice can be distinguished
from random point mutations seen in other genes by two
criteria: the mutations generally occur in clusters of multiple
nucleotide substitutions, and they contain sequences which
also exist in other class I genes (19, 26). In most cases, a
donor gene which contains the exact sequence of the mu-
tated region can be identified among cloned members of the
class I multigene family isolated from the haplotype that
gave rise to the mutant (22). Each of the known single-
nucleotide mutations found among class I genes also can be
found in other class I genes of the parental haplotype;
therefore, this simpler class of variant also appears to arise
by the same mechanism (9-11, 16). Together, these obser-
vations gave rise to the gene conversion hypothesis, i.e.,
that sequences from a donor gene are transferred into the
parent gene to produce a mutant.
Few details of the mutagenic mechanism are available.

Although the observed mutation frequency is high relative to
mutation frequencies observed in other genes, the appear-
ance of class I mutants is still a relatively rare event,
occurring at a frequency of 10'- to 10', depending on the
locus and strains of mice considered (20). Some of these
gene conversion mutations appear to have occurred mitoti-
cally in the germ line (8), possibly at a stage in development
that directly precedes the first meiotic cell divisions in the
ovary. Little is known about mitotic gene conversion in
higher eukaryotic cells in vivo. Some recent evidence has
been reported that describes somatic gene conversion within
B-cell lineages of rabbits and chickens (14, 17). However,
there is no clear link between these somatic events that lead
to immunoglobulin sequence diversity and the events that
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lead to the class I mutations. The low frequency of class I
mutations and the fact that the mutants are detectable only
by functional immunological assays make direct genetic
analysis of the mechanism impractical at present. Further-
more, in vitro approaches have been futile, because no cell
lines that undergo conversion of their MHC alleles have
been identified.
One approach that can provide insight into the mechanism

underlying the generation of this interesting class of variant
is to dissect exceptions to the gene conversion model. Here,
we describe two class I mutants, Kbm3 and K",23 that
represent apparent exceptions. Both mutants exhibit all of
the hallmarks of the mitotic gene conversion phenomenon.
Each is characterized by a cluster of five nucleotide substi-
tutions that presumably arose in a single genetic event.
However, there is no apparent donor gene in the parental
genome that could serve as the template for the putative
gene conversion event. Hence, analysis of the structure of
the mutation clusters characteristic of these two mutants
provides insight into the mutation mechanism. We also
present a hypothetical model consistent with these findings
that involves the transfer of sequences from donor to target
genes through an RNA intermediate. In addition to account-
ing for all previously described characteristics of the spon-
taneous class I mutations, this model also accounts for the
structures of the KIb3 and Kfm23 mutation clusters.

MATERIALS AND METHODS

Mice. Pedigreed mice were purchased from the Jackson
Laboratories, Bar Harbor, Maine. Mouse strains used in
these studies were BALB/cByJ, C57BLI6ByJ, C57BL/1OJ,
C57BL/1OSnJ, C57BL6J-H-2bm3, and B10.D2-H-2bm23/Eg.
Genomic DNA and Southern blots. Genomic DNA was

isolated from spleen cells as described previously (23). A
total of 40 p,g of DNA was digested with endonuclease
BamHI or HindIII (Boehringer Mannheim, Indianapolis,
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Ind.). Southern blots were prepared by using GeneScreen
membranes (Du Pont NEN Research Products, Boston,
Mass.) and were hybridized with 32P-labeled oligonucleotide
probes as described previously (9). A minor variation of this
protocol was used for the blots shown in Fig. 3A and 4 by
substituting SSPE (20x stock consists of 3 M NaCl, 0.2 M
NaH2PO4. H20, and 0.02 M EDTA [pH 7.4]) for SSC (lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Stringency
was adjusted by increasing the hybridization and final wash-
ing temperatures. High stringency was operationally defined
as the conditions under which an oligonucleotide probe
hybridized to the mutant gene fragment but failed to hybrid-
ize to the homologous parent sequence (internal control).
The presence or absence of other hybridizing fragments
could then be evaluated. The presented hybridization pat-
terns were observed reproducibly in completely independent
experiments. The oligonucleotide probes used in these stud-
ies were bm3-77 (GTCCTCAGGCTCACTCGGAAA), bm3-
89 (GCCCGCGCTCTGGTT), bm23-63 (TTCTGTG1TITCC
CGCTCCC), and bm23-75,77 (CCTCAGGCTCACATGGA
AACT).

Class I genes. A panel of cosmid clones containing com-
plete overlaps of the K, D, Q, and T regions of the H-2b
haplotype (34) was provided by Gerald Waneck (Massachu-
setts General Hospital, Boston, Mass.). This panel of
cosmids has been analyzed previously with appropriate
control probes that cross-react with all of the known class I
genes, demonstrating the presence of known sequences in
each of the lanes (2). Oligonucleotides bm3-77, bm3-89, and
bm23-75,77 were used in the analysis.

Isolation and sequence analysis ofK6m3 and Kbm23 mutation
clusters. The K'm3 gene was isolated from genomic spleen
DNA by a size-selected lambda phage-cloning strategy.
Genomic DNA was digested with the endonuclease XbaI,
which is known to generate a 1.8-kb fragment of the K' gene
containing a major segment of the promoter region and
exons 1 through 3. DNA fragments of the appropriate sizes
were cloned by using the lambda-zap vector system (Strat-
agene, La Jolla, Calif.). Phage containing the desired frag-
ments were recovered by using the oligonucleotide probe
Kb-152 (GAGTCTCTCTGCT-TCAC) that was shown previ-
ously (25) to hybridize uniquely to the Kb gene in the H-2"
cosmid library of class I genes. Double-stranded plasmids
containing the appropriate fragments were excised from the
phage and sequenced by a dideoxy-chain termination proce-
dure. The K"'23 mutation cluster was isolated by two
independent procedures. The first was by polymerase chain
reaction amplification of the second exon of theK locus with
primers that are homologous to intron 1 (GCGTCCTCGG
GTCGACCACCGGACCC) and intron 2 (CTGTTCCCGAA
GC1TTTGGACTT) sequences. The resulting fragments were
digested with the endonucleases SalI and HindIII, whose
recognition sites were included in the primers. The digested
fragments were cloned into the vector pUC 18, sequenced,
and authenticated as K locus products by sequence homol-
ogy to Kb in highly polymorphic sequences in exon 2. The
second approach used K locus-specific primers to isolate
full-length cDNA from spleen RNA. This procedure has
been described previously (13). Plasmids containing the
appropriate cDNA as determined by using oligonucleotide
Kb-152 were sequenced to establish the structure of the
mutation cluster. The overlapping segments of the two
sequences, including the entire mutation cluster, were iden-
tical.

RESULTS

The structure of K"m3. The mutant K"m3 was reported by
Igor Egorov in the former Soviet Union in 1964 (3). Because
this variant was discovered segregating in a colony of inbred
mice, the precise generation that gave rise to the mutation
cannot be established with certainty. Nonetheless, the Kbm3
mutation has many of the characteristics of a MHC gene
conversion mutation. Protein sequence analysis revealed
two amino acid substitutions, documenting changes at posi-
tions 77 and 89 (5, 26). Subsequently, RNA sequence anal-
ysis confirmed these findings and established that four nu-
cleotide substitutions account for the two amino acid
changes (7).
A departure from the pattern established by previously

characterized class I mutants was evident when efforts failed
to identify a donor gene for K"m3 among the other members
of the class I multigene family of the H-2b haplotype (7). The
search was extended to the rest of the genome by using
oligonucleotides to probe genomic Southern blots. No genes
containing the precise sequences matching the stretch en-
coding amino acids 77 through 89 of the mutant were
identified (7). However, a homologous stretch of sequence in
the D" gene was found to differ from the mutant sequence by
a single nucleotide, suggesting to Geliebter and Nathenson
the possibility that a patchy copy mechanism may have
introduced an imperfect copy of the donor sequence and
hence explaining this single exception to the gene conversion
model.
The K'm3 mutation is of additional interest because it is

adjacent to an exon-intron boundary. Since all of the char-
acterized gene conversion mutations as well as most of the
variability among alleles are found in exons, it had been
suggested that the conversion mechanism may operate
through an mRNA (spliced) intermediate (33). Conse-
quently, we reexamined the structure of the K"'"3 mutation.
An XbaI fragment containing the first three exons of the
K"m3 gene was isolated from genomic DNA by using a
size-selected, lambda phage-cloning strategy (as described in
Materials and Methods). The gene was isolated from the
library with an oligonucleotide probe, Kb-152, which is
known to be specific for the K' gene (25). The sequence of
the Kbm3 mutation is shown in Fig. 1A. In addition to the
four previously described nucleotide mutations, the cluster
of substitutions included an additional nucleotide change
distal to the codon for amino acid 89, 12 nucleotides inside
intron 2. The remainder of the sequence was identical to that
of the K' parent gene. The K"m3 mutation, therefore, is
composed of a cluster of five nucleotide changes, four in the
coding region of exon 2 and one inside the adjacent second
intron.
Three important insights are revealed by the K`m3 se-

quence. First, the mechanism that gave rise to the mutation
affected intron sequences as well as exon sequences. This
implies that fully spliced mRNA species are not necessary
intermediates in this process. Second, as shown in Fig. 1A,
the complete K'm3 mutation cluster differs from the homol-
ogous Db sequence not by one but by three nucleotides,
substantially weakening the argument that Db might be an
imperfect donor gene for the conversion event (7). Copy or
editing errors would now have to be evoked at three different
positions along the template. We have confirmed the findings
of Geliebter and Nathenson that there was no exact donor
sequence for the K'm3 mutation in the H-2b haplotype by
using mutation-specific oligonucleotides similar to the oligo-
nucleotides that they used to probe genomic and cosmid
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FIG. 1. The Kbm3 and Kbm23 mutations and their relationship to other H-2b class I genes. (A) The sequence of Kbm3 was determined from
a genomic clone encompassing exons 1, 2, and 3. The five nucleotide changes relative to the Kb sequence (33) are indicated. The nonrandom
nature of the changes is emphasized by comparison of the mutation cluster to the Db (1), QIO" (19), and Q4b (30) sequences. Regions of identity
between the mutation cluster and the putative Q4 and Q1o donor sequences are indicated. (B) The sequence of K""23 was determined from
two independent polymerase chain reaction-amplified fragments, one from cDNA and one from genomic DNA. The five nucleotide changes
relative to the Kb sequence are indicated. Comparisons with putative donor sequences are as described for panel A above.

DNA sequences (data not shown). No gene containing all
five mutations could be found in either the C57BL/6Sn or the
C57BL/1OJ line, two strains that diverged from each other in
the 1930s, well before the splitting off of the Egorov C57BL/
6JY subline.

Third, although no donor gene was present, the nucleotide
changes in the cluster ofKfm3 mutations did not appear to be
the result of random editing or copying errors by DNA repair
or recombinatory machinery, because each substitution rep-
resented known structural diversity within the class I genes
of the H-2b haplotype (e.g., D", Q4, and Q10 in Fig. 1A).
Consequently, this observation implies that a mechanism
responsible for the mutation cluster has introduced a com-
plex array of nucleotide changes involving sequences
present within the haplotype without use of a contiguous

donor sequence from the genome to serve as a template.
Unfortunately, the pedigree data available for the K""'
mutation do not precisely identify the exact mating within
the inbred lineage that gave rise to the mutant. Although
there is no compelling reason to assume that this mutation is
any different from the other mutations of Kb that are known
to have occurred in a single generation, one might still argue
that the accumulation of the bm3 mutation cluster represents
a rare example of the multiple independent mutations.

Structure of Ktm23. The argument that the J(bm3 mutation
represents an important exception among the class I muta-
tions was strengthened recently when a second class I
mutation, Kb'm23, with similar properties was identified by
Egorov and Egorov (4). The pedigree records in this case are
more precise. The bm23 mutation arose in a (C57BL/lOSnEg
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was probed with the oligonucleotide bm23-75,77 (representing se-
quences in the 3' end of the mutation cluster) under stringent
hybridization and washing conditions.

x BlO.D2/nSnEg)F1 hybrid and is one of the three known
examples of the concordant appearance of identical mutants
in a single mating, suggesting that this mutation is the result
of a mitotic mechanism that gives rise to complex, nonran-
dom arrays of nucleotide substitutions that appear to be the
products of gene conversion. The sequence of the K"m23
mutation was established by two independent polymerase
chain reaction experiments. Two sets of oligonucleotide
primers were used to isolate amplified DNA from genomic
DNA and from cDNA. Each of the sequences agreed with
the other, and the sequences are shown in Fig. 1B. The
Kbm23 mutation consisted of five nucleotide substitutions
spanning the codons for amino acids 63 through 77. Two
amino acid substitutions resulted from these changes, an
R--H interchange at position 75 and a D-3S interchange at
position 77. A silent nucleotide substitution was present in
the codon for amino acid 63. The remainder of the se-
quences, including the adjacent sequences in the second
intron, were identical to that for K".
An oligonucleotide, bm23-75,77, that spans the four base

changes resulting in the amino acid substitutions at positions
75 and 77 was used to screen a panel of cosmid clones
representing the known H-2b class I genes in an attempt to
identify a donor gene for Ke23. Only a single potential
donor gene was identified, Q10b (Fig. 2). The sequence of the

23.1 -
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6.6 -
4.4 -

2.3 -
2.0 -

23.1 -

-Kbm23 9.4 -

6.6 -

4.4 -

2.3 -
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FIG. 3. Only a single sequence is identified in the parental
genome with the 3' end oligonucleotide bm23-75,77 to probe
genomic Southern blots. Forty-microgram samples of spleen DNA
isolated from C57BLlOSnJ or B1O.D2-H-2bm/Eg mice and di-
gested with either the endonuclease BamHI (A) or HindIII (B) were
used to prepare Southern blots. The blots were probed with 32p-
end-labeled oligonucleotide bm23-75,77 under stringent hybridiza-
tion and washing conditions as described in Materials and Methods.
The hybridization and washing temperatures for the blots shown
were 49°C (A) and 60°C (B). Higher stringency was used in the
second blot to visualize the closely spaced bands individually.
Lambda HindIll molecular size markers were used as standards.

Q10 gene has been reported elsewhere (18) but differs by
two nucleotides from the K.m23 mutation cluster sequence
(Fig. 1B). Therefore, none of the class I sequences in the
cosmid bank represent a potential donor gene for the Kbm23
mutation.
The oligonucleotide probe was also used to search for

potential donor sequences in genomic DNA from C57BLV
1OSnJ mice. BamHI and HindIII endonucleases were used to
fragment DNA for Southern blot analyses. The probe spe-
cifically recognized theK locus in the mutant bm23 DNA but
not in the parental genomic C57BL/10 DNA, illustrating the
specificity of the hybridization and washing conditions (Fig.
3A and B). While no other hybridizing BamHI fragment was
observed in either DNA, a single HindIII fragment of
approximately 10 kb was identified in both parental and
mutant DNAs. Because we found that the cloned QJo" gene
is on a 10-kb HindIII fragment, the observed pattern is
consistent with the hybridization of this oligonucleotide to
the Q10 gene. The QltO sequence recognized by the probe
is on a 0.8-kb BamHI fragment (Fig. 2) (18), a size that is
difficult to visualize by this oligonucleotide-based Southern
blot technique on genomic DNA. We conclude from this
analysis that there is no perfect donor sequence in the
genome of the parental mouse and that the closest known
match is Q10b, a gene that differs by two nucleotides from
the K""23 mutation cluster.
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FIG. 4. Multiple parental sequences hybridize to an oligonucle-
otide probe matching the 5' end sequences of the Kb"23 mutation
cluster. Forty-microgram samples of genomic spleen DNA as de-
scribed in the legend to Fig. 3 were digested with the endonuclease
BamHI and used along with lambda HindlIl markers to prepare a

Southern blot. The blot was probed with the 32P-end-labeled oligo-
nucleotide bm23-63. Hybridization and washing were performed at
45°C.

Several genes that hybridized to a second probe, bm23-63,
representing the 5' region of the mutation cluster were
detected in a BamHI digest of both parental and mutant
DNAs (Fig. 4). Two genes known to share this sequence are

D' and Q4b (Fig. 1B). Both of these genes match the 5' end
of the mutation cluster, encompassing the entire region
mismatched by the Q10' sequence. Therefore, as in the Kbm3
mutation, each of the mutations represents known diversity
within the class I gene family of the H-2b haplotype, but no

single member of the family could have served as the donor
gene for the transfer of the genetic information to the
parental Kb gene.

DISCUSSION

The details of the mechanism that results in the transfer of
sequences between different members of the class I multi-
gene family are not known. A straightforward scheme would
involve a classic gene conversion model based on the
resolution of heteroduplexes (12) formed during the pairing
of sister loci as part of meiotic recombinatory events.
Several facts about the class I mutants argue that this view is
not correct.
The best estimate of the developmental stage at which the

class I mutants occur is during the formation of the ovary,
beginning at day 12, when the first signs of sexual differen-
tiation can be identified, and ending around day 19, when
most of the oocytes have entered meiosis. The most com-

pelling argument supporting this estimate is the sporadic
appearance, as in bm23, of identical mutants of different

sexes within pedigreed litters (4, 21). Because meiotic cell
division results in a single gamete in the female, this pattern
excludes twinning as the explanation for the coincidental
appearance of mutations among siblings. Therefore, muta-
tions must have occurred before meiotic reduction, some-
time during the mitotic expansion of the primordial germ
cells. Several of the known mutations occurred in inbred
mice that by definition contain two identical alleles at the
parental locus. Sequence transfer between different loci
within the multigene family would be necessary to produce
the templated mutations. Analyses of naturally occurring
alleles from laboratory mice revealed that interlocus ex-
change of sequences has been commonplace in the evolution
of structural diversity of mouse class I genes (24, 28).
However, there is little evidence for a predominance of
intralocus exchange, which is the expected outcome if gene
conversion by homologous pairing of chromosomal genes is
a fundamental component of the process.
Many of the mutations were first identified in heterozy-

gous offspring, which raises the possibility that the muta-
tions occur in the zygote and are the products of interactions
between genes from the two different parental haplotypes
represented in the F1 hybrids. However, this hypothesis is
inconsistent with the appearance of multiple variant pups
bearing identical mutations within a single litter. Moreover,
it does not fit the reported bias of mutations in the maternal
haplotype (15). In each case in which donor genes have been
identified, they have always been present in the maternal
genome. In the case of bm23, in which we have found no
donor gene, a potential donor sequence was also not found in
the paternal H-2d haplotype, by the same strategies reported
here (data not shown). Because the bm3 mutation arose in an
inbred mouse, by definition the donor gene is missing from
both the maternal and the paternal genomes. The idea that
the gene conversion events occur premiotically, early in the
development of the maternal gametes, is most consistent
with the observed profile of mutations.
Each of the nucleotide substitutions, as well as the com-

binations of nucleotide changes that constitute individual
codons within the bm3 and bm23 mutations, represents
naturally occurring diversity that exists within the class I
genes of the maternal H-2bl haplotype. It may be significant
that both of the mutation clusters appear to be neatly divided
into two regions, i.e., a 5' segment that corresponds exactly
to one member of the multigene family and a 3' segment that
corresponds exactly to one member of the multigene family
and a 3' segment that corresponds exactly to another mem-
ber of the class I gene family (Fig. 1). Importantly, each of
these gene family members, namely, Db, Q4b, and Q1Ob, has
been identified previously as a donor gene involved in the
generation of a K6 mutation (7, 8, 19). We postulate that the
bm3 and bm23 variants are templated mutants and that they
differ from other defined mutants because two donor genes,
instead of the more typical single donor gene, have partici-
pated in the transfer of sequence into the parental target
gene. The unusual aspect of these two conversion mutations
is that three genes appear to have interacted in a single
genetic-recombination event.

It is unlikely that the structures of the bm3 and bm23
mutations are both products of two independent gene con-
version mutations. The low observed frequency of single
events (10-3 to 10-4) argues against the possibility that 2 of
less than 30 characterized mutants could be derived from
two independent mutation events (expected frequency of
10-6 to 10-8). Furthermore, the distribution of the nucle-
otide mutations is such that they are clustered in the 3' 100
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FIG. 5. Hypothetical mutation mechanism involving cDNA in-
termediates. Mutations arise in this scheme from sequences any-
where in the genome. (a) Donor sequences are transcribed, and the
resulting RNA is used as a template in the synthesis of cDNA. The

transcription cDNA serves as the source of strand-invading DNA that ultimately
results in heteroduplex formation and gene conversion as a conse-
quence of heteroduplex resolution. (b) This process also provides a
mechanism that can give rise to recombinant templates that would
produce mutation clusters as seen in the Kb-3 and Kbm23 mutants. In
this scheme, some of the forming cDNA molecules will not be full
length. A small percentage of the cDNA fragments could then serve
as primers in a second round of cDNA synthesis. If the cDNA
fragments cross-prime RNA from another class I gene, hybrid
cDNA molecules would be formed. Such molecules might compose
a small portion of the pool of cDNA that invades the target gene,
generates heteroduplexes, and ultimately resolves into class I gene
conversion mutants. If the frequency of recombinant cDNA mole-
cules generated approximated 5%, the observed frequency of do-
norless gene conversion mutants (1 in 20) would result.
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nucleotides of exon 2 in both bm3 and bm23, providing
further evidence against the possibility that the 5' and 3'
sequences within the mutation clusters were transferred in
completely independent mutation events. The low expected
frequency of double mutants also argues compellingly
against the possibility that the bm3 and bm23 variants arose
by successive mutations in different generations. Even al-
lowing the mutation clusters to accumulate changes over 30
generations (approximately 10 years) would not substantially
change these conclusions on the basis of the large differences
between the expected and observed frequencies of the
exceptional variants.
The alternative view is that the mutations occurred coor-

dinately as the result of the interactions among three genes

reveres rnscription

I--

odupIet partIa 010
Inng revee tracrp

tied together in a single genetic event. There are no currently
understood genetic processes that involve the direct inter-
actions of three genes in a recombination scheme. However,
three genes could interact sequentially in a linked series of
events to yield the unusual mutation clusters identified in the
bm3 and bm23 mutants. Each recombination event would
involve the pairing of two genes or their products. Since the
bm3 and bm23 mutations are clustered in one of several
regions of the K gene known to undergo conversion events,
it is unlikely that two donor genes sequentially interact with
the target sequence. However, if the slow step in the series
of interactions were the gene conversion of the target locus,
the opportunity would exist for recombination between
donor sequences prior to the conversion event.
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Donor gene recombination could occur either at the level
of the chromosome or extrachromosomally. Chromosomal
recombination between members of the class I multigene
family is not generally observed, particularly not at a fre-
quency approaching 7% (two recombinant donor sequences
of 30 mutants). Furthermore, genes of the Q and T regions
that have been identified previously as donors are among the
most conserved class I genes in the mouse (6). Conse-
quently, chromosomal recombination between donor genes
does not appear to be a significant factor in the generation of
class I mutations.
The hypothesis that extrachromosomal intermediates may

be important components of the class I gene conversion
process, however, is consistent with all the known facts
about the class I mutations. The essential steps in gene
conversion are strand invasion, heteroduplex formation, and
heteroduplex resolution. Strand invasion and heteroduplex
formation can be initiated by either chromosomal or extra-
chromosomal DNA (29). Strand invasion implies gene pair-
ing between donor and target sequences. Although there is
considerable variation in homology among members of the
class I gene family, the donor genes have come from the
group of genes most closely related to the target loci (22).
The involvement of a diffusible extrachromosomal interme-
diate would free donor and target genes from spatial con-
straints, allowing genes that map hundreds of thousands of
nucleotides apart to interact. This fits well with the obser-
vation that genes mapping to distant loci in the D, Q, and T
regions of the mouse MHC appear to have served as donor
genes for the conversion of the K locus (22).
From a mechanistic perspective, each of the essential

components to generate extrachromosomal substrates from
class I donor genes is known to exist within the mammalian
germ line. The model we propose is that extrachromosomal
intermediates are generated from the class I donor genes by
transcription. Species of heterogeneous nuclear RNA or
mRNA may serve as substrates for reverse transcriptase
activity. The presence of process pseudogenes in mamma-
lian genomes not only demonstrates the existence of reverse
transcriptase activity in mammalian cells but also illustrates
the fact that cDNA can be present in a form that can
integrate into germ line DNA (32). cDNA could also function
as a substrate for homologous recombination, a process that
may lead to the gene conversion phenotype characteristic of
the MHC mutants (Fig. 5). A precedent for an RNA inter-
mediate in gene conversion between two related loci re-
cently has been reported for yeast cells (1). Also important
to the model is the fact that the D, Q4, and Q1O genes
proposed as donors for the bm3 and bm23 mutations are all
known to be transcriptionally active, as are the K, Kl, and
TS loci, three other genes believed to have served as donor
gene templates for other mutants (7).
A salient feature of this hypothesis is that reverse tran-

scription of RNA transcribed from class I genes also pro-
vides a mechanism for the recombination of donor gene
sequences. Successive rounds of reverse transcription could
produce chimeric intermediates that result in recombinant
mutation clusters (Fig. SB). Chimeric cDNA molecules
could form when partial cDNA fragments serve to cross-
prime DNA synthesis with heterologous RNA as a template.
The resulting molecules would contain 5' sequences derived
from one donor gene and 3' sequences from another. Gene
conversion events resulting from the resolution of heterodu-
plex formed between these chimeras and the target gene
would lead to mutation clusters of the kind described here
for the bm3 and bm23 mutations. However, since there is no

specific information about the frequency of reverse tran-
scription in the generation of donor fragments, this model
does not address the frequency with which chimeric donor
cDNA would be generated.
Although the hypothesis that cDNA can act as intermedi-

ates in class I gene conversion is consistent with the ob-
served mutation clusters, there are several other features of
the structure of the class I multigene family not addressed by
the model. Among these is the absence of class I process
pseudogenes in the mouse genome. The reasons why some
multigene families have numerous process pseudogenes and
others do not are not known and may be related to more
complex issues beyond the generation of cDNA. Another
possible consequence of the role of cDNA extrachromo-
somal intermediates in gene conversion is that introns could
be deleted as a result of conversion events across introns of
genomic DNA by cDNA strands derived from processed
mRNA. Intron deletions of this kind in the class I gene
family have not been observed. In the case of the bm3
mutation, the fact that the mutation cluster extends into the
intron suggests that spliced mRNA is not necessarily the
source of the proposed cDNA. If heterogeneous nuclear
RNA were the source of cDNA, the presence of introns
would be conserved and mutations would extend into the
introns, as seen in the case of bm3.
The proposed mechanism of cDNA-mediated recombina-

tion between class I donor genes could have implications for
other multigene families as well. Individually, the steps of
the proposed mechanism are known to exist in some form in
mammalian cells, and there is no reason to believe that any
of the steps would be uniquely suited to class I sequences.
Interchanges between discrete loci have been important in
the evolution of immunoglobulin (35) and probably also
T-cell receptor gene segments in which structural differences
between the expressed members of a multigene family are
known to have important functional consequences. This
concept can be extended to gene families that encode
differentially regulated isomers, as in the globin or tubulin
families. Clear examples of gene conversion have been cited
for each of these groups (27, 31), but the mechanism respon-
sible for these recombination events remains undefined, as it
is for the class I genes. Consequently, understanding the
mechanism underlying the generation of the class I muta-
tions could provide broader insight into the forces shaping
eukaryotic genomes.
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