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ABSTRACT A spontaneous variant of the mouse class I
major histocompatibility complex Db gene, designated Dbm28,
is characterized. This mutation consists of a cluster of nucle-
otide substitutions in exon 3 that resembles the product of a
classical gene conversion event in that the substituted nucle-
otides appear to be templated. However, Dbm28 is distinctive,
because no single donor gene containing the nucleotide se-
quence of the mutation exists in the genome of the parent
strain. The mutation is consistent with the expected result of
an interaction of two donor genes at the target locus during a
single recombination event. While no known genetic mecha-
nism gives rise to this class of mutation, we have established
that 10 percent of spontaneous class I mutations in the mouse
major histocompatibility complex have this complex pheno-
type. This process occurs at the D locus and the K locus. The
significance of this kind of genetic interaction may extend
beyond the major histocompatibility complex and have im-
portance in shaping other multigene families.

Genetic recombination mechanisms play a major role in
shaping the structure of genomes during evolution. Homolo-
gous recombination generates phenotypic diversity among
individuals by reshuffling sequences already present within the
species. Novel alleles can be generated when existing alleles
involved in a crossover exhibit diversity within their coding
sequences at regions that are proximal and distal to the
recombination point. In a similar manner, nonhomologous
recombination events between members of a multigene family
also have resulted in the formation of new structural genes that
can behave as new alleles (1). We have been analyzing a
mechanism that generates new alleles from existing diversity
within the mouse major histocompatibility complex (MHC)
class I multigene family by the exchange of short stretches of
sequence between ectopic members of the gene family. The
structure of human class I alleles indicates that similar genetic
events are occurring in human populations (2). However, new
variants occur rarely and have never been observed within
human family studies. Consequently, little is known about the
mechanism of genetic diversification of class I genes in hu-
mans. At this time, the mouse provides the best model to study
this question in a mammalian species.
Approximately 30 class I structural variants have been

characterized from spontaneous ‘‘mutations’’ that arose in
inbred mouse colonies. Analyses of the mutant nucleotide
sequences reveal that in the majority of occurrences multiple
nucleotide substitutions were introduced into an acceptor gene
by a donor gene. Typically, these substitutions fall in a region
of overall high identity between the donor and acceptor genes
(3). The variants can be classified into three categories. Type

I variants, such as Kbm1, have arisen by a recombination
mechanism involving the gene conversion of a particular class
I locus by sequences derived from another member of the class
I multigene family (4–6). The resulting variant has multiple
nucleotide substitutions that are identical to the sequence of
the potential donor. The type II variants have a single nucle-
otide substitution, which can be found in other class I genes at
a homologous position. Although the possibility that individual
variants within this group may have occurred by a random
mutation mechanism, when considered as a group, this class of
variant resembles a templated event indistinguishable from the
type I variants (7–10). The more perplexing group is composed
of the type III variants. The structure of these variants
resembles the type I and type II categories; all of the substi-
tuted nucleotides can be found in other class I genes of the
parental haplotype. However, a single putative-donor gene
containing all of the clustered substitutions cannot be found in
the genome of the parental strain (11).
We previously have characterized two type III variants, Kbm3

and Kbm23 (11). Both contain a cluster of five nucleotide
substitutions in and adjacent to the 39 end of exon 2 of the Kb
gene. In seeking an explanation for the appearance of the
unusual clusters of substitutions, it may be important to
consider some specific properties of the Kb locus that set this
gene apart from the other members of the class I gene family.
For unknown reasons, the Kb gene undergoes recombination
events more frequently than other members of the multigene
family. Of the 22 characterized class I variants in H-2b haplo-
type mice, 18 had changes at the K locus, and only 4 contained
changes at the D locus. This probably was not due to selection
bias, because the frequencies of changes at the K and D loci of
H-2k and H-2f haplotype mice were comparable to that ob-
served for Db, indicating that Kb is more susceptible to these
changes than other loci. Furthermore, 5 of the 18 variants
contained substitutions in the region of the Kb gene affected by
the bm3 and bm23 mutations. Therefore, on the basis of the
unusual recombination activity of this region of the Kb gene,
one might consider the possibility that the type III mutations
arise as a result of sequential type I gene conversion events.We
have argued that this is probably not the case, because even at
the inflated frequencies observed for theKb gene, and allowing
for the possibility that silent substitutions occurred in gener-
ations preceding and following the generation of a functional
variant, it is highly improbable that two independent type III
variants would have been observed among the 30 characterized
class I variants (11).
We now describe a third example of a type III variant,Dbm28.

Dbm28 is significant, because in this case the substitutions have
occurred at the Db locus and in a region of the gene that has
not been previously indicated as a hot spot for recombinatory
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events. The identification of Dbm28 as a type III variant argues
that this class of variant does not arise by sequential type I
mutations that happen at an unexpectedly high frequency due
to the unique properties of the Kb gene or because they have
occurred in a general recombinatory hotspot of a class I gene.
This generalization of the mechanism leading to type III
variants to more than one class I locus strengthens the hy-
pothesis that a novel recombination mechanism may involve
the interaction of more than two homologous genes. Such a
mechanism could have profound influence on the evolution of
multigene families.

MATERIALS AND METHODS
Mice. C57BLy6By-H-2bm28 mice (bm28) were bred in the

immunogenetics mouse colony at Northwestern University.
This variant arose in 1981 in D. W. Bailey’s mouse colony of
C57BLy6By mice at the Jackson Laboratory (12). The muta-
tion, detected by skin graft incompatibility, occurred in a
pedigree in which the parents were screened using skin grafts
and found to be fully histocompatible with other screened
members of the strain. The mutation, designated A-2e and
later renamed bm28, has been maintained on the C57BLy6By
background by breeding sibs.
Generation of cDNA and Cloning. RNA was isolated from

the livers of bm28 mice using TRIzol reagent (GIBCOyBRL).
We generated single-stranded cDNA using cDNA Synthesis
SystemPlus (Amersham) from 20 mg of total RNA, then
amplified the full-length Dbm28 cDNA using PCR with D
locus-specific primers, as previously described (13). By engi-
neering BamHI sites into the D locus-specific primers, we
could clone the product into the unique BamHI site of the
pUC18 vector. Clones containing Dbm28 cDNA insert hybrid-
ized to an oligonucleotide probe specific for the Db exon 4
sequences (Ld-191 TCACCCCAGATCTAAAGGTG). The
procedure was repeated independently to ensure that PCR
artifacts would be detected. The observed mutations were
common to the independently isolated cDNA.
Sequence Analysis of Cloned Inserts. The DNA insert of

interest was sequenced using a Sanger-based fluorescent
dideoxynucleotide method with an automated DNA sequenc-
ing apparatus (model 377, Applied Biosystems). Approxi-
mately 3.2 pmol of oligonucleotide primer was used to se-
quence 1 mg of plasmid containing insert. The sequence data
was analyzed using the Wisconsin Package, Version 8.1 (Ge-
netics Computer Group, Madison, WI).
Cosmid Clones and Genomic DNA. The cosmid library

containing K, Q, D, and T region genes was a gift from G. L.
Waneck (Harvard Medical School, Boston). As previously
described (14), the overlapping cosmids completely represent
the H-2b class Ia and Ib genes that reside in the K, D/Q, or T
regions.We isolated splenic genomic DNA fromC57BLy6ByJ,
using a method described previously (15). From the bm28
mice, we used a variation on this protocol to isolate liver DNA.
The liver was finely minced, then digested overnight in buffer
containing 10 mM TriszHCl at pH 7.4, 100 mM EDTA, 250
mgyml proteinase Ky0, and .5% SDS.
Southern Blots. For the Southern blots of the cosmid

library, we digested approximately 2 mg of cosmid DNA with

BamHI endonuclease. The size-separated fragments were
transferred onto Magna nylon membranes (Micron Separa-
tions, Westboro, MA), and hybridized to the 32P-labeled
oligonucleotide probe. The membranes were prehybridized in
50 ml of 53 standard saline phosphate EDTA (SSPE) (13
SSPE is 150 mM NaCly10 mM NaH2PO4zH2Oy1 mM EDTA),
1% SDS, and 100 mgyml denatured salmon sperm DNA
(Sigma). The oligonucleotide probe was end-labeled with
polynucleotide kinase, then added to the prehybridizing mem-
branes. The hybridizing and washing conditions were at strin-
gencies that allowed detection of a plasmid containing Dbm28
cDNA (pUCDbm28), but not a plasmid containing a genomic
clone of the Db gene. The temperatures that we used to
hybridize the DNA to the probe and to wash the membranes
were estimated by using the formula Tw (8C) 5 2 3 [(A 1 T)
content]1 43 [(G1 C) content]. Genomic Southern blotting
was performed using previously described methods (7). We
used BamHI, BglII, or HindIII to digest 40 mg of B6 or bm28
genomic DNA. As for the cosmid Southern blots, we trans-
ferred the size-separated fragments onto Magna nylon mem-
branes, then hybridized to a 32P-labeled oligonucleotide probe.
The temperatures that we used to hybridize the digested DNA
to the probe and to wash the filters were estimated by using the
formula Tw (8C) 5 2 3 [(A 1 T) content] 1 4 3 [(G 1 C)
content] 2 5. We modified the wash conditions from the
previous procedure, which resulted in better resolution of the
hybridizing bands. The first wash solution was 33 SSCy10 mM
sodium phosphate, pH 7.0y103Denhardt’s solutiony5% SDS.
One times SSC is 150 mM NaCly15 mM sodium citrate; and
13 Denhardt’s solution is 0.02% Ficolly0.02% BSAy0.02%
polyvinylpyrrolidone. We incubated the filters at 428C, then at
Tw, for 1 h at each temperature. The filters were transferred to
the second wash solution (13 SSCy1% SDS) and incubated at
Tw for 1 h. The oligonucleotide probes used in this study were
Dbm28-97y99–1 (59-GTGGATGTATGGCTGTGACCT-39),
Dbm28-97y99–2 (59-ACACTCCAGTGGATGTATGGC-39),
and Dbm28-103 (59-GCTGTGACCTGGGGTCGGA-39).

RESULTS
Origin and Characterization of bm28. The bm28 mouse was

identified by skin graft rejection using the C57BLy6By mouse
strain and mapped to the D locus using traditional comple-
mentation analysis (12). Using D locus-specific primers in a
PCR, we cloned the Dbm28 transcript by amplifying reverse-
transcribed cDNA and sequenced four independent clones.
Four differences in the nucleotide sequence between the
parent D and the mutant Dbm28 gene were identified (Fig. 1).
The mutation cluster affects codons 97, 99, and 103. The
substitutions at 97 (Q toW) and 99 (S to Y) are productive, and
the substitution at 103 is silent. These results were confirmed
in completely independent experiments, including PCR am-
plifications. The presence of the identified mutations in the
bm28 genome was confirmed by genomic Southern blot anal-
ysis, as discussed below. The substituted amino acid positions
are located in the peptide binding cleft of the class I molecule.
These positions are consistent with the alloantigenicity of the
variant D molecule detected in the skin graft screen.

FIG. 1. Nucleotide sequence comparison of the Dbm28 mutation with the parental Db gene reveals a clustered nucleotide substitution. The region of
the gene that contains the mutation cluster is depicted; the rest of the cDNA sequence otherwise matches the known coding sequence of the Db gene
(16). The mutations are productive at codons 97 and 99, which result in amino acid changes Q97W and S99Y. The mutation at codon 103 is silent.
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Absence of a Single Donor Gene. Initial comparisons of the
Dbm28mutation cluster with the previously reported sequences
of the H-2b classical and nonclassical genes immediately ruled
out these genes as potential gene conversion donors. Notably,
theK andK1 loci were not the donor genes (17), demonstrating
that unlike the previously characterized D mutants (8, 9), the
bm28mutation is the first conversion of theD gene that did not
use the K gene as a donor. Although there are genes that have
homology to the cluster at 97 and 99 or for the substitution at
103, no single gene has the entire mutation cluster.
Because the donor genes for all mutants characterized to date

have been located in theK,D,Q, or T regions (6), we pursued the
possibility that an uncharacterized donor gene exists for the bm28
mutation cluster within the Q or T regions of the class I gene
family.We designed oligonucleotide probes specific for either the
97y99 (probe Dbm28-97y99–1) or 103 (probe Dbm28-103) muta-
tions and screened a library of overlapping cosmids spanning the
D andQ regions or theT region of the genome.Hybridization and
washes under stringent conditions allowed detection of a plasmid
containing a Dbm28 cDNA clone, but not of a plasmid containing
a Db genomic clone.
Screening of the D and Q region cosmids revealed multiple

genes that have either the nucleotide sequence at positions 97
and 99, comprising the left half of the mutation cluster, or the
nucleotide at 103, comprising the right half of the cluster (Fig.
2). The probe specific for the left half hybridized to '5.5-kb
BamHI fragments from cosmids representing the Q4 through
Q9 genes. From the known restriction map of the cosmid
library, the size of these bands is consistent with the expected
BamHI fragment of Q5, Q6, Q7, Q8, and Q9 that contains the
region of interest. The positive '1.0-kb BamHI fragment of
the cosmid containing Q10 is consistent with the known
BamHI restriction sites in the Q10 gene. Using the probe
specific for the nucleotide substitution at codon 103, we
identified a '3.8-kb BamHI fragment from the cosmid con-

taining Q2 and Q3. This fragment’s size implicates Q2 as a
potential donor gene. Thus, our analysis of the Q region class
I genes demonstrates that several genes hybridize to probes
defining either the left half or right half of the bm28 mutation
cluster, but no single gene hybridizes to both probes.
Similarly, when we screened cosmids spanning the T region,

we identified genes that were positive for either the left half or
right half of the mutation cluster, but no gene in this region
contained both (Fig. 3). The left-half probe hybridized to
fragments from cosmids that span the T9 to T12 genes. T12 is
partially represented in cosmid LS K 4.3 and completely
represented in cosmid H6; the positive '4.8-kb BamHI frag-
ment of the H6 digested DNA suggests that T12 contains the
left half of the cluster. The right-half probe hybridized to
fragments from cosmids that completely span the T3 to T7
genes and include the 39 portion of T2 and the 59 portion of T8.
In particular, T5 is partially represented in cosmid H10 and
completely represented in cosmid LS K 4. The right-half probe
hybridized to a '13.9-kb BamHI fragment in the LS K 4
digested cosmid, consistent with the expected size of a BamHI
fragment that contains the T5 gene.
From the cosmid hybridization analysis, we predicted that

Q5,Q6,Q7,Q8,Q9,Q10, and T12 had the sequences at codons
97 and 99, and that Q2 and T5 had the sequence at 103. We
verified this prediction by analysis of the published nucleotide
sequences for most of these genes (18–22) (Fig. 4). The
sequence for T12 was not available. To verify that this gene
contained the left, but not right, half of the mutation cluster,
we subcloned the H6 cosmid BamHI fragment that hybridized
to the left-half probe and sequenced across the region of
codons 97, 99, and 103. As shown in Fig. 4, T12 contained the
predicted sequence targeted by the probe, but it did not
contain the entire mutation cluster. There are a number of
candidate donor genes for the left half of the mutation cluster,
most with significant stretches of nucleotide homology. Of the

FIG. 2. Sequences of Q region genes match either the 59 (left half) or 39 (right half) region of the bm28 mutation cluster, but no single gene in the
Q region matches the entire mutation. We hybridized the BamHI-digested cosmids representing the H-2b K and D/Q region genes with oligonucleotide
probes that were specific for the left (Dbm28-97y99–1) or right (Dbm28-103) half of the mutation cluster. Multiple genes from the Q region contain
nucleotides in common with bm28 codons 97 and 99 (Left), and Q2 contains the single nucleotide match with bm28 codon 103 (Right).
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candidate donor genes for the right half of the cluster, T5 has
the longest stretch of nucleotide homology. When analyzing
the MHC class I gene sequences in the databank and in

published sources, we noticed thatQ1 also had the homologous
nucleotide at codon 103 (ref. 17). Q1 is an unlikely donor gene
for this event, because, within the mutation cluster, it has an

FIG. 3. Sequences of T region genes match either the left half or right half of the bm28 mutation cluster, but no single gene in the T region
matches the entire mutation. We hybridized the BamHI-digested cosmids representing the H-2b T region genes with oligonucleotide probes that
were specific for the left (Dbm28-97y99–1) or right (Dbm28-103) half of the mutation cluster. T12 contains nucleotides that are homologous to the
left half of the mutation cluster (Left), and T5 has the right half of the mutation cluster (Right).

FIG. 4. The bm28 mutation cluster’s homology to Q and T region genes demonstrates the nonrandom nature of this mutation event. Using the
data from the Southern blot analysis of the cosmid library with the left-half or right-half probes to the mutation cluster, we analyzed the known
sequence of the genes. Because there is no published sequence for T12, we isolated the hybridizing BamHI fragment from H6, cloned it, and
sequenced across the 59 region of exon 3. The figure shows the partial nucleotide sequence for the region of interest from each gene, with the
candidate donor genes’ nucleotide differences emphasized in lowercase bold letters.
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additional mismatch with Dbm28. From the sequence and
cosmid analyses, we conclude that a donor gene containing
homologous sequence to bm28 at codons 97, 99, and 103 was
not present in the K, Q, or T region genes.
Because there remained a possibility that a donor gene

existed outside of the region represented by the cosmid library,
we extended our search to the entire C57BLy6 genome by
performing a series of genomic Southern blots with DNA from
C57BLy6 and bm28 mice. The DNA was fragmented with
BamHI, HindIII, or BglII. We hybridized the DNA with
oligonucleotide probes specific for either the 97y99 or 103
mutations under stringent conditions that allowed detection of
the fragment containing D gene in the bm28 genomic DNA,
but not the homologous D gene fragment in the C57BLy6
DNA (Fig. 5). Under these conditions, a restriction fragment
that contains a possible donor gene for the bm28 mutation will
hybridize to both oligonucleotide probes.
In the genomic DNA digested with BamHI, HindIII, or

BglII, multiple bands hybridized to either probe, consistent
with the Southern blot analysis of the cosmid library and the
nucleotide sequence data where we observed multiple genes
containing either half of the mutation. In addition, both probes
were able to detect the fragment harboring theDbm28 gene, but
not the wild-type Db gene, confirming the presence of the
detected nucleotide changes in the variant (Fig. 5). For exam-
ple, in the BamHI-digested bm28 DNA, both probes detected
the '2.1-kb fragment with the Dbm28 locus. In addition, the
right-hand probe hybridized to a .14-kb and a ,4-kb frag-
ment, but the left-half probe hybridized to only a ,6.0-kb
fragment. However, no comigrating fragments hybridized to
both probes, demonstrating that no single donor gene in the
parental genome contains the entire sequence cluster at
codons 97, 99, and 103. Similar hybridization patterns were
observed with HindIII- and BglII-digested genomic DNA,
strengthening the evidence against the existence of a single
donor gene in the genome.
Mismatch Repair Errors. One explanation for the appear-

ance of type III nucleotide substitution profiles would involve
interaction between two genes, a single donor and a single
acceptor locus. In the gene conversion process, random errors
during repair of heteroduplex intermediates might result in
‘‘mutation clusters’’ that resemble a recombination product
between two donor genes. Due to the high degree of diversity
within this multigene family, one would expect that random
mutations caused by polymerase-based errors of replication
occasionally would yield a stretch of substitutions that are

identical in sequence to homologous regions of other genes
within the multigene family, as found in all three type III
variants characterized to date. However, it is more likely that
random nucleotide misincorporations would result in se-
quences that are distinct from any of those in the class I
multigene family. To estimate the probability that a random
substitution would fortuitously match known class I sequences
within the parental haplotype, we tabulated all the bases that
occur in exons 2 and 3 (the sites for all known class I gene
conversion events) in two panels of published mouse class I
genes that comprise 22 K and D alleles and 10 Q region genes
(6, 19). A random mutation would match a nucleotide already
present in this panel with a frequency of 0.217 (21.7% of the
possible nucleotides are represented in the panel of sequenc-
es). The probability that this would happen on three indepen-
dent occasions, as represented by bm3, bm23, and bm28, would
be approximately 0.01. Furthermore, this is a conservative
estimate, because only a few genes within the parental hap-
lotype seem to participate in the gene conversion process.
Another fact that argues against the occurrence of a randomerror
is that, to explain the Kbm3 mutation, multiple errors would have
had to be introduced, because there does not appear to be a single
donor gene candidate that is only one nucleotide different from
the variant. Therefore, it is highly unlikely that type III substitu-
tion clusters are generated by random base substitutions during
the course of gene conversion.

DISCUSSION
We have demonstrated that Kbm3, Kbm23, and Dbm28 are three
independent examples of substituted nucleotide clusters inmouse
class I genes that do not fit the profile of simple gene conversion
recombinants. Each of these variants contains multiple nucleo-
tide substitutions that individually can be found in other class I
genes within the parental MHC haplotype. However, no single
parental gene has been detected that contains the entire substi-
tuted sequence. It may be significant that genes known to have
served as donor genes in the traditional type I gene conversion
events (D,Q4,Q10, and T5) contain partial sequences that match
either the left or right halves of the substitution clusters defined
in the type III variants. These findings are consistent with the
hypothesis that this class of variant is derived from a previously
undescribed complex gene conversion event that involves two
donor genes. This complex recombinatory event is not particu-
larly rare, because 10% of the class I variants analyzed so far have
had this structure.

FIG. 5. There is no single gene in the parental strain (C57BLy6) genome that could have given rise to the bm28 mutation. We probed the B6
genome for genes that might contain both halves of the bm28 mutation cluster. Genomic DNA from bm28 mice and B6 mice was digested with
one of three endonucleases, size-separated, then hybridized to probe Dbm28-97y99–2 (left blot in each pair) or to probe Dbm28-103 (right blot in
each pair). Any fragment that contains a gene with the entire mutation cluster would have a consistent size when hybridized to either the left- or
right-half probe; however, the only fragment with this property is the fragment containing the Dbm28 gene (marked by arrows).
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The documentation of a type III substitution at the D locus
extends our observations of this kind of genetic interaction,
which previously were limited to a single region within Kb. Kb
has been observed to recombine at a frequency approximately
5 to 10 times higher than other class I genes and to contain
regions that are relatively frequent targets for gene conversion.
The Db locus has no history of a high recombination rate, nor
are the changes in the bm28 variant in a region of the gene
previously associated with multiple recombination events. This
suggests that the genetic events that generate the type IIIMHC
variants are not specific to the Kb gene, but, in fact, may be a
general mechanism that permits the flow of genetic informa-
tion among members of multigene families. MHC class I genes
may simply provide a unique opportunity to visualize these
recombination events, because they result in functional
changes in the antigen-presenting properties of the encoded
molecules, which can be selected by an immunological reac-
tion. Visualization of variants in other gene families would
require molecular assays capable of screening thousands of
individuals or an analysis that can take advantage of the
individual nature of germ-line cells such as spermatozoa (23).
Approaches of this kind also would permit similar analyses to
be conducted in other species, such as humans, where screen-
ing large numbers of genetically typed animals is not possible.
The central unaddressed issue is the nature of the genetic

process that gives rise to the type III variants. No precedent
provides a satisfactory model for how these genetic interac-
tions might be taking place. Simultaneous pairing between
three loci during a single recombination event has not been
described. A model involving two sequential conversion events
by two donor genes is appealing in its simplicity. However, its
weakness is that the occurrence of consecutive independent
gene conversion events is highly improbable (even allowing for
multiple generations that separate variants from their time of
analysis) based both on the low frequency of independent
events (,1023 per event) and the fact that the required two
events, in each case, must affect the same small stretch of
nucleotides. To account for this latter observation, we would
have to propose either of two additional possible mechanisms
for this model. First, an unknown mechanism may be able to
target a region of the gene that would result in the contiguous
clusters of substituted nucleotides characteristic of these vari-
ants. An alternative to a targeted mechanism is an inductive
mechanism where a single conversion event induces a second
conversion within the same region. To test such elaborate
variations of a sequential model, characterization of the actual
enzymatic machinery and the genetic substrates that are
involved in the event is required.
Another attractive explanation is that the type III substitu-

tion clusters arise as a result of errors of replication upon
heteroduplex resolution during gene conversion. However,
random replication errors would not be expected to result in
nucleotide changes that are already present within the class I
multigene family, especially if one limits the candidate donor
genes to the few members that have been consistently impli-
cated in previously described gene conversion events. With the
description of Dbm28, the probability that random changes
account for our inability to identify donor genes can be
rejected by statistical considerations. This analysis leaves us
with the conclusion that the nucleotide substitutions are not
randomly determined.
There are two plausible mechanisms for the appearance of

nonrandomnucleotide substitutions. The first is that the structure
of heteroduplexed nucleotide stretches being resolved can lead to
specific errors during replication. Such errors could recur peri-
odically throughout the multigene family, such that other genes
(putative donor genes) may have undergone identical changes
independently during the course of the evolution of the class I
multigene family (24). One weakness of this model is that the
nucleotides attributed to replication error would have to be

present within the members of the parental haplotype, which
would be unlikely unless there is a very strong bias for the
occurrence of particular mutations. For example, the nucleotide
substitution that gives rise to the silent base change at position 103
in the bm28 mutation is present in several Q and T region genes,
but is not present in any of the K andD alleles sequenced to date
(6, 19). If this were a sequence-directed replication error of
appreciable frequency, one would expect to see this polymor-
phism among the K and D alleles.
The second mechanism by which nonrandom nucleotide

substitutions can appear is that more than one donor gene
templated the substitutions. This model implies the interaction
of at least three genes in the gene conversion event. We
previously have discussed one model that could give rise to
type III substitutions, and we proposed that an interaction
between two donor genes occurs during an intermediate step
before the actual conversion of the acceptor locus (11). This is
currently our favored hypothesis, because it explains all the
observations of the spontaneous mutations. The current chal-
lenge is to develop systems that improve the current detection
method to test the tenets and predictions of this model, and we
are pursuing several strategies to increase the level and effi-
ciency of detecting spontaneous mutations.
Our characterization of the bm28 mutation solidifies the

identification of an unusual recombination mechanism that is
occurring in mice. Such a mechanism, where sequences from
more than one gene can be introduced into another during a
single recombination event, has not been previously described
in vivo to our knowledge. This finding may not be limited to the
MHC multigene family. The significance of this mechanism is
that by mediating the flow of genetic information among
related members of gene families, the mechanism could have
profound implications for how they evolve.
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