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We have determined the structure and organization of
the entire Qa family of class I genes from the major
histocompatibility complex of the C3H mouse. Restriction
maps of overlapping lambda and cosmid clones reveal
that there are only five Qak genes: Qlk, Q2k, Q4k, Q1ok
and a Q5/9 hybrid, presumably generated by unequal
homologous recombination. The resulting deletion of
Q6-Q9 is consistent with the Qa-2nO" phenotype of this
mouse strain. We have sequenced the Qak genes, and
predict that each may encode a class I molecule with a
structure comparable with that proposed for the trans-
plantation antigens. Furthermore, these Qa products
should be able to bind peptides and interact with appro-
priate T-celi receptors. Interestingly, in comparing Qak
and H-2k sequences, we find limited evidence of
interlocus gene conversion between Qa and H-2 loci,
suggesting that the Qa genes are not likely to serve as
a reservoir of genetic information for the generation of
H-2 diversity within this haplotype.
Key words: Qak genes/class I/major histocompatibility
complex/immune regulation/gene conversion

Introduction
The class I genes of the murine major histocompatibility
complex (MHC) comprise a 30-40 member multigene
family of structurally related glycoproteins (Hood et al.,
1983; Klein, 1986). The classical transplantation antigens,
encoded by the H-2K and H-2D loci of the H-2 complex,
are integral membrane proteins which are found on virtually
all somatic cells and function in the presentation of peptide
antigens to T-cells (Hood et al., 1983). Telomeric to the
H-2D region is the Qa subregion of the Tla complex which
contains between 1 and 10 loci in the different inbred mouse
strains (Weiss, 1987). Twelve to 20 class I genes map to
the Tla region (Steinmetz et al., 1982; Weiss et al., 1984;
Chen et al., 1987). Several characterized cell surface or
secreted class I products with restricted tissue distribution
are encoded by Qa and Tla genes, although their function
is not yet understood (Chen et al., 1987; Robinson, 1987a).

Crystallization of the human HLA-A2 class I molecule
(Bjorkman et al., 1987a,b) has revealed that the amino
(N)-terminal oe, and a2 domains fold into two a-helices on
top of an antiparallel $-sheet, forming a cleft. Experimental
evidence supports a model of antigen presentation in which

peptides derived from processed foreign or self proteins are
inserted into this cleft during intracellular trafficking for
presentation to the T-cell receptor (Maryanski et al., 1986;
Townsend et al., 1986; Clayberger et al., 1987; Song et al.,
1988). In addition, the extraordinary polymorphism dis-
played by the transplantation antigens is concentrated at
amino acid positions which contribute to this putative antigen-
binding cleft (Klein, 1986; Bjorkman et al., 1987b). This
diversity, reflected in the -50 H-2K and H-2D alleles
characterized by serological methods, may function to ensure
the ability of the population to survive infectious disease
(Klein, 1986). Thus, the evolutionary mechanisms which
drive diversification of the transplantation antigens may be
important in enabling the immune system to respond to a
vast array of pathogens (Klein, 1986; Hughes and Nei,
1988).
Although the Qa antigens share the same overall domain

structure as the H-2 molecules, associating noncovalently
with fl2-microglobulin, there is little evidence for their par-
ticipation in classical MHC-restricted antigen presentation
to T-cells (Robinson, 1987a). Three Qa gene products have
been characterized to date (reviewed in Robinson, 1987a).
The Qa-2 molecule, expressed on hemopoietic cells in a
variety of adult tissues as well as at specific stages in
embryonic development (Harris et al., 1984; David-Watine
et al., 1987; Robinson, 1987a,b; Warner et al., 1987),
appears to be attached to the membrane by a phospholipid
linkage (Steirnberg et al., 1987; Stroynowski et al., 1987;
Soloski et al., 1988a; Waneck et al., 1988). Qa-2 is encoded
by genes Q7b and Q9b in Qa-2high C57BL/6 (Mellor et al.,
1985; Waneck et al., 1987; Sherman et al., 1988; Soloski
et al., 1988b), and by gene Q7d (27.1) in Qa-2low BALB/c
(Mellor et al., 1985; Soloski et al., 1988a) mice. Qa-2null
strains are presumed to lack the structural genes (Flaherty
et al., 1985; Weiss, 1987). A developmental role has been
suggested for Qa-2 based on correlations between Qa-2
expression and the rate of cell division in preimplantation
mouse embryos (Warner et al., 1987). The Q10 gene
product, expressed in the liver, has a truncated trans-
membrane domain and is secreted directly (Cosman et al.,
1982; Kress et al., 1983a,b; Maloy et al., 1984; Mellor
et al., 1984; Devlin et al., 1985a). Because it is a soluble
molecule, theoretically capable of entering lymphoid tissues
as well as encountering circulating T-cells, a role for Q1O
in generating self tolerance has been proposed (Cosman
et al., 1982; Kress et al., 1983a,b; Maloy et al., 1984). Qb-1
(Robinson, 1985), a product of the Q4 gene in C57BL/6 mice
(Robinson et al., 1988), is also directly secreted from a wide
variety of tissues (Palmer and Frelinge, 1987). The murine
Qa alleles appear to be relativel conserved in comparison
with those of H-2Kk and H-2D (Weiss, 1987).

Recently, several groups have described human non-
classical class I molecules with limited tissue distribution
(Geraghty et al., 1987; Srivastava et al., 1987; Koller et al.,
1988; Mizuno et al., 1988; Shimizu et al., 1988). However,
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molecules, but may correspond instead to murine Tla
products.

There are two major questions concerning the Qa
molecules. The first involves their function, especially with
regard to the immune system and murine development. The
second addresses the potential role of the Qa genes in the
concerted evolution of the class I multigene family, and,
more specifically, the generation and maintenance of H-2
diversity.
The question regarding Qa function is complicated by both

the relative lack of polymorphism among alleles (Weiss,
1987), which can imply conservation of a structure uniquely
suited for biological function, as well as the absence of
multiple Qa genes in some inbred mouse strains (O'Neill
et al., 1986). In fact, the A.CA strain apparently lacks genes
Ql -Q9 (O'Neill et al., 1986), and does not express QIO
(Lew et al., 1986). Nevertheless, the structural homology
of Qa and H-2 molecules has lead to speculation that Qa
products might be involved in a ligand-presentation role
important for cell-cell interaction during development or
immune surveillance (Warner et al., 1987; Janeway, 1988).
A more indirect biological role has also been suggested

for Qa genes in the concerted evolution of the class I
multigene family (Pease et al., 1983; Ritzel et al., 1984;
Pease, 1985; Nathenson et al., 1986). Analysis of the
H-2Kbm (Nathenson et al., 1986) and the H-2Kk'2 (Vogel
et al., 1988) meiotic mutants has revealed multiple clustered
nucleotide and amino acid changes. Moreover, potential
donors for the altered sequences could often be detected
among Qa genes (Nathenson et al., 1986). It was hypoth-
esized that gene conversion might be instrumental in the
generation of extraordinary H-2 diversity (Ritzel et al., 1984;
Pease, 1985; Nathenson et al., 1986).
We have characterized the organization and structure of

the Qa-region genes of the C3H mouse (H-2k) in order to
address questions regarding Qa expression and function, as
well as their role in the concerted evolution of the class I
multigene family. We find that each of the five Qa genes
potentially encodes a structurally intact class I molecule. With
respect to class I evolution, comparison of Qa and H-2
sequences fails to reveal overwhelming evidence of gene
conversion between H-2 and Qa genes of the H-2k
haplotype.

Results
Organization of the C3H Qa region
In order to clone and characterize the Qa genes from the
C3H mouse, we screened C3H genomic lambda and cosmid
libraries with the class I probes pH-211a (Steinmetz et al.,
1981a) and pKbAi3. Overlapping clones containing five Qa
genes were identified on the basis of restriction map
homology to corresponding alleles from BALB/c (Stephan
et al., 1986) and C57BL/10 (Weiss et al., 1984) (shown
in Figure 1). The restriction maps of the C3H Qlk-Q5k
genes more closely resemble those of the BALB/c than
C57BL/1O loci. In particular, Q5k and Q5d maps are
distinct from that of Q5b which instead resembles Q6-Q9,
suggesting that the B1O gene may not be an allele of Q5k.
Previous Southern blot data had indicated that the Qa-2+
phenotype, controlled by genes Q6-Q9, was lacking in
certain inbred mouse strains, e.g. C3H, due to a deletion
of these genes (O'Neill et al., 1986). Consistent with this,

we isolated genes Q5k and Q10k on a single cosmid.
Restriction sites between the Q5k and Q10k loci are
conserved with those upstream of Q10d, implying that the
recombination point for the deletion of Q6-Q9 in this strain
resides very near the 3' end of Q5k (see below).

DNA sequence analysis of the C3H Qa genes
In order to determine whether the Qak genes might
potentially encode functional products, we sequenced all of
the C3H Qa-region genes. An alignment of the Qak
structural gene sequences relative to Q7d (from clone 27.1)
(Steinmetz et al., 1981b) is presented in Figure 2. The
previously uncharacterized Qi, Q2k and Q5k genes are not
homologs of the recently described human nonclassical class I
genes (Geraghty et al., 1987; Srivastava et al., 1987; Koller
et al., 1988; Mizuno et al., 1988; Shimizu et al., 1988).
None of the Qak genes contain sequences which would

appear to preclude their expression. For example, there are
no frame shifts or termination codons within exons encoding
the external domains. However, potential premature poly-
adenylation signals are found in intron 3 of both Ql and
Q5k The >99% similarity between Q4k and Q4b
(Robinson et al., 1988) sequences implies that Q4k encodes
the Qb-la antigen (Robinson, 1985). Likewise, Q10k is an
allele of Q10q (Kress et al., 1983a,b), Q10b (Mellor et al.,
1984; Devlin et al., 1985a) and Q10d (Lalanne et al.,
1985), and is presumed to encode the Q1O molecule in C3H
mice. In contrast, Q5k is 18% different from the partial Q5b
pseudogene sequence (Robinson et al., 1988), confirming
the nonallelic relationship of these loci suggested by their
restriction map differences (see Figure 1). To date,
transcripts or protein products derived from Qlk, Q2k and
Q5k or their putative alleles have not been detected.
Comparison of the Qak sequences yields certain insights

into the relationship of these genes to one another and the
H-2 genes. The Qa sequences in Figure 2 are as similar to
each other as to the H-2Kk and H-2Dk genes (e.g.
83-90%). Qlk and Q5k are the most divergent, with
greater numbers of scattered nucleotide differences
throughout the gene in contrast to the localized polymor-
phism of the H-2 genes. This could be interpreted as evidence
that these loci are accumulating mutations under different
selective pressures than those which constrain the evolution
of the other class I gene products. Interestingly, the scat-
tered nucleotide differences of Q1k and Q5k in and of
themselves do not seem to be detrimental to the structural
integrity of the predicted class I molecules (see below).
Rather, they could reflect the differential function of these
particular Qa gene products.
Although Q5k has the most divergent sequence relative

to the other genes, it is quite similar to Q7d downstream of
exon 5. Given the >99% similarity among Q7 and Q9
sequences in the H-2b haplotype (Devlin et al., 1985b) and
the restriction map homology of the Q5k and Q10k inter-
vening region to the 5' flanking map of Ql0Id, we propose
that genes Q6-Q9 were deleted from the H-2k haplotype
by recombination of Q5 with Q9 to generate the present
Q5/Q9 hybrid gene.
We also observed that each of the Qa sequences is

interrupted by a unique pattern of murine repetitive elements
(Singer, 1982) or insertions, primarily within intron 3. Most
of the first half of Q5k intron 3 has been replaced by an

- 1.1 kb nonrepetitive sequence which lacks homology to
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Fig. 1. Comparison of Qa region organization from C3H, BALB/c (Stephan et al., 1986) and C57BL/10 (Weiss et al., 1984) inbred mouse strains.
Restriction sites are: KpnI (1), SacII (X), XhoI (E) and Sall (<1). Solid lines indicate regions spanned by overlapping cosmid clones. The map between
H-2Dk and Qlk was taken from Figure 3 in Stephan et al. (1988). Gaps introduced to align the maps are designated with fine dashes. The C3H
clones did not overlap between Q2k and Q4k (indicated by heavy dashes), so we cannot exclude the possibility that other genes might map in this
region.

any sequence catalogued in the GenBank database. Like the
H-2 genes (Ronne et al., 1985), Q2k, Q4k, Q1Ok and Q7d
contain a Bi repeat flanked by CT-rich tracts. Q1k has an

extensive CT tract, but lacks the Bi element. More than
2.1 kb of unidentified sequence beginning with poly(A) and
ending with poly(T) has been inserted into Q2k immediately
downstream of this CT tract. Another B1 repeat in Q5k,
flanked by a 14 bp direct repeat, contains one of the
polyadenylation signals in this gene. There is precedent for
use of mRNA termination signals within B 1 elements
(Singer, 1982), so 05k transcripts may indeed be truncated.
Close to the beginning of exon 4, two copies of a B I repeat
are found in Q4k, while there are two copies of a B2 repeat
in QlOk and Q7d at exactly the same place, all flanked by
duplications of attt or gmt. This suggests that both of these
murine Alu-like sequences may integrate at similar sites
within the genome. Q5k contains a B2 element flanked by
a perfect 14 bp direct repeat in intron 5. Finally, a sequence
with no counterpart in GenBank interrupts Qlk and Q2k in
the 3' untranslated region.
We compared the Qak and H-2 promoters in Figure 3.

Q4k.QlOk 5' flanking sequences are homologous to those
of the H-2 genes (Figure 3a). It may be possible that some
of the DNA binding proteins, which have been detected in
association with putative cis transcriptional control elements
upstream of H-2 genes (Friedman and Stark, 1985; Vogel
et al., 1986; Israel et al., 1987; Shirayoshi et al., 1987;
Sugita et al., 1987; Korber et al., 1988), could be involved
in regulation of these Qa loci as well as the H-2 genes. Q1k
and Q2k are not homologous to other class I genes upstream
of position -82 (Figure 3b). We were unable to find similar
sequences by comparing this region to the GenBank database,
or to published sequences of other members of the immuno-
globulin supergene family. This novel upstream sequence
could represent a differentially regulated class I promoter,
as is the case for the Tlac 5' flanking sequence which also
lacks homology to the H-2 promoters, yet regulates Tla-
specific expression. Alternatively, it might simply be the
vestige of a recombination event(s) which resulted in
duplicated structural Qa genes without their promoters.

Structure of the Qak molecules
The amino acid sequences of the Qak molecules were

derived using consensus splice signals conserved with H-2
genes and are aligned to H-2Kk and H-2Dk in Figure 4.
Hydrophilicity plots for all of the Qa gene products look
comparable to the H-2 antigens (data not shown). There are
no amino acid replacements which would obviously disrupt
the class I structure. Qlk, Q2k, Q4k and QlOk potentially
encode molecules with two N-linked glycosylation sites at
positions 86 and 256. Q5k has four possible glycosylation
sites at amino acids 42, 86, 176 and 238. The carboxyl
(C)-terminal sequences of the putative Qak molecules could
regulate intracellular trafficking, thus determining whether
these potential proteins are expressed on the cell surface,
secreted, or remain in an intracellular compartment. Distinct
frameshifts in exons 5 of Q4k and Q10k result in the same

10 amino acid C-terminus on Qb-l and Q1O, which might
be important in determining the processing which leads to
their secretion (Robinson, 1987b). Q1k and Q2k could both
encode molecules with appropriately hydrophobic trans-
membrane domains and cytoplasmic segments comparable
in length to the classical transplantation antigens. Q5k,
however, contains several hydrophilic residues within
exon 5 which might exclude it from the membrane.
The Qb-la allele from C3H differs from the Qb-lb of

C57BL/6 (Robinson et al., 1988) by only three amino acids
at positions 236 (A to S), 251 (L to P) and 262 (Y to H)
in the a-3 domain. The P and H substitutions in Qb-lb
could account for its more basic phenotype (Robinson, 1985).
QlOk differs from QlOb (Mellor et al., 1984) by only one

amino acid, Y to H at position 84, and from QlOq (Kress
et al., 1983a,b) at position 5 (M to T) (Cosman et al., 1982;
Kress et al., 1983a,b).
The amino acid substitutions in Qa relative to H-2

molecules in the presumed peptide-binding cleft and on the
tops of the ot-helices are of particular interest, especially since
the Qa products do not appear to act as classical restriction
elements (Robinson, 1987a). Based on the assumption that
the murine class I structure will be comparable to HLA-A2
(Bjorkman et al., 1982a,b), we have indicated the amino
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Intron 1
g gtgagtgcggggtccgaagagaaacgg --- -gctctgagaa

a g g g a aactttccaaacag C gg
a c qg ------------gc g

g g gg----------gc9 9
gg g a ------------ct cag
gg g a ------------c c gt--

gagggtcgcggccggcacctgggatgctgcgtccccgcgtcgcccaccagaccc-tccgCccCttCtccacc-------cacgtcccgcgccctgctcccctcccggaccaCgga-ccgcCggga
g g tg g a c g - t t ta c---gcgtcc ta c t tc g c t c g

a ga g g a t a c g t ------- ta c c g tc c g
a g g g a g c a c t g t t g -a agagtcc ga c aa tg c g c c c g
g g g a a c g - t ------- ga c c g c c c g

--.-------.------------- - g c ------- ga c a a c g t c a c g

Exon 2
gtctcgggaggaggtccgagtttcaccgcgcgccgcccccag gctcacactcgctgcggtatttcgagacctcggtgtcccggcccggCttcgggaagccccggttcatctctgtcggCtacg

c a g g c a gtc g c g a g
c a t g g c c t t c t a t t c c g c t g t
ct c t g g c t t t t c g c aa g a
cg a g c t ca a a c t g c t g tat t
c g g C ca aa c c g t c g t

tggacgacacgcagtttgtgcgcttcgacagcgacgcgaagaatccgagatatgagccgcgggcgccgtggatggagcaggaggggccggagtattgggagcggaacacacggagagtcaagggc
a c g a g g t ga tc c

(9(ij)c g a g a a a c
a a cca c g g a tgcga t c a a aa c ga c g aa tc c aaa

c g c gatg t g g a c
c t g a gatg g g g a tg c

Intron 2
agtgagaagagattccaagagagcctgagcaccctgctcagctactacaaccagagcaagggcg gtgagtga-ccccgggtcggaggtcacgacccctcgacgtccctacacag-gggccaga
Ca c t g g t g aa ag gc - -g c t g --a gct
a c tt g t a g gc - a - aa - c
aca c t g g g g gc g a tgCa a t- c t tg g gaata
a c t t t g g ga - -- c g a g -a g t

ca c t g g g tgca ag g c g a -a g t

gacctcctgcttctcaagtcccaggttcaggagcagaactgacccgggaccggattccctttcagtttggaggagtc-gcgcgtgggcggggccgggg---gagcgaggcgctgacccagggtt c
g g c tg a a g t c g -------- gc g
g c ggc c t g -t g g t t c g cgt t----- g gc g
g a gg c tg ca c ca t ca a ---a a ga t aac ---- gc g
g c gg ca g g a c -a g a --a ggc gg g tgca a

gg c gg ca g t a c gtg g a gg ggc gag ga act g

Exon 3
ctgcag gcattcacaccttccagaagttgtctggctgtgatctggggtcagatgggcgccttcaaagcgggtacctgcagttcgcctatgatggccttgattacatcgccctgaatgaagacc
c ttc ac g a a g a g c c tcc g c tgc t c
c tc ta t gt a c ag c c c tcc a c c gc c
c tc c a a ct g c a c tcc t tg c t c c gc c
c tc ga tg a a a ag c c t c tcc a a a c c gc t c
c-- tc ac atg a a ca c c c tcc a gc c

tggaaacctggacagcagcagatgtggcagctcaggaaacccgacacaagtgggagcaggctggtgctgctgagaaacacaggacctacctggagggcaagtgcctgatgtggctccacagatac
a t gaag g t atc a g a a t tt a g t a g g ca c g
a g g g g ca g a atc g a a ag a g gc g ca cc g
a tg t t t cag t g a c g t a a t ttgtga ga t a a g a tg a a tggat
a g g g c g gattatc g a t tt g cg g ga t
a g ggtg ca g a atc g at a g ca g c a ca c g

Intron 3
ctggagctcgggaaggagatgctgctgcgcacag ---- - - --------gtttggctggggctcagtcctggggaagaagaaaccctcagctggggtgatgcccc

c gtgcaggggccgcaggcagatcctccetctgcc g
c cc ga a g

t c --.- . --- g {begin insert).
c g c cc g

c c g c cc g -

Insert
aatcttggaattgctttttctttttttctatttctt ctttcttccttttttctttactgccgeagaccatctgggtccctggtctgcgaggaacgggatttcttaggcagatgggcaaaagagt c
ggatgtagtgacagacagccaaacacacaagagaggtgtttaatctgaatgtaattttccagtcgagcctcagacttttataatacagaataaattgcaaatcataacagaataaggcacattga
atttttccaggtgcaaaaggagtgactt caaaaggaaccagataaatgttaaacactagagatagcacagatgcaaagggagtgactacaaagggaatttgtagggaccagataaatgtttacat
tagagattagcattttctgccaggcaagagttttacacttagagttaatagcctcagggtagttaactcttgatacgectcaagactaatgtagtgtcactgaccccaaaattctctaggactcg
ttaattcttatctatatctggagactatccattttcagtatagtatacaaatttgctcttggcatggaatgtagtctgtaataagaatttctatctcagtgagaatttcagactctatttgcaga
catctgaattaatggctgtgctttattgttttatggtagtgattaattagttactgaatgggttaagctccttgctgctatctagaatctaagaacactgggaaaaggctttagctatgttataa
tacaatcttaaaaggcatttgctataaggtaatactatatagagtgcacgtgaatccatacactagactaatgtggtggaaattaattttatgggttagaggaatagccaaagatccgggagtaa
gtttccttgaaactcttttctcatgagaaagctttcagactttcatctgtcaagctgactccaccggagtccctggca

tgtctcagaggggagacagtgtccctgggtctcctgatccctcatcacagtgactgcactgatcttcccagggctcagccttctccctggacagtgcccaggctgtctcaggagggaaggagaga
g a g tg --
g a g
g a
g a

atttccatgaggtaacaacagatg-tcccttcagttccctgtagc-tctgtcagccatggccttcccaggctgggttct-tgcccacacccactgtgtgtggacactgactc-tgtcctgctg
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c
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C
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agtgtgtcagtccttacacctcaggaccggaagtctcctttccct-------gacatggacttccctacactaggctggttgccccagtttctaqaattttctaaaqaatacattctcccagatc
t g -a gataagaa
a g aact gg

t t a c gg
t t a - gg

at
at

a t
t

- c

a
a

C C

C C

a

a
at

Q1 cctccctgtctgctggggtttgcaccccttcgacaacccaattctctttatt cctacactggtgaatggtcacatgaggccttattgggaaccctggaggaatataaatcatggaatttcttttt
Q2 ac - t a g c a a c g - g t
Q4 - c t c --- a -g c c g t c ag c
Q10 - t- t - a c g a c a g tt aa ca --------------- c
Q7d g - t- t - a c g a c a g tt aa ca --------------- c

Ql c[t]7ctctcttttc[t] scttctttctttc[t]6ccttac[t]14
Q2 tcttc[tc]24ttttcagaa [t]5c
Q4 [ctt]24ct[ctt]5c[ct]22tcga[t]6
Q10 ttgtg [t] 6cccctctcgttttctttatatctttac [t ] 8aagggtattatgttgcttataatcgg [t ]5cttcggcactggaatgatattg [ct] 4ccccaccac [accccc] 2g
Q7d ttgtg [t] 5cccCt ctcgttttctttttat ctttac [t] 7aagggtattatgttgcttataatcgc [t ]5cttcggcactggaatgatgttg (ct) 4ccccaccat (accccc] 2a

Bi repeat
Q2 gagacagggttt ctctgtatatccctggctgt cctggagctcactttgtagacca-cttggcct cgaactcagaaat ctgcctgcctctgcctcccgagtgctgggattaaaggcgtgtgccacc--
04 t g a gga c c c
Q10 cct t tca g a cag g a c ggc t a tgcc -- g acc
Q7d cct t tca g a cag g g a c ggc t - a ..[cctctg]16... 9 acc

Q1 ............................. gtggaaggca-ttattttgcttgtagtca.-------tcttttgtctgcactggaatgatcctgtttctccctgcccttgtatt
Q2 a-tgcccagcctttcttttttctttac[t]5 (insert) ----g gcc a c g ------gt c t g c a
04 t- a (t]18 __ g gg- a t c tcttttg g a
05 ......... (end insert) [t126 --- gt - t c - gt g g a
Q10 c gg ag------------- --- - --------- -- - -
Q7d c ggaggag -------- --------------------_ _ _ _ _ --

Insert
Q2 aaaaaaaaattgtacaagctatttattaacattataacatgaagcccatttcctcacaaagaatctacaagattta,ccaccttaggactcttgagtacaaccaagcaagtgctgtagattaggaa

aaac2ttcacagtctggacaagcactgaagctcagagactgactttgacttaactaatttgaaatatatttaaaactactctcagcgcgctcatacagtgatgctctaacagtcaggtccaatgc
ctggctcgaggac {gap in sequence) acagccacaggggcctctcgtgctccctgcccttcctcgtggcctttccctctgaccagtctgtgttgtgttgacagtgatgtacagaatgag
aggcttcccgttgttcscctttgtctttctctgtgtttcgtgctttggctggatctttcctggtcaagatagtcctttggtactagaccgtgggctgctttcccttctgtct cgatgtctttcta
aagacgccacgtccttctggcttctcccstctctctgtgctgaccactgtcttcacatctttccctccttgcttttgtgtgctcttctctttctttgcttttctttcctttct cactgtattggtc
gtgatcattccattgtctatctctttcttgttcccttgaggaatattt ctccctcttccctcct ctatcctgtctttctccctgttct catccctt cagtttat cttcttgctcatgcttcttcc
agtagagattttatgactggcatgcttgtgcgtatgagaaccgggctcttttcccggtggcgaggaccagtgacaggtctattggttctatggactgcctgtcctggtggtcatgtactcttgac
tgggaacttcgtgagtggtgcttggtcccgagcatcctttcctcactagatgatcatgagtgggcgcggagcaggaagttgatattt catggaggtgccggtgtcgttctcctctggactt
tatggtctcctttcacagtctctcacaggtcttatcatcaaaacattgttagcatctgggca cctcggtttttctcaactcgggcaatggctgtatCttctgtgtggtggtctgttactctg
aatttgtttcatgcagggtaacccctgag[ttcttttattacagtcctggctt1cagaaagtggatttaggaactgcctctcaccaactgcttgatttaatagatgccgataaaatccactgag
atctttggaggcaagaattgccgctgctgtcgccgggcttt ctggcttgataaccccaaccaacaatgttc'ttaattgcactttgccagaat ctacccacgggcgcgcctgctgccagaactgtt
tacaatatgggcagaacggatcggcgaagacgtaga caatgaccggcgcatctttt ttaccgtcgaggagccagtgggattgtt ccat ccgttgccacatttcgcgt ccggctggtgcgt aaatt
tctttttcgataagtgtgttactcaggtttt caccttt ctcgttgtacatgtaaccagagatagcgtgctta ccat ctggagtcaggtagatggtgacgcccat atcctgatactttccgagata
acctttcattcctccgggggcatcgaat gtttgatgattgtaat gccctgttttcaatcgctttactggagcaggaagt cct ( gap in seguence } cattgtctgtt cagt cccgctcta
gcagctccctctgaaggctt cgctcacggaactctcat catcct cagaat cactcccaaacactgacagtgtttgtaaaa ctcggagcaatggctgtttt ctttagcaaaat aagcccat actgc
ctgcccaggatcgccatcttgttccca[t] 15

atcatgtgtatcagtctacacaggtgccagggaaggCtgctaacctggataatttgacaagttaaatcagggttctcattaaaggagagatt cCtgtgaacttagagtgttt cct-gtcagaact
cg a g a atg t
c a---taa t c

t c a a t c
....-------------------------------------------------------------------- a g gt aa t -g t

.------------------------------------------------------------------------------------ a g g aa t g g t

aaacacccagaagcctcctgctUttcctctgcccccca-caagttacagtg [c]ii agtgaatcaggacttggactctgag-agacagggt ctactgcaatccagggctggagtga
tg c c --t - [c]6a[c]11 g- t
t --t - ct[c]l3tcc t _ t
t c ---------- ctC17 a t

c t tca a a c g c ctcctcct g - t
c t tca a a c g -- c ctccccct g a _ - t c

gagggaagacat cacaccccgtga-gcccactgtgttccagtgagtgctgcactggggtccacagctcactccagggatcctgtgtgacacacctgtaccttgt cccccagagtcaggggctggg
ca t - a g
ca t - g at a
ca t acttgcagaattctt gg a t ga a t a g
ca t - a
ca t - - a t

agtcattttctctggct---------------------------catcagcttagtgatggctgttcacttgaactgacagttaatgttg-tcgacgagatgacaacagttgtag--tctcagt
------------------------ cata t g g ag a c g at
gagtgtcagaggttgaca6catttctgct caca ct c g g g - c ag tag a ac g ttag

g c ca t cacaac t a c g a g a a c g t ag ta
c ca t caca ccc t g g ag a c g ttag a
c ca t caca ccc t g g ag a c g ttag a

tttagcaccctttcagtagcatatgtgcctaatatctgattttgatatgaactcaaacacataaLaaattacttattttc........ cattccctcttccattct-ttgactacgtctctcatg
gg t gt g tc c t ........ t t c-1 - -1 - -

gct t ac
c gc t a

gt g t a
gt g t a

a c
a
a

c

c

tt
t
tg
--9

- - - - - - - -

g g
t g (repeat)}

t ........

t ........

a
a
a
a

ag - c t
-g c a

a -a ag c a
a -a ag g c a

Bi repeat
Q5 tgcctggcagtggtggcacacgcctgtaatcccagcacttgggaggcagaagcaggtggatttttgagttcgaggccagcctggtctagagagtgagttccagagacagccaggactatacaga

gaaaccctgtcttgaaaataaaaatgtagtttc
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g at t c
ctg g a c

t c
t c

- t t c
t

g ct
ct

a tc t
ct
ct

cc- ga
t C-- g

cg- g
ctc g

cc
c a

.___-- c

c

cc

g g
gaaa-------
a g c

ga g
g g

t --

g a
gaa a t

g a
g a

01 cactagtgtgatgacagttgaagtgt-caaacggacacgtagttcagtgtcatcattgttttacctgagtcttgtgtagatttcagtttgttttgttaaccctgtg--------------.--
Q2 g aca t - a --------- a a gt t c ttg ga.----------------
Q4 c cc - a a t g a a t c agg c ttg agtac[t]g8[tll4atttt
05 g a - a g a a a a c at c c ttg g-----------------
010 cc t g a a a t c a at tt a- c t c t atttg t (gttt.5
07d cc a t t a a t a t c a a gtt -c t ca t(atttJg.....................

B1 repeat
gttttgttttcaagacaggatttttctgtatagccctggctgtcctggaactcacattgtggaccaggctgaccacgaactcagaaat Ctgcctgcctctgcct cccgagtgctgggattaaagg
cgtgtgccaccaccaaccagctaatcgtgagatttctttcttttttCttttcttttcttc [t] 20 [gtt] 4ttgttttttgagacagggttctctgtgtatccctggctgtccttgaactcactt
tgtagaccaggctggccttgaacttagaaatttgCctgCctCtgcCtccggagtgctgggattaaaggcatgtgccactaccaaccagctaattgtggg
82 repeat

t g tt t

tatta a

c g a t

ag

ttacagatggttgtgagccaccatgtggttgctggggcttgaactcaggaccttcaaaagagcattcagtgctctttaccctctaagccatctccccagtcctcagtttgtcttcttaattgtgcg
t t g - g aa

Exon 4
atttcttaaa-tct-ttcacacag atcccccaaaggcacatgtgactcatcaccccagatctcaaggtgatgtcaccctgaggtgctgggccctgggcttctaccctgctgacatcaccctgac

-g -c c g a a a t a
c t atg a g c a t

g - -c a g a a c g a g c a
g- -c a c ag g t
g a c c a c g t t c

ctggcagttgaatggggaggagctgacccaggacatggagcttgtggagaccaggcctgcaggggatggaaccttccagaagtgggcatctgtggtggtgcctcttgggaaggagcagaattaca
g

c

a a
a g

g

01 catgcca
02
04
05
010
Q7d

Q1 agctgct
02 t g
04
05 g g
010 t g

Q07d
01 gagctgt
02
04 -

05
010 --
Q7d

atgtgtaccatgaggggctgcctgagcccctcaccct---------gagatggg
c

g a

a

Intron 4
gtaaggagggtgtgggtgcagagccggggtcagggaaagctgtagccttttgcagacc--ctg

a
t gagatgggg

g
t
g

c t --g

tgatagtcattggi
ca

gcca c
g ca c
gcca aa
gcca

c
c
c
ct
c

c t t

a

agctgtggtcatcattggagttatggtgtcttttgtgatgaagaggaggagaaacaaag
g
g
g
gta
g

a c

t--
t
t
t t
t t

g c __
a g __

g c __
g ca --
g a gc g g tg

Exon 5
agcctcctccatacactgtttccaacatggtaatcatagctgttctggttgtccttg

c c
c c

t c caaga t
tc ac t t

c
Intron 5

a ag c g g
a c c g g

c tg g
a c g g

t t c g g

cg a
ca
tc ca
cg c

a

t
g

t
t
t

c
a ----a------

9 a

tc g -
tc c -

c tc t c a
tc c -

c tc t c a

at

aa

tg t
c tg g g

tg c t t
tg
tg c t t

a
a
a

a

gt t
g t t c t
c ct t

a a t t
ct c ct t

82 repeat
05 gtgtgctctagggctggcgagatggctcagtgggtaagagcactgactgctcttccgaaggtcctgagttcaaatcccagcaaccacacagcaacttacaaccaatctgtaatgagatctgacac

cctcttctggtgcatctgaagacagttagagtgtacttatgtataatagtaaatgaatctttaaaaaaaaaaagaa

01 agcttttcttCtca-cag
02 a a
04 c -

05 c -

010 t c -

Q7d c -

Exon 6
gtggacaaggagagg

a t aga
9
g

aa g
g

Intron 6
ctgtgctctggctccaa gttagtgt-gtg
aacc a a g --
a g a -

a Ca g ca --
a cc g --

ca g --

att - t- g

-g -t a- gc
- - gg a- gc
- - -ta- gc
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Q10
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aag c
ag c
tg c
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Q7d a c

t

04

010
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Q7dI

Q10
Q7d

Q1
Q2
Q4
Q5
Q10
Q7d

Q1
Q2
Q4
05
010
Q7d t

01
02
Q4
Q5
010
Q7d

........a g
g

{repeatj g
........ .... g
*------- g

t
ct

t ------t.

- t
__ _ _

t

t

t -g t
a -g
-g
gg

ctatctaacattacataaggatgaccatggtgatccactggctcatgtggattccatcatagcttctgagtcccaa-aagaaaatgtgcagttgtgtgctcaggg-accagctctgcctactggt

tatgtatggaagtacactgtagctgtactgatggttatgagccttcgtgtggttgttgggaattgaatttttttttaggacctctgtttgctctgatcggccccgctcactccggtcaactccta

agggtcaactctgctcactcagctcagtccctgcttgttctggcccaaagatttatttattatt----gtacataagtacactgtagctgacttcgtatgcaccagaagagggcgtcagatctca

.gtgtcctctgctcattaaatggaaacacagccacacccctcattgetactgtctctaactgggtcagctgtcagttccgggaacttcctagagtcaagatcttccttgaactctcac

ggggacag-gattgtcctg-aggccgattagagtgaagctggagatgtt-aggagctctg

-----------------

----------------

---------

c---- --

........



Qak class I genes from the C3H mouse

Q1 ggaatccataatagcttcctccagagaaatcttctccagaaaaatcttgtgcagcctgagttgtactgcgatattaatacatacatatacatgtgcatatacatttgtttt-attttaccctag02 t ------------- g c t g t a -g04 c t gtt t c --------------- tg t cag tctt c ag -------------- atc t gt a at------ t05 c g a t -------------cagg c c--a g t g a -------- t010 a t --------------- gg t g t gctt c g ------------ a ctc t --------c aQ7d a g a t ---------------cagg c c--a g t g a -------- - t
Exon 7 Intron 7Ql gcag-ggctgcgcccagagctctgatatctctctc-ctagattgtaaag gtgacactctggtgcctgattggggaggggcaatgtgcatatgattgggtttcagggactcccagaa--tcct02 a aa g

ac04 g a a t g t t a t atg ca c g c g t c tcc05 ga at t a - c g g
atc010 gata t gc - c t g a a a

g g g
tccQ7d ga a t t ga - c g g a g ac tcc

Exon 801 gtgagtg----gtgggttgttgggatgttgtcttcacagtgatggttcatgactctctttctctag catga agacagctgcctggagtagactgagtgatagccagtgtgttcaggtctc02 ---a c04 ---- a tt g c c a t g t c ac tt----Q5 c agct a a a g g caaga g010 t agtga g a t a tg c a g c aQ7d c agtg a g t t c a
c ac r

01 tctgtgacatcaagagttttagacatcagctttctttagaaaatggtg f(insert) . gttccctgtgatcctatggtct cagtgtgaagaattttggagcccagtctgcccctgca02 (insert)....cag c gt cgQ4 ------------ g c ------tt g ca c cctgat g g a g c t g aQ5 a c c c ----- gt c a c ca t c t g a g c g c g-Q10 c c c c-----gt c cCa t t t t g g a c g t c -Q7 c c c c-----cc. gt c c ca t c t g a a g c g c -
Insert

Qltitcatgttitctgcca-caccaaccccagtagcagcca-tgtgacaagttgiacagactgaggtatacttcaaaagaaggaggcitcctggaccagttgtggaactcttggccagagtattatatQ2 a a (gap in sequence)

Q1 tgagtcttagttctcatggcaattgatttattttgttttctcttattccttttcttatttacatgttcctcgtaacctaggctaagatctcatgtgaaagtaatgggatagaaacatctagaatgggtcactaacatgacttatctgggaaac (gap in sequence)

caacag-accctgtccctgccctgccctgtcttcccttccacagca
g g

c t g a g

c g at t--- gc t t
c t g a

c aac

c t

t a a
g ta a
g a a

c - ta a

t t
tg
t

gt a
g c c at

a

g c c at

Fig. 2. Aligned DNA sequences of the Qak genes. The Q7d sequence is from clone 27.1 ( (Steinmetz et al., 1981b). Spaces indicate identity to theQlk sequence. Dashes are inserted to align the sequences. Dots fill space to avoid confusion with regions of identity to Qlk. Short direct sequencerepeats are bracketed ([]n). Possible initiation codons and premature polyadenylation silnals are underlined. Nucleotide positions which reveal putativegene conversion events are marked as follows: Q5/QIO (0), Q4/Q7 (I) and Q4/H-2D (circled).

acids with side chains which point into the antigen-binding
cleft or toward the T-cell receptor in Figure 4. For the most
part, substitutions at these positions are conservative. When
hydrophilic residues are replaced by hydrophobic ones, and
vice versa, most often there are known class I proteins which
contain either type. For example, at position 72, H-2Dk,
Qlk, Q7d and QlOk share hydrophilic amino acids, while
H-2Kk, Q2k, Q4k and Q5k have hydrophobic ones. Both the
H-2 and Qa proteins are polymorphic at the same amino acid
positions, and, furthermore, the same two to five amino acids
are utilized at these polymorphic positions within molecules
encoded by either region. Thus, there is nothing obvious
to distinguish the composition of the cleft of H-2 and Qa
molecules, implying that they might bind similar kinds of
peptides, and that the Qa products could potentially interact
with appropriate T-cell receptors.
We reasoned that one might find Qa- or H-2-specific

amino acids on the tops of the a-helices if the Qa gene
products interact with T-cell receptors distinct from those
recognizing the H-2 molecules. There are a few positions
at which such Qa- or H-2-specific residues could be
identified. For example, many H-2 antigens have an R at
positions 83 and 155, distinct from every Qa and Tla gene
sequenced to date. Some HLA, RLA and ChLA molecules
(Klein, 1986; Lawlor et al., 1988; Mayer et al., 1988), as
well as the human non-classical HLA-E (Koller et al., 1988)
also share R at 83; only RLA products share R at 155 (Klein,
1986). There are murine Qa-exclusive substitutions at

positions 83 (S in Q1k and Q4k, N in Q5k), 138 (V in Qlk,
Q2kand QlOk, R in Q5k), 155 (K in Qlk, Q4k and Q7d),
and 166 (Q in Q2k, Q4k and Q7k, K in Q5k). Intriguingly,
site-specific mutagenesis of amino acids at positions 138 and
166 on H-2Kb can affect CTL recognition of alloantigenic
target cells (Ajitkumar et al., 1988), confirming that these
residues do influence T-cell recognition. These H-2- and Qa-
specific amino acids could reflect some unique attributes of
H-2 and Qa function distinguished by interaction with distinct
T-cell subsets or, alternatively, might merely represent
evolutionary polymorphism among groups of closely related
sequences.

Evolution of class I genes within the H-2k haplotype
The analysis of the H-2Kbm mutants revealed clustered
nucleotide substitutions that could have been donated in some
cases by Qa genes. As a result, it was proposed that the Tla
complex might serve as a reservoir of polymorphism for
generating H-2 diversity (Ritzel et al., 1984; Pease, 1985;
Nathenson et al., 1986). Therefore, we looked for evidence
of past gene conversion events among Qak and H-2k loci.
To do this, we compared all available class I sequences,
identifying regions where H-2Kk or H-2Dk differ from their
alleles, and then searched for such divergent regions among
the Qak sequences. While we found some clusters of
nucleotide similarity between class I sequences that could
be indicative of past interlocus gene conversion, the best
examples were between pairs of Qa sequences, rather than

1755

01
02
05
010
Q7d

:aaccttgctggtccagccaaacactagggggcatctgcatcctgccagctccatgctaccctgagctgcagctcctcac

- %J %., u a ga



ccaqqcaqtqaqatcaqqqqtqqqq----------------atttcccatctccccagtttcactt
aagcccagggctaggg c

a t g ct
t ga c c

t ca

g c a
g c t

IFNy
KBF1 site, Region I

Region m

tctgctcctaacttgggtcaggtc-----cttctgcccggacactgatgacttactggc
t ----- a t a ga

c t -----a a g g- aa
c c attcggc g t t-gagg at
c ----- c t t gcg a t

a c ----- g a gcg
bind B

a g ag tctcatc ctg ggaa
g ag ------- ctg ----

c g tc t c
c g ta t tt c t

t t ag c t t t
g t agg cc t t t t

attgggtgacgtg-------atcaccg----ggaaccaat catcgtcgccgcgggagcaggttataaagtccacacagcccgccagagtcagacgcccagaatcccag
c gt c -------

a c------tg c -
g c---a.--
g a -------

ctg ---- t cg
t C---- cg
ctg ---- c g

a----a gt
- a---- g g

CAAT

- tac cc t
g g

cc - t
ac t
ac t

c

a
g gt

g
t

TATAA

gg C g a c g
a ag t a g
agg c c g
gga c a t tc
gg c tt a g g

gatcagtatggaagggctcagcccactgcaggtggtcttggctggtg
ggatcctgaattgggaaaatgcctccattcaggacgcttttggaaaagtctataagacatttttaaaattattattaata a a -- aa g t

atcagggattgtataagaaagcaggctgagcaagccatgagctacaaagctattagcactggtccccattctctctgcttcagtt cccacttagaatcctctctcaagttcctgccttgaatctct
t g -- gg t

tcaatgatagactgagatgtggaagtgtaaactgaaataaaccctttcttcct caagttgcttttggtcatggggtcttat cacagcaatagaaaccctcactaagacacagctgcacaagggcct
a g g g g t

cactctgtt ccctgcagacaccaccctct cctgcagctcagctcctgcccctcccttgccctggagcagcaccactttatagctactggggatctgatgccctct ctg-acctcctgaggtagcag
c a a

gaattatctggcaggtc-------cattgggtggcaggatcctgg---ggaaccaaccagctactctgtgggcgctggttataaagtccacgcagctcgagggcctcagatgccctgtattccag
tcatctc a ggaa c c c a t a ct ca a c

Fig. 3. (A) Aligned DNA sequence of the H-2k (Arnold et al., 1984; Watts et al., 1987) and Qak promoters. All sequences are compared to Q4k as

described in legend to Figure 2. Potential cis-regulatory sequences are underlined; bind A and bind B (Korber et al., 1988), Regions I, II and III
(Shirayoshi et al., 1987), interferon responsive sequence (IFN-y) (Korber et al., 1988), KBF1 binding factor (Yano et al., 1987). (B) Novel upstream
sequence of Qlk and Q2k.

between Qa and H-2k genes. The most striking case

involves eight nucleotides within 57 bp between Q4k and
Q7d in exon 1 (see Figure 2). There is a background of
sequence divergence between Q4k and Q7d within this
region, but this can be attributed to possible point mutations
which could have occurred subsequent to the time of the
putative gene conversion event. The next most obvious
potential event, supported by six nucleotide positions,
involves Q5k and QlOk in the beginning of exon 1.
Interestingly, we found evidence of only two potential gene
conversions involving an H-2 and a Qa gene in the H-2k
haplotype. In the first, Q4k and H-2Dk share two nucleo-
tides within a span of seven bases in exon 2, resulting in
amino acid replacements at positions 30 and 32 (see Figure
4). A comparison of this sequence to other H-2 genes (data
not shown) reveals that H-2Db, H-2DP, H-2Dd and H-2Ld
match H-2Dk, while H-2Kd is like H-2Kk and the other Qa
genes. This suggests that this potential conversion event was
donated by an H-2D allele into the Q4 locus. It is not clear
that the interlocus gene conversion occurred in the H-2Kk
haplotype, since Q4 also shares this substitution (Robinson
et al., 1988). The second event apparently involved H-2Kk
and Q5k, with two nucleotide substitutions within 5 bp
altering amino acid 56. H-2Kq (Kress et al., 1983a,b)
shares this sequence, again implying an H-2 to Qa sequence

transfer.
In addition to clusters reminiscent of gene conversion, we

looked for patterns of sequence similarities along the lengths
of the genes which might reveal phylogenetic relationships
among the loci. The most parsimonious explanation for the
presence of a shared B 1 repeat in the CT tract of intron 3

among all H-2 and Qa genes, except for Qlk, is that the
genes of these class I regions have diverged from a common

progenitor subsequent to branching from the Tla lineage,
which has a different pattern of murine repetitive elements
in intron 3 (Ronne et al., 1985). H-2Kk and H-2Dk are

distinctly more related to each other than to any of the Qa
genes. However, there are 16 positions at which H-2Dk
shares amino acids with the Qa products while differing from
H-2Kk, but only four positions where H-2Dk has unique
residues with respect to the others (Fi ure 4), suggesting
that H-2Dk is more Qa-like than H-2K . Qlk and Q2k are

most similar to each other taking into account not only
nucleotide identity within the structural genes, but also their
novel 5' flanking sequence and the shared insertion in the
3' untranslated region. Furthermore, these Qa genes closest
to the H-2D locus are more diverged from the other Qa
sequences than from the H-2 genes. Scattered point
differences make Q5k the least conserved, but when we

consider only positions at which Q5k shares a polymorphic
substitution with some other locus, then Q5k is most closely
related to Q4k. QlOk is more similar to the Q7d sequence

than it is to the other k haplotype genes. Thus, the Qak
genes seem to be arranged in duplicate gene pairs, consistent
with similar observations in other haplotypes (Devlin et al.,
1985b).

Discussion
We have cloned and characterized the Qa genes from the
C3H (H-2k) mouse. The C3H Qa region has fewer loci
(Q1k, Q2k, Q4k, Q5/9k and QlOk) than BALB/c (Stephan
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Fig. 4. Aligned amino acid sequence of H-2k and Qak gene products. Spaces indicate identity to H-2Kk. Frameshifts relative to H-2Kk are

underlined. Periods mark termination codons. Amino acids possibly introduced by alternative splicing at exon 8 are bracketed. Residues affected by

potential Q4k/H-2Dk gene conversion are circled. Arrows indicate the orientation of side chains of amino acids which comprise the (3-sheets and

a-helices of the model class I structure: pointing up or down (I or 1), pointing toward or away from the cleft (- or -), pointing up or down and

toward the cleft (/ or \), pointing up or down and away from the cleft (\ or /).

et al., 1986) or C57BL/10 (Weiss et al., 1984). The deletion
of the Q6-Q9 genes via recombination of Q5 with Q9 to

form a Q5/9 hybrid accounts for the Qa-2null phenotype of
this strain. Each of the five Qak genes appears able to

potentially encode a class I molecule which might be capable
of binding peptides for presentation to an appropriate T-cell
receptor. In comparing class I sequences, we found little
evidence for extensive gene conversion among Qa and H-2
loci within the k haplotype which might contribute to the
generation of H-2 polymorphism.

Several theories have been proposed to explain the

generation and maintenance of the extraordinary poly-
morphism found among the transplantation antigen genes
(reviewed in Klein and Figueroa, 1986). It is unlikely that

a high mutation rate for class I genes can explain class I

variability since these loci do not appear to be evolving
particularly rapidly. In fact, nucleotide substitutions at

synonymous positions seem to accumulate at a lower rate

than for most other mammalian genes (Hayashida and

Miyata, 1983). Another argument against a relatively high
MHC mutation rate centers around the presence of popu-
lations of mice isolated for a known period of time in which

one or very few H-2 alleles exist (Klein and Figueroa, 1986).
Furthermore, recent comparisons of class I alleles among
humans and chimpanzees, as well as rodents, have demon-

strated that these molecules can be strikingly conserved

between species (Figueroa et al., 1988; Lawlor et al., 1988;
Mayer et al., 1988). This suggests that the multiple divergent
alleles may be very old, rather than evolving quickly (Mayer
et al., 1988).
A gene conversion mechanism was invoked from the

analysis of the H-2Kbm meiotic mutants (Pease et al., 1983;
Nathenson et al., 1986) as well as pairwise comparison of
H-2 (Jaulin, 1985; Pease, 1985) and HLA (Jaulin, 1985)
sequences which revealed clusters of amino acid differences
which could be accounted for in other class I loci, often from
the Qa region in mice (Nathenson et al., 1986). Further-
more, because of the ratio of clustered to nonclustered events
among the H-2Kbm mutants, interlocus gene conversion was

hypothesized to be responsible for most of the class I
diversity (Pease, 1985; Nathenson et al., 1986). Our analysis
is the first in which all of the sequences within the H-2 and
Qa regions of a murine haplotype have been compared.
While we see two possible examples of exchange between
H-2 and Qa genes, sharing of the clustered sequences among

H-2 alleles suggests that the direction of sequence transfer
was from H-2 to Qa, rather than Qa to H-2. We would have
expected to find many more examples of residual gene
conversions with apparent Qa donors and H-2 recipients if
a directionally biased recombination mechanism had been
largely responsible for the generation of H-2 diversity. This
does not exclude a role for interlocus gene conversion in
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the concerted evolution of this multigene family, but it seems
likely that other mechanisms, e.g. point mutation and
selection, are also influential in the generation of H-2
variability.
Involvement of the class I molecules in antigen presen-

tation to the variable T-cell repertoire led to the hypothesis
that positive selection might be the driving force behind
fixation of polymorphism in H-2 genes (Klein and Figueroa,
1986; Hughes and Nei, 1988). A role for selection is
supported by a statistical study which showed that the number
of nonsynonymous nucleotide substitutions outnumbered
synonymous ones for nearly every amino acid within the
predicted active site of the class I molecule in both humans
and mice (Hughes and Nei, 1988). Although we cannot yet
ascribe a biological function to Qa molecules, the obser-
vation that they do not act as classical restriction elements
suggests that the Qa genes are likely to be under different
selective constraints from the H-2 genes. Indeed, we found
a few H-2- and Qa-specific amino acids at positions
presumed to interact with the T-cell receptor (Ajitkumar
et al., 1988). If these particular amino acids are important
in distinguishing H-2 or Qa function, then certain H-2/Qa
exchanges might be deleterious. This would be expected to
limit severely any rare gene conversion event between Qa
and H-2 sequences involving these residues.
The function of Qa antigens remains a mystery, and is

further obscured by their apparently dispensable nature in
inbred mouse strains (O'Neill et al., 1986), as well as their
ostensible absence from other well-characterized species,
e.g. humans (Klein, 1986). Large deletions of Qa genes in
some inbred mouse strains have been interpreted as evidence
against their having a biologically significant function.
However, if Qa products interact with immune cells to fine-
tune the immune response, it is conceivable that they might
be expendable depending on the avidity of the T-cell receptor
population to the respective H-2 molecules within a particular
haplotype. This could allow deletions of Qa products to
become fixed in the population in association with certain
transplantation antigens. Alternatively, the function of a
given Qa gene product might be assumed by other members
of the class I family in a system which utilizes several
molecules to modulate the immune response.
There is not unequivocal data suggesting that the Qa

products function as restriction elements for aof T-cell
receptors in the classical sense (Robinson, 1987a). It is
becoming increasingly clear that minor histocompatibility
antigens are recognized in processed form bound to trans-
plantation antigens (Roser, 1986), and even allograft
responses may involve restricted recognition of allo-peptides
presented by self H-2 (Maryanski et al., 1986; Clayberger
et al., 1987; Song et al., 1988). Yet some CTLs generated
against Qa-2 and a genetically engineered cell-surface Q1O
seem to recognize their targets in an H-2 unrestricted manner
(Forman et al., 1982; Mann et al., 1987; Mann and Forman,
1988), implying that the Qa structure is capable of inter-
acting directly with an appropriate T-cell receptor.
Accordingly, it has been hypothesized that the more
conserved class I molecules might be recognized byoy6 T-cell
receptors in immune surveillance of epithelial tissue (Janeway
et al., 1988).
The theory that Qa gene products that are secreted could

circulate and interact with immune cells to help regulate the
immune response is an attractive one. Qa-2 expression

appears to be increased and the molecule processed to a
secreted rather than a cell surface form in some subsets of
activated T-cells (Soloski et al., 1986), implying its potential
involvement in T-cell function. However, the mechanism
by which these conserved Qa molecules could mimic the
large potential of self class I plus peptide structures to which
T-cell receptors can exist in order to effect positive or
negative immune regulation is not obvious.
The availability of Qa gene sequences from which to

generate locus-specific nucleotide probes, as well as derive
peptides which could be used to raise anti-Qa monoclonal
antibodies, should greatly facilitate future studies of Qa
structure, expression and potential function. For example,
the presence of Qa-specific amino acids on the tops of the
a-helices which are presumed to interact with residues on
the T-cell receptor could reflect the specificity of Qa products
for a unique family of T-cell receptors. Accordingly, the
theory of an immune modulatory role for Qa molecules
might be addressed by systematically searching for Qa and
Tla gene transcripts and products, analyzing the effects of
transfected Qa gene expression on the specificity of distinct
T-cell populations, and comparing the T-cell receptor
repertoire in inbred mouse strains bearing Qa gene deletions,
such as A.CA and C3H.

Materials and methods
Isolation ofQak clones
C3H/HeN spleen DNA was partially digested with MboI and cloned into
the BamHI site of X EMBL3 (Frischauf et al., 1983). Five genome
equivalents of recombinant phage were screened using the cDNA probe
pH-211a (Steinmetz et al., 1981a,b), and 150 class-I-containing clones
identified. C3H/HeJliver DNA was prepared for construction of a Stratagene
Custom Library (11099 North Torrey Pines Road, La Jolla, CA 92037,
USA) in the cosmid vector pWE15 (Evans and Wahl, 1987). More than
six genome equivalents of cosmid library were screened with a genomic
H-2Kb clone from which intron 3 had been deleted, pKbAi3, a gift of
Richard Flavell. About 50 cosmid clones contained class I inserts in sizes
ranging from 15 to 35 kb were isolated. Lambda clones were restriction
mapped with BamHI, HpaI, KpnI, HindlIl, XbaI, BglII, PstI, XhoI and
SalI, while cosmids were mapped with BamHI, HpaI,KpnI, HindIll, SacI,
XhoI and Sall (enzymes from New England Biolabs or Boehringer Mannheim
Biochemicals). H-2- and Qa-containing clones were identified by comparing
their restriction maps to those published for BALB/c (Steinmetz et al., 1982;
Stephan et al., 1986) and C57BL/10 (Weiss et al., 1984). Representative
restriction sites were chosen for Figure1 based on having both a complete
map across the Qa region and published data for the other strains.

DNA sequencing
The Qak genes were subcloned into M13mpl8 or mpl9 from the X clones,
with the exception of Q2k, which was obtained from a cosmid. Sequencing
was by the dideoxy chain termination method using class-I-specific
oligonucleotide primers as previously described (Linsk et al., 1986). Most
sequencing reactions were carried out using Sequenase (United States
Biochemical Corporation), although Klenow (Boehringer Mannheim
Biochemicals) was also used. All clones were sequenced at least twice in
both orientations.

Sequence analysis
DNA sequences were analyzed using the Bionet sequence analysis package
from Intelligenetics (Bion Workstation Version 5.2 for UNIX, Licensed
to UCB, No. 7224.000154, 1988, Intelligenetics, 124 University Avenue,
Palo Alto, CA 94301), or the UCSF Sequence Analysis Programs (Hugo
Martinez, University of California, San Francisco, CA 94143).
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