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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 Qa* genes: Q1¥, Q2¥, Q4%, Q10*
and a Q5/9 hybrid, presumably generated by unequal
homologous recombination. The resulting deletion of
Q6—Q9 is consistent with the Qa-2™" phenotype of this
mouse strain. We have sequenced the Qa* 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-cell receptors. Interestingly, in comparing Qa*
and H-2¥ 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.
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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 ez 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 ez 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 «; and o; domains fold into two a-helices on
top of an antiparallel 3-sheet, forming a cleft. Experimental
evidence supports a model of antigen presentation in which
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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 ez 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 3,-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 ez al., 1987; Stroynowski et al., 1987;
Soloski ez al., 1988a; Waneck et al., 1988). Qa-2 is encoded
by genes Q7° and Q9° in Qa-2"&" C57BL/6 (Mellor et al.,
1985; Waneck et al., 1987; Sherman et al., 1988; Soloski
et al., 1988b), and by gene Q7¢ (27.1) in Qa-2'° BALB/c
(Mellor et al., 1985; Soloski et al., 1988a) mice. Qa-2™!
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 ez 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 Q10
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 relativelx conserved in comparison
with those of H-2K¥ 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 ez 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
Q1-Q9 (O’Neill et al., 1986), and does not express Q10
(Lew ez 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 er al., 1983; Ritzel et al., 1984;
Pease, 1985; Nathenson e al., 1986). Analysis of the
H-2K"™ (Nathenson ez al., 1986) and the H-2K*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-2¥) 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-2¥

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-2Ila (Steinmetz et al.,
1981a) and pK°Ai3. 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 Q1*—Q5*
genes more closely resemble those of the BALB/c than
CS57BL/10 loci. In particular, Q5% and Q5 maps are
distinct from that of Q5" which instead resembles Q6—Q9,
suggesting that the B10 gene may not be an allele of Q5X.
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 ez al., 1986). Consistent with this,
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we isolated genes Q5* and Q10 on a single cosmid.
Restriction sites between the Q5* and Q10 loci are
conserved with those upstream of Q10%, implying that the
recombination point for the deletion of Q6—Q9 in this strain
resides very near the 3’ end of Q5* (see below).

DNA sequence analysis of the C3H Qa genes

In order to determine whether the Qa* genes might
potentially encode functional products, we sequenced all of
the C3H Qa-region genes. An alignment of the Qa
structural gene sequences relative to Q7¢ (from clone 27. 1)
(Steinmetz et al., 1981b) is Eresented in Figure 2. The
previously uncharacterized Q1¥, Q2* and Q5* 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 Qa* 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 Eoly-
adenylation signals are found in intron 3 of both Q1% and
Q5*. The >99% similarity between Q4% and Q4°
(Robinson er al., 1988) sequences implies that Q4% encodes
the Qb-1? antigen (Robinson, 1985). Likewise, QlOk is an
allele of Q109 (Kress et al., 1983a,b), Q10° (Mellor e? al.,
1984; Devlin et al., 1985a) and QlOd (Lalanne et al.,
1985), and is presumed to encode the Q10 molecule in C3H
mice. In contrast, Q5 is 18% different from the partial Q5°
pseudogene sequence (Robinson ez 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 Q1¥, Q2 and
Q5" or their putative alleles have not been detected.

Comparison of the Qa* 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-2K* and H-2D* genes (e. g.
83-90%). Q1* and QS5* 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 Q1% and Q5* 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 Q5 has the most divergent sequence relative
to the other genes, it is quite similar to Q79 downstream of
exon 5. Given the >99% similarity among Q7 and Q9
sequences in the H-2® haplotype (Devlin ef al., 1985b) and
the restriction map homology of the Q5 and Q10¥ inter-
vening region to the 5’ flanking map of Q10¢, we propose
that genes Q6—Q9 were deleted from the H-2X 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 Q5 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 ez al., 1986) and CS7BL/10 (Weiss ef al., 1984) inbred mouse strains.
Restriction sites are: Kpnl (1), Sacll (1), Xhol () and Sall (1). Solid lines indicate regions spanned by overlapping cosmid clones. The map between
H-2D¥ and QI¥ was taken from Figure 3 in Stephan er al. (1988). Gaps introduced to align the maps are designated with fine dashes. The C3H
clones did not overlap between Q2* and Q4* (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), Q2¥, Q4%, Q10* and Q7¢
contain a Bl repeat flanked by CT-rich tracts. Q1 has an
extensive CT tract, but lacks the Bl element. More than
2.1 kb of unidentified sequence beginning with poly(A) and
ending with poly(T) has been inserted into Q2% immediately
downstream of this CT tract. Another B1 repeat in QS",
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 B1 elements
(Singer, 1982), so o5k transcripts may indeed be truncated.
Close to the beginning of exon 4, two copies of a Bl repeat
are found in Q4*, while there are two copies of a B2 repeat
in Q10% and Q79 at exactly the same place, all flanked by
duplications of attt or gttt. This suggests that both of these
murine Alu-like sequences may integrate at similar sites
within the genome. QS5 contains a B2 element flanked by
a perfect 14 bp direct repeat in intron 5. Finally, a sequence
with no counterpart in GenBank interrupts Q1* and Q2* in
the 3’ untranslated region.

We compared the Qa* and H-2 promoters in Figure 3.
Q4%—Q10* 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 er 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. Q1¥
and Q2 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 Tla®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 Qa* molecules

The amino acid sequences of the Qa* molecules were
derived using consensus splice signals conserved with H-2
genes and are aligned to H-2K* and H-2D* 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. Q1¥, Q2%, Q4* and Q10* potentially
encode molecules with two N-linked glycosylation sites at
positions 86 and 256. QS5 has four possible glycosylation
sites at amino acids 42, 86, 176 and 238. The carboxyl
(C)-terminal sequences of the putative Qa* 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 Q4% and Q10* result in the same
10 amino acid C-terminus on Qb-1 and Q10, which might
be important in determining the processing which leads to
their secretion (Robinson, 1987b). Q1 and Q2* could both
encode molecules with appropriately hydrophobic trans-
membrane domains and cytoplasmic segments comparable
in length to the classical transplantation antigens. QS¥,
however, contains several hydrophilic residues within
exon 5 which might exclude it from the membrane.

The Qb-1* allele from C3H differs from the Qb-1° of
CS57BL/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-1°
could account for its more basic phenotype (Robinson, 1985).
QI10* differs from Q10° (Mellor et al., 1984) by only one
amino acid, Y to H at position 84, and from Q109 (Kress
etal., 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 a-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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° oExon 1 .'!'. ! ¥ Ve Intron 1
Ql aqat-qngcaatgqcactqggaaqqctqctcctgctqctggcaqccqccctgaccct.gaccaaaaccggachg gtgaqtgcqngtccgaaqagaaacgg----------qctctgaqaa
Q2 g [*] g g cgac c gg g a aactttccaaacag c gg
Q4 gg--- a gt:caac t t g t a tggtecc a c g g g
Q5 tg -- g cccec t cg c¢cc t gg g g 4qg
Q10 TEgg-- g gcccec gt g ¢ cg cag a gqg g cag
079  ggg-- a t aac t t g [¢] tgg cc gg g @ =======-===-C C Qgt--
Q1 gaqggtcgcgqccggcacctgggatgctgcgtccccgcgtcgcccaccagaccc-tccgcccct.tctccacc ------ cacgt ccegegecctgetcccct cccggaccacgga-cegecggga
Q2 g gtg g - tt ta c---gcgtcc ta c ttc g ct c g
Q4 a gag g .a t a c g t - eem—ee- ta c c gtce g
Q5 a g g g a g ca ¢ t g tt g -a agagtcc qa c aa tg ¢ g cc c g
Q10 g g g a a ¢ g -t eme——— c c g cc c g
o7d - g c ————— qa c a a c g tc ac g
Exon 2
Q1 gtctcgggaggaggtccgagtttcaccgegegeegeecccag —getcacactcgetgeggtatttegagaccteggtgt cecggeceggettegggaageeccggtt catctctgteggetacg
Q2 c a c a gtc g ¢ g ag
Q4 c a t g g c ct t c t at tec c g ct g t
Q5 ct ¢ t gg ¢ t t t tec gec¢ aa g a
Q10 cg a g ¢ t ca a a c t g ¢ct g tat t
o7d c gg ¢ ca aa cc gt c g t
Q1 tggacgacaogcagtttgt.qcqcttcqacagcgaogogaagaat.ccgaqatat.qagccqcgqqcgccgtgqatggaqcaqqaggqqccgqaqtattggqachqaacacacggagagtcaagggc
2 c ga tcec
84 @ é) c g ¢ a ¢ ga a a ¢
Q5 a a cca c g g a tgcga tec a a aa ¢ gacg aa tcc aaa
Q10 c g ¢ gatg t gg a c
o7d c t ga gatg g gg a tgc
Intron 2
Q1 aqtgagaagagattccaaqagaqcctqaqcaccctgctcaqctactacaaccagagcaaqggcg qtqagtga-ccccqggthqaggtcacgacccctcqacqtccctacacaq-qqqccaqa
Q2 ctg g g aa ag gc -gq ct g -- "a get
Q4 a c tt g t a -] gc - a - aa - c
Q5 aca ¢ tg g g g gc ga tgca a t - c t tg g gaata
Q10 a c t tt g g g a - —— c ga g-a gt
g9 ca ¢ t g g g tgca ag g c ga =-a gt

Ql gacctcctgcttctcaagt ggttcaggagcag gacccgqqaceggattccctttcagtttgqaggaqtc-gcgcgtqqgcgqqqccngq-—-gagcgaggcgctgacccaqqqttc
g c

Q2 g g ¢ tg a a gc g

Q4 g cggcc tg -t g g t t c g gec g

QS g agg c tg ca c ca t ca a -——-a a gc g

Q10 g cgg ca g g a c -a tgca a

@@ gg cgg ca gt a ¢ gtg g agg ggc gag ga act g
Exon 3

Q1 ctqcag gcattcacaccttccagaagttgt ctqqctgtqatctggggtcaqatqqgcqccttcaaagcgqgtacctqcaqttcgcctatgatqqccttgattacatcgccctqaatgaagacc
a c tecc [}

Q2 tte ac g a g g ¢ tgc c
Q4 c tc tat gtac ag c c c tce a c c gc c
Q5 c tc c a a g c a c tcc t tg ct c c gc c
Q10 ¢ tc ga tga a a ag c c t ¢ tcc aa a ¢ ¢ gc t c
04 c-- tc ac atga a ca c ¢ c tcc a gc c
Ql tgqaaacctggacagcagcagatgtqqcagctcaggaaacccqacacaagtgggagcaggctqqtgctgctgagaaacacaggacctacctggagggcaagtgcctgat.gtqqctccacagatac
Q2 a t gaag g t atc g a ttt agt a g g ca c g
Q4 a g g g g ca g a atc q aa ag ag gc g ca cc g
QS a tg t t t cag t g ac g ¢t a a tttgtgaga t aa ga tg aa tggat
Q10 a g g g ¢ g gattatc g a ttt g cg g ga t
od a g g gtg ca g a atc g at  a g cag c a cac g
intron 3
Q1 ctggagct cgggaaggagatgctgetgegcacag guctctggctqqqqctcagtcctqqggaagaagaaaccctcaqctggggt.qatgcccc
Q2 c gtgcaggggccgcaggcagatectcectetgee g
Q4 c cc  ga a g
Q5 t c g {begin insert}..cccceeeeccaccacns
Q10 c g c cc g
q7d c c g c cc g -

Insert

Q5 aatcttggaattgetttttetttttttctatttcttotttcttocttttttetttactgecgeagaccatctgggtccctggtetgegaggaacgggatttcttaggcagatgggcaaaagagtc
ggatqtagtqacaqacagccaaacacacaagagagqtqtttaatctqaatqtaattttccaqtcqaqcctcaqacttttataatacaqaataaattqcaaatcataacaqaataaqqcacattqa
atttttccaqqtqaaaaqgagtqacttcaaaaqqaaccagataaatqttaaacactaqagataqcacagatgcaaaqqqaqtqactacaaaggqaatttgtaqqqaccaqataaatqtttacat
tagagattagcattttctgccaggcaagagttttacacttagagttaatagectcagggtagttaactcttgatacgect caagactaatgtagtgtcactgaccccaaaattetetaggacteg
ttaattcttatctatatctggagactatccattttcagtatagtatacaaatttgctcttggcatggaatgtagtctgtaataagaatttctatctcagtgagaatttcagactctatttgecaga
catctgaattaatggetgtgetttattgttttatggtagtgettaattagttactgaatgggttaagetecttgetgetatctagaat ctaagaacactgggaaaaggetttagetatgttataa
tacaatcttaaaaggcatttgctataaggtaatactatatagagtgcacgtgaatccatacactagactaatgtggtggaaattaattttatgggttagaggaatagecaaagatcegggagtaa
gtttccttgaaactcttttctcatgagaaagetttcagactttcatctgtcaagetgact ccaceggagteectggea

8% tgtctcagaggggagacagtgtccctgggtct cctgatcectcat cacagtgactgeactgact ctcccaggget cagecttcet cect ggacagtgeccaggetgtct caggagggaaggagaga
g a g tg -

Q4 g a g

Q10 g a

omd g a

g; atttccctgaggtaacaacagcetgcetceccttcagttcccctgtagect ctgt cag ggectcte qggttctctqcccacacccactgtgtqtqqacactqactcctqtcctqd.q
a a cct

Q4 c a ————— c a

Q10 c a- a ———————eeeecee——- a3

o7d c c a cc g ————emmeecee————— 3
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agtgtgtcagtccttacacctcaggaccggaagtctcctttccct ------- gacatqgacttccctacactaggctggttqccccagtctctaqaattttctaaagaatacat_tctcccagatc
c g -a gataagaa a a
c a g aact gg a a t - a
c t t a ¢ gg at t c c a
c t t a - gg at - c c c g at
cctecctgtetgetggggtttgeaccecttcgacaacccaattetctttattectacactggtgaatggtcacatgaggecttattgggaaccctggaggaatataaatcatggaatttettttt
ac - t a g c aa c g - t
- c t c -——a =g c c g t c ag c
- t- t - ac g a ca g tt aa ca ——————————— c
g - t- t - ac g a ca g tt aa ca | =m—mmmee—————— c

c[t]ctctettttce(t]scttctttettte[t])gecttac(t] 14

tectte(tc)qttttcagaa(t]sc

[ctt]24ct[ctt]sc(ct]22tcgalt]e

ttgtg(t]gccectetegttttctttatatetttac(t)gaagggtattatgttgettataatcgg(t] sctteggcactggaatgatattg(ct]gccccaccac{acecee]2g
ttgtg(t)sccectctegttttetttttatctttac(t]jaagggtattatgttgettataatege(t] sctteggcactggaatgatgttg(ct ) gccccaccat [aceceec) 2a

B1 repeat
gagacaqqgtttctctgtatatccctggctgtcctggagctcactttgtagacca—cttggcctcgaactcagaaatctgcctgcctctgcctcccgagtgctggqattaaaggcgtgtgccacc-—
t g gga -
cct t tca gacag g a c gge t a tqcc - g acc
cct ttca gacag g g a c gge t - a ..[cctetgli6... - g acc
S qtqgaaggca-ttattttgcttgtagtca-------tcttttqtctgcactggaatgatcctqtttctccctgcccttgtatt
a—tgcccagcctttcttttttctttac [t] s {insert} ----g gcc acg -————---gt c t g
t- a [t]l1s -- g gg- a t ¢ tcttttg g a
cesesssea{end insert} (t]26 -—- gt - t ¢ et 14 g g a

C gg aag
¢ ggaggag

Insert
aaaaaaaaattgtacaagct.atttattaacattataacacgaaqcccatttcctcacaaagaatctacaagatttaccacctt.aggactcttgaqtacaaccaagcaaqtqctqtaqatt:aqgaa
aaaccttcacagtctggacaagcactgaagct cagagactgactttgacttaactaatttgaaatatatttaaaactactctcagegegetcatacagtgatgctctaacagtcaggtccaatge
ctggctecgaggac {gap in sequence} acagccacaggggcectctegtgetcecctgeccttectegtggectttecctetgaccagtetgtgttgtgttgacagtgatgtacagaatgag
aggcttccegttgttecectttgtetttetetgtgtttegtgetttggetggatetttectggt caagatagtcctttggtactagacegtgggetgettteecttetgtet cgatgtettteta
aagacgccacgtccttcetggettcteectetetotgtgetgaccactgtetteacatettteectecttgettttgtgtgetettotetttotttgettttetttectttetcactgtattggte
gtgatcattccattgtctatctctttettgttcecttgaggaatatttctecctettecctectctatectgtettteteocctgttctcateccttcagtttatcottettgetcatgettettee
agtagagatctttatgactggectctctgtgectatgagaactettttetteceggtggetgeggtccttgtgacagetctettggtctetggactgectgtectggtgetcatgtectettgac
tgggaacctcgtgagtggtgcttggtceccgagectecctttectcactagatgatcatgagtgggegeggttcttgtgatgettgggatattt catggaggtgeeggtgtegt ctcetetggactt
tatggtctccectttcaccgtcctcacagetcttatcatcaaaacctetgttageatetgggttttecteggetteatctgeacecectttgecagaatgagttetgetgtggtggtetgttetetg
aatttgtttcatcagggtaacccctgagcttcttttattacagtcctggett cacgaaagetggatttaggaactgectcctcaccaactgettgatttaatagatgecgataaaatccactgag
atctttggaggcaagaattgccgetgetgtegeegggetttctggettgataaccccaaccaacaatgttettaattgeactttgecagaat ctacccacgggegegectgetgecagaactgtt
tacaatatgggcagaacggatcggcgaagacgtagacaatgaccggegeatcttttttacegtcgaggagecagtgggattgttccat cecgttgecacat ttcgegt ccggetggtgegtaaatt
tctttttcgataagtgtgttactcaggttttcacctttctegttgtacatgtaaccagagatagegtgcttaccatctggagtcaggtagatggtgacgcccatatectgatactttecgagata
acctttcattcctccgggggeatcgaatgtttgatgattgtaatgecctgttttcaategetttactggagcaggaagtect {gap in sequence} cattgtctgttcagtcccgctcta
gcagctccctctgaaggettcget cacggaactctcatcatcct cagaatcactcccaaacactgacagtgtttgtaaaactcggagcaatggetgttttotttagcaaaataageccatactge
ctgcccaggatcgecatettgttecca(t]ls

atcatgtgtatcagtctacacaggtgccagggaaggctgctaacctggataatttgacaagttaaatcagggttct cattaaaggagagatt cctgtgaacttagagt gttt cct-gtcagaact
cg

ag a atg t -
e eemececeecee—e— t aa t c -
t c a a t c -
a g gt aa t -g t
a g g aa t gg t
aaacacccagaagcctcctgctcttectctgeccecca-caagttacagtg [c]11 agtgaatcaggacttggactctgag-agacagggt ctactgcaatccagggctggagtga
tg c c -t - [clsalc)ia g - t
t -t - ct[c]i3tecc t - t
t c B ct(cly a t
c t tca aac g - c ctectect g - t -
c t tca aac g - c ctcceect g a - -t c -

gagggaagacat cacacccegtga-gcccactgtgttccagtgagtgetgeactggggt ccacaget cact ccagggatcctgtgtgacacacctgtaccttgt cocccagagt caggggetggg
ca - a g

t
ca t - g at a
ca t acttgcagaattctt [ ] a t ga a t a g
ca t - a
ca t - - a t
agtcattttctctgget \_¢-.cagcttagtgatqqctqttcacttgaactgacagttaatgttg-toqacqagatqacaacaqttgtag--tctcagt
cata [¢] g ag a c g at
qagtqtcagagqttgacaécatttctgct caca ct c g gg - Cag tag a ac g ttag
c ca t cacaac t a c g a g a a c g tag 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

tttagcaccctttcagtagcatatgtgecctaatatctgattttgatatgaactcaaacacataataaattacttattttce.. ...cattccctcttccattct-ttgactacgtctctcatg

gg t gt g tc c t .o t t c

g ca c g gct t ac c t t g g cecenees a ag - ¢ t———-

gg a at ¢ c gc t a ac t t g {repeat} a -g ca t
gg gt t c gt g t a a c tg t cacecene a a -a ag ca g
gg gt t c gt g t a a c --g t cesccsne a a-aag gca g
B1 repeat

tgectggcagtggtggcacacgectgtaatcecageactt gggaggcagaageaggtggatttttgagtt cgaggecagectggtctagagagtgagttccagagacagccaggactatacaga
gaaaccctgtcttgaaaataaaaatgtagtttc
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(o} ctatctaacar_caca:aaggar_gaccatqgtgatccactqgctcatgtggattccatcacagct.t.ctgagtcccaa-aagaaaat:gtgcagttgt.qtgctcaqgg-accagctctgcctactqgt

2 a c at t ¢ g ¢ cc g g t -

84 aag c 9 ctg g a c [+ cCc- ga C a gaag==—=—=-—--— g a
Q5 ag c t ¢ t a tc t t c--g ======= Cc a g c gaa at

Q10 tg c t ¢ t ct cg- g c ga g ga
o7d tg c - ttec c t ctc g cc g [¢] ga
Q1 cactagtgtgatgacagtt_gaagtgt-caaacggacacgtaqttcagtqtCatCatf-gttttacm'-qagtcr-tgtgtagau'-tCagtttgttttqttaaccagtg """""""""

2 aca t - a ————————— a a gt c ttg ga--=—=====—c——ceaa-
84 g c ce - a at g a a tec agg ¢ ttg agtac(t)gg(t]14atttt
Qs g a - a g a a a a c at c c ttg g —--——-emmmemeeee
Q10 ce t g a a a tc a at tt a-c t c t atttgt [gttt]s,

Q7d cc a t t a a t a tc a a gtt -c t ca tlattt]9..eeeecncns
B1 repeat
Q4 gttttgttttcaagacaggatttttctgtatagccctggetgtectggaactcacattgtggaccaggctgaccacgaactcagaaatcetgectgectetgect cccgagtgetgggattaaagg
cgtgtgccaccaccaaccagctaategtgagatttetttottttttettttettttette(t]olgtt]qttgttttttgagacagggttctetgtgtatecctggetgtecttgaacteactt
tgtagaccaggctggecttgaacttagaaatttgectgectetgect ccggagtgetgggattaaaggeatgtgecactaccaaccagetaattgtggg
B2 repeat
Q10 tatgtatggaagtacactgtagctgtactgatggttatgagecttcgtgtggttgttgggaattgaatttttttttaggacctetgtttgetctgateggecccgetcacteeggtcaactecta
ed a ¢ t gtt t c g a t
Q10 agggtcaactctgctcactcagctcagtcectgettgttetggeccaaagatttatttattatt--——gtacataagtacactgtagetgacttegtatgcaccagaagagggegtcagatctea
od t ——— tatta a ag
Q10 ttacagatggttgtgagccaccatgtggttgetggggettgaactcaggaccttcaaaagageattcagtgetetttacectctaagecateteecccagtectcagtttgtettettaattgtgeg
7d t t g - g aa
Exon 4
Q1 atttcttaaa-tct-ttcacacag atcccccaaaqgcacat.gtgactcal‘.caccccaqatctcaaggtqatgtcacgctqaqqtqctqqgccctgggcttctaccct.qctgacatcaccctgac
Q2 -g-c c g aa a a
Q4 - -c t atg a gc a t
Q5 g - =-c¢ a g aa cg a gc a
Q10 g - -c a c ag g t
Q7d g a cc a c g tt c
Q1 ctggcagttgaatggggaggagctgacccaggacatggagcttgtggag ggcctgcaggggatggaaccttccagaagtgggecatctgtggtggtgect cttgggaaggagcagaattaca
Q2 g
Q4
QS5 aa g
Q10 a g
oM ¢t c t
Intron 4

Q1  catgccatgtgtaccatgaggggctgectgagecectcacect---------gagatggg gtaaggagggtgtgggtgcagagecggggt cagggaaagetgtagecttttgcagace--ctg
Q2 c - ———— t g c -
Q4 - i t a g -
Q5 ga - —-— c a ¢ t g c -
Q10 —————— a tt g ca -
o7d a t gagatgggg tt g a gcg gtg

Exon §

Q1 agctgctcagggctgagagctggggtcataaccctcacctttatttectgtacetgtectteccag agcctcctecatacactgtttccaacatggtaatcatagetgttetggttgtecttg
Q2 t g c ct t c c t
Q4 g c c c cgag
QS g g t c t ¢ caagat ca t c
Q10 t g g ct a tec ac tt tceca t a  mmmmmm——eee
079 c t -— g c a - c cgec t g a

Intron §

Q1 gagctgtgatagtcattggagctgtggtcatcattggagttatggtgtcttttgtgatgaagaggaggagaaacaaag gtagaaaaggccagggtctgagttttctcatagecttetttaga-
Q2 ca g a ag c g g tc g -
Q4 - gcca c g a c ¢ g g a tc c -
Q5 gca ¢ g c tg g c tc t ¢ a
Q10 -- gcca aa gta a c g g tec c -
o7d gcca g t t c g g c tc t ¢ a
Ql ....... .qtgtcctctgctcatt:aaatggaaacacagccacacccctcattgctactgtctctaactgggtcagctqtcagttccqqgaacttcctagagtcaagatcttccttgaactctcac
Q2 ........a g tg t gt t t t
[0 S g c tg g g a g t t ¢ t t c
Q5 ({repeat} g at tg c tt a c ct t t —————

Q10 ... g tg a a a .t t -t ) t
od ........ g aa tg ctt a ¢t ¢ ct t — ———

B2 repeat
Qs gtgtgctctagggctggegagatgget cagtgggtaagageactgactgotcttccgaaggt cctgagttcaaatcecagcaaccacacageaacttacaaccaatctgtaatgagatctgacac
cctcttctggtgcatctgaagacagttagagtgtacttatgtataatagtaaatgaatctttaaaaaaaaaaagaa
Exon 6 Intron 6
Q1 agcttttcttctca-cag gtggacaaggagaggactgtgctctggctccaa gttaqtqt-qtqqqqacaq-gattqtcctq-aggccgat:taqagtqaagctqgaqatqtt-agqaqctctg
Q2 a a a taga aacc a a g -- - - - -
Q4 c - g a g a- - at- - t- g t -g t
Q5 c - g a ca g ca - - -g -t a- gc a-g
Q10 t c - a a g a cc g - - - - gg a- gc -g
o7d c - g ca g -- - - - -t a- gc gg
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Q1 ggaatccataat ag(t:t cctccagagaaatcttctccagaaaaat cttgtgqcagcctgagttgtactgcgat attaatacatacatatacatgtgcatatacat ttgtttt-attttaccctag
g c

Q2 e e et t a -g
Q4 c t gtt t C memsse—ce—eeeeee tg t cag tctt ¢ ag --==--=-—-—-—- a3tC t gt a at=—-——e t
Q5 c g a t  emeeeee cagg c c--a g t g a  eeeeeeee t
ng a t TTTToSSTTTe--=-=- gg t g ot ogott € g mmmmmeeooooo a ctc t —==-====C a
Q79 a g a ¢t Bt oo [0 c c--a g t g a ———————- -t
Exon 7 Intron 7
Ql gcag-ggctgegeccagaget ctgatat ctet cte-ctagattgtaaag gtgacactctggtgcctgatr.ggqgaggggcaatgtgcat.atgattgggtttcagggactcccagaa--ccct
Q2 aaa - ac
Q4 gaa t gt t a t atg ca c gc g t c tcc
Q5 gaa t t a -c g g a tce
ng g ata t gc -c t g a aa g g g tce
Q7 gaa t t ga -c g g a g ac tec
Exon 8
g; gtgagtq--—-gtgggttgttngatgttqtcttcacagtgatggttcatgaccatctttctctag catga agacagetgectggagtagactgagtgatagecagtgtgtt caggtete
a c
Q4 —— a tt g c c a t t c -
Q5 ¢ agcet a a a qg g ¢ aga et g
ng t agtga g a t a tg c a g ca
Q79 ¢ agtg a ’ gt tc a c gc ¢ aga t
g; tcctqtqacatcaagagtct:ttaqacatcagctttctttagaaaatggtg :insert) ...... gttccctgtgatcctatgqtctcagtgtgaagaattttgqagcccagtctgcccctgca
nsert} ..... g c
Q¥ ——emmeeeeeeen g C ===———e-tt g cac gat g g a g c q: g :9
Q5 a c C € =======gt Cc a c ca ct g a g cg c g-
ng c € C ¢ =~=====gt c c ca t t t g g a cg t c -
Q7 c C C C ======—gt ¢ c ca ct g a a g cg c

Insert

Q1 tctcatgtt.ctctgcca—caccaaccccaqtagcaqcca—tqtgacaaqttqcacaqactqaqgtatactrr‘
{gap in sequence}

Q2 a a

jectoct g cagttgtggaactcttqgc
99 gtig 99

Jadyyays

Jtattatat
9ag

Q1 tqagtctf.agttctcatqqcaattgatttattttgtttt ctcttattccttttcttatttacatqttcctcgtaacctagqctaagatctcatqtgaaagtaat gggatagaaacatctagaatggg

tcactaacatgacttatctgggaaac {gap in sequence}

Ql  caacag-accctgteectgecctgecctgtcettecettee

Q2 g g

Q5 ctg a g c
Q10 c g at  t--- gc t t g c aac
9 ctg a - c t

caaccttgectggtce:
g 9-Lyy

gccaaacactag ,-ggnfctgcatcct.gccagctccatgctaccctgagc:gcaqctcctcac
t gt a

t a a

g ta a t t g ¢ c at
g aa tg c a
c - ta a t ] c c at

Fig. 2. Aligned DNA sequences of the Qa* genes. The Q74 sequence is from clone 27.1 ( (Steinmetz er al., 1981b). Spaces indicate identity to the
Qik sequence. Dashes are inserted to align the sequences. Dots fill space to avoid confusion with regions of identity to Q1¥. Short direct sequence
repeats are bracketed ([],). Possible initiation codons and premature polyadenylation signals are underlined. Nucleotide positions which reveal putative
gene conversion events are marked as follows: Q5/Q10 (®), Q4/Q7 (1) and Q4/H-2DX (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-2DX,
Q1%, Q7% and Q10* share hydrophilic amino acids, while
H-2K¥, Q2%, Q4% and Q5* 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 Q1* and Q4%, N in Q5%), 138 (V in QI¥,
Q2*and Q10, R in Q5%), 155 (K in Q1¥, Q4* and Q7%),
and 166 (Q in Q2, Q4* and Q7X, K in Q5"). Intriguingly,
site-specific mutagenesis of amino acids at positions 138 and
166 on H-2K® can affect CTL recognition of alloantigenic
target cells (Ajitkumar er 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 | genes within the H-2* haplotype

The analysis of the H-2K®™ 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 er al., 1984; Pease, 1985;
Nathenson et al., 1986). Therefore, we looked for evidence
of past gene conversion events among Qa* and H-2¥ loci.
To do this, we compared all available class I sequences,
identifying regions where H-2K* or H-2DX differ from their
alleles, and then searched for such divergent regions among
the Qa* 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
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A)
Q4 ctccaggcagtgagat caggggtgggg-——————-=—=----= atttcccatctecccagtttcacttcotget cctaacttgggt caggte————- cttctgeceggacactgatgacttactgge
Q5 g g aagcccagggctaggg  © t ————a ot - a ga
g7d g a a t g ct t - c t ————- a a g g- aa
Q10 c g g t ga cec c c attegge g t t-gagg at
H-2KK tg g g g c a c e c t t gcg a t
H-2DX g g a g c t a c =m—— g a gcg

~bind A TFNy — bind B

RegIon i KBF1 site, Region I
Region I
Q2 ...... ggt a g ag tctcatc ctg ggaa c gtct c t t ag ¢ t tt
[o) K ggt g ag ~===---- ctg --—- c gtattt ¢ t g t agg cc t tt t
Q4 agttctcacccccattgggtgacgtg-=—==-- at caccg----ggaaccaat catcgt cgccgegggageaggttataaagtccacacageccgecagagt cagacgcccagaatcccag
Q5 c c gt ¢ ——————v ctg =---- t cg - tac cct a gg ¢ g acg
o7d cte -t g ————— t  cm——- cg g g gt aag t ag ce
Q10 g -a g ¢c-——- t ctg -—-- c g cc -t agg ¢ c9
H-2KK ¢ t R — a----a gt ac t ¢ g gga ¢ attc gc
H-2DK [} tat g a ———=-—--- - a--— g g ac t t gg ctt a gg
T TATAA

B)
Q1 gatcagtatggaagggct cagcccactgcaggtggtcttggetggtg
Q2 ggatcctgaattgggaaaatgcectccattcaggacgcttttggaaaagtctataagacatttttaaaattattattaata a a --aag t
Ql atcagggat tgtataagaaagcaggctgagcaagccatgagctacaaagctattagcactggtecccattctctetgetteagtteccacttagaatectctctcaagttectgecttgaatctet
Q2 t g = 99 t
Q1 tcaatgatagactgagatgtggaagtgtaaactgaaataaaccctttcttect caagttgettttggtcatggggtcttat cacagcaatagaaaccctcactaagacacagctgeacaagggect
Q2 a q g g g t
Q1 cactctgttcectgeagacaccaccctct cctgcaget caget cetgeccct ccecttgecctggageagcaccactttatagetactggggat ctgatgecctet ctg-acct cctgaggtageag
Q2 c a a
Q1 gaattatctggcaggt c——====- cattgggtggcaggat cctgg----ggaaccaaccagctactctgtgggeget ggttataaagt ccacgcaget cgagggect cagatgecctgtattecag
Q2 tcatcte a ggaa c cc¢ a t a ct ca a c

Fig. 3. (A) Aligned DNA sequence of the H-2% (Arnold et al., 1984; Watts et al., 1987) and Qa¥ 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, Il and III
(Shirayoshi ef al., 1987), interferon responsive sequence (IFNvy) (Korber ef al., 1988), KBF1 binding factor (Yano et al., 1987). (B) Novel upstream

sequence of QI and Q2k.

between Qa and H-2X genes. The most striking case
involves eight nucleotides within 57 bp between Q4 and
Q7¢ in exon 1 (see Figure 2). There is a background of
sequence divergence between Q4% and Q7¢ 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 Q5¢ and Q10X 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-2*
haplotype. In the first, Q4% and H-2D¥ 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-2D®, H-2DP, H-2D¢ and H-2L¢
match H-2D¥, while H-2K¢ is like H-2K* 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 %ene conversion occurred in the H-2K¥
haplotype, since Q4° also shares this substitution (Robinson
et al., 1988). The second event apparently involved H-2K¥
and QSk, with two nucleotide substitutions within 5 bp
altering amino acid 56. H-2K9 (Kress er 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 B1 repeat in the CT tract of intron 3
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among all H-2 and Qa genes, except for QIk, 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-2K* and H-2D* are
distinctly more related to each other than to any of the Qa
genes. However, there are 16 positions at which H-2D*
shares amino acids with the Qa products while differing from
H-2K¥, but only four positions where H-2D* has unique
residues with respect to the others (Figure 4), suggesting
that H-2DX is more Qa-like than H-2K*. Q1* and Q2 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 Q5¥ shares a polymorphic
substitution with some other locus, then Q5* is most closely
related to Q4%. Q10X is more similar to the Q79 sequence
than it is to the other k haplotype genes. Thus, the Qa¥
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-2Y) mouse. The C3H Qa region has fewer loci
(Q1%, Q2%, Q4%, Q5/9% and Q10%) than BALB/c (Stephan
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Fig. 4. Aligned amino acid sequence of H-2 and Qa* gene products. Spaces indicate identity to H-2K¥. Frameshifts relative to H-2K* are
underlined. Periods mark termination codons. Amino acids possibly introduced by alternative splicing at exon 8 are bracketed. Residues affected by
potential Q4%/H-2D¥ 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 (! or !), 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-2™" phenotype of
this strain. Each of the five Qa* 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-2K"™ 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-2K"™ mutants, interlocus gene conversion was
hypothesized to be responsible for most of the class I
diversity (Pease, 1985; Nathenson ef 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

1757



S.Watts et al.

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 ez 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 o3 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 ez al., 1986; Clayberger
et al., 1987; Song et al., 1988). Yet some CTLs generated
against Qa-2 and a genetically engineered cell-surface Q10
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 by 8 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
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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 ez 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 of Q&* clones

C3H/HeN spleen DNA was partially digested with Mbol and cloned into
the BamHI site of N EMBL3 (Frischauf et al., 1983). Five genome
equivalents of recombinant phage were screened using the cDNA probe
pH-2Ila (Steinmetz er al., 1981a,b), and 150 class-I-containing clones
identified. C3H/HeJ liver 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-2K" clone from which intron 3 had been deleted, pK"AiS, 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, Hpal, Kpnl, Hindlll, Xbal, Bglll, Pstl, Xhol and
Sall, while cosmids were mapped with BamHI, Hpal, Kpnl, HindIll, Sacll,
Xhol 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 e al., 1986) and C57BL/10 (Weiss et al., 1984). Representative
restriction sites were chosen for Figure 1 based on having both a complete
map across the Qa region and published data for the other strains.

DNA sequencing

The Qa* genes were subcloned into M13mp18 or mp19 from the A clones,
with the exception of Q2¥, 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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