24. K. R. Auger et al., Cell 57, 167 (1989).

25. B. Numberg et al., Biochem. J. 300, 387 (1994).

26. P. Gierschik and M. Camps, Methods Enzymol. 238,
181 (1994).

27. E. J. Brown et al., Nature 369, 756 (1994). The se-
quence of the FK506 binding protein-rapamycin-
associated protein, which may have PI-3 kinase ac-
tivity, is included for comparison.

28. J. Kunz et al., Cell 73, 585 (1993). Yeast Tor2 (target
of rapamycin) is also a putative PI-3 kinase.

29. G, proteins purified from bovine retina (24) were
mixed with the lipid vesicles for 10 min on ice before
addition of the enzyme. The following protein concen-
trations were used: p110y, 10 pM; p110q, 10 pM;
Go-GDP, 2 pM; and GBy, 1 uM. The activated
Ga,-GDP-AIF,;~ was produced by incubation of Ga-
GDP with 20 uM AICl; and 10 mM NaF in assay
buffer for 1 hour at room temperature (25). AIF ;- alone
did not activate the enzyme. The content of GBy in

the Go, preparations was estimated to be approxi-
mately 2% (mol/mol) by immunoblotting with GB
antibodies and different amounts of GB+y, for cali-
bration. An involvement of By impurities in the stim-
ulatory effect of G, can be excluded because half-
maximal activation by Ga,-GDP-AIF ;- and GB, was
observed at concentrations of about 2 uM and 200
nM, respectively.

30. Ga,~GTP-y-S was produced by means of Blue
Sepharose (Pharmacia) chromatography (26) in the
presence of 100 pM GTP-y-S.

31. Before addition of the enzyme, both Ga proteins
were incubated for 1 hour on ice in the presence of
100 pM GTP-y-S and 5 mM MgCl,, mixed with the
Ptdins-containing lipid vesicles, and incubated
again for 10 min on ice. Activity was assayed as
described (Fig. 3). After separation of extracted
lipids by thin-layer chromatography, [32P]PI-3P
spots were located with the use of a phosphorim-

A Gene Outside the Human MHC Related
to Classical HLA Class | Genes

Keiichiro Hashimoto,* Momoki Hirai, Yoshikazu Kurosawa

By presenting antigenic peptides to T lymphocytes, major histocompatibility complex
(MHC) class | molecules play important roles in the human immune system. Knowledge
is limited on the evolutionary history of human MHC class I-related molecules. An ex-
pressed class | gene, MR1, has now been identified on human chromosome 1g25, outside
the MHC. In contrast to other known human divergent class | genes, MR1 encodes
peptide-binding domains similar to those encoded by human leukocyte antigen (HLA)
class | genes on chromosome 6 and by nonmammalian classical MHC class | genes. This
gene may thus contribute to understanding the evolution of the MHC.

MHC class I molecules present antigenic
peptides to CD8" T cells (I). In humans,
the HLA class I gene family consists of six
members: polymorphic HLA-A, -B, and -C,
and oligomorphic HLA-E, -F, and -G (2).
The functions of HLA-E, -F, and -G mole-
cules are unknown, although HLA-G is
thought to play a role in the maternal-fetal
interaction (3). Several groups of human
class I-related molecules—including the
CD1 family (4), Zn-a2-glycoprotein
(Zna2gp) (5), MICA (MHC class I chain-
related molecule A) (6), and a human ho-
molog of the rat neonatal Fc receptor
(FcRn) (7)—have also been identified.
Studies on nonmammalian MHC-related
systems suggest a tendency to expand the
number of genes in various animals (8—10).
Even in humans, it is possible that only a
fraction of MHC class I-related molecules
have been identified to date. To examine
this possibility, we have attempted to iso-
late unknown human class I genes. We now
describe a close relative of classical HLA
class [ genes in the human genome.
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The MRI gene was discovered by an
approach based on our previous polymerase
chain reaction (PCR)-based strategy (11—
13). A candidate human class I gene frag-
ment was amplified from human genomic
DNA with the use of two primers that
correspond to the two conserved regions in
the a3 domain of class I molecules (14).
The DNA sequence of this PCR product
did not correspond to that of any previously
described human class I sequence. Because
expression of this DNA sequence was de-
tected by Northern (RNA) analysis (Fig. 1)
(15), a human thymus complementary
DNA (cDNA) library was screened with
the PCR fragment, and the nucleotide se-
quence and predicted amino acid sequence
(Fig. 2) of the new gene, MR1, were deter-
mined. Similar to a typical class I molecule,

Fig. 1. Northem analysis of MR1 ex- 1
pression. A 1.15-kb fragment pre-

pared from the MR1 cDNA clone C7 Kb
was hybridized to membranes con- 95
taining polyadenylated RNA from hu- 75—
man heart, brain, placenta, lung, liver,

skeletal muscle, kidney, pancreas, 4.4~
spleen, thymus, prostate, testis, ova-

ry, small intestine, colon, and periph- 2.4-
eral blood leukocytes (lanes 1 to 16,
respectively) (15). Size markers (in ki-
lobases) are indicated on the left.

1.35—
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ager (Bio-Rad) and were quantitated according to
the manufacturer’s instructions. In three indepen-
dent experiments, maximal stimulatory concentra-
tions of Gat,,—GTP-v-S (2 nM) and Go,,~GTP-y-S (1
M) induced 1.5 to 3 times the base-line rate of
p110y activity. Heat denaturation of the Ga pro-
teins (10 min at 100°C) completely abolished this
stimulation. GTP-y-S alone (100 pM) and a sepa-
rate preparation of Ge;-GDP did not stimulate en-
zyme activity.
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the MR1 protein comprises a signal se-
quence, three extracellular domains (al,
a2, and a3), a transmembrane domain, and
a cytoplasmic domain. The chromosomal
location of MRI was determined by fluores-
cence in situ hybridization (FISH) analysis
(16, 17) as the distal portion of 1925
(1925.3) (Fig. 3A), outside the human
MHC (6p21.3). The location of MRI on
chromosome 1 was also supported by the
results of PCR amplification of the MRI
fragment from somatic cell hybrid DNA
(18) (Fig. 3B).

The predicted amino acid sequence of
MRI1 was compared with the sequences of
various class I molecules (Fig. 4). The three
extracellular domains (a1, a2, and a3) of a
class I molecule can be divided into two
structurally distinct components: the pep-
tide-binding symmetrical a1l and a2 do-
mains, which contain characteristic a heli-
ces, and the a3 domain, which adopts the
structure of the immunoglobulin fold. In
the a3 domain, the percentage amino acid
identity between MR1 and the HLA class |
molecules is similar to that between the
HLA class I molecules and either other
human divergent class I molecules or non-
mammalian class [ molecules (Fig. 4).

However, comparison of the functionally
important peptide-binding domains (a1 and
a?) revealed that MR1 exhibits ~40 to 50%
amino acid identity with the classical MHC
class I molecules of human, mouse, and non-
mammalian (for example, chicken) species
in both these domains (Fig. 4). Polymorphic

910 11 12 13 14 15 16
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Fig. 2. The predicted amino acid sequence
of the MR1 protein. The putative signal pep-
tide is underlined. (V), the predicted bound-
aries of three extracellular domains. The ar-
rows above the a3 domain indicate the lo-
cations of the two oligonucleotide primers

classical class I and closely related molecules
from various vertebrates also share ~40 to
50% amino acid identity in their peptide-
binding domains (Fig. 4); however, with the
exception of the a2 domain of Zna2gp, this

MGELMAFLLPLI IVLMVKHSD&ITHSLR?FRLGVSDP IHGVPEFISVGYV 50
DSHP ITTYDSVTRQKEP RAPWMAENLAPDHWERY TOLLRGWQOMFKVELK 100
RLQRHYxHS‘;SHTYQRM IGCELLEDGSTTGFLQYAYDGQDFLIFNKDTLS 150
WLAVDNVAHTI KQA%EANQHELLYQKNHLEEEC IAWLKRFLEYGKDTLQR 200

PPLVRVNRKETFPGVTALFCKAHGF YPPEI YMTWMKNGEE IVBE IDYG 250
DILPSGE(TQAHASIELDPQSSNLYSCHV'EHCGVHHVIOVPQ‘ESETIPL 300

used for PCR. (V), a potential N-glycosyla-
tion site. Of eight amino acid positions in

=]
VMKAVSGS IVLVIVLAGVGVLVWRRRPREQNGAIYLPTPDR

341

HLA classical class | molecules that are important for interaction with antigenic peptide termini (27), MR1
shares two with the HLA-A2 molecule (@). (l), the glutamine residue that is highly conserved within the
CD8 binding site in the a3 domain. (O), a potential phosphorylation site (28) in the cytoplasmic region.
Residue numbers are shown on the right. The percentage sequence identities between MR1 and HLA-A2
in the extracellular domains are shown in Fig. 4; that in the transmembrane and cytoplasmic regions is
22%. The sequence of MR1 cDNA (clone C7) has been deposited with GenBank (accession number,
U22963). Abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,
His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GiIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Fig. 3. (A) FISH analysis of human
chromosomes with a biotinylated

MR1 probe (16, 17). The R-banded
metaphase plate reveals hybridiza-

tion signals at the distal portion of

1925 (1925.3) (arrows). (B) PCR
amplification of the a1 domain of

MR1 from human-hamster somatic

cell hybrid DNA (78). PCR products

were separated by electrophoresis

on a 4% agarose gel (SepRate-

SDF; Amersham). Lanes 1 and 23,

DNA size markers (pBR322 DNA
digested with Hinf I); representative

DNA sizes (in base pairs) are indi-

cated on the left. Lanes 2 to 22,

PCR products (one-fifth of the reac-

tion mixture) amplified from various
templates. Arrow, the position of

the expected PCR product (278 B
base pairs). Template DNA was as

follows: human-hamster somatic

cell hybrid DNA (lanes 2 to 19), hu- bp
man DNA (lane 20), hamster DNA 506
(lane 21), and no-template control

(lane 22). Somatic cell hybrids used
in lanes 2 and 16 are reported to
contain human chromosome 1 on
the basis of cytogenetic examina-
tion (BIOS). Cell hybrids used in
lanes 5 and 7 are reported to con-
tain human chromosome 6, on
which MHC is located.

220-

Fig. 4. Similarities of amino acid sequences be-

degree of identity is not achieved by other
divergent class I molecules. Thus, on the
basis of the amino acid sequence identity in
the peptide-binding domains, MR1 is a close
relative of typical vertebrate classical class 1
molecules. Accordingly, MR1 is overall sig-
nificantly more related to HLA class I mol-
ecules than any other known human diver-
gent class I molecule, including MICA,
whose gene is located within the MHC; the
CD1 family, whose genes are located on the
same chromosome as MRI; and Zna2gp, a
soluble serum protein devoid of transmem-
brane and cytoplasmic domains.

The identification of a homolog of MR1
in the mouse genome (19) implies that the
ancestor of MRI was present in the primor-
dial mammalian species. The existence of
the MR lineage in mammals as well as the
tendency of the MHC system to increase the
number of its members suggest that there
may be close relatives (not necessarily relat-
ed to the MRI lineage) of classical MHC
genes in other vertebrate orders (20). From
an evolutionary standpoint, the coexistence
of multiple classical class I-related genes sug-
gests that species at different evolutionary
stages may adopt distinct gene lineages for
their MHC. In a New World primate (the
cotton-top tamarin), the most broadly ex-
pressed class I gene lineage is HLA-G (21),
which is expressed only in a highly restricted
manner and is oligomorphic in humans. The
discovery of MR1 suggests that selection for
the major polymorphic class I lineages simi-
larly may have occurred over a much longer
evolutionary time scale. In this context, the
relation between the mammalian and chick-
en classical class I genes may be revealing
because the organization of the chicken
MHC differs markedly from that of mammals
(10, 22). Chicken may have adopted a clas-

tween various class | molecules. The percentage HLA-A  HLA-B H-2k®>  Zno2gp MICA FcRn CD1A CD1B  Chicken Lizard Frog Salmon
amino acid identity is shown for each extracellular MR @ 5 %2 §§ %2 % q‘? é_%]
domain (a1, &2, and od). Percentage values of e ol 2 = N a wowwm = D
=40in the a1 or a2 domains are boxed. Compar- a2 @ z 2 2 I%I % EH
isons of class | molecules within the same group Zno2gp a1 22 25 18 25 26 33 21
(for example, HLA-A versus HLA-B, or CD1A ver- b ooz u 03 232
sus CD1B) or in closely related groups (for exam- MICA a1 21 11 27 26 25 21
ple, HLA-A versus H-2K?) are also included to « 2 18 z o
indicate the conservation in the a1 and a2 do- FcRn al 17 25 33 28 26
mains. References for the amino acid sequences 3 3 3 3 S »
are as follows: HLA-A2 (A*0201) and HLA-B27 cota ol 19 1 12 A
(B*2705) (29), H-2K® (30), CD1A and CD1B (37), a3 CE 32 27 32 25
FcRn (7), MICA (6), Zna2gp (the gene for which is Chicken a1 é_%,
located on human chromosome 7) (32), chicken o3 4 8
(BF-12) (22), lizard (Amieva lizard, LC1) (33), frog towd & o
(Xenopus laevis, Xela-UAAT', class la) (26), and fop a1 L
salmon (Atlantic salmon, p30) (25). @2
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sical class 1 lineage distinct from that of
mammals. MR1 does share some character-
istics, which are not found in HLA class I
molecules, with the chicken MHC and other
class I molecules including the CDI family;
examples include deletions and insertions of
amino acids in the ol and a2 domains, and
the amino acid similarity around residue 252
(Fig. 2).

The location of MRI on chromosome 1
may have a rational evolutionary history rath-
er than be a result of a minor accidental
translocation event, because a divergent
MHC class I-related CD!I gene family exists
on human chromosome 1q22-23 (23). In ad-
dition, many other immunoglobulin gene su-
perfamily members—including CD2, LFA-3,
Blast-1, the Fc receptors for immunoglobulins
G and E, and the polymeric immunoglobulin
receptor—are also located on chromosome 1
(24). It is conceivable that other MHC class
I- and also class Il-related genes may be
located near MRI on chromosome 1. The
relative proximity of MRI and CDI is the
first example in which distinct families of
MHC class I-related genes are found on the
same chromosome outside the MHC.

The discovery of MR1 suggests that ad-
ditional close relatives of MHC genes may
be present in the human genome. Some of
those genes may possess unusual functions
and others may serve as a reservoir for fu-
ture classical polymorphic MHC genes. The
identification of MRI and other MHC-re-
lated genes should aid in our understanding

of the evolution of the MHC.
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