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Abstract

IMGT, the international InMunoGeneTics information system® (http://imgt.cines.fr) provides a common access to expertly
annotated data on the genome, proteome, genetics and structure of immunoglobulins (IG), T cell receptors (TR), major
histocompatibility complex (MHC), and related proteins of the immune system (RPI) of human and other vertebrates. The
NUMEROTATION concept of IMGT-ONTOLOGY has allowed to define a unique numbering for the variable domains (V-
DOMAINS) and constant domains (C-DOMAINSs) of the IG and TR, which has been extended to the V-LIKE-DOMAINs and
C-LIKE-DOMAINSs of the immunoglobulin superfamily (IgSF) proteins other than the IG and TR (Dev Comp Immunol 27:55—
77,2003;29:185-203, 2005). In this paper, we describe the IMGT unique numbering for the groove domains (G-DOMAINS) of
the MHC and for the G-LIKE-DOMAINs of the MHC superfamily (MhcSF) proteins other than MHC. This IMGT unique
numbering leads, for the first time, to the standardized description of the mutations, allelic polymorphisms, two-dimensional
(2D) representations and three-dimensional (3D) structures of the G-DOMAINs and G-LIKE-DOMAINS in any species, and
therefore, is highly valuable for their comparative, structural, functional and evolutionary studies.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

IMGT, the international ImMunoGeneTics infor-
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quality integrated knowledge resource specialized in
the immunoglobulins (IG), T cell receptors (TR) and
major histocompatibility complex (MHC) of human
and other vertebrates, the immunoglobulin super-
family (IgSF) and MHC superfamily (MhcSF),
and the related proteins of the immune system (RPI)
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[1-16]. IMGT provides a common access to expertly
annotated data on the genome, proteome, genetics and
structure of the IG, TR, MHC, IgSF, MhcSF and RPI,
according to the IMGT Scientific chart rules and to the
IMGT-ONTOLOGY concepts [17]. More particu-
larly, the IMGT unique numbering [18-21], based on
the NUMEROTATION concept of IMGT-ONTOL-
OGY, has been set up to provide a standardized
description of mutations, allelic polymorphisms, two-
dimensional (2D) and three-dimensional (3D) struc-
ture representations of the IG and TR variable
domains (V-DOMAINSs), and constant domains (C-
DOMAINSs) whatever the antigen receptor, the chain
type or the species [20,21]. The IMGT unique
numbering for V-DOMAINs and C-DOMAINs is
used in all the IMGT components [1,6], and more
particularly in the databases IMGT/LIGM-DB [22],
IMGT/PRIMER-DB [23], IMGT/GENE-DB [24],
IMGT/3Dstructure-DB [25]), in the tools for sequence
and structure analysis (IMGT/V-QUEST [26], IMGT/
JunctionAnalysis [27], IMGT/Allele-Align, IMGT/
PhyloGene [28], IMGT/StructuralQuery [25]), and in
the IMGT Repertoire Web resources (‘'IMGT Protein
displays’ [29,30], IMGT Colliers de Perles’ 2D
representations [31], and ‘IMGT Alignments of
Alleles’ [32,33]; see http://imgt.cines.fr). Interest-
ingly, the IMGT unique numbering for V-DOMAIN
and for C-DOMALIN has been fully extended to the V-
LIKE-DOMAINs and C-LIKE-DOMAINs of IgSF
proteins other than the IG and TR [20,21,34,35]. This
is particularly remarkable for the V-DOMAINs and
V-LIKE-DOMAINS, the genomic structures of which
are strikingly different. Indeed, the IG and TR V-
DOMAINs are encoded by rearranged V-(D-)J genes
[32,33], whereas the V-LIKE-DOMAINs are often
encoded by a single exon [20,35].

In this paper, we define a standardized IMGT
unique numbering for the MHC groove domains (G-
DOMAINSs) of the MHC of all jawed vertebrates. We
show that this IMGT wunique numbering for
G-DOMAINs can be extended to the G-LIKE-
DOMAINSs of the MHC-like proteins (MhcSF pro-
teins other than MHC), of any species. The IMGT
unique numbering for G-DOMAIN and G-LIKE-
DOMAIN represents, therefore, a major step forward
for the comparative analysis of the sequences and
structures of these domains, and for the study of their
evolution.

2. MHC chain and G-DOMAIN definition

The MHC proteins that present peptides to the T
cells belong to the ‘classical MHC class I' (MHC-Ia)
or to the ‘classical MHC class II’ (MHC-IIa) [36]. The
MHC-Ia comprises, in human, the HLA-A, HLA-B
and HLA-C subclasses, and in mouse, the H2-D, H2-
K and H2-L subclasses. The MHC-IIa comprises, in
human, the HLA-DP, HLA-DQ and HLA-DR sub-
classes, and in mouse, the H2-A, H2-E and H2-P
subclasses (H2-P being unproductive). The MHC
proteins with more specific functions or which do not
present peptides to the T cells belong to the
‘nonclassical MHC-I" (MHC-Ib) or to the ‘nonclassi-
cal MHC-II’ (MHC-IIb). The MHC-Ib comprises, in
human, the HLA-E, HLA-F and HLA-G subclasses
(each one represented by a unique isotype), and, in
mouse, the H2-Q, H2-M and H2-T subclasses (each
one comprising several isotypes). The MHC-IIb
comprises, in human, the HLA-DM and HLA-DO
subclasses and, in mouse, the H2-DM and H2-DO
subclasses (IMGT Repertoire MHC, http://imgt.cines.
fr). Thus there are 11 MHC subclasses in human and
in mouse (3 MHC-Ia, 3 MHC-IIa, 3 MHC-Ib, and 2
MHC-IIb).

The MHC-I proteins, expressed on the cell surface
of most cells, are formed by the association of a
transmembrane heavy chain (I-ALPHA chain) and a
noncovalently linked light chain beta-2-microglobulin
(B2M) (Fig. 1). The MHC-II proteins, expressed on
the cell surface of professional antigen presenting
cells (APC), are heterodimers formed by the associ-
ation of two transmembrane chains, an alpha chain
(II-ALPHA chain) and a beta chain (II-BETA chain)
(Fig. 1).

The I-ALPHA chain of the MHC-I, and the II-
ALPHA and II-BETA chains of the MHC-II proteins,
comprise an extracellular region made of three
domains for the MHC-I chain and of two domains for
each MHC-II chain, a connecting region, a transmem-
brane region and an intracytoplamic region (Fig. 2).
The I-ALPHA chain comprises two groove domains
(G-DOMAINSs), the G-ALPHA1 [D1] and G-ALPHA2
[D2] domains, and one C-LIKE domain [D3] [21,36].
The II-ALPHA chain and the II-BETA chain each
comprises two domains, the G-ALPHA [D1] and C-
LIKE [D2] domains, and the G-BETA [D1] and
C-LIKE [D2] domains, respectively (Fig. 2). The four
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Fig. 1. 3D structures and schematic representations of the MHC class I (MHC-I) and MHC class II (MHC-II) proteins. (A) 3D structures of
MHC-I and MHC-II (loga and 1j8 h annotated coordinate files from IMGT/3Dstructure-DB [25], http://imgt.cines.fr, that include
crystallographic data from the Protein DataBank PDB [37]). The MHC-I comprises the I-ALPHA and the beta-2-microglobulin (B2M) chains.
The I-ALPHA chain is shown with its extracellular domains (G-ALPHA1, G-ALPHA?2 and C-LIKE) [36]. The MHC-II comprises the II-
ALPHA and II-BETA chains that are shown with their extracellular domains (G-ALPHA and C-LIKE for the II-ALPHA chain, G-BETA and C-
LIKE for the II-BETA chain). (B) Schematic representations of the MHC-I and MHC-II proteins. The MHC-I and MHC-II are shown as
transmembrane proteins, at the surface of a target cell and of an antigen presenting cell (APC), respectively. Complete MHC-I and MHC-II
chains comprise the extracellular domains (shown in A) and the connecting, transmembrane and cytoplamic regions (not present in 3D
structures [36], for details see Fig. 2). [D1], [D2] and [D3] indicate the position of the domains from the N-terminal end of the chains. Arrows
indicate the peptide localization in the MHC groove (the N-terminal end of the peptide is in the back).

G-DOMAINs, G-ALPHA1 and G-ALPHA2 of
the MHC-I proteins, and G-ALPHA and G-BETA of
the MHC-II proteins have a similar groove 3D
structure that consists of one sheet of four antiparallel
beta strands (‘floor’ of the groove or platform) and one
long helical region (‘wall’ of the groove). This groove

is part of the cleft that is the peptide binding site of the
classical MHC-Ia and MHC-Ila proteins [36] (Fig. 1).

Owing to the conserved structure between
classical and nonclassical MHC, and according to
the DESCRIPTION concept of IMGT-ONTOLOGY
[5,6,17], the same labels are used, for MHC-Ia
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Fig. 2. Correspondence between exons and domains for the MHC-I and MHC-II. (A) Exons of the Homo sapiens MHC-1 HLA-A gene and
MHC-II HLA-DRA and HLA-DRB1 genes, shown as examples. Lengths of the exons, introns and polyA signal are in base pairs. Introns
indicated with || are not at scale. (B) Domains of the Homo sapiens MHC-I HLA-A (I-ALPHA) chain and of the MHC-II HLA-DRA
(II-ALPHA) and HLA-DRB1 (II-BETA) chains, shown as examples. Lengths of the domains are in number of amino acids. The G-ALPHA
domain of HLA-DRA (84 amino acids) is encoded by EX2 (82 codons) and the 3’ end of EX1 (2 codons). EMBL/GenBank/DDBJ accession
numbers: HLA-A (K02883), HLA-DRA (J00203 and J00204) and HLA-DRB1 (AL137064) (Table 1).

and MHC-Ib, in the description of their heavy chain
and domains: I-ALPHA chain, and G-ALPHA1 and
G-ALPHA2 domains. Similarly, the same labels are
used, for MHC-Ila and MHC-IIb, in the description
of their respective alpha and beta chains and domains:
II-ALPHA and II-BETA chains, and G-ALPHA and
G-BETA domains.

3. IMGT unique numbering for G-DOMAIN

Correspondence between the four G-DOMAINs
was established by extensive sequence alignment
comparison of annotated MHC chains from the IMGT
Repertoire [1,6] and by structural data analysis and
alignment of MHC proteins with known 3D structures
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from IMGT/3Dstructure-DB, http://imgt.cines.fr [25].
As each G-DOMAIN is usually encoded by a
single exon, the delimitation of the domains in
IMGT takes into account the limits of the exons in
the genomic structure of the MHC genes (Fig. 2).
In Table 1 are indicated the EMBL/GenBank/
DDBJ [38-40] accession numbers of the sequences
whose domains are reported in the IMGT Protein
display (Fig. 3), the IMGT/3Dstructure-DB [25]
entries of the representative alleles, as well as the
accession numbers of genomic sequences from other
alleles that were necessary to identify the splicing
sites.

The IMGT Protein display (Fig. 3), based on the
IMGT unique numbering for G-DOMAIN, shows, for
the first time, a standardized amino acid alignment of
G-DOMAINS that belong to the same or to different
chain types, from the classical and nonclassical MHC-I
and MHC-II, and from different species. Indeed, this
IMGT Protein display includes (i) the G-ALPHALI
[D1] domains of MHC-Ia (human HLA-A*0201,
HLA-B*0702, HLA-Cw*0701 alleles found in a
frequent haplotype in caucasian populations, and
mouse H2-D1*02, H2-K1*01, H2-L*02), (ii) the G-
ALPHAI1 [D1] domains of MHC-Ib (human HLA-
E*01, HLA-F*01, HLA-G*01, and mouse H2-M5%*02,
H2-Q7%02, H2-T3*01), (iii) the G-ALPHA [D1]
domains of MHC-IIa (human HLA-DPA1*0103,
HLA-DQA1*0501, HLA-DRA*0101 alleles found in
a frequent haplotype in caucasian populations, and
mouse H2-AA*02, H2-EA*02) (iv) the G-ALPHA
[D1] domains of MHC-IIb (HLA-DMA*01, HLA-
DOA*01, and mouse H2-DMA*01, H2-DOA*01)
(Fig. 3A), (v) the G-ALPHA2 [D2] domains of
MHC-Ia and MHC-Ib (same chains as described
above for the G-ALPHA1 [D1] domains), (vi) the G-
BETA [D1] domains of MHC-IIa (human HLA-
DPB1*0401, HLA-DQB1*0301, HLA-DRB1*1402,
and mouse H2-AB*02, H2-EB1*01), and (vii) the
G-BETA [D1] domains of MHC-IIb (human
HLA-DMB*01, HLA-DOB*01), and mouse H2-
DMB1*02, H2-DOB*01) (Fig. 3B).

For each G-DOMAIN, the positions that contribute
to the groove floor comprise positions 1-49, with the A
strand from positions 1-14, the AB turn positions
15-17, the B strand positions 18-28, the BC turn
positions 29 and 30, the C strand positions 31-38,
the CD turn positions 39-41 and the D strand positions

42-49 (Fig. 3 and Table 2). The additional position 7A
represents a bulge in 3D structures and is present in
some G-ALPHA domains, for instance those of the
HLA-DQAI1, H2-AA, HLA-DOA and H2-DOA
chains. This position 7A is added if G-ALPHA
sequences are introduced in G-DOMAIN alignments
(Fig. 3). The gaps of the floor are localized in the turns.
The AB turn (positions 15-17) comprises three amino
acids in the G-ALPHA1, G-ALPHA?2 and G-BETA
domains but these positions are unoccupied in the G-
ALPHA domains (as well as position 18 of strand B).
The BC turn (positions 29 and 30) comprises two
positions that are occupied in all G-DOMAINs. The
CD turn (positions 39-41) is occupied by three amino
acids in the G-ALPHA1 domains and only one in the
other domains (G-ALPHA, G-ALPHA2 and G-BETA)
(Fig. 3). Additional positions at the N-terminus of
strand A or at the C-terminus of strand D can be added
if necessary. Thus, two additional positions (1.2 and
1.1) are added at the N-terminus of the A strand of the
G-ALPHA domains as the presence of these two amino
acids was demonstrated by protein sequencing of the
HLA-DRA [42] (Fig. 3A, Table 2A). In each [D1] G-
DOMAIN, except the G-ALPHA domain of HLA-
DMA and H2-DMA, the amino acid at position 1
(shown within parentheses in Fig. 3) is encoded by the
codon that results from the splicing between the first
exon (EX1) that encodes the L-REGION, and the
second exon (EX?2) that encodes [D1]. The two amino
acids, isoleucine (I) and lysine (K) at positions 1.2 and
1.1 of HLA-DRA G-ALPHA [D1], are therefore
encoded by EX1. By extrapolation, two amino acids
have been added at positions 1.2 and 1.1 for the other
G-ALPHA domains, but in those cases, the proteolytic
cleavage site of the leader peptide (L-REGION) needs
to be confirmed experimentally. It is also necessary to
confirm if the amino acids at positions 1.10-1.1 of
HLA-DMA and H2-DMA belong, or not, to the mature
protein (Fig. 3A, Table 2A). Four additional positions
(49.1-49.4) are observed at the C-terminus of strand D
of the G-BETA domain of HLA-DMB and H2-DMB1
(Fig. 3B, Table 2B).

The numbering of the alpha helix starts at position
50 and ends at position 92, with five additional
positions at 54A, 61A, 61B, 72A and 92A. Three
of them (61A, 61B, 72A) characterize the G-ALPHA2
and/or G-BETA domains (Fig. 3B, Table 2B).
Indeed, positions 61A and 72A are occupied in
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Table 1

Representative MHC and MHC-I-like genes and chains

A Species IMGT gene and gDNA® Mouse strain Mouse H2 cDNA® IMGT/3D ¢DNA EX1 gDNA (other
allele names” haplotype® structure-DBY  (same allele)™® alleles)™®
MHC-Ia Homo sapiens ~ HLA-A*0201 K02883 loga_A
HLA-B*0702 AJ292075
HLA-Cw*0701 Y18533 Y 18499
Y18534
Mus musculus  H2-D1*02 M18523 C57BL/10 b ljuf_A
H2-K1*01 V00746 C57BL/10 b 11k2_A
H2-L*02 L00127 BALB/c d (11d9_A)
MHC-Ib Homo sapiens  HLA-E*01 AF523277 Imhe_A
HLA-F*01 X17093
HLA-G*01 J03027
Mus musculus ~ H2-M5%02 L14279 BALB/c d
H2-Q7*02 X03210
H2-T3*01 M11742 C57BL/6 b
MHC-I- Homo sapiens  MICA*01 U56940 lhyr_C L29411
like MR1*01 AL356267
RAETIN*01 AL355497 lkeg_C
Mus musculus ~ AZGP1*01 AF281658 129/Svj 129
CDI1D1*01 X13170 ledl_A
FCGRT*01 D37872 BALB/c d
B IMGT gene and gDNAP Mouse Mouse H2 ~ c¢DNAP Mouse Mouse H2  IMGT/3D  gDNA ¢DNA
allele names® strain haplotype® strain haplotype®  structure- EX1 (same  (other
DB! allele)®® alleles)™®
MHC-IIa Hs HLA-DPA1*0103 X03100
HLA-DPB1*#0401 M23907 M23906
HLA-DQA1*0501 784489 1s9v_A
HLA-DQB1%#0301 M25325 092032
HLA-DRA*0101 J00204 1fvl_D J00203 784814
HLA-DRB1%1402 AJ297583 AL137064
Mm H2-AA*02 AY740451 BI10O.MOL1 (wl2) V00832 BI10A k/d2? liak_A AF027865
H2-AB*02 AY740477  BI10. (w8) M13538 B10A k/d2? liak_B AF027865
SNA70
H2-EA*(02 K00971 BALB/c d 1fng_C
AY303782 BALB.K k
H2-EB1*01 AF050157 129 be
MHC-IIb Hs HLA-DMA*01 X62744 (1 hdm_A) X76775
HLA-DMB*01 X76776 (1 hdm_B)
HLA-DOA*01 X02882
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HLA-DOB*01
H2-DMA*01
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H2-DOA*01
H2-DOB*01

Mm

% Owing to a lesser degree of polymorphism of the nonclassical Homo sapiens (Hs) MHC-Ib and MHC-IIb genes, compared to the classical MHC-Ia and MHC-I1a genes, a 2-digit

is used for their allele description (IMGT Scientific chart, http://imgt.cines.fr): *01 refers to *0101 found in the literature. The allele nomenclature of the highly polymorphic
H. sapiens classical MHC-Ia and MHC-Ila is according to HLA-DB [13]. Mus musculus (Mm) H2 alleles are numbered starting from allele *01 (sequence from strain C57BL/6).

(A) Classical MHC-I (MHC-Ia), nonclassical MHC-I (MHC-Ib), and MHC-I-like. (B) Classical MHC-II (MHC-IIa) and nonclassical MHC-II (MHC-IIb).
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the G-ALPHA2 domain, whereas positions 61A, 61B
and 72A are occupied in G-BETA domains, at the
exception of H2-AB (Table 2B). The position 92A is
only occupied in the HLA-DMA and H2-DMA G-
ALPHA domains (Fig. 3A, Table 2A). It is worth-
while to note that position 54A is the only additional
position needed to extend the IMGT numbering for G-
DOMAINSs to the G-LIKE-DOMAINS of the MHC-I-
like proteins (described in next paragraph and shown
in Fig. 3A).

The helix (positions 50-92) seats on the beta
sheet and its axis forms an angle of about 40° with
the beta strands. The helix is split into two parts
separated by a kink, positions 58 of G-ALPHAI,
61 of G-ALPHA2, 63 of G-ALPHA, and 62 of
G-BETA being the ‘highest’ points on the groove
floor [36].

Two cysteine, CYS-11 (in strand A) and CYS-74
(in the helix) are well conserved in the G-ALPHA2
and G-BETA domains where they participate to a
disulfide bridge that fastens the helix on the groove
floor (Fig. 3B). The G-ALPHA1 and G-ALPHA
domains have a conserved N-glycosylation site at
position 86 (N-X-S/T, where N is asparagine, X any
amino acid except proline, S is serine and T is
threonine) (Fig. 3A). A N-glycosylation site is also
found at that position in the G-ALPHA?2 domain of the
mouse MHC-Ia chains (H2-D1, H2-K1 and H2-L)
(Fig. 3B). The G-BETA domains (except for the
HLA-DMB and H2-DMBI1 chains) have a conserved
potential N-glycosylation site at position 15 (AB turn)
(Fig. 3B). Interestingly, the G-ALPHA domains of the
HLA-DMA and H2-DMA chains have specific
features compared to the other G-ALPHA domains
and share common characteristics with the G-
ALPHA?2 and G-BETA domains: there is a conserved
CYS-11_CYS-74 disulfide bridge, positions 61A and
61B are occupied (as in the G-BETA domains) and
there is no N-glycosylation site at position 86 (Fig. 3).

4. IMGT unique numbering for G-DOMAIN and
G-LIKE-DOMAIN and sequence data analysis

The IMGT unique numbering for G-DOMAIN
allows, for the first time, a standardized comparison
of the amino acid (and corresponding codons)
changes between the different groove domains

4 Chain ID from IMGT/3Dstructure-DB, http://imgt.cines.fr [25]. The chain ID is shown within parentheses for 3D structures in which the chain sequence differs from the
¢ Accession numbers that were necessary for splicing site identification: ‘same allele’ refers to the allele in column 3, ‘other alleles’ refers to alleles other than the ones in column 3.

H. sapiens and M. musculus MHC-I-like alleles are numbered starting from allele *01 that corresponds to the IMGT reference sequence (IMGT Repertoire, http://imgt.cines.fr). The
translation of the corresponding representative allele in column 3.

H2-PA gene (H2-PA*01 accession number D64112, strain C57BL/6) that is a pseudogene, and the H2-PB gene that has not yet been identified, are not included in the table.

® EMBL/GenBank/DDBJ nucleotide sequence accession numbers. gDNA: genomic DNA; cDNA: complementary DNA.
¢ From ‘Mouse H2 haplotypes and polymorphisms’ (IMGT Index > Strain, and IMGT Repertoire for MHC, http://imgt.cines.fr [1,6].
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that belong to a same chain (G-ALPHA1 and
G-ALPHA2), or to different MHC chains, and
this whatever the species. Practically, the IMGT
unique numbering for positions 1-39 and 73-92 of
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easily by substracting 90 from the mature protein
numbering (91-129 and 163-182) (Table 3).
Between these positions, the two gaps (at positions
40 and 41) and the two insertions (at positions 61A

the G-ALPHA2 domains can be obtained very and 72A) are necessary, in the IMGT unique
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G-ALPHAl [D1]
MHC-Ta
HLA-A*0201 Hs (G) SHSMRY .FFTSVSR PGR GEPRFIAVGYV DD TQFVRFDS DAA SQRMEPRA «EGPEYWD. . GETRKVKAHSQ . THRVDLGTLRGYYNQSEA. . .
HLA-B*0702 Hs (G) SHSMRY .FYTSVSR PGR GEPRFISVGYV DD TQFVRFDS DAA SPREEPRA « «RNTOIYKAQAQ.TDRESLRNLRGYYNQSEA. . .
HLA-Cw*0701 Hs (C) SHSMRY . FDTAVSR PGR GEPRFISVGYV DD TQFVRFDS DAA SPRGEPRA « .RETONYKRQAQ . ADRVSLRNLRGYYNQSED. . .
H2-D1*02 Mm (G) PHSMRY .FETAVSR PGL EEPRYISVGYV DN KEFVRFDS DAE NPRYEPRA « «RETOKAKGQEQ . WFRVSLRNLLGYYNQSAG. . .
H2-K1*01 Mm (G) PHSLRY.FVTAVSR PGL GEPRYMEVGYV DD TEFVRFDS DAE NPRYEPRA . .RETOKAKGNEQ . SFRVDLRTLLGYYNQSKG. . .
H2-L*02 Mm (G) PHSMRY .FETAVSR PGL GEPRYISVGYV DN KEFVRFDS DAE NPRYEPQA « «RITOIAKGQEQ .WFRVNLRTLLGYYNQSAG. . «
MHC-TIb
HLA-E*01 Hs (G) SHSLKY.FHTSVSR PGR GEPRFISVGYV DD TQFVRFDN DAA SPRMVPRA..... D..RETRSARDTAQ.IFRVNLRTLRGYYNQSEA. . .
HLA-F*01 Hs (G) SHSLRY.FSTAVSR PGR GEPRYIAVEYV DD TQFLRFDS DAA IPRMEPRE..... « -WTTGYAKANAQ . TDRVALRNLLRRYNQSEA. . .
HLA-G*01 Hs (G) SHSMRY .FSAAVSR PGR GEPRFIAMGYV DD TQFVRFDS DSA CPRMEPRA..... « . EETRNTKAHAQ . TDRMNLQTLRGYYNQSEA. . .
H2-M5*02 Mm (G) IHSLQF .FATTMTQ PGL REHSFIFVVFV DA TQFLCYNN KGK NQRMEPRP. « «QQTRTVKVIEK. IALVNLQEAMDIYNHSKD. . .
H2-Q7*02 Mm (G) QHSLQY .FHTAVSR PGL GEPWFISVGYV DD TQFVRFDS DAE NPRMEPRA. -RETOIAKGHEQ . SFRGSLRTAQSYYNQSKG. . «
H2-T3*01 Mm (G) SHSLRY.FYTALSR PAI SEPWYIAVGYL DD TQFVRFNS SGE TATYKLSA..... - «RETEIVTSNAQ.FFRENLQTMLDYYNLSON. . «
G-ALPHA1-LIKE [D1]
MHC-I-like
MICA*01 Hs (E) PHSLRY .NLTVLSW DGS VQSGFLTEVHL DG QPFLRCDR Q.. KCRAKPQG..... « «RETRDLTGNGK . DLRMTLAHIKDQKE. . .. ...
MR1*01 Hs (R) THSLRY . FRLGVSD PIH GVPEFISVGYV DS HPITTYDS V.. TRQKEPRA..... « «RYTOLLRGWQQO . MFKVELKRLQRHYNHS. . . . .
RAETIN*01 Hs (D)AHSLWY .NFTITIHL PRH GQQWCEVQSQV DQ KNFLSYDC G.. SDKVLSMG..... HLEEQLYATDAWG. . KQLEMLREVGQ . RLRLELADTELEDFTPS. . . .
AZGP1*01 Mm (G) SYYLTF.LYTGLSR PSK GFPRFQATAFL ND QAFFHYNS N.. SGKAEPVG..... PWSQV .EGMEDWE . . KESOLQRAREE . IFLVTLKDIMDYYKDTT. . . .
CD1D1*01 Mm (A)QQKNYTFRC.LOMSSFA NR. SWSRTDSVVWL GD LQTHRWSN D.. SATISFTK..... PWSQGKLSNQQWE . « KLQHMFQVYRV . SFTRDIQELVKMMSPKED. . .
FCGRT*01 Mm (E) TRPPLMY . HLTAVSN PST GLPSFWATGWL GP QQYLTYNS L.. RQEADPCG..... AWMWENQVSWYWE . . KETTDLKSKEQ . LFLEALKTLEKILN. ......
G-ALPHA [D1]
MHC-IIa
HLA-DPA1*0103 Hs IK(A)DHVSTY.AAFVQTH ... .RPTGEFMFEF DE DEMFYVDL D. KKETVWHL .« oo« EEFGQ..... AFS..FEAQGGLANIA.ILNNNLNTLIQRSNHTQATN.
HLA-DQA1*0501 Hs IV (A)DHVASYGVNLYQSY ... .GPSGQYTHEF DG DEQFYVDL G. RKETVWCL. . ... PVLRQ..... FR...FDPQFALTNIA.VLKHNLNSLIKRSNSTAATN.
HLA-DRA*0101 Hs IK(E)EHVIIQ.AEFYLNP ... .DQSGEFMFDF DG DEIFHVDM A. KKETVWRL .« oo« EEFGR..... FAS..FEAQGALANIA.VDKANLEIMTKRSNYTPITN.
H2-AA*02 Mm IE(A)DHVGSYGITVYQSP ... .GDIGQYTFEF DG DELFYVDL D. KKETVWML e e o o« PEFAQ..... LRR. .FEPQOGGLONIA.TGKHNLEILTKRSNSTPATN.
H2-EA*02 Mm IK(E)EHTIIQ.AEFYLLP ... .DKRGEFMFDF DG DEIFHVDI E. KSETIWRL .« EEFAK..... FAS..FEAQGALANIA.VDKANLDVMKERSNNTPDAN .
MHC-IIb
HLA-DMA*01 (A) PTPMWPDDLONHTFLH.TVYCQDG ... .SPSVGLSEAY DE DQLFFFDF S. QONTRVPRL e« oo™ PEFAD..... WAQEQGDAPAILFDKE.FCEWMIQQIGPKLDGKIPVSR
HLA-DOA*01 Hs TK(A)DHMGSYGPAFYQSY ... .GASGQFTHEF DE EQLFSVDL K. KSEAVWRL e« e v« PEFGD..... FAR..FDPOGGLAGIA.AIKAHLDILVERSNRSRAIN.
H2-DMA*01 (A) STPVFWDDPQNHTFRH.TLFCQDG ... .IPNIGLSETY DE DELFSFDF S. QONTRVPRL .+« oo PDFAE..... WAQGQGDASAIAFDKS . FCEMLMREVSPKLEGQIPVSR
H2-DOA*01 Mm IK(A)DHMGSYGPAFYQSY ... .DASGQFTHEF DG EQIFSVDL K.. NEEVVWRL..... PEFGD..... FAH..SDFQSGLMSIS.MIKAHLDILVERSNRTRAVS.

Fig. 3. IMGT Protein display of G-DOMAINs and G-LIKE-DOMAINS of representative MHC and MHC-I-like chains. (A) G-ALPHA1 [D1], G-
ALPHAI1-LIKE [D1] and G-ALPHA [D1] domains from classical (MHC-Ia) and nonclassical (MHC-Ib) MHC-I, from MHC-I-like, and from
classical (MHC-IIa) and nonclassical (MHC-IIb) MHC-II, respectively. (B) G-ALPHA2 [D2], G-ALPHA2-LIKE [D2] and G-BETA [D1]
domains from classical (MHC-Ia) and nonclassical (MHC-Ib) MHC-I, from MHC-I-like, and from classical (MHC-IIa) and nonclassical (MHC-
IIb) MHC-II, respectively. [D1], [D2] and [D3] indicate the position of the domains from the N-terminal end of the chains. Membrane proteins
quoted in this figure are of type I, that is with the chain N-terminal end being extracellular. Sequences are from Homo sapiens (Hs) and from Mus
musculus (Mm). The IMGT Protein display is according to the IMGT unique numbering for G-DOMAIN and G-LIKE-DOMAIN, based on the
NUMEROTATION concept of IMGT-ONTOLOGY [17]. The G-DOMAINs and G-LIKE-DOMAINs are designated with the IMGT labels
(IMGT Scientific chart, http://imgt.cines.fr). Beta strands are shown by horizontal arrows. Dots indicate missing amino acids according to the
IMGT unique numbering. Amino acids resulting from a splicing with a preceding exon are shown within parentheses. EMBL/GenBank/DDBJ
accession numbers are reported in Table 1. Potential N-glycosylation sites (N-X—S/T) are underlined. Note that the C-LIKE-DOMAIN [D2] of M.
musculus H2-AA (NT_039649, H2-AA*01), H. sapiens HLA-DMA (NT_007592, HLA-DMA*01) and M. musculus H2-AB (NT_039649, H2-
AB*01) were reported in Fig. 3 of Ref. [21]. Gene names (symbols) are according to the IMGT Nomenclature committee (IMGT-NC) [1] and to the
HUGO Nomenclature Committee (HGNC) [41]. Full gene designations for the MHC genes are based on the examples shown within parentheses:
human MHC-I (HLA-A: Major histocompatibility complex, class I, A), mouse MHC-I (H2-K1: histocompatibility 2, class I, K1), human MHC-IT
(HLA-DPA1: MHC classII, DP alphal; HLA-DPB1: MHC class II, DP betal), and mouse MHC-II (H2-A A: histocompatibility 2, class II, A alpha;
H2-AB: histocompatibility 2, class II, A beta). Full gene designations for the MHC-I-like genes are the following: MICA, MHC class I polypeptide-
related sequence A; MR 1: major histocompatibility complex, class I-related; RAET1N: retinoic acid early transcript 1 N, UL16 binding protein 3;
CDI1D1: CD1D antigen, polypeptide 1; FCGRT: Fc fragment of IgG, receptor, transporter, alpha; AZGP1: alpha-2-glycoprotein 1, zinc. Amino
acid one-letter abbreviation: A (Ala), alanine; C (Cys), cysteine; D (Asp), aspartic acid; E (Glu), glutamic acid; F (Phe), phenylalanine; G (Gly),
glycine; H (His), histidine; I (Ileu), isoleucine; K (Lys), lysine; L (Leu), leucine; M (Met), methionine; N (Asn), asparagine; P (Pro), proline; Q
(Gln), glutamine; R (Arg), arginine; S (Ser), serine; T (Thr), threonine; V (Val), valine; W (Trp), tryptophan; Y (Tyr), tyrosine.
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G-ALPHA2 [D2]
MHC-Ia
HLA-A*0201 Hs (G) SHTVQR.MYGCDVG SDW RFLRGYHQYAY DG KDYIALKE D.. LRSWTAAD..... MAAQT . TKHKWEAA . HVAEQLRAYLEGTCVEWLRRYLENGKETLORT .
HLA-B*0702 Hs (G) SHTLQS.MYGCDVG PDG RLLRGHDQYAY DG KDYIALNE D.. LRSWTAAD..... TAAQT . TQRKWEAA . REAEQRRAYLEGECVEWLRRYLENGKDKLERA .
HLA-Cw*0701 Hs (G) SHTLQR.MYGCDLG PDG RLLRGYDQSAY DG KDYIALNE D.. LRSWTAAD..... TAAQT . TQRKLEAA .RAAEQLRAYLEGTCVEWLRRYLENGKETLQRA .
H2-D1*02 Mm (G) SHTLQQ.MSGCDLG SDW RLLRGYLQFAY EG RDYIALNE D.. LKTWTAAD..... MAAQT . TRRKWEQS . GAAEHYKAYLEGECVEWLHRYLKNGNATLLRT .
H2-K1*01 Mm (G) SHTIQV.ISGCEVG SDG RLLRGYQQYAY DG CDYIALNE D.. LKTWTAAD..... MAALT . TKHKWEQA . GEAERLRAYLEGTCVEWLRRYLKNGNATLLRT .
H2-L*02 Mm (G) THTLQW.MYGCDVG SDG RLLRGYEQFAY DG RDYIALNE D.. LKTWTAAD..... MAAQT . TRRKWEQA . GAAEYYRAYLEGECVEWLHRYLKNGNATLLRT .
MHC-Ib
HLA-E*01 Hs (G) SHTLQW.MHGCELG PDR RFLRGYEQFAY DG KDYLTLNE D.. LRSWTAVD..... TAAQT . SEQKSNDA . SEAEHQRAYLEDTCVEWLHKYLEKGKETLLHL .
HLA-F*01 Hs (G) SHTLQG . MNGCDMG PDG RLLRGYHQHAY DG KDYISLNE D.. LRSWTAAD..... TVAQI . TQRFYEAE . EYAEEFRTYLEGECLELLRRYLENGKETLQRA .
HLA-G*01 Hs (S) SHTLQW.MIGCDLG SDG RLLRGYEQYAY DG KDYLALNE D.. LRSWTAAD..... TAAQT . SKRKCEAA . NVAEQRRAYLEGTCVEWLHRYLENGKEMLORA .
H2-M5%02 Mm (G) SHVFQC.VYGCEVG PDG LFLRGHEKHAY DG RDYLTLSP D.. LHSWVAGD..... TAAQTI . TLRRWEKS . GVSEQRQSFLKGECVDSLRTYLEIRKETLLRT .
H2-Q7*02 Mm (G) SHTLQW.MYGCDMG SDG RLLRGYLQFAY EG RDYIALNE D.. LKTWTAVD..... MAAQT . TRRKWEQA . GTAEKDQAYLEGTCMQSLRRYLQLGKETLLRT .
H2-T3*01 Mm (G) SHTIQV.MYGCEVE FFG SLFRAYEQHGY DG RDYIALNE D.. LKTWTAAD..... TAAET . TRSKWEQA . GYTELRRTYLEGPCKDSLLRYLENRKKTQECT .
G-ALPHA2-LIKE [D2]
MHC-I-like
MICA*01 Hs (G) LHSLQE.IRVCEIH ED. NSTRSSQHFYY DG ELFLSQONL E.. TKEWTMPQSSRAQ TLAMN.VRNFLKEDAMKTKTHYHAMHADCLQELRRYLKSGV.VLRRT.
MR1*01 Hs (G) SHTYQR.MIGCELL ED. GSTTGFLQYAY DG QDFLIFNK D.. TLSWLAVD..... NVAHT . IKQAWEANQHELLYQKNWLEEECTIAWLKRFLEYGKDTLQRT .
RAETIN*01 Hs (G) PLTLQV.RMSCECE AD. GYIRGSWQFSF DG RKFLLFDS N.. NRKWTVVH..... AGARR . MKEKWEKDSGLTTFFKMVSMRDCKSWLRDF LMHRKKRLEPT .
AZGP1*01 Mm (G) SHTFQG.MFGCEIT NN. RSSGAVWRYAY DG EDFIEFNK E. W PAAAN . TKLKWEAEKVYVQRAKAYLEEECPEMLKRYLNY SRSHLDRI .
CD1D1*01 Mm (Y) PIEIQL.SAGCEMY PG. NASESFLHVAF QG KYVVRFWG ... .TSWQTVPGAP.. SWLDL.PIKVLNADQGTSATVQMLLNDTCPLFVRGLLEAGKSDLEKQ.
FCGRT*01 Mm (G) TYTLQG.LLGCELA SD. NSSVPTAVFAL NG EEFMKFNP R.. IGNWTGEW..... PETEI . VANLWMKQPDAARKESEFLLNSCPERLLGHLERGRRNLEWK .
G-BETA [D1]
MHC-IIa
HLA-DPB1*%0401 Hs (E) NYLFQG.RQECYAF NGT Q..RFLERYIY NR EEFARFDS D.. VGEFRAVT..... ELGRP . AAEYWNSQKDILEEKRAVPDRMCRHNYELGGPMTLQRR. . . .
HLA-DQB1*0301 Hs (E) DFVYQF .KAMCYFT NGT ERVRYVTRYIY NR EEYARFDS D.. VEVYRAVT..... PLGPP . DAEYWNSQKEVLERTRAELDTVCRHNYQLELRTTLORR. . . .
HLA-DRB1%1402 Hs (P)RFLEYS.TSECHFF NGT ERVRFLERYFH NQ EENVRFDS D.. VGEYRAVT..... ELGRP . DAEYWNSQKDLLEQRRAAVDTYCRHNYGVGESFTVORR. . .
H2-AB*02 Mm (R) HFVHQF . QPFCYFT NGT QRIRLVIRYIY NR EEYVRFDS D.. VGEYRAVT..... ELGRP.DAEYWNK. . QYLERTRAELDTVCRHNYEKTETPTSLRRL. .
H2-EB1*01 Mm (P)WFLEYC.KSECHFY NGT QRVRLLERYFY NL EENLRFDS D.. VGEFRAVT..... ELGRP . DAENWNSQPEFLEQKRAEVDTVCRHNYEISDKFLVRRR. . .
MHC-IIb
HLA-DMB*01 Hs (G) GFVAHV.ESTCLLD DAG TPKDFTYCISF NK DLLTCWDP E.. ENKMAPCEFGVL. NSLAN.VLSQHLNQKDTLMQORLRNGLQNCATHTQPFWGSLTNRT. ..
HLA-DOB*01 Hs (E) DFVIQA.KADCYFT NGT EKVQFVVRFIF NL EEYVRFDS D.. VGMFVALT..... KLGQP . DAEQWNSRLDLLERSRQAVDGVCRHNYRLGAPFTVGRK. . . .
H2-DMB1*02 Mm (G) GFVAHV.ESTCVLD DAG TPQDFTYCVSF NK DLLACWDP I.. VGKIVPCEFGVL. YPLAE.NFSRILNKEESLLQRLQNGLPDCASHTQPFWNALTHRT. ...
H2-DOB*01 Mm (E) NFVIQA.KADCYFT NGT EKVHLLVRFIF NL EEYLHFDS D.. LGMFVALT..... ELGEP . DADQWNKRLDLLETSRAAVNMVCRQKYKLGAPFTVERN. . . .

Fig. 3 (continued)

numbering, to allow meaningful sequence and
structure alignment and comparison between the
G-ALPHAL1 and G-ALPHA?2 sequences. Correspon-
dence between the IMGT unique numbering for G-
DOMAIN and different MHC chain numberings is
shown in Table 3. Examples include the G-ALPHA1
[D1] and G-ALPHA2 [D2] domains of the classical
MHC-I (MHC-Ia) HLA-A, the G-ALPHA [D1] and
G-BETA [D1] domains of the classical MHC-II
(MHC-IIa) HLA-DRA and HLA-DRBI, and the G-
ALPHA [D1] and G-BETA [D1] domains of the
nonclassical MHC-II (MHC-IIb) HLA-DMA and
HLA-DMB.

The IMGT unique numbering for G-DOMAIN
has been extended to the G-LIKE-DOMAINs of
MhcSF proteins other than MHC. So far, only
MHC-I-like proteins have been identified in the
MhcSF [43-46]. The examples of MHC-I-like
chains shown in Fig. 3 include the human
MICA*01, MR1*01 and RAETIN*01, and the
mouse AZGP1*01, CD1D1*01 and FCGRT*01.
The G-ALPHAI-LIKE [D1] and G-ALPHA2-LIKE

[D2] domains of these proteins show a striking
structural homology with the MHC G-ALPHA1 and
G-ALPHA2 domains and this, despite a high
sequence divergence [46]. The implementation of
the IMGT unique numbering for G-DOMAIN and
G-LIKE-DOMAIN represents therefore a major
step in the standardization of the MhcSF amino
acid sequence alignments (Fig. 3). As the nucleo-
tide positions are derived from the codon number-
ing, the IMGT unique numbering allows a
standardized allele description and the setting up
of ‘Tables of alleles’ and ‘Alignments of alleles’
for MhcSF proteins, whatever the receptor, the
chain or the species (IMGT Repertoire for MHC,
IMGT Repertoire for RPI, http://imgt.cines.fr).
Owing to that standardization, the sequence poly-
morphisms of any G-DOMAIN (of any MHC
gene or chain, from any vertebrate species) and
the sequence polymorphisms of any G-LIKE-
DOMAIN (of any MHC-I-like gene or chain,
from any species) can easily be described and
analysed.


http://imgt.cines.fr

Table 2

Lengths of the G-DOMAIN and G-LIKE-DOMAIN labels, according to the IMGT unique numbering

A G-ALPHA1 [D1] G-ALPHAI-LIKE [D1]
MHC-Ia MHC-Ib MHC-I-like
G-DOMAIN  IMGT Domain HLA-A H2-D1 HLA-E H2-M5 MICA MRI1 RAETIN  AZGP1 CDIDI FCGRT
and G-LIKE-  unique maximal HLA-B H2-K1 HLA-F H2-Q7
DOMAIN number- length HLA-C H2-L HLA-G H2-T3
labels ing Hs Mm Hs Mm Hs Hs Hs Mm Mm Mm
A-STRAND 1.3-1.1* +3 +3 +1
1-14 14 14 14 14 14 14 14 14 14 14 14
TA +1
AB-TURN 15-17 3 3 3 3 3 3 3 3 3 2 3
B-STRAND 18-28 11 11 11 11 11 11 11 11 11 11 11
BC-TURN 29-30 2 2 2 2 2 2 2 2 2 2 2
C-STRAND  31-38 8 8 8 8 8 8 8 8 8 8 8
CD-TURN 3941 3 3 3 3 3 1 1 1 1 1 1
D-STRAND  42-49 8 8 8 8 8 8 8 8 8 8 8
49.1-49.5  +5
HELIX 50-92 43 41 41 41 41 37 39 40 40 41 37
S54A +1 +1 +1 +1 +1 +1
61A +1
61B +1
72A +1
92A +1
Total length 92 (+14) 90 90 90 90 86 (+1) 88 (+1) 89 (+1) 89 90 (+4) 86 (+2)
A G-ALPHA [D1]
MHC-IIa MHC-IIb
G-DOMAIN IMGT Domain HLA-DPA1  HLA-DQAI H2-AA H2-EA HLA-DMA  HLA-DOA H2-DMA H2-DOA
and G-LIKE- unique maximal HLA-DRA
DOMAIN numbering length Hs Hs Mm Mm Hs Hs Mm Mm
labels
A-STRAND 1.10-1.1* +10 +2 +2 +2 +2 +10 +2 +10 +2
1-14 14 14 14 14 14 14 14 14 14
7A +1 +1 +1 +1 +1
AB-TURN 15-17 3 0 0 0 0 0 0 0 0
B-STRAND 18-28 11 10 10 10 10 10 10 10 10
BC-TURN 29-30 2 2 2 2 2 2 2 2 2
C-STRAND 31-38 8 8 8 8 8 8 8 8 8
CD-TURN 3941 3 1 1 1 1 1 1 1 1
D-STRAND 42-49 8 8 8 8 8 8 8 8 8
49.1-49.5 +5
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HELIX 50-92 43 39 38 39 39 39 39 39 39
54A +1
61A +1 +1 +1
61B +1 +1 +1
72A +1
92A +1 +1 +1
Total length 92 (+21) 82 (+2) 81 (+3) 82 (+3) 82 (+2) 82 (+13) 82 (+3) 82 (+13) 82 (+3)
B G-ALPHA [D2] G-ALPHA2-LIKE [D2]
MHC-]a MHC-Ib MHC-I-like
G-DOMAIN  IMGT Domain HLA-A H2-D1 HLA-E H2-M5 MICA MRI1 RAETIN  AZGP1 CD1D1 FCGRT
and G-LIKE-  unique maximal HLA-B H2-K1 HLA-F H2-Q7
DOMAIN number- length HLA-C H2-L HLA-G H2-T3
labels ing Hs Mm Hs Mm Hs Hs Hs Mm Mm Mm
A-STRAND 1-14 14 14 14 14 14 14 14 14 14 14 14
TA +1
AB-TURN 15-17 3 3 3 3 3 2 2 2 2 2 2
B-STRAND 18-28 11 11 11 11 11 11 11 11 11 11 11
BC-TURN 29-30 2 2 2 2 2 2 2 2 2 2 2
C-STRAND  31-38 8 8 8 8 8 8 8 8 8 8 8
CD-TURN 3941 3 1 1 1 1 1 1 1 1 0 1
D-STRAND  42-49 8 8 8 8 8 8 8 8 8 7 8
49.1-49.5  +5 +5 +3
HELIX 50-92 43 43 43 43 43 42 43 43 43 43 43
54A +1
61A +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1
61B +1 +1 +1 +1 +1 +1 +1
72A +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1
92A +1
Total length 92 (+11) 90 (+2) 90 (+2) 90 (+2) 90 (+2) 88 (+38) 89 (+3) 89 (+3) 89 (+3) 87 (+6) 89 (+3)
B G-BETA [D1]
MHC-IIa MHC-IIb
G-DOMAIN  IMGT Domain HLA-DPB1 HLA-DQB1  H2-AB H2-EB1 HLA-DMB HLA-DOB H2-DMB1 H2-DOB
and G-LIKE-  unique num-  maximal HLA-DRBI1
DOMAIN bering length Hs Hs Mm Mm Hs Hs Mm Mm
labels
A-STRAND  1-14 14 14 14 14 14 14 14 14 14
TA +1
AB-TURN 15-17 3 3 3 3 3 3 3 3
B-STRAND  18-28 11 9 11 11 11 11 11 11 11

(continued on next page)
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Table 2 (continued)

B G-BETA [D1]
MHC-IIa MHC-IIb
G-DOMAIN  IMGT Domain HLA-DPB1 HLA-DQB1  H2-AB H2-EB1 HLA-DMB HLA-DOB H2-DMB1 H2-DOB
and G-LIKE-  unique num-  maximal HLA-DRBI1
DOMAIN bering length Hs Hs Mm Mm Hs Hs Mm Mm
labels
BC-TURN 29-30 2 2 2 2 2 2 2 2 2
C-STRAND  31-38 8 8 8 8 8 8 8 8 8
CD-TURN 39-41 3 1 1 1 1 1 1 1 1
D-STRAND  42-49 8 8 8 8 8 8 8 8 8
49.1-49.5 +5 +4 +4
HELIX 50-92 43 40 40 41 40 40 40 40 40
S54A +1
61A +1 +1 +1 +1 +1 +1 +1 +1
61B +1 +1 +1 +1 +1 +1 +1 +1
72A +1 +1 +1 +1 +1 +1 +1 +1 +1
92A +1
Total length 92 (+11) 85 (+3) 87 (+3) 88 (+1) 87 (+3) 87 (+7) 87 (+3) 87 (+7) 87 (+3)

(A) G-ALPHAL1 [D1] domains of MHC-Ia and MHC-Ib chains, G-ALPHA1-LIKE [D1] domains of MHC-I-like chains, and G-ALPHA [D1] domains of MHC-IIa and MHC-IIb
chains. (B) G-ALPHA2 [D2] domains of MHC-Ia and MHC-Ib chains, G-ALPHA2-LIKE [D2] domains of MHC-I-like chains, and G-BETA [D1] domains of MHC-IIa and MHC-
IIb chains. A plus (+) sign indicates additional positions (see text).

? The amino acids at positions 1.2 and 1.1 for HLA-DRA were identified by amino acid sequencing [42] and extrapolated for the G-ALPHA [D1] domains of the other MHC-IIa
chains and for the MHC-IIb HLA-DQA and H2-DQA chains. These additional amino acids, and those at positions 1.10-1.1 of the G-ALPHA [D1] domain of the HLA-DMA and
H2-DMA chains, need to be confirmed experimentally in the mature chain. This also concerns positions 1.3—1.1 of the G-ALPHA1-LIKE [D1] domain of the M. musculus CD1D1
and positions 1.1 of M. musculus FCGRT.
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Table 3

Correspondence between the IMGT unique numbering for G-DOMAIN and G-LIKE-DOMAIN, and MHC-Ia, MHC-IIa and MHC-IIb chain numberings

IMGT G-
DOMAIN and G-
LIKE-DOMAIN
labels

IMGT unique

numbering for G-
DOMAIN and G-
LIKE-DOMAIN*

MHC-Ia

MHC-IIa

MHC-IIb

I-ALPHA chain

II-ALPHA chain

II-BETA chain

II-ALPHA chain

II-BETA chain

HLA-A*0201 HLA-DRA*0101 HLA-DRB1*#1402  HLA-DMA*01 HLA-DMB*01
G-ALPHALI [D1] G-ALPHA? [D2] G-ALPHA [DI1] G-BETA [Dl1] G-ALPHA [D1] G-BETA [Dl1]
domain domain domain domain domain domain

A-STRAND

AB-TURN

B-STRAND

1.10

1 ggc GLY (G)
2 tct SER' S

3 cac HIS H

4 tcc SER S

5 atg MET M
6 agg ARG R
7tat TYR'Y

8 ttc PHE F

9 ttc PHE F

10 aca THR T
11 tcc SER S
12 gtg VAL V
13 tcc SER S
14 cgg ARG R
15 ccc PRO P
16 ggc GLY G
17 cgc ARG R
18 ggg GLY G
19 gag GLU E
20 ccc PRO P
21 cgc ARG R
22 ttc PHE F
23 atc ILE I

91 ggt GLY (G)
92 tct SER S

93 cac HIS H
94 acc THR T
95 gtc VAL V
96 cag GLN Q
97 agg ARG R
98 atg MET M
99 tat TYR Y
100 ggc GLY G
101 tge CYS C
102 gac ASP D
103 gtg VAL V
104 ggg GLY G
105 tcg SER S
106 gac ASP D
107 tgg TRP W
108 cgc ARG R
109 ttc PHE F
110 ctc LEU L
111 cgc ARG R
112 ggg GLY G
113 tac TYRY

latc ILE I

2 aaa LYS K
3 gaa GLU (E)
4 gaa GLU E
5 cat HIS H

6 gtg VAL V
7 atc ILE I

8 atc ILE 1

9 cag GLN Q
10 gcc ALA A
11 gag GLU E
12 ttc PHE F
13 tat TYR'Y
14 ctg LEU L
15 aat ASN N
16 cct PRO P

17 gac ASP D
18 caa GLN Q
19 tca SER S

20 ggc GLY G
21 gag GLU E

1 cca PRO (P)
2 cgt ARG R
3 ttc PHE F
4ttg LEUL

5 gag GLUE
6tac TYRY

7 tct SER S
8acg THRT
9 tct SER S

10 gag GLU E
11tgt CYS C
12 cat HIS H
13 ttc PHE F
14 ttc PHE F
15 aat ASN N
16 ggg GLY G
17 acg THR T
18 gag GLU E
19 cgg ARG R
20 gtg VAL V
21 cgg ARG R
22 ttc PHE F
23 ctg LEUL

1 gct ALA (A)
2 cct PRO P
3act THRT

4 cca PRO P

5 atg MET M
6 tgg TRP W
7 cca PRO P

8 gat ASP D

9 gac ASP D
10ctg LEUL
11 caa GLN Q
12 aac ASN N
13 cac HIS H
14 aca THR T
15 ttc PHE F
16 ctg LEU L
17 cac HIS H
18 aca THR T
19 gtg VAL V
20 tac TYR Y
21 tgc CYS C
22 cag GLN Q
23 gat ASP D
24 ggg GLY G

25 agt SER S
26 ccc PRO P
27 agt SER S
28 gtg VAL V
29 gga GLY G

(continued on next page)

1 ggt GLY (G)
2 ggc GLY G
3 ttc PHE F

4 gtg VAL V
5 gecc ALA A
6 cat HIS H

7 gtg VAL V
8 gaa GLU E
9 agc SER S
10 acc THR T
11tgt CYS C
12 ctg LEU L
13 ttg LEU L
14 gat ASP D
15 gat ASP D
16 gct ALA A
17 ggg GLY G
18 act THR T
19 cca PRO P
20 aag LYS K
21 gat ASPD
22 ttc PHE F
23 aca THR T
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Table 3 (continued)

IMGT G- IMGT unique MHC-Ia MHC-IIa MHC-IIb

E%gg}j{ﬂﬁ' gg“ﬁi}‘;f:ﬁ; g: I-ALPHA chain I-ALPHA chain  II-BETA chain I-ALPHA chain  I-BETA chain

labels LIKE-DOMAIN® HLA-A*0201 HLA-DRA*0101 HLA-DRB1*1402  HLA-DMA*01 HLA-DMB*01

G-ALPHALI [D1] G-ALPHA2 [D2] G-ALPHA [D1] G-BETA [D1] G-ALPHA [D1] G-BETA [D1]
domain domain domain domain domain domain

24 24 gca ALA A 114 cac HIS H 22 ttt PHE F 24 gag GLU E 30 ctc LEU L 24 tac TYRY
25 25 gtg VAL V 115 cag GLN Q 23 atg MET M 25 aga ARG R 31 tct SER S 25 tgc CYS C
26 26 ggc GLY G 116 tac TYR Y 24 ttt PHE F 26 tac TYR'Y 32 gag GLU E 26 atc ILE I
27 27 tac TYR'Y 117 gec ALA A 25 gac ASP D 27 ttc PHE F 33 gcc ALA A 27 tcc SER S
28 28 gtg VAL V 118 tac TYR Y 26 ttt PHE F 28 cat HIS H 34tac TYRY 28 ttc PHE F

BC-TURN 29 29 gac ASP D 119 gac ASP D 27 gat ASP D 29 aac ASN N 35 gac ASPD 29 aac ASN N
30 30 gac ASP D 120 ggc GLY G 28 ggt GLY G 30 cag GLN Q 36 gag GLU E 30aag LYS K

C-STRAND 31 3lacg THR T 121 aag LYS K 29 gat ASP D 31 gag GLU E 37 gac ASP D 31 gat ASPD
32 32 cag GLN Q 122 gat ASP D 30 gag GLU E 32 gag GLU E 38 cag GLN Q 32 ctg LEUL
33 33 ttc PHE F 123 tac TYR'Y 3lattILE 1 33 aac ASN N 39 ctt LEUL 33 ctg LEUL
34 34 gtg VAL V 124 atc ILE 1 32 ttc PHE F 34 gtg VAL V 40 ttc PHE F 34 acc THR T
35 35 cgg ARG R 125 gec ALA A 33 cat HIS H 35 cgc ARG R 41 ttc PHE F 35 tgc CYS C
36 36 ttc PHE F 126 ctg LEU L 34 gtg VAL V 36 ttc PHE F 42 ttc PHE F 36 tgg TRP W
37 37 gac ASP D 127 aaa LYS K 35 gat ASP D 37 gac ASP D 43 gac ASP D 37 gat ASP D
38 38 agc SER S 128 gag GLU E 36 atg MET M 38 agc SER S 44 ttt PHE F 38 cca PRO P

CD-TURN 39 39 gac ASP D 129 gac ASPD 37 gca ALA A 39 gac ASP D 45 tcc SER S 39 gag GLU E
40 40 gcc ALA A - - - - -
41 41 gcg ALA A - - - - -

D-STRAND 42 42 agc SER S 130 ctg LEU L 38 aag LYS K 40 gtg VAL V 46 cag GLN Q 40 gag GLU E
43 43 cag GLN Q 131 cgc ARG R 39 aag LYS K 41 ggg GLY G 47 aac ASN N 41 aat ASN N
44 44 agg ARG R 132 tct SER S 40 gag GLU E 42 gag GLU E 48 act THR T 42 aag LYS K
45 45 atg MET M 133 tgg TRP W 41 acg THR T 43 tac TYRY 49 cgg ARG R 43 atg MET M
46 46 gag GLUE 134 acc THR T 42 gtc VAL V 44 cgg ARG R 50 gtg VAL V 44 gcc ALA A
47 47 ccg PRO P 135 gcg ALA A 43 tgg TRP W 45 gcg ALA A 51 cct PRO P 45 cct PRO P
48 48 cgg ARG R 136 gcg ALA A 44 cgg ARG R 46 gtg VAL V 52 cgc ARG R 46 tgc CYS C
49 49 gcg ALA A 137 gac ASP D 45 ctt LEU L 47 acg THR T 53 ctg LEUL 47 gaa GLU E
49.1 - - - - - 48 ttt PHE F
49.2 - - - - - 49 ggg GLY G
493 - - - - - 50 gtg VAL V
49.4 - - - - - S51ctg LEUL
49.5 - - - - - -

HELIX 50 50 ccg PRO P 138 atg MET M 46 gaa GLU E 48 gag GLU E 54 ccc PRO P 52 aat ASN N
51 51 tgg TRP W 139 gca ALA A 47 gaa GLU E 49 ctg LEU L 55 gaa GLU E 53 age SER S
52 52 ata ILE I 140 gct ALA A 48 ttt PHE F 50 ggg GLY G 56 ttt PHE F 54 ttg LEU L
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53
54
S54A
55
56
57
58
59
60
61
61A
61B
62
63
64
65
66
67
68
69
70
71
72
72A
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

53 gag GLU E
54 cag GLN Q
55 gag GLU E
56 ggt GLY G
57 ccg PRO P
58 gag GLU E
59 tat TYR'Y

60 tgg TRP W
61 gac ASP D

62 ggg GLY G
63 gag GLU E
64 aca THR T
65 cgg ARG R
66 aaa LYS K
67 gtg VAL V
68 aag LYS K
69 gcc ALA A
70 cac HIS H

71 tca SER S

72 cag GLN Q
73 act THR T

74 cac HIS H

75 cga ARG R
76 gtg VAL V
77 gac ASP D
78 ctg LEU L

79 ggg GLY G
80 acc THR T
81 ctg LEU L

82 cgc ARG R
83 ggc GLY G
84 tac TYRY
85tac TYRY

86 aac ASN N
87 cag GLN Q
88 agc SER S

89 gag GLU E
90 gcc ALA A

141 cag GLN Q
142 acc THR T
143 acc THR T
144 aag LYS K
145 cac HIS H
146 aag LYS K
147 tgg TRP W
148 gag GLU E
149 gcg ALA A
150 gcc ALA A
151 cat HIS H
152 gtg VAL V
153 gcg ALA A
154 gag GLU E
155 cag GLN Q
156 ttg LEU L
157 aga ARG R
158 gcc ALA A
159 tac TYR'Y
160 ctg LEU L
161 gag GLU E
162 ggc GLY G
163 acg THR T
164 tge CYS C
165 gtg VAL V
166 gag GLU E
167 tgg TRP W
168 ctc LEU L
169 cgc ARG R
170 aga ARG R
171 tac TYR Y
172 ctg LEU L
173 gag GLU E
174 aac ASN N
175 ggg GLY G
176 aag LYS K
177 gag GLU E
178 acg THR T
179 ctg LEU L
180 cag GLN Q

49 gga GLY G
50 cga ARG R

51 ttt PHE F
52 gcc ALA A
53 agc SER S

54 ttt PHE F
55 gag GLU E
56 gct ALA A
57 caa GLN Q
58 ggt GLY G
59 gca ALA A
60 ttg LEU L
61 gcc ALA A
62 aac ASN N
63 ata ILE I
64 gct ALA A
65 gtg VAL V
66 gac ASP D
67 aaa LYS K
68 gcc ALA A
69 aac ASN N
70 ctg LEU L
71 gaa GLU E
72 atc ILE I
73 atg MET M
74 aca THR T
75 aag LYS K
76 cgc ARG R
77 tcc SER S
78 aac ASN N
79 tat TYR'Y
80 act THR T
81 ccg PRO P
82 atc ILE I

51 cgg ARG R
52 cct PRO P
53 gat ASPD
54 gcc ALA A
55 gag GLU E
56 tac TYR'Y
57 tgg TRP W
58 aac ASN N
59 agc SER S
60 cag GLN Q
61 aag LYS K
62 gac ASP D
63 ctc LEU L
64 ctg LEU L
65 gag GLU E
66 cag GLN Q
67 agg ARG R
68 cgg ARG R
69 gcc ALA A
70 gcg ALA A
71 gtg VAL V
72 gac ASP D
73 acc THR T
74 tac TYR'Y
75 tgc CYS C
76 aga ARG R
77 cac HIS H
78 aac ASN N
79 tac TYR Y
80 ggg GLY G
81 gtt VAL V
82 ggt GLY G
83 gag GLU E
84 agc SER S
85 ttc PHE F
86 aca THR T
87 gtg VAL V
88 cag GLN Q
89 cgg ARG R
90 cga ARG R

57 gct ALA A
58 gac ASP D

59 tgg TRP W
60 gct ALA A
61 cag GLN Q
62 gaa GLU E
63 cag GLN Q
64 gga GLY G
65 gat ASP D
66 gct ALA A
67 cct PRO P
68 gcc ALA A
69 att ILE I
70 tta LEU L
71 ttt PHE F
72 gac ASP D
73 aaa LYS K
74 gag GLU E
75 ttc PHE F
76 tge CYS C
77 gag GLU E
78 tgg TRP W
79 atg MET M
80 atc ILE I
81 cag GLN Q
82 caa GLN Q
83 ataILE I
84 ggg GLY G
85 cca PRO P
86 aaa LYS K
87 ctt LEU L
88 gat ASP D
89 ggg GLY G
90 aaa LYS K
91 atc ILE 1
92 ccg PRO P

55 gcg ALA A
56 aat ASN N
57 gtc VAL V
58 ctc LEU L
59 tca SER S
60 cag GLN Q
61 cac HIS H
62 ctc LEU L
63 aac ASN N
64 caa GLN Q
65 aaa LYS K
66 gac ASP D
67 acc THR T
68 ctg LEU L
69 atg MET M
70 cag GLN Q
71 cgc ARG R
72 ttg LEU L
73 cgc ARG R
74 aat ASN N
75 ggg GLY G
76 ctt LEU L
77 cag GLN Q
78 aat ASN N
79 tgt CYS C
80 gcc ALA A
81 acaTHR T
82 cac HIS H
83 acc THR T
84 cag GLN Q
85 ccc PRO P
86 ttc PHE F
87 tgg TRP W
88 gga GLY G
89 tca SER S
90 ctg LEU L
91 acc THR T
92 aac ASN N
93 agg ARG R
94 aca THR T

(continued on next page)
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Fig. 4. IMGT Collier de Perles of G-DOMAINs and G-LIKE-DOMAINs. (A) MHC-I G-ALPHAI [D1] and G-ALPHA2 [D2] domains of
the Homo sapiens HLA-B*0702 and Mus musculus H2-K1#01 chains. (B) MHC-II G-ALPHA [D1] and G-BETA D1] domains of the H.
sapiens HLA-DQA1*0501/HLA-DQB1*0301 and M. musculus H2-AA*02/H2-AA*02 chains. (C) MHC-I-like G-ALPHA1-LIKE [D1] and
G-ALPHA2-LIKE [D2] domains of the H. sapiens MICA*01 and M. musculus CD1D1*01 chains. The amino acid at position 1 is encoded
by a codon which results from the splicing with the preceding exon, except for the CD1D1 G-ALPHAI1-LIKE domain, for which it is
position 1.3. Amino acids are shown in the one-letter abbreviation. Hatched circles correspond to missing positions according to the IMGT
unique numbering for G-DOMAIN and G-LIKE-DOMAIN. In IMGT Colliers de Perles, position 7A is only displayed in the G-ALPHA
and G-ALPHAI-LIKE domains, and positions 61A and 61B in the G-BETA and G-ALPHA2-LIKE domains. As position 54A is only
occupied in G-ALPHAI-LIKE of MHC-I-like proteins, this position can be omitted in IMGT Colliers de Perles, if only MHC chains are
compared [36]. Position 92A is only added for MHC-DMA and H2-DMA IMGT Colliers de Perles. Note that the N-terminal end of a
peptide in the cleft would be on the left hand side.
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B MHC-II

Homo sapiens HLA-DQA1*0501/HLA-DQB1*0301

Fig. 4 (continued)

using the IMGT unique numbering, based on the
NUMEROTATION concept of IMGT-ONTOLOGY
[17]. Indeed, this completes the IMGT unique
numbering for V-DOMAIN and V-LIKE-DOMAIN
that allows to compare any V-set domain of IgSF
proteins (V-DOMAIN of IG and TR, and V-LIKE-
DOMAIN of IgSF proteins other than the IG or TR)

[20,35], and the IMGT unique numbering for
C-DOMAIN and C-LIKE-DOMAIN that allows to
compare any C-set domain of IgSF proteins (C-
DOMAIN of IG and TR, and C-LIKE-DOMAIN of
IgSF other than the IG or TR) [21,35].

The IMGT unique numbering has many advan-
tages. Three features are worth noting: (i) In IMGT,
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Fig. 4 (continued)

any domain is characterized by the length of its
strands, loops and turns and, for the G-set, by the
length of its helix. The strand, loop, turn or helix
lengths (the number of codons or amino acids, that is
the number of occupied positions) become crucial
information which characterizes the domains. This
first feature of the IMGT standardization based on

the IMGT unique numbering allowed, for instance, to
show that the distinction between the C1, C2, I1 and
12 types found in the literature and in the databases to
describe the IgSF C-set domains is unapplicable when
dealing with sequences for which no structural data
are known (discussed in [21]). (ii) A second feature of
the IMGT standardization is the comparison of cDNA
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and/or amino acid sequences with genomic
sequences, and the identification of the splicing
sites, to delimit precisely the domains: a G-DOMAIN
or a G-LIKE-DOMAIN is frequently encoded by a
unique exon, as this is the case for the V-LIKE-
DOMAINs [20,35], C-DOMAINs and C-LIKE-
DOMAINSs [21,35]. This IMGT standardization for
the domain delimitation explains the discrepancies
observed with the generalist Swiss-Prot database
which does not take into account this criteria. (iii)
At last, a third feature is the IMGT Collier de Perles
which, in the absence of available 3D structures, is
particularly useful to compare domains of very
diverse families.

The IMGT unique numbering allows standardized
representations of nucleotide and amino acid
sequences in the IMGT Web resources, and more
particularly in the IMGT Repertoire (http://imgt.
cines.fr) (Tables of alleles, Alignments of alleles,
IMGT Protein displays, IMGT Colliers de Perles, 3D
structures). The IMGT unique numbering is exten-
sively used in the IMGT databases [1,22-25] and
sequence and structure analysis tools [25-28]. It is a
key element of the IMGT strategy for the automatic
annotation of nucleotide sequences and standardized
label assignment [48]. The IMGT unique numbering
represents, therefore, a major step forward in the
analysis and comparison of the MhcSF domains as
this was already demonstrated for the IgSF domains
[20,21,35]. By providing a unique frame for the
structural analysis of the V-set, C-set and G-set
domains, the IMGT standardized approach opens new
insight on the evolution of these domains and of their
functional interactions.
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