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Abstract. Natural killer (NK) immunoglobulin-like re-
ceptors (KIRs) are a family of polymorphic receptors
which interact with specific motifs on HLA class I mol-
ecules and modulate NK cytolytic activity. In this study,
we analyzed a recently sequenced subgenomic region
on chromosome 19q13.4 containing eight members of
the KIR receptor repertoire. Six members are clustered
within a 100-kb continuous sequence. These genes in-
clude a previously unpublished member of the KIR
gene family 2DS6, as well as 2DLI, 2DL4, 3DLI,
2DS4, 3DL2, from centromere to telomere. Two addi-
tional KIR genes, KIRCI and 2D L3, which may be lo-
cated centromeric of this cluster were also analyzed.
We show that the KIR genes have undergone repeated
gene duplications. Diversification between the genes
has occurred postduplication primarily as a result of re-
troelement indels and gene truncation. Using pre- and
postduplication Alu sequences identified within these
genes as evolutionary molecular clocks, the evolution
and duplication of this gene cluster is estimated to have
occurred 30—45 million years ago, during primate evolu-
tion. A proposed model of the duplication history of
the KIR gene family leading to their present organiza-
tion is presented.
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Introduction

Natural killer (NK) cells express a group of receptors
which recognize polymorphic motifs on HLA class I
molecules. The receptors are encoded by members of
the KIR (killer immunoglobulin-like receptor) multi-
gene family and belong to the immunoglobulin (Ig) su-
perfamily. KIR molecules have two or three extracellu-
lar Ig domains, a stalk or linker, as well as a transmem-
brane and cytoplasmic domain (for a review see Lanier
1998). Based on the number of expressed Ig domains,
the proteins have been subdivided into those which
contain either two Ig domains (p50 and p58), which in-
teract with HLA-C ligands (Colonna et al. 1993; Moret-
ta et al. 1995), or three Ig domains (p70, p704, and the
disulfide-linked p140), which engage HLA-B or HLA-
A molecules (Dohring et al. 1996; Litwin et al. 1994;
Pende et al. 1996). The cytoplasmic domain of some
KIR genes contains an immunoreceptor tyrosine-based
inhibitory motif (ITIM) which recruits and activates the
tyrosine phosphatase (PTP-1C or SHP-1) (Campbell et
al. 1996; Fry et al. 1996). Engagement of these KIR re-
ceptors with HLA class I ligands delivers a negative sig-
nal to the NK cell via the phosphatase pathway (Camp-
bell et al. 1996). Those KIR molecules with shorter cy-
toplasmic domains lack the ITIM motif and activate
NK cytolysis (Moretta et al. 1995).

A number of closely related human K/R cDNA se-
quences have been reported (reviewed in Selvakumar
et al. 1997a). As a consequence of the very high nucleo-
tide similarity between the cDNA sequences, se-
quences which vary at 20 or more nucleotides have
been proposed to represent different genes, while those
which differ at less than 9 positions represent different
alleles (Steffens et al. 1998). On the basis of this classi-
fication, the KIR receptors are thought to be encoded
by 12 different genes (Steffens et al. 1998; Urhberg et
al. 1997). Indeed, the use of fiber fluorescent in situ hy-
bridization (FISH) has demonstrated the presence of
11 KIR sequences on Chromosome (Chr) 19q13.4 (Suto
et al. 1998). Within the human population there are



several haplotypes which vary in gene content and
number. Using sequence-specific primers (SSPs) to am-
plify various KIR genes, we and others have shown that
one of two broad groups of haplotypes (A and B) is
present in Caucasian and other ethnic populations
(Urhberg et al. 1997; Witt et al. 1999). The A group of
haplotypes commonly consists of six KIR genes (2D L4,
3DLI1, 3DL2, 2DL1, 2DL3, and 2DS4), while the B
group of haplotypes commonly carries seven loci
(2DL4, 3DL2, 2DL2, 2DS1, 2DS2, 2DS3, and 3DSI).
Although the presence or absence of particular genes
within a haplotype is known, the order and genomic or-
ganization of these genes has not been defined. To date
only the genomic organization of 2D L4 and 2D L3 has
been described (Selvakumar et al. 1997b; Wilson et al.
1997).

The organization and mechanisms of generation of
various multigene families have been studied by a num-
ber of groups. The duplication of single or multiple
genes has been previously proposed to explain the evo-
lution of multigene families (Ohta 1991). For instance,
the HLA class I region is organized as duplicated mul-
tigenic segments (Gaudieri et al. 1999; Kulski et al.
1999; Shiina et al. 1999). Such duplicated segments can
be detected by dotplot analysis of continuous genomic
sequences (Gaudieri et al. 1997; Mizuki et al. 1997).
The presence of pre- and postduplication repetitive se-
quences such as Alus and long interspersed repetitive
sequences (LINES or L1s) have contributed to the div-
ersification of the segments. Indeed, the presence of
various Alu subfamilies in these segments can be used
as a molecular clock to explain the evolution and age of
these duplications events (Freitas et al., in press; Kulski
et al. 1999).

In this study, we analyzed continuous genomic se-
quence within Chr 19q13.4 carrying the KIR gene clus-
ter. We report, for the first time, the arrangement of
several KIR genes on a single haplotype and the ge-
nomic organization of KIR2DLI, 3DL1, 2DS4, 3DL2
and the truncated 2DS6, as well as the previously de-
scribed 2D L4 and 2D L3 genes. We also report possible
new alleles of the 2DL1I and 2D L4 KIR genes. Further-
more, we examined the duplication of the KIR genes
within this cluster based on the pattern of pre- and
postduplication retroelements and constructed a model
to explain the chromosomal organization and evolution
of these genes.

Materials and methods

Genomic sequences

The genomic sequences from two large contigs from the United
States Department of Energy Joint Genome Institute were used
(Ashworth et al. 1995). The first sequence was extracted from
GenBank (accession number: AC006293) and the second
(BC52946) was obtained from the Lawrence Livermore National
Laboratories human Chr 19 sequence database (http:/www-
bio.llnl.gov/bbrp/genome/ genome.html).
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Identification, classification, and characterization of the KIR
genes

The KIRCI and 2DL3 genes on AC006293 were annotated by
J.E. Lamerdin and co-workers (unpublished data), while the KIR
genes on the BAC clone were identified by one of us (AM) using
BlastN analysis (http://www.ncbi.nlm.nih.gov/BLAST). The nom-
enclature used for the identification of the K/R gene family is
similar to that described by Long and co-workers (http:/
/www.ncbi.nlm.nih.gov/prow/679664748g.htm). The exon-intron
structure of the genes, as well as the presence of the putative
pseudoexon 3, was deduced by comparison with the cDNA se-
quences for 3DL1 (GenBank accession number: 1.41269; Colonna
and Samaridis 1995), and 2DL4 (GenBank accession numbers:
AF003116-23; Selvakumar et al. 1997b). Retroelements were
identified using the RepeatMasker program, version 2.0 (http:
/[ftp.genome.washington.edu/cgi-bin/RM2; A.F.A. Smit and P.
Green, unpublished data). The KI/R genomic and cDNA se-
quences were aligned using ClustalW (http://www. genome.ad.jp/
sit-bin/nph-clustalw).

Dotplot and phylogenetic analyses

Dotplot analysis of the BC52946 sequence from positions 1 to
120000 was performed using Dotter (Sonnhammer and Durbin
1995) and a window size of 21 nucleotides. Phylogenetic analysis
of exons 1-5 and the first 500 nucleotides of intron 3 was perform-
ed using the neighbor-joining method with the genetic distances
estimated according to the Jukes-Cantor algorithm (Genetics
Computer Group, Madison, Wis.). The bootstrap values in 500
replications were estimated using the Molecular Evolutionary
Genetic Analysis (MEGA) package (Kumar et al. 1993).

Amplification of 2D L4 in human and primate samples

Amplification of exons 7-8 of the 2DL4 gene (positions
1044-1177) was performed using the primer pair 5'-TCGCCA-
GACACCTGCATGCTG-3" and 5'-TGTTCACTGTTCTGTG-
TCCC-3’. The thermocycling conditions included denaturation at
95°C for 5 min, 5 cycles of 95°C for 20 s, 64 °C for 45 s, and 72 °C
for 90 s, 25 cycles of 95°C for 30's, 60°C for 45, 72°C for 90 s,
followed by 1 cycle of extension at 72 °C for 10 min and 1 cycle at
4°C for 1 min on a CR9600 Thermocycler (Corbett Research,
Mortlake, Australia). The human DNA samples were obtained
from Epstein Barr virus-transformed cell lines from the 10th In-
ternational Histocompatibility Workshop and the Fourth Asian-
Oceania Histocompatibility Workshop panels. The primate DNA
was extracted from cell lines kindly donated by the ITRI-TNA
Primate Centre (Rijswijk, The Netherlands) and the Departments
of Cell Biology and Microbiology, Stanford University School of
Medicine (Stanford, Calif.).

Results

Genomic organization of the KIR gene family clustered
on a 100-kb continuous genomic sequence

A continuous genomic sequence from Chr 19q13.4 has
made it possible to examine the genomic structure and
content of the K/R multigene family. Six KIR genes are
located within the first 100-kb sequence of BC52946.
These genes were identified by their similarity to avail-
able KIR sequences using BlastN. Figure 1 depicts the
order of the KIR genes which are tightly clustered and
have relatively short (1-3 kb) intergenic sequences. The
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Fig.1 Genomic organization of the K/R genes on Chr 19q13.4.
Eight KIR sequences were located on two large contigs,
AC006293 and BC52946. These clones were not concatenated as
their sequence was derived from different human donors and lack
significant overlapping sequence. The transcription direction of
all KIR genes is indicated by an arrow. Note the presence of the
immunoglobulin-like transcript 10 gene (/LT-10) centromeric to
the KIRCI gene. No other KIR genes were located centromeric to
3DL2

genes identified on the BAC clone were KIR2DLI,
2DS6, 2D1L4, 3DLI, 2DS4, and 3DL2, in that order
from centromere to telomere. With the exception of
2DS6, these genes are found on haplotype A (Urhberg
et al. 1997; Witt et al. 2000). Two additional KIR genes,
KIRCI and 2D L3, are located on the 43-kb sequence of
the cosmid AC006293. All the KIR genes have a cen-
tromeric to telomeric direction of transcription. In view
of the fact that the BAC and cosmid clones were de-
rived from different human donors (L.K. Ashworth,
personal communication) and a lack of overlapping se-
quence, we were unable to concatenate these se-
quences. However, since the 2D L3 gene is characteris-
tic of the A group of haplotypes (Witt et al. 2000) and
the BAC clone has other genes belonging to this haplo-
type, we hypothesize that both clones are derived from
an A haplotype. An immunoglobulin-like transcript 10
gene (ILT-10) was also identified and resides approxi-
mately 10 kb centromeric to KIRCI.

One of the new genes, K/IRCI, lacks exon 6 (linker
domain) as a result of a deletion from intron 5 to intron
6 (Fig.2). 2DS6 is a truncated gene related to the 2D
gene family. Despite the lack of sequence for the cyto-
plasmic tail, its sequence in exons 1 and 3-5, is more
closely related to the 2DS genes. The nomenclature ad-
opted here follows the last named 2DS5 cDNA se-
quence. The truncation of 2DS6 is also due to extensive
deletions resulting in losses of exon 2 and exons 6-9,
indicative of a pseudogene. The 2DL3 sequence de-
scribed in this study is incomplete, as the cosmid ends
within intron 6 of 2DL3.

The KIR genes are closely related in their exon-intron
structure

The exon-intron structure of the KI/R genes identified
in this study is shown in Fig. 2. It is apparent that they
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share a similar exon-intron structure of nine exons and
eight introns, consistent with the notion of a common
ancestral gene. All the genes have the classical AG-GT
exon intron splice signal except for exon 3 of 2DLI
which has a CG splice site. An important feature of
most of the 2D genes is the presence of pseudoexon 3,
which appears not to be expressed. Its lack of expres-
sion may be accounted by exon skipping or alternate
splicing. As described for 2D L3 (Wilson et al. 1997), a
premature stop codon occurs within the pseudoexon of
2DL1, at codon 37 within the deduced first Ig domain.
This may be responsible for the absence of this exon in
mature cDNA transcripts. The mechanism for the ab-
sence of exon 3 in 2D S4 has yet to be determined. The
most striking difference between all the genes is their
length, ranging between 3.9 to 16.3 kb. This difference
occurs primarily as a result of retroelement insertions
and/or deletions (indels) within the introns of some of
the genes. For example, 3DL2 has a unique 2.5-kb in-
sertion within intron 6 which contains MST1D, (T)n,
and LIPA3 sequences. Additionally, exons 6-9 are del-
eted in 2DS6.

2DS6 and KIRCI are members of the 2D and 3D
families respectively

Given that the KJ/R genes share a similar genomic
structure, the degree of relatedness between the KIR
genes was determined by aligning the derived cDNA
sequences (Fig. 3). The cDNA sequences are highly
conserved, with exons 3, 4, and 5 being the most diver-
gent. This diversity may reflect the necessity of these
exons to recognize a wide variety of epitopes on the
highly polymorphic HLA class I molecules. There are
relatively few lineage-specific substitutions. However,
certain conserved nucleotide substitutions are shared
by some or all of the genes within the 3D lineage. For
example, KIRCI, 2DL4, 3DL2, and 3DLI share nu-
cleotide substitutions at positions 172, 192, 217, 281,
and 450 (Fig. 3). Similarly, the 2DL1,2DS4,2DL3, and
2DS6 genes share nucleotide substitutions at positions
108, 519, and 601. On the basis of the observed nucleo-
tide substitutions, the 2D genes appear not to have div-
erged to the same extent as the 3D family. Indeed, on
the basis of the degree of shared similarity 2DS6 is
closely related to members of the 2D lineage, while
KIRCI is related to the 3D genes.
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Fig. 2 Exon-intron structure of the K/R genes depicted according
to their order from centromere to telomere. Exons are repre-
sented as open numbered boxes, deletions as dotted lines. The
dashed line following exon 6 of 2D L3 indicates a lack of sequence
due to the end of sequence coverage of AC006293. Note the pres-
ence of pseudoexon 3 (3¢) in the 2DL1, 2DL3, 2DS4, and 2DS6
genes and the approximately 2.5-kb insertion within intron 6 of
3DL2

New alleles and polymorphisms

Comparison of the exonic sequences of the KIR genes
with the previously reported cDNA sequences enabled
us to identify new polymorphisms and potentially new
alleles. The 2DL1I gene described in this study has a
single G1039C substitution compared to that of a pre-
viously reported cDNA sequence (GenBank accession
number: U24078). The 2D L4 gene also differs from the
closely related cDNA sequence 15.212 (GenBank ac-
cession number: X97229), due to an A to G substitution
at position 814 of exon 5. 2DL4 also has a single nu-
cleotide deletion at position 1138 within exon 7 relative
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Fig. 3 Alignment of the deduced cDNA sequences of KIR genes.
Dashes indicate identity, while asterisks represents deletions. The
consensus sequence of the genes is also provided (Consensus).
Exon boundaries were determined from the alignment of cDNA
and the genomic sequences and detection of the AG-GT splice
site signal

to all the KIR genes examined here. We have demon-
strated this deletion in a number of unrelated individu-
als (C.S. Witt, A.M. Martin, F.T. Christiansen, unpub-
lished data). Such a deletion would result in the intro-
duction of a premature stop codon within exon 8 and a
shortened cytoplasmic domain. Interestingly, the 2D L4
gene in this study spans only 10.4 kb, whereas that de-
scribed by Selvakumar et al. (1997b) spans 12 kb. This
size difference is attributable to indels within the in-
trons. The derived 2DS4, 3DL1, and 3DL2 cDNA se-
quences are identical to their previously reported
cDNA clones (GenBank accession numbers:
AF002255, 176671, L41269, respectively). In addition,

g g
SO RN HRRORNCRRORK MR BORKRORROR R OKE KRR RRROKIOROKE RHORNKRRRNOKK R NORROOKR KK KR K *t*mt*mwww
cacaggagtc cacagasaac cttocectoct ggcoccaccoa ggtococcotggy fgssatcaga agagacagtc atc

tgcaat gttggtoags tgtcatgttt

the sequence available for 2D L3 is identical to that of
NKAT-2b (GenBank accession number: 1L.76663). Con-
firmatory analyses will be required to determine wheth-
er the differences observed in 2DLI and 2D L4 repre-
sent new alleles or sequencing errors.

Evolution of the KIR genes on this cluster

Examination of the genomic organization on the BAC
clone reveals six closely linked KIR genes. Since these
genes share a similar genomic organization and are
closely related to one another, it is likely that these
genes were derived from a common ancestral gene. To
determine the nature of gene duplication and the evo-
lution of the KIR gene family, we compared the ge-
nomic sequences of those genes on the BAC clone by
dotplot analysis. Using a window size of 21 nucleotides,
multiple lines of similarity were observed, correspond-
ing to the locations of the KIR genes (Fig.4A). Al-
though these lines of similarity include intergenic se-
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Fig. 3 Continued

quences, it is not clear whether these genes arose from
single gene duplications or segmental duplication. An
investigation of the patterns of similarity between the
family members within the dotplot reveals greater in-
terruption between 2D L4 and other genes, indicative of
an ancient or more divergent gene.

Relationship between the KIR genes

Phylogenetic analysis of the sequences of exons 1-5 for
the KIR genes in this cluster was performed to examine
the possible evolutionary relationships between the
genes (Fig. 4B). These exons were selected, as they
were present on all the K/R genes with the exception of
the absence of exon 2 in 2DS6 and exon 4 in 2DLA4.
From this analysis, the KIRCI and 2D 1.4 genes cluster
together and appear to have been derived by duplica-
tion of a common ancestral gene. 2DLI and 2DS4 are
evolutionarily related, although 2DL3 is more closely
related to 2D L1, possibly reflecting a more recent du-

plication event. The 3DLI and 3DL2 genes are also
very closely related and form a cluster that is distinct
from the other KIR genes. The phylogenetic relation-
ship between the genes is similar to that reported by
Lanier et al. (1997) and Valiante et al. (1997) whose
analysis was based on available cDNA sequences. As
the genomic sequence for these genes was available, it
was possible to analyze the relationship between the
genes for the first time, using intronic sequences which
are less subject to selective pressure. The first 500 nu-
cleotides of intron 3 from each gene were examined. In
this analysis, a similar relationship was observed be-
tween the genes. The 3DL1I and 3DL2 genes remained
clustered together, as did 2DL3 and 2DLI (Fig. 4B).
The 2DS4 and 2DS6 genes also maintained their rela-
tionship with 2DL3 and 2DL1.

The presence of ancestral and postduplication
retroelements can assist in determining the evolution of
the KIR gene family

The KIR genes on this cluster can be classified into a
number of groups based on the presence of shared and
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Fig. 3 Continued

unique retroelements. The nature and location of an-
cestral and postduplication retroelements within the
KIR genes are shown in Fig. 4C. The most notable fea-
ture is the presence of several ancestral retroelements
(MLT1D, MSTB, MER70, and L1IMAA4) located in sim-
ilar positions within each KIR gene. Furthermore, a
MER? element was also identified within the 3’ inter-
genic sequence of each intact KIR gene. Two copies of
a simple (TAGA), repeat are also observed within in-
tron 4 of all the KIR genes, except 2D L4 which has a
deletion in this region. Based on the evolutionary time
of amplification and fixation of the MTL1D elements
within the genome (Smit 1996), we propose that the an-
cestral KIR gene existed approximately 50-100 million
years ago (mya).

Both 3DLI and 3DL2 share a common Alu se-
quence belonging to the Sx subfamily located approxi-
mately 20 nucleotides upstream of the ancestral

L1IMA4 element. This is consistent with the phylogen-
etic analysis which indicates that these genes are closely
related and evolved from a pathway distinct from the
other KIR genes. The 2DL1, 2DS4, and 2DL3 genes
have an Alu sequence belonging to the Sg subfamily
located approximately 100 nucleotides 5’ of the
L1IMA4 element, but on the negative strand, indicative
of a shared lineage. The 3D-related genes can be sub-
divided into two categories on the basis of the type and
number of Alus located within the ancestral LIMA4
element. For example, the 2DL4 and KIRCI genes
have an AluSq sequence, while the 3DLI and 3DL2
genes have an Sp and two Sx Alu sequences. Further-
more, the 2D genes including 2DL1, 2DL3, and 2D S4
share the Sp and two Sx elements within the LIMA4
element similar to the 3DLI and 3DL2 genes, indicat-
ing a common ancestry between the 3DL1I and 3DL2
genes and the members of the 2D genes on this cluster.
The presence of Alu sequences belonging to the S sub-
family suggests that the K/R gene family evolved be-
tween 31 and 44 mya during primate evolution.
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Fig. 4A-C The KIR genes on BC52946 are closely related. A
Dotplot analysis comparing the first 120 kb of sequence from
B(C52946 against itself using a window of 21 nucleotides. Below
the line of identity (arrow) there are multiple lines of similarity
corresponding to the location of the known KIR genes (black
boxes). Most of the interruptions between these lines represent
gene truncations and retroelement indels, particularly between
2DS6 and 2DL4. B Phylogenetic relationship of exons 1-5 and
the first 500 nucleotides of intron 3 of the K/R genes showing that
the 3D and 2D genes belong to distinct lineages. The phylogenet-
ic trees were generated using Jukes-Cantor as the genetic dis-
tances, and a neighbor-joining algorithm. The bootstrap values
obtained using 500 replications and the bar representing 1 nucleo-
tide substitution are also depicted. The clustering of 3DLI and

Proposed evolutionary model for the KIR gene family

While the exact mechanism leading to the current ar-
rangement of KIR genes is unknown, we propose a

2DL]

2DS6

2DL4

3DL]

2DS4

3DL2

2DS4 3DL2

3D L2 suggests duplication from an immediate common ancestor.
Similarly, 2D L4 and KIRCI may share a common ancestor, while
2DL3 and 2DL1I are duplication products of a common ancestor.
C Schematic representation of the repeat elements within the
KIR genes and their flanking sequence is indicative of their evo-
lution from a common progenitor. The presence of repeat ele-
ments within the KIR genes (MLT1D, MER70, MSTB) and their
flanking sequence (MER?2) indicates their evolution from a com-
mon progenitor. KIRCI and 2DL4 may be duplication products
of an immediate ancestor with an LIMA4 element containing an
AluSq insertion. The 2D and 3D genes have diverged from an
ancestor containing an L1IMA4 element with an Sp and two Sx
Alu sequences

model of the evolution of the K/R gene family based on
sequence homology, phylogenetic analysis, and on the
presence of paralogous and postduplication retroele-
ments (Fig. 5). The relative age of radiation and fixa-
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tion of the Alu subfamilies was used to date some of
the duplication events. The ancestral K/R gene con-
tained the MLT1D, MER70, MSTB, and L1MA4 re-
troelements, which were inserted approximately
50-100 mya. The initial gene duplication of the KIR
progenitor occurred prior to the insertion of the AluSq
sequence into 2DL4 approximately 44 mya. Subse-
quently, approximately 37 mya, AluSp and two AluSx
elements were inserted into the LIMA4 element of the
2D/3D progenitor. The 2D/3D ancestral gene then un-
derwent a gene duplication event prior to the insertion
of the AluSx sequence upstream of the L1MA4 ele-
ment in the 3D progenitor. Approximately 31 mya, an
Alu belonging to the Sg subfamily inserted upstream of
the ancestral LIMA4 element of the 2D progenitor. A
tandem duplication of the 2DS and 3D ancestral genes
resulted in the formation of the present day 2DS6,
3DLI, 2DS4, and 3DL2 genes. The available data do
not make clear whether this tandem duplication oc-
curred as a segment or as independent gene duplication
events. A further duplication of 2DS4 resulted in
2DL1, with a translocation of 2D L4 between 2DS6 and
3D L1 giving rise to the present arrangement of the KI/R
cluster. The model does not try to account for the evo-
lution of KIRCI and 2D L3, as these genes may not be
present on the same haplotype and may have evolved
independently. However, based on the phylogenetic
analysis and the paralogous retroelements, K/RCI and
2DL4 are predicted to be duplication products of a
common ancestor, with 2DL3 probably a duplication
product of the 2DL1 ancestor. The model presented
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here is provisional and will be refined as more se-
quence and haplotype data become available.

Preliminary evidence suggests that 2D L4 emerged
during primate evolution

To obtain further information on the evolutionary his-
tory of the KIR genes, we examined human and nonhu-
man primates for the presence of 2D L4, which is prob-
ably the most divergent gene in this cluster, by amplify-
ing exons 7-8 using 2DI[4-specific primers (Fig. 6).
KIR2D L4 was found in all of the human subjects exam-
ined, in one of the chimpanzees (R88-15166), and as a
weak product in the other chimpanzee species (R88-
15165). No amplification was observed in the macaque
species. Furthermore, the chimpanzees showed quanti-
tative differences in the amplification of 2D L4, which
may reflect polymorphisms within the primer sites.
While the absence of amplification in the macaque sug-
gests the absence of this gene among the older nonhu-
man primates, we cannot exclude the possibility of nu-
cleotide substitution(s) within the primer sequences.
The use of degenerate primers may help distinguish be-
tween these two possibilities. As 2DL4 is proposed as
one of the oldest KIR genes, these data support the hy-
pothesis that the KIR gene family evolved during pri-
mate evolution, possibly during the divergence of the
Old and New World monkeys.

Discussion

We show for the first time the genomic organization of
eight KIR genes. Most of the genes on the two contigs
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are present on our previously predicted A group of ha-
plotypes which are the most common haplotypes within
the Caucasian population. We were unable to detect
additional KIR genes within the 100- to 200-kb se-
quences at the telomeric end of the cluster despite care-
ful searches. The genes present immediately centromer-
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Fig. 5 Model of the evolution of the KIR genes present on
BC52946. The solid horizontal lines represents KIR genes, with
vertical lines representing the ancestral retroelements. Differen-
tial insertion of various Alu subclasses (triangles) into the ances-
tral LIMA4 element helps distinguish the lineages

ic to this BAC cluster have yet to be determined. How-
ever, we predict that KIRCI and 2D L3 may be located
centromeric of the cluster of KIR genes on the BAC
clone, as 2DL3 has been reported to be characteristic
of the predicted A haplotypes. The presence of two ad-
ditional genes not previously recognised on the A ha-

2DL4

3DL1 2DS4 3DL2

plotypes (KIRCI and 2DS6) can be attributed to the
inability to detect them using the currently available
SSP primers. The failure to detect their cDNA se-
quences could be due to their being pseudogenes.
Variable numbers of KIR genes have been reported
to constitute a haplotype. Eleven KIR sequences were
detected on a single chromosome using fibre FISH
(Suto et al. 1998). Furthermore, at least six genes on
the A group of haplotypes and seven on B group haplo-
types have been detected, including the presence of a
recombination event between haplotypes (Urhberg et
al. 1997; Witt et al. 2000). Hence, haplotypes consisting
of variable combinations of the KI/R gene repertoire,
including truncated or pseudogenes and as yet undes-
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Fig. 6 The 2DL4 gene is present in human subjects, with quanti-
tative differences among the chimpanzee samples. Amplification
of exons 7-8 was performed using primers and conditions as de-
scribed in Materials and methods. The amplified products were
analyzed on a 2% agarose gel in 0.5 X Tris borate EDTA buffer
(Sambrook et al. 1989). A weakly amplified product of the ex-
pected length was observed in one of the chimpanzees (R88-
15165), while no product was observed in the macaque [R94-
29217K (2CA)] (M molecular-weight ladder)

cribed genes, are predicted to be generated by gene du-
plication and recombination events.

The organization of the B group of haplotypes is not
known. It shares some genes with the A haplotypes, in-
cluding the 2DL4 and 3D L2 loci, with the other genes
(2D12,2DS2,2DS1,2DS3, and 3DS1) being character-
istic for this group. Whether the 2DS6 or KIRCI genes
identified here are also present on the B haplotypes is
not known, but studies using gene-specific primers on
individuals homozygous for this haplotype are in pro-
gress.

The nucleotide sequence of 2D L4 on this haplotype
differs from the previously reported cDNA sequences.
A deletion of C1138 occurs within exon 7 of 2DL4
which results in a nonameric poly(A) sequence at the
exon 7 boundary. We have observed the same sequence
in a number of randomly selected Caucasian individu-
als (C.S. Witt, A.M. Martin, F.T. Christiansen, unpub-
lished data). This deletion alters the reading frame and
is predicted to generate a premature stop codon result-
ing in a membrane-bound protein with a truncated cy-
toplasmic domain. The fact that this deletion is present
at a high frequency within a panel of 50 Caucasians sug-
gests a functional significance.

The difference in genomic structure of 2DL4
(KIR103) genes on this haplotype and that described
by Selvakumar and co-workers (1997b), is primarily in
the length of introns 2, 4, 5, and 8 which are approxi-
mately 0.8, 0.8, 2.5, and 0.1 kb on this haplotype com-
pared to 1, 1, 3.2, and 0.5 kb, respectively, as reported
by Selvakumar and co-workers (1997b). The differ-
ences occur within the introns and probably reflect re-
troelement indels. These differences suggest that there
are at least two 2D L4 alleles present in the current hu-
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man population which are evolving independently. The
genomic organization of 2DL3 is similar to that de-
scribed by Wilson and co-workers (1997). We have also
observed a similar stop codon at codon 37 in pseudoex-
on 3 within the deduced amino acid sequence of 2D L3.
The contig used in our study may also contain a new
allele of 2D L1 which differs from the cI-47.11 sequence
at position 1039 if the polymorphism at this site is inde-
pendently confirmed. Furthermore, the nomenclature
of KIRCI needs to be updated. The current nomencla-
ture of the KIR genes is based on the number of ex-
pressed Ig-like extracellular domains. How this classifi-
cation should apply to pseudogenes is unclear. Since
KIRCI has three Ig-like exons and clusters with the 3D
genes by phylogenetic analysis, it probably should be
considered a 3D gene.

We estimated the age of the duplication of the KIR
genes based on the ages of the radiation and fixation of
the AluS subfamily having occurred 3045 mya (Migh-
ell et al. 1997; Shen et al. 1991), during the divergence
of the Old and New World monkeys. The inability to
amplify 2D L4 from the older macaque species is consis-
tent with this model. Furthermore, the presence of KIR
sequences in a number of nonhuman primate species
using RFLP analysis (Valiante et al. 1997) is consistent
with our model, and suggests that the KIR genes are
closely related and have evolved relatively recently.
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