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Abstract
The frequencies of alleles of killer cell immunoglobulin like receptor genes, KIR3DL3 and
KIR3DL2, and the carrier frequency of KIR2DL4 alleles have been determined from a population
of African Americans (n=100) by DNA sequencing of the coding regions. Fifty alleles of
KIR3DL3 were observed with the most frequent, KIR3DL3*00901 (13%). KIR3DL2 was also
diverse, 32 alleles with KIR3DL2*00103 the most frequent (17%). For KIR2DL4, of the 18 alleles
observed, one allele, KIR2DL4*00103 was found in 64 of the 100 individuals. Thirty six novel
alleles encoding a total of 28 unique receptors are described. Pairwise comparisons among all of
the alleles at each locus suggest a predominance of synonymous substitutions. The variation at all
three framework loci fits a neutral model of evolution.
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Introduction
Natural killer (NK) cells utilize a number of stimulatory and inhibitory receptors to identify
danger and to prevent destruction of normal cells. The inhibitory killer-immunoglobulin-like
receptors (iKIR) function early in NK maturation to ready the NK cell for response (Jonsson
and Yokoyama 2009). Later, in mature NK cells, iKIR bind HLA ligands to prevent
destruction of normal cells; loss of HLA expression during infection or malignancy leads to
removal of the inhibitory signal allowing the NK cell to become activated (Lanier 2005).
The functions of the stimulatory KIR are less well characterized.

The KIR gene family, located on chromosome 19 in the leukocyte receptor gene complex,
encodes the 15 inhibitory and stimulatory receptors (Kelley et al. 2005). The KIR genes lie
in two adjacent clusters separated by approximately 14 kb (Martin et al. 2000;Wilson et al.
2000). The number of genes in each cluster vary so, for example, some versions of
chromosome 19 may carry only seven functional KIR loci while others may carry 12. Three
functional genes and one pseudogene mark the boundaries of the two gene clusters:
KIR3DL3 and KIR3DP1 (pseudogene) flank the centromeric gene cluster and KIR2DL4 and
KIR3DL2 flank the telomeric cluster. These four genes are termed framework genes since
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the majority of KIR haplotypes include these loci. Several less frequent haplotypes have
been described that either lack KIR2DL4 (Traherne et al. 2010) (Norman et al.
2002;Ordonez et al. 2008) or carry two copies of KIR2DL4 due to unequal recombination
within the KIR gene complex (Martin et al. 2003).

The receptors encoded by the three functional framework genes appear to have very
different properties. Two of the framework KIR are inhibitory receptors with three
extracellular domains. The expression of KIR3DL3 mRNA is low and limited to a subset of
NK cells; surface expression of the protein has not been detected (Trundley et al. 2006).
KIR3DL3’s ligand is unknown and it lacks a functional exon to encode the extracellular
membrane proximal stem region of the KIR receptor. Although little is known about the
function of KIR3DL3, its extracellular domains are highly conserved between humans and
apes suggesting the presence of functional constraints on this protein (Jones et al. 2006).
Expressed on a subset of NK cells, KIR3DL2 appears to recognize HLA-A3 and –A11
heterodimers (Hansasuta et al. 2004) and HLA-B27 homodimers (Kollnberger et al. 2007).
It also binds microbial CpG oligonucleotides for uptake into endosomes (Sivori et al. 2010).
Found on NK cells in the maternal decidua, KIR2DL4 appears to recognize and internalize
soluble HLA-G into endosomes and so may play a role in the vascular remodeling that takes
place during pregnancy (Ponte et al. 1999;Rajagopalan et al. 2006). Variation in the
transmembrane-encoding exon of this two domain KIR can alter cell surface expression
including production of a secreted product (Goodridge et al. 2007). With the potential to be
either inhibitory or activating (Faure and Long 2002;Kikuchi-Maki et al. 2003;Rajagopalan
et al. 2001), KIR2DL4 has been conserved during primate evolution (Rajalingam et al.
2004).

The framework genes are polymorphic. The goal of this study was to examine the diversity
in the functional KIR framework genes in an African American population.

Materials and Methods
Human studies were approved by the Georgetown University Institutional Review Board
and conform to standards laid down in the 1964 Declaration of Helsinki. Genomic DNA was
isolated from Epstein Barr Virus-transformed B-cell lines from 100 unique and unrelated
African Americans from the National Institute of General Medical Sciences (NIGMS)
Human Genetics Resource Center DNA and Cell Line Repository (http://ccr.coriell.org/
nigms/) using a QIAamp® DNA Blood Mini Kit (Qiagen, Valencia, CA).

Three overlapping PCR amplicons were generated from each framework gene covering the
complete coding sequence (Supplementary Table 1, Supplementary Figure 1). KIR
amplicons were purified using Agencourt AmPure magnetic beads (Beckman Coulter
Genomics; http://www.beckmangenomics.com). Sequencing was performed using Applied
Biosystems’ BigDye Terminator Ready Reaction mix (Applied Biosystems, Foster City,
CA). Sequencing primers were positioned to obtain the sequence of both strands of each
amplicon (Supplementary Table 2). Sequencing products, purified using Agencourt
CleanSEQ (Beckman Coulter Genomics), were detected using an Applied Biosystems
3730XL DNA analyzer. Sample files were analyzed using Sequencher (Genecodes Corp.,
Ann Arbor, MI) and Assign SBT 3.2.7 (Conexio Genomics, Applecross, Western Australia)
software. Sequences were compared to known KIR sequences obtained from the IPD-KIR
database version 2.1.0 to determine allelic assignments. Any novel allele found that was not
in that database was isolated and sequenced as described below. In this report, the
numbering of nucleotides and codons is based on IPD-KIR unless noted.
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Novel alleles were isolated for DNA sequencing using allele specific amplification, by
cloning, or by using HaploPrep kits (Qiagen, Valencia, CA). HaploPrep™ separation
reagents used included KIR2DL4-158G, KIR2DL4-712A, KIR2DL4-1062T,
KIR3DL2-18T, KIR3DL2-328A, KIR3DL2-1197C, KIR3DL2-1197T, KIR3DL3-161A,
KIR3DL3-1018A, and KIR3DL3-1018T. Assembly of sequences from the three amplicons
covering a novel allele required either the use of an allele-specific haplotype fragment as a
PCR template or an overlap of polymorphic regions carried by two adjacent cloned
amplicons in order to ensure that all amplicon sequences derived from the same allele.
Allele designations for novel and confirmatory KIR alleles were assigned by the WHO
Nomenclature Committee for Factors of the HLA System (Marsh et al. 2003).

To characterize the deletion in cell GM17183, DNA fragments were isolated with probe
2DS5-483C (HaploPrep). Loci carried on the KIR2DS5-containing DNA fragment were
identified by DNA sequencing.

PyPop (Python for Population genetics, version 0.7.0 http://www.pypop.org) was used to
carry out Hardy-Weinberg testing and Ewens-Watterson homozygosity analyses (Lancaster
et al. 2003;Lancaster et al. 2007). Allele frequencies were determined by gene counting and
assumed that each individual carried two copies of each locus. Allele frequencies at each
locus were evaluated for deviations from Hardy-Weinberg equilibrium proportions using the
exact test of Guo and Thompson (Guo and Thompson 1992). Chi-square tests were
investigated for a pooled set of all heterozygotes and a pooled set of all homozygotes
(Meyer et al. 2006). The Ewens-Watterson test of homozygosity was applied to each locus
(Ewens 1972;Slatkin 1996), using Slatkin’s Monte-Carlo implementation of the exact test
(Slatkin 1994;Slatkin 1996). The normalized deviate of F (Fnd, the difference between the
observed and expected values of F, divided by the square root of the variance of the
expected F) was also calculated for each locus (Salamon et al. 1999). To test the neutral
theory null model, Tajima’s D and the mismatch distribution using a constant population
size were calculated using DnaSP v5 (Tajima 1989) (Librado and Rozas 2009;Rogers and
Harpending 1992;Slatkin and Hudson 1991). SNAP (http://www.hiv.lanl.gov) was used to
estimate the ratio of synonymous to nonsynonymous substitutions (dS/dN) at a KIR locus
(Korber 2000;Nei and Gojobori 1986). Alleles included were those reported in IPD-KIR
database 2.3.0 and additional alleles identified in our frequency study. Phylogenetic trees
were created using the neighbor –joining method (Saitou and Nei 1987) with MEGA version
4 software (Tamura et al. 2007).

Results
KIR3DL3

DNA sequencing of KIR3DL3 alleles from 100 random African Americans identified 50
alleles, 38 previously reported and 12 novel. Tests were performed to measure the goodness
of fit of KIR3DL3 genotypes to Hardy-Weinberg proportions. This test measures the degree
to which observed genotype frequencies differ from those expected based on the allele
frequencies for that population, assuming that the population is suitably large and
experiences random mating. No overall deviation from Hardy-Weinberg proportions were
noted (p-value 0.2951).

Table 1 lists the KIR3DL3 allele frequencies. Five alleles were found at frequencies ≥5%:
KIR3DL3*00301 (8.5%), *00402 (5%), *005 (8%), *00901 (13%) and *1406 (6.5%). Only
three individuals were apparent homozygotes; all three carried alleles present at frequencies
>5%. Two of the common alleles found in African Americans were observed at frequencies
over 5% in European Americans—KIR3DL3*003 (22%) and *00901 (12%)(Hou et al.
2007). The third common allele in European Americans, KIR3DL3*00101 (14%), was
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found at a frequency of 2.5% in African Americans and could derive from admixture.
Previous studies estimate that the African American population exhibits approximately 13%
admixture with the European population (Tishkoff et al. 2009).

The 12 novel KIR3DL3 alleles encoding eight unique receptors are described in Table 2; six
of these alleles were found in two or more individuals (Table 1). The eight receptors
encoded by these novel alleles differ by a single amino acid substitution or by two
substitutions from receptors encoded by a closely related allele selected based on a
neighbor-joining tree (Supplemental Figure 2). In total, the amino acid variations are found
throughout the protein altering all three immunoglobulin-like extracellular domains, the
transmembrane region, and cytoplasmic tail. Four of the substitutions alter amino acid
residues not previously polymorphic in the known alleles. Four novel alleles are
synonymous variants of known alleles, altering the nucleotide sequence of the exons.

The relationships of the novel alleles to all other alleles at the locus are shown in
Supplemental Figure 2. Since a hotspot of recombination lies just 5’ of exon 7 (Jones et al.
2006) separating the more polymorphic exons 1–5 from the more conserved 3’ exons, two
neighbor-joining trees were created comparing the nucleotide sequences encoding the
extracellular domains separately from the exons encoding the transmembrane and
cytoplasmic regions. The relationship among alleles differs depending on whether the 5’ or
3’ exons are evaluated. For example, KIR3DL3*050 and KIR3DL3*053 carry identical
nucleotide sequences for their extracellular domains but carry two different sequences for
exons 7–9. Likewise, KIR3DL3*054 and KIR3DL3*055 carry identical 3’ sequences but
differ in the sequences specifying their extracellular regions. Thus, it appears that, in
addition to mutation, recombination is reshuffling exon blocks within the locus to yield new
KIR3DL3 alleles. These reshuffling events have been previously noted by Pyo et al. for
other alleles at this locus (Pyo et al. 2010).

Figure 1 shows the frequency distribution of nucleotide differences in the pairwise sequence
comparisons for 75 KIR3DL3 alleles. The average number of pairwise differences among
alleles is 6.141. The seven most divergent allele pairs differ by 13 nucleotides and include,
for example, KIR3DL3*031 versus KIR3DL3*036 and KIR3DL3*00601 versus
KIR3DL3*029. Calculation of the ratio of synonymous to nonsynonymous substitutions for
the alleles of KIR3LD3 show values favoring synonymous substitutions (i.e., dS/dN values
greater than one) (Table 3).

Two statistical tests were used to estimate the selection acting on KIR3DL3. In the Ewens-
Watterson test of homozygosity, the observed homozygosity (F=0.0497 where F is the sum
of the squares of the allele frequencies) was compared with the mean value of F expected for
a population of the same size with the same number of alleles, undergoing neutral evolution
(F=0.0491)(Table 4). Our data suggest that the KIR3DL3 locus is undergoing neutral
evolution (p value 0.6184). [The normalized deviate of F (Fnd) was 0.0527. Fnd values
significantly lower than 0 are consistent with the action of balancing selection and
significantly greater than 0, with directional selection.] Secondly, Tajima’s D was derived
based on the nucleotide sequences of the 200 KIR3DL3 alleles observed in the cohort (Table
5). This test is used to determine if a DNA sequence is evolving under a neutral model of
evolution in a population of constant size versus being subjected to natural selection. The
test provides two estimates of the population-scaled mutation rate, one based on the average
nucleotide sequence variability between alleles and the second based on the total number of
polymorphic sites. The neutral model of evolution predicts that these two estimates will be
equal. The value calculated for KIR3DL3, −0.21130, is not statistically different from that
predicted by the neutral model so the null hypothesis of neutrality can not be rejected. It
should be noted, however, that the value of Tajima’s D is impacted by natural selection,
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admixture, and changes in population size. Since the African American population exhibits
admixture and has increased in size over time (Tishkoff et al. 2009), application of this
statistic to this cohort has its limitations.

KIR2DL4
DNA sequencing of KIR2DL4 alleles identified 18 alleles, ten previously reported and eight
novel. If we assumed that each individual carried two alleles at the KIR2DL4 locus,
deviation from Hardy-Weinberg proportions was noted for KIR2DL4 (p-value 0.0309).
Since the chi-square test detected a higher number of 2DL4*00103 homozygotes than
expected (27 observed versus 21 expected with a significant p-value 0.0153), these data
suggested that some individuals in the study may carry only single copies of the KIR2DL4
locus.

Indeed, one African American individual without KIR2DL4 (GM17183) was identified in
this study. When typed for other KIR loci, this individual was found to be heterozygous at
KIR2DL2/2DL3, KIR2DL5B, KIR2DS5, KIR2DS1, and KIR3DL2 loci. A number of KIR
loci expected to be present based on common haplotype structures (Pyo et al. 2010) were
absent (i.e., KIR2DL1, KIR3DL1/3DS1, KIR2DL5A, KIR2DS3, and KIR2DS4) suggesting
a deletion likely removed several genes from the center of the complex. Both chromosomes
in this individual appeared to carry similar deletions. By isolating haplotype-specific DNA
fragments, we were able to show that KIR2DL5B (usually found in the centromeric
segment) and KIR2DS1 (usually found in the telomeric segment) are found on the same
DNA fragment as KIR2DS5 supporting our hypothesis regarding the deletion. Thirty two
other individuals in our study potentially carried KIR2DL4 deletions as they exhibited single
alleles at KIR2DL4. For example, eight individuals carried single alleles of
KIR2DL4*00103 with single alleles at adjacent loci (KIR2DL1 and KIR3DL1/KIR3DS1)
suggesting that these individuals may also carry deletions within the KIR complex and lack
one copy of KIR2DL4.

Table 1 lists the frequencies of individuals carrying each KIR2DL4 allele. Five alleles were
found in more than 10 individuals: KIR2DL4*00103 (64 of 100 individuals), *00501
(21/100), *0080101/03 (23/100), *00802 (17/100) and *011 (11/100). Approximately one
third of individuals (32/100) exhibited only single KIR2DL4 alleles with one individual
completely lacking KIR2DL4. The majority of these carried KIR2DL4*00103 as expected
by its high frequency. The major difference in the frequencies from other populations is the
identity of the predominant allele--KIR2DL4*00102 is the predominant allele in European
Americans (37% of individuals carry this allele)(Shulse et al. 2007) and Asian populations
(45–52% allele frequency)(Yawata et al. 2006;Zhu et al. 2006); it was found in 8 of 100
African Americans. The predominant allele in African Americans, KIR2DL4*00103 (64 of
100 individuals) was found in 21% of European Americans and at allele frequencies of 5–
6% in Asian populations.

Eight novel KIR2DL4 alleles encoding seven unique receptors carried by single individuals
are described in Table 2 and their relationships to other alleles at the locus are described in
Supplemental Figure 3. The seven new receptors differ by from one to two amino acid
substitutions from receptors encoded by closely related alleles. One allele, KIR2DL4*019,
differs from its closely related allele, KIR2DL4*018, for the 9A / 10A variation noted to
cause differences in expression (Goodridge et al. 2007). The substitutions in total alter the
two immunoglobulin-like extracellular domains or the cytoplasmic tail. Four of the novel
alleles, KIR2DL4*013, *017, *019, and *020 carry the 9A sequence motif (Goodridge et al.
2007) and encode a potentially secreted product. Four of the substitutions alter residues that
have not been previously polymorphic in the known KIR alleles. The eighth novel allele is a
synonymous variant of known allele KIR2DL4*01201.
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Figure 1 shows the frequency distribution of nucleotide differences in the pairwise sequence
comparisons for 33 KIR2DL4 alleles. The average number of pairwise differences among
alleles is 4.258. The most divergent allele pair, KIR2DL4*003 versus KIR2DL4*0120201,
differs by 14 nucleotides. KIR2DL4*003 is a part of every pairwise combination in the most
mismatched categories (i.e., pairs differing for 11–14 nucleotides); other allele combinations
begin to appear in the 10 nucleotide mismatch category. This suggests that either
KIR2DL4*003 diverged very early on or that this allele sequence, observed only once, is an
artifact. A neighbor-joining tree (Supplemental Figure 3) also shows KIR2DL4*003 as an
outlier. A comparison of the ratio of synonymous to nonsynonymous substitutions (Table 3)
shows a predominance of synonymous nucleotide substitutions.

Regarding selection, in the Ewens-Watterson test of homozygosity, Fnd for KIR2DL4 was
1.4685 and not significant from the value predicted by the null hypothesis of neutral
evolution (p-value 0.9187) (Table 4). Tajima’s D was calculated based on the nucleotide
sequences of the 166 KIR2DL4 alleles observed in the cohort (Table 5). The value, −0.4025,
was not statistically different from that predicted by a neutral model of evolution.

KIR3DL2
Thirty two alleles of KIR3DL2 alleles were identified in the African American population;
16 previously reported and 16 novel. Also observed were five individuals carrying
KIR3DL1/3DL2 fusion alleles which have been previously described in this study
population (Jiang et al. 2010). No overall deviation from Hardy-Weinberg proportions were
noted for KIR3DL2 (p-value 0.1301).

Table 1 lists the KIR3DL2 allele frequencies. Seven alleles were found at frequencies ≥5%:
KIR3DL2*00101 (10%), *00103 (17%), *002 (7%), *006 (5.5%), *00701 (5.5%), *010
(7%), and *01301 (13%). Six of 100 individuals were apparent homozygotes and all carried
alleles common in this population; three carried KIR3DL2*00103, one KIR3DL2*0101, one
KIR3DL2*01301. KIR3DL2*029 was also observed in an apparent homozygote. European
Americans shared some of the common (≥5%) alleles with African Americans:
KIR3DL2*001 (23%), *002 (23%), *007 (20.1%) (Gedil et al. 2007). European Americans
also exhibited common alleles KIR3DL2*005 (5.2%) and *00901 (9.7%); these alleles were
present but less frequent in African Americans and could represent admixture. Common
alleles in African Americans, KIR3DL2*006 and *013, were not found in European
Americans. These alleles had been originally described in Black / African populations
(Gardiner et al. 2001) (Artavanis-Tsakonas et al. 2003).

The 16 novel KIR3DL2 alleles encoding 13 unique receptors are described in Table 2 and
their relationships to other alleles at the locus are shown in Supplemental Figure 4. Five of
the novel alleles were identified in multiple individuals (Table 1). The 13 receptors differ by
from one to two amino acid substitutions from receptors encoded by closely related alleles.
Together, the substitutions alter all three immunoglobulin-like extracellular domains and the
cytoplasmic tail. Eight of the nonsynonymous substitutions alter residues not previously
polymorphic in the known KIR alleles. Three novel alleles are synonymous variants of
known alleles.

Figure 1 shows the frequency distribution of nucleotide differences in the pairwise sequence
comparisons for 43 KIR3DL2 alleles. The average number of pairwise differences among
alleles is 3.734. The most divergent allele pairs differ by 11 nucleotides and include
KIR3DL2*004 versus five alleles (KIR3DL2*008, *014, *041, *058, *061). In fact, the
allele KIR3DL2*004 is a member of all the allele pairs making up the most mismatched
categories (i.e., allele differing by 8–11 nucleotide differences) suggesting that either this
allele diverged very early on or that this allele sequence reported only once in the IPD-KIR
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database is an artifact. A neighbor-joining tree (Supplemental Figure 4) also shows
KIR3DL2*004 as an outlier. Table 3 shows the dS/dN ratio for KIR3DL2 is greater than
one, favoring synonymous substitutions.

Two statistical tests support a neutral model of evolution for KIR3DL2. In the Ewens-
Watterson test of homozygosity, the observed homozygosity (F=0.0788) was compared with
the expected value (F=0.0796) (Table 4). The normalized deviate of F (Fnd) was −0.0397.
These data suggest that this locus, like the other functional framework genes, is undergoing
neutral evolution (p=0.5881). A value of −1.31684 for Tajima’s D did not reject the null
hypothesis of neutrality (Table 5).

Discussion
The KIR framework genes, KIR3DL3, KIR3DP1, KIR2DL4 and KIR3DL2, mark the
boundaries of the two gene clusters comprising the KIR gene complex. Homologous
recombination in the 14 kb region separating the two KIR gene clusters retains the outer
framework genes but reshuffles the variable gene-content centromeric and telomeric
clusters. Unequal crossing over creates new haplotypes by expansion and contraction of the
two clusters of highly homologous KIR genes (Martin et al. 2003;Ordonez et al. 2008)
(Traherne et al. 2010) but it is bounded by the centromeric (KIR3DL3) and telomeric
(KIR3DL2) genes. This positioning maintains the presence of KIR3DL3 and KIR3DL2 (or
3’ exons of KIR3DL2 in the case of the KIR3DL1/KIR3DL2 chimeric gene (Norman et al.
2009)) in new haplotypes. During some unequal crossing over events, the centrally located
framework genes, KIR3DP1 and KIR2DL4, may be duplicated or deleted as observed in this
and other studies (Traherne et al. 2010) (Norman et al. 2002;Ordonez et al. 2008) (Martin et
al. 2003).

The centromeric and telomeric framework genes are highly diverse in this African American
population of 100 individuals. Fifty KIR3DL3 alleles encode 35 distinct receptors and 32
KIR3DL2 alleles encode 26 receptors. In contrast, a single allele of KIR2DL4,
KIR2DL4*00103, predominates (64 of 100 individuals) although 17 other alleles are also
observed encoding 14 allelic products. In general, there appears to be more alleles at each
locus with lower frequencies in African Americans compared to European American or
Asian populations. This diversity has also been observed for other KIR loci in this
population (Hou et al. 2009;Hou et al. 2010). This increased diversity is also observed for
loci other than KIR. HLA alleles and haplotypes in African Americans exhibit increased
diversity when compared to other U.S. populations (Maiers et al. 2007). Studies of other
polymorphic markers across the genome have also noted the high levels of genetic diversity
within the African American and African populations when compared to other world-wide
populations (Tishkoff et al. 2009).

Many African Americans can trace their ancestry to African slaves imported into the
Americas from the west coast of Africa. While data on KIR2DL4 and KIR3DL2 alleles in
African populations is limited, many of the KIR3DL3 alleles observed in this cohort of
African Americans, KIR3DL3*00208, *01406, *01502, *02502, *032, *034, and *035,
were originally described in a West African population from Ghana (IPD-KIR database
version 2.3.0; submitted by Dr. Parham) and thus far have not been observed in populations
of European origin (Hou et al. 2007). Studies of genome-wide polymorphisms have
demonstrated that the African ancestry contribution to African Americans is approximately
80% (Tishkoff et al. 2009).

Comparison of the novel alleles described here to other alleles at the locus shows distinct
lineages. Each lineage is marked by a consensus allele that varies subtly from other less
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frequent alleles in the lineage. For example, KIR2DL4*00201, KIR2DL4*0080201,
KIR2DL4*0080202, KIR2DL4*017, and KIR2DL4*020 form a cluster in the neighbor-
joining tree shown in Supplementary Figure 3. Since KIR2DL4*00201 was not observed in
African Americans, it seems likely that KIR2DL4*00201 diverged from the more common
KIR2DL4*00802 allele by the gain of a nucleotide in the exon encoding the transmembrane
region producing the 9A/10A variation studied by Goodridge et al.(Goodridge et al. 2007).
The newly described alleles KIR2DL4*017 and KIR2DL4*020 differ by single, apparently
random, nucleotide substitutions from the KIR2DL4*00802 coding sequence. For
KIR3DL2, the cluster including the common allele, KIR3DL2*01301, includes four other
alleles that each differ from KIR3DL2*01301 by a single nucleotide substitution altering
codons −18 (KIR3DL2*01303), 87 (KIR3DL2*040), 125 (KIR3DL2*01302), and 145
(KIR3DL2*025). The four alleles were each observed once in 100 African Americans
except for KIR3DL2*040 which was observed three times. The diversification of KIR3DL3
is more complex because of the reshuffling of the two sequence blocks. But within each
block, a pattern of variation similar to the other framework genes can be observed. For
example, six alleles share the nucleotide sequences of exons 1–5 (KIR3DL3*00101,
KIR3DL3*00102, KIR3DL3*00301, KIR3DL3*00901, KIR3DL3*00902,
KIR3DL3*0041), a consensus sequence found 51 times in 100 individuals (Supplementary
Figure 2a, Table 1). Another six alleles differ for a single, apparently random, substitution
from that 5’ block consensus sequence (codon 86 (KIR3DL3*052), codon 111
(KIR3DL3*032), codon 113 (KIR3DL3*054), codon 118 (KIR3DL3*00905), codon 151
(KIR3DL3*00103), and codon 281 (KIR3DL3*00104). These variations from consensus
were observed from one to five times in the cohort. This pattern of variation appears to
support random recent mutations as a source of variation.

Synonymous nucleotide substitutions are favored over nonsynonymous substitutions within
the known alleles of the three KIR genes. While the synonymous to nonsynonymous ratios
can be used to estimate evolutionary pressures on genes, because our analysis was
performed only within human alleles, there are limits to inferring selection from the ratios
presented in this study (Kryazhimskiy and Plotkin 2008). An earlier study of KIR3DL3
diversity did evaluate dN/dS ratios in humans compared to higher primates and observed
predominantly synonymous substitutions in the extracellular domains as we did. The low
values for dN/dS found in that study suggested purifying selection (Jones et al. 2006).

Plots of allele mismatch distributions from the three loci show a similar pattern resembling a
bell shaped curve spanning from zero to 11–13 polymorphic sites among pairwise allele
combinations. The average number of differences is approximately 4–6 nucleotides with
KIR3DL3 pairwise comparisons being slightly more diverse. The shape of the curves
suggests that the alleles at each locus represent a continuum of diversity with relatively
recent divergence. In general, the pattern of variation within the framework genes supports
the hypothesis based on analysis of alu repeats and similarity in nucleotide sequences among
KIR loci that these genes had a recent origin (Wilson et al. 2000).

In the mismatch distributions, KIR3DL3 exhibits a broader frequency distribution than the
other two framework genes. This continuum is created, in part, by a hotspot for
recombination located 5’ to exon 7 that reshuffles the sequences of 5’ (exons 1–5) and 3’
(exons 7–9) exons (Jones et al. 2006;Pyo et al. 2010). Figure 1 shows the difference in the
pairwise comparison if only the sequences of KIR3DL3 exons 1–5 are compared. The peak
sharpens and becomes bimodal suggesting the presence of both more recently diverged
lineages and more distantly related lineages. The presence of more diverged lineages is
consistent with previous studies suggesting that KIR3DL3 may be an ancient member of the
KIR family (Jones et al. 2006;Rajalingam et al. 2004).
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The impact of the KIR diversity on the function of these framework KIR receptors remains
to be determined. For KIR3DL3, KIR2DL4, and KIR3DL2, Tajima’s D and the Ewens-
Watterson test suggest that these loci are undergoing neutral evolution in which the alleles
are indistinguishable with respect to one another (i.e., there is no difference in fitness
creating a selective advantage or disadvantage among the alleles). In this model, variation is
occurring through mutation and genetic drift is the predominant force altering allele
frequencies. It should be noted, however, that there is considerable discussion in the
population genetics field regarding the ability of the statistical methods used in this study
and in other studies of genomic data to detect selection (for example, (Garrigan and Hedrick
2003;Nei et al. 2010). Thus, we may have to await more powerful statistical methods to
identify alleles affected by selection and to predict potentially critical residues within the
KIR molecules.

For the KIR loci, because we do not yet understand the ligands detected (KIR3DL3) or the
biological impact of allelic variation on ligand binding (KIR2DL4, KIR3DL2) and
subsequent NK activity or the role of secreted versus membrane bound receptors for
KIR2DL4, it is difficult to predict how selection might be acting on these loci. Since NK
cell activity is determined by the balance of signals received from a variety of inhibitory and
stimulatory receptors (Bryceson and Long 2008), it may be that the impact of selection on
the KIR loci will be subtle and in the context of selection acting on other immune response
genes. Further studies correlating structure with function are needed to clarify the impact of
allelic variation in the KIR framework gene.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The frequency distribution of nucleotide differences in a pairwise comparison of alleles at
the three framework KIR loci, KIR3DL3, KIR3DL3 exons 1–5 only, KIR2DL4, KIR3DL2.
Removal of alleles KIR2DL4*003 and KIR3DL2*004 will remove the most mismatched
categories from the curves for these alleles (eg removal of KIR3DL2*004 will remove the
8–11 mismatched pairs).
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Table 3

dS/dN ratiosa for the KIR framework genes

KIR3DL3 KIR2DL4 KIR3DL2

dS/dN average of pairwise comparisons 4.0976 2.8778 1.6483

a
The ratios are based on a pairwise comparison of all alleles at each locus. The analysis used 75 KIR3DL3, 33 KIR2DL4, and 43 KIR3DL2 alleles.
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Table 4

Ewens-Waterson homozygosity test

KIR3DL3 KIR2DL4 KIR3DL2

Fobs 0.0497 0.2500 0.0788

Fnd 0.0527 1.4685 −0.0397

p-value 0.6184a 0.9187a 0.5881a

a
Not significant
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Table 5

Results of Tajima’s D statistical testa

KIR3DL3 KIR2DL4 KIR3DL2

No. coding nucleotides evaluatedb/total 1181/1233 1064/1134 1280/1368

No. polymorphic sites 31 16 23

Tajima’s D −0.21130 −0.40250 −1.31684

p-value NSc NS NS

a
Based on the 200 alleles observed in the frequency study for KIR3DL3 and the 195 KIR3DL2 alleles (excluding the 5 KIR3DL1/KIR3DL2 fusion

alleles). For KIR2DL4, the data included the 166 alleles described in Table 1.

b
Includes all of the coding sequence with the exception of a portion of the 5’ sequence where data are not available for all alleles.

c
Not significant
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