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Abstract

Interactions between HLA class | and killer cell immunoglobulin-like receptors (KIR) diversify
human NK cell responses. Dominant KIR ligands are the C1 and C2 epitopes of MHC-C, a young
locus restricted to humans and great apes. C1 and C1-specific KIR evolved first, being present in
orangutan and functionally like their human counterparts. Orangutans lack C2 and C2-specific
KIR, but have a unique C1+C2 specific KIR that binds equally to C1 and C2. Such a receptor was
likely the mechanism by which C2-KIR interaction evolved from C1-KIR while avoiding a non-
functional intermediate: either orphan receptor or ligand. Orangutan inhibitory MHC-C reactive
KIR pair with activating receptors of identical avidity and specificity, contrasting with the
selective attenuation of human activating KIR. The orangutan C1-specific KIR reacts or cross-
reacts with all four polymorphic epitopes (C1, C2, Bw4, and A3/11) recognized by human KIR,
revealing their structural commonality. Saturation mutagenesis at specificity-determining position
44, demonstrates that KIR are inherently restricted to binding just these four epitopes, either
individually or in combination. This restriction frees the majority of HLA-A and —B variants to be
dedicated T-cell receptor ligands, not subject to conflicting pressures from the NK cell and T cell
arms of the immune response.

Introduction

Characterization of alloreactive NK cell specificities led to the identification of inhibitory
receptors for polymorphic HLA class | determinants (1, 2). Because of their functional
similarity to the Ly49 receptors of mouse NK cells, it was commonly anticipated that the
human NK cell receptors would also be Ly49 molecules (3). However, the subsequent
molecular analyses demonstrated that structurally unrelated proteins, the killer cell
immunoglobulin-like receptors (KIR) were the functional analogues of mouse Ly49 (4-7).
This unambiguous example of convergent evolution provided a first indication of the rapid
evolution of NK cell receptors and the strong, but variable, selection that acts upon NK cell
function in the early phases of both the immune response and placental reproduction (8, 9).
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Like HLA class I, the human KIR gene family exhibits extraordinary genetic and functional
diversity, but one built upon gene content variation as well as allelic polymorphism (10, 11).
Combinations of KIR and HLA class | factors distinguish individuals and populations, and
correlate with a broad range of clinical conditions that includes infection, autoimmunity,
transplantation, and pregnancy syndromes (12, 13). Many of these associations involve
differences between the group A and B KIR haplotypes, the former containing mainly
inhibitory KIR genes, the latter being enriched for activating KIR genes (14).

Human KIR recognize all HLA-C variants, but only some HLA-A and —B variants (15).
Interactions between three inhibitory KIR (KIR2DL1, KIR2DL2/3, and KIR3DL1) and their
respective ligands, the C1 and C2 epitopes of HLA-C and the Bw4 epitope of HLA-A and -
B, influence NK cell education during development and NK cell function during an immune
response (16-19). Structurally similar activating receptors pair with these inhibitory
receptors, but their functions remain speculative, because of the weak (KIR2DS1) or
undetectable (KIR2DS2 and KIR3DS1) binding to ligand caused by acquired mutation (20—
23). A fourth inhibitory receptor (KIR3DL2), which recognizes an epitope shared by HLA-
A3 and HLA-A11 (24-26), does not contribute to NK cell education (16, 19), but is paired
with a structurally divergent activating receptor (KIR2DS4) that recognizes HLA-A11, as
well as a subset of HLA-C allotypes (27).

To gain distance and perspective on these enigmatic properties of the human KIR we have
studied the KIR genes in other mammalian species (28). In several non-primate species KIR
is either absent, inactivated or represented by a single gene (29). Although the distantly
related KIR3DX gene is diversified in cattle (30), expansion of the KIR3DL gene is restricted
to the simian primates (monkeys, apes and human) (31), the prosimian primates having but a
single non-functional KIR3DL gene (32). Whereas New World monkeys (the platyrrhines)
have their own distinctive forms of KIR3DL (33), Old World monkeys, apes and human (the
catarrhines) share a common set of four KIR3DL lineages defined by phylogenetic analysis
(34, 35). Lineage I, comprises KIR2D with DO and D2 domains, such as KIR2DL4 that
binds MHC-G (36, 37); lineage Il are KIR3DL that bind MHC-A and —B epitopes (38, 39);
lineage 111 comprises KIR3D and KIR2D with D1 and D2 domains, including receptors
specific for the C1 epitope carried by MHC-B and —C and the C2 epitope carried by MHC-C
(2, 40-44); and lineage V KIR is represented by KIR3DL3, for which no ligand specificity
has been determined (45). The expansion of KIR lineages correlates with presence of their
cognate MHC class | KIR ligands. Thus lineage Il KIR expanded in Old World monkeys
(32, 33), species where MHC-A and -B are first detected. Similarly, lineage 111 KIR
expanded in orangutan (34), the species where MHC-C is first detected (46), and continued
in chimpanzee and human with accompanying reduction in the numbers of lineage Il KIR
(47, 48).

Whereas HLA-C is fixed in the human MHC and carries both C1 and C2 epitopes, orangutan
Popy-C is not fixed, being present on ~50% of MHC haplotypes, and carrying only the C1
epitope (46). On the basis of these properties, we hypothesized that orangutan lineage 111
KIR and MHC-C represent an evolutionary intermediate of the human system, one having
C1 and C1-specific KIR but neither C2 nor C2-specific KIR (49). In proving this point, the
functional study described here discovered a novel type of C1+C2 receptor that preceded the
C2 half of the system, and likely facilitated its evolution. The orangutan activating KIR
provided valuable insight regarding the state of their human counterparts, and the relative
plasticity of the orangutan KIR prompted further experiments in mutagenesis that revealed
an inherent limitation to the recognition of HLA class | by KIRs.

J Immunol. Author manuscript; available in PMC 2011 October 1.
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Materials and Methods

KIR-Fc fusion proteins

The methods were based on those of Winter et al (50), as described by Moesta et al (44).
Exons encoding the 1g-like domains and stem of orangutan and human lineage 111 KIR
(2DL1*001 and 2DL3*001) were amplified by PCR and fused in-frame with the region
encoding the Fc portion of the human IgG1 H chain. Single point mutants of KIR2DLA
were made using the QuikChange mutagenesis kit (Stratagene) according to the
manufacturer’s instructions. Wild type and mutant KIR-1g constructs were cloned into the
pACgp67A transfer vector and cotransfected with linearized baculovirus (BD Biosciences)
into Sf9 cells using Cellfectin according to the manufacturer’s directions (Invitrogen). Two
additional rounds of amplification were performed to obtain high-titer virus. Hi5 insect cells
were infected with the high-titer virus for 72 hours and then centrifuged at 2,500g for 15
min. The supernatant was collected, filtered to remove residual particulate material, and
neutralized with 10x HEPES buffered saline (pH 7.2). The supernatant was then incubated
overnight at 4°C with protein A-Sepharose beads (Invitrogen). The KIR-Fc fusion protein
was eluted from the protein A-Sepharose beads with sequential aliquots of 800ul 0.1 M
glycine (pH 2.7) and neutralized using 200pl 1 M Tris (pH 9.0). Sephadex G-25M columns
were used to desalt the protein into DPBS. At this stage KIR-Fc protein concentration was
determined using the Bradford assay (BioRad). Proper folding of KIR-Fc was assessed by
the binding to conformation-dependent antibodies: NKVVFS1 (mouse anti-KIR; Serotech)
and goat anti-human 1gG (Immunotech). To do this KIR-Fc was first bound to beads coated
with anti-human 1gG (Bangs Laboratories) and subsequent staining with the PE-labeled
conformation-dependent antibodies was measured by flow cytometry.

Binding of KIR-Fc to beads coated with HLA class |

Binding of KIR-Fc fusion proteins to a panel of 29 HLA-A, 50 HLA-B and 16 HLA-C
allotypes was assessed using LABScreen single-antigen bead sets (One Lambda). These
beads, originally developed for characterizing the specificity of antibodies for HLA class |
(51, 52), have proved incisive in defining the MHC class | specificity of KIR (27, 43, 44).
KIR-Fc fusion proteins and W6/32, a mouse monoclonal antibody which recognizes all
HLA class | isoforms with similar avidity (53-55), were incubated at 100pg/ml with
LABScreen microbeads for 1 hour at 4°C with shaking. Beads were washed four times and
then incubated with either anti-human Fc-PE for KIR-Fc or anti-mouse 19G-PE for W6/32.
The fluorescent signal intensity of the attached secondary antibody and the unique
fluorescent level for each HLA bead were read on a Luminex 100 instrument. Reported are
the mean fluorescence levels of at least 200 events for KIR-Fc, expressed as a ratio to
W6/32 binding, which served as a control for variation in the amount of HLA class | bound
to each bead (44).

NKL and KIR transductants

NKL, a cell line derived from a human leukemia that resembles activated NK cells and
expresses no endogenous cell-surface KIR (56), was maintained as described (57).
Transduced NKL cells expressing a KIR of choice were generated as previously described
(44). Full-length coding regions for wild-type and mutant KIR were amplified by PCR and
cloned into pPBMN retroviral vector. Point mutations were made using the QuikChange
mutagenesis kit (Stratagene). Recombinant retrovirus was generated by transfection into
Phi-NX cells using standard protocols and used to infect/transduce NKL cells. KIR-
expressing cells were sorted for equivalent cell-surface expression levels using a FACStar
cell sorter (BD Biosciences). The pBMN vector and Phi-NX cells were a gift from Garry
Nolan, Stanford University, Stanford, CA.

J Immunol. Author manuscript; available in PMC 2011 October 1.
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721.221 and HLA transfectants

721.221 (221 for short), a MHC class | deficient EBV-transformed human B cell line (58)
was maintained as described (39). Popy-C*0301 was isolated from cDNA of the orangutan,
Allen, using primers 5’-
CTCGAGGCCGCCACCATGGCCGTCATGGCGCCCGTAACCCTCCTCC-3” and 5°-
GCGGCCGCTCAGGCTTTACAAGCAATGAGAGACT-3’. The mutant Popy
C*0301-80K, in which asparagine at position 80 was replaced by lysine, was made using the
QuickChange mutagenesis kit (Stratagene). Transfectants of 221 cells expressing Popy
C*0301 and C*0301-80K were generated as previously described, in which critical leader
peptide residues were mutated to prevent HLA-E binding to CD94:NKG2A(44).

Cellular cytotoxicity assay

Results

Killing of transfected and untransfected 221 cells by NKL transductants was assayed as
previously described(44). NKL effector cells were mixed with 51Cr-loaded 221 target cells
for 4h at 37°C at ratios of 40:1, 20:1, and 10:1. Supernatants were harvested and the levels
of ®1Cr quantified using a Wallac p-scintillation counter. Specific lysis was calculated as the
specific release minus the spontaneous release divided by the total release less the
spontaneous release. Because the killing of 221 cells by NKL cells is close to the maximum
possible, we could not assess the activating potential of orangutan activating lineage 111 KIR
using this system.

Structural comparison of human and orangutan KIR identified two candidate inhibitory
MHC-C receptors: Popy2DLA and Popy2DLB (49). Like the human C1 receptor KIR2DL3,
Popy2DLA has lysine at position 44, the specificity-determining residue (59, 60), suggesting
that Popy2DLA too has C1 specificity. By contrast, Popy2DLB has glutamate 44, a non-
conservative substitution absent from human KIR, suggesting a novel MHC class |
specificity (Fig. 1). To test these hypotheses, we determined ligands and signaling function
for Popy2DLA and 2DLB. Throughout this investigation human KIR2DL1*001 and
KIR2DL3*001 were used as controls.

Orangutan Popy2DLA is an inhibitory receptor recognizing C1 like human KIR2DL3

Functional interactions of KIR with MHC-C bearing either the C1 or C2 epitope were
examined in cytotoxicity assays where NKL effector cells expressed a single KIR and 221
target cells expressed a single MHC class | (Figure 2). NKL cells expressing Popy2DLA
were inhibited by 221 cells expressing C1*C*0304 (Fig. 2A1), but killed class I-deficient
221 cells and 221 cells expressing C2*C*0401 (Fig. 2A2). This engagement of C1 was like
that of human KIR2DL3 (Fig. 2A5, 6) and different from C2-recognition by KIR2DL1 (Fig.
2A7, 8). The dependence on lysine 44 of C1-recognition by Popy2DLA was investigated
using a Popy2DLA mutant having methionine 44, the specificity-determining residue of
KIR2DL1. NKL cells expressing this Popy2DLA-44M mutant were inhibited by 221 cells
expressing the C2 epitope (Fig. 2A2), but not by 221 cells expressing the C1 epitope (Fig.
2A1). This reaction pattern is like that of C2-specific KIR2DL1 (Fig. 2A7, 8). Popy2DLA
was thus demonstrated to be a functional inhibitory receptor that recognizes C1 in a lysine
44 dependent manner.

Popy2DLB is an inhibitory receptor that recognizes both C1 and C2 epitopes

NKL cells expressing Popy2DLB killed untransfected 221 cells, but were inhibited by 221
cells expressing either C1*C*0304 (Fig. 2A3) or C2*C*0401 (Fig. 2A4). To investigate this
dual C1+C2 reactivity, we studied Popy2DLB mutants in which glutamate 44 was replaced
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by either lysine (Popy2DLB-44K) or methionine (Popy2DLB-44M). Both mutations
abrogated the dual reactivity, demonstrating its dependence upon glutamate 44. The
Popy2DLB-44K mutant recognized C1 (Fig. 2A3) but not C2 (Fig. 2A4); the
Popy2DLB-44M mutant recognized C2 (Fig. 2A4) but not C1 (Fig. 2A3). To determine if
glutamate 44 is sufficient to confer the dual C1+C2 reactivity, we studied a mutant
(Popy2DLA-44E) of Popy2DLA in which lysine 44 was replaced with glutamate. NKL cells
expressing Popy2DLA-44E were inhibited by 221 cells expressing either C2 (Fig. 2A2) or
C1 (Fig. 2A1), but killed untransfected 221 cells efficiently. These results show that
glutamate 44 is sufficient to confer C1+C2 reactivity on Popy2DLA, despite the fact that
Popy2DLA differs from Popy2DLB by an additional thirteen amino acid substitutions in the
D1 and D2 domains forming the ligand-binding site (Fig. 1). In conclusion, glutamate 44 is
both necessary and sufficient to confer recognition of C1+C2 by orangutan lineage 111 KIR.

Popy-C allotypes are recognized by orangutan and human KIR

Having established that Popy2DLA and Popy2DLB recognize well-characterized human C1
and C2 epitopes, we studied their capacity to recognize orangutan MHC-C (Popy-C), the
physiologically relevant ligand. Because all Popy-C allotypes have asparagine 80 and are
thus predicted to carry C1(46, 49), we constructed a mutant, Popy-C*0301-80K, in which
asparagine 80 was replaced by lysine (the residue defining the C2 epitope of HLA-C).
Transfected 221 cells expressing Popy-C*0301 or Popy-C*0301-80K were tested for their
capacity to be killed by NKL cells expressing Popy2DLA, Popy2DLB, KIR2DL3 and
KIR2DL1 (Fig. 2B).

NKL cells expressing Popy2DLA, Popy2DLB or KIR2DL3 were strongly inhibited by 221
cells expressing Popy-C*0301 (Fig. 2B1, 3 and 5); and similar properties were observed for
the Popy-C*01 and Popy-C*02 allotypes (data not shown). In contrast, NKL cells
expressing KIR2DL1 (Fig. 2B7) were not inhibited by target cells expressing Popy-C*0301.
The natural Popy-C allotypes are thus seen to carry C1 epitopes that function as ligands for
inhibitory orangutan and human KIR. Popy-C*0301 induced stronger inhibition on engaging
KIR2DL3 (Fig. 2B5) than either Popy2DLA (Fig. 2B1) or Popy2DLB (Fig. 2B3), an effect
that could arise from either stronger avidity or signal transduction of the human receptor.

That target cells expressing Popy-C*0301-80K were killed by NKL cells expressing
KIR2DL3 (Fig. 2B6), but not by NKL cells expressing KIR2DL1 (Fig. 2B8), shows that the
C1 epitope of Popy-C*0301 was replaced by a functional C2 epitope in this mutant. Further
supporting this interpretation, 221 cells expressing Popy-C*0301-80K were killed by NKL
cells expressing Popy2DLA (Fig. 2B2), but not by NKL cells expressing Popy2DLB (Fig.
2B4). Here Popy-C*0301-80K behaved similarly to C2*HLA-C*0401, being recognized by
Popy2DLB but not by 2DLA. Consistent with these observations, C1*Popy-C*0301 was
shown to be a good ligand for the Popy2DLA-44E (Fig. 2B1) and Popy2DLB-44K (Fig.
2B3) mutants, but a weak ligand for the Popy2DLA-44M (Fig. 2B1) and Popy2DLB-44M
(Fig. 2B3) mutants. Conversely, C2*Popy-C*0301-80K proved a good ligand for
Popy2DLA-44M (Fig. 2B2) and Popy2DLB-44M (Fig. 2B4), but a weak ligand for
Popy2DLA-44E (Fig. 2B2) and Popy2DLB-44K (Fig. 2B4). This analysis demonstrates that
natural Popy-C allotypes carry C1 epitopes that behave like human C1 epitopes in their
interactions with inhibitory lineage 111 KIR. Our results also show that only one point
mutation is necessary for the orangutan to acquire C2*Popy-C. And should it occur, the
C2*Popy-C would immediately be functional as a ligand for Popy2DLB.

High resolution HLA class | specificity of human and orangutan inhibitory KIR

To complement and extend the results from cellular cytotoxicity assays (Fig. 2), we
measured the binding of KIR-Fc fusion proteins to beads coated with one of 29 HLA-A, 50
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HLA-B and 16 HLA-C allotypes. Figure 3 shows mean values for groups of functionally
similar allotypes, while Figure 4 shows the binding to individual HLA-C allotypes.

KIR2DL3-Fc and Popy2DLA-Fc both bound to C1*HLA-C allotypes and to the two
C1*HLA-B allotypes (B*4601 and B*7301) (40, 44), with Popy2DLA being the stronger C1
receptor overall (Fig. 3A). Popy2DLA also bound to C2*HLA-C*0202, C2*HLA-C*0501
(Fig. 4) and the two HLA-A11 subtypes, with higher binding to A*1102 than to A*1101
(Fig. 3A). Previously, we showed that human KIR2DS4, a divergent, activating lineage 111
KIR, binds C*0202, C*0501, A*1101 and A*1102 (27), and that KIR2DL 2, a divergent
allotype of KIR2DL3, with higher avidity for C1 binds to C2*C*0202 and C*0501 (44).

Popy2DLB also bound to C1*"HLA-B, C1*HLA-C and A*11, but with less avidity than
Popy2DLA (Fig. 3A). Further distinguishing Popy2DLB from Popy2DLA was its broader,
more even, reactivity with C2*HLA-C. Thus Popy2DLB binding to the C*0202 and C*0501
allotypes was lower than for Popy2DLA, but it was accompanied by increased avidity for
other C2-bearing allotypes, such as C*1502, C*1701 and C*1802 (Fig. 4). As a consequence
of these opposing effects, the mean avidities of Popy2DLB for the C1 and C2 epitopes are
comparable, the strongest reactions being with the two C1*HLA-B allotypes (Fig. 3A). In
this direct binding assay, Popy2DLB is seen to be a weaker receptor than Popy2DLA, but to
have a broader specificity for both the C1 and C2 epitopes of HLA-C. These results are
consistent with those obtained in the cytotoxicity assay (Fig. 2).

Mutant Popy2DLA-E44 combines the strength of Popy2DLA with the specificity of
Popy2DLB, having stronger reactions with C1, C2 and Al1l. In contrast, the Popy2DLA-
M44 mutant is specific for C2, but retains weak C1 and A1l binding (Fig. 3A). Although
human KIR2DL1 is a weaker receptor than Popy2DLA-M44, it has exquisite specificity for
C2, giving no detectable cross-reactivity with any C2~ HLA class I. This sharp C2
specificity of KIR2DL1 cannot be completely attributed to methionine 44, but must involve
contribution from one or more of the additional 30 residues that distinguish the ligand-
binding D1 and D2 domains of KIR2DL1 and Popy2DLA (Fig. 1).

Variability in KIR binding to HLA-C correlates with the pattern of allotypic substitution.
Within the C1 group, the strongest (C*1601) and weakest (C*1203) binding allotypes (Fig.
4) differ only by substitutions at positions 73, 152, and 156. Modeling these differences on
the crystallographic structure of C*0304 bound to KIR2DL2 (61), indicated that residue 73
(threonine in C*1601/ alanine in C*1203) may contact KIR directly, while residues 152
(alanine in C*1601/ glutamate in C*1203) and 156 (glutamine in C*1601/ tryptophan in
C*1203) influence the peptides bound. Moreover, the alanine 152, glutamine 156 motif is
uniquely present in HLA-C*16 and HLA-A*11 and no other HLA class | (Supplemental
Figure S2), which could explain why A*11 is the only HLA-A allotype bound by
Popy2DLA. Of the C2* allotypes, HLA C*0401, the prototypical C2 ligand (23), stands out
for its reproducibly low binding to KIR2DL1 and Popy2DLB (Fig. 4). This difference
correlates with the unique substitution of tryptophan for arginine at position 14 in a loop
known to influence KIR interaction (27).

Recent observation that MHC class | bound peptides can alternatively interact with KIR to
mediate strong inhibition, weak inhibition or antagonize inhibition (62), suggest an
explanation for the ‘discrepancy’ between the binding and cytotoxicity assays with C*0401.
If C*0401-bound peptides are not antagonistic but predominantly ones that interact weakly
with KIR, then in aggregate they could develop good inhibition while individually binding
weakly to KIR. Alternatively, relatively few C*0401 molecules might be sufficient to elicit a
potent inhibition, or C*0401 could preferentially attach to the beads in a manner that
prevents binding of KIR, but not the W6/32 antibody used to normalize for differences in
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abundance of HLA on the beads. The absolute level of W6/32 binding to beads varies over a
range in which the weakest (B*5101) is 23% that of the strongest, and C*0401 is the second
weakest (31%) (Supplemental Figure S3). No correlations could be discerned between KIR-
Fc binding and amount of HLA class | protein as assessed by W6/32 binding. For example,
C*1701, C*0202 and C*0501, are the strongest C2 ligands for KIR-Fc proteins and bind
W6/32 (41%, 47%, and 49%, respectively) at levels that groups them with C*0401 in the
bottom 20% of the class of 95 HLA class | variants.

Orangutan has paired activating and inhibitory KIR with similar specificity and high avidity
for MHC class |

Four lineage 111 orangutan KIR were predicted to encode activating receptors (49) that
engage the DAP12 signaling adaptor (63). Of these Popy2DSA, 2DSD1 and 2DSD2 have
lysine 44 and the potential to be C1 receptors, whereas Popy2DSB has glutamate 44 and the
potential to be a C1+C2 receptor (Fig. 1). Fc-fusion proteins were made from the
extracellular domains of these PopyKIR2DS and tested for binding to the panel of HLA
class | coated beads (Fig. 3B). Popy2DSA-Fc bound to C1* HLA-B, C1* HLA-C and A*11
like 2DLA-Fc (Fig. 3B, Fig. 4), consistent with the amino acid sequence identity of their
ligand-binding domains (Fig. 1). Popy2DSA and Popy2DLA are seen to be a pair of
activating and inhibitory receptors with identical specificity and avidity for C1. Popy2DSB-
Fc bound to C1* HLA-B, C1* HLA-C, C2* HLA-C and A*11 like Popy2DLB-Fc (Fig. 3B,
Fig. 4). Thus Popy2DSB and Popy2DLB also form a pair of activating and inhibitory
receptors with comparable C1+C2 specificity and avidity, consistent with the high sequence
similarity in their extracellular domains (Fig. 1). Popy2DSD1 and Popy2DSD2 (which differ
only at two positions and are probably allotypes of the same gene) have a D2 domain related
to that of Popy2DLB, but a divergent D1 domain that is more closely related to the D1 of
human KIR2D than to D1 of the other orangutan KIR2D (Fig. 1). Popy2DSD1 exhibited
only very weak reactions with C1, consistent with presence of lysine 44, and Popy2DSD2
gave no detectable reactions with any HLA class I.

Humans have no paired activating and inhibitory KIR with similar avidity and specificity for
HLA class I. Although three pairs of structurally similar receptors are present, in each of
these the activating receptor has acquired substitutions that reduce its avidity for the ligand
recognized by the inhibitory receptor. KIR2DS1 is a weaker C2 receptor than KIR2DL1,
and binding of C1 by KIR2DS2 and Bw4 by KIR3DSL1 is undetectable (20, 22, 23, 64, 65).
In this regard, the orangutan Popy2DSD receptors are similar to their human counterparts.
However, in contrast to humans, orangutans have two pairs of high avidity MHC class I-
specific activating and inhibitory KIR.

The KIR binding site recognition is inherently limited to a minority of HLA class | variants

Residue 44 in the D1 domain was designated the specificity-determining residue because
mutagenesis at position 44 was sufficient to swap the C1 and C2 specificities of human
KIR2D (59, 60). Extending this concept, we find that glutamate 44 determines the
distinctive C1+C2 specificity (Figs. 2 and 3). To explore the evolutionary potential of
position 44 variation, we made a full set of 19 mutants, in which the wild-type lysine 44 of
Popy2DLA was replaced by all the other natural amino acids. KIR-Fc fusion proteins made
from these mutants were tested for binding to beads coated with HLA class I (Fig. 5A).

The position 44 mutants segregated into four groups according to their patterns of reactivity
with the 95 HLA-A, B and C variants (Fig. 5A). The first group contains only glutamate,
which decreased avidity for C1 and Al11, while gaining avidity for C2. The second group,
comprising hydrophobic methionine, leucine and valine, lost much avidity for C1 and A11,
while gaining high-avidity for C2 binding and variable reactivity for HLA-A and -B

J Immunol. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aguilar et al.

Page 8

allotypes carrying the Bw4 epitope, the ligand for human KIR3DL1(39). This trend
continues in the third group, comprising aromatic phenylalanine, tryptophan and tyrosine.
This group has C1+C2 reactivity like glutamate 44, but exhibits complete loss of A11
binding and much increased binding to Bw4. The fourth group, the majority, consists of 12
mutants causing loss or abrogation of binding to C1 and A11, with no gain in reactivity to
any other HLA class 1. In summary, substitution at position 44 in Popy2DLA had only four
effects, all associated with reduced reactivity for C1 and Al1: conversion of C1 specificity
to C2; broadening of C1 specificity to C1+C2; broadening of the C1 specificity to
C1+C2+Bw4; and loss, or abrogation, of C1 and Al1 reactivity with no other accompanying
effect.

It is striking that the only HLA class | variants recognized by the panel of mutant KIR are
those known to be ligands for human KIR, and that all four epitopes recognized by human
KIR -- C1, C2, Bw4 and A3/11 -- are represented in the HLA class | variants recognized by
Popy2DLA and its position 44 mutants. Lysine is the only residue that confers strong avidity
and specificity for C1, and of three residues that convert C1 specificity to C2, the strongest
receptor is formed by methionine 44, the residue present in the human C2-specific receptor,
KIR2DL1. Thus the position 44 residues in the human receptors appear optimized for
maximal avidity for C1 and C2. Furthermore, glutamate 44, the natural residue in
Popy2DLB is the only residue at position 44 that gives specificity for C1+C2 without
additional strong reactions with the Bw4 epitope of MHC-A and -B.

As controls for the position 44 mutants, we studied a set of seventeen Popy2DLA mutants
incorporating natural substitutions at twelve other positions where there is good evidence for
positive diversifying natural selection (data not shown). Whereas the position 44 mutations
altered both the specificity and avidity of the interaction with HLA class | (Fig. 5A),
mutations at these other positions only affected the avidity for C1 and A1l (Fig. 5B), none
of them exhibiting altered specificity for C2, Bw4 or other HLA class I. These mutations
localize to three regions: the ligand-binding site, the hinge region between D1 and D2, and
distal regions outside these two areas (61, 66). Whereas mutations in the distal regions had
relatively minor effects, mutation at position 72 in the binding site significantly reduced
avidity for C1 and A11 and seven mutations in the inter-domain regions caused a range of
effects embracing both increased and decreased avidity. Notable was leucine 148, where
arginine increased avidity, while cysteine greatly reduced avidity. That substitution at 11 of
the 12 positions (the exception being position 84) either increased or decreased the avidity
for C1, shows how natural variation at these positions modulates receptor function,
consistent with them having been sites of natural selection.

In conclusion, the results from these two sets of mutants demonstrate that KIR recognition is
restricted to binding the C1, C2, A3/11 and Bw4 epitopes of MHC class | (Fig. 5). No
mutation in either the specificity-determining residue or other positions of natural selection
produced reactivity with any HLA class | variant that is not recognized by the naturally
occurring human KIR and carries one of these epitopes.

Elements of the four epitopes recognized by lineage Il and Ill human KIR are represented
in the specificity of Popy2DLA

Direct binding of KIR2D-Fc to HLA class | coated beads is a robust, highly reproducible
assay that combines low background with sensitivity to a wide range of signal. These
qualities allowed us to distinguish strong, weak, and negative reactions of human and
orangutan KIR, which are jointly displayed in Figure 6 using a logarithmic scale for the
binding of KIR-Fc. Evident from this analysis are the more specific reactions of human
KIR2DL1 and KIR2DL3 compared to orangutan Popy2DLA and Popy2DLB. KIR2DL1 has
the highest discrimination, reacting almost exclusively with C2*HLA-C. Next is KIR2DL3,
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which reacts principally with C1*HLA-B and HLA-C, but also with some C2*HLA-C, and
weakly with HLA-A11 and Bw4. Popy2DLB has strong reactions with C1 and C2,
associated with weaker binding to A*11 and Bw4. Popy2DLA has the broadest reaction
pattern, which includes C1 and C2, A*03 and A*11, Bw4*HLA-A and -B, and several
Bw6*HLA-B allotypes. Although Figure 6 contains data obtained with a single
concentration of KIR-Fc, titrations showed that the cross-reactions were observed over a
range of concentration, while no reactions with any of the ‘negative’ HLA class | were
observed, even at high concentration (data not shown).

From this comparison of orangutan and human KIR we see the evolutionary progression, by
which an ancestral and flexible KIR that was broadly reactive with epitopes of MHC-A,-B
and C evolved to produce modern human lineage Il and I11 KIR with more specialized
specificities for A3/A11, Bw4, C1+C2, C1 and C2. Orangutan Popy2DLA retains the
broader reactions predicted to be the hallmark of such an ancestor.

Bw4 binding to KIR is influenced by polymorphism at positions 80 and 152 in MHC class |

The set of 23 Bw4* HLA class | allotypes divides into two groups based upon the
isoleucine/threonine dimorphism at position 80 within the Bw4 sequence motif (residues
77-83) (67). The four Bw4*HLA-A and six Bw4™HLA-B allotypes that bind Popy2DLA,
and some of its position 44 mutants, all have isoleucine 80, a residue reported to influence
Bw4-recognition by human KIR3DL1 (38) and progression to AIDS of HIV infections (68,
69). The binding allotypes do not, however, constitute all the Bw4* allotypes having
isoleucine 80, showing that this residue is not sufficient to confer KIR reactivity. We
therefore sought other polymorphisms in Bw4*HLA-A and -B that correlate with KIR
binding.

The combination of residues at positions 80 and 152 correlates more strongly with KIR
binding than either position alone (Fig. 7A). Isoleucine 80 and valine 152 gave strong
binding, isoleucine 80 and glutamate 152 weak binding, and threonine 80 and valine 152 no
binding. In addition, the more strongly binding Bw4* variants tended to have alanine at
position 69 and threonine at position 163 (Fig. 7B). Polymorphism at position 69 may affect
KIR binding directly while polymorphisms at positions 152 and 163 are more likely to exert
their effect on peptide binding (Fig. 7C). In contrast to the effects on Bw4 binding to KIR,
polymorphism at position 152 had little effect on C1 binding (Fig. 7A). Five Bw6* HLA-B
allotypes bound weakly but reproducibly to Popy2DLA and mutants (Figure 6). The
residues enriched in this subset of HLA-B allotypes are glutamate 163, serine 143 and
leucine 147 (Fig. 7D, Supplemental Figure S2), again indicating that influences on peptide
binding are responsible for these weak but informative cross-reactions.

Discussion

Inhibitory receptors for HLA class | play a major role in the education, repertoire
development and response of human NK cells (16-19). These functions are performed by
two types of receptor that are structurally disparate and of independent origin, but have co-
evolved to complement each other. Interaction between CD94:NKG2A and its HLA-E
ligand (70) is highly conserved in the human population (71) and gives NK cells a
remarkably similar education in different individuals (19). In contrast, the interactions
between KIR and their HLA-A, B and C ligands are extraordinarily variable, serving to
diversify NK cell repertoire and response within the human population. Correlating with this
difference, HLA-E is a much older gene than HLA-A, B or C (72).

Two of the four epitopes recognized by inhibitory KIR, A3/11 and Bw4, are carried by
minority subsets of HLA-A and —B allotypes. The other two epitopes, C1 and C2, are
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principally carried by HLA-C allotypes, all of which have either C1 or C2. As a
consequence of this distribution, only around half of the population has A3/11 and/or Bw4,
whereas all members of the population have C1 and/or C2. By this criterion HLA-C
dominates HLA-A and -B as a source of KIR ligands. MHC-C is also the most recently
evolved MHC class | gene, its presence and divergence correlating with expansion of the
lineage 111 KIR that comprises the MHC-C receptors (34, 49). These observations are
consistent with MHC-C having evolved under natural selection to become a specialized
source of ligands for NK cell receptors.

In phylogeny, MHC-C is specific to humans and great apes (hominids). Whereas natural
selection drove MHC-C to fixation in a common ancestor of humans and chimpanzees, it is
only present on ~50% of orangutan haplotypes (46), suggesting that MHC-C is less
important for orangutans than for humans, and that there is balancing selection between the
presence and absence of Popy-C. From these considerations and sequence comparisons of
MHC-C and KIR in orangutan and human, we proposed that the orangutan system of KIR
recognition of MHC-C resembles a half-way intermediate in the evolution of the human
system (49). The results obtained from the investigation described here make a strong case
for this hypothesis being correct.

Whereas different subsets of human and chimpanzee MHC-C allotypes carry C1 and C2,
orangutan Popy-C allotypes carry only C1. Correspondingly, orangutans have an inhibitory
C1 receptor (Popy2DLA) like human KIR2DL3, but lack an inhibitory C2 receptor like
human KIR2DL1. Thus C1 and C1-specific KIR existed in the common ancestor of human
and orangutan (>13 mya) (73), whereas C2 and C2-specific KIR evolved after separation of
human and orangutan ancestors, but before the separation of human and chimpanzee
ancestors (6.5-10 mya) (74). Consequently, C1-mediated regulation of NK cells was
functioning in hominoids for up to 6 million years before the emergence of C2-mediated
regulation. Observation that KIR2DL2/3-expressing NK cells selectively emerged in a
culture system of NK cell differentiation (75) and in patients recovering from bone marrow
transplant (76), raises the possibility that NK cell receptor ontogeny reflects this phylogeny.
Consistent with the hypothesis, developing NK cells express conserved CD94:NKG2A (71)
before they express variable KIR (77-79).

Experimental mutagenesis, in either the human (60) or orangutan system has shown that
only two point mutations are needed to convert the C1-KIR interaction to the C2-KIR
interaction: an asparagine to lysine substitution at position 80 in MHC-C, and a lysine to
methionine substitution at position 44 in KIR. That natural evolution followed this route is
highly improbable, because whichever mutation occurred first would have produced a non-
functional intermediate -- either an orphan C2 receptor without a ligand, or an orphan C2
ligand without a receptor -- that could not be subject to positive natural selection. Suggesting
a solution to this dilemma is the novel C1+C2 specificity of orangutan Popy2DLB, which
binds to both C1 and C2 and has glutamate 44, a specificity-determining residue absent from
human KIR. Modeling from the crystallographic structures of C1 bound to KIR2DL2 (61)
(Fig. 8A) and C2 bound to KIR2DL1 (66) (Fig. 8B), suggests how glutamate 44 could
alternatively hydrogen bond with either asparagine 80 of C1 (Fig. 8C) or lysine 80 of C2
(Fig 8D).

For the orangutan, which lacks C2, Popy2DLB can function only as a C1 receptor, but it has
the potential to engage C2 should it arise. Consequently, Popy2DLB has the requisite
properties of an evolutionary intermediate that would allow C2-mediated regulation to
evolve from C1-mediated regulation without loss of function. This pathway, involving three
mutations and four steps, is outlined in Figure 9. The first mutation replaces lysine 44 of the
ancestral C1-specific KIR with glutamate to give a C1+C2 receptor like Popy2DLB. Initially
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this receptor will only function with C1 ligands, but it sets the stage for C2 evolution by the
second mutation. Here, asparagine 80 of MHC-C is replaced by lysine, converting C1 to C2.
The emergent C2 can immediately engage the C1+C2 receptor and be subject to positive
selection that increases its frequency. Establishment of C2 in the population sets the stage
for the third mutation, which replaces lysine 44 of a C1 receptor with methionine, thereby
producing a C2-specific receptor like human KIR2DL1. (Mutation from glutamate [GAG] to
methionine [ATG] to evolve the C2-specific receptor is an unlikely possibility, because two
nucleotide substitutions are required.) Finally, in the presence of highly specific C1 and C2
receptors, there is selection against the broadly reactive C1+C2 receptor and its loss from the
population, as apparently occurred in humans. In contrast to humans, the chimpanzee retains
a lineage 111 KIR, Pt-KIR2DLY9, with glutamate 44 (43). However this receptor has
specificity for C2, not C1+C2, that is due to the unique substitution of cysteine for
phenylalanine at position 45 (data not shown). In the chimpanzee it appears that selection
against the C1+C2 receptor has not led to elimination of glutamate 44-containing receptors
of but to a narrowing of their specificity to C2.

Like the human species, orangutan has two inhibitory and several activating lineage |11 KIR.
Unlike the human situation, where all the activating KIR have reduced avidities for HLA
class I ligands, both the inhibitory receptors, Popy2DLA and Popy2DLB, are paired with
activating receptors (Popy2DSA and Popy2DSB, respectively) that have the identical, strong
avidity and specificity for MHC class I. In addition, the orangutan has two activating
receptors (Popy2DSD1 and Popy2DSD?2) that have little avidity for MHC class I and lack
equivalent inhibitory receptors. This comparison shows that the universal attenuation of the
human activating KIR does not have general applicability to other species, but neither is the
attenuation of activating KIR a human-specific phenomenon. That orangutan has an even
balance between activating and inhibitory MHC-C reactive KIR, as does the chimpanzee
(Moesta et al, manuscript submitted), shows that as humans evolved away from the ancestral
state the balance became skewed towards favoring high avidity inhibitory receptors and low
avidity activating receptors.

The benefit of paired activating and inhibitory receptors to the orangutan and chimpanzee
could be the education of NK cell populations that are balanced in a manner that reduces
autoimmunity while giving effective response to infection, malignancy and pregnancy (80).
Characterizing human evolution has been selection for a large brain (twice the size of a
chimpanzee brain), which necessitated an increased blood supply to the placenta during
pregnancy (81). As outlined previously (82, 83), this selective pressure on the role of NK
cells in reproduction could have led to attenuation of the activating receptors and formation
of the uniquely human KIR A and B haplotypes, the latter favoring reproductive success, the
former, termination of infection. A possible consequence of the skewed balance between
activating and inhibitory KIR is that humans have higher propensity for autoimmunity than
other hominid species. Indeed, susceptibility to several autoimmune diseases is associated
with the attenuated human activating KIR (13).

Analysis of the fine-specificity of KIR binding to MHC class | shows that Popy2DLA binds
strongly to C1, but also cross-reacts with C2, Bw4 and A3/11. Thus elements of all four
human specificities are seen in this one orangutan KIR, showing how the four human
epitopes and their cognate KIR could have evolved from an ancestral interaction between
one KIR and one epitope. That human and orangutan KIR recognize the same subset of
HLA-A, B and C allotypes, prompted us to explore the potential repertoire of KIR
specificities for MHC class I. Saturation mutagenesis at position 44 of Popy2DLA showed
that seven residues changed MHC class | specificity, while twelve reduced or eliminated C1
binding with no compensatory binding to other epitopes. Mutation at other sites of natural
selection had no impact on receptor specificity, but acted to increase or decrease avidity for
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C1. Variation at the specificity-determining residue was thus seen to achieve four different
specificities: C1+Al1 (lysine), C1+C2 (glutamate), C2+Bw4 (methionine, leucine, valine),
C1+C2+Bw4 (phenylalanine, tryptophan, tyrosine). Only the aromatic residues have not
been observed naturally at position 44 in KIR (Supplemental figure S4).

Structural modeling indicates how the benzene ring in these aromatic residues can form
hydrogen bonds with asparagine 80 of C1 (Fig. 8E) and lysine 80 of C2 (Fig. 8F) (84).
Again it is striking that the same subset of HLA class | variants are recognized by the natural
and mutant KIR, with 21 of 24 HLA-A, and 37 of 48 HLA-B allotypes tested being strictly
non-permissive for KIR interaction. The restricted ability of KIR to bind different MHC
class I isoforms fits with crystallographic observations that KIR conformation is little
affected by binding to ligands indicating “that KIR and HLA associate essentially as rigid
bodies”, a situation contrasting with the conformational adaptations that the af TCR make in
binding to MHC class | (59).

HLA-A, B and C provide ligands for both KIR expressed by NK cells and the ap TCR
expressed by CD8 T cells. The sites on HLA class I to which these two receptors bind are
overlapping and both include elements of the bound peptide (59). Because NK cells and T
cells have different functions in immunity and reproduction they inevitably impose different
and competing selection pressures on MHC class | variants. Thus variants that make the best
NK cell response are unlikely to make the best CD8 T cell responses, and vice versa.
Although MHC class | have interacted with apTCR for > 400 million years (85), their
interactions with variable KIR3DL emerged much more recently, during the 45-82 million
years since separation of simian and prosimian ancestors (32, 86, 87). Thus KIR first
interacted with forms of MHC class | that had been selected for their capacity to present
antigens to T cells. That only a minority of modern HLA-A and —B allotypes are ligands for
KIR may reflect balancing selection between allotypes selected on the basis of NK cell or T
cell advantage. Essential to such balance is the inflexibility of KIR recognition of MHC
class I, which complements the adaptability of TCR recognition (59). The modern HLA-B
and —C genes originated by duplication of an ancestral gene resembling MHC-B, with
selective divergence of the MHC-C daughter gene to focus on KIR binding and regulation of
the NK cell response. This specialization and dominance of HLA-C in NK cell regulation
has allowed HLA-A and -B to evolve more freely under pressure from T-cell immunity.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sequence variation among orangutan and human lineage 111 KIR

The alignment shows the positions of amino-acid substitution in the D1 and D2 ligand-
binding domains of human and orangutan KIR. Dashes indicate identities with the reference
sequence, orangutan Popy2DLA. The orangutan sequences come from our initial
characterization of PopyKIR (49). We have renamed the activating KIR to reflect better their
functional pairing with particular inhibitory KIR. Thus, 2DSA was previously called 2DSD
(AF470364), 2DSB was 2DSC (AF470362), 2DSD1 was 2DSB (AF470361), and 2DSD2
was 2DSA (AF470360). 2DSD1 and 2DSD2 are so named because they likely represent
alleles at a single locus. Asterisks indicate positions where sequence diversification is the
consequence of positive natural selection. Position 44 (shaded grey) determines HLA-C
specificity of human KIR2DL.: lysine confers C1 specificity, methionine confers C2
specificity (60). Glutamate 44 is absent from human KIR, but present in orangutan KIR.
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Figure 2. Human and orangutan have functionally compatible MHC-C ligands and inhibitory
MHC-C reactive KIR

Shown are results of cytotoxicity assays between NKL effector cells expressing various
KIR2DL and 221 target cells expressing either C1 or C2. In panel A, the target cells express
human HLA-C: either C*0304 (C1) or C*0401 (C2); in panel B the target cells express
orangutan Popy-C: either C*0301 (C1) or mutant C*0301-80K (C2). The NKL effector cells
express wild type and mutant forms of Popy2DLA and Popy2DLB, having lysine 44 (=),
methionine 44 (o) or glutamate 44 (A) (panels 1-4). In panels 1 and 2, control killing of
untransfected 221 cells is also shown (#). Control NKL effector cells expressed human C1-
specific KIR2DL3*001 (o) and C2-specific KIR2DL1*001 (o) (panels 5-8). All NKL cells
expressing KIR with lysine 44 were inhibited from killing C1 transfected 221 cells. NKL
cells expressing KIR with methionine 44 were inhibited from killing C2 transfected 221
cells. NKL cells expressing KIR with glutamate 44 were inhibited from killing C1 and C2
transfected 221 cells. An exception is 2DLA-44E that lysed targets expressing orangutan
C2, showing that variation at position 80 in MHC-C is not the only factor influencing
interaction with KIR2DL. All experiments were performed in triplicate with a minimum of
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three independent experiments for each combination of target and effector. Shown are the
data from a representative experiment.
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Figure 3. MHC class I binding specificities of human and orangutan lineage 111 KIR

Shown are results of assays to measure the binding of KIR-Fc fusion proteins to beads each
coated with one of 95 HLA class | allotypes. A) Compares human and orangutan inhibitory
lineage 111 KIR, including mutants of Popy2DLA having either glutamate or methionine at
position 44. B) Compares activating and inhibitory lineage 111 orangutan KIR. For all KIR
the residue at position 44 is given. For each combination of bead and KIR-Fc, the binding
was normalized to that obtained with the pan HLA class | mAb W6/32, thus controlling for
variation in the amount of HLA class | bound to each bead. All KIR-Fc fusion proteins
folded properly as assessed by the capacity to bind conformation-dependent antibodies.
Mean values and standard deviation are shown for various groups of allotypes. A minimum
of three independent assays was performed for each fusion protein. Shown are the averaged
data for all experiments. Data for each HLA allotype:KIR-Fc combination is shown in
Supplemental Figure S1.
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Figure 4. Popy2DLB and Popy2DSB have novel specificity for C1+C2

Shown are the results of assays to measure the binding of human and orangutan KIR-Fc
fusion proteins to nine C1* HLA-C allotypes, two C1* HLA-B allotypes and seven C2+
HLA-C allotypes. Assays were performed as described in the legend to Fig. 3. Shown are
the averaged data for all experiments.
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Figure 5. Mutation at position 44 in Popy2DLA produces only four different HLA class |

specificities

Binding assays were as described in the Fig. 3 legend. A) Compares the binding of wild-type
Popy2DLA, having lysine 44, to 19 Popy2DLA mutant proteins, each containing a different
amino acid at position 44. Mutation had one of four effects on the HLA class | specificity of
Popy2DLA as is summarized on the right under ‘Effect of mutation’. Natural substitutions
occurring at position 44 are shown in Supplemental Figure S4 and are indicated by asterisks
(*). The binding of each position 44 mutant to individual allotypes is shown in Supplemental
Figure S5. B) Natural selection produced sequence variation at many positions, additional to
44, in the D1 and D2 domains. Positions of positive selection in all primates are denoted by
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a dagger (t); in orangutan only by a double dagger (1). KIR-Fc fusion proteins made from
Popy2DLA mutants carrying these natural substitutions were compared to Popy2DLA for
binding to HLA-A, B and C. The locations of these mutational sites within the structure of
KIR2D are given in the final column. Mutations at these positions could increase or decrease
receptor avidity, but did not alter receptor specificity. Shown are the averaged data for all
experiments.

J Immunol. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aguilar et al. Page 25

Figure 6. Orangutan KIR exhibit specificity and cross-reactivity with all four HLA-A, B, and C
epitopes that are ligands for human KIR

Binding assays were as described in the Fig. 3 legend, with the difference that the data is
here displayed on a logarithmic scale to visualize both strong and weak reactions. Shown are
the individual values for selected allotypes and means and standard deviations for several
groups of allotypes. The averaged data for all experiments is presented.
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Figure 7. Polymorphism at positions 80 and 152 affect the binding of Popy2DLA and Popy2DLA
mutants to Bw4* HLA-A and -B

A) Binding assays were as described in the Fig. 3 legend. Shown here are mean values for
eight KIR-Fc: Popy2DLA and its mutants having glutamate, methionine, leucine, valine,
tryptophan, phenylalanine and tyrosine at position 44. The target HLA class | molecules
were grouped according to the presence or absence of epitopes recognized by human KIR
and the sequence motif at positions 80 and 152. Statistical significance of binding
differences among the Bw4 allotypes was assessed by two-tailed t-test. B) Shown are
amino-acid substitutions among the Bw4* HLA-A and -B allotypes tested for binding to
KIR-Fc. They are listed in order of decreasing binding strength, and also separated into
blocks according to the motif at positions 80 and 152. Positions 69, 80, 152 and 163, which
influence binding strength, are indicated by arrows and color. C) Shows a cartoon
representation of the HLA-A*2402 structure (2BCK). Positions 69, 152, and 163 are
indicated by arrows and the side chains present in A*2402, B*5301 (1A10), and B*5101
(1E27) are shown; the latter structures were overlaid onto A*2402, but only these side
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chains are shown. The four observed residues at position 80 are shown; the position of the
Bw4 epitope being indicated by cyan shading. D) Shows the amino-acid substitutions within
the group of five Bw6* HLA allotypes that exhibited weak but significant binding to KIR-
Fc. They are listed in order of decreased binding. Comparison with the non-binding Bw6*
allotypes showed that glutamate 163 preferentially occurred in those that bound. Weaker
association was seen with serine 143 and leucine 147 (see Supplemental Figure S2). Shown
are the averaged data for all experiments.
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Figure 8. Modeling the interactions of C1+C2 specific KIR with the C1 and C2 epitopes

The parts played by lysine 44 in binding C1 and methionine 44 in binding C2 were defined
by crystal structures(61, 66), and are shown in panels A and B, respectively. The structure of
HLA-C*0304 bound to KIR2DL?2 (1EFX) was used to model the interaction of glutamate
44, which occurs naturally in Popy2DLB and 2DSB, with asparagine 80 of the C1 epitope,
and is shown in panel C. Analogously, the structure of HLA-C*0401 bound to KIR2DL1
(1M19) was used to model the interaction of glutamate 44 with lysine 80 of the C2 epitope
(panel D). Because aromatic residues at position 44 conferred strong C1+C2 reactivity (see
Fig 5), we modeled the interaction of phenylalanine 44 with C1 (panel E) and C2 (panel F),
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respectively. In each panel the distances between residues participating in binding are
indicated.
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Figure 9. Predicted pathway for the evolution of the C2-KIR interaction from the C1-KIR
interaction

In principal this evolution could have been achieved with just two substitutions: lysine for
asparagine at MHC-C position 80, and methionine for lysine at KIR position. This pathway
is, however, improbable because it necessitates a non-functional intermediate: either a C2-
receptor without a ligand, or a C2 ligand without a receptor. More likely is the four-step
process shown in this schematic, which involves three mutations and maintains function
throughout the process. Circles depicting MHC-C contain N for C1, or K for C2. Squares
depicting KIR2DL contain K for lysine, E for glutamate, or M for methionine at position 44.
A line connecting a circle to square denotes a functional ligand-receptor interaction. The
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hominoid ancestor had both C1 and the C1 receptor with lysine 44. Mutating lysine 44 to
glutamate in step 1 produced the C1+C2 receptor, present in the common ancestor of
orangutan, chimpanzee and human, and retained in modern orangutan. The C1+C2 receptor
first functioned with the C1 ligand, while having the potential to engage C2. This potential
was realized in step 2, when C2 evolved from C1 by mutation of asparagine 80 to lysine.
This set the stage, in a common ancestor of chimpanzee and human, for the evolution of a
C2-specific receptor in step 3, with mutation of lysine to methionine at KIR position 44.
With specific C1 and C2 receptors in place there was selection in a human ancestor to
eliminate the broadly reactive C1+C2 receptor in step 4, leaving modern humans with the
just C1-specific and C2-specific receptors.
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