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Target cell lysis is regulated by natural killer (NK) cell receptors that recognize class I MHC molecules. Here we report the crystal
structure of the human immunoglobulin-like NK cell receptor KIR2DL2 in complex with its class I ligand HLA-Cw3 and peptide. KIR
binds in a nearly orthogonal orientation across the a1 and a2 helices of Cw3 and directly contacts positions 7 and 8 of the peptide.
No signi®cant conformational changes in KIR occur on complex formation. The receptor footprint on HLA overlaps with but is
distinct from that of the T-cell receptor. Charge complementarity dominates the KIR/HLA interface and mutations that disrupt
interface salt bridges substantially diminish binding. Most contacts in the complex are between KIR and conserved HLA-C
residues, but a hydrogen bond between Lys 44 of KIR2DL2 and Asn 80 of Cw3 confers the allotype speci®city. KIR contact requires
position 8 of the peptide to be a residue smaller than valine. A second KIR/HLA interface produced an ordered receptor±ligand
aggregation in the crystal which may resemble receptor clustering during immune synapse formation.

Natural killer (NK) cells constitute a vital part of the innate immune
system1,2. Like cytotoxic T-cells, NK cells express surface receptors
that interact with polymorphic class I MHC molecules and regulate
cell lysis. In contrast to T-cell receptor (TCR)/MHC-mediated
cellular activation, recognition of class I molecules by NK cells
can result in either target cell lysis or the inhibition of lysis
depending on whether the receptor contains a charged transmem-
brane residue that interacts with the immunoreceptor tyrosine-
based activation (ITAM) motif containing DAP-12 (ref. 3) or with a
cytoplasmic immunoreceptor tyrosine-based inhibitory (ITIM)
motif. Furthermore, MHC recognition by NK cell receptors is less
allele speci®c and less peptide dependent. Of particular interest are
inhibitory NK cell receptors that protect target cells bearing certain
class I MHC allotypes from NK-mediated lysis4. Cells that have lost
class I MHC expression such as certain tumour or virus-infected
cells will not be engaged by inhibitory receptors and consequently
may become susceptible to NK cell lysis5. The two structurally
distinct superfamilies of NK cell receptors are the immunoglobulin-
like and the C-type lectin-like receptors (CTLR). To date, the crystal
structures of three killer cell immunoglobulin-like (KIR) receptors,
KIR2DL1, 2DL2 and 2DL3, and two CTLR receptors, human CD94
and murine Ly49A in complex with H-2Dd, have been determined6±10.

Previous studies indicated that class I HLA recognition by KIR
depends on residues 77 and 80 of the class I HLA heavy chain and
peptide residues 7 and 8 (ref. 11). The inhibitory receptor KIR2DL2
interacts with the Ser 77 and Asn 80 bearing HLA-Cw1, 3, 7 and 8
allotypes; however, other residues on the HLA molecule must also
contribute to the recognition by KIR, because many HLA-B alleles
with the same Ser 77 and Asn 80 as HLA-Cw3 are not recognized by
KIR2DL2. Receptor mutagenesis has shown that residues 44, 45 and
70 in¯uence class I HLA binding11±13. These studies and the crystal
structure of KIR2DL2 have suggested a putative ligand-binding
region on the receptor7. We now report the crystal structure of
KIR2DL2 bound to HLA-Cw3 and provide a molecular mechanism
for the allotypic speci®city and peptide recognition by KIR
molecules on human NK cells. This also reveals a different binding

mode for KIR2DL2 from that of the murine C-type lectin-like
receptor Ly49 with its class I ligand H-2Dd despite their functional
similarity10.

Overall structure of the complex
The structure of KIR2DL2 in complex with HLA-Cw3 and the
peptide GAVDPLLAL (GAV) was determined by molecular replace-
ment methods and re®ned to 3.0 AÊ resolution. The ®nal R factors
are 23.1% and 29.4% for Rcryst and Rfree, respectively (Table 1). Each
asymmetric unit contains two KIR (KIR A and KIR B) and one
HLA-Cw3 molecule. The electron density is continuous in the ®nal

Table 1 Statistics for data collection and re®nement

Data collection

Space group P212121

Cell dimensions a � 68:5, b � 90:3, c � 207:3 ÊA
Resolution limit 3.0 AÊ

Unique re¯ections 24,517 (1976)*
Redundancy 4.2 (2.2)*
Completeness (%) 92.1 (75.4)*
Rsym (%)² 7.3 (32.7)*
I/j(I) 15.6 (2.0)*
.............................................................................................................................................................................

Re®nement (10.0±3.0 AÊ , F=j�F� $ 1:0)

No. re¯ections 21,717
No. nonhydrogen atoms 6411
Solvent molecules 185
Rcryst (%) 23.1 (23.4)³
Rfree (%)§ 29.4 (29.9)³
Mean B-factor (AÊ 2)k 63.5
Wilson plot B-factor (AÊ 2) 63.7
r.m.s. deviation from ideality
Bonds (AÊ ) 0.008
Angles (8) 1.47
.............................................................................................................................................................................

* Values for the highest resolution shell (3.11±3.0 AÊ ).
² Rsym � 100 3 SjIh 2 hIhij=SIh , where hIhi is the mean intensity of multiple measurements of
symmetry related re¯ections.
³ Calculated using all F . 0.
§ Five per cent of the re¯ections were used as a test set for calculating Rfree.
kMean B-factors (AÊ 2) for individual domains are HLA-Cw3; a1a2, 58.2; a3, 68.9; b2m, 70.1; GAV:
47.4; KIR A: D1, 50.5; D2, 60.5; KIR B: D1, 71.1; D2, 73.5; H2O: 52.4.

© 2000 Macmillan Magazines Ltd



2Fo 2 Fc map throughout the complex except for four KIR surface
loops (residues 143±145 of KIR A and residues 58, 121 and 158±159
of KIR B) located in regions away from the HLA interface. Only KIR
A interacts with HLA-Cw3 (Fig. 1). KIR B is situated on the distal
end of the D2 domain of KIR A, providing lattice contacts between
symmetry related receptors in the crystal. Thus the stoichiometry of
KIR:HLA binding is 1:1 in the crystal. This is also supported by
analytical equilibrium centrifugation experiments in which the
dissociation constant (Kd) for KIR2DL2 and HLA-Cw3 association
was measured as 17 mM and sedimentation curves were best
described by a 1:1 interaction model (data not shown).

KIR A interacts with HLA-Cw3 through surface loops near its
interdomain hinge region. The binding site for KIR is located

toward the carboxy-terminal end of the peptide and the corre-
sponding region of the a1 and a2 helices. The orientation of the KIR
is such that its amino-terminal D1 domain interacts with poly-
morphic regions of the a1 helix, residues 69±84, and its D2 domain
interacts with more conserved regions of the a2 helix, residues 145±
151. This produces a nearly orthogonal (888) docking of KIR to its
class I ligand and permits direct contact between KIR and residues 7
and 8 of the GAV peptide.

The structure of KIR2DL2
KIR A is nearly identical to KIR B and to the structure of ligand free
KIR with root-mean-square (r.m.s.) differences of 1.04 AÊ (194 Ca
pairs) and 0.97 AÊ (191 Ca pairs), respectively7. The electron density
for KIR A is better than for the unligated KIR B. The hinge angle
between the D1 and D2 domains of KIR A, KIR B and free KIR are
818, 858 and 848, respectively7. Binding of KIR A to HLA-Cw3 results
in the displacement of CC9 loop residues Lys 44 and Phe 45 by 2.6 AÊ

relative to KIR B and a small change in the interdomain hinge angle.
No other signi®cant conformational differences were observed
between the HLA-Cw3 contacting loops of KIR A and the corre-
sponding loops of KIR B and free KIR. KIR B is positioned atop the
D2 domain of KIR A, burying 710 AÊ 2 of surface area (Fig. 1). The
biological relevance of this KIR A/KIR B interaction is, however, not
clear.

The structure of HLA-Cw3
The overall structure of HLA-Cw0304 displays the salient features of
other classical class I MHC molecules, except for subtle differences
in the relative orientations of the a1a2, a3 and b2m domains.
Hinge angles between the a1a2 and a3 domains in class I molecules
vary from 55 to 848, with most between 76 and 808. The structure of
HLA-Cw3 has a nearly orthogonal 878 hinge angle. The a1a2
domains of HLA-Cw3 and HLA-Cw4 share r.m.s. differences of
0.82 AÊ (181 Ca pairs). The most visible differences are in three
variable surface loops of the a1a2 domain (14±20, 39±44 and 104±
107) and in the width of the peptide-binding groove14. The peptide-
binding cleft of HLA-Cw3 near the regions of a1 residues 70±77 and
a2 residues 144±152 is ,2.5 AÊ narrower than that of Cw4, but is
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Figure 1 Ribbon drawing showing two views of HLA-Cw3 bound to KIR2DL2. The b2m

domain, HLA-Cw3 heavy chain and peptide are yellow, green and magenta, respectively.

The KIR molecule bound to HLA-Cw3 and the second KIR molecule are blue and red,

respectively. Right view is rotated ,908 from left view along the vertical axis. All ®gures

were created using the programs MOLSCRIPT41, RASTER3D42 and GRASP43.

Figure 2 The KIR2DL2/HLA-Cw3 interface. a, Charge complementarity at the interface.

Basic residues are dark blue, acidic residues are red, and the remaining residues are

coloured by molecule. b,c, Stereo view of the interaction between domain D1 of KIR, the

GAV peptide and the a1 helix of HLA-Cw3 (b), and domain D2 of KIR, the hinge loop, the

GAV peptide and the a2 helix of HLA-Cw3 (c). KIR is shown in light blue, the GAV peptide

in purple and HLA-Cw3 in green. Selected hydrogen bonds are represented by dotted

lines.
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comparable to that of most other human and mouse class I MHC
molecules.

The KIR/HLA interface and its charge complementarity
KIR2DL2 and HLA-Cw3 complex formation buries a total of
1,562 AÊ 2, with a predominance of charged and hydrophilic residues
at the interface forming an extensive array of hydrogen bonds and
salt bridges. The interface is relatively ¯at with poor shape com-
plementarity (mean shape correlation statistic15 of 0.58), compa-
rable to those of TCR/MHC, and the CD2±CD58 adhesion
complex, but less than those of antibody±antigen interfaces16,17.
However, the KIR/HLA interface possesses strong charge comple-
mentarity. The interface region on KIR contains one basic (Lys 44)
and six acidic residues (Glu 21, Asp 72, Glu 106, Asp 135, Asp 183
and Glu 187), whereas the complementary site on HLA-Cw3 has six
basic (Arg 69, Arg 75, Arg 79, Arg 145, Lys 146 and Arg 151) and no
acidic residues (Fig. 2a). This results in the formation of four salt
bridges between KIR and HLA-Cw3 (Glu 21±Arg 69, Glu 106±
Arg 151, Asp 135±Arg 145 and Asp 183±Lys 146). In addition
there are eight hydrogen bonds at the interface (Table 2). The
charged side chains are evenly distributed over both the KIR and
HLA-Cw3 binding sites rather than forming clusters. Each of the six
binding loops on KIR has one or more charged residues and the a1
and a2 helices on HLA-Cw3 each have three basic residues in the
binding region.

To assess the importance of these interface charge±charge inter-
actions in KIR/HLA recognition, three of the four salt bridges were
mutated individually on KIR2DL2. The effect of these single salt-
bridge mutations, E106A, D135H and D183A, on HLA-Cw3 binding
was measured using surface plasmon resonance (SPR) techniques.
As controls, an R33A mutation, well outside the KIR/HLA interface,
and a K44M mutation were also created. While the Kd of R33A is
essentially identical to that of wild-type KIR2DL2, the HLA binding
af®nity of E106A is reduced by 6-fold and af®nities of D135H and
D183A are each 20-fold lower than that of the wild type (Table 3).
The K44M mutation resulted in a near complete loss of HLA-Cw3
binding, consistent with previous results obtained from cell-surface
binding assays12. The necessity of these salt bridges for successful
KIR/HLA recognition emphasizes the crucial role of charge in

HLA recognition and reveals their low tolerance to interface
mutations. This suggests a mechanism for the relatively low-
af®nity KIR receptors to achieve their ligand speci®city by requiring
a high binding energy threshold for recognition. In contrast, the
haematopoietic receptors are more tolerant of mutations.

In total, six loops from KIR interact with the HLA-Cw3/GAV
molecule. They include loops A9B (20±23, connecting b-strands A9
and B), CC9 (43±46) and EF (67±74) of the D1 domain, the hinge
loop (103±108), and loops BC (130±135) and FG (182±184) of the
D2 domain. Loops A9B, CC9 and EF of the D1 domain contact the
a1 helix of HLA-Cw3 and the backbone of the GAV peptide with
Glu 21 of KIR forming a salt bridge to Arg 69 of HLA-Cw3 (Fig. 2b).
Lys 44 from the KIR CC9 loop forms a hydrogen bond with Asn 80 of
HLA-Cw3. Both residues have been shown to be pivotal in allotypic
recognition12,18. A direct hydrogen bond is formed between Gln 71
(Oe1) of the EF loop in KIR and the amide nitrogen of residue Ala 8
in the GAV peptide. This results in close contact between the peptide
Ala 8 Cb atom and the Cd atom of Gln 71. One of two clusters of
nonpolar interactions at the KIR/HLA interface is centred around
Val 76 on the a1 helix of HLA-Cw3 and Phe 45 on the CC9 loops of
KIR. Included in this cluster are the aliphatic portions of Arg 69,
Arg 75 and Arg 79 of HLA-Cw3 and Lys 44, Met 70, Gln 71 and
Asp 72 of KIR. A simple mutation of Phe 45 to tyrosine (naturally
present in the non-inhibitory receptor, KIR2DS2) signi®cantly
reduced the af®nity of KIR for HLA-Cw3 (ref. 11). The tip of the
Phe 45 is only 3.2 AÊ from the Cb of Arg 79 in the a1 helix of HLA-
Cw3, leaving little space to accommodate an additional hydroxyl
group.

The hinge loop and the BC and FG loops of the D2 domain of KIR
each form a salt bridge with basic residues (Arg 151, Arg 145 and
Lys 146, respectively) on the a2 helix of HLA-Cw3 (Table 2, Fig. 2c).
Tyr 105 and Phe 181 together with HLA-Cw3 residues Ala 150 and
Lys 146 (aliphatic portion) and Leu 7 of GAV form the second
hydrophobic cluster at the interface. In addition, Gln 71, Tyr 105
and Glu 187 of KIR form water-mediated (HOH 38) hydrogen
bonds with the carbonyl oxygen of Ala 8 of GAV. The mutation of
Tyr 105 to alanine resulted in a 20-fold decrease in HLA-Cw3
binding af®nity (Table 3). This mutation presumably destabilized
the interface hydrophobic packing. Notably, KIR2DL2 uses the
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Table 2 Interactions between KIR2DL2 and HLA-Cw3/GAV

KIR2DL2 HLA-Cw3/GAV Distance (AÊ )

Hydrogen bonds* and salt bridges

Glu 21 Oe1 Arg 69 NH2 3.2
Glu 21 Oe2 Arg 69 NH2 3.2
Lys 44 Nz Asn 80 Od1 3.3

O Arg 79 Ne 3.4
Gln 71 Oe1 Ala 8³ N 3.4
Asp 72 Od2 Gln 72 Ne2 3.4
Glu 106 N Ala 149 O 2.9

Oe2 Arg 151 NH2 2.7
Ser 133 O Arg 145 NH2 2.8

Og Arg 145 Ne 2.9
Og Arg 145 NH2 3.2

Asp 135 Od2 Arg 145 NH2 2.6
Asp 183 Od2 Lys 146 Nz 2.5
.............................................................................................................................................................................

Hydrophobic contact²

Phe 45 Arg 75(6), Val 76(5), Arg 79(4)
Met 70 Arg 69(1)
Gln 71 Val 76(1), Ala 8³(1)
Asp 72 Val 76(1)
Leu 104 Leu 7³(2)
Tyr 105 Ala 150(1), Lys 146(3), Leu 7³(2)
Ser 132 Ala 149(1)
Phe 181 Lys 146(8)
Asp 183 Lys 146(1)
.............................................................................................................................................................................

* Acceptor±donor distances 2.5±3.4 AÊ .
² Carbon±carbon contacts #4.0 AÊ . Parentheses indicate the number of contacts between a
particular residue pair.
³ GAV peptide residue.

Table 3 Peptide and receptor mutation effects in KIR2DL2/HLA-Cw3
association

Effects of peptide variation in KIR/HLA binding

Peptide Kd (mM) w6/32 binding (%)

GAVDPLLAL (GAV) 9.5 100
- - - - - - - S- (GAV_S) 42.3 147
- - - - - - - V- (GAV_V) 525 130
- - - - - - - Y- (GAV_Y) .600 130
- - - - - - - K- (GAV_K) .600 139
AAADAAAAL (AAA) 48.5 149
TAMDVVYAL (TAM) 38 138
QAISPRTL (QAI) 74 38
HLA-E .600 84
.............................................................................................................................................................................

Effects of amino acid substitutions in KIR/HLA association

KIR mutant Kd (mM)

Wild type 28
R33A 30
K44M .400
Y105A .400
E106A 185
D135H .400
D183A .400
.............................................................................................................................................................................

For the peptide variation measurements, soluble KIR2DL2 receptor and w6/32 were immobilized on
CM5 sensor chips. Binding was measured with a serial dilution of HLA-Cw3 from 0.3 to 40 mM and
the dissociation constant Kd was determined by a steady-state model for all peptides. The w6/32
binding, listed as the percentage of the HLA-Cw3/GAV binding, was determined using a 9.3 mM
concentration of various HLA peptide complexes. The measurements on mutational KIR/HLA
association were done similarly with immobilized KIR mutants and a serial dilution for HLA-Cw3/
GAV as the analyte.
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same six binding loops as do the topologically similar haemato-
poietic receptors. Unlike the haematopoietic receptors, which
interact with their ligands as dimers and have larger hinge angles
of 908 or more, the KIR receptor binds to HLA-Cw3 in a 1:1
stoichiometry.

The interface area between KIR and HLA-Cw3 (1,562 AÊ 2) is
similar to that obsrved in TCR/MHC complexes (1,700±
1,880 AÊ 2). Furthermore, the two receptors share similar docking
orientations (Fig. 3a). There are, however, distinct differences in
their recognition of class I MHC antigens. First, the footprint of KIR
on HLA-Cw3 is distinct from that of TCR (Fig. 3b, c). The KIR-
binding site is centred near the C-terminal P7 and P8 positions of
the peptide whereas the known TCR/MHC interfaces are centred
near the middle P4±P6 positions of their peptides (Fig. 3b). Their
footprints, do, however, overlap partially, suggesting that there is a
mutually exclusive binding between KIR and TCR on the same HLA
molecule. Second, the ligand-binding domains of KIR (D1 and D2)
are two tandem Ig-like domains, whereas the analogous Va and Vb
domains of TCR are on different chains. Last, unlike TCR/MHC
interactions, the KIR/MHC interactions appear to be dominated by
charge±charge interactions, that more closely resemble the inter-
action between the adhesion molecules CD2 and CD58 (ref. 17).

Peptide binding and a potential induced-®t mechanism
The nonamer GAV peptide is derived from the human importin-a-
1 subunit (residues 204±212). Its binding to HLA-Cw3 displays
characteristics of the classical MHC class I peptide-binding mode in
which both termini are securely anchored by a conserved pattern of
hydrogen bonds and the middle residues form an arch above the
¯oor of the cleft (Fig. 4a). Side chains from three of the nine
residues, P4, P7 and P8, point out of the binding cleft. Of the other
six residues, ®ve of them, P1, P2, P3, P5 and P9, are at least 90%
buried and P6 is 72% buried. The dimorphic positions Ser 77 and
Asn 80 hydrogen bond with the P9 amide nitrogen and carboxylate,
respectively. One feature notably missing in HLA-Cw3 as compared
with HLA-Cw4 and other class I molecules is a conserved hydrogen
bond between Lys 146 and the P9 carboxylate. Instead, Lys 146 of
HLA-Cw3 forms a salt bridge with KIR residue Asp 183. A tyrosine
in place of serine at position 9 of HLA-Cw3 signi®cantly restricts the
size of the P2 pocket, rendering it more similar to HLA-A2 than to
HLA-Cw4. As a result, the P2 pocket favours alanine in HLA-Cw3
(refs 19, 20) and tyrosine in HLA-Cw4 (ref. 14).

The most unusual peptide conformation occurs at the position 7
of the peptide. Although P7 in most other known class I MHC
nonamer structures has a slightly downward and mainly buried
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Figure 3 Comparison of KIR/HLA-Cw3 and TCR/MHC interactions. a, Docking

orientations of KIR2DL2 (left) and A6 TCR (right, PDB accession code 1BD2) onto their

class I MHC ligands. The bottom view is orthogonal to the top view. b, Worm

representations of KIR2DL2 (top left), HLA-Cw3 (bottom left), the A6 TCR (top right, PDB

accession code 1AO7) and HLA-A2 (bottom right). For greater clarity, the a3 and b2m

domains of HLA-Cw3 and HLA-A2 are not shown. The binding regions (intermolecular

contact #4 AÊ ) are depicted by molecular surface representations, coloured according to

contact regions as labelled. GAV and Tax peptide residues that do not interact with

KIR2DL2 or the A6 TCR, respectively, are shown as purple stick models. c, Structure-

based sequence alignments of the binding regions of KIR2DL2 and HLA-Cw3 with

selected KIR receptors and class I MHCs. The sequence of KIR2DL3 is not shown because

all six binding loops are identical to those of KIR2DL2. HLA-B2705 and HLA-B0801 are

representative of Bw4 and Bw6 serotypes, respectively. Conserved residues are indicated

by dashes. Helices are denoted by blue spirals. KIR residues that align with KIR2DL2

contact residues are blue on a green background. MHC residues that align with HLA-Cw3

contact residues are red on a yellow background. Red and blue dots at the bottom indicate

MHC residues that interact with TCR in the HLA-A2/Tax/A6 TCR and H-2Kb/dEV8/2C TCR

complexes, respectively.
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conformation, Leu 7 of GAV is oriented upward, away from HLA-
Cw3 and contacts KIR2DL2. Surface accessibility calculations
indicate that the P7 position is normally 60±90% buried in the
MHC peptide-binding cleft (Fig. 4b). In comparison, Leu 7 of GAV
is only 38% buried in the HLA-Cw3 peptide-binding cleft despite
being a hydrophobic residue. In marked contrast, the P7 position of
HLA-Cw4 is completely buried14. These results indicate that the P7
of GAV may be hyperexposed relative to other class I MHC peptides
at this position. Possibly, the interaction of KIR2DL2 with HLA-
Cw3 induces a conformational change at the P7 position of GAV,
resulting in the exposure of Leu 7 to KIR. It should be noted,
however, that the peptide conformation of Leu 7 in the absence of
KIR2DL2, is not known. In the complex, the side chain of leucine at
P7 packs against Leu 104 and Tyr 105 of KIR, but this packing leaves
suf®cient space to accommodate different amino acids, such as
tyrosine in the TAM peptide (Table 3). A similar change in peptide
conformation involving position P7 was observed when the A6
TCR/HLA-A2/Tax complex was compared with the structure of
HLA-A2/Tax alone21.

KIR binding imposes the peptide preference at position P8
The peptide contribution to the HLA-Cw4 allotype recognition by
KIR2DL1 is limited to the P7 and P8 positions22; however, the
peptide preference for KIR2DL2/HLA-Cw3 recognition is less
de®ned. In the complex structure, in addition to the hydrogen
bond between the amide nitrogen of Ala 8 and Gln 71, Ala 8 is also
surrounded by KIR residues Lys 44, Ser 184 and Asp 187. The
particularly close proximity of Gln 71 substantially restricts the
residue size at the P8 position, leaving little room to accommodate
a side chain larger than valine or threonine. To examine further the
P8 position size requirement, we used SPR techniques to measure
the af®nity of several variations of the GAV peptide with serine,

valine, lysine and tyrosine substitutions at position P8 (Table 3).
Analysis of the binding of KIR2DL2 to HLA-Cw3 molecules
refolded with these variant peptides revealed rapid kinetics
(kon . 104 M-1 s-1 and koff . 0.5 s-1), consistent with previous
SPR studies of KIR2D/HLA-C recognition23,24. In general, KIR/
HLA-C interaction has kinetics that are characteristic of low-af®nity
adhesion molecules, such as CD2 and CD58 (ref. 25), but that are
faster than the kinetics of TCR/MHC interaction24. Whereas all
peptide variants of HLA-Cw3 bind to the class I speci®c antibody
W6/32 with nearly equal af®nity, their binding af®nities for
KIR2DL2 differ markedly (Table 3). Small amino acids like alanine
and serine at the P8 position bound well to the receptor, whereas
larger amino acids such as tyrosine and lysine essentially abolished
binding to KIR. The binding of HLA-Cw3 with a motif peptide
AAADAAAAL to KIR2DL2 was slightly lower than those of the
alanine and serine variants but much better than the valine and
tyrosine variants, suggesting that although other positions contri-
bute to KIR recognition they are less critical than the P8 position.

Allotype speci®city of KIR/HLA recognition
A primary difference between the KIRs and TCRs in MHC recogni-
tion is in the nature of peptide and MHC speci®city. T-cell receptors
are often restricted to a particular MHC allele and its peptide, but
KIR recognition of class I MHC is mainly allotype speci®c. Peptide
tolerance of KIR recognition is evident from the fact that only the P7
and P8 positions of the peptide contact the receptor, and P4, P5 and
P6 positions make no contact with the receptor. KIR2DL2 buries
,36% of the exposed peptide surface of HLA-Cw3/GAV. In com-
parison, ,80% of the HLA-A2/Tax and the H-2Kb/dEV8 peptide
surfaces are buried upon binding to their respective A6 and 2C
TCRs (Fig. 3b). The low contribution of peptide to KIR2DL2/HLA-
Cw3 interaction relative to that of TCR/MHC class I interaction
renders KIR less sensitive to the identity of the peptides.

The basis for the MHC allotypic recognition of KIR is re¯ected in
the composition of the KIR/HLA interface. Of the 12 HLA-Cw3
residues in the interface with KIR, 11 are invariant in all HLA-C
alleles (Fig. 3c). In contrast, only 8 out of 16 residues of HLA-A2 in
the A6 TCR interface are invariant in HLA-A alleles. Thus, KIR
recognition of HLA-C alleles relies more on conserved residues
relative to TCRs that interact with more polymorphic residues. Of
particular interest is residue 80 of HLA-C which varies between
asparagine in KIR2DL2-recognizing HLA-Cw1, 3, 7 and 8, and
lysine in KIR2DL2-recognizing HLA-Cw2, 4, 5, 6 and 15 (ref. 26).
Of the 16 KIR residues that contribute to the KIR/HLA interface, all
are invariant in KIR2DL2 and 2DL3, and 14 are identical in 2DL1
(Fig. 3c). Only two residues differ between KIR2DL2 and 2DL1Ð
Lys 44 and Met 70 in 2DL2, and Met 44 and Thr 70 in 2DL1. The
high degree of sequence conservation of the interface residues on
both KIR and HLA-C suggests a common binding mode for the
KIR2DL1, 2DL2 and 2DL3 receptors. Residue 44 of KIR and residue
80 of HLA-C have been implicated as critical residues in de®ning
allotype speci®city12,27. Indeed, Lys 44 of KIR2DL2 forms a hydrogen
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Figure 4 Coordination of the GAV peptide. a, Stick model showing the hydrogen-bonding

pattern (dotted lines) between HLA-Cw3 (cyan) and the GAV peptide (yellow).

b, Percentage peptide surface accessibility at peptide position P7. The survey includes

nonamer peptide±MHC class I molecule structures deposited in the Protein Data Bank

(codes are given along the abscissa). In the case of KIR/MHC and TCR/MHC complexes,

the calculation was done without the presence of the receptors.

Figure 5 KIR/HLA aggregation. The complex of KIR2DL2 and HLA-Cw3 forms a regular

oligomeric aggregate in the crystal lattice. KIR and HLA-Cw3 are shown in green and

orange, respectively. The functional and oligomeric KIR/HLA-Cw3 interfaces are

highlighted in pink and grey, respectively. The predicted glycosylation sites (highlighted by

blue dots) are at residues 63, 157 and 190 for KIR, and at 86 for HLA-Cw3.
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bond with Asn 80 of HLA-Cw3 in the complex structure. This
hydrogen bond would have been lost when either Lys 44 of
KIR2DL2 was replaced with methionine, as in KIR2DL1, or
Asn 80 was replaced with lysine, as in the HLA-Cw2, 4, 5, 6 and
15 allotypes. Indeed, the K44M mutation of KIR2DL2 causes
complete loss of the HLA-Cw3 binding (Table 3). Thus, one
hydrogen bond preferentially stabilizes the KIR2DL2/HLA-Cw3
pair over both 2DL1/HLA-Cw3 and 2DL2/HLA-Cw4 pairs and is
suf®cient in determining the receptor±ligand speci®city. The result
of K44M mutation further supports the notion that the threshold of
KIR/HLA recognition is high and the recognition is intolerant to
interface mutations.

The three-domain receptor, KIR3DL1, binds to HLA-B alleles,
speci®cally the Bw4 serotype. A comparison with HLA-B alleles
reveals that all but three of the interface residues (Arg 69, Val 76 and
Asn 80) are conserved across HLA-B and HLA-C loci (Fig. 3c). In
HLA-B alleles, position 69 is an alanine or threonine, position 76 is a
glutamic acid and position 80 is an asparagine, threonine or
isoleucine. These three residues may determine locus speci®city
between HLA-B and HLA-C alleles. Indeed, HLA-B46, an unusual B
allele that has HLA-Cw1 residues in positions 66±76, inhibits NK
cells with HLA-Cw1 speci®city28. Nine of the sixteen KIR2DL2
interface residues are conserved in the second and third extracellular
domains of KIR3DL1 (Fig. 3c). Moreover, peptide position P7 and
P8 are also important for NK cell recognition of HLA-B2705
(ref. 29). Although the D0 domain of KIR3DL1 is also required
for ligand recognition30, the above observations suggest that
KIR3DL1/HLA-Bw4 interaction is similar to that of KIR2DL2/
HLA-Cw3.

The structure of a murine C-type lectin-like NK receptor Ly49A
in complex with its class I MHC ligand, H-2Dd has been
determined10. Although both KIR2DL2/HLA-Cw3 and Ly49A/H-
2Dd recognition are dominated by charge±charge interactions, they
bind to opposite ends of the class I molecule with direct peptide
contact observed with KIR, but not with Ly49A. The binding of class
I by KIR is, in fact, more similar to that of the TCR than to that of
Ly49A. The differences between TCR, KIR and Ly49A in their
recognition of class I MHC molecules illustrate both the multi-
plicity and complexity of the immune system.

Ligand-induced receptor aggregation
This structure and previous solution studies24 suggest a 1:1 stoi-
chiometry for KIR/HLA interaction. It is not yet clear how the signal
transduction machinery detects the engagement of KIR by class I,
but the formation of ligand-induced higher order oligomers is a
likely mechanism. Within the KIR/HLA complex crystal and apart
from the binding interface, the ®rst KIR molecule (KIR A) also
makes an additional contact with a translationally related HLA-Cw3
in a peptide-independent manner. This interaction forms an oligo-
meric KIR/HLA aggregate, linking adjacent pairs of complexes in
the same orientation that also maintains the 1:1 molar ratio between
KIR and HLA (Fig. 5). The contact surface is formed between the B
and E b-strands of the KIR D2 domain and the C-terminal end of
the a2 helix of HLA-Cw3 (Fig. 5). This interface buries 528 AÊ 2 of
surface area and is characterized by mostly van der Waals interac-
tions. The putative glycosylation sites on both KIR2DL2 and HLA-
Cw3 are outside this oligomeric KIR/HLA interface. It is possible
that this form of receptor±ligand oligomerization resembles the
receptor clustering on the surface of NK cells during immune
synapse formation. However, further studies are needed to address
the biological relevance of this oligomeric form, particularly its
implication for receptor signalling.

Shared recognition between KIR and TCR
As part of the immunosurveillance system, classical class I MHC
molecules present foreign peptides to cytotoxic T-cells through
TCRs, thereby eliciting T-cell responses. The very same MHC

molecules can also present self peptides to NK cells through
inhibitory KIR receptors in the absence of foreign peptides and
thereby confer protection of healthy cells against NK-directed
cytotoxicity. Whether KIR receptors preferentially recognize a
pool of peptides distinct from those recognized by TCR is not
clear. In the case of inhibitory receptors, however, it may be
bene®cial if such recognition of foreign peptides by KIR were less
stable than the self-recognition by KIR. CD8 positive T cells that are
reactive against HLA-Cw3 containing the HIV gag peptide
QAISPRTL have been identi®ed31. This octameric peptide has a
threonine at the PQ-1 position and a ®vefold reduced af®nity for
KIR2DL2 relative to GAV when complexed with HLA-Cw3
(Table 3). An HLA-Cw4 restricted T-cell epitope peptide has been
shown not to be recognized by KIR2DL1 (ref. 22); it is therefore
possible that KIR receptors may be optimized to bind to MHC with
self peptides. The situation may, however, be different in murine
system where the Ly49 family of receptors appears less sensitive to
the peptide identity32,33.

This work provides the ®rst structural insight to KIR/HLA
recognition, but many questions remain unanswered. What is
the structural role of zinc ion in KIR receptor function and
what is the structural organization of the NK cell immune
synapse34,35? Does KIR3D recognition of HLA-B alleles share the
same structural features predicted from the KIR2DL2/HLA-Cw3
interface? Further structural work is needed to address these ques-
tions and to allow us to understand better the machinery of innate
immune recognition. M

Methods
Protein expression, puri®cation and crystallization

KIR2DL2 was expressed and puri®ed as described7. The heavy chain of HLA-Cw0304 (1±
278) and b2m (0±99) were expressed separately as Escherichia coli inclusion bodies and
then reconstituted in vitro together with the peptide GAVDPLLAL, puri®ed on a Source Q
anion exchange column and a Superdex 200 gel-®ltration column. The complex of
KIR2DL2 and HLA-Cw3 was prepared by mixing both components in a 1:1 molar ratio.
Crystals were grown at room temperature by hanging drop vapour diffusion methods to
0:05 3 0:1 3 0:4 mm in size using 6% PEG 20,000, 50 mM CaCl2 and 50 mM sodium
cacodylate at pH 6.5 and 10 mg ml-1 of the complex.

Structure determination

All data were collected at -180 8C using an ADSC Quantum IV CCD detector on the X9B
beam line of the National Synchrotron Light Source (NSLS) at the Brookhaven National
Laboratory and processed using HKL2000 (ref. 36). Before freezing, crystals were soaked
brie¯y in precipitant solution containing 25% glycerol. The crystals diffract to 3.0 AÊ

resolution and belong to the orthorhombic space group P212121 with unit-cell dimensions
of a � 68:5, b � 90:3 and c � 207:3 ÊA. There are one HLA-Cw3/GAV peptide and two
KIR2DL2 molecules in the asymmetric unit.

The structures of HLA-Cw3 and both KIR2DL2 molecules were determined by
molecular replacement using the program AmoRe37. The polyalanine version of HLA-A2
(PDB accession number 1B0G) was used as the model in rotation and translation searches
using 10±3.5 AÊ data. This yielded a clear solution with a correlation coef®cient of 40.0%
and an R factor of 53.8%. After rigid body re®nement of individual domains using the
program CNS38, most side chains of HLA-Cw3 had clear electron density into which all but
40 side chains were built. The ®rst KIR2DL2 molecule was identi®ed by a search using a
polyalanine model of the unbound KIR2DL2 (PDB accession code 2DL2) as a model and
with the HLA-Cw3 position ®xed. The solution had a correlation coef®cient of 44.1% and
an R factor of 51.0%. After preliminary re®nement in CNS, a second KIR molecule was
visible in the Fo 2 Fc map contoured to 2.0j and its position was de®ned by further
searches using the ®xed positions of HLA-Cw3 and the ®rst KIR. This yielded a ®nal
solution with a correlation coef®cient of 66.6% and an R factor of 40.1%.

Positional and grouped B-factor re®nement was carried out using the maximum
likelihood method of CNS including a bulk-solvent correction and anisotropic B-factor
scaling of Fo in conjunction with remodelling using the program O (ref. 39). Re¯ections
from 10.0 to 3.0 AÊ with Fo $ 1:0j�F� were used for re®nement, excluding 5% that were used
for Rfree calculations. Non-crystallographic symmetry (NCS) restraints of 75 kcal mol AÊ -1

were imposed between KIR A and KIR B. Water molecules were added manually using
Fo 2 Fc electron density maps contoured at 3.0j. The ®nal model includes residues 1±278
of HLA-Cw3, 0±99 of b2m, 4±200 for both KIR molecules and all 9 residues of the peptide
GAVDPLLAL.

Structural analysis

Buried surface area calculations were performed with the program SURFACE40 using a
probe radius of 1.4 AÊ . Shape correlation statistics were determined using the program SC15.
The hinge angle between various domains was determined using the program HINGE
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(P.S., unpublished), which calculates the angle between vectors representing the principal
moment of inertia for polyalanine models of each domain. The residues used for
calculating the hinge angles are 4±103 and 107±200, respectively, for the KIR D1 and D2
domains, and 1±182 and 183±275, respectively, for the MHC a1a2 and a3 domains. The
docking angle between KIR2DL2 and HLA-Cw3 was calculated using residues 4±200 of
KIR2DL2 and 1±182 of HLA-Cw3.

SPR and analytical ultracentrifugation measurements

HLA-Cw3 was reconstituted in the presence of individual peptides as listed in Table 3. SPR
measurements were performed using a BIAcore 2000 instrument (BIAcore AB). Either
soluble KIR2DL2 receptor (0.1 mg ml-1) or a class I MHC speci®c monoclonal antibody
w6/32 (0.04 mg ml-1) were immobilized on a CM5 sensor chip at pH 6.0 with N-
hydrosuccinimide / 1-ethyl-3(-3-dimethylaminopropyl)-carbodiimide hydrochloride
(NHS/EDC). Immobilization of the receptor was assessed by the binding of the KIR2DL2
blocking antibody GL183 (Coulter Corp) and the integrity of refolded HLA-Cw3 was
assessed by the binding of HLA-Cw3 to w6/32. The binding of HLA-Cw3 to immobilized
KIR2DL2 was measured using serial dilutions of HLA from 0.3 to 40 mM at a ¯ow rate of
5 ml min-1 without regeneration of the chip. HLA-E was used as a negative control. The
dissociation constants (Kd) were obtained from the steady-state curve ®tting analysis using
BIAevaluation 3.0 (BIAcore AB) or linear regression using ORIGIN 3.0 (MicroCal
Software, Inc.).

Sedimentation equilibrium pro®les were obtained in a Beckman XL-A at rotor speeds of
20K, 28K and 35K r.p.m. Samples with varying concentrations of HLA-Cw3 and KIR2DL2
in 20 mM sodium cacodylate and 20 mM CaCl2 were used. All components were well
described by thermodynamically ideal monomeric species, with buoyant molar masses
consistent with those calculated from the amino-acid sequence. Data was analysed by a
global ®t of several equilibrium distributions at multiple rotor speeds, protein concen-
trations and molar ratios.

Generation of mutant KIR

A complementary DNA encoding residues 1±200 of KIR2DL2 was subcloned into
pET30BirA allowing in-frame fusion of a sequence encoding the substrate for BirA. KIR
mutations were then generated using a DNA QuikChange Kit (Stratagene) and plasmids
containing the desired mutations were identi®ed by automated sequencing.
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