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Abstract

Natural killer (NK) cells function through a diverse array of cell-surface natural killer receptors (NCRs). NCRs specific for classical and
non-classical MHC class I proteins, expressed in complex patterns of inhibitory and activating isoforms on overlapping, but distinct, subsets
of NK cells, play an important role in immunosurveillance against cells that have reduced MHC class I expression as a result of infection
or transformation. Another NCR, NKG2D, is an activating NCR first identified on NK cells, but subsequently found on macrophages and
a variety of T cell types. NKG2D ligands in rodents include the MHC class I-like proteins RAE-1 and H60 and, in humans, ULBPs and
the cell stress-inducible proteins MICA and MICB. NKG2D–MIC and –RAE-1 recognition events have been implicated in anti-viral and
-tumor immune responses. Crystallographic analyses of NKG2D–MICA and –RAE-1 complexes reveal an unusual mode of recognition that
apparently tolerates a surprising degree of ligand plasticity while generating affinities that are among the strongest TCR– or NCR–ligand
affinities, thus, far described. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Immunoreceptors on T cells and NK cells

Cytotoxic responses by the cellular arm of the adaptive
immune system are ultimately mediated by recognition
events between�� T cell receptors (TCRs) on the surfaces
of T cells and processed peptide fragments of endogenous
proteins. These peptides are presented to TCRs as complexes
on the cell-surface with major histocompatibility complex
(MHC) class I proteins (Germain and Margulies, 1993).
MHC class I proteins are integral-membrane, hetero-dimeric
proteins with ectodomains consisting of a polymorphic
heavy chain, comprising three extracellular domains (�1,
�2 and�3), associated with a non-polymorphic light chain,
�2-microglobulin (�2-m) (Bjorkman and Parham, 1990).
Association with both peptide and�2-m is required for
folding and normal cell-surface expression. The�1 and�2
domains together comprise the peptide- and TCR-binding
“platform” domain; the�3 and�2-m domains have C-type
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immunoglobulin folds. Crystal structures of TCR–MHC
complexes show that the TCR variable domains sit diago-
nally on the MHC platform domain, making contacts to the
peptide and the MHC�1 and�2 domains (Fig. 1) (Garcia
et al., 1999). T cell activation requires an interaction be-
tween TCRs and appropriate MHC–peptide complexes in
the context of appropriate co-stimulatory signals from, for
example, engagement of the CD28 receptor on T cells with
CD80 or CD86 ligands on target cells (Lenschow et al.,
1996). Diverse cell-surface molecules also modulate T cell
activation, including receptors first identified on natural
killer (NK) cells that have since been found expressed on a
range of cell types including T cells.

NK cells constitute an important component of the innate
immune system, providing surveillance against cells un-
dergoing tumorigenesis or infection by viruses or internal
pathogens (Trinchieri, 1989). NK cells act to regulate in-
nate and acquired immune responses through the release of
various immune modulators, such as interferon-�, or by di-
rectly destroying compromised cells. They function through
a diverse array of cell-surface inhibitory and activating
receptors. Many cell-surface NK receptors (NCRs) are spe-
cific for classical (HLA-A, -B and -C) and non-classical
(HLA-E) MHC class I proteins and occur in paired ac-
tivating and inhibitory isoforms (Bakker et al., 2000).

0161-5890/02/$ – see front matter © 2002 Elsevier Science Ltd. All rights reserved.
PII: S0161-5890(02)00032-9



1030 R.K. Strong / Molecular Immunology 38 (2001) 1029–1037

Fig. 1. Immunoreceptor–ligand complexes. Ribbon representations of the crystal structures of three complexes: TCR–MHC class I, exemplified by the
B7–Tax–HLA-A2 complex (Ding et al., 1998) (left), huNKG2D–MICA (middle) and muNKG2D–RAE-1 (right). Individual domains are colored as�1:
yellow; �2: orange;�3 (when present): red; and�2-m (when present): green for the ligands and blue and purple for the receptors. Receptor domains
are labeled.�-Helices are represented as coils;�-strands as arrows. The peptide in the MHC class I protein is shown in space-filling style and colored
by atom-type. Arrows indicate contacts between the�1�2 loops in the�1 domains of MICA and RAE-1 and the�5′�5 stirrup loops of human and
muNKG2D. Views are perpendicular to the homodimer dyad axis of the NKG2Ds; the TCR–MHC class I complex is positioned such that the platform
domain of the MHC class I protein is in the same orientation as MICA and RAE-1 in those complexes.

Different NCRs, with different MHC class I specificities, are
expressed on overlapping, but distinct, subsets of NK cells,
where the strength of the inhibitory signals may be stronger
than stimulatory signals. Thus, NK cell effector functions
are regulated by integrating signals across the array of stim-
ulatory and inhibitory NCRs engaged upon interaction with
target cell-surface NCR ligands, resulting in the elimination
of cells with reduced MHC class I expression, a common
consequence of infection or transformation (Lanier, 2000).

NCRs can be divided into two families based on struc-
tural homologies. The first family, including the killer
cell inhibitory receptors (KIR), consists of type I trans-
membrane glycoproteins containing one to three tandem
immunoglobulin-like domains in the ectodomain. The sec-
ond NCR family comprises homo- and hetero-dimeric
type II transmembrane glycoproteins containing C-type
lectin-like NK receptor domains (NKDs) (Weis et al.,
1998). Crystal structures are available for members of both
families: the immunoglobulin-like p58 (Fan et al., 1997),
KIR2DL1 (Fan et al., 1997), KIR2DL2 (Snyder et al., 1999),
KIR2DL3 (Maenaka et al., 1999), KIR2DL2 in complex
with HLA-Cw3 (Boyington et al., 2000) and KIR2DL1 in
complex with HLA-Cw4 (Fan et al., 2001); and the NKDs
human CD94 (Boyington et al., 1999), murine Ly49A in
complex with the murine class I protein H-2Dd (Tormo
et al., 1999), human NKG2D (huNKG2D) in complex with
MICA (Li et al., 2001) and murine NKG2D (muNKG2D)
in complex with RAE-1 (Li et al., 2002).

NKG2D is an activating, NKD-type immunoreceptor
whose expression was first recognized on NK cells, but was
subsequently found on CD8+ �� T cells, �� T cells and
macrophages making it one of the most widely distributed
NCRs currently described (Bauer et al., 1999; Wu et al.,
1999). Other members of the NKG2 family (A, C, E and F)
form obligate hetero-dimers with CD94, are highly homol-
ogous to each other (approximately 90% identical) and are
specific for the non-classical MHC class I protein HLA-E.
NKG2D displays only limited sequence similarity to other
NKG2 family members and CD94 (20–30% identical), has
not been demonstrated to directly interact with MHC class
I proteins and forms homodimers (Li et al., 2001; Steinle
et al., 2001). NKG2D engagement is signaled by recruit-
ment of phosphatidylinositol 3-kinase through the adapter
molecule DAP10 (Wu et al., 1999, 2000), whereas other ac-
tivating NCRs utilize the DAP12 adaptor molecule (Lanier
et al., 1998).

HuNKG2D ligands include the closely related proteins
MICA and MICB (MHC class I chain-related) (Bahram
et al., 1994; Bahram and Spies, 1996; Groh et al., 1996)
and the ULBPs (CMV UL16-binding proteins) (Cosman
et al., 2001). All are distant MHC class I homologs that
do not function in conventional peptide antigen presenta-
tion. HuNKG2D–MIC recognition events stimulate effector
responses from NK cells and�� T cells and may posi-
tively modulate CD8+ �� T cell responses, thus, serving
a co-stimulatory function (Bauer et al., 1999; Groh et al.,
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1998). On macrophages, stimulation through huNKG2D
triggers TNF� production and release of nitric oxide
(Diefenbach et al., 2000). On NK cells, the huNKG2D-MIC
signal can override any inhibitory signals present (Bauer
et al., 1999; Cerwenka et al., 2000).

Unlike the widely- and constitutively-expressed classi-
cal and non-classical MHC class I proteins, MICA and
MICB are induced in response to cellular stress on intesti-
nal epithelium and epithelially-derived tumors (Groh et al.,
1996, 1999). While MICA and MICB are quite similar to
each other (84% identical (Bahram et al., 1996; Bahram
and Spies, 1996)), they have diverged significantly from the
MHC class I family as a whole, with identities of 28–35%
domain-by-domain when aligned with the human MHC class
I proteins. MICA and MICB are conserved in most mam-
mals except rodents. MIC proteins do not require either pep-
tide or �2-m for stability or cell-surface expression (Groh
et al., 1996).

ULBPs are homologous to the�1�2 peptide-binding plat-
form domains of MHC class I proteins, but lack�3 domains,
and are anchored in the membrane by GPI-linkages. ULBP1,
2 and 3 are 23–27% identical in sequence to MICA, MICB
or classical MHC class I proteins (Cosman et al., 2001). The
functional significance of the huNKG2D–ULBP interaction
remains to be determined, though UL16–ULBP/UL16–MIC
binding blocks huNKG2D–ULBP/huNKG2D–MIC interac-
tions, thus, potentially representing a viral strategy to mask
these antigens, blocking activation through NKG2D and
preventing anti-viral innate immune responses (Cosman
et al., 2001).

MuNKG2D and huNKG2D ectodomains are 69% identi-
cal. Rodents lack any recognizable homologs of MICA and
MICB, but muNKG2D ligands include the RAE-1 (retinoic
acid early inducible) family of proteins and H60 (Cerwenka
et al., 2000; Diefenbach et al., 2000; Zou et al., 1996). Like
the ULBPs, RAE-1 and H60 are homologous to the plat-
form domains of MHC class I proteins (RAE-1 is 19–20%
identical to a bovine MHC class I protein (Zou et al., 1996)),
lack�3 domains, and are also anchored in the membrane by
GPI-linkages. RAE-1 and H60 show only weak homology
to each other (approximately 24%) or to MICA and MICB
(approximately 20%) (Cerwenka et al., 2000). The RAE-1
family comprises four highly-homologous isoforms (≥92%
identical), RAE-1�, �, � and�, which are highly expressed

Table 1
Immunoreceptor affinities

Receptor Ligand KD (�M) References

TCR MHC class I 1–90 Davis et al. (1998); Willcox et al. (1999)
CD8 MHC class I 65–200 Kern et al. (1999); Wyer et al. (1999)
NKG2A–CD94 HLA-E 11.23 Vales-Gomez et al. (1999)
KIR MHC class I ∼10 Vales-Gomez et al. (1998)
LIR-1 MHC class I 15–100 Chapman et al. (1999)
huNKG2D MICA 0.3 Li et al. (2001)
muNKG2D H60 0.0189 O’Callaghan et al. (2001)
muNKG2D RAE-1�, �, �, � 0.345–0.726 O’Callaghan et al. (2001)

during embryonic development, but are rare in normal adult
tissues (Cerwenka et al., 2000; Diefenbach et al., 2000).
It has been recently shown that tumors expressing RAE-1
molecules can be recognized by NK cells and rejected
(Cerwenka et al., 2001). Like huNKG2D–MIC stimulation
of NK cells, RAE-1 mediated rejection can override in-
hibitory signals from the expression of self MHC class I
proteins on the tumor cells. H60 was originally identified
as an immunodominant minor histocompatibility antigen
(Malarkannan et al., 1998, 2000). Though differentially ex-
pressed in inbred mouse strains, H60 transcripts were found
at low levels in embryonic tissue but at higher levels on
macrophages and dendritic cells in the spleen (Malarkannan
et al., 2000).

2. Solution studies of NKG2D receptor–ligand
interactions

Most NCR–ligand and many TCR–ligand interactions
with host MHC proteins have dissociation constants in the
tens-of-micromolar range (Table 1). However, huNKG2D–
and muNKG2D–ligand interactions are one to two or-
ders of magnitude stronger (Table 1). Kinetic analysis
of the huNKG2D–MICA interaction yielded a dissoci-
ation rate constant (koff ) at 37◦ of 0.04 s−1, indicating
that the huNKG2D–MICA interaction may also be rela-
tively more stable than TCR–ligand and other NCR–ligand
complexes (Li et al., 2001). The association rate con-
stant (kon), 4–7× 104 M−1 s−1, was slow relative to many
other cell-surface interactions, which typically havekon ≥
1 × 105 M−1 s−1 (Willcox et al., 1999). The analysis also
indicated that both association and dissociation rate con-
stants are somewhat temperature dependent, indicating that
activation energy barriers impede association and dissocia-
tion. This behavior is shared with TCR–MHC interactions,
where binding is proposed to be accompanied by order-
ing flexible loops in the TCR (Willcox et al., 1999). The
huNKG2D–MICA kinetic analysis also shows that ionic
interactions do not predominate, as is the case for some
other NCR–ligand interactions, particularly KIRs.

Binding studies show that RAE-1 and H60 compete di-
rectly for occupancy of muNKG2D, demonstrating a shared,
or overlapping, binding site (O’Callaghan et al., 2001). The
muNKG2D–H60 interaction is more temperature dependent
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and makes greater use of electrostatic interactions (estimated
as contributing 37% to the free energy of binding) than
the muNKG2D–RAE-1 interaction (estimated as contribut-
ing 21% to the free energy of binding (O’Callaghan et al.,
2001). The binding of muNKG2D to RAE-1 and H60 was
characterized by relatively fast association rates compared to
TCR–MHC class I interactions (O’Callaghan et al., 2001).
Entropic changes during binding suggest that dominant ef-
fect in the muNKG2D–H60 interaction is from stabilization
of flexible protein loops at the interface, and from displace-
ment of bound water at the muNKG2D–RAE-1 interface
(O’Callaghan et al., 2001).

The binding analysis of the muNKG2D–H60 and –RAE-1
interactions, and size-exclusion chromatographic analysis
of the huNKG2D–MICA interactions (Steinle et al., 2001),
indicate that the stoichiometry of the NKG2D complexes
were 2:1, meaning that one NKG2D homodimer binds a
single monomeric ligand, either H60, RAE-1 or MICA.
This is an unusual, though not an unprecedented, result in
that the simplest binding mode for a symmetric homodimer
is to interact with two monomeric ligands through two
identical binding sites (Fig. 2). 2:1 complexes can result
when the symmetric receptor binding sites are positioned
such that binding of ligand at one site blocks binding at the
second (for example, both Ly49A binding sites on H-2Dd

Fig. 2. Possible interactions between symmetric receptors and asymmet-
ric ligands. Using identical binding sites on a symmetric, homodimeric
receptor, an asymmetric ligand can bind in three different ways. The sim-
plest interaction (top) is where two ligands bind in an identical manner to
two identical, independent receptor binding sites yielding a 2:2 complex.
2:1 receptor:ligand complexes can result either when the two identical
receptor binding sites are positioned such that binding of ligand at one
site sterically blocks ligand binding at the second (bottom left) or if the
two identical receptor binding sites are capable of interacting with distinct
surfaces on the strictly asymmetric ligand (bottom right).

(Tormo et al., 1999)) or when the receptor binding site has
evolved the ability to recognize two distinct ligand surfaces
(for examples, CD8�� binding to HLA-�2 (Gao et al.,
1997) or H-2Kb (Kern et al., 1998) or the human growth
hormone receptor–ligand complex (de Vos et al., 1992)).
The CD8–MHC class I interaction, however, has one CD8
monomer dominating the binding to ligand, and growth hor-
mone receptor generates two different ligand binding sites,
interacting with multiple, distinct surfaces on the hormone
ligand, partly through interdomain flexibility in the receptor.

3. Structural studies of NKG2D receptor–ligand
interactions

Crystal structures of MICA (Li et al., 1999) and RAE-1
(Li et al., 2002) revealed very distorted examples of MHC
class I platform domains (Fig. 3). The platform domain
of MHC class I proteins comprises two long, roughly
parallel, �-helices, interrupted by bends, arranged on an
eight-stranded�-sheet. These�-helices define the peptide
binding groove in MHC class I homologs that bind pep-
tides. MICA introduced the novel feature that a 10-residue
segment, corresponding to the center section of the�2
domain helix of MHC class I proteins, was disordered,
presumably forming a flexible loop. Flexible loops have
also been observed in H-2T22, but corresponding to dif-
ferent secondary structure elements (Wingren et al., 2000).
The platform and�3 domains of MICA are joined through
a flexible linker, allowing considerable inter-domain flex-
ibility, a feature unique to MICA among MHC class I
homologs. The structure of RAE-1 is distorted from other
MHC homologs in the arrangement of helical elements and
displayed non-canonical disulfide bonds—one actually be-
tween helices in the�1 and�2 domains. The loss of any
remnant of a peptide binding groove in RAE-1 is facili-
tated by the close approach of the groove-defining helices
through a hydrophobic, leucine-rich interface, where other
non-peptide-binding MHC class I homologs usually close
off the groove mostly through salt bridges. MICA retains
a small pocket in the center of the platform domain, but
due to its size and polar character, is unlikely to bind any
peptide or small-molecule ligand.

The recent crystal structures of the MICA–huNKG2D (Li
et al., 2001) and the RAE-1�–muNKG2D (Li et al., 2002)
complexes revealed that NKG2D homodimers bound to
both MICA and RAE-1 monomers in interactions analogous
to �� T cell receptor–MHC class I protein complexes, with
the NKG2D homodimer diagonally overlaid on the surface
of the ligand platform (Fig. 1). This despite the facts that
TCRs are constructed from immunoglobulin-like domains
while NKG2D is assembled from NKDs, and that there
are significant structural differences between the platform
domains of MHC class I proteins and MICA and RAE-1.
The stoichiometry was clearly one NKG2D homodimer
binding to one ligand monomer. Each NKG2D monomer
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Fig. 3. Structural comparisons between MHC class I platform domains and NKG2Ds. Ribbon representations of superpositions between the platform
domains of H-2Dd (yellow), MICA (red) and RAE-1 (green) and between huNKG2D (blue and purple) and muNKG2D (light blue and light purple).
The ligand platform domain superpositions are based on structurally conserved C� atoms in the platform domain�-sheet except for the bottom middle
pair (MICA and RAE-1), which are superimposed on the basis of the alignment of muNKG2D and huNKG2D in the two complexes, thus, highlighting
the relative repositioning of the ligand between the two complexes. NKG2Ds are superimposed on the basis of all common C� atoms. Views of the
ligand platform domains are down onto the receptor binding surface, as seen from the receptor. Two views of NKG2D are shown: perpendicular to
the homodimer dyad axis (top right) and looking down onto the top of the homodimer down the homodimer dyad axis (bottom right). Arrows indicate
analogous points in the�1�2 loops in the�1 domains of the ligand platform domains and the�5′�5 stirrup loops of human and muNKG2D.

(NKG2D-A and -B) predominately contacts either the�1 or
�2 domains of MICA or RAE-1, with the two sub-site in-
teractions contributing approximately equally to the overall
interaction, unlike the CD8��–MHC class I interaction. As
in TCR–MHC class I complexes, a peak on the surface of the
�2 domain, between the�1 and�2a helices, helps lock in the
diagonal receptor binding orientation. NKG2D binding sites
on its MHC ligands are quite different from the footprints of
the murine NKD immunoreceptor Ly49A on its ligand, the
murine MHC class I protein H-2Dd (Tormo et al., 1999).
The huNKG2D–MICA interaction is more extensive and in-
volves greater shape complementarity than most TCR–MHC
and NCR–ligand interactions while the muNKG2D–RAE-1
interface displays values more typical for these types of re-
ceptor complexes (Table 2). The shape complementarity in
both complexes is sufficient to completely exclude solvent
from the interface; no solvent-mediated contacts are seen
in either crystal structure. The structures of muNKG2D
and RAE-1 undergo little or no conformational changes
upon complex formation, and, by extension, neither would
huNKG2D. MICA, however, undergoes a dramatic ordering
of the disordered loop in the�2 domain when complexed
with huNKG2D. The loop forms over two additional turns
of �-helix and a segment of random coil, and contributes a

series of contacts with huNKG2D-B. Taken together, these
structural details account for the quantitative binding results.
The crystallographic and binding data show that carbohy-
drate does not play a role in NKG2D–ligand interactions.

NKG2D homodimers bind to MICA and RAE-1 through
a surface comparable to the ligand binding surface of Ly49A
(Tormo et al., 1999) and the proposed ligand binding sur-
face of CD94 (Boyington et al., 1999). The increased cur-
vature of the binding surface saddle of NKG2D, relative
to both Ly49A and CD94, precisely complemented the de-
creased inter-helical distances of MICA and RAE-1 relative

Table 2
NKG2D complex parameters

Complex Buried surface
area (Å2)

Surface complementarity

“Typical” protein–protein 1600 0.64–0.68
(Ab–Ag interactions)

TCR–MHC class I 1700–1900 0.43–0.70
KIR2DL–MHC class I 1485–1540 0.69–0.71
Ly49A–H-2Dd (site #1) 990 0.78
Ly49A–H-2Dd (site #2) 3350 0.54
huNKG2D–MICA 2180 0.72
muNKG2D–RAE-1 1700 0.63
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Fig. 4. Contact maps of the huNKG2D–MICA and muNKG2D–RAE-1 interfaces. Schematic representations of the position and identity of contact
residues at the MICA–huNKG2D (left) and RAE-1–muNKG2D (right) interfaces. In these views, the proteins are represented as boxes, labeled, and
shown in orientations looking down onto the two binding surfaces, as if the receptors had been peeled away from the ligands in the complexes. Contact
residues are labeled and represented as circles (receptors) or squares (ligands) and colored by the type of bond mediating the contact: light blue, hydrogen
bonds; gray, hydrophobic contacts; and orange, salt bridges. Aside from salt bridges, RAE-1–muNKG2D contacts are unassigned (green) due to the
lower resolution of this structure. Salt bridges are connected by orange dotted lines to help orient the views. Positions of residues in the�5′�5 stirrup
loops of human and muNKG2D where sequence substitutions occur are indicated by red circles. In the receptor binding sites, ligand contact residues
unique to one homodimer site (NKG2D-A or -B) are shown as crenellated circles. Receptor contact residues in common between human and muNKG2D
are linked by blue arrows and circles when clustered; residues situated in similar positions on the ligands, and that share similar bonding interactions,
are also linked by blue arrows. The relatively fewer murine contact residues is a reflection of the less extensive muNKG2D–RAE-1 interface. Sequence
substitutions between RAE-1 isoforms and of MIC residues that contact NKG2D among the human MICA, MICB and non-human primate sequences
known to bind to human NKG2D are indicated (Groh et al., 1998; Steinle et al., 1998); deletions:�.

to other MHC class I homologs. Thus, NKG2D would not
accommodate the platform domains of other MHC class I
proteins or homologs, and other Ly49A and NKG2–CD94
hetero-dimers would be a poor match for MICA and RAE-1.
MuNKG2D will also bind the huNKG2D ligand MICB, but
huNKG2D does not bind to RAE-1 with appreciable affin-
ity (Li et al., 2002). This is explained by changes in the
conformations of the “stirrup” loop (�5′�5) of NKG2D, the
largest difference between the structures of huNKG2D and
muNKG2D (Figs. 3 and 4). The slightly narrower saddle of
huNKG2D clashes with RAE-1, but not vice versa.

RAE-1 sits in the muNKG2D binding saddle slightly
differently from the orientation of MICA in the complex
with huNKG2D. When murine and huNKG2D in the two

complexes are superimposed, RAE-1 is displaced from the
position of the MICA platform domain by a rotation of
20–25◦ and a translation of approximately 7 Å (Fig. 3). The
effect of this relative movement in the complexes is to bring
certain ligand structural elements closer into alignment, such
as helices in the�2 domain that provide multiple contacts
to NKG2D-B, while moving many other elements apart,
such as the�1 domain H2 helix and the H1 helix in the
�2 domain (Fig. 3). The MICA platform loop that deviates
most dramatically from other MHC class I structures, the
first loop in the�1 domain (�1�2), provides several key
NKG2D-A stirrup loop contacts in the MICA–huNKG2D
complex. The same loop in RAE-1 is much more similar in
conformation to other MHC class I structures, but due to the



R.K. Strong / Molecular Immunology 38 (2001) 1029–1037 1035

reorientation of the ligand in the NKG2D binding saddle,
continues to provide comparable contacts to the correspond-
ing muNKG2D-A stirrup loop (Fig. 3). However, despite
these minor structural coincidences, the overall impression
drawn from the superposition of the NKG2D ligands be-
tween the two complexes is that NKG2D uses the same sur-
face to bind to two very different ligand surfaces. Based on
these observations, H60, despite limited sequence similarity
and the expectation that its structure is likely to be as novel
an example of an MHC class I fold as RAE-1, would also
be predicted to interact with muNKG2D in a very similar
manner. Models of NKG2–CD94–HLA-E complexes, some
of which are quite detailed, also predict a similar arrange-
ment of domains, and use of similar binding surfaces, to the
NKG2D complex crystal structures (Boyington et al., 1999;
Li et al., 2001).

4. Recognition plasticity of the NKG2D binding site

The contacts at the NKG2D–MICA and –RAE-1 in-
terfaces are mapped in Fig. 4 and consist of a mixture
of polar, hydrophobic and ionic interactions (the reso-
lution of the murine complex structure is insufficient to
confidently assign bonds other than salt bridges). The
Ly49A–H-2Dd and KIR2DL–HLA-C interfaces, in con-
trast, are dominated by ionic interactions. The binding
sub-sites on NKD2D-A and -B in both complexes involve
the same surface on NKG2D monomers. Therefore, not
only has NKG2D evolved a binding surface that is capable
of specific recognition oftwo distinct ligands (MICA and
RAE-1), but a surface capable of recognizingfour very
different surfaces: the�1 and �2 domains of MICA and
RAE-1 separately. Binding is achieved by utilizing a core
set of residues in common between the NKG2D-A and -B
sub-sites (huNKG2D or muNKG2D residues represented
by non-crenellated circles in Fig. 4). Specificity is achieved
because these core residues are capable of making differ-
ent contacts to different residues in either the�1 and�2
domains of the ligands (Fig. 4). For example, Lys197 in
huNKG2D, equivalent to Lys213 in muNKG2D, makes
contacts to ligand residues in both NKG2D-A and -B.
In the huNKG2D–MICA complex, Lys197 (NKG2D-A)
forms a salt bridge to Asp149 in the�2 domain of MICA
and Lys197 (NKG2D-B) forms another salt to Asp65 in
the �1 domain of MICA. But in the muNKG2D–RAE-1
complex, Lys213 (NKG2D-A) contacts Asn78 in the�1
domain of RAE-1, likely forming a hydrogen bond, while
Lys213 (NKG2D-B) forms a salt bridge to Glu159 in the
�2 domain (Fig. 4). When complexes are superimposed,
the side-chain of Asp149 in MICA does come very close
to the side-chain of Asn78 in RAE-1 in essentially the
only example of a conserved interaction in the four sub-site
structures. But the bonding partner of Lys213 in RAE-1,
Glu159, superimposes on Asp163 in MICA, not Asp65.
Only very small rearrangements of side-chains are necessary

to alter these bonding patterns—and there are few signif-
icant conformational changes between the four NKG2D
binding site structures. The largest example is Tyr152 in
huNKG2D, where the side-chains in the two huNKG2D
sub-sites have moved approximately 6.5 Å at the hydroxyl
group.

To this core set of residues, asymmetrical binding interac-
tions are added from residues not shared between NKG2D-A
and -B sub-sites (residues marked with crenellated circles in
Fig. 4). The ability to make such asymmetrical interactions
is likely key for utilizing a single NKG2D surface to bind
to a series of different ligand surfaces with minimal spa-
tial rearrangements. For example, Lys150 in huNKG2D-B
(Lys166 in muNKG2D-B) makes a hydrogen bond to the
backbone carbonyl oxygen of Al�150 in MICA, but Lys150
in huNKG2D-A does not make any MICA contacts. Lys166
in muNKG2D-B makes a salt bridge to Glu159 in RAE-1,
but Lys166 in muNKG2D-A also does not make any RAE-1
contacts. This remarkable binding plasticity is essentially
built into the NKG2D binding site since all the residues at
or near the NKG2D binding surface are conserved between
human and murine proteins except for three residues in the
stirrup loops (Fig. 4).

Even more remarkable, though, is that this single bind-
ing site on NKG2D has evolved the ability to tolerate dra-
matic substitutions and deletions of ligand contact residues.
HuNKG2D has been reported to bind to various human
MICA and MICB alleles and non-human primate MIC pro-
teins, though with varying relative affinities (Groh et al.,
1998; Steinle et al., 1998). MuNKG2D binds to all the of
RAE-1 isoforms, over an approximately two-fold range of
affinity (Table 1). When these sequence substitutions and
deletions are mapped onto the MICA and RAE-1 protein
structures, many contact residues are affected (Fig. 4). While
some changes are quite conservative, and would not be pre-
dicted to directly affect affinity, many are quite dramatic and
would have been predicated as likely having larger effects
on affinity than observed. Considering only human MICA
and MICB allelic differences, the positions of the substi-
tutions are fairly evenly distributed over the surface of the
platform domain, though cluster somewhat to the�2 do-
main in MICA and to the helix side of the platform domain
in MICB (Holmes, M.A., and Strong, R.K., unpublished re-
sults). When all human and non-human NKG2D-binding
MIC sequences are considered, the substitutions clearly clus-
ter on the NKG2D-binding side of the platform domain,
leaving two “patches” of well conserved residues on the un-
derside, one of which corresponds to the�2-m-binding bind-
ing surface of classical MHC class I proteins. Prior to the
determination of the huNKG2D–MICA complex structure,
these patches had been proposed as possible receptor binding
sites—a possibility since this surface is not blocked by�2-m
association and is quite accessible due to the inter-domain
flexibility (Li et al., 1999). It remains formally possible that
these sites represent additional MIC interaction surfaces with
other molecules.
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However, some substitutions distant from the interaction
surfaces may also affect binding, presumably through in-
direct conformational changes. The methionine-to-valine
substitution at position 129 in the�2 domain of MICA,
a conservative substitution which has no atom closer than
21 Å to any atom of NKG2D, has been experimentally
shown to have a 30-fold affect on the affinity for NKG2D
(Steinle et al., 2001 and Holmes, M.A., Willcox, B.E.,
Li, P., and Strong, R.K., unpublished results). Also, some
of the characterizedMIC allelic differences are known to
dramatically affect folding and cell-surface expression of
MICA. The arginine-to-proline substitution at position six
in MICA010 is an example, where introduction of a pro-
line would obviously disrupt the platform�-sheet, with the
result that this allele is essentially null (Li et al., 2000).

It remains unclear exactly how NKG2D can tolerate such
plasticity in ligand binding sites while retaining specificity
and significant affinities. Further crystallographic, binding
and mutagenesis studies will be required to parse the rules of
molecular recognition for this singular receptor system. But
the question remains: what is the functional role of NKG2D
ligand polymorphisms? One speculation is that by varying
the affinity (and therefore the half-life) of NKG2D–ligand
interactions through expression of different ligands allows
for NKG2D-mediated activation signals with a range of
strengths. This would then allow greater flexibility in the
decision of an effector cell to activate or not, depending
upon the activation threshold set by the constellation of other
stimulatory and inhibitory signals received through engage-
ment of other cell-surface receptors. However, there is no
experimental evidence that supports differential expression
of MICA versusMICB, or of one allele versus the other, in
response to any form of cellular stress. Nor is there yet any
compelling reason to support the observedMIC polymor-
phism present in the population.
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