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Complex structure of the activating
Immunoreceptor NKG2D and its MHC
class I-like ligand MICA

Pingwei Li*, Daniel L. Morrist, Benjamin E.Willcox?, Alexander Steinle®*,

Thomas Spies® and Roland K. Strong*

The major histocompatibility complex (MHC) class | homolog, MICA, is a stress-inducible ligand for
NKG2D, a C-type lectin-like activating immunoreceptor.The crystal structure of this ligand-receptor
complex that we report here reveals an NKG2D homodimer bound to a MICA monomer in an
interaction that is analogous to that seen in T cell receptor—-MHC class | protein complexes. Similar
surfaces on each NKG2D monomer interact with different surfaces on either the al or a2 domains of
MICA. The binding interactions are large in area and highly complementary. The central section of
the a2-domain helix, disordered in the structure of MICA alone, is ordered in the complex and forms
part of the NKG2D interface.The extensive flexibility of the interdomain linker of MICA is shown by
its altered conformation when crystallized alone or in complex with NKG2D.

T cells detect pathogens through specific interactions between T cell
receptors (TCRs) on their surfaces and complexes of antigenic peptide
fragments and polymorphic major histocompatibility complex (MHC)
class | molecules on the surfaces of infected cells'. T cell activation
requires an interaction between TCRs and appropriate MHC-peptide
complexes in the context of appropriate costimulatory signals from
engagement, for example, of the CD28 receptor on T cells with CD80
or CD86 ligands?. Diverse cell surface molecules also modulate T cell
activation, including the inhibitory and stimulatory receptors first iden-
tified on natural killer (NK) cells that are now recognized as being
expressed on arange of cell types, including T cells. NK cells regulate
innate and acquired immune responses through the release of various
immune modulators (such as interferon-y) or by directly destroying
virally infected or neoplastic cells. NK cell effector functions are regu-
lated by integrating signals across the array of stimulatory and inhibito-
ry NK cell surface receptors (NCRs) that are engaged upon interaction
with target-cell surface NCR ligands®. Virally infected cells and tumor
cells evade T cell-mediated immune surveillance by down-regulating
the cell surface expression of MHC class | proteins'. Loss of NK cell
inhibitory signals from NCRs that are specific for classica (HLA-A,
HLA-B and HLA-C) or nonclassical (HLA-E) MHC class | proteinsin
this situation favors NK cell activation by altering the balance between
stimulatory and inhibitory signals*®. Thus, NK cells can supplement T
cell immune responses by detecting and eliminating such cells.

NCRs belong to two structural families. These are killer cell
immunoglobulin-like receptors (KIRs), type | transmembrane glyco-
proteins containing one to three tandem immunoglobulin domains in
the extracellular moiety, and homo- and heterodimeric type Il trans-
membrane glycoproteins containing C-type lectin-like NK receptor
domains (NKDs)®. NKDs lack the recognizable calcium-binding sites

that are conserved in true C-type lecting’. The NKG2 family of NKDs
includes both activating and inhibitory NCRs: an example of thisisthe
recognition of HLA-E in complex with a fragment of a leader peptide
of a classical MHC class | protein by NKG2A-CD94 heterodimeric
inhibitory receptors®. Crystal structures are available for members of
both families. The KIR2DL1°, KIR2DL2®, KIR2DL3" proteins and
KIR2DL2 complexed with human MHC class | protein HLA-Cw3*
structure are solved, as are human NKD-CD94% and murine NKD-
Ly49A complexed with murine class | protein H-2D4,

NKG2D is an activating immunoreceptor that is expressed on most
NK cells, CD8af3 T cellsand yd T cells. This makes it one of the most
widely distributed NCRs currently known?s¢, Despite inclusion in the
NKG2 family, NKG2D displays only limited sequence similarity to
other members of the NKG2 family of NCRs and CD94 (20-30% iden-
tical) and forms homodimers, rather than heterodimers, with CD94, as
do other NKG2 NCRsY. NKG2D engagement can be signaled by
recruitment of phosphatidylinositol-3 kinase through the adapter mole-
cule DAP10'18, NKG2D ligands include the human cell-surface pro-
teins MICA and MICB. These are distant MHC class | homologs that
do not function in conventional antigen presentation or form het-
erodimers with (,-microglobulin (3.M), as do most other MHC class |
proteins and homologs'*#. NKG2D-MIC recognition events stimulate
effector responses from NK cells and yd T cells and may positively
modulate CD8af T cell responsesi®?, Unlike typical NCR ligands,
which are congtitutively expressed, MICA and MICB are induced by
cellular stress?*? and their tissue distribution is restricted to intestinal
epithelium and epithelium-derived tumors?*#. The uniform cytolytic
response of diverse human yd T cell clones (of the V1 family) or NK
cell lines against target cells expressing various divergent human or
nonhuman primate MIC proteins suggests a promiscuous interaction
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Table 1. Data collection and refinement statistics

for residues 47-56 in MICA and also resi-

Data collection and phasing

dues 80-88 of molecule A (NKG2D-A) and
residues 80-92 of molecule B (NKG2D-B)

in the NKG2D homodimer.

Data set Native SeMet A, SeMet A, SeMet A;
Wavelength 1.100 A 0.9567 A 0.9793 A 0.9794 A NKG2D structure
Resolution 270 A 325 A 3.00 A 320 A Th all fold of NKG2D milar t
High resolution shell 280-270 A 337-325A  311-300A  3.31-320 A € overall Told o was smifar to
Unique reflections 21,938 11,866 15,094 12,396 other NKDs, with a root-mean-square devi-
Redundancy 117 10.0 10.2 9.85 ation (r.m.s.d.) of <1.3 A, despite limited
Completeness 99.9 (100.0)%  92.0(93.2)%  92.8 (95.1)%  92.0 (92.5)% sequence similarity (32-12% identical, Fig.
<la(l) > 34.1 (4.1) 22.6 (6.7) 22.7 (4.2) 22.1 (6.0) :
Reym 7.60 (42.5)% 111 (33.4)%  9.30 (41.4)%  10.3 (32.8)% 2). Whereas the haIImar_k secondary Sm.JC
Anomalous difference 6.69% 7.29% 7.64% _ture elements of canonical C-type I_eCth
Phasing power (centrics/acentrics) 0.93/0.82 1.28/1.23 1.52/1.35 included two 3 sheets and two o helices—
which are conserved in the murine NKD
Overall figure-of-merit (20-3.25A): 53.9% Ly49A and the archetype of the C-type
- lectin fold family, mannose-binding protein
Refinement )

) (MBP)*—the fold of NKG2D was more
Resolution _ 30-2.70 A similar to that of CD94, which retained only
Reflections (all F>0; working/test) 19,555/1,553 f the a helices (corresponding to al in
Protein/solvent atoms 4,263/47 oneo i &P . g X
Reryse/Reves 22.7/28.2% NKG2D, Fig. 2). The most obvious differ-
Average group B-factor 59.8 A2 ence between the structures of NKG2D and
Wilson intercept 68.4 Az true C-type lectins involved the NH,-termi-

Geometrve nal disulfide bond-containing subdomain

y (which consists of the NH,-terminal arms

Bond length 0.007 A and loopsand B strands 1 and 2in NKG2D),
Bond angles 1.4°

Ramachandran statistics®

Most favored 83.4%
Additional allowed 14.7%
Generously allowed 1.9%
Disallowed 0%

which was very similar to a comparable
structure in CD94 but absent in the crystal
structure of MBP. The two canonical 3
sheets in C-type lectins and NKDs are con-
served in NKG2D (1: 31, B2 and B7; 2: B3,
B3, B4, B5, B5 and 36, Fig. 2), although the

Values for the highest resolution shell are shown in parentheses. Ry = Z|I-<I>|/Z<I> where | is the observed
intensity, <I> is the mean intensity of multiple observations of symmetry-related reflections. Phasing power=
<|Fu|>/E where F, is the heavy atom structure factor amplitude and E is the residual lack-of-closure error. Reyys,
Reree= Z||Fobs|—|Feacl |/Z|Fobs| Where Foi, and Feyc are the observed and calculated structure factor amplitudes. R is cal-
culated from a randomly chosen 7.5% of the reflections excluded from refinement®2. :R.m.s.d. from ideality.

bAnalyzed by PROCHECK®,

between MIC proteins and NKG2D%24, Mapping the sequence conser-
vations between these MIC proteins onto the crystal structure of human
MICAZ? highlighted potential NKG2D binding sites on the underside of
the ala2-platform domain, a surface normally rendered inaccessible
by association with 3,M in most MHC class | proteins and homologs.

We show here that, rather than the proposed interaction, an NKG2D
homodimer is bound to the top of the MICA platform domain in an
interaction that is analogous to af3 TCR recognition of MHC class |
proteins. The main feature of this complex is that the symmetrical sur-
faces on both halves of the NKG2D homodimer make near-equal con-
tributions to the interaction by binding to distinctly different surfaces
on the strictly asymmetric MICA platform.

Results

To determine the details of this key immunomodulatory recognition
event, we determined the crystal structure of the complex formed
between soluble bacterially expressed forms of the ectodomains of
human MICA (allele 001) and human NKG2D using multiwavel ength-
anomalous dispersion (MAD) phases at aresolution of 2.7 A (Table 1).
Consistent with solution experiments (data not shown), NKG2D formed
a homodimer that interacted with a single MICA monomer (Fig. 1a,b).
The electron-density map was clear and continuous throughout, except
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second was more curved than CD94 or other
NKDs and amost formed a (3 barrel. In
NKG2D, CD9%4 and Ly49A, the first (3 sheet
spanned the homodimer interfaces (in the
crystal structure, CD94 formed homodimers
which, it is proposed, recapitul ate aspects of
immunologically relevant CD94-NK G2 het-
erodimerst®). NKG2D had an extra 3 strand (85'), which is not present
in C-type lectins or other NKDs, and additional (3 strand-ike elements
in one of the extended NH,-terminal arms (residues 93-95) and at the
bottom of the homodimer interface (residues 148-150). Even though
the loops corresponding to residues 148-150 in CD94 and Ly49A also
formed part of their respective homodimer interfaces, the interaction
was less extensive than in NKG2D where these residues formed hydro-
gen bonds across the homodimer interface. 35 added a strand to the
third B sheet that, along with a “stirrup” loop formed by residues
183-188, had the effect of creating a more saddle-shaped homodimer
when compared to therelatively flat CD94 or Ly49A homodimers (Fig.
2). The canonical a2 helix is absent in CD94 and replaced by a short
five-residue-long 3, helix in NKG2D (Fig. 2b).

The two NKG2D monomers were very similar in structure and
superimpose with an r.m.s.d. of 0.66 A on all common C,s. The homod-
imer symmetry axis of NKG2D was a near-perfect dyad (177°) that was
markedly different from that of Ly49A (161°); the homodimer dyad
axis of CD94 is crystallographic. NKG2D contained four intrachain
disulfide bonds and no free thiols (Fig. 2). Whereas the intrachain
disulfide-bonding pattern in the NH,-terminal subdomain is conserved
between NKG2D and CD94, with the first intrachain disulfide-forming
cysteine (Cys®) bonding to the third (Cys'®®) and the second one (Cys®)
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bonding to the fourth (Cys?), the spatial arrangement is different, the
result of different spacings between cysteinesin the sequences (Fig. 2).
The NH_-terminal two disulfide bondsin NKG2D are arranged in alad-
der-like structure, one stacking nearly paralléel to the next (with sulfur-
to-sulfur distances of 3.5-6.2A) across the homodimer interface.
Despite this proximity, the linkages are clearly intrachain, as deter-
mined both by electron-density maps and nonreducing SDS—polyacry-
laminde gel electrophoresis (SDS-PAGE) analysis of recombinant pro-
tein (data not shown). In CD94, the corresponding disulfide bonds are
more evenly distributed around the homodimer dyad axis (sulfur-to-sul-
fur distances of 7.5-12.7 A). Differencesin the spatial placement of the
first disulfide bond (cysteines 96-105 in NKG2D or 59-70 in CD94)
account for most of the alteration. In addition, the physical locations of
the second disulfide bonds in NKG2D and CD94 (cysteines 99-110 in
NKG2D or 61-72 in CD94) overlap well with each other and the first
disulfide bond in Ly49A (cysteines 145-150) in structural superposi-
tions (homologous sulfur-to-sulfur distanceswithin 2.5 A), even though
the arrangement of corresponding cysteines in these three sequencesis
quite different (Fig. 2).

The altered arrangement of NH,-terminal disulfide bonds in NKG2D
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Figure 1. The structure of the
NKG2D-MICA complex. (a) Side
view and (b) top view (down the
NKG2D homodimer dyad axis) of
ribbon representations of the struc-
ture of the NKG2D-MICA complex.
MICA domains are labeled and col-
ored by domain (a1, yellow; a2, red;
a3, green). NKG2D-A is blue and
NKG2D-B is purple. (c) Footprints of
TCR on HLA-A2%, NKG2D (A and
B) on MICA, Ly49A on H-2D¢ (both
sites) and KIR2DL2 on HLA-Cw3 are
blue or purple patches on space-filling
representations of the structures of
the MHC class | homolog (heavy
chain, gray; B.M, black; peptide, when
present, red). Two orientations are
shown for each molecule: a side view
on the left and a view from above on
the right.

echoes a rearrangement of the
NH.-terminal arms, which cross
over the homodimer interface
and contact the neighboring
molecule, as opposed to the
case for CD94, where the NH,-
terminal armsrun parallel along
the homodimer interface. The
NHz-terminal arm of NKG2D-
B is more ordered than in any
other related structure and is
stabilized in the complex struc-
ture, in part, by crystal contacts.
Because @l the cysteine resi-
dues in the ectodomain of
NKG2D are accounted for by
intrachain disulfide linkages in
the structure, NKG2D homod-
imers cannot be stabilized by
interchain disulfide bonds. In
CD94, the first cysteine in the
ectodomain (Cys®) participates in a putative interchain disulfide bond
with the corresponding cysteine conserved in other NKG2 family mem-
bers. Other members of the NKG2 family of NCRs lack the cysteine cor-
responding to the third cysteine in NKG2D (Cys'®). This suggests that
these molecules lack the corresponding intrachain disulfide bond seen in
NKG2D, possibly in conjunction with altered conformations of the NH.-
terminal arms or subdomains.

Aside from the NH,-terminal arms and subdomains, the largest differ-
ences in the backbones of NKG2D and CD94 occurred at the following
locations: the loop NH_-terminal to the 3, helix (residues 140-143), with
an outward movement of (4 A in NKG2D; the projecting tip of the B3-
B4 sheet, which moves (6 A downward toward the stirrup loop in
NKG2D; and at the B5'-B5 stirrup loop, which moves (7 A downward,
closer to the homodimer interface (Fig. 2). The side chains of Phe'” and
Met'® in CD94 dso intercaated much more deeply into the CD94
homodimer interface than the corresponding residues in NKG2D (Leu
and Leu). The combination of this and the close approach of the 3
strand-ike elements (residues 148-150) across the NKG2D interface
resulted in the NKG2D homodimer closing down by [113° relative to
CD94, bringing the stirrup loops closer together (Fig. 2). The NKG2D
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Figure 2. Comparisons of NKG2D with other NKDs and C-type lectins. Ribbon representations (left panels) of the homodimer structures of NKG2D, CD9%4 and
Ly49A. For comparison purposes, the nonphysiological dimer observed in crystals of MBP, which was crystallized in the absence of its NH,-terminal trimerization domain, is
also shown. Secondary structure elements are delineated (o helices, yellow coils; B strands, green arrows; coil, blue tubes). Numbered arrows indicate features of the NKG2D
structure discussed: 1 is the 33-p4 loop; 2 is the 35'-B5 stirrup loop. Residues comprising the ligand contact surfaces are mapped to one monomer of either NKG2D or Ly49A
as red spheres, and calcium ions in the MBP structure are yellow spheres.The distances between corresponding features defining the binding surface saddles of NKG2D, CD94
and Ly49A are indicated. The views are oriented so that the left-hand monomers in each homodimer are in approximately equivalent orientations and with the homodimer
dyad axis of NKG2D lying in the plane of the page.The alignment of the sequences of the ectodomains of human NKG2D, human CD94, murine Ly49A and rat MBP is struc-
ture-based (right panel). Dashes indicate gaps introduced to optimize the alignments. The residue numbering is indicated to the right of each sequence and a bar separates
every ten-residue block. Cysteines are black, MBP cation ligands are purple and putative Ly49A carbohydrate ligands are red. Disulfide bond partners are indicated above each
sequence, numbered, in brackets, by the order of the disulfide bonds in the particular sequence. The CD94 cysteine residue involved in a putative interchain disulfide bond is
indicated by a dagger (1) and the free thiol in Ly49A is indicated by an asterisk (*). Secondary structure elements are indicated on the colored bars beneath each sequence (8
strands, green; a helices, yellow; colil, blue; disordered, red dots) and have been numbered as in the original references; NKG2D secondary structure elements have been num-
bered sequentially. Homodimer contacts (gray) and NKG2D and Ly49A ligand contacts (black) are indicated below the secondary structure bars.

homodimer interface was composed of a series of main chain hydrogen  Ly49A* was absent on NKG2D, the pocket being filled with the side
bonds between homodimer-related 31 strands and 3 strand-like elements  chains of Glu? (glycine in Ly49A) and stirrup loop residues. As expect-
(residues 148-150) in NKG2D-A and NKG2D-B sandwiched around a  ed, NKG2D did not retain any of the featuresthat are characteristic of the
predominately hydrophobic core (Table 2). Additional cross-dimer cacium-binding sites of C-type lectins (Fig. 2).

hydrogen bondsinvolved residuesin the NH,-terminal arms and the body

of the dimer-related protein. The NKG2D homodimer interface was MICA structure

highly complementary on the basis of the calculated shape correlation  Like the heavy chain of other MHC class | proteins and homologs, the
statistic (Sc), a measure of the degree that two contacting surfacesarea  fold of MICA consisted of two structural domains: the ala2-platform
geometric match, with an Sc value of 0.69 (wherean Scvalueof 1.0indi-  domain and the C-type immunoglobulin-like a3 domain. In the crystal
cates a theoretically perfect fit)?. The interface was aso more extensive  structure of MICA aone®, the platform consisted of four distinct a
(2,170 A2 buried) than either the CD94 (1,200 A% or Ly49A (940 A?)  helicesarranged on an eight-stranded anti-parallel B sheet. These helices
interfaces, but approached the size of the latter contact areas when in MICA roughly corresponded to the two helices that define the pep-
residues from the NH.-terminal arms (residues 89-95) were excluded tide-binding groove in peptide-binding MHC class | proteins and
(1390 A2). A proposed carbohydrate-binding site on the surface of homologs. The exception was the center section of the helical element
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Table 2. Intermolecular interactions within the complex

NKG2D-A MICA Distance (A) Type  MIC substitutions
NKG2D residues common to sites A and B
Tyrs? Lys™ ®(3) Gin
Tyrs2 OH Arg’* NH 2.8 H bond Lys
Tyris? Met™ 9 (2) Arg, Lys
llets? His™ o (1) Tyr
Met®# O Val*® N 2.8 H bond —
Met'# Val® 0 (1) —
Mete+ Arg’ @ (1) Lys
Meties Ala™ 0(2) Thr
GIn*® Og Val** O 3.0 H bond —
Lys*” N Asp'* Od 3.8 Salt bridge Asn, Glu
Tyr Met™ 9 (3) Arg, Lys
Tyr** OH His™ Ne 2.8 H bond Tyr
Asn?” Nd Arg*® NH 3.0 H bond —
NKG2D residues unique to site A
Glu*® O Lys® NC 31 H bond Gin
Lys*® NC Asp®s O 35 H bond —
Lys*® N Ser'’ Oy 31 H bond —
Glu®! Og Arg’* NH 34 Salt bridge Lys
Thrs Oy Ser Oy 35 H bond —
NKG2D-B MICA Distance (A) Type  MIC substitutions
NKG2D residues common to sites A and B
Tyrs? Hists® ®(3) Leu, A
Tyris? Ala*>® ®(2) Thr, A
|le82 Alale? @ (1) —
lles? Glns o (1) Trp, Lys
Met'#* Hist®® 9 (2) Arg, A
Met'# Alate2 o (1) —
GInssNeg His'®® Ng 3.1 H bond Arg, A
Lys®” N Asp®® Od 3.4 Salt bridge —
Tyreee Ala** ¢ (4) Thr, A
Tyr* OH Asp'® Od 2.4 H bond Asn
Asn?” Qy Thr* Oy 35 H bond Ala
NKG2D residues unique to site B
Lys*® NC Ala’*® O 3.3 H bond Thr
lle®* O GIn*®® Ng 3.2 H bond Trp, Lys
Leu®! Thrss o (1) Ala
Ser's Qy Asp'® NH 3.2 H bond Glu, Gly
NKG2D-A NKG2D-B Distance (A) Type
Symmetrical interactions
Ser* N Cys* O 29 H bond
Ser** O Cys* N 2.8 H bond
Tyres N Cys*® O 35 H bond
Lys*t O Glu® N 34 H bond
Cys% N Cys% O 2.8 H bond
|lgt04 Tyrms [0) (3)
Phets Leut4® ¢ (5)
Lys*® N Leu*® O 29 H bond
Lys*® NC Ser** Oy 3.1 H bond
Asymmetrical interactions
Gly* O Ser** O 3.0 H bond
lletot Leuts ¢ (1)
GIn?® Og Glu* Og 3.4 H bond

Hydrogen bonds (H bonds) are shown for donor-to-receptor distances of 2.4-3.5 A

with appropriate geometry, salt bridges for partners within 4.0 A and hydrophobic inter-

actions (@) for carbon-to-carbon distances within 4.0 A (the number of carbon/carbon
pairs is in parentheses). Substitutions of MIC residues that contact NKG2D among the
human MICA, MICB and nonhuman primate sequences known to bind to human
NKG2D are shown as A%,
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in the a2 domain (which corresponds to helix 2ain MHC class |
proteins) where ten residuesin MICA (residues 152-161) were dis-
ordered and presumed to form an extended flexible loop®. The rel-
ative orientation of the two domains in the structure of free MICA
was different from that of all other MHC class | proteins and relat-
ed molecules resulting in an extended structure, with the platform of
MICA flipped by over 110° from the position of the platform in
other examples of class| folds.

The largest difference between the structure of MICA in com-
plex with NKG2D and free MICA was the rearrangement of the
platform and a3 domainsin the two different crystals. When the a3
domains were superimposed, the angle between platform domains
in the two forms was over 96°, which confirmed the proposed flex-
ibility of the linker (Fig. 3a). We presumed that particular interdo-
main orientations seen in different MICA crystal structures in an
otherwise extremely flexible molecule were selected by the exten-
sive MICA-MICA crystal contacts that occur in these crystals.
Despite the absence of an association with 3,M, which bridges the
platform and a3 domains in the MHC class | fold, the interdomain
relationship in MICA in the MICA-NKG2D cocrystal structure
was now within approximately 20° of all other MHC class | pro-
tein and homolog structures (Fig. 1c).

In a second major structural difference, the disordered loop in
free MICA was now ordered, adding amost two turns of helix,
which correspond to the canonical MHC class | a2 domain helix 2a
and two residues of coil between helix 1 and 2a (Fig. 3b). Ordering
of thisloop was likely fostered by contacts with NKG2D (Table 2)
and created a small pocket (roughly 6 A wide x 6 A deep x 14 A
long) that was similar in size and position to the ligand-binding
pocket of serum Zn-a,-glycoprotein (ZAG, Fig. 3c)®. In the com-
plex, the pocket was covered mostly by NKG2D-B, although athin
continuous channel ran through the complex between the MICA-
platform helices and NKG2D. No residues from NKG2D penetrat-
ed the pocket. Unlike the ZAG pocket, which was hydrophaobic in
character, the MICA pocket was predominately lined with charged
residues and limited at one end by a salt bridge between Asp’ and
Lys*2? (Fig. 3c). In comparison, the pocket was just large enough to
accommodate the central segment (P3—P6) of the HLA-E peptide®,
but was occupied by only four well-ordered water molecules in the
MICA-NKG2D cocrystal structure. There was no electron density
that was unaccounted for by protein or water molecules that might
have corresponded to a peptide- or nonpeptide-ligand bound in this
pocket. It remained formally possible that this was the binding site
for some small ligand that was not available in either baculoviral®
or bacterial expression systems. However, steric clashes with
NKG2D-B and the small size of the pocket would have severely
limited the size of such a hypothetical ligand.

Ther.m.s.d. for the superposition of the free and complexed forms
of the MICA-platform domain was 1.00 A (on 151 C,s), with the
largest difference occurring at the loop containing helix 1 in the al
domain (residues 45-55, Fig. 3d). These residues were poorly
ordered in the complex structure. Other, smaller, differences
occurred in the conformation of the loops between helix 1 in the al
domain and strand 1 in the a2 domain (residues 82-86) and between
strand 4 and helix 1 in the a2 domain (residues 131-134, Fig. 3d).

As noted in the structure of free MICA%, a mgjor difference
between the structures of the platform domains of MICA and other
MHC class | homologs occurred at two loops at the edge of the
platform al domain (Fig. 3€). The loops between 3 strands 1 and
2 (residues 13-21 in MICA) and 3 strands 3 and 4 (residues 37—40
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Figure 3.The structure of MICA in the complex. (a) Ribbon representations of the structure of MICA in complex with NKG2D, labeled and colored by domain (a1,
yellow; a2, red; a3, green) and, in blue, crystallized on its own®.The a3 domains have been used to superimpose the two molecules; the relative movement of ala2-platform
domains is shown. (b) A stereo view of the experimental MAD electron-density map, after density modification and phase extension, contoured at 10, is shown in the region
of the loop disordered in MICA when crystallized on its own. Residues from the final refined model are superimposed in ball-and-stick mode, labeled every five residues from
Trp*?” and colored by atom type (carbon, black; oxygen, red; nitrogen, blue; sulfur, yellow). (c) GRASP** molecular surface representations of the pocket of MICA, the ligand-
binding pocket of ZAG and the peptide-binding groove of HLA-E, colored by electrostatic potential. The bound peptide in the HLA-E structure is shown in stick representa-
tion colored by atom type. Residues with side chains lining the MICA pocket include, running roughly from left to right in this view: Glu®", Tyr’, Asp®, Leu®, Asp*®3, Arg®, Asn®,
Met'®, Glu®2, Asp” and Lys'%2 The star indicates the position of the salt bridge between residues Asp’ and Lys'®2. Superpositions of ribbon representations of the platform
domains of (d) MICA in the NKG2D complex and alone (colored as in @) and (€) MICA in the NKG2D complex (colored as in a) and HLA-E (in blue)®. (d) The arrowheads
indicate the loops (1 is between helix a1 and helix a2; 2 is between helix a2 and the first  strand of the a2 domain; 3 is the disordered loop) that are most different between
the two crystal forms of MICA. MICA secondary structure elements are labeled as in®. The B-factors for residues in the first two loops (1 and 2) are among the highest in
the structure, possibly reflecting inherent conformational flexibility.We note that Asn® in the first of these loops (1) is a potential N-linked glycosylation site. Therefore, absence
of an N-linked oligosaccharide in the bacterially expressed MICA used in this analysis may also contribute to the observed structural difference at this loop relative to bac-
ulovirus-expressed MICA®. (e) The arrows indicate the different positions of the a1l domain $1-B2 loop in MICA and HLA-E.

in MICA) in the a1 domain projected equatorialy from the platform  domain overlying the region of the peptide-binding groove. NKG2D-B
domain of MHC class | proteins and homologs. In MICA, the 1-B2  contacts on the a2 domain of MICA included residuesin aloop that was
loop curled upward toward NKG2D, with differences of up to 9-10A  disordered in the structure of MICA done (Fig. 3a & 4b). Whereas
between corresponding positions in the backbones; the B3-34 loop was KIR2DL2 contacted a roughly similar surface on HLA-Cw3, the two
much shorter than in other MHC class| homologs (Fig. 3e). The MICA  Ly49A contact surfaces on H-2D¢ were quite dissmilar (Fig. 1c).
helices corresponding to the peptide groove-defining helicesin MHC  However, whereas the D1 domain of KIR2DL 2 occupied amost the same
class | proteins and homologs were 2-9 A closer together along their  relative position on HLA-Cw3 as NKG2D-A does on MICA, the
length than in peptide-binding MHC molecules (Fig. 3e). The largest KIR2DL2 domain D2 bound to the other side of the a2 domain high point
relative movement of these helical elements occurred at the COOH ter-  on HLA-Cw3 than NKG2D-B does on MICA (Fig. 1¢).

minus of helix 1 in the a2 domain at the apex of a projection, or high The NKG2D-MICA interface consisted of a mixture of polar,
point, on the surface of the platform. This high point (residues hydrophobic and ionic interactions where the Ly49A-H-2D¢ (site
148-155) included residues in the loop ordered in MICA in the number 1) and KIR2DL2-HLA-Cw3 interfaces are dominated by ionic

NKG2D cocrystals but disordered in the structure of free MICA. interactions (Table 2). The total buried surface area at the
NKG2D-MICA interface (2180 A?) was 20-25% larger than TCR-
The MICA-NKG2D interface MHC class | interfaces, [30% larger than the KIR2DL2-HLA-Cw3

The NKG2D homodimer diagonaly overlaid the surface of the MICA  interface, over twice the size of the Ly49A—H-2D¢ interaction at site
platform in a manner that was analogous to the interaction of TCRsand numberl and 30-40% larger than “ average” protein-protein recognition
MHC class| proteins: it made extensive contactswith thelong helical ele-  interfaces™, but only about two-thirds of the area buried at the
ments conserved in all MHC class | homologs (Fig. 1a,b). Each NKG2D  Ly49A—H-2D¢ site number 2 interaction. The high overall shape com-
monomer predominately contacted either the al or a2 domainsof MICA  plementarity? of the NKG2D and MICA surfaces at the binding sites
(Fig. 4a, b and Table 2). Asin TCR-MHC class | interactions®, the high  (Sc=0.72) was much greater than antibody-antigen (Sc=0.64-0.68),
point on the surface of the a2 domain, between the al and a2a helices, TCR-ligand (Sc=0.46-0.63) or other NCR-igand interactions
prevented any other receptor orientation on this part of the platform (Sc=0.58 for KIR2DL2—HLA-Cw3), except for the Ly49A—H-2D¢ site
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number 1 interaction (Sc=0.78). Unlike the Ly49A—H-2D¢ interface,
none of the three NKG2D or eight MICA potential N-linked glycosy-
lation sites lay near the interface. Thus, we deduced that binding is
solely mediated by direct protein-protein contacts. Consistent with this
deduction, NKG2D failed to retain any recognizable remnant of the
saccharide-binding site of true C-type lectins or the proposed saccha-
ride-binding site of Ly49A* (Fig. 2).

Strength and stability of the MICA-NKG2D interaction
To quantify the affinity and kinetics of NKG2D binding to MICA, we
analyzed the interaction by surface plasmon—esonance (SPR) methods.
The resulting equilibrium dissociation constant (Kp), 1 pM at 37°, was
one to two orders of magnitude stronger than most NCR and many TCR
interactions with host MHC proteins, where dissociation constants are
typically in the tens-of-micromolar range'?*#%". Kinetic analysis yielded
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Figure 4. Details of the binding sites. Stereo
views of (a) the NKG2D-A-MICA and (b) NKG2D-
B-MICA interaction surfaces. Ribbon representa-
tions of the NKG2D and MICA backbones, colored
by chain (as in Fig. 1), and side chains of key residues,
colored by atom type, are shown. In these two
views, NKG2D-A and NKG2D-B are shown in iden-
tical orientations. (c) A stereo view of the superpo-
sition of the MICA binding sites on the two NKG2D
monomers, colored as above. The backbone of
NKG2D is shown in ribbon representation and
binding site residues are shown in ball-and-stick
mode and labeled.

adissociation rate constant at 37° of 0.04 s*
(corresponding to a ty,of 17 s), which indi-
cated that the NKG2D-MICA interaction
may be relatively more stable than TCR-lig-
and and other NCR-ligand complexes. The
association rate constant (Kon), 4x10-7x10*
M-s?, was slow relative to many other cell
surface interactions, which typically have ks,
21x10° M-s? (ref. 38). Also, measurements
at 25 °C and 37 °C indicated that both asso-
ciation and dissociation rate constants are
somewhat temperature dependent, which
indicated activation energy barriers impede
association and dissociation (Fig. 5). These
features—both of which are shared by TCR-
MHC interactions, where binding is thought
to be accompanied by a reduction in flexi-
bility at the receptor-ligand interface®—
were consistent with an extensive highly
complementary NKG2D-MICA interaction
where the flexible loop on MICA (residues
152-161) must become ordered during com-
plex formation. The interdomain flexibility
in MICA waslesslikely to contribute to this
effect as neither conformation observed in
the crystal structures nor many of the possi-
ble interdomain arrangements would impose
steric hindrances to NKG2D binding.

Higher-order complexes

Contacts in the crystal were dominated by
extensive (3400 A2 buried) MICA-MICA con-
tacts around the crystallographic four-fold
axis and an additional, minor (840 A2 buried) crystal contact between
NKG2D and the a3 domain of a MICA molecule in a neighboring com-
plex. However, the resultant MICA tetramer is unlikely to form on cell sur-
faces because five of the eight asparagines at potential N-linked glycosyla-
tion stesin MICA (residues 8, 102, 187, 212 and 239) were buried in the
tetramer interface. In addition, the MICA COOH termini weretoo far away
from where the bottom of the tetramer limited approach to the membrane.
The NKG2D-MICA a3 domain contact is aso unlikely to be physiologi-
cally relevant, due to the limited extent of this interaction and the topolog-
ical incompatibility between the formation of this complex and the two
membrane surfacesinvolved. Therefore, we saw no higher-order complex-
esin the crysta structure that are likely to be informative about possible
signaling mechanisms at the cdll surface. Asin the structure of free MICA,
no major contacts were found between domains within a single MICA
molecule that might contribute to stabilizing this particular interdomain
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Figure 5. Affinity and kinetics measurements of the NKG2D-MICA interaction by SPR. (a) Equilibrium binding mea-
surements of bacterially expressed NKG2D injected (solid bar) at 5 pl/min over surfaces with either baculovirus-expressed
MICA or control protein immobilized. The response is greater over the MICA surface (solid trace) than the control (dotted
trace), which indicates specific binding. (b) A nonlinear curve fit of the 1:1 Langmuir binding isotherm to 37 °C MICA equilibri-
um binding data (solid squares).The predicted Ry»=297 resonance units; Kp=1 WM. Inset: a Scatchard plot of the same data (Kp=1
UM). (c) Kinetic measurements are shown, made at 37 °C by injecting NKG2D (50 pl/min) at a range of concentrations over
MICA and control surfaces. The data plotted (filled squares) have had the background response subtracted. The results of glob-
ally fitting rate equations derived from the 1:1 Langmuir binding model are shown as solid lines and residual errors from the fits
are shown in the bottom panel. The kinetic constants obtained (Ko, - 6.75%10* Ms*, k,=0.039 s*) predict an affinity of 0.6 uM,
similar to that obtained from equilibrium binding analysis. Analogous kinetic measurements at 25 °C yielded a ko, of 4.26x10* M-

homologs. The NKG2D surfaces,
however, were quite similar. Eleven
residues in both NKG2D-A and
NKG2D-B contacted MICA, of
which seven were common to both
contact surfaces. These seven
residues defined a core binding site
on NKG2D that dominated the
intermolecular contactswith MICA
a both interfaces. However, six of
these seven residues made different
contacts at either the NKG2D-
A-MICA or the NKG2D-B-MICA
interfaces; the seventh residue,
Lys'¥, participating in a common
st bridge to an aspartic acid at
both binding sites (Asp**® or Agp®
in MICA).

The recognition of an asymmet-
ric ligand by a symmetric receptor

st and a ko Of 0.013 s (calculated dissociation constant Kpca. was 0.3 pM).

conformation.

Discussion

The NKG2D homodimer bound to MICA through a surface on the side
of the homodimer opposite the NH_-termini, which was comparable to
the ligand-binding surface of Ly49A%, the proposed ligand-binding sur-
face of CD94* and close to the carbohydrate-binding pocket of MBP.
The increased curvature of the binding surface saddle of NKG2D, due
to the stirrup loops and interdomain relationship, precisely comple-
mented the decreased interhelical distances of MICA relative to other
MHC class | homologs. Thus, NKG2D was sterically incompatible with
other MHC class | protein or homolog platform-domain structures and
other NKDs would be a poor match for MICA. Essentially identical,
homodimer dyad-related surfaces on NKG2D-A and NKG2D-B made
comparably extensive and complementary contacts with different sur-
faces on either the al or a2 domains of MICA respectively. This con-
trasts with other situations, such as the interactions between other
homodimeric receptors and monomeric ligands, where one subunit of
the symmetric receptor dominated the interaction with the asymmetric
ligand (both Ly49A binding sites on H-2D* and CD8aa binding to
HLA-A2% or H-2K"), or the binding of multiple copies of receptorsto
a single asymmetric ligand. The latter is exemplified by the human
growth hormone receptor—igand complex*, where interdomain flexibil-
ity in the receptor allowed the adoption of different conformations to
bind to multiple distinct surfaces on the hormone ligand.

Whereasan a helix constituted the central element of both binding sites
on MICA, the side chains that were actualy making contacts with
NKG2D were essentially completely different (running from one end to
the other of the al helix: LysArgMetAlaHisLys versus ThrHisAlaAla
ArgGlnin the a2 helix). Whereas the structure of the NKG2D-A contact
surface was essentialy unchanged in free and complexed forms of MICA,
seven residues contacted by NKG2D-B were part of the disordered loop
in free MICA. Both NKG2D monomers also made contacts to the other
MICA domain: NKG2D-A contacting Asp* in a2 and NKG2D-B con-
tacting Asp® and Asp'® in al. NKG2D-A aso interacted with residues
15, 17, 18 and 20 in the B1-32 loop in the a1 domain, which accounted
for its markedly atered conformation relative to other MHC class |

450 nature immunology volume 2 no 5

was achieved by a core-binding sur-
face on NKG2D that can specifical-
ly interact with two distinct surfaces
on MICA with few conformational changes or substitution of contacts. The
largest conformational differences occurred at Tyr'? (where the hydroxyl
oxygen moved almost 6.5 A and the ring rotated by 90° in the ring plane
and 65° perpendicular to the ring), a Lys*’ (where the N{ moved over 4
A) and at Gl and Glu2* (where the side chains used different rotamers).
There was little induced conformational change in the backbone structure
of the two NKG2D monomers; ther.m.s.d. for the superposition of MICA
contacting elements (residues 150-152 and 180-207 in NKG2D) was only
0.36 A on dl backbone atoms.

NKG2-CD94 heterodimers bind, in a peptide-specific manner, to
HLA-E®. A model for the NKG2-CD94 heterodimer was proposed on
the basis of the structure of the CD94 homodimer. In addition, the inter-
action with HLA-E was proposed to be similar to that in a TCR-MHC
complex, athough the orientation of the heterodimer on the HLA-E
platform could not be given in detail*?. We noted that superimposing
CD94 onto NKG2D, and the HLA-E platform onto MICA, generated,
with only minor adjustments, a reasonable model NKG2-CD94-HLA-
E complex. In this complex, CD94 sits on the a1l domain of HLA-E
(corresponding to NKG2D-A) and the NKG2 moiety sits on the a2
domain, with a small hydrophobic patch on CD94 (Phe!** and Leu'¢?)
matching a similar patch on HLA-E (I1e%, Val™ and the side chain of
the P8 residue in the peptide, Leu in the crystal structure).

Asdemonstrated by the details of the MICA interaction, NKG2D has
evolved a single binding site that is competent to specifically bind to
two distinct protein surfaces. Reports that human NKG2D bindsto var-
ious human MICA and MICB alleles and nonhuman primate MIC pro-
teins??* also demonstrated a remarkable tolerance for sequence substi-
tutions in the MIC binding sites. Though no recognizable rodent MIC
homologs have been identified, the ectodomains of human and murine
NKG2D are highly conserved (69% identical). Murine NKG2D ligands
include the distant MHC class | homologs Rael and H-60%, which are
aso quite unlike MICA. How murine NKG2D interacts with these lig-
ands, and how human NKG2D interacts with other potential human lig-
ands, remains unclear. This divergence of specificity implies that
NKG2D has evolved mechanisms to recognize a variety of protein sur-
faces, apparently without using flexible elements of structure beyond
relatively small changes in a handful of side chain conformations.
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Methods

Protein expression, crystallization and crystallography. The extracellular domains of
human MICA (residues 1-276) and human NKG2D (residues 80-216) were expressed in
bacteria and refolded as complexes from inclusion bodies. Proper folding was analyzed by
solution monodispersivity of the purified concentrated protein, as determined by size-exclu-
sion chromatography (SEC) and dynamic light scattering, and also the presence of asingle
disulfide-bonded species by nonreducing PAGE analysis. A selenomethionine (SeMet)
derivative of MICA was prepared as described* and refolded separately; NKG2D-SeMet-
MICA complexes were then isolated by SEC. The MICA-NKG2D complex was crystal-
lized by sitting-drop vapor diffusion at 22 °C from a solution containing 7.5 mg/ml of pro-
tein, 25 mM PIPES (pH 7.0), 1 mM EDTA and 0.02% NaN; mixed at aratio of 1:1 with a
well solution containing 0.4 M (NH,).SO, and 50 mM MES (pH 6.5). The space group of
the crystals was P42,2 (a=b=122.78A, c=102.82A) with one complete MICA monomer—
NKG2D homodimer complex per asymmetric unit, which resulted in a Vi, of 3.0A% per
Dalton. Crystals were cryopreserved by stepwise transfer to mother liquor + 30% glycerol.
Diffraction data from native and SeMet crystals were collected at ALS beamline 5.0.2 with
the use of a Quantum-4 CCD detector and reduced with HKL*. All eight selenium sitesin
MICA were located by automated Patterson search and multiwavelength anomalous dis-
persion phases were ca culated with the Crystallography & NMR System (CNS) package’.
After solvent flipping and phase extension in CNS, the electron-density map was clear and
unambiguous. Models of MICA (Protein Data Bank number 1B3J) and CD94 (Protein Data
Bank number 1B6E) were manually docked into this map and subsequently rebuilt with O%.
The structure was refined in CNS (against all F>0) with overall anisotropic B-factor and
bulk solvent corrections applied. Initial torsional simulated-annealing refinement, using the
maximum likelihood target function mihl, was followed by positiona refinement using the
mif target function. The progress of the refinement was confirmed by the monotonic
decrease in both Reys and Ree. NCS restraints were not imposed because of the breakdown
of symmetry in the NKG2D homodimer at the MICA binding sites and the NH,-termini.
Coordinates have been deposited in the Protein Data Bank with accession code 1hyr.

SPR measurements. Experiments were done in HBS-EP buffer with aBiacore 2000 instrument
(Biacore AB, Uppsala, Sweden). To conduct equilibrium-binding measurements at 37 °C, bac-
teridly expressed NKG2D was injected over either baculovirus-expressed MICA® or a control
protein amine-coupled to a CM5 sensor chip. Injections of NKG2D were repeated over arange
of concentrations and the amount of binding at each concentration (in Fig. 5b) was calculated as
the difference in the response a equilibrium in the MICA and control flow cells. For Scatchard
analysis, the Kp value (1 pM) was obtained from the sope of the plot (Ko=-1/dope) by linear
regression. For kinetic analysis, rate equations derived from the 1:1 Langmuir binding model
were fitted simultaneoudly to association and dissociation phases of al three injections (global
fitting) with the use of BIAevaluation 3.0 software. Data collection at progressively higher flow
rates (to 100 pl/min) and over flow cells with progressively lower MICA expression immobi-
lized excluded mass transport limitations. The slow off-rates obtained (kx=0.013 st at 25 °C)
explain the ability to isolate complexes by size-exclusion chromatography, despite the relatively
low affinity. Binding responses over bacterialy expressed MICA coupled to chips were similar
to those over baculoviraly expressed MICA, which suggested that glycosylation in insect cells
does not affect theinteraction. The activity of NKG2D was judged to be near 100% on the basis
of size-exclusion chromatography in the presence of MICA (data not shown). Protein was quan-
tified by bicinchoninic (BCA) assay (Pierce, Rockford, IL).

Note added in proof: The structure of human NKG2D in the complex recapitulated all the
salient features of the recently reported structure of murine NKG2D*.
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