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The natural killer (NK) gene complex (NKC) encodes numerous C-type
lectin-like receptors that govern the activity of NK cells. Although
someof these receptors (Ly49s, NKG2D, CD94/NKG2A) recognizeMHC
or MHC-like molecules, others (Nkrp1, NKRP1A, NKp80, NKp65) in-
stead bind C-type lectin-like ligands to which they are genetically
linked in the NKC. To understand the basis for this recognition, we
determined the structure of human NKp65, an activating receptor
implicated in the immunosurveillance of skin, bound to its NKC-
encoded ligand keratinocyte-associated C-type lectin (KACL).Whereas
KACL forms a homodimer resembling other C-type lectin-like dimers,
NKp65 is monomeric. The bindingmode in the NKp65–KACL complex,
inwhich amonomeric receptor engages adimeric ligand, is completely
distinct from those used by Ly49s, NKG2D, or CD94/NKG2A. The struc-
ture explains the exceptionally high affinity of the NKp65–KACL in-
teraction compared with other cell–cell interaction pairs (KD = 6.7 ×
10−10 M), whichmay compensate for themonomeric nature of NKp65
to achieve cell activation. This previously unreported structure of an
NKC-encoded receptor–ligand complex, coupledwithmutational anal-
ysis of the interface, establishes a docking template that is directly
applicable to other genetically linked pairs in the NKC, including
Nkrp1–Clr, NKRP1A–LLT1, and NKp80–AICL.

Natural killer (NK) cells are a fundamental component of
innate immunity against tumors and virally infected cells.

The cytolytic activity of NK cells is regulated by a dynamic in-
terplay between activating and inhibitory signals transmitted by
distinct classes of receptors that recognize both MHC and non-
MHC ligands on the surface of target cells (1–3). In humans,
these receptors are encoded in two distinct genomic regions: the
leukocyte receptor complex (LRC) on chromosome 19 (4) and
the NK gene complex (NKC) on chromosome 12 (5). The LRC
codes for receptors belonging to the Ig superfamily. These in-
clude killer Ig-like receptors (KIRs), leukocyte Ig-like receptors,
and the natural cytotoxicity receptor NKp46. The NKC codes for
∼30 cell-surface glycoproteins belonging to the C-type lectin-like
superfamily (6). These receptors are expressed on NK and other
immune-related cells, whose activity they regulate in various
ways depending on cellular environment.
NKC genes have been subdivided into killer cell lectin-like re-

ceptor (KLR) genes and C-type lectin receptor (CLEC) genes (6).
KLR genes encode molecules expressed on NK cells, whereas
CLEC genes encode molecules expressed on other cell types (e.g.,
CLEC2B and CLEC9A are expressed on myeloid and dendritic
cells, respectively). The KLR family includes NKG2D and CD94/
NKG2A (human and rodent) and rodent Ly49s. These receptors
bind classical MHC class I (MHC-I) molecules or their structural
relatives and thereby facilitate detection of stressed cells or cells
exhibiting aberrant MHC-I expression (5).
In addition, the KLR family includes receptors that do not

engage ligands with an MHC-like fold, but instead interact with
CLEC2 glycoproteins that are also members of the C-type lectin-
like superfamily. These KLR and CLEC2 molecules, whose genes
are intermingled in the telomeric subregion of the NKC, function
as genetically linked receptor–ligand pairs. In mice, for example,
the activating KLR family receptor Nkrp1f binds the CLEC2

family member Clrg, whereas the inhibitory receptor Nkrp1d binds
Clrb (7, 8). Tumorigenesis and genotoxic stress down-regulate
Clrb expression and thus promote NK cell-mediated lysis (8, 9).
Corresponding Nkrp1–Clr receptor–ligand pairs have also been
identified in humans. Thus, the inhibitory NK receptor NKRP1A
(CD161), the human homolog of mouse Nkrp1d, engages the
CLEC2 family member LLT1, which is expressed by activated
dendritic and B cells, thereby negatively modulating NK-cell-
mediated cytotoxicity (10–13). Another CLEC2 family member,
AICL, is recognized by the activating NK receptor NKp80, which
is genetically linked to AICL in the human NKC (14). Whereas
NKp80 is found exclusively on NK cells, AICL is expressed on
monocytes. The NKp80–AICL interaction promotes NK cell-
mediated cytolysis of malignant myeloid cells and also mediates
cellular cross-talk between NK cells and monocytes (14).
The most recent addition to the human CLEC2 family is ker-

atinocyte-associated C-type lectin (KACL or CLEC2A), whose
expression is almost exclusively restricted to the skin, in marked
contrast to the broad expression of other CLEC2 family members
in hematopoietic cells (15). The receptor for KACL is NKp65,
a distant relative of NKp80, which is encoded adjacent to KACL in
the NKC in a tail-to-tail orientation (16). Similarly to NKp80 and
AICL, no related sequences for NKp65 and KACL are present in
rodents, although homologs of NKp80 and KACL exist in chim-
panzee, rhesus macaque, and cow (15, 17). NKp65 stimulates NK
cytotoxicity and release of proinflammatory cytokines upon en-
gagement of ectopic KACL or of KACL on freshly isolated kera-
tinocytes. The amino terminus of the cytoplasmic domain of NKp65
contains a hemi-ITAM motif that is required for NKp65-mediated
cytotoxicity (16). This Syk kinase-recruiting motif is also found in
other NKC-encoded activating receptors, including dectin-1,
Clec1b, and NKp80 (17–19). The genetically linked NKp65–KACL
receptor–ligand pair may fulfill a dedicated role in the immune
surveillance of human skin through specific recognition of kerati-
nocytes (16, 17).
Considerable progress has been made in the structural analysis

of NKC-encoded C-type lectin-like receptors that recognize MHC
or MHC-related ligands (20). These structures include Ly49A
bound to H-2Dd (21), Ly49C bound to H-2Kb (22, 23), NKG2D in
complex with MICA (24), and NKG2A/CD94 in complex with
HLA-E (25, 26). In addition, we determined the structure of killer
cell lectin-like receptor G1 (KLRG1) bound to E-cadherin, a non-
MHC ligand that is down-regulated in metastatic tumors (27). By
contrast, no structural information is available for any of theNKC-
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encoded receptor–ligand pairs identified to date (Nkrp1f–Clrg and
Nkrp1d–Clrb in rodents and NKRP1A–LLT1, NKp80–AICL, and
NKp65–KACL in humans), except for the structures of mouse
Nkrp1a and Clrg in unbound form (28, 29). To understand ge-
netically linked recognition by C-type lectin-like receptors in the
NKC at the atomic level, we determined the structure of NKp65 in
complex with its keratinocyte ligand KACL.

Results
Interaction of NKp65 with KACL.HumanNKp65 andKACL are type
II transmembrane glycoproteins, each consisting of an N-terminal
intracellular domain, a transmembrane region, and an extracellu-
lar portion that comprises a 26-residue stalk and 130-residue
C-type lectin-like domain (CTLD) for NKp65, and a 9-residue
stalk and 117-residue CTLD for KACL. We expressed the extra-
cellular portions of NKp65 and KACL by secretion from baculo-
virus-infected insect cells. Surface plasmon resonance (SPR) was
used to demonstrate specific binding of NKp65 to KACL (Fig.
S1A). Under equilibrium binding conditions, a dissociation con-
stant (KD) of 6.7 × 10−10 M was obtained. Kinetic parameters (on-
and off-rates) for the binding ofNKp65 toKACLwere kon= 1.2× 106

M-1·s−1 and koff = 2.9 × 10−3 s−1 (Fig. S2), giving KD = 2.4 × 10−9

M, which is comparable to the KD from equilibrium analysis. The
affinity of the NKp65–KACL interaction far exceeds the affinity
of other NK receptor–ligand interactions, including NKp80–AICL
(2.3 × 10−6 M) (14) and NKRP1A–LLT1 (4.8 × 10−5 M) (30). In-
deed, NKp65 binds KACL much more tightly than any cell–cell
recognition molecules characterized to date, for which the KD
values are typically in the micromolar range (31).
To independently confirm the nanomolar affinity of the NKp65–

KACL interaction from SPR, we used displacement isothermal
titration calorimetry (ITC) (32). As a low-affinity reference, we
engineered a double-mutant of KACL (S157A/F158A) that bound
NKp65 with KD = 1.0 × 10−6 M, as measured by ITC (Fig. S3A).
Fig. S3B shows the integrated heats of injection for a displacement
titration when wild-type KACL was injected into a calorimeter cell
containing a mixture of NKp65 and KACL S157A/F158A. The

best-fit KD and 68% confidence interval from a global analysis of
five datasets were 1.9 × 10−9 and 0.3–6.1 × 10−9 M, respectively,
consistent with results from SPR.

Structure Determination. Recombinant NKp65 and KACL from
insect cells were both heavily glycosylated and displayed consider-
able heterogeneity. Crystallization of the NKp65–KACL complex
required extensive pretreatment of KACL with the deglycosylation
enzyme peptide N-glycosidase F (PNGase F). We determined the
structure of the NKp65–KACL complex to 3.2-Å resolution by
molecular replacement using human lectin-like low density lipo-
protein receptor-1 (LOX-1) (33) and human CD69 (34) as search
models for NKp65 and KACL, respectively (Table S1 and Fig.
1A). Except for several residues at the N and C termini, the
polypeptide chains of both NKp65 and KACL displayed contin-
uous electron density throughout, and the NKp65–KACL inter-
face was unambiguous (Fig. S4A). KACL contains three potential
N-linked glycosylation sites, at residues Asn-78, -130, and -143.
Clear electron density was visible for carbohydrate chains (GluNAc–
GluNAc–Man) attached to Asn-78 and -130 (Fig. S4B). By con-
trast, no density corresponding to carbohydrate linked to Asn-143
was identified, most likely due to deglycosylation by PNGase.
NKp65 contains two potential N-linked glycosylation sites, at
Asn-67 and -202, which were not defined in the electron density
map. We first describe the structures of NKp65 and KACL in-
dividually and then proceed to the NKp65–KACL complex.

Structures of NKp65 and KACL.Both NKp65 and KACL adopt a fold
characteristic of other CTLDs, comprising two α-helices (α1 and
α2) and two antiparallel β-sheets (Fig. 2 A and B). The two
β-sheets are formed by β-strands β0, β1, and β5 and by β-strands β2,
β2′, β3, and β4, respectively. There are two intrachain disulfide
bonds in KACL (Cys-57–Cys-69 and Cys-86–Cys-167) and three in
NKp65 (Cys-78–Cys-89, Cys-106–Cys-193 and Cys-172–Cys-185)
(Fig. 3 A and B). Of these, KACL Cys-86–Cys-167 and NKp65
Cys-106–Cys-193 are invariant in all CTLDs. A Dali structure
homolog search (www2.ebi.ac.uk/dali/fssp) showed that KACL is
most similar to human CD69 (34, 35), an orphan C-type lectin-like
protein that is also encoded in the NKC (Z score = 22; 45% se-
quence identity; rms difference = 1.0 Å for 117 α-carbon atoms)
(Fig. 2C). The Z score is a measure of structural similarity based
on a comparison of intramolecular distances using a sum-of-pairs
method; structures with significant similarities have a Z score > 2.
A comparison of KACL with mouse Clrg (29) gave similar results
(Z score = 21; 47% sequence identity; rms difference = 1.1 Å for
116 α-carbon atoms). NKp65 is structurally most similar to human
dendritic cell receptor CLEC9A (36) (Z score= 20; 28% sequence
identity; rms difference = 1.2 Å for 116 α-carbon atoms). The struc-
tural similarity between NKp65 and mouse Nkrp1a is less pro-
nounced (Z score = 13; 37% sequence identity; rms difference =
2.5 Å for 99 α-carbon atoms), mainly due to an extended loop in
Nkrp1a (Fig. 2D). This loop, which corresponds to the region
between strands β2 and β3 of NKp65 (Fig. 3B), mediates forma-
tion of a domain-swapped dimer of unknown biological function
in the Nkrp1a crystal (28).
The structural similarity between NKp65 and KACL (29%

sequence identity) is relatively high (rms difference= 1.6Å for 111
α-carbon atoms) (Fig. 2 A and B). A notable difference between
NKp65 and KACL resides in the L2–L3 loop that connects
β-strands β2′ and β3 (Fig. 3A andB). This loop, which corresponds
to a region of high sequence and length variability among CTLDs,
is two residues longer in NKp65 than in KACL and constitutes
part of the interface between the two proteins in the complex. This
two-residue difference in L2–L3 loop length is maintained across
all known NKC-encoded receptor–ligand pairs (Fig. 3 A and B),
implying a conserved overall docking topology.

The KACL Homodimer. The NKp65–KACL crystal contains one
complex molecule per asymmetric unit, consisting of one
NKp65 monomer and one KACL monomer. Whereas no
crystallographically related dimer interface could be identified

Fig. 1. Structure of the NKp65–KACL complex and comparison with other
NKC-encoded receptor complexes. (A) Structure of the human NKp65–KACL
complex. NKp65 is purple, and the KACL dimer is cyan. (B) Structure of the
Ly49C–H-2Kb complex [Protein Data Bank (PDB) ID code 3C8K]. The Ly49C
dimer is yellow, the H-2Kb heavy chain is green, and β2-microglobulin is brown.
(C) Structure of the NKG2D–MICA complex (PDB ID code 1HYR). The NKG2D di-
mer is red, andMICA is green. (D) Structure of the Ly49A–H-2Dd complex (PDB
ID code 1QO3). The Ly49A dimer is magenta, the H-2Dd heavy chain is green,
and β2-microglobulin is brown.
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for NKp65, two KACL monomers are related by a twofold
symmetry axis to form a crystallographic dimer (Fig. S5A). The
mode of KACL dimerization resembles that of CD69 (34), Clrg
(29), and certain Ly49s (22, 23, 37): Following superposition of
the KACL and CD69 dimers through one of their subunits, the
orientation of the other subunits differed by only an 8° rotation
(23° for KACL superposed onto Clrg; 20° for KACL super-
posed onto Ly49L). As in the case of CD69 and other C-type
lectin family dimers, the N termini of the KACL CTLDs point
in the same direction (i.e., toward the cell membrane) (Fig. S5
A and B), suggesting that the KACL crystallographic dimer
represents a biologically relevant form of the ligand. By con-
trast, the orientation of NKp65 monomers in the NKp65–
KACL complex (Fig. 1A) completely precludes dimerization of
NKp65 in the manner of KACL or CD69.
The two subunits of KACL interact through strand β0, creating

an extended antiparallel β-sheet, and through helix α2 (Fig. S5A).
The portion of the dimer interface formed by the β0 strands
includes two main-chain–main-chain hydrogen bonds linking the
strands, as well as a central hydrophobic core comprising residues
Leu-63, Gly-64, and Val-65 (Fig. S5C). In addition, Phe-104 and
Tyr-108 from helix α2 pack against one another, forming a tight
hydrophobic cluster at the C-terminal end of α2 (Fig. S5D). The
total solvent-accessible surface area buried in the KACL dimer
interface is 1,300 Å2, comparable with that in CD69 (1,223 Å2) but
less than in Clrg (1,740 Å2).
To assess the oligomeric state of KACL in solution, we used

analytical ultracentrifugation (AUC) tomeasure the sedimentation
velocity profiles for a dilution series. Fig. S6 shows an overlay of the
sedimentation coefficient distributions [c(s)]. The distribution at

lowest concentration consisted of a single peak with an average
sedimentation coefficient (sw) of 1.9 S. At the highest loading
concentration, a second peak emerged near 2.5 S, and the sw av-
erage of the entire distribution was 2.2 S. This modest concentra-
tion dependence of sw was well described by using a monomer–
dimer self-association model. Fig. S7 shows the raw sedimentation
velocity data in overlay with best-fit curves for the analysis of the
KACL sample at 16 μM. The fit was good, as judged by the ran-
domness of the residuals and the magnitude of the rms deviation
(0.005 OD) from the monomer–dimer model. For other KACL
concentrations, rms deviations were 0.004–0.008 OD. The best-fit
KD for soluble KACL was 688 μM, with a 95% confidence interval
of 287–866 μM.Although weak, this KDmay nevertheless suffice to
drive dimerization of KACL in its native state, where it is anchored
to the cell membrane.

Overview of the NKp65–KACL Complex. The structure of the
NKp65–KACL complex revealed that the KACL homodimer
engages NKp65 bivalently, such that each KACL subunit con-
stitutes an independent binding site for NKp65 and each NKp65
molecule makes identical contacts with KACL (Fig. 1A). This
symmetrical, butterfly-shaped assembly is reminiscent of that of
the Ly49C–H-2Kb complex (22, 23), in which the dimeric Ly49C
receptor binds two MHC-I ligands symmetrically (Fig. 1B).
However, in the NKp65–KACL complex, it is the ligand (KACL),
rather than the receptor (NKp65), that constitutes the dimer.
The bivalent binding mode observed in the NKp65–KACL com-

plex is completely distinct from those used by the dimeric NKC-
encoded receptors NKG2D, CD94/NKG2A, and Ly49A. In the
NKG2D–MICA complex (24), the NKG2D homodimer engages
a single MICA ligand, such that the binding site of NKG2D for
MICA is formed by the precise juxtaposition of two CTLD sub-
units (Fig. 1C). The binding site of CD94/NKG2A for HLA-E is
constructed similarly (25, 26). In the Ly49A–H-2Dd complex (20,
21), the Ly49A homodimer engages a single H-2Ddmolecule using
only one its subunits (Fig. 1D). The structural basis for the very
different modes of MHC-I engagement in the Ly49A–H-2Dd and
Ly49C–H-2Kb complexes is the different dispositions of the
Ly49A and Ly49C dimers. In Ly49A, as in KACL or CD69 (Fig. S5
A and B), the C-terminal ends of the α2 helices are juxtaposed,
creating a closed dimer (Fig. 1D). In Ly49C, by contrast, the α2
helices are well separated in the dimer interface, resulting in an
open conformation (Fig. 1B). Major steric clashes between MHC
molecules would preclude the closed Ly49A dimer from simulta-
neously binding two MHC in the manner of the open Ly49C di-
mer. By contrast, the KACL dimer is able to engage two NKp65
molecules despite its closed conformation because of the much
smaller size of NKp65 compared with MHC-I.

The NKp65–KACL Interface. In the NKp65–KACL complex, two
structurally similar proteins use similar structural elements to bind
each other in a head-to-head orientation, such that the resulting
1:1 receptor–ligand assembly resembles a symmetrical homodimer
(Fig. 4A). The NKp65–KACL complex buries a total solvent-
accessible surface area of 1,680 Å2. The interface is characterized
by relatively high shape complementarity, based on a calculated
shape correlation statistic (Sc) (38) of 0.69 (Sc = 1.0 for interfaces
with geometrically perfect fits), which is near the upper end of the
range for protein–protein complexes and greater than the Sc val-
ues of the Ly49C–H-2Kb (0.58) (23) and NKG2A/CD94–HLA-E
(0.63) interfaces (25). The mainly hydrophobic NKp65–KACL
interface contains 17 hydrogen bonds (Table S2), which is con-
siderably more than the 10 expected based on the size of the in-
terface (39). This relative abundance of intermolecular hydrogen
bonds, combined with the high shape complementarity of the in-
terface, help explain the exceptionally high affinity of the NKp65–
KACL interaction compared with other characterized interactions
involving cell–cell recognition molecules.
NKp65 uses 20 residues from loops L0, L3, L5, and L6 and

strands β3 and β4 to contact 16 KACL residues, also from loops
L0, L3, L5, and L6 and strands β3 and β4 (Fig. 3 A and B). The

Fig. 2. Structures of KACL and NKp65. (A) Ribbon diagram of the KACL
CTLD. Secondary structure elements are labeled. α-helices are red; β-strands
and loops are cyan. (B) Structure of NKp65. α-helices are red; β-strands and
loops are purple. (C) Structure of human CD69. α-helices are red; β-strands
and loops are green (PDB ID code 1FM5). (D) Structure of mouse Nkrp1a
(3M9Z). α-helices are red; β-strands and loops are yellow.
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interface may be subdivided into three regions based on the dis-
tribution of contacting residues on KACL. In region 1, loop L0 of
KACL contacts loop L0 of NKp65 (Fig. 4B). Residues Thr-111,
Asp-112, and Met-113 of KACL loop L0, as well as Thr-76 of the
loop connecting strand β1 and helix α1, make 28 total contacts with
Pro-131, Gly-132 and His of NKp65 loop L0, including four hy-
drogen bonds (Table S2). Surprisingly, however, the side chains (at
least) of KACL loop L0 residues are not energetically important
for complex formation, because the triple alanine mutant T111A/
D112A/M113A bound NKp65 with essentially the same affinity
(KD = 5.3 × 10−10 M) as wild-type KACL (6.7 × 10−10 M) (Table
S3). The lack of a net contribution by these residues may be
explained by their location at the periphery, rather than the center,
of the protein–protein interface (40).
In region 2, Ile-141, Gly-142, and Asn-143 of KACL loop L3

make 13 contacts with Asp-184, Ser-186, Ser-187, and Thr-188 of
NKp65 loop L6 (Fig. 4C and Table S2). These contacts are me-
diated primarily by main-chain atoms of KACL, including two
hydrogen bonds to side-chain atoms of NKp65. In region 3, nine
KACL residues from loops L5 and L6 and strands β3 and β4
contact 14 NKp65 residues, mainly from loop L6 and strand β4
(Fig. 4D andE). Region 3 of KACL accounts for 82% (126 of 152)
of the total contacts to NKp65 and 68% of the total surface buried
in the interface.
To assess the functional contribution of region 3 to complex

formation, eight KACL residues (Phe-148, Asp-152, His-155, Ser-
157, Arg-158, Phe-160, Ile-161, and Asp-162) were mutated to
alanine, individually or in combination (Table S3). Among the
single alanine substitutions, the mutation D162A had the greatest
effect, resulting in a 360-fold reduction in affinity (KD = 2.4 × 10−7
M) (Fig. S1B). Asp-162 makes three hydrogen bonds through its
side chain and one hydrogen bond through its main chain, as well
as multiple van derWaals contacts, with NKp65 Thr-176, Asn-178,
and Tyr-181 (Fig. 4E). Other single mutations reduced binding by
40-fold (F148A) or less (D152A, H155A). KACL Phe-148 is
buried in the center of the interface with NKp65, where it makes
hydrophobic contacts with NKp65 Phe-134 and -189 (Fig. 4D).
The greatest reduction in affinity (11,000-fold) was observed for
the double mutation S157A/R158A (KD = 7.7 × 10−6 M) (Fig.

S1C). This dramatic effect is probably mainly attributable to the
loss of five hydrogen bonds and numerous van der Waals contacts
with NKp65 mediated by the long Arg-158 side chain (Table S2).
The double mutation F160A/I161A reduced binding by 550-fold
(KD= 3.7 × 10−7M) (Fig. S1D), most likely due to the disruption of
hydrophobic interactions between the side chains of the wild-type
KACL residues and NKp65 Tyr-181. These mutational results
validate the NKp65–KACL interface observed in the crystal
structure, as well as pinpoint key binding residues (hotspots) on the
ligand: Phe-148, Arg-158, Phe-160, Ile-161, and Asp-162.

Implications for Other NKC-Encoded Interaction Pairs. Besides the
human NKp65–KACL interaction, several other NKC-encoded
receptor–ligand pairs have now been identified: Nkrp1f–Clrg and
Nkrp1d–Clrb in rodents (7, 8) and NKRP1A–LLT1 and NKp80–
AICL in humans (10, 11, 14). We examined these pairs to
determine whether the binding topology observed in the NKp65–
KACL complex is likely to be representative of genetically linked
interactions within the NKC.
The CTLD of KACL shares 49% sequence identity with that of

LLT1, 42% with AICL CTLD, and 47% with Clrg CTLD (Fig.
3A), suggesting high structural similarity among these ligands.
High structural similarity is also predicted for the CTLDs of the
corresponding receptors: NKp65 is 36% identical in sequence
with NKRP1A and 41% identical with NKp80 (Fig. 3B). Although
only 2 of 16 contacting residues of KACL (Gly-142 and Arg-158)
are strictly conserved in LLT1, AICL, Clrg, and Clrb, KACL Arg-
158 is a hotspot residue (see above). Moreover, the corresponding
residue of LLT1 (Arg-175) was shown to be critical for binding
NKRP1A (30). Other hotspot residues of KACL are conserva-
tively substituted: Phe-148 (Tyr in LLT1/AICL/Clrg/Clrb), Phe-
160 (Tyr in LLT1/AICL/Clrg/Clrb), and Asp-162 (Glu in LLT1/
AICL) (Fig. 3A). These three residues, along with KACLArg-158,
likely act as anchor points for docking different NKC-encoded
receptor–ligand pairs in a conserved overall orientation, with
other contacting residues of the ligands conferring specificity for
particular receptors (Discussion).
On the receptor side of the interface, 4 of 20 contacting residues

of NKp65 (Gly-165, Ser-171, -182, and -186) are strictly conserved

Fig. 3. Structure-based sequence alignments of
NKC-encoded receptor–ligand pairs. (A) Sequence
alignments of CTLDs of human KACL, human AICL,
human LLT1, mouse Clrg, mouse Clrb, and human
CD69. Secondary structure elements for KACL are
denoted by squiggles (α-helices) and arrows
(β-strands). These and the loop regions are numbered
according to Fig. 2A. Residues that contact NKp65 in
the NKp65–KACL complex are marked with asterisks.
The paired green numbers (1 and 2) at the bottom
indicate the bonded cysteine residues in the KACL
structure. White characters on a red background
show strictly conserved residues. Residues that are
well conserved are drawn in red and framed in blue.
The remaining residues are black. (B) Sequence align-
ments of CTLDs of human NKp65, human NKp80,
human NKRP1A, mouse Nkrp1f, and mouse Nkrp1d.
Secondary structure elements are numbered accord-
ing to Fig. 2B. Residues that contact KACL are denoted
with asterisks. The paired green numbers (1–3) in-
dicate the bonded cysteines in the NKp65 structure.
Sequences were retrieved from SwissProt via the
following numbers: KACL, Q6UVW9; AICL, Q92478;
LLT1, Q9UHP7, Clrg, Q9WVF9; Clrb, Q91V08; CD69,
Q07108; NKp65, D3W0D1; NKp80, Q9NZS2; NKRP1A,
Q12918; Nkrp1f, Q8VD98; and Nkrp1d, Q99JB4. Se-
quence alignments were performed with the pro-
gram ClustalW (www.expasy.ch).
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in NKRP1A, NKp80, Nkrp1f, and Nkrp1d, whereas 3 others (Tyr-
181, Glu-183, and Ser-187) are conservatively substituted (Fig.
3B). Most of these residues contact hotspot residues of KACL,
most notably Arg-158, which forms a hydrogen-bond network with
NKp65 Ser-171, -182, and Glu-183 (Table S2 and Fig. 4D). Fur-
thermore, mutagenesis of NKRP1A Glu-200, which corresponds
to NKp65 Glu-183, abolished binding to LLT1 (30). We conclude
that the NKp65–KACL structure establishes a docking template
that is generally applicable to recognition between C-type lectin-
like molecules encoded in the NKC.

Discussion
In addition to carbohydrates, proteins belonging to the CTLD su-
perfamily have been shown to selectively bind lipids, inorganic
compounds, and other proteins (41). TheNKp65–KACL complex is
a previously unreported structural example of CTLD recognition by
another CTLD, which underscores the functional versatility of this
protein scaffold. In addition, the structure establishes certain con-
straints that must be satisfied by any mechanism proposed to de-
scribe signaling through the NKp65, NKp85, or NKPR1A pathway
and the integration of these signals into the overall NK cell response.
Amajor difference between human NKp65 and mouse Nkrp1a is

that Nkrp1a crystallized as a domain-swapped dimer in which do-
main swapping was mediated by an extended loop pointing away
from the CTLD that corresponds to the region between strands β2
and β3 of NKp65 (28), which includes several key KACL-contacting
residues. The domain-swapped Nkrp1a dimer is sterically in-
compatible with ligand binding in the manner of NKp65 andmay be
a crystallization artifact, as sometimes observed for fragments of
complete proteins (such as the Nkrp1a CTLD) under the high
concentrations (42). Indeed, solution-based biophysical data did not
support the oligomeric state of Nkrp1a observed in the crystal (28).
In the mouse, Nkrp1f recognizes Clrg, whereas Nkrp1d recog-

nizes Clrb (7, 8). The source of these specificity differences may be
examined in terms of the NKp65–KACL complex. Clrg differs
from Clrb at 7 of 16 predicted Nkrp1f-contacting residues, of
which 3 are conservatively substituted (Clrg111D/Clrb111N,
Clrg152D/Clrb152N, and Clrg157S/Clrb157T) (Fig. 3A). Of the
nonconservative substitutions, Clrg141L/Clrb141R is predicted to
contact a single residue (Asp-188) that is identical in Nkrp1f and
Nkrp1d (Fig. 3B and Table S2). Likewise, based on the NKp65–
KACL structure, Clrg142V/Clrb142E should contact two identical
residues (Ser-186 and -187) of Nkrp1f and Nkrp1d. By contrast,
Clrg161I/Clrb161S and Clrg162N/Clrb162L, which correspond to
hotspot residues in loop 6 of KACL, are expected to interact with
a tight cluster of nonconservatively substituted residues in strands
β2 (Nrp1f134L/Nkrp1d134S) and β4 (Nkrp1f181F/Nkrp1d181T)
and loop L5 (Nkrp1f178T/Nkrp1d178E) of the receptor (Fig. 4E).
We propose that Nkrp1 receptors discriminate between Clr

ligands by focusing recognition on sequence differences at Clr
positions 161 and 162.
Mutational analysis of KACL identified five hotspot residues on

the ligand: Phe-148, Arg-158, Phe-160, Ile-161, and Asp-162.
These residues are strictly conserved (Arg-158) or conservatively
substituted among KACL, AICL, and LLT1, respectively: F/Y/
Y148, F/Y/Y160, I/T/T161, and D/E/E162 (Fig. 3A). Moreover,
these hotspot residues contact residues on the NKp65, NKp80,
and NKRP1A receptors that are themselves strictly or highly
conserved. Consequently, these residues likely maintain a con-
served docking orientation in the NKp65–KACL, NKp80–AICL,
and NKRP1A–LLT1 complexes, whereas other less conserved
residues confer specificity. Among the 20 NKp65 residues that
contact KACL, 5 are especially variable among NKp65, NKp80,
and NKRP1A, respectively: P/Q/K131, G/L/A132, H/N/I133, and
D/T/Y184, and T/V/E188 (Fig. 3B). The corresponding contacting
residues on KACL, AICL, and LLT1 display similar variability.
We conclude that NKp65, NKp80, and NKRP1A discriminate
among their NKC-encoded ligands through sequence differences
at receptor positions 131–133, 184, and/or 188.
The affinity of NKp65 for KACL (KD = 6.7 × 10−10 M) is 3,000-

fold greater than that of NKp80 for AICL (14) and 70,000-fold
greater than that of NKRP1A for LLT1 (30). It also far exceeds
the affinity of any other known NK cell receptor–ligand pair, in-
cluding NKG2D–MICA, Ly49–MHC-I, KIR–MHC-I, CD94/
NKG2–HLA-E, and 2B4–CD48 (23, 25, 43–45). NKp80 and
NKRP1A, as well as other C-type lectin-like NK receptors
(NKG2D, Ly49, CD94/NKG2), all exist as disulfide-linked dimers
on the cell surface. These interchain disulfide bonds are formed
between paired cysteines within the stem regions of the receptors.
In marked contrast, NKp65 is not disulfide-linked onNK cells (16),
and the NKp65 CTLD is monomeric both in the NKp65–KACL
structure and in solution. Similarly, AICL and LLT1 (10, 11, 14),
but not KACL (16), exist as disulfide-linked dimers on target cells,
although the KACL CTLD did crystallize as a noncovalent dimer
and formed non-disulfide-linked dimers in solution.
We propose that these differences in dimerization state reflect

fundamentally different strategies for achieving NK-cell activa-
tion. Thus, dimerization of NKp80 and NKRP1A on the cell
surface may increase their avidity for AICL and LLT1 through
bivalent binding, thereby compensating for the low intrinsic af-
finities of these receptors relative to NKp65. By contrast, the high
monomeric affinity of NKp65 for KACL may overcome the need
for receptor dimerization by generating complexes with half-life
and signaling capacity similar to those of the NKp80–AICL and
NKRP1A–LLT1 complexes. Thus, signaling through NKp65,
NKp85, or NKPR1A may proceed via different mechanisms, even
though these receptors engage their respective ligands using a
conserved docking topology.

Fig. 4. The NKp65–KACL binding interface. (A)
Structure of NKp65 bound to KACL. (Lower) For
NKp65, β-strands and loops are purple; α-helices
are red. (Upper) For KACL, β-strands and loops are
cyan; α-helices are red. Secondary structure ele-
ments involved in contacts are labeled. Carbohy-
drate chains (GluNAc-GluNAc-Man) attached to
Asn-78 and -130 of KACL are yellow. (B) Close-up
view of the interactions between region 1 of KACL
(cyan) and NKp65 (purple). The side chains of
contacting residues are shown in ball-and-stick
representation with carbon atoms in yellow, ni-
trogen atoms in blue, and oxygen atoms in red.
Hydrogen bonds are drawn as dotted black lines.
(C) Interactions between region 2 of KACL and
NKp65. (D) Interactions between region 3 of KACL
and NKp65, showing contacts made by loop 5 and
strands β3 and β4 of KACL. (E) Interactions be-
tween region 3 of KACL and NKp65, showing
contacts made by loop 6 of KACL.
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Materials and Methods
Protein Production and Purification. Soluble NKp65 and KACL were ex-
pressed by secretion from baculovirus-infected insect cells (SI Materials
and Methods).

Crystallization and Structure Determination. The NKp65–KACL complex was
crystallized following deglycosylation of KACL. The structure of the complex
was determined by molecular replacement (SI Materials and Methods).

SPR Analysis. The affinity of NKp65 for wild-type KACL or KACL mutants was
measured by SPR with a BIAcore T100 biosensor (SI Materials and Methods).

ITC Analysis. Displacement ITC (32) was used tomeasure the high-affinity binding
interaction between NKp65 and wild-type KACL (SI Materials and Methods).

AUC Analysis. The oligomeric state of KACL in solution was assessed by
sedimentation velocity AUC (SI Materials and Methods).
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