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Human Th17 cells express high levels of CD161, a member of
the killer cell lectin-like receptor (KLR) family (also referred to
as NK receptor-P1A (NKRP1A) or KLRB1), as a representative
marker. CD161 is also expressed on natural killer (NK) cells and
NKT cells. Lectin-like transcript 1 (LLT1), another KLR family
member, was recently identified as a ligand for CD161. This
interaction may play pivotal roles in the immunomodulatory
functions of Th17 cells as well as those of NK and NKT cells.
However, the molecular basis for the interaction is poorly
understood. Here we show that the extracellular domain of
CD161 bound directly to LLT1 with a K, of 48 um and with the
fast kinetics typical of cell-cell recognition receptors. Mutagen-
esis revealed that the similar membrane-distal 3-sheet and loop
regions of both CD161 and LLT1 were utilized for the binding,
and notably, these regions correspond to the ligand-binding
sites for major histocompatibility complex (MHC)-recognizing
KLRs. Furthermore, we found a pair of detrimental mutations
for both molecules that restored the binding. These results
reveal a new template model for the recognition mode between
the KLR family members and provide insights into the molecu-
lar mechanism underlying Th17/NK/NKT-mediated immune
responses.

Human CD161 (also called NK receptor-P1A (NKRP1A),
killer cell lectin-like receptor subfamily B member 1 (KLRB1),
or C-type lectin domain family 5 member B (CLEC5B)) is
expressed on Th17 cells, natural killer (NK)? cells, and NKT
cells. CD161 belongs to the killer cell lectin-like receptor (KLR)
family, and its members contain one C-type lectin-like domain
in the extracellular region responsible for the ligand recogni-
tion. Although mice have several CD161 molecules, which are
both activating and inhibitory receptors and known as the
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NKRP1 family, humans have only one CD161 molecule, which
is an inhibitory receptor (1, 2).

The CD161/NKRP1 family molecules are type II transmem-
brane glycoproteins, which form disulfide-linked homodimers
(2). Ligands for the murine NKRP1 family molecules were iden-
tified as C-type lectin-related (Clr)-g molecules, which also
belong to the KLR family (3, 4). On the other hand, Aldemir et
al. (5) and Rosen et al. (6) identified one of the KLR family
members, the human lectin-like transcript-1 molecule (LLT1)
(also referred to as CLEC2D) as a ligand for the human CD161,
and this recognition inhibited the CD161™ NK cell cytotoxicity.
Another study reported that proliferation-induced lympho-
cyte-associated receptor (PILAR) (also named KACL/
CLEC2A) is a second ligand of human CD161 (7); however,
recent reports using a tetramer staining technique revealed that
PILAR cannot bind to CD161 but instead binds to NKp65,
which also belongs to the KLR family (8, 9).

Recently, in addition to the CD161-LLT1 recognition, vari-
ous interactions among KLR family members were reported,
such as those between NKp80 and AICL and between NKp65
and PILAR (KACL) (8, 10). NKp80 binds to AICL with low
affinity (K, ~4 um), whereas NKp65 binds to PILAR (KACL)
with high affinity (K, ~0.01 um). However, their molecular
recognition modes have remained elusive. Here, we have deter-
mined the biophysical characteristics of the CD161-LLT1
interaction, including the kinetic and thermodynamic proper-
ties, by a surface plasmon resonance analysis. Based on a broad
mutagenesis study, we identified the binding sites for both
LLT1 and CD161 as the membrane distal areas, which are also
utilized for ligand binding by other KLR members (CD94-
NKG2-MHCI and KLRG1-E-cadherin (11)), and revealed the
first binding topology template for interactions among KLR
family members.

EXPERIMENTAL PROCEDURES

Construction of Expression Plasmids—The DNA fragment
encoding the extracellular domain (amino acid residues Leu”'—
Val'®") of human LLT1 was amplified from the cDNA (code
number EHS1001-437530, Open Biosystems). The amplified
fragment was cloned into the expression vector pET-22b(+)
(Novagen), to create the plasmid pET22bLLT1.

The DNA fragment encoding the extracellular domain
(amino acid residues Gly*°~Ser**®) of human CD161 was
amplified from human lymphocyte-derived cDNA. The frag-
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ment was cloned into a derivative of the expression vector
pCA7 (12), to create the plasmid pCA7CD161. This vector con-
tains the signal sequence (upstream of the protein-coding
sequence) derived from the pHLsec vector (13). The biotin
ligase (BirA) recognition sequence (GSLHHILDAQKM-
VWNHR) was inserted between the signal sequence and Gly*°
of the CD161 sequence for the SPR analysis.

Preparation of Soluble LLT1 Proteins—The expression plas-
mid pET22bLLT1 was transformed into the Escherichia coli
strain BL21(DE3)pLysS. The cells were cultured in LB medium
with 100 mg/liter ampicillin (Nacalai Tesque, Kyoto, Japan) at
310 K. When the A, reached 0.6, isopropyl B-p-thiogalacto-
pyranoside (Nacalai Tesque) was added for induction, at a final
concentration of 1 mM. The recombinant LLT1 protein was
expressed as insoluble inclusion bodies. After 4 h of induction,
the cells were harvested by centrifugation. The inclusion bodies
were isolated from the cell pellet by sonication and were washed
repeatedly with Triton wash buffer (50 mm Tris-HCI, pH 8.0,
100 mMm NaCl, 0.5% Triton X-100). The purified LLT1 inclusion
bodies were solubilized in denaturant buffer (50 mm MES, pH
6.5, 100 mm NaCl, 10 mm EDTA, 6 M guanidine HCI). The
solubilized protein solution was slowly diluted by the addition
of ice-cold refolding buffer (100 mm Tris-HCI, pH 8.0, 2 mm
EDTA, 1 mL-arginine, 3.73 mM cystamine, 6.73 mM cysteamine)
to a final protein concentration of 2 um. After 72 h at 277 K, the
refolded protein solution was concentrated with a VIVA-
FLOW50 system (Sartorius). The LLT1 protein was purified by
size exclusion chromatography, using a Superdex-75 column
(GE Healthcare).

Preparation of Soluble, Biotinylated CD161 Protein—The
expression plasmid pCA7CD161 was transiently transfected,
using polyethyleneimine, into 90% confluent HEK293T cells.
The cells were cultured in DMEM (Sigma), supplemented with
10% FCS (Nichirei Bioscience), L-glutamine, and nonessential
amino acids (Invitrogen). The DMEM medium was substituted
with serum-free Opti-MEM (Invitrogen) medium immediately
after transfection. The culture supernatant was harvested 72 h
after transfection. The supernatant was concentrated and
replaced with Tris buffer (20 mm Tris-HCI, pH 8.0), using an
AmiconUltra filter (nominal molecular weight limit of 10,000;
Millipore Corp.). The CD161 was biotinylated with the BirA
enzyme. After biotinylation, the buffer of the reaction mixture
was replaced with HBS-EP (10 mm HEPES, pH 7.4, 150 mMm
NaCl, 3 mm EDTA, 0.005% Surfactant P20).

Mutant Preparation of LLT1 and CD161—The mutagenesis
of C163S and H176C of LLT1 was performed using a KOD Plus
mutagenesis kit (Toyobo) with pET22bLLT1 as the template, to
produce pET22bLLT1C163S and pET22bLLT1H176C, respec-
tively. In addition, H176C-based mutagenesis (Y165A, N167A,
K169E, R175E, R180E, and K181E) were performed, using
pET22bLLT1H176C as the template. All LLT1 mutants were
prepared in the same manner as the wild type.

Similarly, CD161 mutageneses (E162R, E179R, E179A,
R181E, D183R, K185E, K185A, E186R, Y198A, E200R, E200A,
Y201A, and E205R) were performed using pCA7CD161. All
CD161 mutants were prepared in the same manner as the wild

type.
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Binding Analysis Using Surface Plasmon Resonance (SPR)—
SPR experiments were performed using a BIAcore3000 (GE
Healthcare). The biotinylated CD161 and control protein (bio-
tinylated BSA) were immobilized on research grade CM5 chips
(GE Healthcare), covalently coupled with streptavidin. The
purified LLT1 proteins were buffer-substituted with HBS-EP
and injected over the immobilized CD161, at a flow rate of 10
wl/min. The binding response at each concentration was calcu-
lated by subtracting the equilibrium response, measured in the
control flow cell, from the response in each sample flow cell.
The data were analyzed using BIAevaluation software, version
4.1, and ORIGIN software, version 7. Affinity constants (K))
were derived by nonlinear curve fitting of the standard Lang-
muir binding isotherm.

For kinetics, the LLT1 was injected at a flow rate of 30
wl/min. The global fitting analysis using the 1:1 Langmuir bind-
ing model was simultaneously performed with the raw data for
the association and dissociation phases at different concentra-
tions of the LLT1 protein. Fitting was performed using the BIA
evaluation software, version 4.1.

Equilibrium analyses of LLT1 were performed at five temper-
ature points (283.15, 288.15, 293.15, 298.15, and 303.15 K). The
standard state Gibbs energy change upon binding was obtained
from Equation 1,

AG = RTInK, (Ea.T)

where K, is the dissociation constant, expressed in units of mol/
liter, and R is the gas constant. The AG values of each data set
were plotted against the temperatures and were fitted with the
nonlinear van’t Hoff equation (Equation 2),

AG = AH — TAS + ACp(T — 298.15) — ACpTIn(T/298.15)
(Eq.2)

where AH and AS are the binding enthalpy and entropy at
298.15 K, respectively, and ACp is the heat capacity, which is
assumed to be temperature-independent.

Circular Dichroism (CD) Spectrum—CD spectra were re-
corded on a JASCO model J-805 CD spectrometer. Far-UV CD
measurements were performed with a 20 uM concentration of
each protein in HBS-EP buffer, using a 1-mm cell and a band-
width of 1 nm. Spectra were accumulated four times.

RESULTS AND DISCUSSION

Expression and Purification of Soluble LLT1 and CDI161
Proteins—The extracellular domain of human LLT1 receptor
was expressed in E. coli as inclusion bodies and was refolded in
vitro by a dilution method. The refolded LLT1 migrated as a
monomer and was purified by size exclusion chromatography,
and the final product exhibited high purity (Fig. 14). The wild
type LLT1 tended to aggregate. We compared the amino acid
sequence of the extracellular region of LLT1 with those of other
C-type lectin family members, by a Basic Local Alignment
Search Tool (BLAST) search. Human CD69 (hCD69), whose
crystal structure was determined previously, shares 40% iden-
tity with the extracellular region of LLT1 (Fig. 2, A and C). The
crystal structure of hCD69 revealed that its C-type lectin-like
domain has three disulfide bonds. The Cys'®® and His'”® resi-
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FIGURE 1. Binding analyses of CD161-LLT1 interaction. A, size exclusion chromatography analysis of LLT1. Chromatogram of wild type LLT1 on HiLoad 26/60
Superdex 75 pg size exclusion column. The bars indicate the elution positions of the molecular mass markers. Inset, SDS-PAGE analysis of the peak fractions
from the size exclusion chromatography. The LLT1 protein is indicated by the arrow on the right side of the gel. B, measuring the affinity of the CD161-LLT1
interaction. The affinity of the CD161-LLT1 interaction was determined by equilibrium binding experiments. Ten 2-fold dilutions of LLT1 (H176C) (174 -0.34 um)
were injected over the CD161, and the responses were plotted against the concentrations of injected LLT1 (H176C) protein. Inset, Scatchard plot of the same
data is shown. The solid line is linear fit. C, kinetic analysis of the CD161-LLT1 interaction. LLT1 (H176C) at the indicated concentrations was injected (solid bar)
over CD161 (430 response units (RU)). Rate equations derived from the 1:1 binding model were fitted to the association and dissociation phases of all four
injections (global fitting). Residual errors from the fits are shown in the bottom panel. D, thermodynamic analysis of the CD161-LLT1 interaction. The dissoci-
ation constant (K,) for the CD161-LLT1 interaction was measured at five temperatures (283.15-303.15 K) and was converted into the standard free energy of
binding (AG). Values for the enthalpic (AH) and standard entropic (—TAS) changes (at 298.15 K) and the specific heat capacity (ACp) were determined by fitting
the non-linear van’t Hoff equation to these data. E, comparison of the thermodynamic properties of several protein-protein interactions (at 298.15 K). The
values for protein-protein interactions (excluding antibody-antigen interactions) are the mean = S.E. (error bars) of 30 distinct interactions taken from Stites
(20).

dues of LLT1 are equivalent to the Cys'”® and Cys'®® residues of
hCD69, respectively. His'”® cannot form the disulfide bond
with Cys'®?, and thus Cys'®® is a free cysteine. We expected that
this might destabilize the protein and thus introduced the
H176C mutation, to allow disulfide bond formation with
Cys'®®. As another option, we substituted Cys'®® with serine, to
eliminate the free cysteine residue. The C163S and H176C
mutants were both expressed and refolded by the same method
as that used for the wild type. The size exclusion chromatogra-
phy profiles and the CD spectra of these mutants were essen-
tially the same as those of the wild type (supplemental Fig. S1).
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The stability of the C163S mutant was not improved, and the
protein still tended to precipitate; however, the H176C mutant
was stable enough for use in further biophysical experiments.

On the other hand, unlike LLT1, the CD161 protein could
not be properly refolded by the dilution method. However,
using HEK293T cells, the extracellular region of CD161 with
the C-terminal biotinylation tag could be expressed transiently,
as a soluble protein (for details, see “Experimental Proce-
dures”). The secreted CD161 was biotinylated with the BirA
enzyme and was specifically immobilized on the streptavidin-
coupled sensor chip for the SPR analysis.
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FIGURE 2. Amino acid sequence alignment and structure of CTLDs. Shown are amino acid sequence alignments of the CTLDs of LLT1 with PILAR and AICL
(A) and CD161 with NKp65 and NKp80 (B). Secondary structure elements (yellow arrows indicate B-strands, red boxes indicate a-helices, and purple boxes
indicate 3, helices) of hCD69 and mDectin-1 are displayed above the alignments. The asterisks indicate residues mutated in this study, with detrimental effect
in red and modest effect in orange. The magenta arrows indicate the pair of residues that showed detrimental effects when mutated independently but
restored the binding when mutated simultaneously. C, ribbon diagrams of hCD69 (left) and mDectin-1 (right). Each diagram shows side and top views. Secondary
structure elements are labeled as follows: a-helices (red), B-strands (yellow), and 3, helices (purple).

Surface Plasmon Resonance Analysis of the CD161-LLT1
Interaction—To analyze the molecular interaction between
CD161 and LLT1, we performed an SPR analysis, using the
above mentioned recombinant proteins. Soluble LLT1 proteins
were injected over sensor surfaces to which biotinylated CD161
or biotinylated BSA (as a negative control) had been immobi-
lized. The affinity constants of LLT1 binding to CD161 were
determined by an equilibrium binding analysis. The response
derived from the negative control was subtracted from each
response derived from the CD161 protein. Fig. 1B shows the
conventional plots of these binding data. CD161 bound the wild
type, C163S, and H176C LLT1 proteins with similar affinities,
and the respective dissociation constants (K;) were 53, 52, and
48 umat 298.15 K. We confirmed that the CD161 binding to the
immobilized LLT1 in the inverted orientation also shows sim-
ilar binding characteristics with weak affinity and fast kinetics
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(data not shown); however, the soluble CD161 was prone to
aggregation, and thus the precise binding parameters could not
be determined.

Binding Kinetics of the CD161-LLT1 Interaction—The equi-
librium binding data for CD161 binding with the wild type and
C163S and H176C mutants of LLT1 indicated fast kinetics
(supplemental Fig. S2). Both the wild type and C163S LLT1
proteins were unstable and tended to aggregate, making it dif-
ficult to obtain precise association and dissociation rates. On
the other hand, the H176C mutant exhibited much higher sol-
ubility and stability than the others. Therefore, the H176C
LLT1 mutant was used as the standard template for further
analyses, including kinetics, thermodynamics, and mutagenesis
studies (hereafter, the H176C LLT1 protein is referred to sim-
ply as the “LLT1 protein”). The detailed kinetic parameters of
the CD161-LLT1 interaction were determined by global fitting

QSEpEN
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TABLE 1
Kinetic and thermodynamic parameters of the interaction between LLT1 and CD161 at 25 °C
Kinetics”
Immobilized Analyte K, eq” k,, (X 10%) Kose K, kin®
M Ml st M
CD161 Wild type LLT1 52.6
C163S LLT1 51.8
H176C LLT1 482 11+0.1 53 = 0.55 485 =75
Thermodynamics®
AG AH —TAS ACp
kcal/mol keal/mol/K
CD161 H176C LLT1 —5.9 * 0.02 -32*013 —-2.7 011 —0.41 * 0.01
“ The values are means = range of two experiments.
? K, eq values were obtained from the equilibrium analysis.
¢ K, kin values were obtained from global fitting.
4 The values are means *+ S.E. of three experiments.
of the monoexponential rate equations, derived from the sim- A side
ple 1:1 Langmuir binding model, to the binding responses. Fig.
1C illustrates the reasonable fitting with small residual errors
(bottom panel) to the data for LLT1 binding, which yielded 90°
typical association (k,, = 1.1 = 0.1 X 10° M~ ' s ') and fast
dissociation (k,; = 5.3 = 0.55 s~ ') kinetics similar to those of
other cell-cell recognition receptors (Table 1 and supplemental KLRG1
Table SI). The kinetically derived K, and that determined by
equilibrium binding were essentially the same, providing fur- membrane
ther evidence that these kinetic parameters are correct.
Thermodynamic Properties of the CD161-LLTI Interaction— B C
The non-linear van’t Hoff analysis (Equation 2) was performed Mutant  Kd (uM) side top
to determine the thermodynamic parameters. The binding Wild-type 48 K181 R180
affinities of the CD161-LLT1 interaction were determined at
five temperatures, from 283.15 to 303.15 K. Reasonable fitting ;izii 21;(; R175
of the non-linear van’t Hoff equation to the data produced the K169E NB
proper thermodynamic parameters (Fig. 1D). The binding of R175E NB K169
LLT1 to CD161 was characterized by favorable entropic and R180E NB ) Y165 N167
enthalpic changes at 298.15 K (Table 1 and Fig. 1E), in contrast 210811;1 i
to the TCR-MHC interactions (14-19), which exhibited a F162R 310 membrane
large, unfavorable entropic change and a large heat capacity EL79R (A)  34(393)
change (ACp ~1 kcal mol™' K™') (supplemental Table SII). In RIB1E 100 D183
addition, the TCR-MHC interaction exhibited slow kinetics. Dis3R 3%
This characteristic is believed to be caused by the adjustment of K;f;:R(A) 551;2036)
the flexible ligand binding site (“induced fit”) and/or the trap- Y198A NB
ping of water molecules at the binding interface. The CD161- E200R (A) 45 (NB) .
LLT1 interaction exhibited a moderate ACp of ~0.41 kcal ‘;g;’; 3”75(’)
mol ' K~'. Taken together, the binding properties of the membrane

CD161-LLT1 interaction are characterized by entropically and
enthalpically driven binding, a small ACp, and fast kinetics (20),
indicating that only small conformational changes may be
required for binding. This is similar to other low affinity inter-
actions of cell-cell recognition molecules, including the
KIR2DL3-HLA-Cw?7 (21), LILRB2-HLA-G (22), and NKG2D-
ligand (MIC-A, ULBP3, and RAE-1) (23) interactions.
Mapping of Binding Sites—To identify the CD161 binding
siteon LLT1, a wide range of LLT1 mutants were prepared (see
“Experimental Procedures”) and used for the SPR analysis.
LLT1 and CD161 are quite similar to the other KLRs (whereas
LLT1 displays 40% amino acid identity to hCD69, CD161 dis-
plays 30% to murine Dectin-1 (mDectin-1)) (Fig. 2). The typical
structure of a KLR, as depicted by KLRG1 in Fig. 34, reveals a
conventional C-type lectin-like domain (CTLD) fold, compris-

JULY 8,2011+VOLUME 286+-NUMBER 27

FIGURE 3. Structure of E-cadherin-KLRG1 complex and mutagenesis stud-
ies. A, structure of the E-cadherin-KLRGT complex structure. KLRG1 is
depicted by a yellow ribbon diagram. Ligand binding region of KLRGT1 is col-
ored red. E-cadherin is shown as a dark gray surface representation. Two views
of KLRG1 are presented (side and top views). Secondary structure elements are
labeled. B, binding affinities of LLT1 mutants forimmobilized CD161 mutants
at 298.15 K. C, ribbon diagrams of model structures of LLT1 (top, blue) and
CD161 (bottom, green). Each diagram shows side and top views. Residues
mutated in this study are shown as spheres with detrimental effect in red and
modest effect in orange. The magenta spheres indicate the pair of residues
that showed detrimental effects when mutated independently but restored
the binding when mutated simultaneously.

ing two a-helices (a1l and «2) and two antiparallel B-sheets
(B0-B1-B5-B1" and PB2'-B2-B3-B4-B2"). Although the ligands
for the KLRs are different (for MHC, Ly49 (24) and CD9%4/
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FIGURE 4. Model structure of CD161-LLT1 complex. A, SPR binding analyses of combinations between the LLT1 and CD161 mutants. Filled squares and solid

line, E205R CD161/wild type LLT1; filled circles and dashed line, wild type CD16

1/K169E LLT1; filled triangles and solid line, E205R CD161/K169E LLT1. B, schematic

model of LLT1 recognition by CD161. Ribbon diagrams and spheres are the same as in Fig. 3C. C,amino acid sequence alignments of the putative receptor/ligand

binding regions of LLT1 with PILAR and AICL (top) and CD161 with NKp65 a

nd NKp80 (bottom). Secondary structure elements of hCD69 and mDectin-1 are

displayed above the alignments. The asterisks indicate residues mutated in this study, with color representations corresponding to those in B and Fig. 3C.

NKG2 (25); for E-cadherin, KLRG1 (11)), they utilize their
membrane-distal head region for ligand binding (Fig. 34 and
supplemental Fig. S3). Based on the crystal structures of hCD69
(for LLT1) and mDectin-1 (for CD161), we designed mutations
in the putative ligand binding regions to identify the interaction
sites (Figs. 2 and 3B). Six LLT1 mutants (Y165A, N167A,
K169E, R175E, R180E, and K181E) were properly refolded (sup-
plemental Fig. S1), and the SPR analysis showed that all of the
mutants exhibited reduced or undetectable CD161 binding
(Fig. 3C). Notably, the K169E, R175E, R180E, and K181E muta-
tions completely disrupted the CD161 binding. The Y165A and
N167A mutations of LLT1 had moderate effects on the inter-
action, resulting in a 4-5-fold decrease in the interaction
affinity.

In another orientation, to clarify the LLT1 binding site on
CD161, 13 CD161 mutants (E162R, E179R, E179A, R181E,
D183R, K185E, K185A, E186R, Y198A, E200R, E200A, Y201A,
and E205R) were expressed and biotinylated, using the same
method as for the wild type (Figs. 2 and 3B). We examined the
conformations of the CD161 proteins using a mouse anti-hu-
man CD161 monoclonal antibody (mAb) B199.2 (Abcam),
which only recognizes the conformational epitope of CD161
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(26). Wild type CD161 and all of the mutants were recognized
by mAb B199.2 (supplemental Fig. S4), indicating that they are
all properly folded. The SPR analysis revealed that, although the
E179R, K185E, and E200R mutations had no substantial impact
on LLT1 binding, the alanine mutations of these three residues
disrupted the LLT1 binding. The R181E and E186R mutations
of CD161 had modest effects on binding, resulting in a 2—3-fold
decrease in the affinity. The E162R, D183R, Y198A, Y201A, and
E205R mutations of CD161 had detrimental effects on binding
(Fig. 3C).

We performed SPR binding analyses of combinations
between the LLT1 and CD161 mutants to identify the mutation
combination(s) restoring the binding activity and thus to pro-
vide the putative binding pair(s). Although almost all of the
LLT1 mutations were unable to bind to the CD161 mutants, the
K169E mutation restored the binding to the CD161 E205R
mutant (Fig. 44 and Table 2). This strongly suggests that Lys'®’
of LLT1 directly interacts with Glu**> of CD161. Y198A and
Y201A CD161 mutants abolished binding to all LLT1 mutants,
and E162R and D183R CD161 mutants displayed little affinity
to the wild type LLT1 and no binding to the other mutants. On
the other hand, R175E, R180E, and K181E mutants rendered
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TABLE 2

Binding affinities of LLT1 mutants for immobilized CD161 mutants at
25°C

K,
CD161 WTLLT1 Y165A N167A KI169E R175E R180E KI181E
M

Wild type 48 240 180 NB* NB NB NB
E162R 310 NB NB NB NB NB NB
E179R 34 150 120 300 NB NB NB
E179A 393 NB NB NB NB NB NB
R181E 100 210 140 NB NB NB NB
D183R 390 NB NB NB NB NB NB
K185E 55 170 140 310 NB NB NB
K185A 236 180 149 318 NB NB NB
E186R 150 NB NB NB NB NB NB
Y198A NB NB NB NB NB NB NB
E200R 45 NB NB NB NB NB NB
E200A NB NB NB NB NB NB NB
Y201A NB NB NB NB NB NB NB
E205R 370 NB NB 26 NB NB NB

“NB, no detectable binding.

LLT1 unable to bind to all of the CD161 mutants. These resi-
dues showing the most significant effects are located close
together and a bit far from the Glu?>°*(CD161)-Lys'**(LLT1)
binding partners. The same strategy has been employed to
determine binding orientations, by identifying the effects of
charge swap mutations on the typical low affinity binding often
observed in cell-cell recognition events (e.g. CD2-CD48 (27)
and TCR-MHC complexes (28)). Together with the present
study, the results suggest that amino acid substitutions in these
low affinity interactions are relatively tolerated. Therefore, the
charge swap mutation strategy would be useful for determining
the binding orientation in cell-cell recognition receptors.

Considering the above results together with the electrostatic
and hydrophilic/hydrophobic complementation, we con-
structed a feasible model of the CD161-LLT1 complex, using
the hCD69 and mDectin-1 structures as templates. Both
CD161 and LLT1 utilize similar membrane-distal head regions,
from the 83 strand (Tyr'®®) to the B85 strand (Lys'®') of LLT1
and from the $2-83 loop (Glu'®?) to the 84-B5 loop (Glu?®°) of
CD161, for binding, and thus the complex model resembles a
symmetrical dimer (Fig. 4B). This complex structure supports
the previous report that PILAR (KACL) cannot bind to CD161
(8, 9) because Asp*>? of PILAR (KACL), which corresponds to
Lys'®® of LLT1, probably disrupts the interaction with Glu®°® of
CD161 (Fig. 4, B and C). We further investigated the binding
modes of other KLR-KLR interactions, such as NKp80-AICL
and NKp65-PILAR. Notably, the putative binding sites (espe-
cially the B3 to B4-B5 loop regions) of the CD161-LLT1 com-
plex model were relatively conserved, in either the CD161 rel-
atives (CD161/NKp65/NKP80) or the LLT1 relatives (LLT1/
PILAR/AICL) (Figs. 2, A and B, and 4C). This strongly suggests
that the KLR-KLR recognition involves a common binding
mode. On the other hand, the amino acid differences, in-
cluding the binding pair residues, Val***(NKp80)-
Asp'*(AICL) and Thr'®(NKp65)-Asp'**(PILAR), corre-
sponding to Glu***(CD161)-Lys'**(LLT1) (Fig. 4, B and C),
would contribute to discrete ligand specificities.

We constructed the CD161 dimer-LLT1 dimer complex
model structure without any disruption of the proposed inter-
action topology, as shown in supplemental Fig. S5. If the dimer-
dimer interaction occurred on the cell-cell interface, then this
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would probably show an avidity effect to enhance the binding
activity.

CONCLUSION

In this report, we showed that CD161 binds LLT1 with low
affinity, fast kinetics, and entropically and enthalpically driven
thermodynamics with a small heat capacity, which are typical
features for interactions mediating cell-cell recognition. Fur-
thermore, we revealed a new recognition mode between KLR
family members. As in the other KLRs, CD161 and LLT1 both
utilize similar membrane-distal head 3-sheet and loop regions
for binding. The binding pair residues, revealed by the mutation
combinations, suggested a plausible CD161-LLT1 complex
model, which is the first template model for the interactions
between KLR family members, such as NKp65-PILAR and
NKp80-AICL, that explains their binding specificities.

CD161 is predominantly expressed on all human Th17 cells.
Th17 cells have important roles in autoimmune and chronic
inflammatory disorders, such as rheumatoid arthritis (31-33).
The control of the Th17 responses has already yielded success-
ful results in a clinical trial with rheumatoid arthritis patients
(29). Although CD161 has neither activating nor inhibitory sig-
naling motifs, CD161 acts as both an activating and inhibitory
receptor, depending on the cell type. The CD161-LLT1 inter-
action leads to the inhibition of NK cell cytotoxicity (6). How-
ever, the interaction in combination with TCR signaling acti-
vates T cells to secrete interferon (IFN)-vy (5). CD161 on Th17
cells also acts as a co-activating receptor and promotes T cell
expansion. Furthermore, the expression level of CD161 on
Th17 cells is largely up-regulated in inflammatory disorders
(30). Although the detailed mechanisms of CD161 regulation of
immune cells are not well understood, our results provided
here show that the membrane-distal head region of CD161 is a
new target to inhibit the CD161-LLT1 interaction, leading to
the regulation of autoimmune and chronic inflammatory
disorders.
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