E k CD161 9F (NKRP1A/KLRB1) [2& %
LLT1 E25 D FEBEDRZRA

B

Molecular basis for LLT1 protein recognition by human CD161 protein
(NKRP1A/KLRB1)
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ABSTRACT

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 (NKRPIA) 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 Kd
of 48 uM, and with the fast kinetics typical of cell-cell recognition
receptors. Mutagenesis revealed that the similar membrane-distal
B-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 molecular

mechanism underlying Th17/NK/NKT-mediated immune responses.
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t b CD161 % > /X Z7EI1E T ~NJV/X— 17(Th17) fifde - F 2 2V F 5 — (NK) Mg, NKT
MiaZs EI2HBIL TV 2 EMinRmiZaA Th S, CD161 ¥ > /N7 Eid Killer cell lectin-
like receptor (KLR) 7 7 2 U —ITE@ T % 2 MOEE@EMESY >NV ETHD., PRI T 1 R
WEZNLUTC2RAEZERTS . BEWBICDI6L & > X7ED YT > RIFRHTH > 72905
2005 FEIC L DL ZE DY H > K& LT Lectin-like transcript-1 (LLT1) % > /N7 G0 FEE S 41
=2 HEWZ &2, LLT1L & 287 B H CD161 & > S EFfEIZ. KLR 77 I U —IC@d
52 BQEE@EENESY >NV ETHD, PRI T4 RBEGENL T2 E&8KZFRL TN Z
EMAS MR T, F Rk ETH CDI61 & LLTHEBHE T A @EICI— RENTHD,
CD161, LLT1 &HiZ, ZOMRIAEBRIC CHL 7 F U R A A > EMHIN D R A 2 HiE
Z1DFf> T, TNETIT, CHMLIUTFUARRAA EFDKLR 77 2 U—3TFI35 >
INVBEED. AU REZ#L. AT EMmenTHAEY, LML, KLR 77
TR DOREAHHS NI/ S ZDE. CDI6I-LLTI AR HD TOHDTH D,
EDQXI BT TBEVWEZZHRL TWLONHRNR /-5,

Alal, EF ST, HERANT. BIIFRTICR D, CD161-LLT1 #HAEAEH O 72k
BEAS/MIU, £k, JAHPAIZD 2 528 RAKMEITIZE U, CD161-LLT1 FHEAE M O#G & fH L.
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2. RETSXEVHBEICELS CDI6T-LLT1 HHEERARFER

LGEEE S5V, MAERMINICERT 7 5 XF 2 050 I 2 FH U 720 50 R e
Biacore3000 % f\ /=, Biacore T3t ¥ —F v 7 EICHEELL =T > IV OEEDE %
T —Fy TIREOETEOEE LU TERAT 2, HAFERIIBIT 246 &Mz 7))
5 A LTEIT 5 2 EN RS 720, kR ELISA 72 & T3 AR BRI S iian &
D72, MREGBROEWVHEERBENT 2 2 ENHks. 20X BEENS. HEER

HEmNEITICE < HnSN TN S,

AlE, HIEICHEL Tid, CD161, LLTI &EHITIC DR o2 EZTIRERAEOH 557 —%
OHEENKEIC/R D720, Mlst RAA OBz mEESY >N EE L THEIE, HE
AW/e, LLT1 & N7 BHIZB U TIEIRIBEFHEHRRICK D, EEZERmn OLRME 2552
20) REHEOHAKRE L THOND, BERLUKEZETD ZE TV ABEEBRS &
7z QLM ORMIE. MAFEE=6aME (CD) AR MVZKD#ELK). CD161 & > )%
HIZBEL T RIBRZE AW EER L RICKDHENEEE TH > 72720, WFLEM N (Human
embryonic kidney (HEK)293 #ifil) ZHWTHEI /=, RE T 7 XE HEEE WAL
EREBRTIE, —Hon et v—F v 7 RicEElL, honTEEERL ST 1
WIS %, BEET 20 TRV TIINEBTHEEZTO ZENTE 2D, REED
Dlx - FEEELRT S LW, LLT1# 2N EIZKER 1 LE5E4Z 080 mg &
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Fig. 1 The structure and expression construct of LLT1 and CD161.

KEIZHD ZEMNTEDH, CDI61 ¥ 2 /N7 i3 HEK293 Ml CHME LM FH L RNz o,
CDl61 % >\ EaEFERT DI LTz, TOB. MilahE - ToRdm & [ R m TREEL
T 5729012, CD161 % N7 ED N K EAF > U N —CaRa B A I U 7= IKRE TH B
8, AR ETTF AL ETTo /= (Fig. 1) EXF L CD161 ¥ >NV 'EIZ, EFF
DoV EDYOIEEITHRAIES FREEEE 10" M) ZRIHLT. ARL T T EY VAL
FCEE L e > —F v T RICEE/L 7.

2-1. S

CDI161-LLT1 tHAAEH OFRTE 2 SE S S MTIC K VRO & T A, MEEER Kd= 53 uM
THEERT D ZENnM >, HEERZISICHEL ARSI, HEROFRNT LD
BRI 2B O E U AU 72 LLTL % N7 8RS 24 BRI E T L T
LED=DICHEIEZERITD T EMHREN S T2,

LLTI % >NV ED7 X JBESFITIE S AT DRENSEHHD. 2KOP 2T 1 R
MR LEELTH IO AT A DEREANKD 2 LITm5, PRI T 1+ KRB ZFK
LW AT A VRIS FRITT > F LAITP R T 1 REEG R L. BE - ILEROFN
IR0V, TZ T KLR7yIU—=F 2 NRVEDS B, 73 JBESALLTL & 2%
DBEERDBEISUTYS (72 /BEFIHFTE40%) &~ CD69 % > )X7E (hCD69) &R
Y T4 A RETD, PRI T 4 BRBZBIR TERWI AT A 2 EREO TR Z T 2
(Fig. 2)o 7910 A NOFER, LLT1 ¥ 2 /X7 B TIE, CD69 ¥ > )N E T Cys186 114
TOMEBENERAF D RIEIIB O TNEEDICT AN T 1 REGZBR TERL/E>TW5S
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CDI161 & >N\ B EDOMHAIERCEL T, LLT1 B4R C163S 8K, H176C 85Ik
FNFIREEEES3 uM, 52 uM, 48 uM TH D Z ENHEND 6N, BREZANIZZ &K
LEBIRSNIBM oz, £lew HIT6C BRAKITEL TRREENRZEINTH D, Lz
Bk Liz<7s>7z, LinL, C163S AFRIRICEIL TIZFFAR L MBI L TL W, RElE
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Fig. 2 Amino acid sequence alignment of the CTLDs of (A) LLT1 with human CD69 (hCD69),
and (B) CD161 with murine Dectin-1 (mDectin-1). Secondary structure elements (3-strands (J3),o.-
helices (o), and 310 helices (1)) of hCD69 and mDectin-1 are displayed below the alignments. (C)
Ribbon diagrams of hCD69 (left) and mDectin-1 (right). Each diagram shows side and top views.

Secondary structure elements are labeled.
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Fig. 3 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.

o, REEER,S D 2ZHVWTHEICHESF 7 XEHI LT -2t (AG) %KD,
IO B S 5 HORETHEZITD Z&T, ) hofERIES T2 —481k (AH)
I>hobE—21k (= TAS). /. BEEZEL (ACp) ZRK©7 (Fig.4A. Table 1),

AG=RT InKd &

AG=AH — TAS + ACp( T — 298.15) — ACpT In(T/298.15) (2
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Fig. 4 (A) Thermodynamic analysis of the CD161-LLT1 interaction. (B) 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. of 30
distinct interactions.

Table 1 Thermodynamic parameters of the interactions at 25°C

AG AH - TAS ACp
Analyte Immobilized
(kcalemol™) (kcalemol'*K™")
LLTI H176C CDl161° - 5.9+0.02 -3.2+0.13 -2.7+0.11 -0.41+0.01
TCR MHC -7.1£0.6 - 14.6+£5.4 7.1+5.7 - 0.62+0.37
KIR2DL3 HLA-Cw7 -72 -4.1 -3.1 -0.1

“The values are means + standard error of 3 experiments.



BITENRNT OFS R, CD161-LLT1 M AMEAIERESGICE> T, 2o ) -2 (bR >
OB —ZehiirE LW AT S (T2 4)E— - T2 ot —EEE | OMEEM
ThdT Mmool (Fig. 4B). CDI161 % >IN L RMRICHEMIEREZ AR E L TAH
5N2HDIZ. THIZAER (TCR) 73% 5, TCRIFFEMMEEEZTESEK MHO) %
WAL, BETHN. TOMAEERZIHEEITHE-ST, T haoE—2dtFEL <AV
MIZKRESEBLL., AEEZLHRENVENIEHER> TW5 (Fig. 4B) ', 3512,
TCR-MHC M EAEFIIKE S - MELEEINENZ ENDN 5> TS (ke=0.009~0.2 x 10° M's™,
ko=0.01~0.1s™) . 2 TCR-MHC # E{EF OFEEUE FEEICBE L TTCR O 7 L F 2 TV iz)b—
THEEPHEEITHE L a2 R A= 3 AEBL GHEEE (induced-fit) EF)L), & 51T,
FEEREITKD FERMIET 520D THDEEZSN TS, CDI61-LLT1 M AERITHFEE
D EZ (ACp~0.41£0.01 keal * mol” - K') Z/RL. T4 )LE— - T bOE—ERER,
HEWES - REEZ T 22056, FEEICBLTRERICAA—-a A ITEZSRNnE
BEALND.

3. CD161-LLT1 AN

S B FRAT S ONBA T SR FRAT 20 5 CD161-LLT1 AHEMERIZAE &I TRER I DK
A= a VBRI SBNWZ ENN oz, T T, §TICINAREEDI S MiZiz> T
HKLR 77 IU—F >\ 8%2HEICL T, CDI61. LLTI EHITETFIVEGEZIERL, =
Nz s EICHAEMRERXOHERZTTS 2 &Lz,

FIZHIBRZ X DI, LLT1 # 287 EIZ hCD69 &7 2/ BESNE B TW5S, £z
CD161 & > )NV B3 X U A Dectin-1 & > /N7 8 (mDectin-1) &7 2/ BEECHINEITN S (1
W1k 30%) &5 (Fig. 2B), FHFEH hCD69 & mDectin-1 DV {AfEEH EIC L TESF
IVHEGE ZERL U 72, # T, CDI61, LLT1 & HITHEEMRICED L S I ZHnTnS
MO TR ZEIT>/2e KLR 77 2 U =% 2N EOHIZIZ Y T > R & OERRDRE G HH
SEMITIESTWDEHDONEEH D (KLRG1-E-Cadherin'”, CD94/NKG2A-HLA-E', Ly49C-H-
2K* ") (Fig. 5, T T, THHEAKRON RS Z S 12 CD161 & LLT1 OAH A /EF ik
ZFML 7. Fig. S8BT KLR 77 2 U—% >NV EOHAIEREEZ L5 &, 2Tl
JEn BNz B- > — R LIV —TREEN SIS EMH > TU > REMEFEML TWS 2 &
Morin%, I T, CD161, LLTI &HIT, FAROMHEEZM > THEFEAL THd EEL.
PALY NG (LA O
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Fig. 5 Structure of the KLR-Ligand complex structures. KLLRs are depicted by ribbon diagram.
Ligand binding region of KLR is colored dark grey. Ligands are shown as dark grey surface
representation. Two views of KLRs are presented (side and top views). Secondary structure
elements are labeled.

3. ZERABHREZRAVEHEEEREEOTYES S

CDI161, LLT1 QMHAMEHMERE TRINSHEHOFN S, FICTHEFEANDBEENKEZ
SMBBEEEBRINL TERZEAL LD ETNTIUERL /2,

I U I, LLT1 OZ8 &Mk (Y165A, N167A, K169E, R175E, RI180E, KI181E) & CDI61 (%
R EOMEMERZRNE (Fig. 6), TORER, 2 TOERETHEMERNH <S> THD,
K169E. R175E, R180E. KI8IE ZRRIZBIL TiZ CDI61 EDMHEERANEL <> TL
EDTENTMO T

FWT, CD161 MZF(K (E162R, E179R, E179A, RI8IE, DI183R, KI185E, KI85A,
E186R. Y198A. E200R. E200A. Y201A. E205R) & LLTI1 (¢4 1)) & OAHEANEH 2 7= (Fig. 6) .
T OFEE, E179R, KI8SE. E200R ZRAKIT LLT1 & OMEERICEEZ I I RN &0y
Mof. LML, RUMEBEOY 5= 0ARAK (E179A, KI85A, E200A) X LLT1 & OFHEASE
ANRKEEFT DI ENDMN 577, RISIE, EIS6R ZERAKIE LLT1 & O AAEHATHIRE
f& F L. E162R, DI83R, Y198A, Y201A, E205R ZEFARIL LLTI & DM AIEM 2L <>
TLES ZENTMN DT,

UEDZ &S, #EICED S ETRIL 2B OZRIKN 42T CDI61-LLT1 fHE/EHIZH
BERIFLTWD I ENSND, 5T, CDI61, LLT1 &EHiT, MO KLR 7731 —% >
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Fig. 6 (A) Binding affinities of LLT1 mutants for immobilized CD161 mutants at
298.15 K. (B) Ribbon diagrams of model structures of LLT1 (upper, dark grey) and
CD161 (bottom, grey). Each diagram shows side and top views. Residues mutated in
this study are shown as spheres with detrimental effect in dark grey, and modest effect
in grey. Dark grey spheres with asterisk indicate the pair of residues that showed
detrimental effects when mutated independently, but restored the binding when

mutated simultaneously.

INDE TR ED S EEN T B- > — b L)V — T MG S e D E > THAEMHL Thd
EEZBND,

32, ERERERICLS CDIGI-LLTI EAGET IV DIEE

CD161-LLT1 i EMEHIZBNT, BEWIZEDMHEEZH > THTF 2583 L TWD DN
SEMMTRSTZDT, HEWTT 2 VBREL N TRADHTZ2RD 5720 ICERERORER
Zfiolz. HWAHHIKZ, LIFOEBVTHS (Fig. 7)o £9. CDI6I-LLTI HAEHICH
WT, FARERZ ANZHEICHAENRL S, L. MANHRDLEREZ LD
5 ENHIRTZ, Sl ABREANTZE L OEREFIBEBMPYILT 2 XD ITEREZANTNS
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Fig. 7 Binding analysis strategy of combinations between the LLT1 and CD161

mutants, to identify the mutation combination(s) restoring the binding activity.

DT, HETHENHZbDDLLIT, HAERRT TEMORIENEZ >z & TFHINS,
ZTIT, BREANTORBRVWHTESFICOARZANT, HAEANEET S H008H UL,
BHWOH)TTEREANLY 2 JBRERTIIMHEEAL TNnE EE525 2 0K 5,

CDI161 ZARMAEK O LLT1 ARELTOMAEOE THAEHZMNZ45R (Table 2), 14l
D7 (E205R (CD161), KI69E(LLT1)) THIEAEANMEIET 25 Z &>/ (Fig. 8). Z
DT &1, CDI61 @ Glu205 21 LLT1 @ Lys169 S EHEMHAEERL TWBE T EE2HRRBL T
W5,

LA 5 AT 755 7= Glu205(CD161)-Lys169(LLT1) AHE/E A & $pEEAH M. BIAKIE / Bk
MREEZEEL, ZNEFNOETIEEZFNWTCDI6C-LLTI EAEKDET )L IEE 2L
7z (Fig. 9. BELLZEARDOTFIEETIZ. BEWCENSEN B- > — NI —TH
ENSRDERNAPNH OB THELTHED, HAEEARHZEICL TEFHHORE &5
TWBZENDMBD, IBIT, ERNTEBICHKIEL TV 2 BARTOTTIIEEZEHEL
THDE, FEHGSNFERKFNT TOEBREREFIET S I LR<EERET IV EHRD
EMHR7= (Fig. 10),
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Fig. 8 SPR binding analyses of combinations between the LLT1 and CD161 mutants.
Filled square and solid line, E20SR CD161/wild-type LLT1; filled circle and dashed
line, wild-type CD161/K169E LLT1; filled triangle and solid line, E205R CD161/K169E
LLT1

Table 2. Binding affinities of LLT1 mutants for immobilized CD161 mutants at 25°C.

Kd (uM)
LLTI
CDl161 wild-type Y165A N167A K169E R175E R180E KI181E
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
RI8IE 100 210 140 nb nb nb nb
DI83R 390 nb nb nb nb nb nb
KI185E 55 170 140 310 nb nb nb
KI185A 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.
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Fig. 9 Schematic model of LLT1 recognition by CD161. Residues mutated in this study

are shown as spheres.

4. HIE

4r[Al1% % 1% CD161-LLT1 Ml BAE A AT WEAIME T, Enisd - itz Rd, > hoE—-
IHINVE—BRERIOMHAEERTH 2 ZEEWHENT Uiz, T ORMIE. MiiaZim 2 &K
TOHEFERATIRMICR SN ERSEZHDTH S, £72.CDI61-LLT1 FHAEAEAI,
BEWITENSBEN T B- > — b E)V— T RGN 572 2 % VT, MEER S 2 i
i CHEABHRERRT 5 2 ENmho 7.,

CD161 13 Th17 ffifig>. NK#iiflid. NKT#fE/z EICHBEL Tna I 0o Thd,
Th17 fifEid > —0A4 F 2 17 Oz N U THEE 2 —< Fa & H OB RERL RENE
OHFEBICEG L TNWS Z EAURBINTNS Y, £/z. CDI61 @ Th17 Ml TOFEHE L X)L
DREEOHEBEFETERTLE N WENH S *, NKMIETIEZ, LLT1IZCD161 EMHA
fEF9 % Z & TNK #ifinic X 2 il Eis 2 1Hd 2 L nw Mt bd 5 2, wEiilnTce
DEDITLTCDI6] DIEMAFIH SN TNDDONFEL W AN Z X AEIHAS NS TR
M. BEIFEAPAS N UM AEERTMNEZSY =57y MZT 52 ET IEERBICHT S
7 IS EE DN THEND DT EHIFEL Tna,
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Fig. 10 The model structure of the complex between CD161 dimer (grey) and LLT1
dimer (dark grey).
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