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B3 NODZHBLU TLRRFAAICKLDE FERBIEBHODORBERTF REE

B2 ERZRHSC-2 @83% TLR % (TLR2Z 7R bDEM RRTF K PamsCSSNA & TLR4 7 dZZX bDER )
ERA) BKLUNOD % (NOD1 7I=ZX h@DIE-DAP & NOD2 DAY KM MDP) DAY KTRIEBLT, SHEEBICHE
BEEIRL, € RNA % RT-PCRIZICEIY A P HA VESUTICHBERZOEBGFRBOBEEZ B/, BICIFIL-
8, PGRP-L &£ U B -defensin 2 mMRNA RIRDERZRL -, 43, RIS GAPDH OREETHIEL TRL TS,

GAPDH : ) £ILFILFER3-U VBT RO+ —E, IL: A2 —04F>, MDP: LS INIRTFK,
(m) RNA: (X vt Tv—) UREZE, PGRP : XRTF RIUAHERBES /N0, RT-PCR : EEERY AS—EH
/i, TLR : Toll-like receptor (X 18 BIURERT—FICEDWTER)

N"oOFU7

B4 LCRFR@BROBSEREBLE
BRREMGS

LERBRTOERARELEIINERE
F (B -defensin 2 X> PGRP &M E )
ANEFBBTDITONTEY, REMRCE
FHHIENTD,

NF- kB:nuclear factor- kB, PGRP:

ﬁﬁ& L rhqy NTFRIUAVBES /D, TLR:
O b i ‘ é Toll-like receptor (BESER)
NIVDREEY A ML EREETE Y, b Lh L, HEREICED I LIRS HIR A
OHR%2fEEZ 2L, MECHIHELTV50 WCHIE OB AR LML, BRI EL
fE LR, BERMEZERLTHRE - R TELICHROREIE - RIBICEREREL T, SR
BINERFERL L OIRBICHESA TS, Hil Hichi72:565L93, COXILMRNTTHER
HRTFEECEL TR REEABLTV3 NBEF L RE - RBICEHL BRI
EEZALD (B4, DT, HRRREOHREL LR VES,
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¥R DO EE A T S proteinase 3(PR3) 12349 5
B CHUACANCAIZ WegenerI3FIEfE = 13 L &
THIEFSERRERRELOBENFEH I
TwaM Fiobhvbiii, #iPR3YUE%, PR3
*HBERICRBT S POELEMRRICER
X5 &, protease-activated receptor (PAR)-2%
AL THRBEEEETAZ L R LAY, £2
T, cANCAIZL 5L MHER - 77077 -V K
fRaD B %ﬁaﬁﬁﬂ%ﬁiﬁé@@ﬁfﬁﬁﬁ rRRET L7,

Toll-like receptor (TLR) 2 F & & U
NODZRAF 29T Y %
BEARRBR S DB

B ARSI TR I M | D Y 72 #85E (pathogen-
associated molecular patterns ; PAMPs) % /%% —
CRBLTBEEOAEADHEZE>TWA, T
T 9 EOTLRAGFHAMO N, ERENIH
ENDPAMPs % 88585 5. Mz T, HMEMEED
BEE LT RTF NI A4 2 (PGN) X, HREA
L+ 74 —NOD1&NOD25FiZ & o THRBHES
na9,

PARE ¢ % MFRE1E{LIEA

PAR7 7 3 — i3 7TRREER O GEHEH®
BRISEED—DT, TuF 77—k Dtethered
ligandDAMEIDIRT & B Z &2k, YU F

PEEEAEKIFHEE L G EBLERLT 59, PAR
773 =222 TIIPAR1I”H5PAR4E T
HHE XN TWA. PARIIFRIZRIE & DEEHT
ERENTED, TULVF-RICRERERE: &
IEL Db oTWwA, 72k 2iE, MEDEED
S5 R CIEPAR2DREIBATEZE T THE LTV A7,
¥7:, PAR2ZRIEE R/ T ATIR7LLF—
FG7 EDRIEBRBHFRI DIV, ZhEF
T2, O RS 2w RHRHEZF M b PAR
773Nk N LTRELEEZEOC I EPHRES
nTwa, bhbtuiInFE Tlo, IFPEREEEPR3
13PAR2 % A L CORE LR 2 L9756 2 &9,
X5 IZPR3IZMIRIRBICRIIAT A PO J:EZf[H
FLIZHPR3VIR = EH &€ 5 &, PAR2% /i
ML 2 &AL 5 2 &9 Bt L7z (& 1).

Anti-neutrophil cytoplasmic antibody
(ANCA)

ANCAIZ19824E (2 Davies 5 IZ & o TBHERE
BEMEDICRH SN, ANCAIZIE 2 T84,
cANCA & pANCADSHI SN TE Y, cANCAIZPR3
2%+ %, pANCAiIZmyeloperoxidase (MPO) iZ
AT AECHETHE E VbR TWA, Wegener
WHEEEZ I Lo L LT, ANCAL OREMELTE
BENTOLEBUREEEEI XA EHRESN
TWARYDR - REEIRIC BT, ([BEkER
BEMEPOANCAPUMIIZEEZ IZHTER
LTWwaLDHEDLH LW,

* The activation of monocytic cells by cANCA via TLRs and NODs.
** Akiko UEHARA, Ph.D., D.D.S. & Haruhiko TAKADA, Ph.D., D.D.S.: ?itk%ﬁ%[‘mﬁ%ﬁf ﬂl:lﬂ F G/
S8 (©980-8575 & T X EFEHT4-1) ; Department of Microbiology and Immunology, Tohoku University

Graduate School of Dentistry, Sendai 980-8575, JAPAN
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cANCA
(anti-PR3 Abs)
PAR-2 .

HEMY A
hA U EE .

At 57 #fka

1 cANCAIL & 3PAR% /¢ % QB2 LK #MAREE(LIEA
e E MR E S HICPAR2ZF EH L TV 5%, PRIGEBERL T, RERET A M1~
TIRET A EOELEMBES bPRIEEIT 5. FEMAL IPR3FLA (CANCA) THIEY % & %
FEWSA a4 VEEARZOFICHREES FREFEEINS.
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2 JPRIMFRIMIC L) £ FPBMCsOERBTLRFR %4 5 ICNODR S FHRE
HEESh D

v FPBMCs# [E{X L, TLR2,3,4,7,9, NOD1B L U 2 5 F & #AREL, 7

O—H A b x b)) =ik o T L7, HIPR3GUAILEEMRL (KB ERST), 2 h

O — VLA EEMR (RAR), AR H T (log), MEERICAIRARE Y.

KTUBRERIEE, 7a—H% A4 P2 M)—IZ&

CANCAL & BPARENL ! ) SHTLRA/ & UI-NODAA T ORI Lt
HERREROBRRZCTRE(FR Lick o, HPRSHAKIEIC & ) M5 FR3N

b P EEKRTHP-18 & Uk bR B BR SEE RS s (K 2)®. THP-1MlRB £ U
(PBMCs) # $TIPR3HLEDH B\ id o v o — )L PBMCs % Wegener 3FERE B E 0> 515 7:cANCA
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Bl cANCA serum
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3 cANCAT T4 L& h#-k FPBMCs%#TLR% % 5 UICNODR Y /> FTRIAT 3 &/ L

NIVOREMET 1 bHIEEETD

PBMCs#% 2 » b o — L& () & % V2 i3cANCAIM % (M) MLEtk, STETLR% % 5 UIINODAY
¥ N TR L CIEEEERDILS, L6, MCP-13 & U'TNF-aE4 * ELISAEEIZ & D HE L7z,
&fEAHY > F :1nMFSL-1(TLR2/6" # >~ F), 10ug/mi poly LC(TLR3!) %> F), 10ng/ml
lipid A(TLR4Y # >~ F), 10 ug/mi ssPoly U(TLR7Y # > F), 1uM CpG DNA(TLR9") # > M),
100 ug/mi FK156(NOD1Y # ~ F), 100 ug/mi MDP (NOD2Y # >~ F), **ANOVAREIZL Y

BIEBELOMICHEEE (PL00)PED LN

I & C24BE RIS %, SETLRRZ 5 UIINOD
ZUH Y FCRIE L CHEELETORESEY A
FH A CEAEZELISAEICE DBIE L& Z 5,
CANCAMEMEIZ & ) HFETLR%R % 5 UFIZNOD
RUA Y FRBUCEREELRD, BLRXLVOR
R A M4 v EEEL(E3)Y. cANCA
kB TSAIVIERDOY TS IMEERTHA
X5 7-HIZRNAF 3 & ) PAR-2, PR3, NF-xB
DEEFRATHEMIHRHLAINI VA7
7y NEERL, INOGNT VAT Y
NE BB AR L BRI LE A,
CANCAIZ & A& MHIKRMBEO T 74 2 v 71k
FI3PAR-2, PR3, NF-xBA2 A L TRIEEN B Z

EHES D E R 5219, '

Eb I

FEOMERRICETVT, bbb [ET
HIKCANCABE T Tld, &fEMI0 BARBET
LOHIEENT, SWEBORFREEALE) &
HREBROBORERBLYRET 5] &L OIEFIR
Baw T, Thbb, OFERZLTICEIBEED
FREMR S X CIENEMR TS, cANCARIE
Wl oTTIA4LENEETLREZV LNODRKE
BICELT, BLNVORERTA A4 0%
BEELT, FMEREIFERINLTRENDS.
¥/, SFETLEABICBVTANCATT 74
Lant-wrua77—YIETLR%: 6 IINODA&
R IcEEEE R, BEOY A AL E
AL, 25HIZTLRENODRDOHEIEHATS
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BARKRIERPOSEMIEZIEENLEBIEBETSHY, MEDIHELIFIEE (PAMP) %
NG = BEUTEABHEER->TWS, PAMP2BET2REIM4ELT, EFTIRIED
TLR (Toll-like receptor) 27 F & RN THEAMBRENXTF NI YH2 (PGN) BEZRE
TEHINODRAFLEENFHONTWS., ARFKED LERHRE TLRRESTICNODI23F%
BELTVSY, BEQRE - RERCERIF SO, $-ESRBAFELECLLPDLTNS.

.............................................................................

L &HIC

A 45 R o #E PAMP (pathogen-associated
molecular pattern) %/%% — VERFR L CTHEMKF#H%
FELUHRRIEZOBRENEATHS, MlBE LD TLR

(Toll-like receptor) &oFidEx & LTHEHMERT %,

MRy PV =400 TLR R25F I BAEWIFHN
HREBEORFN &L CTREMEDOL V- %o
TwalY, SLIZHMBAICIEINOD ZRGFOIHFLEL,
MER EDRBIHED TS,

e L2132 500 ~ LOOO FEDHMBE AR T A & vbh
Twas, ChOHREICEFMICESIA TS OKEER

[F—7— R&BEEE

TLR, NOD1/2, PGN, OfE-rz#ilg, PGRP

ICAM : intercellular adhesion molecule

iE-DAP : y-D-Glu-meso-DAP

IL : interleukin

meso-DAP. . meso-diaminopimelic acid (X Vv
VTIJER) VEE)

PAMP : pathogen-associated molecular
pattern

..........................................................................

b, FETLRALZLIINOD ARG FEREHALTW
5. LaL, EEZOEERMEEZEPAMP TH
MLThH, REEFA AL YRFEEhLZ. BB
T, bhbhHHEZED TV 5 OEMEESKD B
PREIESTR & T ORREEZ ALOITERI T 5.

0 TLR %5 PENT 2EFRMSORSE

B GIERIIMAED ISR R PAMP 285 — »
B TS TSEFLCERH L CEEEKHHOER
BriHoTwa. EREBEL (KERKE - AWK
TET) D) v 7T MY AREME L -FEICL T,
10 /M D TLR R 7T o5%E + OME MR B 5 4

PGN : peptidoglycan (R7F FZ 1) A V)

PGRP : PGN recognition protein (\X7F F7
DIV T AT &)

TLR : Toll-like receptor (Toll #%%& k)

TNF : tumor necrosis factor (BBEHEFERTF)

{Innate immunity in oral mucosa

Akiko Uehara!' /Yumiko Sugawara?’ /Haruhiko Takada!’ @ Department of Microbiology and Immunology, Tohoku University
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TRAF6 @2s
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RiP2

RIP2

IRF-3 O NF-«B O
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REEYAL bHT

122—=7x1x02ap

1 TLREB LU NODR%EMBET 3 PAMP DEB81E
TEFMRGEEHMAEY B L TEL A THEARSRHE OMEEEY) (pathogen- assoc1ated molecular
pattern : PAMP) % TLRHZz%Z 6 IINODRD T2 A L TR L, BRBELREZRYT (XH1X0)

W O AV RN LR MEREY %2, FhEh AR & B N5 Porphyromonas gingivalis % 13
FERMICER L CHBILOLEKBEEIED Z & A5 H L& &9 % BacteroidesB#E O ) ¥ F A, KIB®
SN, Fabb, 4375 X2 BRAITT  LREBAHERMEOY EFA L IEEZRICLTY
NTOMBICHFELTEXTF K7 ) H » (peptido- B0, AWiGHAFEbDTHV. JHRFERLI Y
glycan : PGN)., MIIZEEHZ) K707 ( Y, £ FAREDOOIC TLRAIZERSI NI Wb EEx
D77 LAGHRICHETETLYKRS 4 a8 (LTA) % bhab, Thbd, IRLOEES T LABRERY Y
EW3EELTTLR2IZE T, 75 ABRHHEANER S — . LTOTLRA # [m# L CHEAMSICAERLEITS
DORWEHERME) KL (LSP) WL Y ¥ FATLRY bDEEZOLNSL., bhMZ, P gingivalisiz & ®
WE->T, HIROEEHHE THLHMEIZTLRSIZEL - Bacteroides WO LPS (V¥ FA) IZTLR2 %1%

THEEENS, SHITHIES YA VAN EDNA L3725 L04HoHENHL. LrL, DMIHES
£ RNA BCHE, MR FY—L4i254%$ 5 TLR (BAR K% - ) @ﬁﬁ%b’ihii‘ Zh o TLR2
DFEEoTHASNDG. ThbbIA VAR  EHIEERIELPS (VEFA) »S@EEOHETIISE
RNAWTLR3Z L D, —AERNAIITLRY/8IZL D,  TELZWIRRTF FICEBRTSHLEH Y. &8, P
M tE CpG DNAWX TLROWC L ks s (A1), gingivalis#FE b TLR2IEHT A L vbhTwna Y,

CDEMEICHETA2IONHO M vy 7 RE LT, 8 bLA)EXTF FICH LTI, $HEE-KS Gk
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E2 PGN®O#iE & £ DOEMEG

KBFOT T AGHEOPCNIRY ¥ VB, £ D75 ARME L MBI L —8D 75 ABYEEO PON i3 DAP #
T®H%. PGNOMDP#5 & DAP &KX 7F N5 % Rilkd 2 MK F A KA NOD2 & NOD1 T 5

HEKERZRE - MEER) 25, <4 275 X<H
URRTF R YV OBMBO 2 5O CLE R
e ED T B, EHE, TLR2IEMALIEH A
WICENTHL0MERDEBIELS P2bEEOM
RoO~8 Lhbegz b L REKEN,

B NOD %5 FEN T DEIER S O

PGN AR EH L EMER DL BL T I NIRRT
F F (Mur-NAc-L-Ala-D-isoGlu : MDP) & » <
HbhTHwsI ens, MDPIZT Vo bigH%
BLOHETHPGNORNENHEL BEIhTE 729,
)5, PGNOJIOFEREEE LTI TIIERAY ¥
® (meso-diaminopimelic acid : meso-DAP) #% &
CRTFF77 720 FbLEEK SR, MDP L
BOEWEE I HRE SN TS, fBRLEL I,
PGNIZTLR2IZ X o TRE I N AV FDWHHEETH
% MDP X TLR2 TidiBik Sz 9. 2003424 o
T, MDP & & U meso-DAPEHXRTF Nix, #h#
NI Z B NOD2 3L UTNODIL 2 & » TR &

50 (3128)

NaZEHPTHINS (F2)0O~1),

B NIRSERICHT D2ERRENS

1) ORFERMAREERREFHABROTLR R L
5 U NOD 3 FRIR

bhvbho®mELENCSH, O LEMRIETLR2 2
BELTWBELnbh Tz, TLRARBEICEL T
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Abstract MyD88 is a cytoplasmic adaptor protein that is crit-
ical for Toll-like receptor (TLR) signaling. The subcellular local-
ization of MyD88 is characterized as large condensed forms in
the cytoplasm. The mechanism and significance of this localiza-
tion with respect to the signaling function, however, are currently
unknown. Here, we demonstrate that MyD88 localization de-
pends on the entire non-TIR region and that the correct cellular
targeting of MyD88 is indispensable for its signaling function.
The Toll-interleukin I receptor-resistance (TIR) domain does
not determine the subcellular localization, but it mediates inter-
action with specific TLRs. These findings reveal distinct roles for
the TIR and non-TIR regions in the subcellular localization and
signaling properties of MyD88.

© 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

Keywords: MyD88; Non-TIR region; Signal transduction;
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1. Introduction

Toll-like receptors (TLRs) are key regulators in host defense
mechanisms against infectious microorganisms [1]. More than
10 TLRs have been identified in mammals, all of which recog-
nize highly conserved molecular structures in pathogens, rang-
ing from bacterial cell-surface components to viral genomes.
Ligand binding to a TLR initiates the recruitment of the
Toll-interleukin I receptor-resistance (TIR) domain-containing
adaptor proteins (TIR adaptors) to the cytoplasmic TIR do-
main of an activated TLR. TIR adaptors then initiate signaling
events, eventually leading to the activation of the NF-kB, AP-
1, and interferon regulatory factor (IRF) families of transcrip-
tion factors, which induce the expression of genes involved in
host defense against infection {2].

Four different TIR adaptors have been identified in mam-
mals: MyD88, TIRAP/Mal, TRIF/TICAMI, and TRAM/TI-
CAM2 [2]. MyD88 and TRIF play an essential role in

"Corresponding author. Fax: +81 11 706 7824.
E-mail address: nishiya@med.hokudai.ac.jp (T. Nishiya).

Abbreviations: CFP, cyan fluorescent protein; CTXb, cholera toxin
subunit b; DD, death domain; TIR, Toll-interleukin I receptor-
resistance; TLR, Toll-like receptor; YFP, yellow fluorescent protein;
INT, Intermediate region

downstream signaling, whereas TIRAP and TRAM may act
to bridge the interaction of MyD88 and TRIF with specific
TLRs. MyD88 is the first identified TIR adaptor that is
essential for most TLR, IL-1 receptor, and IL-18 receptor
signaling [3-7]). MyD88 is a protein of 296 amino acids and
is composed of an N-terminal short region (N), a death do-
main (DD), an intermediate region (INT), and a C-terminal
TIR domain. Previous research indicates that the TIR do-
main interacts with TLRs, whereas the DD is involved in
downstream signaling. Several groups have reported the dis-
tinct subcellular localization of MyD88, which is character-
ized by condensed particles scattered throughout the cytosol
(8-11]. Previous studies using CFP-YFP FRET analysis re-
port a physical interaction between MyD88 and IRF-7 in
these condensed particles [9,12]. Therefore, this distinct local-
ization may be important for the signaling function of
MyD88. However, the mechanism by which this localization
is achieved is unknown, and its significance with respect to
the function and structural features of MyD88 have not been
studied in depth.

Each TIR adaptor interacts with specific TLRs and TIR
adaptors. For example, MyD88 associates with all TLRs ex-
cept TLR3, whereas TRIF only associates with TLR3 and
TLR4. Furthermore, MyD88 and TRIF specifically interact
with TIRAP and TRAM, respectively. There may be two fac-
tors that determine the specific partners for MyDS88: a
mechanical factor (e.g., specific TIR-TIR domain interaction)
or a spatiotemporal factor (e.g., the distinct subcellular distri-
butions of TLRs and TIR adaptors). However, the mecha-
nism underlying the specificity of TLR-TIR adaptor and
TIR adaptor-TIR adaptor interaction remains poorly under-
stood.

Here, we report distinct roles for TIR and non-TIR regions
with respect to the intracellular targeting of MyD88 and the
interaction of MyD88 with specific TLRs and TIR adaptors.
We found that the entire non-TIR region is responsible for
the distinct subcellular localization of MyD88, and the correct
cellular targeting of MyD88 is critical to its signaling function.
In contrast, the TIR domain plays an essential role in deter-
mining the specificity of the MyD88-TLR interaction, whereas
the specificity of the MyD88-TIRAP interaction was indepen-
dent of the conformation of the TIR domain. These results not
only describe the distinct roles of TIR and non-TIR regions in
the subcellular localization and signaling properties of
MyD388, they also provide evidence that the diversity of TLR
signaling may be achieved by both TIR domain-dependent
and -independent mechanisms.

0014-5793/$32.00 © 2007 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Reagents and cell cultures

Flagellin and CpG-B oligodeoxynucleotides (13} were purchased
from InvivoGen (San Diego, CA, USA) and Sigma Genosys (Ishikari,
Japan), respectively. Anti-a-tubulin antibody, Alexa Fluor 594- and
647-conjugated cholera toxin subunit B (CTXb), Alexa Fluor 546-con-
jugated anti-mouse IgG, Alexa Fluor 594-conjugated phalloidin, rho-
damine B-conjugated dextran (MW 10000), and LysoTracker Red
DND-99 were purchased from Invitrogen (Carlsbad, CA, USA).
Anti-KDEL antibody and anti-58K Golgi protein antibody were
purchased from Stressgen (Ann Arbor, MI, USA) and Abcam
(Cambridge, UK), respectively. Anti-GFP antibody (clone JL-8) and
NF-xB luciferase reporter construct were purchased from Clontech
(Mountain View, CA, USA). Anti-HA antibody and anti-FLAG(M2)
peroxidase conjugate were purchased from Covance (Berkeley, CA,
USA) and Sigma (St. Louis, MO, USA), respectively.

Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS). All HEK293T sta-
ble transformants were prepared by retroviral gene transfer as de-
scribed previously [14].

2.2. DNA constructs

The TIR domain-swap mutant (TRIFTIR) was constructed by
“PCR sewing” of cDNA corresponding to amino acids 1-160 of
mouse MyD88 and amino acids 397-534 of mouse TRIF. The result-
ing cDNA was cloned into the pMXpie-N-HA retroviral vector. The
c¢DNAs encoding HA-tagged mouse MyD88, HA-tagged TRIFTIR,
and FLAG-tagged mouse TIRAP were subcloned into the pMXpie
retroviral vector [15] and pEF-BOS-EX vector (a kind gift from Dr.
Shigekazu Nagata, Kyoto University [16]). The C-terminal yellow fluo-
rescent protein (YFP)- or cyan fluorescent protein (CFP)-tagged full-
length MyD88 (amino acids 1-296), N (amino acids 1-31), N-DD
(amino acids 1-109), N-DD-INT (amino acids 1-160), DD-INT-
TIR (amino acids 32-296), A(1-51) (amino acids 52-296), INT-TIR
(amino acids 110-296), TRIFTIR, TLRS, and TLRY were constructed
by subcloning ¢DNA encoding each protein into pMXrmvs-
(G4S);YFP or pMXrmv5-(G4S);CFP retroviral vectors. YFP or CFP
was fused to the C-terminus of the protein of interest via a short linker
sequence [(Gly-Gly-Gly-Gly-Ser) x 3] within the vectors. YFP-tagged
TLR4 was described previously [17].

2.3. Microscopy

Cell-surface staining with CTXb was performed as described previ-
ously [18]. A Z-Stack image was collected using a KEYENCE BZ-9000
fluorescent microscope with step sizes of 0.2 pm.

For the staining of various subcellular markers, cells were fixed and
permeabilized: with Cytofix/Cytoperm solution (BD Pharmingen, San
Diego, CA, USA) and then treated with anti-a-tubulin antibody
(1:200 dilution), anti-KDEL antibody (1:200 dilution), or anti-58K
Golgi protein antibody (1:250 dilution) for 1 h at 4 °C, followed by
Alexa Fluor 546-conjugated anti-mouse IgG antibody (1:200 dilution)
for 30 min at 4 °C or Alexa Fluor 594-conjugated phalloidin (1:40 dilu-
tion) for 20 min at room temperature. For endosome staining, cells
were treated with 1 mg/ml rhodamine B-conjugated dextran for
10 min (early endosome) or 2 h (late endosome) at 37 °C [19]. For lyso-
some staining, cells were treated with LysoTracker Red DND-99
(1:20000 dilution) for 30 min at 37 °C. The images were acquired using
a Bio-Rad MRC1024 laser scanning confocal microscope.

2.4. Gel filtration analysis

HEK293T cells stably expressing MyD88-YFP (HEK293T-
MyD88-YFP, 1 x 107) were lysed with 500 ul of lysis buffer (20 mM
Tris-HCI, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, and com-
plete protease inhibitor cocktail [Roche, Mannheim, Germany], pH
7.4). The lysate was centrifuged, and the supernatant was loaded
onto a Superose 6 HR10/30 column (GE Healthcare, Little Chalfont,
UK). Fractions (0.5 ml) were analyzed by immunoblotting using anti-
GFP antibody. The apparent molecular weight was evaluated after
column calibration with protein standards: thyroglobulin (669 kDa),
ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), and
ovalbumin (43 kDa).

T. Nishiya et al. | FEBS Leters 581 (2007) 32233229

2.5. Luciferase reporter assay i

HEK293T cells were plated at a density of 2 x 10° cells/well in a 24-
well plate. One day after plating, the cells were transiently transfected
with 10 ng of NF-xB luciferase reporter plasmid together with 0.8 pg
of retroviral expression plasmid(s). Luciferase activity in the total cell
lysate was monitored for 24-48 h after transfection using the dual-
luciferase reporter assay system (Promega, Madison, W1, USA).

2.6. Co-imunoprecipitation

Cells (2 x 10%) were transiently transfected with 8 pg of pEF-BOS-
EX-based expression plasmid(s). Twenty-four hours after transfection,
cells were lysed with 600 pl of lysis buffer (50 mM Tris-HCI, 150 mM
NacCl, 1% Nonidet P-40, 5 mM EDTA, and protease inhibitor cocktail
{Roche], pH 7.5). The supernatants were incubated with anti-GFP
antibody for 16 h at 4 °C. Protein G-Sepharose 4 Fast Flow (GE
Healthcare) was added and the samples were incubated for 4 h at
4 °C. The beads were washed four times with 1 ml of lysis buffer, boiled
with SDS sample buffer, and subjected to immunoblotting using the
indicated antibodies.

2.7. GST pull-down assay

GST fusion proteins were expressed in BL21-Gold bacteria by 3 h of
induction with 0.1 mM IPTG (isopropyl-B-b(—)-thiogalactopyrano-
side). Bacterial pellets were resuspended in buffer A, consisting of
5mM dithiothreitol (DTT) and 1% Triton X-100 in phosphate-
buffered saline (PBS; pH 7.4). After sonication, the lysates were centri-
fuged and the supernatants were incubated with Glutathione-Sephar-
ose 4B (GE Healthcare) for | h at 4 °C. The beads were washed five
times with | ml of buffer A and resuspended in lysis buffer to prepare
a 50% slurry.

HEK293TCM  cells [17] stably expressing TLR4-YFP
(HEK293TCM-TLR4-YFP; 6 x 10°% were transfected with 24 pg of
empty vector or pEF-BOS-EX-TIRAP-FLAG. After 48 h, lysates were
prepared, and the supernatants were incubated with 10 ug of GST fu-
sion proteins for 1 h at 4 °C. The GST fusion protein-bound beads
were washed three times with lysis buffer, boiled with SDS sample buf-
fer, and subjected to immunoblotting using anti-FLAG antibody.

3. Results and discussion

3.1. MyD88 is localized in the cytoplasm in condensed,
morphologically diverse forms .

Previous studies have shown that MyD88 is present in dis-
crete foci scattered throughout the cytosol [9-11]. We also ob-
served this distinct characteristic using MyD88-YFP fusion
proteins in HEK293T cells (Fig. 1A) and bone marrow-derived
macrophages (data not shown). MyD88-YFP induced NF-xB
activation when over-expressed (Fig. 1B) and mediated TLR
signaling in a ligand-dependent manner (Fig. SA), indicating
that the MyD88-YFP fusion protein is functional. The Z-Stack
image collected from wide-field microscopy showed that the
MyD88-YFP signals were morphologically diverse (Fig. 1C),
belonging to one of five typical morphologies: spot, star,
string, ring, and cocoon (Fig. 1D). The over-expressed proteins
are sometimes misfolded and form aggregates in the cyto-
plasm, causing improper subcellular distribution. To rule out
the possibility that this distinct subcellular localization of
MyD88-YFP was an artifact of over-expression, we performed
gel filtration analysis to fractionate lysates from HEK293T-
MyD88-YFP cells based on molecular size. MyD88-YFP,
which has a calculated molecular size of 61.8 kDa, was de-
tected in fractions numbers. 32 and 33, corresponding to
67 kDa and 132 kDa, respectively (Fig. {E). These data indi-
cate that MyD88-YFP is present as a monomer and/or
homodimer in the cytoplasm, which is consistent with earlier
observations by Burns et al. [5], who found that MyD88 forms
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Fig. 1. MyD88 is localized in the cytoplasm as large condensed forms. (A) Confocal image of HEK293T-MyD88-YFP cells stained with Alexa Fluor
594-conjugated CTXb. (B) HEK293T cells were transiently transfected with 0.8 pg of the indicated expression plasmids along with 10 ng of NF-xB
reporter construct. Luciferase activity was measured 24 h after transfection. Results are shown as the means * standard deviation of three
independent experiments. (C) Z-Stack image of MyD88-YFP in HEK293T cells. (D) Typical morphologies of MyD88-YFP in HEK293T cells: (a)
spot; (b) star; (c) string; (d), ring; (e), cocoon. (E) HEK293T-MyD88-YFP cells were lysed and fractionated on a Superose 6 gel filtration column.
MyD88-YFP was analyzed by immunoblotting using anti-GFP antibody. The elution positions of molecular weight markers (in kDa) and the protein

concentration of the eluent monitored in real-time (mAU) are indicated.

a homodimer. Therefore, we concluded that the unusual sub-
cellular localization of MyD88-YFP is not an artifact, but in-
stead a characteristic of endogenous MyD8§8.

3.2. MyD88 localizes to specific intracellular organelles

Our data from microscopy and gel filtration analysis suggest
that MyD88 is present in vesicle-like structures or associated
with tubular or fibrillar structures. To identify the intracellular
compartments in which MyD88 is enriched, HEK293T-
MyD88-YFP cells were stained with markers for the endoplas-
mic reticulum (ER), Golgi apparatus, endosomes, and lyso-
somes. This experiment was based on observations that some
of the morphologies of MyD88-YFP are similar to the mor-
phologies of these organelles; in addition, TLRs have been
identified in these compartments [20-23]. We used the follow-
ing markers: proteins containing a C-terminal KDEL sequence
for the ER, 58K Golgi proteins for the Golgt apparatus, dex-
tran for early and late endosomes, and LysoTracker for lyso-
somes. However, no clear co-localization of MyD88-YFP
and these markers was observed (Fig. 2). We also examined
the co-localization of MyD88 with cytoskeletal proteins such
as F-actin and a-tubulin. This was based on observations that
some of the morphologies of MyD88-YFP appeared similar to
those of the cytoskeletal structures; furthermore, MyDS88§ 1is

associated with fibrillar aggregates containing fB-actin in the
cytoplasm [8]. However, neither F-actin (phalloidin staining)
nor a-tubulin was clearly co-localized with MyD88-YFP
(Fig. 2). These results suggest that MyD88 resides in as yet
uncharacterized organelles.

3.3. The entire non-TIR region is required for the distinct
subcellular localization of MyD88

Typical sequences for targeting proteins to intracellular
compartments, such as the KDEL sequence in ER proteins,
have not been identified in MyDS88. The primary structure of
MyD88 can be divided into four regions: the N-terminal short
region (N), a death domain (DD), an intermediate region
(INT), and a TIR domain [5]. Therefore, we investigated which
regions are involved in the subcellular localization of MyD8§8.
We generated several truncated mutants of MyD88 and a TIR
domain-swap mutant (TRIFTIR) in which the TIR domain of
MyD88 was replaced with the corresponding region of TRIF
[24,25] (Fig. 3A). The mutant proteins fused with YFP at the
C-terminus were expressed in HEK293T cells, and the subcel-
lular localization was examined under a microscope. The
TRIFTIR mutant and the TIR domain-deleted mutant (N-
DD-INT) were localized in the cytoplasm in condensed form
(Fig. 3B). Furthermore, these mutants were clearly co-local-
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Fig. 2. MyD88 resides in uncharacterized organelles in HEK293T
cells. HEK293T-MyD88-YFP cells were stained with the indicated
markers as described in Section 2. For LysoTracker staining, the cells
were counterstained with CTXb to visualize the cell surface [blue
(pseudocolor)].
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ized with wild-type MyD88 in the cytoplasm (Fig. 3C and D).
In contrast, all other mutants lacking a part of the non-TIR
region were diffusely expressed throughout the cytoplasm
and/or nucleus. These results suggest that the entire non-TIR
region plays a critical role in localizing MyD88 within the cell.

3.4. Correct cellular targeting of MyD88 is-critical to the
activation of signaling events

The functional significance of this distinct subcellular local-
ization is unclear. MyD88 associates with downstream signal-
ing molecules such as interleukin-1 receptor-associated kinase
1 (IRAK1) [3] and IRF-7 [12] through its DD. Therefore, we
used DD-containing MyD88 mutants to examine the signifi-
cance of the subcellular localization in signal transduction.
MyD88 and its mutants were over-expressed in HEK293T
cells, and NF-xB activity was measured using a reporter assay.
Interestingly, the TRIFTIR and N-DD-INT mutants that
were co-localized with wild-type MyD88 induced NF-xB
activation, whereas the N-DD and DD-INT-TIR mutants
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Fig. 3. The entire non-TIR region is responsible for the distinct
subcellular localization of MyD88. (A) Schematic diagram of MyD88
mutant proteins. (B) Confocal images of HEK293T cells expressing the
proteins depicted in A. The images were created as described in
Fig. |A. MyD88 and its mutant proteins are shown in green; CTXb is
shown in red. (C, D) Confocal images of HEK293T cells expressing
MyD88-CFP and TRIFTIR-YFP (C) or N-DD-INT-YFP (D). The
images were created as described in Fig. 1A. MyD88-CFP is shown in
red (pseudocolor); TRIFTIR-YFP and N-DD-INT-YFP are shown

in green; CTXb is shown is light blue (pseudocolor); co-localized
signals appear yellow.

that were diffusely expressed throughout the cytoplasm and
nucleus did not (Fig. 4). These results suggest that the correct
cellular localization is essential for the activation of signaling
events.

3.5. The specificity of TLR-MyD88 interaction is determined by
the conformational characteristics of the TIR domain

Each TLR interacts with specific TIR adaptors, allowing

the innate immune system to induce distinct physiological
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Fig. 4. Correlation between subcellular localization of MyD88 and its
signaling function. HEK293T cells were transfected with 0.8 ug of
expression plasmids encoding the proteins depicted in Fig. 3A along
with 10ng of NF-xB reporter construct. Luciferase activity was
measured 24 h after transfection. Results are shown as the
means * standard deviation of three independent experiments.

responses to distinct infectious microorganisms (26]. There are
two factors that may determine the specificity of the TLR-TIR
adaptor interaction: the conformational characteristics of each
TIR domain (i.e., a mechanical factor) and the distinct subcel-
lular localizations of TLRs and TIR adaptors (i.e., a spatio-
temporal factor). Both TLR5 and TLR9 signaling are totally
dependent on MyD88, but not other TIR adaptors [2]. To
identify the mechanism that determines the interaction speci-
ficity between these proteins, wild-type MyD88 and the TRIF-
TIR mutant were co-expressed with TLRS or TLRY in
HEK293T cells. The cells were stimulated with flagellin for
TLRS5 or CpG-B for TLR9, and NF-xB activity was measured
using a reporter assay. Ligand-dependent NF-kB activation
was observed in the cells expressing MyD88, but not in those
expressing the TRIFTIR mutant, although wild-type MyD88
and the TRIFTIR mutant show similar constitutive activities
(Fig. 5A). Given that the TRIFTIR mutant co-localizes with
wild-type MyD88, these results suggest that the specificity of
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the interaction between MyD88 and TLRS5 or TLRY is deter-
mined by the conformational characteristics of each TIR do-
main; the TIR domain of MyD88 has a high affinity for
TLR5/9, whereas the TIR domain of TRIF has low affinity.

We performed co-immunoprecipitation analysis to examine
the physical interaction between TLR and MyD88. Consistent
with the results from the NF-xB reporter assay, MyD88 co-
immunoprecipitated with TLRS in a ligand-dependent man-
ner, whereas the TRIFTIR mutant did not co-immunoprecip-
itate (Fig. 5B). These results demonstrate that the specificity of
the TLR-MyD88 interaction is determined by the conforma-
tional characteristics of each TIR domain, rather than the spa-
tiotemporal characteristics of the subcellular localization of
TLRs and MyD8§8.

3.6. The specificity of the MyD88-TIRAP interaction is
independent of the conformational characteristics of the
TIR domain

The association of MyD88 with TLR4 is distinct from its
association with TLR5 or TLR9. TLR4 requires another

TIR adaptor, TIRAP, to associate with MyD88 and activate

the MyD88-dependent signaling pathway [27,28]. TIRAP

specifically associates with MyD88 via TIR-TIR interaction
and facilitates the delivery of MyD88 to activated TLR4

(11]. Because TIRAP forms a heterodimer with MyD88

{27,28], we expected that the specificity of the MyD88-TIRAP

interaction is also determined by the conformational charac-

teristics of each TIR domain. To test this assumption, the ef-
fect of wild-type MyD88 and the TRIFTIR mutant on

TLR4-induced NF-xB activation was examined. HEK293T

cells stably expressing CD14 and MD-2 (HEK293TCM cells

[17]) were transiently transfected with TLR4 and wild-type

MyD88 or TRIFTIR mutant, and then NF-xB activity was

measured using a reporter assay. Surprisingly, TLR4 and the

TRIFTIR mutant synergistically induced NF-xB activation;

the activity in cells co-expressing both TLR4 and the TRIF-

TIR mutant was much higher (21.7 + 2.2-fold increase) than

the activity estimated by summing the values from cells

expressing TLR4 alone and cells expressing TRIFTIR alone
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Fig. 5. The interaction of MyD88 with specific TLRs is dependent on the conformational characteristics of the TIR domain. (A) HEK293T cells
were co-transfected with 10 ng of NF-kB reporter construct and the expression plasmids for the indicated combinations of empty vector (0.1 or
0.7 ug), MyD88 (0.1 ug), TRIFTIR (0.1 ug), TLR5-YFP (0.7 pg), and TLR9-YFP (0.7 pg). After 24 h, the cells were treated with 100 ng/ml flagellin
for vector and TLRS or 5 uM CpG-B for TLR9 and further incubated for 16 h at 37 °C. NF-kB-dependent luciferase activity was then analyzed.
Results are shown as the means * standard deviation of three independent experiments. (B) HEK293T cells stably expressing TLRS-YFP
(HEK293T-TLR5-YFP) were transfected with empty vector, MyD88-HA, or TRIFTIR-HA. After 24 h, the cells were stimulated with 100 ng/ml
flagellin at the indicated times. Lysates were prepared, and co-immunoprecipitation analysis was performed as described in Section 2. Lysates were
analyzed to confirm the equivalent expression of the appropriate proteins in each sample. The asterisk next to the upper panel shows the
immunoglobulin light chain of anti-GFP antibody used in the immunoprecipitation.
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