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FEAEDH NI E T, BEEOWFERZR BB RRAIERIC L 0 WL O OFIRE
Effix = THHENPLETHLZENMOLNATEY, ZHETIZ 400 LEDO RS 2 3y
BEMNAFEESH WA Zoob, o7 EolRgEL, ki, Y7V
AR, VURE L W RENZ v BICHAREEG TN 2 2 o R EEMTHY,
FFRET & 5 WITFERRICE Z 2. IREEM 2 > 7 B0 %  ITMFRmEZ I Lo &
T2 Ex 2 OBERER BRI W TEE AR AZHE S Z LambhTns[1-2, 1-3].

DL, ZUNRTEN-IY A MMIMMUITEZAMB IO 4 V2ARRDZ LRI EIT
FE LTRSS, A MEZREMEAD)CMER RO Z 78S, G4 D0
B LT B FAIIZE D N-S U R R LS 2 ERH Y, IBIRWAERFEICE Z 5
2N BREEMTH D14, NS U R MM kI d & 87 ED N-K b
Met-Gly-T#ED,8 ~ 97 I VIENGRKAD N- X U A M AL 7T EMEIN S 2k
VY ABBINGFET D, ZDHh, 2000 Gly lZMETH Y [1-5, 1-6], 307, 64, THLD
TR BOEB L EOMAEDLENREE THDL Z Lo TWAHI1-T7].

o> N K& & FARIS, 1ZEAEDX N IE N-X U A M ARITEIER &SGR LTl
T, ZURIENYRY— A ETT0~80 7 3 /AR Sz S CIEA ) & Zo%#’ﬂl
LTS, BIh, X NI EOFREPICAT A =0T I ) T FL—EMAP)IZ L
B ks Met 23 UIT R S 7=1%, B2 L 72 N-2Kdi Gly 7&K Da-7 X 2 K2 U A A /1-CoA
DIV AR IVEDR N-I U R M AVEBFERZNMD LV sin s Fig. 1-1 A). B b
NMT (ZiE2 2D 7 A V7 5 —2, NMT1 & NMT2 A FETHZ ERMLN TS, Wi

FEERFRMEITIE L TS 00, 2 v 7 T U U ZAEHWfif o5 NMTL /2 > 7
T NOBBPMERIE L 725 Z ERNHLNIENTWSI1-8]. 1t~ T, AEKNTIE NMT1
NTERE A > TS EE X 5N 525, NMTL & NMT2 OFERER) 228 X EEIC 13
BT E TR,

FHREILR LT Z VX7 E N-X U A A MRITINZ, ZOEMNT A b — ZAOMFET
HANR=BIZL VW Sl & o7 B IcBiszic b e & 2 2 Lo T % (Fig.
1-1 B). FiR#% N-I U R A ML EMEEN D & OIERGSOE T, BIHIC X 0 57 NICTFEE
95 N-XUR ML 7T UDRGEHE, NMT 1280 IV R M AVEDBIERIND Z &
THRIL. ZOEME, DT ARV AFFERF L L THLND Bid IZAET DN A
Entz. MREY L7 ETH D Bid 1X, TR b= RN AR—E-8 12 L Y]
Wranz%I bar RUT~BITL, S har KU T7hb0v b7 an ¢ Oz ey
HZ LKV TR = RBMHITIED. ZOHAR—E-8 1T X UMV AE T 72 Bid
O C- Kl 7 7 7 A > b (truncated Bid; tBid )28, FIREZIZ N-2 U A hA fbEZIT 5 2
L, EBHICZZD N-R Y AR IEN tBid D har RUT7T~OBITBLOY F 7L ¢
DOWFHFICMLETHY, TR =V ZAOWRICB O CEEREH 2 -3 2 EBHL MM E
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Fig. 1-1. Two types of protein N-myristoylation

A. Co-translational N-myristoylation.

B. Post-translational N-myristoylation occurring on caspase-cleavage products of specific caspase
substrates.
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Fig. 1-2. Functional modulation of N-myristoylated proteins

a ) elimination of polybasic motif by binding of specific protein. b ) elimination of positive charges by
phosphorylation. ¢ ) reversible palmitoylation. d, e ) protein comformational changes induced by
ligand binding.



n7-[1-9l. 20, HBxZ2IZUDERO I N—TR, T rF, ALYV, PAK2, PKCg,
Huntingtin &\ 572 7 A R—BHEFIZBWTHHFIIRE N-X U X A BB T, T OES
WZENT AR b= ANIEDH D WVITAICHIE SN S Z & 2 HE LT 5[1-10~1-12].

HZURTE NI Y R M LD FEREENL, Z X7 EEPICHEGESELZ L THY,
%< DV VLRSS T8 G X U8 NG A IERARERE OFEICMLETH 5.
LorL, U R M AVEOBKYMEIIRS 2 EM CIIBEICHE T2 L IXR 620 e, N-
JU AR M IAE R ENRZE L THEISHEAET IS o 7Pz v s 3 5 (Fig.
1-:2). FE_OLTFNLELT, VIOUROT ARV EEMOEIEET I /B L AIEE
W DT TAZ—BDH NIV T UREMN S S, DAFBE L LTHLILD c-Sre Tl
s & BOKPEFIEAE 425 2 U 2 A VRIS 2, N Rt SH4 SO EFER D 7 7 A X —(
A M VIEATEEMR 7 7 AY—) & FIEEBEOHIAEMNAFAET 5 U VIFE & OFERMH
HAERIC L v A 2 2wElbd 5. Zofhic, MARCKS, HIV-1Gag, %27 b7 4 U v
DX T Z R ERFERES OREMIC “I Y A MMV EEREWZ 7 A2 — “ZFMHL
TW5h., EBRZ TAX—EFHE OV TFNET 520 78T, VU BIBEMfcL Y
MR FAER N 98 b b Z & TR OBBENEZ 5. —Ji, 0o Sre 77V
— 2 X7 B es, Fyn, Lyn 72 &), ~7Tu =&K G ¥ > 7 EHD Ga V7 2= ;MGail,
Ga0, Go27¢ &), WM —m{b%E R A SR (eNOS), AKAP(a kinase anchoring protein)
72 E TR A O R EALIZ WS R IR ThH 2 S b A UERFI S TWA(R Y
A RANEEA SV MANIE). ZOE, 7SV A ARIZ K0 BUKPEAEEIN LIRS A 23
ZESNDD, B A MBIZ Z D BOKMERTFOME N5 &5 ONBENE Z 5.
ZDEIIE, NI URMILH R TE L OFEEIXE D 7 X0 e
FHINDEEZLNTWAS, £, H O TN EDMBEDLEIC L AR
RHZENG, N-X VAR IEZ R ELEE OFREEITENENDE T EHTED
BEREIZIS U CHl &2 ICREIT 2 2 &N AME & 72 5[1-13]. N-X U X b A U b & 237 B O,
HBEHET2ZOMOEREL LT, VAL REDFEGTHEIND X 7 EfEEDOEA
Wb, VAanN) R cecAbl Fry ) URREEERE D L O R DD F X E T, 4y
THNOBKMER7 » h~BHE DIV A A VERFES LA CHFREE 2o TWDE03, U
T ROFEEIZRY & X7 EREEEARFERE I, I U X M VEN S FREIZELT
5. FOFER, BEHEANECEEEEND. ChHOOBEL TS UR M LAL vF] &
FEEAL, XU R BAVHEPEBERHIWERE L L TES ZLnmbnTnD.

ERo X1, Z NI E NI VR R IARIEY VX EOEA~DOFRERIZIINETH D
WA TIERNWT L[1-14, 1-15], F72 ZOEMITRAEREMTHL 2 Lhb, N-I U X
N IS R B OZFBNE ISR 0> 7 VKV Sh b B2 6T
7=, LaL, &ilf, N-S U R AL E R0 B 028 2 250 S8 5 B OBERE DN FAE
HZEPRHLMIEN, KERTEHZED. T, 7LV 7 AT —RFHIECTHRL SN
HER Y X7 B Ipad 128 D NN T F NEEYIWHICAE 5 Ral 722 i U 2 b A b



JETd 5 (Fig. 1-3A). ZOMFFETIE, /MagszHEld 285 & GH 7B ThLHE
N Arf O N ARSI N-2 U A MU bEN 523, 247 Gly &k & 3L Asn FE RO DL
F FEAN Ipad ICE VOIS N-T U R b b ENT- Aef 240052 L, £77, Ipad
ITHEEGE, U nE, A— b7 7 2V — AOREB KOS/ N E OREREIC B 5
HDZL D N-I U A M bZ X7 EEEWT 5 2 L AR S niz1-16]. = oYk
W28V, EYAE TR0 Y 7 T UREZEO BRBITEE R B AE T, T V7 2T IR
MEDOHRFEMEERB L D EE2BND.

7 U AF—FRE OB G, MlaE s, MR Z 2N BigsRe AL 7
T, TRIN—=VRA, = 77 —OWEICY X I7EN-2 U X MU LRSS L,
EHIZENLDORFEIZEY, BAZITCDMREREBSCBIYE & Wo IR FHE S
HZEDRERER EHLNZENTND.

b MEEMEEBTH D X —F UEFERE & L OFE B TH 5 Noonan-like syndrome Tl
Ras-MAPK #3& OHlE % o X 7B T 5 SHOC2 IZB W TEIGFERIC LY 2{7.0 Ser 7%
HN Gly ~ZbL, N-SURNAIUUEBRELD. ZD7=8, SHOC2 OHMIEN RIENZEAL
L, WRERTFHEICE D EHnEIC B 2 X2 VRBRAE T D Z Engt S Tuv 5 (Fig.
1-3B)[1-17]. F£7=, #WREREBRTHH N F o bR T, £ ORIEICRK &S FED
T& 2% huntingtin (HTT) OFIRE N-I U R A AL G L TV 2 aTREMES R S 7z,
B HTT 130 A—BIC K 50 &2 2 0 FIEk%E N-X U 2 bAoA fksin, A— k77
—EHETLOIIKL, N F v b URBREOLER HTT Tikh A 3—BHll & i<
FaR% N-2 U R M BRI EESNA— N7 7 V=2 E SN D (Fig. 1-30). 2O &R
NF U N URIEDRKF D D Th D LR STV 5 [1-18].

NI ANVADH BT EM THD Sre 77 IV —X X7 EORICE Y, B
G LM E IR OREIC X N7 N- X U A A LR EETH D Z EBLLREIN LG
NTWZA[1-18, 1-19], N-I U R b A /AL & filliies 2 NMT OFEE DK A0 RA
ATERLTED, NMT HETHD Src DIFHER KGR ASCHINAET EH LTV Z &
NRHENTWAH(Fig. 1-3 D). N-X U X hA b 327 TH%5 FMNL2, FMNLS,
BTBD7 Tix, ZTORIANDKENACHNATER LTS Z & H#E ST 5([1-20,
1-21]. ZOXIITN-T U R M LK 2T EOFELEF- BB AAIZ D723 5 B 5 L5
HENTNS.

JEGYEICB W TH X /7 N-2 U 2 FA MEOBESG R EN TN D, b Mo R4
7 4V A HIV-1 @ Gag # > 737 B3 E FHI NMT 125D N-X U R b U b S vkl g
ORI ERA~EBATL, FIBEM T 4 VAR RO EEICE G35, Gag # o8
7EDN-I U AN MUIZT 4 VAR TERRIC AT, I U A MMIMEAFICLY v 11
ARLTTER O NG L 725 Z ENH LD E 725 TV B [1-22]. 2ASC AIDS 72 £ Ok
TiX, NMT [HEAIZERERSCHAT2HERED SR TS, UL, ZhbOKRETIE
NMT BREANZEF RO NMT (2 b ER L, Ml SEEcAT, BREICHKED 100 LLE
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Fig. 1-3. Protein N-myristoylation in disease

A. Enzymatic removal of N-myristoylated N-terminal moiety by the Shigella virulence factor
Ipal. (Shigellosis)

B. Protein N-myristoylation resulting from point mutation. (Noonan-like syndrome)

C. Inhibition of post-translational N-myristoylation. (Parkinson’s disease)

D. Overexpression of N-myristoylated proteins. (several types of cancer)



DN-I U RN R 7EOEMBIET 2720, ZOZ &Ik baWEHEZNES Z &
2B, NMT AR & L72IRESE D E LD HiRITSL - TH7R0,

T PHNE, V=Y a~=THE, MU Y —<iE, T V7%, EESCEERSFIKN &
72 %% < DIRBITIBNTH IR ORY:, 17, HHIZN-T U A A ufbs Ny
ENMHETHDLZ ENHREIN TS, B b NMT & EEBS X O%AR R NMT (£Z OR 4
IR H Y, FEIL7ZI U R S AL CoAFEBEMI 2> TWH N, Z o3
7B CKRIT A e R EEEE TR NMT TIEER->TWD. 20710,
2 S OFE B TIIRIEE AR R NMT FLER 2R ST 2R antEA T D
[1-23~1-25]. 4 CIC Candida albicans \Z3\\ T, HiEHlE L CEMAT % NMT BHEH 2B
EEINTWH[126]. V—va~v=TfETH, NMT BHIROLERN & 720 G5 FERTT —
ARHEENTWS[1-27]. £/, V) V—<HETIX, Trypanosoma brucei » NMT
DORTF REEEEHNAAER L NMTIEEZRET 5 U — MeGaEE Shiz[1-23]. 2h
5DEWE nM A —F—DRET Y X Y —~<FREERTL 2 EnTE, MUY
V—=<IEY U A% W FEBRTIEZEORER IO DT 5. HFCCHER] 3 [BALLEN
PR LB H ST 100 5 ALL EWHO HEE) & S D ERBREGYED -S> ThHhbH~F7 VT T
1, FAIMYE~Z U 7 OMBUC KV Bil-ehi~ 7 U 7EOBHBENR AN TWD N, TDOH
J1725Ad & LT NMT BEH O FE 3 HED 53T 5 [1-24].

BRI N2 YA M MBI ERAIRO 22 X7 D 0.5%[1-28], Doz L
L& 14% TR Z 5[1-29] & Wb TV D2, IEMEICIT 0> TV, 2O E & LT,
DAERREN S IREEH 2 v\ EEFAET H 2 EPHEMICE#E LY, 2) #2378 N-
RV AR IMEERET D2EBRTIENR SN TND, N A A T H~T 47 AZHSL
N-3 U R M AT — L [1-301 23k & 72 P98 T — A K 0 BHIE SNz 382 7e b DIk
72, ERIOERIZ L DWERNBLETH D, FERZETOND. N-I U R M AR TS
NizB X709 L, EROICHER SN OIEOT N TH Y [1-31], 2DZILREIC
[FE STV e EHEE ST [1-28, 1-29, 1-32, 1-33].

ek, # N N-X U R AR, i & iz & o 37 '8 % v T MALDI-TOF MS

DEESINZ LV SN TE 72, ZOMmBEITRED & /37 BT D IRE RS &
DML Z B O T 5 kL LTENALTWD N, HIRINZEORENMLETHY,
HIEE A BT 2 % RV E%, BEEDREDO X NV EOREIINECH 7. Hi
SNTLSNORRINIE & LU, BEEA LB A 7z RIER I Y AF UEBIZ L D
REMERRES EICHWO TE 2. 20 ETIE, RIEBMZOMEHBSMLET, RITERO
falgtt, BEWENXREAMNECHL Z LR EOMENRH Y, THOOHEIZLY N-I U R
R MEZIZ U & THREEHMORHILII < HOMREDOHITLVITOR T, =
DORMAERELSLELIZDIX, OO I WAL F 0 —DFikE, BT RETLF
COMORMBLRIEZRH L2 2 U v 7 7 I A R Y — LEEN D KISOBR%E Th - 7-
(Fig. 1-4 A).
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Fig. 1-4. Detection of protein N-myristoylation by bioorthogonal reaction

A. Cu (I)-catalyzed azide-alkyne cycloaddition. B. Process for metabolic labeling of cellular N-
myristoylated proteins with myristic acid analogues. Synthetic-alkynyl fatty acids are added to cultured
cells and metabolically incorporated into proteins. After cell lysis, the alkynyl group is chemoselectively
ligated to azide-biotin-fluorophore by a Cu (I)-catalyzed azide-alkyne cycloaddition reaction. The
tagged proteins are separated by gel electrophoresis and detected by in-gel fluorescence (a) or
alternatively detected by mass spectrometry (b).



7V w7 IA RN =% N-2 U RN IO T, Kiixd 7 v 1@ 50
X7 RO LI U RFUERT S a7 A A EE X R B E R L, MlRE R
fitt%, 7V MG o WET A M) Lictag 227 U v 7 7 I AR — 2 X 0 U
%(Fig. 1-4 B)[1-34, 1-35]. tag & LCEAF U 2MHLEEE, AL A7V B —
Rz W2 N-X U R A MEE 37 B O KR ATREZ: © 2, SDS-PAGE 7> & 5~
HREH A L7 T EV-HRP T N-2 U R b A b Z o7 B 2 e B TR % 2 &
WTE, LRI E DB EREITOZENTE D, tag & L THNEOREREFA LY
A1% SDS-PAGE 7V ETHEEE N-X U R M /U bH VX7 B OU RN e L 72 5. =
U5 ORI RIS 2 O 7o TS & Leis U CHREME TS X O HHRREE 3 TR L2 7]
EL72. 61, ETIIEAF o LaOtaFEDM T O tag 57, S HIUIEr [ EZFE 4
D tag ORI BEA TS, 2D LI 72 tag ZFIHAL, N-IUR ML X7 ERE
i A% tag ZUIKTL N-X U 2 Mo b E iz N Kia<7'F R &2 BT £ 0 EHER
ETDHPRELHLINTHDI1-836l. o607V v 7/ I AR —2 XKD Tk L RNREE
WA 7o SILAC 1EGE BBV E R 7 B BB 2 M6 o, R OAIa PN T3
BLTWD N-R U R bz o7 EOMREOfRIT M TN T\Wa. Ikilr, ZOFEL
FAWTEFIREEL TR b= ZFFERHCBIT D N- U R A Mk F 737 B % HeLa fllfi
2B W TR I L= B st Sz [1-37]. 2 ofER, a3\ T HeLa #ifi
P2 100D N-X U A M A UL H X7 ERFEBL L TWD Z LIRS, FlmAH
U ZARY AR DT R P AFEI D, RS LI N-T U X b A fb s i
BOHPHEEN, RV ITK 40 H 6 OFERE N-X U R M by T ERAT S
ZEBHLMIENTE. L OEFEIREL XOT R N — 2 AFFERHIEBT S N-I U R
N AL L RO R, ZOHTICE VIZCO TRE SNZHH N-T U 2 h A (b
HURTEThole. ZTNHOWITIE, X R7ERBEEmY 7 Eevwote, Th
FTIFEAEN-I VR M IAERET D Z ENRE SN TV WO X VRV ENEF
nTWiz. ZoFILSNS, FEOFEEZHANTE MERAET A LA (HIV-1), ~LR
A NAHSY), ~F7 V7T, V—yav=7 Lo REMED A L AL G U 7= s
ML D N-X U A S A b & X7 B ORI RN A i E ST 5 [1-24, 1-25, 1-38,
1-39]. = DFER, FIRMERMAEY OIEGU B E B I AFAET 5 N-X U X A b v~
NIZEOEBIOFHEPRESZELTWD Z ERH LN TE T,

BHEAR OB, Hiz/e N-2 U 2 M LS X7 EBHROCTHE ST D
B, ENENOH L RTEIZEITS N-T VRN IEOEREDO L IXRIFTO EE5E I
TWa., F£72, EiRor I A da o —%cH L7 N-2 U R M b 37 E DR
EETIE, HOMIIZIBNT ERHF T TREI L N-X U A M b Z o7 B % flgEr
WRETHZENTES. Lnl, FREOMIITHRET L X /3 EiZe N7/ AlZa—
RENTRZ N TBEO—HOHRTHY, Mz e UTIIT 2175 R0 b MaEgEad
THRELGEDIRTO N- U A R b Z 30 B EMROCRET 2 FIIATRETH D 2



LTSN THD. 22T, B M ABKRERGELTEN-Z U XA ML EZ X7 ED
RO T2 fRIT D72 011X, 7 282K % 1 3—F2% cDNA U V—AZFHT XL \WEH
26D, B’xlIZINETIZ, X7 B N-2 U A bA MEDFHTIZ cDNA Y Y — A % ]
VW B R e R B 2 R 7 B ERGROFIAN AR TH L Z Ea@miE Lz, A,
FL B A R e Bl & o X VA RGRIE, RANICE N NMT O FEE R & b O
UL 7B R B2 A5 NMT 285, dBRENTHHRELS N-I U X Mk o3
BraAWRT 5 ENTES. F, MRTIIRILE, @y &Y 7 EXSL EK
By 08, HERT L2 N VELFERART HIEEEZH L5 [1-40]. L
2L, ZOFECITELEZLS OBEORMNRH Y, FFiilc Sz N-T U R ML
b5 X7 B OMREMIT b5 EHEAL TR WO BB Th - 72,

ZZT, KX TlE, ZOFEORYMELZEILICR ESELZE2HME LT, Bl
B R A RCRE KOS R 8 AR 2 2 2h S i 7e 2 Vo7 N-X Y A b A UfbD
RHNEDfESL &, ZOFEICI Y RSB N-X U 2 M b2 o 87 B OREREF
IZBTDHN-I U A M ULOEBIONT 21T 7. & 2 B ClE, ZiVE TILAT- 2o
DA R S/ afkE # > 237 8 Protein lunapark (Z4E$5 N-X U X~ A LfbD
PEREDRINT A 1T > 7. 8 3 B CIE, RIS > R7 B EBCRICEIT D EHER & 1 A1
VI AT 4T ADTEEMAG DY, cDNA U Y —ZAD0LRISHIHN-I U A AL
b2 o R ERFET HFEOMNLE, TOFECIVRHENTLI har R 7o ES
VX7 SAMMB0 1A T D N-X U A A IVORREDIINT 21T -T2, FHAFETIL, I
ML AR —=OFELLTHONLY Uy 77 IA N —%2FH L, MLy 78
BHGRICEWT RIMEGREEZHEH T2 Z & 70 <, MEICFRERT N-I U X Mo bE i
T2 FEOHNL 2 ToT-. AmLIZnNoOEE2 DD THD.



1-1.

1-1.

1-2.

1-3.
1-4.

1-5.

1-7.

1-9.

1-10.

1-11.

1-12.

1-13.

SCHR

Krishna RG, Wold F. (1993) Post-translational modification of proteins. Advances in
enzymology and related areas of molecular biology. 67:265-98.

WifgtRZ. (2010) S 2 o <7 BE R E MW T REEN 2 /7 B OMEFRRIIHRR &
PRREMRT. (L=, 82(9):799-813.

Resh MD. (2013) Covalent lipid modifications of proteins. Curr Biol. 23(10):R431-5.
Maurer-Stroh S, Eisenhaber F. (2004) Myristoylation of viral and bacterial proteins.
Trends in microbiology. 12(4):178-85.

Farazi TA, Waksman G, Gordon JI. (2001) The biology and enzymology of protein
N-myristoylation. J Biol Chem. 276(43):39501-4. Epub 2001/08/31. doi:
10.1074/jbc.R100042200. PubMed PMID: 11527981.

Utsumi T, Sato M, Nakano K, Takemura D, Iwata H, Ishisaka R. (2001) Amino acid
residue penultimate to the amino-terminal gly residue strongly affects two
cotranslational protein modifications, N-myristoylation and N-acetylation. J Biol
Chem. 276(13):10505-13.

Utsumi T, Nakano K, Funakoshi T, Kayano Y, Nakao S, Sakurai N, et al. (2004)
Vertical-scanning mutagenesis of amino acids in a model N-myristoylation motif
reveals the major amino-terminal sequence requirements for protein N-myristoylation.
European journal of biochemistry / FEBS. 271(4):863-74.

Yang SH, Shrivastav A, Kosinski C, Sharma RK, Chen MH, Berthiaume LG, et al.
(2005) N-myristoyltransferase 1 is essential in early mouse development. J Biol Chem.
280(19):18990-5.

Zha J, Weiler S, Oh KJ, Wei MC, Korsmeyer SJ. (2000) Posttranslational
N-myristoylation of BID as a molecular switch for targeting mitochondria and
apoptosis. Science. 290(5497):1761-5.

Utsumi T, Sakurai N, Nakano K, Ishisaka R. (2003) C-terminal 15 kDa fragment of
cytoskeletal actin is posttranslationallyN-myristoylated upon caspase-mediated
cleavage and targeted to mitochondria. FEBS Letters. 539(1-3):37-44.

Sakurai N, Utsumi T. (2006) Posttranslational N-myristoylation is required for the
anti-apoptotic activity of human tGelsolin, the C-terminal caspase cleavage product of
human gelsolin. J Biol Chem. 281(20):14288-95.

Martin DD, Beauchamp E, Berthiaume LG. (2011) Post-translational myristoylation:
Fat matters in cellular life and death. Biochimie. 93(1):18-31.

Resh MD. (2006) Trafficking and signaling by fatty-acylated and prenylated proteins.
Nat Chem Biol. 2(11):584-90.

10



1-14.

1-15.

1-16.

1-17.

1-18.

1-19.

1-20.

1-21.

1-22.

1-23.

1-24.

1-25.

1-26.

Peitzsch RM, McLaughlin S. (1993) Binding of acylated peptides and fatty acids to
phospholipid vesicles: pertinence to myristoylated proteins. Biochemistry.
32(39):10436-43.

Pool CT, Thompson TE. (1998) Chain length and temperature dependence of the
reversible association of model acylated proteins with lipid bilayers. Biochemistry.
37(28):10246-55.

Burnaevskiy N, Fox TG, Plymire DA, Ertelt JM, Weigele BA, Selyunin AS, et al.
(2013) Proteolytic elimination of N-myristoyl modifications by the Shigella virulence
factor Ipad. Nature. 496(7443):106-9.

Cordeddu V, Di Schiavi E, Pennacchio LA, Ma'ayan A, Sarkozy A, Fodale V, et al.
(2009) Mutation of SHOC2 promotes aberrant protein N-myristoylation and causes
Noonan-like syndrome with loose anagen hair. Nat Genet. 41(9):1022-6.

Martin DD, Ladha S, Ehrnhoefer DE, Hayden MR. (2015) Autophagy in Huntington
disease and huntingtin in autophagy. Trends Neurosci. 38(1):26-35.

Sigal CT, Zhou W, Buser CA, McLaughlin S, Resh MD. (1994) Amino-terminal basic
residues of Src mediate membrane binding through electrostatic interaction with
acidic phospholipids. Proc Natl Acad Sci U S A. 91(25):12253-7.

DeWard AD, Eisenmann KM, Matheson SF, Alberts AS. (2010) The role of formins in
human disease. Biochim Biophys Acta. 1803(2):226-33.

Zeng YF, Xiao YS, Lu MZ, Luo XJ, Hu GZ, Deng KY, et al. (2015) Increased expression
of formin-like 3 contributes to metastasis and poor prognosis in colorectal carcinoma.
Experimental and molecular pathology. 98(2):260-7.

Zhou W, Parent LJ, Wills JW, Resh MD. (1994) Identification of a membrane-binding
domain within the amino-terminal region of human immunodeficiency virus type 1
Gag protein which interacts with acidic phospholipids. J Virol. 68(4):2556-69.
Frearson JA, Brand S, McElroy SP, Cleghorn LA, Smid O, Stojanovski L, et al. (2010)
N-myristoyltransferase inhibitors as new leads to treat sleeping sickness. Nature.
464(7289):728-32.

Wright MH, Clough B, Rackham MD, Rangachari K, Brannigan JA, Grainger M, et al.
(2014) Validation of N-myristoyltransferase as an antimalarial drug target using an
integrated chemical biology approach. Nat Chem. 6(2):112-21.

Wright MH, Paape D, Storck EM, Serwa RA, Smith DF, Tate EW. (2015) Global
analysis of protein N-myristoylation and exploration of N-myristoyltransferase as a
drug target in the neglected human pathogen Leishmania donovani. Chem Biol.
22(3):342-54.

Masubuchi M, Ebiike H, Kawasaki K, Sogabe S, Morikami K, Shiratori Y, et al. (2003)

11



1-27.

1-28.

1-29.

1-30.

1-31.

1-32.

1-33.

1-34.

35.

1-36.

1-37.

1-38.

Synthesis and biological activities of benzofuran antifungal agents targeting fungal
N-myristoyltransferase. Bioorg Med Chem. 11(20):4463-78.

Brannigan JA, Smith BA, Yu Z, Brzozowski AM, Hodgkinson MR, Maroof A, et al.
(2010) N-myristoyltransferase from Leishmania donovani: structural and functional
characterisation of a potential drug target for visceral leishmaniasis. J Mol Biol.
396(4):985-99.

Maurer-Stroh S, Eisenhaber B, Eisenhaber F. (2002) N-terminal N-myristoylation of
proteins: refinement of the sequence motif and its taxon-specific differences. J Mol
Biol. 317(4):523-40.

Martinez A, Traverso JA, Valot B, Ferro M, Espagne C, Ephritikhine G, et al. (2008)
Extent of N-terminal modifications in cytosolic proteins from eukaryotes. Proteomics.
8(14):2809-31.

Meinnel T, Giglione C. (2008) Protein lipidation meets proteomics. Frontiers in
bioscience : a journal and virtual library. 13:6326-40.

Traverso JA, Giglione C, Meinnel T. (2013) High-throughput profiling of
N-myristoylation substrate specificity across species including pathogens. Proteomics.
13(1):25-36.

Maurer-Stroh S, Gouda M, Novatchkova M, Schleiffer A, Schneider G, Sirota FL, et al.
(2004) MYRbase: analysis of genome-wide glycine myristoylation enlarges the
functional spectrum of eukaryotic myristoylated proteins. Genome biology. 5(3):R21.
Podell S, Gribskov M. (2004) Predicting N-terminal myristoylation sites in plant
proteins. BMC Genomics. 5(1):37.

Hannoush RN. (2015) Synthetic protein lipidation. Curr Opin Chem Biol. 28:39-46.
Tate EW, Kalesh KA, Lanyon-Hogg T, Storck EM, Thinon E. (2015) Global profiling of
protein lipidation using chemical proteomic technologies. Curr Opin Chem Biol.
24:48-57.

Broncel M, Serwa RA, Ciepla P, Krause E, Dallman MJ, Magee Al, et al. (2015)
Multifunctional reagents for quantitative proteome-wide analysis of protein
modification in human cells and dynamic profiling of protein lipidation during
vertebrate development. Angew Chem Int Ed Engl. 54(20):5948-51.

Thinon E, Serwa RA, Broncel M, Brannigan JA, Brassat U, Wright MH, et al. (2014)
Global profiling of co- and post-translationally N-myristoylated proteomes in human
cells. Nat Commun. 5:4919.

Colquhoun DR, Lyashkov AE, Ubaida Mohien C, Aquino VN, Bullock BT, Dinglasan
RR, et al. (2015) Bioorthogonal mimetics of palmitoyl-CoA and myristoyl-CoA and

their subsequent isolation by click chemistry and characterization by mass

12



spectrometry reveal novel acylated host-proteins modified by HIV-1 infection.
Proteomics. 15(12):2066-77.

1-39.Serwa RA, Abaitua F, Krause E, Tate EW, O'Hare P. (2015) Systems Analysis of
Protein Fatty Acylation in Herpes Simplex Virus-Infected Cells Using Chemical
Proteomics. Chem Biol. 22(8):1008-17.

1-40. Sakurai N, Moriya K, Suzuki T, Sofuku K, Mochiki H, Nishimura O, et al. (2007)
Detection of co- and posttranslational protein N-myristoylation by metabolic labeling

in an insect cell-free protein synthesis system. Anal Biochem. 362(2):236-44.

13



F2E /JREESY 7 F protein Lunapark (24§35 % )78 N-2 U R hA vk
DFFHT

2-1 %S

2N EN-I YA M IBITIRER 1 4 ORISR TH D I U RF LN L 37
B o N Kl Gly (2T 5 G TH 5 [2-1~2-5]. = oEMIEEAEMB I RN 4 2% v
RIBICHRZDEEEME LTh<mbuhnTnag, —kic, BsReE% LT, 2 Y RF
VEEIIBARA A F A =2 OFRER, N K Gly (M3 5. FiREEELIZN-I VU A AL
B2z <, 7&H b= A2 B W TS O A NX—B 3 fREMIZEIRE N-I U X R A
JALDBE Z 5 Z & R STV 5[2-6~2-8]. FIRR & HFR L7= N-2 U A b1 Ak & B
N-2 U R hAbiznTn s GCON5-BIE N-7 2 F VIR E A — =T 7 IV —D—
OTHD N-SURM AT A7 2 F7—PONMDIC L Vil sn5[2-9]. %< D N-3
U A MAALE 237 BTN O REE-CHRE ORI I EE R KRS 2 H - T D, Z b0
HZIE, o) bl WY CEMEEER, ST =X VAT RGN
B, WU LREGE LRI E, D AR—E I e E RS AR e MR N I AR L2 B
BT 220 RIEPREERTWD. FaEDOWFEND, Zib OMIAE #is 2RI 5
THEURIEIINAT, " IE N-2 U R M IERZE L OFREBREZ X7 BTk
ZHZERH LN oT2[2-10~2-14]). L OHE, TNHDON-I U R A b s
BOBHIZY V8V N-X U A M AL ES LT r[ify e 2 R 7 8 - B KOV w3y
B - 2N BEMAEERICE VAT SIS, Lo, XX N-2 U A Mo ufkiX
FE LU THRESY o7 EICREZ 22 7 EEME LTS NTERY, KEES o
JENBNIV AR EENGEDL Z EIXINETIEEAEMBI TV,

LML, DAgNVAZ U NTETE, o3 7E NI U XM IUEREE®SY N7 BT
D2 ENRRBENTWD. EERIRE®Y > 78 Th D B R Y L 2HBV)D
Large L= o —7 2 X7 HIIN- I U XA MU b 505, N-2 U R M RIZZ O
TZAELS BEOMIBN TORFFICEE L TEBY, UV AERICHATH D [2-15~2-17].
Large L= _u—7" % "7 B FE 2 8T 5 pre-S N A A OFEI 72 EEERIC L0 2
DORRDHIELE AR =% 2L VI ERICENRBNZFF > TWEINRED AT =
R LTI ARHATH 5[2-18~2-20]. N-2 U 2 b1 Lk &7z N Kl pre-S K A A > % F-> HBV
L Z 2R 7 B3R A M~/ DR, Ve 72— L Ofiaa o2&tk v
ADERBRIZB W THEEREEHZ2H TS, 20X 9512, HBVL Z 7D N-2 1 %
M AGIZZ D & X7 E DR RARERE D FEBU AW R 72 EN 2 R LTV 5.

BRI 2 v 7 B oW TE, IREWEY VXN N-2 U A M MbEans Z &3
EAEHEIN TR, BEAMIZEBNT, NS UR M UMEEND 2 ERRENTZE
Hil x> X7 B0 flE LT, ¥ NADH-> ~ 7 1 4 b(5)&E £ OLSR) N ZEIT 5 5.
ZOX N7 BT N Kima fiust, C AR M2 M1 72 N-exo/C-cyto BlftEZ £ b,
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Endoplasmic reticulum(ER)E 2 b= KU PAMED M G IZRMET S 1 [RIEE R X > X7
HTh5H[2-21,2-22]. b5R TiF, FHEN-I U R M ALERIKIL ER ICOBRFIET D Z &
5, ZNITE NI VARMMMUII ba> RUT~OBITIZHNETHDH Z EIFH LT
b5l2-23l. =HIT, Zr T N-X U R M AKGIE Y 7TV GRERKRL T & BT a7 F R
DY T FNARTF REOHEFRICHBL, HiETF RHO Ty /T AT F Rk

ST LTZFIRR E R U7 ER ~OBATh 6k, FIRZIZI h=a o R TAME~E BT 5
[2 24]. N-X U A M A /AL R ENTMMOWASAEE @ & > X7 L LTIV e FrET
RA4-Afri{bl#s: 1DESD A E H A1 T 5[2-25]. b5R LAk, DES1IZER &I b=
RUTHFIZRET D E, FX NI NI VAR LRI hay KU T ~OJRE
[CHERET 2 2 LR T sl2-26]. AT, # 2 3ZHE N-3 U X b1 {kiE, DESI
DEFFEIEMEZRAET D Z & BB 52 STV 5 [2-25, 2-271.

AWFFETIE, BERESNTZN-R VR ML Z T ED S5 G, 20T X FEELAID
OIEE@EREZFFO L TSN 4 2DOZ U RTEOHNG, Fille EN-2 U X Lk
TEEE 2 "7 aBRR LTz, EORER, /INako#E B AIRFEE A~ DB 573 il JLHH S
NWI-BERE S )7 8 Lnplpl2-28] D & A /v v 7 CT& 5 protein Lunapark 72 N-3 U Z k
AL ENTEERE @ 2 > 7 ETh D Z NP BN/ 5 7. Protein Lunapark |3
Lunapark 7 7 S U—Z U RV EIZE L TWB. Z DX 37 XIS iR 2 D38
WG 5 & THlEn TV E[2-29]. UL, FaLo#E T, Lunapark OFEREA /LY 0
7 Loplp (FER S RV ETHY, ER DXy MU —ZBRIZEE T2 Z & B 60Tk
S72[2-28]. Z DX X EOARFRHEENEIC LD 5T, protein Lunapark DIE~D
FLIRA TN b R AR | ¥ — DAL FRIRFEREM IR S AL TV 2RV, RBFFETIE, 4RI
protein Lunapark OfE~DFAIAL L5 E N AR v o —FKIZE1T % protein Lunapark H
\ZAFET 5 2 SOHEER BBk O %E 2 et L7=. D%, protein Lunapark @i~
FIGA I, T R AR o —AK, MIRNRE, EBREREICR T 5 protein Lunapark (24
U252 R_IEN-R U AR IMMEOEENCHOW TR EITo7-. ZO/RE, #5518 LOW
2MREGEMEIIENE N TR T v — EE?'J?Q&UH%@LFJL@E?U ELTHEREL,
IhBlz kv N RmEB LOC Kz W3 v b MR E 2 AT 72 N-cyto/C-cyto B lal T % £5->
2ERENE S R RS ZE RN e o7z Fi, FUNIEN-I YR b
A AL protein Lunapark Ofi@iE, &L Ao P—Bk, MRMNBEICEE LN &
Noyhot=. Lo, BB Z L2, C R FLAG % 7 %441 L 7= protein Lunapark
%2 — R % cDNA Ziftfs -8 A L7 HEK293T M O fa g 8 e ofE R0, s
Bl L 7= protein Lunapark | ER EBIZRIEL, KX REAFOT 2 — 7 RGO K Z
B LT, £ Z0OBGUT 27 Gly O Ala ~DEWIZ X DX LRI N-2 Y 2 kA )Ufbd
FHEIZ L B SO Z ERP LN E ol TNDDORERIFIF AT EN-I U R
kA /LAE A protein Lunapark @i fIFEHL CiFE X5 ER O EE LI EE A E 2 B/
FTILERLTND., Fx DMDRVICHNT, ZRODRERIE, B FON-IU AR
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b ST IEIE 2 o 8 7 B ofsdis, 5 AR v —IEk, M RER X OREIC
T8I EN-R U A M IAEOEEZFEH LI TOWE THS.

2-2 HHBHE YA

2-2-1 AKX

HIfRE%E, DNA [&fifif%3%, RNase [LEA|, Taq DNA R U A Z—B1I & B FiEEEND
B A U7z, B REas M f R SR & o /X 7 B 5 5% Transdirect insect cell (3 EHESFET
M H M & 7-. RNase IZ Boehringer-Mannheim #1758 A L7=. [3H]Leucine,
[3H]myristic acid 3 X" enhanced chemiluminescence (ECL) Prime Western blotting
detection reagent % GE Healthcare #1725l A L7z. ENLIGHTNING /% PerkinElmer
2 SHE AN L7=. The dye terminator cycle sequencing kit /% Applied Biosystems 17> 5
WA L7, Anti-FLAG &/ 7 2 —J JLHifK, fluorescein isothiocyanate-conjugated
anti-mouse IgG HiiK, myristoyl-CoA, CHCA, DHB, anti-Flag M2-agarose, Flag <7’
F RiIv 7~ 6N LT-. ER-tracker Red, Alexa Fluor 594 anti-mouse IgG HifA,
Hoechst 33342 X Molecular Probes f:7>HiEA L7=. E I ¢cDNAs (Flexi ORF clones),
Ampliscribe T7 High Yield Transcription IVT kit, T7 RiboMAX Express Large Scale
RNA Production System % Promega 17> 5 A L72. ProteoExtract subcellular
proteome extraction kit /% Merck KGaA L/ HIEA L7z, ZOM ORI IR HMEKE T3,
b, AP TR E 12130 TAEW T 7 L — REH W,

222  RBESIFRAI FOEE

HET T AI FEEIZHW Y IX7 VATF R T A ~—OH RS Table 2-1 1T
F L Ol WILEMRICBT BT Z—L L THWZ7 7 2 I R pcDNA3-FL [ZH7#®H
U 7= HEICHE > THRESE L 7212-30]. C Kiiic FLAG % 7 Z L 7= 4% KOP cDNA 7 o —
v EET 7T A R(ARF1-FLAG, SERINC1-FLAG, KIAA1609-FLAG, Lunapark-FLAG,
ZZEF1-FLAG) D5 Cl, peDNAS-FL % Sgfl 35 & (Y EcoRV THllBRIM{L L, Sgfl 38 X
Pmel THilfR¥E{L L7 KOPcDNA 7 v — %2 %77 n—=27 Uiz, B BEFEME b
i & o R EERGRIZBIT DN 4 —L LTHW=77 23 F pTD1-FL IZnid L
7o BT HE » THEFE L 72[2-30]. C Kl FLAG % 7' %&£ L7= 4K KOP cDNA 71—
Zate” 7 A N pDT1-FL Of§%ETlE, pTD1-FL % Sgfl 35 L U Ecol CRI THillFRE{L L,
Sefl 35 XU Pmel THIFRIEL L7 KOPcDNA 7 n—> 2% 7 7ua—=71L7. 77 A3
R pBpro-GLC-TNF (X1 D SEIC e > TREFE LT2[2-31). ZOZERETIE, N-7U a3y
JUALE T (Asn-X-Ser) % tumor necrosis factor (TNF) O iR D 45-47 MLl A LTZ. 7
= 2 < N pcDNA3AMet-GLC-TNF , pcDNA3pro-GLC-TNF ,
pcDNA3Lunapark-TM1-GLC-TNF pcDNA3Lunapark-TM1-G2A-GLC-TNF |
pcDNA3Lunapark-TM1/2-GLC-TNF, pcDNA3Lunapark-GLC-TNF ®O#54%/% Table 2-2
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Table 2-1 The nucleotide sequences of oligonucleotides used in this study

Primer Sequence
Primer-N1 5'-gcgcggtaccgtcagatcatcttct-3'
Primer-C1 gcgcctcgagtcacagggcaatgat
Primer-N2 gcgcggtaccatgagcactgaaagce
Primer-C2 gcgcctcgagtcacagggecaatgat
Primer-N3 gcgeggtaccatgggtggattattt
Primer-C3 gcgcgaattctcttgectgtaaattc
Primer-N4 gcgcgatatcatggctggattattttctcga
Primer-C4 gcgcctcgagtcacagggcaatgat
Primer-N5 gcgcggtaccatgggtggattattt
Primer-C5 gcgcgaattctgcttcattatttct
Primer-N6 gcgcggtaccatgggtggattattt
Primer-C6 gcgcgaattcctctgecgtcaaaga
Primer-N7 accatggctggattattttctcgat
Primer-C7 taatccagccatggttctatctcct
Primer-N8 tagcacagcaggcattttctcataatggcatg
Primer-C8 atgcctgctgtgctataagtgcatacctgtt
Primer-N9 gagcagcctacgcatttttcttgaaccctgcea
Primer-C9 atgcgtaggctgctcgaaaagcaatgtattc
Primer-N10 gatcggatccatggtgagcaagggc
Primer-C10 gcgcgaattccttgtacagetcegtc
Primer-N11 atatgaattccctggtccgaccccc
Primer-C11 gcgcgatatcctacgaacgagtgta
Primer-N12 gcgeggtaccatgttgttcctcagectc
Primer-C12 gcgcgaattccagggcaatgatccc
Primer-N13 gcgcggtaccatgttgttcctcagectc
Primer-C13 gcgectcgagtcacagggecaatgat
Primer-N14 gcgcgaattcgatgaatttacagca
Primer-C14 gcgcctcgagttacttatcgtcgtcatccctgtaatcttcattatttctttc
Primer-N15 gcgcgaattcgatgaatttacagca
Primer-C15 gcgcctcgagttacttatcgtcgtcatccttgtaatctcttgetgtaaattcatc
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Table 2-2 The strategies for construction of plasmids used in this study.

Name of plasmid

Strategy for plasmid construction

pcDNA3AMet-GLC-TNF

pcDNA3pro-GLC-TNF

pcDNA3Lunapark-TM1-GLC-TNF

product of a PCR with pBpro-GLC-TNF as template and
primers Primer-N1 and Primer-C1 was EcoRI/Xhol cloned
into pcDNA3

product of a PCR with pBpro-GLC-TNF as template and
primers Primer-N2 and Primer-C2 was Kpnl/Xhol cloned into
pcDNA3

product of a PCR with pF1KSDA-1715(Promega) as template
and primers Primer-N3 and Primer-C3 was Kpnl/EcoRl
cloned into pcDNA3AMet-GLC-TNF

product of a PCR with pcDNA3Lunapark-TM1-GLC-TNF as

pcDNA3Lunapark-TM1-G2A-GLC-TNF template and primers Primer-N4 and Primer-C4 was

pcDNA3Lunapark-TM1/2-GLC-TNF

pcDNA3Lunapark-GLC-TNF

pcDNA3EGFP

pcDNA3EGFP-Sec61p

pcDNA3H14-TNF-Atrm

pcDNA3H14-TNF

pcDNA3H14-TNF-Lunapark-TM2

pcDNAH14-TNF-Lunapark-ATM2

EcoRV/Xhol cloned into pcDNA3

product of a PCR with pF1KSDA-1715 as template and
primers Primer-N5 and Primer-C5 was Kpnl-EcoRI cloned
into pcDNA3AMet-GLC-TNF

product of a PCR with pF1KSDA-1715 as template and
primers Primer-N6 and Primer-C6 was Kpnl/EcoRI cloned
into pcDNA3AMet-GLC-TNF

product of a PCR with pEGFP-N1(Invitrogen) as template and
primers Primer-N10 and Primer-C10 was BamHI/EcoRl
cloned into pcDNA3

product of a PCR with IRALO06J08 as template and primers
Primer-N11 and Primer-C11 was EcoRI/EcoRV cloned into
pcDNA3EGFP

product of a PCR with pBH14-TNF as template and primers
Primer-N12 and Primer-C12 was Kpnl/EcoRI cloned into
pcDNA3

product of a PCR with pBH14-TNF as template and primers
Primer-N13 and Primer-C13 was Kpnl/Xhol cloned into
pcDNA3

product of a PCR with pF1KSDA-1715 as template and
primers Primer-N14 and Primer-C14 was EcoRI/Xhol cloned
into pcDNA3H14-TNF-Atrm

product of a PCR with pF1KSDA-1715 as template and
primers Primer-N15 and Primer-C159 was Kpnl/Xhol cloned
into pcDNA3H14-TNF-Atrm
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IcE LT, 75 A3 F peDNA3Lunapark-G2A-FLAG 1E, 2 504 ) T 7 LAF K,
Primer-N7 3 LU Primer-C7 % 77 4 v—& L, pcDNA3Lunapark-FLAG #7 > 7' L —
k& L C Prime STAR Mutagenesis Kit( % 7 7 W&t 8) 2 v THESE L 7-.
Lunapark-FLAG @ Cys276, Cys279, Cys298 35 L O Cys301 % Ala [ZEHL L7727 T A 3
K peDNA3-Lunapark-CtoA-FLAG % Prime STAR Mutagenesis Kit ZH W\ TKkR?D L 512
WE LT, lZ, 2204 Y) X7 LAF R, Primer-N8 X1\ Primer-C8 % 77 1 +
— ,  pcDNA3Lunapark-FLAG % & » 7 L — Kk & L T PCR T £ Y

pcDNA3Lunapark-C276,279A-FLAG Z 4 L7=. KRIZ, 2 DOF Y IX 7 VAT K,
Primer-N9 3 X O Primer-C9 % 77 A ~—, pcDNA3Lunapark-C276,279A-FLAG %7 >
7'L— k& LT PCR IZLY pcDNA3-Lunapark-CtoA-FLAG Z##& L7=. 77 AI K
pBH14-TNF(LLHT pBA-75-47,-32-1pro-TNF & #50)IZ AT O FIEICHE - THESE L 72 [2-32].
77 A I K pcDNASEGFP , pcDNA3EGFP-Sec61B, pcDNA3H14-TNF-Atrm ,
pcDNA3H14-TNF , pcDNA3H14-TNF-Lunapark-TM2
pcDNA3H14-TNF-Lunapark-ATM2 OHEGLZ DU TiX Table 2-2 1ZF & 7. ZiuH 0O
iz cDNA @ DNA AL T A X X7 LA F RFz—rF—I 31— a Bk b
fifEsd L7z

2-2-3 B R s R EM Y R BARRERAWEZ VR EN- IV X M
Mo

cDNA [ pTD1 7 & —(BE R ) D T7 7 u e — & — Fiflich 7 7 a—= 27 L1-.
cDNA % 22— 9% mRNA |Z AmpliScribe T7 High Yield Transcription Kit # >, )&
DY NG EFZHEVFAR U 72 BERBOS T B s 2= e R i ey 2 » 28 7 A R
(B HRERTRD 2 v C[BH]leucine % 721 [BH]myristic acid f£7E FIZ T A — I —HELE S
Tirofz. BOSRAR(E mEs s itk (12.5 pL), BJs Sy 7 7 —(7.5pl), 1mM 7
JRIRAR(e A > 27 U —)(0.5 ul), [BHlleucine (2 pCi) F 72 % [BH]lmyristic acid (40
uCi)(2.0 ul), mRNA (5 mg/2.5ul)) % 25°CC 6 Wifil A > F 2 _X— L7z, D%, o7
W& SDS-PAGE B L O\7 /v A v 75 7 4 —|Z X 0T L7-.

2-2-4 Protein Lunapark ® in vitro 8RB X OT7 7 4 =7 1 —kH#l

Protein Lunapark % =— F79° % mRNA (3@ OB EIZHE T7 RiboMAX
Express Large Scale RNA Production System % T 40 . A7 — /)L CER LT=. i
SE T, in vitro i B ROSIRIZ 25mM EDTA (60 uL) Z# S L 7=, = 0%, KGR % in vitro
WREOGDT 7 b— b & UTHWE. in vitro FHRRBOG T B BURE 2 MG F R Bl 2 o]

7 B A RGR % HVW T 50 uM myristoyl-CoA fF7E F 1 mL A 77—V CfT-7=. FLAG % 7'{}
s TEDT 7 4 =7 4 —REEITRNR O FIEE > THT > 72[2-33].
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2-2-5 in vitro &% protein Lunapark ® MS X U'MS/MS figtT

MS fi#tfr D 7= 6> DY > 7 NFREGIEDR O S IEITHE > TIT»7212-33]. MS 27 vk &
N MS/MS A7 kLT reflectron positive ion mode (23T, ZiLZiL AXIMA-CFR
plus MALDI-TOF MS #£ & k5 KX O AXIMA-QIT MALDI QIT-TOF hybrid mass
spectrometer (Shimadzu/Kratos)(Z L ¥ 157-.

2-2-6 EREMRE~DBEFEAL N-IURMMMEBEY N-7Y ai s o
7 B DFE

COS-1 #Hfa(SV40 (2 X W gl L7=7 7 U 7 X R U PV dskflakk, ATCC X Vv)
3 L OVHEK293T #ifa(b kR EEMIaH L 10% ¥ IRV iEECS, Gibco BRL #HEY),
100 unit/m1 2=V >, 100ug/mL A s L7 h~A > > %1 L 7= Dulbecco’s modified
Eagle’s medium (DMEM, Sigma #:5))C 37°C, 5%CO2 54 F CH#E L7z, Bin -8 AR
AICHERE 35mm K522 2 X 105 fH OMifa 2 #5fE L 7=. Lipofectamine (4 ul), MEMiELT
(1 mL) % vy, Flag % 74N E 7213 EGFP # 71N E 721X TNF g A # > 737 & ¢cDNA
RS 2 G587 T 2 3 F pcDNA3(2ug) & i ~EAs - EA L7z, 37°CT b KA > % =
A= NE, ISR AH L 37°CC 24 R fA v F a_— K L7z, # /7B N-3
U A~ A MAEDEE TIL, 552800 %2 M iE DMEM 55 #1(1 mL) T 2 [A1%:5 1%, [BH]myristic
acid (100 uCi/mL) & L TV 2% FCS Z¥sh L7 1ImL DMEM ', 37°CC 6 i1 > % =X —
h L7z, iV T, 552H1 %2 Dulbecco’s phosphate-buffered saline (DPBS) T 3 [H¥EE 4,
iz EY L, RIPA buffer(50 mM Tris—HCI [pH 7.5], 150 mM NaCl, 1 % Nonidet P-40,
0.5 % sodium deoxycholate, 0.1% sodium deoxysulfate (SDS),” &7 7 —EHEHI) 200
pL TEfRf%, K 1T 20 ZrMikiE USSR 2 1572, =01, ¥ 71X SDS-PAGE
FOT AR T T T = XY fRET L7z, TNF Z8KD N-7'Y 2 2 /U bEkBR ¢, BI5 T
N 24 B§fEl#%, BRCOTIEIC L Sl ifr 2 gz, ch 2nod 7o 95 20 pl
% 10 mU/mL glycopeptidase F (2 L ¥ 37°C T 1 BFALEE L7-. Z D%, Western blotting
TfigbT L7,

2-2-7 RS T

KIAA1609-FLAG ¥ 7213 Lunapark-FLAG Z Bl X 7= COS-1 #Hlie o fe 57 i X ik
[2-34] D J571EI1Z0E > T ProteoExtract subcellular proteome extraction kit (Merck ##Y) %
HWTITo72. 2X105 o COS-1 MALIZ 2 pg @ pecDNASKIAA-FLAG * 72 1%
pcDNA3Lunapark-FLAG %8s & A%, 37CT 24 KFfilA o F 2 _X— K L7z Kk LTz
Ve Buffer C 2 BV, kit L7zhli Buffer I 0.5 mL ##1L 4°C T 10 43[#14 % =
N—h L7z, 20%, BiFZEIL, MlaEmsy & L THWE. fien T, okin L7z filit Buffer
I10.56mL ZiRM L 4°CT 10 3 >3 2~N— Mg, L 2RI LR KOS N5 oy
ELTHWE=. &51Z, Jkin L7zl Buffer 11T 0.5mL Z#1 L 4°C T 10 431 o &% =X
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— Mg, BiEZEILZSIS & LT,

2-2-8 VxRFUTRyT 4T

2 X788 1X 12.5% SDS-PAGE 12 X 0 23#ff%, Immobilon-P E~HZF L7z, AF A3
N7 TTa oy X 7, HUFLAG HUAE 7213510 TNF Hifk & ROS SW 72, Hiik & OGS Lz
PRIEIE T a7 A4 G-HRP #HAMRICE 0 R RICE#R L7Z. £D%, ECL Prime
Western blotting detection reagent & )i S, (b5 %E X7 4 L A~OFENIT LY
B L7z,

2-2-9 SDS-PAGE BX U7 NAw ST 7 4 —

B2 7 V% SDS-Sample buffer 11T 3 7y E&E W LA SH, 12.5% SDS-PAGE (2L Y
SEELT-. S zEER, ENLIGHTNING (PerkinElmer #E#)HZ 20 pRIEL 7. %
D%, TVENNRRGNC XV i S, w7 X7 4 L MBS T,

2-2-10 REBEHNEGE, FEEMSBILES IO ER BRELOER

TR A Y AT S T8 AR 24 RFRFRGE L 72 le 4 W7z [2-85). byt T,
#ifZ DPBS T L, 4%/ 37 AL L7 07 RIDPBS H)T 15 43fflA v F=2~X— R L
FE L. EE S zMilng 0.1% Triton X-100(DPBS H1)C 10 43l #81R T @ ALt
%, 0.1%E 7 F &5t DPBS Tl L7z, @EilMEMiaid DPBS #1000 £54 Rt FLAG
YA EIR CIRIE L2, 0.1%E 7 F > %25 Ts DPBS Ty %, Mlaz FITC ik
P~ U APUAR E 721% Alexa Fluor 594 ki~ 7 A 1gG Hufk & — R SR Ot S W7z,
01% €7 F %5t DPBS Tk, v~V 7 17 A7 4 7 A(NVECTASHIELD
Mounting Medium, Vector Laboratories #1:%) % FH\ CE AL, Leica AF7000 ¢ GHEM
Bi(Leica tER) I L v Blg2 L7z,

2-2-11  #EFoHr
MetotriEmml t E(~A 27 a7 b =7V ZHWTITo72. p 21 0.05 L FOEE
W O ETREINCAE B R ZR D b0 & L.

2-3 MR

2-3-1 REER & X7 ETh % protein Lunapark 1 N-I U X hA /LI TV

)
XUDIZ, RERESNTEN-I VAR MEZ X7 ED 55, EME KA A > OIFE
MPHSNTe 4 DOZ T EERHWTHH N-I U R A AEIRY R0 B ERR L.
VIRTOMIZET, Fox 1 TEERIND 2 o X7 H G RGR 2 O TR & B #0412 & 0 £ 2000
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> KOP t I ¢cDNA 7 m— 726 18 HOHH N-X U X b A b & 7B ARE LT
[2-30]. NA A AT H~T 4 7 AZKBESZ R IE TR AT A THD SOSUI[2-36]
EMNTINGDZ 7 EGHT LT, 18 HOFHBIN-I U X b A b7 7D
2B 4 ONEEEY LRV EThHD I ENRBEINTZ. 22T, AFRETIE, ZhboX
NI B OIERER K O AIAFIZ DOV TR, AR THr L7z 4 DO N-I U 2 |+
A Ak % > 2% 7 'E (serine incorporater 1 (Serincl), KIAA1609, protein Lunapark
(Lunapark), ZZEF1) % =— K35 cDNA 7 1 — > OF#% Table 2-3 [ZrL7=. 216D
ZUNTENRN-I Y XM IEESND Z L 2D D120, C Rl FLAG # 7 Z 410
L7=& X7 8% a— RT 2% mRNA Z N CHERING & o X 7 A RCGRIZ BV TREE R &
{Tofe. ZOEBRTIE, CAmZ FLAG ¥ 7% L7- ARF1 2RV 7 473y hr—)b
ELTHWE. Fig2-1B OENSRFIURLTZE 91, BHIrA OB AR LD
TOZ T EORBLPMRINTZ. 2D, SDS-PAGE 7 VickiF% SERINCI @ in
vitro FHRPEY OFRXIS BN EE |1 ZIET IR o 72723, ZAUTE S OIEHEE KA A VA2 FFO728
ThDHEHESNTZ. Fig.2-1B A/33% /R L2k 912, BHIR UV AF O AT
Rno, TRTOFREDDPDRLII N-I VXA MMIMEEIND Z EBRHLNERSTZ. 2
L5 D ¢DNA % COS-1 Ml #A5 A LBHI I U A F e CREHER L, B85 -5 A M
faOMIEIRIR Y = A2 T 0y T 4 o IR ORI LIRER, 2 D02 7]
(KTIAA1609 33 & O'protein Lunapark) 7217 23805 L < BT 5 Z & 2350 72 (Fig.2-1C /£
XEV). Fig.2-1C A3 WR Lz L 918, BHIR U AF UBROR IAZFE RS, 3B
L7202 7B IZELLEMFELIN-I VX A MbEns Z EpRahic. Th
5200 X7 EOMBNEIEZH LT 572012, COS-1fifnz v CREL S+,
AR B SR 21T o 72, Fig.2-1D IR L7 X918, M/ M E~— I —Z "7 ETh
% PDI L JAlEkIZ, protein Lunapark (FM/ANE/NEsE W3 1C D0y S vz, —5,
KIAA1609 (3 HIARE Wi 046 & OME/MIAR/ NS B i 2 D S IZ i S . 2406 OfiRIT
KIAA1609 MIEEGEA 2 L X7 B TIERWI L 2R L T0ND. 207, ZOBRDIERIC
B TIL protein Lunapark ([Z2OWTOAfENT %17 ->72. Protein Lunapark ¥ protein
Lunapark 7 7 X U —IZJ& LTk Y, IR HHXRRE R OF AN 59 5 aleetEs #ids S
TWA[2-29]. L2rL, FFOHE T, protein Lunapark ORI A4y 1 7,
Lnplp 2 ER &% > X7 'ETHY, ER DRy NT—Z7ERICBEGT 5 2 &n@iEsivTn
5[2-28]. WEW, HEXEN S Caenorhabditis elegans, > 2 VY a UuxT, FHEEMWO X 5 7
Y22 5 F T protein Lunapark (2135 < DALY v FINFEET 5. FERIESILEIZ LD,
DX NTET7 IV —IZBWTNEKEN-I U R A IULETF—7, 2 OOHEEREH
RAALY, CRKMY LI 7 4 o A—FF =7 RREIRFINTNDZERPLNnE o
7 (Fig.2-2).
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Table 2-3. Characteristics of the Gene Products of the four cDNA Clones

Protein name Gene name  Accession no. Length (aa) Protein function No of putative
transmembrane
domains

FXC00782  Serine incorporator 1 SERINCI1 AB384156 453 Serine "
incorporator
FXC00876  TLD domain-containing KIAA1609  AB384249 456 Unknown .
protein KIAA1609
FXC00896  Protein Lunapark LNP AB384269 428 Unknown 2
FXCO01083  Zinc finger ZZ-type and ZZEF1 AB384472 2961 Unknown
EF-hand domain- 2

containing protein 1
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2 180 5 o X 5 o x
ARF1-FLAG i -Z2ecar ~Zear
M‘GNIFANLFK... L < S Lz < S
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M GNSRSRVGR ...
2 427
Lunapark-FLAG ™ 1
M GGLFSRWRT ... -
2 2960 - - —20
ZZEF1-FLAG __I kD
M‘GNAPSHSSE.... FLAG [H]Leu [SHMyr a
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PDI —_—
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Fig. 2-1. Protein Lunapark is an N-myristoylated integral membrane protein.

A. Structure and N-terminal sequence of cDNA clones analyzed in this study. B. mRNAs encoding ARF1-,

SERINCI1-, KIAA1609-, Lunapark- and ZZEF1-FLAG were translated in vitro in the presence of

[*H]leucine ([3H]Leu) or [*H]myristic acid ([*H]Myr) using an insect cell-free protein synthesis system. The
labeled translation products were analyzed by SDS-PAGE and fluorography. C. cDNAs encoding ARF1-,
SERINCI1-, KIAA1609-, Lunapark- and ZZEF1-FLAG were transfected in to COS-1 cells, and their
expression and N-myristoylation of the products were evaluated by Western blotting analysis and
[*H]myristic acid labeling, respectively. D. KIAA1609-FLAG and Lunapark-FLAG were expressed in
COS-1 cells, and subcellular fractionation experiments were performed. Hsp70 was used as a cytosolic
marker protein and PDI was used as membrane/organelle marker protein. C, cytosolic fraction; M,

membrane/organelle fraction; N, nuclear fraction.
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Homo sapiens WRTKPSTVEVLES 20

Mus musculus WRAKPSTVEVLEN 20
Pongo abelii WRTKLSTVEVLES 20
Xenopus laevis WRAKPSTVEVLEK 20

Danio rerio WRAKPSTVEVLEG 20

Saccharomyces 1 MFSALGKWVRGSRNDKDFVT 20

cerevisiae

Lunapark TMD TMD Zinc finger motif

d - [

N-myristoylation
motif

42 64 75 97

Homo sapiens 37 RLQKLWVGRLILYSSVLYLFTCLIVYLWYLPDEFTARLAMTLPFFAFPLIIWSIRTVIIFFESKRT 102
Mus musculus 37 RLQKLWVGRLIIYSSILYLFTCLIVYLWYLPDEFTARLVMTLPFFAFPLITIWTLRTVLIFFFSKRT 102

Pongo abelii 37 RLQKLRVGRLILYSSVLYLFTCLIVYLWYLPDEFTARLAMTLPFFAFPLITWSTIRTVIIFFESKRT 102
Xenopus laevis 37 KLRKIWVARLFEYSTILYILTSLTVYLWYLPGGMTARLLTTLLFLLFPVLIWFVRTLLILWESRRT 102
Danio rerio 37 KQLKLWVYRLLLYSALLYLMACAVVYAWYIPERMIGKLIVASPFLLFPLLIWLLRKLLITILYNKRT 102

Saccharomyces 40 | LKKSQSILSQWQSNLTEYGIALTVLALSYTYWEYHGYRPYLVVTALLCIGSLILFKWALTKLYAEY 105
cerevisiae

Fig. 2-2. Structure of protein Lunapark.

Alignment of the N-terminal sequences and the transmembrane domains (TMDs) of the Lunapark
family of proteins is shown. N- myristoylation motifs are shown in red in the N-terminal sequence.
Hydrophobic amino acids are shown in grey and charged amino acids in blue in the transmembrane
domain and their flanking regions. The predicted transmembrane domains are indicated as solid lines.
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2-3-2 EHI 2 R0 BARRFE TARR LTz protein Lunapark % fWiz% 78
N-X U R A ML DFFENT

Protein Lunapark & N K Gly Z8HIC X VX7 E N- X U A ML 5 2 & %
BT DI, WG X o X7 E AR TAERK L7 protein Lunapark (2 DWW CE &5 %
1To7=. BoefighkiEia s o X7 AR TR L, 77 4 =7 14— L7z protein
Lunapark |3, SDS-PAGE 7 /L 3128 W TRENT D538 49kDa O F /30 K& L TR
Sn7=(Fig.2-3A). ZDZ LRIy R vinbin il LiEx, S-7 sk Lz,
MY 7T THEIEL, BY 7T UEEE MALDI-TOF MS Tt L7z, £ OFER, M
SN R T AHETF RDIE L A i protein Lunapark ([ZHRT 5 H DO THLH Z &
MWLM E 7572 (Fig.2-3B). N-X U X M Mk &z b Y 7Y U AH T F RIS T %
v — 2713 m/z 846.55 (2122 S 7= (Fig.2-3B). MS/MS H#ric LV, Z dE'—2 % protein
Lunapark @ N-I U X A bz b 7 EEBA T, NN UX AL
-Gly-Gly-Leu-Phe-Ser-Arg T&H 5 Z & MEIE I 7= (Fig.2-3C). Zh b DRI L,
protein Lunapark @ N K Gly 7832 N7 E N-I U X ML Z 5 Z LB H
IR STz,

2-3-3 Protein Lunapark DEEE & B E N AR v ¥ — DN

Protein Lunapark OFHAGAZ &5 L kAR O — 2o\ CTAELFRIENT I 72 ST
Molzlzw, 2 SOHEERE Wi L O D ORI E TNF & oflag ¥ v 7 H %
AT oo &H 2Hka Lz, Fig.2-4B, L—2 2|RrL7= X 512, TNF pEGE
W2 N-27' U a3 U UABEML &2 R T L N-277 U 2 oAb TT AU & o 37 (N K S
TVE/C RSN DR | b AR 1 ¥ — % Fpo—[BIREE 4 v 237 ) TH % pro-GLC-TNF
% COS-1 i TRELS &85, Ml &I i) 30 kDa O & 237 B sy RAkRi
SNtz ZOXRIEET ) axXTFHE—E F(GPRWUIHT 5 &, XL _IEN ROR,
T DL EMBK 4kDa /N & < 72 > 72(#9 26 kDa, Fig,2-4B, L'—3). 2D Z L%, COS-1
MR CHRIBLSE 7254, proGLC-TNF 28 N-Z7' U a2 fbainbd Z L2 /RLTNAD. 20D
%4, 20 kDa @ TNF 23fifakisg BiEPIcmii s iz 2 &2 5 (Fig.2-4B, L—2r 1),
pro-GLC-TNF 2 HifuZR i Tl S 41, W N-7Y 23 Lt TNF 3 U 5 2 & URIg S
7z. Protein Lunapark OHEES 1 FEEBER(TM DR L O OBEMEKZ &1 N Kb
83 7 X /o C KM IZ proGLCTNF O K A 14 v 2 @& S & 72
Lunapark-TM1-GLC-TNF % H\\Clal UEBR 21T > 7246 8, GPF LBL D &Z 37 E o1
BICEREORD I BIE SN T7-(Fig.2-4B, L—> 5,6). MLz LiEdic 2 o N BgR R
D SN2 ho =22 Evn, MilasZm iz T Lunapark-TM1-GLC-TNF D23 ik
IHRnolt 2 EARENTZ(Fig.2-4B, L—24). b DR S, protein Lunapark
®D TM1 & % OB TR 77 o h—Eds & UCaE L, 11BN RS fa 2
IC REGNIZEADIE | s AR v o — &R0 —EIRE@ Y X7 EEA L SED 2 ERRah.
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Fig. 2-3. Detection of protein N-myristoylation in in vitro-synthesized protein Lunapark by MS
analysis.

A. Purified in vitro-synthesized protein Lunapark (1 pg) was separated by electrophoresis in an SDS-
PAGE gel (12.5%). B. MALDI-MS of the tryptic peptides from in vitro-synthesized protein Lunapark.
The peaks of the tryptic peptides derived from in vitro-synthesized protein Lunapark are indicated by
stars. C. MS/MS analysis was performed for the peak at m/z 846.55. The identified N-myristoylated N-
terminal sequence is shown.
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Cleavage
2 73
pro-GLC- n Lunapark-TM1- s sl
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Fig. 2-4. Analysis of membrane integration and membrane topology of protein Lunapark.

A. Structure of pro-GLC-TNF, Lunapark-TM1- GLC-TNF, and Lunapark-TM1-G2A-GLC-TNF for analysis of
the function of transmembrane domain 1 (TM1) of protein Lunapark. B. cDNAs encoding pro-GLC-TNF,
Lunapark-TM1-GLC-TNF were transfected in to COS-1 cells, and their secretion and expression in total cell
lysates were evaluated by Western blotting analysis using an anti-TNF antibody. N-glycosylation of the expressed
proteins in total cell lysates was determined by the change in its molecular weight after treatment with
glycopeptidase F (GPF). S, cell culture supernatant; T, total cell lysates. C. cDNAs encoding Lunapark-TM1-
GLC-TNF and Lunapark-TM1-G2A-GLC-TNF were transfected in to COS-1 cells, and their expression and the
N-myristoylation of the products in total cell lysates were evaluated by Western blotting analysis and [*H]myristic
acid ([*H]Myr) labeling, respectively. D. Structure of Lunapark-TM1-GLC-TNF, Lunapark- TM1/2-GLC-TNF,
and Lunapark-GLC-TNF for analysis of the function of transmembrane domain 2 (TM2) of protein Lunapark. E.
cDNAs encoding Lunapark-TM1-GLC-TNF, Lunapark-TM1/2-GLC-TNF, and Lunapark-GLC-TNF were
transfected in to COS-1 cells, and their expression in total cell lysates was evaluated by Western blotting analysis.
F. Schematic representation of the transmembrane topology of protein Lunapark in the ER membrane.
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Lunapark-TM1-GLC-TNF @ ¢cDNA % #{x - A L7 COS-1Mifaz [BHI X U A F iz TR
B L, AEROFERZITo72 L 2 A, N-Z U av /UbBLOW N-7 Y v ik 2 ooR s
BONRY ROMWGTTH LRI N-2 U R M UepBigg sz (Fig.2-4C, kL 3xL). =
DZ L, ORI A B U7 BB 2 X7 I H N N-X U R S A VRN
WICEZ > TWDLZEEZRLTND.

Protein Lunapark DO E MR BRI T 58 2 BERER(TM2) & 2 OBk
DL % T 25 72912, protein Lunapark OHEE TM1 1 L O TM2 & % OFpzaEk % &
i N RKuii 109 7 2 /ﬁz‘%@ C RE#MIC pro-GLC-TNF o il 8\ fE I % @ & & & 7=
Lunapark-TM1/2-GLC-TNF # MW CREROFE#REZ1T-72. Fig.2-4E, L —r 3 8LV 4
IR LIz 918, GPF BRI X o "I E o FREICEE L holz. ZOZ 1%, TM2 &%
OB L ELE RS IEALS & U CHERE L, pro-GLC-TNF O pGE O @i 2 1511 5 Z
L /R L TW5. 2K protein Lunapark @ C KiafilliZ pro-GLC-TNF @ ZAGEIk & @l & =
7244, GPF LB Lunapark-TM1/2-GLC-TNF & [6lRE, # > X7 B &I 2T
% %ﬂ”ﬁi#o 7-(Fig.2-4E, L' —> 5B X 6). ZNHDOFERND, protein Lunapark DI

&P R =P 2 SOBEEIEE, TM1 B L0 TM2 & 2 ORHEEIIC
TAC, fhomifdpmE Zf 5 L2 EAVRi S,

Protein Lunapark ® TM2 & & OBEEFIIC OV T, BhOEmE LR & L CORKEZ X

\ZHER T D72, ZOMEMNGWE X7 EO S E RET D) 2R E & et
’9"6 Sl ta /] H%JéL T HRES &N L=, F=D7-%, protein Lunapark ® TM2 &
ZOBEAEREET VWS NV EThHDH HI4LTNF @ C Kiglca s ¥ 7
H14-TNF-Lunapark-TM2 %#{E#lL7-. Fig2-5 B L—> 1 {Z/rL7= X 512, H14-TNF
cDNA % COS-1 MBI T EA LT f, B TNF 23 fifusqs Bl C*ﬁﬂj =Yg
72. ZUZx L C H14-TNF-Lunapark-TM2 O%&1%, E TNF O I se eIl LE &
n7-(Fig.2-5 B L—> 3). H14-'TNF-Lunapark-TM2 7>5 TM2 & Z® C Xlﬁr’ﬁﬁé EIR
(A1a74 Clulo7) # K& SH7-4, Fig2-5B L—r 5 TR L7-X 91T, HEh TNF 0@k

DWNBIEI T, 2 E DR S protein Lunapark @ TM2 23 EZ S (LEd 5 & L
“ﬂ‘%ﬁb L, #ifED5 ORE TNF O3 550 % Z & A3 6 NTR Sz,

2-3-4 Protein Lunapark OF@EEIZZ /X7 E N- I U X b UHEZLBE L LV

TM1 & % OBHERERIZ & 5 protein Lunapark OEGEIBIZZ /X7 E N-X U A A L1k
DI TEH D INEDERETT 572012, 2070 Gly % Ala ([Z@E# L N-2 U R b1 /ULt F
— 7 Z W L 72 Lunapark-TM1-G2A-GLC-TNF D@ 2 74 L7=. Fig.2-4C /2% /b
\RL72X 912, %8 L7z Lunapark-TM1-G2A-GLC-TNF @4 ¥-#!% Lunapark-TM1-
GLC-TNF & ZZFR U Th o7z, & 512, GPF LBZICFERED &R b Bl I .
Fig.2-4C TA /"% /MR LTZ X 912, Lunapark-"TM1-G2A-GLC-TNF @ N-7'VU @23 /11k
BXOBZ Y a3 by o R BOR Y RO ELLIZBWTHBHIS U AF U BERORR Y A
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Fig. 2-5. Analysis of the role of transmembrane domain 2 and its flanking region of protein
Lunapark on the membrane topology formation of protein Lunapark.

A. Structure of H14-TNF, H14-TNF-Lunapark-TM2, and H14-TNF-Lunapark-ATM2 to analyze
the function of transmembrane domain 2 (TM2) of protein Lunapark. B. cDNAs encoding H14-
TNF, H14-TNF-Lunapark-TM2, and H14-TNF-Lunapark-ATM2 were transfected in to COS-1
cells, and their secretion and expression in total cell lysates were evaluated by Western blotting
analysis using an anti-TNF antibody. S, cell culture supernatant; T, total cell lysate.
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i@ﬂ XN, THOREEIE, TM1 &% OGN A T Lz BhmiiiL s o3 r

U AR HBICER S EITT A EEZ R LTS, 2O L6, protein

Lunapark D@ & B N AR e U—RIZIE Y "7 N-2 U A b UbIZn B L S
RN ERH LI IR T

2-3-5 Protein Lunapark O@RIFEIHRIZ L 2/ NEBHEBRELLEFD N-Z VR )V
L&

Protein Lunapark (24U % N-3 U &2 hA /L{E7DS protein Lunapark Ol JR7EIZ H
TR ZFTR572012, C Kl FLAG ¥ 7 {11 L7z protein Lunapark 3 X O G2A
k% 23— R§ 2% cDNA 25 L, Z15 0 cDNA %35 A L 7= HEK293T #ifid o 6 it
HHaHTIC L 0 MR REZ RFT L7z, Fig.2-6 AR L L 91, BHIR U AT 2 BRiE
|2 X VU Lunapark-FLAG 13#% L < N-I U 2 A L S 727%, Lunapark-G2A-FLAG
TIHBHIR UV AF VOB AL BB S e o2, Fig.26 B, a IR L7zXH I
Lunapark-FLAG % =— K3 % cDNA % & A L7- HEK293T ka2 35 1) 5 g de g talc

D, W@EIFIL L7~ Lunapark-FLAG 73K & 72 24 OHE B &S 2 R DR oA 3 7
—rERTZENH BN E ol ZHUCR LT, Fig.2-6 Bb IZ/R L72 X 912, Lunapark
G2A-FLAG Ti¥, Lunapark-FLAG TH ORI A 2 — 3 BE S e oo 7.
M/ NGRTE 0 5 6 Cd B E 1@, DMakERICBE s Z Mo Tnd 2 &
25, protein Lunapark |3 ER IZHRFEAIZRHTEL N-I U 2 M /U KRAFRIIZZ ATE OHE B
PG EZFHET 2 SRSz, ZhEFEHT 572912, protein Lunapark i
BB ERIZRET D5 v RV EOSAIIKIETHEL R ~T-. ZOEBETIiX, EGFP-sec61-B
% ER &K2 04725 ER ~—F—& L THW[2-37]. Fig.2-7T A, b iZRL7zX D1,
EGFP-sec61-[375:§%fﬁé-lif:HEKZ%T%HﬂH@“C“Gi, EGFP-sec61-BDOZJEIN DR BIEE S
fo. T, WEIEEE L CH R OM B IS8l S e o 72 (b). Fig.2-7B, jkl
WZR L7z & 918, EGFP-sec61-B% %8l XH7-HEK293THifld % ER #Fr2a0icetad 5 ER
N7 v —L vy RTYET5HE, EGFP-sec61-BD EGFP & Y6IZ ER N7 v h— L v RDwe
BB LEZ, 2N LOFERIT EGFP-sec61-p2 ER IZRET 5 2 L2 /R LTV 5.
EGFP-sec61-% Lunapark-FLAG & 338EL L7456, BalilE O v — MEEO LI K & 72
241 O H PAEIED EGFP-sec61-BOHE L L THIZ S =(e, e). EGFP-sec61-BDH
& LTl SNz Z O REBE O H RS Lunapark-FLAG osgft & U THIE ST
JEOEBOfRH RS L K< —& Li=d,e f). Zhicx L <, Fig2-TA g ¢, h hiZRL7=-
£ 9212, N-X U R b b &1 720 Lunapark-G2A-FLAG % EGFP-sec61-f & HL38 <&
% &, Lunapark-G2A-FLAG O3 /% — 2 L [RIEE, K& 72Z A O B IR & 2 FF ok
A A 32— D3 EGFP-sec61-BOE N & LTHBEIN o7, 2 b OfEHEIE
protein Lunapark 7% N-3 U R b A /U BIKFRIZ/ MR ORE B IR E DR Z7FE T 5 2
xR LTWND.
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Fig. 2-6. Protein N-myristoylation plays a critical role in the ER morphological change induced by
protein Lunapark.

A. Detection of protein N-myristoylation of Lunapark-FLAG expressed in HEK293T cells. cDNAs encoding
Lunapark-FLAG and Lunapark-G2AFLAG were transfected in to HEK293T cells, and their expression and the
N-myristoylation of the products in total cell lysates were evaluated by Western blotting analysis and
[P*H]myristic acid ([*H]Myr) labeling, respectively. B. Intracellular localization of Lunapark-FLAG and
Lunapark- G2A-FLAG was determined by immunofluorescence staining of HEK293T cells transfected with
cDNAs encoding these two proteins using an anti-FLAG antibody. a and b show a close-up view of the
immunofluorescence image.
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Phase contrast EGFP-
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FLAG
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Fig. 2-7. Protein Lunapark mainly localized to the peripheral ER and induced the ER morphological
change in an N-myristoylationdependent manner.

A. EGFP-Sec613 cDNA alone, Lunapark-FLAG cDNA and EGFP-Sec613 cDNA, or Lunapark-G2A-FLAG
cDNA and EGFP-Sec613 cDNA, were transfected in to HEK-293T cells, and distribution of these proteins
was evaluated by immunofluorescence analysis or fluorescence microscopic analysis. b', ¢’, d’, e’, 7, g’, h’,
and i' show a close-up and over-exposed image of the area surrounded by a white box inb, ¢, d, ¢, f, g, h, and i,
respectively. B. EGFP-Sec613 cDNA was transfected in to HEK-293T cells and the distribution of the protein
was evaluated by fluorescence microscopic analysis. ER was detected with ER-Tracker Red.
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TDZLEEILITHEIDDHT-DIZ, EGFP-sec61-p& protein Lunapark % L5 HL X w7- 4
Ji(EGFP-positive/immunofluorescence-positive cell) T ER FEREE(L D & BHIMENT 21T
-7z, Fig2-8 AB LB IR L7 X 912, Lunapark-FLAG & Lunapark-G2A-FLAG (2
I3 ER FEREZLOFBEREICHE RENBE SN, "EMEEIREEL > ER 138p4ER
Lunapark-FLAG ZRE L7-fil@ TCOABIEINTZ. 6 OFEES) S Lunapark 75 ER
JEROEIZRAEL, N-X U A b A /GRS B IR IS OTERR 2 7589 5 = & ISR
Sh-.

2-3-6 Protein Lunapark ®Z VX7 E N-T U XA hA MEB LR CEKIWY V7 7 4
v H— KA A ~iXprotein Lunapark 2 & Y #E S h 5 ERBRRELIZES L
T3
Fig2-9A IR L7 L 9IS, NRIEN-S U X A LT F—7 & 2 OOJRE @FEIIN 2
T, CRUMGT 7 7 4 H— KA A EF—7 M protein Lunapark 7 7 X U — DL & >
NG TE LS RIFESN TNV CRIEY V7 7 4 v H—FF— 7 ORI EI 2T~ 57z
WIZ, YT T 4 B —FTF— T FIRFE T 4 2D Cys 5 (Fig.2-9 A KEN% Ala (2
e L 72 28R (Lunapark-C to A-FLAG) %5 L, Z OEEKN ER WELL 275835
NI S G2 X U 72, Lunapark-C to A-FLAG % 22— R ¥ 5i&fs &2 EA
L7z HEK293T i @ [BH] 2 U 2 F U BREHERIC LV, 2o % ™7 B Aam
Lunapark &RIBEICHIR IS N-S U R MAfbsind 2 Ennn-7-(Fig.2-9 B). F7-,
VxAZ TRy T 4 TR ESNTEL DI, ZOERICEBITSING 3 DDF N
JEOLZ N BEBRIIABRECH 7. Fig2:9 Cab IZ R L72XIIT,
Lunapark-FLAG % 22— K7 % ¢cDNA ® HEK293T fifd~DEAIX, ER O KX 72241
DO B ISR A8 L7, Z4UZxt LT, Lunapark-C to A-FLAG % = — 7% ¢cDNA
A L7 HEK293T Ml Ci, FEA7% ER OB IREERBIIBE SN 2o 7
(Fig.2-9 C, e, ). Protein Lunapark (2 XV iF&E S5 ER IWHER LIZ X VX7 I N-X U A
MUEBEOYC KT v 7 7 4 o W —FF— T PRI TRE 2 S DICHRD 20, i
5 320 ¢cDNA ZE A L7ZHIfIZ V)T ER IRRRE L O E &I 21T o 72, ZOFEHRT
%, Z8n 350 cDNA ZE A Ll oz a0t detamig 2 T ER Ak %t
L7, Fig.2-9DITRLIZE 91T, b 3 oD% 237 HIZBWT ER JBREZE(LikiEIC
BHE 72 2 NBIER S 7=, Lunapark-FLAG O34, A O H RS G E /M HIE + 56
5y B8 H R 23S AR (G E s e Y B O 80% TRIZ S iL7-. Thizxi LT,
Lunapark-G2A-FLAG 35 & Uf Lunapark-C to A-FLAG CiZ, &L O B KAg & T8 1
EAHIIED 80-90% THIZR S4vd, FRor A H ARG 238 s T EAMIIEO 10-20% I 2#15% &
N7=(Fig.2-9D). ZHDFERMNS, X XIENI VA MMMMEBIOCEKmY > 7 7
A I — RAA > DM )57 protein Lunapark (2 L Vi8I 5 ER BEZLICKBWTER
I Rl 2 LRI R Sz
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Fig. 2-8. Quantitative analysis of the ER morphological change in HEK293T cells induced by Lunapark-
FLAG (WT) and Lunapark-G2A-FLAG (G2A).
HEK293T cells were cotransfected with EGFP-Sec61B and Lunapark-FLAG (or Lunapark-G2A-FLAG), and
quantitative analysis of the ER morphological change was performed by fluorescence microscopic observation of
100 cells expressing both EGFP-Sec61B and protein Lunapark (EGFP-positive/immunofluorescence-positive
cells). A. Left panels (a, d) show merged image of EGFP fluorescence, immunofluorescence, and Hoechst
staining. Right panels (b, c, e, f) show a close-up and over-exposed image of the area surrounded by a white box
in the left panels (a, d). B. The extent of ER morphological changes is expressed as a percentage of the number of
cells having highly tubular, partially tubular, and non-tubular image of EGFP-Sec61f against the total number of
EGFP-positive/ immuno-fluorescence-positive cells. Data are expressed as mean = SD for four independent

experiments. **P<0.001 vs. WT.
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A Lunapark C Anti-FLAG, Hoechst v Anti-FLAG

TMD TMD Zinc flnger motif

NI c
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Homo sapiens 276 PQNRYALT HNGMALKEEFEVIAFR FFLNPARK 309
Mus musculus 263  PQNRYALTI SHNGMALKEEFEYTIAFR FFLNPARK 304 Lunapark-
Pongo abelii 268 PQNRYALT SHNGMALKEEFEYTAFR| FFLNPARK 309
Xenopus laevis 272 PQNRYALT SHNGMALKEEFEYVAFR] FLNPARK 313 FLAG
Danio rerio 261 PQNRYALT LSHNGMALKEEFEYIAFR] FLNPARK 302
Saccharomyces 215 LSPFKKII KSNCYRLASK-PIIFI HKIDEVK 255
cerevisiae
Tt Ll
o Q
<
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Fig. 2-9. Role of the zinc finger motif of protein Lunapark in the ER morphological change induced by
protein Lunapark.

A. Alignment of the zinc finger motif of Lunapark protein family members. Highly conserved cysteine
residues are indicated by red arrows. B. Detection of protein N-myristoylation of Lunapark-CtoA-FLAG
expressed in HEK293T cells. cDNAs encoding Lunapark-FLAG, Lunapark-G2A-FLAG, and Lunapark- CtoA-
FLAG were transfected in to HEK293T cells, and their expression and the N-myristoylation of the products in
the total cell lysates were evaluated by Western blotting analysis and [3H]myristic acid ([*H]Myr) labeling,
respectively. C. Intracellular localization of Lunapark-FLAG, Lunapark-G2A-FLAG, and Lunapark-CtoA-
FLAG was determined by immunofluorescence staining of HEK293T cells transfected with cDNAs encoding
these three proteins using an anti-FLAG antibody. Right panel shows a close-up view of the area surrounded by
a white box in the immunofluorescence image. D. Quantitative analysis of the ER morphological change in
HEK293T cells induced by Lunapark-FLAG (WT), Lunapark-G2A-FLAG (G2A), and Lunapark- CtoA-FLAG
(CtoA). cDNAs encoding Lunapark-FLAG, Lunapark-G2A-FLAG, and Lunapark-CtoA-FLAG were
transfected in to HEK293T cells and the morphological change of the ER in each cell was determined by
immunofluorescence staining and the extent of the ER morphological change was compared. The extent of ER
morphological changes is expressed as a percentage of the number of cells with highly tubular, partially tubular,
and non-tubular ER against the total number of transfected cells. Data are expressed as mean = SD for five
independent experiments. **P,0.001 vs. WT. *P,0.01 vs. WT.
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2-4 /NE

BB N-R U A M IAGITERHMRO 2 R0 9 HEE L THIIRE Z > X7 8

IEZ Y, NS URRMMEEND Z EPHER SN IEEBZ 87 BT < %ﬁ‘ﬁﬂ,iﬂ
FAEL7Z2W. ARFFETIE, B RO N- X UR ML SNRE @Y R EEREL, =
D@, MR e =g, MIRNEE, AERERERBICBIT 52 N7 E N-R Y
A M WA DOEE et Uiz, Falr, Fhox l3E R Mia R e 2 o 87 B AR &
FAWTHBLS 7= o7 BORHHE#B K OVEESHIZLY, B F eDNA U Y —X|ZIX
LIN7me FeDNAZ v—r 0 hb e N N-2 U R M UL VX7 B &2 RBREIZIEE T
5 FiE& ST LT-[2-30, 2-38]. D J5iE% IV TH 2,000 i > Kazusa ORFeome project
(KOP)E F ¢cDNA 7 a—>205 2T D N-X U A A UL Z VB RFEE L. b
278D ¢cDNA 7 v —2 DF —F X—=ZFRIZLY, 2055 1I8ENFEIN-T U X ML
b oI ETHDZ ENHLNE T oTz, X TR AT A, SOSUIL [2-36]%
NN A T h~T 4 7 AR LD, 1I8HOFHIN-I U A M A /UL X T ED
2B 4 ONEEW X RV EThHD Z ERHERI SN, Thwx, AFETIE, b 4
DD H 7 G OIERER L O A I OWN TR, ZOFfEE, Hlt/MaEER) D
8 H ISR~ DB 50N B SR X » )7 B Lnplp D & FRE 1 7 T 5 protein
Lunapark 73, N-Kiinds KO C-Kbu 2 W3 40 b MM 72 2 R E@EA O N-I U &
R ULE R ETH D Z B SN2 (Fig.2-1, 2-3,2-4). Ak L7k 912, ZHET

IZHRENTZ 2 DOWMFAIEHB D N-I U 2 M MEEEES 87 i3I d ER & 2
cary RUTOWEGIZFREL, #2o"7EN-I VAN MMETIING 2004 X JE
iFﬂVFUTA@%ELﬁﬂL@<;k#ﬁ%éﬂfwémaa2ﬂd.;ﬂ%@ﬁ%
BT E NI YA M LA R W S X7 EICBW T b2y R TBLT
VIFNE LTHEET O WREMEA TR LTS, L Laed s, AFEICBWT N-T U X b
A Wb E 7= protein Lunapark (F5FRANIC ER ~RfE L= Z &b, X X7EN-2 U
A N MGITHAEB R E @R Y > X7 EDOI hary RYUTBITY 7L e LTI LY
BEREL 7AW Z EMB B E 2oz, & 512, protein Lunapark (2 2 5 N-3 U & kA LAk
I% protein Lunapark D@ b bR o P —ElkIC b ETIE2R < (Fig2-4), LA
protein Lunapark OiERIEBIZ LV FE SN 5 ER WEEMICEE &2 -2 & »n
B &2 & 7o 7= (Fig.2-6, 2-8, 2-9).

ER 3% vV EER, IREERK, &0 8Ed, sy MaEEOREO L S 7%
< ODleH@LE BWCTEE &R Z R L0539 ERIZ, AN ->72AOMEBIRD

2 — 7 HEIED T — MRS I ERS U 7oAiE, B L ORI DA ST %, ER OfFH

K%LiﬁhﬁL@@E&MA®L&% DIKL, ML > TV 5[2-40, 2-41].
WL ONDE R ET 7 ) =3 ER OREIIREE DR & HEFFIZEI G- L TnD Z &R
MHENTWD. LT 4 F 28I ODPI/ Yoplp i ER Offd H kA& Ok & HEFFIZH O
Bl 2o T 5 [2-42, 2-43]. %A F 2 8k GTPase TH5H 7 k7 AF 1% ER & kA%
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EORG ZRdE L[2-45, 2-46], ZMATEOM H PRAEE B LV 3 I i DT A 5| &
2. INHDF NI HIZMAT, Lunapark 7 7 S U —Z U NTEHD O TH HEREHX
> /%78 Lnplp 7° ER O H IR &E DRI VB L XD 2 & RN ialt s S [2-28]. B
R’ LOWHFLIEMAIZ W T, Lnplp (XV7 ¢ F =2 m Y, Yoplp B8 L T b7 AF kA
Ny w7 Seylp EAHAEAEMN L ER M H RS D3I sl JRET 5 Z LR Sz, £,
Loplp & L7 4 F=v OMAERAR LD Loplp @ ER 53l 5S~D JHTEIT Seylp (2 LV
FicsnsZ R s, ZNHDFER S, Loplp & Seylp 13HEHL L T AF DM
HAIRMEIR DO F M 2 kO K OBERE L TV D LIRIB SN TN D,

AWFFECIE, Lnplp b b4 /LY v 7 Th D protein Lunapark 73 N-I U X h A /UL &
NIRIETEIZER IZRIEL, b Mllld ClRIREE - 56, K& 2L ML OM H RS
DB ZHLE S H Z L &R L=, £7-, protein Lunapark I[C L VFE SN2 ER EREL(L
X202 Gly D Ala ~DEHUZ LD N-I U X b A MEFAFIC IV FLIHI SN &b,
protein Lunapark O FEIEBLIC LV FHFE I N5 ERFEEZ(LICBEWTHX VN7 B N-T U &
A AL EE R EE 2 S Z L AR I T

Fig2-2 BXWN2-9A IR L LDIE, NKEN-T U R M ULETF—7, 2ODEEEA
ik, C K>V 74— RKAA X Lunapark 7 7 X U —X X7 B DO THEJEIZ
RIFESALTW e, L, BBRGENZ &2, BER: Loplp TIEIN-I U X b MELETF— 71T
R Enanoi=. AT, BERE Loplp @ N KimfElk, 2 SOEE@EER, C Kimy 7
T4 —=RAAL DT 2 BEEESIM O Lunapark 77 IV —A =D {0 EFH L L
HipoTuWz, FEBE, Lunapark & W) ARTOHEK & 72> 7275 K LNPARK [2-29]i%1F
EAED Lunapark 7 7 I V=X NIV EDTV T T 4 T — RAA D C R FTIZAT
E3 50, BERE Lnplp [ZIZAFE L2V, 2D XK 91, B b protein Lunapark @7 3/ F&l
Sll, 2R N-X U A R A AR, AN JRTE LR Lnplp O 6 0 & Bip > Tz,
INHOBIERER NG, BERE Lnplp O & A BERIEERE 13> Lunapark 7 7 X U —0D %
DEFERLRDZONE LRV EZE 2 7=, Lunapark |2 X - CTeEE I 5 ER TEREZ(KIC
S RITEN-R Y A A AR TRLS BT D0 FIEII A TH L. IRIIIZ, N-I U X

NA AL S R B ORERENX, X /X7 N-X U A b /b z I Lz el i s Al L 0
FHE S BHl2-1, 2-5, 2-46]. LU, protein Lunapark IZEE @Y X7 ETHDH Z Lo
%, protein Lunapark ® % > /37 N-3 U 2 b A WAL OREREITRET o I — & L TORET
RN EBZ HND. FEE, AIFEICE N TR 4 13 ER Hili#is L O ER BEA~OR R2IHJH1E
DWFHUTH N-S U R AR BE L ShpnZ L 2R L2, GAP-23/NAP-22 D X 5
RN DOMD N-X U R AT X TE TR, # o N7E N-X U X M b ZI LT KF
B & RG-S RGN HAEF DN Z X RS B B 2 B e o TN D Z L
DHHNTVD[2:47]. ZThdz, N-I U R M IUKERN 22 30 B2 R 7 B A
Y78 protein Lunapark OFEREICRI G- L CW A AREM B B2 BND. Y7 7 4 Vo —F
F—T7 R ENTZ 4 DD Cys 5% Ala [Z@E#: L 72 Lunapark-C to A-FLAG /% N-3
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U A M AL S5 3 FFEE) 72 ER O HIRERE R 2 755 L 72V (Fig.2-9 C,e, D 2 &0 D,
ER ERBZLOFHEIZIT N-I U X b LD HL TR0 THD LHERSIND., Yo7
AT — TN S 22 B R EEF— T TH Y, 1 DL EOHighA A D
RS, BIRNEZAEMICRINSND. < DY T 7 4 T —2 327 1T DNA #
G UNIETHY, B FRBICEE T 5(2-48]. DNA #GEF—7 L L ToOENIM
AT, VI T A H=FF—=TEZ N IE-Z R\ EERTZ 37 B RE A ER
BT 5 2 Lo T 5 [2-49, 2-50]. L7235 T, protein Lunapark D> 7 7 ¢
V=T — T H N LT RI 2 VXY -2 o B AERT ER TRHEAE(LOFFE I &
YA E B Bl R REE R B 5. BERE Lnplp (XL T 4 ¥, Yoplp 38X O Seylp &4
HERTAZ LM ST 5[2-28]Z £ 725, t | protein Lunapark & £7- 17 1 %
21 DPIEB IO F T AF U EMHAEMNT 2006 Liv/ew. protein Lunapark (2 & -
THFEIN5 ER WRELOS FEEZHONICTH7201I2E, Zhbpx X7 8E
protein Lunapark & OFAEERAB IO Z 5 OMEIEMAIZEIT 5 protein Lunapark (24
T B 57 N-X U A2 b b KO protein Lunapark OfFf>Y 7 7 ¢ U — K X
AL OEENZHONCT LI LRAMEDLETHS.

ARFRIZEBNT, Fexid 2 RIEE@EN O ER 4 > /N7 ToH 5 protein Lunapark 7%
N-SURARMEERTEY, ZON-I VA MR ZOZ LTI THEES R
% ER UREE(ICH < BT 5 2 L AR LTz, Tha ORMBIRYICBNT, Zh6 ORI,
D N-2 YRR IL SN TZEEIAE Y R 7 g o, B ERRe O—AR, fi
WRTER L OMREICBIT 5 2 X7 N-X U A M A MEDOEEN % i L7410 TOWE T
& %. Swiss-Prot protein knowledgebase(#J 20,000 E)IZfG# S 7= X TDE F ¥ L3
JBIZEWNT, N-KNEIZ Met-Gly B8l Z2R> e b & X7 B O¥IEH 1,600 i ThHh 5. =
NHDE NI BIZOWTRY AN E T AT &, R THWZZ 78 N-3
U A M METRIY AT DEAGHOE TREEITo72L 25, N REEZ Met-Gly Alsl %
FFo b0 LESDHF /X IEN N- X VR MMIMMEENTER @Y VX7 EThHDH ETHIS
Nz, FexXHE, O OEMZ /7D N-2 U A A MR, o, <512
N-3I U X b A /AL D AR ENZ SOV TR ThH 5.
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Table 3-1 (1)

The nucleotide sequences of oligonucleotides used in this study

Primer Primer Sequence

Primer-N1 EcoRI-tAct11-N 5-ATATGAATTCCGGTTCCGCTGCCCT-3’

Primer-C1 Xbal-stop-Flag-C GCGCTCTAGATTACTTGTCATCGTC

KOP01999 EcoRV-FXC01999 10aa-EcoRI-N ATCATGGGCGCGAACAATGGCAAACAGTACGGCG
KOP01999R EcoRI-FXC01999 10aa-EcoRV-C AATTCGCCGTACTGTTTGCCATTGTTCGCGCCCATGAT
KOP02047 EcoRV-FXC02047 10aa-EcoRI-N ATCATGGGGGACTCAGGATCAAGACGATCTACCG
KOP02047R EcoRI-FXC02047 10aa-EcoRV-C AATTCGGTAGATCGTCTTGATCCTGAGTCCCCCATGAT
KOP02078 EcoRV-FXC02078 10aa-EcoRI-N ATCATGGGAGTGGACATCCGCCATAACAAGGACG
KOP02078R EcoRI-FXC02078 10aa-EcoRV-C AATTCGTCCTTGTTATGGCGGATGTCCACTCCCATGAT
KOP02452 EcoRV-FXC02452 10aa-EcoRI-N ATCATGGGCAGCCCCTGGAACGGCAGCGACGGCG
KOP02452R EcoRI-FXC02452 10aa-EcoRV-C AATTCGCCGTCGCTGCCGTTCCAGGGGCTGCCCATGAT
KOP02617 EcoRV-FXC02617 10aa-EcoRI-N ATCATGGGTGCATTTTTGGATAAACCCAAAACTG
KOP02617R EcoRI-FXC02617 10aa-EcoRV-C AATTCAGTTTTGGGTTTATCCAAAAATGCACCCATGAT
KOP02819 EcoRV-FXC02819 10aa-EcoRI-N ATCATGGGAAGAATGTCTTCCAAGCAAGCCACCG
KOP02819R EcoRI-FXC02819 10aa-EcoRV-C AATTCGGTGGCTTGCTTGGAAGACATTCTTCCCATGAT
KOP02844 EcoRV-FXC02844 10aa-EcoRI-N ATCATGGGGACTGTGCACGCCCGGAGTTTGGAGG
KOP02844R EcoRI-FXC02844 10aa-EcoRV-C AATTCCTCCAAACTCCGGGCGTGCACAGTCCCCATGAT
KOP02940 EcoRV-FXC02940 10aa-EcoRI-N ATCATGGGGAACAGCCACTGTGTCCCTCAGGCCG
KOP02940R EcoRI-FXC02940 10aa-EcoRV-C AATTCGGCCTGAGGGACACAGTGGCTGTTCCCCATGAT
KOP02961 EcoRV-FXC02961 10aa-EcoRI-N ATCATGGGCGGCTGCTTCTCCAAACCCAAACCAG
KOP02961R EcoRI-FXC02961 10aa-EcoRV-C AATTCTGGTTTGGGTTTGGAGAAGCAGCCGCCCATGAT
KOP03470 EcoRV-FXC03470 10aa-EcoRI-N ATCATGGGGCCCGCGGGGAGCCTGCTGGGCAGCG
KOPO03470R EcoRI-FXC03470 10aa-EcoRV-C AATTCGCTGCCCAGCAGGCTCCCCGCGGGCCCCATGAT
KOP0-3534 EcoRV-FXC03534 10aa-EcoRI-N ATCATGGGGAGCAAACTGACTTGCTGCCTGGGCG
KOP03534R EcoRI-FXC03534 10aa-EcoRV-C AATTCGCCCAGGCAGCAAGTCAGTTTGCTCCCCATGAT
KOP03565 EcoRV-FXC03565 10aa-EcoRI-N ATCATGGGTGCTGGGCCCTCCTTGCTGCTCGCCG
KOPO03565R EcoRI-FXC03565 10aa-EcoRV-C AATTCGGCGAGCAGCAAGGAGGGCCCAGCACCCATGAT
KOP03640 EcoRV-FXC03640 10aa-EcoRI-N ATCATGGGCAGCGACCCGAGCGCGCCCGGACGGG
KOP03640 EcoRI-FXC03640 10aa-EcoRV-C AATTCCCGTCCGGGCGCGCTCGGGTCGCTGCCCATGAT
KOP03765 EcoRV-FXC03765 10aa-EcoRI-N ATCATGGGAGACAAGAAGAGCCCCACCAGGCCGG
KOPO03765R EcoRI-FXC03765 10aa-EcoRV-C AATTCCGGCCTGGTGGGGCTCTTCTTGTCTCCCATGAT
KOP03868 EcoRV-FXC03868 10aa-EcoRI-N ATCATGGGACAGCAAATTTCGGATCAGACACAGG
KOPO03868R EcoRI-FXC03868 10aa-EcoRV-C AATTCCTGTGTCTGATCCGAAATTTGCTGTCCCATGAT
KOP03969 EcoRV-FXC03969 10aa-EcoRI-N ATCATGGGAGCGAACACTTCAAGAAAACCACCAG
KOPO03969R EcoRI-FXC03969 10aa-EcoRV-C AATTCTGGTGGTTTTCTTGAAGTGTTCGCTCCCATGAT
KOP04325 EcoRV-FXC04325 10aa-EcoRI-N ATCATGGGCAATTTACTTAGTAAATTTAGACCCG
KOP04325R EcoRI-FXC04325 10aa-EcoRV-C AATTCGGGTCTAAATTTACTAAGTAAATTGCCCATGAT
KOP04954 EcoRV-FXC04954 10aa-EcoRI-N ATCATGGGCTCCTGCGTGTCGCGAGACCTGTTCG
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Table 3-1 (2)

The nucleotide sequences of oligonucleotides used in this study

Primer

Primer

Sequence

KOP04954R
KOP05791
KOP05791R
KOP05792
KOP05792R
KOP05856
KOPO05856R
KOP05945
KOP05945R
KOPOQ7187
KOPO07187R
KOP07438
KOP07438R
KOPOQ7771
KOPO7771R
KOP10490
KOP10490R
KOP10528
KOP10528R
KOP10683
KOP10683R
KOP10889
KOP10889R
KOP11186
KOP11186R
KOP11187
KOP11187
KOP11232
KOP11232R
KOP11252
KOP11252R
KOP11288
KOP11288R
KOP11366
KOP11366R
KOP11932

KOP11932R

EcoRI-FXC04954 10aa-EcoRV-C
EcoRV-FXC05791 10aa-EcoRI-N
EcoRI-FXC05791 10aa-EcoRV-C
EcoRV-FXC05792 10aa-EcoRI-N
EcoRI-FXC05792 10aa-EcoRV-C
EcoRV-FXC05856 10aa-EcoRI-N
EcoRI-FXC05856 10aa-EcoRV-C
EcoRV-FXC05945 10aa-EcoRI-N
EcoRI-FXC05945 10aa-EcoRV-C
EcoRV-FXC07187 10aa-EcoRI-N
EcoRI-FXC07187 10aa-EcoRV-C
EcoRV-FXC07438 10aa-EcoRI-N
EcoRI-FXC07438 10aa-EcoRV-C
EcoRV-FXCO07771 10aa-EcoRI-N
EcoRI-FXC07771 10aa-EcoRV-C
EcoRV-FXC 10490 10aa-EcoRI-N
EcoRI-FXC10490 10aa-EcoRV-C
EcoRV-FXC 10528 10aa-EcoRI-N
EcoRI-FXC10528 10aa-EcoRV-C
EcoRV-FXC10683 10aa-EcoRI-N
EcoRI-FXC10683 10aa-EcoRV-C
EcoRV-FXC10889 10aa-EcoRI-N
EcoRI-FXC10889 10aa-EcoRV-C
EcoRV-FXC11186 10aa-EcoRI-N
EcoRI-FXC11186 10aa-EcoRV-C
EcoRV-FXC11187 10aa-EcoRI-N
EcoRI-FXC11187 10aa-EcoRV-C
EcoRV-FXC11232 10aa-EcoRI-N
EcoRI-FXC11232 10aa-EcoRV-C
EcoRV-FXC11252 10aa-EcoRI-N
EcoRI-FXC11252 10aa-EcoRV-C
EcoRV-FXC11288 10aa-EcoRI-N
EcoRI-FXC11288 10aa-EcoRV-C
EcoRV-FXC11366 10aa-EcoRI-N
EcoRI-FXC11366 10aa-EcoRV-C
EcoRV-FXC11932 10aa-EcoRI-N

EcoRI-FXC11932 10aa-EcoRV-C

AATTCGAACAGGTCTCGCGACACGCAGGAGCCCATGAT
ATCATGGGCTGCTGTGGCTGCTCCAGAGGCTGTG
AATTCACAGCCTCTGGAGCAGCCACAGCAGCCCATGAT
ATCATGGGCTGCTCTGGCTGCTCTGGAGGCTGTG
AATTCACAGCCTCCAGAGCAGCCAGAGCAGCCCATGAT
ATCATGGGGAATATACTGACCTGTTGTATCAACG
AATTCGTTGATACAACAGGTCAGTATATTCCCCATGAT
ATCATGGGTTTGCTCCATTCAGCAGCCCTGGCAG
AATTCTGCCAGGGCTGCTGAATGGAGCAAACCCATGAT
ATCATGGGGAACACATTGGGCCTGGCACCAATGG
AATTCCATTGGTGCCAGGCCCAATGTGTTCCCCATGAT
ATCATGGGGAAAAAACAAAACAAGAAGAAAGTGG
AATTCCACTTTCTTCTTGTTTTGTTTTTTCCCCATGAT
ATCATGGGAGAAGAAGCATCCATTGTGTCTTCAG
AATTCTGAAGACACAATGGATGCTTCTTCTCCCATGAT
ATCATGGGGTCGACCGACTCCAAGCTGAACTTCG
AATTCGAAGTTCAGCTTGGAGTCGGTCGACCCCATGAT
ATCATGGGGCAGGCGGGCTGCAAGGGGCTCTGCG
AATTCGCAGAGCCCCTTGCAGCCCGCCTGCCCCATGAT
ATCATGGGCTGCTGCAGCTCCGCCTCCTCCGCCG
AATTCGGCGGAGGAGGCGGAGCTGCAGCAGCCCATGAT
ATCATGGGCAGTGTGCGAACCAACCGCTACAGCG
AATTCGCTGTAGCGGTTGGTTCGCACACTGCCCATGAT
ATCATGGGCTGCTGTGGCTGTTCCGAAGGCTGTG
AATTCACAGCCTTCGGAACAGCCACAGCAGCCCATGAT
ATCATGGGCTGTTGCGGCTGCTCCGGAGGCTGTG
AATTCACAGCCTCCGGAGCAGCCGCAACAGCCCATGAT
ATCATGGGAGCAGTAAGCTGTCGGCAGGGGCAGG
AATTCCTGCCCCTGCCGACAGCTTACTGCTCCCATGAT
ATCATGGGCGGGAACCACTCCCACAAGCCCCCCG
AATTCGGGGGGCTTGTGGGAGTGGTTCCCGCCCATGAT
ATCATGGGTGACAAGGGAACAGGCAACCATTCAG
AATTCTGAATGGTTGCCTGTTCCCTTGTCACCCATGAT
ATCATGGGCTGCAGAAGAACTAGAGAAGGACCAG
AATTCTGGTCCTTCTCTAGTTCTTCTGCAGCCCATGAT
ATCATGGGAGACCCGGGGTCGGAAATAATAGAAG

AATTCTTCTATTATTTCCGACCCCGGGTCTCCCATGAT
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Table 3-1 (3)

The nucleotide sequences of oligonucleotides used in this study

Primer Primer Sequence

Primer-N2 EcoRI-FXC1999-N GCATGAATTCATGGGCGCGAACAATG

Primer-C2 FXC1999-Flag-Xbal-C GCGCTCTAGATTACTTGTCATCGTCATCCTTGTAGTCGAAGAAAGCCGGGTT
Primer-N3 EcoRV- FXC02617-N GCATGATATCATGGGTGCATTTTTG

Primer-C3 FXC02617-Flag-EcoRI-C GCGCGAATTCTTACTTGTCATCGTCATCCTTGTAGTCTATTTTTTCACCACT
Primer-N4 BamHI-FXC2844-N ATATGGATCCATGGGGACTGTGCAC

Primer-C4 FXC2844-Flag-Xbal-C GCGCTCTAGATTACTTGTCATCGTCATCCTTGTAGTCCAGGAACCTTATCCC
Primer-N5 EcoRV- FXC02940-N GATAGATATCATGGGGAACAGCCAC

Primer-C5 FXC02940-Flag-EcoRI-C GCGCGAATTCTTACTTGTCATCGTCATCCTTGTAGTCGATCCACTGCACAAG
Primer-N6 EcoRI-FXC03470-N ATATGAATTCATGGGGCCCGCGGGG

Primer-C6 FXC03470-Flag-stop-Xbal-C GCGCTCTAGATTACTTGTCATCGTCATCCTTGTAGTCGAGCCTGGTAATATC
Primer-N7 EcoRV-FXC03534-N GTACGATATCATGGGGAGCAAACTG

Primer-C7 FXC03534-Flag-stop-EcoRI AGGGGAATTCTTACTTGTCATCGTCATCCTTGTAGTCAAGCCGGAGAAGTCC
Primer-N8 EcoRV-FXC3565-N ATATGATATCATGGGTGCTGGGCCC

Primer-C8 FXC3565-Flag-Xbal-C GCGCTCTAGATTACTTGTCATCGTCATCCTTGTAGTCCAATTTAGGAATTGG
Primer-N9 EcoRI-FXC03868-N GCGCGAATTCATGGGACAGCAAATT

Primer-C9 FXC03868-Flag-Xbal-C ATGCTCTAGATTACTTGTCATCGTCATCCTTGTAGTCTGGCCTGTGGGGCTG
Primer-N10 EcoRV- FXC03969-N GATAGATATCATGGGAGCGAACACT

Primer-C10 FXC03969- Flag-EcoRI-C GCGCGAATTCTTACTTGTCATCGTCATCCTTGTAGTCCAAGTTGTTATTCTG
Primer-N11 EcoRI-FXC04954-N ATATGAATTCATGGGCTCCTGCGTG

Primer-C11 FXC04954-Flag-stop-Xbal-C GCGCTCTAGATTACTTGTCATCGTCATCCTTGTAGTCGTTATAGAACACCTC
Primer-N12 EcoRI-FXC05856-N GCGCGAATTCATGGGGAATATACTG

Primer-C12 FXC05856-Flag-stop-Xbal-C GCGCTCTAGATTACTTGTCATCGTCATCCTTGTAGTCCCCTGGATGAATCTC
Primer-N13 EcoRV- FXC05945-N GCATGATATCATGGGTTTGCTCCAT

Primer-C13 FXC05945- Flag-EcoRI-C GCGCGAATTCTTACTTGTCATCGTCATCCTTGTAGTCAAGCGAAGTTTCATT
Primer-N14 EcoRI- FXC07187-N GCGCGAATTCATGGGGAACACATTG

Primer-C14 FXC07187- Flag-BamHI-C GCGAGGATCCTTACTTGTCATCGTCATCCTTGTAGTCGCCCACAGTGATGCT
Primer-N15 EcoRV- FXC10490-N ATATGATATCATGGGGTCGACCGAC

Primer-C15 FXC10490- Flag-EcoRI-C GCGAGAATTCTTACTTGTCATCGTCATCCTTGTAGTCCACCCGCTGTATCTC
Primer-N16 EcoRV-MGQ-ORK10528 N ATATGATATCATGGGGCAGGCGGGCTGCAAGGGG

Primer-C16 ORK10528-Flag-stop-EcoRI GCGCGAATTCTTACTTACTTGTCATCGTCATCCTTGTAGTCCGTGCTCCTGTGGGG
Primer-N17 EcoEV-FXC10683-N ATATGATATCATGGGCTGCTGCAGC

Primer-C17 FXC10683-Flag-Xbal-C GCGCTCTAGATTACTTGTCATCGTCATCCTTGTAGTCAGCAGAACTTGCTCC
Primer-N18 EcoRV-FXC11232-N ATGCGATATCATGGGAGCAGTAAGC

Primer-C18 FXC11232-Flag-EcoRI-C GCGCGAATTCTTACTTGTCATCGTCATCCTTGTAGTCACCTCTCTCACCCAT
Primer-N19 EcoRV- FXC11252-N GCATGATATCATGGGCGGGAACCAC

Primer-C19 FXC11252- Flag-Sacl-C GCGAGAGCTCTTACTTGTCATCGTCATCCTTGTAGTCGCTGCTGCAGCCACG
Primer-C20 FXC02617- Xbal-C GCGCTCTAGATATTTTTTCACCACT
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Table 3-1 (4)

The nucleotide sequences of oligonucleotides used in this study

Primer Primer Sequence

Primer-N20 BamHI-FXC2844G2A-N ATATGGATCCATGGCCACTGTGCACGCCCGG
Primer-C21 FXC02940- Xbal-C GCATTCTAGAGATCCACTGCACAAG
Primer-N21 EcoRI-AIF3 N GCGCGAATTCATGGGCGGCTGCTTC
Primer-C22 Flag-EcoRV C GCGCGAATTCTTACTTGTCATCGTC
Primer-N22 BamHI-FXC03534-N AATTGGATCCATGGGGAGCAAACTG
Primer-C23 FXC03969- Xbal-C GCGCTCTAGACAAGTTGTTATTCTG
Primer-C24 FXC05945- Xbal-C GCGCTCTAGAAAGCGAAGTTTCATT
Primer-N23 BamHI- FXC07187-N GCATGGATCCATGGGGAACACATTG
Primer-C25 FXCO07187- EcoRI-C GCATGAATTCGCCCACAGTGATGCT
Primer-C26 FXC10490- Xbal-C GATATCTAGACACCCGCTGTATCTC
Primer-N24 EcoRI-FXC10528-N ATATGAATTCATGGGGCAGGCGGGC
Primer-C27 FXC10528-Xbal-C ATATTCTAGACGTGCTCCTGTGGGG
Primer-N25 Hindlll- FXC10683-N ATGCAAGCTTATGGGCTGCTGCAGC
Primer-C28 FXC10683-Xbal-C GCGCTCTAGAAGCAGAACTTGCTCC
Primer-N26 Hindlll- FXC11252-N GCATAAGCTTATGGGCGGGAACCAC
Primer-C29 FXC11252- EcoRV-C GATCGATATCGCTGCTGCAGCCACG
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Table 3-2 (1) The strategies for construction of pTD1 or pcDNA3 plasmids including fulllength KOP cDNA clones.

Name of plasmid

Strategy for plasmid construction

pTD1-A10aa-tAct-Flag

Product of a PCR with pDT1-tAct-Flag as a template and primers Primer-N1 and
Primer-C1 was EcoRI/Xbal cloned into pTD1.

pTD1-FXC01999-FLAG

Product of a PCR with pF1KA0840 as a template and primers Primer-N2 and Primer-C2
was EcoRlI/Xbal cloned into pTD1.

pTD1-FXC02617-FLAG

Product of a PCR with pF1KB8150 as a template and primers Primer-N3 and Primer-C3
was EcoRV/EcoRI cloned into pTD1.

pTD1-FXC02844-FLAG

Product of a PCR with pF1KB8447 as a template and primers Primer-N4 and Primer-C4
was BamHI/Xbal cloned into pTD1.

pTD1-FXC02940-FLAG

Product of a PCR with pF1KB8695 as a template and primers Primer-N5 and Primer-C5
was EcoRV/EcoRI cloned into pTD1.

pTD1-FXC02961-FLAG

pTD1-FL vector was digested with Sgfl and EcolCRI and the KOP cDNA clones digested

with Sgfl and Pmel were subcloned into the vector.

pTD1-FXC03470-FLAG

Product of a PCR with pF1KB6612 as a template and primers Primer-N6 and Primer-C6
was EcoRI/Xbal cloned into pTD1.

pTD1-FXC03534-FLAG

Product of a PCR with pF1KE0505 as a template and primers Primer-N7 and Primer-C7
was EcoRV/EcoRI cloned into pTD1.

pTD1-FXC03565-FLAG

Product of a PCR with pF1KB5535 as a template and primers Primer-N8 and Primer-C8
was EcoRV/Xbal cloned into pTD1.

pTD1-FXC03868-FLAG

Product of a PCR with pF1KB0979 as a template and primers Primer-N9 and Primer-C9
was EcoRI/Xbal cloned into pTD1.

pTD1-FXC03969-FLAG

Product of a PCR with pF1KE0678 as a template and primers Primer-N10 and Primer-C10
was EcoRV/EcoRI cloned into pTD1.

pTD1-FXC4954-FLAG

Product of a PCR with pF1KB6310 as a template and primers Primer-N11 and Primer-C11
was EcoRI/Xbal cloned into pTD1.

pTD1-FXC05856-FLAG

Product of a PCR with pF1KE0523 as a template and primers Primer-N12 and Primer-C12
was EcoRI/Xbal cloned into pTD1.

pTD1-FXC05945-FLAG

Product of a PCR with pF1KE0011 as a template and primers Primer-N13 and Primer-C13
was EcoRV/EcoRI cloned into pTD1.

pTD1-FXC07187-FLAG

Product of a PCR with pF1KEQ0451 as a template and primers Primer-N14 and Primer-C14
was EcoRI/BamHI cloned into pTD1.

pTD1-FXC10490-FLAG

Product of a PCR with pF1KB9562 as a template and primers Primer-N15 and Primer-C15
was EcoRV/EcoRI cloned into pTD1.

pTD1-FXC10528-FLAG

Product of a PCR with pF1KB4832 as a template and primers Primer-N16 and Primer-C16
was EcoRV/EcoRI cloned into pTD1.

pTD1-FXC10683-FLAG

Product of a PCR with pF1KB9940 as a template and primers Primer-N17 and Primer-C17
was EcoRV/Xbal cloned into pTD1.

pTD1-FXC11232-FLAG

Product of a PCR with pF1KE0683 as a template and primers Primer-N18 and Primer-C18
was EcoRV/EcoRI cloned into pTD1.

pTD1-FXC11252-FLAG

Product of a PCR with F1IKEO720 as a template and primers Primer-N19 and
Primer-C219was EcoRV/Sacl cloned into pTD1.

pcDNA3-FXC01999-FLAG

Product of a PCR with pF1KA0840 as a template and primers Primer-N2 and Primer-C2
was EcoRlI/Xbal cloned into pcDNA3-Flag.
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Table 3-2 (2) The strategies for construction of pTD1 or pcDNA3 plasmids including fulllength KOP cDNA clones.

Name of plasmid

Strategy for plasmid construction

pcDNA3-FXC02617-FLAG

Product of a PCR with pF1KB8150 as a template and primers Primer-N3 and Primer-C20
was EcoRV/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC02844-FLAG

Product of a PCR with pF1KB8447 as a template and primers Primer-N4 and Primer-C4
was BamHI/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC02844G2A-FLAG

Product of a PCR with pF1KB8447 as a template and primers Primer-N20 and Primer-C4
was BamHI/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC02940-FLAG

Product of a PCR with pF1KB8695 as a template and primers Primer-N5 and Primer-C21
was EcoRV/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC02961-FLAG

Product of a PCR with pF1KB8718 as a template and primers Primer-N21 and Primer-C22
was EcoRI/EcoRYV cloned into pcDNA3-Flag.

pcDNA3-FXC03470-FLAG

Product of a PCR with pF1KB6612 as a template and primers Primer-N6 and Primer-C6
was EcoRlI/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC03534-FLAG

Product of a PCR with pF1KE0505 as a template and primers Primer-N22 and Primer-C7
was EcoRV/EcoRI cloned into pcDNA3-Flag.

pcDNA3-FXC03565-FLAG

Product of a PCR with pF1KB5535 as a template and primers Primer-N8 and Primer-C8
was EcoRV/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC03868-FLAG

Product of a PCR with pF1KB0979 as a template and primers Primer-N9 and Primer-C9
was EcoRlI/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC03969-FLAG

Product of a PCR with pF1KEQ678 as a template and primers Primer-N10 and Primer-C23
was EcoRV/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC4954-FLAG

Product of a PCR with pF1KB6310 as a template and primers Primer-N11 and Primer-C11
was EcoRlI/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC05856-FLAG

Product of a PCR with pF1KEQ0523 as a template and primers Primer-N12 and Primer-C12
was EcoRlI/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC05945-FLAG

Product of a PCR with pF1KE0011 as a template and primers Primer-N13 and Primer-C24
was EcoRV/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC07187-FLAG

Product of a PCR with pF1KEQ0451 as a template and primers Primer-N23 and Primer-C25
was BamHI/EcoRI cloned into pcDNA3-Flag.

pcDNA3-FXC10490-FLAG

Product of a PCR with pF1KB9562 as a template and primers Primer-N15 and Primer-C26
was EcoRV/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC10528-FLAG

Product of a PCR with pF1KB4832 as a template and primers Primer-N24 and Primer-C27
was EcoRlI/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC10683-FLAG

Product of a PCR with pF1KB9940 as a template and primers Primer-N25 and Primer-C28
was Hindlll/Xbal cloned into pcDNA3-Flag.

pcDNA3-FXC11232-FLAG

Product of a PCR with pF1KE0683 as a template and primers Primer-N18 and Primer-C18
was EcoRV/Xhol cloned into pcDNA3-Flag.

pcDNA3-FXC11252-FLAG

Product of a PCR with F1IKE0720 as a template and primers Primer-N26 and Primer-C29
was Hindlll/EcoRV cloned into pcDNA3-Flag.
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Table 3-3. The results of the prediction for protein N-myristoylation of 90 ¢cDNA clones using two prediction

programs, The MYR Predictor and Myristoylator.

No. FXC No. Gene name MYR Myristoylator No. FXC No. Gene name MYR Myristoylator
1 FXC01999 FBXL7 Twilight No 46 FXC04325 C150rf2 Reliable High
2 FXC02047 KIAA1680 No Low 47 FXC04954 FAM131C Reliable High
3  FXC02078 RPL18 No Low 48 FXC05230 NCS1 Reliable High
4  FXC02087 PSMC1 Reliable High 49 FXC05310 GNAI2 Reliable High
5 FXC02096 MBP Twilight High 50 FXC05311 GNAI3 Reliable High
6 FXC02112 GNAO1 Reliable High 51 FXC05451 HPCAL4 Reliable High
7  FXC02124 ARF6 Reliable High 52 FXC05791 KRTAP5-2 Twilight No
8 FXC02148 GNAZ Reliable High 53 FXC05792 KRTAP5-3 Twilight No
9 FXC02199 HPCALA1 Reliable High 54 FXC05793 KRTAP5-4 Twilight No
10 FXC02452 MLNR No Medium 55 FXC05856 DRICH1 Twilight High
11 FXC02617 PPM1B No Medium 56 FXC05932 MARCKSL1 Reliable High
12 FXC02691 ARF4 Reliable High 57 FXC05945 MCC1 No High
13 FXC02705 CiB1 Reliable High 58 FXC06109 NCALD Reliable High
14 FXC02814 ZNRF1 Reliable No 59 FXC06445 PPEF2 Reliable High
15  FXC02819 SOX6 No High 60 FXC06481 PRKACG Reliable High
16 FXC02830 SCYL3 Reliable High 61 FXC06491 PRKG2 Reliable Medium
17  FXC02835 PRKACB Reliable High 62 FXCO07187 TOMM40L Twilight Medium
18 FXC02843 CYB5R3 Reliable High 63 FXCO07438 CBX1 No High
19 FXC02844 SAMMS50 No Medium 64 FXCO07768 CHCHD3 Reliable High

20 FXC02903 CCNY Reliable High 65 FXCO07771 ZNF292 No High

21 FXC02940 PLEKHN Reliable Low 66 FXCO07968 ARLS5A No High

22 FXC02961 AIFM3 Reliable High 67 FXC08024 RCVRN) Reliable High

23  FXC02992 ARL11 Reliable Medium 68 FXC08348 GORASP2 Reliable High

24  FXC02995 ARL4A No High 69 FXC10143 VSNL1) Reliable High

25 FXC02996 ARL4D No Low 70 FXC10490 HID1 No High

26 FXC03133 ARL4C Reliable Low 71  FXC10528 P2RX5 Reliable High

27 FXC03149 MARCKS Reliable High 72 FXC10564 PRKACA Reliable High

28 FXC03406 KCNIP1 Reliable No 73 FXC10600 DUSP22 No High

29 FXC03442 FRS2 Reliable High 74 FXC10609 ARF3 Twilight High

30 FXC03444 LYN Reliable High 75 FXC10612 CiB2 Reliable High

31 FXC03470 PAG1 No High 76 FXC10616 ARF5 Reliable High

32 FXC03513 GORASP1 Reliable High 77 FXC10683 SLC44A1 Reliable High

33 FXC03534 C220rf42 Twilight High 78 FXC10684 FYN Reliable High

34 FXCO03565 CTSC No Low 79 FXC10889 KCNJ2 Twilight No

35 FXC03640 MMP15 No High 80 FXC10897 CHP2 Twilight High

36 FXCO03679 SLA2 Reliable High 81 FXC10914 CABP2 No Medium

37 FXC03685 PDE9A Twilight High 82 FXC11186 KRTAP5-7 Twilight No
38 FXC03736 LCK Reliable High 83 FXC11187 KRTAP5-1 Twilight No
39 FXCO03765 YAF2 No High 84 FXC11232 SGK494 Reliable No

40 FXCO03808 BLK Reliable High 85 FXC11252 STK32B Twilight High

41 FXCO03815 RAPSN Reliable High 86 FXC11260 PSKH1 Reliable High

42 FXC03868 RNF141 No High 87 FXC11288 OR9K1P No Medium

43 FXC03887 PPP3R1 Reliable High 88 FXC11366 SELL Twilight No

44  FXCO03909 GMCLA1 Twilight High 89 FXC11854 SRC Reliable High

45 FXC03969 STK32A Twilight High 90 FXC11932 KIAA1586 No High
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Fig. 3-1. Selection of candidate cDNA clones encoding human N-myristoylated proteins from a cDNA
resource.

A. Strategy for selection of candidate cDNA clones encoding human N-myristoylated proteins from a ¢cDNA
resource. B. Schematic representation of the generation of NNNNN-tActin-FLAG with N-terminal 10 amino
acid sequences of the ORFs of KOP ¢cDNA clones at its N-terminus. C. Detection of protein N-myristoylation of
NNNNN-tActin-FLAGs by metabolic labeling in an insect cell-free protein synthesis system. NNNNN-tActin-
FLAGs were synthesized in the presence of [*H]leucine or [*H]myristic acid, and the labeled translation
products were analyzed by SDS-PAGE and fluorography. The myristoylated samples are indicated by red
circles. The results of the predictions of protein N-myristoylation using two prediction programs, The MYR
Predictor and Myristoylator, are shown in the lower panels. R, T, and blank represent ‘Reliable’, ‘Twilight
zone,” and ‘No’ prediction from The MYR Predictor, respectively. H, M, L, and blank represent ‘High
confidence’, ‘Medium confidence’, ‘Low confidence,” and ‘No’ predictions from Myristoylator, respectively.
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Table 3-4. The list of cDNA samples analyzed in Fig. 3-1.

Lane FXC No. Gene name

1 FXC01999 FBXL7

2 FXC02047 KIAA1680
3 FXC02078 RPL18

4 FXC02452 MLNR

5 FXC02617 PPM1B
6 FXC02819 SOX6

7 FXC02844 SAMMS50
8 FXC02940 PLEKHN
9 FXC02961 AIFM3
10 FXC03470 PAG1

11 FXC03534 C220rf42
12 FXC03565 CTSC
13 FXC03640 MMP15
14 FXC03765 YAF2
15 FXC03868 RNF141
16 FXC03969 STK32A
17 FXC04325 NPAP1
18 FXC04954 FAM131C
19 FXC05791 KRTAP5-2
20 FXC05792 KRTAP5-3
21 FXC05793 KRTAP5-4
22 FXC05856 DRICH1
23 FXC05945 MCCH1
24 FXC07187 TOMM40L
25 FXC07438 CBX1
26 FXC07771 ZNF292
27 FXC10490 HID1
28 FXC10528 P2RX5
29 FXC10683 SLC44A1
30 FXC10889 KCNJ2
31 FXC11186 KRTAP5-7
32 FXC11187 KRTAP5-1
33 FXC11232 SGK494
34 FXC11252 STK32B
35 FXC11288 OR9K1P
36 FXC11366 SELL
37 FXC11932 KIAA1586
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Fig. 3-2. Detection of protein N-myristoylation of the gene products of 19 full-length cDNAs by
metabolic labeling in an insect cell-free protein synthesis system and in transfected HEK293T cells.
A. The gene products of 19 full-length cDNAs, in which efficient incorporation of [3H]myristic acid was
observed with the tActin fusion proteins, were synthesized using an insect cell-free protein synthesis
system in the presence of [*H]leucine or [*H]myristic acid. The labeled translation products were analyzed
by SDS-PAGE and fluorography. Faint bands are indicated by arrowheads. B. The 19 full-length cDNAs
analyzed in Fig. 3-2 A were transfected into HEK293T cells, and metabolic labeling with [3H]myristic acid
was performed. The labeled translation products were separated by SDS-PAGE and then analyzed by
western blotting using an anti-FLAG antibody or fluorography. The samples that showed no protein
expression are indicated by blue circles in the upper panels. The samples in which protein N-myristoylation
was observed are indicated by red boxes in the lower panels. Faint bands are indicated by arrowheads.
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Table 3-5. The list of cDNA samples analyzed in Figs 3-2 and 3-3.

Lane FXC No. Gene name
1 FXC01999 FBXL7
2 FXC02617 PPM1B
3 FXC02844 SAMMS50
4 FXC02940 PLEKHN
5 FXC02961 AIFM3
6 FXC03470 PAG1
7 FXC03534 C220rf42
8 FXC03565 CTSC
9 FXC03868 RNF141
10 FXC03969 STK32A
11 FXC04954 FAM131C
12 FXC05856 DRICH1
13 FXC05945 MCC1
14 FXC07187 TOMM40L
15 FXC10490 HID1
16 FXC10528 P2RX5
17 FXC10683 SLC44A1
18 FXC11232 SGK494
19 FXC11252 STK32B
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Fig. 3-3. Comparison of the molecular size of [*H]myristic acid-labeled protein bands
detected in transfected HEK293T cells with those detected in the insect cell-free protein
synthesis system.

The molecular sizes of [*H]myristic acid-labeled protein bands expressed in the two
expression systems were compared with each other by SDS-PAGE analysis. The samples in
which similar molecular sizes were observed are indicated by red circles. Faint bands are
indicated by arrowheads. F; insect cell-free, C; HEK293T cells.
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Fig. 3-4 Comparison of the molecular size of [*H]myristic acid-labeled protein bands detected in
transfected HEK293T cells with those detected in the insect cell-free protein synthesis system.

The overexposed fluorograms of the fluorography data of Fig 3-3 are shown to demonstrate the
presence of protein bands in lanes 2, 4 and 10.
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Table 3-6. The characteristics of the gene products of the 13 ¢DNA clones found to be N-myristoylated in this study. For prediction of protein N-myristoylation,

the same abbreviations are used as in Fig 3-1C.

FXC No. Protein name Gene Accession Myristoylation  Prediction Length Protein function Reference
name no. (aa)
1 FXC01999 F-box and leucine-rich repeat protein 7 FBXL7 AB463041 Novel T/N 491 E3 ubiquitin ligase complex component
2 FXC02617 Protein phosphatase 1B PPM1B AB464099 Known N/M 479 Protein phophatase [3-14, 3-24]
3 FXC02844 Sorting and assembly machinery component 50 SAMMS50 AB463278 Novel N/M 469 Mitochondrial sorting and assembly [3-15]
homolog machinery complex component
4  FXC02940 Pleckstrin homology domain containing, family PLEKHN  AB463180 Known R/L 611 Unknown [3-21]
N member 1
5 FXC02961 Apoptosis-inducing factor, AIFM3 AB462952 Novel R/H 605 Apoptosis-inducing protein
mitochondrion-associated, 3
6 FXC03534 Uncharacterized protein C22o0rf42 C220rf42 AB527618 Novel T/H 251 Unknown
7 FXC03969 Serine/threonine-protein kinase 32A STK32A AB528042 Known T/H 396 Protein kinase [3-21]
8 FXC04954 Family with sequence similarity 131, member C ~FAM131C  AB463624 Novel R/H 280 Unknown
9 FXC05856  Aspartate-rich protein 1, chromosome 22 open DRICHI1 AB528170 Novel T/H 228 Unknown
reading frame 43
10 FXC05945 Mutated in colorectal cancers MCC1 AB527185 Novel N/H 813 Cancer-related protein
11  FXC10490 Protein HID1 HID1 AB527292 Known N/H 788 Cancer-related protein [3-15, 3-21,
3-25]
12 FXC10528 Purinergic receptor P2X, P2RX5 AB528606 Novel R/H 422 Transmembrane receptor [3-15]
13 FXC11252  Serine/threonine kinase 32B STK32B AB528925 Novel T/H 414 Protein kinase
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Fig. 3-5. Protein N-myristoylation is required for proper targeting of SAMMS0 to mitochondria.

A. Interspecies alignment of the N-terminal sequences of SAMMS50. N-myristoylation motifs are shown in grey in the
N-terminal sequence. B. Detection of protein N-myristoylation of SAMMS0 expressed in COS-1 cells. cDNAs
encoding SAMMS50-FLAG and SAMMS50-G2A-FLAG were transfected into COS-1 cells. Their expression and the
N-myristoylation of the products in total cell lysates were evaluated by western blotting analysis and [*H]myristic acid
labeling, respectively. C. Intracellular localization of SAMMS50-FLAG and SAMMS50-G2A-FLAG was determined by
immunofluorescence staining of COS-1 cells transfected with cDNAs encoding these two proteins using an anti-
SAMMS0 antibody. Mitochondria were detected using MitoTracker Red. Lower panels show a close-up image. D.
Quantitative analysis of the intracellular localization of SAMMS0-FLAG and SAMMS0-G2A-FLAG. cDNAs
encoding thiese two proteins were transfected into COS-1 cells and the intracellular localization was determined by
immunofluorescence staining. Quantitative analysis of the mitochondrial localization was performed by fluorescence
microscopic observation of 50 immunofluorescence-positive cells. The extent of mitochondrial localization was
expressed as a percentage of the number of cells in which selective localization to mitochondria, localization to
mitochondria and cytoplasm, and selective localization to cytoplasm was observed against the total number of
transfected cells. Data are expressed as mean = SD for five independent experiments. **P < 0.001 vs. wild-type.
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Fig. 3-6. Endogenous SAMMS50 expressed in COS-1 cells is N-myristoylated. Metabolic labeling of
endogenous SAMMS50 expressed in COS-1 cells with [*H]myristic acid was performed.
Tag-free-SAMMS0 exogenously expressed in COS-1 cells was used as a control. A. Expression of
exogenously expressed Tag-free-SAMMS0 and endogenous SAMMS0 in COS-1 cells was determined by
western blotting analysis using an anti-SAMMS50 antibody. B. Protein Nmyristoylation of exogenously
expressed Tag-free-SAMMS0 and endogenous SAMMS50 in COS-1 cells was determined by [*H]myristic
acid labeling. MW; molecular weight marker, IP; immunoprecipitated with anti-SAMMS0 antibody. Upper
and lower panels show the result of C.B.B.-staining and fluorography, respectively. Arrowheads in the upper
panel indicate the position of heavy chain of IgG used for immunoprecipitation.
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Fig. 3-7 The result of western blotting analysis of 4 samples analyzed in Fig. 3-6 B is shown.
Arrowheads indicate the position of heavy chain of IgG (~ 50kDa) used for immunoprecipitation.
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iR L ONBEIE T EA COS-1 Ml 5 T4k cDNA OBEEFHEMICEZ D% 78
N-2 U A b A AL ZARHEHERRIC L 0 RFl L7=. ZOfE%, % 2000 #HD cDNA 7 a—>®
DB 2THDEMN N-T U A MM EIND Z LN gholz. 205 H 18D & L /37 H
IXZENFE TIZHEDORLWHHHO N- XU R AL Z VT EThoTe. ZhbORERIE
ZOHENRE FeDNA Y Y —AZAhbH ke EN-S U R KA UfbLH /3T B %:H;Eﬁ‘%ﬂﬁfﬁiﬁji
ETHDHZLERLTNS., L, ZOHFETIE, #ABRLE cDNA 72— 060 N-3
U A NA ALY X7 BRI 7GR Y 7L 141 o 5 6 27 ). £ 2T,
AWFGETIX, RN E b N-X U R A UbE NI B REET L7290, Ml IO
B C ORISR AN A FA T H~T 4 7 ANZEEDSL Z R TE N-2 U A M UET
W AT LEBERE, RESEON 2R BT, SAFA T r~T 4 7 ZAOFMIE N-
U R MANEE R EOMFERRECA N2 5ETH 5[3-17, 3-18, 3-34, 3-35. 2
DOTH 77 Z L, MYR predictor 35 L OY Myristoylator (335 WWW 4 — 3— | CHI|
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ﬂ%f%éb&%31& HIR DIk & DRFFEIZIBWNT, IO TRIT v 7T LAOEHE NS
P % 7212, N KiiiZ Met-Gly EiF &2 £ 141 {HO % "7 HD N-2 U A b A /Ubd
ﬁﬂf %*ﬁ%ﬁbf:ﬁ%ﬁﬁﬂffﬂa%%ﬁ@fk%% 2 OOTPT 1 7T AOTRFER & ik L7=[3-16].
DOFEF, MYR Predictor OAFFMEILE R0 72 0 O OBREYERFET 2 DITx LT,
Myrlstoylator IFEVZDON-I YRR E R TERTRENDD0, %< O1EEMEE
Bz LM inoT. FIT, I 2 OO TFHIT e ST A0 L LTS THIS
7B R BbETHIEEZA, FEAED NS UR M EE R ENRIELL T
WMENDZEPHLNIR-T2. 22T, AIFETIE, 2200 FHT 077 LDEL LT
N-I VR AR TSNz Z X7 E%E EN-X UR MM ULZ X7 B M E LT
Ay, BiiN-X U X " b & o N7 EDRIEEITS T2,

AWFIETIE, APRMICEZELRFHE N N- XU R M UL XTI EEFRET HT20HI
EROMmRAE S &I R EEBRICBIT DREHER N A T~ T 1 7

WCHA L NIV R A IABZ T BT AT bLaiflraibdt, cDNA U Y — Ak
EReDNAZ v—2 D X7 N-X Y A M MU VEZFHI L 72, Z O TIE, £
4,400 {f »> Kazusa ORFeome project (KOP)t k cDNA 7 = — > (FXC01948~FX(23818)
D9 H N Kl Met-Gly EF—7%Ff>cDNA 7 u—2vb, 2O5ON-2 U A MA VLT
W7a 77 JMZE > TN-X Y R AL TRl 472 90 fll 2384 L 7= (Table 3-1). 7 —#
R—ZRRIZEDBEFD N-X U R A AL R EEFRINL, 3T D ¢cDNA 7 a—
EHHLE B N-X U R ML H R A & U GRIR L 72(Table 3-2). #1¥HIZ, Bk N-
2 U R MAEE o7 EE O N Kl 10 7 2/ g%, C KiZ FLAG % 7 24 L7-
ETNH R EGACHDICE A ST X VR ERWT, R N-R U A M Ak
Sz M2 5 U 72 (Fig.3-1). Z=Dt%, 2K cDNA B FEYDOHZ N IEN-2 Y A ML
b % MM 2 X 7 AR KOS EA e Mo 7 4 v TREHERIEER I
0 R L 7= (Fig.3-2 3 L 1Y 3-3).

Z DGR, 1318 D cDNA PE#( FBXL7, PPM 1B, SAMM50, PLEKHN, AIFM3, C220rf42,
STK32A, FAM131C, DRICH1, MCC1, HID1, P2RX5, STK32B)»'t k N-2 U & A1 L1k
ZURIBETHDHZEN Dol Zhb 13 X 78D >5 L, 6 #(PPMIB,
SAMMS50, PLEKHN, STK32A, HID1, P2RX5)iIHiIT N-2 U A hA L X VR0 ETH D
ZEMRHENTZ R ETHY[3-14, 3-15, 3-21, 3-24], TDHIL 4 SDOX L IE
(PLEKHN, STK32A, PPM1B, HID1) C#Z > /)27 N-2 U A kA AL DOZEENZ D THEHT
éhf%éBﬂl&%ﬁm& Inboe FN-I U X MM R TEITE, Ry

B W kBERE, E3 X F oV A—BRdE X NI, TS S NI E, TR h—
yx% BNy B AR EE R X R E T TR, R B W TCEE
FRIZH S Z RO TWDER MY T E R E TV,

FEEA Y VX BIRZ DX NI N- R U A M AIZBIL T, Fex ldialr, /Mak
(ERIZJFFET 5 2 BIFRE W ¥ /X7 G TH 5 protein Lunapark 7 N-I U 2 b1 LfbE
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Tk, protein Lunapark ® N-X U XA M A LR Z DX VRV EIZ L > TiFE S5 ER
R LIRS AT HZ L2 LM L[3-36]. Zodinn, #2378 N-I U R L
A ML E G & 2 R 7 B OMREICEE Bl 2 RI-THARH L B2 iz, Lol
NG, INETOEZA, BEEY L RXI7EITRZ D2 /378 N-2 U A M Ak
EAEHEIN TR, AFgECRIBESZE B N-X U X h ALk H .//\7’%{@—0“6
»5 SAMM50 LI by RUTHMEDIRE @Y XV EThDHZ b, AT
SAMM50 (22 Z 5% /"7 8 N-I URMAMRICEH L7z, BGEEERAIziD
SAMM50 DOHRINRBTEICIIT D5 N7 N-X U 2 M AL DEENZ DU THEHT L 72k
R, X7 N-2 U A M UABIE SAMM50 OAIENRSEIZTR < BT 5 Z L3 yno
7z. N-X U R bA ke SAMMB0-FLAG (ZFFRANCI b= RY TIZRET 2DIC%f L,
N-3 U R hA LS 720 G2A BRI CIXEICMIE 2 HE L7 (Fig.3-5 C B8 X ' 3-5D).
512, [BHIZ U 2 F o metEitk U= il 2 o S 7 B OSE R ER ) S, NIEME SAMMS50
N-S VR MAMEENDZ ERHSNE 2572 (Fig.3-6). N HDFERMNS, 27
N7 A CTHRBL L 72 SAMM50 1E5EERIC N-X U A RA LI TEY, ZOEAHT
SAMMB0 DOHNENJSIEIC BB A El 2 o4 2 VR ENTZ. BEEMIY R 7 E Tk
N-I U R ML ENTREE S 7 EIXIZADODT L LIV TV W, BEEAY
WCEBWTN-T VX MIMUIRE @S 7 HE L TR mbhizflo—>& LT, NADH-
v h7 v A b ETEEEOGSR) T D, ZOX Ry B IE N REIEPNIERIC K s
BMORE L MR O—2R o 1 REE@mZ 78T, ER &I b Y TAMEDOM 512
JTET 5[3-37, 3-38]. b5R Tik, X /X7 N-I U A A HLIZI b2 KU T ~OBIT
WETHY, N-I U R M AL SR WA RKIIRRAIZ ER ~RET 5[8-39]. & 51
b5R IZHOWT, XXV E N-X U R M /AL HAESH L o 7V iRRRL 1 & @*HE{”EFH%‘:
FHEL, Z 07— MOFESITFR & R L7 ER ~OBi 6k, BB b=
RU T~ 5 ZEnNH LM ENT[8-39]. SAMMS50 (3 b= R U 7FAMEIZTFEES
L BNV E L RIETHDH3-27, 3-28]. 1T LA EOIREEY o7 B EIRE EHEIC
BEE B o~ v 7 AN LTHASIND D EXRZRY, BNV IS X7 B TR LA A
EFNTZBANT Y RENLTHEICHEASNA[8-41]. 2 har FY THMEIZEET 2R TO
BANVIE NI EIEIB Y 7 FNEMHIN LMD I F a2 Y 7 ~DOBAT &AM EE~
DOFFANZ ST DRRNES &2 FFo 2 N BE STV 5[3-42]. SAMMS50 X7
JVRBERRL - & A AR T D SRR & FF o 72 & v, SAMMBG0 O & /37’8 N
U A RAABIZ BSR & 135720, BiAERT T REHLE v 7 ViBikhi 1 & O AAERHL ’%ﬁ%i“
LianEEBXLND. EBE, 1FEAEDON-T U R M EEZAE U720 G2A BRKIZER I
RTEETHEEICREL TWeFig. 35 O, #2378 NI URX M bz LT
SAMMS50 DX h 3y RU T ~OBITOGFHEIIRIATH D2, BASLIAZ 37 BEIER
k= KU TOMBEA~RIRE M O EEFA SN D 2 & 37 <, TOM AR Z#&H LT
e ~iigiik STk, SMEA~FHAIAEND[32,33] 2 Linn, XX N-2 U A hA Uk
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TG BANLILE XY B OREBERIT ] S OFREIC K O RENICEET S LB O
%. SAMM50 @O b=y B U THE~DOBITIE LOBMAARIIIIT 5 5 /37 N-2
U A RAIALOEEIZH SN T H70120F, SOLARLMENPLETH D, BRENZ L
IZ, ARWFFRIZI T B RS i SR L & o X7 A RCR & Wi 26 N-X U R
M AL S A7z 18 fHD & L /X7 i, SAMMS0 LAMZI by RY THME X
VX7 T D TOMMAOL 28 & Tz, #xilt, TOMMA40L 131 > ¥ 7 R sk MR
BHNTH NI URA M MEENTWD Z ERHESNTWS([3-14, 3-15]. Lo T,
TOMMA40L D k2 RUBITICHBWTH X /828 N-3 U R M AL AMEIER |2 58
TORRRMEYRH D

AHFFETIE, cDNA U Y —ZAHABICEZERFHE N N-X U R A b L7 'E
FRET 572912, KOP & h cDNA 7 72— %EF /L cDNA 7 m—2 & LTHW, 1 A4
AT =T 4 7 RIS Z U RTE N-Q U A M AL T & SRR F X OSHIRRIZ 3817
B AT, R 2 LB DR T 24T o 72, T ORER, £ < O EE o HERE 2
T2 ARG 2 VX G T 13 D cDNA EMAE b N-X U X A U bH VR ET
HDHZENRH SN, ZOMITICBWCERLZ BT 580%, ZoFETE B N-S U R
AMEZ U RTEOBRBETIEE LTHRATE® 2 b00, RHENT N-X U R hA b
VRN MEPNICEEICHE LBREL TV D N-R U R R X V0 THH T
EEFEHT B 720121%, AWFFEICIWVT SAMMSB0 (2B L THT - 72 A LSRR o X 5 72,
b M T O EEEOEMRRRES & L /3 B ORRERBUCI T H X VX7 B N-2 U A A
I DOEEN R T HFEBREZITOMERH LR THDH. AR TR S 13 @D N-3
UA AT X7 ED DS A E IR D Z R ThhoTe. <D N-I U A |
A MAGS X7 BT OMREIC A EFI 2 5 Z L h, Zh b DX X7 HORRE
EWGET D) XA TH U NI EN-R U A MILDRETARZMA LD EZ BN,

Swiss-Prot proteinknowledge database (Z48# S 723 _XThOE hF LRI E(T A V7
+— L EETK 46,000 )2V T, N K2 Met-Gly BldlZFfot b & 27 B O¥
¥13,700HCTH 5. Lizdi»T, <Dt F cDNA Z&Te L W K& 72 cDNA U Y —R|TAK
FEEBERATDOZ L2k, SBICEL OERMICHEERE F NS YR M LbZ 7
ENEESNDZ ENIFFENS.
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BAE 7YV v rIRM) —2RAWEMRS 7 BEERITE T 5 REHERRIEIC
LBHHE P N-I YR A BLE R EDRE

41 #E

SN 7EN-R YA MUK, BEEMIE U A LA TEZ 2 FERIFEEMoO—>T
HD4-1~4-5]. < DN-I U A ~A AL H 23 7 BT HINE RS CRERE O FH I B 2%
FZRZLTWD., ZRbiTiX, #2078 Ui, B bR, 77 =X
I VAT NG Z LN TE, AN T LGS NI, B ANR—BIEE I SRR
WIEBRERIKICB G352 VNI BEREENL TS, 2L OE, 26D N-J U X ML
b2 o R EORERRIZY /37 E N-X U A MU bE I LTzl 2p % o3 g - i %
WEF RO - 2R BREAERC L0 i S D [4-1~4-6]. BEEMO 2 o8 E
D 0.5-1.5%72 N-2 U R A fbainnd & THISNTWDEN, Zo 7B N-I VAL
bEBRET 22 7O KO-, &k N-2 U R M b X7 B OR8N REEIX
AR E AL TR,

Fex I ILARTOMZE T, B L@ /e % 878 N-X U R A AL O E & e N3
HTEEEME LT, Sy 7 EERRIZET 2 REERIC L Y in vitro TOZ > /X
JHEN-I U A M LD ZRAT-. BTG E F cDNA U YV —2H¥KE F cDNA 7 g—>
RSB Y R A BRICB W TRBLS Y, 20X U RTE N-T U A ML
{BIESMEA SRR TS X OVE R TIC K 0 FM L 72 [4-7]. = ofEE, 9 2,000 D ¢cDNA
7 n— > (Kazusa ORFeome 7127 bt F cDNAZ 2 — )0 55 18 HN ZHE TIZ
WMEDORWHHLN-I VR M NALZ VI ETH D Z ENRRM Sz, b ORI
tE FeDNA YU Y =260t FN-X U R M IUULZ T EORIEIZZOFEPRFHTH
HZEERLTND.

L22L, ZOHECHHENPLERENEIN T, B, ZOHETIEY 7 E N-
U A M IULORRIIS, RN BEMR S TE2BH] R U AF VI L 5 Ko P 2 )
ALTWe Bt I ) 2F U ia W2 V78 N-2 U 2 M Ubofticig, £
W IR S M E 2R 7 ORI S ) D E VWO K E A LTz, & 618, RIFE#b
BVORAIAEI VAT BXOaX hofmrb b, ZOFETHBENLRFETIIR)» 7.

TINNANAFa P —OiFORRIZEY, ¥V EREEMOMIEIC Y v 72
AR —=%FHL722<H LWHERSFH TR L 785 72[4-8~4-10]. 6 OHFETIE, #)
WIZ, TAXRACELEZT Y MELEIENIRY 7 u 7 THR 2 R 2T 5
(Fig.4-1A). RIZ, ®ERDT Y RMMEHDNEIT AT AL LTZBREARKRE 7 ) v o 7 2
MY —ICK VRIS ZEATY . 2O OHEOFEIL, FEHETHY, BRIBFFMAENZ &
(N, TERD BT S & i U CRIIERE RN SN2 &L Th 5. AIFFETIE, Bl
TR H R AL & o X 7 B A RGR kwf7w#/m%éwi7/hmbf JRF
7 e 7 ZHOENE R EERBIE#RL, 7V vy IARN)—ICRVE LRI E
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A Cultured cells B Cell-free protein synthesis system

1. Transfect cells o} mRNA
Ns{ Yo AW~

(50 pM) 1. Protein expression &
metabolic labeling

2. Protein expression &
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Fig. 4-1. Schematic representation of cellular and cell-free detection systems for protein N- yristoylation
by metabolic labeling utilizing bioorthogonal myristic acid analogues.

A. Metabolic labeling in cultured mammalian cells. B. Metabolic labeling in cell-free protein synthesis
system. In both detection systems, metabolically labeled proteins with myristic acid analogues were reacted
with biotin-tags via CuAAC for gel-based analysis. The recommended concentrations of reagents and reaction
times were indicated.C. Chemical structures of alkynyl- or azide-analogues of muyristic acid and detection
tags. 1. [*H]myristic acid, 2. alkynyl-analogue of myristic acid (Alk-Myr), 3. azide-analogue of myristic acid
(Az-Myr), 4. azide-biotin (Az-Biotin), 5. Alkynyl-biotin (Alk-Biotin)
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N-2 U R b A bz B 2 B0 FIE O 217 - 72(Fig.4-1B). £ ORGR, E hEF=H
fiel FOREER I 2 o R 7 A RGRICBIT 57 2 MU U AF BT Fu 7 & V7oA
&, ZhUTHE S St 2 8- v ATINBESOS(CUAACIT L o it 7 7 DBAIZ LD,
¢cDNA U YV —=ZnBHH N-X U X bAoA LS X7 B 2l B O RICFETE H 2 &

PRSI,

4-2 PHBHE 5EE

4-2-1 Eor S

EL B R SR R & o X 7 B A kR Transdirect insect cell (35 /EFT (Kyoto,
Japan) SR I Nt D& Huv iz, B b cDNAs (Flexi ORF clones), rabbit reticulocyte
lysate system, nuclease treated % Promega tL7> 5 A L7-. [BHlleucine, [3H]myristic
acid 3 L 1" enhanced chemiluminescence (ECL) Prime Western blotting detection
reagent |3 GE Healthcare t:7> 5 A L72. ENLIGHTNING % PerkinElmer 17> 5 [l
AN L72. T7-Scribe standard RNA IVT kit (& CELLSCRIPT t:/ oA L7z, dye
terminator cycle sequencing kit, Lipofectamine LTX, Plus reagent, myristic acid azide
(12-azidododecanoic acid, Az-Myr), Alexa Fluor 594 anti-mouse immunoglobulin G (IgG)
antibody, Hoechst 33342 | Life Technologies t1:7>5 0§ A L7-. 13-Tetradecynoic acid
(Alk-Myr) i Cayman #h72 S A L7=. Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), tris[(1-benzyl-1H-1,2,3-triazol-4-y)methyl] amine (TBTA)!Z Sigma ££:2> 5 A
L 72 . Acetylene-PEG4-biotin conjugate (Alk-biotin), azide-PEG-biotin conjugate
(Az-biotin) X Click Chemistry Tools # 7> & W A L 7= . High-sensitivity
streptavidin-horseradish peroxidase (HRP)i% Thermo Scientific #:7> 5 A L 7. Protein
G-HRP conjugate | Bio-Rad fE:5lA L7z. X-ray film (X Eastman Kodak L7 51 A
L7-. ZOMOREIFEAMIETEE, H— P, P T EORRET IS FAEYT
T L— Db D% .

4-2-2 N-I VR A ULTFRIT 0 7T 22N F VR E NI ) R b A LD
T
Web #— _3— ETABSN TS 2 DOX X 7E N-2 U X M Wb T s 5 A
MYR Predictor (http://mendel.imp.ac.at/myristate/SUPLpredictor.htm) [4-11] 3% L OY
Myristoylator (http:/www.expasy.org/tools/myristoylator) [4-12]% AT % /X7 & N-
SVAMMEzE TRILIZ. =7 2) =7 4 77 L—=AL(ORF) DX 7 VAT FESING
HEE SN DET X/ MRl A fRHT I Tz,

4-2-3 7T A I RORE
TR REERIZH WA Y SX 7 UAF R 54 ~— DR F% Table 4-1 I2F &
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Table 4-1 The nucleotide sequences of oligonucleotides used in this study

Primer Sequence

Primer-N1 5’-GATAGATATCATGGGGAACAGCCAC-3’

Primer- C1 5’-GCATTCTAGAGATCCACTGCACAAG-3’

Primer- N2 5’-GCATGATATCATGGCCAACAGCCACTGTGTC-3’

Primer- N3 5’- GATAGATATCATGGGAGCGAACACT -3°

Primer-C2 5’- GCGCTCTAGACAAGTTGTTATTCTG -3°,

Primer- N4 5’-GCGCGATATCATGGCGGCGAACACTTCAAGA-3’

Primer- N5 5’- ATATGATATCATGGGGTCGACCGAC -3’

Primer-C3 5’- GATATCTAGACACCCGCTGTATCTC -3’

Primer- N6 5’-ATATGATATCATGGCGTCGACCGACTCCAAG -3’

Primer- N7 5’-GTATGGATCCATGGGCAGTGTGCGA-3

Primer-C4 5’- GCGCGAATTCTATCTCCGACTCTCG -3°,

Primer-N8 5’-GCATGATATCATGGGCCAGGTCATC- 3’

Primer-C5 5’- GCGCGAATTCTTACTTGTCATCGTCATCCTTGTAGTCGAAGCATTTGCGGTG- 3’
Primer-N9 5’-GCGCGATATCATGGCCCAGGTCATCACCATIT -3’

Primer-Co6 5’-GCGCGAATTCTTACTTGTCATCGTCATCCTTGTAGTCGATCCACTGCACAAG-3’
Primer-C7 5’- GCGCGAATTCTTACTTGTCATCGTCATCCTTGTAGTCCAAGTTGTTATTCTG -3’
Primer-C8 5’- GCGAGAATTCTTACTTGTCATCGTCATCCTTGTAGTCCACCCGCTGTATCTC -3’
Primer- N10 5’- GATAGATATCATGGGCAGTGTGCGA -3°

Primer-C9 5’- GCGCGAATTCTTACTTGTCATCGTCATCCTTGTAGTCTATCTCCGACTCTCG -3’
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O 7. 77 A I K pcDNA3-tActin"FLAG, pcDNA3-tActinG2A-FLAG ¥ L O
pcDNA3-FLAG 1 LL Al @ ) % [4-13, 44l ic VWil L. 77 2 I F
pcDNA3-FXC02940-FLAG, pcDNA3-FXC02940G2A-FLAG, pcDNA3-FXC03969-FLAG,
pcDNA3-FXC03969G2A-FLAG, pcDNA3-FXC10490-FLAG,
pcDNA3-FXC10490G2A-FLAG ¥ J 1 pcDNA3-FXC10889-FLAG DO#§4E )71 % Table 4-2
IZE & DT, 7T A K pTD1(EEEUEITHRY) 2 Mfifin & o 3 7 B ERGRIZR T X7 & —
L THWwWE. 75 %2 3 F pTDItActin-FLAG, pTD1-tActinG2A-FLAG,
pTD1-FXC02940-FLAG, pTD1-FXC03969-FLAG, pTD1-FXC10490-FLAG, & X O
pTD1-FXC10889-FLAG D##5L )51k % Table 4-2 (2 F & 7=,

4-2-4 mRNA DGR & B

4-2-3 THER L7 7 23 R L LT PCREGZTITVY, Z 0 PCR BIEEY % in vitro
HEEHO$HEME L THWZ. mRNA O & fkix T7-Scribe standard RNA IVT kit
(CELLSCRIPT ##) % AW T{7-7-. 8 uL @ PCR ¥lEFEM &M & L, 480 Ty
IRV 20 pL DERESIR AT L7z, ZhE 3T°CT 4 A > F 2 _— K L7z, 855
BOSWIZ 7 = 7 —-7 aa iy L, =% 72— eIz L o i, 20 Mo DEPC 4L
BOKICER LT-. ERCEEIC L V49 150 pg @ mRNA 235 647,

4-2-5 R Z R BARR

N-X U A RAALSISIZAWEZ S U AF U7 Fa 71%, 256 mM &725 & 9 DMSO iZ
WIR L, -20°CCIRIE LTz, Tz MM & o X7 ARG DERTIZ 10 % DMSO ¥
625 uMICATIR L, BUGZ V-,

MR & 2R 7 B A RUT R BRI R MM & X 7 B A kR (Shimadzu #1:5Y) F
F2E T RIRAR L ER B SR A & X 2 B ARGk (Promega #E8D) & IV Cf 7o 72,

AN H AR & o X 7 A RTIE, A L7 mRNAS ug 288 s L, %o
MZfHE D A T4 = L ¥Ei%(0.5 pl), reaction buffer(3.7 ul), insect cell lysate (6.2 ul) %
WL, 518, ERRo Xk )i Lz 625 yWM S U A F g7 F 1 7 (1 pl), £7-1% 1.0
uL BH]leucine (1 uCi), F7-213 3.0 uL BH] X U A F V(20 uC) 2 Mz 7=, 12.5 pl O 4
fa & 2 R 7 E ARG %, 26°C T 6 RSOt S /72,

0 MR AR MLER R MG & o X7 A RCTIE, AR L7 mRNA pg) & 41, %
v MZfHBO 7 2 7 BBRARR0.5 ul), v SRR MEREfR S.7 ) ERML-. &
52, FREO X H IR L7- 625 uM U A F U7 v (1 ul) £721% 1.0 pL [3H]leucine
(1 pC) £ 721F 3.0 pL [BHlmyristic acid(20 pCi) Z Mz 7=. 12 u L O & o /37 A&
L L, 30°CT 90 7yt ST
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Table 4-2 Strategies for construction of plasmids used in this study.

Name of plasmid

Strategy for plasmid construction

pcDNA3-FXC02940-FLAG

pcDNA3-FXC02940G2A-FLAG

pcDNA3-FXC03969-FLAG

pcDNA3-FXC03969G2A-FLAG

pcDNA3-FXC10490-FLAG

pcDNA3-FXC10490G2A-FLAG

pcDNA3-FXC10889-FLAG

pTD1-tActin-FLAG

pTD1-tActinG2A-FLAG

pTDI-FXC02940-FLAG

pTDI-FXC03969-FLAG

pTDI-FXC10490-FLAG

pTDI-FXC10889-FLAG

Product of a PCR with pF1KB8690 (Promega) as a template and primers
Primer-N1 and Primer-C1 was EcoRV/Xbal cloned into pcDNA3-FLAG.

Product of a PCR with pF1KB8690 as a template and primers Primer-N2
and Primer-C1 was EcoRV/Xbal cloned into pcDNA3-FLAG.

Product of a PCR with pF1KE0678 as a template and primers Primer-N3
and Primer-C2 was EcoRV/Xbal cloned into pcDNA3-FLAG.

Product of a PCR with pF1KE0678 as a template and primers Primer-N4
and Primer-C2 was EcoRV/Xbal cloned into pcDNA3-FLAG.

Product of a PCR with pF1KB9562 as a template and primers Primer-N5
and Primer-C3 was EcoRV/Xbal cloned into pcDNA3-FLAG.

Product of a PCR with pF1KB9562 as a template and primers Primer-N6
and Primer-C3 was EcoRV/Xbal cloned into pcDNA3-FLAG.

Product of a PCR with pF1KE0241 as a template and primers Primer-N7
and Primer-C4 was BamHI/EcoRI cloned into pcDNA3-FLAG.

Product of a PCR with pcDNA3-tActin-FLAG as a template and primers
Primer-N8 and Primer-C5 was EcoRV/EcoR], cloned into pTDI1.

Product of a PCR with pcDNA3-tActin-FLAG as a template and primers
Primer-N9 and Primer-C5 was EcoRV/EcoR], cloned into pTDI1.

Product of a PCR with pF1KB8690 as a template and primers Primer-N1
and Primer-C6 was EcoRV/EcoRI, cloned into pTD1.

Product of a PCR with pF1KE0678 as a template and primers Primer-N3
and Primer-C7 was EcoRV/EcoRI, cloned into pTD1.

Product of a PCR with pF1KB9562 as a template and primers Primer-N5
and Primer-C8 was EcoRV/EcoRI, cloned into pTD1.

Product of a PCR with pF1KB8690 as a template and primers Primer-N10
and Primer-C9 was EcoRV/EcoRI, cloned into pTD1.
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426  HERMR~OBEETHEA

HEK293T #ifuix 10 % v >R MEFCS, Gibco BRL #:#Y), 100 unit/mL <=1 >,
100 pg/mL A kL7 k<A 2> %N L7 Dulbecco’s modified Eagle’s medium (DMEM,
Sigma t18) % iV 37°C, 5% CO2 e FCHi 48 L7z, E{x -8 AFT HIZEES 35 mm £54%
MLz 2 X105 EOFMin 2 #%fE L 7-. Lipofectamine LTX (2.5 uL), Plus reagent(2 pL), &
MyEEEH 1 mL % AV, Flag # 7 %441 L7z cDNA B4 2 &30 7 < A 2 K pcDNA3( 2 ng)
A~ A LTz, 37°CT 5 Rl A v 3 = X— M &, K52 M iEUS e il 234 L,
W 7RI A 2 — b LT

4-2-7 B TFEAMEZ 72 RS

BAR T AT, 3T°CC 24 FFflil A > % = X— | L7 HEK293T ffifid % 25 uM myristic acid
analogue ¥ 7= (X [3BH]myristic acid (100 pCi/mL) % & ¢ 2% FCS % /1 L 7= 1mL ® DMEM
G, 37C T 6 KA > % =~X— k L7z. Dulbecco’s phosphate-buffered saline (DPBS)
T 3 ek, Mfazm L, 7Y v 27 I A MU —H RIPA /Ny 7 7 —(50 mM Tris-HCl1
[pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 1% sodiuM deoxycholate, 0.1% SDS, and
proteinase inhibitors) 200 pL TIEfiE%, K T 20 /hkiE UMIIIERGR 2 f57-. =Dk
CulAAC (2L Y X U RF U7 J v 7 CRENERS Lo MIdis iz © 4 o & ROon SEiz.
TS RG A A R 1 SDS o TNy 7 —Hi T 3 A dIc L SDS kL,
SDS-PAGE B X W74 nw 7o 7 4 —IZ X AT A=,

4-2-8 SRR X B 7 ¥ F-T v UAEMBIE RS

RU AT UEET a7 k0 HHERL U - MRV B K O & o B A A
R, EANRAG L7 ) v 77 I AN —OSIRATR 4 pl (1 pl @ Alk-biotin % 721
Az-biotin [6 mM FK(DMSO TIAEfR), &I 100 pM], 1 ul @ TCEP [50 mM ZERFHH LR
(2 ) QAKTESMD, ¥4 1 mM], 1 pL o TBTA [5 mM J5i%(DMSO THEAR), &M 100
uM], B L 1 pL ® CuS04-5H20 [50 mM EREFHRFR (I U Q /K TIAMR), KB 1 mM])
EIRA L, PBS TRBJNEED 50 ul & 722 &9 ik, =T 1R S 72, UG
%17 pL ® 4XSDS 2 7Ny T 7 — ORI L 0 F I 87, Yo 7Ld 70C T 10
SmE LT SDS fkL, SDS-PAGE (flth1%, A ML T M7y Tay 747 &
TV =22 Ta T 0 I LT

4-2-9 SDS-PAGE BX U7 ZAw T T 7 14—

Z N7 125% SDS-PAGE IC LV 4L, ZzEE k%, ENLIGHTNING
(PerkinElmer) "2 20 Z7liRIE L7z, D%, ZVZNNRRGIC LV i S, m@ble i
[ X7 4 v BB LT
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4210 RFVFRTEVTRYT 4T

ZURTEIEXT 7 U7 X REE 12.5% @ SDS-PAGE (2 X 0 75Bff%, Immobilon-P fi
~HRE L. AFXF A I NI TT X 7 1%, high-sensitivity streptavidin—-HRP
(Tris-buffered saline with Tween [TBS-T])C 10,000 {Z#BOIC L 0 &4 F L FHm% o237
B AR R IERE L7-. # 0%, ECL Prime Western blotting detection reagent & )i &
H, (b3 % MicroChemi Chemiluminescence Imaging System (Berthold Technologies,
Bad Wildbad, Germany)(Z X 0 B L7=. /N> F#JE X TotalLab Quant software
(TotalLab, Newcastle upon Tyne, UK) = F W CE &L L7=.

4-2-11 U=xRFrTuvT 40T

2R IEIXT 7 VT 2 RIRE 12.5% @O SDS-PAGE (2 LV 47Hff%, Immobilon-P &
NIRF LTz, AF A INVT TT R X 7%, i Flag HUiR(1000 {54550 TRLEL L 7= [4-15].
PLARLEL% @O Immobilon-P X7 v 7 4 > G-HRP TAEEL7=. D%, ECL Prime
Western blotting detection reagent & X s & ®, {k % 5 )t % MicroChemi
Chemiluminescence Imaging System (2L VR L7-. /N> N TotalLab Quant
software # W CE &L L7-.

4-2-12 SRRl X ORISR

R T AL 24 PRI U 72 M0 4 5o a0t Ye el IV 72 [4-14]. 45312 Hoechst 33342
TEAYE L. 0%, Milaid DPBS THEL, 4% /3741707 e K(DPBS H)T
15 53 A ¥ 2 _X— N LEE L7z, EE L7ZMi% 0.1% Triton X-100(DPBS H)T 10 43
W==iR CHEBEALELE, 0.1% Y 7 F 2 25T DPBS CTHiif L7z, B 4L DPBS
t 1000 {5 AR Pt Flag HUATICEE T RHIRE L72. 0.1% € 7 F > 25T DPBS T
#%, #iin% Alexa Fluor 594 rabbit i~ 7 X IgG Hifk & il ¢ MR S 72, 0.1%t
7 F v &ETe DPBS Clkifth, ~U T 47 AT 4 7L Tw 7 L, Leica AF7000
St B SE (Leica, Solmser, Germany)iZ & W BIZ2 L 7-.

4-3 R

4-3-1 BUNRIEN-IVRAMMUZZ YV v 77 IA NI —2AWEFREICL Y &

MRS R BARBICRBVTHRES BHEND

L2 7E N-2 U A M b RIS UV ATF U2 O IR & o X7 H A RGR
THRHT 2 FELZHELT 572012, B IRE#EMa ok EMIE 2 o7 BECRICEBNTT
VMMEHLWEITAX AL LTZI Y A TF U T u 2 L0 R A T o, AT
% 27 &® CuAAC s, ©FF A% o237 G % SDS-PAGE |2 L ¥ 43Efit% PVDF JiE
~NERE L7, 0%, HRP 52 b L7 b7 BV 0 LS & ECL 12 X LI &
D N-XURKAIULE T EaBH LT, Bt K OMERE & o 7 B AERICE
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FBETY REH D NEIT AL U RTFUEET Fu Z W AREIERRIC L D Z s
B N-I U A UUbOBHEEOHEKK % Fig. 4-1A B L OB IR Lz, Bk s
RVAFUET a7 ORI LD % 37 N-X U 2 M A bR HETIE
TV RNMEERIIT AT ACIV ATFUOMT a7 M MERA SN TE72, Hxld, DI N-2
UAMANWLET IV HZ X278 E LT C Kl Flag # 7 %1 L7 tActin-Flag %
HEK293T filn <, BEEIET Y MMEI Y AF U7 o 7 (AzMyr) 72137 0% 1k 2
Y AF T Fm 7 (Alk-Myr) & W7 REERIC L 5 % v /)78 N-X U X A LbORKR
HZ2R 772, Az-Myr 38 X O Alk-Myr OfiE%4 Fig. 4-1 CIZx L7z, Fig. 4-2 A3/l a
L clmLZXo1Z, tAct-Flag BL O 2D Gly & Ala ([ZiE# L N-X U A hA L&
RWERIRTH D tAct-G2A-Flag I3V = A X T 0 v T 4 U IICLOVIRORNZ /37
BERBEPMERTE /2. I LT, IV RAFUmT e 712X 5 Tl tAct-Flag
TOHRN-2 U 2 ML SN 72 (Fig. 42 A 3%/ b BLOd). FEEE(25 uM) TD
REFEFETIZ, ZAHDI Y RAFU@BTF a2 X 0 IFER UM S O B Sz o
END, AzMyr B X OVAIk-Myr 1286 5 bEEMIICBIT A X2 /8 N-2 U A A )b
EOBREICHIHATE 2 Z &R ENT. Fig. 42A X% L e BXOfITR LT L DT, Hise
A Z BT 2R ICBHI R UV A F v W6, S VAT VBT e e vt
AR & AR OIS Z — o G b7z, LhL, ZOBE, X M7 4 v A~ e
M 3~5 HMMETH -7, WIZ, RS > RV EEMRIZEBT DX N7 N-T U A K
ANMEOBEIIZZNGEDOI Y AF BT a7 BRI TE0ENER L=l Bl
B SR e & R A RCRICEBWT 25 uM R U AT U7 e 72 K A REHE
AT o7, Fig. 42B Ox b aBI O IRLIZ X DT, B HREEEHa b Sk Emn 2 o
NI BEERARIZE W T tAct-Flag 38 KX O tAct-G2A-Flag DIZIXRIEOBEN T = A X T
ny 7 4IRS, XN N-2 U R M OB TliE, Az-Myr (2 X
0 YR IR B S 7228, Alk-Myr Tl 2 < 99V ERR Lo Snv7ea - 7= (Fig. 4-2
B b BLO D). ZnbOfERIE, MRy o RV EAEBRIZE TS X 78 N-
U A MO Alk-Myr TiE72 < AzzMyr 238 L T4 Z & ZRr LT 5. Fig.
4-2B O e BIODITR LI L 91T, BlR Y o R EERARICEBWTEBHIR U A5
g TR L7258, Az-Myr 056 & [AIFRIC tAct-Flag TO BFFEM 2R DM H S
ZO%E, FREOREREZEDLT-OIIE X BT 4V A~DOFEFEMN 3 HIMNETH-

(\\5

7=.

4-3-2 TYFELI Y RFUBT T u iR B REML X RS BERRICE
T35 RI7EN-IYR M NAVOBBIZEL TV
RYRFURT I u T BT ERE Y R BEERGRICBIT DX N N-2 U A K
A LD R Z b+ 5 72912, tAct-Flag 2 H W TGRS L OV CuAAC iz
BILENENORDBED X /378 N-I U A M WMLBHIRE~ORE L G L.
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Cultured cells (HEK293T ) Insect cell-free protein synthesis system
CuAAC Fluorography CuAAC Fluorography
Alk-Myr Az-Myr Alk-Myr Az-Myr
< < < < < < < < < < < <
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Fig. 4-2. Protein N-myristoylation is efficiently detected in a cell-free protein synthesis system by
metabolic labeling with bioorthogonal myristic acid analogues.

A. Detection of protein N-myristoylation of tActin by metabolic labeling in HEK293T cells. cDNAs encoding
tActin- and tActinG2A-FLAG were transfected into HEK293T cells, then the cells were labeled with myristic
acid analogues or [*H]myristic acid. The expression of proteins was evaluated by western blotting analysis using
anti-FLAG antibody (a, c, and e). Protein N-myristoylation was evaluated by metabolic labeling with myristic
acid analogues followed by CuAAC with detection tags (b and d) or [*H]myristic acid (f), respectively, as
described in the materials and methods. Two myristic acid analogues, Alk-Myr (a and b) and Az-Myr (c and d),
were used for the analysis. B. Detection of protein N-myristoylation of tActin by metabolic labeling in an insect
cell-free protein synthesis system. mRNAs encoding tActin- and tActinG2A-FLAG were translated in vitro in
the presence of myristic acid analogues or [*H]leucine, [*H]myristic acid using an insect cell-free protein
synthesis system. The expression of protein was evaluated by western blotting analysis using an anti-FLAG
antibody (a and ¢) or incorporation of [*H]leucine (e). Protein N-myristoylation was evaluated by metabolic
labeling with myristic acid analogues followed by CuAAC with detection tags (b and d) or [*H]myristic acid (f),
respectively. Two myristic acid analogues, Alk-Myr (a and b) and Az-Myr (c and d) were used for the analysis.
CBB-staining of the blotted membrane or the SDS-PAGE gel was used as the loading control (lower panels).
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D#EF, tAct-Flag DX /378 N-2 U A M UULOBREIRIIZI Y A F BT o
73’0420\117\]‘7‘/&7/&%r75>3§< WETHZEN ol Fig. 43ABXOBITIRLIE X
212, Az-Myr/Alk-biotin X7 Z{Efl L7236, JA&HIZHT-5 Az-Myr 35 JL O Alk-biotin
TREEIZ I W TR IR A ERR Sz, RIS, Alk-Myr/Az-biotin X7 TIE, @i
@ Alk-Myr ¥ XY Az-biotin TOAT K FHNF /37 E N-2 U A bAoA /Wbt 7.
TS OFERIT R BRI SR D 2 X B ERCRIZEB T H X N7 N-X U A R
A AL DOBHIZIE Az-Myr & Alk-biotin OfHAGHOERE L TW\WDH Z AR L TW5.

4-3-3 B BMREREMRS VR BEARRIEIIVAF VBT Fu s sl v
RIEN-IV R MMMEOEMBERTORMIZEL TN

L I e S G & o X A GRS 2, T SRR AR M ERIA MR b & > 7 B N-
SURMAIEORBBICAWSNTE ., £2C, KIC, U SMIRRMERE RS s
BHAEMRICBWCI Y RATF BT a7 2 0T GHERIC E 0 2 X7 N-I Y 2 R A
JALDBRHE ATHED T2, Fig. 44 AR L= X 91z, BB h ki 2 oo 'g
BHGRIZBWT, BHIR D AF VBRI a BLOb) E721L AzMyr(Xx /L e BL O D %
WS X U tAct-Flag D% > /X7 EH N-I U 2 MA VR I il S v7-. Fig.
4-4 B (X a BIODNIR L2 X H1Z, 79 FMRAR M Bk b e A & o7 AR
BFABHIv A > F 7213 BHI R U 2T Vg% 7z tAct-Flag ORGEHEA T, 758K
15kDa OALEIZ 7 71— R7eNy R3S vz, SDS-PAGE Vv ) —~ v —T7 VT v
k7 —(CBB)# I L 0, K55 1-8(15kDa LLF) DER/ I ¥ FHERIR MER Ak D £ &
BN EOFEPRER SN2 e D, THUWBREE 72> THE U RT BN RBIER 5
o HEEEINT-(Fig. 44 B X3/ a BL Vb, FEBIxL). Fig.44B (OSF /b e B L)
R LTZED1E, Az-Myr &V 7z tAct-Flag OREHHERE I, (K5 7 mfEik o iR JERE R
BN 7 7T 00 RO, ZUoNTERE, ZoNIE NI VA RMMAUEOEL L S
HENR o, vHFMIFALERIE - ECEBEO~NES B E L2 EATEBY, ~E/nt
TV A F U —BEEE RO L AL TWS[4-16]. ZD7=w, K5 TR 8l
SR RN 2Ny 7 7T 7 BITMREFERTIHAET 2~ n el b b0 L
HER STz, SEBS, Pui/7' e 74 GHRP LB 7213 A R L7 7 €Y -HRP LB 21T
Dol BT, U FMIRIRMERE A K & 2 W TR RA~E 7 1 v % SDS-PAGE 12
L5 L, 7r v 7 4 7% ECLIC K VAT o7z & 2 ARG - BERIC D 2 o3y
By Rp3git & ni=(Fig. 4-5). ZOFE 5, ECL TEA S =3RRIy 7 7T
R KR MR ICEENA~NE I L ICHRT 0D EE 2 b, BLEORE
Ro, SVAFUBT a7 ORISR E D% /X7 N-2 U X M LDk
HIZE, vV SRR R M ER SR MR & o 7 B A EGR Tld7e < BB ESERIIRE k& o 3

JEERRRE LTINS Z LR ENT.
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Fig. 4-3. An azide-analogue of myristic acid is suitable for the detection of protein N-myristoylation by
metabolic labeling in an insect cell-free protein synthesis system.

The effect of concentration of myristic acid analogues in metabolic labeling and biotin-tags in the CuAAC
reaction on the detection efficiency of protein N-myristoylation of tActin-FLAG in an insect cell-free protein
synthesis system was evaluated. A. mRNAs encoding tActin-FLAG were translated in vitro in the presence of
various concentrations of Alk-Myr or Az-Myr using an insect cell-free protein synthesis system, followed by
reaction with biotin tags at 0.1 mM via CuAAC. B. mRNAs encoding tActin-FLAG were translated in vitro in the
presence of 50 mM Alk-Myr or Az-Myr using an insect cell-free protein synthesis system, followed by reaction
with various concentrations of Az-biotin or Alk-biotin, respectively, via CuAAC. The expression of protein was
evaluated by western blotting analysis using an anti-FLAG antibody. Protein N-myristoylation was detected by
ECL using streptavidin-HRP as described in the materials and methods. Quantitative analysis of the labeled
proteins was carried out by scanning the blots using a MicroChemi Chemiluminescence Imaging System. Relative
detection efficiency was calculated as (intensity of metabolic labeling with myristic acid analogue)/(intensity of
anti-FLAG western blotting) of each protein band. The highest relative detection efficiency was set as 100% and
the relative detection efficiency of each sample is shown (lower panels). Data are expressed as mean = SD for
three independent experiments.
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Fig. 4-4. The insect cell-free protein synthesis system is optimal for the cell-free detection of protein N-

myristoylation.

mRNAs encoding tActin- and tActinG2A-FLAG were translated in vitro in the presence of [*H]leucine,
[*H]myristic acid, or Az-Myr using an insect cell-free protein synthesis system (A) or a rabbit reticulocyte
lysate system (B). The expression level of protein was evaluated by incorporation of [*H]leucine (a) or western
blotting analysis using an anti-FLAG antibody (c). Protein N-myristoylation was evaluated by metabolic
labeling with [*H]myristic acid (b) or Az-Myr followed by CuAAC with Alk-Biotin (d), respectively, as
described in the materials and methods. CBB-staining of the SDS-PAGE gel or the blotted membrane was used

as a loading control (lower panels).
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Fig. 4-5 Involvement of hemoglobin contained in the rabbit reticulocyte lysate in the non-specific
background observed in ECL
In order to study the involvement of hemoglobin contained in the rabbit reticulocyte lysate in the non-
specific background observed in ECL, 1 pL of insect cell lysate or rabbit reticulocyte lysate, and 50 pg of
bovine hemoglobin or bovine serum albumin (BSA) were resolved by 12.5% SDS-PAGE (A, B). The
proteins in the SDS-PAGE gel were transferred to an Immobilon-P transfer membrane. After blocking with
non-fat milk, the membrane was developed using ECL prime western blotting detection reagent and detected
using a MicroChemi Chemiluminescence Imaging System (C). As shown in the three figures (A, B, C),
similar protein bands were observed with rabbit reticulocyte lysate and bovine hemoglobin, but not with
insect cell lysate or BSA. These results strongly indicated that the hemoglobin contained in the rabbit
reticulocyte lysate is involved in the non-specific background observed in ECL.

Table 4-3. The characteristics of the gene products of the 4 cDNA clones analyzed in this study.

Accessio

MW

FXC Protein name Gene n (kDa Protein function MYR Myristoylat
No. name no ) Predictor or
0204 Fleckstinhomology o) ey AB46318 RELIABL  Low
domain containing, family 66  Unknown :
0 N1 0 E confidence
N member 1
. . . . . TWILIG :
0396 Serine/threonine-protein AB52804 Serine/threonine High
. STK32A 46 S HT :
9 kinase 32A 2 -protein kinase ZONE confidence
1049 HID1 _domaln-contalnlng HID1 AB52729 89  Unknown NO H|gh
0 protein 2 confidence
S Potassium
1088 Pota_lss_Aum inwardly- AB52877 inwardly- TWILIG Non-
9 rectifying channel, KCNJ2 7 48 rectifvin HT myristoylat
subfamily J member 2 chanr{elg ZONE ed

The results of the prediction of protein N-myristoylation of the four cDNA clones using two prediction
programs, The MYR Predictor and Myristoylator, are shown.
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k% HEK293T #ifaiZ3\T Az-Myr RO CHIEERR LA, Z R N-R Y R R A
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cDNA ZE A L7z HEK293T #ffd O a0t ietins, 2378 N-X U R b A Lbn
PLEKHN1 ¥ X U STK32A O RTEIZTR BT 2 Z LB B>/ N-X U A
h A b &3 72 PLEKHN1 38 X OVSTK32A (3£ & U CFEERIZEE L7223, PLEKHN1
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Fig. 4-6. Identification of novel N-myristoylated proteins from human ¢DNA resources by metabolic
labeling in the insect cell-free protein synthesis system using a bioorthogonal myristic acid analogue.

A. Detection of protein N-myristoylation of four candidate proteins by metabolic labeling in HEK293T cells.
cDNAs encoding tActin, PLEKHNI1, STK32A, HID1, and KCNJ2 were transfected into HEK293T cells, then,
the cells were labeled with [*H]myristic acid or Az-Myr. The expression of protein was evaluated by western
blotting analysis using an anti-FLAG antibody (a and c). Protein N-myristoylation was evaluated by metabolic
labeling with [*H]myristic acid (b) or Az-Myr followed by CuAAC with Alk-biotin (d), as described in the
materials and methods. B. Detection of protein N-myristoylation of four candidate proteins by metabolic labeling
in an insect cell-free protein synthesis system. mRNAs encoding tActin, PLEKHNI1, STK32A, HIDI1, and
KCNJ2 were translated in vitro in the presence of [*H]leucine, [*H]myristic acid, or Az-Myr using an insect cell-
free protein synthesis system. The expression of protein was evaluated by incorporation of [*H]leucine (a) or
western blotting analysis using an anti-FLAG antibody (c). Protein N-myristoylation was evaluated by metabolic
labeling with [*H]myristic acid (b) or Az-Myr followed by azide-alkyne cycloaddition with Alk-biotin (d), as
described in the materials and methods.
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Fig. 4-7. Protein N-myristoylation strongly affects the intracellular localization of novel N-myristoylated
proteins.

A. cDNAs encoding wild-type and G2A mutants of tActin, PLEKHN1, STK32A, and HID1 were transfected
into HEK293T cells, then the cells were labeled with Az-Myr. The expression of protein was evaluated by
western blotting analysis using an anti-FLAG antibody (lower panels). Protein N-myristoylation was evaluated
by CuAAC with Alk-biotin, followed by detection with ECL using streptavidin-HRP (upper panels), as
described in the materials and methods. B. cDNAs encoding wild-type and G2A mutants of tActin, PLEKHNI,
and STK32A were transfected into HEK293T cells, and the intracellular localization of the expressed proteins
was determined by immunofluorescence staining using an anti-FLAG antibody.
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METE IR R Sl o MM & > X 7 B A R (Transdirect insect cell) 23BH %€ & 4172 [4-23].
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AL Z 22X T O in viro fREHERIC L A LT D 2 LR R shv7z4-24] B s,
T VR ORI A% D 2 & 7g W TREMERRIC L0 # RV E N-S U A R A
MEERIHTE D ZERH LN E 2oz, F72, BRESEMIBEMIE D O NMT o 58 R 5
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CuAAC UGS TIZBWT Az-Myr OBMNH 378 N-2 U A N A AL OB IR AT
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RIBEBRCB T D H "7 EN-2 U 2 M MEORHIC Alk-Myr 133 &3, Az-Myr
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EHE R

BT A VARRIT DIFEEAEDX X IETIE, HEREDRNZRN 723 B R i
IERICE D WS ONDOFIRBZREMAZ T HZEBMETHL I ENMLNTEY, i
FETIT 400 L EDREIR D 2 R BEMPFEE SN TND. RN TH X R HOREE
fiiix, NEHHEE, 1 V7L AR, VURELE W BEN Y 7 BIZHFRKE T
HH NI EEMTHY, MIEERGEZ IO LT 584 2o KRR W
THERKREZMHS Z RN THWDS, ZOIBH U NIE NI VA M IUEREL D
7=0I2iX, X7 ED N-KigD Met-Gly- B X4ETHY, NEKD 8 ~ 97 I /1D
%5 N-2UR ALY ZF IV ERHEND 2 B Y ABSINFIET D, X HED N
RIGlEAN B &2 37 E N-2 U R I\/HMI:%%{E'#ZD71:77A%>Faﬂ>;’t§éﬂ‘ﬂ\é75) <
OEFMHETLT L HEm< <, MR THEEIZ N-I U X M HERAET 203G 0M2 DN T
IXFEBRIC KL DR/ L S5, WD N-2 U A M b H o7 EOREEITE Ry
Br 7213 RIS 2 O 7o EHERRIC L 5 b o Th Y, BESIrEE S R Eilisk o
FRANMETHD Z LD, EBICN-S U X M ADOHEEIT) 2 LN TX HEHIZS
< HBIZRLN TNz, ZORMERELSEHFE LD, FEOT7 IV FrY—0
T, FHCT VU R T AR OBOMMBILRIGEEZRA L2 U v 7 r S 2 R ) — LIRS
D BUSZFM LT mEEDOBRRE Th - 7.

TS OB OREITHE, B/ N-S U X R A LS 2R 7 BEDFER O TS &
NTWDR, TNENDOY L XNIEFIZE TS N-2 U R A ULOBERED 2 < TR AT D F
FERENTWS., £72, FIIARALFuP—oIEHICL Y, HHHIICBWT T4
TCTHRRELE N-S U R M IUEY R EORENRIT N ATRE E 7e o 7208, T OHIN T
BETHH NI EHITe N Aa— RENTEZEZ N IEO -HORTHY, Miaz
MERE UTRT 24T 9 TR D B MER AR THRBLLE 5 TO N-S U A M vk Z 37 g
HEICRET 2 FIIARARETHDL Z LI LN THD. £2C, b M A8k Extf
Gl L7 N-X U R ML X7 ORRERI IR OT=0121%, 7 DK% 38—
% ¢cDNA J V=2 ZFHATIE I VWEB2z 6. aﬁilzﬂi;ﬂif“ Z, BRI EN-S Y
A N A NALDFRHTIZ cDNA U Y — R % V7 B S s e Sl I & > 3 7 A s D
FIHABERD THD L E2RE L. LML, ZOFECTELEL OWEORNH Y,
FHTICRHENT N- U R MA U EZ 2R 7 ORSRERNT & 5k S A TV WD DI
wThHot.

Z T, AT, ZOFEOFMEEZS LI ESESZ LA HE LT, i
B R EAEBCRE XL OE R EAMIEE W= 17 2 R N-2 U X A U{eD
BRHEORENIZAT ) & & BT, TOTEIZEY RSN HHN-I U X bA by 3
BOMREFHBUZIBITON-I U 2 MM IO EIOMIT 21T > 7. LN S ok R4 i
5.
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5.1 /MEKER%Z > /%7 protein Lunapark (24352 78 N-X U R b LD
T

¢cDNA U ¥ — 2 % v 7 B i 2 i th ok S e &2 o X 7 A RGR 2 FIH L 7= bR i
KO ZHE TICH A OB CHICRIL Sz N-XS U R M MEZ w7 BORMIC, Z
D7 X BRSNS EREE RO L RIS D b ONEER TV, @E, Mg~
VNITBETREZDZ AN TE N Y R M LD TEREENT S R Ba e S5
ZEThHLN, BHEEZ 7 BITEA~DORIEICFEEMZ L L LRV, 20720, K
By o\ 7B DX N7 N-2 U A M AALE, ME Y o 7 EIOEZ 5220
TR DR ER O EE R DL,

ZIT, ZHETITRBMLEHRE b N-XU R M b 237 B O ) 6 J5 E il
RO L TRISNIZA DD X T BN L=, ZOREE, /IMafkoiE B IREEIZ R~
DOREGBEGIT R SR 2 /)7 Linplp D & b A /v Y v 7 ToH 5 protein Lunapark
2, NS U RN bENT- 2IEE @Y X7 EThDH Z ENRHBLMNI/2 - 7. protein
Lunapark FUZAET 2 2 D OHEEM ERFEBOE 2 it L7-ER, 55 1 B K OVE 2 I E
WEEIZENEN TR 7 LT v 0 —EeA B L OWE I IEE S & U CHlREL, Zh b
28D N Kbk L C K2 V3770 S RIS A1 72 N-cyto/C-cyto Bl 245> 2 [Hfj5E
HilX o\ EEERSEDLZ ENRP LN Loz, F7z, protein Lunapark O ~DHi
TRindr, BEE N AR O—ERk, MNEE, AFRBEREIZF 1T 5 protein Lunapark (24 U
HH TN U A R EDOEENZ O TR EAT > TofE R, # /X7 N-2 U A b
A /W{EiZ protein Lunapark Ofi@EiE, 5 E MR o U—Ek, MlBNRECEELR2N &
Doz, LovL, BBRENZ LT, GEw R aofERN G, mEEHEL L 72 protein
Lunapark (3 ER BT RIEL, RERZADOT 2 — 7 PHEEDUREZHFE LT, £z
ZOBSRIT 20 Gly D Ala ~OEHIZ L DX R E N-2 U A M A MHEOREIC LV B
I S NS Z EDH B E R o7, ZRDDOFRERITF /X7 E N-T U R A R
protein Lunapark OBEPHEI CiE S5 ER OEBE(LICEE ekdl 2z -4 2 L 2R
LTWb., FxOmMbRY, ZhoORREIE, B RO N-I U R M UL S 7= IR &
PN EOEEE, FEENRe Y=g, MRNREER JOWRIZE TS 2 X7 B N-R
U A A MMEDEEI Z R LT- 0D TOHETH 5.

5.2 EMKZ A7 EERRB L UBEEFEAMBIZRIT 2REEREZ AW
FeDNA Y V—Z2nbDEk R N-I YR MIULE R BEDREE

Tz, Mz AONTE MBENICEEL TWDEE N-2 U R A b ¥ v G % [FE

TOFELLT, b MRV EORAIEREZ S LIT, EHEZ R BERE W

AR LV RBRENT N- I Y X b UL ERIT 2 FIEEMLLTZ. LarL, ZOF

%I, N RS Met-Gly £ F— 7 ZFF 2T D cDNA IZOWTEREZIT-> Tz, i

BR L7z cDNA Z o —2 6D N-2 U A A LY VX7 BOBEIRIFELS, ZOHR TS
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DFECITWEORMNE SN TN, 22T, N-2 U R M UHLE R B Ok
EF2HEEZAMNE LT, ZOEMY 7 BAKRRE W REERRIC L 5 FiEE N-
RUVR ML T 0 7T DE2HNWTEANALFA T r~T 4 7 AT LD FEE ZlAE
b, P E DNAWIEFR LIRS TV S 4,369 Dt~ cDNA(Flexi ORF clones)
7R BESIPOHHE N U X N E R B OFRIE E AT

4,369 Ot k ¢cDNA 7 u—>rD 55, N KinlZ N-I U R b A AKIZHZE: Met-Gly
BslZ > 339 HIC OV T 2 OO N- T U R AL THT 0 7 I L2 EwmA LA, &
DHH 90 HRLRL EHLELLIDOT BT T ALY NI URMbEEIShDETHIS
niz. ZNHDcDNA 7 a—r b, T—F_X—2ARBITILOVEEMDO N-X U & b A Lfb ¥
VRUE B3 Y m—rkRE, 37cDNA 7o —r %t b N-X U R b A b x o8 7 Bl
ELTGERIRLE, ZNOOX U RIED N Kl 10 7 JBEET VX NIETHD
tActin ® N K¥ii 10 7 2 JEE L@ L7-fE 2 >/ 78 cDNA Oty FEREEL, Zhh
D N-I U R b Ak % B HiiE i e EfiL & o X7 B A GRICEBIT 2 BHI R U AT R
I XV RREF LGSR, 19 T BE < N-S U R MR AEL B Z RSN, T
OV TN ONTARE cDNA # AT L, b MHEOREEME TH S HEK293T Hifaiz
BETEALBHIR U AT VEEERIZ L VMR CTO N-X U A M A /U LE R LRGSR, 13
5o cDNA E#( FBXL7, PPM1B, SAMM50, PLEKHN, AIFM3, C220rf42, STK32A,
FAM131C, DRICH1, MCC1, HID1, P2RX5, STK32B)73t k N-3 U X hA )L L& v /32
HThHZ N gholc, oDk h N-XUX ML XTI, #7838
VLR, E3 X T U MBS RS, HUBE Y VST, TR h—U A
B & 2 X7 g 7 CAEBRWICE B e X LN YT TR, MilapgtEl B\ CE S A A
EHS ZENMONTWABEEWMY X EREEN TN,

TDHIHBLOUEDTHD SAMMSG0 (£ ka3 R THMEICAFES D B /8L VAR 2
ROB A hay R TAMBEICHIGAT & R BEAETH D SAM HA KD FEHERL
W ThY, BEEBNVIVAIEES LR EThD. SAMMS0 O % 2378 N-ARHHEL S
OFEMMFRMEEZR 7= & 2 A, NRO N-2 U 2 A /LT F— 7 DFHEBIIZB W TE
ERIFENTWDZ ENholz. 22T, N-X U R MU ERE L7z G2A B RKZ1E
AL MR A~OBIAFEAIE S MIaNRTEZ RET L7z & 2 A, B4R SAMMB0 Tldih
KRS PV RYT~ORENECTZOIZH L, G2A ZRAETIIZDZ < BSHIEIZ)R
fEL7Z. ZoZ b, SAMM5S0 A2 hay RY 7 ~HEYNCBITT 27204 v 08
N-2 U A MA AN EE 2T 2 Rl 3 2 BB Mo 7.

PLEOFER G, RPEIFAEBMICEE 2 ¥ LB Z 5 N-X U R A ULD[RE
WCAHTHL Z B ENnTz. £, BIETHL I Lo/MaEE E TR SN LS
SNTZFIZAETDH N-I YA MRz, HIRE TERENTZ%, I har FY TAMEC
JAET DB NI S L X 72t N-S VR MBS E U S % Z & 29 CORT 5
W) L7z,
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53 Z7Vv 7 IRAN)—FAVWEEMRY X7 BEERRITEIT 5 AEHIERIEIC
X2FHE FN-I VR M ULE  RI7BDOFRE
FINNAA AP —DFEE AN N-2 U R A UL S X7 B OLRTERE DML
, FEEDOMIBAAREE DT CHET D N-X U R b A /b Z 37 B OMFERIIFEE DS #f
abt 2o TWA. L, FFEOHMITRET L X N7 EIZe N Alca— Rz
BHEUNRTED OB THY, MlZMEE LTI 21790, & MEARSIKTHEL
LG5 TO N-I U R MM IUKZ X7 B 2 I RIET 2 F 38 EARARETh D =
EIIRALMNTHD. 22T, B N AR ERNRE LI N-I VR MMM Z X7 E
MAFRAN 2R ENT DT DIZIE, 7 2B E I N—F 25 ¢cDNA U YV —RZFIHT 1 iotb\&%
ZAHND., FrITINETIE, X RXIEN-2 U A A ALOMHTIZ cDNA U ¥V — 2%
VN B BRI ORI & XV EERGR ORI B ER TH D Z L WiE Lehy, 2
DFEIITELL L ODEFEOR PR SN TV, 2T, Forx M Lz B BRI
H Sk BERE 2 o X 7 A RGRE VLT N-2 U 2 M A U BREBIEIC 7 S DAL A o—0D
FHEEISHAL, @ CRERRHNEDOHENL 2TV, ZOFEEZHNTHR N-I U X ML
b4 2 X7 G DRE & k7.

2OoMI Y AFUEET F 1Y, Az-Myr 35 & OV Alk-Myr % VN CTEEE M & 2 T R ks
A SR BER AL & o R 7 B A RBRICB W TREHE#RE, 7 I WA A d e P —FIs0—
DT H DAL TOMIMEAL S (CUAACOIZ L 0 et tag ThHEAT &AL T-.
Z iz SDS-PAGE (2l 5- L PVDF JE~HRG %, A h L7 h7 © Y -HRP TR
L, (LRI Z BRI L, B TIE 2 DO I U RF U7 o Z3FEBEICER T
o7y, B HRETEMN R & X7 A RGR T, BRI & R CAGEME RS &
U CuAAC USSR TFITIBNT Az-Myr DA K 2878 N-2 U 2 b A AR ISR T ge
THDHIENHoT. ZORMIEN cDNA U Y —ANLOHHN-I U R A b X
7 G ORIEIIGH ATHETH 2 MEDEREND D720, 4 DOl cDNA 7 11— &38R
LA RI7E NIV AWM ZR L72E 24, 3 DD cDNA 7 v —pEY
PLEKHN1, STK32A, HID1 78 N-X U A hA /UL Z LRI ETHD Z ENH Lo
7. Bis 8 A HEK293T #iflaicis i 2 BHIR U AF Ui % AW REHERIZI W T H A
BROFERNG LN, ZOFEND, ZOHFEFTA X7 MR laTRELZ N-I U R R
Mz R EORICIEFITAM TH D LfEmTED.

INODE U NRTEIZAETDHH /N TE N-X U A M IEOABRIEENZE L CTRE L
7ol 2TA, FIWEBREA~D N-X U A b A MUIRAEZRJGIED 2 DOFHN-I U 2 A b
>3 7'E, PLEKHNI1 £ X" STK32A CTHEIZ Iz, HWERMO Y L XIETHD
PLEKHN1 ® N-3X U 2 A )UHLDOKENIRHTH DN, B VI N vA = H o I'H Y
e LiEsE Td % STK32A TIHIERE S ILE & o R 7 B ORI Y VLRSI # > 737 '8 N-
I U R M IMMEREET D AT mE S 7.

PbEXy, ReEsEMad sk Ly R EERRICBIT ATV RI U AFU@T
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1 7 & DT AREHERE & CuAAC BUSIC L B B4 F 2 tag OFHINIE, 2 X7BEN-2 U &
A AL A BRI B e B E 2RO N-X U X M vk X7 0 RIE#SIE %
FAWZRWH RN 72 RIEE CTh D L fbam LT,

UEPBNTEfERERET D E, BAPRB U N-I UV X M ks X7 EHD
G, ZNETIEFEAER SN TW o 7oz X7 HICAT S N-2 U X b A Ak
DB T ERENH S E 72572, F£72, cDNA U ¥ — A% v 7= B 5 A f ke 4 i
BRI EERGREFH LTI RICANA AL T ~T 4 Z AL I AN, Fry—
DOFEZIGHL, K& CHEME, Rtk i g o2 LIcld L.

A% 50 %< D cDNA 25T cDNA U Y — 2 &2 5%i5% & L CANIZE & RO 3 Thh,
% < OB N-I U X M U b s 7 ERFEE S BRefir 8t Z L 12 kv, b Mz
WTHETDZ LRI EN-I U A MM MMEDZERERIPHLNI 25 b0 LW s .
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BRI A VANRET DIEEAEDZ T, BEREDRRI 72 R FF 5
PEERIC L D WS O ORRBEMZZ T2 Z ERRBETHLZ ENMLATNS., 20D
b, AU N-R U A A UIRRIEWVERRRIC K 2 5 2 7 BIREEMTH Y,
AT RIRE 21X U &3 D8k 2 e R RER BLBRE IC I W CHEREEI 2 5 2 &2
HMONTWSD., UL, Zo27B N-2 U X MM ILERET 2 FEZRFERR STV
728, ZOZLIIREICFESN TRV ERHEINTND., ZORNERE UFELE

ERED T I AN F P —DFEEZFIH L mEORBE Th-7-. ZorIn
NAF e o—DOFEDICHICEY, HHMIBICHENT ERFTTHILEZ N-I U XM
MMEE X7 EORRNRIE N ATRE & 7e o 728, FREDHME CTRILT 52 X7 8T k
) D a— RENTEBE N IED OB THY, MazEMEE U CHITZ1T 5 R Y
b MEREETHIELASALRTO N-I U R M b Z X7 & fBRENICFEET 5 FiER
ARETHLZEIEHALNTHD. AT INETIE, U "7H N-2 U R M IALOMENT
(2 ¢DNA U V' — 2% Jv 7o B s A R AL & o~ 7 A RGR ORI A Th %
TLEWELE. 22T, ARXTIE, ZOFEOAYMEESHICHESES L AR
LT, MRS R BAEGRE L ONER T8 AR E W2 2h38 i e 2 v X7 N->
A M IALDRRHNEDHESL 24T o T2, FTMESL L2 FEIC LY ARS8 N-X U X
N LS VR B ORRER BB T A N-I U A A LD EEIDOIRNT 21T > 72, K
i, ThODORREEELDELDTHS. UTICEOMELTET.

1) /KRR % > %2 protein Lunapark (2442 Z L X7 B N-3 U & b A AL DOfEYT

HZURTE NI YA M AT TICHIRE & o7 BICEZAEMiThH EINTEY,
N-I U R ML ENTZREE @Y R BT EAERBER TR, 22T, FHEE
Mk ZEO L THISNTZ420HME b N-2 U R A AL T BIZHONT, BRE, K
i, FRRNREEZ RS R, 4509 50 1D protein Lunapark O 1 35 L OV 2 5
Eomfa e e I My 7 v 7 o g —EeAds L OWEERE LRl & L CTEE, ZoX
NI EIE N-oR s KON C-Rlm 2 W30 b MR BN a7z 2 BRGSO N-X U 2 b
AMEE R ETHDHZ ERR SNz, F7z, @RS L 72 protein Lunapark 13312
/NRTRIDIZRAE LR E 22 M OM B SRR 285 T 5 2 &, 722 0EEIT 2
AL Gly O Ala ~OEHLZ X D N-I U R M ALBREIZ L0 B Il SN D 2 E B 5
MmETpolz. ZnHORERND, protein Lunapark O FEIRHIC L 0 78 S 5/ MakE
BRAEIZH /N7 E N-X U R MM IR EEREE 2RI Z LRS-,

2) ML X N AR R X OSE S FE AR R A REHERRE A AV e b
cDNA U YV —ZAnb0HHE b N-2 U R M UbLZ R 7 EDRE
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AFNCEERFHE N N-Q U A ML Z o RV EEFEIET H720, &k cDNA Y
— A (/9" E ORFeome 717 b ¢cDNA 7 1 —>) IZ& %45 cDNA 4369 {5 N-
SURRMMMMETHZ 077 L8208 B N-SUR RN MEE oI ERa—RT5HLET
M x472 90 fH D cDNA #%ilfh, 7 —F_X—2ARRITLVEEFD N-I U X M Lfb &
Ny BERE, 3STHZHHE B N-I U X ML X7 BERE Lz, Zhboz oo
JEN-I U R MRS MEE C Kz FLAG # 7 &2 Lz Vv X7 BIZ N K
Ui 10 7 R B ARG ST A X v R B ERWCGHE L., 20%, £FE O cDNA B
FPEMD N-X U A A AR ME A B iUis 28 Ml fh R EE I & o X 7 S R 36 L OS8R
T H AL M O w7 TREERIC L VA L2, Z0f %, 13 Do ¢cDNA 7 rm—

(FBXL7, PPM1B, SAMM50, PLEKHN, AIFM3, C22orf42, STK32A, FAM131C,
DRICH1, MCC1, HID1, P2RX5, STK32B) 238t h N-X U X hA by VX7 TH
LZERRHENT. 205 L, I har RYTHMEY o7 SAMMS0 Ti, I b=z
KU 7 ~HEUNIRATT B2 X XTI N-X U A M e EE e &H 2 Rl d 2 &0
LMo T2, LEOREEN D, AFRITAEMICEE R &2 7298 N-S U 2
A NWALS R BEDORIEICHAM TH D Z LRSS hTz.

3) 7V v IA N —ZAWTEMILY R ARSI DR RIE S L D
e FN-2 U R ML Y T EDFRIE

s L ORISR AL 2 AV WnWg VX7 N-R U A A bk 2 N+ 5720,
BRI R I & XV AR RICE W TT AF AbH D WIET Y ML 72X ]
AF T Ia 7 e HREERE L., 2V vy 7 I AN =2k eFF & 72
L, 2% SDS-PAGE 12t 5%, N-X U XA hA /b F 7% A L7 R 7 E Y -HRP
THRERANERL L, (BRI VR Lz, BRI 2 DOV AF U@y s
EEBRICHE A CTh o723, B RESEMIE bR MR & o 7 BABCRTIET ¥ RMEI U &
FUT a7 ORFHARETH DL Z ENgholz. TORMEN cDNA U Y —ZA060
R N-I VR ML X EORIEITISHAEETH 2 NENE MO HT-DIZ, 4 D
DOfEsli cDNA 7 a0 — 2 Z@ iR Z 2 X7 'E N-X U R b HUESEEZRME L& 25, 3
>? ¢DNA 7 1 — W PLEKHN1, STK32A, HID1 A3 N-3 U & b A Uk Z L 37T
bDZENPHLMNIIR T, Tz, JRIBERBEA~D N-I U A S JHEIFR 22 JFTED 2 D0
B N-2 U R M A b 2378, PLEKHNI1 £ X O STK32A TSz, LI EofkE
Ene, 7V v I AN —Z AWl Y o3 7 B EBCRIZE T B AREHER LI &
0, #2RIE N U AN IACH BRI EE AR 2 FFOFH N-T U X hA by v
2R B RS RIERILE 2 VW5 2 L 2 < WRMICFAETE 5 2 LRSS,

IED X 9T, AN E, ZNETIZHRAVD BB UZHH N-2 U X bk Z o3y
BoOHIZ, ZRNETIZEALRBEN TR TZBEEBY VRV ENFEL TND Z L,
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IHIZZON-I YR M IAKIEIEEE 2 )7 BEOMRRRBICHEE TR R LT\ D
TENALMMER ST E2, cDNA U Y — R & V- B B I R B & LR
BOWRERH LIRS AA L T 4T 4 AT IANAA, Ao —DFiExE
IS5 2 ST k0, fEkE & i LI D 2 R O E 2> ol 2 ik ik 2 e Sr 3 5
ZEITEB LT,
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Summary

Protein N-myristoylation is one of the predominant forms of lipid modification
that occurs in a wide variety of viral and cellular proteins and known to play key roles
in regulating various cellular structure and function. However, many N-myristoylated
proteins remain to be identified because of the lack of systematic and comprehensive
strategy to detect N-myristoylated proteins. Recent progress in chemical biology has
made novel approaches available for the detection of N-myristoylated proteins
expressed in cells by taking advantage of bioorthogonal reactions. However, it is well
known that only a limited sets of genes are expressed in particular cells. Hence, these
approaches may not be suitable for the comprehensive identification of human
N-myristoylated proteins expressed in whole human cells or tissues. In our previous
study, we found that the susceptibility of human ¢DNA clones from human cDNA
resources to protein N-myristoylation could be evaluated by metabolic labeling of
proteins expressed using an insect cell-free protein synthesis system and this strategy
is useful for the identification of human N-myristoylated proteins. In this study, to
improve the efficacy of this strategy, cell-free- and cellular metabolic labeling
experiments were coupled with bioorthogonal reactions and bioinformatic prediction
systems for protein N-myristoylation to generate novel strategy to identify
physiologically important human N-myristoylated proteins from human cDNA

resources. The results obtained are summarized as follows.

1) Protein N-myristoylation plays a ecritical role in the endoplasmic reticulum

morphological change induced by overexpression of protein Lunapark, an integral

membrane protein of the endoplasmic reticulum

N-myristoylation of eukaryotic cellular proteins has been recognized as a
modification that occurs mainly on cytoplasmic proteins. In this study, we examined the
membrane localization, membrane integration, and intracellular localization of four
recently identified human N-myristoylated proteins with predicted transmembrane
domains. As a result, it was found that protein Lunapark, the human ortholog of yeast
protein Lnplp that has recently been found to be involved in network formation of the
endoplasmic reticulum (ER), is an N-myristoylated polytopic integral membrane protein.
Analysis of tumor necrosis factor-fusion proteins with each of the two putative
transmembrane domains and their flanking regions of protein Lunapark revealed that
transmembrane domain 1 and 2 functioned as type II signal anchor sequence and stop

transfer sequence, respectively, and together generated a double-spanning integral
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membrane protein with an N-/C-terminal cytoplasmic orientation. Immunofluorescence
staining of HEK293T cells transfected with a cDNA encoding protein Lunapark tagged
with FLAG-tag at its C-terminus revealed that overexpressed protein Lunapark
localized mainly to the peripheral ER and induced the formation of large polygonal
tubular structures. Morphological changes in the ER induced by overexpressed protein
Lunapark were significantly inhibited by the inhibition of protein N-myristoylation by
means of replacing Gly2 with Ala. These results indicated that protein N-myristoylation
plays a critical role in the ER morphological change induced by overexpression of

protein Lunapark.

2) Identification of human N-myristoylated proteins from human complementary DNA

resources by cell-free and cellular metabolic labeling analyses
To identify physiologically important human N-myristoylated proteins, 90 cDNA

clones predicted to encode human N-myristoylated proteins were selected from a human
cDNA resource (4,369 Kazusa ORFeome project human cDNA clones) by two
bioinformatics N-myristoylation prediction systems, NMT-The MYR Predictor and
Myristoylator. After database searches to exclude known human N-myristoylated
proteins, 37 cDNA clones were selected as potential human N-myristoylated proteins.
The susceptibility of these cDNA clones to protein N-myristoylation was first evaluated
using fusion proteins in which the N terminal ten amino acid residues were fused to an
epitope-tagged model protein. Then, protein N-myristoylation of the gene products of
full-length ¢cDNAs was evaluated by metabolic labeling experiments both in an insect
cell-free protein synthesis system and in transfected human cells. As a result, the
products of 13 ¢cDNA clones (FBXL7, PPM1B, SAMM50, PLEKHN, AIFM3, C220rf42,
STK32A, FAM131C, DRICH1, MCC1, HID1, P2RX5, STK32B) were found to be human
N-myristoylated proteins. Analysis of the role of protein N-myristoylation on the
intracellular localization of SAMMS50, a mitochondrial outer membrane protein,
revealed that protein N-myristoylation was required for proper targeting of SAMMS50 to
mitochondria. Thus, the strategy used in this study is useful for the identification of
physiologically important human N-myristoylated proteins from human cDNA

resources.

3) Cell-free identification of novel N-myristoylated proteins from complementary DNA

resources using bioorthogonal myristic acid analogues

To establish a non-radioactive, cell-free detection system for protein

N-myristoylation, metabolic labeling in a cell-free protein synthesis system using
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bioorthogonal myristic acid analogues was performed. After Cu(I)-catalyzed azide—
alkyne cycloaddition (CuAAC) with a biotin tag, the tagged proteins were separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) and blotted on
a polyvinylidene fluoride (PVDF) membrane, and then protein N-myristoylation was
detected by enhanced chemiluminescence (ECL) using horseradish peroxidase
(HRP)-conjugated streptavidin. The results showed that metabolic labeling in an insect
cell-free protein synthesis system using an azide analogue of myristic acid followed by
CuAAC with alkynyl biotin was the most effective strategy for cell-free detection of
protein N-myristoylation. To determine whether the newly developed detection method
can be applied for the detection of novel N-myristoylated proteins from complementary
DNA (cDNA) resources, four candidate cDNA clones were selected from a human cDNA
resource and their susceptibility to protein N-myristoylation was evaluated using the
newly developed strategy. As a result, the products of three cDNA clones were found to
be novel N-myristoylated protein, and myristoylation-dependent specific intracellular
localization was observed for two novel N-myristoylated proteins. Thus, the metabolic
labeling in an insect cell-free protein synthesis system using bioorthogonal azide
analogue of myristic acid was an effective strategy to identify novel N-myristoylated

proteins from ¢cDNA resources.
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