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Abstract Lipid droplets called plastoglobules are present
in all plastid types. In chloroplasts, they are surrounded by
the outer lipid monolayer from and connected to thylakoid
membrane. The plastoglobule core contains the neutral
lipids, which includes prenylquinones, triacylglycerols, and
carotenoids. During stress and various developmental stages
such as senescence, the size and number of plastoglobules
increase due to the accumulation of lipids. Plastoglobules
proteome revealed the presence of metabolic enzymes as
well as structural proteins, plastoglobulins/fibrillins. Among
the metabolic enzymes, the tocopherol cyclase, VTE1 and
the NADPH quinine dehydrogenase, NDC1 have demonstrated
that these participate in isoprenoid lipid metabolic pathways
at the plastoglobule, notably in the metabolism of prenylquinones
(tocopherol, plastoquinol and phylloquinone).
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A (Fibrillin; FBN)S. & 313 9] 2FA 3| (Chromoplast)of| A 7}
EE| 0] E(Carotenoid) &} Agst HF+2E gt
(Deruere et al. 1994). 1 o]3of g2 U} L7} FA}
3wl A So] o] JEA(Chloroplast)®] ZehAEZZ
Hol|A] WA o] go] Ze}AE &2 (Plastoglobulin; PGL)
FE= WA X2 Ao 2 (Plastid lipid-associated protein;
PAP)o] 2}l W & ¢l th(Deruere et al. 1994; Pozueta-Romero
et al. 1997; Kessler et al. 1999).

SHAEIEEY 7|52 AEY MaAolA AdE
Ao Aol T Aew FAHE ghort FFof of
7174t (Arabidopsis) §=5A|2F 30 A = FE &
ot ZEAE S EE 9] I 2 H|2(Proteome)E 4 AT} 22
ARl EHAESEET o] A AtfAte] &
oj¥l a4 v go] WAL o] AAA SHY T A
2 7ol EZAE T Qloh(Vidi et al. 2006; Yiterberg et
al. 2006).

ZUAEZEES 30 mofA 2 um 7] 9] FFoE A
2514 (Biotic) T 3H4(Abiotic) AE G A0 o8] 1 2
718} =217} Z71ek= E4J0] QtHLichtenthaler 1968; Thomson
and Platt 1973; Austin et al. 2006). 71 F+2 = HE2H 9 €
gtF o] = ]"(Thylakoid outer membrane)?] o] 23]
FAE T Yo R I Y| a4 24F A
A 4 ol A0 ik gefaolE Quo g HE

22 FFo] FAEW 1 BHOZHE THA] o]}

[¢]
CHAustin et al. 2006). 0|9} Zro] A% AZAYE Lx= d
Fo|eet EHAEFEE 7o A A 249 o]F 7t
S48 AN,

Al g9 ot wet ARG EEY A7|et U W
sheo]l HuE itk AlgA 9 k3t Yofl= FAT 4
7401 0.1~02 pym= wfj- 22 27]9] EAEFEEO]
a4 Wb A 2= HbH (Lichtenthaler 2007) W =R
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OF U] we3tE Yol I 7F askAnt 2717
A% o] X 1% th(Lichtenthaler 1969).

LRI EE HHole 424 8D 7 =(Prenyl-
quinone)¥} E ] o} A =8| M| E(Triacylglycerol; TAG) 1] il
ZtRE o= i EY Y9 F AR s
-9 (Plastoquinol-9; PQH,-9)2} & F #|E(Tocopherol: vitamin E)
o] FQ AEOS g A% H(Lichtenthaler and Peveling 1966;
Tevini and Steinmuller 1985; Austin et al. 2006; Vidi et al.
2006) 1} = 7] +=(Phylloquinone: vitamin K1) A% 97
H th(Lohmann et al. 2006).

HEEEECIS SR REEE EER
367 gl o] wAR Y 15 TAH &
ushy Txowgel BeaRIREAT 424 it
T Ba a9 a 7 vl g g A E o(Vidi
et al. 2006; Ytterberg et al. 2006).

RO AL o7 SAA ZAsie 137]9) 2
HAESREY A4S 8F0] EYAEIEEANA T
A= UchTable 1). F=A| thAR B0l EXHE T4
o] #H% EFE 1E|3a M (cyclase)Q] VTEL (Atdg32770),
ZFR2E o= thAtet B E 7tREolE Aukda Al
CCD4 (At4g19170), 18] 3L ZH¥](Calvin cylcle)o] Tof3}=
3% 9] fructose biphosphate aldolase (At2g21330, At4g38970,
and At2g01140)2} A2 EAKJasmonate) gAgof Hoidl=
allene oxide synthase (AOS) (At5g42650)7} Q)lth(Kazan and
Manners 2011). BFA| 9} 150l &38}= 7|5 w2l ohal g
T 47 AddAte] BT Ao F5EH O 9=
2) A B8 & & (Lipase)$} A5 A4S Kol ETLIZ} ETL2
(Esterase/lipase/thioesterase)> ©2tFo|= 2| & TjAlo]| &

o Ao w FAEH, ABCl-like 7}o]u]o] % (Kinase)=
Y= giafe] T Aoz FHETHYang et al

EdAESEES 7 A SSAEIEEE

NW71A FAA NN EAsH= 1359 EHtAES2E
(Table 1) AR 87171 ESAEI R EOA TAE AL
-1 2 PGL34/FBNTa (A3g58010)2} PGL35/FBN1a (At4g04020)
7t ERtAEIREY BYdor Aol SHEIY
(Vidi et al. 2006, 2007). 1 7|52 SAAX ALY LA
2%% @ Jog AN FEY Al Al
(Cyanobacteria) Synechocystis SAA = T Mo Zehx
EFREYU SAR, slI5683} sir10247} EA 3t o]
FAAY HAHOAE EA%H Ay EHtAEIEEC] F
A3}t & AF(Photooxidative damage) S 2 HE HEXE H T35}
= 759 & & 5 A H(Cunningham et al. 2010).
EosEZREUL 2R ¥, AT EE BYA
Ef 2o 95 1 ¥d o] - = tBrehelin and Kessler 2008).
I o2 B Qo] AL HYA EHAEIEEY A4
o] S7F B L(Lee et al. 2007), Pseudomonas syringae

Table 1 List of 13 plastoglobulins/fibrillins (PGL/FBN) identified in Arabidopsis genome. Plastoglobulins also called fibrillins

Accession number Name Cellular localizaton Functions

oo oSG re el e G 00
At4g22240 PGL33/FBN1b PG Light/cold stress-related JA synthesis (Youssef et al. 2009)
At2g35490 PGL40/FBN2 PG Light/cold stress-related JA synthesis (Youssef et al. 2009)
At4g00030 PGL24/FBN9 ND** ND

At3223400 PGL30.4/FBN4 PG PG development, Stress resistance (Singh et al. 2010)
At2g46910 PGL31/FBNS PG ND

At5g09820 PGL30.5/FBN5 ND

At2g42130 PGL32/FBN7b PG ND

At3g58010 PGL34/FBN7a PG ND

At3g26070 PGL25/FBN3a PG ND

At3g26080 PGL29/FBN3b ND ND

At5g19940 PGL26/FBN6 ND ND

Atlg51110 PGLA45/FBN10 ND ND

PG*: Plastoglobule
ND**: Non-determined
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pv. Tomato DC3000 '8 Y<tofl ¥hg-3to] Fr&= A4S}
A 2 off 7] Aol PGL30.4/FBN4 (At3g23400)0] WA
21th(Jones et al. 2006). o 7| A SYAEZZEY £ 4
W7F ¥ (High light) AEAsto Al 21 Whgdo] 4o
%) 9 th(Giacomelli et al. 2006). Abscisic acid (ABA)= o} 7|
At PGL35/FBNIaS X3 9 ZgtAEdZ B9
TS st Fdols EHrESE2ET] 1%
I AL AEH Ao A AFLZAHTasmonate) T -
9} AE o] gl2o] BE QI tHTable 1) (Gillet et al. 1998;
Yang et al. 2006).

SHAEIEEY Aol §le UHA s/ Y Sebs
EI2REUS 4549 defiels, AERul(Stroma) W
FAA o] EAste] AEH A0 o) B EE HYE=
At m R E A H Y QHA St o A om A E

SLAEZEET} AEYA

A AseA D Qo wkBlof whef MaA o] EAsh=
SUAEIEES 1 7t FUkskal 1 A7|7F TR
ol 2H(Kaup et al. 2002) AZ, HEsE F7F ALREE,
A 27, vpolg A e, AL, eEqN 2 AL AEY
2 of 98| 1 =79} 427} Z7}5HcK(Nordby and Yelenosky
1985; Locy et al. 1996; Rey et al. 2000; Oksanen et al. 2001;
Gaude et al. 2007; Lichtenthaler 2007). o]¢} Zr& w3} 9
LEY 2o ot Gk GEA HepAolt uho) faf
AHE-Q1 ] & (Fatty acid phytyl esters; FAPEs)9| Z715 4
§517] fl5to] EYAESEESY £ 1 27| 7F Sk
T}H(Gaude et al. 2007; Brehelin and Kessler 2008).

B4 5 o 4F0) WAL S G A(Chlorophyll 7} E
WS o FAI (Photosystem I: PSI)Z} F A1 (Photosystem
I: PSI)of| A &Ad Ak~ (Reactive oxygen species; ROS)7} dF
Ao "efaio]= uhof A th(Pospisil 2011). A&
Ag} AEY Ao tfj 3] | F+=(prenylquinones) ¥} 72
SALSLE 2 AALO 2 o) -3-$Hch(Gruszka et al. 2008). TH
B = BANA, EHEEF =S FANA 229
ARG ERHAZH 9 7] o] o] gHatabA] AeZ gt
o ERdES F 240 2y AxAdg &9 7S
< QAR 1 AEG At A A Higt 2 gt
Sl 7]5<& 3tk (Munne-Bosch 2005).

dd =0l SHAEIEE SH AT AHH R
X

il

¢

(VTE1) (Vidi et al. 2006) 2} NADPH quinine dehydrogenase
C1 (NDC1) (Eugeni Piller et al. 2011)2 Z&d = tfAlo|
Holstez Barol7] fo] EetAEZREA ZH T

=

oot

Po] #EHOR o|Rold s154E AL it

ELAESZED ETHE Y At

EFHEL =4 (amphipathic)S Zt= & F 3 Z0}E(Toco-
chromanol) 1&9] 43$tch(Falk and Munne-Bosch 2010). &
FHES AL BED HE, 527 2 2704 &
AEE I Fxe e FES ofn 4Rl Eo]2Al
W g RS ofolaze ool tAto| A FAH &
2] =2 g d (Polyprenyl side chain)2 -4 ¥l th(Valentin and Qi
2005).

EFHEE A20bE9 agof EAsk= v E(Methy)
719] 4=} 9jA] o ofa LduH(a-), HIEKB-), THk(y-), D
(6-)9) 471 A 2 F-E-= T Mene-Saffrane and DellaPenna 2010).
Qo #2 obuh & T Bo] ZASHE vhEl £4, 2 1
gla Heols Hu-ERHEo] 2 EATHrH(Horvath
et al. 2006). EFH &> MAaA 9k Hepso| s dhof] 4F
YEo] et SA4E U= A2nkE 1L R A
A<= el o ol 12tk (Dormann 2007). ©f 7]
A A dEA o A5t F ERHEY of 130] &
BAEZ 2R ZASFTHVidi et al. 2006). 1Zo] |3
APSE 2B 2o A XA utat FANE 5] 913 &
I E9] FATFo] Z7F3tcHDeLong and Steffen 1997; Havaux
et al. 2005). =3} Q9] T AEF AN Yu.EAF 2
9] oFo] 4] o)A} Z713ho] B 1% i tH(Szymanska and Kruk
2010). o] Ao}t A A = FAA AltolA EXH =
o] A= 13F AEH 2 digt A daAzt
(Maeda et al. 2005). E3F =3} QlojA du-EFHE9 =
Aup Qle] SRS REY A7|9F 9 FUhe Akt
AE R HGrh(Vidi et al. 2006; Brehelin et al. 2007).

B33 B4 A AIE 3 BAe) wgol = A o
SH(inner envelope)ol] £A5}+= VTE2, VTE3 (Cheng et al. 2003),
VTE4o] 2]3f] o] oA th(Soll et al. 1985). AT+ AH7] 3
Mol A=Y vk FHA Al ERHE 123 &
49 VTE1-&(Porfirova et al. 2002) SS}AEF 2 E oA
AT th(Vidi et al. 2006; Ytterberg et al. 2006) (Fig. 1).
VTEI7} SefAE2 259 T At Ao s
o] FABALRTIZ W VIELF e 2 o] ofg)
81015 9l th(Vidi et al. 2006). ©] 7L VTElo] Za} A
2aeto] ZAatE 7143} BT S AL AA
(Austin et al. 2006).

VIEIZ EFHE9 AZukE e 4o Hofst=
842 2.3-dimethyl-5-phytyl-1,4-benzoquinol (DMPBQ)S 7
o EFZHZ82 A3schSoll et al. 1985) (Fig. 1, Fig. 2).
qkoF VIElo] EetAEg2Eo| Sold o zmnt A3t
¥ DMPBQ 7]E& FEA Wil EHAESRER
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Fig. 1 Function of plastoglobule-localized enzymes in prenylquinone metabolic pathway. During the high light stress, VTE1 and NDC1
are implicated in the synthesis and the recycling of prenylquinones. Prenylquinones are represented by red, enzymes by blue.
Bidirectional trafficking between the PG and the thylakoid membrane is represented by red arrows. PQ-9, plastoquinone; PQH>-9,
plastoquinol; PCS8: plastochromanol-8; MPBQ, 2-methyl-6-phytyl-1,4-benzoquinol; DMPBQ, 2,3-dimethyl-5-phytyl-1,4-benzoquinol.
VTE1 and NDCI1 localized in plastoglobule membrane whereas VTE2, VTE3, and VTE4 are localized in chloroplast inner membrane
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ETHE A4 §HEo] o] Fol Utk 714
AR viel SAM|A Y| SeprED
DMPBQ«] ol S = A

4 A A= A5A Wepell &
2749 d A (Methyl transferase) 2] VTE4
(Zblerzak et al. 2010) (Fig. 1). T}A] H3
| £4ek VIEIS] oja) 4% 7l
ERHES GEA Wz o]FH o] VIE4o| s <&
B3 H &2 AEE ch(Zbierzak et al. 2010) (Fig. 1). Hl
AT 5 Qe E shue] 54 AuhEINE FA)
Azt S&3 Y VIELS] Wako] EAstAY Sets
EgRE EAsks VIELY o3t EXHE 4H8HE9
A &-g-o]th(DellaPenna and Kobayashi 2008).

° o

h
o2 ol oft of

e 2 3
1o
:cn'l:"
o
o
rlﬂ
41

1A

= oy oy
o
-

o

(]
i rlr
o:: rlo 0[}1

O_L4

o

rlr _\Ifl 2 o
Hm
™

i
MR

i)

i b

é

[>
i Hrl
flo i =
fu o
nﬁm
2

EdAESEET EINHE MSE MWEE hAL

23 220 3t WS o R B E A3 Uo] 4
A =l th(DellaPenna and Kobayashi 2008). In vitro -3 o] A]
51522 A A dut-o gu-ETEE2RE 2379
oheFet AbstE o] HAAE AT in vivoo M= ©A 1 F

vrA T o th of Y o 7| AT A 13 AE
g 20N duh-ERHE 5 (- TQHz)Ol, AuER
H 20 2= ved SHHO|H AL HuLEAHE
A= (v-TQH2)©] =2 =] ¢ th(DellaPenna and Kobayashi 2008).
Q- TQHH B)E|o] AAE A Ei thA] ot
E2 A& H=AE A6 Hdll oFF L veel A
Hol Ao A B g=x¢ “cor EAE o« TQHS
W33t A3 of Y AFA M= duk-ERHE0] 4
% HHH(DellaPenna and Kobayashi 2008; Mene-Saffrane and
DellaPenna 2010), viel A HO| A GEA o= VTEIY
712 @l trimethylphytylbenzoquinone (TMPBQ)7} & %] & 31 th

(DellaPenna and Kobayashi 2008). o] A} 115 A Eof 4
EFTE ASE Ao Q&&= PEet FAoIth &

- EAHEH=(a-TQ) AFHe2 JFA9 defaols, o
EA9 121 ZAEZEE £ $tKKruk and Nowicka
2010).

Uuh-EFHE redox Ato]Zo Tt 7HES & A A
§}0ﬂ 948]1 %13 = t}(Mene-Saffrane and DellaPenna 2010) (Fig.
2). A @AM du-ERHEo] AF itttz
(L1p1d peroxy radical: LOO)o| 9J3f &u-EFZ W& o)z
2 At o] AFgtE-2 HIERY C (Ascorbate) 2 =74 &
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Fig. 2 Summary of biosynthetic pathway of prenylquinones (tocopherol, plastoquinol, plastochromanol, and phylloquinone) in Arabidopsis.
The enzyme abbreviations are indicated in blue. TAT, tyrosine aminotransferase; HPPD, p-hydroxyphenyl-pyruvate dioxygenase; HST,
homogentisic acid solanesyl transferase; VTE, enzymes of vitamin E synthesis; LOO, lipid peroxy radical; TC, tocopherol cyclase;
Men, menaquinone synthesis; ICS 1/2, isochorismate synthase 1 and 2; AAEIl4, acyl-CoA activating enzyme isoform 14; NS,
naphthoate synthase; DHNA-CoA thioesterase, 1,4-dihydroxy-2-naphthoyl-CoA thioesterase; PP, pyrophosphate; MPBQ, 2-methyl-6-phytyl-1,
4-benzoquinone; DMPBQ, 2,3-dimethyl-6-phytyl-1,4-benzoquinone; MSBQ, 2-methyl-6-solanesyl-1,4-benzoquinol; PQH,, plastoquinol;
SEPHCHC, 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate; SHCHC, 2-succinyl-6-hydroxy-2,4-cyclohexadiene- 1-carboxylate.
Red rectangles represent metabolic pathways in plastoglobule
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ol e A g FAA) €5 YrERHER
ABEAY B = o 4" Spastebe el o8 o
9 Aks}Elo] oh}-E 3 )i (e-TQH,) 0] A4 H &
EIHEZ HALE] SHE S B B
i 4> (dehydratase)of] 93} a-TQH,o] & EX} 7} x| HA|
TMPBQ7} © Aot} TMPBQ+= VTEL9] &3] ¢u-EF
Nz A42ed & o SeiaE2RBe EadE 4
2§ 715l et 7He A VIELS] EAE obu e} (Austin
et al. 2006; Vidi et al. 2006; Yitterberg et al. 2006) = &2
oA F 79 E4a A (A2g34460F Atlg32220)2] it
R CERE

ELAESZED SEAEFS A}

ZY2EF =9 3AFH Q0 PQH-92 F AL} cytochrome
bof complex Apo] & Ao} A} HAeh-ubA| = e A 9l
CHMuh et al. 2011). Ze}AE 33 44| 7} GFALsH B4 o)
9= Ao & HEHSzymanska and Kruk 2010). Z2FA
EHEe SIERAET FRACR FAS 1 A
EfAstoA FREZZA WA= SAEE AA
domn A H o) HikskE uhot FANE HE ks
3-S $hoh(Kruk and Trebst 2008; Hundal et al. 1995). =2}
2EAES 5L Sl dlE LFY ofo]a L ko]
T we 27t EREERY o & A adE B
CH(Gruszka et al. 2008).

Zg A EF =9 (Plastoquinone-9: PQ-9)-2 FAI QA
o QB 9 Ao A= ojlon E3t Hefslo|=utof
o](free) FEf 2 At} o)== LA} defFo| =0 F

L £ o] 02 BetAEAE A% (o)}t UL
) u] gkrh(Strzalka and Kruk 1999). E3F St AE =92
ZYA2EZZ B E A 3c}(Szymanska and Kruk 2010;
Zbierzak et al. 2010) (Fig. 1). E2S2EZFZE| &4 3}=
ZolaEae9e By AA Ago] YHH LT Bola}
| ¢F S m(Eugeni Piller et al. 2011) Bt o|=uto g Y3
25 o] FASIER- R AREE 4~ QI tH(Zbierzak et al. 2010)
(Fig. 1).

2 LEAL A1 9 Fhends
o] F4:3] F7ae) BUFEl el BekArlEel PQHL
ool 12} 93} ]2l oAl 212} 1619} 98] b
o DU oAl F EARAEAR Do b2
11 =2 Z+2} %7131 tf(Szymanska and Kruk 2010). 3133
oA 7o) ERAEF s FEA g”‘éol %%
Ste|y SYAEIRER FAH oA B4R
ofsf Hetsio|tutol A EEAEFEo] 3 5755
o] 2ol ESHAESRERRY Aew e 7t
S S A A SFch(Szymanska and Kruk 2010). 0]} & o]

—L
H
N

1o

*é

¢

=1
=]
=

Mg

7b 113g 2Eg AN o EHAEFEY ol St
A Ay = ik ZkAEF2E| £2)8k= NDCI
HADPH-dependent quinine dehydrogenase C17|% G4
st EHAEAES Yt 1 Vss $98%e
A= ndel EAHOIA A= oFYF R} AMStE TUR
F+=0] &7} Fch(Eugeni Piller et al. 2011). L&) == NDCI
2 NAD(P)H dehydrogenase (NDH) complex E+= PROTON
GRADIENT REGULATION 5 (PGRS)o|| &&= ZHA} #
GAAE T = e = A AE) O 2 (Shikanai 2007; Peng
ot al. 2010), BAEZREY BetiEFE ¥e 24
3k},

Z A EZul5-8 (Plastochromanol; PC-8)2 E A ¥ &
213} A 491 VIEL] 9]3 PQH,-9 0 &2 K E] ULHHE}(FIg 1,
Fig. 2). ZTAESURE-82 of 714t &, T4 2 1 9
Z A o] A} HFA & o (Mene-Saffrane and DellaPenna 2010;
Szymanska and Kruk 2010; Zbierzak et al. 2010), &= EX3
2ulsE2] 5-10% B8 A}FA] 3Fck(Szymanska and Kruk 2010).
ZYHAESUHER9] 50%7F ERAESEE EAStt
(Zbierzak et al. 2010). E2tAEZulE-8L Ju-EFNE
I FHFARS] oo ¥oighe H tH(Mene-Saffrane and
DellaPenna 2010). ZtAEZufE-8L w3510} 13} ~E
gl 2ol I ool ket BAAAE A A Shod(Gruszka
et al. 2008) XA 9] TALSLE ) A gHT}(Olejnik et al. 1997).
ZoaE2nse gD ST SUF Ao
=153} C409] B33} solanesyl 2] £25 7FHAAL
o] FAtst A= EFHEO A} o]4fo|th(Olejnik et
al. 1997). E2SAEZs-89] il e EgAEZZEY

oA VIEIe] &f3lf PQH-9C 2R dd Aoz 44
Th(Kumar et al. 2005; Kruk and Trebst 2008) (Fig. 2).

ndel & QARO|A| o A= opF P o] H|sf| ETtAEZ T
80] ZFAB] o] AS VIEIS] ¥h8-o] ATA]el PQH.9
9] Z¥Ao 7113%F A2 o =% th(Grutter et al. 2006). =
SAE S0hE-8e AANSHA] ok vel &Aoo A
VTELS] I AN of S2tEESRs-80] 246 S7}
Holrh SHAESHE8Y St EYAEIEEY A
o F7tet 222 H 45 =5k th(Kanwischer et
al. 2005; Zbierzak et al. 2010).

rzz flo o :lo

ELAESEED DIUZH= AL

Fehel Al WAL 715-S ohie 71 27 =(Phyllo-
quinone: 2-methyl-3-phytyl-1,4-naphthoquinone)-2 H]E}FIK1 0]
gie E89= Ty d =9 3 £F = naphthoquinone
112] 9} phytyl-diphoshate 2 58] G- =% 3Zg|d 22| (Prenyl
side chain)2 4 ¥ th(Joyard et al. 2009) (Fig. 2). AT 1
mol F 3 molQ] YR F=o] JSHR| T AAZ AL
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ol w7 22419 AR 0] AT oA Tl
20| b2 ol % ZAHFS o u]geh(Lohmann et al.
2006; Brehelin and Kessler 2008). AF7] 9] of| =3} A 2| 5}A|
T o714l ERtrEIEE AA B2 =2] 30%7t
Z A gtk (Lohmann et al. 2006) (Fig. 1).

shl 2] AT o] ASA teteAl o]o] 1
ot ® 315 Q) O U(Schultz et al. 1981) Z|Loll= H2A|&
(Peroxisome) o A 2] AR 3t o] XY= 7h5Alo] A|A|
o oleh B2 A4 Ao Bojel U]
Men A}~ MenF, MenD, MenH, MenC, MenE, MenB, MenA)
ol Aot F2FolA Bra Flch(Fig. 2). thAFS] AREE-
of #o3l= MenFE= chorismateS isochorismate 2 7225}
= a0l of 7| oA GEA AERut| EAst=
ICS13} 1CS27F MenF9} AHsAlS HoltH(Ausubel et al.
2001; Gross et al. 2006; Garcion et al. 2008; Metraux et al.
2008). icsl ics2 o]F SAWHO|A L WU EF o] AL
A Fom AZA7F 2l Agh A& YERHTHAusubel
et al. 2001; Metraux et al. 2008).

Aol A= Isochorismate 2 5] o-succinyl-benzoate (OSB)
7HA] Al ol = 371 9] ZH7] thE @4, MenD, MenH, MenC
7F #ost= W 15 A= o 7)Aol A7) 3709
aa GRS @Y FAAR A4 PHYLLOO| 95
43 = tH(Gross et al. 2006). OSBE o-succinyl-benzoyl-CoA
& Agtets a4 MenE9 7|5 ot of718 W s
A& acyl-activating enzyme 14 (AAE14)2 8] % th(Kim et
al. 2008). agel4 SO = RUYZF =2 FHoz 4
A3 2 9191tk 2220 MenB/AAEL40] =A%} 31.9:4]
Zo| o] o7 ZA o] Bl ¢ th(Reumann et al. 2010).
thS HAdTA 2l 0SB-CoA7} 1,4-dihydroxy-2-naphthoyl- CoA
& % gt #o{St= MenBo} /573 E.0]+= naphthoate
synthase (NS/ECHId) -5 =}HAtlg60550)7} of 7] & dhof st
M7b A= L S o] B EA|Fol EAFe] Bl
) Y oh(Kim et al. 2008; Babugee et al. 2010). 1,4-dihydroxy-
2-naphthoyl-CoA 2 F-¥] 1,4-dihydroxy-2-naphthony- CoA(DHNA)
2 Z3tE]= glo= DHNA-CoA thioesterase7} 3o sf=
ol o] Bay HEAE EAQT 7ol AAIE A
oo IHEE AFAENA HUZF = P FiE
Aow HEAIFAA o] Fojd 7heAe AASL
(Reumann 2004; Reumann et al. 2010).

upxjak gt 2 3= A A= DHNAo| MenA/ABC4
aaof 9F phytyl & Eo]F+= THA 2KShimada et al.
2005) 2-phytyl-1,4-naphthoquinone®]] MenG FAxof 2|3t |
g slo|th(Lohmann et al. 2006). oY =2 FH= SHAIhALE]
AT H BA Ao A dtmend EAWo|H| 7} qHAE S
Ch(Shimada et al. 2005). DHNA phytyltransferase 7|52 AF

A% Atmemd EQAROIA = FL2F = B4 FA=
Aol P WOk FANY} SHAEF =9 FH o

& FAZ1 A= AtmenG & H o] Ao
L AYRw)s BekA] Sgof ok7he] & uh Eoﬂl’/} o] AL
2-phytyl-1,4-naphthoquinone©] A= H =& tjAlsto] 3

Ale] AAAR S T 4 e Mol 1Y AE
gl 25toll A AtmenG Z AW OIAH = FATIY 4bsto] 23]
I EEA7E Ak o2 Aste] FAN Zdole of
FeFS o] AA|A IL3HA AAAGA| A" BEAS F
¢l th(Lohmann et al. 2006).

U EAE AmenG S| A A Z7HE 2-phytyl-,
4-naphthoquinone©] ZAEZFZE | EA3} ) ndel =
Aol A o] 2] 1] =1 X (lipodomics) Al A AtmenG =
Ao A&} fFAFSHA G RF =] AEEHA @ko
71 Al 2-phytyl-1,4-naphthoquinone©] <24 %] $1tHEugeni Piller
et al. 2011). ndcl SHWHo|H A= AtMenG7} ZACE
=7 ol AEst7]l= ol FAIRE AtMenGo] HE
s}t of NDC1F St E G 20| Holghs AlARRTh
(Fig. 1, Fig. 2).

PHYLLO2} AtMenGE GFP} Zgslo] WS o &
EA| o A punctuate &3-S H o] ™H(Gross et al. 2006; Lohmann
et al. 2006; Eugeni Piller et al. 2011) ©]A-& NDC17} &z}
2EGRE EA6t= A e AR sfgolt) st
Zuk PHYLLOSF AtMenGle ZefAEZREO] TR gL
A WA Y3k 2 oA ol B &
GAEGRE e L&A Be YAHCR A4
of 1% M40l glth o149 Azt NDCIQl Eeba
B3R R4 TR F4ol ool ofx wal%) o

A2 Aol G2AY vlA o] A7|HoR FAY 2
SrmgEgol A4 gAolH Fa e Tl A4
3 glet. ol SetrEZREO) ZRg

H—’H =
e Sehardaiol Ues| (A A% /oy
o 7% Wohuet AW A Aol SEAOE THolst
L 278 AT Yk
o8 Felsraa ol 3RSl ol
Holth o5 Al IFOE ol B Fxuvd
BetARFREUT 45A Aol Belel A4, 10
1 7o) mEele g 8 gk oS B §
Aol Belvlol At YT Egx B0 o5 tuy
o 7% 9 @A77 Bast

ERHE 9] wpA et ©hA o ¥ofsh= VTEI R VTE4
A=A A 27] th& Ao EAsto] VIEIS &
ESRE] A VIEd= 54 Udol A%
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