* * +i0"Bb iBQM #BQ+?BKB[m2 2i bi'm+im" H
;Hmi i?BQM i~ Mb70° b2b /2 H +H bb2 h m
U #B/QTbBb i? HB M V 2i /2 T2mTHB2 |
I " B+?Q+ T V
1HQ/B2 avHp2bi 2@:QMQM

hQ +Bi2 i?Bb p2 ' bBQM,

1HQ/B2 avHp2bi'2@:QMQMX * * +iG Bb iBQM #BQ+?BKB[m2 2i bi m+i
70° b2b /2 H +H bb2 hm /6 #2ii2 U " #B/QTbBb i? HB M V 2i /2 T2
"BQ+?BKB2- "BQHQ:B2 JQHO+mH B 2X IMBp2'bBid /2 GQ > BM2- kyky
i2H@yjk39dNe

> G A/, i2H@yjk39dNe
2iiTbh,ff?2 HXmMBp@HQ > BM2X7 fi2H@yjk39dN
am#KBii2/ QM kk 62# kykj

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X



AVERTISSEMENT

Ce document est le fruit d'un long travail approuvZ par le jury de
soutenance et mis ~ disposition de I'ensemble de Ila
communautZ universitaire Zlargie.

Il est soumis "~ la propriZtZ intellectuelle de l'auteur. Ceci
implique une obligation de citation et de rZfZrencement lors de
|Outilisation de ce document.

D'autre part, toute contrefason, plagiat, reproduction illicite
encourt une poursuite pZnale.

Contact : ddoc-theses-contact@univ-lorraine.fr

LIENS

Code de la PropriZtZ Intellectuelle. articles L 122. 4

Code de la PropriZtZ Intellectuelle. articles L 335.2- L 335.10
http://www.cfcopies.com/V2/leg/leg_droi.php
http://www.culture.gouv.fr/culture/infos-pratiques/droits/protection.htm




(FROH 'RFWRUDGCAH BQEAHIMD HW ,QJpQLHULH GHV 5H'
/[KqVH

3UpVHOQRMPN FSQOEHD L T X H PHREBEW BERW U BRI H
'2&7(85'( ©81,9(56,7( '( /255%,1(

OHQWLGRQ® OR pIFHR 6 RVJ ILRHU GWBVIOHWR VA\VWgPHYV @
SDUORGAHO(675( 2121

& D U D PARNY LE L R F KH RMATUOHF @ M UTDXAHKD T X H V
JOXWDWKLRQ WOD @\JPpYL& W BEHHW W H
SUDELGRBVLMAW@GBS HXBMBIRSXWXNLFKRFDUSD

6RXWHQRWQ@ePHKHGpFHPEUH

OHPEUHV GX MXU\

5DSSRUWHXUNFR OIS 2 7 0&) 8QLYHUMNWRVERXUJ
OU)DEULGF (56 0&) 8QLYHUN¥RWWYIRHOH

(IDPLQDWBRH&DWKHULQH &25%,(53U8QLYHURUW p LGHH
OPH 1DWKDOLH *8,9$5&13U 8QLYHBRXIUWp GH

OULLFRB®D84 , (5 3U 8QLYGHRRWILDL QH
' LUHFWW K i VGIH
OUSUQDN&. (5 3U8QLYHWMRIDWPLQH
&R LGJ HF WW K i VGIH
OHPEUH LOQUBWPDXGH-($1 0&) 8QLYBBHRAULWYLQH
805 ,15$H8/  OQWHUDFWLRQ\WRBUBQHYPHMN UPFXOWp GHV 6FLH

%RXOHY BBUG XE& DWD H WWDHMNG ° XD gD Q F\






Remerciementy







ZuE&1]uvse

Remerciements

EMp SS% ESIF0 %oOWU% O]<UE ]@o}WE] G Vv *n]% SE -
o[ Jo}ERY[P]S A}JoudmE E e+ VAU *+ v3]u v3eJuu v E v %o E%oOpe
*Ju%0]Xe]JiUS] ve E U E ZEUY *u U E pip@ELC SZ E]JYE VUEESZ 0]
'U]A EERZVE-AESSWEE | o p ] ] Ei [VATHE %S 0o]B[A ouE
SE MHEPsz » X
D eluZ ]3P o u B u E ZCE]*3h ¥ 3< AlZ} %o} B ](( E vEeVvB [}V
%o LA} Eep] 8 ] VG pitu@mSEN SUlu <p M v EIV SZ]FSS vIHA o p -
e VXUP E *}OUSPIPEE U SiUGE[ U B 3S %o}eo]XW eedvu/EZ}eee E] U ¢ XXX
E] }oiel JJuu v @ ¥B] E[ PE S}tp i *pu]v3E ve 0 IX}E-cp
i S[Juv pved Pv(]v Di%}pE vvep]A va!U «]i o[ *% @bduu}]ve
E S U 8§ Jeelopu % o, &L 0 }IUS]eeu(Ev SZ [ « J8v(] Vv
A EvV ps%}p®i AluevE u EJv E u vEE B* % % bW V& ] JUi v
U % Eu SHE]icpu]$E W4 |00} NEE (JoWus]*3}v Alpu u vSoe ] v 3§
]v-%o](E}]/GE-é Jol«wSocu Q]€L] u % }pueeu %o o IEPULe*Fo WE~S o
A}J& Vv % PSE 0Z US Xi(EE3%o nB ®bo}u@® hWU% E] J (Jv 0 U wgei
% E (BEE 0 WEVSPEIUZ]EHFUA JVAJA] 0M(PE o<y «BHpM[ % ESeu
(ulJoowW §u]€& v }vEo<u[livued v E EEH op *}]6 Z u]h @Becpio
u JEJPIP]JE ®&ulu}]@ % **]3w Spe%}15EU 5] % }0@B] VP v & o
EV USH*0 % E U]BEE}vN i[ TE v }vEEO0 }Y v A vE] }X 3 of ]
E % BGOc O ¥V U Jev>iSue SuUlv% EBE(( EVBU % }3nu[ A ]1Exp
Sie & J¢vu SE S Phopligv }Ir]E S P&EZ i V[CUE %o *E X * } %o *]
[ 8] VAu ]G}V upudSp 00 UEVHee][ %o % ELAIIvE S «i[ 13 E A]
SE A 100 TEF S[ %o v JEJVAHE vE % E scp SEVV *BEUPE & u}v
Ivs Eo} MsEIE |Por DRF U] » cepQU % E U JH~]vS EE}P E}oypd - U
Z sUEYSe J» pee *E peeFCP VU<H O<prpy oXdu  JEE]P]i@ 5 E }u %o
ule veo[ ve ulw}S@®Eoo }EISHE% OopnIE€EH}V S]}ve }v u E% }BELS X

D% VU <UPU]S @ %o EESFoo@E ulvu vpe E[SV] vS vV e EoE
E u E ] UZYB}ZEX %oOWed%oO %o Ee}vuo }35 A pALFVEU]SS O U
(15 M }u% u}v E u E~] §E°Ju%od & JSTUY %o ¢ % cYuu P v (}]°
V[ % <}pSpu juu v k] SEpe pAN i[ p@&edpp o]}EUN « EVE% ]S +U
A}U&E u E JE[ *fVike RE ~}p He * A}pep i cp]ep] cpJu Jvs v vSX
v\ EWESE WS Ev SUIVE) I8E}] AJAE Wu EAJve Jok]s U
0 *}JUEPF VPO}Y4v }us JSoupe]<pdUo }vd 00 u Mi% E}A}iV[}H 0] %E ]
Ohpuu EUpvPE U E% }BEULs culu V3% ¢ XPE [ES JVv U VE( ]B]& -
E u E ] uwhbe®&E]SoE( pdu ]e }v ME BS Z0O epu*%o V% }p & VS A S
VIEUIpUE]JuU i % EoX
E]3D o vIuU'~rd €3 Z u%pj% 0 VWE *fV '*d }v u E %} AEe}ve JoeU
A}E u EA}8WE vA Joo v X
8] VeE u ESHUR % Eu v AFUV A} G %o oo ESZ » E (US t }H%
E u E ] u VEuUpS uBe u }v3 vd Gv] Alue]Eu E %} SEFEHeo *}ve
ulu v olprullvespu | eoQurul]vyg *S1%e ¢ po Rfup v Z}EpoO U E}]e
<U[]® %0 & 0 %Z}SPe}UCES ul]PVVEDRE] pe ui[viu EEHu E E Euv
AlpU I} W]% U ~u E Jv % [ A}BEE} %! Z]Z]A W ZWiJUVU}E]vV U
D GEl>uE>Wv ~3A E&ue3}u Veuv < %o %o Eu%OUu ] VC +P v] o U
§ Z VP Eo*EFDUTIAIME!S % %o Eu VvwIe[ *3}uuu cUlp@Ecp P



ZuE&1]uvse

VV ¢ UU% %o XOSARU|[ HWE%e @ 0] <*p@G&(]v 05Z « US F§v}Ipohs ]e
Spue( ]%ooqur S VEU@ %00 W EYH %o E=F[|ev Z]SCHDZ /X %o}eSre}p
o0 }Wv S vVvS}V]kUJu] HEIVISHe EIPE WeVEO $*SV *% Pvipep ul]ve
% Eul]eo % E S| FRIO] Bhy ASBERZE &E viZ }% EVv}s} UA V(
A }u%o ]w}8 i }u v }JEO vcu] cpu  }ve Joo «®E}v EEJADIUSUA .
E ]-}MGE? 8 0 SENIZVVEW][ % €E *B}VPS Yo i U] EE]NAO U -
i Sw[ A I E<«pX
YUV SpHe% ERSPoo @] %00 ~% Joo pEEUNW Su JvE v v@ SpeE A vp}]e
% ESP @& ]oo ve]vE i( *pn]*}vE V3 0 % ES A G} % [FSE }uee
<p o (E}] "p 1 voee XJuip E % }BEUSSe %o S]SeSp «pu[}vs] v ]
~e U E I BAEE tUIMY  USEA]]IW @ %o}vS e hP lei ~ [ e%o epu S}tpus
% I1}E SE(VvS]Hhv }VSE LE WS v vdZ}u ¢ Z SSEpZ S@SP UE J2 E S
VEZ « Z I/ D}ve «  ]Bvu E@GI ] }v [ 8 i §eO0u}]e po }E 3 v$§
V3IEU U}E 0 3V JUE B} oEp] &% E} (IS u%spi[FoE «3A vd E S]tvX
Kvo%o oo WESZ » (& & ] VEVIPA p&EoX33 Wule cJo i E}p i v[]
i U JIUSE% |E peoF[ %o%EDP YB KX A}]E}]ve %opip Speulvs poWw ]
S}USOe o]+ pee]kyb}v W O (Jp€E]@E!m 0  pee o W S]PVP VE c8} ]
% S S<U]E}ISS$IUS A u u vepy BNueu[ Al M ]Jod}S}&o A]S8}] veA}SCE
HE Bulu «Ji[ Sede po(Jod W ep]SIpilu®E 3] u %0 VA}IS@u% Pv] X
d}pS u[ u v % @O0 d}SHEv% 5SS E}{p u SZ ev[ pE%JS>S oulu
e VSIJUV] *%o %o }@EE] <[} u[ %o %o halgSP]Eou E PeX EAE Ju ME}V U
L&Y -}]‘%o}mCEu V]%e ( u B o AIo}ESSIUE E +Fpo A] po } 8
V Z}E*X A 1% o[ SV & GU[DUEIE}IRE}V ipeS 0% E} Z [®}S}IX
&0 A}m&o Alvwew]vpkuu i[ JuS[ %o %3 F% ESJupEpo U EHNp 3
c0% Ee}VUp]i[ ], %o} oo pecp *3]}viv Evod }3Si u <}pA] v[u
i Ee v dWuo }~ WDiei spu]A vpd u v ETA}um vP]Z ]18p 00 0 V3
ul J~ie J%o 0% uESP oo J(1cp WISUav Jvv SISX EMpi [ ]i %
iIJUE S *}uS v vep i S SEIPALE P DA EBEIV]08S SZ ¢« vu!lu S U%oe
u jJeu JvS v v i *pd]%o ** % GEE S]}w SZ «i[ Jv } B0 peE - %c%o 5I5E] X
JME FBuY %} oEU]S(}ESZIvV puEU Su]eX 0 VI %o]M: V™ ]V %o} 0E
JvElu~Z Z[ Vo P 0] S[Uvecpuli 3A %o & ( | @0 pB E X }IE }vv Zpu pEU
S}vvsSZ}ipe] s8}W }puS e lve Jop v V[OoO BE * ulv €S8 o(}UE]E $X
*}MZ ]S}pd u Joo WA}V %o }pEEp]S SS[]Jvep]e$(]v o u §g}v E Sty
%o EYii § E%W Ew]WHE u] & =35 U] HE v JE U@ }* UV % SFSU %o &Xe
% S]EPUA PAE PO %o} UEE /E %o AU NwJ] 1U0% Zv v (A ( J31V% $]3
ulu v&pu A}ubd o u Jvd v v3ul v 3D E]I¥V JUE R} oEu]SAYPuKo o« IE
% SGpS o cu}d]ive Jov Alpe IUE IPbo *5% ] % Eo= }ve d0[ *A}pep]o o
Jvv EZI]X

M

S}pue® *USE oqUFI0O JW e u]*d U E % EIWIVIE vutv EE]JA
Su Al E Vv Goi}€C pu=~s}lEUWCEI@V] WE €V WCEMUW « psE -
ul*Uu ( u]oeAlme }vv]eel 3¢ Al <pu i E o¢ %} AFEUYD Z WKhdZKhd

> u ]Joo EWH]V}Iuu }V\]é/\%o %0 E Bo U EH S ( 1% }E]W v
O[}M 0]%Be)] u vd CodE ¢sA}pe]u Y

Héhé, finalement ¢a va jem’'en sorspastrop mal pour un exercicedanslequel je suis
(normalement) pas trés #aise!



« Tu n'échoues qu'au moment o U tu arrétes d'essayer. »

Al bert Einstein






Table des matieres







d o eu 8] & -

Tabledesm atiéeres

Z U E ] U MHXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX XXX X
@A bleu §] EXKXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXEXXXXXX:
E A] SXHX XXX XXX XX XXX XXX XXXXXXXXXXXXXXXXXXXXAXXXX XXX
IVEE} HBEPIXXXXXXXXXXXXXXXXXXXXXXXXX XXX XXX FKFKKBOKKKIKIKKX
Z % |3 %E} ecepe S}AE] STV B VIXXXXXXXXXXXXXXXXXXUEXXXXXX.
X > 3}E] 3]13v% PECP UE S]A-KZREXXXXXXXXXXXXXXAKXXXXXX
iX > ¢ eCe3WIWIVICU SJTAHXXXXXXXXXXXXXXXXXXXXXXXXBEXXXXXX)

X >PpS SEAPFAXX XXX XXX XXX XXX XXXXXXXXXXXXXXXDOX XXX XXX

X > eAS u]lv e S3We JE S 1F }%Z BEXXXXXXXXXXXXXXXEXXXXXX:

X >4 8§ }o]s$ 4v JEHWwo]l<puweo S}A] SIGUIEX XXX XXXKX XXX XXX

~fe > (UuU]Jo0o*SE% VSITE %0 VIHXXXXXXXXXXXXXXXXXXIXXXXXXX)>

~Te > e}u%o}e % V}IO]<uSHpO C %o Z WE KX XX XXX XXX XXX XXHKIX X XX XXX

TX > @«Ce3 U wvICU S]cp o (Ve JVE@Es KEXXXXXXXXXXXXXXNKXXXXXX)

X > S}AE] Sl¢w }r SITHEVE JISTP XXX XXX XXX XXX XXX XXX XXX XX XXX
iX > S}AE] S]3EV}Y 1}S1<cpd ] HAVIUXXXXXXXXXXXXXXXAXXXXXXX,
IX YU O¢cE}S Jlw% 0]« weo S}AE] SJIGOHOXPEA XXX XXX XX XXX XX XX X

X VICU ¢ % ¢ IXXXXXXXXXXXXXXXXXXXXXXXXXXXXXHMXXXXXXX

X VICU # % s TXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

X WE}S Jvid ¢ [ING*TE Ved%o ] XX PEXXXXXXXXXXXXXXXXHXXXXXXX

Z % )88 PopuS SABWe( ERXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX.
X WE *» VEPS|}E 00SEMU SpE de VIV]ICHXX X XXX XXX XXX XXKHX XXX XXX
iX > ¢rde]Ju EJ<ERXXXXXXXXXXXXXXXXXXXXXXXXXXXXNEKXXXXXX)
IX ES Jvrde vIV]<H PU}IES ¥Doo ](] {SEU SIEXHEXRX XXX XXX XX XXX X

X > énde]S wlv viv]<cpudm}lee VI(GV S]IEE % ] OIXXKXXXXXAKXXX XXX
iX > ¢/ %BBEXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKKX XXX XXX
IX > HELIS D W 'XXXXXXXXXXXXXXXXXXXXXXXXXXXXXKIXXXXXXX
iX > %EIS JMw( EWSE]*8 v o(}e(JuC BXXXXXXXXXXXXXXXXXXXXX

X > énrde viv]cpuedviu%eo]<n we Vviu E [} < POIPJHRXX XX AKX XXX XX X
iX > érde}vs o VICUUBUOS](IV STIXKHEXRX XXX XXX XXX XXXKXXXXXXX

PX ] wp o ¢ rdew}] vi§ 1<p]S JEEU]voeseve o}v8io %o E » VB o o
%0 VEXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXAKXXXXX XX

X > o "N CHXHKX XX XXX XXXXXXXXXXXXXXXXXXXXHIX XXX XXX
~je "hde TEXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXMXXXXXXX
~Te "MAKU P XX XXXXXXXXXXXXXXXXXXXXXXXXXXXXKKXXXXXX



d o eu 8] & -

~ie Ade SEXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXEXXXXXXX
X > o 'Ade EPEXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKX XXX XXX
~fe Ad D E %o ]JOINX XX XXX XXX XXXXXXXXXXXXXXXMHXXXXXX >
~Te "Ade ZXEXXXXXXXXXXXXXXXXXXXXXXXXXXXXXBKXXXXXX
~ie AD&PIR D XX XXX XXX XXX XXX XXXXXXXXXXXXXXEKXXXXXXX
X > ¢AdeC vy HE@EE] plve EBEXXX XXX XXX XXX XXX XXX XEX XXX XXX
~fe > §Ade ECE} 0% DY NP U XX X XXX XXX XXX XXX XXX XXX XXX
~fe > dAde  EP]JVIWSHE ] B JVXOBEAXX XXX XXX XXX XXBKXXXXXX

iX (EE Jvoseecdv¥o ES PVSE %0 VEJA EEP v]eu UE® (E}vE
e%  J(JHXHXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXHKXXXXX X

X '"Ade Ce5 JvE 0CEAE XX XXXXXXXXXXXXXXXXXXXBKXXXXXX
~fe Ado U XXXXXXXXXXXXXXXXXXXXXXXXXXXXXBBXXX XXX
~Te  eZC E} * JE UEE + =, ZeXXXXXXXXXXXXXXXXXXHEXXXXXX
~ie 'OPS SZYMOBEIH]WEY § o2 ZeXXXXXXXXXXXXXXXBBXXX XXX
~8s 'N"dZ U ECEZEY U AJUW AIXXXXXXXXXXXXXXXXBKXXXXXX
X > 9% vE PvE] VV PS50 U V& 0 o+ §C% XXX XXXXXXXXXXBXKXXXXXX
X A @END % VEXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXDOX XX XXX

ES]iv&puv S]}vS@E U SME]OZ u] (0OSUE (%0 vSEWPOS SZ]}v
SE Ve EXXKXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXDHX XX XXX

X /u% 0] SPIVides vIVIcp eveou & }o]et% ] &XPEXXXXXXXXXXHEKXXXXX X
Woblém ] BeES} i $]ESZ XXXXXXXXXXXXXXXXXXXXXHKXXXXXX
X JvE EE i FIEXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXOKXXXXXX
iX > ¢Adhjys EA] v EvPoviE § }o]eus }puu EJIHXRXXX XXX XX XKX XXX X X X
IX @& & EJ]* §1Mdhe %op % 0 XE X X X X XXX XXX XXX XXXXXXXBXXXXXX
X U @E 2]vEJ(JHXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXX
D § ERBW EZ} XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXEKXKXXXX>
Z %8 $Z} @0 S]AHe0IV P eecp v o} v@e AdhX XXX XXX XXX XFEX X X X X X 3
X JVeS@Ep SPAV S P/ %o EXHPHXX XXX XXX XXXXXXXXXXXKKXXXXX X
X > o8%  E ve(}EU SFEIE] XXX XXXXXXXXXXXXXXXXXMHXX XXX X
X A0 &]}volv@}u Jv vEEZUBOIVE XXX XXX XXXXXXXXXKXXXXXXX

Z %] 3D $Z} & 0 $]A[/E %o E0M)EIUL SO %N E](] Hp)EIS |V -
E Ju JV BEXX XXX XXX XXX XXX XXXXXXXXXXXXXXXXXXXXXBKXXXXXX:

X WE} p $py0dhe[E ] }%Z0] & W}% IECH} Z} XE K%oX X X X X X X X X X X X X
X WHE](] $HE}S JEIuU Jv vEXX XXX XXX XXX XXX XXXXXXXXKXXXXXX X
iIX WHE](] SHEIS V8P XXX XXX XXX XXX XXX XXX XXX XXHXXXXXX X
IX WHE](] $HE}IS Jviy S]cp EXXXXXXX XXX XXX XXX XXX XXX XXX XXX



d o eu 8] & -

Z %3 $Z} & 0 3]B «E & E]]FEI3Vu]<|BSEp SU@UCELS v »
E Ju JV VRHET(KXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXOKXXXXXX

X E & E]]E]ZYURX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XX
iX D suE e+ 3]AIVICU S]<u ¢ ] H%o 5E}%Z}IHMOEXXXXXEXX XXX XX
iIX VOCeeNd E SHE vV SUE FZIEu]BEOPIE * XX X XX XX XXX X X X X X X
iX /vZ] 15]13¢ SJAJSIVIHP JeIvn, o AdEXXXXXXXXXXXXXKBK XXX XX
X € § E]S8HIEEKEXXX XXX XXX XXX XXX XXX XXXXXXXXXKXX XXX X
Z *HOEXHKX X XXX XXX XXX XXXXXXXXXXXXXXXXXXXXXXXXXXHKX XX XXX

Z % |3EE & E]]¥]ZVul<p <p ocp'Adhe] E EEZ 0]\ %o W %ot XE
EE] Z} HEHBXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXFXXX XXX

X 2% 1(] BMEOWIP v SFUAE %o E XK XK X XXX XXX XXX XXX XXXXBEXXXXXX
X WE} p SPVE](] SIPHEIEREEXX XXX XXX XXX XXX XXX X XXX XX XXX

ES[TWEZ EE}OE Pous $EE ve( Bl SE % Q & ENo] *u
E SEIRIEV 0 %PV EEMX X XXX XXX XXX XXXXXXXXXXXXEIXXXXXX

X v oCe ¢ 3JA]IE 0CE < "dhXXXXXXXXXXXXXXXXXXXXXKKXXXXXX
Z %]d@ E S E]SHUPSPETWhXXXXXXXXXXXXXXXXXXXXKRXXX XXX

ESlIW]} Z u] © *3EP IMNBPREA Yoo} %oth | EOUS SE|E Ve ( E o
%o E OPRIBY TTXXXXXXXXXXXXXXXXXXXXXXXXXXXXMEXXXXX X

Z %] 0B EZ E Z QP Vv Sepg oSE 3+ MAdhX XXX XXX XXX XXX XXX X XEKK XX XXX
Jo Hee]}8% Ee%o FHPAXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXEKXXXX X

Z % ]EVE 7 dh% E * VEVEE}% EES 3 E]eEPifide VIv]cp = E]Jv
Ve EAXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXMEX XXX X

Z % |§W[pveS ]o]30 HUEW% H 0 E}ouS]}vSEN SFEH Pu ve]}vX XX XXOIX X XX X X
Z % |§®F[] vS](] 3R v Sepg *SE 3+"dhWE Z EP2 JVvEE XXX XKX XX XXX
Z %o | 8@ %% o'Ade 0 eedu Vo EPV PAA AXXXXXXXXXXXXXXDOX X X X X X

X > 0 oo ¢'rde S uSODOE 00 WS {f] *% VSMKXXXXXXXXXXMOXNXXXXXX

X hv E}v v (v S]}IVVODESNVS E 0 MEXRXXXXXXXXXXXXXXXMHB XX XXX
Z (€ V]O]IPE %X KKXXXXXXXXXXXXXXXXXXXXXXXXXXXXHXXXX XX
VV EXRXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKEXXX XXX






Abréviationsy







E A] §]}ve

A bréviations

WdW]v JvPee §§

EW ] *}ECE] }vp o ]«

DWW v}e]vu}lv}%eZ}e% Z S

WyWe }E % E}AC

s We }E §

dWW Vv}e]VSE]%Z}*% Z S

/dW viQe}sz]} C v &

dWSsS o -

E Wr Zo} @ Vv]SE} vi v

} W} viCu

HKKWC E}% E}AQ v

ZWOAWCS} ZEWOBAI

W] §ZCo u]v} §ZCo

, Z WZC E} « J@&E 1 S -
vr ' Wuu PopsS uGCo GC+S JvCoPoC ]v
KZ +% }ACP & 3]A
"WyWous SZ%UE}AC
"ZWousS SZEv pes
'ZyWopsS G }AE]v
"N, Wous $Z]}v
""EKWopusS S2|}¥E}*Co
"NGW Jepo(p@®ops $Z]1}v
‘AN Wops SZAC
""dWous SZ® ve( & -
., DW.C E}AEC]SECd
/ID Wuu} JoJlu 8§ o((]Jv]ZCE}u S}IPE %ZC
kK K o W((] 158 oCS]«p
DW W u @€ vee} ] $% E}S]YYe}e v}i] ¥ Pous S4}& }o]e-u
DPW s}] pu SZC@&CSZ%EL3$4%oZ S
Ds Ws}] pu A o}v §
E WeWE] }S]v u] v]v Jvh 0 }3]%0Z}*%E Spe S
EfEd W] lro] Vv]SE&]o}S&E] Sl<u
W/dWZ v §]2E5Z]} C v §
WEWSC BAMSE]SE} % AICTE& S
WZW E&}AE£CE }A]vV
ANAVE Jpu}lr  Goepo( S
K W% E}AQUS
dZyWwz]}E& }A]vV






Introduction







IVSE} p S]}v

Introduction

JIWVEE |E WAV u pa]ivdo ( pos e+ U}lpA}]E - JVEE JUG %00 VS
§ EE }IBE * A 0} % po LET}C Ve (ve S8u} + <]Pv o] Sddwo H(E]S
o ufmu} JoxdlvJo oopud P § Bo}ee S}pudlv Ee v~ovICu 3]<fv}iv
VICU 8]« eZ EP % E « EHE}E }+5 *dopdlp@®EEarky 0 « SEIUA &S v -

Ulo HOo *EA vV uWw E }APous S2]}@ Fr¥} }%Z EJoJUWPe0 u v3e

% E}S JveeXICu }vE %o} UEE%o O U %0 EBo |5 v USE @O *e Ju%o}e 3} A<

< o<}l of ] ulo povdv VvICu S]<pPous $31ve JE X ve 33

JVEE} UBPIVE « v @E} +cpuS}/E] $PJE « Z30 %0 VS o/E %o} [

% @E*CeS uvlv vIiCu S]<u » 3}AE] S]pwpo FH 3@ @SC3 v
$}AE] ]y V8 % 0 VICU X(]ViUS Eu]v BFCv3Z § 0]}PE %¥]<p

U[ 88 E+WE POPE 3ZBWe( E » wiCu o »veo 3}/E] $]d0uX]E

Z % |EW0O %o EY} eepeSl1AF] SVAVO %00 VS o

[ %o @ <+ (]Vv]SIhv] S]}vv 3EE}pes S}A] Si3vb %o E} YwpeE<pOod}EP v]eu
Jv 3]A ep 3 vIPAE]<UIE]AS Bu £S5 EY](( E wSev]eu = 3}&E] 3§]}v
*}V% E ¢ uSe]v 0 oopopsHH vi® A E}VIE eve SSIVSE} Y SPhvXE u] E
}Jv Ew[ oJu]v 8P}ve% IECP VE+s S]A KZP v E v3E usE%Eo

% Z}3}*CVIEO E %] B> MWSE o] §]}v KZ+( ]§vs EA w]&Eo0 uoO
hd U%}ved * VICU %Oppu}]ve% J(]J<p XN }v Ew S}AE] 3§]pv
£ v} ]}8]1<§( ]S v3] oo WH¥IEA v]HCuUX

X > &}E] §]}ve% JECP WE+ &BAKZe

(] o}v v3E 8]}IKZ]vE EA] vww3viu E pA}P] » «]Pv o] 3]gopo |E -
V3 $c U s P Ee}v |E oZ_ B oXilUok EI,v &< Z]3riAVE IES 0 Xili X
eu}o poelws S]A (] o}v VSE &llivwD~"]14i6X (JEFv VvSE $BVi
vDe"] &}v qilieU eu!u su}o PP pA VA VEEE]<UEUE ++uE o[ EU
E V E%E}S W S]A@EACIE] 0 HTe3 Jvitlw SZ]}v]vpev JE(( 8 E
o(op] ]3u u E Vv *00HO %R UEC Si]}wo]% | *EBEoXiWoXd} S «Juv
< *8]}y <nu]lo] &eo oopudvxd o v }AEC vSI v8]} A%k wsSu  V]ew

(ve VICU 8]<u3VvIvVvIiCu $]<priXe eCe3 u VS]}EQ WS}VE% oo |
% E(}EW veOopoEV }v ]S]}veSE}AC vSX
/0E]*J(( E 3G%o[*KZ}vZ % E]V |[NBv@psS ve0S 0 X ES Jve¥o
*JVEE ] o0 J{E8U &U[ 0Go%es MBIp%Ope] PESIE} VY] § | }4%0 %o E] <
eu@ pufEr Z £S5 GVREE]} pa PEE VveS ]Jo]8 X

d o PW]*S e %o E]V [%%0 4/ECP UE e+ S]A o
% JYECP WE « §]A
Z | 0 iCE %0 %o GE]
0 {r
VIIvR% E}AE K KAECPWPuHo &K
Z ] % EYEGOZK | \\"EyEoc E1P vk
G E}% E}AEGH Kitv K

{
ZZ ]] ?gufiz}gfdék ] ZC%} Zo}E Kk




IVSE} p S]}v

§3)]ved JANSVH( J8U * *% & ] 0 YEEe+% %ov&E Po o[} X 3

% %o IUEGYYE PAE Vviu E pfE %} o ( Iwlve%o J(]oUeXe%o o
E ] o | ®EHIACPWO[ V]iu% EIAKLB E (%0 E}AELOIUZC E}% E}ALECO
~KebWE 12Z¢ E}AKO0S30E | @l }EECOHK~' Ere &S oXIUTWD]P &
NEE&IPIX[ HSEV }E E}WEOPS 0 *EIEE S u%w®B EJuuw Oo[}ACP v
s]JVPUEBKS W % E}E[ZC E}IP-WeW[}I}v-K S0[ ]ZC%} ZoHEKueeX
E PO Sq}yv VSE SPWZe ¢S ]|JuKo} ESHVIFIOE oo SS Ev] @] v
%0 ](( E wSev]eu % }0E}VSEE€0 EX

iX > «Ce3 aw}vviCu S]ep
viu E pulro polws]sS v3]}AEC VJSvep ve ES JveU S CEu %oOpnv
Jvs @'& v&w[pvE o005]}vwsS]}AC w3uXo pdEe }vvpluu C VRV
$1A]83]}/EC MB B A E 3}v3 % Eo0 ®0]% E PEURAZMI S Pous 3Z]}v
An b A]S ujv & Sy ocpusd }o]¥ ojv JE (0 A}VIBE €E}S vib eeX

X >Pous §Z]}v

> §E]% NoBOUS uCoS PGQ twr '« JpPous $Z430 Ir( SGE viu E pe
VICU w3]}AECe y8u 0 Popusd E HEy-RPOus $¥EwWe+( Erdedpy ES v o
Pous S%|JE}AEC 'Wyepde ]V 0 oo@dPousS SZEWE e M{}EUE pE~*,U
E % E pWEEPE w i}E]§PoPS SZPopo }JEAC AN UNEKUVK, UrA, U
YeX "N, Su v38]}vv «i606& E Z QV ]JO0Z }uu PV ey ¢S VE Plee v§
*%}VE V UAS He}U(ED [J*FO@EN %oh]ee %0 E} % WEIFAC WJvsee [ISE
SU ] o% "N, o3E SE}ZAO U i}E]S IEP v]eu pe ES Jv 8 E]vee}vs

% }UEAU3]0]s v% o0 pPuC }5ZJhou Joo]EE]AS}I¥ o XiWO V] § o XiWs X
KUS@E C3}+d0VN, E uPEP o u BB SE}WA E 5] popb% 0 *u]olA Uplm U
UlE) ZIv @2V} E } %o Y% SES} /E CEPU %o} %o0EIS SR )IC I@608)C GE) 3} E
THiieXZ10 %0 VH=QVSZ '™, 5(( Su Vveo ZOo}E}%%a)IE3% E u] SEV-e
0 Z0}E}% G00SCS}e%0tud® v 3 %o, » VUII U § 0XUGX> «CVSEZ »
Pous $2]}v Eluw UAE § % 8W % vV VS o5 0Ce @& *% 3]A %05 vr
Popd uCo GEV3Z S50 Popd SZGMEZ & p(X]§ &8 CviZojuls ES Jve
JU% ES]W wEC+8 U[Ju%e) ESl FE%IEIEU SEVEE ve B HEL % ES]u vE
LV UEED Zu}l & oXiliV 0 E < oXlW6¥ PE}u% §24§0 %0 Ce% Jwu'?,
*OPE}Iu% EVIR] N UN( ]S IV} @S} uAEH p S ERIC% EAJEE P]X
E P v EPETLV *3 8 0C %@ Pous STHIVH 3+'2 (0 A% EIBE W

% V VWKUSEE P v E g1IvUiv % EE¥V Po]P 07, +3Cv3Z 3]+v}A}
% }WEVS WE}v vSE BIJE ooud' | Jod wSEXIi §AUD ~ %o}Vvigiie
SUVE %o %6} ESZN' oopo( JABE ~ofiiiox>] S]ABS p SWEE]ve ul, v[ 3
% ¥ PO]P %0 %% }@&SE (ES3S JviICu WD (}v 3]}vdIpA vVE o & E
E S]IM*Z]ul<pue%}vd v veX( D[ S]A]JSE p 3¥}v viCu S]<p o[ v]}v
CUNE}AE% I u}o po '", 8 Oo[}E GEI"D'X* o}Er 0 E& S]}v]eups S]}v

o[ V]}u% E}EC 0]% E K 5 O0[}E GEIODXe~ %}vidioeX "K o3
% E} Zo h% E( $BWCElep Z vét of ((] 18 oCEJkpv viCu *%]uls
% GE]((He]}VIU}pA EYAVFVO[}E Ei®ii' D'Xbk~ 0 ESQuU « i0AOMW Vv
§, uu * iBOR} V] E}AWD 6%
>Pous SPIIVEA]veS viu E p¢lv 3]}J3o}P]l<pp=X]v ould} Z}v &EP,
IVSE]VRES uu ¥ HE % 0] UVvBE}S Jwel}eCvsSZ » VSE(EU(E ©J
%o E}E SIWELIS W u%! Z NEPEIEC ]pworiUo 3}E] ]3% EC -
S O PUOE]}IWE 0 E ZoXiWOXWop*EP wvs, %}es HWWEEOVSE v






IVSE} p S]}v

>AlS ulvip v J@ETr$ }%Z EHov uS@&]S ulwP P veo S}AE] S]3vKZeX

§5U)0 HOSE SE}PA IZ}pe $EP V] +%2}8)CvEZ Glxpluli/E ES v
Z U%]PV}os]*d USE}IEU « A]JS u]v «3} }%Z &3033E] uld=o (}Eu
0% Z*30 %00 U*3]AJ}o}PJumwsX% A]S ulJv pvE€oo veo ( ve }vid®
% E}AEC E]L}vu\ E ve]%] ]<psXu}o pO@]%}e}oGE OUPSE ]| @F%o] J<p *
~dE] vS % BCA pAIOX 00 *S }Ju%o}te [UW}IC MZE}IU vee} ] pv Z v
0]%Z 5| AUE3} 1% Z }E]oe SUESIEE] vioo & (}v $]FC E}EC3v
VIC WZE}u WA]S U]V eIE *%}ve 0oV USE o] SIKZ+~<Eflo XWX

X > 4 S }0]8 v ]J]®u%oo]<puveo S}A] Sldopuo JE
> o0 § }0]3 e}v ]JE %0 VE}¥S e Ju%o}eed%o ] 0]3°%0 J(]<ludko]<puve
0 (Vve 30¢]PVv 0] 81}v3ee V3] @ PEAJ WE % ]IE* % E} P 3PAOe vE o
~t]viliiT&]®&v}v 4116X VvieilpBOUE BOPEE[ 8§%0}GCSEEU u S }0]S -
*% ] o%elx@E 0](d & S }0]8 e}v ]E S S }o]P v EPu}woEU S }0]S -
% EJUu J]EE3IvXS]IV Ju%o}e% ] odbJulvlved[] <p o u § }o]S v JE -
}vitlv u}llv Bu%e}ES<u 0 u S }o]3pe 0](] HE]JU |EKIEWVV TIOXW Eu]
O UMOS]SH U S }0]%% ] 0oPCVYvSZ S%e & %00 VSOl e ¢ 5 (E% v §
§ E% VIS 00 ¢ }Uu%o}e%Z VIOl PE}uPba VEE]S*u S }0]3% ] 0] °
Ju%oo]<puveo %o E4epe S}A] Sldéopo JE X

~ie A & D/>>~d ZW E #d ZW EK4 ~
> ¢§ E% vZC E} Eludmo 38§ E% vIHZGE E} EUES]SU PE}IU% u vSe
(}v 8]1}vv %% ES] wwuvd ( uJoo EJA[pV]S*}% E~\, 8% S E % v}vs
UilE]S |E% ES BfFo « }v]( ESPE SE}uANeo E «]Jwls uu viveo
S & vigZlbu}v( Ewlu~8 E VvIZ]¥hS E% vVSwWo u v>e® E% V}ib -
P ouviuu °]¢}% E vibe]spu v (E}IVE]VSAE S }o]®P ov EER*% ] 0] X
ceU}o MO PVS * %]Pu WZ}S5}eCVvSZ Shcu}oU HoSE€E ve%o } &S vSSE -
E Ppo WB}]*s V0 A 0}% % U*%50 ¥v3SdZJIDiGiX}ve] E}uu %o}ee N
Z USA 0 HIEUS US E% VPGV3% % E V]SevEU % E(UEEU JYy E pE vieU
lu% 0 u valku vS ]JEeeWE] ] S$H%E} PJEZEU  pS]e%e %o US OKIUTV E §
}Zou WVIiAXIUA B PEMI%eS EP v EJRE E %o ilbes E % $5*E % Vib
*JVSCVSEZ 3% «ES]EA}] v § }o]l<pwA}] pu A o}v-8Ds < oopu 3ZCo
ECSZ%EIF Mo 23 WelluS]ee Z pv 0 (}EuU S]1}0[]*} %0 VS]HZGe %oZ/ B/ W o
~&]|Pir®E A}]IDs +Ju3]0]% @Eev]u PHAD *Z U%]|PVvdYy&Er od Weius]o]e
% @Ee 3§ E]>Ro0 VEU VS 00 »JWS % 0 [uS]o]es EpFA}] ©UA}]Ds -
E}poZ A 93@® C3})3m % E}ACo}aER o A}JD W  E}UOE op]A u v
Veo ZO}E}%ONEE u AWM SRIEIY VEG oXiloV v § +71i6X



IVSE} p S]}v

+ 2% 2 gy WWI
\
WD% \
+ & 2+ 3

+ & 2+
DW + & N2 =
1 , DA o}v §
k|
2 /
; 2 E” K|
- ,
‘2/ D WW £
2= 2
/3\ 2+ Q;sg -
+ 2 2 24 d l&)AE
. & 2%y 2Fdred
* 2+ \
G + 2 NIER /2+ 0 . &t
S 20T e Wy \ x
2 2 2/ \\3/2+
DWW D WW_ /5%
+ 2 2+

&]PUIE ]}*CVEZ +0[]*}% VIHNED%oZ )} Y0ZHEE UE » RE %o v » %ée de
W E u «]ADus33ulEG X
>eA}] pu Alw §~Ds 5 pu SZC@E CSZUE]SPZEB Wv p]e v (EuU §]}v
0[]*}%0 VESE}G6o Z} o IWMZWNSA%U VL | Ju%o0] (] BHEV%oZ]cpoUde S %o ® -«

0 A] Ds *}v3% @E » v3]X¥ A}]DsUP o u Vv3%% A] WnirZC Eif£C
U 3ZCoPopklwiCa ~D'r} «eE P S~ VvICu 5 0C+ov§EuU S]pWDs U §
JvE EMWIEuU Wed SEd r ECOSE v¥ZEBo/Us $GZC E}ECuU §ZCoPops Q
} Cv8Z &P'r} oCvsSZ e § 0C0V(BEU S]}M'r} X ,D'r} EN S -
~ €& dsED'r} vu A o}v%i]ocu A o}vIFv e~ UL}e%Z}u A oljw 3~
§1%Z}+%Z}u A 0}WES}/ECHI pnle 0} Eu $]PAWWAG]D We&p vE 00
P ouv3% 0A}] M iru $3ZCo ECER T B Weli«} EQECOMDE.
%BoZ}e%o ZKYy W v JEIA] vivu A o}v]ipe KyWCvEZe ~ yAMUIE «(}E 0
% CEUA KyWolE 0 KYWE P § o~ yE3U/l% UeE ]S EV]E WX o
E S]}IV¥ 0C*%E D WCS] CoOCEIE & MU»UVWr]%Z} % Z} ICSFuUSBE 0
ECSZE]VPOoel]v « ~/+%e/Ad 311 rUSZCOECSZIHI 0} %0 Z} %0 VB W o
cCVEZ ~/*%BU Jpu&]es VE(}EU ]}0r U $ZCOEC S HEPE) @} % C E}%oZ} e %oZ 3
~D WWEE]®H ~ rdZC ENEGZCIGTTrvQ% CE)} % Z} WPNIWE VEZe & /%o U
Yoo SCE U S~/2%¢UY v Ul v30 % E} p S]4YWW Ju SZC o%ODE %o Z}* %0 Z S
~ D WXVe



IVSE} p S]}v

>[]°} %0 V8o CED} %o Z}|ooBhdZ B VA BEWW U SZCoREQHZ} %D VW eX
E 3S]}velv ve S1IWS@ D WWE suv]S/WWE}IVS[}EIRpWPE VA E] 3
S E% vl E}IVS e ¢ upoS]% o0 e[pv]AWWA €& }v-~E P & oXUidoX
SIS £ u%oe UE}S vib}lveS]Spuyuvso e« S E % V)] %} %o 20 WENCE € 0
ee v3] @+ VIu E pqlv S]iurec]] vZIio %0 véue Z1o *uS@E EP v]eu -
Zlic<ulvo € SEMAPUZW%]|PVIVEUE] ®UZ +3X0 %0 VH «UE}S vib -«
elvdee V3] 0% Z}3}°CvILSe WA] VWS A 0}%0 %o WBNVFIHoE * vEeSiue
0 SC% *%00 *5 §]}%0 U O0Y% 0 LOPE} %S LBE}IU}% 0 *See3v VSE S]}ve
J(( & v5>48 oXUOV UV S OXUOX pe JVH Zo}E} %0 =S@ELS vib %S vS§
o[ v ERu]V W% EPE Jv E }V]VSUE «» v3] 00 usi8s EA] vwvad
%0 Z}S}% E}S P}V 0YSAE [v EPP%Z}S5}eC*S 0 *Z0}E}%Z QaudrP u-e
601V A PAITIOX> « ZEIU}%0°+3¥50 o] u 3} | P § *CVvSZ @ ¢](°
E}S vib> Mo yE(Eu]Se PUuleE vPERP «3}u S%Y]AE vl p
SRS Hupo S]}v E}S vib weo « ZE}IU}% 0 Be® <y bouE}I WY (} &
%0Z}S5}S JM]SH AU OXIWOEX> « (E}S vibB}veSP 0 u v®% o0 v UuSE o] E
KZepu( ]85 0o po&EN SIE PEIOCE }v S]ve SHE X

~7¢ >S5S KDWK™WA\ EK>/YhdWK>zW, EK>"

> e Ju%o}te%WwZ vio]<w3d] vv wa}]vuvv}C pvl vep 3] B }p%ope] HE-
(}v 3]12€ E}AECGO}u%o}**3VvIIUA YIuu % }0C % ZeoviENe 0 VP R!u
e[Jove %o E  vEUWBEY HOC oZ V}IO]WUEX ¢ ZFe0 %00 V350 «Z U%]Pv}weU
Ju%3}e Yu% E vo wIPv]e sUv]w U vi}%Z viv «8]o vito e Ajvib &

E]JA 30 s}puu E]v D PEE]A>eeXVI}%Z VIVI¥S o Ju%o}leZ V}IO]<H
% ES] ppw@-u- u/E}Q WEZ vios§ Eo] %o @o] ]:}\EE }vCopx C o
eJeepnu 0A}] peZ]l]u SA}IE s} u*@UC 0 %o E}A v 9R}]Ds X}uu %o} o
MSE Pubole WZ Vv}o]cpue3v PE}IU% UZBE}LEGOG 0 *vi v]cpen]

}v( & vSeulo PO *%E} % WEGFAC WS%heUP %Y USE 0 o KZ oX o
*S]o v}b}ves}veS]Spy c pAE}C WHEZ v3p% ELAS}u o E }Vv>XE A E $E}oU
0+3]0 VD% o0p>pu ] Blu%eo]<weou Vv]eu v3]}AEZE o0 oope}E ¥oXU
117 {0 A}v}ibo <iu E]vie NEE]AIVSEE % E * ZBo*%0 VS *X

>3 EUuo A}vitho E}AIUWS S0 Apr pv v E ( E W }pOodE » PEUU v

0 *<H @*% E U] (dEA}VIBVES] v3](]>+Ko Alvib}wE}puelvesd]Suuv}iC p
(0 A v(]Pji<B}VE vV VEIEC 0%Z VGO & +E 0% (Z & E)} VECP §E}]e
Slu e E }v~eeorireoe~ | E}DoKWOX

&]PUIE >vya(@o AX
>V}C (0 A wHD3EN SpE +(0 A}vib X

KvieludC% «0 A}VIBVvES E % E3NEGY §]}v E]8 EEu FFpE A G] |-
oXKWUOV I E}FodKUOYW]A EPUVE TUio% E W¥S uu V¥ JUu% ® % E * v
(}v S]1z€ E}ALDueS}tv =p@& C oo PE « SHE S]}v C dp v }@®



IVSE} p S]}v

% }e]3IBVC 0~ TU}IH deX (0 A}viB}ved «%]Pu Vide( E MFFO NEULEN]SU
VEEUSEo WEpo EBuAlo ~(E pw]l}v,E & $pi uwr}E vP~}E vP U
13E W JUEUSEW vE 0XUiIX> (0 A}vib}v3d]ve]u%oo]<pvee 0 %o} AR ]
S83E § u¥%o v3ZXo[Z}uuoU{o A}v}Bboles VI % E}% @FF(o uu $}JE U
VE]}ZEC VvFIUE JvIP ¥ VvI]AI®mIME ]S G oo W v3 oXiWiVh]A EBe]
Duvs WVIHioX> «(o0 A}vibvE8o % |5 Z o0 30U 3 UAEBS% E}% EE 3
VA]e Pluu 3CE ]3 uws§ v EhA &EBUVSE VWioX]ve] % GEupno3]% 0 o
% E}% 1D 2] vV 05¢b A}IVIBVRVEE€H EJu}@Ee]]o o oopov XSEE]S E
% JEO *@® 0 A}vibeZ® % ] C 0 ¢ % E +@Buo (JEuU[puYIV(o ACo]puX
>[1}¢0 ACoiE vCo VI}% CESjME}VIHUE § E]+83wSZ} C v>eX
VE3Z} C v}vE ¢ % ]Pu v3e}lpuo p@Ee-pAlo ~ V%o o+ %5 EE}uPuo v} ®&

(}v 8]IM%o, X @B UA] v ]oo WEBEE vESZ (0 pIE; v}sope~ v E{IViee

}uo UGN ES JyoepE&E3u pHASIU ¢ U Pvepuo] % E-vSZ} C v eX
VE3Z} C v}v® E + w3ev3] 00 UuWIA e (0 HE-Wo *}VEP 0 u VS0 -«

E JvorYEuUPS=Uo OUS]P &0 ( plJoe v ELiviVv E- $:}E Z UiV
NZ]I8y] TiioX

>e lpuu E]V]e( E wio A}vilw}d uu V& E%}+]13]}o 3}v u C o
Ev] @ X(® 3}v o }pu E]v SE}pA T 0}E@ 00 (0 A}vlbe3
%0}e]5]}vv 0XKV% EO}Ev}C ppu E]%o}poE}pu E]JvSe viC pZELlulv
~iUdr vi}%%@EoE o Alvib> «Xpuu E]yvesS ]e}o %} 0@ E u](}evioli
% $BP &'HU] JUESF0( AS}vl Xeulo pOwES 0 EP uds] eveo[]v ueSE]
% Z Eu u3§dru 3]<Po}DEMAEO HGELS Voo % E(HuEEUU]%E * V3 V3
Pouvi(( E vBE} %o ®&JZSEuU }o}P]ust S E] vE]{UvP]Hu v }E
VE]A]EZoleeu uu]( GEP u B oXiU6Y o]BKu{iiTW}pu o oXiWive] vP
S OXUGAEN]EC % » }uu EJvIVIE SE}WAdpuu EJwWE} }Jpu Eu =
%CE} }pu Elv oy E]Jv-¢}EU o] 2}vS }veSISp e viC pluu EJw U
(LE} }pu EJ% € E} Jpu %EYv* « VEeU% %0 PHWE Oo(UE Yu% CE ¥ Xo
%0 V¥PVPE uJvoe }pu E]Jwlvd E S % @& E Jvier@Eo[]vs EGu JUE
SE Ve%oHES (E v |ESC%  %0%o VO d~ 'T0*W]v ( Jo@S-}op Jo]e B(}E
( EEMWME » W0 *}0-Z,uZ 0SD E+ ZVOE& I }IpE E}EXUOI*X » }pu E]v U
juu [ USE}EM %o} ™Z VIO]|<fEPSYyF(}EWPOC Jp PoC }¥ Xviu]v Sltv
Jv 3 V8 % OUSBUIEG%E « EPHIEUPOC }Vvie0d S]v WE}IEU PoC }v]vX]
o[ + HO]BE}HA® (JEWPOC }+Coo[ » po S]lweX & o-}op Jo]s B[}EU
*}JvD «(}EU POC }vpele}vd E 5§ weo EZ]I}*%@ GEUPROC }vievs
]JvSE oopo JE X
SIEe<pMH E » WJESV VEE DE }0]3% ] 0¥ A wP v E E
(( 5% ( *S%}DE o0OPOSE EV]HE]odw Vv]eu VSE}F %% } WEISE o] E
Ju%}e A VIS E]<pAE Z % |%EE P EX%s X

TX > ®«Ce3 uwiCu 3]<p » ( ve }JVE@E *K2Z
> o ((( 8¢ ( *8 oo KZ% pPA MIE}VSIH@EV JA E§ }veXve ES JveU o
VICU A}JVEP]® u}vd 0 % E} U S]JVKZIUE % EUE( |5 e EvV] E-X
>[ viCuod Ev $AC « Kye %30 0 $E}veo Z ]v SE Ve%o}ESe
o SEYV3} Z}v EJugvpu vived p@]BuvV c}pEvIivy Po]P }o pleSv o
%o E} U S[[WZeX eu SZ]}Vv]YUO(}EE | S «E& ] 93u SZ]}V]IVIAEC
%o @& KA~u SZ]}wwo(}AEAQu-SZ]}viv}e Z]rdpu&Eo XIWAV }pZ] $Fo XiWo X



IVSE} p S]}v

Ve [ USE o *VICU % E v HES u v3v Z EB «KZ+Xe VvICu 9%dJo jp
UJve% J(]l<ues KZW }u% E vvovE KeUoe § 0 ~ deeds Wy 3§ o
VICU « E %0] 8IZVEE WE]v

>eAKeelvE eu 5 00} VIGU]*S 0C0WSUSE 0] B[IV]IN% E} AT E}AEC
[ZC E}PSV ]} ECKWE +ev¥ i3}po $EP v]eu&} ] *¥ viCu «}vs

E PE}WH 0 o+ 3vd po u VS}vEE SEPUE 0 %0 vER{XP]3® K un]A¥R

v~ pleK «U(E &K »« u VP v «DWVK ¢« Sv(]vv] | Qu)V[3E SE}A ZI

0 % E} EESISUtXY " "KelvEBo E]V % OEWNME]UuVvee CS}e)5m *Z0}E}% 0 5 U

&r"K veoe Zo}E}mwBesSDvVrK veo u]8} Z}v E]poS oXil\kZ ] § oXU

116X 0} 0] S{ve oopov] @B veIo *S}vv vSp( ]S 0 (}E% E} p SWZ-
veo ]88} Z}v P *Z0}E} %0 ZS]Y *SE Ve%{@®S SE}vYeX eplevK U

o[ 3}Ju H]AEU 0% 0lr%o} ESUVSOHU] 1]V @ ep *3]3u%BJ ) us@E 3 o}p

*}Jv/E ope]¥8€E ov]v 3]A dPwWICu[XIu I]v PE HEEEBUE u¥&E P SUE o

%op]e e p ©3]S pk] @ uSE SIIVIA 0 vEalv oJulv SYYwee [ (( P V](]* A

o[ S]A]8[ VICH']ODOXIBX [UVeo}]VSEAUSE N SHeE®U %udEE] v ] G VW] E

§8 ESJUp®E&sr K So DwK }vsuvZ pS PE -+Ju]jo EPBES Jveip[ 0o -

% E}YA] v @EU!YS v !1SEUUPVScU] 00 €E [%DWe] vV 0 cplevK ~'Jo
SoXixKps@Ev 3]A]8veou Jvd v v o 3G }4 C3}e}oUs u}vSE&u[uv

ANK CS}e}o]{pEP E JJ6%0]<uveo E Puo S]GUE %o}ve ES Pw*SZ}P weX
((SP Vv } vS SS%E}S |SepE A%OEERELUV JV( S]P @ % SZ}P v

Z u] NSEMQZE vI%BZIEGS E o}Epr[p uv(( ¥[ +§ - EA}E-0[]v( $]}v

%o H USEhe SZIP ¥ U] [}S5EFBoDepy D Pv % }G&ECI S |}SE}%Zuu E]

PE u]M{% XE ~]>1PZSE}d KX

> e de S 0C0oVE U Slp% E}AQCC E}IPVV]}AEACP &V puX ¢ S0 *e}vs

E SEIUETI O %0U% *EEP V] A]A v3eXVICU % E}ALEC-3uvd}IpA us]o].

Juu u E«u EEAE Ju% ES]Juoduo~PME]EVS EV (ioX>e des}vEE -

%o E » Ve % E}ECHWEIU 0 up(s|8u « viCu lvduv (JE(]vPk @

% E}ELCZC BIX> n@ ES}v VvVSE S]yvo % E}ALAC%HUEU $£E S 0 » -
us }olp@® ECUAEK *« veep ]V ]§[]v] v cp@&[ SGB }FA0} o0o0
OO U] E(VE EvV [AiGX> » & 0 *% LA NIEO e i PE}U% (Jv §]}v
E S ESEU SUEZPUBOIP] ¢ <p v 8 ]} ZJul<u % E} % EV S o

VICU SJ<u >e¥% E UPE}INBEE *%o}vopu] s 5 0 *3C%]<pHZur § 0 o

ulvi(lv 8]1}vviboe eviCu 5 SE U EPbofEe » VEZ el 0 %O0U% EFEP v]eu -«
&} ] So] vBu}o po[Z u X+ }IVPE}IuPUBEO* S 0 TRE}IAEC <p]e

0] V8 *Z u *» § % HA VA]SJH(}JEU Ju EJ<Ppn 8 SE u EJ<u X3 0 =

J(}v 8]}VV~O B PRGSE}IAEC & 0 «pvEE SE}pA/e3}pue € PvpA]A VBV

<p UZ o ey EC}See EV] H{VE 3 5 eu Z 10 *Z u%]Pviv} | §

<}looid®X> » S @ ¢ Z u uS]ovfo *Z VP u vy3S &E 1A ( & u]<p%}uE

E p]EKX> Ev] REE } u %o S0 *}EE *%}v Ou] * u VP v « ~Dve
§ 0uX>eDW 5 0 cA}VS0 HEE}IU% Yo E}eSZ Bluic UE U %o Fbo [E/]}V

UVP Ve XVEE |E WHEUSESC % » 5 0 *}v3o[ S]ApSUSEHVZ] % &

C VL@E[B]A]S85 0« OoDW 8 0 *8vl % Es [}5pEuv} | 3<}ooi@®oV

tZ]8S |T@EX ES Jwl E}}EP Ve BEZ}P % @&} plpyv® VULEBZC E}IRPME-

O[JVA *]MfZ€RO W *uyPP @ 0 E *]*3 u C VUEODW 3 0 % Eu $5CE533
Ev] Eilpy EvE€0}E*0 [JJv( SI¢wWP]«ptZ]88 1iTX ] vcid 0 § 0 =

*}] v3 E]3}uu E% EJUE Op*]A uved % E}AC}JE3JvV 3 0 « [KECI

e S3]AIVEE % EJUWE Op]A uwH U U E V%0 su]du [ pSEVSUV }u o

0} o] Si}vooputh |E}ECFuC@}0o]<p 0 US'Z}eZibX






IVSE} p S]}v

% E} ] K SEKy v GpE«u}]rKeUS USE %i{Boope] wiEu ~ v E
Al}o S MEE VeY%o) EECHEW]V JVPee &/« We JE BEWWe JE % E}EC
V dW 5§ 0 «\& Wo A]v v]v Jvp o }MWpWPous SHJIE}EQ]IVD , W
UV} +ZC E} « MEKWE WJIEC WZWhe E)}EC 5C% W 2\ E )AL H

VAK W% E}ACQUE Yh'dWPoC }+COSE Voo & w3 so[hrop }evX E

Al}JOWNFICu v PSE o]k V ESPEPUWYICU %o E} plsikd E PE VW
(U %o} EFE Ve %o },ESWEE A]}OVKE v d@ S vIv Iv(] EdEX%D WE 3SMV
SERBI|VE]oo | | NSESFUNE § X

> @Ev] @ [ VICUJU% O]<puveo V HSE O] §]KZ**3 00 * % E}S Jv
E %0] 8ZU3E NEFGU% E( WESE PA Ee u (} o] WIkH U VI@E °
(uloo[*viCu Y& o0 3 Bvo 3}AE] 35]4VKZe veo % E P EupAZvs AP -
$Z]}E }APByOd Poud E FEJY0 % E}ECEWZEB Pops ZEWe( E »
~'""g 50 POUS SBJ)E}EQIHWY* % E}S |E%0] SZYFE %]y VS

*% E}% BEJAC 1E 1PISMMS UU T 0% E ¢ UVE ] @S JWSZ]}oE «X](

* % E}S IWIUu%oO]<pu ve o Z VPSZ|}poepo(E 'Wy>SWZyE pn]eovs
% E}EZC E}IPwW g o[ ] [UVIH%Opue] EE> v 3 0CSX|00 *}VvS]V]

% V VS «dZy%e }oEU@E P v EuS]¢W 0 u VviE'N, U e 'Zy VeO o

ES IWEZY> W2ySWy>»lvd}IpA @ SE}uA/eo t!lu » Ju% ES]u+-@3pe}joU
viC w3} Z}v ] Zo}E}%m0 S pA VP50 u VA}]@®&o0} 0] Sgveoopo JE -
% E} %o [HIXES [y >elv®} 0] weo E 3] popb% o su]<@ uv]A p o
UuuE VWwo suljcplE&Er €S |W2YIVSAE% EJuveo|[ %} %o uy EVE EvV U
T1i6X }Jv Ev 08'"dU oo «}vdl i}E]S |EA®E *%}ve 0 3]A]S E p 3]}v
PousS SZPgovv VvSe% E}AEG Ceped[ £ U%e0, Ze<ulo ES] |[MEVE 0 P
o[ « }J& %0 C 0o }E Pdps 3Z]}v

X >ds}A] ddiev }r Siixv} ]}S]cu o
[ %@ « (V]S]}w ] S]}vv YEE}u4evEE v} ]}S]eguv hulo poSE VP (@
JEP VIAJA V}ve] E}uu S}E]iX 8§ Eued ]e3]vPu ®pulv } 11314
CU]}EE *%djwu}o p%o E} BIHE oOuS U] IUEES Jv AU vv FBE <t} uE
0O OOMAIEFZV VvSE S]}vX

iX > S8}A&] vsS]¥A&LE v} 1}S]l«w[*] pA& v}u

Z1o %0 v B}AE] S]4w }I A v} ]}8]efPev E 0 EEVD]VEE E 3] popu
V }%0 cu]JopQB}eJm A ud~<TE §0XABOSA]e v USE O] (ES}IAE]<H

* Ju%}e *Xu  V]eu VEE}F* %o % Z uS]e v(]PufE e v }AE v} ]}SPkQve
%0 } U060 O U %o *EFO UEZEC E}%ZH]% LA ¥E A Eu@ E v }0}P]fp «
%0 (E U] & %oV }CE %0 %0 o Z -/}p %0 Z ‘[ é]A é]}}\Y/‘]‘§V O[]V }CE%O}CE §]}V
PE}u% u(¥g<S]}vv~aeC E}FLC o 0] A%}]5]}y Ev] Eo *uCE(
o[ v }AE£ v} 1}85&u SIIECEH up S]}vD o}P v FIGVE}VG® U E + vS S]}v
*PE}U% u%yieSve ES Jve uPu v30B}A] 18 IE BSIAISIAE v«
SIEecufudo } S} E] W E © vE UWVPEIu% ((JWS]Ivv A B3%Z % USE
( po3 XA U Ju%}e% PD}IEYSE IE 3 u W% Z o/ /}U %oZ o
JVIUP ]38 ¢ }v %Z c}ve]leSv o[ ]S] uvPE}u% Y}vsS]ivw 0SCo U
u $ZCo UulSPopus SZJpvPou PE}IRIUE ]S Eu <t O<h A U% 0 puE
o[ v }I/E v} 1}138JA X cPE}U% U B+}AEAQoEZC GHo 3ZC E}AE}VS
o[ itupuvPopu P [uw o}v B% }udEe pE EV] EPE}IU% U oS SUEL] o






IVSE} p S]}v

[ VICU 3uU% E WS uu v3e % E}EC e« oU}}0+ZC E}P v «=0U =« U
C3} ZEWOAUIV}IIAECP veozWAafAieWS E pps (0 AWMVI}IECP w&DBKsX

W EukviCu « %Z 0 *C3} ZEMWIM zW ST %o 0Es %o E » veS wWDC U o
E % E * USIUEE PpBUE}]*]%0REE V u]owpoS]P V]Z0o %0 V% Eu 535 vS§
[ Juu} Eviu E ME*SE 0 U ¥ OXWOOVSZ Sd]e]IIEOWE * vEe
S}ue € PVvA]A 0SUWORYSES JuA @GS0 E ul}F veo u] E}e}u -

(}] 0 %tKup@" 3}607eX pb pooUs zWOfMb A ES 0]Z®E0 %00 VS »
Viu E BE% *E Slpvoxp <<}AEC S]iwdC E}ACO S|wpAEC S]pkveU
* 0lCo S]lweWo (}EC YW }IE * u SZCo 5{}w EFOONV}E 6 oXMUiV

S§Z Sd]eeJii@ X
> o zWA}% EowsoyuA VIE 3]}v2C E}ALACWO S]IvolCo gz E ] ] -
~<Q $OXABO*X VICU %% ES] WOV ¥3e ¢Z Uul% E}3~Jw 3 00} % @®]SVEV
MVZ U *S%0%er ES] po] EPUEYR% Z U *r$Z]}0>50{Xe*}vo[Z UpZ U -r
§Z]}0 S¢8E 0]% @E[]vS Eu ] JEE ] PSS JVCOo°** %o E}S PKup@EifeX
> ¢« ZWOIVv}I}ACP vivduv (JES((]JV]%o}UEE® }Uu%o}e *%o}0 [CHL]=}VS o
U}O pOee Jee}0A% [ VeO *}0A Wado |&E e 0] MO Ju%o}es =}V
ZC E}%Z3%O0p€E 35]}8 0C%E « ZWOIRIEE %ote 0]JZADPKXIUIeX % E
0 P&} 0] S}V OOHOUUES] %0 VUCU =»}vIu%oo]cuve vIiu E HEE} eepe
]}o}P]l<vw&}S uu v u § }o]euPev B*G% ¢ 03o S}A] Dy ESooXU
TiiieX ezWORIUSee} ] suMl U E V~E 5] NOP%o0 suU]%plOUe SZeb0 %00 V3
}Juo} o] veo C3}e¥blo 3§ EI* | Pu EPXWBTVUVES>]v iG>V 0]*ZA]0]
SOoXIUIV I SoXiUieX «zWORH n &~ WPeS EA] vwaos Z Jv SE Ve%o}ES
e 0 SEIVSE ve( WAIWIAI 0 SEWEEIA vivgr( 3 EE~W+35 |
1VECP~y p EpuPu] Z}8660VS5Z Sd]eli@EDXe VICU «}\E P 0 u V&% 0]cpu
VeOo ]}*CVSEZ ¢ }u%o}e}€EP v]qioeg 0% Z VCO% E}%Bo & & % @ -
PE}Iu v }E&o *Pop }*] @ VIP v~ep&E+ [< (i060AVSZ Sd]e*]T®&D* X0
E uu vS Uu}lvSE&U 0 iTro]%}}AEACP>KyD[UOO}¥EC*CVSZ~ KAS0[ 00 V
JECC o~ K i E ] }%Z]0]]ws EA] vwao5 [}*CVvSEZ o ]i *ulv]cp X
e ZWONR40}E}% 0 =BS8 v}vr v}v]<uEooviuS]oMovE Wylo[iko}E-
0 S 0oCuW ]J*e u%o0}] o ]iirZzC E}% E}ACroUiIiUIRAr} ~Siir, WsKE»v4b<«p
E]JA}uU op *SEE BpeSPJXiWd e X
> «© e & %o E o WE(VE] 0% ES] pod E % E}S Jv%eZ ¢X o« VICU =}V
E SEIpPAX 1o« § EJoeUZ uU%]PvdvdUWe 3 &0 %0 VE2 VEE 0XUUOX o
o] eelvE eu § 00}% E}SUAE]}Vvepde~upod] I} GEuD K~z vB oXU
THiOV vpeld oXUieXZ 10 *Z u%]Pv}&Zecpu]l oo}ws s o EP u ¥ ] U
o] cwl\e (E § S}v E SE}WAE0 oopd]VU }vv ]Jee v pUpv }vv
A% EJu w$ olv(]Ew o0} o] §]/ § + o e« «Z 10 *%0 VS *bo
[E ] }%64e0] v E ] VE% EJuV=0[ %o} % PUOS% 0 U O UM 9% * }vs
1S JMA E%oPudEi E (}]e ve o [FEep Seo] EsEEV]t: %}wW}E] } w E}
A Ev] Jéoup@di~ o ofiideX 55 %}cpo 8 Euwo v[ § P& *u%o0}EW
% EOONEEe+ h ] ¢35 «i % O[}ECOE | yEpeZ]lcw ] }ECruEpue¥]<p
%o &  V[}ECP & [Zpu] ]82}Z]io6TeX%o u]*S58% E]Jjo USu ¢}v Evos
) e % E * VE 40 %00 VE 3 ESE> % e ¢ %0 V% eES P vEu E pe o
*Julo EM + 00 ¢ Z u%]PVvIuvb}]vSApy E Z]5 BHEE po J¥E V]3]«
E 3]}vv 0pXPP aa[ o[]ves «Eo o o Z U%]Pvlne u 31} ]Eo-u
o] e ¢ %0 VI%r ES] % ] BVIA] S]}v }u%o}e 3} E]<r-*EE Bug XU
THiOV: vuel § oXUiieX/o [ ]oo HEE %% XES ES Jvoe =+ opu E]I

Jvd EA] vwas § }o]eppo 3S}E] SIEZVE ]V u!w]o pE E€0 A § V][ 3

C
/



IVSE} p S]}v

0 ]E u v8}vSE&,u VPS oXiUioeX 0 A% O]<hUE J&S Julo pO° |t Joe VS
JE S uowv®BZ ¢« }ViUP Jelo[]vs EJou®ouo Xo * 2% % ES] vywws
(ulJowpod]P v]duio *%o0 v3 "{Ko&E]*§v A]JvPS JvP v ¢} v§ «o0 o o

Z IKEGIS]AS E ] }%84+0]Wbo0udiP v «}VE&E SE}ZAI0 }3}v}*eC% | pu
Z]E e p3zuvB oXiUoeX vIiu Eu%e}ES[WF(}EUZe 10 %0 VS % E] paEU]

© Z U%]PVIWIWE E$50]opATEE] Sep «SEIBI(] % @& VvICuU X ijui®
*SCE }Vvvp 0 © * + %0 Vive EA] vwWvd S}AE] S]1}v %}0C%Z vioeU
ulo MO eu[ oo }AEC VvEIUS Juu o0 ¢ Uu]v * E}U S]<u® 0]%Z Ik
ZC E}EC|MI}o PEO *Z 8§ E}e]~z2 vV oXUOV vueld oXiGieXo0%WmE vv v3§
P ou % EBEs*CvSZ §0 PE S]PpVWew]Pu v&¢u VAEVEE€OV0O[ O}VvP S}}v
E Jv3o E %}vpAESE -z VB oXUbeXe0 e ¢}VP]<u &8 %0 vilvs
Ju%co]<y vee0o eCVvSZ » 0 0O]PVIV}UE }vvsi]eXiBoZVVPS 0XUOG*X %@
A E] Sep *SEEP 0AEs }vv JeeS0SU@EV S]}weo S}/AE] 30}wU « «}vs
puSJopetuu e}uE %}S vS] 00 ¢vS u]v S]kv uAoloopr EE PEXiWdeX

X VICU © % Z %

ME w8%Z ¢/0 «E S]}ve }vipP Jepv'r,U[ 8Co S]}v0o0 S]}viwsZCo §]}vU
[ZC & S Ki}v PoC }*CoB|JvSEUSE S 0C* % G *PopusS SB[Evve( U
UO}VCOSE Vede®oCeWPCoSE V3¢ €EEGod SCOSE VeEE]JweX*E& S]}ve
*JVSE 0 $]JA u]vé } puvd «Z loeuuu]( EPr 0 Z u%]Pviwu o

Popu HE}v]}pdldpo(} }vipP e B E JZEIQ %0 vE «JWipP JeJuv}vepo( HE

HV o «S@E S cpo(}r JVvipP €% p EJS Z vs oXWifieX[ pSEE S]}veU
o[]JVA Ew&o0 |E ulvdvsS](] Z 10 *%0 vi3}uu 0 PoC }*COES]pJ|*%o -

PoC }*CoSE v% E v3 co[h WrPojuhedesX

> osh'de %% ES] vo MB% E( uPoROC }*COSE veoE VS eevSve S}poe
EPv «p AJA v3X]SH £ u%o[ W 0Ce %ops] REPU « %0 VS }v pls
o[] vS8](] S]¥vope ifiih'de%}S vS] 0% uS] oXUiTeX> viu EJu%}ES vS§
[1*}(}Eupes ]V [UVIEP v]% US[ /& %00 Vop@E% ](] ]S*n *SE SUWICuU -
H3]o]*uvE}Iu EJu%e}ES WE0 HO~+E ] Erg ¢XUoeX% «h'd uuul( E -
SE ve( ®VWBlo pO[ ] Pop HE}IYIGE *}u%o}e *S]A ¥ %Z o/ ~}VWeo EO
Pop WEIVIr JvipgP Jaj o p@E oXilie o} Er Z10 %0 v3odd] *BoE * S
Z i<y o< »% =, i @& oXUiteXv (( S&eh'de %0 VHI]O]*%wSUDES
Pou }ejuu ep «SEVEXNS@® h'de u uu]( & & [Jve S pvS] vv W& }u ]v
SE veu U E % JHEE <} ] SIWWE S] powtt% 0 cul<«u}@&| 00 * %0 VSSe
§ EVe%olee W& o Ju ]Jv Se}VIE SE}HAVen C3}ero} 1170

(uUJoo ® h'dee}VEE 4ve EA Z 10 %0 vi>eXh'de % HA USE 0 s v

]1(( € PEE}u%o0}v ¢ E]S WZCO}P v §]<HhomS]oXUITV} I T1i0X sh'de
% 0 VE}W3U% O]<H Voo ]}*CVSEZ » (0 A}v}b-<«E BIOX®WBOOY | Tii0eKv o

£ u%o]ev } pu vS8 }v EvV op] o PoC }*Co Spwu E S]v Xp E S]v
POC }*CoVSE] w E SE} }vE@®ED]( 0 *Cv3Z « (0 A}vib ve]lvZ] v&
%Z VCo o v]v r uu}vd[rolC e 8 oCe o3}VA E+]}vo %Z vCo o0 v]Vv]

Jvv ulJ<pr-% E PE> J@%0o}s %Z v}Io]<pz]vS oXUiTeXV %0 % Eu S&E
$}/E] 3]kv(o A}vib &8 }ViuP ]<4¥ Jolo *%]Pu v3e uSE 35E 3§ vse
Jve &~} NiioeX sh'de %0 vive EA] vP WSu VEe0 ]}*CVSEZ e ] «
* 0] CoJRpt }e] =WPou }+] G V}P v cUPop }e]vigps = PoC } o o}b -U
u}o HO ¢ (veeCVSZ S]v@®E %o}VHVSE~<® § O XWOO,X S uUu}vSEU -
PoC }*Co0SE veod® v3}uvS % 0 » PoC }*QGo]@®}( v~ vS]r]v(o uuvdylE
S E}b%BCE » EJH[Z}uu S0 *Vv]u pA& - JUO U@]e ¢« < Jv(o ug}se
ES] po |E W—- ESZE}v e ] S]l<u W CE<u oulr 18 § ZzC E}AECO




IVSE} p S]}v

~ 0 EoXWieXZlio[Z}uw ] o}( wp JBVE 3]}Pou HEPVIUP Jey%eZ o
11l S}A] S]}vX

>[ USEE U%SE; %*S OU]*PousS SE@Evve( E = «EVv] EE}SEPVS E]S -
Veo Z % ]BEV[ }E JEKQ <p o<p ou vSeo] 0 S}AE] S}rvXde S 0Ce VS

0 }ViuP JefMvu}o pO'", cuEPE}IU% UNSIE}%Z}0%}s S]A>NE-<p
*PE}U% UWSE}%Z}0E] 00U, %o PFCIVIUP PR AEIVS V U WEX  *0

‘NdeWE VEL § 0Ce 1@eUS EFVE SIPIUI< P XE - UP E}u% UNEEE}% Z]0 *

*JB(JES® S]}VIVipgP Je}r, v ee]8[ S]}v~rde~ }o u S OKABK ¢}vS

ee v3] 00 @ Ve ¢« E]VBSCE}e]ve EAcpd}vIu%o]cp veo 3}E] 3S]3v

v HAE v} 1181 13u8C% E 3]}9 0C+~A@EZ % ]BE %® ]A E+]8 uE-
]*}(}EuweUVdu} J(] \&/ PE VA E] Sopu *SE>34Xdcu]]vs EA] vw o

u Vvi]eu - S}AE] SI3wWIo UE %O L %o QEF}0]<p *WIiPP Je}v'?r, suCE
o[ v }AE v} |}FS]<E}puqe Jvp CS}e}oX

X WE}S [VeZ +¥b §E Vedo}ES pE-

>V USE 0] puS]U%o} %o E UuSyA]ey E}poveoA p}PH0 % E}Qopo |E X

H( ]SU %, u CStebodviuPPopus $Z]}u€o G }GQdEIpnye Z EWV SSPo0} o

V USE]K]U IViuP P} o JME ]S 0[S S UVBE V%o }EJMUER STEH -GV

0 (E}u% ES]JWVEXSE Ve%o$HSE o0]=s VS] 00 Yo VB SE Ve%o} ES Q% *
JL dW]v JvPee §5 }0 U 8 0 XAD &V %o %oid BB Y } 1] 10X

> SE Ve%o ] ES e ES] woven%o E( UISEE Ve % } EESOREE FA P& -
SE Ve ]ES Qe *}vS » dW er u E VESE V% J{ESCWS U}Oo HO @
(}]*XSEE Vel ) ES]AV %o % J]EEP She(EIA v 0B v ®P] o dEZC E Q-
ulo ud dWD}E]CSuoXilo¥ ( UJ0O0*SE Ve% }ES pu¥dau!u p JA]ev
%oO e QEeX Y%oO VYV Vv EVOLI}IUeD oW Z%0 |}SEMR]*]*S O 2U

~UHOS] E WP S VEDZWUHOS] EMPS we} ] §% E}X]¥e0o oo ]Jwd EA] vv v$§

Hee]] v veo S}A] S]dopo~-YE /sl veou § }0]eu% ] o] %o BhOD B

Z UCE Pcpu TITBVZ}iJiIdX]ve] ES BE Ve%o ) EEVRIESU% 0] <Uve0 §E Ve%o} ES

(0 A}vib~ZVijoeo}Er [ uSEN-EEBW Ziilu V& +% S]Apv@EEove0
SE %) EESE oOpo}E E]vE0 EJ*3 V U% E BB E ] ]Z 4 E ] }%oe]e
§Z o] V& INE EORIUOMiIioVZ}ijioxX

&IPUE O W > eu% E( u]oo e SCE Ve%}ES PE-* u|B03d XENJFXK » ~
> eu% E( UJOGE Ve%o ) EHQIF E}PWS] viL u}]vefi ( uJoo® SEIUAZ ko

% E} ECGIS o u ECIF0oKP]Se SE V%o ] ESJUESC% ~ dW]v JvP e S5 o
~A]}10]¥ *«3E Ve%o} TS pEICH d ~Duod] EdPETIU%}UVESE po]}ny ~DZ
~Au @oU0S] EpPes v~A EE&G-D i}& ]0]3 5% E( v EEFAEE ~Z ¢]*5 v
E} po 3]}wo]A]*]}v*0 W XSE] VBOE )P % E *» 03uy8 HOSE Ve% }ES EX

%o S



IVSE} v §]

> ¢SE Ve%o}]SAUEPVS P 0 u VJQI%o0]<pu veo S}AE] S]IvAE v} ]}S]cp X
e SE Ve%o ] EUJEPs V8 %0}S vE3] @ SE} ZJu]upu E v |E~-PE ] vs
0 SE} ZIu]l Yo E}SIVPISE Ve%o} @B} EE po-¢]PRED}E]C Suo XiWoX Z |

E ] }%3%c0] 0 SE Ve EGYUES}AE](] SEwvi&i EE& VS EEG}S

(JEU SPIMTSIVVUS JUIEIEA G veo 3S}AE] S1PVE v} 118 Ziilli 6 X>

SE Ve% JESUREDED ddiT[E ] }% &P 0] veS]u%o]<pve o[ Hupo 3]}v

A ulo 1E (o A}vib~ w3]%I®mIE} vEZ} EDEIV}IA oXiUOX Jveivw}lu E

vivv Po]P 0% E}S Ju%o]<yu vee 0 U V]eu S}AE] S]ty v }I

£ v} 1}8]<p[**SP 0 u v8ve ou § }o]*t% ] o] X

ES Jyvy S oo QRAE]<p}YH EVZ EBo & %ZCS} Z 0 S|lo]PXVrE&}S J< o
~%}0Cu Bous SAPWHT o0 0&}vY 5 00] Kb rde JU%oEs ESE Ve A EDee
SE Ve%o ) ESWHIE o» UFIA pe3}v}% o0 ~3ue v oXiloX

Juu VvipeA vive o0 A}J®UAE viu 5 }ves]Su[pvPE vviu E
%o E}S Jv ¥X e }v § EV]ZAE%]|B® (} o] w]kM u viEB *pu% E( utoo
"NdeX

Z %o ] % MBesglutathion S ve( (E o o

}uu o PpWEuo *uPP E RousS SEZEvwe( E XiXAXIXVE] vv u PO usS SZ]}v

SE ve( B "dd}vd % ]33 SE VEMUE u}o po ', A BuU% TEEJv usE

ul}o HOSE o0]*]vE]E S]}VM e }VIiPUP JepPopsS SPI}v Popus $Z]1}vCo §]}v
E % S]ASUNMIX %% ES] MW ¥3u]od VICWUOS]P VHs(E I S}jpe

JEP v]eUA}A VvS3eE} ] KV *3]Ju o] %% E]S]MWde %oope TUfuJoo}P E

[ VV %op]*<HG}MEEE}uAs Z}u}lo}Puzelo « 8 Et ey 3§ E§ & Z SeE] -
~W G X

> 0 +¢](] 814vrdev[ e [ A}opedFu plEo o ++](] Eh}w[}vivv |8
1 00 U VOReilp@oSuupuyv U vSUJecp 0 $"de %o%o ES]¥ySuS0 o o

'"cbelOUd O} 00 ' u]S} Z}v EJ'6de %o %puev }E O0O( uJooeD W

~D u & we} ] SWE&}S]YVl*}s v}] v 'OusS SZIyvS }o]eu<«E&ifioiyVC 3

Wpo (@D Ke WAEUSE B % 00 FMIB 0 u uS]o] % Pk 0] (¢ @E de}opu 0 U

]o[ P]®8 Bu «v}v]<pu $§ CS}elo]lqu%eE& @& ]« VE ( E W*SEN Sp@d-S

O¢ }v 00} o] Sjhi}voopuo JE% E}S Jvie X¥ W3 u% ] EuC3S}e}o]eg

]v %03 E ES v '"ddt % E& ¢« vSE vE ¢ o0]* S ]}vp oopo JEUOS]% O

~v}C UIB} Z}v ERUIE} %o GuesSh EIAECCIY « ((B8 ES Jv'Aade % E ]S -
luu S vE3CS}e}lo]<@& » vS vS /ES ve]lare}n r3CEU]V 0% Eu SSuVvS
E o« A Epvip%ope] BE% ESPu voSopo FEHAIE o XWiT U XW}IpE

15 @1 <p o< £ uBddm ¢, Zi —E ]| }%8Q 0] wS% E ¢ v¥+e0 CS}etio]e
Hee] VeOo % @EPAHI So0uld} Z}v EJZ A oKiiiV Z pu $wX T1ideX"d 7138 i
§1 S JUE]e *}vE E SEIURC uEvee Z % 3}'QUSP ¥ 0, ZiXEZ @] *}vs
Zo}E4Spai~ E}VvS oXTi1ido¥ oo vs § oXiid eX weepg L U VUOEER Eu -

*jopeo S v}ivlcp e o @}ySu(( E uu vS pusERGUE o






IVSE} p S]}v

‘e % AE]VS Eu |]EFE] PoE}A vew¥3] oo WVl JvErSEu]vso veo (]Z£ 3]}v
‘U SEGBeE} % ZP]F USE A[Ev%} ZC E}%4Y3]15o & E ] Jtope
e MAIU ]V eXepuUES |VVdo}ee MBSE}]*]SC% ]S (]&£ SEwh}ve o0
00] ]*}VO]P ve]8eXee]E>pue]30]P v $WepAsvSE}@EUV]A po[]vs E(
Ju E]e 31Jo VICHL % E}E]w]&]S ' §,X> ]38 >% ES] [% V¥ 3]}v
O]P v Jve'"deX38 % ]85 3} | PSI}BE ve% }6HB ve3v}S uu VvlJ&1% 0]<u
veou V]eu $}/E] SFpvu § }o]eu% ] o}eeXEWU SPEs VICU = E
§ Joo Vepv E APP@& ¢~de » E]V %0 Voe® * v30 (]V Z %o ] 3 SXE
O[Ju%e}ESevSEU SpPEve [ES ES]%{ENL o]@ *"~d- viv]<ulp puSEo-U
SEU FPEJU |E*% E}S W ]S}V %% ES ¥ VICU suv 0 *o% (]
‘NdeXvet]e uAE "t %% ES] VoWUVB O **«] 00% ES Roogedi9 [] VvS]S
e <pv Yitoow ES BR}E 19 Zlo u uu]( Epu}]ve 719 [] vE]S
e <MV Z I10e %05Ve 00 *%o% ES] VW}ES =+ 0 ¢ ¢]e3]v 5~UP} O
% JUE VIIPVE]Se <pV *3}u% ENIEI 30i19U pd@o-E u SIFA VS E
US]O> &4 0 *SCEU Sps@® v =35 J]0D%}*]S]}v]vEE}Se ¢« A}viu v }Eo
% @0} S]AMICU 3]t <p}S o XiWieX

X EPBv ¢"de VIV]<H PU%B} @SS *¢%o](] JISEN SUE O
] Wu[ oo}l %e}E® vBRu Jv Er S 15 CEu]vSCA]cpe**d=lopn 0 *Eef epu
ES [V'de viv]<cpuveelv®o ¢Ju E]J<U]vX& C (S * }r us pIEEE <louSEN SPE
d ZUuv '*d C8}e}oRK@E]Ju E]eu]*Zu Yy ( v3pwiiiiX 85 viCu P o u v$
%o E o Z510 % E d[EC% V}TGEWrEJu%oo]<uveo E P SPJvus SFZPhovv V3
ol v3Julgw v3 A a X} Euvike E]SUE] VPPIEF FEUIUMmV]S I E U % E
HAEIU Jv ¢ SC%*d VIV]<H% % Ofr ]V / 3//X % ES] phd] &Y 18u[pv
*lumiv]SeS}tu%ote M Ju Jv/ §8e}tpumiv]sSS p ju Jv// oe}umav]s i vsS U
E o]JvSEp Ao v JUERVVY S p&CE oXilieX SS'"d\ %o *S 0 ¢+ SE <3
iIJUEV]<uVve}VvP VE X3 VICU% E + v& Z]A]8C% |<u'sd » A}YJE 3]A]S -
Popus $Z]IvGA|3@VWe( EZQ E} » JE § S~AFEZ %o |5 E P EX% Z
W 5]A13 «'Ade VvIVv]cp = v3}VS oXUSNKC(3 oXUTX 00]vE EA]woO
S}YA] S]3u S pBBU@BILE]<uS*+ZKA DB o0 $Eo0 Xilli X
[ USEVe}EWH}VIu E]cpof]veSeE ¢c0 U § «ZC E} « }JE H § ¢ o
%0 VWD ¢ E S E]S|EJWEE ¢ vSveo ]S u vue E]SX
Veo » ES ]VVdeUV[ *B%o 0 p& Jo]P}lu ExpE pv e]vPupouEM( }v
VO pEwIU EAJvEee} ] ®X( 8] *» u 0 Bulviu B ', Ze+IE 0% E
0O HEe Jv 1S Eu]v HAEX

> érd v}iv]cuepvd 0deo %oputv vS WK Foo PUEH]E o[ * v ¢ 0 ee]cpu
Ju Jv €r $ 15 Eu]VipE% GE]JvPuo E]8 Ju Jv AfeAd «'AdU ES Jv
*% E}S W3S viv vIv]cu IX+]A v3 u[ 35 GBu@ ]A Ee}v SJve'rok
Viv]cpisWe E  vSV@EIL]] *'*deviv VviV]<uedvSo ES] nelEd® Ss3Eu SpE
(}v S§]}tveX

X >s '"de ]& v}v Vv}v]<u%m}ee tv s (}v SEPEE -
* %o ] o]o o
dEHE v 00 eo «'"dw}v VIV]<Ue}VEE SEPUA o} EP v]~A]A V]B{UP]2
"Nkl %o% YD W 'S e&}e X






IVSE} p S]}v

| %% O[}EU S 0[Z] %0 %} v & VvV]eu ¢ ( Ve]JUuupv}io}PKMV u o]l
$oXiloY u E AE 3 oXilGX

TX > % EMD W'
> (u]lJoo % E}S DvwW ~D u Erwe} ] SWE}S]wY }* v}]v 'ous $Z]}v
U3 }olouuWw E}pu%%ho E}S Jwl] ou u E vC vie(}v S]JAEP S Eu
hD W i *]PV ¢« % E}S v v v§Z EB ', § ecu}o MO *0 ( U]JOO-"
] }o vib }w3}vieepuo %o E}*S Pov QvUl'®,u }SEJWVe }E ©] %} K]V
003V E * VEIe0o » & EPpeld uu]( EoWEP v]+%hZ}3}+CVvEZUB ] *
EpeS 0 «We S Wope] pE-](] Ghdoplu¥%o A& v «gp 0 *uSE}IVY §
0 JE%IUE s E%o E}S Jv I3 »}v S oXIWIVE » oo XIWAW E I}k E}A
T110X Sy 00 uoYBUW 'E PE} 0% \dSu] Elelwrd % E}*S Po wQVSZe
U] E}elw euW' 0o P }E@] & +CVEZ o ~>gp 30 *%E}S ]B]ASWO Ar
0]%}ECP &> -WE&E +300KiUN¥«'"dD W % E * vVEVvwEEN SEE Ju ve]}vv 00
SE F(( & vE'rde VIV]<U XO *}% UV JEP v]e F)EU SEE]a EF <M
ulviu EeS}vesd]Sjipv(]le BSE®EuU U E VvV |E SEo] s~(]PAE

E [

tuaine Z o] }b o
&]PUEE Z % E * vSSJEW SusE}o}o}P]cpD W X
>Se'NbD W "“}vEE]JUu &3 %o}ee Vo ¢ }u JVSZ]IE }AE § E]Do X
*}v8}u%o}e q{uVIU JVEUSZ O0]Tr 6 Zo]s rrXee]® (12£ SpwPopus sZ]}v
Al}o FVIHIEU % @ ¢} ] S]PVE ] pe WEuUIVIu E >Xeu}viu E v
E % E - WL VUER EEIW' "Zpu Jvi & >

>eD W % HA @S oo ES]AJ%0 ee]ep «'~d CS}elodgpoxpr 0 }VipP Jehv

"N U E p S]}% E}AEGQOP S]AJBU E ~D}EP &5 o XUO K E}AIOX o

% E}S wE}S P @ 9 wWSE& v S0 OoOopOU*SE&}AC SDIEP vasiiBXv] v

< %o M[ SU 9 VES E O]ep@& O W ' «}EP V]*HZAE}S}eCVvSZUS <12 ]V

AJAE v3u}v3®u oDW ' o C v} & @&Jv Z} CW3]aodiiijpu uvEE€o
Veo (E *]*S WeSE}AEC SldUZ o®WS p(ENOo S suPP (B S3% E}S ]v

% } U EEHBE%sp] veou JvS] vo(op] USu E VE< uu E+ B pEIWO6 X



IVSE} p S]}v

iIX > %E}S wW( EMEE +]+8 w G+ (JuC v
Ulv]*S@}E[v( S]}weA}] pE]V JaH}=WIuC Jwdpv vE] [}8]<p EPw SCE

%o E} B ]| EBES v € EJuP VESE %S} BWeepulv qvZ] 08SCVSZ 0% E}]
e & E]E® uv P S]AYpXocu 3 E]E uv P 351K o <0 ] o%PS

V VU}]VeA 0}%p¥oE ]85~ ]E320XiUAX S5 E]*5 v 3 M uu % YES%E

0P v(}e <u]} upv Popus SB[Evve( ES}e}o]PW<r % v viv $]A 0s

(}+(JUC P GVipP ]+}vA, ~ E § 0X3DB&]00P EPARIUGHK> U i} E]S &u

E oO]=E SSPouS SZEWe( Tieep@ vS]@§]}v ulo pudvZ]|@$ + S8
$1A13VIipP vS<o}vd oXU6M}IuU] Z5 oXUB <)%} uE @ JEuZ ] 0 pe0 JE

O[ %% EJE]}Y*S vveo v( SIME]V [[EE]P]VS E] XV

X > é7de viv]<p e}vIu%oo]<pu wve Vviu E JSEEGe e
J}o}Plcp « \
Se'Nth VIV]<HE %o E * ov3ND0 %00 B | e Vvieiju@aX ]I Jv[ vV % E *
0 JuA ESo- S]A]3VIiUP ]+}WPous SZPIVESEQSPelolcu(r] E-X}}8Z
$ OoX&DiMu + 33 | ool ulu 3C% S]A]3S JUA @3] *%o0 v3e
U bed ¢}JEPE}e]sS NEr E | ~&ES® v}V UpE BAEXIDHX V[ 3
U %oOPoEU 35 S]A]ES 33E] wAd X% E}S I &§ o0ER v3sSpu | w
(]8}8 uu v3o0 H@E% 0] SMw S}AE] SIWu E @EEV}Y 1}1S]<n X
Wop-Jup@e « of Alopusiivde vivlicp}vAoitp@tus[ }E -p¥E( |8
0° J(( EEev8 ¢ '~"db vVv}v]<u *E]A MBvVv !SEuupv SC%Z]}IE }AE]VvS
HVU}S] (3 OCS]<BC%ELE PECS Jvive EA % E% *EIEUSE } cu]v *oX
> U} 00 % O0Q*EP U V%S &ENAO% E W\ 0 «+](] 3]}vw'~dev(}v 3]}v
OV SUE*E ] Jw¥%oo]<puveo S 0Ce]P pi@E X

v [2E > u

}ull;l\(le.Vp.X , Z 18 dzZ'!'S 5 du AN Pu
s e Lo FFFe K
e\ B \

i}udgu Jv
rs Eu]v o Ju E]e S} CW "E NE W E
&]PUE ,]*8}]@}ousd]A'rde v}v]<pArd a p t&e&}ihi).
> drddviAlopn% EFIE®E !'SEuupv SCRopS E IAHFEUS VRAERH O
S (Me]}vW%o}e]S]BvEU]IWO U [V }veS]dWw]<p u VZ o]r-E S vP X
§§'"d v *3E 00}@Ep Juv A}OUS]YBE}]® % v p]e BFu3[ }E -
Ju E]e &F}v%opu]eo ed *5]SusS]pv C*3 JvsS oCSJuype EJve %op]v(]v o
ol *S]SuS]}eSe EJ]WSCE}+]veX

W EuE vS Jvo e «'rd] vE](] iJpPEP E}p%e E]v o WAEEEHE v3](X
> % @E UJJVE E0 ¢ "de%o}les ©V3CeS Jw *3E Jore EAS0 S E} S Ehe}uE
0 *<HOC*3 Jw *3E &y *3]5 W }pE-o[ Aops]jlw « E]uVEC E}}jv



IVSE} p S]}v

[ USEE*+] pueXi} 0o Alopd]lew vu}]ve viu E peci *S]}vy epue% V3
u EJ]s E®'§ESH o]u( ]S of pupo & Rpo] Gvv £ viu]Ul} ZJulop e
SeSEN SK& q(D[} S v8]}v e }vv ¢ E A 0O V}IUA 000*ee Ww}V]V Ol
O[ %o}<puveo U} 0 %o E} %%} &EEIASKXE £ uMpo% HIS GEe0 e+ EZS]o}vU
*]Pu Pous S22 @O} <u]VvEV U S Py v JEUV ES yYu & '*de(}vP]cp X

% v USu e EepEu} o A}opsyeopn]s Z %]HE X0 E % ]Su0 S](
%oE © VE*VEE § E]=SP<(( EEvE oo '"b ¢ E ¢ WSVV /A5 o0 igX

iX > ¢nrde}vs e viCuuposd](}v 8dkvv o0
H JUEe* o[ Alopud]Iule3]3usd]lor Ce3 Jw +3E v E]%pu]v SCE}e]vV
E ] o w¥g(]Jo % E}% EF 8CS]cp'edeX (( 3 *"d% E + vVVE+S |V
§ 0C3]<|C+'~dee § 0Ce VEE 3]}wlICu S]<u *SCU%SZ]BEE ve( Eldp
Popus 3Z]}vOos3diwUE v r@dsdqu SCE}JCEedve EA S 0CI%WOUSES
e E S]}velvipuP JepPopus SZjWeu}o poo SE}%Z]wope J(( & v
e'Ad o EJYUSCEIYOV(]AE SIHV~A, *3 1A 0o v¥Z 1o *~"d C+3 Jv X3
CeS ]JvS 0CS]efP v E 0 wMu uSIp@E E ] Turin ~> oo u¥dXAUS X
§§ E S§]}v Pous $Z]}vCo &JBv 0 CeS Jvv *SE \0f *35%o0 ** Ve
E %% O0Fm}E% EPoPs E }IHEIZE]|S®XUOXKuS@&[ S]A]S}vipP ]Je}vU
ES |VAESAdQEdD%}ES wS S5]A]J3u E 3% E}LECIpE p 3]}v
% EI}LEG HeE]V |8 03]}VvE 0Ce%oeE<¢"de ViU *}Vv3 E * vSv ({PUE
iiX






IVSE} p S]}v

X J]vep o ¢Mde}] vig J<p]S JEEIJ]voeeeve o} vEo o
%o E V3B b %00 VS o
X >e¢'"tb Ce8 Jv
~fe 'md d
> 0 eo o'Ade 13 Iu'rd e 5% J(]J<r 5 E] WXE 0 u ¥$S]SPU[VA]E}V
T ] ceulvl «%E}S JWHoE ¢ Ve[ *%%o E]% 0 *J]Jvpo CS}e3W E]S}

S OXBEXe 55 0 o S JVSE} PF0E E u]()EFvidddoA o IpA ESo
%0 E}S \Wu ' Adrii WE}ISUJE ]oF}eei}Z¥ oXiBOXK u% E WowI~ de

S§ E]® ] v& PE}uYopue®e S Eu '"de S E] vv ¥e ]*S]v S]}vo e}

%0 % ES 0 VoSeedZS X(W % }]VSAUSEN SUE<pW u}viu EE *« u 0 op]

e USEN VvIiv]cplb[]vs E( Ju E]e Stpo P E uM§ & v % E& + VS
% O[}UA EFUWEEU s «'"de~ 00} SPXUG—~A}|ZE%]|$F E P EX%XZ U
E A o d %o} ESWed]] voe S]A]S o 'rde  GE v ~3Z]3E ve( Epe o

o 'Nde o E]V ISCEPMMIP e}V, SE p S]}Wo E}AEON EFSOPADOOV
oo} E oXWUiVv HEF oXUTV& E]8 oXUdeX %oZW 'd ]Jeep o

§ EW E pEIZY&E VEAIEoju]lw Zo}E-+u 3 }0]3]19%Z WeboC Zo}E -
~d} Z AS oXUioX>e '~d «E pu]e 9 35]A]¥3Ju] €} ] vy trod u U
Jvd EA] vwvevd 3}A&] §]}e[ SE Jjhw
E °*]*S W[ &S S pAvS] ]}S]We E§3XaBoOo¥o} SJoXiWOVZECe}S}alu

OXIUfAX>e'Ad ee}vS % 0 *0] dE*v3] ]}8]epuven §E ve(JHEE®E A B pE-
%o (E } %o @]JP SV *]vW EF 0 XAD e

~7e '~AdKD

> 0 e¢ o'"dKu Plu'"dK *3E SE}nAl o «u uu]( EoUZ u%]PvpveU
uloopecp ®JUu S} <30 *ESZE}% }%*E}S Jv S 0 **}vS] vv v8}C vV
101 ] eu]v *S*}\80} o0]c vweoV}C W}upEES |vtZ]S E S oXiWAV} ETIiiV
E} IS oXiWieX ¢ "dK%oE * v vE]A]30eee]<t UWEBE Do €E*Cer'r"d¥X]|3E

[ £ u%tK "X E Al%IEY S]AFZ]}or$E ve'( @&E-S oXilodpu v }E

o' "dKZpu Jv §(}VvP]<bos}ee va S]A]S Z 3 Pous 3$Z]}v€Qd v
v E®rIiIOV} E S oXUOW pAS oXUiViiiTViiiieXNoud}tvv uu ybv '~dK

Ju CE}@EHE « w8 S]A]ISE [ 3]0 %0 1%+ E}EFVSEIrZC E}LECVIV V 0
~0r,E~z u u}sS}s oXUidex* Or,E *Spv < % E} plSo[}AE£C S]}w0]%] -
Uu EV]E -] *PE %}oC]Jve SUMAE > KZXhv §]A18 E p 3]IM
ulviu S$ZCo E-}v3S (E]% }UdE"dKZpu Jv ~tZ]S E S oXUA*XES v *
"NdKe  Z U%]PVhojee Vigee]l ]V UV CeS Jwpu[uV ¢ E]V Iuu E ] M
Jve EAp « Jv 0 H@E}S]( 5 0C3]~p ZAI ES oXWUideX] v <u[ 00}]8
% O o] Popus S$Z]}wCoOM@EAZ U Jv S P o u v3% o0 o] @& or
VISE}%Z VvCo SdB\VHdaweo 35 oQm 33 v¥ A v % E} %P & v E} |
§ 0XUi*X 85 % ]8]P v]VP 0 U VEE % %}EF *«'"dKe Z u%]Pv}ve

JU%}e HE}]edXA Ee] ;] V3% }0C % ]WAGE} ZAl & D X0« X
>e 'NdKee}vEu%o]<pu weo u 3 }oJeu cu 3 }o]%% ] ol(® A}v}bo U
E % }Vve *SE PAC WSUS}AE] S]Pvu S PEOIUE 30 E ]S wE]ve S]] -
~D VPS oXUAOWV ZAIES oXUOV Z v § oXUideXV % E}S Jvo E}e}%Z]o0
] v3](J}uu pv '"dK% E » u¥ S]A]BCE]Ju] } ] F%]wCVvsZ 3§33« E |3
}v Ju%co]<pveo }0}E S]$4C pAEO E}e}%ZEuS oXiUoXKv pSE‘dK
E}e} % 2Bbu%o0]<u ve @ ve]]fOo 0 §V o[ o0 ¥X}ov (( & pv ups vs S
ul}vSE pv (}ES pPu vs FgVv[ &2 vihod}] XU idde X

|/\d

¢



IVSE} p S]}v

~Te "N >/

>e'Ngp >/~ ZOJPISE odpOV@BPVHoE ¢ VEI0 u uu]( EocWho}]ec} g0 o
JVA E3 @ ¥X3]3puzZvi w uu]( EpvY uloo 0% E}S JvudC VvVifii ] -
ujv e<cpu] A]*S V1 (}EU VIV]<p U o} ] ouu®@Ev~ EP vi}}
D}}o v TEOX ] v<u[ 0 %o} E Sow§u Vv qVSE oouo]jJVEZo}EUG[EU
Huv Al v [ 3]A]S v §}vicp ve ¢ }v ]8]}%eZC]}0}P] K oXe% E}S [V o
*}vE %o }UEApe <u v *]Pv 00} o0]e $d}w u E vIVA]SUBo% pA]vsp]Es
JUWE VES](] Vo wu E v e }v]S]})&E U SEF €] 0%, Juvike}]vEApu
VICu §]aqi*>/ u}vE3@ ve S]A]S2IN&E ve( ES +Z ~0<Z u] § oXUAX

[ Joo WaEe]s §8 §]A]§ ZUo & uPP @ o0 «, Z %0 V3Se] vSe
'Ad >/ o~ 05 FEOXUOVUENEZI} § oXWioX>[ pu§@® u vA v v38 C E
§8 ZC%}SZ S <yuy o , Zi [E® ] }%S>Zewv] (pe]}vv o0 '"&Wu Spuv
*]PV(Opn}E ¢« vS§0o CS}%o0 4 veo (E SJyy E}e}u v}v e}ou o~ 05 &
oXUiI6X &S Jv'tde >/ %o}ee VHV E ] p% ES S0 %0 0
SE ]8]}IvvCod [Vive EA>]558 EXUOX [UV%}]VE ApuSEY S @ » Vv
[Uw]d (]& 3]}u 8§ HES } » EA veo *SEN SUG oy >/ o 3}u

0 JUU S E SE}ule ES JvSEU S0P MU %o %o} AUS PE- 55 Sp <
o[ ((JVASHE S]IVIA 0 USIHEIETED A X'k >/ o}vipee]] VE KA -
*Ju(}EU Ju EJ<pgr utviu Elcpr, EEFOAUIV>]SS0SB®AUOMIiieX
Viu E HEEGWS S % E}%oketp®E %o E}S §vweko } UES VSU[UEEB ZC]}0}P]<cp
v[ u EPoX Jws EA] v EVPOSE A ] po BB E C o Po[]vs PAEE
HSE «EP viDJ}lo v 1EOX

X >e'"gp o E]V
~je '"Ad>d T WA/>KE

>e'Np %oe]0IV'd *}vE % J(]J<pee]ve & »Xe'Ade 05~'d cUvep o}pA V3§
Jvel] @€ }uu % J(]<pAvVe SeWh o vP¥ 0 u VE@E + VE 0 ¢« E] ve
~>] P oXiWiMp §,}CTiioX *% E}S [wd] vv v¥ v &Eid ] cul]v %} woE
'Ade 81T ] » U]Ve%o}DE Nde~ E Alv3 0 XiUdVYU 3 oXiDieX> '~k %oe]O}V
8 0%%}ee V3 ES]A]S ¢}ViuP Je}vr, 8§ E W S]}% E}AEAC Al BloXU
TV EleusZ<ESS EUIMOW AoE JoXiUAViv] o 18 oXiUoV* Epd oXildV
b S 0Xilieu J*P o uvd® 3]AJSZIN&E ve( EJe}uE " ]+ A \BPo XiUTV
al Eo}A oXilix>[ 3]A]E o'Ad o 5'Md % UEAEHVZ] % E* (0 A}v}ibs e
HSE w}o po ¢ P}, 3~'}vi 0 I8 oXWide}luy v }JE% E(( E j¥= 3] ] -
H Jue]vh E 3<BES EUINMW AoF pXIUAX[ Jooe qE d « §'d w}viivvp o
%} UEHBU % 0]<p veo S}AE] S]¢phve S]] J1EP v} ZoeEV-}Y 0oXIUIWKES $0]
O0XiWTIVD}0o]BD §8e¢tviOV ES0SQ@XIUAVH S oXilieX o'~ o 0 ** 0S5 S

% *]03WSE Ppo wey]] v HV]IA BE ve WM % }bEE [ $]}v%o 0B
ulo poluu o[ vV]odWUE <Jud %Z v} E~BvBALUOOAY] S 0o EIIOVZ v

§ oXUAX> '"d id E}e}%Bod]o VIP «Jv&E EA] v &d35]}+Cv3Z <o Tir
ZCE}AGCPY UWiv Z}EU}V up <« ESZ}%tak EoJAXUiX> «rd «%jpEE | vE
Ju% 3§ ®}lu E WEE} e po}P]<u % v vS o ( uJooel]v « ¢E<X (( SU
ES (Vv d s]vZ] vE 3]A 0§ SJAESTr:MErSEu]v]o ¢ 3]vA E+ u v3K
JvZ] E q[vE]A]Seulu «'*"de~ZuvPE I ]v% E & dXAIOV}VPSE 10X U
THiTXWoRev E 0 uMAIU Vviu E perdebodviu%oo]<u veo E %o}V
*SE PSI<u® ]}S]<p~2 vS oXiWiIV>C 1B o XiWOVYZ vPS oXiWoX




IVSE} p S]}v

~Te "MK
> dNdEZQ' "dZeIVvE% (]<H*%o}]ce} B cUIOO U< *% E}S W3] vv VS
U}C vViTA ] su]v X érdZ%o}ee Vv3 S]A]S o}viuP Jepvr, 3% E}ALEC -
~& B OXIWOMEUS oXiWOV CEo $3dXiU6x>[ S]AIEB 0'"dBo USAEVZ]
% GE Jo]Eufo[]ve 3Pl E SAIFZCOVZ] [5]}0 SiT9E *% S]A ud EG5£3
OXiT10eX ""dZo ) pE@ JRAIIE % ]8]P v JVA @+]o]Eu>]wPXv ¢} v§
0 '"dZ}VEUE A% EJH %o}Veuv AL %}*]3]}y Vi}~ *% CE v%E}S Jv -
e E ] V8%0]<u we O S}&E] S]}vviu E pfwm}loopy uSeE]veluu o0 -
ZC &} E%IPGC C o]E Y S]<pW ,o}v3 (}vi% ED] ¢ VI~ *%Cd |
P ouvsSveo S}A] S]tu S péBuE ~UvS] J}1S1du v }E «Z &E ] J~y]vP
§ oXiUTVZ vPS oXiUTV>]S oXiUiV}e }oW %3$ oXilUOVu S oXIUGE] § oXU
T1iOoV¥Z vPS o XiUieXW p[]V(}EuU STWS]*%}Vv] su@& ¢ "dZ*A£ %S00 vO] Vv
A o pE€E€oveo 3}AE] SAWE v3u % E}%peo ¢r"dZ% pu]ee P30 u V3§
ISAEU%O0]<H veo *5 E}b }P € eveou § }o]euses v E}P vZelos %o}]e=}v
~ “] $ oXlUBX pPESH @ o]*%o*Eeu'U s US PpELBP ®NVIE]*S WV
VIHA 00 e+ 'AdeZ I"Cv Z} QN3POivIuu '"dZEX[ VICUSH ] %o}ee
e S5]A]8 4 0 0 * 00%}EDbo GB'"k 0 O e=!SWHZS § FhoZU ]*%o}e*
% M *Ju]j]o E]S <p VvV JUeSENU SUE 0 EV] XB » us p@E-S}v Z}]*]
E KE VIHA 00 **%}p @S VICU X% vVvEUL pvo u WS % E}KA O *us pE-
] V% EVe }ve] E DPVE]*S MV 0 *+EZZ [0 %%o}]ee}\Buloopue<pW v CU
ZZ SGIUXIUAW v G oXiloX
V [ USE «Euoe 0 **EZE""Nr ACV Z} Qe8] pw] VA 00 ¢ '"dZ-
%0}]ec} 600U <HE |5 Vo % E PE %Z X
~ie '"d& Kh'd -
> o Ad&U~%dB & MP 0% ](1}d oee e}V E * VZ 40 *Z U%]PVRO
§ E] ZX 0 *Z u%]PWlvo }wsS[ }E § viuu +'d ~Popus SEHvve( E -
§Z EGr@® 3§ & & ]Je}vo[ 3]A3Z E«u[ 00t ESDFE & oXUBGX % v V3§
Juu S3}pu8oe'd vV %olee V%o o S]AIE E Uo00}¥33 E viuu '4d&p X |
0+ 8§ EJo0*dv3I}uA B SE}pApe s Eu >]P>PP&u>]Puk}vs «( ulJoo -
[VICWw PE o8]PV]v( }IVA,r % V V30 pS@hoE}S Hw]R v[pS]SPhoe
0'NeXe'"Nd&UelvSECS}elo]lw]3WZIv EJuoLe E $DEE 8 0XUDOX 00 e
Ju%}vs VP v E dfi ] e u]v —~Keu V8 oXUOXhv Spu E VvSE A o
Cu[pvArd&p E %0} Ep%he |E u] oPdFee %S5O E]JVve EA «'rd&uVY
MV Ce*S JVupuVv SCE}P» E BV v '"d SC%o ]« Keu V8§ oXUOXKuS@& pE
§]A]1% 0]A Po] ]*}¥Zr@Eo~t € E «~Keu B oXiUdkb ¢"d&UE 0] ¥
$]1A]8 e }VIipP Jepvr, U E p 3]}% E}AELS E~D 3Z]3u0XiWiV ou -«
S oXiUAKeu vS oXiWOVIiOVIioX] vip 0 $"d& U WZ v B} ZZ&ECe}e}E]pu
V %0}ee %S o®] S]AIE E +olbedvs % o0 *0] & E]A «©0o0]Pv]juu o
A v]oodv W]( E o ZLo CE]VP 0 ~DCEZ] § oXUTVIiiieX e« vICu -
ijJu E JuvE€0oveoE C 0 RuUSEJu @&]Aps}]* 30 3}AE] 38]}vX

X > drdeC vV USEE 4] }Jve EA
~je > '"& dzzZK~r/E>W,UDhUWT ~'D e
>e'Nth o 0 ¢ 0% Z'"d DU~'""dDWF'"EWSNPU~""dYu v JEW' %o }GE
h% E}*S PO wveWSZi%o}ee BFuSev SCE}e]o %0 0 C*8 Jw *S&o
SSSCE}JulJoes EJver ENdYUo EU[S ]Je*0®o< 0 CeS JW'", % }H(E
00]*}]&E 3SPAEw 3 oCe X




IVSE} p S]}v

}ve]l] @& pe %o BBU *% J(]<pe® uu]( Ebeeo ¢* 0%WDU SWe}vSP 0 u vs
E SEIUE Io §]° [ES0 %o}]esFvad eUs ESZE} %D %o E}3}I}~]EIDEO »
V usg} «'r"dWwe ¢ 0 e BCE}]Jve EASE}PAV E 0 uv%s}+]34+& E}A
111080 %o E}S fwd] vv vB8}C vVvili ] eu]v Xoo0°*}vd} o0]e weo CS}elo
UJeP ouvd&eou]d} Z}v & NMiiieX[UWo}]VEAU*SEN SHEOOU *«E ] VS
% E} Z ® 0 *%ZA pv]vd E( Ju E]* FGVE}%Z& E}AOX 00E 0] Vv$§
0 {(}v 3]1}duupv spAB de « EJVESCE}+PVA}EIVIPUP Jepvr , UE p §]}w
% E}EG]}u E~, C 5 oXUARE)}AIOVUY E+}¥F 0XWiX +EE}p »o »
%o}ee VB O U UY %o E}%FP & Jw X( 5§ VIu E pedu €E A s o' de
% MAWSES SE % CHIE}0 o] EWlv[ uSE E]JA[Z u “CoA PEEV §
oXiWisX00}wS}uA v3 Spu ] % }pEUEEOVe0 § S]}vu o ] v véu
Jlu E<p WMEV0E *]*3 uAE ] u v3vsd] v EuABPoXabBE&VEU \VEdIV
0 EIS0KABOY 83 EF U%31i0W]vE oXiWOVWIp & 0 KIWOX O § %o E}%}f 00
IvZ] W3A}] o+ % @& v klv » u]3}Prv3]A 3~D W<d}Ave v3d Afliiie}p
% }UEE A]@UuU + VICU 0 se]Jep 0 3}/E] 35]00X}VIE *%}ve o0O0°
u} po S]iiwlu & plPv PAOUCOKHEAL u%Bd VvSS ou] 0 UE% 0] S Mo
% E %S[IVE]A Io © % E WHEXV 3S]A]S JVipP J«}Vr, '"*d % v V3§
Su *uE }vS@ITru SZCOriuv o-UVv¥%eZ EIUPNE & vveo o B S EV =0
UR<H pelo( 8]A0 % E~AYERERSS § oXIUGX 353%Z E}ulasv}s uu vs
Ju%oo]<uveo uluA u GEE} % Z ol %E AD}E0S § X
Se'ndeclvE % © 3@+ @lelu E]e $I3VE}DECE p S]}XC E)}% E}EC
EJA o[ Jo]v}o xYZ d*"h<S oXiWiV:}Z vee}¥$D vv EAJIWE ZApoXU
Ti0¥]v 3SE wXWUoXo0]vs EA] v Gv] w303 E}b }P Sou § }o]eue
] PE X
> #AdDe E | W0 0]<H Voo E ]85 WA EEZL % $]<u}vA]E ove¥ §V
UUS ¥2dDFlrpPu v @15 %3] J0PS 0} %0 %S E% |EEZE40 %o} %o S]}v
o] §]<H'HE 0 XiWOX
> ¢AdWwE EA] v Bviov3S}AE] SJ3v vil~ % CaEuvieoXan v 'AdWe3
E B U IUPUPE, uEY % E}E]E $H]E]A E ] 0F S]AJIE}AEC -
8 Ev]-® v A]3Z0XiUBMI i X
> 0 e e'Npe]Pu~""d pvS] 8§ U]JOO*W' B u%oE}*S POoiw(QVvSZ o0& }vSs
E SE}UX 1o ev]u pEUve S el oPpu §0 A @ E «]% % E}S ]0dn
}Jv8] VVNE ] e u]v evul}C vv Xolwduv S]APEE}*S PoeCVFZ e ]
Pouvd® S]JA]S }ViuP Jepvr, U E pn 8]}% E}AEISHE « vVEVWSS]A]S
J*Ju E ~:}Ae §oXiWiVP] v] % oXiWiV& E}Aioxv (JEU '"dV}v 5]AS
E SEIUA 10 * %Z 0}%} 5% E}S 1% % Or E]*3 o000 WE}S UV pEp
E]*5 DORPEE] S]AISE | 0 % E » [uv]ve ES]IM ] cu]v +vE@® o
Z o] 1® SM~&ETNAOXZI0% E &3 ]}D % 3p'*divs EA]vsdu} po 3]}v
0 E %}Veupv]s FAGAo]VWPoXUiX 00}viu%oo]cu veeo S}E] 5]}V
£ v} ]}8]<pvsvisS uu v8[Z & JPJoC % Z}=Z5vPS oXUie § veo (E %}ve
Jv(o uu 3%@ (E 3]AW' ~V}3 uu v8h@E S Pu ZJITWVWE § oXiloxX

~7e >A'Ah Z'/E/EKh hdZZ A/ hKE” Zs
YU o< vIv]cuve }v3] vv uSuv e ] eu]v e}ve GBAIVA v3]}vve OLF
WV Ge8 Juws EIMILY SCE}HWEX ] Wo] [8%0 & +] ve EAFho E(}]*
Jvvih o E S}pA Y % }SZ SUcUMSH ES Jvoeeeve o} VEE %o (E  <\US %o€H vV
e Mo U E>X ] cu]Vv }veS]SOVYES %o ES] B VS e U MHBo< uSZ]}oo0
C+3 JwPops 3]k Evk EE}pAuo (JEU SZ]}0 %o %ZC]}0}Pyep X



IVSE} p S]}v

Qo %o v oo |GA}ME + EIJMIUV SCE} W PE}Iu%h pu3@E 'de
Ju% Eo0O¥ 0 e« Z]18 § ddX

] wp[ o318 vS]lvv %op]ee vv 3JE%e U Z}e e}vSIvV ep@E 0 o ' de
ZF'Nd X E )% J(]<p S E]S* & qBu]o JE 0 ¢*!8 X 6] + Vv o

C*3 Jyve EA «'rd «pu]*3 o[} E]PJor E 3]} 0 *«Z}t]IS o]§*s v EP
T1Hi6X>e 'rAde § 0Ce+ VS E 81}v IVIiPP Je}v'r, JvE@ ¢]*}S5Z]} C v § -
ui}E]S JEuLuvE] (] o *3]A]SE 3 pKK}VESE E %} E$]I0D]us s v EP
TiowW v ClWwP AW XiUixhvy Su %o vSu}jvS&u o'rd Z] ~"Cv Z} Ce3]e
W 006iTA JBvZ uds JodgEVP uu % ,00 Vi ii «u]*¥E @®}WE' '~d

~W v "CWP AW Xih X

> 0 s 3 Iu'rd, %% ESPWFIUA 00 e 'Ade 3 E] VvV PUA @B} uE
% E UJ()EZ I PE} 8§ Gluu( JUseSu'rdfi %o}ee uv EP]vwe EAv
E U% 0 VS » Ce3 Jv BIMISCE}Z]V]EH 00 EVSE}IUE o ¢rde vIv]cp
~"N}% 0]1FJQXIUTX [UV%o}]VEAU*SEN SUES @Uee '"d 3% E} Z0 0 o=
VIUh E X%o%o E}S Ju'~d i %o}ee pv S]AJSE p S]IMZC E}% EFBE = VS
W SIAISBGE ve( @13% oS pKIWTX

>e'd}U OPEZIIWE ve( €& «}VE SEIHA 210 Z U |PX}vsrd(}VP]cp
IVES  JHA &B)} 0@ E ul)EZioo ApdZ] 3 0XaB o> % E)}S ddi & ddi
AN Z EIuC @& Alv] % ES PuVis9 [] v3]8e <puv wSEoopuPP Guvs
. uﬁ%oCE}é \]E/ %0 %0 CE§%0VVO\/l§$!U (0] "“'ZH S 0 Xab o %oCE}éA]\'/ddI'°§
e} ] HE Bbpw }% 0 cu]QfEep o[]+}(}EWdT *Svp o ]EE'XHA%C%{ .
‘dd%e}ee v3® Z]A]E SJVipP ]+}vA,U E u 3]}EC E}% E}AECS]A]S »
Pous € HWEIE 6 oXWsVIiiiZu]od]|o®USX % E}SATdd%o}se P o U VS
Hv  3]A]18 }VIiuUP Jepv”, ep@& u]pud]vd WAE J8veo S3}A] 3]3v § puE
O}UESe ecp]viv~ U]SOoKIUOV}E ®0oXKiWOX u v] ® v Eoo*ddi sddi
*}VEU% O] <l VeO E %o} Viee SE}EC APXeddie U 0% E « ¥ FBOC Jwe EA
He Jv 0 S 514D S oXWUOGM Y PVE ] We EW %o uSEo0 J]E u]lves](
e ]Jv ulu «]83Z lo 'ddiX

i X ES Jvo ee e }W3% ES Pv3E0 *%o0 v3i3 ]A E-
JEP v]eu UE@® E}vE% J(]c<H °
X 'Nde CeS JvS 0CSTQue'Ndee
hv SH %ZCo}P vAB]<«]*Zio $EP Vv]*%3}3}°Cv3Z EF<A 0% E « v id

0 *¢ '~"de> 00 U BDXIWUO X]ved ¢ «ZC E} « }JE § S~ , ZAdd( S pCE
[ o}vP S~ &ivel PopusS SZI Y@} <U] BV U Se ', Zed) '"b %o 2] " d &0=U
Z u ECSZEId, o' "dd}S~""dW ~'""dedE ~'"ddkY="'"dhe§ ~'"deo U
% E}*S Po wqQwssZe e u] Ele}wr 0 SCY% ~uW'rtJo < SE Z2d}E&}}cu]viv

eZ 0}P vw~d ,Y oUu § A]JvSev(]o hE hvS}ve] E }uu o 'Nde n@

. 0% @E ¢ ve WAEIU ]V 0 eo]cy o' MdeXe'rd/s0d,sU ZeUNd>$|FZU
UW' ArTe3 0 eu § A]Vbe}ee W05 Ce3 Jvww ¢3E pve EA &Xv ShE 1%
%o}ee %s e E ] hve EM JE u]vFS](BSIuS o cuSENde Jv3] vv pnd
e E]Yve EA0%O 0 C+3 kv




IVSE} p S]}v

~je '"&>D

> o'Ad>ey ¢}VEE SEIUAU *Z 10 %0 VR EE SHIVE% ES]e E E -
‘"de u}vliu E]J<u> 00 U VS oXUid X >« P ve } vSoe '"d>ee}Vvs
PVv EOEVERE HVEES }%o]~ A v UevE H%o0] SPIREVIUWS ' > U

Jv8] vv VA]J@E}vV | ecu]v *3¢}v®} oJe pee]] v veo C3}ed0 veoVv}IC u
JML O * ZO}E} %o 0~ o J¥E} 8 o XiWiiV> 00 u v& oXiWid X « vIiCu «}uu

U JH% '~de Ce3 % @E « v3 v3 SJAIS3]|DE ve( B¢ Z ~ £} B

A E {4iii V> 00 u v oXUid XKEEo pnE3]A]s Pous Z]}vCai8]}v
U *SCEU 0 W MU O «'"d>ee}vS % 0 ° Popus $Z]}wCou@EE §]v
PwS $Z]}vCo <u E S]voo % E ¢« vS PSo u vtlv  ((]Jv]s%e}ud HSE -
%0 }0C % ZSv@ e 0 ¢S} }%oZ EJ0=X '*"d>e E ] y8%0]<u weo E pun S]}v
*%}0C % Z5v}oe veou § }o]Jeucu S }0]8% POy VY% }IUES w1 0 HNCE
EE€BE Jve %o E} evqdsS ] vS](] IIHE JAE}IY oXUI X>[ A% E <]}V
ESePrVv o} vE «'rd> 5% }e]3]A EVRBUOV ¢ SE I [ E%}e]3] kv
£ v} ]}8]<iB8e ¢ VICU % }pEE PwSu VAJFEUV EE€0 ve o E *]*5 VUi
*SE IPSI<Hu S ]}S]cp~]AEXOXIUT V> vS§ oXilieX

~7* ESHYDROAZSEKEO®BBA PE
d}psjuu o0 ¢rd>0Us, Zev ¢}VIEE SE}A Z 10 %0 V3> EE SSEP M X
O[]veS «®Ed>0d , Zee}vE@i}viu E]<puSe} % TE TP v Jeepud] A v u v3e
H% 0] 35Pwo udvdXilo X> «, Ze }v3] vv wWA]JEIV ] ecu]v +5e}vs

]S epee]] Vv _veo C§}-}<cg ve 0 *u]S} Z}v EQG Yo CE}FEC'}}EUO .
Zo}E}%6:48 ¥ § oX®WOONZ A § oXUIVZ pu vvs oXUoV |AEIVS A & -
T1f1 V> owbv3d 3§ oXlUd X ¢ vICu e}v3}vvpe ++ v3] 00 Mo}EO (EE Ve
o] E CoP o[ * }E S~ C 0o ¢ }E r37e % E u¥s o
eZC E} + }@® S}E 35:]Ju v 8 oXBBOVAEIW oXili V> oo u $30 XiWoX
Kus@ pPES]JA]E p 8Ue e VICU % E « V3PV u vs S]AISZ21)DE( E -
~ JAEIE oXUIT X> ¢ | Ze % ES] P66 ME S uvéd S}AE] Slpvke E}AEC
[ZC E}Pwe ]v o0 A}] &}Cr@o]A ooU Julu Z 10 **% eu]v
}vS8] vv %Sy SEoou vS |, ZXVv (( v Spu u}lvSE&Y O] A% E 3]|w}I0o}P U
[Mv , Z @EJ]EZ lo «C v} & @] €u 5§ 35 vio &(( SEC 3]¢°5 EZ-I

e Ev] &ut 3 oXilixhv E AE VE % ES[JE]S0 *UE A& %o E o] v
VeO %0 V& }v 0 uJH% 0] SMvo E ]S WASE J3$SJ<u & ]}S]cu~]JvP
S o XiWoée X

~Te '>hd d,/KEz>ZKYh/EKE h drS~", 2e

>e' Ze~Pous SIZTECQ]VIE Y =P 0 U VB % G dyle}vEH E ¢« VE fo o
% 0 VB {* P 0 U ©8*Z U%]PvdveUS & S0 *E Z ©0X°¢v® v E 0 G0l
O}VP Ik 0 spuS@Ede Ce3 ]VA vulC vviii ] su]v % W@E}S o pE-
PvVvelvduviu E 1 8% E vIiuX> Ce+3 JVjve EAe3 veo o o' Ze
E SE} M} ]5GIv 0 ZFypuviiieX v[ *Bo @+ % ES] HO TEAS pe ]V o
CPHNAX[W%}]VEAUSEN SE}OPU Eof oo} | YSE Z 0]rd% E SEIpA
Z10o "k~ P 0 UME + Blo s "chee-dZ}uS oXiUTV> 00 u €30 XiUAX> »

, Zeolv®} 0] veo CS}%o0 ou%d E}ACelulC pudo Zo}E} %o <5 Z]lI
Syuviiiiv> oo u ¥ Xilo X
> %0 E}SWV% &0 S EY% Z]vP} Biod E} % Z v}l uUe E u] \E] v3](] X
§8% E}Si}u pv@& veou S }o]eUud% VS Zo}E}IWWAN}¥SU}lo O §
H3]0]% E]V 1% ojwuv3iP vE % E « EAUS}IvE *Suv% }oopws|E}vv u v3 o
Ui p&E Jelv « PE VvVIIA] B ] SyuviiiivV,u vP § oXiUid6X>e ' Ze



IVSE} p S]}v

S oCeovSPousS §Z]}vCo §JlvivPous SZ]}v&%eEed < <p]viv ¢ vsSs
Popus 3Z]}v€%}vwsd v HUvBICu S]J<p u V% E « v '~ ~yu\s oXiliV o Z]B
YyUMiiiV> u § oXiWiV> o0 u 830 XiUAY ZA ESloXIUoX oo E « V3PV u v§

o S]A]S2]B0E ve( B s Z ~D p/Al oXUieX> E€WZCe]}0o}PIYzZe v][
SIHI}AE=S op ] X1 ES Jv & EJuvUo o <pu]JA o W¥E,Ze 3] vs](JoX
o[ P]3UuC }SZMDE( E » 0 0 sey]<pulusS]o]ow }58Z]jo% o0 p'~, ~"1]8
0 Xilo X

~0+ '"d D Zzd,Z/BKdD d y/EBW' #1
>e'Nd, e 'Ad/Deu 5§ EIVvE0e UW' Afre}vE o 0 ee E SEPUX [0° %0 V& Jo
E 5 V[Z p@Bpu % PSS ] ~>]SS@EXIUOGV]US oXiUiV> 00 u $30 XiWo X
>e'Nde $'MAYe}VEE SEPUAN]<H U VB 10 %0 VIEIVA ¢ po |E&IWEE % E ¢+ v o
%@® 1]} (}EuU ¢Aii ] e u]v evu}C vv o[ £ %SWZCe* }u]HhES0PY O
'"Nd,*}v8S ] VS](] =X Ev] &wS cu S 00}% E}IBVIV Yo} UEHU%B O] < Ve
o0(]& SIIVI}ECP~¢S vl u@do%"'"d}vO % ES] HOoREE » v EESE u]Ss
§ EGu]vpe }Uu JVWU%0 %0 UEVS JEE *%}v VvS Zuwuw EORZGE] § 1o XX
>e ' Ny e}vE%hoE}Z e , Ze [UV%}]VE AU % ZCO}P v JiPP EwsSo o, Ze

E]A E ]vEd/~> 00 UFDXNUS X> su § A]v}WP%E * V& d0 *v]u pEU
0 *Z U%]PV}&@ %0 V3As %o U[]*}(}Ewic 7o~ 0 PE oXUiiX *% E}S Jv »
SE veu U E v YR ES] VM ¥E S U SE& veo} 8]} uu Ev A£S Ev
ul]d} Z}v EY dvs EA v wSo[Ju%e ) EEE PE-* HEE}S S} Z}v E]30 ve
O[ *« U 0 PS}VvV WP~>]*SS@XIUOX] vcu[ o ** W& ES{'"de viv]cpuladC
% [ A] V<u[ oo} ESUVE 3]A]135 0CSkUE < EQE]BSO PeS0 %o E * v
'NX %oopu}S](5 OCSIWILE cu § ]V %0 VI[ee% *}ve EX fo *usE -
JEP v]etd> 00 uSvdXUDI X> «.uW' AfTv E <u] @Vve}E& u vS'"N, %o }pudEUE

S 0Ce <p]o * ES % v WSVPS u%0 0 ¢¢](] SkV'deX % v wSo}v e
E]S EEU SUE BAZ]JU]<HU * % E}S PYVvS] v e '"de=> 00 u VBSoXiUd X
00 *S 0CeoyBe}lu E]* SG} ¥ E}*S Po,v~Wis V% E}*S Po v-Wye Se}vs
o} o] eveo ] }H Z0]%] Jwwu E v |@® @E[]vS CGu ] |&E pEESE ugs$
S @Mv o~zu 3dIlue P AiioX « VvICu «}v3E SE}uA ko u uu]( E U
0 *}]* HAEU%}]ee}VS> Z 10 *%0 V3vei i ]*}(}EUWP v EKX¥®E pES]A]S
[J°lu E]US]HW' fTIvE S Spu ] % }UCEU(E pod (JAE «Z u » uSE Ao@I<E
% E}% EPF ~z u  5d lue P AiioMm & v § oXUoW lue P AifieX
% @E * vo[Z v uou} J(JcE 3]A]JEuW' rM«u]}vA &€81@W',Tv ] il>r
ZC E}AEACrAUdBUIIIrZ %S ~} s e VA pBES~2z u §dlpe P A Tii6eX

X >¢ %0 vS ¢« }v8] vv vS P o uvS ¢ 0 e SC%]JcH

He ]V %0 VW UEO0 ** % HA VEEH 0](] e<]vPupo] (E(*]S o[]v ES]Su
VA]E}vo WIE ] pve EAJWD 20 **RE 1% &i vlo ES Pv3d® %0 V335
%oO U} (ER v]eulvfvelo]s X .

> 0 ¢ o'"EW""dEP 0 U VB % hE %o E » ZS510 %00 VH «d u%|PVv}iveU
Owv U3} 30 § EhvXudSep o]eSp@&v SPEE SUE ] We EASCE}Y vV
*% E PJv'¢dEINE 1200 %0 v 3CE}]E B U% 0% [ *% E Plwuv

*% ES30SUW](WE'S VEE SE}UA % }*]13BVv]SH opu}d]( 8 oCSxp 00 u v3U
S OXUOG X[ %% O EEPVU 0 EB'§&I I} E]S |EPS 0% }pdEs S E]S0

% E *]8}<klt o00hE 1% E I5]0]%0}HdEHK0 VEEO *Z U% |PVIVEXE LthE 1%
% E}A][WE SPU *p@&[hE To Apfads VEV Ju Jv ' *dXE THEE *%dU} E U

% E]}v SShE +t] |lv (BOO®X '"dE pe wo EPS 0Ce WIE Sq}v }VIiuP Je}v



IVSE} p S]}v

u'r, 8§ E u SIfAZC E}% EME ESeaoXWOVYZ vS o XIUiVSIuE usSw Xii vV
Z}E S oXUAX ES JN&E T %WZ v E} ZZECe}s%oPEJtiu VB 0 U W&
§1A18 & p § 5 Pous $Z]}IVGZEFI&E oXUinl S]AJ&¥pEU 0 8 v
E SEIUE o +CePdeXE35% ES] ub] X [8u %o E}S Fu}=e VvIE]S
(12 SV, X [u pABvsS] uSulo po Pous SEAI@eS Jo%e v <% & P]Jv
<uP EJB%0]<JE S u W0 S 0CdZp]codXWihv '"dEp S E] vwE ]38
Hv 3]A183Z E pulu 5C%H 00 0>]Ptuvrd&pu 3 E] vé]lvd EAJSv E ]
Jvel]ve o PE 3]}w o]PVR<}VEE@®XUOX Z 10° % E «p3 '"dEe}vs
E])%%}WE E&EZ u S E | W o0]<u veou § }o]eu < EV]E ES00C
oXUIOWZ v § oXUiiX Z 1 % EP{papP Buvy hE T%3]u%0]<pn Ve 0
u$ }oJeu ouC }3}/A0]}3}A]TA]S o XilieX

>( S @[ o}vP SWVECIY ~&i ve § HIU%S U 1%} pB/E€OVOSE M S]}v
Z by ECIRINIE SE}AA *v]u PEY0 VH B U%]PVFTee 3 E] X
§8% E}Svivo P e pviu Jv'rd v%o}e]SERBY &u]vSpyv iu Jv &i' v r

S (v 6<}}v]8 oXWOXs v u[ §8 E JRU] *p@& % E'P|dES Eu]v o 88

% E}S IWwHNEU SEF Ju veldvM bu JVES v o &i v o ApPES E <}o/o X
}JvS8] ¥80 ] eu]v 8 pv E Z]S SwdEo JEoo[pv'rd viv]<p: %o % § Vv
oXiWieX> }u Jv '"Ad}v( E &i viv  3]A]S }VIipP Jew'r, ~ E GERWOX

Ju Jv]vd EA] v \EoJ3*s u 0 P }u%0 VOS] % E}&iTq}}v]¥oXabds

e E ¥ Ju%oo]<weo ]}*CVSZ %o E}S30Z BdE HiIBDBSOVZ]0}viLo XiWo X

X N EMD %0 wS
] vcu 0 $”de o E]V %0 VE *}] VE %o E * MS%* REO ** ¥ JU% E ][}
0 oo CerdeUoor JE % E » 0P ESVU i}E]Se'"de Z1 0 %0 VS K3
%0 E]V J% O, UUVED *¢* 3 USUoZU]E %oE * V3003 HO %oOUeOR9 o 'Nde
%0 VE3(IX Ju% o ® € Appu] A 1S E o].po }E 3}j@ srde Ce3 v
%0 VE>00 U VE 0XUd Wi[ Poo ES] IHEE S1IMV E Appo} E S v@E ¢ de
« E]VZ 10 «}EP]eU +%Z}E}+CVEZ E]vm +X%& E AQI[ ]E o]uv &p
%ZCo}P v 8{h €rd ] VvE]( ZI pv <p E vE [MEP V]*%B}3}eCVEZ E]cp +X
& E A ]3P ouvgv 838 « o] <+ }vv ]eev e3p @eop VIA
1} ZJu]<puSWEU S5@E& w S]}vvvo }E WSS uu vBuUeEEE€0 veo S}A] S]}v
oopo §&ES}o E WASE X

ES] b W&uv S]Ived8EU SU¥E o} Z u] dasiregb %o vwSE]JvCorPous $Z]}v
§ @ ( o

0} J"CoA 3 EWAJuIvZX AD 3Z] f ZA ESIN|Z} WKo]AKED o u

] ] €GVUZE]*S|h Y*8B] }oZduZ] EEEV | | E

&EIVIMWEr VY v TUIEBIopNdi UEE]000V I WIXiT08!(%0eXTii8X11016



ﬁi‘ frontiers
in Plant Science

REVIEW
published: 22 May 2019
doi: 10.3389/fpls.2019.00608

Edited by:
Els Jm Van Damme,
Ghent University, Belgium

Reviewed by:
Yonghai Luo,
Fujian Agriculture and Forestry
University, China
Hsu-Liang Hsieh,
National Taiwan University, Taiwan

*Correspondence:
Nicolas Rouhier
nicolas.rouhier@univ-lorraine.fr
Arnaud Hecker
arnaud.hecker@univ-lorraine.fr

Specialty section:
This article was submitted to
Plant Physiology,
a section of the journal
Frontiers in Plant Science

Received: 04 February 2019
Accepted: 25 April 2019
Published: 22 May 2019

Citation:

Sylvestre-Gonon E, Law SR,
Schwartz M, Robe K, Keech O,
Didierjean C, Dubos C, Rouhier N and
Hecker A (2019) Functional, Structural
and Biochemical Features of Plant
Serinyl-Glutathione Transferases.
Front. Plant Sci. 10:608.

doi: 10.3389/fpls.2019.00608

g

Functional, Structural and
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Serinyl-Glutathione Transferases

Elodie Sylvestre-Gonon 1, Simon R. Law 2, Mathieu Schwartz 3, Kevin Robe 4,
Olivier Keech 2, Claude Didierjean 3, Christian Dubos 4, Nicolas Rouhier ** and
Arnaud Hecker *

! Interactions Arbres-Microorganismes, Institut National de la Recherche Agronomique, Université de Lorraine, Nancy,
France,? Department of Plant Physiology, Umed Plant Science Centre, Umed University, Umed, SwedérGentre National
de la Recherche Scienti que, Cristallographie, Résonance Magnétique et Modélisations, Université de Lorraine, Nancy,
France,* Biochimie et Physiologie Moléculaire des Plantes (BPMP), INRA, CNRS, SupAgro-M, Université de Montpellier,
Montpellier, France

Glutathione transferases (GSTs) belong to a ubiquitous multigenic family of enzymes
involved in diverse biological processes including xenobiotic detoxication and
secondary metabolism. A canonical GST is formed by two domains, the N-terminal
one adopting a thioredoxin (TRX) fold and the C-terminal one an all-helical structure.
The most recent genomic and phylogenetic analysis based on this domain organization
allowed the classi cation of the GST family into 14 classes in terrestrial plants. These
GSTs are further distinguished based on the presence of the ancestral cysteine (Cys-
GSTs) present in TRX family proteins or on its substitution by a serine (Ser-GSTs).
Cys-GSTs catalyze the reduction of dehydroascorbate and deglutathionylation reactions
whereas Ser-GSTs catalyze glutathione conjugation reactions and eventually have
peroxidase activity, both activities being important for stress tolerance or herbicide
detoxi cation. Through non-catalytic, so-called ligandin properties, numerous plant
GSTs also participate in the binding and transport of small heterocyclic ligands such as
avonoids including anthocyanins, and polyphenols. So far, this function has likely been
underestimated compared to the other documented roles of GSTs. In this review, we
compiled data concerning the known enzymatic and structural properties as well as the
biochemical and physiological functions associated to plant GSTs having a conserved
serine in their active site.

Keywords: photosynthetic organisms, phylogeny, structure, glutathione transferases, ligandin property,

secondary metabolism, xenobiotic detoxi cation

INTRODUCTION

Glutathione transferases (GSTs), formerly glutathione S-transferases, constitute a ubiquitous
multigenic superfamily of enzymes that conjugate the tripeptide glutathione ( -Glu-Cys-Gly)
on a broad range of molecules. They catalyze the nucleophilic attack of reduced glutathione
(GSH) on the electrophilic centers of these molecules. The omnipresence of these enzymes in
all types of organisms highlights an ancient origin as well as fundamental functions preserved
during evolution. GSTs were discovered in the early 1960s through their GSH-conjugating activity
in cellular extracts from rat liver incubated with sulfobromophthalein, chloronitrobenzenes or
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halogenated aromatic moleculéooth et al., 1961 Combes and insects, and fungiBoard et al., 20Q&im et al., 2006Yamamoto
Stakelum, 1961Later on, this conjugating activity was identi ed et al., 2009Meux et al., 2013 in the plant-speci c Lambda
from plant extracts (sorghum and corn) using herbicides lik6&STs (GSTLs); and in glutathionyl-hydroquinone reductases
atrazine or triazine derivativesF(ear and Swanson, 1970 (GHRs), also known as Xi GSTs (GSTX), which are found in
Lamoureux et al., 1970The interest for these GSH-conjugationbacteria, fungi, archaea, and plant§uf et al., 2010Meux
reactions in plants was high in the 1980s, particularly concernireg al., 2011 Lallement et al., 2015Schwartz et al., 2016
the enzymatic properties of cereal GSTs in connection witHowever, with a few exceptions, the physiological role of these
the detoxi cation of herbicides §hah et al., 1986Wiegand enzymes is poorly documented. In addition to being involved
et al., 1985 Accordingly, GSTs are generally strongly induceth deglutathionylation, as mentioned above, human GSTOs may
in response to biotic and abiotic stresses, which coincides witle involved in arsenic biotransformation, reducing methyl and
cellular roles in primary and secondary metabolisms, in stregémethyl arsenate formsZ@gkharyan et al., 2001Burmeister
tolerance or cell signaling, and in xenobiotic detoxi cationet al., 2008 Plant GSTLs may be involved in the metabolism
by acting as phase Il enzyme3akoby, 197%8Wiegand et al., or tra cking of avonoids ( Dixon and Edwards, 2010bGHRs
1986 Gonzalez et al., 201.8During the detoxi cation process, are involved in the catabolism of chlorinated quinones and in
GSTs, which represent the most important classes of conjugatiignin degradation through the deglutathionylation of metabolic
enzymes, conjugate phase l-activated molecules (or toxtermediatesReddy and Gold, 20QMasai et al., 20Q3Huang
molecules that are already activated) with GSH. Conjugaticet al., 2008Meux et al., 2011
reactions are only performed by speci c GST members, i.e., thoseln addition to these catalytic properties, some GSTs possess the
having usually a conserved serine or a tyrosine (in mammalgjoperty to bind ligands also referred to as ligandin properties.
in their active site. Those having notably a cysteine residue laitkconsists of the binding of small hydrophobic molecules either
this property. The conjugation step has several bene ts in thet the catalytic site or in a specic ligandin site (L-site) for
detoxi cation process, including a decrease of the reactivity artteir transport or storage. This non-catalytic property has been
toxicity of the molecules, as well as an increase of their solubilijocumented in plants for the transport/binding of hydrophobic
Likewise, the addition of large anionic groups such as GSkenobiotic molecules, of endogenous compounds such as
detoxi es reactive electrophiles and produces polar moleculegylipins and avonoids (anthocyanins, proanthocyanidins) as
that cannot diuse across membranes. These molecules avell as of phytohormones such as auxin and cytokidiatfl et al.,
then recognized and actively transported by ATP-bindind994 Gonneau et al., 1998suggesting a possible role of GSTs
cassette transporters (ABC-transporters), also known as phaseriltell signaling and/or in plant growth and developme&nith
proteins Keppler, 1999 ABC transporters carry out the ATP- et al., 2003Kitamura et al., 200450ng et al., 2003 oons, 2005
dependent transport of a large variety of hydrophobic moleculghmad et al., 2017
and thus participate in exocytosis (animals) or sequestration in Overall, although the biochemical (catalytic and ligandin)
the vacuole and/or in the cell wall (plants and fungi) of phase properties of representative members from almost all GST classes
products Coleman et al., 1997 have been studied, sometimes extensively, the physiological role
Even though most of the studies published over the past yearkmost of them remains to be identi ed, essentially because
focused on GSTs catalyzing the addition of glutathione, othéne existence of several close isoforms in given classes may have
catalytic activities have been described. For instance, numerdwsnpered their characterization by reverse-genetic approaches.
GSTs act as GSH-dependent peroxidases by reducing orgafierefore, having focused recently on the biochemical and
hydroperoxides Tang and Tu, 1994Marrs, 1996 Hurst et al., structural properties of Cys-GST&dllement et al., 20)4the
1999 whereas others perform isomerisation reactions. The zetdjective of this review is to inventory the known properties and
GSTs catalyze theis-transisomerisation of maleylacetoacetatdunctions of Ser-GSTs in photosynthetic organisms.
into fumarylacetoacetate, as part of the tyrosine degradation
pathway Thom et al., 2001Fernandez-Canon et al., 2002 History and Classi cation of the GSTs
In addition to their involvement in GSH-conjugation, severalOver the past years, the GST classi cation has constantly evolved
GSTs also catalyze the opposite reaction, i.e., the remogahcomitantly to the increase of the genomic resources available,
of glutathione from small molecules. This reaction will bend to the identi cation and characterization of new isoforms
referred to as deglutathionylation. Note that this term is alsand classes. First discovered in rat, GSTs were characterized
used for the reduction of glutathione adducts on proteinnitially in mammals and subsequently in insects, plants, fungi,
cysteine residues, as catalyzed by another family of GS&hd bacteria. In mammals, GSTs were originally classi ed as
dependent proteins called glutaredoxins (GRX8p(hier et al., cytosolic, mitochondrial and membrane-associated GSTs, the
200§. Although human GSTO1-1 was shown to catalyze thiatter being subdivided into microsomal GSTs and leukotriene
deglutathionylation of peptides/proteins such as glutathionylated, synthetasesKraus, 1980 Hayes and Pulford, 1995The
-actin (Menon and Board, 2033this has been rarely observedsame three subfamilies were renamed later as soluble GSTs,
among GSTs. The capacity of catalyzing deglutathionylatidkppa GSTs and membrane-associated proteins in eicosanoids
reactions is linked to the existence of a catalytic cysteinghd glutathione metabolism (MAPEG), respectivelgkobsson
residue instead of the active site serine or tyrosine residues.al., 1999 However, on the basis of their immunological
This residue is notably present in the bacterial-speci ¢ Betaross-reactivity and sequence relatedness, mammalian GSTs
GSTs (GSTBs); in Omega GSTs (GSTOs) found in mammalgre also classi ed into the alpha, mu, pi, sigma, theta, and
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zeta classedviannervik et al., 1985Dixon et al., 1998Hayes nature of the catalytic residue, but also the oligomeric state of the
and McLellan, 1999 At the time, most non-mammalian GSTs proteins, and their tridimensional structure when solvéddva,
were placed in the heterogeneous theta clBs®{ler and Eaton, 2006 Mashiyama et al., 20).4The structural data notably showed
1992. For plant GSTs, the rst classi cation introduced wasthat the N-terminal domain of soluble GSTs adopted a TRX
based on sequence analogy and on the intron-exon structuie@d, suggesting that the evolutionary history of soluble GSTs is
of the genes. Subsequently, three and then four distinct typksked to one of the TRX superfamily members. In this model,
of plant GSTs were recognized including type | (GSTs witkoluble GSTs were proposed to have evolved from a TRX/GRX
herbicide-detoxifying activity), type Il (GSTs close to thencestor to which a C-terminal helical domain has been added.
mammalian zeta GSTs), type lll (consisted mainly of auxinSubsequent major transitions are the result of the dimerization
induced GSTs), and type IV (GSTs similar to classical mammaliafisome GSTs, the replacement of the ancestral catalytic cysteine
theta enzymes) isoform®foog et al., 1995Droog, 1997. In by a serine, and nally the change of this residue by a tyrosine
fact, with the accumulation of biochemically characterizeth many mammalian GST classes. Although these major steps
plant GSTs in the late 1990s, it appeared that some plant G3Kely remain true, the current model is still incomplete, as it does
clearly grouped with speci c mammalian GSTs, whereas othemst include the most recently identi ed classes such as mMPGES2,
seemed plant-speci c. Together with the release of the genor@R, Metaxin, Hemerythrin, lota, and Ure2p, just to cite classes
of Arabidopsis thaliangthis contributed to the establishment of apresent in plants.
re ned phylogenetic classi cation in plants using the principle of
grse_?k-le'tter designations, which was W|Qely used for npn-pla%ene Organization and Distribution of
s Dixon et al., 1998 GSTs are designated by using a . .

letter-code corresponding to the species (At far thaliang er-GSTs in Eukaryote Photosynthetic
followed by the 3 letters “GST” a Greek or Latin letter designatif@rganisms
the class, and a number distinguishing members of the samenong the 14 classes previously identi ed in terrestrial plants
class. Thus, inA. thaliang isoform 1 of the Phi (F) class is(Lallement et al., 20)4only ve classes (Tau, Phi, Zeta, Theta,
designated by “AtGSTF1". This classication introduced irand TCHQD) clearly contain members possessing a conserved
plants the Phi (replacing former Type 1), Zeta (replacing formeserine in their active site, even though this serine is absent in
Type II), Tau (replacing former Type lll), and Theta (replacingsome isoforms. The DHAR, Hemerythrin, lota, Lambda, GHR,
former Type V) classes as well as two groups more distantlyPGES2, and metaxin classes belong to the Cys-GSTs, as they
related to other known plant GSTs forming the Lambda (Lprimarily contain members possessing a conserved cysteine in
and dehydroascorbate reductase (DHAR) clasBésofi et al., their active site. For the EF1B and Ure2p classes, the nature
2002. The last phylogenetic study performed a few years agb the residue promoting GSH activation remains uncertain.
using well-annotated genomes of terrestrial plams thaliang  Although this classi cation is based on the primary sequences,
Hordeum vulgareOryza sativa Physcomitrella paten®inus the recent release of several plant genomes allowed for its
tabulaeformisPopulus trichocarpaand Solanum lycopersicym correlation with the intron-exon structure of GST-encoding
and selecting only proteins possessing the two regular N- agénes as analyzed i trichocarpgLan et al., 2009 P. patens
C-terminal domains (see below), led to the identi cation of 14Liu etal., 2013 CapsellarubellgHe et al., 2016 S. lycopersicum
GST classes: phi (F), tau (U), theta (T), zeta (Z), lambda (lJslam et al., 201)7 Ipomoea batatagDing et al., 201y and
hemerythrin (H), iota (1), ure2p, glutathionyl-hydroquinone Brassica rapgKhan et al., 2018 Indeed, the number of exons
reductase (GHR), elongation factor 1B gamma (EF1B ), DHAR, generally conserved for genes belonging to the same class, e.g.,
tetrachlorohydroquinone dehalogenase (TCHQD), metaxir, or 2 for genes encoding GSTUs, 3 for GSTFs, 9 or 10 for GSTZs,
and microsomal prostaglandin E synthase type-2 (MPGES-2Jor GSTTs, and 2 for TCHQDs.
(Lallement et al., 2034Some of these classes are found among Hence, combining the gene structure analysis with protein
di erent kingdoms, such as Zeta or Theta classes whereamtifs specic to GST classes, sequence alignments and
Lambda, Tau and DHAR classes are speci c to plants. The Ritiylogenetic trees provide a robust view of the Ser-GST gene
class is sometimes presented in the literature as speci c to thepy number present in a given organism. A comparative
plant kingdom but similar sequences have been identi ed in songenomic analysis was carried out using 39 sequenced
fungi, bacteria, and protistdMorel et al., 2013Munyampundu photosynthetic organisms available in Phytozome database
et al.,, 201p Although it has some limitations, the primary [version 12 Goodstein et al., 20)Rincluding 3 chlorophytes, 1
sequence remains to date the most convenient criterion fdaryophyte, 1 lycophyte, and 34 angiosperms; clearly extending
classifying these proteins. previous genomic survey3dble 1 Ding et al., 201/Monticolo

The evolutionary history of GSTs seems relatively complex aed al., 2017 Plomion et al., 2018 1859 sequences were
several scenarios have been proposed. Because Theta classi@®®ieved by BLASTp (Basic Local Alignment Search Tool)
were present in bacteria, the rst model of evolution, dating fronusing A. thaliana GST sequences as queries and standard
the early 1990s, proposed that canonical (soluble) GSTs of plamarameters. It is worth noting that chlorophytes but not
animals, and fungi have evolved from this ancestral gene asearestrial plants contain Tyr-GST isoforms (respectively, 6,
result of duplications followed by divergent evolutioRgmble 4, and 7 in Chlamydomonas reinhardtiMicromonas pusilla
and Taylor, 199p In subsequent years, this model was discardexthd Volvox cartefj also shared by animals. The presence of
by taking into account the biochemical properties including theuch isoforms likely compensates the absence or low number of
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TABLE 1 | Ser-GST gene content in sequenced chlorophytes and embryophytes.

TABLE 1 | Continued

GSTU  GSTF GSTU GSTF GSTT GSTZ TCHQD
Chlorophyte Boechera strictav1.2 27 12 1 1
Chlamydomonas 0 0 Brassica rapaFPsc 38 20 2 2 1
reinhardtiivs.5 v1.3

Volvox carteriv2.1 0 Capsella grandi ora 21 10 1 2 1
Micromonas pusilla 0 vil

CCMP1545 v3.0 Capsella rubellavl.0 26 12 1 1 1
Embryophyte Eutrema salsugineum 24 11 1 2 1
Physcomitrella patens 0 9 v1.0

v3.3 Fabidae

Tracheophyte Nitrogen- xing

Selaginella 38 1 Cucumis sativusv1.0 24 3 1 2
moellendorfiv1.0 Fragaria vescavl.1 28 5 1 2
Angiosperm Glycine max 50 10 3 3 2
Amborella trichopoda 22 4 Wm82.a2.v1

v1.0 Malus domesticav1.0 34 10

Grass Medicago truncatula 47 10 2 2 1
Brachypodium 40 21 Mt4.0v1

distachyonv3.1 Phaseolus vulgarisv2.1 24 12 2 2

Oryza sativav7_JGlI 45 16 Prunus persicav2.1 47 9 1 2
Panicoideae - - -

o Sequences have been retrieved from Phytozome v12.1, a Joint Genome Institute
Setaria italicav2.2 48 16 database. Unusually high/divergent gene copy number or absence of a given
Sorghum bicolorv3.1.1 53 17 gene for a few speci ¢ organisms must be regarded with cautious as this may
Zea maysEnsembl-18 34 10 originate from bad genome assemblies or annotation problems or from remaining
Eudicot pseudogenes or gene alleles.

Aquilegia coeruleav3.1 24 29

Pentapetalae Ser-GSTs in these organisms (1 isoform for b@threinhardtii
Asterid andV. carteri,0 for M. pusillg. In the following paragraphs, we
Mimulus guttatusv2.0 17 emphasize the major features of the di erent Ser-GST classes,
Solanum lycopersicum 45 i.e., gene content and protein sequence characteristics.

iTAG2.4

Solanum tuberosum 50 4

403 GSTs Theta (GSTTs) . . .

Rosid In addition to plants, GSTTs are also found in animals, insects,
Eucalyptus grandisv2.0 62 19 fungl, and ba_cterla; suggesting that this class appeared early
Vitis virifera. 36 8 during evolution Coggan et al., 200Bryant et al., 2006
Genoscope.12X Skopelitou et al., 201Han et al., 2016Shao et al., 20)7In
Quercus robur 62 12 photosynthetic organisms, the number of GSTT genes ranges
Poplar-Malvidae from 1 to 4 (Table 1). According to its early appearance, this is
Malpighiales the only Ser-GST class present in the chlorophytes (green algae)
Linum usitatissimum 30 1 analyzed. Its absence M. pusillamight be due to a gene loss
v1.0 event during evolution, unless there are annotation problems. In
Manihot esculentavé.1 44 8 organisms having 2 or mor&STT genes, the genes are often
Populus trichocarpa 54 8 organized in cluster such as #. thaliana(Dixon et al., 200§

v3.0 Linum usitatissimum Manihot esculentar Ricinus communis
Ricinus communisv0.1 31 4 suggesting that tandem duplication(s) occurred during evolution
SBM from an ancestral gene. Whether the resulting proteins have
Citrus diverged in function remains to be explored. The GSTT proteins
Citrus sinensisv1.1 25 6 are generally about 250 amino acids long. The conserved serine
Citrus clementinav1.0 42 8 is found around position 10 in a conserved SQPS active site
Brassicales-Malvales signature, which (with a few exceptions) is conserved among
Theobroma cacaovl.1 36 9 mammals (SQPC) and insects (S[Q/A]PC). At the subcellular
Brassicaceae level, these proteins have a peroxisomal localization, which is
Arabidopsis lyratav2.1 29 13 consistent with the presence of C-terminal SK[I/M] targeting
Arabidopsis thaliana 28 13

TAIR10

motif (Dixon et al., 200 Peroxisomes are multifunctional
organelles involved notably in the -oxidation of fatty acids
in plants, a catabolic pathway contributing in particular to
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the production of acetyl-CoA, NADH, and FADH but also TCHQDs as they are able to catalyze quinone deglutathionylation
many lipid peroxides from polyunsaturated fatty acids thafLallementetal., 20}5

are the likely physiological substrates of GSTTs. vitro,

these enzymes exhibit a weak GSH-conjugation activity agaissTs Phi (GSTFs)

conventional model substrates but they have a high GSHhe GSTFgenes are found in all terrestrial non-vascular or
dependent peroxidase activity toward linoleic acid peroxidesscular plants that have been analyzed, but are absent in green

(Dixon and Edwards, 2009 algae/chlorophytes, suggesting important functions for terrestrial
life. The gene content is very variable between species as it
GSTs Zeta (GSTZs) ranges from 1 inSelaginella moellendor to 29 in Aquilegia

In addition to plants, GSTZs are also present in bacteria, fungiperulegTable 1). In almost all genomes, a large part of these
and animals, even though this is often as a reduced numbgenes is organized as clusters indicating repetitive, species-
of isoforms. A possible reason is their specic involvemerdpeci ¢ duplications.
in a general process, the tyrosine catabolidbdvwjards et al., At the protein level, GSTFs are about 215 amino acids long
201). In photosynthetic organisms used for the present analysésd the serine is located around position 12. Given the higher
(Table 1), the number of GSTZ genes ranges from 1 to &umber of isoforms compared to the above-described classes, the
but we could not nd them in chlorophytes. They are oftenfour residue signature (reminiscent of the TRX/GRX family) is
found as tandem duplicates in genomes such aé.ithaliang more variable. Most isoforms have the conserved serine but a
C. rubellaorO. sativa few, exempli ed by PtGSTF8 (AVCP), AtGSTF11 (AANP), or
At the protein level, GSTZs are about 225 amino acids lon§tGSTF12/TT19 (AACP) are lacking it. In fact, the presence of
The serine is located around position 20 and is included in #he serine is not mandatory for the GSH-conjugation reaction
conserved SSC(S/A) active site signature, the rst serine being #® shownin vitro using poplar GSTFsPggeot et al., 2017
residue necessary for the GSH-conjugation reaction. The cataly@everal subgroups have been distinguished previously, according
mechanism of GSTZs di ers from other GSTs in that GSH imotably to this signature but also depending on the presence of
initially conjugated to thecisdouble bond of maleylacetoacetateN- or C-terminal extensionsRégeot et al., 20L4Also, it was
allowing the isomerisation reaction, before being eliminated iobserved that some isoforms containing a cysteine exhibit a more
a second step allowing the formation of fumarylacetoacetatitversi ed activity pro le, as they possess deglutathionylation
(Thom et al.,, 200l Thus, it is assumed that the conservedctivity in addition to the peroxidase and GSH-conjugation
cysteine performs the deglutathionylation of the intermediatactivities Pégeot et al., 2017
product at the manner of Cys-GSTs or as proposed also for
TCHQDs (see below). However, bacterial GSTZs lacking tHsSTs Tau (GSTUSs)

cysteine catalyze the same reaction. In light of current genomic resources, GSTUs form a plant
speci ¢ class as is also the case for DHARs and GSTLs; two
Tetrachlorohydroquinone Dehalogenases (TCHQDs) Cys-GST classes. Except in rare instances, such asticum

TCHQDs have been identi ed in animals, fungi and plants. Planhestivumand A. coeruleawhich contains respectively 38 and 29
genomes usually contain a single gene but 2, 5, and 7 TCHQBSTFs vs 26 and 24 GSTU5d)lé et al., 2009the GSTU class
encoding genes were identied iGlycine max P. patens represents the largest GST class. From the absence of GSTU in
and Eucalyptus grandigespectively Table 1). At the protein green algae and in the mosses patensaand Sphagnum fallax
level, TCHQDs are on average 265 amino acids long. Thebe presence of only 2 GSTUs in another moktrchantia
proteins were rst discovered in the soil bacteriudphingobium polymorpha but the presence of 38 GSTUs in the bryophyte
chlorophenolicumthat is able to use pentachlorophenol, &. moellendor i we conclude that these genes have rapidly
fungicide used in wood preservation, as a carbon sourcand dramatically expanded between bryophytes and lycophytes.
During the enzymatic degradation of pentachlorophenol, thi$hey became predominant in vascular plants, being supposedly
bacterial TCHQD (PcpC) catalyzes the reductive dehalogenaticequired for novel functions associated to the lifestyle of these
of tetrachlorohydroquinone to trichlorohydroquinone and thenplants. In angiosperms, the GSTU gene content is variable
to dichlorohydroquinone Xun et al., 1992 PcpC possessesand range from 21 . grandi ora) to 62 Quercus robumand

a peculiar SCIS signature containing both a serine and B grandi¥ (Table 1). The phylogenetic analysis of this family
cysteine. Accordingly, it reduces chloroquinones in two stepiidicates that large clades are formed by proteins from the
The rst step requires the serine in the GSH-conjugation ofame species pointing to the fact that species-speci ¢ expansions
the quinone causing the departure of a chloride ion. Theccurred Plomion et al., 2018 They normally correspond
second step is the removal of the glutathione moiety frorto genomic clusters produced by several successive tandem
the quinone, a reaction performed by a nucleophilic attacHuplication events as exemplied in poplaA. thaliana or

of the cysteine \illett and Copley, 1996Kiefer and Copley, O. sativa(Wagner et al., 2005oranzo et al., 2004an et al.,
2002. In plant proteins, there is no cysteine in the signatur009. Accordingly, it is di cult to de ne strict orthologs for a
(often SLDS) l(allement et al., 2034 They should therefore given isoform among the di erent species and to determine what
not be able to carry out deglutathionylation steps and maig the set of GSTU ancestors shared by angiosperms.

have dierent substrates or reaction mechanisms. Another Overall, the GSTU and GSTF classes represent around
possibility is that other GST isoforms such as GHRs substitute 7®% of all GST genes as @. robur (62 out of 88 genes)
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(Plomion et al., 2008or A. thaliana (41 out of 55 genes) studied over the years, notably using GSTs from crée(wald
(Dixon and Edwards, 2019aFor both classes, the expansionand Plaisance, 1998ummins et al., 200 ho et al., 2007
speci ¢ genomic organization and high sequence similarity
among duplicated members have important implications. OnBeroxidase Activity
consequence may be the existence of functional redundarioythe cells, hydroperoxides are reduced by several families
between isoforms making it dicult to study the biological of enzymes, in particular thiol peroxidases including the
functions of a particular gene using reverse-genetic approachpsroxiredoxin (PRX) and glutathione peroxidase-like protein
However, another consequence may be that upon duplicatiofGPXL) families Rouhier and Jacquot, 20p5Some GSTs
some of the new gene copies, which have been less subjecalsm exhibit peroxidase activity, as they are able to reduce
evolutionary pressure and have accumulated mutations, hafleydro)peroxides into alcohols concomitant to the oxidation of
likely acquired structural and functional diversity. The truthGSH into GSSG. In this reaction, deprotonated GSH bound to
is certainly in between and this remains to be experimentalthe G-site of the enzyme induces a nucleophilic substitution of
addressed in a more exhaustive manner. the bond between the two oxygen atoms of the hydroperoxyl
group (R-OOH), leading to the release of GSOR and an OH
Biochemical Properties and Catalytic group that is protonated into HO. GSOR is .then clegve.d
C o into GSSG and ROH by a second nucleophilic substitution
Activities of Ser'_GSTS ) by the GSH molecule according to a mechanism that is not
GSTs are versatile enzymes, accommodating dlveﬁq fully elucidated Deponte, 2018 The GSTs performing
substrates/ligands in the active site or L-sitdalle 2, and ipjs reaction have catalytic e ciencies 1@o 100 M s 1)
catalyzing diverse enzymatic reactions as a function of the actif@asured in steady-state conditions in the range of those of
site signatureChronopoulou et al., 2017aBesides the so-calledTRx. and GRX-dependent thiol peroxidaseBégeot et al.,
ligandin function, Ser-GSTs catalyze GSH-conjugation reactioggla_ A major dierence is, however, the rate of the rst
on numerous types of substrates, the reduction of organigep (j.e., peroxide reduction) that occurs at turnover numbers
hydroperoxides or substrate isomerisation whereas Cys-G§$t0 10 s ! for some thiol peroxidases. The contribution
rather catalyze opposite reactions including the reduction ¢ff GsTs in the reduction of cellular hydroperoxides remains
glutathione conjugates. For the latter aspect, we invite the read@forly described but it might be important because these
to refer to the recent review describing Cys-GST propertigge almost the only GSH-dependent peroxidases, most thiol
(Lallement et al., 2034For all the catalytic activities, the highperoxidases being dependent on GRXs or TRXs, including
reactivity of a cysteine residue (either from GSH or from thespx| s Rouhier and Jacquot, 200Blavrot et al., 2006 Also,
polypeptide) plays a central role in the biochemical propertiggeir contribution appears to be dierent depending on the
carried out by GSTs. Noteworthy, some Ser-GSTs belongingdgyanisms and the subcellular compartments considered. Among
the GSTZ, TCHQD, or GSTF classes possess a cysteine residugiGsTs, only those belonging to the Phi, Tau, and Theta
the catalytic center, which confers them dual activity prole. ¢jasses are able to catalyze such reactions, peroxisomal GSTTs
being likely specialized in the reduction of fatty acid peroxides
GSH-Conjugating Activity (Dixon et al., 200p
Most Ser-GSTs catalyze the conjugation of GSH onto
electrophilic compounds including aromatic, aliphatic orlsomerase Activity
heterocyclic compoundsDeponte, 2018 This conjugation Some GSTs, in particular from the Zeta class, catalyze
requires the binding of a GSH molecule in the glutathion¢ghe GSH-dependent isomerisation of specic metabolites,
binding site (G-site). In most cases, the presence of a specsach as thecis-transisomerisation of maleylacetoacetate into
residue, most often a cysteine, serine, or tyrosine at the viciniymarylacetoacetate occurring during the penultimate step
of the cysteine of the bound GSH, induces a decrease in tbk tyrosine catabolism in eukaryotes-drnandez-Cafién and
thiol pKa (Board and Menon, 201®eponte, 2018 This pKa, Pefalva, 1998hom et al., 2001Fernandez-Canon et al., 2002
usually around 9, is lowered to approximately 6.5 or even lessjwards et al., 20}1In some bacteria, GSTZs function as
promoting the formation of a nucleophilic (reactive) thiolatemaleylpyruvate isomeraseslgrsh et al., 2008and catalyze the
groupin vivo, which is able to perform a nucleophilic attack onisomerisation of maleylpyruvate into fumarylpyruvate through
a nearby electrophilic substrate. In other words, the conservéie third committed step in the degradation of salicylate to
serine in the active site of Ser-GSTs does not play the roletbe metabolites pyruvate and fumarate via gentisate. Contrary
the catalytic residue; rather, this is carried out by the thiolat® other activities described above, GSH is not considered as a
group of GSH. The nucleophilic attack initiated by GSH occursubstrate but as a cofactor because it is not consumed during the
either by a substitution (e.g., on a chlorine atom) or by theeaction Litwack et al., 197Marsh et al., 2008
reduction of an electron acceptor via a Michael's addition
(Deponte, 2018 Several model substrates are used to measiM@n-enzymatic Binding and Intracellular Transport
GSH-conjugation activity, the most common being the 1-chloron addition to their catalytic function, GSTs also serve as non-
2,4-dinitrobenzene (CDNB). The detoxi cation of herbicidesenzymatic carrier proteins or ligandinsHébig et al., 1974
(e.g., atrazine and uorodifen) and pesticides (e.g., alachlor amdannervik and Danielson, 1988 The term “ligandin” was
metolachlor) through GSH-conjugation has been extensivehistorically associated to proteins characterized in animals,
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which were able to bind a wide range of hydrophobic ligandgommonly associate with fruits and owers. These molecules
such as steroids, heme and its degradation product bilirubiaye transiently bound/transported by GSTs before their release
carcinogens, and bile salts. These proteins turned out to be G$FsABC-type transporters for vacuolar sequestration. This is
from the Alpha and Mu classekévi and Arias, 196¥Ketley etal., documented for both Tau and Phi class members, i.e., Bz2
19795. Since then, plant GSTUs and GSTFs were found to bilGSTU) from maize, AN9, TT19, and WGST4 (GSTFs) from
several tetrapyrroles, e.g., protoporphyrin 1X (Proto 1X), MgPetunia hybrida A. thaliana and Vitis vinifera respectively
protoporphyrin but also bacterial porphyrin derivatives identi ed(Marrs, 1996Alfenito, 1998 Mueller et al., 200Kitamura et al.,
upon expression of recombinant maize GSTUWsderer and 2004 Conn et al., 2008Gomez et al., 201IMomose et al.,
Boger, 200/Dixon et al., 2008 However, it is not clear whether 2013 Zhao, 201% Other molecules were isolated using ligand
this is strictly a ligandin function aZea maysGSTUL is able shing approaches Table 2. GSTU2 fromV. vinifera binds

to catalyze the conjugation of GSH on protoporphyrinogetranstesveratrol, a polyphenol transported from the cells into
IX and harderoporphyrinogen Oixon et al., 2008 Another extracellular medium and conferring antimicrobial properties
example, likely the best described, concerns anthocyanins, whithartinez-Marquez et al., 201L.7 GSTF2 and GSTF3 from

are phenolic antioxidant compounds conferring the colors wé. thaliana were describedn vitro to bind various ligands

TABLE 2 | Ligands of plant Ser-GSTs identi ed.

Isoform Organism Ligands References
Bronze-2 or Bz2 Zea mays Cyanidin-3-glucoside Marrs et al., 1995
(GSTU)
ZmGSTI-l, ZmGSTI-II, Zea mays Protoporphyrin IX, mesoporphyrin, Lederer and Boger, 2003
ZmGST II-1l, ZmGST coproporphyrin, uroporphyrin,
1I-1I1 (GSTU et GSTF) Mg-protoporphyrin
ZmGSTU1 Zea mays Uroporphyrin, pentacarboxyl porphyrin, Dixon et al., 2008
harderoporphyrin-SG, coproporphyrin, heme B
ZmGSTF1 Zea mays Gibberellic acid, indole-3-butyric acid, Axarli et al., 2004
2-naphtoxyacetic acid,
2,4-dichlorophenoxyacetic acid, kinetin,
quercetin, luteolin
AtGSTU7 Arabidopsis thaliana Protoporphyrin-SG, myristoyl-glutathione Dixon and Edwards, 2009, 2018
AtGSTU19 Arabidopsis thaliana Harderoporphyrin-SG, chlorogenic acid, Dixon and Edwards, 2009, 2018

Transparent testa 19 or
TT19 (GSTF)

AtGSTF2, AtGSTF3

AtGSTF2

AtGSTF2

Anthocyanin9 or An9
(GSTF)

Anthocyanin9 or An9
(GSTF)

GST
CkmGST3 (GSTF)

WGST1 (GSTU),
WGST4 (GSTF)

VVGSTU2

Flavonoid3 or FI3
PfGST1 (GSTF)
AtGSTU9, AtGSTU10
AtGSTU25, AtGSTU28
AtGSTF6

AtGSTU13

Arabidopsis thaliana

Arabidopsis thaliana

Arabidopsis thaliana

Arabidopsis thaliana

Petunia hybrida

Petunia hybrida

Hyoscyamus muticus
Cyclamen persicum  Cyclamen purpurasces
Vitis vinifera

Vitis vinifera

Dianthus caryophyllus
Perilla frutescens
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana

10-S-glutathionyl-12-oxo-phytodienoic acid,
oxylipin-SG, 3-methylindolyl glutathionyl
disul de, 12-oxo-phytodienoic acid (OPDA)
Anthocyanin

Norharmane, harmane, lumichrome,
indole-3-aldehyde, quercetin-3-O-rhamnoside

Indole-3-aldehyde, camalexin, quercetrin,
quercetin

Grossamide K-SG, cannabisin,
10-S-glutathionyl-12-oxo-phytodienoic acid,
kaempferol-3,7,4 -trimethylether,
quercetin-3,7,3 ,4 -tetramethylether

Anthocyanin
Isoquercitrin, quercetin, cyanidin, luteolin

Indole-3-acetic acid
Anthocyanin
Anthocyanin

Trans—resveratrol

Anthocyanin

Anthocyanin

fatty acyl (C14,C16,C17, C18)

fatty acyl (C6,C8,C10,C12,C14)
Indole-3-acetonitrile

Indole-3-ylmethyl-ITC (indole glucosinolate)

Kitamura et al., 2004

Dixon et al., 2011a

Ahmad et al., 2017

Dixon and Edwards, 2018

Alfenito, 1998

Mueller et al., 2000

Bilang et al., 1993
Kitamura et al., 2012
Conn et al., 2008

Martinez-Méarquez et al., 2017
Larsen et al., 2003

Yamazaki et al., 2008

Dixon and Edwards, 2009
Dixon and Edwards, 2009

Su et al., 2011
Pislewska-Bednarek et al., 2018
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such as lumichrome, harmane, norharmane, indole-3-aldehyd®jented toward the active site without occluding ftHom et al.,
camalexin, and quercetin-3-O-rhamnosideixon et al., 2010a 2003). In GSTFs, the 6- 7 connection systematically includes
but the physiological signi cance remains unknown. In additiora small helix ( 6 ) Reinemer et al., 199®égeot et al., 2014,
to a carrier function, it may be that the non-enzymatic binding2017. The atomic model of the only GSTZ crystal structure,
of molecules prevents their oxidative damage, thus ensuringtat of A. thaliana GSTZ1, is incomplete between helices 4
protective e ect Mueller et al., 2000 and 5, which hinders the accurate determination of the active
site (Thom et al., 200L Within a class, the variable regions
L are often close to the active site and involved in the binding
Structural Characteristics of Plant of the electrophilic substrate. In GSTUs, these regions include
Ser-GSTs helix 9 and the segment from roughly the C-terminal end of
Considering the high number of Ser-GSTs in plants, only a few4 to the N-terminal end of 5VWalenzuela-Chavira et al., 2017
structures have been solved so far: 27 for GSTUSs, 15 for GSTRSSTFs, they include this segment and the connection 2- 3,
1 for GSTZ, and none for TCHQD and GSTTdble 3. All which, in maize GSTF3, was supposed to move upon binding
these plant Ser-GSTs are homodimeric enzymes in which eawfthe substrate in the active sitbl¢uefeind et al., 199Y.arhis
protomer of approximately 23—-30 kDa contains two domainsonnection is also involved in the dimer stabilization (see below).
with a catalytic center at the interface. The N-terminal domain Concerning dimerization, the GSTU dimer has an open
adopts the typical TRX-fold (with 1 1 2 2 3 4 3 topology\V-shaped con guration with 2200 A of the accessible surface
and the C-terminal domain is a bundle of at least ve helicethat is buried at the interface, comparable with that of GSTOs

( 4to 8) (Figure 1). GSTUs have an additional 9 helix that i(2000 &), but smaller than that of GSTFs (2700?)Aand

TABLE 3 | Crystal structures of Ser-GSTs from plants.

Class Organism Name Ligand PDB Entry References
Arabidopsis thaliana AtGSTF2 GTR (1GNW¥, FOE 1GNW, 1BX9, 5A5K, Reinemer et al., 1996
(1BX9P, 7WB? 5A4V, 5A4U, 5A4W Prade et al., 1998
(5A5KY, QUE? Ahmad et al., 2017
(5A4VP, 132 (5A4UY,
QCT® (5A4WYP
Phi Populus trichocarpa PtGSTF1 GSH (4RI6%, GSH? 4RI6, 4RIF Pégeot et al., 2014
(4RI7Y
PtGSTF2 5EY6 Pégeot et al., 2017
PtGSTF5 GSH 5F05
PtGSTF7 GSH 5F06
PtGSTF8 GSH 5F07
Zea mays ZmGSTF1 CYW (1AXD9, ATA2 1AXD, 1BYE Neuefeind et al., 1997a
(1BYEP Prade et al., 1998
ZmGSTF3 1AW9 Neuefeind et al., 1997b
Triticum aestivum TaGSTU4-4 GTR 1GwWC Thom et al., 2002
Arabidopsis thaliana AtGSTU20/ FIP1 GSH 5ECS, 5ECR, 5ECQ, Chen et al., 2017
5ECP, 5ECO, 5ECN,
5ECM, 5ECL, 5ECK,
5ECI, 5ECH
AtGSTU23 GSH: (6EP7¥ 6EP6, 6EP7, 5084 Tossounian et al., 2018
AtGSTU25 GSSG 5G5A d
Tau Glycine max GmGSTU4 GTB (2V04, 5AGY§, 2V04, ATOP, 5AGY Axarli et al., 2009a,b;
GSH? (4TOPY Burmeister et al., 2008
GmGSTU10-10 GS& 4CHS Skopelitou et al., 2015
Mangifera indica MiGSTU GSH (5G5F), GTR 5G5E, 5G5F, 5KEJ Valenzuela-Chavira
(5KEJ) etal., 2017
Oryza sativa subsp. japonica OsGSTU1 GSH 10YJ Dixon et al., 2003
Populus trichocarpa PtGSTU30 GSH 5J4U, 5J5Nf Yang et al., 2019
Ricinus communis EFI-501866 4J2F d
Zeta Arabidopsis thaliana GSTZ1 1E6B Thom et al., 2001

2pPDB ligand codes: GSH, Glutathione; GTX, S-hexylglutathione; FOE, FOE-4053-glutathione conjugate; 7WB, Camalexin; QUE, Quercetin; I3A, Indole-3-aldehyde;
QCT, Quercetrin; CYW, Lactoylglutathione; ATA, Atrazine glutathione conjugate; GTB, S-(P-Nitrobenzyl)glutathione; GS8, S-Hydroxy-glutath®RBB, entry where the
ligand is present.C4RI7: crystal structure of an isoform of PtGSTF1, which contains mutation of S13 to Ccrystal structures only available in the PDBE5AGY: crystal
structure of an isoform of GmGSTUA4, which contains mutations of 1183 to V, Q46 to K, R38 to Q, and W114 to ¢5J5N: crystal structure of an isoform of PtGSTU30,

which contains mutation of R39 to W.
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FIGURE 1 | Structures of Ser-GSTs from plants highlighting the location of ligand-binding site§A—D) schematic structure of the GmGSTU4 and AtGSTF2 dimers,
respectively.(C,D) illustrate the complexes formed between AtGSTF2 and FOE (1BX9) or QCT (5A4W). The secondary structures and the location of the

ligand-binding sites are labeled. The TRX domain is in cyan and the C-terminal domain is in magenta. The labeled ligands are: GTB, S-(P-Nitrobenzyl)glutathione}
4NM, 4-Nitrophenyl methanethiol; FOE, FOE-4053-glutathione conjugate; QCT, Quercetrin.

most other classes of GSTs (2800-340%) fAxarli et al., (Reinemer et al., 1996vhereas nine are found in PtGSTF1
201Q. The monomers are related by a two-fold symmetryPégeotetal., 2014

where the N-terminal domain of one subunit cross-interacts The GST catalytic center is usually divided in two distinct
with the C-terminal domain of the second one, and vicdunctional regions, a hydrophilic G-site for binding glutathione,
versa. The contact regions are the loop 2- 2, the strarahd an adjacent hydrophobic H-site for accommodating
3 and the helix 3 of one monomer and the helices #&lectrophilic substrates. The anchoring residues of the G-site
and 5 of the other. The dimerization interface involve@re well conserved among all GSTs probably because of their
hydrophobic surface patches and a particular lock-and-kéyigh speci city for glutathione. These residues are highlighted
motif in which the side-chain of an aliphatic or aromaticin the structural alignmentsHigure 2). In Ser-GSTs, the GSH
residue extends across the dimer interface (Val52 in TaGSTUYol group is normally hydrogen bonded to the hydroxyl group
and Phe53 in PtGSTF1Table 3. In GSTUs, conserved of the catalytic serine (Serl3 in PtGSTFRE@eot et al., 2014
salt bridges close to the dyad axis bind both subunits. IHowever, this serine is important but not mandatory for GSH-
GSTFs, the number and the nature of the polar interactior@Pnjugating reactions as concluded from mutagenesis studies
vary signicantly from one isoform to another. Indeed, aor its absence in some GSTH3égeot et al., 20)14In poplar
single hydrogen bond connects the two subunits of AtGSTF@STFs, nearby hydroxylated residues present in the active site
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FIGURE 2 | Structure-based sequence alignments of Tau clas$A) and Phi class(B) GSTs from plants. The sequence alignment was generated with Chimera
(Pettersen et al., 2004 and manually adjusted. Crystal structures and sequences are available at the Protein Data Bank (http://www.rcsb.org): 1GWC for TaGSTU4,
5ECS for AtGSTU20, 6E6P for AtGSTU23, 5G5A for AtGSTU25, 2V04 for GmGSTU4, 4CHS for GmGSTU10, 5G5E for MiGSTU1, 10YJ for OsGSTU1, 5J4U for

(Continued)
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FIGURE 2 | Continued

PtGSTU30, 4J2F for RcGSTU1, 1GNW for AtGSTF2, 4RI6 for PtGSTF1, 5EY6 for PtGSTF2, 5F05 for PtGSTF5, 5F06 for PtGSTF7, 5F07 for PtGSTF8, 1AXD fol
ZmGSTF1, and 1AW9 for ZmGSTF3. Secondary structures are labeled and shown using arrows ( -strands) and squiggles (helices). The active site serine, the
invariant proline and the quasi-invariant aspartic acid are in bold type, colored white, highlighted black, and marked with . Residues that participate in dimer
stabilization via strong polar interactions are in bold and marked with . Residues involved in binding glutathione (G-site) are in bold type, highlighted yellow, and
marked with . Residues of the characterized H-sites are in bold type, highlighted green, and marked with . Residues of the L1-site (GmGSTU4, 2VO4) are in bp
type, highlighted red, and marked with . Residues of the L2-site (AtGSTF2, 5A4U, 5A4V, and 5A4W) are in bold type, highlighted blue, and marked with
Residues of the L3-site (AGSTF2, 5A4K, 5A4U, and 5A4W) are in bold type, highlighted pink, and marked with

d

signature (often STxT) could be involved in GSH activatiothe L3 site is located at the base of the dimer interface involving
(Pégeot et al., 20L7Generally speaking, the H-site is builthelices 3 of one subunit and 4 of its neighb&igure 1). All
from elements from both the N- and C-terminal domainsligands are stabilized mainly through hydrophobic interactions
The observed variations re ect the broad electrophilic-substrai@hmad et al., 2017 Coupled to biochemical evidence, the
speci cities of the di erent GST isoforms/classes. Only AtGSTFgresence of these non-catalytic L-sites in GSTUs and GSTFs
and ZmGSTF1 crystal structures were obtained in the presencesafjgest that at least some of them should function in the transport
herbicidal-glutathione conjugate&ifgure 1; Prade et al., 1998 of endogenous metabolite®ikon et al., 2011a However, the
In other cases, the H-sites have been de ned from the presenesidues forming these L-sites are di cult to identify because they
of inhibitors such as S-hexylglutathione or molecules from thare not well-conserved among plant GSAx(nhad et al., 2017
crystallization medium. In the large majority of cases, the putative
H-site residues are hydrophobic in nature. In GSTFs, the H-site . )
involves residues located around the catalytic serine (N-termini@€N€ Expression of Ser-GSTs in
end of helix 1), in the loop 2- 2 and in the C-terminal endA. thaliana
of helix 4. In GSTUs, residues from two additional regiongnalyzing the transcript abundance of these GSTs could
are concerned, namely the helix 6 and the additional helix ®e helpful to understand the possible redundancy between
A conserved tryptophan is present in the helix 6 of GSTUslose/duplicated isoforms as well as to give clues about their
(Trpl71 in TaGSTU4) Thom et al., 200 In GSTFs, aromatic functions in the absence of molecular and genetic information.
residues identied by mutagenesis studies have been clearly fact, it is quite well documented in many species that
demonstrated as participating in the a nity toward electrophilicthe expression ofsSTFand GSTU genes is often induced in
substratesAxarli et al., 2004Dixon et al., 2011 response to environmental constraints. This includes heavy-
The structures of GSTs include other important regions thahetal exposureMloons, 2003Ahsan et al., 20Q®Reid et al., 2013
are associated with non-catalytic functions. AtGSTUZ20, alSuipathi et al., 201} salinity, heat, cold, droughfiba et al., 2011
named FIP1 (FIN219-interacting protein 1) because it interac®wari et al., 2016Yang et al., 2016Xu et al., 2018Srivastava
with the jasmonate-amido synthetase FIN219, participates étal., 201§ or biotic interactions such as pathogenic interaction
the jasmonate signaling response under far-red light conditiorfRinaldi et al., 20075kopelitou et al., 201Kao et al., 2016 The
(Chen et al., 2007, 201L7In a crystallographic study, it was expression of sever@STFand GSTUgenes is also enhanced
shown that the formation of the FIP1-FIN219 complex results response to phytohormones including abscisic acid, auxin,
in the reorientation of the FIN219 C-terminal domain, whichethylene, methyl jasmonate and salicylic acid, to herbicides and to
appears crucial for improving jasmonoyl-isoleucine biosynthesiserbicide safeners, and more generally to treatments leading to an
However, the overall conformation of AtGSTU20 is not alteredxidative stresslieRidder, 2002Nagner et al., 2002.ieberherr
and the FIN219-binding region includes the C-terminal 6to &t al., 2003Smith et al., 2003, 2008app! et al., 2004, 20aChen
helices. Interestingly, the authors noted that some of the contasttal., 2012Chronopoulou et al., 201FbThus, usingA. thaliana
residues are well conserved in GSTUs and GSTs of other speaiea representative organism, the transcript abundance of 44 out
(Figure 2 Chen et al., 2007 For their ligandin function, GSTs of the 47 Ser-GST genes was retrieved from the AtGenExpress
bind a wide range of compounds in a non-catalytic manner at s@fatasets. The expression pro les of GSTF2 (At4g02520), GSTF7
called L-sites, which are often distinct from the active site. Thrggt1g02920), and TCHQD (At1g77290) were not available and
di erent L-sites were described in GSTs from planEgure 1).  are therefore not present in this gene expression analysis.
The structural analysis of GmGSTU4-4 revealed the presence ofFirst, we examined the expression pro les of Ser-GST genes
one molecule of (4-nitrophenyl)methanethiol in each subunit inn the context of a developmental time-course in Arabidopsis
a hydrophobic surface pocket (L1-sité3xarli et al., 2015 The (Figure 3), using the AtGenExpress Developmental Sathimid
bottom and walls of the L1-site are lined with residues fronet al., 200% In this case, the transcript abundance of each
1, 2, and 8. The main binding residues are conserved gene was standardized using z-score transformation (a form of
GSTUs. The crystal structures of AtGSTF2 in complex with twaormalization that is particularly useful when comparing samples
indole derivatives and two avonoids revealed two other ligandirom diverse treatments/tissue backgrounds), and arranged by
binding sites (L2 and L3)Ahmad et al., 20l)7extending the classes. One can clearly see that most GSTFs and GSTUs, as
observation of tight protein-ligand interaction&§ 1 M)by well as the two GSTZs, have their highest expression in roots.
isothermal titration calorimetryDixon et al., 2010aThe L2 site  However, for the three GSTTs, the highest expression is found in
is situated between helices 4 and 7 in each monomer where&asgnples spanning seed development (siliques/seeds), particularly
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FIGURE 3 | Transcript abundance of 44 Ser-GST genes during Arabidopsis development. Microarray experimental data (generated using Affymetrix ATH1 GeneChip arrays) of Arabidopsis Development
(AtGenExpress Developmental Expression Atlas) described I8chmid et al. (2005)were obtained from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus
(http://www.ncbi.nim.nih.gov/geo/). Intensity values of replicates were averaged and z-score transformed across the following ten developmental conditions: roots, stems, rosette leaves, developmental leaf
senescence (DLS), cauline leaf, whole plant, apex, owering stages, ower organs, and siliques/seeds. The data were then imported into The Institute for Genomic Research Multiple Experiment Viewer (MVE)
hierarchically clustered using average linkage based on Euclidean distance. Gene families of each gene are indicated using the following color key: tau, light green; phi, medium green; theta, gray; and zeta, ye

and
llow.
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in those containing isolated maturing seeds. In addition, theSECHQD, 2 GSTZs, and 3 GSTTs)able 4 Wagner et al., 2002
GSTTs also exhibited increased transcript abundance duriiixon and Edwards, 2010a
developmental leaf senescence (DLS), however, this cannot b&STUs were rst associated with plant xenobiotic
relied upon too strongly as only one time point is included indetoxi cation, in particular the detoxi cation of herbicides. It
this dataset. Interestingly, within the GSTF fam®B§TF5s only was proposed that high GSTU activity, due to a high endogenous
highly expressed at the two rst stages of siliques/seeds (siliquegel of expression, was at the center of the observed di erential
bearing developing seeds), a speci city that is also found feensitivity to herbicides between cereals (e.g., maize, wheat,
GSTF12albeit the transcript abundance also peaks during DL8nd rice) and weedsQummins et al., 2001 In A. thaliang
The GSTF36, 8,9, 10, and11genes are also expressed in leavéswas proposed thaAtGSTU26 whose expression is induced
and in whole plant stages, but to a much lower level than im response to chloroacetanilide herbicide treatments, could
roots. As already said, most of tl@&STUsdisplay their highest participate in the detoxi cation of these harmful chemicals by
expression levels in roots, howev&STU4 9, 15 and 16 are catalyzing their glutathionylationNutricati et al., 2006 The
exclusively and strongly expressed at the siliques/seeds stagesobiotic detoxi cation activity of GSTU extends to other
An exception isGSTU23 which exhibits its highest transcript chemicals. For instance, a recent study focusing on a major
abundance in both roots and siliques/seeds stages. Finally, marorildwide military pollutant, namely the 2,4,6-trinitrotoluene
Ser-GSTs appear to have transient expression during whole plgfiiNT), highlighted the role played by GSTUs in detoxifying
leaf, ower, and stem development, which could suggest vetlyis harmful and highly persistent pollutant by catalyzing its
speci ¢ functions in response to developmental cues. GSH-conjugation Gunning et al., 2014 In this study, the
In a second stage of analysis, we examined the expressiuthors showed that overexpressiatizsSTU24and AtGSTU25
pro le of these same 44 Ser-GSTs in response to a numbertafo genes whose expression is induced by TNT, was su cient
abiotic stresses [AtGenExpress Stress Bdiaf et al., 200)]. to enhance the ability ofA. thaliana plants to withstand
Data are presented as a log2 fold-change of the stress treatmamd detoxify TNT.
(at a given time point) versus its respective control sample, In addition to their role in detoxifying xenobiotic compounds,
and the entire dataset is hierarchically clustered using EuclideAn thaliana GSTUs were associated with the response to
distance Figure 4). This analysis clearly demonstrates thaenvironmental cues. One of the best examples is the response
most Ser-GSTs strongly respond to stresses applied to the rowmidight signals. This was rst demonstrated witBSTU20 a
and thus, substantiates the high expression pro les observgdne whose expression is induced under far-red irradiation
in roots from the developmental stage analysiiggre 3. and inhibited byphytochrome AphyA) mutation (Chen et al.,
Interestingly, GSTs present in clusters 3, 4, 5, 6, and 2D07%. The characterization of gain- and loss-of-function mutant
exhibit high transcript abundance in response to temperatulges suggested the key role that GSTU20 plays in regulating
changes in roots (cold and heat). That said, the ve GST=ll elongation and owering time in response to lighClien
comprising clusters 3, 4, and 5 additionally exhibit high transcripgt al., 200). Similarly, GSTU17 whose expression is regulated
abundance in response to almost all stresses, in both aehbgl di erent photoreceptors (especially phyA), participates in
and subterranean tissues. Also of note here, whereas théh2 modulation of several aspects of seedling development
GSTs of cluster 1,STF1land GSTU2) have an overall (e.g., hypocotyl elongation, root development, anthocyanin
low fold-change of their transcript abundance in response taccumulation) Jiang et al., 2010Two other GSTUs were also
all stresses as compared to most of the other GSTs, theagsociated with thé. thalianaresponse to light stress, namely
GSTs included in cluster 2 seem to consistently respond @STUSndGSTU14Liu and Li, 2002Lv et al., 201p
osmotic changes, salt and drought stresses in both root and GSTUL17 also plays a role in the response to drought and salt
aerial parts. Altogether, this clearly indicates that Ser-GSTs ateessesGhen et al., 20)2Thegstul7mutation confers a higher
involved in the molecular responses to several environmentalerance to drought and salt stresses when compared to wild-
cues, both biotic and abiotic, a fact that is discussed further tgpe plants that could be attributed to an increased accumulation
the next chapter. of GSH and ABA within the plant tissues. In this process,
GSTUL17 acts as a negative component of the stress-mediated
. . . signal transduction pathways. Conversely, the overexpression of
Physiological Roles of Ser-GSTs in GSTU19 inA. thalianaplants confers tolerance to drought and
A. thaliana salt stressesX(1 et al., 2015 The fact that the overexpression of
As highlighted above, Ser-GSTs constitute the largest group®8TU1%lso confers an increased tolerance to methyl viologen
GSTs in plants. Although several molecular and biochemicéd pro-oxidant compound) together with increased activity of
studies have shed light on their tridimensional structuregntioxidant enzymes indicates that GSTU19 may be involved in
biochemical properties, and enzymatic activities, very little ounteracting the oxidative damages associated with drought or
known about the actual roles that these proteins plaplanta  salt stresses. Additionally, th& thalianaresponse to drought
This lack of knowledge might re ect the functional redundancyand salt stresses, mediated by the AtRGGA RNA-binding protein,
that most probably exists between these GSJapfl et al., involvesGSTUYAmbrosone et al., 20}5
2009 Rahantaniaina et al., 20l MNevertheless, the use of the GSTUs are also involved in plant response to biotic
model plant A. thaliana has aided in deciphering the rolestresses. A recent example is the observation tstul3
played by some of the 47 Ser-GSTs (13 GSTFs, 28 GSTUsjutants display an enhanced susceptibility, when compared
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FIGURE 4 | Hierarchical clustering of log2 fold changes of 44 Ser-GST genes in response to abiotic stresses. Microarray experimental data (generated using Affymetrix ATH1 GeneChip arrays), descrili¢itidny

et al. (2007) were obtained from the NCBI Gene Expression Omnibus (http://www.ncbi.nim.nih.gov/geo/). Intensity values of replicates were averaged and z-score transformed across nine stresses (cold, osmdti

salt, drought, genotoxic, UV, wounding, and heat) grouped as either aerial or root tissue, and further de ned according to a time course of exposure in hours. Hierarchical clustering was carried out by average
linkage based on Euclidean distance using in the Multiple Experiment Viewer (MEV) analysis package, resulting in the de ning of 7 clusters. Gene families of each gene was indicated using the following color
tau, light green; phi, medium green; theta, gray; and zeta, yellow.
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TABLE 4 | Diversity of Ser-GST functions.

GST Gene ID Acronym Known role Mutant characterized References

GSTU1 At2929490 GST19 None

GSTU2 At2929480 GST20 None

GSTU3 At2g29470 GST21 None

GSTU4 At2929460 GST22 None

GSTUS At2929450  GSTU1, AT103-1A UV radiation acclimation GSTU5-OE Liu and Li, 2002
Excess light acclimation response None Lv et al., 2015

GSTU6 At2929440 GST24 None

GSTU7 At2g29420 GST25 Part of the lipid stress response None Stotz et al., 2013

GSTU8 At3g09270 None

GSTU9 At5g62480  GST14, GST14B Salt and drought stress response None Ambrosone et al., 2015

GSTU10  Atlg74590 None

GSTU11  At1g69930 None

GSTU12  Atlg69920 None

GSTU13  Atlg27130 GSTi12 Indole glucosinolate biosynthesis / gstul3 Pislewska-Bednarek et al., 2018

Response to fungal pathogens
(E. pisi C. gloeosporioidesand
P. cucumerin)

GSTU14  Atlg27140 GST13 Part of the excess light acclimation None Lv et al,, 2015
response

GSTU15  Atl1g59670 None

GSTU16  Atlg59700 Part of the plant response to fungal None Pantelides et al., 2010
pathogens (V. dahliag

GSTU17  Atlgl0370 ERD9, GST30, GST30B  Drought and salt stress response GSTU17-OE agdtul? Chen et al., 2012
Light response / Seedling GSTU17-OE andgstul? Jiang et al., 2010
development / Root elongation

GSTU18  Atlglo360 GST29 Part of the lipid stress response None Mueller et al., 2008

GSTU19  Atlg78380 GST8 Drought, salt and methyl viologen GSTU19-OE Xu et al., 2016
stress response

GSTU20  Atlg78370 FIP1 Light response / Seedling GSTU20-OE andgstu20 Chen et al., 2007
development / Flowering time

GSTU21  Atlg78360 None

GSTU22 Atlg78340 None

GSTU23  Atlg78320 None

GSTU24  Atlgl7170 GST Lipid stress response None Mueller et al., 2008
Xenobiotic detoxi cation (TNT, GSTU24-0OE Gunning et al., 2014
2,4,6-trinitrotoluene)

GSTU25  Atlgl7180 Xenobiotic detoxi cation (TNT, GSTU25-0OE Gunning et al., 2014
2,4,6-trinitrotoluene)

GSTU26  Atlgl7190 Xenobiotic detoxi cation (herbicides) None Nutricati et al., 2006

GSTU27  At3g43800 None

GSTU28  At1g53680 None

GSTF2 At4g02520  ATPM24, GST2 Response to bacterial inoculation None Lieberherr et al., 2003
(P. syringag
Response to bacterial volatiles None Kwon et al., 2010
(B. subtilis)

GSTF3 At2g02930 GST16 None

GSTF4 At1g02950 GST31 None

GSTF5 At1g02940 None

GSTF6 At1g02930 ERD11, GST1, GSTF3 Response to bacterial inoculation None Lieberherr et al., 2003
(P. syringae
Modulation of plant metabolism in gstf6 gstf7 gstf9 gstf10 RNAi lines  Sappl et al., 2009
response to oxidative stress
Camalexin biosynthesis (conjugation =~ GSTF6-OE andgstf6 Suetal., 2011
of GSH with IAN)

GSTF7 At1g02920  GST11, GSTF8 Modulation of plant metabolism in gstfé gstf7 gstfo gstf10 RNAI lines  Sappl et al., 2009

response to oxidative stress

(Continued)

Frontiers in Plant Science | www.frontiersin.org 15

May 2019 | Volume 10 | Article 608



Sylvestre-Gonon et al.

Plant Serinyl-Glutathione Transferases

TABLE 4 | Continued

GST Gene ID Acronym Known role Mutant characterized References

GSTF8 At2g47730 GST6, GSTF5, GSTF6 Part of the lipid stress response None Mueller et al., 2008
Response to fungal (R. solani) and None Gleason et al., 2011
bacterial (P. syringae) pathogens
Response to fungal pathogens None Thatcher et al., 2015
(F. oxysporum)

GSTF9 At2g30860 GLUTTR, GSTF7 Xenobiotic detoxi cation (CDNB, None Nutricati et al., 2006
1-chloro-2,4-dinitrobenzene)
Indole glucosinolate biosynthesis None Wentzell et al., 2007
Modulation of plant metabolism in gstfé gstf7 gstf9 gstf10 RNAI lines  Sappl et al., 2009
response to oxidative stress
Salt stress response gstf9 Horvath et al., 2015

GSTF10  At2g30870 Indole glucosinolate biosynthesis None Wentzell et al., 2007
Drought and salt stress response GSTF10-OE andstf10 RNA lines  Ryu et al., 2009
Modulation of plant metabolism in gstf6 gstf7 gstf9 gstf10 RNAi lines  Sappl et al., 2009
response to oxidative stress

GSTF11  At3g03190 GSTF6 Aliphatic glucosinolate biosynthesis None Wentzell et al., 2007

GSTF12  At5g17220 TT19 Flavonoid storage (anthocyanins and gst 12/tt19 Kitamura et al., 2004 Sun et al., 2012
proanthocyanidins)
Response to fungal pathogens None Pantelides et al., 2010
(V. dahliag

GSTF13  At3g62760 None

GSTF14  Atlg49860 Response to virus infection (BSCTV, None Yang et al., 2013
beet severe curly top virus)

GSTT1 At5g41210 GST10 None

GSTT2 At5g41240  GST10B Systemic acquired resistance gstt2 Banday and Nandi, 2018

GSTT3 At5g41220 GST10C None

GSTZ1 At2g02390  GST18, GSTZ1, MAAI Tyrosine catabolism None Edwards and Dixon, 2000

GSTZ2 At2g02380 None

TCHQD Atlg77290 None

to wild-type plants, toward the fungal pathogeksysiphe pisi (i.e., GSTU7 GSTU18 and GSTUZ24 indicating that they may
Colletotrichum gloeosporioidesd Plectosphaerella cucumerinaegulate phytoprostane homeostasis or be involved in the general
(Pislewska-Bednarek et al., 2018 was demonstrated that this detoxi cation pathwaysueller et al., 2008totz et al., 2093
phenotype is essentially due to a decrease in the biosynthesis 0GSTFs constitute the second largest class of Ser-GSTs in plants,
indole glucosinolates (IG; defense-related compounds found with 13 members irA. thaliana(Wagner et al., 2002The GSTF1
Brassicaceae), where GSTU13 plays a catalytic role in conjugatieguence that was initially describeé@bgtling et al., 1993is no
GSH to IG precursors, aecting the innate immune systentonger presentin the nal reference genome of this plant.
of A. thaliana plants. GSTU16is another member that was As GSTUs, GSTFs are associated with the plant response
proposed to be part of the plant response to fungal pathogetts various abiotic and biotic stresses. For instarkethaliana
(e.g. Verticillium dahliag (Pantelides et al., 20LMHowever, the gstf9and gstflOmutants are more sensitive to a salt stress than
mechanism by which GSTU16 participates in this response stilild-type plants Ryu et al., 2009Horvath et al., 2016 In
needs to be addressed. contrast, overexpression @&STF1CQconfers higher tolerance to
Both biotic and abiotic stresses lead to the formation dfalt. Together these data indicate that thethaliana GSTF9
non-enzymatically formed oxylipins, such as phytoprostaneand GSTF10 play a positive role in the plant response to a
resulting from the oxidation of several types of lipids (mossalt stress. However, several reports indicate that the role of
probably in response to the accumulation of stress-mediated fré&&STF9and GSTF10extends beyondGSTF10was proposed
radicals and reactive oxygen species). These compounds serve gday a role in modulating developmental processes, such
signaling molecules to adapt the plant response to environments the brassinosteroid-independent spontaneous cell death, a
constraints, but may also enhance oxidative stress damages. Tihnsghanism that is mediated by the production of reactive oxygen
their homeostasis should be tightly regulated. Interestingly, it hapeciesRyu et al., 2000GSTFRNdGSTF10as well a&STF11
been shown that GSH-conjugation participates in this processe also involved in the biosynthesis of glucosinolat¥sigtzell
in particular in response to #seudomonas syringadection etal., 200Y. Whether GSTF9, GSTF10 and GSTF11 act in concert
(Mueller et al., 2008 In addition, the expression of severalwith GSTU13 in this processP{slewska-Bednarek et al., 2018
GSTU genes was shown to be responsive to phytoprostanesnains to be investigated. GSTF9 and GSTF10, together with
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GSTF6 and GSTF7, also play a role in limiting the metabolare species-speci c. Among Ser-GSTs in plants, the GSTFs and
changes that arise during oxidative streSagpl et al., 2009 GSTUs are highly represented, and have more diversi ed primary
Additionally, GSTF6 activity is required for the biosynthesis afequences and catalytic signatures compared to GSTs from the
camalexin, the main phytoalexin (i.e., secondary metabolite witheta, zeta and TCHQD classes. This is likely at the origin
antimicrobial activity) present imA. thaliana (Su et al., 2001 of their broader range of activities and set of accommodated
The proposed role of GSTF6 in this process is to catalyze thebstrates/ligands.
conjugation of GSH on indole-3-acetonitrile (IAN), leading to According to their stress-inducible expression, it is
the formation of GSH-IAN, the main precursor of camalexindocumented that many GSTFs and GSTUs have functions
biosynthesis. The above-mentioned functional roles of GSTF6 arennected to secondary metabolism, as exemplied by their
in agreement with its rst proposed biological function, whichimplication in the vacuolar sequestration of anthocyanin, in the
was to participate in defense mechanisms against pathogdmssynthesis of camalexin, and/or in the binding of biosynthesis
(e.g.,P. syringak together with GSTF2L{eberherr et al., 2003 intermediates (porphyrin derivatives) or cellular by-products
Kwon et al., 2010 GSTF8, GSTF12, and GSTF14 activities afexylipins). Their implication in xenobiotic detoxi cation,
associated with thé\. thalianaresponse to various pathogenssuch as herbicides, has likely little to do with their ancestral
including viruses Pantelides et al., 20lGleason et al., 2011 functions, that still remain to be delineated in many cases.
Yang et al., 2033 hatcher et al., 20)5GSTF8 and GSTF9 haveHowever, this has led to the development of biotechnological
been identi ed as potential actors of the lipid stress response aagplications in agriculture and environmental sciences [see
xenobiotic detoxi cation machinery, respectiveNtricatietal., the review in this research topic bfPerperopoulou et al.
2006 Mueller et al., 2008 (2018). The GSTs being targeted for the development of
GSTF12 is another member of the phi class whose functigransgenic plants are linked to conferring tolerances against
has been extensively studies. GSTF12 is also known b&stic and abiotic stresses or expressing engineered xenobiotic
TRANSPARENT TESTA 19 (TT19) and plays a key role imetabolizing enzymes for the bioremediation and detoxi cation
the control of anthocyanin and proanthocyanidin vacuolaof agrochemicals and pollutants.
accumulation inA. thaliana vegetative tissues and seed testa, To reveal the functions of Ser-GSTs, future studies will have
respectively Kitamura et al., 2004 In this process, TT19 actsto take into account the redundancy that most probably exists
as a carrier to convey these cytosolic avonoids to the tonoplaststhin and between the di erent classes of Ser-GSTs, which has
(Sunetal., 2092 limited the otherwise powerful reverse-genetic strategy. In order
No more physiological information is available for other Serto inventory molecules able to bind GSTs,vivo and in vitro
GST classes, namely GSTT, GSTZ, and TCHQD (3, 2, andidand- shing approaches have been used successfully in several
members inA. thaliana respectively)A. thalianaGSTT2 seems casesDixon et al., 2011jDixon and Edwards, 20)8However,
involved in the modulation of systemic acquired resistance ketermining the nature of the identi ed molecules and whether,
altering the expression of key genes involved in this proceatien and how they are conjugated with GSH or just bound
through epigenetic modi cations Randay and Nandi, 2018 to GSTs is a technically challenging and time-consuming task.
According to its capacity to catalyze the isomerisation dfor instance, out of the 43 structures of Ser-GSTs available to
maleylacetoacetate into fumarylacetoacetateitro, AtGSTZ1 date in the Protein Data Bank, only 6 are solved with bound
is likely involved in tyrosine catabolism, as demonstrated iligands. Hence, the validation of the physiological relevance of
animals Edwards and Dixon, 20Q00However, there is no mutant the detected interactions remains a major challenge.
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	A. La détoxication des espèces oxygénées réactives (EORs)

