[ eHETUYECKUN KOHTPOIMb
mMeTabonmnama a3oTa, doocopa u
peTporpagHas perynauus
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B3anmogencTeue KrneTok bakrepun v
MITeKonuTarLmnx

CuHsas 3Be3goyka — notpebnenune rmokosbl, GL- rmmnkonus, PP-neHTo30-
docdatHbIn umnkn, ETC- yenb NnepeHOCYMKOB 3MEKTPOHOB, 3eMeHbIE
TPEeyrosfibHNKN — NatoreHbl bakTepunn (06NN OTBET) —KpacHbIe
TpeyronbHUKK (crneumdnyecknin oTBeT)



OCHOBHbIe KaTabonuyeckue u

aHabornunyeckue NMYTU B KI€TKax
MOAKNAMIATAMNIIIAY
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Perynauus ueHTpanbHbIX METAOONMNYECKNX MyTEN
CUrHanNbHbIMU MYTAMW, MPOTO-OHKOreHamMm 1 Cyrnpeccopamm
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[TaToreH sanyckaeT UMMYHHbIW OTBET, BOCMNANUTESbHbIW MPoLIecc,
doopmMumnpoBaHue 3HOOCOM, anonTos, aBTodarnto. MHOrme n3 aTmx NpoLeccos
CcBsi3aHbl C METAbONM3MOM a3oTa U yrrinepoga u nx perynsatopamm.



Mammalian Host Cell

Metabolic defence reactions
Phagocytic NADPH oxidase

Inducible nitric oxide synthase (iNOS)
Heme oxygenase-1 [HO-1)

Regulatory network:

Nutrient sensors
and transporters

PI-3K/AKT Myec
‘ LKBI/AMPK  NF-xB
<. CREB/CRTC2 .

Anabolic pathways:
Gluconeogenesis
Amino acids
Nucleotides
Fatty acids/Lipids/Sterols

Pathogen

ommon surface structures,
effector proteins and
other virulence factors

Energy supply:
Substrate phosphorylation
Oxidative phosphorylation
via elactron transport chain

Catabolic pathways:
Glycolysis
Pentose-phosphate shunt
Tricarboxylic acid eycle
Glutaminolysis
R-Oxidation of fatty acids




OTBeT KNeTKn S. cerevisiae HaA
nenunT asoTta
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MeTabonn3m asoTta y APpOXKeu
Saccharomyces cerevisiae
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3aBUCUMOCTb KNETOYHOIO UMKnia oT
MCTOYHMKA a30Ta




Cucrema TpaHcrnopta aMMHOKMUCIOT
Yy 3yKapuoT
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[lepmeasbl coeanHeHnn a3oTa

GAP1 — zen kodupyem ocHosHyro nepmeasy amuHoKuciom

(mpaHcuenmop), criocobHy mpaHcriopmupogame 8HymMpb Kemkxu
6os1bWUHCMB0o pa3Ho8UOHOCMeU aMUHOKUCIom, daxe He 8X00sLUX 8
cocmas berikos.

Crieyucgbuyeckue rnepeHoC4YUKU aMUHOKUCIOM U nernmuoos (2eHb!
AGP1, BAP2, BAP3, DIP5, GNP1, TAT1, TAT2, PTR2, MUP1)

Bap2p, Bap3p u Tatlp — nepeHocsam nelyuH, YucmeuH, arnaHuH u
geHunanaHuH

Tat2 -mupo3UH U mpunmogaH .
Gnplp - a2rlymaMuH, acriapaauH .
Dip5p — aniymamam u acriapmam.
Muplp - MEMUOHUH .

Agpl — nepmeasa aMUHOKUCIIOM C WUPOKOU crieuyugu4Hocmaeto , HO C
MeHbweu, YeM y Gaplp, agpgbUHHOCMBIO.

Ptr2p omeedyaem 3a mpaHcriopm Ou- U mpurnenmudoos



MexaHn3ambl a30THOM KaTadbOnMMTHON
penpeccun

« KayecTBO 1 KONM4YECTBO MCTOYHMKA a30Ta
KOHTPONUPYHOT TPAHCKPUNLMOHHY aKTUBHOCTb FEHOB
a3o0THoro metadornunama (NCR-reHbl).

« «lnoxme NCTouHNKM» a3oTa ABNAKOTCA UHAYKTOPaAMMU
COOTBETCTBYOLMX FrEHOB, HAaNPUMEP FEHOB
kaTabonnama nponunHa n aprmHuHa .

* NCR - reHbl, Kak npaBuno, perynmupyrTcsa CUCTEMOWN
o0LLEero KOHTponst BMOCUHTE3a aMUHOKUCIOT |
akTusaTtop Gecndp).

« Perynsauua TpaHCKpUnumMm reHoB, KOOUPYIOLLINX
HeKoTopble Nepmeasbl aMUHOKUCIOT, OCYLLIECTBSETCS
npu NOMoLLK SSY1-NyTU, KOTOPbIN NO3BOMSET KNETKE
4YyBCTBOBaTb aMWUHOKUCIIOTHbIW COCTaB Cpeabl.
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GLN3 reHbl GAT1 DAL80 GZF3
NCR
Knetka

Cpepna

Cxema B3auMHOW perynaummn GATA-cbakTopoB: akTuBaTopoB Gin3p 1 Gatlp,
penpeccopoB Gzf3p 1 Dal80p, a Takke TpaHCKPUNLUUmM COBCTBEHHbLIX rEHOB GLN3,
GAT1, DAL80, GZF3 n NCR-4yBCTBUTESIbHbLIX FEHOB B 3aBUCMMOCTU OT TUNa
MCTOYHMKA a30Ta B cpeae (rnyTamMunH, aMMOHWUIA, rinyTamar, NposnnH). FeH GLN3
9KcnpeccupyeTca KOHCTUTYTUBHO, reH GZF3 Takxe, HO Ha 6a3arnbHOM ypoBHe. B
retepogmnmepe Gzf3p/Dal80p rmasHyto ponb urpaet goaktop Dal80p.
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Cpena
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1

C1pykTypa GATA-cbakTopa GIn3p 1 perynaums ero
BHYTPUKITETOYHOM NOKanu3ayum

102 126 140 150 306 336 351

Ure2p BD

GATA NES
BD

>

LluTonnasma

Anpo

[loka3aHbl JOMEHbI
TPaHCKPMNUMOHHOro akTnsartopa GIn3p.
B 3aBucumocCTn OT ycnoBuu cpeqbl
GIn3p nepemeLllaeTca mexay
LMTOMNIa3MOon U S4P0M Mpu y4acTum
aKkcnopTuHa Crm Ip, KOTOPbLIN
CBSI3bIBAETCH C NocneaoBaTeribHOCTbIO
NES (ak 336-345), n kapnodpepuHa Srplp,
KOTOPbI B3aUMOOENCTBYET C
nocnenoBaTenbHOCTLIO NLS (ak
388-394).

Benku Ure2p 1 Torlp pacnosHawT
aMWUHOKUCIIOTHbIE
nocnegoBaTenbHOCTU Ure2p BD (akK
102-150) 1 TOR BD (ak 600-667)
COOTBETCTBEHHO. AD — aKTBUPYIOLLMIA
OOMEH, pacrosioXeH B panoHe 126-140
ak. [IHK-cBsi3biBaoLLme JOMEHDbI
pacronoXeHbl B paoHax 306 1 351 ak.
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CocTtaB KomMmmnriekca CepuUH-TPEOHMHOBbLIX KMHa3 TOR
Yy OPOXKEWN S. cerevisiae

Komnnekc TOR TORC1 TORC2

benkun, Bxoasawme B Torl nnun Tor2, Lst8, Tco89, Tor2, Avol, Avo?2, Avo3,
COCTaB KOMMJIEKCOB Kogl Lst8, Bit61, Bit2.

Tonbko TORC1 cnocobeH
B3aMMOOENCTBOBATbL C
panaMmuuuHoOM
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Pucynok 4. Cxema padorsl TOR-KMHA3HOrO KOMIUIEKCA M €r0 OCHOBHBIX MUweHeH. Kinwuessim
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Jedmur asora Panamuuus
\

Inrommasma

2 TCA-reHbl % i Om' ergoaom u NCR-reHb! x

Pucynok 5. OrBer kiaeTku agpoxokeit Ha geduuut azorta. [Ipu aeduuwmre azora (aubo npu

BO3AeHCTBHYM PanaMHUMHOM) akTUBHOCTb KoMmuekca TORC1 cuuxaerca. [Tpu atom docdarass
Sit4 u Pph21/22 ocoGoxaatorca ot Tap42p u Takum oOpaom aktuBupyroTes. Mx mumensmu
ABAAKTCA TpaHcKkpunuuoHHele daktopsr GIndp u Gatlp. Jedocdhopunupopanue Gin3p u Gatlp
BEJeT K MX MMMOPTY B 5APO, FA€ OHH HHULUMHMPYHT 3KCIPECCHK) I€HOB, PaHee NOABePKEeHHbIX
azoTHo# penpeccun. Snflp npu stom docdopunupyer Gln3p, oanako 310 dochopuanposatue B
oranune ot TORCIl-onocpegoBanHoro ¢ochopuaHpoBaHus CnocoOCTBYeT NepeMelleHH
GIn3p B sagpo. Kpome storo, Sitdp u Pph21/22p cnocoGcTBYRT SASpPHOH NOKAIH3aLUUH
TPAaHCKPHNUHOHHLIX (axkTopoB Msn2/4p, oreeuwaromux 3a orBeT Ha crpecc u Rtgl/3p,

ofecne4dHBaKLIMX PETPOrpaaHyr peryaauui (moa. no Conrad, 2014).
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PeTporpagHasa perynayus

« BHYTpMKNEeToMHasas KOMMYHUKaLIMSA Mexay
MUTOXOHOPUAMMN N AOPOM AOCTUrAETCS C
MOMOLLIbIO peTporpagHon perynsaumm.

* Y S. cerevisiae —3TO RTG NyTb.



RTG no3nTmBHO perynupyetcsa benkamm Rtgl, Rtg2, Rtg3
and Grrl n HeraTMBHO Genkamun Mks1, Lst8 u aoBymMS
oenkamu 14-3-3, Bmh1/2.

AKTUBaUMS peTporpagHoro curHana BefeT K akTuBaLum
Rtgl/3, (OBa basic helix-loop-helix leucine zipper T®). Ons
aKTuBaLWMmM 3TOro KoOMnrekca Tpebyercs
UmuTonnasmarndyeckmum b6enok Rtg2.

Rtg2 npuHaonexmT Kk ceMmencTtBy /Hsp70/sugar kinase
superfamily. OToT 6enok nmeet ATO-cBA3bIBAOLLIUA
OOMeH. Rtg2 cBA3bIBAET N UHAKTUBUPYET Mks1, NOITOMY
aktuBupyetcs Rtgl/3 n RTG nyTh.

Korga nyTb HeaktnBeH, Mks1 guccounnpyet oT Rtg2 u
CBSA3bIBaeTCs C Bmhl/2, Yto npeaoTBpallaeT

akTuBauuo Rtgl/3. [NpegnonaratoT, YTO AnUccoumaLlns
Rgl)%mcxonm B pe3ynbraTte U3MeHeHUA KOHUeHTpauum



- il }i
Pol lll Ribi,RP
Genes Genes

Stress
Response

Nucleus Genes

Figure 4 TORC1 and nitrogen
regulation. Two pathways, one
mediated by TORC1 and a second
less well-defined nitrogen catab-
olite repression pathway, adjust
growth as well as expression of
genes required for use of alter-
nate nitrogen sources in re-
sponse to the quality and
quantity of available nitrogen
sources through regulation of
transcriptional activators (blue
icons) and repressors (red icons).
TORC1 likely responds to intra-
cellular amino acid levels sensed
through the Ego complex and
regulates  growth  primarily
through Sch9, regulates stress,
and alternative nitrogen source
through protein  phosphatase
2A and regulates permease sort-
ing through Npr1. Npr2/3 lie up-
stream of NCR gene expression
but whether they regulate
TORC1 or the ill-defined NCR
pathway is not clear.
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[ eHETUYECKUN KOHTPOIb
perynauum Kncnom gocaarasbl y
OPOXKEN-CaXapOMUNLIETOB



docdop -0ANH U3 OCHOBHbIX ONOTrEHHbIX 3NTEMEHTOB KINETKU

* B xuBbIx opraHnamax dpocop npencrasrieH B OCHOBHOM B Buae
opTodhocara (HPO, %)

* Y ppoxoken @ BCcTpevaeTcs kak CBOOOAHbBIN MOH, HO bonbluas YacTb
CDH cBdA3aHa B BMae pocponmnuaos, HyKIeoTUOOB,
docdonpotengos n gocdopnnnpoBaHHbIX YrrineBoaoB.

* WN3bbiTok ® HakannueaeTcs B KNeTke B BUAE Nonmgocdartos —
NUHENHbIX NONMMepPOB OPTOGOCHOPHON KUCIOThI. B nonndocdarax
aToMbl oocdopa CcBsA3aHbl aHrMAPUOHLIMU CBA3AMMU, B pesyrbrarte
4Yero OHWM CrocobHbI K 3anacaHnio 3HEPIrK U BblAeNeHU0 60NbLLIOro
ee Konun4yecTsa npu rmgponmae atux cedasen (Kynaes, 1975).

& urpaet BaxHyto porib B noaaepkaHumn BHyTpUKNeTo4Horo pH.
d _pencTByeT kak cybcTpaTt 1 9hPEKTOP MHOTMX 3H3MMOB



BHyTpeHHMe pe3epBbl OH

[1pn CHUXXEHUN KOHLUEHTPAaLINK CD B LMTONMA3Me U
B cpee YpoBEHb ero MoXeT 6blTh BOCCTAHOBMEH
3a CYET BHYTPEHHUX PE3EPBOB KITETKMW.

1. AT® - obpasyeTcs B pesynbraTe CMHTe3a
aMWUHOKNCNOT, HYKITEOTUOOB, XXMPHbIX KUCNOT,
doyHKLUMOHMPOBAHUA MPOTOHHOW NOMIMbI U
aHannepoTU4eCcKnUx peakuun, Takmx Kak LUK
Kpebca;

2. dochoeHonnupysat, obpasytowmnimnca npu
CUHTE3Ee apoMaTUYEeCKUX aMUHOKUCTIOT;

3. CaxapodocdaTbl — Tperanosa u caxapa,
obpa3syloLmnecs B Xxoae rmoKoOHeOreHesa;

4. NonuagpocdaThl.



depmeHTbl MeTabonmama PH

* N303MMbI Kucnown gpocdarasbl (KP)

* TPAHCNOPTHbIE BESKN — Nepmeasbl C
pa3HbIM CPOACTBOM K DH,

* LLIENOYHble pocdaTasbl, nonndocdarasbl
n nonudpocdartkmHasbl, obecrnevmBaroLne
pacLlenfieHne pesepBHbIX nonmgocgaTtonB



AKTUBHOCTb KO

R "
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buoxnmmnyeckne xapaktepuctmkm Ko
OPOXKEN

M
' AP2 Lty
03
20,6 1 - 1G-P188 |
5 s = GRF18 [ 02
' AP1
0,2 ..m‘-
= -
0 T
0 5 10 15 20 25 El
Ne fraction
1 AP1 NaCl M
] 0,4
03 :
=06 ‘
S + 1G-P188 -
\ 0,2
©04{ -=~GRFI8 ,‘
02 \
0 - T

[enb-cdouneTpauns kg : A — Hu3kasa koHueHTpaunsa @ ( MNENM), B- NEN®O



[ eHETUYECKUN KOHTPOJ1b CUHTE3a KA1
(Pho3p)

* K&O1 - cTpykTypHbIN reH PHO3
* He perynupyetca goocaTtom

* MyTaLWKN, CHUXKatoLME aKTUBHOCTb KD1,
BO3HWKAIOT Kak MMHUMYM eLLle B 6 reHax

e gobaBneHne TmammHnmpodocdara —
nopasndaet TpaHckpunuuto PHO3

* [eH PHO3 knoHmnpoBaH 1 koaupyeT 6ernok ¢
MONneKynapHbIM BecoMm 57 k[la, Ha 87%
MOEHTUYHbIN Pho5p



Pho5p

* Penpeccuna doocdpatom
* CTpyKTYpHBbIN reH PHO5

* [IpoMOMOp ucrosib3yemcs 8
buomexHosioauu

« CmpyKkmypHasi Yyacmb 2eHa UCrOo/1b3yemcs
8 Kayecmee periopmepHoO20 2eHa



XpomMocoMHast nokanunsauusa knactepa PHO5-
PHQO3
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[ eHemuyeckuu KOHMposib cuHmesa KO2 u K@3

NMpoAaykT reHa Tvn perynsauun NMposiBneHue B
rereposuroTe

PHO 5 K2, 60 k[a Penpeccupyetca  peueccmBHOe
®H
PHO11 K3, 56 k[la Penpeccupyetca  peueccmBHoOe
®H
PHO 84 [lepmeassbl C
PHO89 BBEICOKMM Penpeccupyerca  peuLeccmBHOEe
CPOACTBOM K OH
doocparty
PHO 86 -PHQO91, [lepmeasbl c He 3aBucut ot peueccmBHoe
GTR1 HU3KUM KOHLUEHTpaunm
CPOACTBOM K ®H
doocarty
PHO2 TpaHCcKpUNUMOHHBIM - PenpeccnpyeTca  peLecCcuBHOE

daktop (Homeobox)  n

PHO4 TpaHckpunumoHHbin - Penpeccupyetca  PeueccuBHoe,

doakTop (bHLH) ®dH JOM.
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Fig. 4. Map of hypersensitive sites at the PHO5/PHO3 gene locus. The
positions of the hypersensitive sites 1 =5 are shown.
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benku - nepeHoc4Ynkn goocdarta

H+ ®H ®OH Na+ OH

Humonna3sma

H+ OH ®H Na+ dH  H+

1 1 i

PHO84 PHO89 PHO?

1 1 1

Huskui ypoBeHb docdpata  Huskmit ypoeeHb hoccpata BbICOKNMIA M HU3KMI ypOBEHb
B cpeae B cpeae c¢ocdpata B cpene
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[To3uTmBHbLIE perynatopbl PHOS5

PHO4

MyTauun peueccuBHbIe, CH/XKAOLLNE aKTUBHOCTb penpeccubenbHbix KO Ha cpeae
6e3 docara.

MyTaunm pho4 anUCTaTUpYIOT BCE Apyrne perynatopHblie MyTauum pho, 4TO NO3BOMANUIIO
cumtatb Phodp no3anTtueHbiM akteatopom PHOS.

Kponvle TOro, B reHe PHO4 BO3HVKAIOT AOMUHAHTHbIE KOHCTUTYTVBHbIE MyTaLWu -
PHO4C, koTopble 3aTparusatoT obnactb B3anmoaenctems 6enka Phodp c Pho80p.

[eH PHO4 nokanusoBaH B VI XpoMocoMe 1 KogmpyeT HebonbLion 6enok 34 k[a (309 a.
K.), COCTOALWMIN N3 N-TepMnHanNbLHOro (1-109) Kncroro aktnsupytowero mn C-
TepMuHanbHoro ocHosHoro [1HK-cBsa3biBatoLWEero JOMeHOB .

N — TepMUHanbLHaa YacTb MOJEKYIbl COOAEPXUT NocnenoBaTeNibHOCTL (1-31), KoTopad
HeobxoanmMa A1 B3aMMogencTBmA ¢ LMKNMHOM Pho80p, a Takke obnacTb (73-99),
HeobXoAMMYIO 1 OOCTAaTOYHYIO A9 aKTUBaLMKN TPAHCKPUNLMN,

LleHTpanbHaa yacTb MoneKyrnbl COAEPXKNUT y4acTKM (154-200) u (200-218),
B3anmogeuncraytouwme ¢ Pho80p 1 Pho2p, COOTBETCTBEHHO.

C-TepMmunHanbHasga YacTb Monekyrsbl Phodp cogepxmt bHLH (helix-loop-helix) — MOTUB,
HaMOEeHHbIN N B OPYrMX akTMBaTopax aykapuor .



1 Superclass: Basic Domains
1.2 Class: Helix-loop-helix factors (hHLH)

Fig. 2. Overview of the PHO4-DNA complex drawn with the program
MOLSCRIPT (Kraulis, 1991). Helical regions are represented by
ribbons; non-regular secondary structure elements by thin tubes.
Molecules A and B are colored red and yellow, respectively. Helical
structure is clearly seen in the loop region.

Casi3pIBalOTCAa B BUae roMo- wiu rerepoaumepon ¢ E-box CANNTG
Ipeacrasureau: MioD, Phodp u ap.
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AKTUBHOCTb Pho4p perynmpyeTtcst Ha HECKOMbKNX
YPOBHSIX:

1. HaypoBHe nokanusauuu 6ernka B KOMnapTmMmeHTax. B
doocdopmnnpoBaHHOM COCTOSIHUM Pho4p HaxoguTcs B LuMTonnasme, B
HedocopunMpoBaHHOM - B Ape

2. Ha ypoBHe chocchopunmpoBaHusa 6enkoBon MoneKynbl. Pho80p -
Pho85p dhochopunupyet Phodp no naTtu Ser B nonoxeHuu 100, 114, 128, 152,
233.

docopunuposaHue Serlld n Ser128 - akCrnopT Phodp n3 aapa rnpu
MOMOLLM 3KCMOPTHOro peuenTtopa Msn5p,

docohopunupoesaHue Serl52 HIMOUPYET SAEPHLIN UMMNOPT Phodp,
npegoTBpallas cBasbiBaHKE ¢ 6erIKoM - UMNopTEPOM Pselp
docohopunuposaHue canTta Ser233 MHIIMBUpPYET cBA3bIBaHNE Phodp C
Pho2p.

Ha cpefe c Bbicokou koHUeHTpauuen ®  Phodp pocopunmposaH no
cantam Serl14, Ser128, Ser233,

Ha cpepne 6e3 docchaTta Phodp He pochopunmpoBaH,

Ha NPOMeXyTO4YHOU KOHLeHTpauunmn docarta Bcerga doocpopunmposaH
caunT Ser233, HO He Bcerga Serl14, Ser128. 40
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Pho2p

Pho2p - (Bas2, Grf10) TpaHCKPUMLUNOHHLIN akTuBaTop reHoB PHO-peryrnoHa, ¢
MOJieKynsipHon maccou 83 k[la.

[eH PHO2 nokanunsoBaH B XpomMocome |V, MyTauum pho2 npuBogaT K
OTCYTCTBUIO aKcnpeccum reHoB PHO v HapyLLEeHMo Cropyssiuum.

B N-TepmuHanbHon obnactu Pho2p pacnonoXxeH curHan sgepHou
nokanusaumu

Benok cooepXXUT KoHcepBaTUBHYIO NOCreaoBaTeNnbHOCTbL «khomeoboxy,
KOoTopas yyacTtByeT B cBA3biBaHUM ¢ [JHK , a Takke kucnyto n boratyto
rmyTamMunHOM 0briacTu, xapakTepHble Ana 6erikoB - akTMBaTopoB
TpaHCKpMNLmn.

[na B3anmopencteusi ¢ Phodp Heobxoguma C-tepMmunHanbHas obnactb Pho2p

Pho4p numyumpyet ocsoboxaeHne npomotopa PHOS5 oT Hykneocowm, a Pho2p
nnbo gectabunmanpyet Bzanmogencrteme ructoH - AHK, nnbo obecneunsaer
Nx B3anmopaencTeune ¢ Phodp

AKTUBHOCTb Pho2p Takxe perynupyetca dpocdopunnpoBaHmeM, KOTopoe
OCYLLECTBNAET UMKNUH-3aBuUcumMmas oocdonpoTenHkmHasa Cdc28p v TONbKO B
dooco-dopme OH MOXET B3anmMmoaencTBoBaTb C Pho4 1 aktusmnpoaTb PHO5



PHOS81

B reHe PHO81 BO3HMKaOT MyTauum AByX TUMNOB — peLEeCCUBHbIE, NMpuBoasiLLme K
OTCyTCTBUIO Aepenpeccumn reHa PHOS5, n JOMUHaHTHLIE MyTaunu, npuBoasLLne
K KOHCTUTYTMBHOM aKcnpeccum reHa PHOS.

B MPOMOTOPHOM 061acTn naeHTMuUnpoBaHbl CanTbl CBA3bIBaHNA Ana Phodp n
Pho2p, a Takke HeraTMBHag perynatopHaga nocriegosartenbHOCTh (NRS).
Heneuna aton obrnactu B 4 pasa noBbILLAET YPOBEHL akcrpeccun PHOS1.

B perynauum TpaHckpunummn reHa PHO81 y4acTBYOT OCHOBHbIE PerynaTopHbie
6enkn PHO-peryrnoHa.

benok Pho81p (134k[a), B Oenke 6bina ugeHTUdUuMpoBaHa obnactb 80
aMUHOKUCIIOT (645-724 a.K.), KOTopas AoCTaTo4vHa Ans CBA3bIBAHUSA C LMKINH-
KMHa3HbIM KOMIMJIEKCOM.

Benok Pho81 npenmyLLecTBeHHO fToKann3oBaH B S4pe, HO MOXET HaXxoaUTbCS U
B UMTONMIAa3Me, 1 B HAONMNasMaTn4ecknx memopaHax, TpaHCrnopT aToro 6ernka B
A0pPO0 OCyLUeCTBNAeTCs Npu nomoLum Pho80p .

Komnnekc Pho81p-Pho80p-Pho85p cyLiecTByeT Bcerga W Ha cpege 6e3
docata, 1 Ha cpeae ¢ hocdaTtom, HO TONbLKO Ha cpeae 6e3 docaTta Pho81p
crnocobeH MHrmbnposaTb KMHa3y Pho85p.

Bo3moxxHa npoTeonutuyeckas gerpagaumd



HeratmBHbIEe perynaTtopbl CUHTE3a
KO

Pho85 — unknuH-3asmcumasg kmHasa. 'eH PHOS85 rniokann3oBaH B XVI
XPOMOCOME, COAEPXKUT UHTPOH U KOAMPYET BENOK ¢ MONEKYNSAPHON
mMaccou okono 35 k[a.

CemenctBo CDK : Cdc28p, Ssn3p, Kin28p , Pho85p, Caklp

Pho80 - B oTnn4mne ot MCTUHHBLIX LIMKITMHOB Pho80p MOXXHO OTHECTU K
LUMKNMHaM NULLb YCNOBHO, Tak Kak akcrpeccus reHa PHOS80 He
MEHSETCA B XO4€e KITETOYHOro LuMKna.

B reHe PHQOS80 6binn ngeHTndmuympoBaHbl MyTauum AByX TUMOB:
peLecCcrBHbIE, NPUBOAALLNE K KOHCTUTYTUBHOMY CUHTE3Y KO 1
Nofya4OMUHAHTHbIE MyTauUMM CO CHUXKEHHOM akTUBHOCTLIO KO Ha cpene
c pochatom.

'eH PHOS80 (1,8 T.n.0.) IoOKann3oBaH B XpoMocome XV 1 Kogupyet 6enok
293 a. K.
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[TnenoTponHblie adpdPeKkTbl Pho85

10mKM

LLUTammbl ¢ MyTaunsamm pho85, kak
npaswuno,
*He pacTyT npun 37°C,
*MEIOT HapYyLUEHHYIO MOPJIOSIOrUI0
KIEeTOoK,
*He CNOCOOHbLI pacTu Ha MuUepuHe U
cnupre,
* HaKanmnBatoT MMNKOreH ,
*4yBCTBUTENbHbI K
aMUHOIMNKO3NOHBbIM aHTUBMOTUKaM
«[lunnonabl, reTepo3nroTHbIE Mo
MyTaunm pho85, NNOX0 CNOPYNUPYIOT
* bIXaTenbHO HEKOMMNETEHTHbI
-CriegyeT OTMETUTb, YTO MyTaLun
pho85 NpnUBOAAT K MOCTOAHHON
nokanunsauuu Pho4p B aape.



LinknnHbl CDK Pho85

[loacemenctBo Pho80

e Pho80p, Pcl6p, Pcl7p, Pcl8p, Pcl10p

e KOHTpOsb meTtabonnama, OTBET Ha
cTpecc

[loncemencTBo Pcll,2

e Pcllp, Pcl2p, Pcl5p,Pcl9p, Clgl
o KNeToYHbIN LUK
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CyObcTpaTbl UMKITMHOB Pho85
wncwn oybcoar | mpowece

Pho80
Pcl6
Pcl7

Pcl8
Pcl 10

Pcll1, Pcl2, Pcl9
Clgi
Pcl5

Pho4

Pho4
Glc8- nHrnmouTop
doocdpraTasbl Glc7

Gsy2 -IMnKoreHcmnHTasa

Glc8- HrmbuTop
doocdhatasbl Glc7

Rvs167
?

Gen4

meTabonunam docata

CuHTEe3 rmukoreHa

CuHTEe3 rmukoreHa

CuWHTE3 rmuKoreHa

LUTOCKEneT

bnocnHTEe3 aMMHOKUCIOT
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PHO Signaling Pathway
P
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Pho84
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Phosb .@ ADP

Pho4d
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Mopgenb perynaunn Ko
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49



Pacnono)eHune HyKneocom B
npomoTtope PHOS5

UASp1 UASp2

Ha akcnpeccuio PHO5 BInUAKOT KOMNOHEHTbI KOMMJieKca SAGA:

Gcn5 — auetunTtpaHcgepasa ructoHoB, A gen5 — nsmeHeHune
HYKITEOCOMHOM CTPYKTYPbl MPOMOTOpa

Spt3 - ocnabnsaet ceA3biBaHMe TBP C NpOMOTOPOM

MyTaHTbl Agcn5 Aspt3 — KOMnnekc He cobnpaeTtcs

MYTaHT ada2- 3afepXXKka pemMoaenmpoBaHnda XpoMaTmnHa
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PerynaTopHble
Hekogupyrowue PHK
APOXKen

30 mapTta 2011r. CasuHoB B.A.



JT1anbl nsyvyeHus PHK-
CaunieHCUHra

«KO-cyrnpeccusi» y pacteHum (1990 r.)

quelling («<nogaBneHune») y Neurospora crassa (1996 T.)
«PHK-nHTepdepeHumnsa» (RNAI) y C. elegans (1998 r., 2000 T.)
perynauma c nomowbio MUPHK'y C. elegans (2000-2001 rr.)

PHK-canneHCUHr:

* [I0OCMMPAaHCKPUNUUOHHbIU 2eHHbIU caurneHcuHa (PTGS) - ¢ y4acTuem
KOMMSieMeHTapHbIX (aHTUCMbICNOBLIX) Monekyn PHK, pacnosHatoLwmx
uenesyto PHK n obpasyowmx ¢ Hen aynnekchbi;

* MPaHCKPUNUUOHHbIU 2eHHbIU calrneHcuHa (TGS) — ¢ popMmnpoBaHNUEM
reTepoxpomatuHa. ['okasaH gns Schizosaccharomyces pombe (Almeida &
Allshire, 2005).



(a) Double-stranded RNA

Glossary

5-Me-C 5 Maethylcytosine

DNMT DNA de novo methyltransferase
dsRNA Double-stranded RNA

HDAC Histone deacetylase

HMT Histone methyltransferase

(d)

® - @@ @P@ -
e N\

,>< >

Transcriptional silencing

(e)

() [—\

mRNA degradation Block of mRNA translation

Figure 1. The differentforms of RNA silencing. (a) Double-stranded RNA molecules derived from complementary transcripts or from a stem-loop structure are recognized by
Dicer (in blue) and cleaved into small RNAs. The RARP protein (in green) acts in a positive-feedback loop for the siRNA signal by producing complementary strands of the
target RNA molecule, either by recognition of its ‘aberrant’ nature or by using small RNAs as primers [61], thus generating more homologous double-stranded RNA for Dicer
processing. (b) The RISC complex, primed with asmall RNA, can exert silencing ina variety of forms. In all cases, the small RN A confers target specificity, whereas the protein
components within the RISC complex effect, or recruit mediators of, repression. (¢) The conventional RNAI, PTGS or quelling pathway is depicted on the left, where the RISC
complex associates with the target mRNA and employs the RISC ‘slicing’ activity of Argonaute protein to cleave the transcript [82,83] (d). RISC can also induce transcriptional
gene silencing (TGS) by using the siRNA specificity to direct silent chromatin modifications over homologous DNA loci. Target DNA (magenta line) and overlapping histones
become methylated through the recruitment of DNA de novo methyltransferase (DNMT), histone deacetylase (HDAC) and histone methyltransferase (HMT) activities by a
variant of the RISC complex, which canresultin the shutdown of transcription. (e) A typical miRNA-loaded RISC does not affect mRNA turnover but binds to the 3-UTR of the
target transcript (blue line) and effectively blocks its translation by an unknown manner. It has been found recently that specific miRNAs can direct target mRNA cleavage and
thatan siRNA-loaded RISC can also block mRNA translation (see above), which suggests that it isthe nature of the small RNA sequence, rather than the composition oBBISC,
that defines which process occurs [84,85].



miRNA gene —

Transcription

RMA Pol 1|

pri-miRNA Cap

Cropping

pre-miRNA
(~70 nt)

Export

pre-miRNA

Dicing

miRNA duplex (~22nt)
Strand selection and
MIRISC assembly

Mature miRNA
in mIRISC (~22nt)

(A)n

Drosha-DGCRS

Q

Mucleus

Exp5-RanGTP
NPC Cytoplasm

Dicer—-TRBP

Dicer-TRBP-Ago

buoreHes
MUPHK

Figure 2. Model for miRNA biogenesis. miRNA genes are transcribed by an RMNA
polymerasell (Pol Il) to generate the primary transcripts (pri-miRNAs). The initiation
step (cropping) is mediated by the Drosha-DGCRE complex (also known as the
microprocessor complex). Drosha and DGCRE are located mainly in the nucleus.
The product of the nuclear processing is ~ 70-nt pre-miRMNA, which possesses a
short stem plus ~2-nt 3" overhang. This structure can serve as a signature motif
that is recognized by the nuclear export factor, Exportin-5 (Exp5). Pre-miRMNA
constitutes a transport complex together with Exps and its cofactor Ran (the GTP-
bound form). Upon export, the cytoplasmic RMase |l Dicer participates in the
second processing step (dicing) to produce miBMNA duplexes. The duplex is
separated and usually one strand is selected as the mature miRMA, whereas the
other strand is degraded. In Drospphila, R2D2 forms a heterodimeric complex with
Dicer and binds to one end of the siRNA duplex, thereby selecting one strand of the
duplex. It is not known if miRMNAS use the same machinery forstrand selection. It is
also unclear whether an R2D2 homolog functions in animals other than Drosophiia.
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(a)

(b)

(d)

TGSy S. pombe

O6nacTtu dpopmmpoBaHn4
retepoxpomMaruHa:
* nepuueHTpomepHble yyactku OHK;
* NTOKYC TUNa cnapuBaHus.

Figure 2. RNA-mediated heterochromatin formation in fission yeast. (a) The
RISC-variant RITS complex with its known components: the ArgonautePPD protein
Agol, the chromodomain protein Chp1 and Tas3. (b) RITS attracts Clrd and an
unknown HDAC to deacetylate and methylate histone H3-K9 over target DNA
(blue line). It is still unclear whether the target recognition process involves
RNA-DNA interactions between the small RNA and the target DNA or RNA-RNA
interactions with a nascent transcript. (¢) Nucleosomes bearing H3K9me are
preferentially bound by Swi6/HP1, which promotes the recruitment of hetero-
chromatin proteins, such asthe cohesinsubunit Rad21, and allows spreading of the
heterochromatin domain to upstream and downstream regions. (d) This results in
the assembly of a patch of heterochromatin that is rich in Swi6/HP1 and Rad21, as
well as being transcriptionally silent. 57



B 2008 rogy y apoxkeun S. pombe BbisiBieHbl KOpoTkne HKPHK,
CUHTE3NpyeMble B NPOMOTOpPE reHa fbpl npu yganeHum rnokosbl U3 cpeabl
(Hirota et al., 2008).

91 HKPHK 3anyckaloT nepecTporkn xpomaTmnHa B MpoMOTOpPE,
HeobxoauMble ANA MHULNAaLUN TPaHCKPUNLINK.

[TokasaHa no3nTmnBHag perynsaumns akcnpeccmmn, B OCHOBE KOTOPOW
nexart npoueccol, NnpoTnsonosioxHbele TGS: PHK-nonumepasa |l
CUHTEe3npyeT «cMbicnosyto» HKPHK, koTopas Bbi3biBaeT packpbiTne
XpoMaTuHa B obnacTtu npoMoTopa 1 akTuBaumio TPAHCKPUNLUK.




PerynatopHble
Hekoaupyouwume PHK
APOXXKeW S. cerevisiae

Y ppoxxen S. cerevisiae HeT PHK-uHTepdepeHuymn!!!

... Ho ecTb HKPHK, B TOoM yncne acPHK.



UcTtouyHnkn HKPHK y apoxoken:

« [lsyHarpasrneHHas mpaHcKpunyus — MHOrMe NpoMoTopbl MOryT
3anyckarb TpaHCKpMNumMio B 060nx HanpaBreHusix; BbisiBIIEHO BosbLLoe
konnyecTtBo krnactepoB HKPHK (okorno 250 H.); 6onbwmnHcTBO Taknx PHK
CUMTBLIBAETCS UMW HAYMHAET CYMNTLIBATLCS B MEXIeHHOW 06nactn mexay
OBYMS1 BrIN3KO pacnosioKEHHbIMW reHaMu; NPOMOTOP BTOPOro reHa
paboTaeT B 000uxX HanpaereHusix; nonydvaercs «ceHe»-HKPHK ons
BTOPOro reHa n «aHtnceHc»-HKPHK ana nepsoro reHa.

 TpaHcKpurnuusi Kopomkux «ceHe»-HKPHK ¢ anbmepHamueHbIx mo4yek
UHUYyuayuu Bbile ToYKM Ha4ana cuHte3a mPHK.

 TpaHCKpunuus «ceHc»- U «aHmuceHc»-HKPHK ¢ pa3Hbix cKpbimbix
8HYMPEeHHUX MoYeK UHUyUayuu — perynauns CKpbiTonM TpaHCKpUnuun,
aHarorM4yHo ansTepHaTUBHOMY CMNIauCUHIY, MOXET OblTb MEXaHU3MOM
CUHTE3a arnbTepHaTUBHbIX OENKOBbLIX MPOAYKTOB.

Haunbonee pacnpocTtpaHeH y Apoxken nepBbiv cnocob cuHTe3a
HKPHK.



HKPHK SRG1 (SER3 regulatory gene 1)

a Minimal medium RNA polymerase ||
{no serine or glycine) /" ‘?
SER3 \ —

3 — SER3 gene
transcription 3
actlvator binds

[ =

SRG1
promoter

SER3 mRNA

b Rich medium . N
@ . SER3

™ SERS3 protein

o EE

\ sn't bi

[ == &-c/\ 1
SRG1 nonsense mMRNA SER3 gene

* TATA-60KC Ansa TpaHckpunuum SRG1 * HET rOMOJIornmn

(-558) * yuc-perynauus

* TATA-60kc ona MPHK SER3 (-108) * «TPaHCKpUNUMOHHaA

NHTEPMEPEHLNA»

(Martens et al., 2004, 2005)
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acPHK B nokyce IME4 (Initiator of Meiosis
4), kopupyrowem PHK-

SENSE

>

_ 400 bp i

<

ANTISENSE

Figure 1. The IME4 Gene Produces Two Different Transcripts According to Cell Type

==
diploid haploid diploid haploid
Antisense Sense

Figure 5. Antisense Transcription Effec-
tively Reduces, but Does Not Completely

(Hongay et al., 2006) Abolish, Sense Transcription and Vice

Versa

« acPHK reHa IME4 Tonbko B
ranfionaHbIX KNneTkax

 MPHK Tonbko B aunnoungax

* YUC-NHAKTUBAaLNA

* pa3nNn4na No AnnHe

* retepogmmep d6enkos al/a2
BrokupyeT cTapT ac-
TpaHCcKpunuum
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UpneHtudmnumpoBaHbl acPHK gnsa 1555 reHOB poXxKen

Hanpumep, ob6HapyxeHa acPHK pagna reHa SPO22,
9KCMpeccus KOTOpOro crieundunyHa anga mMenosa Ha pPaHHUX
aTanax.

[lepeng TOYKOM WMHUUMALMK acC-TPaAHCKpUNUMM B 3TOM
NOKyCe pacrosioXeH y4yacToK cBA3blBaHUA Ana dpaktopa Cbfl,
KOTOPbIN 4YyBCTBUTENEH K CuUrHanam O cocCTaBe cpefbl U
BOBJ1€YEH B perynaumio pensimkaumu.

[lpennonaraeTcs, 4YTO ac-TPaHCKPUNUUA 3anyCcKaeTcd B
ycnosusax, HebnaronpuaTHbIX AnNst Menosa, T.e. B boratoun
cpene, B pe3ysibraTe Yero nogaBnidaeTca akTMBHOCTb reHa SPO22
N BXOA B MENO3.

dakTop Cbfl akTUBUPYET ac-TPaHCKPMNUUIO N NodaBnaeT
TPaHCKPMNUMIO reHa SPO22.

(David et al., 2006)



acPHK B nokyce PHO84, kogupyrowem
nepmMmeasy ¢ BbICOKMM CPOACTBOM K

docaTtv
(A) Map of the PHO84 genomic locus. Arrows
GTR1 prom 5' 3' TUB3 indicate the transcription direction of the
== — -—. PHO84, GTR1,and TUB3 genes. Arrows below
ymL122¢)} PHO84 PHOB84 represent the long PHO84+YML122C
I — - = 'g antisense RNA ("*") and the shorter PHO84

antisense RNA ending before YML122C (*°").

* ypoBeHb cuHTe3a MPHK PHO84 4yepes 10 gHen KynsTUBUPOBaAHUA CTAHOBUTCA
B 20 pa3 MeHbLLE N0 CPaBHEHMIO C 3X-AHEBHOU CTaauen

* CHMXKEeHue TpaHckpunuum MPHK conpsxeHo ¢ nosBneHnem 6onee AnMHHOIO
ac-TpaHcKpunTa

* TOYKM CTapTa ac-TPaHCKpUMNumMm Ha pacCTtodaH1M OKOo 20 1 80 H.M. HMXe
CTON-KogoHa reHa PHO84

» acPHK Hakannmneanacb Ha ooHe MmyTauuun rrp6

* Mpyn pocTe B NonHou cpene (YEPD) B KneTkax AUKOro Tvna ac-TpaHCcKpunT
PHO84 He cuHTEe3npyeTcs

* ypoBeHb MPHK PHO84 He CHU)XaeTCs B CTaperoLLmnX KneTkax y MyTaHTOB C
OedeKTHbIMU TMCTOH-AeaueTunasamm (HDAC) Hda1l,2,3

(Camblong et al., 2007)
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acPHK B nokyce PHO84, kogupyrowem
nepmMmeasy ¢ BbICOKMM CPOACTBOM K

docdaTy
Penpeccuns reHa PHO84 B cCTaperowmx KreTkax OCYyLLeCTBFeTca no
HOBOMY AN4 S. cerevisiae MexaHU3My TGS, y>Xe onncaHHOMY paHee Yy OpoxoKen
S. pombe. MexaHN3M OCHOBaH Ha causieHCuHre 4yepes HakonsieHne acPHK un
PHK-nHoyunpoBaHHoe geaueTunmpoBaHme rmCTOHOB.

(D) Model. PHO84 antisense RNA stabilization

is paralleled by Hdal recruitment, histone
deacetylation, and PHO84 transcriptional re-

pression. In WT cells, Rrp6 rapidly degrades

PHOB84 antisense transcripts, allowing efficient A”ps
PHOB84 gene transcription (top). In the absence

of Rrp6 or in aging cells, in which Rrp6 dissoci-

ates from the gene, PHO84 antisense transcripts are stabilized (bottom). This accumulation correlates with the recruitment of Hda1l to PHO84 and
adjacent loci. However, Hda1-induced histone deacetylation is restricted to regions encoding antisense RNA, resulting in specific PHO84 gene
repression. The following abbreviations are used: acetylated histone H3 (H3-Ac) and nonacetylated histone H3 (H3).

(Camblon etal 007
(BII’H g % )
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Figure 1. Parallel Mechanisms for Gene Silencing in Yeast

(Top) In S. pombe, heterochromatin is maintained through synthesis of double-stranded RNA
(dsRNA) generated through low-level transcription from both DNA strands by RNA polymerase
Il with subsequent amplification by RNA-dependent RNA polymerase. Double-stranded RNA is
degraded either by the exosome or Dicer. Dicer generates siRNAs that are incorporated into the
RITS complex, which then targets homologous chromatin resulting in gene silencing by histone
tail deacetylation and methylation followed by recrutment of Swi6. (Bottom) In S. cerevisiae,
specific genes generate antisense transcription, which is normally suppressed by exosome-me-
diated degradation. However, if exosome activity is limited, antisense cryptic unstable transcripts
(CUTs) accumulate. This causes recruitment of histone deacetylases to nearby chromatin, result-
ing in gene silencing. Swib is an Hp1 homolog; ClIr3 and Hda1-3 are histone deacetylases; Cird is

S. cerevisiae a histone methyltransferase; Cid14 is an exosome-activating polyA polymerase.

d Exosome
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acPHK BHyTpu reHa GAL10,
koaupyrouwero YO ®P-rnokKko30-4-
NMnmMmepasy

* ABa ac-TpaHckpunta, 4000 n 2800 H.

* aC-TPaHCKpMUNLUMA 3anyckaeTcs B OTCYTCTBME ranakTosbl, T.€. B
penpeccupyroLmx ycnoBuax and reHa GAL10

* reHbl GALI n GAL10 pacnonoXeHbl pAaoM 1 padHoHanpaBieHbl

» acPHK HaunHaeTca okono 3'-KoHua GAL10, npoxoauT Yepes odLLum
NPOMOTOP GALI-GAL10 n TepMnHUpyeTCcda BHYTpU reHa GAL1

» pakTop Rebl casbiBaeTcs ¢ JHK psgom ¢ Toukon nHnumaumm acPHK

« B 0ONacTb Knactepa npueBrekaeTcs MeTunTpaHcgepas Set2, 3To NPUBOANT K
an- n TpumeTnnmnpoBaHuio H3K4 B reHe GALI0, TpuMeTunnpoBaHmnio H3K36 r
aeaueTunnposaHuio H3 B HyKrneocomax no BCeMy fOKycy

* penpeccus reHoB Krnactepa GAL 3a cHeT opMUPOBaAHNSA reTepoxpomMaTmHa
(TGS)

BbisiBneHbl 215 canTtoB CBA3bIBaHUS Rebl B kogupyowmx obrnactax no
BCEMY FEHOMY OpPOXoKen. OTU canTbl ObINM BbISBMEHbLI B MOBTOPSIHOLLMXCSA
reHax pPHK n B TenomepHbix obnactax. Cant anga Rebl 6bin oOHapyXeH B
3'-06nacTu nokyca PHO84 psaaoM € TOYKOM MHULIMALINMK ac-TPaHCKPUMLuM.

(Houseley et al., 2008)



ABTOperynsauusa TPaHCKPUMNLUUU reHOB
OuocuHTe3a ryaHuauHa IMD2 v ypauuna

URA2
URA2:

* PV OOCTATO4YHOM KONMYECTBE HYKNEOTUAO0B UCMOSIb3YETCS
anstepHatuBHbI TATA-cant

* 3TOT CalT pacrnosioXeH B NpomMoTope HeMHOrO Bbilwe TATA, C KOTOpPOro
cuntbiBaeTcsa MPHK B ycrnoBusx nctowleHus Y-HykneotmgonB

* CUHTE3UPYIOTCS KOPOTKME HecTabunbHble HKPHK

* PaQHHUM CTAPT TPAHCKPUNLUM NPUBOAUT K CUHTE3Y LUC-PETYIIATOPHOrO
anemeHTa (R-6okca) B cTpykType HKPHK, koTopbIn pacno3HaeTcs

AlfpyManeHbIMm doakTopamm

* MEXaAHW3M aTTeHaumn
» 2 TATA-canTta: paHHUn «G» n MPHK-oBbIN «A», KOTOPbIW 3aHUMaEeTCH
nonumepason npun Hexeatke [ TO

[ TO-3aBMCUMas aTTeHOALMA OTKPbITa AN reHa PSA1. TyT perynaums
nosutnueHasa: TATA-60KC «G» pacnofioXKEH HUXE U CNYXUT ANs UHULManLnKU
MPHK.

[eHbl URAS, IMD3 ADE12 — apyrue aBToperynmpyemMble reHbl bBuocuHTesa

(zodgyrkpeomnos, TakkKe CBsA3aHHbIE C KOPOTKMMM HecTabunbHbiMu HKPHK.



HKPHK ZRR1 npoTtuB reHa ADH1, kogupyroLwiero
OCHOBHYH LIUHK-3aBUCUMYIO ariKOrosib-
aerngporeHasy

* aKkTMBaTOp Zapl cBasbiBaeTca ¢ [AHK Bbiwe nokyca ADH1 1 3anyckaet
MeXreHHbI cuHTe3d HKPHK ZRR1 B npsiMon opneHTauum

» HKPHK TpaHckpnbupyetca yepes UAS akTuBaTopa Rapl B NpOMOTOpE reHa
ADH1, TeM caMbiM 3aKpbiBasi 3TOT CalT OT CBSA3bIBaHWUS U BbIKITHOYast reH

Takon xxe MexaHu3m perynaumm 6bin nokasaH ans nokyca ADH3,
HKPHK HasbiBaeTca ZRR2.

(Bird et al., 2006)



acPHK B nokyce PHO5, kogupyroLiem
penpeccnbenbHyro KUCnyro pocdartasy

* €VUHCTBEHHbIN U3BECTHLIN NpuMep no3ntTneHou perynsauum c acPHKy S.
cerevisiae

» annHa acPHK = 2400 H., npeBbIWaeT pa3mep reHa PHO5 (1400 H.n.)

» acPHK cuHTesunpyetcsa ¢ 3'-koHua reHa 40 ToYku -950 B npomMoTope

* B penpeccupyroumx yCcroBusix, T.e. Npu BbICOKOM KOHLUEHTpauun goocdara B
cpene

* BbI3bIBAET NEPECTPOUKN XpOMaTUHA B 0b6riacTu npoMmoTopa

* B pe3ynbraTte NepecTpoek pa3dnparoTca YETbIPE HYKNEOCOMBbI,
ocBOOOXOaeTcs y4acTok 600 H.n.

* 3TN NEPECTPOUNKN YCUINBAIKOT OTBET KIETKMN NPU CHUXXEHUN YPOBHSA dbocdaTa B
cpene

(Uhler et al., 2007)



YkopoyeHHasa PHK n acPHK B nokyce
KCS1, koaupytouiem IP -NpOTeUHKUHa3y

* CUrHasn O CHWXXEeHUM KOHUEeHTpaumn goocdarta npuHumaeT
TPaHCKPUMUMOHHBLIWM akTuBaTop Pho4

* cUrHan o6 ncroweHnn gocdartoB NnepegaeTcs PasHOBUAHOCTbLIO
MHo3uTon-nonugocgaros, IP,

* TeH KCS1 koaupyeT KnuHasy, CUHTe3npytoLLyto 5-PP-IP. (5-andocdo-
MUnounHoanTon-neHTadgocdar)

* KMHa3a Vipl cMHTEe3npyeT Apyrue n3omepsl IP_: 4- unm 6-PP-IP,

* UI30Mepbl IP_, CUHTE3NPOBaHHbIE C y4acTem Vipl, 3anyckatoT
aepenpeccuto PHO-peryrnoHa

* CBEPXMNPOAYKUMS KMHA3bI Kecsl ocrnabnset gepenpeccuto reHa PHO5

* MPU CHWXKEHUN KOHUEHTpaummn goocdara BHYTpu reHa KCS1 NHULMNPYTCA
TpaHcKkpunuun asyx snaos monekyn PHK: ykopoyeHHou cmbicrioBon PHK
kKopoTkon HKPHK B o6paTHou opneHTaunu, B pesynsraTte Yero He
NponcxoanT CUHTE3 NoNHopa3MepHoro bernka Kesl

(Nishizawa et al., 2008)



YkopoyeHHasa PHK n acPHK B nokyce
KCS1, kopupytouiem IP -NpOTeUHKMHA3y

* BbISIBNIEHbI TPU NMpeanosiaraeMbixX BHYTPEHHUX canTa CBA3blBaHUA (pakTopa
Pho4 (+406, +1127, +1393), KOTOpbLIE pacrno3HalTCs akTUBAaTOPOM TOSMbKO Npu
CHMXeHun doocdarton

* O4VH BHYTPEHHUN ATG (+676)

* TPU TOYKK CTapTa TpaHcKpunumun: -14 — Ha4yano nonHopasmepHon mPHK,
+537 - Ha4Yasno yKOpO4YeHHOro CeHC-TPaHCKpunTa, +237 — TO4Ka cTapTta
TpaHckpunuum acPHK B HanpasneHun npomMmoTopa reHa KCS1

E -14 +537
|+'1 +406|.+1127 +1393 +3150
Tl T (] |
ATG | ATG
+235+676
-715 +295 +1875
AS strand probe Sense strand probe

(E) A schematic representation of the structure of the KCS7 gene showing the positions of the ATG codon at +1 and +676, taking A of the initiating ATG
as +1. The blank bar represents the promoter region, and the shaded one is the coding region. The white boxes in the coding region are the
prospective Pho4 binding sites at +406, +1127, and +1393. The arrows on the bar designate the major transcription start points of the sense RNA in the
5'-upstream region (at —14) and in the ORF (at +537), and that below the bar is that of the AS RNA (+235), determined by the 5-RACE method. The

72



Apho85
C WT Aphodaphossaphed. D

= i . E - W T T

KCS1 " - 3000 sense
senseiﬂn "”’-2500
| V3 F 2000

[ KCS1
- 2000 antisense
KCS1 w500 ACT! |l
antisense >| — s -
ACTT | e vl et 0 B A0 8 9 10 1

1 2 3 4 5 6 7

Figure 3. Pi- and Phod4-Dependent Antisense and Intragenic RNA Species in the KCS1 Locus

(O Northern analysis of KCS7 sense and AS RNA expression in the wt and various pho mutant strains as designated under high (H)- or low (L)Pi
conditions using strand-spedcific DIG-RNA probes. For detection of KCS1 sense transcripts, an RNA probe specific to the 3’ region of KCS1 was employed
(see Figure 3E). The arrows on the left-hand side of the panel indicate the positions of the KCS1 sense (the top panel) and AS transcripts (the middle

panel), respectively. The vertical bar on the left-hand side of the top panel designates short KCS1 sense transcripts ranging from 2,300 to 1,800 nt. The
positions of RNA size markers are shown on the right. ACT1 is the loading control.

(D) Effect of a Arrp6 mutation on the levels of the KCS1 sense and AS RNA expression. Total RNA was isolated from the wt or Arrp6é mutant cells grown
under different Pi conditions as described above and subjected to northern analysis using strand-specific DIG-RNA probes as designated. The positions
of RNA size markers are shown on the right. ACT1 is the loading control.



acPHK, TpaHckpubupyemas c
MOOUIIbLHOrO 3rieMeHTa Tyl

* mpaHc-perynaums

« 3T acPHK nogasnsatot TpaHckpunumio MPHK penopTepHbIX reHOB U
aHgoreHHon MPHK gpyrmnx anemeHToB Tyl

« aHanor PHK-uHTepdepeHumn

(Berretta et al., 2008)
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Rapamycin,
starvation

—'.

Cytoplasm

Nucleus

Cytoplasm

@\\@ J’

Figure 1. Model of Maf1l regulation.

A. Repression of Pol IIT by Mafl. Under rapamycin stress
Maf1 is activated by dephosphorylation and imported into
the nucleus (according to Oficjalska-Pham et al., 2006). B.
Derepression of Pol III under favorable growth conditions
in the presence of glucose. Mafl is phosphorylated there-
by decreasing its interaction with Pol III. Phosphorylated
Maf1 is exported out of the nucleus by Man5 carrier (ac-
cording to Towpik et al., 2008).
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Bce Tpu ctatbun Ha draluke B nanke
activator(3)

Evolution of Transcription
Networks — Lessons from Yeasts

Hao Li' and Alexander D. Johnson':2 coordinatec
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Figure 1. Change of regulon membership via
transcription factor binding site turnover.

Cis-regulatory mutations created a new bind-
ing site in the promoter of x; (the blue box)
and destroyed an old binding site in the
promoter of x4 (the dashed box), moving xz in
and x4 out of the regulon.

Current Biology
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Figure 2. Handover of aregulon from one tran-
scription factor to another.

The regulation of x4 and x; by a transcription
factor (TF1) in the ancestral circuit (A) has
been taken over by a different factor (TF2) in
the extant circuit (E). The rewiring may have
occurred gene by gene, through intermediates
with redundant regulation (B-D).
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| | Figure 3. Recruiting a new transcription factor
to an existing regulon by the evolution of a new
combinatorial interaction.

' J The formation of a new interaction between

2 TF1 and TF2 brings TF2 to the regulon con-
trolled by TF1, effecting a concurrent rewiring
' | of the full regulon (A,B). The new circuit can

%3 then be improved by step-wise cis-regulatory
changes that stabilize the binding of TF2 to
>
the promoters (C).
{ |
X, 5
l |
X5
>
B
| |
X3
> '
! |
X1 -
! |
X5 Y c
l J
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Current Biology
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Evolutionary Tinkering with Conserved Components of a
Transcriptional Regulatory Network

Hugo Lavoie'?", Hervé Hogues’, Jaideep Mallick', Adnane Sellam'?, André Nante
1,2%

1,3
1", Malcolm
Whiteway
1 Biotechnology Research Institute, National Research Council, Montreal, Quebec, Canada, 2 Department of Biology, McGill University, Montreal, Quebec, Canada,
3 Department of Anatomy and Cell Biology, McGill University, Montreal, Quebec, Canada
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Intergenic
regions Genes Coverage 2 Starts 1 Start

i e e e

C. albicans

A Cbf1 718 819 13.41% 268 283

| § Hmot 624 752 12.31% 215 322

@ Rapf1 36 46 0.75% 14 18
Ifh1 95 114 1.87% 32 50

| @ Fhit 104 102 1.67% 25 52

| @ Tbft 126 127 2.08% 35 57
Total 1342 1481 | 24.25% 436 609

S. cerevisiae

A Cbf1 440 384 5.81% 123 138
| § Hmot 218 246 3.73% 82 82
@ Rap1 602 698 10.57% | 219 260

Ifh1 128 156 2.36% 52 52
| @ Fhi 128 180 2.73% 65 50
| @ Tbf 293 371 5.62% 127 117

Total 1198 1245 | 18.85% | 394 457

Figure 1. Summary of the transcription factor maps established in C albicans and S cerevisiae.
doi:10.1371/journal.pbio.1000329.g001
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Candida albicans Saccharomyces cerevisiae
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Figure 2. Evolution of the genome coverage of transcription factors involved in the RP transcriptional regulatory network. (A) Visual
display of TF binding sites in the genomes of S. cerevisiae and C albicans. Color saturation follows the log; fold enrichment values in ChIP-chip
experiments. Intergenic regions were first sorted by function (ribosome, sulfur starvation/amino acid biosynthesis, and glycolysis) and then by fold
change for each regulatory protein. (B) Overlaps between the sets of targets of orthologous TFs of C. albicans and S. cerevisiae. The p values of each
overlap were calculated using a hypergeometric distribution and is shown beneath each Venn diagram. NS stands for non-significant overlap.
doi:10.1371/journal.pbio.1000329.g002
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Figure 2

Nutrients
Stress l Rapamycin
?

Ribosome

Ribi mRNAS

During \ i ‘ Ehip).—L Moo
growth T Y it Polll_

Upon growth
inhibition

Current Opinion in Cell Biology

Regulatory network from TORC1 to ribosomal gene expression in S. cerevisiae. Major transcriptional regulators of rRNA, RP, and Ribi gene expression,
and their regulation by the nutrient-sensitive and stress-sensitive TORC1 kinase under optimal growth conditions are indicated (upper panel). In
addition, the RNAP |-dependent regulation of RNAP Il and Ill activities is highlighted. Lower panel shows the promoter architecture under growth
inhibiting conditions. The Ifh1 containing ‘CURI’ (CK2, Utp22, Rrp7, and Ith1) complex, presumably localized to the nucleolus, is illustrated. Also the
feedback mechanism from ribosome function to the regulation of TORC1 activity is illustrated. For simplification, not all pathway components and
connections are illustrated. Question marks indicate signaling connections that are poorly understood. For further details see the main text.
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Figure 3. Functional involvement of generalist TFs of the RP transcriptional regulatory network has drastically changed between 5.
cerevisiae and C albicans. (A) GO categories significantly enriched (p<1x10~%) in the target gene sets of each pleiotropic TF were displayed in 2 91
graph representing TF-GO interactions. A simplified representation of the regulatory interactions with major functional categories and chromosomal
structures is presented between each species TF-GO interaction network. (B) Evolution of TF hierarchies between S. cerevisiae and C albicans. A map
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Figure 4. Evolution of the DNA-binding specificities of generalist TFs. (A) De novo prediction of DNA elements bound by each pleiotropic TF
in each species with MEME [122]. (B) Representation of the positions and orientations of Rap1-bound elements in target promoters. Loci bound by C.
albicans Rap1 yield a 16 bp consensus seguence. (C) Tbf1 has a strict reguirement for a TTAGGGNS6CCCTAA palindrome in C albicans while TTAGGG
motifs with random spacing and orientation are required for the binding of S. cerevisiae Tbf1.

doi:10.1371/journal.pbio.1000329.g004
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Figure 6. Evolution of the ribosomal transcriptional regulators of fungi. (A) Regulons and chromosomal structural elements are bound by
combinations of transcription factors and co-factors that evolved between C albicans and S. cerevisiae. (B) Simplified representation of motif
enrichment and protein complex conservation at the different loci and biological functions bound by RP regulators in nine hemiascomycetes species.
Motif enrichments were previously described [40]. Phylogenetic profile of protein conservation was derived from a recent analysis of gene
conservatlon in the ascomycetes lineage [41].
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Genomic analysis reveals a tight link between
transcription factor dynamics and regulatory
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