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Abstrakt

Regulace transkripce sigma faktory RNA polymerasy s extracytoplazmatickou
funkci (ECF) piedstavuje velmi €inny nastroj pro adaptaci buiiky na stresové podminky
vyvolané zménami ve vn&j§im prostfedi. Gram-pozitivni, aerobni bakterie
Corynebacterium glutamicum je vyznamnym producentem aminokyselin. V genomu
C. glutamicum se nachazi 7 genti kodujicich sigma faktory: primarni sigma faktor SigA,
sigma faktor SigB oznaCovany jako primary-like sigma faktor a 5 ECF sigma faktort
(SigC, SigD, SigE, SigH a SigM). Gen sigH, kodujici sigma faktor SigH se nachazi
Vv tésné blizkosti genu rshA kodujiciho jeho anti-sigma faktor. Anti-sigma faktory
se reverzibiln¢ vazou k pfisluSnym sigma faktorim, ¢imz blokuji jejich aktivitu.
Za stresovych podminek je vazba mezi obéma proteiny rozrusena a uvolnény sigma
faktor se muze vazat k jadru RNA polymerasy a aktivovat iniciaci transkripce.

V praci byla studovdna predevS§im regulace exprese gentl kodujicich
nejvyznamnéj$i ECF sigma faktor SigH a jeho anti-sigma faktor RshA a geny patfici
k jeho regulonu.

Transkripéni analyzou operonu SigH-rshA byly identifikovany &tyfi vegetativni
promotory genu sigH a jeden SigH-dependentni promotor genu rshA.

Ucast komplexu SigH-RshA na regulaci exprese genil byla zkoumana s pouZitim
dele¢niho kmene C. glutamicum ArshA. Metodou DNA Microarray byly porovnany
transkripéni profily dele¢niho kmene a divokého kmene C. glutamicum. Bylo zjisténo,
ze celkem 83 genl u deleéniho kmene, neprodukujiciho anti-sigma faktor RshA,
vykdzalo zvySenou miru transkripce v porovnani s divokym kmenem, a je tedy mozné
je povazovat za SigH-dependentni. Nékteré z téchto gent byly jiz dfive identifikovany
jako SigH-dependentni s pouzitim dele¢niho kmene C. glutamicum AsigH. Tyto geny
se ucastni bunécné odpoveédi na disulfidovy stres, tepelny Sok, bunééné SOS odpovédi
pii poSkozeni DNA nebo jsou soucasti bunééného proteasomu.

Byly stanoveny promotorové aktivity vybranych nové identifikovanych
SigH-dependentnich genti (dnaJ2, uvrA a uvrD), identifikovany jejich transkripéni
pocatky a nasledné odvozeny promotorové motivy -10 a -35.

Pouzitim in-vitro transkripéniho systému bylo zjisténo, ze typicky vegetativni
promotor Pper interaguje jak s primarnim sigma faktorem SigA, tak se sigma faktorem
SigB. U SigH-dependentnich promotorit gent clgR, dnaK a dnaJ2 pak bylo zjisténo,
ze jsou specificky rozeznavany i1 ECF sigma faktorem SigE. Bylo tak poprvé
u C. glutamicum prokazano, ze jeden promotor mize byt souc¢asné rozeznavan vice nez

jednim sigma faktorem.



Abstract

Regulation of transcription by extracytoplasmic-function (ECF) sigma factors of
RNA polymerase is an efficient way of cell adaptation to diverse environmental stresses.
Amino acid-producing gram-positive bacterium Corynebacterium glutamicum codes for
seven sigma factors: the primary sigma factor SigA, the primary-like sigma factor SigB
and five ECF stress-responsive sigma factors (SigC, SigD, SigE, SigH and SigM). The
sigH gene encoding SigH sigma factor is located in a gene cluster together with the rshA
gene, encoding the anti-sigma factor of SigH. Anti-sigma factors bind to their cognate
sigma factors and inhibit their transcriptional activity. Under the stress conditions the
binding is released allowing the sigma factors to bind to the RNAP core enzyme.

In this thesis, regulation of expression of genes encoding the most important ECF
sigma factor SigH and its anti-sigma factor RshA as well as genes belonging to the SigH-
regulon were mainly studied.

The transcriptional analysis of the sigH-rshA operon revealed four housekeeping
promoters of the sigH gene and one SigH-dependent promoter of the rshA gene.

For testing the role of the complex SigH-RshA in gene expression, the C.
glutamicum ArshA strain was used for genome-wide transcription profiling with DNA
Microarrays technique under the normal growth conditions. In total 83 genes (including
those previously detected using AsigH mutant strains) demonstrated increased transcript
levels in the deletion mutant defective in RshA anti-sigma factor when compared to C.
glutamicum wild-type strain and they can be thus considered as SigH-dependent. These
genes encode proteins related to disulphide stress response, heat stress proteins,
components of the SOS-response to DNA damage and proteasome components.

The promoter activities of some newly identified SigH-dependent genes dnaJ2,
uvrA and uvrD were estimated, their transcription start points were determined

and the —10 and —35 hexamers of the respective promoters were proposed.

Using in-vitro transcription system it was found that the typical housekeeping
promoter Pper interacts with the alternative sigma factor SigB in addition to the primary
sigma factor SigA. Some promoters of SigH-dependent promoters of genes involved in
stress responses (clgR, dnaK and dnaJ2) were found to be recognized also ECF sigma
factor SigE. For the first time it was demonstrated that in C. glutamicum one promoter

can be recognized by more than one sigma factor.



1. Uvod

Corynebacterium glutamicum je nepatogenni, aerobni bakterie, ktera byla
objevena koncem 50. let minulého stoleti jako mikroorganismus s pfirozenou produkci
kyseliny L-glutamové a dodnes se vyuziva zejména pii primyslové vyrob¢é aminokyselin
(Gopinath et al., 2012; Hermann, 2003; Leuchtenberger et al., 2005) a ostatnich latek
vyuzivanych v biotechnologickém primyslu, napif. vitaminu (Huser et al., 2005),
oligonukleotida (Vertes et al., 2012), organickych kyselin (Wieschalka et al., 2012),
vys$8ich alkoholu (Blombach & Eikmanns, 2011) a polymera (Song et al., 2012). C.
glutamicum rovnéz slouzi jako modelovy organismus pro ostatni koryneformni bakterie
s technologickym piipadné 1ékafskym vyznamem (Brune et al., 2005; Mishra et al., 2007;
Moker et al., 2004).

V poslednich letech vzrostla znalost o genech kédujicich proteiny, které se ucastni
bunééné odpoveédi na nejriuznéjsi typy strestt vyvolanych vnéjsim prostiredim (Jung et al.,
2011; Larisch et al., 2007; Muffler et al., 2002; Oide et al., 2015; Park et al., 2008; Wang
et al., 2016). Mezi nejstudovangjsi bunéény mechanismus stresové odpovédi nejen u
mikroorganismi je reakce na tepelny Sok (Yura & Nakahigashi, 1999). Mezi dalsi
stresové faktory aktivujici bunécnou stresovou odpoveéd’ se fadi oxidativni, etanolovy a
disulfidovy stres. Hlavnim krokem bunécné odpovédi na stresové podminky je iniciace
transkripce gent, jejichz proteinové produkty zamezuji nevratnému poskozeni bunck
vlivem vySe zminénych faktord. Pro samotnou iniciaci genové exprese jsou nezbytné
sigma faktory RNA polymerasy. Tyto proteiny rozeznavaji specifické promotorové
oblasti danych gend. V genomu C. glutamicum se nachazi sedm gent kddujicich sigma
faktory, z nichz pét se fadi mezi tzv. sigma faktory s extracytoplazmatickou funkci (ECF
sigma faktory), jejichz aktivita je regulovana podnéty z vnéjsiho prostredi.

ECF sigma faktor SigH je u C. glutamicum povazovan za hlavni sigma faktor
regulujici iniciaci transkripce za stresovych podminek. Aktivita homologniho sigma
faktoru SigH u Mycobacterium tuberculosis je fizena anti-sigma faktorem RshA (Song et
al., 2003). Komplex SigH-RshA udrzuje sigma faktor SigH v neaktivni formé.
V ptitomnosti stresového faktoru dojde k uvolnéni vazby mezi obéma proteiny a volny
SigH se muze ucastnit regulace exprese gent v procesu bunécné reakce na stres vyvolany
vngjSim prostredim. U C. glutamicum se v sousedstvi genu SigH nachazi gen rshA.
Predpoklada se tedy, ze protein RshA funguje i u C. glutamicum jako anti-sigma faktor
k sigma faktoru SigH.

Hlavnimi cili této prace byla analyza operonu sigH-rshA a funkce sigma faktoru

SigH a jeho anti-sigma faktoru RshA pfi expresi gend ucastnicich se bunééné odpovedi
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na nejriznéjsi stresové faktory u C. glutamicum, identifikace genti se SigH-dependentnim
promotorem a jejich transkripcni analyza a konstrukce in-vitro transkripéniho systému

pro C. glutamicum.

2. Cile prace a hypotézy

Tato diserta¢ni prace je zaméfena na studium ucasti alternativnich sigma faktort
RNA polymerasy pii regulaci exprese gent kodujicich proteiny podilejici se na bunééné
odpovédi na stresové podminky vyvolané vn&j$im prostiedim u Corynebacterium
glutamicum. Hlavnim cilem prace bylo poznani funkce alternativniho sigma faktoru SigH
aregulace jeho syntézy. SigH je povazovan za hlavni sigma faktor regulujici expresi genii
stresové odpovédi C. glutamicum. Jeho aktivita je regulovana predpokladanym anti-

sigma faktorem RshA, jehoz gen rshA sousedi s genem pro SigH.

Disertacni prace méla tyto diléi cile:

1) Transkrip¢ni analyza operonu SigH-rshA

2) Identifikace gent se SigH-dependentnim promotorem

3) Transkripéni analyza gent se SigH-dependentnim promotorem

4) Konstrukce in-vitro transkrip¢niho systému a jeho vyuziti pro analyzu vybranych

promotora

3. Material a metody

Veskery materidl a metody, pouzité v této praci, byly v zasad¢ stejné jako ty, které
jsou publikovany v pracich Zemanova et al. (2008) , Busche et al. (2012), Holatko et al.
(2012), Silar et al. (2016).

4. Vysledky a diskuze

Hlavnim cilem této disertacni prace byla analyza regulace exprese genu SigH a
rshA, kodujicich stresovy sigma faktor RNA polymerasy a jeho pfislusny anti-sigma
faktor u Corynebacterium glutamicum. Za raznych fyziologickych podminek byla
meéfena aktivita promotorovych oblasti genti SigH a rshA, urCeny transkripcni pocatky
téchto gentll a od nich odvozeny pfislusné promotorové oblasti.

Mezi dalsi cile této prace patfila identifikace a ndsledna transkrip¢ni analyza gend,
které jsou regulovany alternativnim sigma faktorem SigH. Pro tuto analyzu byly pouzity

(1) in-vivo metody (stanoveni aktivit promotori pomoci reportérovych systémi



chloramfenikolacetyltransferasy (CAT) a zeleného fluorescenéniho proteinu (GFP),
DNA Microarray, primer-extension, 5> RACE) a (2) in-vitro transkrip¢ni systém vyvinuty
v Laboratofi molekularni genetiky bakterii MBU (Holatko et al., 2012).

Analyza operonu sigH-rshA

Gen sigH kodujici alternativni sigma faktor SigH sousedi v genomu
C. glutamicum s genem rshA. Transla¢ni start kodon genu rshA je oddé€len 2 nukleotidy
(nt) od transla¢niho stop kodonu genu sigH, jak znazoriiuje Obr. 1. Lze tedy pfedpokladat,
7e gen SigH tvofi s genem rshA, kédujicim jeho potencialni anti-sigma faktor, spole¢ny

operon.

sigH rshA (cg0877, anti-sigma faktor)

g033gy 90874 WQ cg0879 809273

cq0875 whcE cg0880

(cg0878)

rshA

—
5-'gaggca cglatgacgaat-¥
] 1 ] [l

e
. Zdroj:
3. ctccgtattigclftactgctta-s Max Planck Institute for Informatics

http://www.coryneregnet.de

Obr. 1 - Lokalizace genu sigH a rshA v genomu C. glutamicum (genomovy utsek
803381-809273 nt). Oba geny se nachazi v té¢sné blizkosti a jsou od sebe oddéleny dvojici
nukleotidi cytosinem a guaninem. Stop kodon (taa) genu sigH je oznacen zelenou

.....

pofizeno na zakladé znalosti sekvence genomu C. glutamicum (Kalinowski et al., 2003).

K identifikaci promotorovych oblasti genti SsigH a rshA, byly upstream oblasti
téchto gent klonovany do promoter-probe vektoru pET2 obsahujiciho bezpromotorovy
reportérovy gen cat kodujici chloramfenikolacetyltransferasu (CAT). Ziskané konstrukty
byly pteneseny do riznych kment C. glutamicum a pouzity pro méfeni promotorovych
aktivit za fyziologickych (30 °C) a stresovych podminek. Promotorové aktivity byly
meéfeny jak v divokém kmeni C. glutamicum tak i v mutantnich kmenech nesouci deleci

V genu pro dany sigma faktor.

Meéieni aktivity promotorové oblasti genu sigH

Klony obsahujici vektor pET2 s naklonovanym promotorovym fragmentem byly
pouzity pro stanoveni promotorové aktivity méfenim aktivity reportérového enzymu
CAT v riznych kmenech C. glutamicum. Aktivita CAT byla méfena za standardnich
fyziologickych podminek (30 °C) a za podminek tepelného Soku (40 °C po dobu 60



minut). Vysledky méfeni specifickych aktivit CAT promotorové oblasti genu sigH

(PsigH) jsou znazornény na Obr. 2.

0.25 ~ s 7 o e . o
Specificka aktivita CAT promotoru PsigH m30°C
m40°C

0.20

Aktivita CAT
|U/mg]
=
3

=

—

(=]
|

0.05 -

0.00 - T T
CGwt CG AsigH CG AsigM CG AsigE CG ArshA CG AHM
Kmeny C. glutamicum

Obr. 2 — Vliv tepelného Soku na aktivitu promotorové oblasti genu sigH v riznych
kmenech C. glutamicum. Promotorové aktivity byly meéfeny za standardnich
fyziologickych podminek (modry sloupec, 30 °C) a za podminek tepelného Soku (Cerveny
sloupec, 40 °C, 60 min). Znazornéné vysledky jsou aritmetické priméry ze tii nezavislych
m¢éfteni jednotlivych vzorkt, smérodatna odchylka je znazornéna chybovou tseckou.

U divokého kmene C. glutamicum je patrné zvySeni promotorové aktivity po
tepelném Soku oproti hodnotdm naméfenym za standardnich podminek. Tento vysledek
dokazuje, Ze naklonovana promotorova oblast genu SigH obsahuje aktivni promotor,
jehoz aktivita se zvySuje ptisobenim zvysené teploty. Namétené promotorové aktivity u
vétsiny kment C. glutamicum s delecemi v sig genech se za standardnich podminek
vyrazné€ nelisi od divokého kmene, po ucinku tepelného Soku jsou vSak viditeln€ nizsi.
Nejvétsi rozdil oproti divokému kmeni je po tepelném Soku patrny u kmene AsigH s
chromozomalni deleci v genu sigH.

Nasledujici experimenty byly zaméfeny na sledovani vlivu dalSich stresovych
faktorti na aktivitu promotorové oblasti PSigH. Byly testovany tyto stresy: etanolovy
(10% etanol v médiu), disulfidovy (2mM diamid v médiu) a oxidativni (1% H202 v
médiu). Bunky byly vystaveny vy$e zminénym stresim po dobu 15 min.

U divokého kmene C. glutamicum bylo zjisténo zvysSeni aktivity promotoru PsigH
puisobenim etanolového stresu (0 51 %), pasobenim H2O2 (0 10 %) i ucinkem

disulfidového stresu (0 27 %) oproti hodnotam namé&fenym za standardnich podminek. U



kmene ArshA doslo po disulfidovém stresu ke zvySeni promotorové aktivity, zatimco u
dele¢niho kmene AsigH doslo za téchto podminek k mirnému snizeni aktivity.

Z namétenych vysledkt aktivit CAT promotorové oblasti PsigH vyplyva, ze
aktivita promotorové oblasti genu sigH je ovlivnéna riznymi typy stresovych podminek.
Lze tedy pfedpokladat, ze sigma faktor SigH se aktivné ucastni regulace exprese gent
zejména za podminek tepelného Soku, oxidativniho, etanolového a disulfidového stresu.
Tyto vysledky jsou v souladu s uvefejnénou praci autora Kim et al. (2005), kde bylo

zjisténo, ze k aktivaci exprese genu sigH je potieba proteinu SigH.

Méfeni aktivity promotoru genu rshA

U divokého kmene C. glutamicum doslo u promotoru PrshA ke zvyseni
promotorové aktivity po tepelném Soku o 85 % oproti hodnotdm naméfenym za
standardnich podminek. U dele¢niho kmene AsigH doslo naopak u¢inkem tepelného Soku
ke snizeni promotorové aktivity oproti hodnotdm naméfenym za standardnich podminek
(Obr. 3). Promotorova aktivita PrshA se vyrazné zvysila t¢inkem disulfidovém stresu ve
srovnani s hodnotami naméfenych za standardnich podminek pouze divokého kmene. U
dele¢nich kmenti AsigH a ArshA doslo naopak ucinkem diamidu ke snizeni aktivit
promotoru PrshA v porovnani s divokym kmenem. Aktivita promotoru genu rshA byla za
tepeln¢ho stresu vyrazné sniZzena za piitomnosti deleci v genu koédujicim alternativni
sigma faktor SigH.

Z naméfenych vysledki aktivit promotoru PrshA vyplyva, ze aktivita tohoto
promotoru je ovlivnéna deleci v genu sigH za podminek tepelného Soku. Za podminek
diamidového stresu je patrny vliv na aktivitu promotoru u kment s delecemi v genech

sigH a rshA.

u30°C

BT Specificka aktivita CAT promotoru PrshA u40°C

|U/mg|

Aktivita CAT

CG wt CG AsigH
Kmeny C. glutamicum

Obr. 3 — Vliv tepelného $oku na aktivitu promotoru PrshA v riznych kmenech C.
glutamicum. Promotorové aktivity byly méfeny za standardnich fyziologickych
podminek (modry sloupec, 30 °C) a za podminek tepelného stresu (Cerveny sloupec, 40
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°C, 60 min). Znazornéné vysledky jsou aritmetické priméry ze Ctyt nezavislych méfeni
jednotlivych vzorki, smérodatna odchylka je znazornéna chybovou tseckou.

Z naméfenych vysledkd aktivit CAT promotorové oblasti PsigH vyplyva, ze
aktivita promotorové oblasti genu SigH je ovlivnéna riiznymi typy stresovych podminek.
Lze tedy ptedpokladat, Ze sigma faktor SigH se aktivné ucastni regulace exprese genil
zejména za podminek tepelného Soku, oxidativniho, etanolového a disulfidového stresu.
Tyto vysledky jsou v souladu s uvefejnénou praci autora Kim et al. (2005), kde bylo

zjisténo, ze k aktivaci exprese genu sigH je potieba proteinu SigH.

Urdeni transkripénich starta genu sigH

Pro ptesné urc¢eni 5’ konct pislusSnych mRNA, a tedy transkrip¢nich start (TSP)
genu sigH, byla pouzita neradioaktivni metoda primer-extension (PEX). Kmen C.
glutamicum/pET2/sigH byl kultivovan za stejnych podminek jako v experimentu pro
meteni aktivity CAT. Reverzni transkripce probéhla s primerem CM4 (znaenym
fluoresceinem), jehoz sekvence je komplementarni se sekvenci vektoru pET2
downstream od klonovaného fragmentu. Reverzni transkripce z tohoto primeru probiha
opacnym smeérem nez transkripce z klonovaného fragmentu, ¢imz lze ziskat zacatek
mRNA klonovaného tseku DNA. Ziskané jednofetézcovd cDNA byla analyzovéana v
polyakrylamidovém gelu na sekvendtoru A.L.F. Soucasné se sekvenaci cDNA byla
sekvenovana i DNA sledovaného konstruktu s pouzitim stejného primeru CM4. Oba
vysledky byly vizualizovany v programu Fragment Manager, kde poloha signalu z
produktu reverzni transkripce byla pfirazena k ptisluSnému nukleotidu sekvenované
DNA testovaného vzorku.

Transkripéni analyza promotorové oblasti PSigH metodou primer-extension je

znizornéna na Obr. 4.
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PEX  |1ser PEX o
5!_ - TSP _3| 5|_ _3!
-35(P4) -10(P4) ISP4 -35(P3) -35(P2) -10(P3) -10(P2) TSP3 TSP2
ATTGTTTCCCCCTAGATTTGAAGTGGTACATATGTTCTAACTGATGTGGTGGACACGCGGGGGTAGAGTAAAGTCTAAGCAACAG
-35(P1) -10(P1) TSPI sigh
CTCACGTGGCTTTACAGCTACCCCCGAAAGGTCTGTTTTTTATCGGAAGTAGAATAGTCAACACGCATTTTCGAAAGGGGCCACATG

Obr. 4. — Vysledky reakci primer-extension promotorové oblasti genu sigH. (Busche

etal., 2012)

A, B - Drahy A, C, G, T oznacuji produkty sekvenacni reakce DNA sledovaného
konstruktu s pouzitim stejné znacené¢ho primeru CM4, drahy PEX zobrazuji
identifikované transkripéni pocatky.

C - Nukleotidova sekvence upstream oblasti genu sigH (sekvence je reverzné
komplementarni k sekvenci znazornéné sekvenacni reakci v ¢asti A a B).

Drahy s oznacenim A, C, G, T zobrazuji kontrolni sekvenacéni reakci v podob¢
Ctyf bazi, adenin, cytosin, guanin a thymin. Drdhy oznacené PEX zobrazuji produkt
sekvenace vzorku z kultivace za standardnich podminek. Z vysledku experimenti jsou
patrné Ctyfi transkripéni starty (TSP1, TSP2, TSP3, TSP4). Piesné urceni transkripéniho
startu TSP4 bylo potvrzeno PEX analyzou konstruktu pET2/P4sigH. Z tohoto diivodu je
TSP4 zn4zornén oddélené. Transkripcnimu startu TSP1 odpovida adenin ve vzdalenosti
22 nt od transla¢niho pocatku genu sigH. Od polohy TSP1 byl nasledn€ odvozen pfislusny
promotor P1 s motivy -10 o sekvenci 5’-TAGAAT-3‘ a motiv -35 o sekvenci 5°-
AAAGGT-3“. Dalsi identifikované transkrip¢ni starty TSP2 a TSP3 odpovidaji adeninim
ve vzdalenostech 89 nt pro TSP2 respektive 93 nt pro TSP3 od translacniho po¢atku genu
sigH. Odvozené piislusné hexamery promotori P2 a P3 se vzdjemné prekryvaji. V tomto
piipadé se jedna o tzv. overlapping promoters. Hexamery oblasti -10 jsou tvofeny 5°-
TAAAGT-3* (P2) a 5°-TAGAGT-3‘ (P3). Ob¢ oblasti maji spolecny thymin (znazornén
tuén€) ve vzdalenosti 101 nt od translaéniho pocatku genu sigH. Promotorové oblasti -35
byly stanoveny 5’-GTGGTG-3¢ (P2) a 5*-CTGATG-3° (P3). Ob¢ oblasti maji spolecny
guanin (znazornén tuéné) ve vzdalenosti 124 nt od transla¢niho pocatku genu sigH. Na
zéklade¢ zjisteénych -10 sekvenci lze usuzovat, ze ve vSech tiech pfipadech se jedna o
vegetativni promotory rozeznavané primarnim sigma faktorem SigA (Busche et al.,
2012).

Vysledky experimentli PEX ukézaly na pfitomnost dal$iho transkripéniho startu

TSP4, ktery byl lokalizovan 131 nt od transla¢niho pocatku genu sigH. Pro jeho piesné
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uréeni byl zkonstruovan konstrukt P4sigH o velikosti 348 bp, ktery byl klonovan do
vektoru pET2. Transkrip¢ni pocatek TSP4 byl ovéfen metodou 5° RACE (viz kapitola
Matrial a Metody v disertacni praci, 3.2.9.1). Na zaklad¢ ziskanych vysledkt byly
odvozeny promotorové motivy -10 o sekvenci 5’-TACATA-3’a -35 o sekvenci 5°-
TTGTTT-3".

Z vysledkit méfeni aktivit CAT promotoru P4sigH bylo patrné, Zze promotor
P4sigH je aktivovan tepelnym Sokem a disulfidovym stresem. Bylo zjisténo, ze
chromozomalni delece v genech sigH a rshA m¢ly vliv na aktivitu promotoru P4sigH. U
obou kmenti doslo ke snizeni promotorové aktivity po pusobeni disulfidového stresu.
Stanovena konsensus sekvence promotoru P4sigH je vSak spise podobna konsensus
sekvenci SigA-dependentnich promotorit nezli promotorim rozeznavanych sigma
faktorem SigH (Patek & Nesvera, 2011). Rozeznavani promotoru P4sigH primarnim
sigma faktorem SigH bylo opravdu prokazano metodou transkripce in-vitro.

Vzhledem k tomu, Ze v§echny 4 promotory genu SigH odpovidaji svymi oblastmi
-10 a -35 vegetativnim promotorim C. glutamicum (rozeznavanym zfejmé primarnim
sigma faktorem SigA), pozorovany negativni vliv delece genu sigH na jejich aktivitu
poukazuje na to, ze exprese genu SigH je ovlivnéna pusobenim dalSich regulacnich
proteint, jejichz tvorba je pravdépodobné fizena sigma faktorem SigH. Podobné je tomu
u E. coli, kde sigma faktor RpoH ovliviiuje expresi genti nezbytnych pro spravnou funkci
organismu v exponencialni fazi ristu a jejichz exprese je primarné fizena sigma faktorem
RpoD (Maeda et al., 2000) (Patek & Nesvera, 2011).

V mezigenové oblasti pfed genem sigH (cg0876) byl na zakladé znalosti
genomove sekvence identifikovan tzv. >SOS box’, tedy isek DNA kam se specificky vaze
protein LexA (Jochmann et al., 2009) (Kalinowski et al., 2003). SOS buné&¢na odpoved’
je fizena globalni regulacni siti a umoziuje bakteriim ptezit v podminkach poskozeni
DNA (Walker, 1984). Protein LexA funguje jako transkripéni represor, a to za podminek,
kdy neni navozena bunécna SOS odpoveéd’. SOS box piekryva promotorovou oblast -10
promotoru P4sigH, ¢imz je za standardnich podminek zfejmé blokovana exprese genu
sigH z tohoto promotoru disledkem vazby proteinu LexA v této oblasti DNA (Busche et
al., 2012) (Jochmann et al., 2009).

Urdeni transkripénich startd genu rshA
Pro analyzu struktury promotorové oblasti genu rshA byla pouzita vyse popsana
metoda primer-extension a pouzit konstrukt C. glutamicum/pET2/rshA ktery byl

kultivovan za stejnych podminek jako v experimentu pro méteni aktivity CAT tedy za
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standardnich podminek (30 °C). Identifikované transkripéni pocatky genu rshA metodou

primer-extension jsou znazornény na Obr. 5 a popsany v textu.

K. . Y -35 -10 TSP1 TSP2
‘ i \ 5'- TCGTGGAAGAAAACAGCTCCGAGGAATGTTAAAGGAAGTAG

—a M el e WA, o 1 A4

(o : . sigH l,m_ILA

CGAAGGAA - 28bp - TGAAGAAAAATTCGGAGGCATAACGATG -3'

WAL b ~~ \

G

T s R
AN U v \JV VU -

PEX TSP1)| | TSP2

35 ’\\\\\«\-_W \ / 3

TTGTTCCTTCGCTACTTCCTTT

Obr. 5 - Vysledky reakci primer-extension promotorové oblasti genu rshA. (Busche

etal., 2012)

A - Drahy A, C, G, T oznacuji produkty sekvenaéni reakce DNA sledovaného konstruktu
s pouzitim stejné znacené¢ho primeru CM4, drahy PEX zobrazuji identifikované
transkripcni pocatky.

B - Nukleotidova sekvence upstream oblasti genu rshA (sekvence je reverzné
komplementarni k sekvenci znazornéné v casti A).

Transkripéni analyzou genu rshA byly identifikovany 2 transkripéni pocatky
(TSP1 a TSP2). K obéma transkripénim pocatkiim byla stanovena jedina prodlouzena
promotorova oblast s motivy -10 (5°-tgttaaa-3°) respektive -35 (5°-tggaaga-3°) (Busche,
Silar et al. 2012) a jedna se tedy o jediny promotor (PrshA). Ur¢ené motivy -10 a -35
promotoru PrshA se shoduji s publikovanou konsensus promotorovou sekvenci SigH-
dependentnich oblasti -35 a -10 u M. tuberculosis (5°-G/ITGGAAC/TA-16nt-C/GGTT-
3°) (Raman et al., 2001).

DNA Microarray analyza kmene C. glutamicum ArshA

Sigma faktor SigH je za standardnich podminek vazan s anti-sigma faktorem
RshA, coz zplisobuje jeho inaktivaci. Za podminek bunééného stresu je tato reverzibilni
vazba zruSena a sigma faktor SigH je uvolnén. Komplex sigma faktor - anti-sigma faktor
byl jiz u C. glutamicum identifikovan a to v pfipad¢ sigma faktoru SigE, jehoz aktivita je
regulovana anti-sigma faktorem CseE (Park et al., 2008). U piibuzné bakterie
Mycobacterium tuberculosis je sigma faktor SigH (ortholog sigma faktoru SigH u C.
gltamicum) regulovan anti-sigma faktorem RshA nebo u Streptomyces coelicolor, kde
sigma faktor SigR je regulovan anti-sigma faktorem RsrA (Kang et al., 1999) (Song et
al., 2003). Lze proto piedpokladat, ze trvalé uvolnéni vazby SigH-RshA by u C.

glutamicum zpisobilo zvySenou expresi genti rozeznavanych sigma faktorem SigH i bez
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navozeni stresovych podminek v prostiedi. K tomuto ucelu byl sestrojen kmen C.
glutamicum ArshA nesouci deleci v genu rshA kodujicim anti-sigma faktor RshA.

K identifikaci gend se zvySenou expresi, u nichz lze pfedpokladat, Ze jsou
regulovany sigma faktorem SigH, byla pouzita metoda DNA Microarray. Transkripéni
profil dele¢niho kmene C. glutamicum ArshA byl porovnan s divokym kmenem C.
glutamicum. Oba kmeny byly kultivovany v tekutém minimalnim médiu CGXII za
standardnich podminek. Izolovana celkovd RNA z obou kmenti respektive jejich cDNA
byla pouzita pro mapovani transkripénich profili metodou DNA Microarray.

Tento experiment byl proveden béhem mé stdze na pracovisti s laboratofi
Microbial Genomics and Biotechnology, Centrum fiir Biotechnologie, Universitét
Bielefeld, SRN.

Vysledky experimentu DNA Microarray jsou zobrazeny na Obr. 6.

DNA Microarray analyza
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Obr. 6 - Mapovani transkripéniho profilu kmene C. glutamicum ArshA v porovnani
s divokym kmenem C. glutamicum. Grafické znazornéni poméru hodnot m-value
(signal intensity ratio) a a-value (signal intensity) ziskanych metodou DNA Microarray
pfi porovnani transkripéniho profilu dele¢niho kmene C. glutamicum ArshA s kmenem
divokym. Geny se zvySenou mirou exprese v kmenu C. glutamicum ArshA jsou
znazornény kladnou hodnotou, zatimco zapornymi hodnotami jsou zndzornény geny se
zvySenou mirou exprese v divokém kmeni C. glutamicum. Pouze hodnoty m-value vyssi
nez +0,6 a niz8i nez -0,6 byly povazovany za vyznamné. U vybranych gentl jsou uvedeny
nazvy, obrazek upraven pro ucely této prace (Busche et al., 2012).

Vysledkem experimentu DNA Microarray byla identifikace celkem 83 gent se
zvySenou transkripéni aktivitou u delecniho kmene v porovnani s kmenem divokym.

Nekteré geny, které byly v praci (Ehira et al.,, 2009c) identifikovany jako SigH-
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dependentni (snizena exprese v deleénim kmeni C. glutamicum AsigH) mély zvySenou
miru exprese i v kmeni C. glutamicum ArshA v porovnani s kmenem divokym. Metodou
Microarray hybridisation v tomto kmeni v$ak nebyly potvrzeny geny clpC (molekularni
chaperon), sigB (sigma faktor), operon dnaK-grpE (molekularni chaperony) a vétSina
gent z klastru suf kodujici Fe-S proteiny (sufB, sufD, sufC, sufS, sufU). Tato skute¢nost
mize byt dana nepfitomnosti stresovych podminek, které jsou nutné pro aktivaci
transkripce pisobenim SigH (Busche et al., 2012).

Mezi nové identifikované SigH-dependentni geny patii geny uvrA, uvrC a uvrD
(kédujici proteiny ucastnici se excisni opravy DNA), mshC a mca (syntéza mykothiolt)
a pup (ubiquitin-like protein). Dosazené vysledky jsou v souladu s pfedpokladem, Ze
protein RshA plni funkci anti-sigma faktoru k alternativnimu sigma faktoru SigH
(Busche, Silar et al. 2012).

Analyza promotora rozeznavanych alternativnim sigma faktorem SigH

V této praci bylo identifikovano 83 gent, jejichz transkripéni aktivita byla
zvySena v dele¢nim kmeni C. glutamicum ArshA ve srovnani s divokym kmenem C.
glutamicum. Byly uréeny promotorové -10 a -35 motivy u celkem 45 SigH-dependentnich
promotort (Busche, Silar et al. 2012). Z téchto SigH-dependentnich promotort byly v
této praci analyzovany promotory genu dnaJ2 (cg2515, molekularni chaperon), uvrA
(cg1560, protein nukleasy tiastnici se excisni opravy DNA), uvrD (cg1555, RNA/DNA
helikasa), sigM (cg3420, ECF sigma faktor), ddi (cg2661, dithiol-disulfidova isomerasa)
a zdo (cg3405, Zn-dependentni oxidoreduktasa). Prislusné promotorové oblasti byly
klonovany do promoter-probe vektoru pET2, transformovany do bunék E. coli a nasledné
i do bun¢k divokého kmene C. glutamicum a do kmenti C. glutamicum nesoucich ruzné
chromosomalni delece v genech kodujicich alternativni sigma faktory (AsigH, ArshA,
AsigE, AsigM). Vybrané konstrukty byly rovnéz transformovany do kmenid C.
glutamicum AsigHM a C. glutamicum AsigEM nesoucich dvojité delece v genech pro
sigma faktory.

Byly stanoveny promotorové aktivity CAT a identifikovany transkripéni poc¢atky,
od kterych byly nasledné ur¢eny promotorové oblasti s konvencnimi sekvencemi motivii
-10 a -35.

Stanoveni aktivit a urceni transkrip¢nich starti promotora genu dnaJ2 (cg2515)

Gen dnaJ2 koduje molekularni chaperon tcastnici se bunétné odpovédi na
tepelny Sok, jehoZ exprese je regulovana alternativnim sigma faktorem SigH (Ehira et al.,

2009b; Busche et al., 2012). Z vysledkti méfeni specifickych aktivit CAT bylo prokazano,
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ze promotor PdnaJ2 je aktivovan tepelnym Sokem a etanolovym stresem a rovnéz ze
sigma faktor SigH se podili na regulaci exprese genu dnaJ2. Transkrip¢ni analyzou (Obr.
7) byly identifikovany tfi transkripéni pocatky (TSP1, TSP2 a TSP3) od kterych byly
nasledné odvozeny tii promotorové oblasti, P1dnaJ2 s konven¢nimi motivy -10 (5°-
taatct-3°) a -35 (5°-tatagt-3°), P2dnaJ2 s konvenénimi motivy -10 (5°-cgttgc-3¢) a -35 (5°-
gggaac-3°) a P3dnaJ2 s konven¢nimi motivy -10 (5°-ggttgg-3°) a -35 (5°-gcgcact-3°).
Promotorova oblast P1dnaJ2 je svymi konven¢nimi sekvencemi v oblastech -10 a -35
podobna SigA-dependentnim promotoram. (Larisch et al., 2007; Patek & Nesvera, 2011).
Promotorova oblast P2dnaJ2 obsahuje ve svych promotorovych motivech -35 a -10
typické nukleotidové sekvence SigH-dependentnich promotord. Tieti identifikovana
promotorova oblast P3dnaJ2 nevykazuje typické sekvence SigH ptipadné SigA-
dependentniho promotoru. Bylo proto mozné ptedpokladat, Ze tento promotor je

rozeznavan jinym alternativnim sigma faktorem.
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Obr. 7 - Vysledky reakci primer-extension promotorové oblasti genu dnaJ2.

A - Drahy A, C, G, T oznacuji produkty sekvenaéni reakce DNA sledovaného konstruktu
s pouzitim stejné¢ znaceného primeru CM4, drahy PEX zobrazuji identifikované
transkripéni pocatky u kment C. glutamicum a C. glutamicum AsigH za standardnich
podminek a za podminek tepelného Soku.

B - Nukleotidova sekvence upstream oblasti genu dnaJ2 (sekvence je reverzné
komplementarni k sekvenci zndzornéné v Casti A) s vyznacenymi transkripénimi starty

Transkripéni pocatky TSP2 a TSP3 a jejich odvozené promotorové oblasti
P2dnaJ2 a P3dnaJ2 byly lokalizovany uvniti genu hrcA, kodujiciho transkripéni represor
HrcA, ktery se specificky vaze na useky DNA oznacované jako CIRCE (Control Inverted
Repeat of Chaperone Expression) (Buttner et al., 2001).
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Stanoveni aktivit a urceni transkrip¢nich starti promotori genu uvrA (cg1560)

Gen uvrA (cg1560) koduje protein nukleasu UvrA ucastnici se SOS odpovédi a
opravy DNA. Na zaklad¢ porovnani transkripcniho profilu dele¢niho kmene C.
glutamicum ArshA s divokym kmenem C. glutamicum metodou DNA Microarray za
standardnich podminek bylo zjisténo, Ze exprese genu UVIA je zvysSena u dele¢niho kmene
C. glutamicum ArshA a podléha tak regulaci SigH-RshA (Busche et al., 2012). Méfeni
specifickych aktivit CAT neprokdzalo vliv stresovych faktord na aktivitu promotoru
PuvrA. Transkrip¢ni analyzou byl identifikovan jeden transkripcni pocatek (TSP1) od
kterého byla nasledné odvozena promotorova oblast PuvrA (Obr. 8) s konven¢nimi
motivy -10 (5°-tgttcga-3°) a -35 (5°-cggaaac-3°). Odvozena promotorova oblast PUvrA
obsahuje v oblastech -10 a -35 konvenc¢ni sekvence typické pro SigH-dependentni
promotory (Patek & Nesvera, 2011).

A [A

/ I\

I GTCGCTTCAAAAAATACACCTTCGAACATAGCATAG I

-35 -10 +1
AGCGGAAACACCTTGTTCGATGCTATGTTCGAAGGTG

Obr. 8 - Vysledky reakci primer-extension promotorové oblasti genu UvrA.

A - Drahy A, C, G, T oznacuji produkty sekvenaéni reakce DNA sledovaného konstruktu
s pouzitim stejné znaCeného primeru CM4, drdha PEX zobrazuje identifikovany
transkripéni pocatek.

B - Nukleotidova sekvence upstream oblasti genu uvrA (sekvence je reverzné
komplementarni k sekvenci zndzornéné v ¢asti A) s vyzna¢enym transkripénim startem a
odvozenymi promotorovymi oblastmi -10 a -35 (Busche et al., 2012).

V mezigenové oblasti genil pfed genem UVrA byl na zaklad€ znalosti genomové
sekvence identifikovan tzv. ’SOS box’, tedy iisek DNA kam se specificky vaze protein
LexA (Jochmann et al., 2009). Lze tedy pfedpokladat, ze za standardnich podminek je
exprese genu uvrA negativné regulovana disledkem vazby proteinu LexA v této oblasti
DNA.
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Stanoveni aktivit a urceni transkrip¢nich starti promotori genu uvrD (cgl1555)

Gen uvrD (cgl555) koéduje protein DNA/RNA helikasu ucastnici se SOS
odpovédi a opravy DNA. Na zakladé porovnani transkripéniho profilu dele¢niho kmene
C. glutamicum ArshA s divokym kmenem metodou DNA Microarray bylo zjisténo, ze
exprese genu uvrD je zvySena u dele¢niho kmene ArshA a podléha tak regulaci SigH-
RshA.

Specificka aktivita CAT pii pouziti promotoru PuvrD dosahovala velmi nizkych
hodnot jak pfi 30 °C, tak po tepelném Soku. U kment AsigH a ArshA se nepodatilo ziskat
hodnoty, které by bylo mozné statisticky dolozit.

Transkripéni analyzou byl identifikovan jeden transkripéni pocatek (Obr. 9) ve
vzdalenosti 56 nt od transla¢niho pocatku genu uvrD, od kterého byla nasledné odvozena
promotorova oblast P1uvrD s konvencénimi motivy -10 (5°-tgttgta-3¢) a -35 (5°-tggaatg-
3%). Odvozena promotorova oblast P1uvrD obsahuje v oblastech -10 a -35 konven¢ni

sekvence typické pro SigH-dependentni promotory (Patek & Nesvera, 2011).

PEX -35 -10 TSP1
A 5. TCTGGAATGATTGATAGCTCCCAAGTGTTGTATCTATTC
D
c CAGTTCAAACACTTTTTCT - 30nt - CCCGGAGTG -3'
G
5T -3
\

AGAAAAAGTGTTTGAACTGGAATAGAT

Obr. 9 - Vysledky reakci primer-extension promotorové oblasti genu uvrD.

A - Drahy A, C, G, T oznacuji produkty sekvenaéni reakce DNA sledovaného konstruktu
s pouzitim stejné¢ znaceného primeru CM4, drdha PEX zobrazuje identifikovany
transkripcni pocatek.

B - Nukleotidova sekvence upstream oblasti genu uvrD (sekvence je reverzné
komplementarni k sekvenci znazornéné v €asti A) s vyznaenym transkripnim startem

.....

Z dosazenych vysledkii vyplyva, Ze exprese geni uvrC a uvrD je fizena
alternativnim sigma faktorem SigH (Busche et al., 2012). ldentifikovany transkripéni
pocatek a od néj odvozend promotorova oblast odpovida publikovanym SigH-

dependentnim promotorim (Patek & Nesvera, 2011).
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Stanoveni aktivity promotoru genu sigM

Hodnoty naméfenych specifickych aktivit promotorové oblasti PsigM u vsech
sledovanych kmenti nevykazovaly zvySeni u¢inkem tepelného Soku. U dele¢nich kmeni
byl po tepelném Soku patrny pokles promotorovych aktivit o 35 % (kmen AsigH)
respektive o 15 % (kmen AsigM). Aktivita v kmeni ASIQE byla vyrazné sniZzena v
porovnani ostatnimi sledovanymi kmeny. Vysledky méfeni specifickych aktivit CAT
ukazuji na vliv delece v genech sigH a sigM na aktivitu promotoru genu sigM po tepelném
Soku.

V promotorové oblasti genu SigM byl jiz diive identifikovan jeden transkripéni
pocatek a od n¢j nasledné odvozeny motivy -10 (5’-CGTTC-3") a -35 (5’-TGGTGAT-
3’) (Nakunst et al., 2007). Tito autofi piedpokladaji, ze promotor PsigM je SigH-
dependentni. Nase vysledky méteni specifickych aktivit potvrdily, Ze v této promotorové
oblasti se nachazi aktivni promotor. Snizena aktivita tohoto promotoru v kmeni ASIgE
poukazuje na to, ze promotor PSigM muze byt specificky rozpoznavan i sigma faktorem

SigE.

Stanoveni aktivity promotoru geni cg2661 (DDI) a cg3405 (ZDO)

Geny ¢g2661 a cg3405 koduji dithiol-disulfidovou isomerasu (DDI) a Zn-
dependentni oxidoreduktasu (ZDO). Oba proteiny ucastnici se bunééné SOS odpovéedi
maji své orthology v kmeni C. glutamicum R (cgR_2320 a cgR_2964), kde byl u obou
téchto gend identifikovan SigH-dependentni promotor (Ehira et al., 2009a).

U obou promotort byla stanovena jejich aktivita CAT za standardnich podminek
a po tepelném Soku. Ob¢ sledované promotorové oblasti vykazovaly mirné zvysSeni
aktivity u¢inkem tepelného Soku v divokém kmeni C. glutamicum, tak i v dele¢nim kmeni

AsigH. Ptitomnost SigH-dependentniho promotoru vSak nebyla dokazana.

Analyza promotora rozeznavanych dvéma sigma faktory

Zjisténi existence tii promotorti genu dnaJ2 (PldnaJ2, P2dnaJ2 a P3dnal2)
pokazuje na to, Ze exprese tohoto genu muize byt regulovana jak ECF sigma faktorem
(zteymé SigH), tak primarnim sigma faktorem SigA. Pfitomnost dvou promotort, z nichZ
jeden je SigA-dependentni (P1dnaK) a druhy SigH-dependentni (P2dnaK), byla jiz diive
publikovana u operonu dnaK-grpE-dnal-hspR, kodujiciho molekularni chaperony
ucastnici se bunécné odpovedi na tepelny Sok (Barreiro et al., 2004). Podobn¢ u genu

clgR, ktery koduje transkripéni regulator, je exprese fizena jak =ze SigH-
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dependentniho promotoru PlclgR, tak ze SigA-dependentniho P2clgR (Engels et al.,
2004).

Pro testovani toho, zda SigH-dependentni promotory P1clgR, P2dnaK a P2dnaJ2
jsou rozeznavany jest¢ dalsim ECF sigma faktorem, byly tyto promotory klonovany do
promotor-probe vektoru pEPR1 s reportérovym genem ¢fpuv, koédujicim zeleny
fluorescen¢ni protein (Gfp). Promotorova aktivita byla stanovena jako intenzita
fluorescence proteinu GFP. Ptislusné konstrukty byly pieneseny do divokého kmene C.
glutamicum a do dele¢nich kmend C. glutamicum AsigH a C. glutamicum AsigE. U
konstruktu pEPR1/P1clgR bylo nutné inaktivovat promotor P2cIgR cilenou mutagenezi
promotorové oblasti -10, z divodu té€sné blizkosti obou promotort (Engels et al., 2004).
Aktivity promotorti byly stanoveny za standardnich fyziologickych podminek a jsou

znazornény na Obr. 10.

. Legenda:
18 Konstrukty v pEPR1:
(a) Promotor P1clgR

1 | B (b) Promotor P2dnaK
- (c) Promotor P2dnaJ2

\ce (AUlmg protein)

Fluorescen:

[

Kmeny C. glutamicum:

- divoky wt (Cerny sloupec)
- AsigH (bily sloupec)
- ASigE (Sedivy)

Fluorescence (AU/mg protein)

Time (h)

T Cas B asige
b - AU, arbitrarni jednotky. Hodnota pozadi byla odectena
f: a od vsech vysledkli. Smérodatné odchylka byla
' ) : vypocitana ze tfi nezavislych méteni a je znazornéna
E : I [ I’:ll chybovou useckou.
— U

Obr. 10 - Aktivita promotoria PlclgR, P2dnaK a P2dnaJ2 v riznych kmenech
C. glutamicum za standardnich podminek(30 °C). (Silar et al., 2016)

Z Obr. 10 je ztejmé, ze aktivita promotoru P1clgR se mirn¢ snizila u dele¢niho
kmene C. glutamicum AsigH ve srovnani s divokym kmenem C. glutamicum. Tento
vysledek potvrzuje pifitomnost SigH-dependentniho promotoru. Z vysledkii je rovnéz
patrna rezidualni aktivita u deleéniho kmene. Lze tedy piedpokladat, ze promotor P1cIgR
je rozeznavan i dalsim ECF sigma faktorem.

U promotoru P2dnaK bylo zjisténo snizeni aktivity jenom v exponencionalni fazi
rastu u deleéniho kmene AsigH. U kmene ASigE nebylo pozorovano snizeni aktivity

behem exponencionalni faze, ale naopak jeji mirné zvySeni v pozdnich fazich rastu.
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V piipadé promotoru P2dnaJ2 nebyla aktivita promotoru ovlivnéna ptitomnosti
delece v genu sigH. U delecniho kmene ASIgE byl vSak patrny pozitivni efekt na aktivitu.
Testovani soucasného vlivu obou sigma faktorG SigH a SigE na aktivitu promotoru
P2dnalJ2 v jednom kmeni, vyZzaduje konstrukci deleéniho kmene AsSigHE nesouciho
delece v obou genech sigH a sigE. Pies vSechny pokusy se doposud nepodatilo sestrojit

tento kmen, coz muze byt dano jeho nezivotaschopnosti.

In-vitro transkrip¢ni analyza vybranych promotori

Pro urceni promotorové specificity jednotlivych sigma faktorti byl zkonstruovan
in-vitro transkripéni systém, umoznujici testovani vazby jednotlivych sigma faktord na
konkrétni promotory v podminkach in-vitro, tedy bez ptitomnosti dalsich transkripénich
faktori, které mohou pozitivné nebo negativné ovlivnit genovou expresi (Holatko et al.,
2012). In-vitro transkripéni systém se ukazal rovnéz jako vhodny systém pro dikaz
rozliSovani jednoho promotoru dvéma riznymi sigma faktory.

V této disertacni praci byly postupné testovany nasledujici promotory: Pper (silny
vegetativni promotor vektoru pGA1) (Nesvera et al., 1997), P4sigH, P2dnaJ2, P3dnaJ2,
P2dnakK, P1clgR, PtrxB (gen kodujici thioredoxinovou reduktasu) a PtrxB1 (gen kodujici

thioredoxin).

Promotor Pper Legenda:
S'Qma faktor - o o oo o o Drahy 1-7 oznaduji promotor Pper
Draha €. 1 2 3 45 6 7 oMPE"™_protein sigma faktoru pridany do reakéni
"» - smési
'-'- Negativni kontrola (bez pfidani sigma faktoru
do reakéni smési)
o) - pozice transkriptu, produktu in-vitro reakce
~150nt> | -

Obr. 11 - In-vitro transkripéni analyza vegetativniho promotoru Pper C.
glutamicum.
Vysledkem in-vitro transkrip¢ni reakce u promotoru Pper (Obr. 11) jsou dva silné

signaly v drahach pro SigA a SigB. Zadny signal nebyl patrny v reakénich smésich
obsahujici pouze RNAP bez piidaného sigma faktoru (negativni kontrola) a RNAP
holoenzymu s pfidanymi ECF sigma faktory SigD, SigE, SigH nebo SigM. Ziskany
vysledek prokazal, Ze typicky housekeeping promotor Pper (TAGAAT and TATAAT) je
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rozeznavan jak primarnim sigma faktorem SigA, tak primary-like sigma faktorem SigB
(Silar et al., 2016).

In-vitro transkripéni analyzou promotoru P4sigH vznikl pouze transkript v
pfitomnosti primarniho sigma faktoru SigA. Nasledné experimenty s pouzitim
alternativnich sigma faktorti SigH a SigE nevedly ke vzniku zadného transkriptu.

Ze ziskanych vysledkt promotoru P2dnaJ2 jsou patrné dva primarni transkripty,
v draze s pfidanym sigma faktorem SigE a v draze s pfidanym sigma faktorem SigH.
Z&dny transkript naopak nevznikl v reakénich smésich s primarnim sigma faktorem SigA,
SigB a s ECF sigma faktory SigD a SigM. Pfi pouziti promotoru P3dnaJ2 k transkripci
in-vitro nedoslo (Obr. 12).

Ze ziskanych vysledkl promotoru P2dnaK jsou patrné dva primarni transkripty,
v draze s pfidanym sigma faktorem SigE a v drdze s pfidanym sigma faktorem SigH.
Zadny transkript naopak nevznikl v reakénich smésich s primarnim sigma faktorem SigA,

SigB a s ECF sigma faktory SigD a SigM (Obr. 12).

promoter P2dnaK P2dnaJ2 P1clgR
RNAP core CG CG CG
G - oA oB o0 oE ogH oM - oA o8B of oM - oA oB o0 of oH
-~ . - . o=
i
~ 150 nt = - - - | -

Obr. 12 - In-vitro transkrip¢ni analyza promotori P2dnaK, P2dnaJ2 and PlclgR
rozeznavanych sigma faktory SigH a SigE u C. glutamicum. Promotory pouzité jako
DNA templat a ptidané sigma faktory jsou znazornény v hornim fadku. Specificky
transkript o velikosti 150 nt je znazornén Sipkou. Viditelné pasy v horni ¢asti obrazku
zobrazuji pravdépodobné nespecificky transkript z vektoru (Silar et al., 2016).

In-vitro transkripci z promotoru P1clgR byly ziskany dva primarni transkripty,
jeden v draze s ptidanym sigma faktorem SigE, druhy v draze s ptfidanym sigma faktorem
SigH. Zadny transkript naopak nevznikl v reakéni smési se sigma faktory SigA, SigB
nebo SigD (Obr. 12).
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Primarni transkript u promotortt PtrxB a PtrxB1l vznikl pouze v reakéni smési
v pfidavkem sigma faktoru SigH.

Vysledky analyzy in-vitro transkripce prokazaly, ze promotory C. glutamicum
mohou byt rozeznavany vice neZz jednim alternativnim ECF sigma faktorem, a to v
ptipad¢é promotora P2dnaK, P2dnaJ2 a P1clgR, kde tyto promotory jsou v podminkach
In-vitro specificky rozeznavané sigma faktory SigH a SigE (Silar et al., 2016).

Naproti tomu bylo prokazano, ze promotory PtrxB a PtrxBl, povazované
za SigM-dependentni (Nakunst et al., 2007) jsou v podminkach in-vitro rozeznavany

sigma pouze faktorem SigH (Obr. 13).

Promotor PtrxB1 PtrxB

Slgma faktor < o,l\ O,B cJ,D OE UH OM = O,A cB 0,D OE OH OM

Draha &. 1 3 3 4 5 6 7 8 9 10 11 12 13 14
— - p— -

~150 nte> S~ & G-150nt

Obr. 13 - In-vitro transkrip¢ni analyza promotora genu trxB a trxB1 C. glutamicum.

Legenda:
Drahy 1-7 oznacuji promotor PtrxB1, drahy 8-14 promotor PtrxB

o"BEH_ protein sigma faktoru piidany do reakéni smési
'-" - Negativni kontrola (bez ptidani sigma faktoru do reakcni smési)
=- pozice transkriptu, produktu in-vitro reakce

Prezentované vysledky prokazuji, Ze pro ziskani spolehlivych tidajl o regulaci
transkripce pisobenim sigma faktord je nutné pouziti kombinace metod in-vivo i in-

vitro.

5. Zavéry

Ve své disertatni praci s ndzvem ,Ucast alternativnich sigma faktori RNA
polymerasy pfi regulaci exprese genti Corynebacterium glutamicum® jsem se zabyval
studiem exprese gend, jejichz produkty se ucastni bunécné odpovédi na stres vyvolany
vngjSimi podminkami. Dil¢imi cili prace byly: (1) transkripéni analyza operonu
sigH-rshA kodujiciho alternativni sigma faktor SigH a jeho predpokladany anti-sigma
faktor RshA; (2) identifikace gend, jejichz exprese je fizena systémem SigH-RShA;

(3) analyza promotorovych oblasti téchto gent, tj. stanoveni promotorovych aktivit
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za ruznych fyziologickych podminek, identifikace transkripcnich pocatkti a urceni
promotorovych motivi -10 a -35; (4) sestrojeni in-vitro transkripéniho systému a jeho

pouziti pfi analyze vybranych promotorda.

V disertaéni praci bylo dosazeno téchto vysledku:

1) Stanovenim aktivit promotorovych oblasti gent sigH a rshA byla prokazana
u obou genll pfitomnost aktivnich promotort reagujicich na vnéjsi stresové podminky
a bylo zjisténo, ze delece v genu sigH méla negativni vliv na aktivitu promotori obou
gend. U genu sigH byly identifikovany 4 transkrip¢ni pocatky a odvozeny 4 promotory,
které byly podle svych -10 a -35 sekvenci uréeny jako SigA-dependentni. Exprese genu
sigH je tedy ziejmé fizena primarnim sigma faktorem SigA a pravdépodobné nepiimo
regulovana i alternativnim sigma faktorem SigH, ktery se tak podili i na regulaci exprese
vlastniho genu. Transkripéni analyzou genu rshA byly identifikovany 2 mozné
transkripéni pocatky odpovidajici jednomu promotoru, ktery obsahuje konzervované
motivy SigH-dependentnich promotort (GGAA (-35) a GTT (-10)), coz dokazuje, Ze
exprese genu rshA, kodujiciho anti-sigma faktor, je fizena sigma faktorem SigH.

2) ldentifikace SigH-dependentnich genii byla provedena stanovenim
transkripéniho profilu analyzou DNA Microarray u deleéniho kmene C. glutamicum
ArshA. s nefunk¢nim anti-sigma faktorem RshA. Celkem bylo identifikovano 83 genu,
jejichZ exprese byla zvysena v deleénim kmeni C. glutamicum ArshA a jsou tedy ziejmé
SigH-dependentni. Mezi nové identifikované SigH-dependentni geny patii napf. geny
uvrA, uvrC, uvrD, mshC a mca. Dosazené vysledky potvrdily pfedpoklad funkce proteinu
RshA jako anti-sigma faktoru k SigH.

3) U nov¢ identifikovanych SigH-dependentnich promotord gent uvrA a uvrD
a rovnéz u promotord genu dnalJ2 byly stanoveny jejich aktivity, identifikovany
transkripcni pocatky a nasledné¢ odvozeny promotorové motivy -10 a -35. U genti uvrA
a uvrD byl identifikovan vzdy 1 transkripéni pocatek a nasledné odvozen
jeden SigH-dependentni promotor. U genu dnaJ2 byly identifikovany 3 transkripéni
pocatky a odvozeny 3 promotory (P1ldnaJ2, P2dnaJ2 a P3dnaJ2). Na zaklad¢é sekvenci
oblasti -10 a -35 promotord PldnalJ2 a P2dnaJ2 bylo navrzeno, ze Pldnal2, je
rozeznavan primarnim sigma faktorem SigA, zatimco P2dnaJ2 alternativnim sigma
faktorem SigH. Promotor P3dnaJ2 neobsahuje -10 a -35 sekvence typické pro SigA- nebo
SigH-dependentni promotor a jeho funkce a regulace je nejasna.

4) Analyzou promotori SigH-dependentnich genii byly identifikovany

transkripcni pocatky a nasledné odvozeny oblasti -10 a -35 téchto gent. Z vysledkt
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ziskanych stanovenim promotorovych aktivit v kmenech C. glutamicum s deleci v genech
kédujicich rizné sigma faktory bylo mozné usuzovat, Ze tyto promotory mohou byt
specificky rozezndvany vice nez jednim ECF sigma faktorem. K potvrzeni tohoto
predpokladu byl sestrojen in-vitro transkrip¢ni systém, zalozeny na pouziti jadra RNA
polymerasy a urcitého sigma faktoru. Tento systém umoziiuje testovat Schopnost sigma
faktoru rozpoznat a iniciovat transkripci z promotorové oblasti fragmentu naklonovaného
do vektoru pRLG770. Vysledky in-vitro transkripéni analyzy dokazaly, ze promotory
P2dnaJ2, P1clgR a P2dnaK jsou specificky rozeznavany sigma faktorem SigH i sigma
faktorem SigE. Jedna se tak o prvni pifimy dikaz, ze jeden promotor C. glutamicum je
specificky rozeznavan dvéma rozdilnymi sigma faktory. U vegetativniho promotoru Pper
bylo prokéazano, ze jeho exprese muze byt fizena jak primarnim sigma faktorem SigA,
tak sigma faktorem SigB (primary like sigma factor).

Na zéklad¢ dosazenych vysledkli byly zmapovany geny, jejichz aktivita je
regulovana riznymi typy stresti vnéjsiho prostiedi, hlavné pak uc¢inkem zvysené teploty.
U téchto gent byly identifikovany transkripéni pocatky a odvozeny pftislusné
promotorové oblasti. K promotorové analyze byly pouzity in-vivo metody a soucasné byl
zkonstruovan in-vitro transkripéni systém umoznujici pfimé testovani vlivu konkrétniho
sigma faktoru na dany promotor. Kombinaci in-vivo a in-vitro metod bylo tak poprvé
experimentalné prokazano, ze transkripce genu z konkrétniho promotoru je u C.
glutamicum fizena vice neZ jednim sigma faktorem.

Bakterie C. glutamicum se fadi mezi vyznamné producenty aminokyselin a
dalsich pramyslové vyuzitelnych biosloucenin. Vysledky této ptispély k detailnimu
popisu komplexnich regula¢nich vztahti na vSech urovnich genové exprese u této
bakterie. Pochopeni téchto komplexnich vztahi miize byt u produkénich kment prakticky
vyuzito napf. k ur€eni vlivu globalnich regula¢nich mechanismi pfi odpovédi na rizné
typy stresu na expresi genil kddujicich enzymy biosyntézy aminokyselin a dalSich latek.

Cilem je tento efekt ovlivnit ve sméru zvySené produkce.
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6. Introduction

Corynebacterium glutamicum is a non-pathogenic, gram-positive bacterium that was
isolated as a glutamate-producing organism in 1950s and has been used for large scale
production of amino acids (Gopinath et al., 2012; Hermann, 2003; Leuchtenberger et al., 2005)
and other industry used substances, vitamins (Huser et al., 2005), oligonucleotides (Vertes et
al., 2012), organic acids (Wieschalka et al., 2012) and others (Blombach & Eikmanns, 2011;
Song et al., 2012) . Besides this, it is of increasing importance as a model organism for other
corynebacteria with biotechnological or medical significance, as well as for the species of
related genera (Brune et al., 2005; Mishra et al., 2007; Moker et al., 2004). The genes coding
for proteins involved in the variety of cellular stress response have been intensively studied in
the recent years (Jung et al., 2011; Larisch et al., 2007; Muffler et al., 2002; Oide et al., 2015;
Park et al., 2008; Wang et al., 2016). The heat-shock response is one of the most studied
regulatory networks present in all organisms (Yura & Nakahigashi, 1999). The other factors
which activate the cellular cell response include ethanol, disulfide and oxidative stresses, which
are also studied in C. glutamicum. Transcription initiation is a major point for the regulation of
gene expression, and the RNA polymerase (RNAP) is the central enzyme of transcription. The
other key part is the sigma factor, which is responsible for promoter-specificity (Murakami et
al., 2002). C. glutamicum possesses seven sigma factors regulating transcription on a global
scale, recognizing the specific promoter signals (Patek & Nesvera, 2011). Five sigma factors
(SigC, SigD, SigE, SigH and SigM) are often involved in responses to external stresses and
have also been designated extracytoplasmic function (ECF) sigma factors (Engels et al., 2004).
It has been shown that SigH is involved in responses to heat shock (Ehira et al., 2009c) oxidative
/ disulfide stress (Kim et al., 2005b), (Ehira et al., 2008), (Barriuso-Iglesias et al., 2012).
Therefore, the SigH was found to be a major player in cell stress response in C. glutamicum.
The activity of the SigH ortholog in Mycobacterium tuberculosis is controlled by anti-sigma
factor RshA that binds to its cognate sigma factor and keep it in the inactive form (Song et al.,
2003). After the applying of the stress conditions, the sigma factor is released and can bind with
RNAP. In C. glutamicum genome, the genes sigH and rshA are close to each other separated
only by 2bp. It’s assumed that the role of RshA protein is the anti-sigma factor to SigH.

The main aims of this thesis were the analysis of the operon sigH-rshA, the role of sigma
factor SigH and its anti-sigma factor RshA in the expression of genes involved in the cellular

stress response in C. glutamicum and the identification of SigH-dependent promoters and their
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transcriptional analysis. The final aim was the construction of in-vitro transcriptional system in

C. glutamicum.

7. Aims and the hypothesis

This PhD thesis is focused on the role of alternative sigma factors of RNA polymerase
on the regulation of transcription of genes involved in the cellular stress response
to environmental stress conditions in Corynebacterium glutamicum. The main aim of this thesis
was to discover the involvement of alternative sigma factor SigH in the gene expression and
also the transcriptional regulation of its gene sigH. The recent published data suggested that
the SigH plays a pivotal role in the cellular response to environmental stress conditions. Its
activity is driven by putative anti-sigma factor RshA which gene rshA is located 2 nucleotides

downstream from the SigH gene.

The thesis had the following aims:

1) Transcriptional analysis of operon sigH-rshA
2) ldentification of genes with SigH-dependent promoter
3) Transcriptional analysis of genes with SigH-dependent promoter

4) Construction of in-vitro transcriptional system and its use in promoter analysis

8. Materials and Methods

All material and methods, used in this work, were essentially the same as published
in Zemanova et al. (2008) , Busche et al. (2012), Holatko et al. (2012), Silar et al. (2016).

9. Results and discussion

The main goal of this thesis was the analysis of the gene expression of genes sigH and
rshA coding the sigma factor SigH and its putative anti-sigma factor RshA in C. glutamicum.
The specific promoter activity of genes rshA and sigH were measured under the various stress
conditions, then the transcriptional start points were identified and the respective promoter
regions were proposed.

The other aim of the thesis was the identification and the transcriptional analysis of
genes with the SigH-dependent promoter. The in-vivo techniques (chloramphenicol-
acetyltransferase (CAT) assay and Gfp assay), DNA Microarray, primer-extension, 5> RACE

28



were used for this analysis. The in-vitro transcriptional system was developed in the Laboratory
of molecular genetics of bacteria in Microbiology institute, Academy of sciences (Holatko et

al., 2012) and used in the promoter analysis.

The sigH-rshA operon analysis
The sigH gene codes for alternative sigma factor SigH is located near to rshA gene
separated only by 2 bp (Fig. 1). It was suggested that sigH gene forms an operon with the rshA

gene, coding its potential anti-sigma factor.

sigH rshA (cg0877, anti-sigma faktor)
goag1 9707 EOLEE 809273

cg0875 whcE cg0880
(cg0878)

rshA
—
5-gaggca cglatgacgaat-¥

1 | ] !

et
. Zdroj:
3. ctccgtattlgclftactgctta-s Max Planck Institute for Informatics

http://www.coryneregnet.de

Fig. 1 - Localization of sigH and rshA genes in the genome of C. glutamicum (genomic segment
803381-809273 nt). Both genes are located in close proximity and are separated by a pair of nucleotides
cytosine and guanine. Stop codon (taa) of sigH gene is highlighted by the green colour, the initiation
codon (atg) of the rshA gene is indicated by the in blue. The scheme was made based on the knowledge
of C. glutamicum genome sequence (Kalinowski et al., 2003).

To analyse the promoter regions of the sigH-rshA operon, the promoter regions of sigH
and rshA genes were cloned into the promoter-probe vector pET2 upstream of the promoterless
cat reporter gene coding for chloramphenicol acetyltransferase (CAT). The promoter activity
was assayed as activity of reporter enzyme CAT during normal cell growth at 30 °C and after
stress conditions in C. glutamicum wild-type strain as well as in C. glutamicum mutant strains

with deleted genes coding for stress responsive sigma factors.

Measurement of promoter activity of sigH gene

The construct containing pET2 vector with cloned promoter fragment was used for
determination of promoter activity by measuring the activity of the reporter enzyme CAT in
different strains of C. glutamicum. CAT activity was measured under standard physiological
conditions (30 ° C) and after the heat shock (40 ° C for 60 minutes).

The results of CAT measurement of the promoter PsigH are shown in Fig. 2.
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Fig. 2 - Activity of PsigH in C. glutamicum under standard conditions and after heat shock.
Promoter activity was measured under standard physiological conditions (blue column, 30 ° C)
and after the heat shock (red column, 40 °C, 60 min). Standard deviations of three
measurements are depicted by error bars.

The promoter activity increased in C. glutamicum wild-type (wt) strain after the heat
shock compared to values measured under standard conditions. This result proves that the
cloned promoter region contains active promoter. There is a visible decrease of promoter
activity in all mutant strains, especially after the heat shock. The biggest difference in the
promoter activity was found in the AsigH strain after the heat shock compared to wild type
strain.

The next experiments analysed the effect of other stresses on the PsigH activity. The
promoter activity was measured after the ethanol (10% ethanol in the medium), the disulfide (2
mM diamide in the medium) and oxidative (1% H20 in medium) stress conditions. Cells were
exposed to the above mentioned stress factors for 15 min.

In C. glutamicum wild type strain the PsigH activity increased after ethanol stress (for
51%), after treatment with H20- (for 10%) and also after exposure to disulfide stress (for 27%)
compared to values measured under standard conditions. The visible increase of promoter
activity was found in the ArshA after the disulfide stress while slight decrease was found in the

AsigH deletion strain.
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The obtained results demonstrated that the activity PsigH is influenced by the various
stress factors. It can be concluded that sigma factor SigH is involved in the regulation of the
expression of its own gene. This finding is consistent with previously published results (Kim et

al., 2005a), where it was found that the sigH gene expression requires the SigH protein.

Measurement of promoter activity of rshA gene

The PrshA promoter activity significantly increased after heat shock by 85% in C.
glutamicum wild strain compared to the values measured under standard conditions. In mutant
strain C. g. AsigH the activity of the PrshA decreased after the heat shock. The effect of disulfide
stress caused the increase of promoter activity only in the C. g. wild type strain (Fig. 3). Visible
slight decrease of the promoter activity was found in the mutant strains AsigH and ArshA
compared to wild type strain.

It was proved that both promoter regions are activated by heat shock. The sigH promoter
region was activated besides the heat shock also by ethanol, disulphide and oxidative stresses.
The promoter activity of PrshA and PsigH being affected by the presence and deletions in the

gene encoding the alternative sigma factor SigH.

m30°C
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Fig. 3 - Activity of PrshA in C. glutamicum under standard conditions and after heat shock.
Promoter activity was measured under standard physiological conditions (blue column, 30 ° C)
and after the heat shock (red column, 40 °C, 60 min). Standard deviations of three
measurements are depicted by error bars.
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The obtained results demonstrated that sigma factor SigH is involved in the regulation
of gene expression of rshA gene and simultaneously is involved in the regulation of the
expression of its own gene. This finding is consistent with previously published results (Kim et

al., 2005a), where it was found that the sigH gene expression requires the SigH protein.

The determination of transcriptional start points of sigH gene

The determination of the 5' ends of the respective mRNASs and thus transcription starts
(TSP) of sigH gene, the non-radioactive method of primer-extension (PEX) was used. The
construct C. glutamicum/pET2/sigH was cultivated under the same conditions as in the
experiment for measurement of CAT activity. Reverse transcription was carried out with primer
CM4 (labelled by fluorescein), whose sequence is complementary to the sequence of the vector
pET2 downstream of the cloned fragment. The reverse transcription goes in the opposite
direction from this primer and reaches the beginning of the transcribed mRNA of the cloned
DNA. The resulting single stranded cDNA was analysed on polyacrylamide gel sequencer
A.L.F. Sequencing of the cDNA and the DNA construct of the reference was done
simultaneously with the same CM4 primer. Both results were visualized using the Fragment
Manager program, wherein the position signal from the product of reverse transcription has
been assigned to the corresponding nucleotide of the sequenced DNA of the test sample.

The transcription analysis of the PsigH region is shown in the Figure 4.
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Fig. 4 - Determination of TSPs in the upstream region of the sigH gene by primer-

extension. (Busche et al., 2012)

A, B - Lanes A, C, G and T represent the sequencing reactions using the same primers CM4
as for the primer extensions. The bottom peaks (PEX) represent cDNA
synthesized in the reverse transcription using RNA from C. glutamicum

C - The nucleotide sequence of upstream region of the sigH gene (sequence is reverse
complementary to the sequence shown in sequencing reactions in part A and B)
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The result from primer-extension is shown in Fig 4. Fourth lanes labelled A, C, G, T
show a control sequencing reaction in the form of four bases, adenine, cytosine, guanine and
thymine. Lanes marked PEX display the sequencing product of the sample. Three TSPs were
located within the upstream region of the sigH gene.TSP1, TSP2 and TSP3 were mapped at
nucleotide A in all cases, 22 nt, 89 nt and 93 nt upstream of the sigH start codon, respectively.
The putative -10 hexamers of the respective promoters, 5’-TAGAAT-3" (P1),
5’-TAAAGT-3’ (P2) and 5’-TAGAGT-3" (P3) are similar to each other and fit well to the
consensus -10 hexamer TANANT of SigA-dependent promoters driving the expression of
housekeeping genes in C. glutamicum (Larisch et al., 2007). The putative -35 sequences of P1
(5’-AAAGGT-3"), P2 (5’-GTGGTG-3") and P3 (5’-CTGATG-3") are less similar to the
consensus, which is a common feature of C. glutamicum housekeeping promoters. In
conclusion, all three promoters seem to be SigA-dependent (Busche et al., 2012).

Several PEX analysis identified the TSP4 located 131 nt upstream of the sigH initiation
codon. Therefore the TSP4 is shown separately (Figure 2B). Using this transcriptional fusion,
a CAT activity of P4sigH was determined. This result indicated that there is a promoter within
this upstream fragment. The position of TSP4 was further confirmed by additional PEX analysis
and also by RACE analysis (data not shown, Chapter Material a Metody in PhD thesis, part
3.2.9.11.). The hexamers -10 (5’-TACATA-3") and -35 (5’- TTGTTT-3°), were located in the
appropriate distance from TSP4. The obtained results suggested another SigA-dependent
promoter (P4) (Patek & Nesvera, 2011).

The CAT assay was used for determination of the P4sigH activity. The C. glutamicum
wild type strain and C. g. AsigH, ArshA mutant strains were used for the CAT analysis. It was
found that the promoter activity is influenced by heat shock and by the diamide stress condition.
It was also found that the promoter activity was influenced by the deletion in sigH and rshA
genes. The promoter analysis of sigH promoter region given that all four promoters of their
correspond areas -10 and -35 are vegetative promoters, apparently recognized by a primary
sigma factor SigA. The observed negative influence of sigH gene deletion on their promoter
activity indicates that gene expression is indirectly influenced by SigH. Similarly, in the E. coli,
where sigma factor RpoH affects the expression of genes necessary for correct functioning of
the organism in exponential growth phase and of which expression is primarily controlled by
the sigma factor RpoD (Maeda et al., 2000) (Patek & Nesvera, 2011).

Based on the knowledge of the genomic sequence the feature called. 'SOS box' was
identified in the upstream region of the sigH gene, which was described as a LexA binding site
in C. glutamicum. The specific sequence of the SOS box (5’-TGGTACATATGTTCTA-3°) was
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found to overlap with the proposed -10 region of P4, hereby under standard conditions
apparently blocked gene expression from this promoter due to binding of the LexA protein to
the DNA region (Busche et al., 2012; Jochmann et al., 2009; Kalinowski et al., 2003).

The transcriptional start point identification of rshA gene

The primer-extension technique was used in the analysis of the rshA promoter region
by using the construct C. glutamicum/pET2/PrshA which was cultivated under standard
conditions (30 ° C). Identified transcriptional start points are shown in Fig. 5 and described in
the text.
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Fig. 5 - Primer-extension analysis of PrshA promoter region (Busche et al., 2012).

A - Lanes A, C, G and T represent the sequencing reactions using the same primers CM4
as for the primer extensions. The bottom peaks (PEX) represent cDNA
synthesized in the reverse transcription using RNA from C. glutamicum

B - The nucleotide sequence of upstream region of the rshA gene (sequence is reverse
complementary to the sequence shown in sequencing reactions in part A and B)

Two TSPs were detected at nt G and A, 62 nt and 66 nt upstream of the rshA initiation
codon (Figure 5). The proposed motifs -10 (5°-tgttaaa-3°) and -35 (5°-tggaaga-3°)(Busche et
al., 2012) fit well to the consensus sequence of the —35 and —10 regions of the proposed SigH-
dependent promoters of the M. tuberculosis (G/'TGGAAC/TA —16 nt —C/GGTT) (Raman et al.,
2001).

DNA Microarray analysis of C. glutamicum ArshA

Sigma factor SigH is bound with an anti-sigma factor RshA under standard conditions
causing its inactivation. Under conditions of cellular stress, the SigH is released from the
inhibition. This model of regulation was already described in C. glutamicum in the sigma factor

SigE, which its activity is regulated by anti-sigma factor CseE (Park et al., 2008). The genes
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encoding SigR (an ortholog of C. glutamicum SigH) in S. coelicolor and SigH in some
mycobacteria (e.g. M. smegmatis and M. avium) are located in close proximity to the genes
encoding their anti-sigma factors RsrA and RshA, respectively, which were found immediately
downstream (Kang et al., 1999; Song et al., 2003).

It can therefore be assumed that the sustained-release bindings Sigh-RshA would result
in increased gene expression recognized by sigma factor SigH without inducing stress
conditions in the environment. To discover genes that are under the control of SigH, the deletion
strain carrying the deletion in the rshA gene C. glutamicum ArshA was constructed. It was
expected that SigH would be released from inhibition by the anti-sigma factor in this deletion
strain and SigH-dependent genes might be expressed without applying any stress.

A comparative DNA Microarray hybridization analysis was performed using total RNA
isolated from C. glutamicum and its rshA deletion derivative growing under standard cultivation
conditions (30 °C). The signal intensity ratio (m) / signal intensity () plots deduced from
hybridizations are shown in Figure 6. The differentially transcribed genes are listed in the PhD
thesis. Altogether, 83 genes in 61 putative transcriptional units were found to be upregulated in
the ArshA mutant compared to its parent strain. The highest ratios were observed for the genes
previously described as members of the SigH regulon (Ehira et al., 2009c). These data strongly
confirmed the assumption that the SigH sigma factor would be highly active in the ArshA strain
in which the functional rshA gene product is absent and are in line with the notion that RshA
plays the role of an anti-sigma factor controlling SigH activity in-vivo (Busche et al., 2012).

This experiment was performed during my internship at the centre Microbial Genomics
and Biotechnology, Centrum fiir Biotechnologie, Bielefeld University, Germany in 2010.

Interestingly, the Microarray assay did not confirm several genes previously reported as
SigH-dependent: clpC (molecular chaperone), sigB (sigma factor) operon dnaK-grpE-dnaJl-
hspR (molecular chaperones) and the majority of genes of cluster suf encoding a Fe-S proteins
(sufB, sufD, sufC, sufS, Zuph) (Ehira et al., 2009b; Engels et al., 2004). This fact may be due to
the absence of stress conditions, which are required for transcriptional activation by SigH.

Among the newly identified Sigh-dependent genes include following genes: uvrA, uvrC
and uvrD (encoding proteins involved in excision repair of DNA), mshC and mca (mycothiol
synthesis) and the pup (ubiquitin-like protein). These results confirmed the assumption the role

of RshA protein as anti-sigma factor to SigH. (Busche et al., 2012).
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Figure 6 - Microarray analysis of the C. glutamicum compared with its ArshA.
Ratio/intensity plot obtained from the DNA Microarray comparing the transcriptomes of
RES167 and DNZ2 is shown. Total RNA was isolated from two biological replicates grown in
minimal medium to the exponential phase and used for hybridization. Genes with increased
amounts of MRNA in the ArshA strain have positive ratios, while genes with a higher mMRNA
amount in the wild type strain have negative ratios, indicated with green diamonds
(upregulated) or red triangles (downregulated) respectively; those not exhibiting differential
expression are indicated with grey spots. M values of higher than +0.6 or lower than —0.6
(corresponding to fold changes of 1.52 and 0.66, respectively) were considered to be significant.
(Busche et al., 2012)

The analysis of promoters recognized by alternative sigma factor SigH

In total 83 genes were identified with the enhanced transcriptional activity in the
deletion strain C. glutamicum ArshA compared with the wild strain C. glutamicum. The
promoter motifs -10 and -35 for a total of 45 SigH-dependent promoters were proposed (Busche
etal., 2012). The following genes with SigH-dependent promoters were studied in detail in this
thesis: dnaJ2 (cg2515, molecular chaperone), uvrA (cg1560, protein nucleases involved in
excision repair of DNA), uvrD (cg1555, RNA/DNA helicase), sigM (cg3420, ECF sigma
factor), ddi (cg2661, dithiol-disulfide isomerase), and is zdo (cg3405, Zn-dependent
oxidoreductase). The respective promoter regions were cloned into the promoter-probe vector
pET2, transformed into E. coli and subsequently into the C. glutamicum wild strain and C.

glutamicum strains carrying different chromosomal deletions in the genes encoding alternative
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sigma factors (AsigH, ArshA, AsigE, AsigM). Selected constructs were also transformed into C.
glutamicum AsigHM and AsigEM carrying the double deletions in genes encoding sigma
factors.

The specific promoter activity using CAT assay was performed and the transcriptional
start points were identified with the proposed promoter regions with the consensus sequences
motifs -10 and -35.

The promoter analysis of dnaJ2 gene (cg2515)

The dnaJ2 gene encodes a molecular chaperone involved in the cellular response to heat
shock, whose expression is regulated by alternative sigma factor SigH (Ehira et al., 2009b;
Busche et al., 2012). The results obtained from CAT measurement demonstrated that promoter
PdnaJ2 is activated by heat shock and ethanol stress and also that the sigma factor SigH is
involved in regulation of the gene expression. The transcriptional analysis (Fig. 7) has
determined three transcription start points (TSP1, TSP2 and TSP3) from which the
subsequently derived three promoter regions with the proposed following promoter motives:
P1ldnaJ2 -10 (5'-taatct-3 ') and -35 (5'- tatagt-3 '); P2dnaJ2 -10 (5'-cgttgc-3') and -35 (5'-gggaac-
3"); P3dnaJ2 with conventional motifs -10 (5'-ggttgg-3 ) and -35 (5'-gcgcact-3'). The consensus
sequences of promoter region P1dnaJ2 is similar to SigA-dependent promoters (Larisch et al.,
2007). The P2dnaJ2 promoter region contains in their promoter motifs -35 and -10 typical
nucleotide sequences of SigH-dependent promoters (Patek & Nesvera, 2011). The third
identified promoter region P3dnaJ2 does not contain the typical sequence motives of SigH- or
SigA-dependent promoter. It was therefore possible to assume that the promoter is recognized

by the other alternative sigma factor.
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Fig. 7 - The primer-extension analysis of the dnaJ2 promoter region.

A - Lanes A, C, G and T represent the sequencing reactions using the same primers CM4
as for the primer extensions. The bottom peaks (PEX) represent cDNA
synthesized in the reverse transcription using RNA from C. g. wt and C. g. AsigH under
standard conditions and after the heat shock.

B - The nucleotide sequence of upstream region of the dnaJ2 gene (sequence is reverse

complementary to the sequence shown in sequencing reactions in part A and B)

The obtained data showed that the TSP2 and TSP3 and their suggested promoter regions
P2dnaJ2 and P3dnaJ2 are located inside the HRCA gene sequence which codes for the
transcriptional repressor HRCA. This protein specifically binds to DNA segments called
CIRCE (Control Inverted Repeat of Chaperone Expression) (Buttner et al., 2001).

The promoter analysis of uvrA gene (cg1560)

The uvrA gene encodes a protein nuclease UvrA participating on the SOS response and
DNA repair. The DNA Microarray results found that the uvrA gene expression increased in the
deletion strain of C. glutamicum ArshA and therefore it was assumed that the gene expression
is regulated by SigH-RshA complex (Busche et al., 2012). The data obtained from measuring
promoter specific activity did not demonstrate the any effect of extracellular stress on the PuvrA
promoter activity. By primer-extension analysis one transcription start point (TSP1) was
determined and the promoter region PuvrA was proposed (Fig. 8) containing the conventional
motifs -10 (5'-tgttcga-3') and -35 (5'-cggaaac-3'). The proposed promoter region contains PuvrA
contains motives -10 and -35 which consensus sequences are typical for Sigh-dependent

promoters (Patek & Nesvera, 2011).
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Fig. 8 - The primer-extension analysis of the uvrA promoter region. (Busche et al., 2012)

A - Lanes A, C, G and T represent the sequencing reactions using the same primers CM4
as for the primer extensions. The bottom peaks (PEX) represent cDNA
synthesized in the reverse transcription using RNA from C. glutamicum

B - The nucleotide sequence of upstream region of the uvrA gene (sequence is reverse
complementary to the sequence shown in sequencing reactions in part A and B)

Based on the knowledge of the genomic sequence the feature called. 'SOS box' was
identified in the upstream region of the uvrA gene, which was described as a LexA binding site
in C. glutamicum (Jochmann et al., 2009). The specific sequence of the SOS box (5’-
TGGTACATATGTTCTA-3°) was found to overlap with the proposed -10 region of PuvrA,
hereby under standard conditions apparently blocked gene expression from this promoter due

to binding of the LexA protein to the DNA region (Busche et al., 2012).

The promoter analysis of uvrD (cg1555)

The uvrD gene encodes protein DNA/RNA helicase involved in the SOS response and
DNA repair. Based on the results from DNA Microarray assay, it was found that the gene
expression uvrD is increased by the deletion strain ArshA. This result suggested the present of
SigH-dependent promoter.

The results from CAT assay measured in the C. g. wild type, AsigH and ArshA. The
obtained results showed the increase the promoter activity of PuvrD after heat shock in the wild
type strain. The CAT activity values measured in both mutant strains were not possible to be

statistically analysed.
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Transcriptional analysis identified one transcription start (56 nt from the translational
codon of gene uvrD) and the promoter motives of PuvrD -10 (5'-tgttgta-3 ') and -35 (5'-tggaatg-
3") were mapped. The identified promoter motives -10 and -35 contain the typical consensus
sequences SigH-dependent promoters (Patek & Nesvera, 2011).

A B
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5" TCTGGAATGATTGATAGCTCCCAAGTGTTGTATCTATTC
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CAGTTCAAACACTTTTTCT - 30nt - CCCGGAGTG -3’
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AGAAAAAGTGTTTGAACTGGAATAGAT

Fig. 9 - The primer-extension analysis of the uvrD promoter region.

A - Lanes A, C, G and T represent the sequencing reactions using the same primers CM4
as for the primer extensions. The bottom peaks (PEX) represent cDNA
synthesized in the reverse transcription using RNA from C. glutamicum

B - The nucleotide sequence of upstream region of the uvrD gene (sequence is reverse
complementary to the sequence shown in sequencing reactions in part A and B)

The results showed the sigma factor SigH involvement in the expression of genes uvrC
and uvrD. The proposed promoter regions of both genes correspond to the previously published
data.

The promoter analysis of sigM gene

The CAT assay was used for measuring the promoter activity of sigM gene. The
promoter activity of mutant strains decreased by 35% (strain AsigH) respectively for 15%
(strain AsigM) after heat shock. The activity in the AsigE was significantly reduced compared
to other investigated strains. The results indicate the effect of deletions in sigH and sigM genes
on the promoter activity especially after the heat shock.

The previous published studies identified one transcriptional start driven from PsigM
promoter with consensus motives -10 (5'-CGTTC-3 ") and -35 (5'-TGGTGAT-3") (Nakunst et
al., 2007). These authors suggest that the promoter is SigH-dependent. Our results of the
measurement of specific activities confirmed that this promoter region contains an active
promoter. Decreased activity of this promoter in the mutant strain ASigE suggests that promoter

PsigM can be specifically recognized and sigma factor SigE.
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The promoter analysis of genes cg2661 (DDI) and cg3405 (ZDO)

Gene DDI codes for dithiol-disulfide isomerase and the product of ZDO gene is Zn-
dependent oxidoreductase. Both proteins are involved in cellular SOS responses. The orthologs
of both genes were found in the C. glutamicum R (cgR_2320 and cgR_2964). Within the
upstream region of both genes the SigH-dependent promoter was proposed (Ehira et al., 2009c).
The specific promoter activity of both promoter regions was measured under standard
conditions and after the heat shock. Both studied promoter regions showed a slight increase in
activity after the heat shock in C. glutamicum wild-type strain and also in the AsigH deletion
strain. However, the SigH-dependent promoter was not proved.

The analysis of promoters recognised by two sigma factors

The three TSPs in dnaJ2 promoter region were located. These results indicated that the
the gene expression can be driven by ECF sigma factor and also by vegetative sigma factor
SigA. The similar model was already documented in the promoter region of dnaK gene, where
the promoter P1dnaK was found to be SigA-dependent otherwise P2dnaK is SigH-dependent
promoter.

To test the effects of deletions of stress-responding ECF sigma factors, promoters of the
dnaK-grpE-dnaJ-hspR operon encoding proteins involved in heat shock response (Barreiro et
al., 2004), the dnaJ2 gene encoding a chaperone protein (Busche et al., 2012) and the clgR gene
encoding a transcriptional regulator (Engels et al., 2005) were chosen. It was previously found
that all these genes are expressed from two promoters: a housekeeping one (i.e. most probably
SigA-dependent) and a SigH-dependent one. For transcriptional fusions with the promoterless
gfpuv reporter gene of the promoter-test vector pEPR1, DNA fragments only containing active
SigH-dependent promoters P2dnaK, P2dnaJ2 and PlclgR, respectively were used. The
activities of the promoters were assayed as green fluorescence intensity of the reporter in C. g.
wild type, AsigH and sigE. It was necessary to inactivate the promoter region -10 of P2 (gene

clgR) in the pEPR1/P1clgR, because both promoter region are located to close each other.
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Fig. 10 - The promoter activity of P1clgR, P2dnaK a P2dnaJ2 in C. glutamicum strains
under standard conditions (30 °C). (Silar et al., 2016)
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The results showed on the Fig. 10 showed that the promoter activity P1clgR decreased
slightly in the deletion strain of C. glutamicum AsigH compared to C. glutamicum wild type
strain, which confirmed the presence of SigH-dependent promoter. The results also shows
residual activity in deletion strain. It can therefore be assumed that the promoter P1cIgR is
recognized as other ECF sigma factor.

The activity of SigH-dependent P2dnaK promoter was found to be decreased in AsigH
only in early exponential growth phase. To test if the observed high residual activity of P2dnaK
in AsigH is due to recognizing this promoter by another ECF sigma factor, activity of this
promoter was measured also in C. glutamicum AsigE. However, no decrease of P2dnakK activity
was observed during growth of this strain.

Deletion of the sigH gene was shown to have no effect on the activity of promoter
P2dnaJ2 (SigH-dependent) whereas deletion of sigE showed even positive effect on the activity
of this promoter. The effect of deletions of both sigE and sigH in the same strain could not be
tested since all attempts to construct C. glutamicum AsigE AsigH failed, probably due to a lethal
effect of the double deletion (Silar et al., 2016).
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In-vitro analysis of selected promoter regions

The in-vitro transcription system was constructed and used for the analysis of the
recognition specificity of C. glutamicum sigma factors and many other aspects of transcriptional
regulation including mutational studies of RNAP functions which cannot be performed in-vivo
(Holatko et al., 2012). The in-vitro transcription system also allows to test each of sigma factors
specific promoter regions in-vitro, without the presence of other transcription factors that can
positively or negatively affect gene expression. In-vitro transcription system has proved well

suited as a system for the detection of distinguishing one promoter in two different sigma

factors.
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Fig. 11 - In-vitro transcription from C. glutamicum promoter Pper. Promoter used as
templates and sigma factors in holo-RNAP are indicated at the top. The specific transcripts are
indicated with arrows. The upper bands in some samples probably represent transcripts arising
from the vector. (Silar et al., 2016).

The following C. glutamicum promoters have been tested by using the in-vitro
transcriptional system: Pper (naturally present in C. glutamicum pGA1 plasmid (Nesvera et al.,
1997)), P4sigH, P2dnaJ2, P3dnal2, P2dnaK, PlclgR, PtrxB (gene encoding thioredoxin
reductase) and PtrxB1 (gene encoding thioredoxin), with the following results:

Results of in-vitro transcription reaction with the promoter Pper (Fig. 11) showed two
strong signals in the lines of added sigma factors SigA and SigB. No signal was in the reaction
mixture containing other ECF sigma factors SigD, SigE, SigH or SigM. From this results it was
concluded that the Pper promoter contains -35 and -10 hexamers (TAGAAT and TATAAT,
respectively (Nesvera et al., 1997) is active with the primary-like sigma factor SigB as well as

with primary sigma factor SigA.
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The only primary transcript with added sigma factor SigA was obtained in the in-vitro
analysis of P4sigH promoter. Subsequent experiments with the use of alternative sigma factors
SigH, SigE did not lead to the formation of any transcript.

promoter P2dnaK P2dnaJ2 P1clgR
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Fig. 12 - In-vitro transcription from C. glutamicum promoters P2dnaK, P2dnaJ2 and
PlclgR recognized by SigH and SigE. Promoters used as templates and sigma factors
in holo-RNAP are indicated at the top. The specific transcripts are indicated with arrows. The
upper bands in some samples probably represent transcripts arising from the vector. (Silar et
al., 2016)

To broaden testing of overlapping specificity of different C. glutamicum sigma factors,
the following known SigH-dependent promoters were analysed by in vitro transcription assay:
P2dnaK, P2dnaJ2 and P1clgR. As shown in Fig. 12, using templates containing each of these
SigH-dependent promoters, clear signals were obtained not only with the RNAP + SigH
holoenzyme, but also with RNAP + SigE. On the other hand, no signal was obtained when
RNAP holoenzymes containing primary sigma factor SigA, primary-like SigB or other ECF
sigma factors (SigD and SigM) were used for in vitro transcription assay. These results indicate
that the examined SigH-dependent promoters were also recognized by SigE. The two stress-
responding sigma factors, SigH and SigE, thus overlap in their recognition specificity in these
cases. The results suggest that still unknown consensus sequence of C. glutamicum promoters
recognized by SigE is most probably highly similar to that recognized by SigH (GGAA — 19-
20 nt— GTT) (Busche et al., 2012).
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Fig. 13 - In-vitro transcription from C. glutamicum promoters PtrxB and PtrxBl
recognized by SigH and SigE. Promoters used as templates and sigma factors
in holo-RNAP are indicated at the top. The specific transcripts are indicated with arrows. The
upper bands in some samples probably represent transcripts arising from the vector. (Silar et
al., 2016)

In contrast, it was shown that promoters PtrxB and PtrxBl, considered as SigM-
dependent (Nakunst et al., 2007) were in-vitro analysis recognized only by sigma factor SigH
(Fig. 13).

The presented results suggest that the combination of in vivo and in vitro techniques is
useful for obtaining reliable data on transcriptional regulation by sigma factors of RNA

polymerase.

10. Conclusions

The submitted thesis ‘The role of alternative sigma factors of RNA polymerase on
regulation of gene expression in Corynebacterium glutamicum’, is focused on studies of the
regulation of expression of genes encoding proteins involved in the cellular responses
to environmental stresses.

The aims of the thesis were the following: (1) transcriptional analysis of the sigH-rshA
operon coding for the alternative sigma factor SigH and its putative anti-sigma factor RshA; (2)
identification of genes whose transcription is controlled by the SigH-RshA system; (3) Analysis
of promoter regions of SigH-dependent genes, i.e. — promoter activity assessment under various
physiological conditions, identification of transcriptional start points and mapping the promoter
motives -35 and -10; (4) the construction of in-vitro transcriptional system and its use

for analysis of selected promoters.
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The following results were obtained:

1) The promoter activity of upstream regions of genes sigH and rshA was determined.
The active promoter regions of both genes were confirmed under various physiological
conditions. The results suggested that the deletion in sigH gene had a negative influence on the
activity promoters of both tested genes. The promoter analysis of sigH gene determined 4
transcriptional start points and 4 respective promoter motives -10 and -35 were proposed. All
of these identified promoters were suggested to be SigA-dependent. The sigH gene expression
is controlled by primary sigma factor SigA and indirectly also by alternative sigma factor SigH
which is thus involved in expression of its own gene. Two possible transcriptional start points
were identified upstream of the rshA gene. The proposed prolonged promoter contains the
typical motives of the SigH-dependent promoters (GGAA (-35) a GTT (-10). This finding
confirms that the expression of rshA gene is controlled by sigma factor SigH and also that the
protein RshA functions as anti-sigma factor to SigH.

2) A comparative Microarray hybridisation analysis using total RNA isolated from
C. glutamicum ArshA and the wild type strain was performed. Altogether, 83 genes were found
to be upregulated in the ArshA mutant compared to its parental strain. These genes probably
contain the SigH-dependent promoter region. The newly proposed genes with SigH-dependent
promoter are uvrA, uvrC, uvrD (involved in SOS response), mshC and mca (involved in
response to disulfidic stress). These results confirmed the assumption of
the role of RshA protein as an anti-sigma factor to SigH.

3) The promoter activity of genes uvrA, uvrD and dnaJ2 was determined and the
transcriptional start points were identified with the proposed promoter motives -10 and -35.
One transcriptional start point and one SigH-dependent promoter were identified for genes uvrA
and uvrD. The promoter analysis of dnaJ2 gene revealed three transcriptional start points
and therefore three proposed promoters (P1dnaJ2, P2dnaJ2 a P3dnaJ2). Based on the -10 and
-35 sequences in the promoter regions P1dnaJ2 and P2dnaJ2 it was suggested that the promoter
P1dnaJ2 is recognized by primary sigma factor SigA whereas promoter P2dnaJ2 is recognized
by alternative sigma factor SigH. The promoter P3dnaJ2 does not contain typical -10 and -35
motives of SigA- or SigH-dependent promoters. Therefore the sigma factor specificity of this
promoter and its function are unclear.

4) The analysis of SigH-dependent promoters identified the transcriptional start points
and then the respective promoter motives -10 and -35 were proposed. Based on the results from
measuring the promoter activities in C. glutamicum strains with deletions in genes encoding

various sigma factors, it was possible to conclude that these promoters could be specifically
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recognized by more than one ECF sigma factor. To prove that different sigma factors are
involved in recognition of promoters, the in-vitro transcriptional system consisting of the
reconstituted RNA polymerase and sigma factors was constructed. This in-vitro system allows
to test the sigma factor recognition specificity to selected promoters cloned in the plasmid
pRLG770. The obtained data proved that the promoters P2dnaJ2, P1clgR a P2dnaK are
recognized by two stress-responding sigma factors SigH and SigE. A typical housekeeping
promoter Pper was found to interact with the alternative sigma factor SigB (primary like sigma
factor) in addition to the primary sigma factor SigA.

In-vitro transcription system thus proved to be a wuseful direct technique
for demonstrating the overlap of different sigma factors in recognition of individual promoters
in C. glutamicum and sorting such dual promoters into specific classes.

Based on the results, the genes with enhanced transcriptional activity after various
environmental stresses were found - mainly the genes with the increased transcriptional level
after the heat shock. The transcriptional start points were identified and the corresponding
promoter regions were proposed. The promoter analysis used various in-vivo techniques. To
determine the sigma factor recognition specificity to the promoter region, the in-vitro
transcriptional system was developed. The use of in-vivo and in-vitro techniques experimentally
proved for the first time in C. glutamicum, that the gene expression driven from the promoter
is activated by more than one sigma factor. C. glutamicum is widely used in industry as amino
acid producer. The understanding of the mechanism of gene expression activation under the
heat shock condition could be used in the future for construction of amino acid producers by
cloning the heat inducible promoters into the upstream region of genes encoding enzymes for
amino acid biosynthesis. The potential new heat-inducible and the plasmid-free amino acid

producers would be also environmental friendly.
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