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Abstract:

Streptomyceare medically important seliving bacteria that undergo morphological changes
from spores to aerial hyphae and are important producers of bioactive compounds including
antibiotics. Their gene expression is tightlgutated at the early level of trangation and
translation. In the transcriptional control, sigma factors play a central role; the model organism
Streptomyces coelicolgnossesses astonishing 65 sigma factdhe expression ofigma

factors themselves isontrolled on the pogtanscriptioml levelthrough the action of SRNAs

that modify their mRNA levelHowever, onlyseveral sigma factors iStreptomycesave

known regulonsnd also their sSRNAmediated regulation has not been studied so far.
Accordingto previously measuregene expressn data, we selected several highly expressed
sigma factors. Using mutant stramwgh HA-taggedsigma factorsregulons of two important
sigma factors, SigQ and HrdB, were analyzed by &@liPprocedure. Other sigmatiars were
further studied to see iIif they possess asR
blotting.

Our data confirm the essentiality of HrdB sigma factor during the vegetative phase of growth.
The othersigma factor SigQ, has been revealed te bn important regulator of nitrogen
metabolism and osmotic stress response coinciding germination.

We also uncovered three nov@$-asRNAs corresponding to sigma factorsR5i&igB, and

SigH; moreover, the last two atleought to mediatea complex formabn withRNase Ill. Based

on these data asRNgigma factoiregulon transcriptional control pathweagn besuggestd

Key words:Streptomycessigma factorgcissasRNAs, mMRNA, RACE, northern blot, RNase llI
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1 Introduction

Bacteria possess a wide variety of sophisticated regulatory mechanisoosttol gene
expression in response to changes in inner and outer envirodmeeTdcriptional control plays

a major role in the gene expsén contro]lying in promoter recognitigrwhich is carried out
by sigma factorsSigma factoris a subunit of RNApolymerase and its selective binding to
appropriate promoter initisgdranscription.lt recognize promoter sequence, recaRNA
polymemse holoenzyme to the target promoter andurs unwinding of the DNA duplex near
the transcription start sitgGrosset al, 1998, Wosten, 1998)t is known that mlogical
complexity is often correlated witkegulatory complexitfGruber & Gross, 2003, McAdams
et al, 2004) It is proven that bacteria living in highly variable conditions, or haviognaplex
life cycle, possess a lot of genes with regulatory and siggdilinctions(McAdamset al,
2004) So evenhe number of sigma ¢#ors in each organism correlat@ith the life cycle
complexity. A high degree of developmental complexity in bacterial kingdoapresented by
the genus dBtreptomycesstreptomyceare mycelial mostly saiiving organisnsthat undergo
complex life gcle including spore germination, substrate and aerial mycelium formation and
sporulation. They are also medicingt important due to their production of secondary
metabolites including antibiotics. These organisms code in their gendsefa factors, th
highest number amorzacteria(Bentleyet al, 2002) The principal and essential sigma factor
HrdB regulatesranscription of housekeeping geneStreptomyces coeliocol@uttner et al.,
1990, Shiina et al., 1991the model organism amorgtreptomyces’he common approadb
studying sigma factor function is creating its deletion mutant and identiyimch genes are

affected But this approach failed ithe studyingof the function of HrdB sigma factan
1



Streptomycesbecaus®f the lethality of itsdeletion (Buttneret al, 1990) So we developed
epitope tagging mutagenesis applied &ireptomycesoupled with ChiFseqin order to
identify HrdB regulon Epitope taggingnutagenesis lies on attaching epitope tag (in our case
HA tag) to the given sigma factor. Subsequent chromatin immunoprecipitation selectively
isolates the given sigmaactor crosslinked to promoter sequences of target genes. Next
generation sequencing ahminformatic tools enabteus to identify genes under regulation of
the respective sigma factoNe employed this approach also fgma factorsSigQ, SigB,

SigH, SgR, SigE, SigDand SC0O1263 in order to clariftheir function and identifytheir
regulans, becausbased on thpreviously measured microarray data during spore germination,
they were found to be highly expressed and SigQ was the most highly expressgdizeno

(Bobeket al, 2014, Strakovat al, 2014)

Anothervery effective regulation of gene expression is mediated through the acting of small
regulatory RNAsaffecing transcription, translation or mRNA stéityi. Thes can beis-coded
asRNAssharing an extended complementarity &ethgcoded near the target am opposite
direction andirans-encodedsRNAs sharing a limited complementarity abeingcoded far
away from its targe{Storz et al, 2011) The small RNAs actby various mechanism® t
influence a wide range of physiological responfé&ters & Storz, 2009, Stoet al, 2011)
andplay a role in virulencéurphy & Payne, 2007)yuorum sensin(Baumgardet al, 2016)

or stress condition@Vaters & Storz, 2009) AntisensesRNAs ensure aimple and efficient

way of gene expression control duetheir close proximity taheir target andheir capability

to block ribosome binding site resulting in inhibition of translatibhey can also affect

trangription through transcription interference mechan{diomason & Storz, 2010Lis-



antisense expression vary in bacteria from 13 Baicillus subtilis(Nicolaset al, 2012)up to

49 % inStaphylococcus aureykasaet al, 2011)

Pairsof SRNAs - mMRNAs areoftensubjected to degradation by RNasBso main RNases

RNase E and RNase Il are involved in the degradation process. RNase E, clesinigig a
strandedRNA (ssRNA) is a part of a degratan machinery irk. coli(Carpousist al, 2009)
Whereas RNase Il degradésuble strande®NA (dsRNA)(MacRae & Doudna, 200And it

was initially known to be associated witlaturation of 16 and 23 rRNA (Gegemeimer &
Apirion, 1981, Carpousist al, 2009) It occursn increasing evidence that RNase Il is coupled
with the degradation of sense/antisense RNA fBi@mmberget al, 1990, Gerdest al, 1992)

which ledus to search for novel asRNAs associatéd RNase Il inStreptomyces coeliocolor
which have not yet been reported in this gertusvas also described that sigma factors
themselves are regulated by sRN&dein & Raina, 2017) These are for exampERNAs

MicA, RybB, and SIrA (MicL) inE. ®li, whi ¢ h ar &sigmataatoriarespahsetoy 0
envel ope stress and t hefinadeedback meahanis@ogslety d o v
al., 2011, Klein & Raina, 2015As we focused on studying sigmatfars and their regulons,

we wanted to know if sigma factors@treptomyces coelicolare regulated by sRNAs as well.

We selectedl2 mRNAs of sigma factorsand subjected them @potential asRNAs search.
Using a combinati on of Nbrihernabiotd wehaveneedlrigly met h
identifiedthreenovel asRNAsagainstsigma factes SigB, SigH, andSigR and described their

gene expression during the three different life stages incldibgtrate mycelium formation,
aerial hyphaéormation and sprulation According to our results RNase Il is thought to create

a complex with asigB/sigB mRNAand sigHmRNA.



1.1 Model organism Streptomyces coelicolor

Streptomyces coelicoldFigure 1) is a Gram-positive, so#living bacteriumbelonging to the
group of Actinobacteria order Actinomycetales |t is genetically best known among
Streptomycesand therefore used as a model organism in laboratory experiments. This
multicellular organism undergs complex life cyclethat is very unusuafor bacteria It
includes differentiation into distinct growtbrims(Kieseret al, 2000) Streptomyces coelitay

is a very valuable organism to soil @@nment. It degrades insoluble organic matsrsaich

as |lignocellulose and chitin including othe
thus it is integrated to the carbon cy(Bbb, 1996, Bentlegt al, 2002)

It is also worth noting thactinomyceteproduceawide variety of the chemidgl diverse and
biologically active metaboliteBerdy, 2005, Netét al, 2009). Theyproduce more than 2/3 of
clinically used antibiotics and nearly 80 % of them are predlbyStreptomyce spp (Kieser

et al., 2000) Streptomyceproduces not only antibioscsuch as vancomycin, erythromycin,
tetracycline(Watveet al, 2001, Baltz, 2008put alsoimportant antifungal (amphatein B)
(Caffreyet al, 20(8B), anticancer (mitomycin Glanoet al, 2009) antiparasitic (frermectin)
(Shiomi, 2004) and immunosuppressive (rapamycii@raziani, 2009 compounds. This

finding makeshiem very important organisnts medicine.

Streptomyces coelicolgrossesses a GC rich (I2) genome with linear chromosometire
size of 867 Mbpwhich is the largest completely sequenced bacterial ge(Bergley et al,
2002) Streptomyces coelicoldras two plasmidsSCP1 which is linear 365 kb longand

circular SCP2 plasmid itihnesize of 31 kb. In our study we used str&tneptomyces coelicolor



M145 which is a prototrophic derivative of the wilgpe stran A3(2) lacking these two
plasmids(Bentleyet al, 2002)

Genome sequencing revealed tBateptomyces coelicoloh3(2) possesses 7825 predicted
genes and more tha@0 clusters for secondary metdibes producton (Bentleyet al, 2002,
Nett et al, 2009) Among them thereare known or predicted secondary metabqlifes
example antibioticgactinorhodin, undecylprodigiosin, methylenomycin A, calcium dependent
antibiotic),  siderophores (coelichelin, coelibactin, desferrioxamines) pigments
(tetrahydroxynaphtalene, grey spore pigmelipjds (hopanoids, eicosapentaenoic aadp
other moleculeggeosmine, butyrolactonegjth bioactive functionBentleyet al, 2002, Nett

et al, 2009) However most of theclusters offering a potential tgproduce new compounds,
are cryptic gene clusters that agressed poorly or noinder laboratorgrowth conditions
(Bentleyet al, 2002, Barakt al, 2018) Biosynthesis of secondary metabolitesunder the
complex regulatory control with pathwaypecific regulators which are controlled by globally
acting transcription factor§hese pleiotropic glatorsare further regulated by environmental
stimuli, morphological changes, stress conditians therefore itis very difficult to activate
these biosynthetic pathways to produce cryptic metab@Basal et al, 2018) Activation of
cryptic clusters can be triggered by several metlsodh as ribosomal engineeri(itanakaet

al., 2013) genetic engineering to increase metabolic flux through theybibetic pathway
(GomezEscribano, 2012)co-cultivation with other organism®&Rateb, 2013)constuction of
eligible host organism for heterologous expression of cryptic metabdbaiéz, 2010,
Komatsuet al, 2010) by constitutive expression of pathway specific regulator within the
cryptic gene clustglLauretiet al, 2011)or by stress stimuli and chemicé¥oon & Nodwell,
2014, Onaka, 2. Given the fact thastreptomycetes have a large number of cryptic gene

clusters, they hide a huge potential to produce a novel biological compaehdiBus it is a

5



major challengéor current reseah. For this reaon it is also essential to clarify the regulatory

systems irStreptomyceicluding the field of sigmaeaictors, they regulons and regulators.

Figurel. Colonies ofStreptomyces coelicolgrown on solid mediunFluffy surface of the colonies is caused by

the aerial hyphae. Blue colour is caused by the secreted antibiotic actinorhodin. Adapted from John Innes centre

webwww.jic.ac.ul.

Life cycle

Streptomyceandergoes compldie cycle that isvery similar to filamentous fungn terms of
forming of branching filamentgKieseret al, 2000) The gowth of Streptomycebegins with
spore germination when the germ tubes appear. This life stage is repredmntieel transition
from dormant state into active metabolism. The germination is initiated under favourable
externalconditions(water, nutrients, C&), when thavater influxcauses loss of hydrophobicity
andheat resistangswelling occurs. This processa@lls the cells to reactivate metabolism in
several minutegieseret al, 2000, Bobelet al., 2004, Bobelet al, 2017)

In the next stage dhe Streptomycetife cycle, germ tubes are differentiated int@ching
hyphae that give rise tsubstrate mycelium These hyphal compartments are septated and
eachseptumcontins several copies of the chromosoriegetative hyphae penetrate into the

medium and begin to produce secondary metabd@kieseret al, 2000)

6
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Afterwardsaerial hyphaeareformed in response to nutrient depbetiPart of the vegetative
hyphae lyses and can be usedreali@rnative source of nutrients.this life stagethe synthesis
of antibioticspeaks in order to avoitie competitive organismAerial hyphaerethen dissected
by sporulation septa to forichainsof uninucleoid spores(Kieseret al, 2000) The whole

Streptomycebfe cycle is depicted in thEigure 2

e

18 hours 30 hours\

s

—_—
/ 10 hours
Free

Figure2. Streptomyceéfe cycle. The outer diagram shows mycelium developnaenl the inner diagram is an
expanded representation of hyphae in the developing aerial mycelium. Aftdays of growth Streptomyces
exhibit a fuzzy white surface of aerial mycelium. Afteg 4lays, the white surface changes in gray when the long

filament differentiate into chains of 50 or more uninucleoid spores. Adapted $amueet al,, 1988)

1.2 Spore germination

Dormant spores of streptomycetes are the only haploglisti#ie development of this bacteria
and their main function is to maintain the genetic matenaler unfagurable conditions and
also to expand it int@ new environmen{Haiseret al, 2009, Bobeket al, 2017) Spore

germinationis accompanied by thecrease irthe size of the spores and decreasehase



brightness with subsequent getube appearane (Figure 3)(Ensign, 1978, Hardissaet al,
1978, Susstrunkt al, 1998)

Spores 06. coelicolorconsist of several surface layers that make them highly hydrophobic and
rigid. Oneof thesurface layes, arodlet layer creats a mosaic of 8L0-nm-wide parallel rods
(Wildermuthet al., 1971, Smucker & Pfister, 1978, Claesseal, 2002)

Sincegermination is accompanied by the increased respiratory activithA@Rdproduction,
the initiation of germination is dependent on the capacity to prod@rgygicaton & Ensign,
1980) Spores contain intracellular nutrient and source of energy which is tre(Rnsade &
Vining, 1993) Trehalosas also responsible faheresistance properties tfe sporesmainly

for the protection against heat and desiccatMoBride & Ensign, 1987, McBride & Ensign,
1990) Mechanical disruption of the outer spateeath heat shock or addition calciumions

to the medium can induce spore germinaiidiikulik et al, 1977, Stastna, 1977, Eaton &
Ensign, 1980, Bobeét al, 2017).

During spore germinatignautoregulative inhibitor germicidinA is produced, which
coordinatsthe germinating spores population and it helps to maintain some population of spore
ungerminated as a reserve fleecase of sudden unfavourable condis@Petersert al, 1993,
Aoki et al, 2011, Cihalet al, 2017)

Spore germination includes cell wall reconstruction and thereforedégendent otthe cell

wall hydrolasesTwo cell wall hydrolaseRpfA andSwIA are involved in the process of spore
germination.These two enzymes causkegraction of spore peptidoglycan during spore
germination(Haiseret al, 2009, Bobelet al, 2017)

Cyclic AMP as a signalling molete also plays an important role during spore germination
(Susstrunket al, 1998) It was shown that mutation in cAMBInding proteins redtes

germination ratéDerouauxet al, 2004) Mutation in cAMP receptor protein (CRP) resulted in

8



adecreased level of peptidoglycan hydrolase (SCO5466) importathtefdegradation of the

spore wall during spore germinati{fPietteet al, 2005)

Phasepoboé& germination

Spore germination consssof three stagesdarkening, swelling andgerm tube emergence
(Figure 3) (Hardissonet al, 1978) The darkening stage is characterized by decrease in
absobance and loss of refractility. The loss of refraction requiredesivaations C&, Mg?*,
Mn?*, Zr** and Fé*. Spores undergo an uncoating and spore lysodikmehydrolases are
reactivated. These enzymes cause lysis and facilitate the recoostrudticell wall
peptidoglycar(Hardissoret al, 1978, Eaton & Ensign, 1980, Saktsal, 1983)

Swelling stage is observed after 60 nohcultivation(Mikulik et al, 1977) Continuouswater
influx resulting in an increasing size of sporesydal for theswelling stage Although the
cells contain trehalose as an inner source of enargynput of exogenous carbon source is
neededHardissoret al, 1978) Diverse proteins and ribosoma® reactivate@Mikulik et al,
1977, Cowaret al, 2003) The spores havia this stagehe highest cytochrome oxidase and
catalase actities and respiratory quotieitardissoret al, 1978)

The last stagegerm tube emergenceis observed after 120140 min of cultivation and it is
accompanied by the germ tubes appeeeand a vegetative grow{Mikulik et al, 1977) The
central roleof vegetative growtlplay a DivIVA protein localizedat hyphal tips thus ensuring
a new cell outgrowtt{fFlardh, 2003, Flardlet al, 2012) The second important protein is a
chaperodike protein SsgA that helps the cell wall synthesizing components to find themposit
for thefuture synthesis opeptidoglycar(Noenset al, 2007, Bobelet al, 2017)

The process of germination diffeesnongdifferent Streptomycespecies. For exampl8.

viridochromogensand S. granaticolorare distinguished by robust germination with nearly

9



100 % of the spores germinatiglikulik et al, 1977, Bobelet al, 2004, Xu & Vetsigian,

2017) S. coelicoloror S. venezuelaare claracterized by a slow sgogermination rate with

some spores not germinating at all. It can be caused by the production of developmental
inhibitors such as germicidins and hypnogiRsterseret al, 1993, Aokiet al, 2007, Xu &

Vetsigian,2017) Spore germination @&. coelicoloris depicted in th&igure 3and 4

% GERMINATION )
/é DARKENING SWELLING GErM TUBE EMERGENCE # :

Figure 3. Streptomycete spore germination (a, dormant spores; ee i germinating spores). Adapted from

(Bobeket al, 2017)

Figure4. Spores 05.coelicolorobserved using electron microscopyi 4omant spores. B germinating spores

at the time of 5,5 hours of growth with visible germ tubes. Adapted (8irakovaet al, 2013)
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Dormant spores contampre-existing pool of mRNA and active ribosomesorder to ensure
immediate translation of proteins at the begug of spore germinatiofMikulik et al, 2002)

RNA synthesis begins after 3 ritesof germination and protein synthesis startshat4™"
minute (Mikulik et al, 1977) The hundreds of proteins are newly synthesized by de novo
transcription and translatioRroteins for translation machineayd differertiation as well as
chaperons are produceRBeactivation of translational systemscurs resulting inmassive
proteome reconstitution accompanied by the rehydratieactivation and refolding of
aggregated proteinCowanet al, 2003, Strakovat al, 2013) Refolding of the proteins is
ensured mainly by theneaperons GroELTrigger factor andDnaK. They also ontribute to the
reactivation of ribosome&Vhen ribosomes are actjve cantrigger translation. Thisesulted

in the synthess of the enzymes of central carbon metabolism, amino acid and nucleotide
biosynthesigBobeket al, 2004, Strakovat al, 2013)

Rapid proteosynthesis occurs in between 30 to Butes ¢ growth and the cells begin to
communicate with outer environment. Proteins for energy metabolism, regulation and transport
are produced. Master regulators such as BldD and Crp are expr@ssessrelated proteins
such as thioredoxjnalso occu to mantain thiol homeostasisSuperoxide dismutase and
catalaseare also expressedo overcome redox stre¢Strakovaet al, 2013, Strakovat al,
2013)

It was also observeskveralimportantproteins necessary faytoskeleton formation and cell
division, such as DivIVA FilP andalso FtsZ which is neededfor germ tube emergence
(Strakoveet al., 2013)

Transcriptomic and proteomstudy were done systematicadlyy 13 time points in 5,5 hours of
germination Figure5 shows the expression profiles of each functional group. Thereigire

peaks in the time point 1 hour of proteins conmatdéth energy metabolism, regulation,
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transport and binding which further decrease. In 1,5 hour there is a peak of functional group of
membrane, lipoprotein and periplasmic protéfdgakovaet al, 2013, Strakovat al, 2013)

Each functional group has own expression prafdeording to the need of the cglisgureb).

The correlation betweae proteomic and transcriptomic ddtam the spore germinatiowas

found to bevery low. Of the 247 genes/protejsly 27.9 %werehighly correlated. However

this finding is in agreement with other studies that were doB&r@ptomycespecies showing

a correlation of about one third of the expressed gene in tiensiy phas€Vohradskyet al,

2007, Jayapatt al, 2008, de Sousa Abreat al, 2009) It is caused by the fathat not all
MRNAs are directly translated into the proteins botergoposttranscriptional regation.
Translational and posttranslational regulatiatso play a role in the variance between the

proteomic and transcriptomic dgtée Sousa Abreat al, 2009)

Differentiation

Energy metabolism
Chaperon/protein modification
Membrane/lipoprotein/ periolasmic
Requlation

Translation

Transport/binding

Unknown

Number of proteins
which accure radiolabelled for the first tme

1.5

Time [hours|

Figure 5. Expression profiles ofle novosynthesized proteins within the measured time periods for the most

occupied functional groups. Adaptédm (Strakovaet al, 2013)
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1.3 Transcription

Transcription is a procesvhen DNA is transcribed to RNAhis processs ensured by RNA
polymeraséRNAP). Bacterial RIA polymerase consists of six suburiits) | , Ul lapd b,
0 (Burgesset al, 1969, Travers & Burgess, 196®igmafactor ( Gi9 a specific dissociable
subunit responsible for promoter recognitenmd is essential fahe initiation of transcription
(Wosten, 1998)Promoters are specific sequences on DNA wiiertanscription starts. They

are upstream of the transcription start site (TSS) and are represenri€dang-35 conserved
regions(Browning & Busby, 2004)

Transcription icomprised of initiation, elongation and termination phases. The initiation phase
is characterised by the asstion of a sigma factor with the RNAP core enzyme toed
recognition of a promoter sequence by sigma fadtds a multistep process wherkd sigma
factor bound to a promoter triggers a series of conformational changes in RNA polymerase and
in the promoter regionSigma factor plays theentral role in this phag&lyde et al, 2018)
Firstly, it recgnizes the promoter elements and forms the closed complex (RPc). This is called
isomerisation and it caust#tge opening of 13 bp from thd 0 element creating thenscription
bubble and an unstable open complex. Afterwatitis final stable open compldRPo) is
formed by meltinga short region of DNABaeet al, 2015) The +1 template strand base is
situated in the active site of the RNA polymerase and the transcription caiKetsrir et al,

2006, Konturet al, 2008, Griest al, 2010, Konturet al, 2010, Saeckest al, 2011, Paget,
2015, Zuo & Steitz, 2015, Glydet al, 2018) Promoter escape occurs angnsa factor is
released from the transcription complexa DNA-scrunching mechanism(Hsu, 2002,
Kapanidiset al, 2006)when the nascent RNA is 115 nt long, and the transcription proceeds

to elongation phas@gMooneyet al, 2005 Saeckeet al, 2011) It was also shown that sigma
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factor does not have to be released from the transcription complex, but it can remain associated
with RNAP and can translocate with RNAMukhopadhyayet al, 2001, Mukhopadhyayt

al., 2003, Nickelset al, 2004, Kapanidigt al, 2005)

During this process, abortive transcription occurs very pfesulting inthe slipping of the

RNAP from the DNA and incomplete transcripts are produgedn Hijum et al, 2009)

Usually, several abortive products are produced before the productive initiation occurs. The
number and the letly of these abortive products are a function of promoter sequand
conditions (Deuschleet al, 1986, Hsuet al, 2006, Saeckeet al, 2011) In the abortive
initiation, RNA polymerase synthesizes short RNA trapsdut does not escape from the
promoter. Instead, RNA poanerase discharges RNA transcript, returns back to RPo and re
initiates transcriptiorfGrallaet al, 1980, Duchet al, 2016) In the productive pathway, RNA
polymerase synthesizes 91 nts long RNA transcri@nd escapes from the promoter entering
elongation(Mukhopadhyayet al, 2001, Murakami & Darst, 2003, Duaoéi al, 2016)

Transcription elongation complex (TEC) is formed a@RNAP core enzyme procegdo
elongaion phasan whichthe nascent RNA is produce®NA is transcribed from the template
strand/56n dBbection generati ng 3 d&BeleguroaR MA mo |
Artsimovitch, 2015) It follows the termination of transcription that can be accomplished by
RNA stemloop structure (intrinsic termination) or through the termination factor(Rkenpi,

2006, Washburn & Gottesman, 2015)
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1.4 Sigma factors

Sigma factors play aimportant role in transcriptional regulatiofhe regulatory role of these
proteins liesn selective promoter recognition amdcoordinatiry transcription according to
diverse stimuli such as stress, developmental stagdshanges in outer environment

Sigma factos werefirst identified in 1969as a proteis stimulating transcriptioriBurgesset

al., 1969) They possess three main functions: to recognize the promoter sequence, to recruit
the RNA polymerase holoenzymettee targefpromoter and to ensutbe unwinding of the
DNA duplex near the transcription start s{térosset al, 1998, Wosten, 1998)he core
enzyme is capable of nonspecific binding to DNA #émglinitiation of RNA syntheis from
DNA ends or nicks but the specific transcription frommotersis ensured byigma factor
(Saeckeret al, 201). RNA pol ymerase core enzysBubunima st
form the holoezyme(Wogen, 1998)

Bacterial sigma factorBavefrom 20 to greater than 70 kOiaelmann, 2001, Davist al,
2017) The number osigma factorsn each organism vessfrom 1 inMycoplasma spover 17

in Bacillus subflis to 65 inStreptomyces coelicol¢Mittenhuber, 2002, Gruber & @ss, 2003,
Hahnet al, 2003)and itcorrelats with the size of the genome and developmental complexity

as shown irFigure6.
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Genome size (Mb)

Figure6. Number of sigma factors in diverse organigivigtenhuber, 2002)

Sigma factors are multidomain subsnit wi t h f our c o sl Il
(Figure 7), but rot all sigma factors possess all four regioks. | sigma facxtors
a n d dofhains corgining the majoRNAP- and promotebinding determinantRegion 1.1

is present only in group 1 of sigmas (described below) and it serves as an autoinhibitory domain

masking DNA bindi nd®(Giluber&@ross, 20a3)Raget, 2005) f r e e U

crystallized

domains | G2 H o3 ) o4 |
N 1:1 1.2 NCR 21]12.212.3]124/3.0| 3.1 | 3.2 4.1 4.2 C

inhibition melting

A Y
promoter DNAﬁ—:I.D :l—

-10 extended -35
-10

Figure 7. The schematYand itsinteracton with promotér. FGur conserved regions with non

conserved region (NCR) are indicated. Arrows point to the regions of sigma fadtbinith the promoter. Regions
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2.4 and 4.2 recognize th&0 and-35 elements of the promoter sequenasgiBn 3.0 recognizes the extend&@
element. Region 2.3 is responsible for DNA melting during transcription initiéflaget, 2015)Adapted from

(Gruber & Gross, 2003)

1.4.1 Promoter recognition

Bacterial pronoters contain several motifs known as-8teelement, the extendetd element,
the-10 element, theiscriminator region, the UP eleme(ftigure 8) andthe core recognition
element (CRE)Only the-10 element is indispensable. Other elements may orrmoaye
present. Each element is recognized specifically by RNAP and each has its own function from
recoquition over melting of DNA tothe opening of the promoter so the whole process of
initiation of transcription can be viewed asachestratd sequentibprocesgFeklistov, 2013)
The relative contribution of each eleméathe binding with RNAP variesrom promoter to
promoter(Browning & Busby, 2004andthe degree of similéy to theconsensus sequences
of each element determines the strengtta afivenpromoter(Browning & Busby, 2016)
Structural studies wa shown hat the-10 element and the discriminator element are both
recognized as singigtranded (ssDNA) whereas other promoter elements (extetifeeB5
element and UP element) are recognized as double stranded DNA (d@Bakkgtov & Darst,
2011, Zhangpt al, 2012, Baeet al, 2015, Zuo & Steitz, 2015)

Sigma70dependent promoters poss2dughly conserved sequenasisting of35 element
and-10 elementhat characterizéhe promotergivenand its seletivity (Grosset al, 1998)
Region 4.2 of sigma fact@pecifically recognizes and binds 86 hexanucleotide sequence
via multiple helixturn-helix and major groove specific and rgpecific interactiongFigure §
(Gardellaet al, 1989, Campbekt al, 2002, Lane & Darst, 2006fonsensus sequence-8%
element of primary sigma factor is TTGACA E. coli, but it vares across the bacterial

kingdomand according to the sigmaogip (Hawley & McClure, 1983)Anint er act i on
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subunit of RNAP with region df sigma factor allowthe region 4.2 to recognize and b3
elementGeszvairet d., 2004)

Region 2.4 recognizes and binds tth6 element on DNAFigure § (Campbellet al, 2002)

This element is called Pribnow bakerits discovere(Pribnow, 1975)It is ahighly conserved
and essential bacterial promoter mdtfook-Barnard & Hinton, 2007, Shultzaberget al,
2007) The mnsensus sequence of this elemeri.rcoliis TATAAT (Hawley & McClure,
1983) The interaction of sigma factor witHlO element is critical fothe melting of DNA
allowing the formation of transcription bubbRegion 2.3alsoplays arole in DNA melting
throughout the stacking interactions witl® elemenf{Helmann & Chamberlin, 1988, Feklistov

& Darst, 2011)

There ardwo moreimportant regions on DNA that are bound by RNA polymerase. It is the
extended-10 element antheUP elementTheextended-10 elementis a conserved TGn motif
immediately upstream of thelO elementlt had beenpresumed that rpmoters with this
extended10 element often lack th85 elemen{Grosset al, 1998)but it was showthat TGn
motif plays an important role at promoters withaker-35 element$§Campbellet al, 2002)or
longer spaceréMitchell et al, 2003) Extended-10 element increases the activity of RNAP
through the interaction with region 3.0 of sigma fa¢tigure § (Keilty & Rosenberg, 1987,
Barneet al, 1997.

The UP elementis an AT rich 20 bp long region located betwe&® and-60 bp on te DNA

and is recognized by thetCe r mi nal domai ns o (FigurerBRodseta,u b un i
1993, Gourseet al, 2000) UP elemers are capablef increasng thetranscription from the
rRNA promotergRaoet al, 1994, Estrenet al, 1998)andcomprises of twalistinct subsites
iproximal and distal, one justoneordaheventho@itie. Pr

distal element seems to function almost as asthefull UP elemen{Estremet al, 1999) UP
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elements have beeound in many bacterial and phage promoters and may function with
different sigma factecontaining RNAR (Newlandset d., 1993, Roset al, 1993, Fredriclet

al., 1995)

Anotherimportant but norconserved region ithe discriminator element which is located
between10 element and th&SS. Itinteracs with region 1.2 of sigma factor and is involved
in theregulation of open complex lifetin{€igure § (Haugeret al, 2006, Haugest al, 2008,
Zhanget al, 2012, Zuo & Steitz, 2015Most discriminator regions arei68 bases in length
(Shimadeet al, 2014)and with increasing length from 6 tatl@e lifetime of open complexes

decrease(Jeong & Kang, 1994, Liu & Turnbough, 1994, Lewis & Adhya, 2004)

Between the extendedO element anel35 elementhereis a region calledpacerwhich is a
variable nonconserved sequencethrelength of 16" 18 bp(Figure § (Murakamiet al,, 2002)

The most common | e fgamoterei 17 bHaavieys&McClue, 1983p r
Mitchell et al, 2003, Shimadat al, 2014) The length and extent dfebending of the spacer
influence the effect of gton 1.1 of sigma factor on transcription initiation kinetics and the
structure of the open compléidook-Barnard & Hinton, 2009)Sigma binding t610 and-35
conserved region was sygsted to produce a twist (or other deformation) in the spacer DNA
that influences open promoter complex format8atiller-Sikorskaet al, 2011)

In 2012 a novel element called marecognition element (CREyas also identified. It ibcated

betweend4and +2onthench e mp | at e str and rzZhangegah 20222 d by
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1.42 Sigmafact or f’Gamid*ides 0

Sigma factors c¢ &% nltegroup lacesdng tb theesize dtiok pramotér
sequence t he&Yrecagrzesopomoter sequente represented1Byand-35
conserved regions and fosnRPo spontaneouslyit is responsible for transcription of
housekeeping genes aisdelated totheprn c i p a | ESchefichia ¢olo 12 dwhioh has a
molecular masef approximately70 kDa(Browning & Busby, 2016, Glydet al, 2017, Glyde
et al, 2018) (>* controlsgenes related withtress, heat shock, merane stress and nutrient
starvation(Buck et al, 2000) >*fecognizes and binds promeotegion-12 and-24 and neesl
anactivator (enhancer) protein and ATP hydrolysis to form RPo form@&appast al, 2007,
Glydeet al, 2017, Glydeet al, 2018) The name iserivedfrom the molecular mass which is

in E. coli 54 kDa(Buck & Cannon, 1992)
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Al t hough bacteria pos S%amiy, theyusually paveeno moeerthare r s

one me mP¢eucket I, 20000 Some or gani s'hasn ¢ fadmly af i n
sigmafactors;sher eas ot hefPkambbk g e*$apditmenbaycersihave never
been reported in hig®C Grampositive bacteria, includin§treptomyces coeblor (Buck et

al., 2000, Studholme & Buck, 2000, Pag#15, Zhang & Buck, 2015)

1.4.3 Classification of sigma factors

In bacteria primary sigma facta play essential role bynsumg the transcription of
housekeeping genes. Alternative sigma facémesresponsible fahe transcription 6édiverse
genes accoridg to environmental conditions, life stages, stress responses, morphological
development and other stimuli in inner and outer environiigimann, 2001, Feklistost al,

2014) They are further classified int@dr major phylogenetically and structurally distinct
groups. In group ,lthereare primary sigma factors and group 2 consist of alternative sigma
factors with specialized functioriBhegrougs differ from each other bghe presence or absence
offourcm ns er v e dj,lresgl) (Figwe9)(ther membesdessentiality, structure, size

and functionPaget, 2015)
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Figure9. The domain organizatioof sigma factors groupsil4. Adapted fron{Paget, 2015)

Group 1 consists of essential primary sigma factors. They are presented in all known bacteria
and are responsible for transcription of genes essential for cell duivingy contain all four
conserved domains arahonconserved region (NCRHelmann, 2002)The primary sigma

factor inE. coliis encoded bypoDg e ne and i YkimMyselmacterism sipt is

known as MysASigA (HurstHesset al, 2019) in Streptomyces spps HrdB( ') (Tanaka

et al, 1988)and inBacillus subtilisand othergrasp 0 s i t i ve b aé){Helmana& as S
Chamberlin, 1988, Gruber & Bryant, 1997Jhe consensus sequen€ETGACA and
TATAAT) of the promoter recognized by the primary sigma factdf.igoli and B. subtilis

seems to be similar in many bactdftelmann, 1995, Patek al, 1996)

Group 2is not essentidior bacterial growtl{Lonettoet al, 1992) The structure of these sigma
factors lacks region 1.1 bug very similar to the primary sigma factors in the amino acid
sequence suggesting that both grdug® extensive overlap in promoter recognit{@viosten,

1998, Helmann, 2002, Senal, 2017) Sigma factors from group 2 participateheregulation
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of adaptation to stress associated with the stationary ghdsecoliand other enteric bacteyia
0° (Rpo$ is responsible for general stress response and mainhef@ gegulation durinthe
entry into stationary phagelenggeAronis, 1999) In Gram-negative cyanobacteritis SigB
and $gC that aremportant for circadian responses durpigtosynthetic growtfirsinoremas

et al, 1996, Gruber & Bryant, 1997The nmembers bthis group inhigh-GC Grampositive
bacteriaare MysB in Mycobacterium sppSigB in Corynebacterium glutamicymand finally
HrdA, HrdC, and HrdDin Streptomyces spgGruber & Bryant, 1997, Kangt al, 1997,
Wodgen, 1998, Helmann, 2002)

Group 3| a c kdemaiin Members of this grougre involved in adaptive responses including
flagellum biosynthesis, heat shock response, general smdssparulation. This group is
significantly smallerin sizethan group 1d 27 typically 25 to 35 kDaWosten, 1998,
Helmann, 2002, Paget & Helmann, 2003, Paget, 2015e6Gain 2017) E. coli %8 (FIliA) and
other close related sigma factors responsible for flagellum biosyntheslisnotile Gram
negative and Grafpositive bactaa belong to this grougChen & Helmann, 1992)in B.
subtilisit is for exampleSigB responsible for general stress response and four related sigma
factors SigF, SigE, SigG, SigK regulaing endospore drmation (Hecker et al, 2007,
Nannapaneret al, 2012, Paget, 2015Group 3 sigma factoris represered in Streptomyces
coelicolorwith sigma factor WhiG responsible for spore formatiBgdinget al, 1998, Ansa

et al, 1999, Kaiser & Stoddard, 2018nd nine alternative sigma factors (SigB, SigF, SigG,
SigH, Sigl, SigK, SigL, SigM and SigN) called Sigike sigma factors, that are homologs of
Bacillus subtilis SigB (Cho et al, 2001) SigB in Streptomycesontrok multiple stress
responsemorphological differentiation and secondary metabolisee et al, 2005, Facegt

al., 2009)
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Group 4 is known as the extracytoplasmic function (ECF) sigma factorse y diamc &
domaisand al so t hmsdthey ardhe niost minimal signfa fadtorgHaugenet

al., 2008, Zhanget al, 2012) Due to very different amino acid sequences and structure they
were first not identified as sigma factofeir function is responding to environmental changes
through the cell wall integrity. This is the largest and the most diverse group among sigma
factors. It includes sigma factors responsible for cell envelopgsstesponse, iron transport,
oxidative stresand the general stress respo(tronet al, 2009, Paget, 2015ECF sigma
factor is usually cdranscribed with a transmembrane &aigma factor with an
extracybplasmic sensory domain and an intracellular inhibitory donfldeimann, 2002)
Sigma factor AlgU ofPseudomonas aeruginosasponsible for alginate biosynthessdFecl

of E. coliand PbrA ofPseudomonas fluorescernmsth regulating iron uptakdéelong to this
group(Angereret al, 1995, Sextort al, 1996) B. subtiliscontairs five ECF sigma factors

SigV, SigW, SigX, SigYand SigZ. It is known only the function of SigX which is reqd for

the overcoming of high temperatur@duanget al, 1997, Kunset al, 1997, Sorokiret al,
1997) The Streptomyces coelicolggenome encodes HCF sigma factors out of 65 sigma
factors reflecting their complex b#at and developmental cyc{elelmann, 2002, Suet al,
2017) They are responsible for stress response and cell wall iiyte§igma factors SigR
regulating thioloxidative stressSIgE controlling cell envelopand BIdN required for aerial
mycelium formationare weltknown(Paget M. S. B, 2002, Swt al, 2017)

Streptomycetes sigma factors are listed@able 1
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Tablel. Sorting of sigma factors iBtreptomyces coelicolor

Group of sigms . Size
A" Function Representants (kDa)
Essental
Group 1 Regulation of transcription of HrdB 40-70
housekeeping genes
- ' HrdA, H HrdD
Group 2 Norr.essenal rdA, HrdC, Hrd 37-43
- Regulation ofgrowth
SigB, SigF, SigG,
- Stress response SigH, Sigl, SigK,
Group 3 : : > 25-35
> - Sporulation SigL, SigM, SigN,
- Morphological differentiation WhiG
ECF (extracytoplasmaticfunction)
sigma factors
- Regulation of cell wall , )
Group 4 integrity BIdN, Sigh, Sigg, 20- 25

SigR, SigT, SigU,etc.
-Stress response

- Regulation of aerial
hyphae formation

1.4.4 Reguation of sigma factors

A wide variety of mechanisms regulatbe action and availability of the sigma factorbey

can be controlled at the level of transcription, translatigorotein turnove(Paget, 2015)

Action of sigma factors might be regulated by the competition between sigma factors for the
limited pool of RNAP corenzyme It was found thaE. coli4’°, the major sigma factohas

16 times higher binding affinity to RNAP core th8mgS(Maedaet al, 2000) which could be

i besides other thirgg cause by the number of multiple contact interfaces with RNAP core

o f 7O unlike SigS (Sharpet al, 1999) It is also proposed that growth related changes in
transcription pattern, resulg in different sigma subunit binding affinities, could be caused by

the specific intracellular conditions or additional factgskihama, 1997, Ishihama, 1999, Kim
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et al, 2004) For examplegheincrease of glutamat®ing et al, 1995) trehalosgKusano &
Ishihama, 19979r polyphosphatéKusano & Ishhama, 1997¢an stimulate the preference of

0o v e’%. Alsd the regulatory nucleotides such as cAMP, pp@upAppppA might influence

the transcription by different RNAP holoenzymes in different wégRusso & Nystrom,

1998)

Another way to regulate sigma factors is the synthesis of alternative sigma factors as inactive
pro-proteins carrying inhibitory leader peptide that must be cleavexider to activate the

sigma factorby controlled proteolysi¢Chandrangsu, 2014)These are e. ¢SigE and SigkK,

Bacillus subtilss por ul at i(laBell ¢t al.f188,Lietrals 1990)

Sigma factors are also regulated by positicéingregulatory proteinsAty pi cal e% amp|

requiringfor its actionan enhancer prote{fwigneshweraragt al, 2008)

1.4.4.1 Anti-sigma factas

Alternative sigma factorgrimarily ECFsigma factorsare commonly controlled by argigma
factors.They sequester sigma factors and prevent binding to RNAP core ebgpytacking
the key RNAP core binding determinarftg] 4) in order tostabilise them anéhhibit the
transcription from gien promotefHelmann, 1999, Paget, 2015 nti-sigma factors are often
co-transcribed wittsigma factor gene, because they are encoded within the same. dprrren
the stochiometric level of given argigma factors maintainedHo & Ellermeier, 2012, Paget,
2015)

Anti-sigma factors are oftemembrae associatedproteins sensing the environmental
conditions.They are comprised from extcytoplasmic domain and an intracellular inhibitory

domain(Helmann, 2002)Environmental stimuli cause the release of sigma factor from the
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association with ansigma factor, resulting irhé activation ofthe transcription of related
genes to overcome emerging conditiRaget, 2015)

A broad range of mechanisms leading ttee release of sigma factors in response to
environmental signal®ccurs such agartner-switching, direct sensing and regulated

proteolysis(Paget, 2015)

Partner switching

Partnerswitching mechanism is a commomaségy of cells to modulate sigma factor activity
which was extensively studied for the group 3 sigma fack&g® and SigF in B. subitilis
(Helmann, 1999)Figure10). Even thougtsigFregulates sporulatiaibtragier & Losick, 1996)
and SigB controls stress respongklecker & Volker, 1998) they are together with their
regulators, paralogs.

SigB in unstressed cellss sequestered by argigma factor RsbW. Stress stimuli casis
dephosphorylation of anéintisigma factor RsbV mailting in the association of Rsbw and
RsbV anda simultaneous release &igB that directs transcriptionf stress related genes
(Heckeret al, 2007)

Stress
Inactive protein X\,& Active protein X

)

=
anti o _/
RNA Polymerase
Activation of
m stress genes

Figure10. Model of partnesswitching mechanism controlling general stress response. In unstressed cells protein

-—

anti o ®

X is inactive andan ECF sigma factor is inhibited by the agiima factor. In response to stress Protein X is
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phosphorylated and bind to asigpma f act or thus releasing 0 to allow

transcribe stress related genes. Adapted ffenancezCharlotet al, 2009).

Regulated proteolysis

This mechanismfound in all kingdoms (including humanj sigma factor activatigrlies in
proteolytic cascade callecegulatedintramembraneproteolysis (RIP) pathwayt causes the
release of sigma factor frotheinactivemembraneassociated sigma/argigma complex and
thereby allowing it to initiate transcriptigBrownet al, 2000, Heinrich & Wiegert, 2009, Joshi
et al, 2019)

Environmental stimuli (such as streas@sensedby the antisigma factor causing the activation
of associatedite-1 proteaseSubsequent proteolysis of aisigma factor byite-2 proteasend
subsguently by cytoplasmic proteagalows, resulting intherelease of sigma factor from its
binding whichactivates transcription of stress related geriEgure1l) (Heinrich & Wiegert,
2009) Site-1 and site2 peptidases belongs teetimportant intramembrane cleaving proteases
(I-CLiPS) cataysing the cleavage afansmembrandomains of substrate protei(\&/eihofen

& Martoglio, 2003, Erezt al, 2009)

RIP plays a major role in a broad rangf bacterial transmembrane signalling processes such
as stress responggchobelet al, 2004, Ades, 2008sporulation(Rudneret al, 1999, Yu &
Kroos, 2000) cell division (Bramkampet al, 2006) cell cycle regulatioiChenet al, 2005)
guorum sensingStevensoret al, 2007) pheromone and toxiproduction (An et al, 1999,
Matson & DiRita, 2005) biofilm formation (Qiu et al, 2007, Heinrichet al, 2008) and
virulence of pathogen®rban, 2009)

Among Gram-positive bacteriathis pathway was described B subtilisf o ¥ and its anti

sigma factors RsiW. In response to a signal elicited by the antimicrobial peptides or other
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agentsRsiW is cleaved by the siteprotease PrsW and subsequently by theXipeotease

RasP(Sclobelet al, 2004, Ellermeier & Losick, 2006)

Stress

anti-sigma

s . cytoplasmic
ISIte-'II |Slte-2|\ i, proteases

Figure 11. Model of the RIP pathway. Sik and site2 are proteases. CM cytoplasmic membrane, CP

cytoplasm. Adapted frorfHeinrich & Wiegert, 2009)

Direct sensing

The environmental signal can be sensed directly by thesigmtia factor leading to ¢h
conformational change resulting time release of gima factor from the association with anti
sigma factor(Paget, 2015) This swtem wasdescribedfor the first timein Streptomyces
coeliocolorfor SigR-RsrA system responsible for the oxidative stress resp@figere 12)

(Kang et al, 1999) Sigma factorSigR is normally sequestered by ding antisigma factor
RsrAlocated in the cell envelope. Upon oxidative stress RsrA is oxidised resulting in release
of SigR, which directs transcription of its own opersigRrsrA) and the thioredoxin reductase
genestfxBA). The induction of the thiedoxin system leads to rextion of RsrA and rebinding

to SigR returning the cell to the balance st@anget al, 1999)
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Figure1l2. Model for a feedback regulatory loop of oxidativests s r esponse medi gKargd by

et al, 1999)

1.4.4.2 RbpA factor

RNA polymerasdinding protein A (RbpA) wasdiscoveredn Streptomyces coelicoland is
highly conserved among actinomyceitesluding M. tuberculosis and M. smegmatRagetet

al., 2001, Newelket al, 2006) It is responsible for rifampicin resistance of RNAP in vitro and
for basal levels of rifampicin resistance in vigad it stimulatesthe transcription of HrdB
dependent ribosomal promotersStreptomyces coelicoldNewell et al, 2006, Deyet al,
2010) Even though RbpA mutants grow slowly, they are viapldthus RbpA is not essential
for thegrowth in Streptomyces coelicolgNewell et al, 2006) Tabib-Salazar et al. described
the direct binding betwedRbpA protein andprinciple sigma factor HrdRBnd group 2 sigma
factor HrdA HrdB and RbpAinteract v a; daimain of HrdB and @erminal regiorof RbpA
The aithorssuggested that RbpA plays a key role in sigma cycle possibly acting as a chaperon
like protein that helps the formatiorof active holoenzyme duringptentialstress conditions

(Tabib-Salazaret al, 2013)
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1.4.4.3 6S RNA

Another way of sigma regulation is via 6S RNA. This small-noding RNA was first
discovered irE coli. in 1967(Hindley, 1967)and its structure and functidvave been identified
further(Brownlee, 1971)It is highly abundant among bactefigarrick et al, 2005, Wehneet

al., 2014)including Streptomyces coeliocol¢Panek et al., 2008, Mikiiet al., 2014)

6S RNA bing (G’° of RNAP and inhibit transcription by competing with promoter DNA
(Wassarman & Storz, 2000, Cavanagh & Wassarman, 2B&4Y i o n A se@nsmide 0
essential for its binding; s also responsible for biimdy to -35 element of promoter DNA
(Cavanagtet al, 2008, Klocko & Wassarman, 2009)

6S RNA foldsinto closely related structures that have been conserved across various bacterial
species. The stature consis of a singlestranded central bulge within a highly double
stranded molecule and thus it mimics a DNA template in an open promoter complgx (RPo
(Figurel3) (Wassarman, 2002, Barriek al, 2005)

6S RNAbinds t o ’°when the cells enter the stationary phase of growth and leads to a
downr e g ul ‘&dependent teahscriptiqifrotochaud & Wassarman, 200%)bout 90 %

of the 6S RNA in the cellas o ¢ i a t°@uring expdmential and stationary phas&ircoli
(Wassarman & Storz, 20Q0)

6S RNAnotonlyresemblsanopen promoter complex but™it c:
to synthesie pPRNA(14-20 nts RNA productjWassarman & Saecker, 2006, Gildehatal,

2007) Synthesis of pRNA leads tberelease of 6S RNA frorthe association with RNAP
(Wassarman & Saecker, 2008)is suggestethat pRNA synthesis occurs duritigeoutgrowth

from stationary phase and serves as a liberation of RNAP from 6S RNA in response to nutrient

availability (Wassarman & Saecker, 2006)
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A

E. coli 6S RNA: tzo UGJ\A 340 " c-3'
100 110 190.C s 19 glc 180 170 180,C
‘ A.l G Al u A G I 'u
SUeceAG CUUA AACUGCG F? A ' c GGUUC AGGG Gccucc GCG GCAUCUCGGAGA
) | ) 1 (R RN ENE N
c UGGCUCG G.\GU UUGGCGCCCGCG GG G CGC UGUMUCUCU

Promoter DNA in open conformation:

35 10
— T M'I'I'}UACGTA
5'- CGCACGGTGTTTGACATTTATCCCTTGCGGTGGT GAGCACAAAAAAGAGGCC-3'
3~ GCGTGCCRCRMCTGT&MTAGGGAMGCCMCAT ( ACTCG‘TGTTTTTTCTCCGG* 5

ApTAATTGCAT

Figure13. A) Schematic of secondary structurefofcoli6S RNA. The sequence in 6S RNA complementary to
the longest pRNA is boxed. B) Promoter DNA in open conformation. Adapted (fMamsarman & Saecker,

2006)

1.4.5 Sigmafactors in Streptomyces

Sigmafactors are a part of the metabolic pathways connected with primary and secondary
metabolism they participatein signal transduction systems and other complex regulatory
mechanisms in the cell®nly a minor part of the 65 sigma factamsStreptomycebas been
studied.These studies are based on the studying of deletion mutant of given sigma factors and
only several systematic studies with identification of sigma reguilame been carried aut
Group 1 sigma factors contain HrdB sigma factor, whereagpgsigma factorarecomposed

of HrdA, HrdC and HrdD sigma factor&roup 3 sigma facterare called sigB-like sigma
factors consising of 10 sigma factorsSigB, SigF, SigG, SigH, Sigl, SigK, SigL,SigM, SigN,
WhiG. Finally, group 4 ECF sigma factors canprised of 5Iigma factorsSo far, only about

20 sigma factors have been characterize8tmeptomyces coelicolowe focused our interest

on those sigma factors that are indispensable (HrdB) or were shown to be highsedpre

during germination and dg vegetative growth.
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1.4.5.1 HrdB

HrdB isaprincipal and essential sigma factoriStreptomycegesponsible fothetranscription

of housekeeping genegose deletion is lethgButtneret al, 1990, Shiinat al, 1991). It is
the funct i on%nlE. coliqTamkaetgl., ©8988, Buttner, 198B)rdB homolog
arepresent in alStreptomycespeciegTakahashetal., 1988)

In Streptomyces sppthe principal gima factor HrdB is involved not only in the transcription
of housekeeping genes but also in morphological differentiation and secondary metabolism
(Fujii et al, 1996, Suret al, 2017) HrdBin S. coelicoloraffects secondary metabolism in two
ways. Firstit regulates the transcription of pathwsyecific regulatory genexctll-ORF4and
redD that control biosynthesis of antibiotics actinorhodin and undecylposilig Second,
HrdB patrticipates in the synthesis of precursors and energy through the cegafgtrimary
metabolism genes and thereby connects the primary metabolism with secondary metabolism
(Fujii et al, 1996 Sunet al, 2017) Similarly, HrdB inS. avermitilisgegulateghetranscription

of the pathway specific regulatory gemeéeRto trigger the biosynthesis of avermedi@tuoet

al.,, 2010) The connection of HrdBwith secondarymetabolism was also confirmed
experimentally. It was reported ththe mutation in the 1.2 conserved region of HrdB resulted
in antibiotic deficiency due to the reduced transcription of patrspegific regulatoractll-
ORF4andredD (Aigle et al, 2000) The presence dfrdB on a multicopy plasmid leads to the
precocious overproduction of undecylprodigioghigle et al, 2000)

Due to the connection of primgy and secondary metabolism provided by HrdB, genetic
manipulation of the HrdB has been used fmhancing antibiotic production. Genetic
engineering was conducted by two different methods. In the first method, theusated hrdB
genewas introduced imt the avermectiimigh producing strairs. avermitilis3-115, wherdt

causedby 50 %higher levelsof avermectinB1 production(Zhuo et al, 2010) The second
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method is based on the replacement of the native pesrabantibiotic biosynthetic genes or
pathwayspecific regulatory gendsy the hrdB promoter to increase the levels of antibiotic
biosynthesisas the strength of thierdB promoter isgreater than other usetreptomyces
promoters. The example is a sigegint increase of nikkomycin production by the replacement
of the promoter of pathwaspecific regulatosanGby hrdB promoter inS. ansochromogenes
TH322(Du et al, 2013, Suret al, 2017)

HrdB has several lawn promoter binding sites that it binds. They were identified mostly by
in vitro transcription or by S1 nuclease mapping. These genes are listablm2. The
proposed consensus sequence for HrdB is TTSA®G to 18 bpTAGA(Pu)T (Strohl, 1992)
The 2.4 and 4.2 regior(sesponsible for promoter recognitiool other Streptomycesigma
factors HrdA, HrdC and HrdD are identical highly similarin amino acid sequende HrdB,

thus suggesting that they recognize simglaamoter sguencegButtner, 1989, Lonettet al,
1992) While HrdB isanessential sigma factaihe other three sigma factokérdA, HrdC and
HrdD aredispensable fothe growthand theirbiological function is stilunknown (Buttneret

al., 1990)

Table2. Known HrdBdependent promoters

SCO Gene
number name

SCO0561 furA Fe regulatory protei |(Hahnet al, 2000)
SCO0598 sigB  |sigma factor SigB (Choet al, 2001)
SCO1321 tuf3 elongation factor T3 | (van Wezekt al, 195)

Protein name Discovered by

SC01429 chiD chitinaseD (Delic et al, 1992, Saiteet al, 2000)

SC02026 gltB glutamate synthase |(Brownet al, 1992)
SC02082 ftsZ cell division protein | (Flardhet al, 2000)

SC03471 dagA |extracellular agarase |(Brownet d., 1992, Kanget al, 1997)
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SCO05003 chiA |chitinase A (Saitoet al, 2000)

SCO5376 chiC chitinase C (Delic et al, 1992, Saiteet al, 2000)

SCO5673 chiB chitinase B (Saitoet al, 2000)

SCO7263 chiF chitinase F (Sato et al, 2000)

SCOro9 D (RNA operon D (Baylis & Bibb, 1988, Kanget al,
1997)

SCOrl13 rrnA rRNA operon A (van Wezeet al, 1994)

SCO5877 redD transcriptional
regulator

actll- actinorhodin cluste
ORF4 |activator protein

(Fujii et al,, 1996)

SC05085 (Fuijii et al, 1996)

HrdB itself possesses two promoteide first oneplis indeed the primary promoter in the
absence of stress and the second p2is about 50 nts downstream of the p1 and is connected
with stresgButtneret al., 1990) P2 was found to be Sigldependen{Buttneret al,, 1990, Kim

et al, 2012) Diamide stress caused the decredgbeopl transcripts and increase of th2

SigR dependertrarscripts, thus suggesting that SigR is responsible for the maintaining the

level and activity of HrdB under thiaxidative stress conditior{&im et al, 2012)

1.4.5.2 SigB

SigB sigma factor has been extensively studieshomag Streptomyces It regulates
morphological differentiation and secondary metabolism throughout the regulation of related
genes such afpsA, whiB, redkandredZ DpsAgeneis required for sporenaturationwhiBis
responsible for aerial hyphae formatioredH coding for phosphoenolpyruvatgilizing
enzyme andredZ encodes a pathwegpecific regulator for actinorhodin (RE[ee et al,

2005, Faceyet al, 2009, Faceyet al, 2011) SigB controlsthe concentratia of ppGpp
synthesisan important sigalling molecule influencing the regulation of geneeeded for

aerial hyphae formatiorSigB also contral pathwayspecific regulatorscdaR actll-ORF)
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(Heskethet al, 2007)by regulating relAprotein, coding for ppGpp synthetagkee et al,
2004) In addition SigB governs the osmotic and oxidative stress respdhsegulatesthe
genes responsible fasmoadaptatignsuch assaB (Figure 14) (Fernandez Mantez et al,
2009) and activategene expression of other two sigma fact&igl. andSigM (which play a
role in sporulation)n a hierarchical ordeand as well as itsetfuring osmotic stresd ee et
al., 2005) Salt inducedSigB-dependent sigma factors reeSigH, Sigl, SigJ, HrdA, HrdB,
HrdC, HrdD,SigE, SigR, SigT, SC03613, SC04409, SC0O4866, SCO7(Gk et al, 2005)
The activation ofjene expression @hultiple signa factors in response to stresgpors the
hypothesis about the existence of much more complgxiatory networKKaroonuthaisiriet
al., 2005) SigB further regulates oxidative stress response genesiimg the biosynthesis of
mycothiol (major thiol buffer in actinomycete#f)joredoxin,cysteine ad catalaséChoet al,
2001, Leeet al, 2005) Finally, SigB regulates alsdhe synthesis of cold shock proteins

suggesting that it participates in cold shock respfinseet al, 2005)
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Figure14. Under normal conditions SigB is sequestered by thesagria factor RsbA. After the osmotic sises
antrantisigma factor RsbV is dephosphorylated and bound tesagrtia factor RsbA leading to release of SigB
resulting in activation ofranscription of stress related genes includiis@gB Physiological recovery of from
osmotic stress results in aation of kinase domain of OsaC that than phosphorylates a predicted OsaC antagonist,
releasing bound OsaC that can than associate with $igBenting continued expression of the sigB regulon

(RsbAT antisigma factor, RsbV¥ antiantisigma factor). Adaed from(Fernandez Martineet al, 2009)

1.4.5.3 SigH

SigH belongsto the SigB-like sigma factors andegulates osmotic stress response and
morphological differentiationn whichinfluences septation of aerial hyph#&ormanecet al,
2000, Kelemert al, 2001, Sevcikovat al, 2001, Viollieret al, 2003)

SigH is regulatedby its antisigma factor PrsH/UshXand antiantisigma factor BldGby
partner switchindike mechanim (Sevcikovaet al., 2001, Sevcikova & Kormanec, 2002,
Viollier et al, 2003, Viollieret al, 2003, Sevcikovat al, 2010) In unstressed conditions,

SigH is sequestered by the asityma factor UshXAfter osmoic stressBIdG is activated by
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