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Transcription initiation in bacteria requires the dissociable-salh " to bind to core
RNA polymerase (RNAP) for recognition of key promoter elements. Bacteria harbour an
assortment of different types and numbers offactors that they caneaectively utilize
depending on its adaptive requirement. One such group of alternatifectors that are
used for transcribing genes in responsestoessordrom outside the cytoplasm are called
extracytoplasmic function (ECF)factors that are often egulated by anti factors.
However, alternative anti devoid models also exist. The opportunistic pathogen,
Burkholderia cenocepagihas 13 ECFfactors, of which 11 are currently uncharacterized.

In this study, the role of four previously uncharacted ECF factors, Prtl, Ecf4k,,
Ecf4k:. and Ecf48.of B. cenocepaciavere investigated. Using Ch#eq and reporter
fusion assays Prtl was found to regulate fél promoter itself and the promoter of a
putative catalase.The-10 and-35 promoter elenents for B were experimentally shown
G2 0SS WD¢/ Q IyR WDD!! ¢! QY NBaLISOGAQGSt ez a
factor encoded by the gene downstreamptl was shown to be inhibitory to Prtl activity
and to interact with the @erminaldomain of Prtl through its ferminal domain.

Ecfdkc: and Ecf4dc. were shown to regulate promoters of putative akkyl
hydroperoxide D and Lydigpe transcriptional regulator, respectively. Ectdnd Ecf4ac.
lack cognate anti factors, but instead, &ve a @Germinal extension which was
hypothesized to be regulatory. However, based on experiments froterr@inally
truncated derivatives of Ecf4d; and Ecf43c, the CTE exerting such an effect cannot be
concluded. No phenotypes were obtained for deletimutants of any of the above
factors.

In case of the irosstarvation ECF factor OrbS, in the Orb&pendent promoter,
el !l 1l Q YR W/ D¢/ Q & SNB -3R&SY-2OypiomdNdr él&ientsfi 2 T
respectively, separated by 17 bp. The length of the spacer was found to be cFiiedlases
located near the transcription start sit@ere important for efficient promoteutilization
when substituted in a block of three. OrbS is regulated transcriptionally by an iron regulator
Fur and does not have an aitifactor. Presence of an altnative regulatory mechanism
was investigated usingfar mutant. However, it was not possible to draw conclusions from
these studies as thiir mutant used, unexpectedly, retained Fagtivity.
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Figure 110 Taxonomic classification of tHRECAKX XX X X X X X X X X X X X X X X X X X X X d D n
Figure 1.1. PredictedPrtl-dependent promoter BnX X X X X X X X X X X X X X X X X X X X ®d P p y
Figure 1.12The Orb system iB. cenocepacla X X X X X X X X X X X X X X X X X X X X X X X dPc n

Chapter 2:
Figure 2.1 Principle of SOE PCR deletion mutagéZsls X X X X X X X X X X X X X X X X X pH
Figure 2.2 Principle of BACTH aZsayX X X X X X X X X X X X X X X X X X X X X X X X X XM~ c

Chapter 3:

Figure 3.1. Genes present at thel locus in a variety of Graimegative bacteriXx X X ®m m n

Figure 3.2. Amino acid sequence alignment of Prtl fBoroenocepaciwith the

corresponding protein in other Gramegative peCies{ X X X X X X X X X X X X X X X X X X M M p
Figure 3.3. Construction of pSRKrPrtFFLAK X X X X X X X X X X X X X X X X X X X X X X D P M M T
Figure 3.4. Production of P#LAG in ckd containing pSRKmMPrtkC[ | DX X XXX X XXMM D

Figure 3.5 Construction of pKAGEiuiX X X X X X X X X X X X X X X X XXXXXIXIXMHXMX

Figure 3.6. Activity of thprtl promoter in the presence of PFHLAZ X X X X X X X X X X M H H

Figure 3.7. ChiBeq work flow for identification of Prtl binding SlEX X X X X X X X X X ®P M H C

Figure 3.8. Optimisation of cell lysis and shearing genomic DNA by samicxtiX X X PPMH T

Figure 3.9. Validation of IP and CONTROL samples usHgPXR X X X X X X X X X X X D DM 0 N
Figure 3.10. Validation of IP and CONTROL samples using PCR with additional positive

controlX X X X X X X X X X X X X X X X X X X X X X X X X X XXX XXX XXXXXXXXXXX)
Figure 3.11. Quayi assessment of samples before library preparafocdr X X X X X X X X M0 0

Figure 3.12. Quality assessment of samples after library prepadafdloX X X X X X X X X Mo n

Figure 3.13. Quality metrics of reads from sequencer USINKSAMY X X X X X X X X X X ddPmo C

Figure 3.14. Quality metsoof reads mapped to index using A X X X X X X X X X X X MO T

Figure 3.15. Quality metrics of sequenced data using GALAXX X X X X X X X X X X M n NI

Figure 3.16. Quality metrics of sequenced data using GALAAX X X X X X X X X X X Mn M
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Figure 3.17. Quality metrics of sequencedadusing GALAXYXBX X X X X X X X X X X X dm
Figure 3.18. Quality metrics of sequenced data using GALAAX X X X X X X X X X X dm
Figure 3.19. Quality metrics of sequenced data using GALAAX EX X X X X X X X X X dm
Figure 3.20. Quality metrics of sequenced data usingABXLBEX X X X X X X X X X X X X d M n
Figure 3.21. Mapping DNA sequence reads tcdBheenocepacigenome using IGV(148

Figure 3.22. Mapping DNA sequence reads tadBheenocepacigenome using IGV(249

Figure 3.23. Mapping DNA sequence reads todBheenocepaa genome using IGV(360

Figure 3.24. Clustal Omega alignment for identification of putative Prtl recognition

sequENCEE X X X X X X X X X X X X X X X X XX XXX XXX XXX XXXXXXXXX
Figure 3.25. Activity ofyR? and Ratin the presence and absence of FftlAG irE.colK155

Figure 3.26 Activity ofk2 and Ratin the presence and absence of HftLAG irB.

cenocepacCid XX X X X X X X X X X X X X X X X X X X XXX XXX XXXXXXXXXX
Figure 3.27. Activity ofpRwui, P and Ratin the presence and absence of native PrtEin

COIXX X X X XX XXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX>
Figure 3.28. Identification of th&5 and-10 promoter elements of a Prlependent

promoterX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Figure 3.29. Schematic representation of mutant camsion using

PEX18TpTeBcelpheSH X X X X X X X X X X X X X X X X X X X X X X X X X X68 X X X X X
CAIdzNBE odond t/ w &aoOpdblSywR yIPuReNAnd XXRARIKIME | v
Figure 3.31. Effect of deletion pftl and prtRon growth under normal condition§ X X @ ¢

Figure 332. Effect of peroxide stress on tBe cenocepacipprtl mutantX X X X X XWX &

Figure 3.33. Effect of oxidative stress due to deletioprd XK X X X X X X X X X X X E X X X M T
Figure 3.34. Effect of oxidative stress due to deletioprtRX X X X X X X X X X X XX X X ® D |
Figure 335. Effect of deletion of prtl and prtR on extracellular protease productioB.by
cenocepaCiA X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ®X X X X X
Figure 3.36. Effect of deletion pfti or prtr on motility, swarming and biofilm

formationX X X X X X X X X X X X X X X XE XK XK XK XX X XXX XXX X XK&E X X X X ]
Figure 3.37. Effect of inactivation of prtl and prtR on EPS producti@&n égnocepacian

EPS medium (pH 6.0) at®BOX X X X X X X X X X X X X X X X X X X X X X X X X X X X X >
Figure 3.38. Purification of Hig35 RS16286X X X X X X X X X X X X X X X X BX X X X X ;
Figure 3.39. Testing the catalase activity of I35_RS2ZE2BE X X X X X X X X X X X X X X X M
Figure 3.40 Complementation assay onEarcolicatalase and NADHependent

peroxidasg X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Figure 3.41. Alignment of KatE, 1351885 and SIpAX X X X X X X X X X X X X X X X X X ™
Figure 3.42. Two hybrid analysis of fitR interactiolk X X X X X X X X X X X X X X X X X &
Figure 3.43. Activity of a Pddiependent promoter in the absence and presence of PrtR in
E.COK XXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXRMPPX .
Figure 3.44. Activity of a Pddiependent promoter in the absence and presence of PrtR in
B.cenocepacl@ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Figure 3.45. Identification of thiB5_RS16285 (catalasa)d prtl operons by reverse

transcripise PCRX X X X X X X X X X X X X X X X X X X X X X X XX X XXX X X X X >
Figure 3.46. Current understanding of the ttR system iB. cenocepacla X X X X X H M 0
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CAIdzNBE nom DSYy2YAO XORYXBEXXBIEXBXXKMX XX FX XX @NEMY
Figure 4.2. Amino acid sequence alignment of Egi4hd Ecf4a.. from B. cenocepacia

H111 with related proteins in other Specls( X X X X X X X X X X X X X X X X X X X X X X X ®H H N
Figure 4.3. DNA seques alignment for identification of putative Egt4recognition

&Sl dZSYOSéXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX)
Figure 4.4. Clustal Omega alignment for identification of putative kgftognition

sequenCceE X X X X X X X X X X X X X X X X X X X XX XX XXXXXXXXXRHBXHp

Figure 4.5. Clustal Omega alignment for identification of putanfdlgcopromoterX @ ®H H T

Figure 4.6. Activity of putative Ecfiependent promoters in the presence and absente o

0KS 9/ Cn M E. col®X XOXXNEX XAHX X X X X X X X X XXX XXX XXXXXXXXXD
CAIdzNBE notd t/ w aO0NBEyA yideddEa §FIRY ReviRigin S | mmmn
necfdlgeomutantsX X X X X X X X X X X X X X X X X X X X X XXX XXX XXX XX XXXXXXX
Figure 4.8. Effect of deletion et#1s.1and/or ecf4lzc20n growth under normal

conditioN X X X X X X X X X X X X X X X X X X X X X X XXX XXX XXX XXX XXX XXX X
Figure 4.9. Representative images showing effect of oxidative stress due to deletion of

ecf4lgcior ecf4lzco0r bothecf4lagciandecfdlgea X X X X X X X X XK X X X M X

Figure 4.10. ECH4iependent promoter activity in the presence and absence of full

f SY3dK FyR GNUzy OF 4§ SR B doRXMX X X XX X002 XN RSN addb HIrnd S ?
Figure 4.11. ECH4iependent promoter activity in the presence and absence of full

lengtharR G NHzy OF § SR RSNA @I BAicéhScapaddX X X KX MX X PFh Ol 2 NA
Figure 4.12. Genomic context@df42” Tl OGRKNX AEYBHEXX XXX XXX XXX PDH Ny
Figure 4.13. Amino acid sequence alignment of Ecfd@n B. cenocepaciel11l with

related proteins irother speciegE X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ® D |
Figure 4.14. Clustal Omega alignment for identification of putative Ecf42 recognition

sequENCEE X X X X X X X X X X X X X X X X XXX XXX XXX XXX XXXXXXXXXXXXX
Figure 4.15. Clustal Omega alignment for identificationutétive RnnspromoterX X X H p T

CAIdzNE nodmc ® t/ w a0 NIBYMUARX 2FX X X XX XRARG BXSH d MM M
Figure 4.17. Effect of deletion e€f42:0n growth ofB. cenocepaciander normal

conditioNK X X X X X X X X X X X X X X X X X X X X X X X X X XXX XXX XXXXXXXXXX
Figure 4.18. Effect of deletiaf ecf42:0n the oxidative stress responseBf

cenocepaCiA X X X X X X X X X X X X X X X X X X XXX XXX XXX XXRBEXXXXXXXX X
Figure 4.19 Some proposed models of ECF41 regulation bytérenfdal extension

CTEEX X XXX XXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

Chapte 5:

Figure 5.1. Promoter activities of OrbS dependent promoteB icenocepacla X X X ®H T p

Figure 5.2. forasesubstitution derivativeX X X X X X X X X X X X X X X X X X X X X X X X X D D H T
Figure 5.3. Effect of single base substitutions @gHRCLIVIEX X X X X X X X X X X X X X D DOH T P
Figue 5.4. Effect of alteration of the G@€h spacer region of BHX X X X X X X X X X X DH y M

Figure 5.5. Effect of alterations to the AgrBh region at the TSS o activityX X PP PH y o
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Figure 5.6. Promoter activity of selecteglhRvariant promoters irE. colX X X X X X X H y p
Figure 5.7. Promoter activity of putative promotggfh E. COK X X X X X X X X X X X X © D
Figure 5.8. Promoter activity of putative promoters Bnd Rreain B. cenocepaciX X ®H ¢ n
Figure 5.9. Cloning FLAG taggedSinto pSRKKMX X X X X X X X X X X X X X X X ¥ X X
Figure 5.10. Experimental design to test for the presence of an alternate mechanism for
regulating OrbS activity other than transcriptional regulation by}XPdrX X X X X X X X X ® H |
Figure 5.11 CAS plate analysis of siderophore producti@ bgnocepaci/Tandfur::Tp

MUEBNIX X X X X X X X X XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX
Figure 5.12. Growth rate analysisBxfcenocepaciV/T Vdur::Tp mutanK X X X X X X X H b ¢
Figure 5.13. Efficiency of plating®f cenocepaciV/T andfur::Tp mutanK X X X X X X ®d ®o n n
Figure 5.14. étivity of iron dependent Fur regulated promotersdg Prbsso, Rirsand Rid

in B. cenocepacidl5j and dur mutant 715Hur: TpX X X X X X X X X X X X X X X X X X X X ¢
Figure 5.15. Complementation of the iroegulation defect of @8. cenocepacia fuf X o n p

Figure 516. Irondependent activity of the Orb&gulated promoter RoHin B.

cenocepacidVT andfur mutantstrainsS X X X X X X X X X X X X X X X X X X X X X X X X X >
Figure 5.17. Activity of iron independent promoteks. Bnd Rysiin response to iron i.
cenocepacian the presence and absencefaff X X X X X X X X X X X X X X X X X X X X X X
Figure 5.18. Activity of the Fur regulateglbBpromoter in response to iron i&. colWT

andfur mutant strainsX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Figure 5.19. Activity of the Orklfependent pomoter RHdssin E. coliWT andfur mutant

strains containing OrbS in response to MOK X X X X X X X X X X X X X X X X X X X X X X )
Figure 5.20. Activity of the variatdc promoter, Racz, in response to iron i&. coliWT and

fur mutant straing X X X X X X X X X X X X X X X XXMM X X X X X X X X D 0o
Figure 5.21. Cloning an SBER product encoding FL#ggged Fur into pEX1BpTer

PHESECX X X X X X X X XX XX XXX XXX XXXXXXXXXXXXXXXXXXXX X
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1CS: 1 Component system

2CS: 2 Component system

AHLc¢ Acylhomoserine lactone

ASD¢ Anti-sigma domain

ATP¢ Adenosine tri phosphate

BACTH bacterial adenylate cyclase twuoy/brid system
Bcceg Burkholderia cepacieomplex

BdCV¢ Burkholderia cepacieontaining vacuole

BHI¢ Brain heart infusion

bp ¢ base pairs

BSAc Bovine serum albumin

CAA- Casamino acids

cAMP¢ cyclic adenosine monophosphate

CAP- Catabolite activator protein

CR¢ Cystic fibrosis

CFUg Colony forming units

CLR; Cyclic Lipopeptide

COE Carboxymuconolactone decarboxylases, oxidoreductases & epses
cPhec p-chlorophenylalanine

CRE Core recognition element

CRR; Catabolite repressor protein

CSg, Cell surface signalling

CTD¢ Gterminal domain

CTE; Gterminal Extension

D-BHI¢ Dialysed brain heart infusion

Dac Daltons

ddHO ¢ double distillel HO (HPLC grade sterile water)
DMSC Dimethyl sulfoxide

DNA¢ Deoxyribonucleic acid

DNaseg Deoxyribonuclease

dNTP- Deoxynucleotide triphosphate

ECF, Extracytoplasmic function

EDTA Ethylenediaminetetraacetic acid

HTH- Helix turn helix

IMAC¢ Immoabilized metal ion affinity chromatography
IPTG; L a 2 LINIR-1-fléidgalactopyranoside

IST¢ Iso-sensitest

kbp ¢ Kilobase pairs

kDa- Kilodaltons

L¢ Litres
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LB¢ Lysogeny broth

LP& Lipopolysaccharide

LTTR; LysRype transcriptional regulator
M ¢ Molar

Mbp ¢ Megabase pairs

ml ¢ Millilitres

mM ¢ Millimolar

MWCO- Molecular weight cuoff

NCR Non-conserved region

NTDc¢ N-terminal domain

°C- Degrees centigrade

ODc Optical density

OHL¢ Octanoyl homoserine lactone
OMPc¢ Outer membrane protein

ORFK; Open reading frame

PAGE, Polyacrylamide gellectrophoresis
PBS; Phosphate buffered saline
PCR; Polymerase chain reaction
PMFc¢ Proton motive force

PVDF, Polyvinylidene fluoride

QSc Quorum sensing

Rmsd- Root mean square deviation
RNA¢ Ribonucleic acid

RNAR; RNA polymerase

ROS; Reactive oxygespecies

RR - RNAPPromoter Open complex
RR- RNAPPromoter Closed complex
RR- RNAFPromoter intermediate
SDSg; Sodium dodecyl sulphate
SOEPCR; Slice overlap extension PCR
TBDT¢ TonBdependent transducer
TBDR; TonBdependent receptor

TEG Transcmption elongation complex
TPR; Tetratricopeptide repeat

UP- Upstream promoter

V ¢ Volts

WT¢ Wild-type

X-gal¢ 5-bromo-4-chloro-3-indolytbeta-D-galactepyranoside
ZAS Zincant® Tl OG 2 NJ

N ¢ Deletion

> & Microgram

> € Microlitre
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1.1 General introduction

Bacteria require efficient regulatory mechanisms to respond to changing
environments and adapt themseds for survival, especially within hosts. The use of extra
Oeiliz2L)XaYAO FdzyOtdAazy aArayYl o609/ C 0 FIFrOG2NBR Aa 3
NEaLl2yR G2 SEGSNyLt &adNBaa &ardyltta 6KSNB (KS
polymerase (RNAP) to form RNAP holoenzyme and recognise promoters to initiate
transcription of stress responsive genes. Particularly, opportunistic pathogens such as
Burkholderia cenocepagiase a number of different strategies for infection, pathogenesis,
survival and intesspecies competition but these mechanisms are still not fully elucidated at
the molecular level. AlthougiB. cenocepaci& | Nb 2 dzZNA Mo 9/ C FIL OG2NAEZ
currently characterised: OrbS and Rg@ignoli et al., 2006, Flannagan and Valvano, 2008)
| SyO0OSs GKSNB Aa | ySSR (G2 aitdzRe (KostteNRf S&a 2F |
understanding of the bacterial stress response strategies and whether they may play a role

in infection.

1.2" factor: structure
" factorsare bacterial proteins thafunction as dissociable stimnits of the RNAP.
Theybind to coreRNAPto form a RNA holoenzyme which is capable of transcription
initiation (Murakami, 2015)A variety of' factors are present which are functionally and
structurally very diverse not only across different genera but within the same micro
organism.There are two families of factors based on amino acid sequence conservation
OKFG F NB %% & N R famiies.” 0is the major factorin all bacteria ands
encoded byrpoD in E. colihencethe E. coli protein isalso referredto in someearlier
f A0SNIRPdzNE K& Y2 NSorthedVdzNRA YR INBG 2 NISRF YR Aa NBaLRYy
transciption initiation of most housekeeping genesaking itessential for cell growth and
survival(Paget and Helmann, 2003)** is alsogpresent in both Granpositive and Gram
negative bacteridutisd 0 NHzOG dzNJ £ £ @ | Yy R TodmdiS dsadispehshleeé dzy NBf | {

for survivalunder laboratory condition§Wosten, 1998)
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The primary factor, shown in Figure 1.tpnsists of 4 domains connected by linkers
which give it flexibilit Campbell et al., ZIR). These domains are further divided irdab-
regions based on amino acid sequence conservation and functidomain 16 1 or
a2YSGAYSA NBEJF SONNE econsedvediegion 1.1 and is autmhibitory in
function (Schwartz et al., 2008Pomain 2 7) is made up of 5 helices and a roanserved
region (NCR) consisting of multiple helices. This domain interacts strongly with the core
RNAP and recognizes a conserved hexameric nucleotide consensuscae(UENAAThat
isOF f f S (0 IKISR W2 ( JosdteSappsoXiBatelytén basgairsupstream of the
transcription start site (+1)Conserved regions 234 are involved in this-10 element
recognition(Campbell et al., 2002, Paget, 201Ghe of the londhelices contains region 2.4
while region 2.3containsaromatic residues involved in DNA meltisngd basic residues for
specific DNA binding. Domain@3s) is composed of 3 helices and contains region 3.0,
previously known as region 2\Wwhich is involved in recognition of the extendeld region
that is present in some promotef§lurakami et &, 2002) Domain 40 4) is present at the
Gterminal endof ~ 70 and is known to interact strongly with RNAPK S f Ay 1 SaNJ 6 S i
I YRA & NBf | (shs €ofposed bf 2 elicds and contadumservedegiors 4.1 and
4.2.Region 4.2ecognizes aonserved hexameric nucleotide consensus sequence (TTGACA)
located approximatelyo p 6 F & SLI A NB  dzLJA ( Nl YLINRTY 2t 8 ND IS
through its helixturn-helixmotif (Campbell et al., 2003)
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Figure 11. Structure of* "°from E. coliwhen interacting with RNAP

‘2 zand sareshowninblue,yé f 2 6 | Yy R 3 NB Sig absehtB shisI&Gtél stdidutep 0 °
2y t5.

This image wasgenerated¥F N2 Y (G KS Wn, DHQ FA{S RSLPWDIRSR
Molecular GraphicSystem, Version 1.2r3pre, Sctidger, LLC.

1.3" factor: function in transcription initiation

Bacterial core RNAP is the fundamental component required for transcription and it
O2yarata 2F TFAOS (znaag ezl 72012, Wurakard, 2018he defhing y R
features of a factor are its ability to bind to the core RNAP, specifically recognise promoter
elements and initial DNA unwinding/strand separation in #i® region forming the

transcription bubble to initiate transcriptio(Feklistov et al., 2014)

1.3.1 Structural interactiorof * factor with RNAP in transcription initiation

i andi form thetwo pincersof the crabclawlike structure of RNARWVhen the’
subunit associates with the core RNARPA Y 1 SNI Ol a oA GK FRhisGddetf SR
of the largest interactions dsed on surface areas, in contact with the wide internal

channel of RNAP above the active catalytic site witR*Vgimultaneously recognizes and
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Ay (i S NI QYioaing ét &l Z001¥helong interdomainlinkerbetween” sand " 4 passes

dzy RSNJ 6 KS i FtlFLI YR GKS §AL)-liReTstrudtieSof 4. F € |
This causes a separation betweenand " ; of approximately 11A so as to allow them to
interact simultaneously with the35 and-10 promoter elemend (Kuznedelov et al., 2002)
This" -RNAP interactiortonsists ofa series of events which takes place throughout the
transcription initiation process causing conformational changes as extensive as the
movement of region Iresidue 59 irE. coli 7°) by about 20A relative to region 2 (Callaci

et al., 1999) The cumulative result of these interactions is the formation of a RNAP
holoenzyme with the actor bound across one side of the polymerase which juxtaposes
the specific regions of thé factor involvel in DNA iteraction with the two conserved
promoter elementgBurgessand Anthony, 2001)

The promoter search by RNAPaisery multifacetedprocessduring transcription
initiation. Extensive evidence suggests that RKaBenzymeslides along DNA by a one
dimensional movement to scan for the promosdPark et al., 1982, Ricchetti et al., 1988,
SakataSogawa and Shimamoto, 2004, Feklistov, 20d8)vever anotherstudy argues that
three dimensional collisions by a 3D diffusion mechanism might be the only process by
which RNAP sednes for the promote(Wang et al., 2013Additionally, various activators
and repressors ifience the specificity of transcription initiation by RN¢@&Powning and
Busby, 2004)

A multistep DNA transcription initiation model has been proposed based on
structural, biochemical and biophysical studies that includes promoter recognitidn an
melting of the-10 promoter elementtranscription bubble formation and scrunching of the
DNA as mRNA synthesis initiates. In the first SRIPAP makes contact with DNA through
specific and nofspecific interactions to first form a RNARomoter closedcomplex (R
(Chen et al., 2010Factors like temperature, salts and solutes affegf(#issociation rate
constant)during RPformation (Saecker et al., 201Ilhe double stranded DNA is unwound
gAOK (KS fasorthal@vi topassthrough thearrow cleftof RNAP containing

the catalytic siteThis process of promoter recognition is suggested to be coupled with the
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double strand opening ste@Feklistov and Darst, 201 Becognition ofthem n St SYSy (i opQ
T12A11T10AAsT70 Q0O A y-teriipkate stghdl iy is crucial because it triggers the
promoter melting step.2, st YR I F2NX | L2 AA dlsOStackedOK | NASR (N
whichamino acid§429 and W438f " ~of T. aquaticusvere shown to bénvolved followed
by flippingthe baseinto a shallow pcketin "> where it interacts with tyrosine residues
such as Y43(Karpen anddeHaseth, 2015)Similarly T is flipped and fits ito a
complementarypositively charged pocket ob (Feklistov and Darst, 2011, Liu et al., 2011,
Feklistov, 2013)Residues like Q437 and T440 interact withh Zhang et al., 2012)
Recognition of the35 promoter element occurthrough interaction with residues the
helix turn helix motif of region 4.2Pabo and Sauer, 1992positively charged arginine
residues interact with the bases #te -31 and-33 positiors on the template strand and
extensive interaction between region 4.2 and the phosphate backbone ofdhéamplate
strand takes placéCampbell et al., 2002)
Although the-10 and-35 promoter elements are the most consed and common
promoter recognition motifsother regions of the promoter are involved in contacts with
the RNAPIn the case oE. coli’ 7%, region 1.2makes direct contacts with thpromoter
RAAONAYAY I 02N St SYSYy (s-6 WEBIDIM@ prondterk dsgeétallyr & L2 aA G A
M102 makes contacts at th& position(Haugen et al., 2006, Barinova et al., 2008, Haugen
et al., 2008b)Gs is unstacked and flipped by regidn2 of = (Miropolskaya et al., 2012,
Zhang et al., 2012Another important interaction is carried out by region 30" 3 that
interacts wth the extended-10 elementat some promotergMitchell et al., 2003)RNA
also recognizes th&element located within the spacer between th&0 and-35 promoter
elements, and the core recognition element (CRE)cated at the-4 to +2 position
(Yuzenkova et al., 2011, Zhang et al., 20IB¢ latteris a sequencapecific recognibn in
which RNAP unstacks and flipgi@osition+2 andinserts it intoa pocket where it makes
contacts with positively charged residues of theubunit. The Gterminal domain of ther
subunit recognizes aA+Frich upstream promoter (UP) element oip to 20 bps located

upstream of the-35 element(Gourse et al., 200).
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- UP element -—SPACER—- ' DISC ) DSDNA |

Figure 1.2 Structure of RNAP holoenzyme with the corresponding promoter recognition regions
Thesubdzy AGld 2F O2NB wb!tX i YR i Q INB aK2gy Ay
2 T aré shown in purple, orange, yellow, and dark bluodéoar coordinated with the promoter
elements they interact with directed by the dashed arrows Other interactions of the RNAP (not
illustrated here) include promoter regiorscore recognition element and-@ement (see text for

further details). Figure edits: RUFF, E. F.,, RECORD, M. T. & ARTSIMOVITCH, I. 2015. Initial Events
in Bacterial Transcription InitiatiorBiomoleculesb, 10351062. Copyright covered by creative
Commons $4.0.

1.3.2 Kinetics of the factor-RNAP interaction in transcription initiation

Recognition of these promoter elements differs in different promoters though the
prerequisite in all instances is to fitene the promoter recognition processlhese
interactions cause isomerization oésidues forming multiple shottved intermediates
(RP), to eventually form a transcription bubble by unwinding of about 12 nucleotides to
form RNARbromoter open complex (RP An important step is the formation of the second
intermediate RB from the first intermediate RR (RRKk RR) and the reverse (RR RRy)
which is a kinetically significant rate determining s{®avis et al., 2007, Ruff et al., 2015)
Recognition of upstream promoter elements byandh CTD RNAP influences the kiog

of this bottleneck isomerization stefphe formation of an open promoter complex by RNAP
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occurs through use of free energy by electrostatic force between the positively charged
RNAP and negatively charged DNA to uavitiee dsDNA from11to +2 positim, bend it

and allow the activesite cleft to grip thetemplate DNAstrand A hypothesis based on

structural evidence suggests tHalNA strand openingccurs above the activate cleft after

which the template strand is placed at the active gturakami et al., 2002, Vassylyev et

al., 2002) However more recent kinetic and footprinting data suggest that the dsDNA is

actively opened by RNAP after being loaded as dsDNA into thgKteftur et al., 2010,

Gries et al., 20100nce thebasesof the template strand can be read at the active site of

the polymerase, binding of NTPs and formatioplésphodiester bonds commences.

1.3.3" release

Hongation can be either productive or abortive. DNA melting downstream of the +1

site does not take place activednd it has been proposed that the initial transcription steps

Ol dzZa S W5b!

dONHzy OKA Yy 3 &0 NB 3 add (mRKArEldasef o I Ra (0 2

promoter escape and productive initiatigkapanidis et al., 2006Region 1.2 along with

(186-433) and perhaps ggon 1.1 are required for this process and play key roles in

promoter escape to ensure that abortive initiation does not oc(Revyakin et al., 2006,
HookBarnard and Hinton, 2009, Pupov et al., 2010, Bochkarewh Zenkin, 2013)
¢ & LA Ot f &3 stickaSticallyeldased fioth Kk dodplex after 15 nucleotides

are incorporated into mRNA and the elongation phase of transcrigiggins.Conserved

NEIA2Y

0 ®H

LINRP LI2ASR (2

2T

idKS

Fl OG2NJ LI I & ad hlasybeeh Y LJ2 NI | y

ad8perd&hijpdamdtds Roxifa Ppalsi@upov et al., 2014)

Neverthelessa (0 dzR A S a

a2
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elongation proceséBarNahum and Nudler, 2001, Mukhopadhyay et al., 2001, Raffaelle et

al., 2005, Saecker et al., 2018 summay of the isomerization steps in this process is

depicted in Figure 1.3.

26

S

3



DNA Loading DNA Opening Assemble Clamp / Jaw on Downstream DNA Initiate Templated RNA Synthesis

Bend DNA to Load T strand Assemble Clamp / Jaw Tighten Clamp / Jaw
Wrap upstream DNA Position start site base (+1)  Load NT strand (-6 to +2)
Load downstream DNA in active site
duplex in active site channel  Load NT strand (-11 to -7)
NTP
slow rapid rapid \_, rapid
RPe <— |, <—— , ;3 <= RP, <2 RPinit

rapid

® Mg? ® Mmg?*

Figure 13. Transcription initiation process

RNAP forms a closed complex with the promoter regiort HFNA unmelted) followed by
subsequent intermediate steps befoferming an ogn promoter complex (RPto then form RR,

the initiation complex where bases on the DNA strand can be read for mRNA synthesis (and may
involve abortive initiation).Red and pink rectangles represent the clamp/jaw of the Fé¢ARNted

by permission om Elsivier: Journal of Molecular Biolo¢fyaecker et 812011) copyright 2017.

1.4 Classification of factors

¢ K S°family consists of factors that possess regions of conserved amino acid
sequence with the major factor * 7° (" A). This familyis further divided into sutfamilies
based on phylogenetic relationshiftdelmann, 2002)Group 1 consists of primaryfactors
GKFG | NB 2 NYé&Ef @ddSaie in&dkved 'intranscription initiation of
housekeeping genes. Group 2 consists 8f O G 2 N& Of 2 78b8tididpensddle fori SR
growth and present in only some bacterial species. They are ewalv some stress
responsesind includeRpoS. G KS 3ISYSNIf adNBaa NBZGdApy asS 2
3" factors are furtherdivergentin sequenceconservationf N2 ¥ and are divided into
sub-groups depending on their functiomhich include rolsin flagella formation (e.g. SigD
of B. subtili$, response to heat shock (e.g. RpokCatilobacter cregntug and sporulation
(e.g. SigG @. subtiliy. The most distantly related stfamily is Group 4, an extensive group

of ° factors that are also refred to asECF factors (described in the next section)
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Examples include RpoE and FeclEofcoli SigwW ofB. subtilis PvdS ofPseudomonas

aeruginosaand OrbS oB. cenocepaciéButcher et al., 2008)

1.5 Extracytoplasmic function' factors

SinceDNR dzLJ n - FI O 2NB ¢ SNB thdSd@ichyhikidtidhR ' a 0SAY
of genes in response to stresssensedoutside the cytoplasm they were originatgrmed
extracytoplasmiddzy O A 2 Y 6 qlor@tio, et al 1994 )ThéyBoNSist of a very diverse
and complex group of proteins whit¢tave multiple different modes dfinctioning across
different bacteria(Helmann, 2002, Gruber and Gross, 2003, Osterberg et al., 2011, Feklistov
et al.,2014, Paget, 2015)

1.5.1 Structure
Althougk 'y FfA3yYSyd 2F DNRdzLJ m YR DNRdzZL) n
similarity, the structural conservation is surprisingly very HMjosten, 1998, Gruber and
Gross,2003p / C ° FIF Ol 2NKE yR2 t ¥V Difis, oMEE § R&eFsimilar to
those of " 7O(Figure 14) andrecognize thel10 and-35 promoter elements in a similar way
to the primary " factor which explains this maintenance thfe structural conservaion
(Gruber and Gross, 2003, Busby, 2009 C ° T Ol 2N& KI @S yREAYy 1SN (K
that follows the same path aggion 3.2 which serveséhe " 3= sinterdomaint A y{ ¥NJ Ay
(Campbell et al., 2002)
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N[ 1.1 [1.2[NCR[2.1]2.2123][243.03.1 3.2 | 41|42 |cC

B N[12]21722[23]24] [[[41]42]c

Figure 4Domain NB | Y A & | G A 2 Yy sC2FY LI/ NB (Rot dreglvnGaiseae)

(A) Structiral domain organization of’° and (B) a typical ECHactor where™?, "2, "3 and" * are

shown in red, blue, yellow and green, respectively. Thed#bI A 2y d O2 YLINR aAYy 3
given above each domain organization.

1.5.2 Mechanism

Thekeyfy OGA2Y It RAATAYWRIAZ2VIieaBDsESYW/ C ~ A
required to recognize many different housekeeping genes whereas the latter are required
for the transcription initiationof only a relatively small set of genes in response to very
specific conditions! & | NXadzZ § 2F (GKAa RAFFSNBYOS:I O
stringent recognition mechanism bbasreduced efficiency ipromoter meltingcompared
i 270 (Darst et al., 2014) & 7R3y,and 4 of ECF factors associate with RNAP and
recognize conserved promoter elements for transcription initiation. Howeasmnost of " 3
is absent in ECFfactorsthis indicateghat recognition of extended10 promoter element

does not tke place.
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A mutational analysiperformedon the P.aeruginosaECF factor PvdS revealed
that region 2.1 and 2.2 interacts with core RN#sPnGroup 1 factors.Highly conserved
residueswithin these regionsvere found to massively affect binding wheuabstituted by
other amino acidsUnlike" "°which has many aromatic residues in region 2.3 whose role is
associated with DNA melting, ECfactors have fewer aromatic residues but one particular
aromatic residue seemed to be specifically importalthino acid substitutios in region
24resultedhy | AAIYAFAOFLYy G t2aa 27F (KamihoQdids gA e 27F
(N73, D77, R80) seau to be important for the-10 promoter elementrecognition. The
HTH motifof region 4.2which isinvolvedin DNA interactionduring the -35 promoter
element recognition was shown to contairseveral residuedhat were critical for this
interaction (Wilson and Lamont, 2006) N2 Y2 4 SNJ NBO23yAilAz2y o6& 9/ C
relatively fewer activatorscompared to" "°-dependent promotersaind also in contrast to
* Othe recognition othe -35 promoter element cannot be compensatta by recognition
of the UP element bthe h subunt Gterminal domain(Rhodius et al., 2012)
Recent structural studies * Eshow that ECF factors select only one base of the
non-template strand equivalenttoAA Y (G KS POKES 2& Ff ALIISR SAGKAY |
andthere is no equivalent tthe other base T.7that is flippedd & "°(Figure 1.5)Moreover,
the amino acids forming the positively charged pocket where the badpped are not
conserved amondifferent ECF factors, allowing for diversity in th&0 promoter element
recognition(Campagne et al., 2014, Campagne et al., 2EXperimental evidenceerived
from analysis othe ECF factor T-RpoEIof Thermoanaerobactetencongensishow that
' Ww5. . wQ Y20AT LINBat&afs with CGTCIBIA -0y basespihe 2 T
conserved aspatrtic acid residue specifically was reported to be required for the recognition
of G2 (Liu et al., 2012)TheMycobactenim tuberculosi€CF factor * €, when superposed
on the primary * factor * A of T. aquaticusshowed" 4 to be highly structurally conserved
with a root mean square deviatiqnsmd)of 1.6A, however, superposition of;of the two
" factors had an rmsd of 2.9% Anrsmd of 1.4A of the corresponding domains was found

when " Cwassuperposed with ECFfactor * Eof E.coli (Th&ur et al., 2007)Another study
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proposeal that " 4 of Group 1 and Group 4 interact with tHgs promoter element differently

due to the differences in the residues in their HTHunlike primary” factors recognizes a

7 bp motif, GGAATT,at the -35 positon. TheWAQpresent at-33 and-32 positions are
indirectly critical since their geometry allows specific binding but no direct prdd&iA

contact occurst these two positionsThe HTH motif offinteracts more extensively ahe

major groove as compad to that of the primary factor and further it is not involved in
bending of DNALane and Darst, 2006 y (G KS 203G KSNJ KIFIyRX Ay (K
Streptomyces coelicoloa methionine residue in region 4.2 was found to specifically
recognize A of the -35 promoter element (GGGAATKImM et al., 2016)It has been
suggested that in thelO, -35 and UP elements in promoter recognition, although some
bases are preferentially recognized in the sirgfl@nded form and some in the double
stranded fam, this recognition can be mixed and matched for effective transcription
AYAGALFGA2Y 0@ K2 dza $HodkBardarg ahd Hirton, 287, Guzihaiandd / C
Djordjevic, 2017) In Corynebacterium glutamicunt has been reported that certain
LINEPY2GSNE FFNBX OFLIo6fS 2F 60SAy3a NBO23IyAaSR

which is an unusual phenomendg8ilar et al., 2016)
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Housekeeping ¢ ECFo

&)

Holoenzyme a oMg2*

RPo

Figure 1.5Promoter melting atthe-mn  LINR Y 2 (G S NIISY B YISy (i9 /o @

*,0f " Oflips two bases at thel0 promoterelement (A1) and () while” ;of the ECF RpoE uses

only one protein pocket to flip one base (in this case cytosine residue) when initiating the DNA
unwinding step.Reprinted by permission frolature publishing groupNature Structural and
MolecularBiology,(Darst et al., 2014¥opyright 2017.

hFGSy s> dzy RSNJ Ay RdzOAy 3 Oefiated aszhgyaitate 9/ C °~  FI O
transcription by recognisintheir own promoter(Paget and Helmann, 2003jowever, a
low-level constitutive promoter also exists as shown in Figure 1.6 to maintain a low level of
initial ECF F2NJ AYAUGALFf NBunddeWaa(ONS 22akFSlyt ONBI2d/ARMEIR 2 Y & 3
NBEIdzt  §2NBE LINBY23GSNI Aa dzAtAT SRE 2 | LILINELINR I (¢

constitutive auto-regulatory
. e ) -
~
7
» &

Figure 16 Promoters that drive transcription ofjenes encodin@ / C ~  FI O 2 N&
Often EC °~ FIlFOG2NAR KIF@S | ¢S] O02yadAddzia@dS LINRY2GSNI I
0S dzASR F2NJ AYAGAFE OGN YaONRLIWIAZY dzaAy3a GKS 9/ C = |

for an amplified response during inducing conditions.
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1.5.3 Classificadn

The nomenclature and classification of this diverse family of proteins is complex.

They are named as either a four letter word, with ek NE G G KNBS W@l 82 N.

g AGK | thatdzhydélElehidtBr RXaumber signifying the moliecwweight in kDa
(Gruber and Gross, 2003, Staronetal., 208809 / C -~ FIF OU2NA | NB Ay Of
are functionally and mechanistically very divefgaget and Helmann, 2003n 2009, a
O2YLINBKSyaA@S aiddzRe 2F |ttt (yz2ey 9/C ~ ¥
genomics and phylogenetic analysis. This approach led to identification and classification of
ECF factors into 43 different subgroudsased on genomic contexgiructural similarities
and roles (Staron etal., 2009) This systematic classification simplifies the process of
elucidating regulatory mechanisms of this previously ambiguous and constantly expanding
group of proteinsHowever, it is still an inconsistent classificators OF dzaS Ay a2YS
factors belonging to the same group based on their structure/genomic context may have
divergent roles and vice vers&his classification was further extended in another
bioinformatics study that identified a further 8 subgroupstioé ECF factor group(Jogler
et al., 2012)

1.5.4 Regulatory mechanisms

ECF factors need to compete with primaryfactorsandother alternative' factors
for binding to core RNA&s well acompete withregulators such appGppthat can bind
the RNAP and modulate its activifilaugen et b, 2008a) In the presence ofnducing
conditions ECF factor activity is regulated by sophisticated mechanisms to increase their
concentration and affinity towards RNAB®sterberg et al., 2011)

The conventionaimodel of ECF factor activity regulation suggestshat in the
absence of stimuli from the external environment, the EG&ctor remains inactive while
bound in a stoichiometric complex to an inhibitory protein called the-arfctor that is

anchored inthe cytoplasnic membraneby a centrally located transmembrane domain
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(Helmann, 1999)An external sighalauseghis anti" factor to release its cognate bound
factor. However, in the past few years, experimental evidence suggests that the anti
factor may also be invdved in " activation under inducing conditions ailternative
mechanismsexistby which ECF factors areregulatedthat do notinvolveanti-" factors.
Some mechanisms for regulating EG&ctors are described below.

In the presence oinducing conditionssomeanti-" factors can undergaegulated
intra-membrane proteolysigRIP)o release its cognate factor. Well studied ECFfactors
that are regulated by this mechanism includeof E. colt Vand" W of B. subtilis RpoE or
" E(AlgU)of P. aeruginosand CarQ ofMlyxococcus xanthugHeinrich and Wiegert, 2009,
Hoand Ellermeier, 2012, Hastie et al., 2013, Helmann, 20B8fp in Eof E. coliis further
explained in section 1.5.1. Some irorstarvation ECF factor regulators are also auto
proteolysed(Bastiaansen et al., 2015a)

Some ECF factors are reglated by apartner-switching mechanismHere the’
FILOG2NI I-shR° FIYOUURINAL AO2 YLISGS 6AGK SIFOK-20KSNJ Ay
FI OG2 NP 9 E I BynlBt s8hiilis AyyROri CarffoBacteér crescentublepR the anti
F I OG 2™NvoRe€H in general stressesponse,in (i K Sproteobacterium Caulobacter
crescentushas an antagonist Phy@nti-anti-" .0In addition PhyK, a histidine kinase plays
an important role in by phosphorylating PhgiRancezChalot et al., 2009, Lourenco et al.,
2011) Ly | y ZpioteébakieriumBartonella henselae 4 KS 9/ C =~ FIF Od2NJ wlL
positively regulates this system in addition to PK{yR et al., 2016)

Certain ECF factors arereported to bebound tosolubleanti-" factorswhere the
" factor activity is regulated by conformational changeshef associatecnti-- factor. For
example, inStreptomyces coelicoloBigR and RsiA and antt’ ) areinvolved in detecting
and responding to thiobxidative stresgPaget et al., 1998, Paget et al., 2QMR3rA, a zinc
binding antt’ factor (ZAS) is bound to a zinc iand in addition SigRs bound to the
hydrophobic core of RstA'hol-inducedoxidative stress conditions are detected the
conserved cysteine thiols d®srA,causing the release dhe bound zinc ion (Z#). The

conformational changelue to thisformation of a disulphide bond between two cysteine
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residues of RsrAllowsthe release of SigR.i et al., 2002, Zdanowski et al., 2006, Heo et al.,

2013, Rajasekar et al., 2016)y OF &S 2 F ( K §f COptia@dus metalliddrand NJ / y

that responds to metal stress, the heterodimeric anti ¥ QG 2 NJ / Y NJ | A a

membrane When it detectscobaltor nickel in the external environmenthrough its metal

detectingdomain YN} = / yNJ dzy RSNH2Sa O2yF2NXI GA2Y | |

to initiate transcription of genes involved in metal resistar{d@eepreau et al.,, 2011a,
Trepreau et al., 2011b)

A two component system(2CS) CseBCregulates SigE activity iBtreptomyces
coelicolorat the transcriptional levethus replacing the requirement for an astifactor.
Under stress inductiorCse@uto-phosphorylateand the phosphatés then transferred to
CseB througla two componat system pathway. PhosphorylatétducesCseB expression
of the gene encodinghe ECF factor SigE, involved in responding to cell envelope stress
(Hong et al., 2002 Another related example includes SigPPofphyromonas gingivalibat
regulates secretion of pathogenically importgmiteins via the type 1X secretion system
where theactk 1@ 2F GKS T O dcBnbnand sydiel Bamisting 8fR
PorX (response regulator) and PorY (histidine king&agjowaki et al., 2016)

ECF factors such as thoskelonging to theECF41 group lack a canonical anti
factor, but insteadcontain a large @rminal extension of about 100 amino acids. A study
by Weckeet al, (2012)identified that the Gterminal extension acts an auto-regulatory
domain to increase binding affinity to RNAP anfhctor-dependent promoter activation
thus replacing theneed foran anti’ factor. While the @erminal extension plays both a
positive and negative rolesince the fullength extension is inhibitory and a partially

truncated extension acts as an activator, the exact mechanism ofragidation remains

0 €

to be established(Wecke et al., 2012)Cther examplé@ 2 F 9/ C -termin@ll OG 2 N

regulatory domain includ€orEand CorE2nvolved in regulation ofopperand cadmium
uptakein Myxococcus xanthu3hey havea Gterminal extension containing a cysteine rich
domainwhere the cysteine residues arequiredfor both activation and inactivatioaf the

T Ib@idedtifidng the redox state of coppeadmium It was shown that Cdcaused
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the inactivation and CU caused the activation of CorE, respectiveljre Germinal
extensionthus behaves as an on boardded regulator similar to the conventional anti

factor (GomezSantos et al., 2011, Marcd®orres et al., 2016 EI YLX S& 2F 9/ C
that do not have an extension include SigX and SigM Basubtilisbut are reported to be
induced to auteregulate by CshA (an RNA helicase) that associates with the RNA
polymerase core enzyme in response to increased glucose concentrdimnga and Asai

2016)

+OR -
iATP ‘
Transcription Transcription
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Figure 17 Schematic representation of sommechanisms for regulation of ECF ¥ I O 2 NA
The outefOM) andnner/cytoplasmic membrare(IM)are labelled accordinglyh€ external stress
is shownin maroon, ECFfactor in orange, RNAgdre enzymen purple, anti” factor in yellow and
other proteins in green. (A) Regulated intreembrane proteolysis where red arrows indicate
proteolysis of the anti factor to release factor. (B)lron-starvation sukclass (CS&ll surface
signallingwhere a receptor protein passes the signal faelease where the anti factor may or
may not pay a role of an activator. (C) Autoregulation where a domain of the E&¢tor itself
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regulates the activity. (D) Conformational changes indy@®plasmicanti-- factor under inducing
conditions release thé factor.

1.5.5 Role in stress response

Numer dza & GdzZRASa a2 TFIN aKz2g¢g GKIFG 9/ C
envelope stress, oxidative stress, iron starvation, biosynthesiexopolysacchirides /
antibiotics / carotenoids/ fatty acids resistance to heavy metals, induction of virulence
factors, etc.(Bashyam and Hasnain, 2004, Kazmierczak et al., 2005, Woods and McBride,
20170 C2NJ SEIl YLX S2 (5 & th®apprtunistiFpatiogeRdéddomonad! o6 °
has roles in regulating alginate (gaysaccharide) production and hence mucoidy,
AYRdzOGA2Y 27F SagtafasiziBrodudtio lathickolidRresistance, oxidative
stress response and countering the host immune response by regulating the transcription
of more than 30 genes includirtigose involved in virulenc@Martin et al., 1994, Firoved et
al., 2002, Firoved and Deretic, 2003, Balasubramanian et al., 2011, Markel et al. 2QR6)
from Streptomyces coelicoltyas roles in antibiotic restance in addition to responding to
thiol-oxidative stres§Yoo et al., 201€) w L3Igi®Salthonella enteriwserovar Typhhas
been reported to play a role in antibiotic resistance where an increase in resistance was
observed inrpoE mutants whereas in eyovar Typhnurium a decrease was observed
(Humphreys et al., 1999, Crouch et al., 2005, Xie etal., 20#6)za = G KS dzaS 2 F
allows the cell to survive in a competitive niche in the environm8irice it is criticaior
pathogens torecognise, adapt andurvive in the unfavowable conditons present inside
theirhosts, man@ / C ~ FIF OG2NA LINR OGS (2 0 SRawi;R0BINI | vy
Boor, 2006, Rowley et al., 2006)

More recently, many unconventional ECFactor functiors have been described.
One such ECF¥ | O (i S"Nih Stréaptomyces griseds | SPR&bntrols transcription of
the gene encodinthe primary’ ¥ I O#"®INy R A4 GKS FANBROG 2" Ada
deficient mutants showed defects in morphghy streptomycin production, down
regulation of many housekeeping genes and extensive loss of mycelia in the stationary

phase.S. griseusnight use its alternative factor to fine tune regulation of housekeeping
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genes such as those involved in myceliawgh in response to the external environment
(Otani et al., 2013)Another unusual example offactor-mediated transcription initiation
was elucidated in a studsarried out onB. aubtilis. Here two independent subunits(SigO
and RsoA) function as separately encodednd’ 4 domainsinstead ofbeing fused as in a
conventional ECF factor. Under acid stress conditions, the anti FI OG0 2 NJ waAih gKAOF
usually bound to SigO, releas#, allowing SigO to associate with RsoA and subsequently
to bind core RNARMacLellan et al., 2009, Dauvis et al., 20B8¢sently, hundreds of ECF
factors and their roles are being researched which will evalty help in understanding the
mechanism of crostlking and norcrossii I £ 1Ay 3 02N K232y +Ffo ° FlFOoaz2t
bacterium(Feklistov et al., 2014)
The role and detailed molecular mechanisms of three E@i€tors that serve as
paradigms in the study of these proteinss of E. coliand Fecl and PvdS of the iron

starvation class, are described below.

Mbp dpdm ¢ KS OStf SwiESHIZLIS aGdNBaa ° FI O0d2NE
" E(RpoEpf E. colis involved in respondint disruption of the cell membrane due

a variety of factorsTheanti-" factor, RseA inhibits its activithhrough bindingbetween" 2

and 42 FE(Campbell et al., 2003%tresses that result in ther@sence of misfolded outer

membrane proteinfOMPs)are recognized byhe periplasmic protease DegS in order to

AYAGAL 0SS G NdepeadenngenegHairgiogh arl Wiegert, 2009)egSpresent on

the inner face of theouter membrane recognizes the 3Cterminal amino acids of

denatured/misfoldedOMPs(Walsh et al., 2003, Brooks and Buchanan, 2088)a resu|

regulated intramembrane proteolysis of RseA is triggered by introducing a cut by DegS at

position 148 and 149 of RseA. This specificity is réguilay the PDZ domain of DegS that

allosterically activatethe proteolytic affinity of DegS towards Rs@Ailken et al., 2004)

This cleavage releases a protein R8&# also responds to misfolded OMPs gmibtects

RseA. A RIP protease called RseP ddcat the inner membrane can now cleave RseA at

the cytosolic side because RseB, the inhibitor of RseP once cleaved can no longer be
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effective (Grigorova et al., 2004)The cytoplasnai remnant of Rs& bound to" Eis then
cleaved by ATP drivasytosolicproteases such as ClpXP and which have the capability of
unfolding proteins(Flynn et al., 2004)RseA is subsequently degraded by energized
LINE (0 S| 3E8 &ree to YillcoreRNAP and initiate transcriptidifleinrich and Wiegert,
2009) 5SSt SliAz2y 2F GKS 3ASyS SyO2RAy3 GKAaA
however, some clinical isolates could persist in the absence but with a deficiency in
efficiently resisting polymyxin B, an antibiotic that destabilises the bacterial outer
membrane (Hayden and Ades, 2008, Kulesus et al., 2008% mechanism is schematically

depicted in Figurd.8.
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(a) The carboxyl end of a misfolded OMP interadgth the PDZ domain of the DegS protease (b)

DegS cleaves RseA on recognizingfohiked protein. (c) RseP cleaves RseRseB is cleaved.

Enzymes like (d) SspB and (e) ClpXP further cleave RséAc#f) associate with core RNA

polymerase and form a RNt K2t 2SSy T @YSd 630 ¢ Ndepeadbnh@ehds A 2y 2F 9/
isinitiated. See text for further detailsReprinted by permission from Nature publishing group:

Nature Structural and Molecular BiolodRRowley et al., 2006 opyright 2017.
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1.5.5.2 Role in iron regulation (Fecl Bf coliand PvdS oP. aeruginosa

Iron is an essential micnoitrient utilised by all forms of life. To carry out vital
functional and metabolic processes such as enzymatic reactions, energy generation, DNA
synthesis, etc. bacteria require irobut it is not usually available in a biologically usable
form in the environment and in plant/animal hostRatledge and Dweer, 2000) Although
present in ample amounts in the environment, iron is usually in the insoluble ferric
oxyhydroxide form due to oxidation under normal conditiofdeilands, 1995)In host
tissues and fluids iron is bound by the transferrin and lactoferrin family proteins. Therefore,
bacteria have developesb-called direct or indirecinechanisms for iron uptake, serving as
an evolutionary advantage for survival in iron starved niches in natural environment as well
as within host tissuegSchaible and Kémann, 2004) Lactoferrin, haemferritin, etc. can
be directly sourced for iron intake or, indirectly, bacteria c@mtretesiderophores and
haemophores as iron scavenggBiville et al., 2004, Wandersman and &dlaire, 2004,
Choby and Skaar, 2016dditionally, excess iron is harmful for cells due to formation of
hydroxyl radicalvia the Fenton reaction. As surplus iron cannot be excreted and as there
is a limited capacity for iron storage this leddadingto the requirementfor effective
regulatory mechanismfor controlling iron uptake in order to maintain appropriate levels
of intracellular iron. Transcriptional regulation afderophoremediated iron uptake
systemsds often facilitated throughthe action of ECF factors two-component systems or
AraCtype regulatorgSaha eal., 2013)

ECF factors of the iron starvation class regulate genes involved in the acquisition
of iron, and in case of internally synthesized siderophores, regulate the genes involved in
its assemblyand export Siderophoresare low molecular weight (approximate#0-1000
kDa on average), generally water soluble iron chelators that have very high dtfirfigyric
iron (Neilands, 1995)Bacteria a capable of utilising internally synthesized as well as
externally available (xenosiderophore) forms of siderophor@andersman and
Delepelaire, 2004)Sderophoreslargely possess bidendatmatecholate hydroxamateor

hydroxycarboxylateron binding groupssubject to how the oxygen ligand is coordinated
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during iron capture(Saha et al., 2013)A smaller number of siderophores contain a
phenolate group located gacent to a heterocyclic ring that also serves as a bidendate
ligand. Siderophores may contain one, two or three identical bidendate groups or they may
contain combinations of these groups (mixed claSgjerophore structure and diffusibility

are reportedto have evolved based on the habitaf the bacterium. Less diffusible
siderophores seem to be a characteristic of bacteria occupying unstructured environmental
nicheslike sea waterwhereas more diffusible siderophores might be an evolutionary
characterstic of bacteria occupying structured niches such as soil and,ibstsallowing
nutrient sharing(Kummerli et al., 2014)Biosynthesis and assembly of the siderophore
compound can be either carried out via robosamal peptice syntheases (NRPSs) or
without them (NRPS8ndependent synthesis, NI@arry aml Challis, 2009NRPSs are multi
domain enzyme structures primarily involved in synthesis of siderophcoegposed of
amino acid constituent@Crosa and Walsh, 2002)

Siderophores are reported to be involved in virulence simay tcan compete with
lactoferrin in humansfor iron capturethereby allowing colonisation of the hoand are
reported to bedirectly involved in biofilm formatiorwhere iron acts as the signal for
formation of biofilms(Xiao and Kisaalita, 1997, Banin &t 2005, Condon et al., 2014)
Siderophores also have wide bioremediation, biotechnological and therapeutic applications
(Miethke and Marahiel, 2007, Ahmed and Holmstrom, 2014)

Iron-siderophore complexes are transported from outside the cells to the periplasm
of Gramnegative bacteriziaTonBdependentreceptors (TBDRsYhese outemembrane
spanning proteins derive enerdgr internalisation of the ferriesiderophore complekom
the TonB-ExbBExbD complex present at the inner membramBDRs consisf a 22 strand
beta-barrel structure with a globular plug/hatch domainthmeir centre. At the Nterminal
end of this domainwhich faces the periplasm, is located a short amino acid sexguen
known asthe TonB boxwhich isrequired for recognitiorof the TBDRy the Cterminal
domain of TonENoinaj et al., 2010)When a siderophore bound to iron is recognisedby

TBDR massive conformational changes influence exposure of the TonB box. At least one
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TonBsubunit with an ExtB pentamer and ExbD dimer is presemtthe TonB complex
anchoredat the inner membrane. Energy derived frahe proton motive force is derived
through interactions between ExbD and ExbB causing conformational changes to TonB
(Celiaetal, 2016 KS ¢2y. 062 E T 2shtdvithlthg TOBEGTB.Y RS R |

Next, to transport thanternalisedFe-siderophore complekom the periplasminto
the cytoplasm cytoplasmic membrane transport systems are requiréd.Rbinding
cassette transportersABC transportersare one such mechanism¥he energdriven
transport by ATP hydrolysis is carried out thgb the cytosolic componentd this multr
component systemGramnegative bacteria have oner more of the four types of ABC
transporters classified based on the number and types of components for this transporter
(Miethke and Marahiel, 2007)n some systemson is released from the Fgiderophore
complex withinthe cytoplasm, often by a chemical ahication of the siderophoreThe
TBDRand ABC transporter encoding genes are together regulated by the taCter which
IS in turn regulatedat the transcriptional levelby the global regulator of iron calldéerric
uptake regulator(Fur).

Fur is aconservedsmalllow molecular weight (17 kDa i&. colj protein which has
affinity for Fé* (Escolar et al., 1998)n iron rich conditions its dimeric form negeely
regulates transcription of target geney lbecognising a consensus 19 ihperted repeat,
thus blocking promoter regions. In irestarved conditions, irodissociatesrom Fur, which
then causes it to dissociate from the promoter regidimsrebyallowing their transcription.

In addition to F&*, Fur is also capablef bindingandbeingactivated by F& andFe**as well
asZre*, Ca*, Mn?*(Mills and Marletta, 2005, Fillat, 2014jur regulates multiple genes in
addition to those involved in iron regulation. Ea coliFur regulates more than 90 genes
involved in irm homeostasis, oxidative stress response, metabolism and virulence factors
while in Pseudomonas syringdeur has more than 300 genomic targeitscluding iron
responsive genes and two component systéiantke, 2001Butcher et al., 2011)nsome

Gram-positive bacteria the protein DtxR carries out the same function a@Hantke, 2001)
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Although they havesimilar structures, Fur has an additionakdédminal helix involved in
specific DNAinding(Pohl et al., 2003)

Fecl fromE. coliand PvdSrbm P. aeruginosare profoundly researched ECF
factors involved in iron acquisitipnthus serving as conventional models to study

components of thigype ofsignal transduction system.

ECF factor mediated iron uptake is carried out i colivia theW C SySemn that
uses diferriedicitrate as anron source. The Fec system illustratedrure 19B consists of
regulatory componentthat correspond tadhe™  l-ayftiR factor pair Fecl/FecR arderric
citrate transport system that is composed of 5 proteins encoded by gesesBCDBraun
et al., 2005) FecA an outer membrane protein that recognizediferric dicitrate, is
composed ofl -barrel with a plug spanning the outer membrane. FecBCDE are
components of the ABC transporter required for ferric citrate transport across the
cytoplasmic membranéBraun, 2003)FecB functions aé periplasmic binding protein,
FecC andD as membrane spanrgrpermeases and FecE as the inner membrane ATPase
feclRare located upstream of the genes encodiagABCDH-urthermore, Furegulates the
fecland fecApromotersdepending on the availabilitof iron (Braun etal., 2003) Under
iron-replete conditions, Fuassociatedwith F&* inhibits the transcription offecR and
fecABCDE Conversely, under iron starvation conditions, it dissociates fromsehe
promoters, allowing the transcription of these genes.

Crystal gucture studies reveal that up to 10 resies within the extrecellular loops
of FecA bind to external fdirric dicitrate causing conformational changeghe structure
of Fech ¢ g2 f{ 2-atdhstructire shilt dnd thus lock the ferric citraféerguson et
al., 2002) As with all siderophore receptors Gramnegative bacteriaFecA contains a
We¢ 2y . 02 Emasndicdlly dridrded Ma@nhAl domain which interacts with the-C
terminal region of TonB(Braun and Mahren, 2005)This further causes major
O2y F2NXI GA2y L OKFy3aSa | ff2gAy IbatekKdie tF SNNAO OA {
Y2 @SYSy lplug/Fl {1H&KSQ seeaight idiétiae!periplasm. FecA not only transports
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ferric citrate butis also required fomitiation of transcription ofecABCDHE-erguson et al.,
2002) Some TBDRs such as Feck.iolihave anadditional domain of the NMerminus
which is used in signallinfFerguson et al., 2002)Such receptors are termed TonB
dependent transducers (TBDT$hisadditional domain located at the-drminusof FecA
interacts with the @erminal periplasmic domain of the cytoplasmic membramehored
protein FecRwhich serves as thanti-" factor for Fecl,and passes a signal EecRwvhen
bound to ferric citrate. Conformational changes as well as energy ederikom the
protonmotive force transduced bihe TonBExbBExbDcomplex is required fothis signal
transduction. Six leucine residues (leucine zipper) in tter@inal domain(CTD)f FecR
are highly conserveith FecRike regulatory proteingndarecritical for this interaction. The
cytoplasmically locatetl-terminal domain(NTD)of FecR (residues85)interacts with the
CTD0 4) of Fecl. Thisegion contains three tryptophan residuesich are conserved across
different anti" factor homologuesn the ironstarvation class andre critical for the Feel
FecR interactioi(Enz et al., 200, Stiefel et al., 2001, Mahren et al., 2002)

FecRs proposed to activatEecl under inducing conditions. Thaé¥minal domain
of FecR is reported to be bound to Fecl while the latter interacts with RNAP by formation of
a tertiary FecR-85-Fecli @Q3li7 complex allowing Fecl to interact with RNAP with higher
affinity (Braun, 2003) Also, Fecl is completely inactive in the absence of FecR and it is
suggested that FecR might actashaperone to protet it from degradation. Due to this
requirement to activate Fecl, FecR is now termdégactor regulato€NJ G KSNJ G Ky |

"Q T (B@ain2 2003, Braun et al., 2003, Brooks and Buchanan,.2008)

There aremultA Lt S 9/ ©f P. aerdigin@3#h& &r&Einvolved in iron transport
(Llamas et al., 2014These are sometimes termed as cell surface signalling systems (CSS)
(Llamas et al., 2009Pne of these systems, consists of FOxXA/I/R (similar to FecA/ER of
coli) utilises the xenosiderophore ferrioxamine. It has beenvahahat the anti’ Tl Ol2N
FoxR undergoes aw{aroteolysis by a MD acyl rearrangement for the activation of Foxl

under inducing conditionfBastiaansen et al., 2015b)
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One of he mostextensivelystudiediron-dzLJ(i I { S 9/ CP. aerudinbsasi 2 NJ 2 F
PvdS which mediates iron transport througthe endogenoust produced siderophore
pyoverdine. In this systenthe siderophore pyoverdine bound to iron is recognized by the
TBDT FpvA, in a TonBpendent mannerwhich then passes a signal to FpvR, the-anti
factor (Potvin et al., 2008 pVR plays strictly an inhibitory role and in addition, conttds
activity ofPvdSand arg G K S NJ 9 / Epvl. TheTahti@attar dcoding gengpvRand’
factor encoding genefpvl and pvdSare not cetranscribed.AlthoughfpvRand fpvl are
located next to each otherthey arein divergent orientations. PvdS is responsible for
transcription of at least 26 genes involved in pyovelibiosynthesis and utilisation,
includingptxR as well awirulence associated proteirsich asexotoxin A and Prp{Leoni
et al., 2000) When PvdS forms a stable complex witiARpolymerase it recognises the
consensus sequence TAANT6/17-CGT at the promoter regions to initiate transcription
(Ochsner et al., 2002Yhe TAAAT signature sequence present 33 bases upstream relative
to the transcription start site forms the iron starvation (IS) bostical for promoter
utilisation.PtxR is a protein that regulatémnscription of thepvcgenes which are involved
in biosynthesis of the chromophore component of pyoverdine that gives it its characteristic
property to fluorescgRavel and Cornelis, 2003, Visca et al., 2007,elisret al., 2009)
Fpvl, is responsible fanitiation of transcription offpvA Finally, the master regulator Fur
negatively regulates all the above genes excéptA under noninducing conditions
(Ochsner and Vasil, 1996)\s a result, the combination of switching on pyoverdine
biosynthesis and transport genes allows an elegant mechanisk féruginos#o capture
iron by employingwo of its ECF factors as outlined inHgure 19A (Cornelis et al., 2009,
Llamas et al., 2014pther than iron regulationpvdSexpression is influenced by multiple
factors such as those involved in sulphur regulation, oxidative stress response, biofilm
factors, secreted factors, etc. (reviewed(irlamas et al., 2014¥pince these are beyond the

scope of this subject they are not discussed here.
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Figure 19. Summary ofthe Pvd and Fec iron acquisition systems
(A) In response to a signal transdudadFpvA e TonBdependent transducer FfR regulates two factors PvdS and Fpvihvolved in switching on
genes involved in pyoverdine biosynthesis and uptake. Fur reguletesanscription offpvl, fovRandpvdS (B) The signalling cascade to switch on the
fecABCDBenesoccurs through recognition of ferritrate by FecA passing the signal in a Fdapendent mechanism to Fetierebycausing Fecl to
associate with the RNA polymerase core enzyReER is said to be an activator for Fecl (not shown in figure, see text for dé&tails)egatively
regulatedeclandfecR The proteins and genes shown in the figure are not drawn to dealerinted by permission from John Wiley and Sons: Molecular
Microbiology,(Visca et al., 2002)ppyright 2016.
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1.6 TheBurkholderia cepacia compleBcq

The Burkholderia cepacia compleg®Bcq are a group of approximately 20
genetically relatedout phenotypically distinct species belonging to tBarkholderia
genus(Sousa et al., 2017As such they are Granegative, rodshaped norspore
forming bacteria of thei -proteobacterium classThe Wi & LJS Q Buikba&i@ia S a
cepacia initially classified with th&seudomonds asP.cepaciawas identified as the
OldzaS 2F Wwaz2dzNJ al1AyQ Ay 2yAz2ya o62yAz2y NRBUO RAa
termed Burkholdeia based on its phenotypic characteristics, 16S RNA sequences, fatty
acid composition, etc(Burkholder, 1950, Yabuuchi et al., 1992he criteria for
taxonomy includesecAsequencing, DNMNA hybridization, biochemical profiling, etc.
for this genus currently consisting of appimately 100 species distributed within three
clades(Depoorter et al., 2016More recently, a new genus callBaraburkhéderiahas
been assigned for species not associated with human infecti@abritsa and
Samadpour, 2016)Taxonomy of thdBccis shown in Figure 10. Members of theBcc
have relatively large, Gth (>66%) genomes of approximately 9 Mb consisting of
three chromosomes and one plasmid and have relatively high genome plagtioiiyen
et al., 2009) They are mainly known to lpportunistic pathogens in humans, animals
and plants and have a higinnate resistance to antibiotics and disinfectants, making
them difficult to kill(Loutet and Valvano, 2010, Sass et al., 200MDreover, they are
nutritionally versatile and can utilize a variety of compounds including penicillin G as
carbon sourcegBeckman and Lessie, 1978jowever, they are also beneficial to the
environment since they can degrade toxic compounds and casybihesize
antimicrobials thus having wide biotechnological and -f@medial applications
[reviewed in(Depoorter et al., 206)]. The niche occupied by tH&ccand the virulence
factors they harbour are described below, especially focusing.ocenocepacjahe
2NBHFyAdaY GKIFIG A& GKS K2ad F2NJ GKS 9/C ° FI 06z
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Kingdom [ Bacteria ]
v
Phylum [ Proteobacteriaceae ]
v
Class [ B-proteobacteriaceae J
v
Order | Burkholderiales ]
v
Family [ Burkholderiaceae ]
}
Genus [ Burkholderia ]
v
Species Group ( Burkholderia cepacia complex (Bcc) ]
v
/ Burkholderia ambifaria Burkholderia metallica \
Species Burkholderia anthina Burkholderia multivorans
Burkholderia arboris Burkholderia paludis
Burkholderia cenocepacia Burkholderia pseudomultivorans
Burkholderia cepacia Burkholderia pyrrocinia
Burkholderia contaminans Burkholderia seminalis
Burkholderia diffusa Burkholderia stabilis
Burkholderia dolosa Burkholderia stagnalis
Burkholderia lata Burkholderia territori
Burkholderia latens Burkholderia ubonensis
K Burkholderia vietnamiensis j

Figure 110. Taxonomic classification of thBcc
The taxonomic hierarchical organisation of the currently known 21 species forming the
Burkholderia cepacia complexiown.

1.6.1 Interaction with the environment/host

Members of theBccare naturally found in soil, water and in association with
plants, particularly in the rhizosphere, forming a symbiotic relationship, as some of them
are capable of fixing nitrogefCoenye and &hdamme, 2003)In humans, they do not
cause infections in healthy individuals although maybe carried by them. These bacteria
areassociated withunginfections in immunocompromised patientSystic fibrosis (CF)
patients have defective alleles of theystic fibrosis transmembrane conductance
regulator (CFTRIncoding gene. CFTR which is involved in secretion of fluids, sweat and
mucous, when defectiveauses these secretions to thicken and increases susceptibility

to infections(Isles et al., 1984, Goldmann and Klinger, 19Bétmembers are also
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present in infectios in individuals with the genetic disorder chronic granulomatous
disease where the immune system of these individuals have a reduced capacity of
reactive oxygen species production to kill pathogéishnston, 2001)B. cenocepacia

and B. multivoransare the predominantBurkholderiaspecies (70% of totaBcc
infections) in cystic fibrosis infectiongLiPuma, 2010)The B. cenocepaciaepidemic
strain ET12 was reported to be more dominant in the UK and Canddanson et al.,
1994)while the PHDC strain was more dominant in Migst USAPItt et al., 1996)Bcc
infections in CF patients are mainly caused by hospital based transmissions including
patient-patient transmission as well as directly from the environm@norsley et al.,
2016) In some caseB. cenocepacisignificantly contributes to morbidity and mortality
NB&adzZ GAy3 FTNRY | NILAR RSOftAYyS 2F GKS AYYdzyS
is characterized by necrotiinpneumonia and septicaemi@sles et al., 1984)An
abundant amount of mucus formation in lungs is a hallmark feature of cystic fibrosis in
which opportunistic pathogens from different genera can thrive. Bacteriargghg to

the Pseudomonaspecies can form mixed biofilms with the members of Boe(Tomlin

et al., 2001)However, another study suggests ttigatcbacteriainhibit the formation of
biofilms byPseudomonas aeruginosa vivoand are prevalent in late stage CF more
often assingle cells in macrophages rather than as biof{{Behwab et al., 2014puring

the course of lung infections, these bacteria undergo multiple mutatiamsngonly in
genes required for iron uptake, cetiembrane constituents and antibiotic resistance,
although these mutations do not tend to fix in the population within the same patient
(Lieberman et al., 2014Patient segregation, strict use of disinfectants for equipment
and treatments consisting of a combination of antibiotiasee employed to keep
transmission under control. But as tlBccbacteria can mutate to develop antibiotic
resistance in addition to their intrinsic antibiotic resistance and recurrent infections by
different strains, there is no straightforward treatmeint the current clinical practice
(Horsley et al., 2016)herefore, it is important to study their molecular mechanisms of
infection and survival within the host which yet remain to be fully understood. Although

several virulence determinants have been identified, most have been experimentally
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verified in only one or two host models and the significance of each of these factors is

found to be strain depender(Loutet and Valvano, 2010)

1.6.2 Virulence determinants

Despite the host immune respong@posing «idative stress and the presence
of iron starvation conditions, pathogens use multiple virulence factors to adapt to these
conditions for colonisation and infection. One of the virulence determinants includes
formation of biofilms that are multicell communities on solid surfaces. Biofilm
formation has been reported to be required for resistance to antibiotics and for
responding to host immune cell€araher et al., 2007, Fazli et al., 2013, Van Acker et al.,
2013, Messiaen et al., 2014, Murphy and Caraher, 20T8nscriptomic based studies
revealed that multiple genes involvedhiofilm formationwere upregulated during the
infection procesg¢Peeters et al., 2010, Van Aclet al., 2014, Sass et al., 2013pwever,
it has also been shown that in some cases biofilm formation by bacteria does not
necessarily improve the ability to respond to antibiotics as compared tehiaiim
forming bacterigPeeters et al., 2009production ofexopolysaccharidéEPS)hat gives
the appearance of mucoydo bacterial colonies igmvolved in biofilm formatior{Cunha
et al.,, 2004, Herasimenka et al., 200The EPS cepacian has been reported to be
involved in countering the ROS inducerkst generated by neutrophils, metal ion stress
and desiccation, as well as increased persistence in infec{©osway et al., 2004,
Bylund et al., 2006, Sousa et al., 2007, Ferreira et al., 26it@yever, EPS g@aucing
strains (mucoidy) are not necessarily associated with virulence as some clinical isolates
of B. cenocepaciare nornrmucoid(Zlosnik et al., 2008)

A robustoxidative stress responseslikely to bea keyvirulence determinant as
production of reactive oxygen species (ROS) is prevalent in the airway epithelia of cystic
fibrosis patient{Galli et al., 2012B. cenocepaciaarbours at least one monofunctional
catalase, two bifunctionatatalaseperoxidases and a superoxide dismutéselden et
al., 2009) AB. cenocepaciguperoxide dismutases¢dG mutant was reported to be
more susceptible to macrophage mediated kiling and this was shown to be

complementablein trans (Keith and Valvano, 2007Yhe two bifunctional catake
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peroxidase enzymes KatA and KatB have been experimentally shown to exhibit catalase
activity (Lefebre et al., 2005, Charalabous et al., 200R) addition to these, a
pyomelanin pigmentin B. cenocepaci&2454was shown to be protective against
oxidative stresgKeith et al., 2007)

High affinity iron uptake systemsallow Bcc pathogento grow in low iron
O2YyRAGAZ2Y A LINBaSy i thisyindifed®s conirikufing fovidulereé  dzy 3 &
(Mahenthiralingam et al., 2005Members ofthe Bccproduce combinations of the
siderophores ornibactin, pyochelin, cepabactin and cepdain (Darling et al., 1998,
Thomas, 2007)Based on infectiostudies ornibactin and pyochelin are reported to be
significant players in the pathogenicity Bf cenocepacjavhere ornibactin was found
to be more importan{Visser et al., 2004, Uehlinger et al., 20@Yerocepaciacan also
utilise xenosiderophores ferrichrome and ferrioxamine B as well as alternate iron
sources ferritin and haenfWhitby et al., 2006, Thomas, 200B. cenocepaci@an
competitively capture iron by using a combination of siderophore based uptake and
alternate iron uptake(Tyrrell et al., 2015)Moreover, B. cenocepacias capable of
survivingunder iron limiting conditionghrough a siderophorendependentmechanism
of iron acquisition, involving the FtrABCD system that has &sen reported in
BordetellaandBrucellaspeciegBrickman and Armstrong, 2012, Ahmed and Holmstrom,
2014, Mathew et al., 2014)

Quorum sensingas originally proposeds a mechanism used for intercellular
communication where the external concentration of an autoinducer secreted by the cell
itself, when beyond a specific threshold, causes the regulation of certain genes by a
receptor. An alternative hypothesis posits that the purpose of QS is for diffusion gensin
(Redfield, 2002) Members of theBcc possess the CepRI system thates N
octanoylhomoserine lactone or-Nexanoylhomoserine lactone as the inducer produced
by Cepl, the acyl homoserine lactose (AHL) synthase, and CepR acting as the
transcriptional regulato(Lewenza et al., 1999, Lutter et al., 2002¢pR is reported to
control the expression of a variety of genes involved in biofiimatility, siderophores,
toxins, proteases, lipases, etc. and was shown to be essential for virulence based on

experiments in multiple plant and animal modéBokol et al., 2003, Venturi et al., 2004,
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Eberl, 2006Uehlinger et al., 2009, Subramoni and Sokol, 2012, Suppiger et al., R013)
addition, the Burkholderiagenomic island 11 harbours genes encoding CciR and Ccil
which function similar to CepR and Cepl, respectigidiglott et al., 2005) CepR2 is an
W2NLIKIFYyQ NB3IdzZ FdG2N a AG R2Sa yz2a KI @S
octanoylhomoserine lacton€OHL)(Malott et al., 2009, Ryan et al., 2013) is also
proposed thatcis-2-dodecenoic aciddurkholderiadiffusible signal factor (BDSF) acts as

a QS mechanisifbeng et al., 2009, Deng et al., 2010)

Detecting stress and regulating specific responsive genes allows the bacterium
to adapt for survival within host tissuedAlternative ~ factors often control the
expression of virulence determinants thus being important for pathogenicity
themselvesinactivation offpoE6 Sy O 2 BRiAB/ c@noctepacik562 caused defects in
the outer-membrane protein profile, reduced the ability to dglphagolysosomal fusion
within macrophages in addition to reducing the capacity of the bacterial cells to survive
under elevated temperatures and high osmotic environmgfignnagan and Valvano,
2008) These effects were complementalitetrans Another alternativé factor, RpoN
0 34, also showed a role in delaying phagolysosofusion in macrophages in addition
to biofilm formation and motilitySaldias et al., 2008)nB. cenocepacibi111,” >*was
shown to regulate genes involved in nitrogen starvation as well as upregulate EPS
production and increase the accumulation of the polymer polyhydroxybutyitsdedi et
al., 2015) A transcriptomics study on biofikgrown B. cenocepacid2315 exposed to
oxidative stress by hydrogen peroxide and sodium hypochlorite showed that the
alternative * factors BCAL3478 (ECFPrtl-like) and BCALO787 %) and two iron
starvation class of ECFfactors BCAL1688 (OrbS) and BCAL1369-l{(k&x! were
upregulated(Peeters et al., 2010)

B. cenocepacis proposed to cause a delay in macrophages to clear pathogens
by survivingvithin vacuoles inside macrophages thus formhgenocepacieontaining
vacuoles (BcCV) and delaying phagosomal NADPH oxidase complex recr(iieitbnt
et al., 2009)

Recently, an effector of the typgix secretion system has been identified, TecA,

that has deamidation activity that disrupts host actin cytoskeleton and through
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modification of RheGTPases activates Pyrin inflammasome leatbnigost cell death
(Aubert et al., 2016)

Other potential virulence factors of thBccinclude flagella (motility) and pili,
lipopolysaccharide (cell surface presenting antigens), protein secretion systems,
secretion of hydrolytic enzymes (zinc metalloproteases Bpases), toximanti-toxin
systems and haemolysin production amongst others. Studies on the experimental
evidence on the molecular regulation of the kno#&ocvirulence factors and their effect
on the hostpathogen relationship during infections are debed and reviewed
extensively ifMahenthiralingam et al., 2005, Loutet and Valvano, 2010, Drevinek and

Mahenthiralingam, 2010, Sousa et al., 2017)

1.6.3 ECF factors ofB. cenocepacia

Burkholderia cenocepaclas a genome d8.06 Mb consisting of three circular
chromosomes and a plasmid. Chromosome 2, an accessory chromosome, encodes one
of the two copies of the primary factor whichis an unusual phenomeno(Holden et
al., 2009)B. cenocepaciss predicted to encode 13 ECFRactors,only three of which
havebeen investigatedMenard et al., 200,/M. Thomas, unpublishedDne of them is
homologougo RpoE (F) of E.colj the cellenvelope stress responsdactor, but it might
alsoplay a role in contributing to the pathogenicity Bf cenocepacidFlannagan and
Valvano, 2008)The other two ECF factors are Orb§BCAL1688 iB. cenocepacia
J2315)and FIrS(BCAL1369 iB. cenocepacial2315),both belonging to the iron
starvation(i @ LIS 2 . FIrS isfpredidied tidiregulated by thanti- factor, FIrR,
andregulates transcription od gene encoding @utative TBDT, FIrA. Howevyenlike
the Fec systenin E. coli,ABC transporter genes are absent downstreamfloi.
Importantly, the absence of genes that encode synthesis of a siderophore that might be
transported by this system suggests utilization of an external siderophore
(xenosiderophore) by this system (M. Thomas, unpublish&tg other iron starvation
* factor, OrbS, was subject to a previous investigat{@gnoli et al., 2006)Four
currently uncharacterised. cenocepaci® / C ~ Fl OG2N&E (G23SGKSNI gA{FK

subject of study in this project and are described below.
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1.6.3.1 135_RS16290 (Prtl)

I135_RS1629(h B. cenoceaciaH111is a putative ECHactor based on its amino
acidsequencd KI &G Ay Of dzRSa NBaEW23H XKRrRENI2BRAzA (E
RS16290elongsto the ECF26 group based on tberrentclassificatiorof ECF F I O 2 NI
(Staron et al.,, 20099 / CHc =~ Tl OG2NE&E | NB tefalandysénie inF 2 dzy
Acidobacteria. ECE2 °~ T Ol 2 NA S yi©appearywith atdgyaeantii Sy R
factor encoding gene termeprtRin the current literature(Burger et al., 2000PDefined
by their genomic context, thecf26and theanti-ecf26 pair are usually present in the
vicinity of sets of genes encodintpe following products¢ (i) cytochrome ¢ oxidase,
metallophosphoesterase (igytochrome, catalase (iiijploprotein (Staron et al., 2009,
Stockwellet al., 20129 ¢ KS NRfS 2F 2yS GKS “Stakdy®Di 2 NA
novellg is implicated in thiosulphate oxidatidiappler et al., 2001 he role ofanother
ECFe =~ Trtiddsdeetbroadlyexplored inPseudomonaspeciesparticularlyin
P. fluorescensa psychotropic strain involved in food spoilage where extracellular
enzymes play a key rofeiao and McCallus, 199&)sI35 RS1629Bas >60% amino acid
similarity withP. fluorescendrtl, 135 RS5290is referred to as PrtiThe first published
study onP. fluiorescend. S107d2Prtl demonstrated that a mutation ithhe gene encoding
this * factor resulted in loss of productioof anextracellular metalloproteaséprX at
the elevated temperature of 2& compared tahe WT (Burger et al., 2000Since this
gene seemed to be involved in regulatipgptS I & S LINP RdzOGA 2y Pk G 4|
Regulator) Surprisingly, inactivation gfrtRalso resulted in loss of protease production
at 29C as compared to WT. Further, complementing each of grél and prtRmuatnts
with WTprtl andprtR in trangestored the WT phenotype. Moreoveblation ofthese
genesdid not have an effect on protease production at°€3 the ambient growth
temperature(Burger et al., 2000)

Contrastingly, Okrerdind colleaguesbserved irP. fluorescendVH6 that while
the prtRmutant showed a loss of protease function, thel mutant did not(Okrent et
al., 2014) Further complementingthe prtR mutant with WT prtR in transrestored
protease production butvhen WTprtl was introducedn transinto the prtl mutant a

loss in protease productiomvas obtained. This suggestdédat Prtl may negatively
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regulate proteaseproduction while PrtR by virtue of its inhibitory effect on Prtl
regulates it positively. However, the exact regulatory mecharbgnwhich PrtIR exert
their effect on AprX production hamt yet been establishedNegative regulation bthe

Tl OG2NJ adza3Sad aaprX efpredsipriPiktiNBs@lIgo s&ggestédQal 2 Y
negatively regulate production of the secondary metabolite germinatioest factor
(GAF)in P. fluorescensHowever, the exact mechanism of regulatiai the GAF
biosynthretic genes by PrtI® not known. Ral time gPCRanalysiswith a prtR mutant
showed that PrtR controls transcription of two genes encoding an aminotransferase and
a formyltransferase which are involved in the biosynthesis of Glafgren et al., 2013)
Inactivation ofprtl, however, did not have any fefct on the transcription of these two
genesanddid not affect GAF production. Thessof GAF productioin the prtRmutant
was complemented bWT prtR Whenthe mutant prtl allele wasintroducedinto the
prtRmutant to give a doubleptiR) mutant, it restored GAF production. Nonetheless,
when WTprtl was introduced intathe double mutantin trans the mutant failed to
produce GAR.e. it behaved at artRmutant) and converselywhenprtRwas introduced
into the double mutant GAF productiomas restored(i.e. it behaved as prtl mutant).
Also, in the doublepttIR) mutant levels of transcription of these two genes wéne
same as the WT levels btitanscript levelswere suppressed wheWT prtl was
introduced (Kimbrel et al., 2010, Okrent et al., 201Zhese results suggest that Prtl is
inhibitory to GAF production and is not a direct regulation of genes required for GAF
biosynthesis.

In Pseudomonas sp.PCL1171, PrtR positively regulated extracellular
polysaccheade (EPS) productiorthereby affecting colony morphologywhile Prtl
seemed to negatively regulate EPS production (vamBleek 2005). In 2006, a study
on Pseudomonas entomophil@evealed that Pri#PrtR regulate theaprA-inh-aprDEF
operon.aprAis an othologue ofaprXfrom P. fluorescensin this study, mutation in the
prtRgene reduced pathogenicitf P. entomophilatowardsDrosophilaasthe protease
AprA is proposed to degrade amtiicrobial peptidegproduced by the hostVodovar et
al., 2006, Liehl et al., 2006)
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InP. fluorescenHC107, PrtR was found to have a role in regulation of protease
productionas seen previously iR.fluorescend.S107d2. However, it was found to be
temperature independent. In addion, it was shown to have a role iagulation of CLP
(cyclic lipopeptide) production and surface motilityang et al., 2014TheprtR mutant
produced significantly less CLP compared to WT, and was therefore defective in forming
biofilms and motility as CLP is required for b@®aaijmakers et al., 2006, D'Aes et al.,
2010) These effects were complementable whamRwas introducedn trans (Yang et
al., 2014) However, this study does not elucidate the mechanism of regulation by PrtR.

PrtR was also reported to be involved in regulation of cyclic lipopeptide
(massetolide) biosynthesis and extracellular protease productid? fluorescenssSO01.
RTFgPCRtudies showe@ decrease iranscription of3 massetolide biosynthesis genes
(massABY¥and 2uxRtype regulatory genesifassARmas8CRin aprtR mutant (Song
et al., 2014)

Burger and colleagugsoposed that(i) PrtR is a tramsembrane activator rather
than an inhibitory anti factor, (ii) elevated temperature might be a stress signal
recognised by PrtR driii) PrtRmay regulate multiplé factors,althoughnone of these
proposals have beeexperimentally evidence(Burger et al., 2000)

Overall, studies so far described above have shown that mutating taigi-'
factor pair affected one or more of the following phenotypes: temperatdependent
or -independent proteaseaprXaprA) production, EPS production, GAF production,
cyclic lipopeptidgoroduction, biofim formation, surface motilityand lipase prodction.
Moreover, Prtl appears to exert a negative, and therefore possibly indirect effect on
their expressionlt wassuggested that enzymes like proteases and lipassga role in
phytopathogenesig¢Burger et al., 2000 GAFrom P. fluoresces has antimicrobial and
herbicidal propertiegHalgren et al., 2013)EPS productiofmucoidy) contributes to
biofilm formation while gclic lipopeptide (CLP)/massetolide has amticrobial
properties and has functions in surface motilegd biofilm formation(Raaijmakers et
al., 2006, de Bruijn et al., 2007, D'Aes et al., 2@i0film formation and surface motility
both form important aspects of bacterial infectigifang et al., 2014, Olsen, 201Bhe

metalloprotease AprA is a virulence factor, providing protection agait& host
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immune responséLiehl et al., 2006, Vall€sely et al., 2010)SincePrtl regulates genes
that affect production ofsuchproteins involved in pdnogenesis it can be speculated
that Prtl might indirectlybe a virulence determinant

PrtR functions alog with the two component systedBacAG- O{ Q Ay AdGa NRBft S3
regulation ofaprAin P. entomophilato escape antmicrobial peptide activitfLiehl et
al., 2006)andregulation of lipogptide biosynthesis . fluorescensSS0)Song et al.,
2014) In addition toGacAfGacS, PrtPrtR also cdunctions with the ECF factor RpoS
intheNB 3 dzf | G A2y 2 Fie. soldiylmdrBholgy,Knl-Pgedddraofa®CL1171
(van den Broek2005).

Despite these extensive observation®ne of the above studies outlines the
exact mechanisnas tohow Prtl and PrtR function together to cause the phenotypic
changes that were observed. Even though sofR€R studies show that tramgxtion of
certain genes changdrshsed on mutatingrtl/prtR, additional experimentare required
to address the questions of wharomoters are actually targeted biyrtl and how it
functions at the molecular level.

Okrent and olleagues proposethat the prtR promoter lies 108 bps upstream
of prtR, within the prtl gene while theprtl promoter lies 163 bps upstream of iksTG
start codon. It was also suggested thmtl and prtR can be transcribed independently
and also as a sitgtranscriptin P. fluorescen®VHG6, suggesting that there might be
more than one way ofegulatingprtl/R transcription initiation(Okrent et al., 2014)

It wassuggested that theprX promoter migh be regulated by Prtl although
no experimental evidenceras providedo support this. The sequenahown in Figure
1.11 was suggested to be thegprX promoter (Burger et al., 2000However, thisvas
not experimentally tested. In addition, evemadugh this might well be theprX
promoter with its defined promoter elements there is pablishedevidence that Prtl

recognisest and directs transcription from this sequence

Paprx : A CTGTAGAGAAAGATTTCAGTTGTGTCAGTTCTTACGCCTTCAAAA

Figure 111. Predcted Prttdependent promoter Roix
The predicted-35 and-10 promoter elements are highlighted in yellow and blue, respectively
The predicted transcription start site b m is highligitedn green(Burger et al., 2000)
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While thedirect or ndirectrole of Prtlon expression of certain genes has been
ascertainedby studying the phenotypic effects and transcriptionsoich genes upon
inactivation ofprtl or prtR, so far, no studies have been reported where the location or
sequence of Prtlependent promoters have been experimentally determinétence,
the exact genes targeted by Prtl remain unresolved.

Perhaps, Prtl regulates one or more regulatory genes that are involved in
different processes in different species and strainBsggudomona®xplaining the many
different observed phenotypes. In contrast, Prtl may have different roles in different
species/strains, although this is difficult to explain from a bioinfornsatmd
evolutionary perspective. Further, the regulation of Prtl by PrtBdseo bespecifically
investigated to identif the exact mode of regulatiorAdditionally, aprX/ aprA ¢like
genesare not present irBurkholderia Therefore, Prtimay play a different role in this
genus Since there ismprotease in the proximity gbrtl/ Rin B. cenocepacigerhaps
they are involved in the regulation of protein families other than proteg$éartinez
Bueno et al., 2002, Menard et al., 2007)

1.6.3.2 135_RS16330 (Ec#d] and 135_RS29600 (Ecf&)

Based on their amino acid seques¢ci5 RS16330 and I35 _RS29600 fidm
cenocepaciddlllappear tobelong to the ECF41 group ofactors and thereforeare
 RRNBaaSR Ay GMOAE yERKBEEvelYECAL 9fardns do not
seem tobe regulated bya conventional anti factor. Also, they contain a-@€rminal
extensionof about 100 amino acidiat isnot presentin2 4 K SNJ 9/ @hasbednl O 2 |
reported that ECF41 factors are distributed across 10 phyla aak predominantly
present in Actinobacteria and Proteobacteria. It has also been observed that genes
encoding ECF41factors are often presenn the vicinity ofgenes that encode one or
more proteinsbelonging to thecarboxymuconolactone decarboxylagidoreductase
or epimerase/NmrA family of proteins (COE) (Staron et al.,, 2009)
Carboxymuconolactone decarboxylases are reported to be involved in protection
against oxidative damagd@ryk et al., 2002, Koshkin et al., 2Q03)idoreductases are a

large group of enzymes that are NAfependent and include members with anti
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oxidant activity. Epimerases are isomerising enzymes while Nmmrgimilar to
redudases and dehydrogenases aisdnvolved in nitrogen metabolisrfiWecke et al.,
2012) Out of the 373 ECF ¥ I O (i ardlyseliapprexamately 30% did not appear
to be associatedvith genes encoding the above proteins. Instead they wemated
close to genes encodinglgypothetical protein or cupin (dioxygenas@)ecke et al.,
2012)

One ECF41 membedgJfrom Mycobacterium tuberculosifias beerproposed
to be involved in oxidative stress respongeere thesigdmutant was found to be more
sensitive to hydrogen peroxide compared to WT and this phenotype was
complementablen trans(Hu et al., 2004)However this mutant was as competent as
the WT in causip infections. The precise role of SigJ in oxidative stress toleliance
currently not known as thei@}dependent promoters have not been identifieihe
9/ Cnwm  from IB&xifild NdheniformigEcf4lsi) and Rhodobacter sphaeroides
(Ecf41rsp did notseemto have a role in oxidative stress response based on mutational
analysis of their respective gen@&/ecke et al 2012) A phenotypic screethat tested
2PSNJ bnn O2yRAGAZ2Y A T2 NXidirkt3eveal any pAeho®pmic2c NJ RSt S A
differences compared to WT anthe role of these factors still remains unknown.
However, i was found they drive the transcription of the respective
carboxynuconolactone decarboxylase encoding gemessent next to them. DNA
fragments (approximately 100 bp) containing tBef41gi-dependent promoter or the
Ecf41rspdependent promoter were experimentally shown to be regulated by the
NBaLISOGAGS al bibfor@ati@adatysid using WEEBEZOGO was carried out to
predict that aTGTCACHotif formed the-35 promoterelementfollowed by a spacerfo
16 bp and a CGTC motif form#k -10 promoterelement A largerbioinformatic scan
using a virtual footprint algathm in other species involving a total of 285 sequences
showed theconservationof these promoter motifs with a 161 bp spageresent
dzLJAGNBFY 2F / h9 SyO2RAy3 3ISySa FyR Ay &a2yY$sS O
(Wecke et al., 2012)

Studies on the regulation of these two factors show that the {erminal

extension behaves as a fused-board regulatory domain, where a DGGG motif within
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the domain is critical for activity and the extension plays a dual role of an inhibitor and
an adivator. The exact molecular mechanism of this regulation is yet to be ascertained

(Wecke et al., 2012)

1.6.3.3 B5_RS20320 (Ecféy

135 _RS29320 frofd. cenocepaciellll appears to belong to the ECF42 group of
" factors andis therefore addressedhere & Us@EOAA Hfactors do not seem to
be regulated by conventional anti factorandcontain a @erminal extensiorof about
200 amino acidghat is not present in2 i K SNJ 9/ C Additionally, @ fefaNE& @
tricopeptide repeat (TPR) domaim presentwithin the Gterminal extension(Staron et
al., 2009) The TPR motif is present usually present as 3 to 16 tanepeats of 34
amino acids and is involved in playing different roles within ¢Bllandrea and Regan,
2003) TPR domains asometimesassociated with virulence in pathogens and might
play a regulatory role through proteiprotein interactions (Blatch and Lassle, 1999,
Cerveny et al.,, 2013)ECF42° factors are distributed acrossActinobacteria,
Cyanobacteria, Planctomycetes, Acidobacteria and Proteobagibyika (Staron et al.,
2009) ECF42 T I OO0 2 NJ S yar® afteri pyeSent Biéhy gied that belong to a
Fl YAT & y-reli&®&nanked AfterLYCIl domaimnd their protein products are
GSNYSR & WiSkaon dal. 2000 H&DOtEIR havea highly conserved
W5 D indiifwhichisapartof FIF ANI & O2y aS NISkahndrd.[2008)! 9¢ Y
M Thomas unpublished)The role of these genes is not yatokvn although it is
speculated that they have an enzymatic functidfeats et al., 2003)n case oécfdZ;,

a gene encoding putative rubrerythrin is present downstream. Rubrerythrins belong to
the oxidoreductase family of proteins and have been shown to have a piratecte in
oxidative stress respong&ztukowska et al., 20Q2)

Astudyona@d / C ®hHOG 2N (S NIYSdRdordbdas GuiidKT2440\ v
reported it to be involved in biofilm formation andwh resistancgTettmann et al.,
2014) Deletion of the gene encoding ECFittreased the abilityf P. putidato form
biofilms and upregulated the expressionttgfA, encoding a component of theaJABC

efflux pump involved in extrusion of antibiotidhius increasingantibiotic resistance.
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This inplies thatactivatingECF10@vould makeP. putidamore susceptible to antibiotics,
but the specific role of the factor in this processvas not explicitly clarified. The
molecular mechanisrfor the activationof ECF42hature of itstarget promoters as wél
as its exact function arasyet unknown. Moreover, the role of the TPR domairthe
regulation of ECF42 activigydthe function ofPhnBtype protein in this systerhasnot

beenexplored.

1.6.3.4 OrbS

A well characterised ECFactor of B. cenocepaais OrbS, belonging to the iron
starvation class of alternativefactors. It facilitates iron acquisition via the siderophore
ornibactin. Ornibactin is similar to malleobactin fra@uarkholderia pseudomallekcept
that in the orb operon two genes encodg acyltransferases are present which are
absent in the malleobactin biosynthesis gene clugkganke et b, 2013) In addition to
a role in iron transportornibactin is reported to have a role in protecting cells against
toxic metals such as aluminium, copper, zinc and |#aeleby serving as a defensive
mechanismMathew et d., 2016) Theorb operon consists o4 genes shown inigure
1.12A. OrbS regulates 3 promoters in response to iron starvafesy, Proeand R
(Agnoli et al., 2006)RTFPCR analysis showed that gemesHto orbBare transcribed
from Poron, Orbl to orbLare transcribé via B, and Reis required for transcription of
orbEonly. PobsA &°-dépendent and drives the same genes as-Hlong withorbS A
systematic base substitution study of the Omthpendent promoter Rorrevealed that
TAAA (positions30 to-33with respect to TSS) and CGTC (positibR$0-9 with respect
to TSS) formed thel0 and-35 promoter elements separated by a 17 bp spacer that
included a 9 bp Gfich tract (Agnoli, 2007). However, these experiments have been
carried out inE. coliand some unexpected contribution by bases at the A+G rich
transcription start site were found which would not be expected to be engaged by OrbS.
As the effect of mutating these bases is likely to reflect alterations in the core -RNAP
promoter DNA interactionthe assays need to be repeated inBa cenocepaciaost
strain where the effect of these substitutions can be examined in the presenBe of

cenocepaci@ore RNAP.
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The Erric-ornibactin complex is transported from the outer membranethe
periplasmic spee via OrbA a TBDRSokol et al., 2000)Since it lacks the -drminal
signalling domain it does not function aJBDT that engages with an anti T I. Thei 2 NJ
ferric-ornibactin is proposed to bepumped into the cytoplasm through the ABC
transporter composed of OrbB, OrbC and Qrbflowingwhichiron is thenreleased
from the siderophore by reductioby the predictedreductase,OrbF. Biosynthesis of
ornibactin is carried out by PvdA, PvdF, OrbG, OrbK and OrbL along with the
nonribosomal pefide synthetases Orbl and OrbJ that amgolved in the assembly of
the ornibactintetrapeptide backbongThomas, 2007)As there isnoanti  F I O 2 NJ 3
OrbS andDrbA is not &BDT,he regulation of OrbS activityas proposed to bearried
out exclusivelyby the conventionairon regulator Fur at the transcriptional level in
response to iron concentratior®gnoli et al., 2006)Currently, the exact mode pbst-

translationalregulationof OrbS, if anyremains to be fully elucidated.
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Figurel.12 The Orb system iB. cenocepacia

(A) Gene map of therb operon. Genes are shown as blue block arrows wita tame
underneath each gene. Transcription initiation from th€&-dependent promoter is shown as
black bent arow whilethat from the OrbSdependent promoters are shown as rbdnt arrows
where the direction of the arrow represents the direction of transcription. (B) Model for OrbS
dependent iron acquisition through ornibactin. OrbJ, Orbl, PvdF, OrbK, OrbL,ievaf& are
involved in the synthesis and assembly of ornibactin exported through OrbE. The ferric
ornibactin complex is transported throughe TBDROrbA into the periplasm. Throughe ABC
transporter composed ofOrbB, OrbC, OrbD arnithe reductaseOrbF, ferric siderophore is
transported inside the cytoplasm and iron déssociatedin a form that can be biologically
utilised. The function of OrbH is not known. Reprinted by permission from Springer: Biometals,
(Thomas, 2007opyright 2016.
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1.7 Hypotheses and aims

FaSR 2y GKS OdzZNNBy(d dzyRSNERGI yHRAyY3
cenocepaciathe following hypdbheses and aims were developed. They have been
sectioned below according to the chapters that describe the experiments carried out to

address them.

Chapter 3:
Hypothesis- 135 _RS16290 (Prtl) is an ECfactor of B. cenocepacidd1ll1l, which is
released fron its anti” factor 135_RS16295 (PrtR) in response to an appropriate-extra
cytoplasmic stress signal, whereupon Prtl initiates transcription of genes which are
required to cope with the extr@ytoplasmic stress, by recognising specific promoter
sequences dcated upstream of suchenes.
Aims-
1 To study the role of Prtl iB. cenocepaciby (1)identifyingthe Prttdependent
promoters to reveal its target genesd (2) studying the effects of deletingtl
or prtRon stress respons®of B. cenocepacia
1 To sudy the specific DNA sequence requiremeoit®rtl for efficient promoter
utilisation.

1 To investigate the regulation of Prtl activity by putative antactor PrtR

Chapter 4:
Hypothesis
1 Ecfdkcand Ecf4gcobelong to the ECF41 group ofactors that are activated in
response to an extra cytoplasmic stress signal whereupon thésetors intiate
the transcription of genes that are required topmwith the extracytoplasmic
stress, by recognising key sequences within the promoters present upstream of
suchgenes. Ecf4kiand Ecf4ac,, like ECF41 groupfactors possess an on board
regulatory domain in the form of at€rminal extension.
1 Ecf42:belongs to the ECF42 group ofactors that is activated in response to

an extra cytoplasmic stress signal whereupon the sigma factor initiates the
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transcription of genes that are required to cope with the extracytoplasmic stress,
by recognising key sequesg within the promoters present upstream of these
genes. Ecf4r possesses an on board regulatory domain in the form of a C
terminal extension.
Aims-

1 To study the role ofEcf4kc, Ecfdkc and Ecf4g: in B. cenocepacidy (1)
identifyingthe NB & LJS @épandeht promoters to reveaheir target genes
(2) studying the effects of deletingach™ ¥ OG 2 NJ SynOsrdsd y I 3

(0p))
<
(0p))

responsa of B. cenocepacia
1 To investigate theegulationof Ecf4kc;, Ecf4kc.2and Ecf4g: activity bytheir

respective @erminal extensions.

Chapter 5:
Hypotheses
At OrbSdependent promotes, ¢! | I Q |y R W/-3B¢ahdR10 T2 N (KS
promoter regions
1 The length and GC richness of the spacer and th& Achness near the
transcription start site is important for promoter utilisan by OrbS.
1 In addition to the genes within the OrbS operon, Onl/ regulateother genes
on theB. cenocepacigenome.
1 In addition to transcriptional regulation afrbSby Fur, an alternative post
translational mechanism for regulation of Orbfay opeate.
Aims-
1 To test the effect of basspecific alterations in the Orbdependent promoter
PorbH on promoter utilisation by Orbsh cenocepacia
1 Toverify novel OrbSdependent promoterpreviously identifiedn silico
1 To investigate the podranslational regulation of OrbS in B. cenocepacia fur

mutant
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Some methods and materials have been taken and adapted/modified with minor
amendmentsfrom K Agnoli PhD thesj2007 S Haldipurkar MSc thesi 2012 andH.
Spiewak PhD thesi2016.

2.1 Bacteriological techniques

2.1.1 Bacterial strains
All bacterial strains used in this investigation are listed in table 2.1

Table2.1. Bacterial strains

Bacterial strains

Genotype or descriptioh

Source or réerence

Burkholderia cenocepacia

715

CF isolate, prototroph (Otb
Pch)

Darlinget al., 1998

715¢Hur:Tp 715j with Tf¥cassette Han and Thomas,
inserted infur unpublished
H111 Clinical isolate, prototroph | Rémlinget al, 1994
I ™M mpwtin H111containing an ifframe | This study
deletion of 486 bpwithin
prtl (1I35_RS16290
I M MR H111containing an ifframe | This study
deletion of 717 bwithin
prtR(135_RS16295
| M mMeefdlzc H111lcontaining an iframe | This study
deletion 0f855bp within
135 RS16330
I ™M meefdlsc H111containing an ifframe | This study
deletion of870bp within
135 RS16335
I ™M meefdlscrnecfdlsc: H111containing an ifframe | This study
deletion of855bp within
I35_RS16338ndan in
frame deletion of870bp
within 135_R$6335
| M maefdZ. H111lcontaining an iframe | This study
deletion 0f1230bp within
135 _RS20320
E. coli
JM83 Faran(lac-proAB rpsL YaniscHPerronet al.,
. 80dachM15 (SnP) 1985
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MC1061 hsdR araD13§ @ra- Casadaban and Cohe
lew T ¢ dpeX74galU galK| 1979

rpsL(Snd)
{amno< LIAND |thi-1thrleutonA lacY supE Simonet al, 1983
recARP42-Tc::Mu (Krf)
0 pir)

S17m 6 < LJA ND thi proA hsdR recA R4 Simonet al, 1983
tet::Mu-1 kan::Tn7 integrant

(T Snf)

BTH101 F cya99araD139galE15 Karimova et al., 1998
galK16 hsdR2 mcrAl mcrB
rpsL1(Sn¥)

.[HM 0<500 FompT gal dcm lon hsdS | Studier& Moffatt,
(rBmB0O 0 ddgl9acUVEn| 1986

T7 gene 1ind1l Sam7 nin5

MG1655 P wild-type Seaver & Imlay, 2004
LC106 a D~ c mipCGahpF Seaver & Imlay, 2004
kan::ahpk

n KatG17:Tnl0)1 (Tef),
n KatE12:Tnl0)1

a. Orbf, ornibactinpositive phenotype; Pch pyochelinpositive phenotype; TP
trimethoprim resistance; S streptomycin resistance; Kinkanamycin resistance;
TetS, tetracycline sensitie.

2.1.2 Bacteriological media and supplements

2.1.2.1 Bacteriological media

To make agar platesgar (VWR) was added ltquid mediaat a final concentration of
1.5%and autoclaved at 12C for 20 minutes at 1psi (standard procedure). After
coolingthe medium to approximately 3, required antibiotics and otheupplements
were added andpproximately25 ml agar was poured into each sterile Petri dish and

was kept at room temperature to solidify before use.

2.1.2.1.1 LB medium
To prepare LB brotlryptone, yeast ettact and NaClwere added to ddHO to final

concentration of 1%, 0.5% and 1% respectiwly autoclaved as standard procedure
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and stored at room temperatureTo prepare LB agaggar was addedo a final

concentration of 1.5%

2.1.2.1.2M9 glucose medium

Glucose was added to ddBto a final concentration of 0.5% and autocla\esistandard
procedure. After cooling the medium approximately50°C,x10 M9 salts was added to
a final concentration of 10%. Thémml each ofl MM MgSQand 0.M CaGlper litre of
mediumwere added. To make M9 agagar was addetb a final concentration of 1.5%
X10 M9 salts: 6@ NaeeHPQ, 30g KHPQ, 5g NaCl and 1§ NHCI were added to 1000
ml deionized KO and autoclaved at 12CG for 20 minutes at 1psiand stored at room
temperature.

1M MgSQ@ 24.6g MgS@ 7HO was dissolved in 10@ ddHO, filter sterilized and
stored at room temperature.

0.1M CaGl 15g CaCGl-2H0 was dissolved in 108l ddHO, filter sterilized and stored

at room temperature.

2.1.2.1.3 M9CAA medium
Casamino acids (BD Difco) to final concentrationOof-1%as required was added to

M9 minimal glucose medium

2.1.2.1.4 M9 glycerol CAX-gatHIPTG medium

M9 CAA (1%pgar was madeas described above without glucos&he followng
components with final concentration®f 0.5% glycerol, 0.0005% thiamirfeeshly
preparedin doH;0, 100> a /2, 1Mm¥M MgSQ, IPTG 108 a | yga40> Ik Y[ & SNB
then added. Any required antibiotics were also added before pouritaysterile Petri

dishes

2.1.2.1.5 0.1% chlorophenylalanine medium
4-ChloroDL-phenylalaning(SigmaAldrich) to final concentitzon of 0.1 was added to

M9 minimal glucose medium.
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2.1.2.1.6 EPS {dlutamate-glycerol) medium

To make Exopolysacchiri¢ieP Sproducing medidhe following components to the final
concentrations 0f0.169 % glutamic acid (sodium salt), 0.3 % Tris bade,n®
MgSQ.7HO0 (10 % wi/v), 0.1 ml CaBH0 (22 % w/v), 0.1 mkbKPQ.3H0 (22 % wiv)
were added toddHO. After adjusting the pH to 6.§or 6.0) the final volume was
adjusted to ® ml. A final concentration ofL.5 % agar (Oxoid) was added prior to
autoclaving.50% sterile glycerol solution was added to a final concentration of 1% to

the medium and poured into sterile Petri dishes.

2.1.2.1.7 IST medium
Iso-Sensitest broth (Oxoid) was addenlddHO at a final concentration 023.4%and

autoclaved astandard procedure and stored at room temperatufe. prepardSTagar,

a final concentration 01.5% agar was added.

2.1.2.1.8 Lennox medium

To prepard_ennoxoroth tryptone, yeast etxact andNaClwere added to ddHOto final
concentration of 1%, 0.5%nd 0.5% respectivelgnd autoclaved as standard procedure
and stored at room temperaturél.o prepare Lennox agar, a final concentration of 1.5%

agar was added

2.1.2.1.9 BHI medium
Brain heart infusior{BD Difcopowderto a final concentration 08.7% vas added to
ddHO and autoclaved as standard procedure. To make BHbdgel concentration of

1.5 % agar was added.

2.1.2.1.10 Protease agar

Protease agar was made by combining dialysed BBHIDagar with skimmed milk.
D-BHI (100 ml) was prepardsy mixing 1.85 g in 5 nddHO, transferred to a 12000
14000 MWCOdialysis tube andlialysedagainst100 mlddHO overnightat 4°C thus
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giving half strength BHI.gar was addedo a final concentration of 3%nd autoclaved

as standard procedure.

An equal quantity (100 ml)of 3% (w/v) skimmed milk powder (Sigm#&) ddHO was
separately autoclavetbr 5 minutes, at 128C for 20 minutes at 1psi.

The dialysed BHI agar and skimmed milk solutvene then combined and poured in
sterile Petri dishes hence giing final concentrations of quarter strength BHI and 1.5%

agar

2.1.2.1.11 Maltose MacConkey agar

MacConkey agaiBD Difcowas dissolved in ddi@ to give a final concentration of 4%
and autoclaved as standard proceduhdter cooling the medium to appkimately50°C,
1% glucosdree maltose and appropriate antibiotics were addmad poured in sterile

Petri dishes.

2.1.2.1.12 CAS (chrome azurol S) agar

(Takenfrom K Agnoli PhD thesj007 ,with minor amendmenty

CAS agawas prepared by adding CArto Y minimal agar.

CAS mixvasprepared by combining 10 rof 1 mM FeGl6H0 (dissolved in 20mM HCI)
and 60.5 mg CAS powder in 50 ml d@H 72.9 mg hexadecyltrimethylammonium
bromide (HDTMA) was dissolved in 40 ml gldHvhich was then added to the SA&eCG
mixture with constant stirring. CAS mix was stored at room temperature in the dark.
Y minimal agar was prepared byadding the following components to the final
concentrations 0f0.169 % glutamic acid (sodium salt), 0.3 % Tris base, 0.1 ml
MgSQ.7H0 (10 % w/v), 0.1 ml Ca@H:0 (22 % w/v), 0.1 mkKPQ.3H0 (22 % w/v)
were addedo ddHO. After adjusting the pH to 6.8, the final volume was adjusted to 90
ml. A final concentration 01.5 % agar (Oxoid) was added prior to autoclaving.

CAS mix and¥ minimal agar were prepared and autoclaved asafely. Following
cooling to approximatel$5°C, 10 ml CAS mix was slowly poured into 90 ml' Y minimal

agar, and mixed thorougflbut slowly until homogeneou®©n combining the CAS mix
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with Y minimal agar®@S NX &adz dFyd /! { | 3IFdro®dlyTAB A Y SR
agar,CAS mix containing n > a | R R A6lb® a6 ladded @She imedium prior
02 LRdAdNAY3IS G2 FABS I *FAYyLE 02y OSYydNr GA2

2.1.2.1.13 Motility and swarming agar

Motility agarwas made by adding tryptone, NaCl and agdimal concentrations of 1%,
0.5% and 0.25% ddHO, autoclaved and poured in steriRetri dishes as standard
procedure. Swarming agar was made by adding nutrient (i®hDifco)NaCl and Eiken
agarat fina concentrations of 0.8%, 0.5% and 0.8%ap water andautoclaved and

poured in sterilePetri dishes as standard procedure.

2.1.2.2 Bacteriological media supplements

2.1.2.2.1 Antibiotics
Stock solutions of antibiotics used for making selective medalisted below. They
were stored in polypropylene universal bottles -20°C. When ddkD was used as a

solvent the stocks were filter sterilized usiag.22um syringe filter.

Table 2.2: Concentration of antibiotics used in selective media

Antibiotic Stock concentration (mg/ml)| Final concentration (ug/ml)
E.coli B. cenocepacia

Ampicillin 100 in ddHO 100 n/a
Chloramphenico 25 in 100% ethanol 25 50
Kanamycin 50 in ddHO 25-50 50
Tetracycline 10 in50% ethanol 10 200
Trimethoprim 25 in DMSO 25 25
Gentamycin 25 in ddHO 25 n/a
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2.1.2.2.2 Other media supplements

Stock solutions ofther supplements added to bacteriological media are listed below.

Table 2.3: Concentration of supplements used in selective media

(cPhe)

Supplement Stock Concentration
E.coli B. cenocepacia
H Z-cipQridyl 0.1 M in 100% 175uM 100 uM (M9), 200 puM
ethanol (LB)
Fed 0.1 Min 10mM n/a 50 uM
HCI
IPTG 0.1M in dd+0 0.2mM n/a
X-gal 25 mg/ml in 40 pg/ml 40 pg/ml
DMSO
Thiamine 10 mg/min 0.005 mg/nt 0.005 mg/nt
ddHO
DL-4-Chlorophenylalanine n/a 1 mg/ml 1 mg/mi

Glycerol solution

50% (v/v) in
ddHO

0.5 % (v/v)

0.5 % (v/v)

2.1.3 Bacterial storage glycerol stocks

For long term storage of bacterial cultures, 0.7 mhdfroth culture grown overnight

was mixed with0.3 ml of 50% glycerol, vortexed and stored&¥C in sterile cryogenic

vials.

2.1.4 Determination of bacterial growth rate

(Takenfrom K Agnoli PhD thesj2007 with minor amendments)

In order to determine the growth rate of bacterial strains ouid medium, the strains
to be analysed were grown overnight at®®7with shaking. The overnight cultures were
then diluted in the same medium ta@Dse00f 0.5 Growth was monitored by taking 1
ml samples immediately following inoculation and at-@D Y A y dzi S & Q
thereafter, while the cultures were incubated at 3C with shaking. The @9of each

sample was determined at the time of samplindgexperiments were carried out in

biologicaltriplicatesand experimental replicates.
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Growth curves werelotted using Microsoft Excel from the data obtained, using a
logarithmic scale for the optical density measurements, and a line of best fit calculated
dzaAy3 GKS WSELRYSYyiGAlIf GNBYREAYSQ Tl OAf AL
by a lineamprogression). The equation of each line of best fit was used in conjunction
with the following equations to determine growth rate.
The equation of each line was in the following format:
y =me”

The elements of this equation were inserted into the following:

T, =(nn-Inm)/c

T,,=(n2n-Inm)/c
WhereT, = time (hoursht which the culture reached a@Dso00f n

And Tz =time (hours) taken for th&®Dsooto double atTh

Growth rate (doublings per hour) was calculated as:

1/(T2n - Tn)

2.1.5 Efficiency of plating (EOP)

The required strain of bacterium was gro overnight innutrient rich broth medium
(LB/BHI) for approximatel§6 hours at 37C with shaking. Then, the @pof each
sample (1 mlas adjusted to 0.500 by diluting #terile saline(0.85% NaCl in ddB).
This was furthesubjected to terfold sefal dilutionsserially diluted in sterile saline and
0.1 ml amounts from the dilutions werspread out on required agar plates and
incubated at 37C overnightAlternatively, 5 pl aliquots of the dilutions were spotted on
required agar plates and incubated 37°C overnight.The number of colonies were
counted the next day to determineumber of colony forming unitper ml of bacterial
culture (CFU/ml)Experiments were carried out in biologitaplicatesand experimental

replicates.
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2.2 Recombinant DN techniques

2.2.1 Plasmids

The plasmids used in this study are listed in table 2.4

Table 2.4: Plasmids

FLAG

encodea Gterminal FLAG epitopeoned
betweensitesHindlll andXbd (Cn®)

Plasmids Description? Source or
reference
pPBBRMCS (pBBR) | Broad host range cloning vector, (m Kovach et
al., 1994
pBBRfur2 pBBR carryinfur in opposite orientation to | Haldipurkar
lacZpromoter cloned betweersitesSmad and
andBanHI(Cnf) Thomas,
unpublishe
d
pBBRI35_RS16285 | pBBR containint35_RS1628odified to This study

I35 RS2960@loned betweersitesHindll|
and BanHI (Knf)

pBBRMCS2 (pBBR2)| Mobilisable broad hostange cloning vector| Kovach et
(Knf) al. 1995
pBBRZur3 pBBR2 containinfyr cloned betweersites | Agnoliet
Hindlll andBanH! (Kn) al., 2006
pBBR2rbS pBBR2 containingrbScloned betweersites | Agnoliet
Hindlll andBanH! (Knf) al., 2006
pBBRZECf4%c1 pBBR2 containing full lengtB5_RS16330 | This study
cloned betweersitesHindlll andBanH|
(Knf)
pBBRZECf4kc1213 pBBR2 containing first 213 amino acids of| This study
135 RS16330cloned betweersitesHindlll
andBanH! (Kn¥)
pPBBRZEcf4kc1201 pBBR2 containg first 201 amino acids of | This study
135 RS1633(cloned betweersitesHindlll
andBanH! (Kn¥)
pPBBRZECf4kc1176 pBBR2 containing first 176 amino acids of| This study
135 RS1633(cloned betweersites Hindlll
andBanH! (Kn¥)
pBBRZECf4 k2 pBBR2 containing full lengtB5_RS29600 | This study
cloned betweersitesHindlll andBanH|
(Knf)
pBBRZECf4 k2215 pBBR2 containing first 215 amino acids of| This study
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pBBRZECf4 %0198 pBBR2 containing first 198 amino acids of| This study
I35 RS2960@loned betweersitesHindlll
andBanH! (Knfk)

pBBRZECf4 %0175 pBBR2 containing first 175 amino acids of| This study
I35 RS2960@loned betweersitesHindlll
andBanH! (Knk)

pBBRZPrtl pBBR2 containingrtl cloned betweersites | This study
HindIl andBanHI (Kn¥)

pBBRZPrtl(b) pBBR2 containingrtl with an improved This study
Shine Dalgarno sequence before the
promoter cloned betweersitesHindlll and
BanHI (Knd)

pBBRZPrtIR pBBR2 containing full lengprtiIRcloned This study
betweensitesHindlll andXbd (Kn¥)

pBBRZECf42. pBBR2 containing full lengtB5_ RS20320 | This study
cloned betweersitesHindlll andSad (Kn¥)

pBBR2Ecf42¢175 pBBR containing first 525 amino acids of | This study
I35 RS2032@loned betweersitesHindlll
andBanH! (Kn®)

pBBRMCS Mobilisable broad hostange cloning vector| Kovach et
IncR and ColEZompatible (G al., 1995

pBBR5-0rbS pBBR1MGS containingorbScloned K Agnolj
betweenHindlll andBanHI (Gnf) 2007

pKAGd4 Broad hostrangelacZtranscriptional fusion | Agnoliet
vector (Ct, AP al., 2006

PKAGd4PorbH pKAGd4 containinBomnirlacZfusion cloned | Agnoliet
betweensitesHindlll andBanH! (Ct, AP | al., 2006

PKAGA4PorbHds(1-51) pKAGd4 containinBorH promoter-lacZ K.Agnoli,
fusions, containing corresponding ds 2007
oligonucleotide cloned betweesitesHindlll
andBanHl (see Appendix for sequenqges
(Cnk, AP

PKAGd4Pac pKAGd4 bearinBac-lacZfusion cloned K.Agnoli,
betweensitesHindlll andBanH! (Cnft, Ag) | 2007

pKAGd4Pac2 pKAGd4 bearing minimaérsion ofRac-lacZ | This study
fusion cloned betweesitesHindlIl and
BanHI (Cnft, AP

PKAGd4P.ys pKAGd4 bearinBg. cenocepaciB.ystlacZ K.Agnoli,
fusion cloned betweesitesHindIll and 2007
BanHI (Cnft, AP

pKAGd4Pyiq pKAGd4 bearinB. cenocepaciByg-lacZ A. Asghar,
fusion cloned betweesitesHindIIl and 2002

BamHI (CrR, AP
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pPKAGd4Pirs pKAGd4 bearing. cenocepaciBislacZ J. Mohanlal
fusion cloned betweesitesHindlIl and and M.
BanmHI (Cnft, AP Thomas,

unpublishe
d

PKAGdA4Porbs pKAGd4 containinBosfull lengthlacZ Agnoliet
fusion cloned betweesitesHindlIl and al., 2006
BanHI (Cnt, AP

PKAGd4PormEds1 pKAGd4 cordiningPorbelacZfusion cloned | Agnoliet
betweensitesHindlll andBanHI (Cnft, A) | al., 2006

PKAGd4Porids1 pKAGd4 containinBorb-lacZfusion cloned | Agnoliet
betweensitesHindlll andBanHI (Cnft, Ag) | al., 2006

PKAGd4Pormsse9 pKAGd4 containinBobswith upstream Agnoliet
endpoint at-69 relative toorbSstart codon | al., 2006
cloned betweersitesHindlll andBanH|
(CnR AP

PKAGd4Porbs40 pKAGd4 containinBerswith upstream Agnoliet
endpoint at-40relative toorbSstart codon | al., 2006
cloned betweersitesHindlll andBanH|
(CnR AP

PKAGA4Porbs+5 pKAGd4 containinBerswith upstream Agnoliet
endpoint at +5elative toorbSstart codon | al., 2006
cloned betweerHindlll andBanHI (Cnf,
AR

pPKAGd-Pir pKAGd4 containinBrr cloned betwen sites | This study
Hindlll andBanHI (Cnft, AR

PKAGd-Pyrea pPKAGd4 containinguRacloned between
sitesHindlll andBanH! (Cri}, AR

pKAGd4 P, (1-15) | pKAGd4 containinBpu promoter-lacZ This study
fusions, containing corresponding ds
oligonucleotide clond betweensitesHindllI
andBanH]| (sedable 2.5 (Cn®, AQ)

pPKAGd4Paphp pKAGd4 bearinBanpolacZfusion cloned This study
betweensitesHindlll andBanH! (Cnft, AR

pKAGd4Pysr pKAGd4 bearinBysrlacZfusion cloned This study
betweensitesHindlll and BanHI (Cnft, AR

PKAGd4PonnB2 pKAGd4 bearinBonne>lacZfusion cloned This study
betweensitesHindlll andBanH! (Cnft, AR

PKAGd4Prifi pKAGd4 containinBy promoter-lacZ This study
fusion, consisting of the full lengtbrtl
promoter cloned ketweensitesHindlll and
BanHI (Cnt, AR

PKAGA4Pyri-43 pKAGd4 containinBy promoter-lacZ This study

fusion¢ 43 basegselative to putativeprtl
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start codon cloned betweersitesHindll|
andBanHI (Cnft, AP

PKAGA4P: 4t PKAGd4 containinBiss_rsie2spromoter-lacZ| This study
fusion cloned betweesitesHindIIl and
BanHI (Crk, AP
PSRKKmM Broad hostrange expression vectgknT)
pSRKKMPrt-FLAG | pSRKKm containing full lengtprtl modified | This study
to encodea Gterminal FLAG epitopeloned
betweensitesNdd andXbd (Kn¥)
pPETDuetl E. colispecific vector fohigh-level Novagen
expressiorof cloned genesContains twal 7
promoters andmultiple cloning sites (A}
PETDuetl-135_ pETDuetl containingRS1628bhetween This study
RS1628&s6 BamHIand Hindlll sitesof MCS1
incorporating an Nerminal His tag(Ap?
pHLS16 pETDuetl containingBCAS0667.CTD H. Spiewak,
terminal 258 codonsgloned into sites 2015
BanH| andSal sites,incorporating an N
terminal His tag.
pPEX18TpTrepheS Derivative of allelic replacement vector H. Spiewak,
PEX18TgpheS with dfrB2 gene replaced by 2015
version fused to the rrnBT1T@rminators.
ColE1derived replicon, oriT, mob*and
mui I G Subunit of phenylalanyl tRNA
synthasephe$ for cPhe counterselection.
(T
pEX18TperpheS pEX18TygpheScontaining anprtl allele This study
nprtl cloned betweersitesBanH| andHindlll.
(TH)
pEX18TperpheS pEX18P-pheScontaining anl35 RS16330 | This study
NEcf4kc1 allelecloned betweersitesBanmH| and
Hindlll. (T
pPEX18TperpheS PEX18TpTepheSwith an FScel sitd T H. Spiewak
ISce and M.
Thomas,
unpublishe
d
pEX18TperpheS PEX18TpheSISce contaning anprtl allele | This study
IScé-n t NI L cloned betweersitescloned betweersites
BanHI andHindlll. (T
pEX18TperpheS PEX18TgpheSISce containing a This study
ISceInEcfd ke NnI35_RS2960@llelecloned betweersites

BamHI andHindlll. (T®)
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pEX18TperpheS pPEX18TypheSIScé containing a This study
ISceinEcfdz. ni35_RS2032@llelecloned betweersites
Xbd andHindlll. (T{)
pEX18TperpheS pEX18TperpheSISce with a H. Spiewak
IScé-Cm chloramphenicol resistance gei€d® Cnt) | and M.
Thomas,
unpublishe
d
pEX18TperpheS pPEX18TypheSISceiCmcontaining a This study
IScé-CmnEcf4kca ni35_RS1633@llelecloned betweersites
BanHI andHindIll. (T{¥, Cnf)
pEX18TperpheS PEX18TgpheSISceiCmcontaining anprtR | This study
IScé-CmpprtR allelecloned betweersitesBanHI and
Hindlll. (T
puUT18 High copy number BACTH vector, allows iif EUROMEDE
frame fusion ofgeneto N-terminal coding X
sequenceof T18 (Ap)
pUT18Prtlctp pUT18 containin@rtlcrocoding sequence | This study
cloned betweersitesXbd andAc®&5! (ApD)
pUT18PrtRro pUT18 containin@rtRrpcoding sequence | This study
cloned betweersitesXbd andAc®&5! (AR
puUT18C High copy number BACTH vector, allows iif EUROMEDE
frame fusion ofgeneto Gterminal coding X
sequenceof T18 adenylate cyclase doma
(AP)
pUT18GPrtlcTp pUT18C containinBrtlcrocoding sequence | This study
cloned betweersitesXbd andAc®5l (AR
pUT18CPrtRytp pUT18 containingrtRwrpcoding sequence | This study
cloned betweersitesXbd andAc®5l (AR
pKT25 Low coly number BACTH vector, allows in| EUROMEDE
frame fusion ofgeneto Gterminal coding X
sequenceof T25 adenylate cyclase domain
(Kn®)
pKT25PrtlcTp pKT25 containin@rtlctocoding sequence | This study
cloned betweersitesXbd andAc®5! (Knf)
pKT25PrtRytp pKT25 containin@rtRwrpcoding sequence | This study
cloned betweersitesXbd andAc®5! (Knf)
pKNT25 Low copy number BACTH vector, allows i EUROMEDE
frame fusion ofgeneto N-terminal coding X
sequenceof T25 adenylate cyclase domain
(Knf)
PKNT25PrtlcTp pPKNT25 containinBrtlcrocoding sequence | This study
cloned betweersitesXbd andAcd5l (Knf)
PKNT25PrtRyto pPKNT25 containinBrtRwrpcoding sequence| This study
cloned betweersitesXbd andAc®5! (Knf)
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a: TP trimethoprim resistance; S streptomycin resistance; K kanamycin
resistance; Cf chloramphenicol resistance; Ammpicilin resistance; Gingentamycin

resistance

2.2.2 Primers and oligonucleotides:

Table 2.5Primers and oligonucleotides used in this study

CGGCGTCTGCGTGCTCTTCCTCCCAGGAA

GCAGGCG

Primer/oligonucleotide| { S1j dzZSy OS o6pQ (2 0Q0U Restrict
name ion site
(underli
ned)

Primers for Screening/Sequencing

M13 Forward TGTAAAACGACGGCCAGT

M13 Reverse CAGGAAACAGCTATGACC

M13revBACTH GTGTGGAATTGTGAGCGGAT

pPETDuefl 7-1for ATGCGTCCGGCGTAGA

pPACYCDuet 7-1rev GATTATGCGGETGTACAA

pEX18Tpfor GAAGCCAGTTACCTTCGGA

pEX18Tprev TTGTCGGTGAACGCTGTCCT

AP10 GAACGCTCTCCTGAGTA

AP11 CCTCTATAGTGAGTCGG

Primers forcloning required to carry ouCHP-sed PCR validation of ChiBeq

samples

FurFLAGa GCGGGATCTCGATGTCGGCCAGCAGGTC | BanHI

FurFLAGb TCATTTATCATCGTCGTCTTTATAATCGTG
GTGCGGGCAGT

FurFLAGc GATTATAAAGACGACGATGATAAATGAAG(
CACCCGCGCA

FurFLAGd GCGTCTAGBGCGCGGCATTTCCCGATCA | Xbd

RpoEFLAGFor GCGCATATBEGTGAAAAAGAAATCGATCA | Ndd

RpoEFLAGRev GCGTCTAGRATATTTATCATCGTCGITATAAT Xbd
CCCAGCGCTTGCCTTCGG

BCAL3486FLAGFor | GCGCATATGCGAGCCTCGACCCGGCCA | Ndd

BCAL3486FLAGRev | GCGTCTAGRTATTTATCATCGTCGTCTTTA] Xbd
CGCTTGCCGCCGCCGTCGGAAT

BCAM2748FLAGFor | GCGCATATECCGACGACGCACAAACCTT | Ndd

BCAM2748FLAGRev | GCGTCTAGRTATTTAROCGTCGTCTTTATA Xbd
CGAAGCTCTGGACGTGGCCGC

OrbSFLAGFor GCGCATATGCGGAAGTGCTCGACCGACC| Ndd

OrbSFLAGRev(A) GCGTCTAGATATTTATCATCGTCGTCTTTA] Xbd
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OrbSFLAGRev(B) GCGUTCTAGRTATTTATCATCGTCGTCTTTA] Xbd
CCCGCCGC@HGCGGC

PrtIFLAGFor GCGCATATGCCTCCAACGCCCTCGA Ndd

PrtIFLAGRev GCGUTCTAGRTATTTATCATCGTCGTCTTTA] Xbd
CITTTCTTCATCAGCCGCAAGG

Bcam0849flagfor GCGCATATBCGCATGAGGCCACGCATCG | Ndd

Bcam0849flagrev GCGTCTAGATATTTATCATCGTCGTCTTTA] Xbd
CCGCATCCATCGGGLIGA

plOTVfor GCGCAAGCTTGTAGCGAATCATGGACGAT Hindlll

plOTVrev GCGCGGATCCACCGGCGCGTGAGTTTTAA BanHl|

pFIrSfor2 CGCAAGCTTATGTGATAACCGAACGGGGAQ Hindlll

pFIrSrev CGCGGATCCGACAGCTTGTCAGCGGACAT BanHl

Primers for construction of iframe deletion mutans

PrtidelA GCGGGATCIGTCCGGCGCGTACGGATTT | BanHl|

PrtidelB GTTCATTTCTTCATCAGCCGGAGGGCGTT
CATGG

PrtldelC CCATGCCCTCCAACGCCCTCCGGCTGATA
TGAAC

PrtidelD GCGBAGCTTCCCGCTGTCCGTCGTGAACAA Hindlll

Prtlout-for GCGAGCGTCTGCTCGTAGAA

Prtlout-rev CCCGEGTCATCCTGATAGAG

Prtlinfor CCCGATCGTCAGATCATTGT

Prtlinrev CATCTGATAAGCCTTGACCG

Prtloutfor2 TTCAATGCGAGGCTTCGGAT

Prtloutrev2 TAGCAGCCGATGTTCCGATT

prtRdelA GCGGGATCRAGCATTGCGCGAACTCATC | BanHI

prtRdelB CTCCGCTTCAAGTCTGCTGAAGGTCGTGT
GGA

prtRdelC TCCGAACGAACACGACCTTCAGCAGACTT
GAG

prtRdelD GCGBAGCTTGAAACCCTGTGCATCCGAT | Hindlll

prtRoutfor GCTGGAGGGAATAATCGATG

prtRoutrev AATGCAAATCGGCTCGGGAA

3486delA GCGGGATOGGGGCTCGCTCGTCATATCA | BanHI

3486delB GCGCGCCGCCTTCAGTGCAGCGGGTCGA
GCATA

3486delC TGATGCCGAGCCTCGACCCGCTGCACTGH/
GCGCGC

3486delD GCGBAGCTTACGTCGGCAAGAACGCCGC | Hindlll

34860utfor CCCGCTTCGGCGGTCCAAAA

34860utrev GCTGCATCGCCTGCGAGCAA

2748delA GCGGGATCIICGATCGTGCTGCGCACGAA | BanHl|

2748delB GCGATCCGGGCGAGCTTCTTTCGTGGGTCA

GACGG
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2748delC

CCGTCATGACCGACGACGCAGAGAAGCT(
GATCGC

2748delD GCGEBAGCTTTTTCCGAGAGCTGGCCGCG | Hindlll

2748outfor TGATCTCGGACGGCGACGAC

2748outrev ACCGAAGGCCTTGTCGGACG

BCAM2748outfor2 ATGGAAGCTGATGCGGGAAA

BCAM2748outrev2 GAACGTCAGGTGACAATT

BCAM2748infor GCTGTTTCCGCAGAAAACCA

BCAMZ2748inrev TCATCTTAGGAGTGTGCACC

TPRdelA GCGUTCTAGBGCCGAACTCGACTGCGAGA | Xbd

TPRdelB CACGCATCCATCGCGCGCTTCGTGGCCT(
CACGA

TPRdelC TCGTGACGCATGAGGCCACGAAGCGCGC
TGCGTG

TPRdelD GCGEBAGCTEGTCTCGCCATGCCCGGAT | Hindlll

TPRouffor CGCCGGCTATACGCTGATCC

TPRoutrev GCCTTCGTGTAGCGGTTCGC

BCAMO0849outfor2 GCCGAAACGAAGGAACTG

BCAMO0849outrev2 CGATTTCGTCGAAAQGIT

BCAMO0849infor TTTTCCAGACCTTCACCG

BCAMO0849inrev CGAAGATATGTGGGEA

Primers forOrbS

fpr_in_fwd GTCAGCCCGAACTACGAGGAGC

fpr_in_rv ATGTCGCCCAGGTACTCGTGGC

Primers forl35_RS1633(BCAL3486 in J2135) al’b RS2960(BCAM2748 in

J2315)

BCAL3486for GCGEBAGCTAGTCGACCCGGCCGATGCGA/ Hindlll

BCAL3486rev GCGGGATOGCATGCGCACGCCGCCTTCA | BamHI

Bcal3486.ham.213.rev

GCGGGATCTTAGCGCTTGCCGCCACCGT(

BanH|

Bcal3486.ham.201.rev

GCGGGATCTTACTCGGCGAGCATCGCGC(

BanH|

Bcal3486.ham.176.rev

GCGGGATCTTACCCGCGCTGCTTCTCGAQG

BanH|

BCAM2748for

GCGBAGCTACGCGGAGTGTGGCCGTCAT(

Hindlll

BCAM274&ham.rev

GCGGGATCUGCACCAATCCGGGCTCGGC

BanH|

bcam2748.bam.215.re

GCGGGATCUTAGAAGCTCTGGACGTGGC(

BanH|

bcam2748.bam.198.re

GCGGGATCUTATTCGGCGAGCAACGCCTG

BanH|

bcam2748.ham.175.re

GCGGGATCUTTACCGGCGATGCGTTTCATG

BanH|

Primers forl35_RS2032@BCAM0849 in J2315)

BCAMO849For GCGBAGCTBGATGGCCATGCCGCTGGATG | Hindlll
BCAMO849Rev(full) | GCGGAGCTOBCACGCATCCATCGCGCGCT | Sad
BCAMO0849w/0CTDRey GCGGGATCOGCGAGCGTGCGTTTCGCGC| BanH|

Primers for Prtl

prtlproForPCR

GCGBAGCTTCAATGCACTCCCGATCGTC

Hindlll

prtiproRevPCR

GCGGGATCIGGCCGGGCCGGTTGCCGAA

BanH|

PrtiforA

GCGEBAGCTATGATCCACGACCCTTTCGG(C

Hindlll
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PrtlforB GCGBAGCTATGAAAAGGAGATATACCATG/ Hindlll
CCAACGCCCTCGA

Prtlrev GCGGGATCTCATTTCTTCATCAGCCGCA | BanHI

Catduetfor GCGCTCTAGBCCGGCGCGTCTE®ALCC Xbd

Catduetrev GCGBAGCTTCATCGTCCCTCCCCACTC Hindlll

PrtRrev GCGTCTAGRACAAGTCTGCTGATCGAGCG | Xbd

CatcompFor GCGBAGCTTCTGACGCGCGTTCGACAATGA Hindlll

CatcompRevflag GCGTCTAGRACATTTATCATCGTCGTCTTTA Xbd
CTCGTCCCTCCCCACTCAGT

PrtRfor GCGBAGCTATGAACTTCCTGCTCCTTCCTT Hindlll

Primers for RTIPCR

CatcytFor2 GCCGCGACGTGAATTACGA

CatcytFor ACGCGTTCTATTTCGTCGAC

CatcytRev AAACAGCATCGCGACAACCA

PrtIRfor AGGGCTTCACCTATCAGGAA

PrtIRRev TGCCATTGCTTCACCTGTTC

Primers for twohybrid assay

PrtICT Bor GCGTCTAGAGCCGAACGCGAATTCGCG | Xbd
PrtICTDrev GCGGGTACTCATTTCTTCATCAGCCGCAA | Ac®hl
PrtICTDrev2 GCGGGTACCGTTTCTTCATCAGCCGCAAG| Ac®hl
PrtRNTDfor GCGTCTAGBATGAACACGCCTCCGAACGA Xbd
PrtRNTDrev GCGGGTACTCACCGCATCCGCGAGCGTT( Acehl
PrtRNTDrev2 GCGGGTACCGCCGCATCCGCGAGCGTTC| Acehl
Selfcomplimentary digonucleotidesfor cloning

PBCAMO0847For AGCTACGTCGCGACTCGGTATTTACCCTG] Hindlll

CGTGGCGCATGTCGATCGGGCCATCTTC(

PBCAMO0847For2

GCCCGTCGTCCGGATAAGGCGCCGCGGA
GCCGCCTTCCACCGACGACAAGGAGTAA/

BanmH|

PBCAMO0847Rev

TTATCCGGACGACGGGCGGAAGATGGCC
ACATGCGCCACGACAAATCAGGGTAAATA
TCGCGACGTA

Hindlll

PBCAMO0847Rev2

GATCCGTTTACTCCTTGTCGTCGGTGGAA
CGCCCGTTCCGCGGCGCC

BanmH|

PBCAM2751for

AGCTCCGGCTCGCACGLCLCGLCeGLeaGeeeT
AAAAAATGCGGCGGGCGG

Hindlll

pBCAM2751for2

TGTCACAGGCGGCAGCGCTGAACCGTCTA
ATACGGACACCACGATTCCAGG

BanH|

pBCAM2751rev2

GATCCTGGAATCGTGGTGTCCGTATGCGA
CGGTT

BanHI

PBCAM2751rev CAGCGCTGCCGCCTGTGACACCGCCCGC| Hindlll
TTTCAAAAAAAGGGCGCGGCGGCGTGCG
A

pBCAL3487for AGCTCCGCTTCGGCGGTCCAAAAATTTTTT Hindlll

GA
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PBCAL3487for2 TGTCACACACGCGGGGCGCTCGCTCGTCY BanHl
CGGAACCCACACGAAAGG

PBCAL3487rev AGCGCCCCGCGTGTGTGACATCGATGCA4 Hindlll
TTTGGACCGCCGAAGCGGA

PBCAL3487rev2

GATCCTTTCGTGTGGGTTCCGCTGATATG
CG

BanH|

Pfprds1For AGCTAGGGTAAAATAACGAGTTCCTCAAA( Hindlll
GTCATCGAGAAGG

Pfprds1Rev GATCCTTCTCGATGACAGACGTTTGAGGA| BanHl
TTATTTTACCCTA

prtiproFor2 AGCTEGAGGGAATAATCGATGCCGGCCG( Hindlll

CTACGCGGCATCCAG

prtiproRev2

GATCTGGATGCCGCGTAGGACGCCGGCC
CGATATTCCCTCCA

BanHl|

prtiproFor

AGCTBTTTTTTCGTATGCTGGAGGGAATAA
TGCCGGCCGGCGTCCTACGCGGCATCCA

Hindlll

prtiproRev

GATCGGTCGTGGATGCCGCGTAGGACGC
GGCATCGATTATTCCCTCCAGCATACGAA/

BanHl|

PcatFor

AGCTCGAAAAAACTTTTCGTGGAATAAAG(C
CGGGCGGCGTCCTMUEI TCGACAATGAT

Hindlll

PcatRev

GATCATCATTGTCGAACGCGCGTAGGACG
CGCGCCGCTTTATTCCACGAAAAGTTTTTT

BanH|

Ptacfor

GTACCCGTTCTGGATAATGTTTTTTGCGC(
CATAACGGTTCTGGCAAATATTCTGAAA

Hindlll

Ptacrev

ATTAATTGTCAACAGCTCATTTCAGAATAT]
GAACCGTTATGATGTCE@&ABBAAACATTAT(
AGAACGGG

Hindlll

Ptacfor2

TGAGCTGTTGACAATTAATCATCGGCTCG]
GTGTGGAATTGTGAGCGGATAACAATTTC/

BanHl|

Ptacrev?

TCGAGTGTGTGAAATTGTTATCCGCTCACH/
CACATTATACGAGCCGATG

BanHl|

Ptacshortfor

GTACCGAAATGAGCTGTTGACAATTAATCA
TCGTATAATGTGTAGAGC

Hindlll

Ptacshortrev

TCGAGCAATTCCACACATTATACGAGCCG
AATTGTCAACAGCTCATTTCG

BanH|

PprtiDs1for

AGCTEGATGGAATAATCGATGCCGGCCG(
CTACGCGGCATCCAG

Hindlll

PprtiDslrev

GATCTGGATGCCGCGTAGGACGCCGGCC
CGATTATTCCATCCA

BanHl|

PprtiDs2for

AGCTEGAGTGATAATCGATGCCGGCCGG(C
CTACGCGGCATCCAG

Hindlll

PprtiDs2rev

GATCTGGATGCCGCGTAGGACGCCGGCC
CGATTATTCACTCCA

BanHl

PprtiDs3for

AGCTBEGAGGTAATAATCGATGCCGGCCG(
CTACGCGGCATCCAG

Hindlll
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PprtiDs3rev GATCTGGATGCCGCGTAGGACGCCGGCC| BanHl
CGATTATTACCTCCA

PprtiDs4for AGCTEGAGGGCATAATCGATGCCGGCCG( Hindlll
CTACGCGGCATCCAG

PprtiDs4rev GATCTGGATGCCGCGTAGGACGCCGGCC| BanHlI
CGATTATGCCCTCCA

PprtiDs5for AGCTEGAGGGACTAATCGATGCCGGCCG( Hindlll
CTACGCGGCATCCAG

PprtiDs5rev GATCTGGATGCCGCGTAGGACGCCGGAC| BanHlI
CGATTAGTCCCTCCA

PprtiDs6for AGCTEGAGGGAAGAATCGATGCCGGCCG| Hindlll
CTACGCGGCATCCAG

PprtiDs6rev GATCTGGATGCCGCGTAGGACGCCGGCC| BanHl
CGATTCTTCCCTCCA

PprtiDs7for AGCTEGAGGGAATCATCGATGCCGGCCG( Hindlll
CTACGCGGCATCCAG

PprtiDs7rev GATCTGGAGCCGCGTAGGACGCCGGCCA BanHl
CGATGATTCCCTCCA

PprtiDs8for AGCTGEGAGGGAATACTCGATGCCGGCCG( Hindlll
CTACGCGGCATCCAG

PprtiDs8rev GATCTGGATGCCGCGTAGGACGCCGGCC| BanHlI
CGAGTATTCCCTCCA

PprtiDs9for AGCTEGAGGGAATAAGCGATGCCGGCCG| Hindlll
CTACGCGGCATCCAG

PprtiDs9rev GATCTGGATGCCGCGTAGGACGCCGGCC| BanHl
CGCTTATTCCCTCCA

PprtiDs9.1for AGCTEGAGGGAATAATAGATGCCGGCCG( Hindlll
CTACGCGGCATCCAG

PprtiDs9.1rev GATCTGGATGCCGCGTAGGACGCCGGCC| BanHl

CTATTATTCCCTCCA

PprtiDs10for AGCTGEGAGGGAATAATCGATGCCGEBCGT( Hindlll
CTACGCGGCATCCAG

PprtiDs10rev GATCTGGATGCCGCGTAGGACGACGGCC| BanHlI
CGATTATTCCCTCCA

PprtiDs11for AGCTGEGAGGGAATAATCGATGCCGGCCG( Hindlll
CTACGCGGCATCCAG

PprtiDs1lrev GATCTGGATGCCGCGTAGGACTCCGGCC( BanHlI
CGATTATTCCCTCCA

PprtiDs12for AGCTEGAGGGAATAATCGATGCCGGCCG( Hindlll
CTACGCGGCATCCAG

PprtiDs12rev GATCTGGATGCCGCGTAGGAAGCCGGCC| BanHl
CGATTATTCCCTCCA

PprtiDs13for AGCTEGAGGGAATAATCGATGCCGGCCG( Hindlll

CTACGCGGCATCCAG
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PprtiDs13rev GATCTGGATGCCGCGTAGGCCGCCGGCC Bantl
CGATTAITCCCTCCA

PprtiDs14for AGCTEGAGGGAATAATCGATGCCGGCCG( Hindlll
CTACGCGGCATCCAG

PprtiDs14rev GATCTGGATGCCGCGTAGTACGCCGGCC( BanHlI
CGATTATTCCCTCCA

PprtiDs15for AGCTEGAGGGAATAATCGATGCCGGCCG( Hindlll
ATACGCGGCATCCAG

PprtiDs15rev GATCTGGATG@GTATGACGCCGGCCGE BanHl
CGATTATTCCCTCCA

2.2.3 Plasmid extraction using a nucleic acid isolation kit

GeneJetplasmid mini prep kit (Thermo Scientific) was used according to the
YIydzZFl OGdzNEND&a AyailiNdzOGAz2yad 2 KSsgmpiesfS 5b!
10 pl (100 ng/pl) plasmider primerwas sent to the Core Genomics Facility, University

of Sheffield.

2.2.4 DNA electrophoresis

Depending on the size of DNA samples to be electrophoresed.3-1.5% agarose gel

was prepared in X1 TAE buf{d® mM Tris, 20 mM acetic acid, 1 mM EDGIA8.0. The
mixture was boiled in a microwave oven until the agarose was completely melted
Midori Greendye (Nippon Genetics Europe Gmpiwas added to the geht a final
concentration of 0.005% and dissolved ahiwas then pourednto a cast to set. The
DNA sample werecombined withan equal volumef 2X DNA loading dye (4.2 mg/ml
bromophenol blue, 5.5% (v/v) glycerol) and loaded on the gel. For plasmid DNA, 1 ul
Supercoiled DNA ladder (Biolabs) and for line&ADprestained DNA ladder mix
(Thermo Scientific) was used. As an alternative to using Midori Green, the gel was
stained in an ethidium bromide solutig® pg/mlin ddHO)for 30 minutes with gentle

shaking followingelectrophoresis. The gel walsen washal in HO to remove excess
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ethidium bromide. DNA was visualized on a UV transilluminator and the gel image was

captured using U:Geneius3 (Syngene).

2.2.5 Restriction digestion

Promega/New England Biolabs restrictiemzyme and buffers werased accordingd

YIydzZFl OGdzZNBNRQ AyaidaNdHzOGAzyad tflFAYAR 5b! kt/ w
appropriate buffer, one or more restriction enzymes, BSA (0.1 mg/ml) anedQldElre

mixed in a final reaction volume of 50 pl. Restriction digestion was carried out at the

reomY SY RS R (i S Y LIS iirsiafteNch the sainplé was purified if required

for a subsequent digestiori-or two restriction enzymes working optimally in diéfet

buffers, digestion was carried outusing one of the enzymeis its optimal buffer

followed by purification and thena digestion using the second enzynmeits optimal

buffer.

2.2.6 Ligation

Promega ligatiomuffer and enzyme& | & dza SR | OO2NRAy 3 (2 YI ydzFl Of
where theDNA to benserted and plasmid DNA were mixed in a 5:blar ratio along

with T4ligase buffer, ligase enzyme and d@kh a final reaction mix of 30 pl. As a vector

control to assess whether the plasmid has been completelylNA to banserted and

ligase enzyme were not added. As a ligation control to asselfligation of the plasmid

and whether the ligation conditions were appropriateNA to beinserted was not

added. Ligation and control samples were incubated at room temperature for

approximately 16 hours. Competeht colcells were transformed withigation samples

as described in Sectich2.12

2.2.7 Phosphatase treatment

In some cases, to prevent-marculation or religation of plasmid cut with restriction
enzymes, calf intestinal alkaline phosphatase (Promega) treatment to remove
phosphate iR dzLJA T NB Y obtRelvéctorpa?® caBigdroat. At least 10 pmol
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plasmid DNA cut with restriction enzyme(s) was corabdimith alkaline phosphatase

buffer and 0.01 units of alkaline phosphatase as {pdt S Y | Y dzmstrOciiodzNS N &
This was incubad at 3PC for 30 minutes after which another aliquot of alkaline
phosphatase was added arigde sample wasncubated for a further for 30 minutes at

37°C. It was then purified anaised for further cloning procedures.

2.2.8 Annealing of complementary oligcleotides

np>ft 2F SIOK 27F (g8 aexd)iod 225dz0f éachioh RBa o1
oligonucleotides (10pM each and 10>t 2 ¥ Hing buffér oI TrisHCI(pH

7.5, 50 mM NaCl, 1 mM EDTwére combined in a PCR tube and incubated &Cofar

10 minutes. After cooling the mixture at room temperature for one hour to anneal the

oligonucleotides, the tube was stored -&0°C until use.

2.2.9 DNA purification

2.2.9.1 Spin column

Qiagen/Thermo ScientifidNApurification kits wereused accordid (2 Y I y dzF I Of
instructions to inactivate the enzyme and removef unwanted reagents/buffer
componentsfrom DNA after restriction digestion or PCR amplification for downstream

steps.

2.2.9.2 Gel extraction

To purify DNA fragments from an agarose ge required DNA fragment was visualized
by placing the agarose geh a UV transillunmator on low power and ael slice
containing the DNA fragmentas cut using clean scalpel quickly enough to minimize
damage of the DNA due to UV radiatidinerequired DNA fragment was purified from
the gel sliceusing QiagerilachereyNagel gel extraction kit according to the

YIydzZFl OGdzZNEND&a AyailiNdHzOGA2yaod
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2.2.10 Amplification of DNA by the polymerase chain reaction

2.2.10.1 Standard PCR for cloning

For PCR amplifitan where the resulting amplified produetasto be cloned into a

vector, KOD polymerase or Q5 polymerase was used since they have proofreading

activity. To prepare template DNA, o#-Uof the required strain was rasuspended in
200l TE buffer 0 mM Tis-HCI pH 8.0, 1 mM ED)IA'his wadoiled for 10 minutes

followed by centrifugation at 14,000 rpm for 5 minutes. The supernatant was

transferredto another tube and used as template DNA. To amplify the required region

of DNA, the components added the PCRare given in Table @.

Table 2.6 Components added in PCR amplification

Component Volume(ul) | Volume (ul)
(KOD) (Q5)

Template DNAcolony | 3 3

lysate)

x10 reaction buffer 5 5-10

DMSO 2.5 0

25mM MgSQ 4 0

GC enhancer 0 10

10 puM Forward primer| 3 2.5

10 uM Reverse primer| 3 2.5

2mM eachdNTPs 5 5

(ANTP mix)

KOD/Q5 polymerase | 0.5 (2 0.5 (2
units/ml) units/ml)

Sterile diHO To make up | To make up
final volume | final volume
to 49.5 to 49.5

Total: 50 50

The DNA wassubjected to PCR amplificatiousing i K S
Fidelity PCR Systéiny Roche2 NJ 4 KS W¢ mnan

0 K S NEggameHph S NJ W
Biog =8l Nivel pfogprange O | S NI

was initiated using 2 minuteat 99Cstepto heat the lid. This was followed by 30 cycles
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of reaction where each cycle consisteddeinaturation/separation oprimers(95°C for

30 seconds), annealing of DNA strands (for a period of 30 seconds and at an appropriate
temperature) and elongation at PGfor a duration of30 secondper 500 bases of DNA

for KOD polymerase or at 72 for30seconds per 1000 bases of DNA for Q5 polymerase.

Calculation of annealing temperature:

Annealing temperature of primer = [4(G+C) + 2(A¢ B

where,

G+C Fotal number of guanine and cytosine baseshe complementary region of the
primer

A+T =Totalnumber of adenine and thymidine baseshe complementary region of the
primer

After completion of the PCR, 5pl of the PCR product was electrophoresed in an agarose

gel.

2.2.10.2 PCR mutagenesiSplice overlap extension

In order to construct markéess inframe deletion mutans allelic replacement was
carried out. Regions upstream (AB) and downstream (CD) aketiiento be deleted
were separately amplified using high-fidelity DNApolymerase in the first PCR step
(section 2.2.10.). The primers B ah C were designed such that they had
O2 YLI SYSy isb tNa in theCsecond RGR3step when the two amplified products
were used as template in equimolar concentration, using primers A and D, the final
product consisted of the deleted gene as shownHgure 2.1. The product was
electrophoresed in an agarose gel apdssed through a cleamp column prior to

ligationinto a suitable plasmid.
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Figure 2.1Principleof SOE PCéReletion mutagenesis

Fragment 8 was generated using primefsand B while fragment CD was generated using
primers C and D. Products AB and CD weesl as template ia subsequent PCRCR, using
primers A and D resulting in tlgenelacking the central portion because primers B and C were
designed such that thepad overlapping complementary bases indicated by red and blue
colours.

2.2.10.3 Screening for recombinant plasmids or genomic mutants using colony PCR
When screening for the presence of thequired recombinant plasmid among
transformants or replacemdnof chromosomal genes by mutant copies, the PCR
product was not to be used further. Hence there was no requirement for a thermostable
DNA polymerase with proofreading activity. A sterile toothpick was touched to the
colony to be screened and smeared oe thside of a PCR tube. The components added

in order to set up a PCR reaction are given in Tafgle 2.
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Table 27: Components added toolonyscreening PCR

Component Volume (pl)
x10 Taq buffer 2.5

DMSO 1.25
50mM MgSQ 1

10 uM Forward primer | 1.5
10 uM Reverse primer | 1.5

2.5mM eachdNTPs 0.5
(dNTPs mix)

ddH.O 16.5
Taq DNA polymerase 0.25
Total: 25

The DNA wassubjected to PCR amplification by usingK S K S Naxgu@Right S NJ ¢
Fidelity PCR Systélny Roche2 NJ G KS W¢ mnn  Bidkas Nive pfogradmn®© f S NI
was initiated usingma L Y A G A+ £ RSY I ( dzNI ( A TyfctheadithieSid) F2 N
This was ftlowed by 30 cycles of amplificationEach cycle consisted of
denaturation/separation of DNA strands &@5°C for 30 seconds, annealing of DNA
strands for a period of 30 seconds at a temperature appropriate for the polymerisation

of primers and elongatioat 72°Cfor duration of30 secondper 500 bases of DNAfter

completion of the PCR, 1l of the RCR product was electrophoresed an agarose gel.

2.2.10.4 Reverse transcriptase (RATR

RTFPCR was used to determine whether two adjacent genes weteanscribed.The

bacterial strains of interestwere grown overnightat 37°C in LB broth containing
appropriate antibiotics. The following ddlye ODso0 was measured and an amount of

culture containing approximately 2®acterial CFlAssumingODso0 of 1.0 = 8 x 19

cells/ml. was used to extract mRNA using an mRNA extradtib (MacheryNagel)

F OO02NRAY 3 (2 difstuctions. ¢RIXA waspopaled iy Zombinjng > f
Ywb! & A (i KM redepse priher. Wibe tubes were incubated at@dor 5 minutes

and quickly cooled on ice for 5 minutes. Thasing the Promega MV RT enzyme Kkit,

buffer, dNTPS, enzyme and DMSO were adde@ O2 NRAYy 3 G2 (GKS Y
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instructions and incubated at room temperature for 10 minutes followed I83C5fr
one hour. The tubes were further incubated &°C for 15minutesto inactivate he
reaction The resultantDNA (5> Ywas used as template to carry out a standard PCR as
described in sectiog.2.10.1 PCR using mRN\template as a contralas carried outo

check for DNA contamination.

2.2.11 Techniques for plasmid transfer

2.2.11.1 Competent cell preparation (Hanafieta Y S K2 R0
The requiredE. colistrain was inoculated from a fresh colony in 5ml of LB medium
supplemented with the appropriate concentration of antibiotic. This was incubated
overnight at 37C with shaking so that the cells were grown to stationary phase
following day, 0.5 ml of the overnight culture was inoculated50 ml LB broth and
incubated in a 37°C shaker incubator until the cells reached exponential phagg £OD
0.3-0.5). The culture was then chilled on ice for 15 minutes. The cells heevested
by centrifugation at 4,000 rpm for 10 minutes at 4°C in &igerated bench top
centrifuge whereuponhe supernatant was discded and the cell pellet®-suspended
by moderate vortexing in 16 ml ice cold RF1 solution. The cells were theraiaduin
ice for 30 minutes followed by centrifugation for 10 minutes at 4,000 rpm at 4°C. The
supernatant was discarded and the cell pellets were carefulsuspended in 4 ml RF2
solution and chilled on ice for 15 minutes. The competent cells weredhguaed in
HHp >f 2 NJ nH pppendorftdbastaddsiBrad frazgniaB0 °Q until use.
RF17.46g KCl, 9.9 MnCl.4H0, 2.94g potassium acetate, 1.50 g CaZHbO and 150
ml glycerol were dissolved in ~750 ndH4O, and the resultant solign was adjusted to
pH 5.8 using 0.2 M acetic acid (glacial acetic acid is 17.4 M). The final volume was then
made up to 1000nl by addingddH.O. The solution was filter sterilized through a®.2
>Y YSYONYySs €yR &a0G2NBR |G n
RF2Solution A: 0.5 M MOPSpH 6.8

Solution B: 10 mM KCI, 75 mM Ca@HO0 and 15% (w/v) glycerol.
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Both solutions A and B were made up in deionise®,Hand stored at ®C. RF2 was

prepared bycombining RF2A arlRF2Bn a 2:98 ratio

2.2.11.2 Transformation

PlasmidDNA orligation reactions to be transformed were mixed with 100 plcodd
competent cells and chilled on ice for 30 minutes, flicking the roerrifuge tubes
everyfew minutes to avoid settling of cells to the bottom of the tube. A tube containing
only compe¢ent cells was used as a control. The cells were girezat shock at 42C for

a period of 150 seconds by placing the tubes in a water bath. The tubes were
subsequently transferred to ice foré& minutes and then 1 ml LB broth was added to
each tube. Théransformation mixtures were incubated at 7 for one hour to allow
expression of the antibiotic resistance geoentainedin the plasmid. 100 pl of the
transformed cells was spread on selective media. The plates were inverted and

incubated overnight at ZC for colonies to form.

2.2.11.3 Conjugation

Day1A single bacterial colony of the dongtrainor the recipient strairwereinoculated

into separate universals containirigml LBsupplemented withappropriate antibiotics

andthe cutures were grown ogrnight in ashakerincubatorat 37°C.

Day 2:1 ml of each overnight culture was centrifuged at 13,500 rpm for 2 minutes. The
supernatant was discarded and the cell pellets were eaetuspended in 120 pl 0.85 %

(w/v) sterile saline. Using sterile forcgd® n ®HH >Y YAGNROSTE f dzf 2 4
placed on LB agdone perplate)! & O2y G NBf asx wp >t 2F GKS
were separatelymixed with 25 pl sterile salineachand forthe O2 y 2dz3 | G A2y I |
R2Yy 2NJ a0NI} Ay dieytRtrain pere>niixeddgethelNJEGch of the cell
suspensions were pipetted directly onto the filters and spread over the membrane using

a pipette tip. When the filters had dried, the plates were inverted and incubated at 37°C

for 8-16 hours.

Day 3:Usng sterile forceps, the filters with bacterial growth were transferred to sterile

universal bottles containing 3 ml sterile saline, and the bottles were vortexed-to re
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suspend the bacteria. #0102 and 102 dilutions of the resultant cell suspensiorere
spread onto selective méa and incubated at 3T for 48 to 72 hours.
Day 5/6:When individual coloniebad attained darge enouglsize a number of them

were either patched onto selective media or streaked to give single colonies.

2.3 Recombinant potein overproduction and purification techniques:

(Takenfrom Helena Spiewal®hD thesis2016,with minor amendments)

2.3.1 Protein induction protocol (small scale)

A single bacterial colony per strain was used to prepare an overnight culture. The

following day, & 10 m of LB broth was inoculated with 800 of the bacterial culture

including appropriate antibiotics and grown at°87untilthe ODsooreached 0.30.5. A 1

ml aliquot was removed as an tinduced control. To the remaining bacterial cuk

M > K YNI IPRGfwasvadded aride culture wasallowed to grow at 3TC for 3 hours.

The cultures were then kept on ice and thedadf the induced culture was measured.

An appropriate volume of induced culture equivalent to thegsg™alue of the un

induced sample was centrifuged at 13,0@0n for 3 mins taharvest thebacteria. The

supernatant was discarded atite cell pellere-suspendedin56 f 2F HE [ SYYf A 0 d:
(125mM TrisHCIpH 6.9 m: {5{ > wm: It &8O0OSNRBft nonnm: 0NPB'
mercaptoethanol). Thesampleswere boiled at 108C in a heat block for 10 mins and

then centrifuged at 13,006pm for 10 mins taemovecell debris. Samples thus prepared

were visualisedollowing electrophoresis ia SDS Rgel.

2.3.2 Determination of oveproduced protein solubility

A single bacterial colony per strain was used to prepare an overnight culture. The
following day, two sterile flasks per strain were used to inoculate P&fiinB broth with

250 pl of the bacterial culture including appropriastibiotics and grown at 3T until
ODsooreached 0.20.5. IPTG was added tioe final concentration ol mMto one of the
flasks (induced culture) and the other flask wasinduced. The cultures were allowed

to grow for a further 3 hours at 3C/37”C. Tle cells were harvested at 12,500 rpm for
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20 minutes at 4C and then washewith 20 ml/g bacterial cellsf wash buffer (25 mM
TrisHCI(pH 7.9, 150 mM NaCl, 2 mM EDTAhe cells were rsuspended in 5 ml/g
bacterial cells of cetliesuspension buffer (561M TrisHCI(pH 8, 200 mM NacCl, 2 mM

EDTA, 5% glycero§0 plof Odzt (1 dzNBE ¢ & aSid | A.AyRoSyme ias W g K 2
then addedto a final concentration 0200 pg/ml andhe suspension was gentiyixed

at 4°C for 30 minute®n a roller PMSF andaglium deoxycholate weréhen addedat

final concentrations o5 pg/mland 500 pg/mirespectivelyand the suspension was

gently mixed at 4°C for 30 minuten a roller Theremainder wassonicated for 30

seconds (20% amplitude) with 2 minute intervals uttie cell suspension was clear

using a Sonics Vibracell VCX750 Ultrasonic Cell Disrupter with a microtip probe. 50 pl
gl & aSia | &ARSandrémainder iR §satvasicentrifiged at 12,500

rpm for 30 minutes at %4C to remove insolublmateriald ¢ KS W&, dd@iNggl G I y i
soluble proteinswas retained and the pellet was discardekh equal volume ofX

Laemlli bufferwastoK S Wg K2t S OSftt &l YL SQ WONMzRS f
induced and urinduced culturegand proteinswere visualisedollowing electrophoresis

in a SDS PA gel. If the protein of interest was soluble, itolvasrvedin the induced
WgK2tS OStf al YL SQY WONHzRS tealdisSQ IyR
insoluble, it wagpresentonly intheindu R Wg K2t S OSftf &l YL SQ |

2.3.3 Purification of Higagged proteins by nickel affinity chromatography column
using FPLC

A single bacterial colony per strain was used to prepare an overnighireuThe
following day, 200 mbf LB broth vas inoculated with 2 ml of the bacterial culture
including appropriate antibiotics as needed and grown &C3idntilan ODso0 0f 0.3-0.5.
IPTGwvas added at a final concentration bmM to induce the cultures and were grown
for 3 hours at 38C/3PC. The dés were harvested at 12,500 rpm for 20 minutes At 4
and then washed with 20ml/g bacterial cellswsh buffer (25 mM TrBICI(pH 7.5,
150 mM NacCl, 2 mM EDTAe cells were rsuspended in 5 ml/g bacterial cellslofv-
imidazole buffer (50 mM THECI(pH 8, 200 mM NacCl, 10 mM imidazole, 5% glycerol).

Lysozyme was then added a final concentration c200 pg/ml andhe suspension was
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gently mixed at 4°C for 30 minute®n a roller PMSF and sodium deoxycholate were

then added at final concentrationof 25 pg/ml and 500 pg/mlrespectivelyand the

suspension was gentiyixed at 4°C for 30 minuten a roller Thesuspension was

sonicated for 30 seconds (20% amplitude) with 2 minute intervals until clear using a

Sonics Vibracell VCX750 Ultrasonic Cerupter with a microtip probe. The cell

suspension was centrifuged at 12,500 rpm for 30 minutes°@t t remove insoluble

materiakPb ¢ KS WadzZLISNYFdFydQ 61 & NBGFAYSR FyR GKS |
HP prepacked nickel sepharose column (GE tineare) was washed with 10 ml of

ddH0O and thenequilibrated with10 ml of low imidazole buffer at the rate of 1ml per

minute using an AKTA purifier 10 FPLC purification system (GE Healthcare) controlled by

'bL/ hwb O2y GNRBt a27F0sBNYGdDHST VIl DI -t ME/AY 3¢ K
protein was manually loaded tmthe nickel column using a syringe driven 0.22 pM filter

FYR pn xf 2F GKS WFt2g GKNRIdZAKQ ¢ 331SLJI | AR
ml of low imidazole buffer at the rate of 1 mepminute to remove norspecifically

bound and unbound proteins and 50 pleltiatewas kept asidé¥ g | )aTKeCprotein of

interest was then eluted from the column using high imidazole buffer (50 mMHRIs

(pH 8, 200 mM NacCl, 500 mM imidazole, 5% glghen 1Y f W T NI aGaiedofAnila Q |

per minute over 1615 minutes using Frac950fraction collector(GE Healthcare). The

absorbance at 280 nm was monitored using the Monitorr99@ (GE healthcare) to

identify a peak that indicateith which fractims theprotein had eluted 2XLaemlli buffer

was added in an equal concentration withK S Wa dzLJISNY | O yi Qs WFt 24 (KN
WSt dzi S R aril Nbtédnkerd yisiialisedollowing electrophoresisia SDS PA gel.

The concentration of purified pocSAY 6+ &8 RSGSNNAYSR AP Ay 33 | . NI F

2.3.4 Protein storage

For long term storage, eluted protein was dialyseghinststorage buffer (50 mM Na
HEPE®H 7.9, 5% glycerol, 0.1 mM EDTA, 0.1 mM DTT, 50 mM NacCl). An appropriate
length of 30@ MWCO dialysis tube was cut and washed inx@Protein fractions were

transferredto the tube secured with dialysis clips and dialysed in a volume of storage
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buffer that was 250 timedarger thanthe protein fraction, overnight at % with

continuous sirring.

2.4 Protein separation and quantification techniques:

(Takenfrom Helena SpiewalhD thesis2016,with minor amendments)

2.4.1 SDS PAGE

A 1215% SD®Agel (components described in Tabkeas cast as standard protocol
(Laemmli, 1970)sing Teta Cell system (Biad). The resolving gel was poured into the
cast, allowed to set followed by adding the stacking gel where a comb was inserted such
that no bubbles formed. Once the gel was set, the comb was removedamnplasin
Laemmli buffer, in a 1:ratio, wereloaded onto the gel, including§ > f -Rurbpre
stainedRecprotein ladder (Fisher)The gel was electrophoresed 120V for 1 hour in
Trisglycine SDEAGE running buffer (25 mMis, 192 mM Glycine, 0.1% SDS, pH=8.3)

Table 2.8SDSPolyacrylamide gel ingredients

10% Resolving Gell 12% Resolving Ge| 15% Resolving Ge| 5% Stacking Gel
(x4) (x4) (x4) (x4)
ddH0O 8.6 7.1 6.3
40% acrylamide: | 6 7.5 1.25
bis-acrylamide

37.5:1

1.5 M TrisHCI (pH| 5 5 -
8.8)

1 M TrisHCI (pH - - 1.25
6.8)

10% (w/v) SDS 0.2 0.2 0.1
10% (wi/v) 0.2 0.2 0.1
ammonium

persulfate

TEMED 0.01 0.01 0.005

To visualise proteing;oomassie blue solution (50% (v/v) methanol, 10% (v/v) acetic
acid, 2.5glL. Coomassie Brilliant Blue2B0)was added to the gels, heated on full power

for 30 seconds the microwave and stained for 15 minutes by gently shakihg. gels
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were destained with destain solution (40% (v/v) methanol, 10% (v/v) acetic axid)

reveal bands of protein

2.4.2 Western blotting

After SDSPA geklectrophoresisvas completedthe gelwas electreblotted onto a 0.45

>Y t+5C YSYONIyYyS 0 a-kahdblotldglINBBdan), aizZE00/ oAl | a Ay A
hour according tothe YI y dzF I OG0 dzZNBNDa Ay aiNHzOGA2yad aSyYoN
incubation with 5% (w/v) skimmed milk powder (Sigma) in-Quiéered saline (TBS)

(8g/l NaCl,0.2g/ KCI and 3d/Tris basepH =7.% + 0.05% TweeR0 (Fisher) blocking

solution for 1 hour at room temperature. They were then incubated with primary

antibody diluted in blocking solution a@ overnight on a rolling mixer a plastic tube

Membranes were subjected to four 10 minut®ashes in TBS + 0.05% Tw&énthen

incubated for 1 hour at room temperature withRfPconjugated secondary antibody

diluted in blocking solution, followed by fomnore 10 minute washes in TBS + 0.05%

Tween20, and a finewash in TBS. Fluorescence was then detected usiA§CEZ

(Biological Industries) with ChemiDoc XRS+ System Imager and Imagsdfakare

(Biorad).

Antibodies:
Primary antibody Secondary antibody
Polyclonal rabbit antFLAG (Sigma) at | HRPlabelled goat antrabbit IgG
1:5000 diluton (Vector) at 1:6000 dilution

Monoclonal mouse antexahistidine HRPlabelled rdbit antrmouse IgG
tag (Berkeley antibody company) at (Thermo Fiker) at 1:4000 dilution
1:1000 dilution

2.4.3 Protein quantification asay

To determine protein concentration after purificatiorthe Bradford assay was used

employing theW . -Ra2l protein assay kit Q® t NRGSAYy | aalé& ReéS NBI3ISy
Rad) was diluted 4 fold in ddi® and filter sterilised using a 0.22 uM syringeverfilter

unit before performing the assay. Protein standards of 0.2, 0.4, 0.6, 0.8 and 1.0 mg/ml
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were prepared in Tris buffer (50 mM THKCI pH 8.0) using a stock BSA solution of 10
mg/ml (Promega). The sample of unknown protein concentration was dillit¢ and
1:3in a final volume of 50 pl. 20 ul of protein standard/sample was added to 1 ml protein
assay dye reage in a disposable cuvette (Rir), mixed and incubated at room
temperature for 5 minutes in technical duplicates. The optical density¢Cib¢ sample

at 595 nm was measured using a spectrophotometer blanked with protein assay dye
reagent and solvent without protein A standard curve was plotted of protein
concentration standards against @busing which the concentration of the unknown

protein solution was calculated.

2.5Enzyme assays

H ® p -Galactosidase assay

(Takenfrom K Agnoli PhD thesj2007 with minor amendments)

Eachbacterialstrainto be assayedvas inoculated from a fresh colony im8 of liquid
medium supplemented witlthe appropriate antibiotics in biological triplicateEhese
wereincubated overnight at 3 with shaking so that the cells were grown to stationary
phase. The following day, 50 ul of the overnight bacterial culture was added to 5 ml (i.e.
1:100 dilution) fresh liquid medium containing appropriate antibiotics and media
supplements. The cultures were incubated at@7with shaking until cells reached
exponential phase, i.e. Q&= 0.350.6 where sterile mediumwas used as blankhe

tubes were transferredo ice for at least 30 minutes before carrying out the assay

ODyoo of each culture was recordedepending upon the promoter activity of the
plasmids to be assayed, 4290 ul of the culture was used for the assay. Z buffer
O 2 y (i | amgrkaptaethanol(1 ml ¢ volumeof culture added) was added @clean

13 ml glass tube such that each biological replicate was done in technical duplicates
(therefore, each strain = 6 tubes). 30 pl chloroform was added directly on to the surface
of the buffer carefully ¢ make a dome at the bottom of the tube, avoiding the
evaporation of chloroform. 30 ul 0.1% SDS was added to each tube carefully from the

side and then appropriate amount of culture was added carefully from the side of the
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tube to prevent the disturbancefdhe chloroform bubble. The tubes were vortexed for
10 seconds for permeabilization of cells. Thigeswere immersed in a 3C water bath
for a period of 15 minutes tallow the contents toequilibrate to this temperature
before starting the assay. 200 of 4 mg/ml ONPG was addedadadube which was then
vortexed for 1 second to initiate the reactiofihis was repeatedt 30 second intervals
for each tube of the same strain. When the appropriate yellow colour was achieved
(ODy20=0.2-0.8) the reaction s stopped by adding 500 ul oMLN&CQ. Reactions of
the same strairplasmid combinatiorwere stopped in intervals of 30 seconsis that
each biological replicate was assayed for the same length of. thneontrol tube
containing sterilemedium and appopriate media supplements/as also treated the
same way. The absorbance of eaehctionwas recorded at wavelengths 42tn and

550nm. The control tubes were used to set the blank for each of these two ODs.

[ I £ Odzt I-ghlacksidase Activity:
1 Miller Unit = 1000 x Absi20¢ (1.75 x Abs)

Time (minutes) x Volume of cells (ml) x &bs
where,
Absixg: Absorbance of the yelloartho-nitrophenol
Abs;so; Light scattering factor for the contribution of the cells to the Abgalue.
Time: Reaction time (stopping tingestarting time) in minutes
Volume of cells: Volume of culture assayed in ml

Absoo: Cell density
An average valuavas obtained fromtechnicalduplicates for eachbiological replicate
assayed. The ean of thebiologicaltriplicate values was calculated for each strain. Each

experiment was carried out in experimental replicates.

Z bufer: 16.1 g NeHPQ.7HO or 8.53 g NdiPQ anhydrous, 5.5 g NaRQ.H.0, 0.75 g
KCl and 0.246 g Mga@+O were dissolved in a final volume of 1000 ml deionizgd H
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and stored at4 @ n Pmarcdfdtoethanol was added per 100 ml of Z buffer on the

day theassay was performed.

1M N&CQ: 10.6 g sodium carbonate was dissolved in 100 nddb£0 and stored at

room temperature.

Amg/mIONPG1n Y3 hbtD ¢Fa I RRSR (-#ercaptoettidnol 2 0 dz
and vortexed until it was completely dissolved.s'vias made fresh on the day of the

assay.

2.5.2 Catalase assay

The standard catalase assay (Sigma) was followed wherfintieeactionvolume of 3

ml contained 2.90 ml of hydrogen peroxide solution [0.036% (w/w) prepared in
phosphate buffer by adding86 (w/w) hydrogen peroxideip which 0.1 ml of test
enzyme solutiorfin PBSyvas added and immediately mixed. Using phosphate buffer (50
mM potassium phosphate, dibasic, trihydrate pH 7.0) as blank, the time requiréuefor
Aosoto decrease from 0.45 t6.40was measured. As a positive control, commercially
available catalaseSgma) was used. The activity was calculated using the formula:
Units/ml enzyme = (3.45) (dilution factorftime) (0.1)

Where, 3.45 = decomposition of 3.45 uM of hydrogen peroxide 3.0 ml reaction
mixture that causes a decreaséAzsofrom 0.45to 0.40

Time = number of minutes required for the decreagé\sofrom 0.45to 0.40

0.1 = Amount of enzyme solution added to the final reaction in ml.

2.6 Interaction studies:

2.6.1 BACTH assay (protetprotein interaction)

(Takenfrom Sayali HaldipurkaiSc.Thesis 2012,with minor amendments)

Principle: Interaction between two proteins of interastvivocan be studied using the
bacterial two hybrid system by cloning genes encgdihe proteins of interest into
BACTH vectorsUT18C, pUT18, pKT25 gskNT25. pUT18C and pUEtRRode theT18
fragment, and pKT25 and pKNT&ttcode the T25 fragmenthich are catalytic domains

103



of the Bordetella pertussisyaA, aradenylate cyclaseffector. When physically separate
they are not active, but if the protein® whichthey are fusedare ableto interact, it
brings them into close proximitieading to functional complementation. As a result,
cAMP is synthesized and interaatith E. coliCRP, svitching oncatabolicgenessuch as
those ofmal andlac37 operons (Figure 2.2). This property is used for identification on
selective media such as MacConkey media to give maroon colonies swdae the
test proteins interactaind white coloniesvherethere isno interaction.

Method: The DNA region for making ttest genecyaAfusions was amplified by PCR as
described insection 2.2.10.1by using appropriate primers and cloned into the BACTH
vectorsso that it was in the same reading frame as dyaAfragment. For fusions to
the N-terminus of T18 and T25, the stop codon was omitted from the test gemel101
competent cells were ctransformed with complementing plasmigskKNT25 or pKT25
derivative in combination with a pUT18 or pUT18C derivatigshown inTable2.9and
spread on MacConkey agapntaining ampicillin and kanamycifhe plates were

inverted and incubated for 72 houst 3C°C.
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Table 2.9: Combinations of plasmids used in a BACTH study of the interaction
between two proteins A ad B.

pKT25  pKT25A PKT25B  pKNT25 pKNT25A pKNT25B

puUT18 Control Control Control Control  Control Control

JJUANE7AN Control Self A-B Control  Self A-B
interaction  interaction interaction interaction

oJUANEISEN Control A-B Self Control A-B Self
interaction  interaction interaction interaction

oJUANE{oa Control Control Control Control  Control Control

pUT18CA W®feljjife] Self A-B Control  Self A-B
interaction  interaction interaction interaction

oJUANR{eZ] Control A-B Self Control A-B Self
interaction  interaction interaction interaction
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Figure 2.2 Principle of BACHdsay

(A) Functional complementation of the twdomainsT18 and T2%f adenylate cyclase (CyaA)

allows formation of cAMP from ATP. (B) When two interacting proteins X and Y are fused to

these two domais, this allows them to be brought in close proximity thus causing formation of

cAMP. cAMP can combine with catabolite activator protein (CAP) and switch on theAGKP

dependent promoter such as the one belonging to thal gene. Thus, cells harbouringese

Oy dziAfAaS YIfd2aS gKAOK 3IAGBSE NRAS (G2 RIEN] Y NJ
positive phenotype. (C) In the case where the two fused proteins, X and Z do not interact, T18

and T25 are not brought in close proximity and therefore the cAMpendent promoter cannot

0S A46AGOKSR 2y a y2 O!at Aa LINRPRRdJzZOSR® ! a | NBadz
agar representing a negative phenotype.
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2.6.2 Chromatin immunoprecipitation and deep sequencing (Dpratein

interaction)

The required bacterial strainswere grown overnight at 3 in LB broth containing
appropriate antibiotics. The following dag0 ml sterile LB was inoculated with the
overnight culture, such that the starting @gwas 0.05. When the cultures reached log
phase (ODyoo= 0.3,0.5), IPTG was add&dla final concentration of 1 mM tthe cultures

to induce expression of the plasm@hcoded” factor and the culturesvere grown at
37°C with shaking for a further 3 hourdormaldehyde was then addedt a final
concentration ofLl% to allow crosslinking to occur amgubationat 37°Cwas continued
with gentle swirling for 30 minute§ o quenchhte reaction, glycine was addéala final
concentration 0f0.36 M and incubate at room temperature for 2 minuteCells were
then harvested byentrifugation at 4500 rpm for 10 minutes, washed once with 10 ml/g
bacterial cellof ice-cold Trisbuffered sdine- TB10mM Tris, 150nM NacCl, pH = 7.4).
Cells were washed with 1 ml lysis buffer (@M Tris, 150mM NaCl, InM EDTA, 1%
Triton-X100) and lysozym& a final concentration 00.2 mg/ml was addedand
incubated at room temperature for 30 mine$ with gentle agitation. Then,
phenylmethylsulfonyl fluoriddPMSFWwas addedat a final concentration o5 pg/mi
and incubated on ice for 15 minutes. Lysed cells were sonicasaty the Jencons
Scientific Vibracell sonicatat 10 um amplitude at 50% powsefor 30 seconds, with 30
second intervals on ice until the solution turned clear yellow. This shdathe
chromosomal DNA to fragments of 3BDO bps. Insoluble material was removed by
centrifugation. The remaing supernatant was applied to06ul ant-FLAGM2 affinity

gel (Sigm&ldrich), which had been washed three times with TBS as described by the
manufacturer. The supernatagainti-FLAG suspension was incubated % for 2 lours
with gentle agitatioron a rotating wheelResin was collected by centrifugen at 5,000

x g for 30 £condsat 4°C, and the supernatant was carefully removed and discarded.
The resin was rsuspended in 1000l of icecold TBS, and collected by centrifugation
at 3,000x g for 30 £conds The resin was then washed an additionab tivnes with ice
cold TBS. Bound material was eluted from the resin by incubation withullQBS

containing 150 ngll FLAG peptide (Sigr#ddrich) for 30 min at 4 with gentle
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agitation on a rotating wheel The supernatant was collected without disturgithe
resin and transferred to a fresh tube. RNA from thgernatent was removed by
treatment with RNasat approximately 4ig/ml final concentration (ThermoFishea)

65°C for 6 hours. Protein moieties of the crdsg&ked complexes were removed by the
addition of proteinaseK (SigmaAldrich)to a final concentration o200 pg/ml and
incubating at 37C for 2 hoursReleasedNA wagassed through a cleamp column
(section2.12.9 and eluted in 4Qul of elution bufferprovided by the manufacturer
Purified DNA was subjected to library preparation using the Next Ultra 1l DNA library
prep kit (New Englah Biolabs) as per manufacturensstructions followed by high
OKNRdzZAKLIzO &SljdzSyOAy3 i GKS WaAONRFNNI@& | yF
Cl OAf A GUniGexsity{ofASheRfikld/ =

2.7 Phenotypic studies:

2.7.1 CAS assay
One colony of required bacteria was picked using a sterile loop and streaked out on CAS

agar. The plates were incubated at’@7or ~12 hours to allow diffusion of siderophores.

2.7.2 Motility and swarming assays

A single colony was used to inoculate 2 ml of LB and grown overnight aerobiG¢.

The following day, 5 pl of the overnight culture @2djusted to 1) was spotted on to
motility agar or swarming agar plates. The platesevercubated upright at 3C and

the zone of swimming/swarming was measured and photographed the following day.

Experiments were carried out in biological, technical and experimental replicates.

2.7.3 Protease assay

The required bacterial strain was aeroally grown overnight imutrient rich broth
(LB/BHI) at 3C. Then, the Oy was adjusted to 1 and #l of culturewas spotted on
protease agar.After allowing the droplet to dry he agar plates were incubated

overnight at the required temperature and the clear halos surrounding the bacterial
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spot were measured the following day. Experiments were cawigdn biological and

experimental replicates.

2.7.4 Biofilm formation

A single colony was used to inocul&enl of BHI and grown overnight aerobicadty
37°C. The following day, 10 ul of the overnight culture {60B 1) was added to 990 ul
BHI in a terile borosilicate glass tube covered with sterile aluminium foil and placed
back in the 37C shaker incubator. After 24 hours the culture was discarded, the tube
washed with ddEHO twice and 1.3 ml 0.5% crystal violet (CV) was added. This was
incubated atroom temperature for 15 minutes followed by three dgbiwashes. The
biofilm formed was potographed. As a control, mediumithout bacterial culture was
used. To quantify the formation of biofilm, 1.3 ml of ethanol was adddtie tube and
incubated for D minutes at room temperatureThe optical density (ODj the sample

at 570 nm was measured using a spectrophotometer blanked with control sample.
Similarly, biofilm formation was photographed and quantified at 48 hours. Each

experiment was carried out iniological andexperimentalreplicates

2.8 Peroxide sensitivity stress tests

2.8.1 Peroxide sensitivity test in liquid media (survival following 20 minute exposure)
A single colony was used to inoculate 2 ml of LB and grown overnight aerobicafi¢at 37
The following day, the overnight culture waubcultured in the same mediurand
grown to log phase. inl of the log phase culturehat had beemadjusted to Olgy 0.5
wastransferred toa sterile eppendortube and HO; to a final concentration 010 mM

was added. The tube was returned to the°@7fiaker incubator for 20 minutes, and
then centrifuged for 3 minutes following which the medium was removed. The bacterial
cells were resuspended in 1 ml fresh LBhe culture was serially diluted and plated on

LB agar to measure CFU/mI. Each experiment was carried out in experimental triplicates.
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2.8.2 Peroxide sensitivity test in liquid media (monitoring survival time)

A single colony was used to inoculate 2 ml of LB and grown overnight aerobiéally 37
The following day, the overnight culture gasubcultured in the same mediurand
grown to log phase. inl of log phase cultur¢hat wasadjusted toan ODsoo 0f 0.5 was
removed in a sterile Eppendadxibe and HO; was addedo a final concentration of .5

or 10mM. The tube was returned back to the®®7shaker incubator and every 5 minutes
an aliquotof 10pl was taken out, serially diluted arddOpl amounts wereplated on LB

agar to measure CFU/ml. Each experiment was carried out in experimental triplicates.

2.8.3 Peroxide sensitivity test on solid culture medium (CFU assay)

LB agar was autoclaved and before pouring ifri dishes, oxidants hydrogen
peroxide (1 mM) or sodium hypochlorite (1 mM) methyl viologen (500 uM) were
added. These concentrations veefirst empirically determined. After the agar solidified
and dried, cultures (QOdb =1) were serially diluted0* to 10*?) and spottedon to the
agar and allowed to dryLB agar without oxidants was used as a control. Each

experiment was carried ouhithree biological and experimental replicates.

2.8.4 Zone inhibition assay to test peroxide sensitivity

5ml of 0.7% LB agar (soft agar) was autoclaa#dyved to cool to approximately 3G

to which 0.1 ml of overnight culture (@9=1) was added andverlad on LB agar. After
the soft agar was set and dry, a sterile 6 vhatmanfilter paperdisc soaked id0 pl

of 1M hydrogen peroxide or 2M sodium hypochlorite or 250 migtimyl viologen or 100
mM of t-butyl hydoperoxide was pladeon top of the soft gar. Theconcentrationsof
oxidants usedvere first empirically determined. As a control, a sterile 6 mm filter disc
soaked inLOpl ddHO was used. The plates weneubated at 37C and the diameter of
zone of inhibition was measured ttiellowingday. Eah experiment was carried out in

biological triplicates and over three experimental replicates.
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3.1 Introduction

I135_RS1629@rom B. cenocepaciéH111) appears to encode an ECfactor.
Orthologues of this gene referred to pal in Pseudomonas fluoresceare distributed
across theBurkholderia, Bordetella, Enterobacter, Lysobaeted the Pseudomonas
genera in the Proteobacteria phylum with more than 60% similarity; although, some
species within this genera suchRsaeruginos#ack this’ factor. Figure 3.1 shows the
gene organisation of th@rtl-homologous locus in representative specipgl always
appears to be located upstream of a gene that is predicted to encode atnansbrane
anti- factor. TheP.fluorescen®rthologue of the anti factor has been referredotas
PrtR. Also, the pair of genes predicted to encogechromeB56kandcatalaseappears
as a divergently orientated transcriptional unit upstreampofl. These features are
conserved and other genes located upstream and downstream of thisyiene clister
seem to vary among different species.

Prtl along with PrtR are reported to have roles in regulating the production of
either one or more of the following protease, cyclic lipopeptide, EPS (and colony
morphology factors), lipase and secondary met#bBo(GAF) inpseudomonadsas
described in section 1.6.3.@Burger et al., 2000, Liehl et al., 2006, Vodovar et al., 2006,
Kimbrel et al., 2010, Okrent et al., 2014, Song et al., 2014, Yang et al, va@lden
Broek, 2005). Based on the genomic context conservation it is predicted that Prtl has a
role in regulation of thiosulphate oxidatioriStaron et al., 2009)Current literature
suggests that Prtl might be a virulence factor since it appears to regulate genes that form
important aspects of pathogenicitiNevertheless, the environmental signal to which it
responds, the target genes, promoter requirements and role of PrtR in the regulation of
Prtl remain to be elucidated. The Prégulated proteases present Pseudomonaare
not encoded by th&urkholder@ genome, although these species occupy similar niches.
Moreover, there is no current literature investigating the role of PriBimkholderia

To test the hypothesis and to address the aims described in section 1.7, the
following experiments were desigde

(1) To study the role of Prtl by identifying its promoters, two complementary

approaches were to be employed: (i) a genome wide scan using chromatin
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immunoprecipitation and deep sequencing (Ghk#g) and (i) bioinformatics
analysis of the nofoding regiorlocated upstream of th@rtl gene.

(2) The promoters identified were to be validated by reporfasion
analysis.

(3) The DNA sequence requirements for effective promoter utilisation by Prtl
were to be studied by carrying out a systematic single fmsesubstitition analysis
of the identified promoter regions.

(4) A markerless deletion mutant for the predicted factor geneprtl and
for the antt’ factor geneprtRwere to be constructed and their phenotypic effects,
particularly in relation to stress response, were to be studied.

(5) The target genes of Prtl were to be studied by mutation studies and/or
by analysi®f their protein products to further ascertain the role of Prtl.

(6) The interaction between Prtl and PriR vivoand in vitro were to be
investigated. The mode of regulation by PrtR was to be studied using a ntesker
deletion mutant inB. cenocepaciar by expressing the genesfn coli.

(7) The Prtl operon and target operons was to be defined by undertaking a
RTFPCR study.
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Figure 3.1. Genes present at tipetl locusin a variety of Grarmegative bacteria

Gene organisation dhe prtl locusof B. cenoepaciaH111 compared to the corresponding locus

in other species. Genes that are conserved at the same locus are shown in the same colour
represented in the key at the bottom with the predicted proteins encoded by the genes. Genes
that are not conserved arshown in grey and their predicted gene products are shown above
the corresponding arrow. Each gene locus number is shown below each arrow representing the
gene.HP = hypothetical protein.
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Figure 3.2Amino acid sequencalignment of Prtl fromB.cenocepaciavith the corresponding

protein in other Gramnegative species

Prtl amino acid sequendeom Burkholderiacenocepaciavas aligned witthomologous genes

from Lactobactercapsici Enterobactercloacae Bordetellaansporii,Pseudomonafluorescens
andAchromobactekylosoxidansising Clustal Omega and shaded using BOXSHADE. Amino acids
which are identical at the corresponding positionis0% of sequences are skio in white font

with black highlighting while amino acids which are similar at the corresponding position are
aK2gy Ay SKAGS 7T2yit yoae Ededingd ia redahdbkd, respdctivelyy 3 @
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3.2 Investigation of the role of Rk by identification of Prtl dependent promoters
using ChiFseq and experimental verification of identified promoters
To study the role of Prtl in stress responsd3otenocepacighe first approach
was to identify its target promoter. This would reVass target genes which in turn
g2dzf R LRGSYGAlIfte ada3asSaid (0KS uBarkhndaaa Q (2 6 KA
genome wide study using chromatin immunoprecipitation and deep sequencing was
OF NNASR 2dziz 6KSNBE GKS ° FFLO02NI t NIL gl a I f¢fz
Once the promoters were identified, they were to be verified by carrying out reporter

fusion enzyme assays.

3.2.1 Construction of plasmid to express FL-ts@ged Prtl

During normal growtrECF factorswithin cellsare generally inactive, as they
need an appropriate stress signal for activatidinerefore, it was required to use an
induciblebroad hostrangeplasmid such as pSHRKn that expressed PriVioreover, to
facilitate immunoprecipitation of Prtl a FLAG tag was added to tter@inus. Theprtl
gene(522 basespRRvasamplified fromB. cenocepacistrainH111 boiled lysate using
KOD ptymerasewith primersPrtIFLAGFaand PrtIFLAGReand ligatedbetweenNdd
and Xbd sitesof pSRKKm. The primersPrtIFLAGFoand PrtIFLAGRewere designed
such that the @erminal coding sequence girtl had an additional 24 bases that
encoded a FLAG epjie tag (DYKDDDDK) before the stop codivi83 cells were
transformed with the ligations and using a blue/white selection, white colonies were
PCR screened usimgsert specifigrimers to identify the5.322 kbpplasmid(Figure 3.3
The DNA sequence intety of the clone pSRKmPrtl-FLAG #6 was confirmed by

nucleotide sequencing.
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Figure3.3 Construction of SRKKm-Prtl-FLAG

Agarose gel showing (A) PCR screen of clonegl&lusing vector primers M13for and
M13revBACTH to identify pSRK+P1tI-FLAG candidates. Clone 6 gives rise to product of 725
bp consistent with the presence pftl-FLAGL = GeneRuler DNA mix ladder; NC = pBBR1MCS2.
(B) Miniprep of positive clone (6.322 kbps); L = Supercoiled ladder
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3.2.2 Validation of anbody specificity

Thea Sy S Sy fa@drRRrtyvihs cloned incorporating a FLAG epitope tag at
the Gterminal end which wouldact as bait to immunoprecipate Prtl in th&hlPseq
experiment To assess if the protein was being produdédgcoliand B. cenocepacia
cultures containing pSRKKm-Prt-FLAG or pSRKm were induced and total protein
content was visualised on a SBAgel As shown in Figure 3.4 (A) a protein migrating
with an estimated molecular weight of approximately 21 kDa appeared in indt.osdi
cultures which was the predicted size of PHLAG. However, in thig cenocepaci@nes,
very faint indistinguishable protein bands were observed around 21 kDarder to
validate thatthe epitope tag could be recognised whemetPrtl protein was expressed,
western bldting was carried oufsection 2.4.2using antiFLAG primary antibody (raised
in rabbit) and an antrabbit secondary antibody (raised in goa#).protein migrating
with a molecular weight consistent with RELAG (approximately 21 kDa) was observed
for induced cultures oB. cenocepaciand E. coli while no proteins were observed in
control cultures (Figure 3.4B). This confirmed that-PHAG was expressed from pSRK
Km-Prt-FLAG under inducing conditions. It was noticeable that the amount eFBAG

produced inB. cenocepaciaas substantially less than that producedgncoli
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A E. coli B. cenocepacia
pSRK-Km- pSRK-Km-
pSRK-Km  Prtl-FLAG pSRK-Km  Prtl-FLAG

B E. coli B. cenocepacia
pSRK-Km- PSRK-Km-
PSRK-Km Prtl-FLAG PSRK-Km Prtl-FLAG
L - + - + - + - +
o2
55— . FRREEN
42, e
34,
26—
Ecadl -
17 - e

Figure 34: Production of Prt#FLAGn cellscontaining pSRKmM-Prtl-FLAG

E. colMC1061 and. cenocepacif1l1l containing pSRKmMPrt-ALAG or pSRKm were grown
in LB at 37C and thdacZpromoter contained on pSRKm was induced by addition of IPT&)

Comassie blue stained SDS polyacrylamide gel used to separate total proteis. fcotand B.

cenocepaciaontaining the indicated ptamids, under nofinduced and induced conditionsz

non-induced, + = Induced, L = ladder-(Bdp).Red arrow corresponds to PiELAG(B)Western
blot of the same samples from SDS polyacrylamide gel shown in (A) usiiyAG#ntibody, L
= ladder (EZun prestained).Blue and green arrows correspond to FftIAG irkE.coliand B.

cenocepaciarespectively.
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3.2.3 Validation of ChH8eq experimental design by reporter fusion assay: Analysis of
putative Prtl regulated promoter activity under induced @non-induced conditions

The Chldeq experimental design consisted of cells harbouring the SRK
PrtkFLAG plasmid, which when induced by IPTG would expresSLA@. PHFLAG
would be crosdinked with the genomic DNA using formaldehyde, at sitesreltebinds
to its target promoters and would then be immunoprecipitated using an-BhAG
antibody following purification of genomic DNA. Since incorporation of a FLAG tag might
affect the activity of the factor, it was necessary to demonstrate that FftIAG was
functionalin viva Often’ factors drive their own promoter and hence it was decided to
study the activity of the modified factor at the predictegrtl promoter using a reporter

fusion enzymessay.

3.2.4 Construction of pKAG&Brtitul

The intergenic region betweeprtl and the gene upstrean35 RS16285vas
predicted to contain theprtl promoter (Rmirur) and therefore this region of 160 bp was
amplified using primerrtiproForPCRand prtiproReWPCRwith KOD polymerase and
ligated into the pKAGd4 reporter plasmid between thiedlll andBanHlI sites. MC1061
cells were transformed with the products of ligation reactions and resultant
transformant colonies were PCR screened using vectarifiperimers AP10 and AP11
(Figure 3.5). The sequence of positive clones (pKAXgtd) was confirmed by

nucleotide sequencing.

3.2.5 Analysis of the activity of PFHFLAG at the firui promoter

pKAGdA4Pyrifun and pSRIKmM-Prtl-FLAG or pSRkm were transferred toE. coli
MC1061 cells and the promoter activity was measured under induced anthdaned
O2 Yy RA (A 2y @aladrasiktlabé&asshyk As shown in Figure 3.6, the region upstream

of prtl contained aPtRS LISY RSy i LINR Y2 (i SNJ a XggladtSsidas& S NS

activity in cells containing pSRKPrt-FLAG growing under inducing conditions. The

activity of this promoter was much lower, although not completely abolished, under
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non-inducing conditions in the presence of PFILAG. Further, no activity was obsetve

Ay GKS 06aSyoS 2F GKS ° TFLFLOG2N aK2gAy3a i
the presence of PHFLAG. These results provided validation that Prtl is active under this
experimental design and the FLAG epitope tag does not affect its activéyprésence

of a promoter in the Prtl dependen85_ RS1628prtl intergenic region also provides a

means of validating the ChHeq output.

A B

pKAGd4-Pprti-full pKAGd4-Pprti-full
#3 #7
Kbp
10
8

B R G o ARk R fued
Es

Figure3.5 Construction of fKAGd4Pputui

Agarose gel of (A) PCR screen of clonggzdsing primer&\P10 and AP11 to identify pKAGd4

Poritun; L = GeneRuler DNA mix ladder; NC = pKAGd4 (282 bp amplicon). All seven candidates gave
rise to the expected 442 bp amplicon (B) Miniprep of positive clones #3 and #7 (9.762 kbp); L =
Supercoiled ladder
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Figure 3.6 Activity of the prtl promoter in the presence of PrtFLAG

pKAGd4P,wi Was transferred tcE. coliMC1061 along with either pSR#n or pSRKmM-Prtl-

FLAG as indicated and the promoter activity was measured using-tfa#actostdase assay

where cultures were grown in LB with kanamycin and chloramphenicol under IPTG induced and

non-induced conditions. Activities shown have been obtained by subtracting the activity of same

strain with pKAGd4 carried out under same conditigisckground activity). Statistical
AAIYATFTAOFIYOS 61 a RSGSNYiest, SR = pD.00IFNH2 NYAYy I I &0GdzRS
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3.2.6 Optimisation of conditions for chromatin immunoprecipitation

ChIRseq is a technique used tmvestigate protein-DNA interactions on a
genomic scale, including studying histone modifications and transcription factor targets
during different growth conditions. This technique was employed in this study to identify
GFNEHSG LINRPY23GdSNE NBO2 3 yIE gré&R undeé conditiohd tiati 2 NJ
allow transcription of Prtl should be used to identify its target promoters. However, the
exact signal required for Prtl activation is not known as its role remains unknown. Hence,
a protocol suitable for identification ohe Prttdependent promoters was designed by
O2YO0AYAYy3d YSUK2R2t23ASa FTNRBY LINBKleRabza aA
2013, Blanka et al., 2014, Giacani et al., 2013)

A ChlIPseq protocol consists ahe following main steps as outlined in the
schematic representation in Figure 3.7. These are: (1) expressing the protein under
suitable conditions such that it can bind to the genome, (2) cliogng the protein to
the genomic DNA, (3) lysing cells ahéaring genomic DNA to the appropriate fragment
size (approximately 500 bp), (4) immunoprecipitating the protein of interest along with
genomic DNA fragments with minimal background noise, (5) isolation of the DNA from
the bound protein, and contaminatin@NA, (6) library preparation which includes
adding adaptors, end correction and DNA amplification, (7) high thrpugkequencing
using NGS platform, (8) retrieving data, analysing the quality of output, (9) transforming
the data output to a suitable fonat such that it can be used in analysis softwares such
as GALAXY and IGV to align sequences back tB.thenocepacigenome and (10)
MACS based peak calling and Motif analysis for point source factors.

In addition, it is important to note that sincewas decided to use a multicopy
plasmid expressing Prtl, thgrtl ORF will cause a spike in the background noise in the
final DNA analysis step and therefore must be ignored while identifying enrichment
areas. Along with these main steps to carry out theopedure, ChliBeq data is
acceptable when the antibody is validated and the DNA obtained in step 5 before library
preparation is validated for appropriate enrichment as well as p(kiandt et al., 2012)

As desdbed in sections 3.2.2 and 3.2.5, the antibody expression was validated by
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carrying out a western blotting experiment as well as this experimental design validated
by carrying out a reporter fusion enzyme assay.

For the Chlf3eq procedure, genomic DNAestting by sonication was to be
optimised next. To do this two different protocols were tested. Protocol 1 followed the
same method as described in Section 2.6.2. In Protocol 2 the lysis buffer was replaced
by a lysissucrose buffer {0 mM Tris, 50mM NaCl,10 mM EDTA, 2%nM sucrosg,
lysozyme was excluded, TBS buffer was excluded but used IP &@ff@M Tris HCI,

150 mM NaCl, inM EDTAL1 tablet protease inhibitor solution per 50 ml buffer, 0.1%
Triton-X%-100 solution, 0.1% sodium deoxycholate) where befeonication bacterial
cells were resuspended and incubated. In bothtpeols the growth conditions and
crosslinking conditions were the samAs $own in Figure 3.8A, more abundant
amounts of DNA recovered after sonication were observed using Protocalsa,
interference from RNA was observed using both protocols. Therefore, in the next
optimisation step, using protocol 1, after sonicati®N\A was digested and Digfotein
un-crosslinking was carried oufor this,2.5 pl of 4mg/ml RNase was addexer 500 pl
sonicated cellysate and incubated at 86 for 6 hoursDNA samples were analysed
following different periods of total sonication time and it appeared that up to 30 minutes
of sonication allowed most amounts of fragmented DNA to be recovered réedncy

of sonication was then increased by sonicating for 30 seconds followed by 30 second
intervals on ice instead of one minute intervals, which seemed to give a higher yield of
sheared DNA, largely in the 40900 bp size range which lies towards tigper limit of

the commonly accepted range for this technique (Figure 3.8C). Also, the effect of
different number of wash steps was tested during immunoprecipitation using the
commercial antFLAG affinity gel and three washes were found to be optimaa (dlat
shown). Thus, the final protocol was standardised, described in detail in section 2.6.2.
As a control for this experiment, strain H111 containing empty plasmid-g&RKas
used, which would act as a background control (terf@€NTRQLThis is alsceferred

G2 a WLbt! ¢Q AYy &a2YS -ERdCy SDP | voMmva  KiIFKNSD 248NN E)
commonly calledP sample for this experiment. The CkEq experiment was carried

out over three experimental replicates which also served as biological regdithts
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giving a total of 6 samples. It is usually acceptable to have at least two experimental

replicates.

125



Immuno-precipitate protein
bound to DNA using antibody
against protein

Grow cells and
express DNA

binding protein Collect soluble fraction

|

Add formaldehyde for
crosslinking protein to DNA

|

Quench reaction by adding glycine Sonicate to shear DNA

~ Un-crosslink
i protein and
purify DNA

Prepare DNA libraries

J [ foINGS

Harvest and Cell lysis using lysozyme
wash cells and PMSF

Map sequenced DNA fragments back
to genome to identify the location

Figure3.7.ChIRseq work flowfor identification of Prtl binding sites
ChiRseq is carried out generally by following thepsc¢ (1) Cellsare grown to log phase and the protein is expressed, (2)ptbéein of interestis

crosslinled to genomicDNA by adding formaldehydehd reaction is quenched usingygine, (3) cellsare harvested bgentrifugation, washed, lysed
and [NAis sheared by sonication. (4) Immaprecipitationis carried out using antibody against the DNiAdingprotein. (5) Theco-precipitatedDNA
was purified and6) librariesare prepared (7)sequenced (8) checked for their quality9) The sequenceare finally matched back to the genome to

reveal where the protein had bound on the genome.
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A B C

Protocol 2 Protocol 1 Sonication period in minutes Sonication period in minutes

Sul - 15pl 5ul 15pl

L 5 10 15 20 25 30 32 L 10 20 30 40

1000 —»

100—»|

Figure3.8. Optimisation ofcell lysis andshearing genomic DNA by sonication

(A) Testing two differentell lysisprotocols: 5 or 15 pul lysed tesuspensiorobtainedusing protocol 1 or protocol @ere electrophoresed in a 0.8%
agarose g€elB) Optimisation of sonicatigperiod in protocol 120 pl lysed cell suspensiobtained by multiple 30 second bursts of sonication with one
minute intervalon ice for the indicated total time duratiomere electrophoresed n a0.8% agarosgel (CYOptimisation of sonicatioperiod in protocol

1 with decreased interval20 pl lysed cell suspensiobtained by multiple 30 second sonication bursts with 30 sddatervals on ice for the indicated
total time duration were electrophoresed ia0.8%agarosagel
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3.2.7 PCR validation of ChIP efficiency

After immunoprecipitating FLA@Ggged protein bound to DN the DNAprotein
complex was wurtrosslinked. The motein wasdigestedusing proteinase kKand the
contaminatingRNA wasilso removedrom the sampledy RNAse treatmenfTheDNA
was further purified using a PQRrification kit (Thermo) andhe purity of the DNA
sample was checked Ioyeasuring the absorbaeraisinga nanodrop(260/280 =1.8.2).

The concentration was found to be betweer86g/pl.

To validate for appropriate DNA enrichment in the IP sample as compared to the
CONTROLa standard PCR was carriggut using primers prtlproForPCRand
prtiproRevP® (These are positive control primers. The term control should not be
confused with CONTROL samplE)ey are used for amplifyingiwn as explained in
section3.2.4 where DNA obtained from the IP sample or the control sample was used
as the template The rationalefor this experimental design was that the DNA
enrichment took place in this regioone can assume that th€hlRPseqexperiment has
successfully worked since Prtl has recognised its own promegetemonstrated earlier
in section 3.2.50ne can also assume that it might have enriched other unknown
promoters which was the aim of undertaking a genome wide analysis

As negative controls for this experimetwo pairs of primers were employed:
pFIrSfor andgFIrSrev amplifieé product of 193p, the promoter region ofa putative
iron starvation ECF factor FIrS(J. Mohanlal and M. Thomas, unpublished results)
plOT™or and dOTVrevamplifieda product of 388 bpthe experimentally determined
divergent highly activé’°-dependenttssJandtagM promoters involved inexpression
of the type VI secretion system (S. Shastri, 20%i)ce Prtl should not birtd regions
amplified by these two pairs of primersp or little amplification should be obtained
when thelP samplas used as templateahese negative control primers should not be
confused with the CONTROL sample. Little or no amplification was expected to be
obtained when using CONTROL sample as a template with any of the above pairs of
primers.

Approximately 8 pl was removed from the PCiraévery 9 cycles to observe

rate of PCR amplification. As observed in Figure 3.9A, with primepghiroForPCR
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and prtlproRevPCRhe PCR product from the IP template was more abundant after 18
cycles as compared to that from the CONTROL templateetkwusingoFIrSfor and
pFIrSrevand plOTfor and dOTVrev negative control primer pairs, even though there
was amplification, the product yield obtained using IP or CONTROL as template was
similar. This suggested the amplification occurred from low leeataminating DNA

that was nonspecifically removed in the IP step. It is important to also compare the yield
of PCR products produced by all three primer pairs at cycle no. 18 using IP DNA template.
There is a greater amount of product generated by tresipve control primers as
compared to the negative control primers. However, comparing PCR products among all
three primer pairs for cycle no. 18 using control DNA template, it is obvious that as the
yields appear to be similar, it must be due to the mnese of DNA that nospecifically
bound to the antFLAG resin. This background is accounted for in the future data
analysis steps.

To test if the primer pairs had similar amplification efficiency, making it valid to
compare products between primer paira, PCR was carried out as described above
including an additional positive template control of boiled H111 lysate. As shown in
Figure 3.10, primer paiggtiproForPCRndprtiproRevPCRandplOT™or and dOTVrev
generate products with a similar efficiemanen using H111 DNA as template. However,
DNA from the IP sample using negative control prinp@&™or and dOTVrev gave a
poor yield of product, like the CONTROL template. Howeuasitive control primers
prtiproForPCRNnd prtiproRevPCRsed with IP DN as template gave a more abundant
product like the H111 template, suggesting an enrichment of the expected DNA region
as well as providing evidence that amplification by the negative control primer pairs
must be due to contaminating genomic DNA arisirgrfmonspecific binding to the
anti-FLAG resin.

The enrichment of Pr$pecific DNA could be verified by carrying out gPCR
(quantitative PCR) using a housekeeping gene as a control. However, as the results
obtained using the standard PCR were very comvinit was decided to go ahead with

the next step of library preparation.
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A prtlproForPCR and prtlproRevPCR plOTVfor and plOTVrev <«— Primer pair
H,0 IP CONTROL H,0 IP CONTROL <«— Template

L 9 18 27 9 18 27 9 18 27 L 9 18 27 9 18 27 9 18 27 <+ Cycleno.

bps

500
400

300
200—
100—

pFIrSfor and pFIrSrev ~ «— Primer pair

B H,0 IP CONTROL +—Template
L 9 1827 9 18 27 918 27 +—Cycle no.

bps

Figure3.9. Validation of IP and CONTR®&amples using PCR

(A)Agarose gel containirgamples taken after 9, 18 or 27 cyatd$ CRusing either noémplate,

IP template or CONTROL template with either positive control prirpgtproForPCRand

prtiproRevPCR160 bp product) or negative control primerplOTfor and plOTre{388 bp

product) as indicated(B) Agarose gel containingamples taken after 4,8 or 27 cyclesf PCR
using either no template, IP template or CONTROL template matfative control primers
pFIrSfor and pFIrSr€®93 bpproduct).
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prtlproForPCR and prtlproRevPCR <— Primer pair
H,0 H111 IP CONTROL+— Template

plOTVfor and plOTVrev «— Primer pair
H,0 H111 IP CONTROL +—Template
L 9 18 27 9 18 27 9 18 27 9 18 27 <«—Cycle no.

Figure3.10 Validation of IP and CONTROL samples using Pi@Radditional positive control
(A)Agarosagelcontainingsamples taken after 9, 18 or 27 cyoté$ CRusing either no template,
H111 boiled lysate|P template or ONTROLtemplate with positive control primers
prtiproForPCRind prtiproRevPCRL60 bp product)(B) Agarase gel containingsamples taken
after 9, 18 or 27 ayles of PCR using either no template, H111 boiled lysBtéemplate or
CONTROL template wittegative control primerplOTfor and plOTref888 bp product).
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3.2.8 Quality control of DNA samples librapyeparation

The DNA fragment size distribution and quality following sonication and ChIP was
assessed using the Agilent high sensitivity bioanalyser with the 2100 Expert software,
version 1.03. As shown in Figure 3.11A most DNA fragments are conceritedvesbn
600-1000 bp. All pairs of IP and CONTROL samples have a similar distribution, suggesting
that the experiment was carried out with in a consistent manner. Also, the number of
washes was increased in the second and third pair of experimental regdjcso the
samples are less concentrated. A representative image of a detailed sample assessment
has been shown for one of the samples (Figure B)1Range of DNA fragments sge
200-1000 bp with average size being 559 bp. The total DNA concentratie262.99
pg/> f

For sequencing the samples, they needed to be modified to enable them to be
read bythe sequencing platform. This waarried out in the DNA library preparation
procedure and employed the NEB Ultrall DNA library kit for the lllumina Solexa platform.
TRS aidSLla Ayg@2ft @SR Ay (GKA& LINR(G202f AyOf dzZRSR
FYR R! GFAfAy3ad | FiSN Kwascarridd But. Edcleshidiple A 3+ G A 2y
had a unique index number whiclvas used to recognise the readings from the
sequencing reaction. Aize selection step then followethichselectedDNA fragments
of appropriate size (average 500 bp) to be amplified by PCR to concentrate thecprod
A final purification step wacarried out after which samples were again checked fair th
concentration and size usirige Agilent high sensitivity DNA bioanalyser with the 2100
Expert software, version 1.03. After DNA library preparation, all samples were found to
have a normal distribution of DNA fragments with an average size of 50(0Fapse

3.12).
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Figure3.11.Quality assessmendf samplesbefore library preparation

(A) Agarose gellectrophoresis run summary showing distritartiof DNA fragments: L, ladder

(sizes shown in bpJanes 1 and 2, CONTROL anadmples from experiment 13 and 4,
CONTROL and IP samples from experiment 2; 5 and 6, CONTROL and IP samples from experiment
3. (B) Sizdistribution of DNA fragments: CONTROL1 and IP1 = CONTROL and IP samples from
experiment 1LCONTROL and IP = CONTR@ILRasamples from experiment 2, CONTROL and IP

= CONTROL and IP samples from experiment 3. (C) Electropherogram showing detailed sample
analysis summary of CONTROL sample from experiment 1, main parameters being concentration
and average size of DNA fragnts. Xaxis shows DNA size in bpafs shows signal intensity.
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Figure3.12.Quality assessmendf samples after library preparation

(A) Agarose gellectrophoresis run summary showing distritmriof DNA fragments: L, ladder;
lanesl and 2, CONTROL and IP samples from experiment 1; 3 and 4, CONTROL and IP samples
from experiment 2; 5 and 6, CONTROL and IP samples from experiment 3. (B5ti8izeion
of DNA fragments: sample 1 and sample 2 = CONTROL and IP samples from expeyamgie

3 and sample 4 = CONTROL and IP samples from experiment 2, sample 5 and sample 6

CONTROL and IP samples from experiment 3. (C) Electropherogram showing detailed sample
analysis summary of CONTROL sample from experiment 1, main parameteispegtration
and average size of DNA fragmentsxs shows time in secondsaXis shows signal intensity.
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3.2.9 Data analysis of Ch®q output: Quality assessment of sequencing output

Sequencingf the DNA libraryvas carried out usingn lllumina HiScan SQ at the
Microarray and Next Generation Sequencing Core Facility in SITraN, University of
Sheffield. The technician retrieved the data and converted it to a format which could be
used for downstream processes. Using the software Sequence An¥igsver (SAV),
the data files were analysed to check their quality. In Figure 3.13, the left hand panel
AaK26Ay3 OSNIAOFE O2f 2dzNBR o6F NER GKIF G NBLIN
quality metrics of the samples that were loaded on to the seqeendhe bar with
numbers to its right represents the indicated colours in these tiles.

W5 G0F o0& 0eoftSQ akKz2ga GKS ljdatAade 27
aF YL S RdAdZNAYy3 GKS Nlzys APSd Ay St ehgwsWOe Of
quality metrics per lane where one lane contained 6 samples. Foeo€2 distribution
plots help in identifying the number of reads based on agetermined quality score.

Only reads up to a certain quality score threshold (30) are included inrtakanalysis
(green bars). A Qcore heat map shows the-§gore distribution based on the cycles.
WwSlFR& YILIISR G2 AYRSE L5Q [ft26a 2yS (2
been read. This is carried out by the sequengeherefore, some sampleget more

reads than the other, although this is an unbiased random experimental occurrence.

| SNB ¢ AYyRSESa O2NNBalLRyR (2 c¢ al YLt Sas
for sample no 1 as shown in Figure 3.14. The dots on the plot indicate thataaiie

has been read. Various features on SAV allow the investigator to study quality metrics
like signal to noise ratio, error rate, % phasing, outliers, etc. based on tiles, clusters and
lanes. However, detailed explanations on these will not be giwsa kince it is beyond

the scope of this project. Therefore, only relevant plots have been shown in this thesis.
Overall, with the assistance of the trained technician at Meroarray and Next
Generation Sequencing Core Facilityas able to confirm thaall sequences were read

appropriately and were found to be of acceptable quality for data analysis.
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Figure 3.13Quality metrics ofreads from sequencer using SAV

The panel on the left representise flow cell chart showing colour coded intensitgricentration) of all samples. Top left graph shows sequencing data
by cycle plot. Bottom left plot shows sequencing data by lane. Top right plot skeser® distribution (quality threshold) of samples from lane 1 (6
samples), with the blue bars represamdi the outliers which were excluded in the final data analysis. Green bars represent data up to the quality
threshold, which were accepted in the final data analysis.
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Lane 1

v

Reads mapped to Index Id

53049686 |49185801 |93.4116

Total Reads PF Reads % Reads Identified (PF) CV = Min  Max

|0.3343| 11.4623|25.8073|

Index Number Sample Id Project

Index 1 (I7) Index 2 (I5) % Reads Identified (PF)

1 1 DefaultProject| ATCACG 12.923
2 2 DefaultProject| CGATGT 25.8073
3 3 DefaultProject| TTAGGC 15.2148
4 4 DefaultProject| TGACCA 13.0763
5 5 DefaultProject| ACAGTG 14.928
6 6 DefaultProject| GCCAAT 11.4623

Figure 3.14Quality metrics ofreads mapped to index using SAV
Plot of number of eads identified per index where each index is associated with one sample.
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As there were six samples (IP and CONTROL, 3 experimental repeats), which
were read in forward and reverse orientation by the sequencer, there were a total of 12
data files. The qality analysis for each of these files was found to be acceptable based
on the SAV analysis. Next these files (FASTQ format) were loaded on to the open source
RFGFE Fyrfeara az2fidol NS D!/ [! ., ¢KS FdzyOlAazy W
quality oftheir files based on some pi@etermined parameters. Although SAV was used,
the quality control parameters were also checked on GALAXY. Though all samples
passed most of the quality control checkpoints on GALAXY, some parameters were not
up to the mark. Havever, it must be noted that these are pdetermined by the
programme and they may not necessarily match the requirements of all experimental
designs. To choose only best quality data for further sequence analysis, the function
OFfft SR WCIalaANRP29BEMN 68y dzZBSER® 5FGF 61 &4 O2NNBO
filtering out those sequences that did not meet the expected duatetrics. Figures
3.15 to 3.20shows representative images of only one data fildorward run of
CONTROL sample from experiment nd.He quality control data for other samples are
shown in Appendix Il. A green tick at the title of the parameter suggests it meets the
expected quality, a yellow exclamation mark suggests that it may not fully meet the
guality requirements and a red crosspresents an error.

Firstly,basic statisticgives an overview of the file including information such as
GC content, length, file name and type and total sequenesbase sequence quality
gives a box and whisper plot showing the quality of sequefaresach base. Like the-Q
score distribution using SAV, this has to meet a minimum threshold, where it was 20 for
GALAXY and 30 for SAV. Next one can also Id@&ratequence quality scorewhere
the distribution of means of quality scores of all sequesibased on means of each base
quality is shown. As seen in Figure 3.15, most of this data was universally of high quality.
Per base sequence conteshows distribution of the 4 basesA, T, G, and C. In Figure
3.16 it can be seen that for this parameteyellow exclamation mark was received. This
is due to theBurkholderiacenocepacigenome being very GC rich (approximately 67%
GC content), the sequences tend to have a higher GC content compared to sequences

from many other genomes. However, it is imfzort that these lines are mostly parallel
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to the Xaxis since this suggests it is an unbiased library samae.sequence GC
content across all sequences should ideally be a normal distribution as represented by
the blue line. The red line shows the adtuhstribution for the samplePer base N

content shows if there are any uncalled bases in the libra®gquence length
distribution is a plot of the length of all the sequences. Figure 3.18 shows all sequences

in this library are 93 bases lon§equence Dplication Levelsshows how unique each

of the sequence is in the complete DNA sequence library. Most of the sequences have a
aS1dzSyO0S RdzLJX AOF A2y f S@St 2Cver epr&dentédS I y Ay
sequencesre also checked for by inspectingiify of the sequences make up more than

0.1% of the library. Figure 3.19 shows there were no over represented sequences in this
library. Adaptor content shows if there is excessive contamination from adaptor
sequencesPer tile sequence qualityepresents he quality based on each tile of the

flow cells.Kmer contentalso assesses uniqueness of sequences, but of sHerigth
(pentanucleotide) sequences. This did not seem to meet the expected standard, as seen

in Figure 3.20. However, this should not afféet data analysis since there were no over
represented sequences nor uncalled bases as well as an absence of contamination by

I RFLII2NA® ! fa2> dzaAy3d GKS WCIFadaNrR2YSND

represented Kmer content.
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@Baslc Statistics

C e e

Filename 1 ATCACG L001 R1 001.fastqg
File type Conventional base calls
Encoding Sanger / Illumina 1.9
Total Sequences 6356264

Sequences flagged as poor quality 0
Sequence length 93

%GC €5

@Dper base sequence quality

Quality scores across all bases (anger / lllumina 1.9 encoding)
HOHHEE

- -

36 [L] Tk
|
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Position In read (bp)

Figure3.15. Quality metrics of sequenced data using GALAXY (1)
Basic statistics anger base sequence qualiof sample no. 1 (CONTROL), forward run
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@Per sequence quality scores

Quality score distribution over all sequences
Average Quality per read
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Figure3.16. Quality metrics of sequenced data usiGALAXY (2)
Per sequence quality scores aper base sequenceontent of sample no. 1 (CONTROL),
forward run
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“/'per sequence GC content

GC distribution over all sequences

GC count per read
Theoretical Distribution
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Figure3.17. Quality metrics of sequenced data using GALAXY (3)
Per sequencdésC content and per basedsdntent of sample no. 1 (CONTROL), forward run
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@Sequence Length Distribution
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Figure3.18. Quality metrics of sequenced data using GALAXY (4)
Sequence length distribution and sequence duplication levels of sample no. 1 (CONTROL),

forward run
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@Overrepresented sequences
No overrepresented sequences

@Adapter Content

% adapter
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Figure3.19. Quality metrics of sequenced data using GALAXY (5)
Overrepresented sequences and adaptor content, of sample no. 1 (CONTROL), forward run
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Per tile sequence quality

Quality per tile
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Figure3.20. Quality metrics of sequencethta using GALAXY (6)
Per tile sequence quality and Kmer content of sample no. 1 (CONTROL), forward run
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3.2.10 Mapping DNA sequence reads using Bowtie to Buekholderia cenocepacia
genome to reveal Prtl binding sites
Once the FASTQ files of the forwaadd reverse run of one sampleere
uploaded on GALAXY, fast@Qalysisand fastgroomer was carried out. Thehe B.
cenocepaciaH111 chromosome sequencedNCBIGenBank accession noGH38370,
HG938371, and HG938312 FASTA formatas uploaded on GALAXYough Fiezilla
a crossplatform file transfer protocol (FTP) software which assists uploading large data
files. The groomed FASTQ uploaded files were mapped with the H111 genome using the
W, dZNNEBSEt SN ! ft AFGYSNI 6. 21 0 TBEANISISINISdzZRAY 14 Sij 2S5ty
LEfAIYYSYd YIFELI 6{!a0Q F2NXI i 'aAay3da GKS {!a 1z
O2y@SNISR (G2 W.AYINER !'ftA3yYSyd YILI 60.!avQ ¥F2N
stored and are compatible with almost all genome visualisation softsvas&quence
metrics were studied using the Picard tool on GALAXY and duplicate reads were
removed as required. Integrative Genomics Viewer (IGV) was used to map reads to the
Burkholderiacenocepaciagenome. IGV is a free and interactive genome visualisatio
software by Broad Institute of MIT and Harvard (United States) dedicated to map-micro
array, NGS based datasets and genomic annotatiBnsenocepaci&illl genome
(NCBIGenBank accession noGBEI38370, HG938371, and HG9383i 2asta formatwvas
uploadedon IGV and the BAM files were mapped to the genome. The number of
sequences aligning with a particular region on the genome were visualised, thus giving
peaks where a higher than average number of sequences align. Typically, due to
background DNA, somaghment is seen throughout the genome. However, where true
enrichment has occurred a sharp peak can be observed. In this way, data from the
remaining 5 samples was used to map on to Bheenocepacigenome. Using samples
1 and 2, as the CONTROL and I, & least a 108old enrichment in the region
between Prtl and the upstream gend% RS16285vas observed in IP as compared to
CONTROL (Figure 3.21). Strong enrichment was also observed at the region
corresponding to thertl ORF. However, as mentictheefore, this was expected due to
the fact that pSRKmMPrtkFLAG was present the cells. Therefore, the sequence

between the translation start and stop codons pftl should be considered as
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background noise. True enrichment has occurred for the regicaitdéal upstream from

the start codon ofprtl as this region was not present on the plasmid. Thiihinal

coding sequencef prtl was most abundantly represented and the abundance tapered

off towards the @erminal coding end of the gene as the peak isumulative effect

formed due to the combination of true enrichment peak + background contamination

by plasmid pPSRKmPrtkFLAG. In samples 3 & 4 (experiment 2) and 5 & 6 (experiment

3), at least a 4@old increase was observed for IP sample compared teegpective
CONTROL (Figure 3.22, Figure 3.23). This is because the number of wash steps was
increased for these pairs of samples. Finally, a manual scan around the genome did not
reveal any other apparent enrichments. This may suggest that Prtl hasrnlyireding

region on the genome.
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Figure3.21.Mapping DNA sequencegads tothe B.cenocepaciggenomeusing IGV(1)

Top panel represents CONTROL (experiment no.1) reads mapped to the H111 genome.
Bottom panel represents IP (experiment no.1) readppe to the genome. Numbers

on top of each panel represent base-aalinates on chromosome 1. Sequence counts

are shown in red. The location pitl (135_RS16290ndI35 RS1628&re shown in blue

block arrows.
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Figure3.22.Mapping DNA sequenceeads tothe B.cenocepaciggenomeusing IGV(2)

Top panel represents CONTROL (experiment no.2) reads mapped to the H111 genome.
Bottom panel represents IP (experiment no.2) reads mapped to the genome. Numbers
on top of each panel represent base-aalinates on chromosome 1. Sequence counts

are shown in red. The location pitl (1I35_RS1629andI35 _RS1628&re shown in blue

block arrows.
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Figure 3.23Mapping DNA sequencegads tothe B.cenocepaciggenomeusing IGV(3)

Top panel represents COROL (experiment no.3) reads mapped to the H111 genome.
Bottom panel represents IP (experiment no.3) reads mapped to the genome. Numbers
on top of each panel represent base-aalinates on chromosome 1. Sequence counts
are shown in red. The location pitl (135_RS16290ndI35 RS1628&re shown in blue
block arrows.
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3.2.11 Peak calling and motif identification

MACS is a tool on GALAXY that allows peak calling by comparing IP to CONTROL
and identifying a prd&R S G S NIy AfgldSeRrichhgn@The mvalue carbe set to 1640
depending on experimental requirements. This is particularly useful whenistyidyge
genomes such as the human genome. Once peaks are called, each of those DNA regions
can be studied to identify a common motif withthem using toolssuch as RSAT or
MEMEChip. They help identifynost conserved bases arate particularly useful to
identify promoter motifs.

However, Prtl was observed to bind ahbly one genomic location (section
3.2.10), further bioinformatics analysis was not carried aud it was decided to study

this promoter region by carrying out reportéusion assays.

3.2.12In silicoidentification of putative Prtl regulated promoters at thertl locus

Once the Prtl binding region had been identified by @lelPseq scanit was
decided to identify conservedmotifs by aligning the promoter region withthe
corresponding region of other species that harbgutl like genesFigure3.24Ashows
an alignment of the intergenic region betwegmtl and the gene located upstream
(135_RS1625) from B. cenocepaciawith the same region fromB. cepacia, B.
multivorans,B. pseudomalleiB. vietnamiensisB. ambifariaand P. fluorescensTwo
pairs of conserved motifs were evident which have been highlighted in the Figure 3.24.
Each pair was comized of a GGAATAA and CGTC motif separated by a 14 basepair non
conserved spacer that could be putativ85 and-10 regions, respectively, that are
putatively recognised for Prtl. The pair highlighted in green coolustitute the prtl
promoter whereasthe TTATTC@nd GACGnotifs, which correspond to the reverse
complement of GGAATAA and CGTC could bd3heRS1628%catalase) promoter,
highlighted in blue. Therefore, two divergently arranged-Bependent promoters may

be located in thd35 RS1628%rtl intergenic region.
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A

catalase(I35_RS16285

4—
B.ceno CATCAATGCACTCCCGATCGTCAGATCAGTCGAAG------- GCGCGTAGGACG
B.cepa CATCAATGCACTCCCGATCGTCAGATCAGTCGAAG------- GCGCGTAGGACG
B.viet CATGGATGCACTCCCGATCGTCTGATCAGTCGAAE------ - GGGAATAGGACG
B.ambi CATGGATGCACTCCCGATCGTCAGATCRGTCGAAEG------- AGGCATAGGACG
B.multi CATGAATACACTCCCGATCGTCAGATFCAGTCGAAE------- GCGCGTAGGACG
B.pseudo CATCGTGTACGCTCCCGACCGTCAGGTOEIEGAAE------- GCGCGTATGACG
P.flu CATGAAGGAACTCCAGGGCCAAAGGCCTTAGGGGTGAACATAAGGTCGEABIIATTAA
*kkk k ok * Kk k ok kkkk * Kk ok kkkk
B.ceno - CCGCCCGCGCCGUUATTCG-- ACGAAAAGTTTITT- CGTATGCTGGEBGAATAA
B.cepa - CCGCCCGCGCCGUUATTCG-- ACGAAAAGTTTITT- CGTATGCTGGEGAATAA
B.viet - CCGCCCGCGTCAUARTTCEG-- ACGAAACAATTITT- CGTATGCTGATGGAATAA
B.ambi - CCGCACGCGCCAUATTCG-- ATGAAGAAATITTT- CGTATGCTGAGGGAATAA
B.multi - CCGGCCGCCCGATATTCG-- ATGAAGAAATTTTT- CGTATGCTGATGGAATAA
B.pseudo GCCCGCCGCCGGTTATTCG-- ATCGAAATTTITTTGCGAACGE ATGGAATAA
P.flu AACG CCGATCCGCTBTTCCCGGGCCGTGGATTTATTTCCCAACABGEGAATAA
* k% * kkkkkk *k kkk k k k Kk kkkkkkk
B.ceno TCGATGCCGGCUABBI(CTACGCE GCATCCACGACCCTTTCGGCAACCGGCCCGGCC
B.cepa TCGATGCCGGCUB&I(CTACGCE GCATCCACGACCCTTTCGGCAACCGGCCCGGCC
B.viet GCGGTGCCGGGE@BEOTACCCG GCATCTCCACGCCTTTCGGCTIIHRICGGCC
B.ambi GTGGCGCCGACEBECCTACGCEG GAATCTCCACGCTTATCGGCTAGCGCCCCGGCC
B.multi CGGACGTCGACABEI(CTACGCE GCATCTCCAGGTTCCGGCAACGGTCCGGCC
B.pseudo CCGTCGGCGGC@&EIT CATGCATTGAATCCACGCCCACGACGGCCCCCGATCCGCCC
P.flu CCTTCAACGCCGCATOCTCTAG-- TCCCAGCG TAGTGACCCGCCAGACGCCC
B.ceno ATG
B.cepa e prtl (I35_RS16290
B.viet ATG
B.ambi ATG
B.multi ATG
B.pseudo ATG
P.flu ATG
B Porti: GGAGGAATAACGATGCCGGCABEI(TACGCGGCATCCA

Pcat CGAAAAAACTTTTCGBAATAAGCGGCGCGGGCGEEC TACGCGCGTTCGACAATGAT

Figure3.24.ClustalOmega alignmentor identification of putative Prtl recognition sequeces

(A) Intergenic region betweelB85_RS1628fatalasg andprtl from Burkholderia cenocepacia

was aligned with theorresponding region frorBurkholderia cepacia, Burkholderia nintrans,
Burkholderia pseudomlei, Burkholderia vietnamiensis, Burkhmié ambifaria and
Pseudomonas fluoresces K S & (i 2 LIcatdlasea ii re@ fént wWhile the start codon of

prtl is in magenta. Bases that are conserved at the corresponding position in all sequences are
marked with an asterisk. Putative pairs of diyent -10 and -35 promoter regions are
highlighted in blue and green. (B) DNA sequences that were hypothesised to forprtthe
promoter (Rw) and catalase(135_RS16285promoter (Rx) where the putative-10 and-35
regions are highlighted in green abtlie as in the alignment above.
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3.2.13 Construction of reporter vector pKAGd4 harbouring putative Prtl regulated
promoters

To test the possibility that there are a pair of divergent ¥dpendent
promoters located betwee35_RS1628&nd prtl that corsist of GGAATAA and CGTC
motifs, one DNA fragment containing the putatwel promoter and one DNA fragment
containing thecatalasepromoter were cloned into the transcription reporter vector
pKAGd4 gequences shown iRigure 3.24B)To do socomplementay single stranded
2f A32ydzOf algroFreSandlatigraRBe Q¥ WPgakorand PcatevQ ¢ S NB
annealed as described in section 2.2Bach of the resulting doubkranded
oligonucleotides were then ligated with pKAGd4 digested wvidihdIll and BanHl.
MC1061 cells were transformed with these ligations, the colonies were screened for the
presence of the plasmid with the desired insert using GoTag PCR with primers AP10 and

AP11 and the DNA sequence of the insert in the positive clones was confirmed.

3.2.14 Analysis of putative Prtl regulated promoter activity i&. coli and B.
cenocepacia

PSRKKmMPrt-FLAG was transferred 6. coliMC1061 containing each of the
reporter plasmids harbouring the promoter derivative. As a control, empSfgKKm was
USR® t NPEY2USNI I O0AGDAGE éghldctosdse éndyid dsays &
on cells growing undeconditions for induction of thelac promoter on pSR&KmM
(addition of IPTG) and under namducing conditions. Both DNA fragments were found
to contain ahighly active promoter in cells growing under inducing conditions in the
presence of PRHFLAG, where there seemed to be an approximately five to dadtit
increase in activity compared to the n@amduced condition (Figure 3.25). Also, it was
apparent that there was no promoter activity in the absence of Prtl in case,efaRd
Peat.

To verify if the native, uitaggedB. cenocepaciBrtl was capable of switching on
the putative promoters under standard laboratory conditions, initially, reporter

plasmids pKAGd4 harbouring the promoter derivatives were transferred iBto
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A

cenocepacidd111 by conjugationusing Siki7 | & | R2y 2 Nlgaadtdéidase/ | YR (KS
activity was measured. It was found that promotegsiRRnd Ra: were inactive under

normal growthconditions (i.e. in LB) which suggests that Prtl may be activated only

dzy RSNJ OSNIiF Ay WaliNXaatdzZ Q O&wdasnicsgnalias 2 NJ dzy RSN
Aa GKS OIF&aS T2NJ YI ye 9-KneEPrtFFLAE lar@ pSRehdEweré CA 3 dzNBE o @
then transerred toB. cenocepacih Mmmm O2y G AyAy 3 GKS NBELR NI SN LI
galactosidase activities were measured. Both promoters now were found to be active in

the presence of the plasmid expressiogl, though approximately 15 times less active

than inE.coli, whereas, there was no activity observed in the absence of Prtl. The results

support the idea that the conserved GGAATAABGTC motifs form the Putl

dependent promoters.
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Figure 3.25Activity of R and Ra in the presenceand absencef Prtl-FLAGN E.coli

pKAGd4 containing the indicated promoter derivatiwere each separatelyransferred to
MC1061 along with either pSHR#n or pPSRKmM-Prt-FLAG and promoter activity was measured
dza A y 3 -gdiaktdSidase assay where cultures were grown in LB with kanamycin and
chloramphenicol under IPTG induced and induced conditimti$ log phase Activities shown
were obtained by subtracting activity difie same straircontainingpKAGd4assayedinderthe

same conditiongbackground controlsBtatistical significance was determined by performing a
two-way ANOVA, with Tukeygosttest, **** = p<0.0001(n=6).
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Figure 3.26 Activity of > and R« in the presenceand absencef Prtl-FLAGN B. cenocepacia
pKAGd4 containingel? or P.a;, as indicated, were each separatéignsferred toH111 either on

their own a along withpSRKKm orpSRKKm-Prtl-FLAG anthe promoter activity was measured

dza A y 3 -gdlaktdSidase assay where cultures were grown in LB with kanamycin and
chloramphenicol under IPTG induced and induced conditions. Activities siieveobtained

by subtractingthe activity of the same strain pKAGddssayedunder the same conditions
(backgrounccontrols).Statistical significance was determined by performing aivay ANOVA

test, with Tukeygosttest, **** = p<0.0001(n=6).
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3.2.15 Construction bplasmids expressing native Prtl

Plasmids expressing the native (i.e. untagged) form of Prtl were constructed to
study the activity of putative PHAlependent promoters to verify that the céivity
2001 AYSR 6AGK GKS C[! D F 33SR-range plasdid, 2 NJ &
pBBR2 was used to express PpBBR2can constitutively expressprtl when cloned
downstream from thelacZpromoter when present in aik. coli strain lacking thdac
repressor, such as MC1061, orBncenocepaciaMoreover, the constitutive promoter
of the kanamycin resistance gene augments the expression of the cloned gene from the
lacpromoter. Theprtl gene was amplified separately with two different forwardnpeirs
PrtiforA and PrtiforB, but the same reverse primer, Prtirev, cut Witkllll andBanHl,
and ligated to pBBR2 cut with the same enzyme. This generated two pBBR2 derivatives
expressedrtl that differed with respect to the UTR located upstream of ping start
codon. The PrtlforA primer was designed such that the amplicon contained the putative
prtl promoter and Shindalgarno sequence giving rise to pBBR2 while PrtlforB
omitted the prtl promoter and contained an improved Shidalgarno sequence
generatingpBBRE NIiL60 60 ® Ly o620K OlFasSa GKS pQ Sy
stop codon which could terminate redtirough translation ofacZinto the cloned DNA.
JM83 cells were transformed with the ligations and then the colonies obtained were
saeened by using M13for and M13rev primers. Plasmid clones with the expected insert
were checked for their overall size (pBBR2 = 5.667 kb and pBBR2tI(b) = 5.654 kb)
by agarose gel electrophoresis and the DNA integrity was confirmed by nucleotide

sequencing.

3.2.17 Analysis of the activity ofpRun, P, and Ratin the presence and absence of
native Prtl inE.coli
pKAGd4 derivatives containin@rurui, Porii, and Ratwere transferred to MC1061
cells along with either pBBR2tl or pBBRPrtl(b) or empty vector pBBR2. The
LINEY2GSNI I OGA@AGe 4 a Gdgalscosiddss assayaNSIRhreé & L

promoters were significantly active in the presence of either plasmid harboyoritig
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whereas strains containing empty pBBR2 vector exHtbite2 y £ @ o6 O] IR dzy R

galactosidase activity (Figure 3.27). Except far, &I the promoters were at least two

fold more active in the presence of pBBR2l as compared to pBBR2tI(b). Overall,
these results were consistent with the activitiebtained under the conditions used to
carry out the ChHBeq experiment and they confirm conserved motifs
GGAATAA(NMCGTC to be the promoters that Prtl must be recognising. This suggested
that Prtl might regulate at least two gend85 RS16285a predcted catalase, along
with transcription of the gene itself. This also suggested that Prtl might have role in

oxidative stress response, as it regulates a putative catalase.

30000 EZ T Fxkk o

I****I | ****I I****I

20000+

10000

[B-galactosidase activity (Miller units)

Strain

Figure 3.27Activity of Pyritur, Porn @nd R in the presenceand absencef native Prtlin E. coli
pKAGd4 containinBuritun, Pori @and Raas indicated, were each separatéignsferred toMC1061
either on their own omlong withpBBR2, pBBR2rtl or pBBRPrtl(b)and promoter activity was
measured @ A Yy 3 -galakt&sidase assay where cultures were grown in LB with kanamycin and
chloramphenicol. Activities showmere obtained by subtractinghe activity ofthe same strain
containing pKAGd4assayedunder the same conditions(background control). Statstical
significance was determined by performingre-way ANOVA test, with Tukeysosttest, ****
=p<0.0001(n=6).
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3.3 Systematic study of the DNA sequence requirements for promoter recognition by
Prtl
& | Lz | (PklbiSates trafstriiiarByNdtognising key DNA bases

at its target promoters and makes contacts with them. In order to study the specific DNA
oFasSa GKFG YAIKG 0SS Ay@2ft SR Ay LINRY2G SN
pair substitutions were introduced at key positowithin Bw. Py is a 28 bp derivative

that is active in the presence of Prtl suggesting that it might constitute the minimum
sequence required for recognition Prtl. The nucleotide sequence alignment of the
catalaseprtl intergenic region (Figure 3.04 NB @S f SR 1S@& ol aSa WL
which were conserved across different related species suggesting that they might form
IK®p® -y MNBY2UGSNI NBIAZ2YAad ¢CKSNBF2NBI
making a series ofpRd promoter derivatves with single base substitutions within and
adjacent to the predicted35 and-10 promoter regions and measuring their activity in

the presence of Prtl.

3.3.1 Construction of plasmids harbouring single base substitutgg promoter
derivatives

Initially, 15derivatives (dsl to ds15) opPwere designed as shown in Figure
odbHy! ® ¢2 YI1S WSEGNBYSQ adzmadAiildziazyasx
that it does not pair with andice versaTherefore, a guanine was replaced by thymine
andvice versaand cytosine was replaced by an adenine wicd versaUp to one base
on either side of the predicted35 and-10 regions were chosen to determine the
promoter limits of the core elements. Appropriate complementary oligonucleotides
6SOPIOMPRINIRL A K& Wt LINIARAMNBZQ F2NJ Ramo ¢S
plasmid pKAGd4 between th&ndlll andBamHI restriction enzyme sites. Positive clones

were checked for their sequence integrity.

3.3.2 Analysis of DNA sequence requirements fioomoter utilisation by Prtl
Each pKAGd4 derivative harbouring a single base substityieddiant was
transferred toE. coliMC1061 along with pBBR2tl and the activity was measured by
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performing | -galactosidase assays (Figure B28In the predicted-35 region of
GGAATAA, base substitution at each of the first six positions (GGAATA) significantly
affected the promoter activity. However, the largest effect on promoter activity
occurred when the seond G and first A (positions 2 and 3 of the motif) were substituted.
Substitution at position 7 of the predicteeB5 element also caused a decrease in
promoter activity, but the promoter remained very active (75% of WT). When single
base substitutions wer introduced at the base positions immediately upstream and
downstream of the GGAATAA motif there was no effect on promoter activity at the
upstream position. But, substitution of the T residue, located adjacent to position 7 of
the -35 motif caused an appximate 40% decrease in promoter activity suggesting that

it might be an important base even though it is not part of the conserved GGAATAA
motif. The next base downstream of the T (the C at position 10 of the promoter), was
therefore substituted. The amtity of this promoter mutant was measured and was
found to be similar to that of the WT. At the predictekD promoter region, substitution

at the G, T and C bases of the CGTC motif exerted severe reduction in promoter activity,
with the T base being exmely important as the promoter activity was completely
abolished when it was substituted. However, substitution of the C base at first position
of the CGTC motif did not cause a significant reduction in promoter activity. Overall,
these results suggest @ah GGAATANd GTC motifsnay constitute the-35 and -10
regions, respectively. Theases G, Ain the -35 region and basé& in the-10 region
(positions 3, 4 and 25, respectiveigjght bethe most importantfor efficient promoter

utilisation.
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WT: GGAGGAATAACGATGCCGGCABBI(CTACGCGGCATCCA
dsl GGAIGGAATAACGATGCCGGCABGI(CTACGCGGCATCCA
ds2 GGAGGAATAACGATGCCGGCABBI(CTACGCGGCATCCA
ds3 GGAGHRAATAAT CGATGCCGGCABBI(CTACGCGGCATCCA
ds4 GGAGE@ATAATCGATGCCGGCABBI(CTACGCGGCATCCA
ds5 GGAGGATAATCGATGCCGGCABBI(CTACGCGGCATCCA
ds6 GGAGG TCGATGCCGGCUBBI(CTACGCGGCATCCA
ds7 GGAGGAABATCGATGCCGGCABBI(CTACGCGGCATCCA
ds8 GGAGGAATRTCGATSCCGGCCEGITICTACGCGGCATCCA
ds9 GGAGGAAT. GATGCCGGCABBI(CTACGCGGCATCCA
ds9.1 GGAGGAAT. GATGCCGGCCGGICTACGCGGCATCCA
ds10 GGAGGAATAACGATGCCGG TCTACGCGGCATCCA
dsl1 GGAGGAATAACGATGCCGGC (CTACGCGGCATCCA
ds12 GGAGGAATAACGATGCCGGC CCTACGCGGCATCCA
ds13 GGAGGAATAACGATGCCGGC TACGCGGCATCCA
dsl14 GGAGGAATAACGATGCCGGC CTACGCGGCATCCA
ds15 GGAGGAATAACGATGCCGGCUBGI@TACGCGGCATCCA

B 1501

Relative promoter activity (%)

WTGGGAATAATCGATGCCGGCCGGCGT(I:C'i'
A A A A AAAAAAAAAAAAAAALAALAAAAAAADLD
1234 56 7 8910111213141516171819202122 23242526 27 28

Base position within P,y

Figure 3.28. Identification of the-35 and-10 promoter elements of a Pritlependent promoter:

(A) R promoter substitution derivatives to determine the most important bases for recognitionoly P
Highlighted in geen are the predicted-35 or -10 regions. Highlighted in red is the extreme base
substitution in each promoter derivative. (B) pKAGU4 and pKAGH®Pords1 to pKAGALorids1s were

each separately transferred to MC1061 along with pBBRRand promogr activity was measured using

i K Sgalactosidase assay where cultures were grown in LB containing kanamycin and chloramphenicol.
Activities shown were obtained by subtracting the activity of the same strain carrying pKAGd4 assayed
under the same conditizss (background control). Numbers underaXis refer to positions of bases
described in the textThe activities are represented as the relative percentage assuming the activity of
Pprtl was 100% (black bar). Where a substitution caud@8o reduction in divity relative to the WT
promoter, the activity bar is shown in dark yellow.
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3.4FUZZNUC based promoter search in other bacteria

A FUZZNUC software based search URiagjte patterns was carried outnathe
Burkholderiacenocepacigenometo identify bianformatically whether Prttependent
promoters existed anywhere else in the genome. Based on the identification et@he

and-35 promoter regions, the following Prosite pattern was used in the search:
GGAATA(16) BTC

Unlike BLAST, this searchtoolaiow dzda S 2F Wb Q 2NJ o6l asSa GKI G OFy
should be included and bases that have to be excluded. However, other thamrtthe
and catalase promoters no other relevant matches were obtained. One additional
match was identified on chromosome Rcated between two genes encoding a
peptidoglycan associated outenembrane protein and @utative dihaem cytochrome
G553. This regiodid not seem to cotain a promoter for either genas the predicted

-35 and-10 motifs were present downstream of théop codons for both genes.
Moreover, this region was not identified as a Prtl binding site in the-6ddscreen. As
gene clusters that are highly homologous to Becenocepaci&®ytb56L-cat-prtl-prtRQ
gene cluster are present in other bacterial genemgluding Pseudomonasand
Xanthomonas FUZZNUC was used to screen for-dReflendent promoters. As an
example,Pseudomonas fluorescemgnome was scannedsing the Prosite pattern
GGAATHN(16)GTC, which gave two expected hits corresponding tgthieandcatalase
promoters, but no additional matches were obtained. Nevertheless, this pattern can be

used in other organisms to search for potentially novel promoters.

3.5 Genetic analysis of the role of Prtl

In the secondapproachto identify the role of Prtlit was decided tanvestigate
the phenotypic effect®f deletingprtl andprtR. In order to avoid polar effects)-frame
markerless deletion mutants B. cenocepacidl11strain were constructedBased on
current literature, Prtl orthologues in othdracterial species have roles in protease
regulation, biofilm formation, surface motility etc., as described in section 3.1. Based on

the results described in section 3.2 it was evident that Prtl regulated the gene upstream
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of prtl, i.e. 135_RS16285whichis predicted to encode a catalase enzyme based on
BLASTP analysis of the encoded product. Hence, the objective of constructing deletion
mutants was particularly to observe the effects of oxidative stress amongst the above

mentioned phenotypes.

3.5.1 Congtuction of aprtl in-frame deletion mutant

Four SOE PCR priménsidelA PrtldelB PrtidelCand PrtideIDwere desgned as
described in section 2.2.102dz0OK G K & Ww! . Q hat@&uddd thefissp 06 LJ
six codons oprtl, the UTR located upstaen ofprtl and a segment of the catalase gene,
while CD generated a 548 hgoduct that included the last six codons pftl. In a
subsequent PCR, using the AB and CD products as template with A and D primers, a final
product of 1073 bp was generated, suittat 162 codons of the central region pftl
(total gene length 174 codons) was deleted. This product was cloned into X &8
pheS between BanHI and Hindlll sites and its integrity was confirmed by DNA
sequencing. In this plasmiti¢ pheSgene is undr control of a promoter that does not
allow cells to survive in the presence of chorophenylalaniime resulting plasmid was
transferred to the E. coliSM10 donor strain and subsequently delivered Bo
cenocepaciaH111l by conjugation. As pEXIBTerpheS cannot replicate inB.
cenocepaciaelection of exconjugants on medium containing trimethoprim allows for
identification of recombinants in which the plasmid has integrated into H111 genome.
CKAA Il OSA YNRSENT 01X awO202 v i | & il ds wellzag tke (1 K S
deleted version of the gene. This was confirmed by carrying out a PCR screen using
vector specific primers pEX18Tpfor and pEX18Tgusing the chlorophenylalanine
based countesselection technique, cintegrates were streaked orM9 medium
containingchlorophenylalanine. However, several attempts did not give rise to mutants
and the selection wasconcluded to be inefficient due to a possibdgaky promoter.
Hence, an alternate mode of selection was used with a modified plasmidi %18
TpTerScelpheS(Fazli et al., 20154. Spiewak, 2015, unpublished). Here, thasmid
contained an-IScel meganuclease restriction site. Therefore, once the PCR fragment AD

containing theprtl deletion allele and flanking sequences was cloned into pEXI&r
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ScelpheSbetweenBanH| andHindlll sites, and its integrity confirmed, tipdasmid was
transferred into B. cenocepaciddl1ll by conjugation. Putative -tategrates were
screened as before using pEX18Tpfor and pEX18Tprev. Next, plasmisgeDAvhich
expresses the-$cel meganuclease, was conjugally transferred to-iategrate, where

the I-Scel enzyme was expressed resulting in the introduction of a detidiaded

break at the iScel site located at thartl locus in chromosome 1. Repair of the break by
homologous recombination gave rise to either Wpdt deletion mutants & shown in
Figure 3.29. Colonies that lost the integrated pEXp8erScelpheSplasmid were
selected for on medium containing tetracycline and were PCR screened using primers
Prtloutfor2 and Prtloutrev2 that anneal to genomic sequences outside the region

complementary to primers A and D. As a control, a WT colony was used as template

GKAOK | YL ATASR I LINE Rpyéve @sd&to aptoductof 119 ¢ K SNEB |

kb (Figure 3.30A). The mutant was streaked 0.1% chlorophenylalanine madimés
to remove pDAIScel. The selected mutant wassteeaked 23 times on rich medium
to purify it and streaked out on M@glucose agar for medium term bench storager
carrying out complementation experiments, pBBR& constructed in section 3.2.13

was to beused.

3.5.2 Construction of @rtR in-frame deletion mutant

Two pairs of SOE PCR primepstRdelA and prtRdelB,and prtRdelCand
prtRdelD)were used separately to amplify genomic H111 DNA using Q5 polymerase to
give produts of 523 and 553 bp in lengtthat corresponded to regions located
upstream and downstream @iitR> NB a LISOGA GSted Ly (GKS aSO2yR
were used as template in equimolar concentration with A and D as primers, the final
product was 1076 bp, with 239 codons of the cehteggion ofprtR (total 253 codons)
deleted. This DNA fragment was cloned into pEXABerScelpheSCm (a derivative of
pEX18TpTerScelpheScontaining a Cfselection marker) between th8anH| and
Hindlll sites and the integrity of the cloned DNA waedted by nucleotide sequencing.
PEX18TpTerScelpheSCmnprtRwas transferred to H111 by conjugation usiggcoli

SM10 and recombinants containing chromosomally inserted plasmitegrates were
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selected for on medium containing chloramphenicol anch&ihoprim and confirmed

by PCR screening using primpiX18Tpfor and pEX18Tprev. Following this {82Al

was introduced into a cmtegrate strain and exonjugants were selected on medium
containing tetracycline. These should have lost the chromosorragrated plasmid

due to recombination that repaired the double stranded DNA break caused byStel |
enzyme. Colonies where excision of the plasmid had resulted in exchange @ttfhe
deletion allele for the WT allele were screened for by PCR witheps prtRoutfor and
prtRoutrevthat anneal to genomic sequences outside the region complementary to
primers A and D. The efficiency of mutant generation by this technique is usually 1 in 10

in our experience. However,@tR deletion mutant was obtained wth an efficiency of

1 in 100. This might suggest that deleting the putative-anti T O 2 NJ ISy S YI &
t NIL O2yadAddzia@gSte FOGADBGSE GKSNBoe YI A
small colonies which were overlooked during the screening process. As seen in Figure
3.30B WT (H111) used as a template gave a productaif Bps while H11-pprtR used

as a template gave a product of 1304 bps.
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pEX18-TpTer-Scel-pheS | 1-Scel

< X |< Y |< z - wrT genome

l First crossover (integration)

(XK oK K

pDAI-Scel-pheS
[ I-Scel A \
K

|
‘/\‘ Second crossover (excision)
—< X z — —< X |< v |< 7

mutant wT

Figure3.29 Schematic repremntation of mutant construction using pEX18TpTF8celpheS

SOE PCR was used to amplipNAfragmentK F Nb 2 dZNAy 3 (GKS RSWw8diAzy 3ISyS:>
FEFryYy1SR 060& xpnn oL 2F 5b! 2y SAOKSNI amiRS O0KSNB NB
cloned into pEX18pTerScd-pheS Following introduction int®. cenocepacjdhe plasmidcan

only be maintained by integratioimto the chromosoméyy homobgous recombinationgiving

rise to two versions of gene ¥WT andn , @ ! T34 SNJ A BdehRRdaGHeyed LI5! L

integrate strain, a cut was introduced at theSkel site, allowing a second homologous

recombination to occur which rescues the bacteriubepending upon the site of the second

recombination event, either WT version or deleted version of the gene was retained.
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Figure 3.30. PCR screening of candidate Hiftfl and H11hprtR mutants

(A) PCR screen of candidate Higrtl mutants #4, #8 and #9 using primers Prtloutfor2 and
Prtloutrev2; L = GeneRuler DNA mix; WT = H111 boiled lysate used as template. (B) PCR screen
of candidateH11InprtR#19 using primers PrtRoutfor and PrtRoutrev; L = GeneRuler DNA mix;

WT = H111 boilelysate used as template.
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odpdo [/ 2YAGNHZOGA2Y 2F | pdRnmutadA R FT2NJ O2YLJX SYSy

To make a plasmid that could complement Hi1dttR, in case any phenotypic
effects associated with deletion @frtR were due to polar effects of the lesiar an
adventitious event that occurred during construction of the mutant, the PR gene
was cloned into pBBR2. Using primBreRforand PrtRrev prtR (793 bp) was amplified
with its native promoter and ligated to thidindlll andXbd sites of pBBR2. €lsize of
the plasmid (5.907 kb) and sequence integrity of the cloned DNA was confirmed and the
plasmid (pBBRPrtR) was transferred to H14iprtR by carrying out conjugation using

S1%1 as the donor strain.

3.5.4 Effect of deletion oprtl or prtR on bacterial growth under normal conditions

To assess whethertl or prtRwere required by cells under standard laboratory
growth conditions, ligid cultures were grown and optical density was measured as
described in section 2.1.4. Additionally, the efficiency of forming colonies was
investigated. As shown in Figure 3.Bit] andprtRdeletion mutants grew similar to the
wild type and also formedolonies with similar efficiency to that of the wild type.
However, it was also observed that thprtRmutant occasionally faned different sized
colonies though this was not consistent. The underlying mechanism attributing to this
was not fully investigated. However, it was hypothesised that deletion of the anti
FLOG2N) YI RS O 8eftd Patl bairfg koBKit(itivedy activ@ A O1 Q R
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Figure3.31 Effect of deletion ofortl and prtR on growth under normal conditions
(A) Growth curves of WT (H111), Hiidrtl and H113ipprtR in LB, n=9. (B) Representative
image of serially diluted log phase cultures of WT (H111), fpitl and H113pprtRgrown in

LB at 37C were plated on LB agar.
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3.5.5 Effect of deletion oprtl or prtR on bacterial growth under oxidative stress
conditions

The Chleq and reporr plasmid fusion analyses showed that Prtl regulates
the gene located upstream qirtl, i.e.135_RS1628935 RS1628 predicted to be a
catalase based on genome sequence annotation (BLASTP search). Therefore, it was
decided to study the effects qirtl and prtRdeletion on the ability oB. cenocepacito
respond to oxidative stress. Initially hydrogen peroxide was used as an oxidant and a
variety of different experimental designs were tested to optimise the assay.

In the first method, bacteria were gwm in LB containing different
concentrations of KD, (0, 2.5, 5 and 10 mM), and the growth was monitored hourly by
measuring the O&o. As seen in Figure 3.32A there was no significant difference
between growth rates for WT an LINThis could be attribied to other antioxidant
mechanisms present in cells that help bacteria survive under oxidsttiess thatmight
have been constantly released as the bacteria continuous to grow. Subsequently, the
rate at which hydrogen peroxide could kill bacteria withanlimited time was
Ay@SaitAdariSRe ¢KAAa WIAftAYy3d OdzNBSQ 61 & OF NNRS
Ay aSO0A2ya HoOoyodmM YR HOYDPHD ¢KS Wun YAydziSQ
H>O, during which samples of the cultures were seriallytddl and spotted on LB agar
(section 2.8.1) (data not shown). Killing curves as described in section 2.8.2 were carried
out using 5 mM, 7.5 mM and 10 mM® to identify appropriate conditions to generate
a killing curve for the WT (data not shown) wher® M was found to be the optimum
concentration. However, deletion girtl did not have significant effect on bacterial
survival in liquid culture under oxidative stress as compared to WT (Figure 3.32B).

Further, the techniques that tested the effect okidative stress on bacteria
growing on an agar based medium were investigated. Two different methods were
employedc the first one included the oxidant within the agar, onto which serially diluted
bacteria were spotted, as described in section 2.8.3. Tenal concentration was first
empirically determined, however, this technique produced variable results giving very
high error bars and was decided to not be used (data not shown). In the second

approach, bacteria in soft agar were overlaid on standas@t gtates onto which a filter
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disc, containing the oxidant was placed. During overnight incubation the oxidant diffuses
and creates a zone of growth inhibition (section 2.8.4). In addition to hydrogen peroxide,
effects of the oxidants sodium hypochloritanethyl viologen and terbutyl
hydroperoxide were also tested. In each case, the optimal concentration was first
empirically determined (data not shown). This technique was found to be reliable as it
produced similar results each time and was fairly easyédrform. Using the above
technique, it was found that thpprtl andnprtRwere similarly sensitive to the oxidants

a4 GKS 2¢ O6CA3IdzNBE odoo YR odonv datiKSas
factor pair, PriPrtR, may not be involved in aoxidative stress response iB.

cenocepacia
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Figure3.32 Effect ofperoxidestress onthe B. cenocepaciaprtl mutant

(A) Representative growth curves of WT (H111) and Hhptd in LB containing ®.5, 5 or 10
mM HO; grown at 3PC aerobically. (B) Killing curve of WT (H111) and J{11LINGi LB
containing 7.5 mM kD, at 37C.
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Figure 3.3. Effect of oxidative stress due to deletion pftl

(A)Representativémages oplates showing zone of inhibition assay to measure sensitivity to
different oxidants. In each cagep filter disccontairns oxidant and bottom filter disc contaén
water. Top horizontal panglrepresentWT (H111), bottom pangkepresentH11nprtl. Vetical
panels from left taight represent oxidants #,, methyl viologen, sodium hypochlorite and tert
butyl hydroperoxide(B) Quantiitationof the zones of inhibition for WT (H1113ndH11Enprtl.

I a0 dzReStymvasicried out to determine statistil significance, s not significant, (n =
9).
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Figure 3.3. Effect of oxidative stress due to deletion pftR

(A) Representative images of plates showing zone of inhibéssay to measure sensitivity to
different oxidants.Top horizontal panslrepresenWT (H111), bottom panglrepresentH11%
nprtR ¢ filter disc containga) sodium hypochlorite (b) B (c) tertbutyl hydroperoxide (d)
methyl viologen (e) ¥D.. (B) Quantiftationof the zones of inhibition for WT (H111andH111
npriRd 1 & (-wxRvEay dardied oufi to determine statisticgignificance, ns not significant,
(n=5).
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3.5.6 Effect of deletion oprtl or prtRon protease activity

The P. fluorescensPrtl orthologue plays a role in extracellular protease
production as described beforeTo assess the role of the Prtl system aotgase
production inB. cenocepacié plof bacterial culture (O8o= 1) was spaéd ond-BHI
agar(2.1.2)and incubated abne of the following temperatures 25, 30, 37 or 4ZC
overnight to allow formation of clear zones around the growth due to pregéeactivity
No protease activity was seen at®®5for any strains. H13iprtl consistently formed a
clear zone of similar size to that of the WT (H111) at 30, 374a*d However, H111
nprtRgave slightly smaller zones, although this difference was esubtlis may be due
to H11XnprtRbeing unstable and forming different sized colonies as seen before. It was
obvious that the density of growth of thgrtRmutant was less than that of the WT and
H11Xnprtl which was perhaps the reason for the slightly derazones of casein
hydrolysis. To determine whether this difference was complementable, pBBR2 and
pBBRZPrtR were each transferred to H1:-pprtR by conjugation using Si¥7 as donor
cells. However, it was observed that even in the presenget8f the nprtR mutant still
continued behaving as it did in the absencepdR Importantly, protease activity was
not abolished for either of the mutants at any temperature in contrast to the studies
with Pseudomonassuggesting that Prtl and PrtR do not have rolesregulating

protease activity irB. cenocepacia
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Figure 3.35. Effect of deletion of prtl and prtR on extracellular protease productiomBbgenocepacia
5 ul of bacterial culture (Qfy= 1) was spotted on-BHlagar and incubated overnight slu that a clear zone of inhibition formed around the growth.

Top row with panels A, B, C anth&s H111 (WT) on top, H1:pprtl on bottom right and H11-hprtRon bottom left.(A) 23C (B) 38C (C) 31T (D) 42C.
Bottom row wth panekE,F andG has H111 (WT) on top, HiagrtRpBBR2on bottom right and H11-hprtRpBBR2PrtRon bottom left. (E) 38C (F)

37°C (G) 4%C.
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3.5.7 Effect of deletion oprtl or prtR on bacterial motility and swarming

The effect of deletion oprtl or prtRon motility and swarming were determined
as described in section 2.7.3. DeletionpofR seemed to result in small reduction in
surface motility and swarming, however this was not statistically significant (Figure 3.36
A-C). This may be related the san§ LINE LIS NIpRRthatFivek nsetm yariable
colony sizes. It was overall concluded that both Prtl and PrtR may not have a role in

motility.

3.5.8 Effect of deletion oprtl or prtR on biofilm formation

It wasinvestigated whether deletion girtl or prtRaffected the ability of bacteria
to form biofilms using the technique described in section 2.7.4. WT (H111); i1l
and H11linprtR formed biofilms with similar efficiency as shown in Figure 3.36D.
Therefore, it was concluded that deletion mftl and prtRmay not play a role in biofilm

development.
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Figure3.36. Effect of deletion ofprti or prtr on motility, swarming and biofilm formatio:

(A) Representative images of motility agar inooetatvith WT, H11hprtl or H11:nprtR. (B)

Representative image of swarming agar inoculated with WT, ipitl or H11tnprtR. (C)

Quantification of zones of motility/swarming of the WT, Hifdrtl or H11XnprtR A oneway

ANOVAs A UK | ¢dzl S&Qa LI a leteriniBesstatistizdl signif@andeNds S fot 2 dzii G 2
significant, (n=6). (D) Representative images of WT, ipitl or H11pprtRbiofilms stained

with crystal violet.
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3.5.9 Effect of deletion oprtl or prtRon EPS production

In order to studyexopolysacchadle production a medium which allowed
mucoid colonies to formwas required A previously developedP 9 t { YSRA dzY Q
Farmer and M.S. Thomas, unpublished) which was basedghmtamateglycerol M9
minimal salts medium containing glutamic acid as nitrogeurce, glycerol, and at a low
pH was employed. EPS medium was varied to nature and concentration of components
to optimise the production oB. cenocepacialrhese included nitrogen source, pH and
growth temperature as shown in Table 3.1. The effect ofdh®unt of glycerol and
phosphate concentration were not tested. Two different strains were testeld11 and
715j. Increasing pH, increasing concentration of glutamic acid or changing the nitrogen
source caused a decrease in production of EPS for bo#instrit was found that
medium containing 1.69%dlutamic acid, at pH 6.0 or 6.5 and grown at@G@vas found
to be the most effective for development of mucoid colonies for H111 strain whereas
for 715}, most mucoidy was obtained when the medium contaidegP% Lglutamic
acid, at pH 6.0 and bacteria were grown atG7

H111, H11l4nprtl and H113ipprtR were streaked on EPS medium in biological
and experimental triplicates. While H111 and Hifdttl formed the same type of
mucoid colonies, H11fprtRseemedto give either mucoid colonies, like the WT, or a
mixture of both mucoid and smaller, less mucoid colonies. Sometimes, only smaller less
mucoid colonies were formed (Figure 3.37). The instability of the HipitRphenotype
may be the result of the constitil A S F QG AGAGe 2F tNIL 6KAO
as described earlier (section 3.3.4). To assess whether the altered mucoid phenotype
was due to the loss gbrtR, H11nprtR containing pBBR2 expressipgR was also
streaked on EPS medium.

H11:pprtRpBBR2 and H1tiprtRipBBR2PrtR gave rise to mucoid colonies
similar to the WT. Since H1JprtRpBBR2 should give the same phenotype as H111
nprtRit was concluded that the mixed colony phenotype might be caused by secondary

site mutations, and that PR does not have a direct role in regulating EPS production.
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Table 3.1. Optimisation of medium for EPS productionBycenocepacia

% nitrogen Temperature 715j H111
Nitrogen source source pH °C mucoidy | mucoidy
L-glutamic acid 0.169 5.0 37 +++ +++
L-glutamic acid 0.169 5.5 37 +++ +++
L-glutamic acid 0.169 6.0 37 ++++ ++++
L-glutamic acid 0.169 6.8 37 +++ +++
L-glutamic acid 0.169 7.5 37 -- -
L-glutamic acid 0.169 8.5 37 -- -
L-glutamic acid 0.5 6.0 37 -- -
Tryptophan 0.169 6.0 37 - --
alanine 0.169 6.0 37 ++ {Hr
proline 0.169 6.0 37 4 +
lysine 0.169 6.0 37 + +
ammonium chloride 0.169 6.0 37 -- --
Aspartic acid 0.169 6.0 37 ++ A
histidine 0.169 6.0 37 +++ AF
L-glutamic acid 0.169 6.5 37 ++ ++
L-glutamic acid 0.169 6.0 30 +++ ++++
L-glutamic acid 0.169 6.5 30 +++ ++++
L-glutamic acid 0.169 6.0 25 -- +
L-glutamic acid 0.169 6.5 25 -- +

To make Exopolysacchiri@@PS) producing media the following components to the final concentrations of 0.169 % glutamic acid (sodium salt), Be&ép 0.daml
MgS04.7H20 (10 % w/v), 0.1 ml CaCI2.6H20 (22 % w/v), 0.1 ml K2HPO4.3H20 (22 % w/v) were ad@editeddidjusng the pH, the final volume was adjusted

to 99 ml. A final concentration of 1.5 % agar (Oxoid) was added prior to autoclaving. 50% sterile glycerol solution dves adidal concentration of 1% to the
medium and poured into sterile Petri disheSoroptimisation, variations in one or more components were made in the recipe. Each row represents the modification
made at a time and the mucoidy obtained for the strains. key. non mucoid; +, ++, +++, ++++ = increasing amounts of mucoidy
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Figure3.37. Effect of inactivation of prtl and prtR o&EPS production bi. cenocepacian EPS medium (pH 6.0) at°€D
(A) H111 (WT) (B) H13dprtl (C)H112nprtR forming uniform mucoid colonies(D) H11EnprtR forming small noAmucoid colonies. (E)11:nprtR
forming mixed sized colonies of variable mucoidyHE):nprtR/pBBR2 (G)i11E:nprtR/pBBRZPrtRforming uniform mucoid colonies.
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3.6 Investigation of the role of Prtl by studying the role of its target gere
135_RS16285

In a complementary approach to identify the role of Prtl, the role of its target
genel35_RS1628%vas investigated. This gene is predicted to encode a catalase based
on the amino acid sequence of its encoded product. However, deletion mutant studies
described in section 3.5 did not provide evidence that-PrtR have a role in an
oxidative stress response. Therefore, it was decided to investigate the role of

135 _RS16ZBand confirm if it functions as a catalase or not.

3.6.1 Testing the enzyme activity of purified 135_RS16285

To investigate the enzyme activityl86_RS16285t was decided to overexpress
the protein using thee.colihost strain BL21 (DE3) and theTjikiet expression plasmid
which can be used to overproduce target proteins with atefdninal hexahistidine
affinity tag. Thus the expected host strain would be used to produce|Bits RS16285
a 34.88 kDa protein which could be tested for its cataladevity by carrying out an

enzyme assay.

3.6.1.1 Construction of plasmid harbouring I135_RS16285

I135_RS1628&as amplified without its predicted setependent signal sequence
using primersCatduetforand Catduetrewwith boiled H111 lysate as template and Q
polymerase. The PCR product of 963 bp digested Bgh andHindlll and ligated to
pETduetl digested withHindIll andBanHI. AsBgll andBanHI| generate compatible
sticky ends this results in cloning t¥5_RS1628mto the MCS located downstream of
the first (i.e. upstream) T7 promoter. The ligations were used to transform MC1061 cells,
which were spread on LB containing ampicillin. Colonies were PCR screened using
135_RS1628Specific primers and the transformants thought to contain the desired
plasmd were checked for their size (6.383 Kb) and sent for sequencing to confirm the
integrity of the cloned DNA (pETdu&tl35 RS16285
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3.6.1.2 Purification of I35_RS16285

Clones that contained the expecté8b RS1628iisert were transferred to BL21
(<DE3) cells. To test whethé85 RS1628Was produced when the T7 promoter on
pETDuet135 RS1628%as induced by IPTG, 8 ml cultures were induced with IPTG up
to late-log phase and a 1ml aliquot was centrifuged at 13,000 rpm for 3 minutes. Cells
were resuspended in 2Xdemmli buffer and boiled for 10 minutes. After a clearing
centrifugation step, 2@ of sample was loaded on to an SDS polyacrylamide gel and
electrophoresis was carried out. As shown in Figure 3.38A, a protein consistent with the
size of he expected protein (approx. 35 kDa) was observed in the induced sample, while
it was not present in the noinduced sample, thus strongly suggesting thateHis
I35 RS16285wvas being expressed when induced. Next, to test whethers. His
I135_RS1628%as solule, 25 ml cultures were IPTG induced up to {aig phase and
cells were harvested dt2,500 rpm for 20 minutes ar@. Cells were washed and lysed,
and samples were prepared and electrophoresed in a SDS polyacrylamide gel as
described in section 2.3.2. Aghown in Figure 3.38B, a protein corresponding to
approximately 35 kDa size was visible in the whole cell lysate, crude lysate and soluble
fraction (supernatant) thus showing that Hi$35_RS1628%as largely soluble. Next,
His. 135_RS1628%as purifiedby IMAC as described in section 2.3.3. Here, a 200 ml
culture was grown to log phase at ®D and induced for 3 hours and harvested by
centrifugation at12,500 rpm for 20 minutes at’@. Cells were lysed with lysozyme and
the supernatant was loaded onto HisTrapnickel pharose column attached to an
AKTA purifier 10 FPLC purificatg&ystem. The column was washed in buffer containing
a low concentration of imidazole and protein was eluted using a buffer containing a high
concentration of imidazole buffeAs shown in Figure 3.38C & E, eluate tube A8 was
found to contain most concentrated amount of KHil5_RS16283Most of the protein
sample thus obtained constituted of Eit35_RS1628With very mild contamination by
other bacterial proteins, based ohée visual appearance of the SDS PA gel, although the
exact percentage of purified protein in the sample was not measured. To confirm that
the purified protein was indeed Hid35_RS16288 Western blot was carried out using

anti-hexahistidine primary anbody raised in mouse and a secondary amtiuse
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antibody raised in rabbit. As shown in Figure 3.38D purified samples of the protein were
tested and confirmed to contaiHis. 135_RS1628based on its crosgeactivity with the
antibody. Using the Bradfordsssay (section 2.4.3), the purified protein sample was

guantified and was found to contain approximately 0.6 mg/ml total protein.
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Figure 3.38. Purification of Hisl35_RS16285
(A) Coomassie blue stained SB& gel showing total protein content from uninduced and

induced BL21(DE3)/pETDudis. 135_RS16285 cultures, L = ladderjnunduced, + = induced,
red arrow indicates location of HiE35_RS16285. (B) Coomassie blue stained SDS PA gel showing
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samples sed to test solubility of Hid35 RS16285, red arrow = i’5_RS16285. (C)
Coomassie blue stained SDS PA gel showing purificationsd851i&S16285 by IMAC,-A61=
elution samples, red arrow indicates location of¢HIS5 RS16285 (D) Western blotsaime
eluate samples from image C using drmgkahistidine antibody red arrow indicates His
I135_RS16285 (E)sbtrace to identify His 135 _RS16285 protein content in IMAC eluateaxiX
indicates volume of liquid that is passed through the column);(Whxis indicates absorbance
(Aeso). Initial blue peak at 22 minutes corresponds to the wash step to remove unbound protein.
Second blue peak at 41 ml corresponds te.F5_RS16285elution and plateau formed from 46
ml onwards is due to high concentrati imidazole buffer.
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3.6.2.3 Catalase enzyme assay

Immediately after protein purification, to measure the catalase actioftyHis.
I35_RS16285the procedure described in section 2.5.2 was used where the rate of
degradation of KO, was measured. As aopitive control for the experiment,
commercially available catalase (haem dependent) with adetermined catalase
enzyme activity was used. Commercial catalase (from bovine liver) at approximately 100
units/ml was used in the assay which corresponded@qug/ml of protein. Dued batch
to batch variation, Sigma wantacted to find the enzymatic activity for this batch
which turned out to be 69.2 units/ml for a concentration of 20 ug/ml of protein. As a
control for any background catalase/ammtxidant enzyme activity from proteins
expressed by BL21 (DE3), a diffeBntenocepaciBdNR 6 SAY X W. /! {nccT P
expressed from a previously constructed plasmid pHLS16 (H. Spiewak & M.S.Thomas,
unpublished). It was purified in parallel exactly the samas asi35_RS16286sing the
same expression plasmid, same host strain and withtaridinal hexahistidine tag.
BCAS0667.CTD is thee@ninal domain of BCAS0667, a putative effector of the type VI
secretion system and was expected to be devoid of catadasivity. The catalase activity
was measured at room temperature @5 and 37C using a thermostatted
spectrophotometer. As shown in Figure 3.39B, no catalase enzyme activity was
measured even when up to 10 times mdB85 RS1628protein (200 pug/ml) wasised
as compared to the positive control either at°®50r at 37C. These results suggest that

I135_RS1628Bay not function as a catalase.
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Figure3.39 Testing the catalase activity d85_RS16285

(A) Coomassidlue stained SDS PA gel showing purifigl RS1628%mnd BCAS0067.CTD
indicated by red and blue arrows, respectively. (B) Catalase enzyme activity (ability to degrade
H.O,) in units/ml was calculated based on the time required fep £ reduce from 0.48 to

0.400 in reaction buffer containing@&. n = 9.
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3.6.2 Identifying the function of I35_RS16285 by testing for complementation of an
E. colicatalase deficient mutant

A complementary approach to test catalase activity was used, where
I35_RS16285wvas cloned into a plasmid that could constitutively express it at
physiological levels in da. colicatalase deficient mutant. A85_ RS1628E predicted
to contain a signal sequence, which suggests it might be exported into the periplasm

where it might becarry out its target function, this sequence was retained.

3.6.2.1 Construction of plasmid harbouring I135_RS16285

Using primersCatcompForand CatcompRevflagl35 RS1628%Wwas amplified
from a boiled H111 lysate and using Q5 polymerase such that ipocted the FLAG
epitope tag coding sequence before the stop codon. The PCR product of 1153 bp was
digested with Hindlll and Xbd was ligated to the constitutive expression vector
pBBR1MCS which was digested with the same enzymes. The ligation was tti¢a use
transform MC1061 cells which were spread on LB plates containing chloramphenicol.
The resulting colonies were PCR screened uS8BhgRS1628Specific primers and the
sequence integrity of the insert in putative recombinants was confirmed by nucleotide

sequencing.

3.6.2.2 Complementation of a catalase deficient mutant

In order to test the hypothesithat I35 RS1628%ould complement a strain
deficient in catalase, thE. colstrain LC106, a mutated version of MG1655 which lacked
the scavenging enzymike catalases and NADH dependent peroxidakaf83 katE,
ahp) was transformed with pBBR35_RS1628&nd pBBR2 as a control. Subsequently,
a zone of inhibition assay was carried out as described in section 2.8.4, uGyaskhe
oxidant. As observed irigure 3.40A, pBBR5_RS16288id not increase the resistance
of LC106 to peroxide stress. Additionalyestern blotting was carried out to test if
I135_RS1628tvas being expressed using an dftiAG primary antibody raised in rabbit

and a secondary antabbit antibody raised in goat. As shown in Figure 3.40C, a-cross
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reacting protein band migrating with a size consistent with the expected molecular
weight of FLAGaggedI35 RS1628%40.7 KDa) was detected in total protein sample
extracted from LC106/pBR 135 RS16285confirming that135 RS1628%ac (FLAG
taggedi35_RS16285vas expressed.

Therefore, based on results from the catalase enzyme assay and the
complementation experiment it seemed thEB5 RS1628%t least on its own, does not

act as a cafase.

Kda

72>
55-»
43> -

34»

26>

17>

Zone of inhibition {cm)

772722

Strain

BN MG1655/pBER
E= MG1655/pBBR-135_RS16285-FLAG
B3 LC106/pBBR
LC106/pBBR-135_RS16285.-FLAG

Figure 3.40 Complementation assay on Bn colicatalase and NADidependent peroxidase

deficient mutant with B. cenocepaci#35_RS16285

Representative images of plates showing top filter containing oxidag@: Hvith a zone of

inhibition around and bottom filter disc containing water (A) MG1655/pBBR1MCS (B)
MG1655/pBBR35_RS1628FLAG, (C) LC106/pBBR1MCS, (D) LC106/3BBRS16285LAG.

(E) Quantified results showing diameter of zone of inhibition for pBBSLME pBBR
Lopyw{mMcHYyp® ! 2yS gIF& ! bhx! gAGK | ¢dzl SeQa LRad i
significance, ns= not significant, (n=5). (F) Western blot of total protein content obtained from

(1) LC106/pBBR1MCS (2) LC106/pBBRRS16285LAG, sing antiFLAG antibody, L=ladder.
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3.6.3 Bioinformatic analysis of 1I35_RS16285

In order to identify the putative role of 135 _RS16285, since it did not seem to
function like a catalase|35 RS1628%rthologues weresearched usingBLASH.
I35_RS1628% puative haem binding catalase homologousto SrpA (36 kDa), with
40% similarity, a currently uncharacterised putative sulphur regulated protein from
Synechococcuspecies (cyanobacteria). None of the current literature has yet defined
its role although its regulated by sulphate. CysR a protein involved in sulphur regulation
and from the Crp family of regulators is reported to regus@A Nevertheless, deletion
of srpAdid not affect growth under low or high sulphate concentrations, leading to the
spealation whether or not it may be involved in sulphate uptake or metabolism
(Nicholson and Laudenbach, 199S)pA is predicted to be a monofunctional haem type
catalase, and seems to have conserved residues involved in haem b{htlahglson
and Laudenbach, 1995Fatalases act on hydrogen peroxide and decomposes ivéo gi
Y2t SOdA | NJ 2E&@3Sy |yR o¢rORYNI AyAViI®D I &SR
monofunctional or bifunctional (catalaggeroxidase). But, nchaem containing
catalases (manganese containing) also exist in bacteria. Some proteins like SrpA may
have similar fold and haem binding sites as catalase, but there is no evidence showing
the presence of catalase enzyme activity. SrpA forms part of a cluster of 13 sulphur
regulated proteins, where upstream rpA is present an uncharacterised gene
encoding a putative ainscriptional regulato(Chen et al., 2008 However this is distinct
from Prtl. Therefore, currently it is concluded that this protein may function as a
periplasmic catalase, although my experiments sugtgEstRS16288annot function as
a catalase on its own.

BCAMO0931 is a monofunctional hadype catalase, KatE frof. cengepacia
J2315Holden etal., 2009) An alignment of KatE witB5_RS1628&nd SrpA was carried
out. Figure 3.41 shows conserved and similar residues amongst the three proteins. Most
of the amino acids forming the haem binding pocket are conserved across the three,
especially Hi69, Phel46, Phel54, Argl45 and Tyrl4936f RS16285However,

additional conserved motifs are apparent in addition to the haem binding pocket in an

191



alignment between I35_RS16285and SrpA, suggesting they might indeed be

orthologues.
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Figure3.41. Alignment ofKatE,I35 RS1628&nd SrpA

KatE (aB. cenocepaciaatalase) I135_RS1628and SrpAsequences were aligned using clustal
omega and shaded using BOXSHA®RNO acids which are identical at the corresponding
position inb0% of sequences are shown in white font with black highlighting while amino acids
which are similar at the corresponding position are shown in white font with grey highlighting.
Residues forming the lean binding pocket are highlighted magenta.
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3.7 Regulation of Prtl by the putative ani  F 1 OG 2 NJ t NI w
Downstream ofprtl lies 135 _RS16295predicted to encode autative trans
membraneanti Tl OG 2N { Ay OS GKS Sy OPREIGnonatNE RdzOG A &
fluorescenit is referred to as PrtR herertPand PrtR have ovdapping stop and start
codons which suggest that they might be translationally coupled. It was therefore
hypothesized that, PrtR acts as a conventional-anti ¥ F OG0 2 NJ G KIF & (1SSLA GKS
bound and inactive under normal conibhs, but releases it, in response to an
appropriate signal to initiate transcription of specific genes. The first objective was to
test the interaction between Prtl and PriRRviva Further, the activity of Prdlependent
promoters was studied ik.coliin andB. cenocepacim the absence and presence of

PrtR.

3.7.1 Construction of plasmids expressing Prtl and PrtR hybrid proteins forlwiorid
analysis

To study proteirprotein interactions, the bacterial twhybrid assay is a useful
and robust techique. As described in section 2.6.1, the principle of this technique lies
in obtaining a lactose or maltose phenotype produced by cells harbouring pairwise
combinations of compatible plasmids that express proteins which may or may not
interact. The proteis of interest are fused to either the T18 or T25 domain®.of
pertussisCyaA (adenylate cyclase) by cloning the genes encoding the proteins into
vectors pUT18, pUT18C, pKT25 or pKNT25. If the proteins of interest interact, it allows
the two domains T18rad T25 to be brought in close proximity creating a functional
adenylate cyclase. This causes production cyclic AMP from ATP. cAMP can combine with
catabolite activator protein (CAP) which can switch on genes such as those of the
maltose and lactose operomisat have CARRAMP dependent promoters. If the medium
on which these cells are grown contains maltose (i.e. maitdaeConkeys agar), cells
can now utilise it causing a change in the local pH of the medium and therefore the
colour of the colony. A strongraltose phenotype gives dark maroon colonies whereas

a weak or negative maltose phenotype gives white colonies.
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Initially, it was decided to test whethertheCS NY Ay I € R2 Yl Ay 27
interacts with the Nterminal domain of the anti T I H2#ice, Ndtas decided to study
the interaction between the @rminal domain of Prtl (PACTD) with the Merminal
domain of PrtR (PrtRITD). Using primefBrtiICTDfoand PrtiIiCTDreyva DNA fragment
encodingPrt-CTD (237 basepairs) was amplified from deloloH111 lysate and cloned
between theXbd and Ac®5l sites of plasmidgKT25 and pUT18@asmids. Similarly
using primersPrtICTDforand PrtICTDre®, a DNA fragment encoding P@ITD was
amplified from a boiled H111 lysate and cloned between the sames sif plasmids
pKNT25 and pUT18he colonies expected to contain the plasmid with the insert based
on a PCR screen using insgpecific primers, were checked for their size on an agarose
gel and their sequence was also confirmed. Similarly, a DNA frageneoding PrtR
NTD (246 basepairs) was amplified from a boiled H111 lysate using Q5 polymerase with
primers PrtRNI'Dforand PrtRN'Drev digested withXbd and Ac&51 and ligated with
pKT25 and pUT18«hich were digested with the same enzymes. Similadingiprimers
PrtRNrDforand PrtRNDre2, a DNA fragment encoding PR D was amplified and
cloned intopKNT25 and pUT1&tween theXbd andAc®5I sites. MC1061 cells were
transformed with the ligations and the resulting colonies were screened by cgroyin
a colony PCR using insert specific primers. The sizes of the plasmids were checked and
the integrity of the cloned DNA was also confirmed by nucleotide sequencing.

Unfortunately, due to time constraints it was not possible to construct plasmids
to test the proposition thatthe Nl SNY A Yy I £ R 2 Y I A¥int&akts witkKte ~  F |
N-terminal domain of the anti  F I O 2 NJp

3.7.2 Analysis of PrPrtR interaction and selinteraction using the bacterial twe
hybrid assay

Compatible pairwise combinatiend plasmids as shown in Table 28re used
to transform BTH101 cells and the transformants were spread on malzsonkey
medium. Each such transformation was repeated two more times to give a final
experimental replication of 3K y=8). The phenotpes were recorded as shown in Table

3.3. The strongest phenotype was observed whenFiBrowas expressed in the same
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cells as PrtpoT25 (i.e. the plasmid combination pUT1B@Icrpand pKNT28rtRurp.

A weaker maltosepositive phenotype w&salso obgrved for PridPrtR interaction with

the combinations (1) Pitpat the Nterminal domain of T18 and Pii at the N

terminal domain of T25 (2) P¢tibat the Gterminal domain of T18 and PR at the G

terminal domain of T25 (Frtlcrpat the Gterminal domain of T25 and Pybat the C

terminal domain of T18 and (4) Rytbat the Nterminal domain of T25 and Refbat the

Gterminal domain of T18. Seilfiteraction by Prdrpwas also observed, although there

has been no evidence so far in the litelah S 2F 9/ C ~ FI OG2NJ RAYSNR
combinations and controls gave the negative maltose phenotype. Overall, these results

suggested that Prtl and PrtR interact through thebe@ninal and Nterminal domains,

respectively.
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Figure 3.42Two hybrid analysis of PHPrtR interaction

The combinations of T18 and T25 domains (represented by blue and yellow boxes, respectively)
used for each interaction are shown. The NTD of BdRCTD of Prthre shown as orange and
green boxegsrespectivelyfused to either N or C terminal end of the T18 and T25 fragments. The
maltose phenotype of each interaction is presented on the right and the key for these results is
given in a box below the plasmid coinations.
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3.7.3 Effect of PrtR on the activity of Prtl B coli

To determine whether PrtR has an inhibitory effect on the activity of Prtl, as
expected forananti Tl OG0 2NJ 'y SELISNAYSYy(d 61 &a RSaiAdaySR
plasmid expressingrtl and prtR which would be used in combination with a plasmid

containing a reporter fusion to the Pitlependent promoter, R

3.7.3.1 Construction of plasmid harbouring prtIR

l 5pb! FNIIAYEYRD BSYOSARNVYAYHE FNRY GKS adl NI C
stop codon of PrtRwas amplified using primer®rtiforB and PrtRrev witfQ5
polymerasepsing aboiled H111 lysate as templatgiving a product of 1308 bpBBR2
FYR t/w LINPRdzOG Wt NI LwQHIndIS aBXbaRand ByatedS R dza A y 3
together. The ligations were used to transform competent MC1061 cells, which were
selected on LB agar containing kanamycin. The resultant colonies were screened using
insertspecific primers by performing a colony PCR with GoTag polymerase. Plasmid
DNA was preparetbr positive colonies and checked for their size which was expected
to be 6.422 kb. The integrity of the DNA sequence was confirmed before proceeding

further.

3.7.3.2 Analysis of Prtl activity in the presence of PrtREincoli
The reporter plasmid pKAGd#arbouring the PtRS LISY RSy (i &OINP Y2 1SN ¥
(constructed as described in section 3.2.13) was transferref. toolicells (MC1061)
along with pBBRPrtl (constructed as described in section 3.2.15) or pBBRR or
pBBR2. The activity of the promoterassr measured by carrying outgalactosidase
assays. As shown in Figure 3.43, the presence of PrtR resulted in a severe decrease in
the promoter activity rendering it nearly inactive, suggesting that PrtR exerts an
inhibitory effect on the Prtl activity. As expected, no activity wasamed for the

promoter in the presence of empty plasmid pBBR2.
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Figure 343. Activity of a Prtl-dependent promoter in theabsence angresence of PrtR ifk.

coli

pBBR2, pBBRR2rtl or pBBRPrtIR, as indicated, were transfedeto MC1061 containing
pKAGd4P..: and the promoter activity was measured using thegalactosiase assayhere
cultures were grown in LB with kanamycin and chloramphenicol. Activities shown have been
obtained by subtracting the activity of the same strain containing pKAGd4 carried out under
same conditions (background control). Statiatisignificance was determined by performing a
oneway ANOVA A 0 K | ¢ dz] S& Qp<0.00214n&6).0 Sa iG> FFFF
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