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Abstract

The rapid degradation of mMRNA is central to the control of gene expressi@&scherichia colE.

coli), the initiation of MRNA degradation is performed by RNase E, an essential endonuclease that is
also involved in the processing of stable RNAs. Presaudies have found that the recognition of a

p -fhonophosphate group by RNase E can stimulate RNA cleavage. However, more recent work has
aK2gy GKF G (KA adeger@enypathindy dkag rot BK thainsajor mechanism by which
RNase E initiates mMRNAHee = | yR GKF G | y20KSNJ LI GKglke& SEAADG:
However, the biochemical nature of this pathway has remained hypothetical and the exact
importance of direct entry in RNA decay has yet to be established. The first results chapter
presented here provides biochemical confirmation that direct entry cleavage by RNasaesthe
simultaneous interaction of two or more unpaired regions of RNA. In addition, evidence is provided
0KI G &K 2 gronopHédpliate hroup @es not enhandeetcatalytic activity of RNase E, a
previous suggestion that contradicts the direct entry model. The second results chapter addresses
the importance of direct entry in the cleavage of thecolitranscriptome. It was found that a large
proportion of cleaages dependent on RNase E were also sites of direct entry cleavage. The third
results chapter provides evidence that pdsinscriptional gene regulation by RNase E may extend
beyond its ability to make endonucleolytic cleavages, by preventing the aseac@tcompeting
ribosomes to the mRNA and/or sequestering it to the inner membrane whereby the RNA decay
machinery is associated. In summary, this thesis has shown that direct entry by RNase E is a simple
yet prevalent mechanism involved in initiating mRNecay irE. colii K ¢ A& y2G SEOf dz

monophosphatedependent pathway.
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Chapter 1

Introduction



1.1 General introduction to RNA decay

1.1.1 Escherichiaolias the model organism for elucidating principles of gene expression

Escherichia colé a major model organism for understanding fundamental biological process, due to
fact that the mechanisms involved i coligene expression have been characterised in large detail.
As a result,E. coliis the host of choice for producing macromole@jlesuch as recombinant
hormones and vaccines, and foomparison ofthe function of genes conseed in less tractable

organisms.

1.1.2 Importance of RNA decay and relation to transcription

The synthesis and degradation of RNA are the two factors that ultimataiyrol cellular mRNA

levels. Together they ensure a steady state level of RNA is achieved, which can be adjusted by an
increase or decrease in either of these pathwaisce the level of protein production is dependent

on the level of the encoding trangpt, elements that affect mMRNA production or turnover ultimately
affect the final level of gene expression. When transcription is repressed, the rate of degradation
decreases as the abundance of the RNA is reduced. The degradation of RNA is therefore ofte
referred to as logarithmic, anids stability is described as by the hdifg, i.e.the time it takes for the
abundarte to decrease by 50%. The H#H is used to compare the degradation of different

transcripts, or the same transctgpunder differem conditions.

The halflife of bacterial mMRNA tends to be short, for exampleEincoliit ranges fromtens of
seconds to a few minuteernstein et al., 2002, Selinger et al., 2008ammalian mMRNA tends to
be more stable with halfives rangig fromtens of minutes to a dayTourriere et al., 2002PDue to

the instability of bacterial mRNAhe translational machinerymust follow closely changes in
programmed levels ofranscription, which are affectedby alterations in the external or internal
environment. Therefore protein production ceases within seconds of transcriptional repression of
the correspondinggene(Rauhut and Klug, 1999s a result, bacteria can adapt rapidly to dynamic
environmental condition®.g.temperature change¢Goldstein et al., 199(nd nutrient deficiency

(Hua et al., 2004)

More stable RNA componeniis prokaryotes can be found in the translational machinémgjuding
transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), which teravéohilf lives over 10 minutes
(Deutscher, 2003)Maturation of these stable RNAs is still dependent on the RNA decay machinery,
and segments produced upon processing of tRNA and rRNA precursors aeatkigra very simita

fashion(Deutscher, 2006)



Nucleotides generated frorthe complete degradation of the RNA can be recycled to replenish the
nucleotide pool, which will then be used as precursors for transcription. This harmony between

synthesis and degradation illustrates a continuous fluidityeitular nucleotide metabolis.
1.1.3 Interplay of RNA decayvith translation and RNA quality control

Because degradation ultimately reduces the levels of substrates for translation, the interplay
between translation and RNA decay can be complex and highly regulated. There exist several
mechanisms irE. colithat dictate the fate of mMRNA. One of the mosudied mechanisms is
translation regulation by small RNAglany sRNAs are believed to act as regulators for mRNA
targets, by base pairing at particular regions on the transcript and hence affecting translation and/or
stability. These antisense RNa® usually 53250 nt in length andall into two groups. The first
group are known asis-acting SRNAs, as they are encoded within the DNA on the opposite sifand

the gene encoding their mRNA targdtherefore, lecausethey have the potential for complete
pairing, cisacting SRNAs may regulate mRNA targets by providing sites for RNase Il cleavage, an
endonuclease that ehves doublestranded RNA onl{Brantl, 2007)Most bacterialantisense RNAs

are in the second group known &mns-acting sRNAs, as they are actually encoded far away from
their targets. Thee sRNAenly have a short stretch of nucleotides thate complementay with the

target and therefore require assistancé the RNAchaperone HfgAiba, 2007)However, this low
sequence complementarity means that many of thdsans-acting sRNAs can regulate several

different mRNA targets.

One of the most well studietrans-acting sRNAs is R§hwhich targets mRNAs that encode e
binding proteins undeconditions of iron deficiengysuch asodB(Masse and Gottesman, 2002)
Ry base pairs tgodB inhibitingtranslation(Vecerek et al., 2003nd decreasingtability (Masse
et al., 2003) Regulationof MRNAs by Ryhhasbeen shown tobe dependent on functional Hfqg,
which strenghens the sSRNANRNA interaction(Geissmann and Touati, 2004k well asprotects
unpaired RyB from cleavage by RNas¢Masse et al., 2003, Moll et al., 200Burther analyses into
the RyhB-mediated degradation o$odBfound that the RRhB-Hfg complex copurifies with RNase E,
mediated by an inteaction between RNase E and Hfigorita et al., 2005) leadirg to the theory
that Hfg recruits RNase E to mRd#gets using sSRNA as a guide.

However, this theory cannot account ftire presence o6RNAsvhose binding actualljncreases
translation and stability afome mRNA targets, such as DsrA. InterestinglyADsquires Hfq to base
pair and positively regulate some mRNAs suchpa§ and negativly regulate ¢hers such asins

(Lease et al., 1998, Majdalani et al., 1998, Lease and Woodson, 200dh would bémprobableif



Hfq was involved in directly recruiting RNaseMore recently it has been suggested that SRNAs
negatively regulate mRNAs by blocking the ribosome binding r&itkicing ribosomal traffic and
hence exposing the RNA subsequentcleavage by RNase(Bdekwu et al., 2005, Morita et al.,
2006)

It is important to note that the mechanism suggested above implies that mMRNAs whose translation is
repressed also become unstablEhisreciprocal relationshifpetween translation and mRNA decay

has been shown in previous studies. Nsamse mutationshat result in the production of premature
termination codons (PTCs) upstream of sites of RNase E cleavage have been shown to increase
susceptibility of the transcript to RNase E, whereas mutations that result in PTCs demmsf

RNase E cleavage do n@rnold et al., 1998, Braun et al., 1998) addition, mRNA that is
transcribed by T7 polymerase has been shown to be destabiliseilvo compared to the same

MRNA transcribed bl. colRNA polymerase. This is due to the increased speed of RNA synthesis by
T7 polynerase, which paces far ahead of thé&ranslating ribosomes, effectively uncoupling
transcription and translationand therefore leaving large segments of RNA exposed to
endonucleolytic cleavag@ost and Dreyfus, 1995More recently it has been shown that increasing

the binding of 30S subunit® the RBS of transcripi 5 RdzOS R Of S| @3S o6& whbl
whereas arresting ribosome translocationdrees cleavage by RNased@&vnstream ofthe RBS
(Richards et al., 201ZJhese findings suggeatstrong link between translational inhilwth and RNA
degradation, which ensures that mRNAs that are repressed are then subsequently degraded,
irreversibly removing these transcripts and recycling the nucleotides for further rounds of
transcription.The ability of the RNA decay machinery to rapa#grade mRNAs whose translatisn
impaired also suggests a form of quality control to minimize the productioabefrant proteins.

Such proteins could be produced as a resulnatations that result in PTQ@s inefficienttranslation

from RNA fragmerst producedoy pervasive transcriptioiDeana and Belasco, 2005)

wAo2az2YSa R2 yz2a Fftgrea LIXFE | GLNRBISOGABSE NI
has been found that translational pausing can sometime induce endonucleolytic cleasagéhe
atrtftSR NARoOo2az2YSad ¢KSaS a{iAftSNE NARo62az2YSa K
elongation or termination(Hayes and Sauer, 2003, Sunohara et al., 200#grestingly, the
endonucleolytic cleavage occurs at the codon located specifathe A siteof the 50S subunitAs

a result, the ribosome remains trapped on the mRNA due to removal of the stop cBétsase of

the ribosome(s) is achieved vi&iet transtranslation system whereby tansfer messenger RNA
(tmRNA)recognises the stalled ribosome afihds to the empty A siteThe tmRNA molecule

resembles the cloveleaf structure of tRNA charged with an alanine amino acid, except that the



small anticodon loop is replaced with a larger open reading frame (ORF)lfo@@lanine residue on

the tmRNA idransferred to the C terminus of the polypeptide chain. The mRNA fragment is then
replaced by theORFof tmRNA, which is subsequently translated to the C terminus of the
polypeptideas a protein tagThe tagged protein is then released from the ribosoamd is targeted

for degradation by cellular proteases. Therefore, the action of tmRNA allows recovery of the stalled
ribosome(s), further degradation of the mRNA, and degradation of the aberrant prd#iare and
Sauer, 2007, Keiler, 2008} is important to note that thetrans-translation systemcould bean
important quality control mechanism for recovering stalled ribosomes ssmdoving truncated

proteins produced from RNA fragments that are generated by RNase E cleavage.

In addition to mRNAs table RNAssuch as ribosomal and transfer RN&#e also subject to RNA
guality control.Initially, one ofthe distinctiors betweenthe two groups oRNAs was the presence of
oligo(A) tailsformed by the action bpoly(A) polymerase | (PAP Qligo(A) tailsvere associated
solely with mRNAgrovidingaccess for PNPaseediated degradatiorfO'Hara et al., 1995, Mohanty
and Kushner, 1999However, it was later found that stable RNAs are sidustrates foPAPI in vivo

(Li et al., 1998b)-urther analyses showed that mutatéeNAs that were readily denaturabie the
celldid not accumulate ifE. colj except when PAP | or PNPase were inactivated, suggesting that the
concordant activity of PAP | and PNPase is requdoedemoval of defective tRNA&.I et al., 2002)
PNPase activity is not limited to removal of defective tRN¥mlysis of rRNAs has found that
mutations in both PNPase and RNase R results in the accuomuiztidefective rRNA fragments
(Cheng and Deutscher, 2008) fact, he role of RNase R and PNPase in the removal of defective or
misfolded rRNAsnay be one of the reasons whyishdouble mutah expresses a lethal phenotype
(Cheng et al., 1998)

Finally,the interplay of translation and RNA decay can under certain circumstances be concordant.
Sme minor components of the RNA decay machinery have a role in modifying the ribosomes and
somemRNAs to direct the expression sgecific genedn E. colj the stable toxin MazF is expressed
along with its labile antitoxin MazE under normal ditions of growth(Marianovsky et al., 2001)
Under various stressful conditions, such as the preseng@p@ipp upon amino acid starvation,eth
mazERnodule is no longer expressed. As a result, the labile MazE antitoxin is dedprp@guAP, an
ATRdependent serine proteas@hizenmaret al., 1996) releasing the stable MazF toxim promote

cell death(Kolodkn-Gal and Engelbesgulka, 2006) MazFmediated cell death is also activated
during phage infection to prevenhée spread of infectious phag@dazan and Engelbe#ulka, 2004)

and as a response to quorusensing factors aa form of population controlKolodkinGal et al.,

2007)



MazF makes endonucleolytic cleavages withinlsiattanded rgjions of mMRNA at ACA sequences
(Zhang et al., 2005MazF activity has been showmcause widespread cell deatKolodkinGal and
EngelbergKulka, 2006)and nhibition of protein synthesigChristensen et al 2003, Zhang et al.,
2003) However,following MazF activation, around 10% off@ins were actually expressed i

coli. Some of these proteins were also involved in mediating cell deatbh as ClpRa component of

the CIpAP protease that could be involved in further degradation of the Matitexin (Amitai et al.,

2009) Interestingly, some of the proteins expressed during MazF activatiere required for
survival of a small subpopulation of cellich as DeoC, a deertlgose phosphate aldolase that
allowsE. colito use deoxynucleotides ascarbon and energy sourdélan et al., 2004, Amitai et al.,
2009) MazF cleaves at ACA sites just upstream of the AUG start codon in these spekifis, MR
generating leaderless mRNAs (ImRN#s)t cannot make the canonical interaction with the 30S
subunit MazFalsomakes an endonucleolytic cleavage 4FnN2 Y GKS 0Q SyR 2F wmc
30S ribosomal subunit. Cleavage at this site causes removal of the region encompassing-the anti
ShineDalgarno sequence and helix45, where the ribosomal protein S1 associtiiese
GalISOALFfAAaSRE N#rdnaka anYSAID intekagliony iditiate Sayfonical translation

and therefore are ralirected to translatethe INRNAs generated by MaZWesper et h, 2011)
Therefore,components of theRNA decaynachineryalsohavethe potential todirect the selective

translationof a subclass dfanscripts
1.1.4 Spatial and temporal organisationfdRNA decay machinery

The reciprocal relationship between translation and RNA degradation raises the question of how
these two processes can exist together in the cell and be so finely tuned. An interesting answer to
this question could lie in the spatiarganisation of the bacterial cytoplasm. The bacterial
OKNRBY24a2YS Aa O2yRSYyaSR Ayd2 I OSyuNlf NBIAZY
the entire cytoplasmic voluméRobinow and Kellenberger, 1994)dzNNR2 dzy RAy 3 G KA & Wy
is the ribosomerich region, whichwill be 4 SNXY SR { KS thidghoditahis Liksrs NIBsQ
generally believed that mRNA transgresses the nucldéb@sphere boundary as it is being
transcribed, and therefore is translated by ribosomes as it is being synthesised by RNA polymerase
Indeed, transcripts with multiple translating #bd 2 YSa4>X GSNX¥YSR WLRfeazyvYSa
tethered to INA via RNA polymerase linkag®4iller et al., 1970, Brandt et al., 2009h addition,

evidence has been shown that RNA polymerteads tobe located at the edge of the nucleoid
boundary, hence presenting mRN#the ribosomes asoon as it begins transcribirfPurrenberger

et al., 1988, Bakshi et al., 2012)



Surrounding thelbospherdh & (G KS WRS3INI R2ALIKSNBQX | NBIA2Y
localised to the iner membrane Membrane localisatiomf the RNA decay machineily dependent

on a 20 residue amphipathit-helix found within the Gterminal half of RNase g&hemici et al.,
2008) The remaining CFRNase Eprovides additional contacts for interactionwith other
components of the degradosoma complex of proteins involved ihe rapid degradatiorof mMRNA

One such protein iRNA helicase BPy et al., 1996, Chandran et al., 2Q0#hich may assist in
unwinding of doublestranded RNAand thereforeproviding accessible bagtrates for RNase E and
another degradosomal proteiPNPasewhich isl Y| 22 NJ o Q(C8pousig dr@lf, $394 S
Duran-Figueroa et al., 2006[olaseis also presen(Chandran and Luisi, 2006, Nurmohamed et al.,
2010) which may providdocalised phosphoenolpyruvate (PEP) for pyruvate kinaseembrane

associated protein whose activibangenerate ATFRor PNPase and RhIB

Figure 1.1Compartmentalisation of the protei componentsof the E. colicytosol. The mRNA (light
INBSY &d40GN}XyRO A& aeyikKSaraaSR FNBY Aida 5b! GSy
end becomes accessible to ribosomes (purple), which begin translation on the mRNA. As the mRNA
diffuses avay from the nucleoid, it comes in to contact with RNase E (dark green). Either due to
RANBOG o0f201Ay3 2F (GKS pQ ! ¢wx 2N RdzS bfghef 2 OF €
MRNAIs no longer initiated and the final ribosomes are alloweditish. Endonucleolytic cleavage

by RNase E initiates further degradation of the mRNA by the action of RhIB (yellow) and PNPase
(dark blue).

The stoichiometry of the degradosome is complex given that the ratio of interactions provided by
the native RNase, RhIB, enolase and PNPase proteins could potentially be 4: 1: 1: 3, respectively.

Therefore, the degradosome can form an intricate network around the inner membrane, organised



into a coiled structure by additional interactions with the cytoskeletorEotoli (Taghbalout and
Rothfield, 2007, Tadtalout and Rothfield, 2008)here is also evidence for RNaBePAPI, RpH,
oligoribonuclease and Hfq associating with the membrane at the same positions associated with the
network of the degradosoméTaghbaloutet al., 2014, Miczak et al., 1991, Carabetta et al., 2010)
RNase I, although not associated with the degradosome, has also been shown to interact with the
inner membrane X | 'y Y LJdfelix LibuddKat @s N terminus. As found with the
degradosome, RNase Il can form a coiled network around the periphery of théLoeknd
Taghbalout, 2013)

The isolation of the RNA degradative machinerythie inner membrane of the cell could provide
several advantagesas shown in Figure 1.First of all, it would ensure thatcently transcribed
MRNAs enterthe Hbosopher&before they enter the Hegradospher® giving all mRNAs the
opportunity to be translated before they are degraded. Secondlgcalisation of the RNA
degradative machinery to the inner membraaksoprovidesa temporal barrier between diffusion of
the last ribosome from the transcript and the initial endonucleolytic cleavadggowh the trans-
translation system doesmove truncated proteins andescue ribosomes from transcripts that are
cleaved prematurely such processes are still quite energetically wastefilthe RNA decay
machinery was diffused throughout the cytoplasm, pegare cleavage of transcripts would be
prevalentand thereforedetrimental to cell survivalBy sequestering the degradative machinery
away from the pool of ribosomestranslation would be permitted to completion before
endonucleolytic inactivation of thenRNA occurredThirdly, compartmentalisation of the RNA decay
machinery also bringprotein partnersinto close proximitythat act simultaneously or sequentially

during RNA degradatigrensuringapid degradation of mRN¢trahl et al., 2015)
1.1.5 Analogousprocessesn other bacteria and eukaryotes

A general model for mRNA turnover has beeweloped inE. coli The initial step that is believed to

commit a transcript to degradation is an endonucleolytic cleavage by the single sjpacdic

RNae E, or in some cases by the double strapecific RNase Ill. Further degradation of the

Oft SI g1 3S LINRPRdzOGA A& LISNF2NX¥SR o6& G(GKS o0Q G2 pc¢
assistance of accessory factors such as the RNA helicase RAB arBEXxonucleolytic degradation

yields final products that are 4 nt long, which are substrates for the essential enzyme
oligoribonucleaseRNase E is also believed to be stimulated in some cases by the presence of a
Y2y 2LK2aLKIFGS G rpKvhichpigerendted eighd@r byl an inithl eyfdarcleolytic

Ot S @+ 35 o608 wbhias 9 2NJ Fy2GKSNJ SyR2ydzOf 1 ass
decapping enzyme ii. coliit KI G O2 y ZeBdNibm a tiipkddphaiefd a monosphosphate



Further iformation on the general model of RNA decay can be fourskueralreviews(Carpousis
et al., 2009, Mackie, 2013b, Andrade et al., 20G81g) in Section 1.3

Given that RNase E and RNase aweha high sequence similarifyVachi et al., 1997)similar
enzymatic propertiegTock et al., 200QJourdan and McDowall, 200&nd that deficiency in RNase

E can be complemented by RNase G overexpreg$itachi et al., 1997, Lee et al., 2008)is
generally assumed that theng gene arose from a chromosomal duplicatiin therne gene in the
02YY2y | y Oifotedbachdia2Therefore, homologues of RNase E and G in other bacteria
are generally referredo as RNase E family membersRNase E/G family members are highly
O2yaSNBSR Y2y 3ald UK 8fthe protdobadiesiaRas well asddieRhlahiding 2 v &
family, although the @erminal half of RNase E appears to be less well consegi@eddon and
Putzer, 2002)Conservation amongst the grapositive bacteria is less apparent, with only the high
G+C fmily showing a significant conservation of the RNase E/G family. Hovdsaapite the low
conservation of RNase E homologuigds still believed that the general model of mMRNA decay is

similar in most bacterial species.

One of the most well studied grapositive bacteriain the field ofmRNA decay iBacillus subtilis
Although B. subtilishas no pparent RNase E/G family membér does contain a functional
homologue known as RNase, Whichis involved in the degradation of a significant proportion of
cellular mMRNAIF YR OF'y o6S aidAyYdzZ I SR o0& U kShahhatidd &t OS 2
2009, Yao and Bechhofer, 2010, Durand et al., 2012amaak al., 2013)B. subtilisalso contains a
homologue of w LILJI 0KF G O2 dzf Rmorioph@sghariafed subsBaie®r RiN&se Y
(Richards et al., 2011)ike RNase E, RNase Y contalmgldy structured Nerminal domainwhich

is esential for catalytic activitand an intrinsically idordered €terminal domain which could be
involved in mediating proteiprotein interactions(LehnikHabrink et al., 2011)interestingly, there

also appears to be a degradosotilee complex irB. subtilighat consists of RNase Y, J1,t2,RhiB
functional homologueCshA PNPase, enolase and phosphofuctokinase, whereby RNase Y actually
has the ability & contact5 of theseother proteins and therefore may provide the scaffold for e
subtilis degradosome(Commichau et al., 2009, Lehtilabrink et al., 2010, Lehnitabrink et al.,
2011) Indeed, mutations in RNase Y that prevéatlocalisation to the inner membrane actually
result in cell death suggesting that RNasemédiated compartmentalisation of the RNA decay
machinery to the inner membrane may be an essengaltdre in grarpositive bacteria(Lehnik
Habrink et al., 2011)

B. subtilisalso contains another major enzyme involved in mRNA decay called RNase J, an enzyme

that has no functional homologue . coli(Condon and Putzer, 2002, Danchin, 200®)ase J, of



which there are two forms, the more active J1 and the less important J2, was originally identified as
having endonucleolytic activitfEven et al., 2005, Dadthabo and Condon, 200However, more

recently it has been found that RNask also exhibitssignificantp Q@ 2 0Q SE2y dz0f §
(Mathy et al., 2007, Britton et al., 2007, Mathy et al., 2Q01@ich is stimulated by the presea of a

p -@onophosphate group(de la SierraGallay et al., 2008)Interestingly, this makes it the first
SEIFIYLXS 2F | pQ StEHRSMdmaphSspharfatetRNAs dhbate(dé&gNadlet! loyhe
exonucleolytic activity of RNas#& mhay be generated by eithéhe endonucleolytic activitpf RNase

J which is not affected by the pregeD S 2tiphobphape@rougDaouChabo and Condon, 2009)

or by theB. subtilisRppH homologuéRichards et al., 2011 addition, RNase Y may provide many

substrates for RNase J1 as part of Bhesubtilisdegradosome complex.

The general model for mRNA decay is very different in eukaryDigsng transcription,he capping

enzyme complex (CE@yhich consists of three enzymesssociates with RNA polymerase Il in the
nucleus of the cellCho et al., 1997, Fabrega et al., 200Bhe first enzymeRNA terminal
phosphataseremovesii K SLIK2 a LIKI 6§ S FTNRBY OKBK Sp QY WbNISLIKIINEPL FKdzdi
biphosphorylated substrat(Tutas and Paoletti, 1977, Venkatesan et al., 19B@¢second enzyme,

MRNA ganylytransferase then adds a guanosinenonophosphate onto the two terminal

LIK2 aLKI GSaz TFtapNIéphafedridge apsRowi i Figui@ 1.2A&he orientation of this

OFL) 3A0Sa (GKS Y2RAFTASR GNIYAaONRLII | aLlASHR2E
dependent exonuclease3he last component of CEC, an RNA matnysferase then transfers a

methyl group on to the carboat position 7on the guanine bas@Vartin et al., 1975, Shatkin, 1976)
CdNI KSNJ YSiGKetlGAzy Ol ys oftie@ideNdo dytleofidksBarbps@ andd E& 3 S
Moss, 1978)

¢ KS FAmyethflgugmyatém’G)capinteracts with the cap bindingomplex (CBC), which in turn
is recognised by the nuclear pore complessulting in exportation of the capped transcripitdnto

the cytoplasm(lzaurralde et al., 1995, Visa et al., 1996)the cytoplasm,te CBGs replaced by the
trimeric eukaryotic translation initiation factor ed. Thiscomplex consists ofelF4E, which
recognises the -fnethyl goup on the m’G cap of the mRNAMarcotrigiano et al., 1997a,
Marcotrigiano et al., 1997b)elF4A, aDEABbox RNA helicase involved in unwinding secondary
struOG dzNB | 4 ( KS (pvikkin 81yaIR 2021FRnd @IR4E, whith Icontains binding sites for
these two other factors and fothe mRNA(Lamphear et al., 1995, Tarun and Sachs, 1985
complexpromotes ribosomal binding to the mRNA and restsieiccessof the decapping enzymes

(Shatkin, 1976)
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1st transcribed

nucleotide
OH OH

2
0.0 _ O NN
HN NN 07 0050520 <N’\ 2
b Il » 0 0 o N" N 2nd transcribed
HNS N 3 _o.- nucleotide
| ) - > N~ =N
o d . ¢ |l /)
O O OH N N
~Po !
7-methylguanosine o \_~-O~
o OH
O=p

CAIdzNE mMdH ¢KS pQ 1 VYSiKeft 3@ang A tsHowisSthenOlécular 2 ¥ S
NB LINB & Sy G I & m2thylguarylatel dagbhe @reethyl group is shown in red. Figure taken

from previous studyCowling, 2010)Panel B shows a schematic of the lariat mRdAptexed with

the elF4F factor. RNA is shown as a green line, tH6 mwap is shown as an orange circle;48#HRs

shown in dark green, elA is shown in yellow, eG is shown in dark blue and PAPB proteins are
shown in purple.

In addition to protection & GKS pQ SyRX (G(KS Ywb! OFy |faz2z 68
poly(A) polymerase. In the cytoplasm of eukaryotes, the polyadenyl tails formed by PAP activity have
been shown to increase the hdife of mMRNA by preventing accessibility the exonucleolytic
machinery (Ford et al., 1997)the exact oppositgfunction to PAP | irbacteria (Mohanty and
Kushner, 1999)The long poly(Ajails produced by PAP are bound by poliding proteins

6t t. a0 6KAOK KAY RéhdeNOblieSet dl., QDIRAAB albFintevalts Vviitlk they dz
elfn 9 YR nD ¥ O02 NJ¥orming alzyh&ccedsile larkike stpciure $ythie mMRNA
further stabilising the transcripind promoting trangltion, as shown in Figure 1.2@reiss and
Hentze, 1998, Tarun and Sachs, 198®wever, PAP can also form pol(A) tails in the nucleus of the
cell, where there is an absence of the various stabilising profefasent in the cytoplasmThe
poly(A) tails in the nucleyserform a similar function to the oligo(A) tails in prokaryotes, providing a
regey 2y 02 GKAOK -éiricle§texanpldxSoE thel RNB f@miMitchell et al.,

1997) can bind and degrade the mRNl&aCava et al., 2005, Vanacova et al., 2005)

Like bacteria, ekaryotes contain g -@nd decapping enzymecalled @p2. The bacterial RNA
decappingenzyme RppH and Dcpdth belong to the Nudix family and so appear to have evolved
from a common ancestor. Dcp2 cleaves thehdgphate bridge of then’G cap to produce g -Q
monophosphorylated transcripfDunckley and &ker, 1999, Dunckley et al., 200iyhich can be
degraded bythe p @onophesphateRSLISY RSy (i p Q &ral(Mahlad Stial2 19845ThisS | & S
mechanism bears a resemblance to Rppitlated RNase E cleavagad RNase J degradationkn

coli and B. subtilis respectively Conservation of function between the decapping enzynees i

therefore apparent, despite considerable differencebatterialand eukaryotic mRNA structure.
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1.2 Stable RNA processing

Stable RNAs, whichonsist mainly ofthe transfer and ribosomal RNAs, are not degraded or
translated during exponential growth. Insteatthey form functional molecules that hawsggnificant
biological roles. However, most if not all stable RNAs are transcribed as precursors and therefore
must undergo processing to yield their mature forms. This usually involves separation of the

individuZ wb! dzyAGasxs F2ft26SR o6& GNAYYAy3d 2F SEOSA

these stepsequirethe concordant action of end@nd exonucleases.
1.2.1 Ribosomal RNA maturation

In prokaryotes, the 70S ribosome is composed of a 50S and suB08it. The smaller 30S subunit
contains a 16S rRNA molecule complexed with 21 ribosomal proteins, while the largeb&@ isu
composed of a 23S rRNA abfl rRNAomplexed with33 proteins. Studies of the complex process,
which requires the correct dering and assembly or these variom®lecules, have been reviewed
(Williamson, 2003, fgton, 2009) Before the assemblyof the ribosomalproteins, the precursor

RNAs must undergo nucleolytic processingdnagate the mature rRNAs.

As shown in Figurd.3A, the threerRNA are transcribed as one strand, probably to ensure
stoichiometric levels are maintained within the ceDue to the presence of complementary
sequences in the rRNA, the precursors fadgublestranded regions as the RNA is transcribed
These regions contain sites that can be cleaved by RNaseplirating the three precursof¥oung

and Steitz, 1978) The 16S rRNA precursor, which is known as 17S iRNikaved byRNase &t a
position 66 ntupstream ofthe start of the functional unjtas shown in Fige 1.3 (left)(Li et al.,
1999¢c,Wachi et al., 1999)This cleavagexposes a 33 nucleotide fragment at tbeQ & yhR
functional unit, which is removed by the combined actiontltd endonucleaserbeY andeveral
exonucleasegDavies et al., 2010, Sulthana and Deutscher, 2818S FAY It cc y a4 | i
resulting precursor, known abe 16.3RNA, is removed dgNase Gproducing the final mature 16S

rRNA(LI et al., 1999¢, Wachi et al., 1999)

The 23SrRNAprecursor also known as p23 RN& cleaved by RNase IIl again within a double
stranded regionth & a4 S1jdzSa G SNAR (G KS pa showhRn Fogue.38 ¢miidle T (G K
(Bram et al., 1980)The resulting cleavage produces a 23S rRNA precursomownlgha 3 ntregion

presentk & GKS pQ SyR 2,Fwhidhis Semcvatkyid dnAukyidwiribomizgleage.

al 0dzN> GA2y |0 (&S Y@ SHERANGIB2EBAIGNSEIY 2F GKS

rRNA unit, which is degraded Hye exonucleas&Nase THowever, RNase T is maaetive on the
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23S rRNA precursevhen itis assciated with the ribosomE Y SI yAy 3 GKF G GKS Yl
end of 23S rRNA does not occur until during ribosome assd(irtdy al., 1999hb)

A
23S
16S
55
-115 3 +33 7> +9
B
165 23S 55
G ¢ Ybey . . ) Rk -
-66 , o2 J I +3
H 3"
3 3 T T T
5 , n +7 E TE
-3

Figure 1.3. A schematic highlighting the processing sites during rRNA maturdfianel Ashows

the general layout of the 1633S5S precursor, which is transcribed from a single operon.
Separation of the three precursors is performed by initial RNase Il cleavages, which are highlighted
as arrows. Numbers are the nt positions where RNastelivage occurs with respect to the nearest

end of the functional rRNA unit, which is highlighted as a coloured bar. Panel B shows the individual
16S, 23S and 5S precursors on the left, middle and right, respectively. Cleavage sites by various
enzymes ardighlighted with an arrow. In bold are nhumbers that correspond to the nt positions of

the cleavage sites with respect to the nearest end of the functional rRNA unit. Figures are adapted
from a previous revieWDeutscher, 2009)

The 5S precursor, known as 9S RMAcleaved byRNase Eat positions3 nt upstream and
R2goyaidNBI Y am3Ql K& fonctiSngl Rinit respectively as shown irFigure 1.8
(right) (Ghoraand Apirion, 1978, Misra and Apirion, 197Bpmoval of thela & o y i i GKS
the functional 5S rRAl unit is performed by RNaseg([i and Deutscher, 1995)he final maturation
Fd GKS pQ SyR 2F p{ NWwb! Aa LISNF2NX¥SR o0& |y dzy
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1.2.2 Transfer RNA maturation

In prokaryotes, many tRNAs aanscribedtogether as a singlpolycistronicprecursorconnected

by regions known as flanking sequendesorder for mature transfer RNAs to function correctly, all
potentially interfering nucleotides that are not part of the functional unit must be removed.

coli, endonucleolytic cleavages are performbg RNase &ithin the o -@ailer sequencesf the tRNA
precursors to separate the immatut®NAs for further processin@w and Kushner, 2002, Li and
Deutscher, 2002, Soderbom et al., 2005, Perwez et al., 2008)dzy OF G A2y 2F (GKS o00Q
allows generates greferablesubstratefor RNase Pwhichthen cleaveghe phosphodiester bond
between the last nucleotide® G KS pQ f SFRSNJ I yR KS, gehératidgia y dzO
Y I (i dzNB (SpirishiSagdRShimura, 1995, Li and Deuts@@9?)

Due to the fact that all tRNA units i1 colihave an encoded CCA mdfiflarck and Grosjean, 2002)
following the discriminator nucleotiddé,e. it KS FA NR (0 Yy dzéhtl & #hé IRRASpretuisor (i K S
that remains unpairedp Q Sy R Y I G dzN> GA2Yy dzadzl £ f& 2 GoOsaNk o 8
in Figure 1.4ARedko et al., 2007)

5 ———J Incca
N

-

PH
Q! . 5 s
1l

Figurel.4 The pathway for maturation of transfer RN#in prokaryotes.Panel A shows a schematic
with the dexonucleolyti€ pathway of maturation. Anendonucleolytic cleavage by RNase E
SELI2&aS4 0Q So/@aénucEazdsblug)lExthuzleasesayrack (i K Straitertsequence
until they reach the CCA motif at which point thelissociate from the substraté®anel B shows a
schematic with the@endonucleolytié pathway of Imaturation.In the absence of the CQ@dotif, the
endonuclease RNad&N cleaves theo fRailer sequence aftethe discriminator nucleotide (N) and
further CCA additionccurs to generate mature tRNM both panels, the site of RNase P cleavage to
remove the ®leader sequence is highlighted. The tRNA unit is shown in gie@geadapted from

a previous reviewRedko et al., 2007)

adzOK 2F GKS AYyAGALFT LINE OS RBasdrH a rBembeii KtBe PDXfaniilNg A f
related to PNPasdHowever, 8 RNase PHpproaches thalouble-stranded regiorof the tRNAunNit,
it dissociates leaving & K2 NI a0 NBGOK 27T (i azd DebitBchek, R®EFindl (i K
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YIFEGdzNF GA2y 2F GKS o0Q SyYyR 27 (é&dspesificlexonzgidase A &
RNase TDeutscher et al., 1984, Li et al., 1998ahichcan cut close to the secondary structure of

the precurseo without unwinding theRNAduplex (Li et al.,, 1998a, Zuo et al., 200RNase T is
released when it comes into contact with the cgioe residues on the CCA moZuo and

Deutscher, 2002a, Zuo and Deutscher, 200B®senation ofthe CCA S1j dzSy 0SS i GKS o

tRNAisimportant as this is the site athich aminoacylation will occySprinzl and Cramer, 1979)

¢ K S end 61 tRNAsan also be procesd byl KS & Sy R2 y dzOt ,%8 shéwin InFigurelLdr G K
1.4B This pathway inveesNBE O2 Ay A G A2y 2 F ndduileasecalled RNage BN, Nlsoo & |
known as RNase Z in other bactdifizraty et al., 2005However, RNase BN is sterically hindered by

the amino group present on cytosine residues of the CCA mibt#f prevents the removal of CCA

from mature tRNAs or tRNA precursors that encalis sequence(Pellegrini et al., 2003, de la
SierraGallay et al., 2005)Because al. colii wb! & O2y il Ay |/ (Marck¥agdi A ¥ |
Grosjean, 2002)the importance of RNase BN in tRNA maturation is uncertbiowever, in
organisms that encodéRNAs with and without CCA motifsuch aBacillussubtilis, RNase Z is an
important enzyme for tRNA maturatio€leavageby RNase Bcecurs on the phosphodiester bond
0SGsSSYy UGUKS RAAONRAYAYIl (2 NJ ydzOt thiidrdgiRrSas hgw in(l K S
Figure 13B (Castano et al., 1985, Frendewey et al., 1989)e discriminator nucleotide is then
exposed to tRNA nucleotidyltransferasehich catalyses additon af KS / /! Y2UGAF 2y i
(Schmidt, 1975, Xiong and Steitz, 2004)

RNase BN is essentiml E. colistrains that have mutations in theneymesinvolved inthe
cexonucleolyti€ pathway of tRNA maturatiofKelly and Deutscher, 1992, Kelly et al., 1992, Dutta
and Deutscher, 2010)Further analyses have found that RNase BN does pwform an
endonucleolytic cleavagéollowing the discriminator nucleotide, and in fact can adopt @ 3
exonucleolytic activity to allow it to remove the&Bailer (Dutta and Deutscher, 2009, Dutta and
Deutscher, 2010, Dutta et al., 201Zheconservedendonucleolytic activity of RNase BN aballow

it to recogniseand remove mutated CCA motifsdefective tRNAswhich could therbe restored by

the action oftRNA nucleotidlytransferag®eutscher et al., 1977, Zhu and Deutscher, 1987)
1.3Components of RNA decay machinerykncoli

Around 18 ribonucleases are known to be involved in RNA degradation and procesEingoaii
Most of these nucleases require a divalent metal ion, such as magnesium, to help coordinate the
attack of the sugaphosphate backboneThe divalent cation assists ithe formation of a

nucleophlic species, which can then attack the scissile phosphtatieend on the sugaphosphate
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backbone of the RNA, resulting in cleavagbhodphodiesterases, whichse water to generate
hydroxyl ionst & (G KS ydzOf S2LIKAf ST LINE R dzdé&opRodphateagiots | Y
Phosphotransferases, whichse ATPto generate orthophosphate as the nucleophilproduce
R2goyaidNBIlI Y LINE RipkzGspharylatedetick Both mgeianisms generate upstream
LINE R dzO (i &hydiokyligkoupgDeutséher and Reuven, 1991)

1.3.1 Exonucleases

Exonucleases perform the bulk of MRNA degradation; by cleaving off the terminal nucleotides from
MRNA sequentiallyhey replenish the nucleotide po&br further transcription Exonucleasesan be
either: processive, whetgy the enzyme remains bound to the substrateroughout the reaction
andremowesthe terminal nucleotides repeatediyr distributive, wherdy the enzymeaeleases the
substrate after cleaving one nucleotide frotine end and has toe-associate with the substrate
(Carpousis et al., 2009Yhe only exonucleas found inE. coli NB | f i direcfonalitpg(Depn@

and Belasco, 2005, da SierraGallay et al., 2008, Andrade et al., 2009b, Deutscher, 2006)

1.3.1.1 PNPase

Polynucleotide phosphorylase (PNPaseho Q (ednuge@senith phosphotransferase activity

(Zuo and Deutscher, 200Ihe monomerof PNPasés structurally related to the RNA processing
enzyme RNase RISymmons et al., 2000andselfassociates into &imer with structural similaity

to the exosome, which is found in othéacteria and higher organisn{Symmons et al., 2002)
PNPase is lesensitive toRNA secondary structutban the exoribonuclease RNaseallpwing it to

cleave doublestranded RNAalbeit at a reduced rate than singiranded RNAGuarneros and
Portier, 1991, McLaren et al., 1991) | 2 6 SOSNE t bt | &S R 208% unpddddzA NB

nucleotidesto associate with its substraf€oburn and Mackie, 1996a)

Unlike other exonucleases, the processing of RNA by PNPase results in the accumulation of
nucleotide diphosphates (NDPs) instead of nucleotidenophosphates (NMPsBecause NDPs
contain two phosphates, nder conditions of low orthophodmte concentration, PNPase can
catalysethe reverse reactiongausing oligomerisation of NDRsy (12 (G KS o QOsbaaiR 2 F
Deutscher, 1990)The addition of small singitranded tails onto the @ Sy R Btfuctufed 3 K f &
RNAs may provida binding site foother ribonucleass, such as RNase that require overhangs to
associate with te RNA but do not require orthophosphate for activifMohanty and Kushner,

2000) In this waymRNA decaievels could be maintained under lesnergy conditionsHowever, it
shouldbe noted that NDPs, produced by PNPase activity, only require oneehéglgy phosphate

donor to be recycled to nucleotide triphosphates (NTRs) further rounds of transcriptions
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whereas NMPs, produced by RNase Il activity, require twodnghgy phoshate donors.Therefore
the interplay between hydrolytic and phosphorylticactivity may be much more tightly regulated

based on the interplay betweemanscription and central metabolism

The complementation ophosphorlyticand hydrolytic exonucleasess reflected in thefact that
mutation in eitherpnp, the gene that encodes PNPasernb, the gene that encodes RNaseoh]y
slowsgrowth, but mutation in bothgenesis lethal(Donovan and Kushner, 1986, Zilhao et al., 1996)
In addition, mutation inrnb results in over production of PNPase and mutatiorpnp results in

overproduction of RNase (filhao et al., 1996)
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/0r / "
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PNPase —>

Degradation AAAAAA pnp
/ or \ l
[ RNasell 1 @
> ) D - pnp

‘l’ a J \l’
Stabilisation Degradation Degradation

Figure 1.5 Concordant action of endand exonucleases in the degradation of tesOpnp mMRNA.
TherpsOand pnp RNA units are transcribed as one mRNA. The separation of the two units occurs
due to an initial cleavage by RNase E (orange) at site M2 or M. Cleavage at site M2 also removes a
K I A NLJxpgQ alldwindiagcess for PNPase (blue). Cleavage at site Myeta G KS K| A NLJA
endofrpsOYwb! & t!t L 63INBSyo SEGSyRa FpsOprodyding alzy LI A |
oligo(A) tail. This tail provides access for PNPase, which can then slowly degrade the hairpin and
then subsequently the rest apsO. The tail also provides access for RNase Il (red), which degrades
GKS 0Q SyYyR dzLJ dzy G At { K &sQoTheprigtraishiipiislzaved By RNESEFIR NS

O LIzZNLIE SO GAGKAY | KIFEANLIAY 3G (KS om@np&irgdragiort KA &
Fd GKS 0Q SyR3I K& pipiPRRaseDiRds tb2his dviérBangpafd slowlywdegeadies
GKS ot yid FNI 3YSy (php RNask B taa thefi Bhaké $0iBeqpeft cléatages Rithin
pnp,therefore initiating its degradabn.
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The homotrimeric ring structuref PNPasdormsaOSy (iNJ f LR NB Ay {2 6KA OK
stranded RNA can thread through and contact on¢éhefthree hidden active sitegShi et al., 2008,
Nurmohamed et al., 2009More recent studies have shown that metdelated citrate can also
accommodate the etive site, blocking mRNA access dhdrefore inhibiting PNPase. Conversely,
metaklfree citrate can bind to a vestigial site on PNPase and cause allosteric activation of the
enzyme. The involvement of citrate, a metabolite of the Krebs cycle, in bothseN#etvation and
inhibition suggests that cellular metabolism and RNA degradation may héinkesl via a feedback

network (Nurmohamed et al., 2011)

The rpsCpnp mMRNA which encodes the ribosomal protein S10 and PNPase protein respeciwely,
one of the most well studied PNPase targiRebertLe meur and Portier, 1994)Thepnp transcript
O2yilAya F adSy 221 Ay GKS pQ ! (RNA37EpKIpIBK A &
gAGK | 0,Qs shddB NKiguse 2. PNPase binds tothd o0 Q 2 OSoMiiKdegfadles | y R
wb!oTX Fftft26Ay3a wblasS 9 G2 AY jprpiNdndorpt amdinifiskatsi K S p
degradation(Jarrige et al.2001, Carzaniga et al., 2008)utations that inactivatePNPase result in
stabilisation ofthe pnp mMRNA(RobertLe meur and Portier, 1994urther mutatiors that resultin
removal ofthe rpsOand RNA37 regions of the transcript restore the labilitpmb, confirming that
PNPase activity is gntequired toremovethe stabilising RNA37 fragment and expps@to further
degradation(Jarrige et al., 2001)nterestingly,the mechanism opnp degradationsuggests a role
reversal in the general model of MRNA decay exonucleasénitiates degradation byemoving a

stabilising feature on the transcripdllowing accesfor an endonuclease.

PNPase is also involved in regulating the expression afghteamrpsQ as shown in Figure 1.An

initial cleavageby RNase B performed2 y (i K S, eithe® at 5ité W orM2. Cleavage at site M2

occurs beforea stemloop structure removingthis stabilising featur@ndallowing access for PNPase
(Regnier and Hajnsdorf, 1991, Braun et al.,6)9€leavage at M2 provides a good exampig¢he

standard model of RNaseriediated mRNA degradatioleavage at site M occurs after the stem

loop structure, producing a more stabtpsOwith a 0 -@nd tail of only 5 h(Braun et al., 1996)
However, ply(A) polymerasd (PAP Iraalyses the addition of oligadenosne monophosphate
extersionstod KAda o0Q GFAf X LINRPGARAY3IA | Fhededtarldtioh off 2 NJ t
stablerpsO(Hajnsdorf et al., 1995)

1.3.1.2 RNase Il
RNase Il ia singled i NI y R a4 LISOA FA O o0 Qph8sphddiedmddsectivily RNas&KIl R

contains a singlstranded RNA binding chaainthat can accommodate 10 nucleotidesimilar to
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PNPase. €upancy into the channéhvours processive degradatiqRrazao et al., 2006However,
unlike PNPaseRNA fragmentdelow 10 nucleotides can still be cleayealbeitin a distributive
manneruntil 4 nucleotides remain, at which paicleavage by RNase Il ceaflészao et al., 2006,

Zuo et al., 2006, Barbas et al., 2008)

Along withPNPasgRNase l&lso plays a role in the regulati@i rpsOmRNAstability, as shown in
Figure 1.5Howeverunlike with PNPasestudies have shown thahutations inrnb actually result in
destabilisation offpsQ As described aboveyb &S 9 Of SIF @3S G aad

wn

a
consisting of a hairpiroflowed by5 unpaired nucleotidesPAP Increaseshe length of thiso Q Sy R
by sequential addition of adenosine monophosphatasyviding a foothold for PNPagkeat can then

af 24t & RS3INI RBeolige(S taib gRodukad HYNJAAR Bfso boundy RNag 1L RNase I
degrades the oligo(A) tait a distributive manner until iteachestheo Q KIF ANLIA Y X g KA OK
Il to dissociateThis produces an even shorter unpaired strand of nucleotidassingstabilisation of

0 KS fpsShy impairing the access of PNP&sajnsdorf et al., 1994b, Marujo et al., 2000)
addtion, RNase lalsorenders the stabilisation ofpsOas irreversiblebyda K2 NIi Sy Ay 3 G KS
end and thereforepreventing PAP from re-bindingand reextendng i K S dX@hudaRdstieff

and Schuster, 2000Further studies have found th&Nase lmediated stabilisation of mMRNA is not
limited to the rpsOtranscript (Coburn and Mackie, 1996b, Mohanty and Kushner, 208&)und

31% of transcriptavere actually detabilised when RNase Il was inactivatedvivq whereasonly

7.3% of transcripts were stabiliddn the same mutanfMohanty and Kushner, 20Q3)

Alterations ofthe structure of RNase Il have also shemlv insights into RNase |l specificigne

study has shown that mutation of a glutamate residue at position 542, which was originally believed
to assist in release of thdeavingy dzOf S2 G A RS I { folloWiy clea@agefoiamalagiie wb !
actualy resulted in RNase Bl A Y Ay 3 @& 4.dehdSESE2A inudaintAskbived Sover dd
incresse in cleavage rate and a 10 to-20d increase in affinity for RNA, caused by subtle
conformational changes that allowed increased stacking of th& Rt the RIAbinding channel
(Barbas et al., 2008 Another study has shown thaly swapping the S1 domain of RNase Il with the

S1 domain of RNase R, a structural analogue of RNase Il that cadelepublestranded RNA,
RNase Il can bypass its sensitivity to dotghtanded structures by unwinding the RNA before it

enters the RNAinding channe{Matos et al., 2011)
1.3.1.3 RNase R
RNase Rvas originally discovered as a residual exonucleasiity present in strains lacking RNase

Il (Gupta et al., 1977More recently RNase R has been shown todstructural analogue of RNase
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Il (Zuo and Deutscher, 20QMyith additional basic motifpresent near theentrance of the RNA
binding channel(Matos et al., 2009) The positive residues on these motifs form electrostatic
interactions with the negative phosphate groups oboth strands of aRNA duplex. These
interactions force the secondary structureof the RNAto unwind as the RNaseR catalytic site
approachesfeedingiil KS 0 Q Sy R -bihdiigi éhanreka@&anoves &l., 2010)However, in
order for RNase R tmake an initial interactionvith RNA, there must be a singdéranded region of
atleeda 0 1 y U [|(Vincetkadd Deuch& ,y260djhe ability of RNase R to process double
stranded structures is utilised in tleegradation of defective tRN@. et al., 2002and rRNACheng
and Deutscher, 2003)

RNase Rs another enzyménvolved inthe regulation ofrpsOMRNA stability particularlyfollowing
RNase Ecleavageat site M (Andrade et al., 2009a).ike PNPaseRNase Rwould requirea o Q
overhang of around 10tnfor tight bindingto rpsO (Vincent and Deutsche£006) (Vincent and
Deutscher, 2006)whichcould beprovided by the activity of PAPHowever,unlike PNPas&iNase R
cleavage rate ignaffected by the secondary structure once it is boi@teng and 8utscher, 2002
(Cheng and Deutscher, 2002ndtherefore RNase Rean degrade thepsOo Q K Frafidiyl Giveh
that RNase R still requires a footholdNase Il activity would still stabilise tipsO transcript
(Andrade et al., 2009a)

More recently it has been shown that RNase R may provide some of the hydrolytic activity believed
to be caused by RNase Il alone. Straiith a disruptionin bothrnb and the gene encoding RNase R
(rnr) are still viable, showing nmajor functional overlap between RNase Il and RNase R enzymes,
despite their ginilarities in structure(Cheng and Deutscher, 2002iowever, disruption in both the

pnp and rnr genes was found to cause inviability, suggesting PNPase and RNase Renwy ov
(Cheng et al., 1998)urther studieshave suggestedthat PNPase and RNase R may be able to
substitute for one another during defectiveRNA degadation (Cheng and Deutscher, 2003
addition, given thatonly 7.3% of transcrigt appear to be degraded by RNasdMbhanty and
Kushner, 2003)perhaps RNase R plays more of the role in hydrolyticadegion. This would
explain why RNaseiH one of the few RNases nassociated with the degradosome, as its function

in the cell may be to stabilise transcripts (see Section 1.1.4).
1.3.14 Orn

The remaining 4 nt fragments produced from exonucleolytic actiatg degraded by

oligoribonuclease (Orr(lchosh and Deutscher, 1999he activity of Orn is important replenishing
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the mononucleotide pool. This is confirmed as it is the only exoribonuclease whose deletion results

in a lethal phenotype ifE.coli(Zhang et al., 1998, Ghosh and Deutscher, 1999)
1.3.2 Endonucleases

Theoretically, mMRNA could be degraded exclusively by exonucleases. However in mezity,
exonucleases are hindered Isyabilising features within the nascent transcrifg@hen et al., 1988,

Mott et al., 1985, Newbury et al., 198&)g.stem loops presentai KS o0 Q Syoduct bfdo-I1 06 &
independant transcriptional termination(Farnham and Platt, 1981Endonucleases accelerate the
GdzNYy 2SN 2F Ywb! o6& NBY2QAy3d (KS&AS TSI Gda2NBa 4 A
Sy R (i 2p Qi KSSE 2oy(BHeataddy &ritiéndeleases also produces shofAspecieswhich

can be degraded by exonuck&ad Y2NB NI LA Rfeéd 9yR2ydzOf S2f &
transcript can alsonactivate translation of the mRNA removing ribosomeshat could potentially

clash with exonucleases working in the opposite directianwell as committing the mRNA to
degradation Due to the initiating role endonucleases play in RNA degradation and processing, these
enzymes present an important target for studying gene regulation in prokanf@agousis et al.,

2009)

1.3.21 RNase llI

One of the first major endonucleases discoveredEincoliwas RNase lll, an enzyme that cleave
double-stranded RNARoberson et al., 1967, Robertson et al., 196BNase lll is important in the
processing oftableRNA such as theibosomal RNA precursqrsutting withinstem-loop structures
(Dunn and Studier, 1973pisruption of the corresponding gerfer RNase ll{rnc), whle affecting
the path of rRNA processing, only slowse degradation of a few mRNA#Apirion et al., 1976a,
Babitzke et al., 1993, Gegenheimer et al., 19t1J does not show a lethal phenotyp@pirion et
al., 1976aApirion et al., 1976b)Neverthelessmutations inrnc resultin a reducedgrowth rate
possiby due to decreased protein synthegipirion et al., 1976a, Talkad et al., 19@8)a result of
incomplete 23S rRNA maturati@md hence defective 50S subunik&ng et al., 1984)

One d the mRNA targets for RNase Il is tpsOGpnp operon, as shown in Figure 1.9 hepnp
transcriptis stabilisedn vivoby the disruption of thenc gene(Takata et al., 1987RNase Ikleaves

towards thetopoflr a G SY € 22 L) pnyg(Pditigr &t alp 87, Regnierafd Portier, 1986)
producing an RNA37 fragmemt A G K | o0,@l AFSNKAWBER (2 GKS NBYI A
able to accesshis 0 Overhangand degrade the RNA37 fragme(darrige et al., 2001exposing a

singled i NJ y-Ré&éphoppforylatedend on thepnp transcript which carthen be accessed by

RNase EHajnsdorf et al., 1994a, Carzaniga et al., 20D8¥stabilising cleavages by RNase Il are
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found in stemloop structures within thenc-erarecOand metY-nusAinfB operons, suggesting that
the concordant action of RNase Ill and other ribonucleases, such as PNPase and RNase E, is not

limited to rpsOpnp (Regnier and Grunbetiganago, 1990)

TheadhEtranscript, which encodeslcohol dehydrogenase, is another targégtRNase Il cleavage.
However, cells lackingfunctional RNase Il have a significantly decreased population of alcohol
dehydrogenaseThe ribosome binding site (RBSadhEis occluded within a doubistranded region

2T GKS pQ ! ¢ wawithintthis&tSmlood struct@réespbses tARBS oadhE allowing

access for the 30S ribosomal subuanid hence promoting translatioffristarkhov et al., 1996Jhe
NBadzZ GAyad pQ SyR F2ftRa Ayid2 | avrftt aaGaSy 22
interactingwiti K Sy R2y dzOf St aSa K I-depefdend&tivity, Buchy & \RRAsIKER a LJIFk
(Ito et al., 20B). It is interesting to note that thedhEtranscript also serves as a substrate for RNase

G, wlose activity destabilises theanscript (Umitsuki et al., 2001, Wachi et al., 200RNase G
cleavage occurs further downstream than the RNase lll cleavage, and occurs independently of RNase
[l activity The ré dzf G A y 8auspdby BNAdR G cleavalges not contain the small stem loop

found after RNase Il cleavagrd is therefore exposed to further atta¢ko et al., 2013) Therefore

it seems that there is competition between RNase Ill and RNase G to promote translation and

degradation ofadhE respectively.

TheadhEmRNA is by no means the only exampfea substratewhereby RNase Il cleavagean

promote translation TherpoSmRNA, which encodes the stationdrgk | & S & A 3% dontaib O G 2 N.
' a3SY f22L) adGNUH2OGdzZNE oA GKAY (KS trapstation(Mengged K I G
Aronis, 2002)This stem loop is cleaved 3 nt upstream of the start of the RBS by RNideavéter,

evidence showshat this cekavage does not release the RBS and ithaivothis cleavagalsoresults

in destabilisation ofrpoS (Resch et al., 2008However, DsrA, a small RNA thatybridises toa
complementaryNE 3 A 2y A Y rpo& @srupt€he inhibitory t&m-loop structure(Lease and
Woodson, 2004)Not onlyisthe RBSreed from the stem loophencepermitting ribosomal loading

(Lease and Belfort, 20Q0but alsothe RNase Il cleavage redirectedto the DsrArpoS hybrid,

removing the upstream region of thgpoSp Q ! ¢w YR &2 LINB@SydGAy3 Al

downstreamregion where theRBSs locatedResch et al., 2008)

Recent microarray based studies have shown that only 12% of transcripts are stabilised in the
absence of RNase IH E. coli highlighting asignificant,albeit not essential, rolédor RNase Il in
MRNA decay. For example, the stability of transcripts involved in cysteine metabolism was
decreased in the absence of RNaseeldj. cysPinvolved in sulphate uptake anclysDinvolved in

cysteine biosynthesiéStead et al., 2011)n addition, a population of mMRNAs were identified that
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were actually destabilised in the absence of RNase Ill, which could be due to reduced translation as a
consequence of defective ribosomeg@alkad et al., 1978)RNase Il having a major role in
destabilisingregulatory sRNAs(Stead et al.,, 2011, Viegas and Arraiano, 20@8)d RNase |lI

cleavages in some mRNAwt resultin increased translation ahstability(Aristarkhov et al., 1996)
1.3.2.2 RNase E

Ribonuclease E was originally identified as an endonuclease that is involved isgimgoef the 9S
rRNA precurso(Ghora and Apirion, 1978, Misra and Apirion, 19a&8Y loss of this activity was
believedto causethe lethal phenotypén rne mutants ofE. coliApirion and Lassar, 1978jowever,
genetic mapping of one of the temperatusensitive mutationsrfe-3071) found that the mutation
was located on the same protedoding gene as a mutation that was previously fotmaffect bulk
MRNA stabilityMudd et al., 1990, Melefors and von Gabain, 1991, Babitzke and Kushner, 1991,
Taraseviciene et al., 1991Fhis mutation, termed altered mRNA stabiligms1), was originally
found to increase the stability of the majority of transcripts i coliat a nonpermissive
temperature (Kuwano et al., 1977, Ono and Kuwano, 19T8g role of RNase E in the degradation
of most transcripts has been confirmedsing microarraygLee et al., 2002, Stead et al., 2011)
Therefore, not only does the function of RNasextend far beyond the processing of ribosomal

RNA, but also its rola initiating MRNA decay may tsource of its essentialitiy E. coli

One of the most well studied substrates of RNase E cleavage ipsfpnp transcript, whereby
multiple cleavages performed by RNase E initiates the decay of both mBR&Nstsown in Figurei.
(Braun et al., 1996, Braun et al998, Hajnsdorf et al., 1994a, Hajnsdorf et al., 199&Nase E has
also been shown to be important in the decay rmany other transcripts includingosT, which
encodes ribosomal protei®20(Mackie, 1991)dnaG which encodes a DNA primaééajnik and
Godson, 1993)the unc operon which encodes components of the bacterial ATP@&atel and
Dunn, 1992, Patel and Dunn, 199&hd the epdpgk operon which encods proteins involved in
metabolic pathwaygBardey et al., 2005)RNase E has also been shown to be important in the
processing ofseveral stable RNAs addition to rRNAs and tRNAs (see Sections 1.2.1 and 1.2.2,
respectively), such asnRNA(LinChao et al., 1999)6S RNAKim and Lee, 2004and M1 RNA
(Gurevitz et al., 1983, Kim et al., 199Binally, RNase E activity has been implicated in numerous
cellularpathways includingtress responséManasherob et al., 2012)egulaton of mobile genetic
elements(LinChao and Cohen, 1991, Jerome et al., 19889 virulencé€Yang et al., 2008, Pichon et
al., 208, Viegas et al., 2013)
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The smallet detectable upstream and downstream products obtained from RNase E cleavage are 8
and 3nt, respectively. This suggests RNase E cleaves atleb3tRB Y (KS [ QFRFKR 4 KB
end (Walsh et al., 2001)RNase E hastrong preference for singlstranded regionfCormack and

Mackie, 1992, Mackie, 1992, Mackie et al., 199ich reflects itslow sequence specificitfor

regions rich in A and U nucleotidéMcDowall et al., 1994, Kahdin, 2003) sequencesalso
associated with low secondary structufeurther studies obligonucleotide substrates has revealed
somespecificsequence bigdn particulat the presence of a guanineucleotide has been shown to

stimulate cleavage twotrdownstream(Kaberdin, 2003, Redko et al., 2003)

RNase E autcegulates its own synthesisybbinding to and initiating degradation of thee
transcript (Jain and Belasco, 1995y SY2 @1 t 2 F W K| JedkJinystabiligagon dn& S p ¢
increased expression ohe in vivo(Diwa et al., 2000BecauseRNase E recognises singteanded

regions, it is bedived to bind tounpairedd 6 dzf 3 S ¢  NXB@deBaif pins(@ivaiakidi Bélasco,

2002, Schuck et al., 2009roviding evidence that RNase E possesses flexibility with regard to the
spatial organisation othe singlestranded regionst can interact with Furthermore one ofthese

bulge regions interacts with a residue sited away from theRNAbinding channel of RNase E
(Schuck et al 2009) suggesting that additional residues besides those associated with the active site
cancontribute to RNase nteractions Further details on the structure and mechanism of cleavage

by RNase E are discussed later on in this chapter.
1.3.2.3 RNase GCafA)

RNase G, originally known as CafA, ariginallyidentified as a protein involved in the regulation of
cell division and/or chromosome partitionin@kada et al., 1994)However,subsequent studies
discovered thaiRNase @lisplayedendonucleolytic activitynvolved inthe processif 3 2 FTend KS p ¢
of the 16S rRNA precursdiwachi et al., 1999, Li et al.,, 1999a, Li et al., 199Bajther
characterisatiorin vitro confirmedthat the primary functon of RNase @& an endonucleasg@ock et

al., 2000) Interestingly,RNase G and RNase E share a high sequemdarity (McDowall et al.,
1993, Wachi et al., 1997and disruption of theang gene(gene encoding RNase &)hanced the
temperature sensitivity of theems1 mutant (Wachi et al., 1997)suggesting that there may be
significant overlap between the functions of both enzymiesrthermore, overexpression BNase G
reducedtemperature sensitivty in ams1 mutantsand even celllethality in rne disruption mutants
(Wachi et al., 1997, Lee et al., 200Bpwever, RNase G cannot compensate for RNase E in the
processing of stable RNAs such as 9S and the M1 preciiserefore it appears that RNase E
processing of stable RNAs is dispensible for cell viabilityegards to mRNA decagpnly 100

transcriptsthat were stabilised as a consequenoérne disruption displayed normal halifves when
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rngwas overexpressedMost of these transcripts were implicated in metabolic pathwiyee et al.,
2002) Therefore these 100 mRNAgepresent targets whose degradation is the basis for the
essentiality of RNase. Because oveexpression ofrng in an rne mutant can compensate for
cleavage of this subset of mRN#hile retaining the stabilisation of bulk mMRNAN&se Gnaybe a

potential targetfor improvingE. coliexpression systems.

AlthoughRNase Gs mot required for cell viabilitf{Wachi etal., 1999, Li et al., 1999ahd does not

play a broad role in mMRNA dec@yee et al., 2002, Ow et al., 200B)does initiate the degradation of
several specific mMRNA targe@ne such examplis adhE which encodes an alcohol dehydrogenase
involved in the anaerobic fermentatioof glucose Mutations inrng result in oveproduction of the

AdhE proteinUmitsuki et al., 2001, Wachietal., 2001) Ly 4§ SNBS&dGAy 3t &8> wbl a$s
UTRof adhEat a position only 14 tndownstream from an RNase lll cleavage fitastarkhov et al.,

1996) It is believed that RNase GandR&S LLL O2YLIS{GS 7T 2ahEdvhedebydl IS
the fate of the mRNA is determined by whicheeéthese endonucleasasakes the initial cleavage

(Ito et al., 2013)In addition toalcohol dehydrogenaseanother proteinthat has been shown to
accumulatein the absence of Ri$e Gs enolasea major glycolytic enzyme B. coli The haHife of
enomRNAwassubsequentlyshown to be old higher in amng mutant compared towild-type cells

(Kaga et al., 2002Mutations inrngresult in the stabilisation of several mMRNAs that encode proteins
associated with central metabolisnncluding in addition to the examples mentioned abovsi,

glk, and tpiA(Lee et al.,2002) These same mutationalso result inincreasedcellular levels of
pyruvic acid. Taken together, these findings suggjestt RNase G has a major role in thgukation

of central metabolisn{Sakai et al., 2007)
1.3.2.4 Other endonucleases

The RNase H family are a set of endonucleases that céoubd in nearly all organisn{®icholson,
1999)andhas theuniqueability to only cleaveRNA that is presdrin a DNARNA hybrid. RNase H is
important during DNA replicatiorwherebyit degradeghe RNA primers after the newly synthesized

DNA strand is formed and hen@eomotes completion of DNA syn#sis(Champoux and Schultz,

2009) Given the specific requirements for RNase H cleavage, it has been assumed that RNase H does
not play a major rolan mRNA decayHowever, more recently it has been shown that cells with
lethal mutations inrne can remain viable when mutations were introducedrio, the gene which
encodesthe transcriptionalterminator Rha Further analyses indicated that thiestoration in

viability was dependent othe activity ofRNase H1. Theoretically, inactivation of Rho prevents the
release of many of the mRNAs from the transcripiibbcomplex after the DNA polymerase has

stalled The DNARNA hybrid between the DNA terapg and mRNA is therefore stabilised, and is
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exposed toRNaseH1 Cleavage by RNase H releases the MRNAR NB Y2 @3Sa LI GSydGAl
elements whichpromoting¥ dzNJi K SNJ RS I NI R (i jABupamd étalo11G E 2 y dzOt St

Other minor endonucleasdn E. colinclude RNase |, which wasiginallybelieved to bethe major
initiator of MRNA decaylue to its broadsubstrate specificity (Spahr and Hollingworth, 1961)
Howeverthe majority ofRNase | wacatedin the periplasm oE. col(Neu and Heppel, 19643and
inactivationof the enzymehad little effect on mRNA stabiliip vivo(Kivity-Vogel and Elson, 1967)
Another endmuclease with broad specificity, terrd&kNase M, was found in the cytoplasmEofcoli
andwas hypothesized as the major endonucleaydctivity in mRNA degradatid@annistraro and
Kennell, 1989)However, tudies have Bown that RNase M is actually just an altered form of RNase

I, found in theE. colistrain MRE60QSubbarayan and Deutscher, 2001)
1.3.3 Additional factors

Besides the large repertoire of ribonucleasés, colialso contains several ancillaproteins that

assist in RNA degradation.
1.3.3.1 Poly(A) polymerase |

Poly(A) polymerase (PAP) is an enzyme that can be found in many organisms and catalyses the
additonofady2aAy S Y2y 2 LIK2aLKI (S aHémdod #dRegnier, DQER 2 T
coli contains PAP I, whicproduces small oligoadentdils on the end of an RNA molecule that are
usually around 710 nt long(Cao and Sarkar, 1992)hese oligo(A) tails promote theegradation of

many transcriptgXu et al., 1993, O'Hara et al., 1998) particularnascenttranscripts and RNA

decay intermediatess K2 8 S @@ caffigeR & secondary structure@Blum et al., 1999)by

LINE GARAY 3 | ¥F22(K29RNas& B RNadekRSandoPNpSsiargy it @ fisBnera S
2002, Hajnsdorf et al., 1995, Coburn and Mackie, 1996a, Andrade et al., 200&ddlition, oligo(A)

tails have beershown to be cleaved by RNas¢Huang et al., 1998, Walsh et al., 2QdiLjhas been
estimated that over 90% of mRd are oligoadeylated at some point during their lifeleyiohanty

and Kushner, 20060 f A 3 RSy &t GA2y |G 0G§KS osQOig8adeRylatod v 2 i
200dz2NB i GKS o Qursrg R stithFateZexXxpohuoldagssistenl maturdNdgLOet al.,
1998b)ay R | i (i K $lefeotie tFON Bnd 2RNAS assist in their degradatiofsee Section

1.1.3)

1.3.3.2 RNA helicase B

RNA helicase BRhIB) is a member of the DEADBX family of helicases, a group of Adépendent

proteins responsible for unwinding RNA iman-processive mannemBecause of thiglistributive
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activity, RhIB can only unwind short RNA duplexes that are no more than 2 helical turns, or 22 bp, in
length (Cordin et al., 2006)The general structure of a DEAD box family member consists of two
RecAlike domains that e connected by a flexible linker regig@aruthers and McKay, 20023n
interdomain groove is formed between the two Reldfe domains, whereby an ATP interacts with
the conserved aspartatglutamatealanire-aspartate (BEA-D) residuegCordin et al., 2006, Worrall

et al., 2008) The negative charge of the phosphate backbone on the RMAdsinteracts with a
cationic exposedegion present on both domainMilner-White et al., 201Q)The Gterminal RecA

like domain also contains a tailith additional cationicresidues. These positively charged residues
increase RNA affinity by making further contacts with the sypd@spate backbone of the
substrate(Chandran et al., 200%Vorrall et al., 2008)Binding of ATP and RNA to RhIB has been
shown to be highly cooperativdJpon binding of bothsubstrates ATP is hydrolysed, causing a
conformational shift that separates the two && domains, unwinding the RNA strari@lach and
Uhlenbeck, 2002)

1.3.3.3 RppH

RNA pyrophosphohydrolas®gpH) is a major decapping enzyme foundincoli(Celesnik et al.,

2007) and other bacteria(Richards et al.,, 2011) g KA OK NBY20Sa | LR NP LK:
ONRLIK2&aLKFEGS OFLI 2F yI &adnbéphosphoiagtsetoNDedda at>al., LIN2 R
2008y ¢ K Snbrdphgoghorylated substrates can then engadéase E, whiclinitiates their
degradation(Mackie, 1998)In addition, the presence®™ | Y2y 2 LK 2aLKIFGS 4 0
been shown to enhance the actiyiof PAP | on some substrat@®eng and Cohen, 200@he further

importance of RppH in assisting RNasedtliated degradation is disssed later on.
1.4RNase E

In E. coli,RNase Es recognised as the major regulator pbsttranscriptional geneexpression
Therefore, understanding how RNase E can recognise and cleave substrates could lead to
manipulation in overall gene expression. This could be particularly useful in impEvaodprotein
expression systems by either introducing mutations in the gere (Lopez et al., 1999r by
production of decoy RNAs that coudeéquesterRNase E activitfMakeyev et al., 2002, Marzi and
Romby, 2012) This informationcould also have applications in synthetic biology, whereby th
expression of multiple genes at coordinated levelsuld be finely tuned by modificath of
intergenic regions withirpolycistronicmRNA operongSmolke and KeaslingD@2, Pfleger et al.,

2006) RNase Blso has huge potential as antimicrobial target given thatlong with RNase P and

Orn,RNase ks one of the fewessentialcomponents of the RNA decay machinar. coli(Apirion
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and Lassar, 1978, Ono and Kuwano, 1979, Li et al., 2003, Ghosh and Deutschend 83@se E
homologuesare found widespread tloughoutthe gramnegative bacteriaHoweverunlike RNase P
and Ornthere are no known homologues of RNase E in huni@onsdon and Putzer, 2002, Danchin,
2009) Recently,using a structurédbased approachseveral smk molecules have been developed

that appearto inhibit RNase E activifiKime et al., 2015)

1.4.1 Structure
1.4.1.1 N-terminal half

The RNase E protein is 118 kDa and composed of 1061 amino acids-tarnendl half (NTH)
consists of the first 529 amino acids of the RNase protomer. The NTH of Riagaifs the major
endonucleolytic activity and is required for cell viabiliicDowall and Cohen, 1996)he NTH of
RNase Bs alsothe sitewhere the temperature sensitive mationsams1 andrne-131 are located
(McDowall et al., 1993)

A

Large domain

Zn
RNase H 2
link

1 35 118 215 279 400 415 529

RNase H DNase | Small

Figure 1.6 Structure of the f&rminal half of RNase E2anel A shows a linear representation of the
the first 529 amino acids of the RNase E protomer, whereby the domain boundaries are shown.
Panel B shows the crystal structure of tN€HRNase E princghdimer at 3.18 A resolutioiPMD ID:
2CO0B) with the gae colour coding aBanel A and the RNshown in greer{Callaghan et al., 2005a)
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EachNTHis divided into2 majordomains known as the large and small domaim®nnected by a
link region The large domain consists of thesfi400 amino acids of the NTH of RNase E and is
divided into 4 minor domainsach ofwhich form independent structural motifs that are found to
be conserved in several other protejras shown in Figure 1(6tubert et al., 2004, Callaghan et al.,

2005a) It is important to note that the RNaseltte domain is formed from two regions on the NTH.
1.4.1.1.1 The Silike domain

The Sdike domain isa highly conserved domain present in several RNAding proteinsincluding
PNPase and RNase(Blycroft et al., 1997)The Silike domainof RNase Exists ad Yy &I NM { S
structure that closes down ontthe DNase -like domain producing an RNAinding channel that

can accommodate singlgranded RNA onl¢Callaghan et al., 2005ajloweve, due to the ability of

the Silike domain to swing outjt has been hypothesised thatore structured RNA elements may

be able to accommodate this regigkoslover et al., 2008)

Figure 1.7 Representation of the proposed catalytic site at the DNase | subdorRainel A shows a
three-dimensional model of the proposed catalytic site of RNase E. The residues Asp346 and Asp303
coordinate the divalent magnesium ion to the RNA backbone via their negative charge. The polar
Asn305 residue supports the positioning of Asp303. The residue¥ PRBE57 and the side chain of
Lys112 form a hydrophobic pocket that can accommodate one of the RNA bases. The charged group
at the end of the Lys112 residue promotes cleavage of the phosphodiester bond. Image taken from
previous studiegCallaghan et al., 2005apPanel B shows a schematic diagram that illustrates the
basic divalent metal iodependent cleavage. The deprotonated nucleophile, in this case a hydroxyl
ion, is coordinated by the divalent metal ion, in this casegn&sium. The phosphorous atom
undergoes an N2 reaction via attack from the nucleophile resulting in cleavage of the
LIK2aLK2RASA(GSN axpyghRimageAtakén frank & previus revie(Forconi and
Herschlag, 2009)
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Two phenylalanine residues at positio§ and 67 on the Sillike domainstack between thebase

two nt downstream of the site of cleavage within the RNAs shown in Figure 1A7 This
KERNRLK20AO aLRO1Sihé¢ hydrophobit JnieratibSsReontituted Fbih& A G A 2
aliphatic side chain of the lysine residue at position bh2the Silike domain Accommodation of

GKS o6lFlasS AylGz2z GKS KeéRNZLIK 2 belplbspdisatediaskibose tiatlisdza S a
in cortact with the DNase | subdomaippssibly promoting cleavad®iwa et al., 2002, Callaghan et

al., 2005a) Substitution of one of these residsienvith alanine resulted in a §0ld reduction in

enzyme activitf{Callaghan et al., 2005&)ven ifdouble-strandedRNAcould accommodate the RNA

binding channel cleavagewould be unlikelydue to the fact that doublestranded RNA cannot

present a base to thaydrophobic pocket

The hydrophobic interaction betweete aliphaticportion of theside chain ofys112 and the RNA
base reorientates the positivelychargedamino group at the end of the lysine residue to make
contact with the scissile phosphate. Thigeraction is believed to support the chargd the
phosphate bondbuilt up during the transition state, reducing the enerbarrier for product

formation (Callaghan et al., 2005a)

Twotemperaturesensitive mutationshat haveshown that RNase E is essential for elbility and

MRNA metabolisnfApirion and Lassar, 1978, Ono and Kuwano, 1839 beeriocatedwithin the

Stlike domain(Schubert et al., 2004hese mutations, which involve substitution of glycine and
leucine to serine and phenylalanine at fi@ns 66 and 68, respective{iicDowall et al., 1993)are

buried deep withinthe S1 A1 S R2YIFIAYy RANBOGf & o0SySIiK GKS KE
affect the stabiliy of the region directly aboviiwa et al., 2002)

Anothe potential interaction of the Slike domainwith RNA is a hydrogehond between the
exocyclic oxygen on the basecated 2 nt upstream from the scissile phosphate and the amino
group of the lysine residue at position 1Q6alaghan et al., 2005a)This interaction explains the
increasedpreferenceof RNase Hor the presence okither a G or Uresidue at this positioywhich

arethe only bases that displan exocyclioxygen (Kaberdin, 2003, Redko et al., 2003)
1.4.1.1.2 ¢ K Smopdphosphatesensing domain

Arguably the mostdistinguishing feature of RNase E and its family membkera 4-K S p ¢
monophosphatesensingdomain The residues on several amino aciH®2 N | GK2NRS 2
hydrogen bonds that caimteract withaY2 y2 LIK2 aLK I GS Fd (GKS p& SyR

shown in Figure 18
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F67

F67 !
Mg @ Mg ® g
D346 D303 u D346 D303 -

Figure 1.8 The p -fhonophosphate sensor of RNase Panel A shows a thredimensional

NB LINB & Sy (i I GmoBophosphitesanding popk&. Tha@hrl70 andArg169 residues make
extensive hydrogen bonds with the threeon-bridging oxygen atoms on the monophosphate
(purpled LINBaSyid G GKS pQ SyR 2F GKS wb! 0603INBSyoL ¢
bonding with the Gly124 residue. VallpBovides a hydrophobic interactiowith the base of the

first nucleotide. Image taken froma previous studyCallaghan et al., 2005dPanel B showshe

proposed mechanism for thémouse trag model of RNase E activationhel RNA strand (green)

F LILINB I OKS&a (GKS SylevysS FyR (SR YAV 2050L3K | 5 §
monophosphatesensingpocket (yellow). This causes the -#de domain(blue)to clamp down onto

the RNA, exposing it to the active site of the DNaBkeldomain (red).Residues important for
catalysis are highlightedimageadaptedfrom a previous studyCallaghan et al., 2005a)

The hydroxyl group of a threonine residue at position 170 provides a hydrogen bond doulbé

bonded oxygen atonon the phosphate group. The positlyeehargedguanidinium group at the end

of an arginine residue gtosition 169 provides anothanteraction with one of the singldboonded

oxygen ators. The finalinteraction is provided bythe positivelychargedamino portion of the

peptide bond betweerthe Argl69 and Arl70 residuesAn interaction betweenthe intra-chain

amino groupof Arg169 and the carbayl portion of the peptide bond of glycine at position 124
supports the position of the long l§169 residue A valine residue at position 128 strengthens the
OAYRAY3I 2F (KS pQ SyR 0 &n wih theAbgsa onlthdifstenech@iddK 2 0 A C

(Callaghan et al., 2005a)

The accommodation of the monophosphate into this€ensingpocket explains wy, in previous

2 0 & S NI | tiiph&pharylateg ahchydroxylated RNAtsands are not cleaved as we{Mackie,
1998, Jiang and Belasco, 2004, Garrey et al., 2009, Kime et al., 20frfjhosphate would be
sterically unable d fit inside thepocket due to he presence of thdnydrophobic V128 residue
whereas a hydroxyl group would not be able to maké#ficientcontacts with the £Ag169and Thr170
residues(Callaghan et al., 2005dj addition, the interaction of the first base of the mRNA with
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+ ftmHy SELX I Aya K& OSNIIFAY Ywb!a 6AGKEZNSY f:
(Emory and Belasco, 1990, Chen et al., 1991, Emory et al., 1992)

Further structural studies have found that, the absence oRNAbinding the enzyme was shown to

adopt a moe dopere structure.Between the open and closed confirmations, theli®&é domain and

K Ssensify domain move as one unit at an angle of ard@BidA hypothesiE G SNXY SR (1 KS «
NI} L¥E o6¥2aRSfdzra3 IS4G SR ¢ KS NB dikteraitsingh tip & mpidpficspliste 3 LIK |
sensing pocketausnga corfF 2 NY I G A 2 y I £ -@msingfam&in. Khis charfgéSrespltQin the

[aN

[N

Stlike domain clampingn to the DNase-like domain, distorting the suggshosphate backboaof

the RNAand hence promoting cleavagas shown in Figure 1.{RBoslover et al., 2008)

However, kinetic studies have showvthat addition of singlestranded regions on to RNase E
substrates can promote bypass ddbBonophosphate dependeng@®aker and Mackie, 2003, Kime et

al., 2010, Jourdan et aR010) In addition,early results have shown thatmQ Y 2y 2 LJIK2 a LIK |
oligonucleotides increases the affiniof interaction with RNase Bourdan and McDowall, 2008,
Jourdan et al., 2010Therefore, a second model has been proposed, whereby the interactidmeof t

PQ Y2y2LK2 4 LKmodophospHatigsknsirig pd&kepir@reases the affy of the substrate

for RNase E, and the clamping down of 8#dike domain is largely independent of the interaction.
1.4.1.1.3 The RNase+ke domain

Recently, severalresidues irnthe RNase Hike domainthat are involved in RNA cleavagavebeen
revealed One of the most interestingesiduess a glutamine at position 36, which when stitoged

for an arginine residuactually resultedin increased RNase E activ{igo et al.,, 2011)Several
studies have foundhat the interaction of RNAvith the GIn36residueactually represents a forraf
uncompetitive regulation; the Q36R mutant shows increased binding of RNA to the active site, but
less overall binding of the RNi&o et al., 2011Kim et al., 2014)interestingly, another residue
located at the same region of the RNasdike domain tyrosine at position 25displayedthe
opposite effectwhen mutated to an alaninel'his mutationled to a decrease in RNase E activity, but
showed an increase in bindingpecificallyto an allosteric site foundbetween residues 427 to 433
within the small donain, which may represent a form of allosteric rigion in RNase Kim et al.,

2014)

Another interesting region within the RNasdikk domain was found during an analysis of RNase G.
When mutations were introduced in RNase G that resulted in substitution of a valine to a
phenylalanne or glutamate to a lysine at positions 219 and 248, respectively, viability wasegsto

in RNase Heficient cells(Chung et al., 2010However, the equivalent residues in RNase E are
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alanine and leucine at positions 217 and 247, which show little chemical similarity to edtidre
in the RNase G mutantSherefore it appears that the RNase-lilke domainplays a key role in the

differential activities found within the RNase E family.
1.4.1.1.4 The DNasellke domain

The DNase-llke domainhouses he active siteof RNase E, which contaiashydrated magneisim

ion essential for catalysiShe magnesium ion is coordinated by the negatigtigrged aspartate
residues located at positions 303 and 346, as shown in Figidfe Substitution of these residues
with asparagine, an amino acid withsimilar special arrangement as aspartate but with a polar
nature, had little to no effect on RNA binding, but decreased the catalytigitgddy around 25 fold.
The AsB03 residue is itself orientated by a nearby asparagine residue located at position 30
through hydrogen bonding interactions. Mutation of this residue to aspartate, which would disrupt

the hydrogen bond interaction, caused a decrease in acti@aflaghan et al., 2005a)

Interestingly, substitution of aspartate at position 346 for a cysteine residue actually showed a
similar level of activity to the wilthpe RNase E, only when in the presence of manganese instead of
magnesium. However, this mutation caused inviabilityivo even when MnSpwas supplemented

in the media(Thompson et al., 2015)

The propeed mechanism for one metal ialependent cleavage is shown in Figute&B. The

divalent metal ion, whicifor RNase Hs magnesium(Thompson et al., 2015xoordinates the
phosphodiester bond of the RNA bpteracting with the norbridging oxygen atom on the
phosphorousatom (Forconi and Herschlag, 2009he positive charge of the magnesium decreases

the pK, of one of thewater moleculs in its hydration shell promoting formationof a hydroxyl ion
nucleophile(Kirby, 1970, Forconi and Herschlag, 200%e phosphate bonthen undergoes an &
mechanism with the nucleophile, whereby formation of a bond between the phosphorous and the
nucleophile causes departure of the-fiydroxy group of the upstream nucleotide from the
phosphorous atomTherefore, he final upstream and downstream produ¢tsNE 0 Q K& RNR E & f
PQ Y2y 2LK?2aLK 2 NXBulgersSaRdSE ckBi@Er 1978 Mt awii§eh @nd Cech,.1989)

Several other residues in the DNddi&e domain have roles in interacting with the RNA substrates.
An arginine residudocated at position 373provides apositive chargefor interaction with the
negativelycharged phosphodiester backbone of RNA. This interaction organises the substrate so
that AG OFy YI 1S O2 yhiohoghbsphatesehsihg [ibék& and @he active site
simultaneouslyCallaghan et al., 20058n asparagine residue located at position 323 also been

found to make interactions with som@ dzo0 & ( NI 1SaX &aLISOATFTAOIffeée GgAGK
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regions of RNA hairpingHowever, this residue is not found within the RbiAding channel and
likely plays a role in recognition of a specific population of RBAga and Belasco, 2002, Schuck et
al., 2009)

Along one side of the DNas#¢ike domain exists a patch of hydrophobic residues, which allows the
RNase Bprotomer to selfassociateand forma dimer with two RNAinding channels, as shown in

Figure 1.6BThe dimer is the minimal functional unit of RNase E, due to the factfdhaation of

each RNAinding channebccurs between th&tlike domainfrom one protomer and the DNase- |

like domainfrom the otherprotomer. Thisgives the RNaseEinciple dimel & a OAa a2 NJ £ A 1 S
(Caruthers et al., 2006, Callaghan et al., 2005b)

1.4.1.1.5 The Zinc link and the small domains

The principke dimer selfassociate to form a homotetramez | £ 82 GSNXYSR | GRA
(Callaghan et al., 2003Each of theRNase E protomersontainstwo cysteine residuegound at

positions 401 and 41which has been termethe & 2y . The §6dr €ysteine residues in the dimer

are coordinated by a zinc ion, orientatitite two small domainst the C terminus of eagbrotomer

so that they can make sufficient contact witlvo small domainof another dimer. A mutationin

either of the cysteine residues results in accumulation of the principle dimer amsignifican

reduction in catalytic activity,suggesting that formation of the homotetrameés required for
maximum cataliic activity of RNase ECallaghan et al., 2005b, Caruthers et al., 2008janges in

tKS O2YyFANXNIGAR2Y 2F GKS avyltt R2YlIAya KIFa 0SSy
2F wbhrasS 93 LRaarofteée AyRAOI Gdmedntetfacd couldexsmisa a G|
could explairwhy RNase E is most active akamotetramer(Koslover et al., 2008, Bandyra et al.,

2013)

1.4.1.2 The Germinal half

The Germinal half (CTH)of RNase Es much less conservedmongst bacteriathan the NTH
showing large variatioeven withinthe ! -proteobacteriagroup (Condon and Putzer, 2002, Marcaida
et al., 2006)In E.coli, the CTHof RNase Encompasses the regidnom amino acidat position530
up to the end of the RNase E protein at position 108lthough the CTH does providesalective
advantagye for growth(Leroy et al., 2002t is nd essential for cell viabilit{Kido et al., 1996, Vanzo
et al., 1998)The CTHloes contribtie significantly to mRNA dec#éBernstein et al., 2004putis not

instrumental for rRNAnaturationin vivo(Lopez et al., 1999)
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Figure 1.9A diagrammatic representation of the RNase E CThk regions involved in protein, RNA
and membrane interactions are highlighted. Imaagapted froma previous study{Bandyra et al.,
2013)

The man function of the CTH is to provide a scaffold for assembly of the RNA degradosome, a
protein complex involved in degradation of cellular RNAanzo et al.1998) The three major
components of this coplex are the RNA helicase RH{By et al., 1996)the glycolytic enzyme
enolaseg(Miczak et al., 1996 and PNPasgCarpousis et al., 1994Jhe function othe domains found

in the CTH of RNase & shown in Figure 1.@jll be discussed below.

1.4.1.2.1 Membrane anchor

RNase E has been confirmed amembrane binding proteitiMiczak et al., 1991, Liou al., 2001)

The CTH of RNase E consists of an amphipathic helix, also known as Skgloeated between
amino acids at positions 585, as shown in Figure 1.9his helix contains an organisation of
hydrophobic residues on one side, which can be embedded into the hydrophobic core of the lipid
bilayer, and polar residues on the other, isth can be exposed to the cytoplasm. The boundary
between these two sides consists of positiveharged arginine and lysine residues that have been
hypothesized to interact with the negatively charged heads of the phospholipids. This segment of
the CTH aabind strongly, and therefore localise the degradosome, toitiner membrane(Khemici

et al., 2008) The organisation of the degradosome along the inner membrane is believed to form
filament like structures thatire asociated with the cytoskeleto(iTaghbalout and Rothfield, 2007,
Taghbalout and Rothfield, 2008)lore recent studies have suggested that association of the RNase
E to the membrane can also induce conformational changes that incthaseatalyticrate of the

NTH(Murashko et al., 2012)
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1.4.1.2.2 Argininerichregions

The CTH of RNase E contains two HRiKNding regions known as the primary RhiAding domain
(RBD), located at amino acid positions &4, and the arginineich region (AR2), located at amino
acid positions 79814. The RBD has been shown to form a cait@tidanain when interacting with
RNA(Callaghan et al., 2004Both RNAinding domains enhance ¢hcleavage of the 9S precursaor
vitro (Kaberdin et al., 200@nd are involved in the degdation of several transcripd eroy et al.,
2002, Lopez et al., 1999, Ow et al., 20@¥cause both RNBinding regions are found flanking RhIB
(see next section)hey could provide anchors for the two singlganded RNA regions produced by
the distributive activity of RhIB, allowing it to-associate and facilitate further unwinding. Bhk
usually limited to RNA duplexekat are around 22 bp in lengtfCordin et al., 2006)ut with the

localised RBD and AR2, could adoptacessiveactivity.
1.4.1.2.3 RhIBbindingsite

The Germinal Reé-like domainof RNA helicase Bteracts with theregionlocatedbetween amino
acids 719731 on the CTH of RNase(Ehandran et al., 2004, Chandran et al., 20@%)shown in
Figurel.9. The stoichiometry of binding of RNase E (monomer) to RhIB {€althghan et al., 2004)
and binding is required for ATPase activity of RfWBrrall et al., 2008) Therefore, it is not
surprisingthat most of the cellular RhiIBs irecruited to the degradosom@hemiciet al., 2004,

Khemici et al., 2005)

The position of RhIB on the CTH is such that its posktlgyged @erminal tail is presented

towards the argininerich region (AR2)The arginine residues of AR2 interact with the target RNA

and present thep Q 8 §idrGterminal tail of RhIB. Binding of ATP into the interdomain groove of

RhIB causes changes in the tieda positioning of the two Réelike domains so that the ®&rminal

tail can then present thgp @nd of the RNA tahe Nterminal Reé-like domain. The ATP ihen
hydrolysed causingthe two ReeA domains tareposition unwinding the doublestranded region of

(KS wb! FyR Lopfd&saiaw iyARER ISyMRQ (24 wbl 48 9 F2N) K&R
stranded end to PNPager phosphorylytic degradatio(Khemici et al., 2005, Chandran et al., 2007)

Studies have found thahe CTH is essential only whenthere &felzii  GA2y a4 Ay GKS pQ
E(Garrey and Mackie, 2011, Anupama et al., 20Hbwever, iability is restored irCTHruncations

that retain the RhIBinding site, suggesting an essénfi NR f S T MNlindegendent Ay
cleavage by RNase i vivo (Garrey and Mackie, 2011)n addition, microarray analyses have

confirmed that RhIB is required for noehmRNA decaBernstein et al., 2004)
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Apart from RhIB, several other RNA helicases have been found to associatahaitRNA
degradosome(Khemici et al., 2004Carabetta et al., 2010)n addition, underconditions of low
temperature, RhIB has been shown to be displaced by toldshock RNA helicase CsdA

(Prud’hommeGenereux et al., 2004)
1.4.1.2.4 Enolasebindingsite

Unlike RhIB, only around 10% of cellular enolase srjicated into the degradosoméPy et al.,

1994) Enolase containsraeinter-protomer groove at the top of thelimer thatcan accommodate a
ayrftft h KSEtAE O2yaAraday3a -gs0Girom tNeACTH of RNage Bsashofvie O i S
in Figure 1.4Nurmohamed et al., 2010, Chandran and Luisi, 2006 binding stoichiometry of the

RNase E monomer and enolase dimer is Wdon binding, there is no conformational change in the
enolag enzyme and its activity is not affected by recruitmenthe degradosoméCallaghan et al.,

2004).

The presence of enolase in the degradosome is still not fully understood, but its ability to catalyse
the production ofphosphoenolpyruvateRER, an important phosphate donor in the cell, has led to a
theory that enolase is important in localisethgsphotransfer reactions. The formation of PEP by
enolase would be readily available to theembranebound proteinpyruvate khase(Lasserre et al.,
2006)due to the close proximity of the degradosome. Pyruvate kinasalysss the production of
pyruvate by transferring the phosphate group on PEP to an ADP molecule, genenatinigrane
localised ATP for the degradosoneaimponentsRhIB and PNPa¢Bandyra et al., 2013pswell as
nearby enzymes such as PARBdrabetta et al., 2010)

The production of PEP by enolase may also have other roles in RNA decay. Mutations that prevent
recruitment of enolase to the degradosome have been found to increase the stability of several
transcripts associated witmetabolism(Morita et al., 2004, Bernstein et al., 200@ne model that

has been proposed is thatdalised PEP levels mediated by enolase may regulate the production of
sRNAs, which ultimately target mRNAs that encode theypmments of metabolic pathways
(Vanderpool, 2007)This is interesting, since thrasis for RNasEessentiality irE. colis believedo

be based orthe cleavage of mRNAs that encode proteamponents involvedn similar pathways

(Lee et al., 2002Althoughthe association of enolaseith the degradosme is not essential i&. coli
(Callaghan et al., 2004, Chandran and Luisi, 2q@8haps itdocalisedactivity provides a form of
selectivity in theRNase Hnitiated degradation of this specific pool of mMRNAs.
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1.4.1.2.5 PNPasdindingsite

PNPase interacts with the CTH of RNase E at a region known as Segment D, which encompasses the
amino acids at positions 102061, as shown in Figure 1&allaghan et al., 20045egment D

adopta  ksheét confomation that forms extensivehydrodSy 02y R& 6 A ( KshegtKS  ({ ¢
presentwithin the interprotomer grooveon the surface of the PNPase enzyrii@erefore,each

PNPase has the capacity to interact with up to th&EEHRNase HEails (Nurmohamed et al., 2009)

Around 20% of cellular PNPasessaciated with the degradosontkiou et al., 2001)

PNPase in the degradosome degrades the majoripraducts produced by RNageIn addition, the
association of PNPase on to the degradosome is believed to be required for the degradation of
structured MRNASs in coordination with Rh{Boburn et al., 1999, Khemici and Carpousis, 2004)

fact, even when the CTH of RNase @elstedin E. coli RhIB and PNPase are still found to associate
(Liou et al., 2002)

1.4.2 Mechanismof RNase E cleavage

1.4.2.1 p @onophosphatedependent cleavage

RNase E can initiataRNAdegradation by performing an endonucleolytic cleavage on the transcript,
LINE RdzOAYy 3 |y dzLJAGNBIFY FNI 3 ¥uSogplible 4o\ defradatioi byS E LJ2
exonucleases. The resialg) downstream fragments 2 dzf R I f & 2 -mbadbdBashefylated  p Q
end, which would make an ideal substrate for further endonucleolytic cleavage by RNadeN&ase

D o6& Sy 3l -3hsiid pockdé(\Backie, 1998, Callaghan et al., 2005dpwever, because
wblFasS 9 Aa altAaydAZlFIiSR o6& (GKS LINBaSyoS 2% | Y
(Mackie, 1998, Mackie, 2000, Jiang and Belasco, 2004, Garrey et al,, the@o¥eiphosphate cap

on nascent transcripteffectively protectamnRNAfrom degradationCelesnik et al., 2007)

Another enzyme was identified B. colithat removes a pyrophodgpl ¢ S FNB Y ({nisBentp Q Sy
transcript, producing thesg -fhonophosplorylated substrate for RNase (Eelesnik et al., 2007,

Deana et al., 2008)This enzymetermed RNA pyrophosphohydrolas®gpH, was considered the

initiator of MRNA decay iB. coli(Celesnik et al., 2007, Richards et al., 2023 believed that the

LINE R dzO (-hcehophogphorylated ends by RppH could provide a foothold for RNase E to bind to
transcriptswith high secondary structuréMackie, 2013adr that are highly translatedRichards et

al., 2012) factors that would both reduce the ability of RNase E to access sitngteded regins

RppH activity has also been implementedtie p Q Y 2 y 2 LIK 2 & LIK 2 N#&Hich éodl@ y 2 7
provide selective anchors for RNasdcEdegrade target mRNA@andyra et al.,, 2012, Mackie,

2013a) Finally, Rppidould play a role in comniitA y 3 Ywb! & {2 .IRecénBySséMerhlLJS R ¢
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RNAsirE. coliK I S 0688y F2dzyR (2 O2y il Ay |y HG&pdl LI 2
eukaryotic mRNA(Chen et al., 2009, Cahova et al., 2018 S -mpr@phosphorylated ensl
produced by RppH would not be able to provide a leaving gowug theNAD caping step,and
GKSNEBEF2NBE g2ddZ R 0S .LISN¥YIySyifte aRSOI LILISRE

1.4.2.2 Direct entry

Interestingly, disruption of theppHgene, which encodes RppH, was found to slow the turnover of

only 25%of transcripts whose degradation is thought to be dependent on RNa§x&a et al.,
2008)hyS &adaA3Saidizy Aa GKFEG | pQ Y2y2LIK2 ELdiF GS O
However,overexpression of RppH, which results in an increase in the proportion of mRNAs that are
Y2y2LK2aLK2NEf I G§SR | éncditterdte of QRNS iR uclkdo®tzal., g022) Sy K
This suggests thatitber: the degradation ofmany transcripts might be depereht on RNase E, but

not requireit to be cleavel (and thus not require decapping)r RNase E can initiate the degradation

of many transcripts without requiring decapping. Biochemical evidence for the Idites been
shown(Hankins et al., 2007, Kime et al., 2010)her studies have also confirmedvivothat RNase

E can cleave substrates without having to eadga -mongpkosphorylated en@Garrey and Mackie,

2011, Anupama et al., 2011)
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Figure 1.100ligonucleotide quadruplexes enhance binding to N'RMase EPanel A shows a
molecular schematic of the G quartet. Hydrogen bonding within a plane occurs via Hoogsteen and
WatsonCrick faces of the guanine bases, stabilized by the interaction between the oxygen groups on
carbon 6 of each base with a monovalent ipreferably potassium, in the cent@arkinson, 2006)
Image was taken frormprevious worlk{Burge et al., 2006Panel B shows the hydrophobic stacking of
Gquartets h a plana arrangementwb ! R2 gy aA0GNBIY 2F (KS pQ DDD &
Fluorescein is shown as a green ciréteage adapted froma previous studyKime et al., 2010)

Panel C shows achematic of the principal dimeforange) interacting with the quadruplex
oligonucleotide (green).d€h protomeris separated by a dark orange boundand containsan RNA
binding channel (white line) ending A (i K ménoppo®hate-binding pocket (white ctle). The
oligonucleotide quadruplex is bound to the dimer, with the guanosine quartet represented as a
green dotted square and a potassium within (purple) Images wereadapted from a previous
study(Kime et al., 2010)
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In one study,tiwas found serendipitously thatn 13 nt longoligonucleotidetermed BR13§ A (1 K- | p G
hydroxylated endcould be cleaved rapidly by RNasepvided the substrate had been stored on

ice immediatly prior to starting the reactior-urther circular dichroism analysesvealed that the
p-GGG sequencef BR13formed intermolecular quadruplexs at low temperatures, in effect
creating a substrate that presents four singkeanded segmentsef the oligonucleotide as shown in

Figure 1.10(Kime et al., 2010)Moreover, modelling studies revealed that two singteanded
segmentson RNAcould interact simultaneously wittwo RNAbinding channels found on the
principal dimer of NTHRNase EKime et al.2010) Thus, the simultaneous recognition of more than

one singlestranded region could facilitate rapid cleavage i (0 KS | 0 deBdyré8gnitdrf p Q
Modified substrates have beenguiuced that confirm this modd€Baker and Mackie, 2003, Jourdan

et al.,, 2010) Cooperative interactions of this nature are common various systems e.g. the

recognition of operators by thiacrepressorChen and Matthews, 1994, Vossen et al., 1996)

Given the prevalence of singd#randed regions in mMRNA, this type of RNasteBvage, which has
0SSy NBFSNNBR G2 a WRANBOG SYyiGNRBQI YIlIé& 6S Iy?2
would offer a simple explanation for the observed interplay between translation and mRNA
degradation,wherebythe passage of ribosomdinits RNase E access to singteanded sitegsee

Section 1.3).DA @Sy | f a2 (K| dsendinypdcketioPRNase B of in RppS ddmee

a significant &ect on cell viability or cellular mRNA levélSarrey and Mackie, 2011, Deana et al.,

2008, Anupama et al., 201,1put mutationsin RNase E activity d@pirion and Lassar, 1978, Ono

and Kuwano, 1979, Garrey and Mackie, 20Miject entry may play the major role initiating

MRNA decay.

¢ KS p Qhospiatgdependent pathways not exclusive witldirect entry, and may actually be
an important pathway fofurther cleavage of direct entry productPhysical separation of multiple
singlestranded region®f RNAas a result of endonucleolytic cleavageould result in a reduction

in the singlestranded characteof the products required for direct entry. However, the downstream
productsg 2 dzft R K-ma&hobphafe @roup to assist in binding to RNas€r&vious kinetic
analyses have suggested that thefhonophosphate group enhances the catalytic activity of RNase
E wthout affecting the affinity potentially contradicting this modelJiang and Belasco, 2004)
However, the findings presented previously were derived from heavily extrapolated Hateefore,

I 1LAYSGAO Iyl f&aAa adegidenipatBwayvidl have ty lfe lndfeigatelk I (G S

The broad objective of this thesis is to understand in greater detail the initiation of mMRNA
degradation by RNase EHn coli The specific aims are to (1) confirm the molecular recognition by

which the catalytic domain of RNase E canw@daanscripts rapidly without requiring recognition of
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the mRNA pool; and (3) investigate the possible contributions of other regions of RNase E to the

initiation of MRNA degradation.
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Chapter 2

Materials and Methods
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2.1 Materials

2.1.1 Growth and maintenance of bacteria
2.1.1.1 Media

LB (Luria Bertani) media consisted of 10B#ttotryptone, 5 g/l Bacteyeast extract (Oxoid) and 10
g/l NaCl and was purchased as tablets from Sigma Aldrich (UK). Tablets for solid media consisted of

15 g/l agar in addition to the components above.
2.1.1.2 Sterilisation

All media were sterilised at 121°C for @&0n. Heatsensitive supplements, such as antibiotics and
IPTG, were sterilised by filtration through 0.2 uM filtd&arstedt GmbH, Germany)r throuch
vacuumdriven Durapore 0.22 urfilters (Millipore Corporation, Massachusetts, US&) volumes

larger han 20 ml.

2.1.1.3 Bacterial strains

E. colistrain Genotype

BW25113 F, />nft I O%rnBB)rhsdR514, n 6 I NI . !
noNXKI . Irph-0(BabyeXal., 2006)

BL21 (DE3) F, hsdS(msg), gal, ompT, lon/ (cI857, indl, nin5,

sam7, lacl, lacUvHE7 gene ) Purchased fron
Agilent Technologies.

51 ph FKdzl HZ pfl O MmumpE wIKARYUSZ
gyrA96, recAl, relAl, endAl, -thi hsdR17
Purchased from Invitrogen.

MG1655 F, /", ilvG, rfb-50, rph". Obtained fromE. coliGenetic
Stock Center (Yale, USA).

N3433 Hfr, lacz43Fs),/ ", elA, spoTXhiELl Laboratory stock.

N3431 Same as above witme-3071(ts) mutation.

SDF204 F, /7, IN(rnDrrnB1, rph-1, rnc+, TDA7:n ¢ y »
Laboratory stock.

SDF205 Same as above wittmc-105 mutation.

MC1061 F, p(araleu)7697, praD139k,, n(codBlac)3,

galKLe, galEL5(GalS), /", el4, mcrA0, relAl,
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rpsl1506trR), spoT, mcrBL, hsdR(rm*) (Casadabar
and Cohen, 1980)

GM11 Same as above witing::cat mutation (Umitsuki et
al., 2001)

Glycerol stocks were made as described previo{&ynbrook and Russell, 2001)

2.1.1.4 Plasmids

Plasmid Description

pET16b Contains hexabhistidinrencoding sequence fo
tagging recombinant proteins. Also contains
lac promoter to drive transcription. Confer
ampicillin resistance.

pRne529N Based on pET16b, contains insert encoding -
529 amino acids ofrne from E. coli after
hexabhistidineencoding sequence.

pRneD346N As above with RneD346N mutation.

pRNAI Based on pUC18, containing instent RNAI gene
from pBR322.

2.1.2 Buffers and solutions

Buffers were either purchased from Sigildrich (unles otherwise stated) or preparecs
described previouslgSambrook and Russell, 2001)

Acrylamide stock solutionsof 30% (w/v; 29:1 acrylamidebisacrylamide) and 40% (w/v; 19:1
acrylamide:bis-acrylamide) were purchased from Severn Biotech Ltd (UK). Denaturing PAGE stocks
consisted of 20% (w/v) acrylamide, 7 M urea, 1x TBE. All acrylamide solutions were stdf€l at
TrisEDTA (TE) buffeonsisted of 10 mM TrHEICI (pH 8.0), 1 mM EDTA.

10x SI3 running bufferconsisted of 250 mM THACI (pH 8.3), 1.9 M glycine, 1% (w/v) SDS.

10x TrisAcetate EDTA (TAEuNning buffer consisted of 890 mM THECI (pH 8.0), 890 mM acetic
acid and 0.25 mM EDTA.

10x TrisBorateEDTA (TBEjunning buffer was purclsed from Severn Biotech Ltd (UK) and
consisted of 890 mM Tris (pH 8.3), 890 mM boric acid and 0.25 mM EDTA.

6x DNA loading dygvas purchased from Thermo Scientific and consisted of 10 mMHQligpH 7.6),
0.03% (w/v) BPB, 0.03% (w/v) XyCy, 60% (v/v)rolyaed 60 mM EDTA.
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2x RNA loading dywas purchased from Ambion (Life Technologies, USA) and consisted of 95% (v/v)
formamide, 18 mM EDTA, 0.025% (w/v) BPB, 0.025% (w/v) XyCy and 0.025% (w/v) SDS.

2x SDS loading dyeonsisted of 100 mM THACI (pH 6.8)4% (w/v) SDS, 0.2% (w/v) bromophenol

0f dzSTI HmE: 00k @0 -EdraapbosSthsRd. All lgading dyeswer¥ storéd20°C.

2.2 General RNA Methods

2.2.1 RNase decontamination

To prepare ribonucleaskee solutions, diethylpyrocarbonate (DEP@n&i, UK) was added at a final
concentration of 0.1% (v/v) and then incubated overnight at 37°C. The solutions were then
autoclaved at 121°C for 20 min to inactivate the DEPC. Solutions that were reactive to DEPC (such as
Tris) or sensitive to heating (in@dole) were purchased from Sigma Aldrich guaranteed RNase free.
Equipment was decontaminated by treatment with RN&&E® RNase decontamination solution
(Ambion, USA).

2.2.2 Total RNA methods
2.2.2.1 Isolation of bacterial RNA

E. colicells were grown in@®ml of LB broth at 37°C, 200 rpm to anggbf 0.6. Cell metabolism was
guenched by adding 6.25 ml stop solution (5% [v/v] phenol in absolute ethanol) to the culture and
cells were harvested by centrifugation at 4,30@,x°C for 10 min in a Sorvall BB Superspeed
centrifuge (S84 rotor). Cell pellets were resuspended in 5 ml of TE buffer and lysed by adding 5 ml
of preheated (95°C) 2x Lysis buffer (20 mM-H@& pH 8, 40 mM EDTA, 0.3 M NacCl, 0.5% w/v SDS).
The mixture was incubated in a boiling wateth for 30 s. Cell lysate was then mixed with 10 ml of
phenol saturated with 100 mM citrate buffer (pH 4.3) by inversion. Phases were separated by
centrifugation under the same conditions as above. The aqueous phase was transferred-tol a 50
Falcon tule and mixed with 2.5 volumes of absolute ethanol. The nucleic acid precipitate was
pelleted by centrifugation at 4,300g 4°C for 20 min. Pellets were washed twice with 2 ml of 70%
(v/v) ethanol and resuspended in 100 pl of DEfe@ted water.

2.2.2.2. Dase | treatment

Amounts of RNA less than 100 pg of RNA were incubated with 2 U of DNase | (Promega, UK) at 37°C
for 60 min. The volume was made up to 400 pl with DE®&ed water and the total RNA was
extracted with an equal volume of acidic phenol: awbform: isoamyl alcohol (25: 24: 1). The

agueous phase was separated from the organic phase by centrifugation at 4300 for 10 min
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using an Eppendorf 5418 benchtop centrifuge and transferred to a 1.5 ml Eppendorf tube. The
RNA was precipitated bgddition of 0.1 volumes of 5 M NaCl and 2.5 volumes of absolute ethanol
and pelleted by centrifugation at 16,100yx4°C for 20 min. The pellet was washed twice using 70%
(v/v) ethanol and resuspended in 50 pl of DEfRGted water.

2.2.2.3 Quantitatiorof RNA

The concentration of RNA in the final samples was determined using the_Bedyert law as shown

in Equation 1:

! RAI Equation 1.
2KSNBE ! A& GKS I 04a2NblyO0Ss O A& GKS 02y OSyi{NI I
extinction coefficient. By treating nucleic acid solutions as a mixture of mononucleotides, the
formula of Agoof 1.0F 40 ng/uL was used to determine the concentration of total RNA. Around 1 pl
of the sample was mixed with 99 pl of water before measuring to entheereading was in the
linear range of absorbance. The 260: 280 ratio was also calculated to ensure the purity of the
sample, which for RNA should be ~2. These values were confirmed by measuring the concentration

of the samples using a NanoDrop 1000 spmutotometer.
2.2.2.4 Agarose gel electrophoresis

Agarose gels were made by melting 0.5 g of agarose (Melford Laboratories Ltd, UK) in 50 ml of 1x
TBE using an 800 W microwave at the highest power setting and 20 s incubations until completely
dissolved Ethidium bromide (SigmAldrich, UK) was added to a final concentration of 1 pg/ml when

the agarose mixture had cooled to 55°C. Gels were cast and placed in an electrophoresis tank (Bio
Rad, UK) and topped with 1x TBE buffer. Around 10 pg of RNA waswiixétk RNA loading dye
before loading onto the gel. The gel was run at 16nVfor 30 min. Gels were imaged at 310 nm

using a Transilluminator (Syngene, UK) to determine the integrity of the sample.
2.2.2.5 RNA ligagmediated reversdranscription polymease chain reaction (RLMRTPCR)
A) RNA ligation

To confirm the genotype of the N3433 and N3431 cells, 1.2 pg of total RNA extracted from both
strains was incubated with 5 U of T4 RNA ligase 1 (New England Biolabs, USA), 20 uM S4 RNA
oligonucleotide (Dharmam, USA), 20 U RNaseO{invitrogen, USA) and 1 mM ATP in 1x T4 ligase
0dzZF FSNJ I i otc/ F2NI ™ K ® {n 2t A2y dzOt S2 0
ACAUGAGGAUUACCCAUGUCGAAGACAACAAAGAAGUUCAACUCUUIAISUAUU
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B) Reverse transcription

The reverse transcriptiomeaction was carried out by addition of 50 ng of random hexamers
(Invitrogen, USA) to 5 pl of ligated RNA at a final volume of 20 pl. The reactions were heated to 65°C
for 5 min and then chilled on ice immediately. The RNA mixture was then incubate@0@tkh) of

M-MLV RNase H minus Reverse transcriptase (Promega, UK), 1 mM dNTPs (Invitrogen, USA), and 8C
U RNaseOU" in 1x RT buffer at 25°C for 15 min, 42°C for 60 min and 70°C for 15 min. Following
addition of 80 pl of 10 ng/ml yeast tRNA (Ambion, USAes were then stored aR0°C for 1 h.

C) PCR

PCRs consisted of 2 pl of RT reaction mix, 2 uM FW RLM primer, 2 uM Eno RLM2 primer, 3 mM
MgC} (Promega, UK), 800 uM dNTPs, and 0.8 U of GoTaqg® DNA polymerase (Promega, UK). The
sequences for the PCR prim@sS NB | & T 2 { { -2 GAGGATTACECAT GNRAENO

RLM2 p -GTCAATGCCAGCCTGA3BQTThe program for the thermal cycler was as follows: initial
denaturation at 95°C for 5 min followed by 35 cycles of 95°C for 30 s, 50°C for 30 s, 72°C for 1 min,
before a final extension of 72°C for 7 min. Samples were analysed using a 1.2% (w/v) agarose gel as
described (Section 2.2.2.4) and phenotypes were confirmed by the presence/absence obp 335

amplicon.
2.2.2.6 Differential RNA sequencing

Total RNA foin vitro studies wasdepleted of rRNAIsingMICROBEpress”-Bacteria beads as per

YI ydzF I OG dzZNENRA Ay alNHzOG A tyisiostddiesrwndgblgéted of IRNAy ©@ ¢ 2 (
+SNIAE . A2080Ky2f23AS | D 0 Bs&Ndrding adépr wasldigateditoli 2 & ¢
transcripts, followed by fragmentation usingBioruptor® Next Gen UGDn nu a2y A Ol GA 2 Y
(Diagenode, Belgiuntd allow ends of both long and short transcripts to be detected. RNA was then
GFrAftSR G GKS 0Q S¢RewdzaglaydBiolads, UBA). Tile cDNRA flida¥eS Wéred
then constructed by reverse transcription using RNaseihls MMLV reverse transcriptase

(Agilent Technologies, UK) and an oligo(T) deoxynucleotide primer, amplification by PCR and
fractionation usinggel electrophoresis. Fragments of 2800 bp were selected and sequenced on

an lllumina HiSeq platform (single end, read length of 50 bp). The determined sequences were then
aligned to theE. coliK12 substrate MG1655 genome, which was retrieved from NCBI (accession
number U00096.2. For each chromosome position, a score was given based on the frequency this
nucleotide was the first nucleotide in a sequenceedédata were then viewed as peaks othe

UCSC Microbial Genome browser (UCSC, USA). Each of the datasets was compared (satig M
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intensity) scatter plots and populations of cleavage candidates were selected having M values of

greater than or equal to 5 and 3.4 for tirevivoandin vitro dataset, respectively.
2.2.3 Synthesised RNA methods
2.2.3.1 Ti4n vitrotranscription

RNase E substrates were transcritieditro by incubating 100 nM template cDNA with 100 U of T7
RNA polymerase, 5 mM DTT, 2.5 mM of each NTP, 80 U RNa¥¢@Lflom Invitrogen, USAand

1 U of inorganic pyrophosphatase frddaccharomyces cerevisiggigma, UK) in 1x T7 buffer at 37°C
for 3 h. Reactions were stopped by adding 2 U of DNase | and 40 U of RN2S&flitived by
incubation at 37°C for 1 h. Transcriptere purified by extraction with acidic phenol: chloroform:
isoamyl alcohol (25:24:1) as described previously (Section 2.2.2.2). The aqueous phase was
transferred to a fresh tube and the RNA was precipitated by adding 0.1 volumes of 3 M sodium
acetate (pHb.2) and 2.5 volumes of absolute ethanol. The precipitate was pelleted by centrifugation
at 16,100 xg, 4°C for 20 min and washed with 0.5 ml of 70% (v/v) ethanol. The pellet was
resuspended in 40 pl of DEB€ated water. Quantification of the RNA was fismed as described
(Section 2.2.2.3).

2.2.3.2 Denaturing polyacrylamide gel electrophoresis

Polyacrylamide gels were made at a final concentrations of 8% by mixing 4 ml of 20% (w/v; 19:1
acrylamidebis-acrylamide) acrylamide, 7 M urea, 1x TBE stock ispl@nd 6 ml of 7 M urea, 1x TBE

stock solution. Polymerisation was catalysed by adding 100 pl of 10% (w/v) APS and 10 pul of TEMED,
followed by thorough mixing. The gel was set in a vertical PAGE gel cast and placed into a PAGE tank
(Bio-Rad) topped with £ TBE. Wells were washed using 1x TBE and gels werenpat 25 mA for

20 min. Samples were prepared by addition of 1 ul of the transcription reaction to 4 ul of DEPC
treated water and 5 pl of 2x RNA loading dye and denatured at 95°C for 3 min, beflogeldrded

onto the gel. The gels were run for 40 min at 25 mA, stained in 1x TBE containing ethidium bromide
(final concentration of 1 pg/ml) for 5 min, and viewed using the Transilluminator as described

(Section 2.2.2.4).
2.2.3.3 Gel purification of tracripts

Transcripts preparation contains easily observable contaminants. Products were purified further
using Dtube dialyzers with a 3:EDa Molecular weight cut off (Novagen, USA). Transcription
reactions were mixed with an equal volume of 2x RNA loadiregand separated via denaturing

PAGE as described (Section 2.2.3.2) using-ml3@el. Gels were stained as before and slabs
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containing the transcript expected to be fldéingth were excised under a UV box and diced. The
diced gel pieces were placed ineghydrated Dtube dialyzers, which were then filled with RNase

free 1x TBE. The dialyzers were then placed in a horizontal electrophoresis taftaBiand the

RNA was eluted at 8 Véhfor 20 min. The eluate was transferred to 0.5 ml Eppendorf tubes an
immediately extracted with equal volumes of acidic phenol: chloroform: isoamyl alcohol and
precipitated as described previously (Section 2.2.3.1-juble dialyzers were filled with fresh RNase

free 1x TBE and RNA was eluted again as described belfisends repeated until the majority of

RNA was eluted, as determined by exposing fragments to the UV box. On the final elution, polarity of
the electrical current was reversed to ensure all RNA was resuspended. Final purified transcripts
were analysed forpurity and integrity via denaturing PAGE and were quantified as described

previously (Sections 2.2.3.2 and 2.2.2.3, respectively).
2.2.3.4 Discontinuous cleavage assay of RNase E

Each reaction consisted of 20 nM NRNase E (wilthpe or T170V) préncubaed with 32 U of
RNaseOUT in 25 mMbis-TrispropaneHCI pH 8.3 (Sigma, UK), 100 mM NaCl, 15 mM,MyT%

(v/v) Triton X100 and 1 mM DTT at 37°C for 20 min.-Reemed (37°C) transcripts were added and
mixed to a final concentration of 180 nM to stahet reaction. Immediately upon mixing, a 10 ul
aliquot of the reaction was quenched with 10 pl of 2x RNA loading dye. Further aliquots were taken
at 5, 15, 30 and 60 min following the start of the reaction, unless otherwise stated in the figure

legends.
2.2.3.5 Electrophoresis and quantitation of cleavage products

Samples were separated on -8, 8% (v/v) polyacrylamide, 7 M urea, 1x TBE gels, which were
stained and imaged as described (Section 2.2.3.2). Gel images were exported as TIFF images and
imported to AIDA v4.22 software. Bands were quantified via 2D densitometry and data was

transferred to Microsoft Excel for background subtraction and normalization.
2.2.3.6 Tobacco Acid Pyrophosphatase and Terminator Exonuclease treatment
A) TAP treatment

Transcrips synthesiseth vitrowere incubated with Tobacco Acid Pyrophosphatase (TAP; Epicentre,
USA) at a ratio of 8 pg of RNA to 25 U of TAP with 100 U of RNd¥e®WX TAP buffer at 37°C for
2 h. After incubation, DERf2ated water was added to a final vohe of 200 ul and the solution was
phenol extracted as described (Section 2.2.2.2). The aqueous phase was transferred to améw 1.5

Eppendorf tube and mixed with 0.1 volumes of sodium acetate, 0.02 volumes of 5 mg/ml glycogen
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(Ambion, USA) and 2.5 volumefsabsolute ethanol. Nucleic acid was allowed to precipitate2@fC
for 1 h. Precipitate was then pelleted by centrifugation at 16,1@) 4°C for 30 min, washed with
70% (v/v) ethanol and resuspended in 50 pl of D&E®&Ied water.

B) TEX treatment

Reactions consisted of 300 ng of RAdated and-untreated transcripts (in separate reactions)
incubated with 0.3 U of TerminatBf p Phosphatedependent Exonuclease (TEX; Epicentre, USA)
and 40 U of RNaseOU'in 1x TEX buffer B at 42°C for 30 min final reaction volume of 20 pl.

After incubation, 180 ul of DER@ated water was added and the solution was phenol extracted
and ethanol precipitated as described above. The pellets were resuspended in 10 pl of 1x RNA

loading dye and analysed by denahgiPAGE as described (Section 2.2.3.2).
2.2.3.7 Hybridising with DNA oligonucleotides
A) Oligonucleotide hybridisation

80 pmol of RNA was incubated at 95°C for 3 min before addition of 240 pmol of complementary DNA
oligonucleotide. The mixture was then ufmated at 65°C for 5 min, 35°C for 5 min, and 4°C for 5

min. Oligonucleotide sequences are shown in Table 2.1.

Oligo name Sequence

al Pp-ATCTTTTTTTTCGCGATACCT TATCGG@XD TGC

bl p-AGATTGTTTCTTCGAALQ

b2 p-@ACAAATTGGTTTTGAATTTGCCGAACATATTCGATACAT® CA(
b3 p-ACAAATTGGTTTTGAATTTGCCGAACATATFCGATAC
b4 p-ATGGGTGGTCTGTGCCTTACAGCACTTT@ARATTT
b5 p -ACAGCACTTTCAAATTT-0Q®

b6 p-aOTGGGTGGTCTGTGCAITA

b7 p GCGTCGCTGTGGATATTTTATTGAGAGAAQAATT

b8 p GCGTCGCTGGATATTTTATTGARX

b9 p ICGGTTCAATGCGGGT@ATT

b10 p-CGT TCA GCG CCG TAATAGAAC

bl1 p-aOCTTTTAATTCGGTACGGTL

b12 p CGGAAGCTTAAATCCCAT T
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Table 2.1Hybridisation oligonucleotidesAll DNA oligonucleotides had g Greater than 50°C and
named according to the region in the RNA to which they hybridised.

B) RNase H treatment

RNase H reactions consisted of 1 pmol of RNA:DNA hybrid incubated with 2.5 U of RNase H (Thermo
Scientific, USA) and 20 U of RNase®uiT 1x RNse H buffer at 37°C for 1 h in a final reaction
volume of 20 pl. Reactions were stopped by addition of 20 ul of 2x RNA loading dye. Results were
analysed by loading 10 ul of each sample on to denaturing polyacrylamide gels as described (Section
2.2.3.2).

2.2.4 RNA oligonucleotide methods
2.2.4.1 Synthesis of oligonucleotides

¢62 RSNA DI i AGASACAGUAUUWEMD @PNB dzaSR Ay G(GKSasS | aa
GAOGKYRYPIOK2ALIKFGS 3INRdAzLI | YR G fdlroxdl lgieup NBoths weiteK |y
LJdzNOK I a SR FNRY 9dzZN23ISYyiSO o6YIFYyS{l = DSNXNI y &l
GGGGBCAGUAUUG QU0 ¢ a &aeyiKSaaAaSR -Cmethylated RKA $h&lin 6 wb
Y2NXYIFf YR AGFEEAO GeLISFIOS: NBaLSOuGA@Steo oe
unmodified,ie. KERNRE&f I GSRd 1 £t 2fA3I2ydzOf S2G3ARSa 6 SN
detection on denaturing polyacrylamide IgeDerivatives of LU13 and BR15 were storeé8@tC in

RNaseree water containing 100 mM KCI, respectively.
2.2.4.2 Gel purification of oligonucleotides

Oligonucleotides were purified due to presence of minor contaminants. LU13 and BR15 solutions
were mixed with an equal volume of 2x RNA loading dye and 0.2 volumes of 6x DNA loading dye,
respectively. LU13 samples were separated onmB020% (v/v) polyacrylamide, 7 M urea, 1x TBE
gels. BR15 samples were separated on 30 ml 20% (v/v) polyacrylamidekE IgelEB Bands were
viewed via UV shadowing on THiayer chromatography (TLC) plates. Gel slabs containing bands
corresponding to the expected sizes of intact oligonucleotides were excised and diced. The gel
pieces were crushed by centrifugation at 16,20Q for 5 min through restricted holes in Gr8l
Eppendorf tubes and collected in 2 ml Eppendorf tubes. The crushed pieces were then soaked in 0.5
ml of elution buffer (500 mM ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA, 0.1%
[w/iv] SDS). The mixta was frozen at80°C for 30 min and then incubated in a water bath set to
85°C for 5 min. The oligonucleotides were then left to elute overnight at 37°C with gentle shaking

(200 rpm). The crushed gel pieces were pelleted by centrifugation at 16,§@6rxL0 min and the
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eluate was transferred to a freshil Eppendorf tube. The crushed gel fragments were soaked with
fresh elution buffer and oligonucleotides were allowed to elute as before. This process was repeated
until the majority of nucleic acid wasluted, as determined by minimum shadowing on TLC plates
under a UV light. The eluate was phenol extracted as described (Section 2.2.3.3). Oligonucleotides
were precipitated and pelleted adescribed $ection 2.2.3.6), and resuspended in 100 pl of BEPC
treated water or 100 mM KCI for LU13 or BR15, respectively.

2.2.4.3 Discontinuous cleavage of oligonucleotides

Reactions were performed under similar conditions as described previously (Section 2.2.3.4).
Reactions were also performed with substitutions of N@€KCI and/or Mggfor CaGlat the same
concentrations. The final concentration of oligonucleotide and enzyme in the reactions was 250 nM
YR p yaX NBaLSOuGA@Steod {IYLESa oSNBE GI-1Sy |
monophosphorylated LU13 & . wmMp X YR nX wmpZI c nydronaredLUBy n X |

2.2.4.4 Electrophoresis and quantitation of oligonucleotide cleavage

Samples were separated on-&tl, 20% (v/v) polyacrylamide, 7 M urea, 1x TBE gels. Gels were then
imaged using a Fijm FLA 5000 scanner with the laser set to 473 nm and a Y510 (510 nm) filter.
Images were converted to TIFF files and imported to AIDA v4.22 software for band intensity

guantification aglescribed $ection 2.2.3.5).
2.2.4.5 Michaelidienten analysis of L1B

Reactions were performed under similar conditions as described (Section 2.2.4.3) except that 16 U
RNaseOUY was used to minimise the reaction volumes. The final concentration oftyykel NTH
RNase E was reduced to 1 nM. The reaction was started biicadadf LU13. Final substrate
O2yOSYyidNXGA2ya 6SNBY nI n op-mhonoplosphofylatedl U8 and 9, ™ J
MNZ HPZ pnzZ MANZ Hp-ydroxdated BU13r Pamples wenertaken after 0222 p
5 min and quenched with aequal volume of 2x RNA loading dye. Samples were separated and
analysed by denaturing PAGE as described (Section 2.2.4.4), alongside a series of dilutions of LU13 at
concentrations of: 0, 0.05, 0.1, 0.5, 1, 5, 10, 20, 40, 80 and 120 nM. Initial ratexlotpformation
were calculated using the calibration curve of the serial dilutions and were fitted bylimesar
regression, using OriginPro 8.6, to the Micha®enten equation as shown in Equation 2:

l NQ_Y Equation 2
O v Y
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Wherev is the initial rate, [g is the total enzyme concentratiok,, is the enzyme turnover number,

[S is the initial substrate concentration ahg, is the Michaelis constant.
2.2.4.6 Inhibition assays of RNase E

To screen for transcripts that bind to RNaS%e> AYKAOAGA2Y | aal &a &SN
monophosphorylated LU13 as the reporter ligand due to the high rate of cleavage at low
concentrations. Assays were performed under similar conditions as described (Section 2.2.4.3) with
fixed concentrations of id-type NTHwb | & S 9mohoghBsphprflated LU13 at 5 nM and 75

nM, respectively. Samples were quenched and separated by denaturing PAGE as described (Section
2.2.4.4). Gels were quantified as above and initial rates were calculated using Excel dmdescr

(Section 2.2.4.4).
2.2.4.7 Circular Dichroism of BR15

p -Qydroxylated LU13 and BR15 were diluted to a concentration of 7.5 uM in 2bigiMispropane

(pH 8.3), 100 mM KCI, 15 mM Mg@.1% (v/v) Triton X00 in a final volume of 24Ql. The
solutions were placed in a quartz cuvette with path length of 1 mm. The cuvettes were placed into a
Jasco -J15 spectropolarimeter and allowed to equilibrate to 37°C for 10 min. Two CD scans were
performed at 50 nm/mirover a range of 22320 nmwith a 2 s response time, 1 nm pitch and 1 nm
bandwidth. The sensitivity was set to 10 mHg and slit width was set to 1000 um. The CD spectrum of
the buffer was taken first and was subtracted from the average spectrum of each oligonucleotide.

Molar ellipticity was then calculated using the near UV equation as shown in Equation 3:

~z‘ |

& Equation 3.

g

p

Where[/] is the molar ellipticity,/ is the ellipticity measured; is the molarity and | is the path
length of the cuvette. Data was then zetorrected at 320 nm. Higtension values remained below

450 mV for all experiments indicating a high signal to noise ratio.
2.2.4.8 Dilutions of BR15

An aliquot of the BR15 sample from the CD analysis was diluted to concentrations of 300, 250, 200,
150, 100, 75, 50, 25, 10, 5, ahchM using 25 mMisTrispropane (pH 8.3), 100 mM KCI, 15 mM
MgC}, 0.1% (v/v) Triton 200, 20% (v/v) glycerol. These samples were then separated on 1% (w/v)
agarose, 1x TBE gels. The gels were imaged as described (Section 2.2.4.4). A minimum @@mcentrat

of 7.5 nM of BR15 was then determined for the binding assays.
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2.2.4.9 Electrophoretic mobility shift assays of BR15 binding withRN&$e E

NTHRNase E samples were dialysed on-Nipore 0.025 um membrane filters (Merck, USA)
floating on 10 ml o5 mMbis-Trispropane (pH 8.3), 100 mM KCI, 15 mM ga1% (v/v) Triton X

100, 20% (v/v) glycerol, and 1 mM DTT for 30 min at room temperature. Protein dilutions of NTH
RNase E at 18 pl volumes were prepared in 25 oI rispropane (pH 8.3), 100 mMd& 15 mM

Cadl, 0.1% (v/v) Triton 400, 20% (v/v) glycerol, and 1 mM DTT as follows: 10, 5, 2.5, and 1.25 uM,
620, 312, 156, 78, 39, 19.5,9.5,4.8, 2.4, 1.2, 0.6, 0.3 and 0 nM. To each of these volumes, 2 ul of 75
nM BR15 was added. A control was pregzhof 10 uM NTHRNase E without BR15. Reactions were
incubated at 37°C for 20 min, cleared by centrifugation at 16,19k 1 min, and separated on 1%

(w/v) agarose gels for 35 min. Gels were imaged as described previously (Section 2.2.4.4). Bands
were quantified via 2D densitometry using AIDA v4.22 software. The proportion of bound to
unbound BR15represented as shifted and neshifted bands respectivelywas calculated from

these values and plotted as a function of protein concentration. From thishgthe Ky value was
calculated as the concentration of protein at which the binding of BR15 was 509 mwfaximum.

This analysis was 4merformed with buffer containing substitution of Cafok MgC} to determine

the effect of divalent cation compositioon ligandprotein interaction.
2.2.4.10 Competition binding assays

Dilutions of competitor RNAs at 16 pl volumes were prepared in the same binding buffer as
described above (Section 2.2.4.9). Final competitor RNA concentrations are detailed in the figure
legends. To each of these volumes, 2 ul of 75 nM BR15 and 2 ul of 200 rRIN¥iEE E were added.
Samples were set up and analysed as described above. The proportion of bound to unbound BR15
was calculated from the band intensity values, and plotted asuraction of competitor RNA
concentration. From this graptCovalues were calculated as the concentration of competitor RNA

at which the dissociation of the BRNI'H complex was 50% maximum (restored).

2.3 General DNA Methods

2.3.1 DNase decontamination

To ensure solutions contained no DNase contaminants, all solutions were autoclaved at 121°C for 20

min. All DNA samples were stored-20°C.

54



2.3.2 Genomic DNA methods
2.3.2.1 Isolation of bacterial genomic DNA

Genomic DNA was extracted from MG1655 dalls similar method as described previously (Section
2.2.2.7. However, phenol solutions were saturated with 10 mM -H@& (pH 8.0). The pellet
produced towards the end was further resuspended in 0.4 ml of TE buffer and then mixed with 12.5
pul of 5 M NaChnd 1 ml of absolute ethanol. The genomic clump of DNA that formed was then
transferred to a new 15nl Eppendorf tube, resuspended in 0.4 ml of TE buffer and extracted with
basic phenol (pH 8.0), followed by 3 rounds of basic phenol: chloroform: is@coyiol (25:24:1)

and finally chloroform: isoamyl alcohol (49:1) as described (Section 2.2.2.1). The aqueous phase was
transferred to a new tube and the nucleic acid precipitated by adding 0.1 volumes of 5 M NaCl and
2.5 volumes of absolute ethanol, peket via centrifugation at 16, 100 ¢ 4°C for 15 min and

washed with 70% (v/v) ethanol before being resuspended in 200 pl of sterile water.
2.3.2.2. Quantification of DNA

The concentration of DNA in the sample was calculated in a similar fashion as e grakiously
(Section 2.2.2.3). For doubs&tranded DNA, an» of 1 corresponds to ~50 ng/ul. The 260: 280

absorbance ratio for pure DNA was ~1.8.
2.3.2.3 Design of PCR primers

All deoxyribonucleotide primers in this work were synthesised by MWG ofg&amfins, Germany).

Primers were designed using the Primer3Plus softw@ezen and Skaletsky, 200@jth the

following criteria: ; 6c/ 0 N} y3aS 2F pr1v (G2 coc/ T D/ &>20 NI
complementarity of 3; and maximum Pe¥yof 5. Forward and reverse primers were designed to
A0 NI TG GKS pQ YR 0Q SYyR 2F GKS y2gfsom (NI y:
EcoCy¢Keseler et al., 2013Primers are detailed in Table 2.2.

Productname Product size Sequence
cspA 420 C h w-TTT@ACGTACAGALCQ
w9 - ARAATCCCCGCCAAATGGCAGEBG
rrfB 269 C h wAAGQTGTTTTGGCGGATGAG
w9 - AQGAAAGGCCCAGTCHBTNC
argX 481 C h w-AACQGCGCTAAGCGEEQG

w9 -AAAMACCCCGCCGAAGEQG
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m793 793 C h w-C@CRAACGCCGATAAGGTA
w9 +-ATT @AATGAACGCAGAAAAGLC

9386 386 FORp -QCGTAACGACGCAGAAATEG
W9 +-GQGICGCTGTGGATATTITAYT
cspC 781 C h WAGGQCAGTTTAAGTATCIGEC
W 9 +-TTEACGCGAAAGAGGCET
me 871 C h w-GAAGTTTAAGGTTGGGAT
w9 i-TA.{&AfECGCAGTAACTTTTATCG-O Q
uspG 525 C h w-GRARATGATTTGTTCATG®ART
w9 +-ATTANAAAGCCCCGOQB
ftsl 350 FORp -DGGCGCTACCAG@QOB
w9 +TTACGATCTGCCACCTGHAT T
envz 193 C h WATGUTGATGACCGACAAACTG
W9 +-G@CRGCCCAGTTGET
rng cat 165 C h WAATQTGTGGCGGGTGBAG
(MC1061)/1492 w9 +-TAAACACCAGATAGCGAGAAGG
(GM11)

Table 2.2 Sequences, product sizes and annealing temperatures of primers usathke cDNA
GSYLX FGSa F2N) 3SYySNIaGA2y 27T  WRaWRQriners Sgtaindd® O
FRRAGAZ2Y I a-ATCRAATACSACICACTBES0QWQ § KSNE GKS ¢T1 LINE

is underlined. Primers for further dissections have betn provided and instead schematics are

shown in appropriate figures with the boundaries of each substrate.

For cDNA targets to be used as templates forvitro 4 N} YAONR LIGA2Y > - ¢T
ATCCTAATACGACTCACTATAGBGS | & Ay i 8 3 NI &f iforwaydipameid KS pQ Sy F

2.3.2.4 Polymerase chain reaction

Standard PCR reactions consisted of 100 ng of genomic DNA incubated with 2 U of GoTaqg® DNA
polymerase, 4.5 mM Mg£10.8 mM dNTPs, 500 nM forward primer, 500 nM reverse primer, and 5%
(v/iv) DMSO irlx Gotaq Flexi colourless buffer. PCR reagents were purchased from Promega (UK)
except for DMSO and dNTPs, which were purchased from Sigma Aldrich and Invitrogen, respectively.
The standard thermal cycle programme used was 95°C for 5 min, followed bgl&6 aly95°C for 30

s, 5862°C for 30 s and 72°C for 60 s. After 30 cycles, the reaction was held for a final extension of

72°C for 7 min. A 2 ul sample of the PCR products was mixed with 1 pl of 6x DNA loading dye and 3 pl
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of sterile water and separatednoa 1.2% (w/v) agarose gel alongside a Geneflil#®0 bp DNA

ladder (Thermo Scientific, USA).
2.3.2.5 PCR purification

PCR amplicons that containetb contaminating bands were purified using the QIAquick PCR
purification kit (Qiagen, ND). For PCR produictd contained high levels of contamination, a gel
extraction was performed. The PCR product solution was mixed with 0.2 volumes of 6x DNA loading
dye and separated on 100 ml 1.2% (w/v) agarose gels with 50 mm wide wells prepared as described
(Section 2.2.4). The bands corresponding to the correct sized PCR product were excised and placed
into 2-ml Eppendorf tubes. The rest of the protocol was completed using the QIAquick gel extraction
1AG OvAIFI3ASYy>T b50 & LISN (KS 1p cenzfuged BudidSdRIAs A Y

was then quantified as described (Section 2.3.2.2).
2.3.3 Plasmid DNA methods
2.3.3.1 Introduction of plasmid by transformation

lfAljd2dGda 2F . [HM 05900 2NJ 51 ph O2YLISGSyld OSft
plasmid solution on ice for 30 min. Cells were then heat shocked at 42°C for 45 s before being
immediately placed back on ice for 2 min. Cells were mixed with 475 pl of LB broth and incubated at
37°C for 1 h with shaking (200 rpm). Cell cultures were sposatlB agar plates containing the
appropriate antibiotic for plasmid selection (e.g. 100 pg/ml carbenicillin for pEbaséed
constructs) and incubated overnight at 37°C. Well isolated colonies were picked and plasmids were

purified and sequenced as des@ibbelow (Section 2.3.3.2).
2.3.3.2 Purification of plasmid DNA from bacteria

E. colistrains containing plasmids were spread onto LB agar plates containing appropriate antibiotics
and incubated overnight at 37°C. Well isolated colonies were picked ambtoaiseoculate 10 ml of

LB broth (with appropriate antibiotic) in 5@l Falcon tubes (Starlab, Germany). Cultures were
incubated at 37°C with shaking (200 rpm) for1Bh. Cells were harvested by centrifugation at

3,300 xg, 4°C for 10 min and the supetaat was discarded. Plasmid DNA was purified using a
2AT FNR {+ LIFAYAR LINBLINIGAZ2Y 1A0 6t NRYSILE ! |
integrity was confirmed by DNA sequencing (GATC biotech, Germany) using the primers detailed in
Table 2.3elow.
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Primer name Sequence Suitable range omne

T7 prom p DAATACGACTCACTATAGGE <1 (150)
pRnel p -ATGAAAAGAATGTTAATCAACBGRA 1-190
pRne2 p-GTCACGGTTTCCTCCGAGTA 191-367
pRne3 p-OGGGTAGCTATCTGGTTCTGANG 368550
pRne4 p -DAAGCTTCCGTCTGAAAGAGTG 551-790
pRne5 p-QGAGATCCCGCTGTIECAG 791-980
pRne6 p-OGATGAGATTGCTCGT@AQC 981-1151
pRne7 p-GCTGGAAATGTCCCGT QA 11521380
pRne8 p-GCCATTGAAACTCGTCAGQA 13811587
T7 term p-GCTAGTTATTGCTCAGEGG >1587 (+64)

Table 2.3 Sequences and annealing positions of primers used to sequaedasert in pRne529N.
2.4 General Protein Methods

2.4.1 Overexpression of hexahistidiiagged NTFRNase E ik&. coli

BL21 (DE3) cells transformed with pRne529N, as described #Bewéon 2.3.3.1), were plated,
picked and cultured as described (Section 2.3.3.2) with media containing 100 pg/ml carbenicillin.
Overnight cultures at a volume of 8 ml were used to inoculate 800 ml of LB broth.. Expression of the
chromosomal T7 RNA polymese gene was induced by adding IPTG to a final concentration of 1 mM
when cultures reached an @fg~ 0.8. Induced cultures were incubated under the same conditions

for 3 h to allow production of the pRne52%Xoduct.
2.4.2 Purification of hexahistidinedagged NTHRNase E
2.4.2.1 Preparation of cleared extract from cell lysate

Cells were harvested by centrifugation at 3,30,>°C for 30 min using a 800 swing bucket
rotor (Sorvall, Germany). Cells pellets were washed by resuspension in 20 mtaflieeash buffer

(20 mM TrisHCI [pH 7.6], 0.5 M NaCl, 50 mM imidazole) andeléeted as before. Cell pellets were
resuspended in 10 ml of wash buffer with 1 cOmplete Mini EfDd&\ protease inhibitor cocktalil
tablets (Roche, Germany). Cells were therdyat 15,000 psin aZplus 1.1kW Constant systems cell
disruptor with a one shot heafConstant systems Ltd, UK). Cell lysate was diluted in wash buffer to a
final volume of around 30 ml and cleared by ultracentrifugation at 100,0§04%C for 30 min sing

a Beckman Optim& XPN ultracentrifuge (SW32 Ti rotor). The supernatant was passed through a

0.45 pum syringe filter (Sartorius, Germany) to remove residual precipitants.
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2.4.2.2 Nickel affinity chromatography

t NEGSAY 61 & LlzNRA FA $RPLGISYsteyh IAGElhgfalthcaie ¢ USA) 9AH biffferNdSed
during this process were filtered through 0.2 um Vacuum driven Stericups (Millipore, USA) and
degassed on a magnetic stirrer for 30 min. Both pumps were washed with deionised water, followed
by wash bufér (20 mM TridHCI [pH 7.6], 0.5 M NaCl, 50 mM imidazole) through inlet A11, and then
elution buffer (20 mM Tri$iClI [pH 7.6], 0.5 M NaCl, 1 M imidazole) through inlet BXnmAHiTrap
Nickel chelating HP column (GE healthcare, USA) was washed with @D dmionised water,
followed by charging with 1 ml of 0.5 M Ni@hd further washing with 10 ml of deionised water at a
flow rate of 1 ml/min. The column was equilibrated with 5 ml of wash buffer (prepared as described
above) and the lysate was loaded orthe column at a flow rate of 0.7 ml/min using an external
peristaltic pump. The flow through was retained for SDGE. The column was then attached to the
KTA system at valve 2. The programme for the purification was as follows: 4 column volumes 0% B1
(Using A1l as diluentl0 column volumes B1 gradientl0%, 10 column volumes Bl gradient 10
100%, 10 column volumes 100% B1, 10 column volumes 0% B1. Samples were collected in 1.5
volumes at a flow rate of 1 ml/min. To each fraction, 15 pl of 1 M DF Tl of 1 M MgGJ 1.5 pl of
0.5 M EDTA, and 75 pl of 100% (v/v) glycerol were added. Peak fractions were pooled and desalted
at 4°C in PRL0 Sephadex G25 10 ml desalting columns (GE healthcare, UK) equilibrated with 20 mM
TrisHCI (pH 7.6), 0.5 M Na@l) mM MgGl, 10 mM DTT, 0.5 mM EDTA, 5% (v/v) glycerol. Protein
samples were then concentrated in Corning sgitF 20 ml concentrators 50,000 MWCO (Corning

International, Japan) by centrifugation in a-S800 swing bucket rotor at 3,300gx4°C for 10 nmi.
2.4.3 SD%$olyacrylamide gel electrophoresis

Resolving gel solutions were produced at a concentration of 15% by mixing 7.5 ml of 30% (w/v; 29:1
acrylamide:bis-acrylamide) acrylamide, 3.8 ml of 1.5 M THi€l (pH 8.8), 75 ul of 20% (w/v) SDS
together toa final volume of 15 ml. Polymerisation was catalysed by adding 150 ul of 10% (w/v) APS
and 15 pl of TEMED, followed by thorough mixing. The resolving gel was set in a vertical PAGE gel
cast under a layer of absolute ethanol. Stacking gel solutions weduped at a concentration of

5% by mixing 0.8 ml of 30% (w/v; 29:1 acrylamldeacrylamide) acrylamide, 0.63 ml of 1 M Tris

HCI (pH 6.8), 25 pl of 20% (w/v) SDS together to a final volume of 5 ml. Polymerisation was catalysed
by adding 50 pl of 10% (wy APS and 5 pl of TEMED, followed by thorough mixing. The stacking gel
was set on top of the resolving gel withndm thick gel combs. After polymerisation, the whole gel

was placed into a PAGE tank Biad) topped with 1x SDS running buffer. Samples wespared

by addition of 5 pl of 2x SDS running buffer to 5 pl of protein solution. Samples were denatured by

incubation at 99°C for 5 min and separated on the gel at 25 mA for 1 h.
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2.4.4 Staining of protein

After separation, stacking gels were cut frahe resolving gels using a clean razor and discarded.
Resolving gels were placed in a plastic container containing 200 ml of Coomassie solution (0.25% w/v
Coomassie Brilliant BlueZ50, 40% [v/v] methanol, 10% [v/v] glacial acetic acid) and placed in a
microwave at full power for 120 s. Gels were left to stain in containers for at least 4 h with gentle
rocking. Coomassie stain was removed from the contained and gels were destained in 200 ml of
destain solution (40% [v/v] methanol, 10% [v/v] glacial acettid) for 2 h with gentle rocking,
replacing older solution with fresh destain every2@min. Destained gels were imaged under white

light from above in a Transilluminator (Syngene).
2.4.5 Quantitation of NTHRNase E

Protein concentrations were determined using Bradford assays. A standard curve was produced
using 0, 5, 10, 15, 20, 25 and 30 pg of BSA at volumes of 20 pl. Protein samples were made at similar
volumes with several dilutions. Bradford dye concentrate {Baml) was diluted 1 part in 4 parts
distilled water and 1 ml was mixed with each of the protein solutions. Samples were left to incubate

at room temperature for 5 min. Absorbance values were measured at 595 nm and concentrations of
protein in the samples we determined. Concentrations were confirmed by running dilutions of
protein sample on SDIBSAGE gels as described (Section 2.4.3), against a dilution series of BSA
followed by Coomassie staining of the gels as described (Section 2.4.4), and quanti6itatoals
(Section 2.2.3.5).
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Chapter 3

Biochemical characterisation of RNase E cleavage
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3.1 Introduction

The RNase E protein consists of a 1061 amino acid chain that has two function halves. The first 529
amino acids make up the -tdrminal half, a highhstructured region that displays the main
endonucleolytic activity and is required for cell viabiligicDowall and Coher,996, Redko et al.,
2003) The NTH seHssocites to form a functional dimer with two symmetrical active sites each set
within a singlestrandedRNAbinding channe(Callaghan et al., 2005a, Caruthers et al., 2006
dimers then associate to form a homotetramer, which shows greatly enhanced a@aitiaghan et

al., 2003, Caruthers et al., 2008he remaining 532 amino acids make up ther@inal half, which

has very little tertiary structur¢Callaghan et al., 2004nd is dispensable for cell viabilii{ido et

al., 1996, Leroy et al., 2002he main roles of the CTH are to provide a scaffold for components of
the RNA degradosom@/arzo et al., 1998)provide ancillary RNBinding regiongMcDowall and
Cohen, 1996, Kaberdin et al., 2000, Taraseviciene et al., ,18088)locate RNase E to the inner

surface of the cytoplasmic membrag€hemici et al., 2008)

One of the most characterised substrates for RNase E is a-sitrgheled oligonucleotide called
BR13, which is derived from the first 10 nt of RNAI, a repress@oliEitype plasmid replication
(McDowall et al., 1995)Using this oligonucleotide it has been found thdaRe E cleaves RNA
within singlestranded regiongMcDowall et al., 1995, Redko et al., 2Q08ith particular preference

for regions rich in adenine and uridine resididcDowall et al., 1994, Kaberdin, 20085 expected
with an endonuclease that cleaves at singteanded regions, studies of RNase E activity have found
that adjacent stem loops tehto inhibit cleavagéMcDowall et al., 1995, Belasco et al., 1986, Bricker
and Belasco, 1999, Bouvet and Belasco, 1992, Arnold et al.,. 198@&kver, other studies have
found that some stem loops actually enhance cleavage by RNadehfetsmann et al., 1992,
Cormack and Mackie, 1992, Mackie and Genereaux, 1993, Diwa et al., 2000¢sting that the
location and conformational context of paired and unpaired regions of RNA are the major

determinants of RNase E activ{fgormack and Mackie, 1992)

More recently, certain substrates have been shown to be cleaved more rapidly if they contain a
Y2Y2LK2&4LKEGS INRdZLI G GKS pQ Sy Roupdackial IRBBR (i 2
Redko et al., 2003, Garrey et al., 2009, Mackie, 2623a)L y | R R Ariokdphogphatd K A &
dependent pathway has been confirmea vivo (Mackie, 2000, Luciano et al.,, 2012, Garrey and
Mackie, 2011)particularly in substrates that have been circularised to prevent access of RNase E to
0 KS pack&y2B0Q)The physiological significance of this mechanism was confirmed when an
whb ! p Q LI NBlade ZRpAHK ®ak &istolkred Bn coli that converts 5triphosphate

groups on nascent transcripts to monophosphat€glesnik et al., 2007)nactivation of RppH does
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not affect cell viability, butt does cause the stabilisation of around 25% of transcripts, suggesting
that pyrophosphate removal does play an important, albeit not essential, role in the degradation of

several transcripts if. col{Deana et al., 2008)

Initially it w & 0 St A S @@dhoplibgphaie group might stimulate cleavage by RNase E by
catalytically activating the enzym@iang and Belasco, 200Zhe crystal structure of NFRNase E

with RNA oligonucleotides hahown that the monophosphate dhe & dzo & G NI 4§ S& Sy 3t =
sensor, and that engagement may trigger a conformational changeNase ECallaghan et al.,

2005a, Koslover et al., 2088) | 2 s SOSNE Y2NB NBOSy i t-ydrotafed K I &
oligonucleotides can be cleaved rapidly by RNase E when they armcplmted at lower
temperatures to promote the formation of quadruplexes. These structuresgmt multiple single

stranded regions that can then provide additional contacts with RNase E, hence increasing the
overall affinity of the interactiorfKime et al., 2010)Cleavages that occur this manner have been
G§SNYSR WRA NB O(Cebursand Mekkie A 099y o@ddvet, 3né model that proposes that

I pQ Y2y2LK2aLKIGS OFrdlrfedaAdorftte FOGADFGSE wbhbl
FNBE Of SI SR o6& wbl & sttus(NEhErs MRk, 83607 Gardy and Wackig Q
2011 ¢ KSNBF2NB>X Al -manophogpNdte griodp |inBréades iheK affiitity of the Q
substrate for RNase E, and thai & S y’ O Snorbhosph&e binding may not present a catalytic

barrier, providing that the substrate can make suitable contacts by direct entry.

Most direct entry sites that have been identified so far are located within the trailer sequences of
tRNA prectsors (Garrey and Mackie, 2011)ndeed, RNase E has been shown to initiate the
YIGdzNF GA2y 2F dwb!az o0& YI | A y-HaleSstquengeddo farsl2 & (0 )
Deutscher, 2002, Ow and Kushner, 2002, Soderbom et al., 2005, Perwez et al,, 2008)ng

I 00S&aa T2N) oQ SE2ydzOft SasSa GKIFG NBYD&éSterinddS NB
0KS aSE2ydzOf S2t @i A0 Lllian&Beutscker, 2996, Harnmahn etval., A0MMIT § A 2
addition, RNase E cleavage within tRNA precursors also provides acdebagar P, which removes

i K Sleagefsequence by a single endonuclhgid cleavaggAltman et al., 1987, Li and Deutscher,

2002) E. colialso contains RNase BN, a homologue of tRNase Z that can make an endonucleolytic
Ot SIF@I3S sAGKAY (KS LINB OdzNEEZaty et all, 200KPis de@vagy R 2
NBadzZ Ga Ay GKS Sy dAiANB NB YAt that hasF beeil KeBmedotlle G NI
GSYR2ydzOf S2f @A O IBelledtidi bt &lg 20@3How¥veer{iatENdolitRNAs yEontain

'y SyO2RSR [/ /! (Madkard Grlosiean{i2R@yhiochpredptRaccess of RNase BN
(Callahan et al., 2000, Pellegrini et al., 2008nce further estalishing the importance for RNase E

AY Yl (i dzNI Gehdof tRNIAS. If dingcd entoy@lays a major role in tRNA maturation, which is
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very likely given the similar structural arrangements of the tRNA precursors compared to
guadruplexed oligonucleotideghen tRNA precursors will make ideal substrates for biochemical

characterisation of this pathway.
3.2 Results

In this chapter, the general model for direct entmas tested i.e. that multiple singlestranded
regions within RNA promote cleavage by RNase}yf G KS 1 064a4SyO0S 2F | pQ
different forms of the NTHRNase E were used for these studies, the -tyitet form, which was
purified using immobilised metal affinity chromatography (IMAC) as part of this study, and the
T170V mutantd p Q anlusad)Awhigh was purified in a similar manner by Louise Kime from a

previous study.
oPH DM / KFENFOGSNREAAY3T || Ydzilyd RSTFAOASYU Ay pQ

In order to confirm the activity of both enzymes, a discontinuous cleavage assay was performed
using the modesinglestrandedsubstrate LU13. This RNA oligonucleotide is 13 nt long and contains

I Ffd2NBaOSAyYy f106St i GKS o0Q SyRoe | LRy OfSI©@
length, which can be separated from the full length substrate by denag\RiRGE as shown in Figure

3.1.

5P-LU13 50H-LU13
T170V Wild-type T170V Wild-type
12345671234567C 123456123456¢C

) =
e L T T Y ysnpe——— ------------—Substrate
——— — e am o D D

g - - - — Product

Figure 3.1 Cleavage of defined oligonucleotide substrates by RNageKES-magmdphosphorylated

and -hydroxylated LU13 substrates were synthesised by MWG operons (Eurofins, Germany). Final
substrate and enzyme concentrations were 250 nM and 5 nM, respectively. Identities of the
substrate and enzyme are shown at the top etk image. Samples were taken after various time
points upon incubation, quenched in 2x RNA loading dye, denatured at 95°C, separated on 20%
polyacrylamide gels, and scanned at 473 @2 NJILPLR feft), lanes-I contain samples taken at

0, 2, 5, 15, 3060, 120 and 180 min after incubation of substrate with enzy@2. NJ -pUQ(light),

lanes 16 contain samples taken at 0, 15, 30, 60, 120, and 180 min after incubation of substrate with
enzyme.Lane C contains substrate incubated without enzyme for @@ Theidentities ofthe
substrates and cleavage products are shown at the right of each image.
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The first substrate used to compare activities of T170V with the-tyld NTHRNase E was
Y2RAFASR (i 2-mofophbsphodvigted lend. pA® expected, T¥7@isplays a significant
reduction in its ability to cleave this substrate compared to the wild type, given that the hydrophilic
interaction between threonine at position 170 and the phosphénE & 3Sy 3INRdzL) 2V
monophosphate is disruptef{Callaghan et al., 2005ajhe second substrate used was LU13 with a

p Qydroxylated end, which appears to be cleaved very slowly by both enzymes. This again is
electrostatic interaction with the positivelgharged arginine at position 169 in both enzymes
(Callaghan et al., 20058) | 2 6 SOSNE A G0 A& AYLRNIFIydG G2 y234S
hydroxylaBR [ ! mo Fd F AAYAEFNI NI GSYT adz33SadAYRQIKIE |
end-independent)and therefore making it an appropriate choice for further analyses of direct entry

substrates.

argX tnaC prfC tig

- -+ 4+ - -+ 4+ - -+ + - -+ + TAP

M-+ -+ -+ -+ -+ -+ -+ -+ TEX

1000—
800 —
600 —

—481
400 —
300 —

— 252
200 —

—173
100 — — 106

Figure 3.2 Confirmationof TAP activity using TEX: K S-triphd@phorylated transcripts were
generated byin vitro i NI y & ONJ LJG A-@ M LA BLISAYNE fp @SR Sy Ra 4
Y2Y2LIK2aLKFIGSa o0& AyOdzol idAy3d GNI yAONRLIGI& 6AF
phosplorylation status was confirmed by incubating these transcripts with Termif4tpr-Q
phosphatedependent exonuclease (TEX). Samples were separated on 8% polyacrylamide gels, which
were stained with ethidium bromide and analysed. The substrates and enzysedsane shown at

the top of the image. Lane M contains a RiboRMéw range RNA ladder with sizes in nt indicated

at the left of each image. The sizes in nt of the substrates are shown at the right of the image.
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Given that the T170V mutation resultsiny I OG A @+ GA 2y 2F (GKS pQ aSyazNn
was performed using thargxhisRleuTproM tRNA precursor (simplified agX, a confirmed

direct entry substratgGarrey and Mackie, 2011Jhe goal of this analysis was to show that rapid

Ot SI @3S o0& RANBOG SyidNE OISy R Saidll kxS 2SR AR S
sensing by RNase i vitro. However, in order to fully achieve this goaligX ¢ A (1 K - | p C
monophosphorylated end had to be synthesised as a control. RNA was synthesigteaifrom DNA
GSYLX I 6Sa dzaAy3a ¢1 whb! L2 drighedphate §roup. ks trandeyipd S |j dz
ga GRSOILIISRE dzaAay3d G20l 002 I OiBnophdspi@ylale® a LIK |
G NJ y & ONJA Ldhd otatug W& cqni@®med using Termindtor p phosphatedependent
SE2ydzO0f SIaS 06¢9:- 03 ¢ Kiordphosphata dgiduiRBeferentil bs sowvriik |
Figure 3.2. BotlargXandtnaCappear to have been completely degraded, confirming that they are
020K O2YLX SGSte pQ Y2y2LK?2aLK 2pN®andtigiS iRedomple®,6 S S|
possibly due to less accessibility of TAP orGBX ( KS pQ Sy R ,aAich dokl&BeS { N

occluded bysecondary structure

¢ K Striphd@phorylated andmonophosphorylated forms adrgXwere incubated with T170V and
wild-type NTHRNase E and samples taken at various time points were andlysgehaturing PAGE,

as shown in Figure 3.3. Efficiency of the initial cleavage(s), as determined by the reduction in the
intensity of the band associated with fléingtharg> 61 & y 20 NBRdzZOSR -aA3JyA
monophosphorylated substrate was ifzated with T170V compared to the witdpe enzyme
602YLI NB 020K lFaatrea Ay GKS €SFi AYIF3IS 2F CA
triphosphorylated compared to monophosphorylated (compare first assay in left image to first assay

in right image).

| 26 SOSNE AG Aa AYLR NI Y idepéngentytlgaiiafalsdpkays a rol@iftheY 2 y 2 L
maturation of theargXtRNA precursor, as evidenced by the cleavage of thent3&oduct to

produce the 10&t and 29nt products only found in the wilthpe NTHRNase E compared to the

T170V assayJhis substrateonsists of theroMi wb ! dzy Al 6 A G K lionpf@andy R o
30 nt respectively. This 138 substratelacks numerous singigtranded regionsompared to the

full length precursorand therefore it is likely that I m@dRophosphatecould provide additional

contactsrequired for subsequent cleavage
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Figure 3.3 Cleavage of thargXhisRleuT-proM tRNA precursor by direct entryt KS- p Q
triphosphorylated transcripts were generated by vitro transcription and incubated with TAP to
LINE R droSophmgphorylated ends as described in Figure 3.2. Panel A shows a schematic of the
argXhisRleuTproM tRNA precursor with the identitiesf the various cleavage products. Sizes of

the expected products (in nt) are shown on the right. Known RNase E cleavage sites are shown as
vertical arrows and were calculated using information from previous sttlieend Deutscher, 2002,

Ow and Kushner, 2008) C2 NJ t | y-Bhbsphorylatiof Kt&us fptle substrate and the

Sy 1 & ¥déntityDare shown at the top of each image. Final substrate and enzyme coatiens

were 180 nM and 5 nM, respectively. Samples were taken after various time points upon incubation,
guenched in 2x RNA loading dye, denatured at 95°C, separated on 8% polyacrylamide gels, and
stained with ethidium bromide as described in Chapterghds 17 contain samples taken at 0, 5,

15, 30, 60, 120 and 180 min after incubation of substrate with enzyme. Lane C contains substrate
incubated without enzyme for 180 min. The sizes in nt of the substrates and cleavage products are
shown at the right ofhe image.
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322Singled i NI yRSR NBIA2ya LdeBski@gnieGhans@d LI ad 2F GKS pQ

5SalLAGS (KS NB RundhBsphOrylddd @013 $he NFNase B T170V mutant still
retains the ability to cleave larger RNA substrates sucrgXvia directentry. Theoretically, larger
transcripts present singlstranded regions that are adjacent, but not contiguous, to sites of
cleavage, allowing the RNA to interact in a cooperative manner with the homotetrameric enzyme
(Kime et al., 2010)Direct entry has been mainly observed in tRNA precursors, possibly due to the
stable tRNA units being able to presethe flanking singlestranded regions in the correct
confirmation that can engage two adjacent RbiAding channels on RNasg&arrey and Mackie,
2011) This additnal interaction could cause an increase in affinity of the substrate to RNase E and
KSyO0S yS3IrasS (KS-YRNPIAIKRBYEY @l STAMNPR HzLIp @ NI Fdzy Ol A
this model, two tRNA precursors that contain only one direct entry site waracated and
hybridised with complementary oligonucleotides in order to map the regions that interact with

RNase E.

The first substrate to be characteriseding NTFRNase H170Vwas the metT-leuW+gInU-gInW-
metU-gInV-gInXtRNA precursqras shown in Figure 3.4. Interestingly, cleavage of the major site at
position +2 nt downstream of theetU functional unit was unaffected by removal of the upstream
metT-leuWginU regions (as shown by cleavagensd56), but was almost completely reducedthv

the subsequent removal afinW (shown asm381). Removal of the downstreagin\~ginXregions

had some effect, although cleavage is still apparefats shown by cleavage af329, m292 and
m217). This suggests that upstream structural regions that arecadf@o, but not contiguouswith,

GKS Of SI @3S &A UGS -endindependerit @eavaliel € | NBfS Ay pQ

Figure 3.4 Determining the minimal substrate for direct entry cleavage in thetT-leuW-gInU-
ginW-metU-gInV-gInX tRNA precursor.The transcripts wereanerated byin vitro transcription as
described in Figure 3.2. Panel A shows a schematic om#td-leuW-ginU-ginW-metU-gin\-gInX

tRNA precursor with the identities of the various cleavage products. Sizes of the expected products
(in nt) are shown on theight. Known RNase E cleavage sites are shown as vertical arrows. Below
GKAad aOKSYFIGAO GKS NBfIIGAGBS LRardgrzya 2F GKS
relative to the full length precursor. The identities of these truncations are shawthearight.
Fragments shown in black and grey are those that were and were not cleaved, respectively. For
Panel B, the identity of each truncation is shown at the top of each image. Final substrate and NTH
RNase E T170V concentrations were 180 and 20raspectively. Samples were taken at various
time points and analysed as described in Figure 3.3. Labesohtain samples taken at 0, 5, 15, 30
and 60 min after incubation with T170V. Lane C contains substrate incubated without enzyme for 60
min. Lane M entains a RiboRul&f low range RNA ladder with sizes in nt indicated at the left of
each image. The sizes in nt of the substrates and cleavage products are shown at the right of the
image.
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In order to confirm that an adjacent singitranded region is also required for direct entry cleavage,
DNA oligonucleotides were hybridised to complementary regions within the RNA fragni&a
(see Figure 3.5A for detaildn order to confirm the positn and extent of hybridisation, RNase H

digests were performed as shown in FigureB3.5

A B al bl b2 b3

MC + - + - + - + - RNase H

1000 _
600 —
500 —
2 400 —

75 300 — —292 —292 —292

75

a1 200
[ QW g MU sy SOV g

— 199
170 ~ 180

—_— b2
— b3

100 —

—93
—75 —75

Figure 3.5 Confirmation of oligonucleotide hybridisation t0292 using RNase Hanel A shows a
schematic of them292 fragment with the relative positions of hybridi®n of the DNA
oligonucleotides. Panel B shows the conformational RNase H digest results for DNA hybridisation.
Several complementary DNA oligonucleotides were hybridised separately in282 RNA. The RNA

was then incubated with RNase H to confirm the position and extent of hybridisation. The results of
this diagnosis were analysed on 8% polyacrylamide gels, which were stained with ethidium bromide
and analysed. The DNA oligonucleotidesduaee shown at the top of thanage. Lane M contains a

0.1-2 kRNA ladder (Life Techonolgies, USA) with sizes in nt indicated at the left of each image. The
sizes in nt of the substrates and products are shown at the right of the image.

Cleavages assays were then performed on these-RNA hybrids and analysed as before. As shown
in Figure 3.6, blocking of the 48, singlestranded region betweeglnW and metU (labelled as b1l)
reduced cleavage to a level comparable to blocking of theitelf downstream ofnetU (labelled
as b2). Blocking of the singdtranded region up to 8 nt downstream of the major cleavage site

(labelled as b3) had little effect on the cleavage rate.
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Figure 3.6 Analysis of direct entry in theetT tRNA precursorThem?292 transcript was hybridised

with DNA oligonucleotides as described in Figure 3.5. A schematic of the RNA fragment with the
positions of the direct entry sites (shown as vertical arrows) and binding of complementary
oligonucleotides (shown as blatioxes) is shown above each image. Labelling is as described in
Figure 3.4B.

These findings indicate that simultaneous interaction of the regions upstream and downstream of
metUwith NTHRNase E is required for direct entry cleavage ofntietTtRNA precursr. Assuming

the tRNA units fold in a similar manner as the mature tRN#e flankingsinglestranded regions will

be close in space dnantiparallel. Theanti-parallel arrangement of these two singé&randed
regions mirrors the similar arrangement dfet two RNAbinding channels in the RNase E principal
dimer. In fact, initial studies into direct entry found that oligonucleotide substrates in a quadruplex
conformation can provide similar interactions with NRNase EKime et al., 2010)It appears
therefore that although the requirements for direct entrye. interaction with two or more single
stranded regions, are relatively simple, preference for localised secondary structure that provides

the conformational context may increase the selectivity of cleavage.

The second substrate to be characterised wasglyd-glyXxglyYtRNA precursor as shown in Figure

3.7. Cleavage at the major site 1 nt downstream of gigY functional unit was unaffeed by

removal of theglyVregion (as shown by cleavage g24), but was reduced completely following
subsequent removal ofjlyX (shown asg148). Just as with thenetT (i w b ! LINS -©ndeNBE 2 NE
independent cleavage of thglyVtRNA precursor is dependent on the presence of adjacent tRNA

units found upstream of the cleavage site.
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Figure 3.7 Determining the minimal substrate for direct entry cleavage in ghg/-glyXx-glyY tRNA
precursor.Panel A shows a schematitthe glyV-glyXxglyYtRNA precursor with the identities of the

various cleavage products. Labelling is as Figure 3.4A. For Panel B, labelling is as described in Figure
3.4B.

Again, several singigtranded regions within theg224 fragment were hybridised itk

complementary DNA oligonucleotides and digested using RNase H as shown in Figure 3.8.
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Figure 3.8 Confirmation of oligonucleotide hybridisation tg224 using RNase HSeveral
complementary DNA oligonucleotides were hybridised separately tog#t2t RNA. Labelling is as
described in Figure 3.5.

Cleavage assays were performed on these IRNA hybrids as shown in Figure 3.9. As with the
metTtRNA precursor, blocking of éhsinglestranded region on the opposite side of the functional

tRNA unit relative to the cleavage site (labelled as b4) reduced cleavage substantially. Additionally,
of 201 Ay3 2F GKS pQ KFtF 2F (GKAa NBIA2leavagef | 6 St
O2YLI NBR (G2 06f201Ay3 2F (GKS 0Q KIfF 2F GKAAa N
reduction as b3. Therefore, it appears that RNase E must interact with regions less than 20 nt

upstream and downstream a@flyYfor efficient directentry cleavage of thglyVtRNA precursor.
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Figure 3.9 Analysis of direct entry in thglyV tRNA precursorTheg224 transcript was hybridised
with DNA oligonucleotides as described in Figure 3.5. Labelling is as described én3F6gGrey
arrows representleavages that were reduced significantly, but not necessarily abolished.

The two flanking singlestranded regionscould be presentedin an antiparallel orientationby

intervening structural units, restrictg the number of giglestranded regions in theE. coli

transcriptome that are susceptible irect entry cleavage biRNase E. In fact, it may be the case

that structural elements are the promoters of efficient cleavage by this single stpedific

endonuclease. This fimy would complement previous work that has found that denatured
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substrates or those that are modified to remove structural elements are less susceptible to cleavage

by RNase BMackie, 1992, Ehretsmani &l., 1992)

oPHDPOo ¢KS NRES 2F | pQ Y2y2LK2aLKIGS Ay wbl as

Az

t NEGA2dzat e AlG KIFIa 0SSy &4dAYSyABIR2 3IKKIGG S KENESII
sensor enhances the catalytic activity of the enzyme in an allosteric mgdizgrg and Belasco,

2004, Koslover et al., 2008, Garrey et al., 200@wever, this model cannot account for transcripts
GKFG OFry 06S OftSIFI@PSR Fa STFTAOASY#&BKIOES whd NJASdzg C
sensor, as shown in this work. Much of the evidence for the allosteric activation model is derived
from Michaelisa Sy 4 Sy FylfeasSa 02 YL Nbngphosplioklsed @ridS | @1 3
hydroxylated oligonucleotide substratddiang and Belasco, 2004, Garrey et al., 208@®wever,
0SOldzaS 27F (KS af 2hgdroNdatadSoliganticleddides lagZcardo senfin Fig@e

3.1, concentrations of substrate required to achieve saturation efahzyme were not reached and

hence Michaelidvlenten parameters were derived from heavily extrapolated data. Therefore, a
NEAY@SadAalrdAzy dzaAiy3a | -hbdlad ND1DRag pefofmieNJFiguke2 v |
3.10).
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Figure 3.10MichaelisMenten analyses of oligonucleotide substrates of RNasePRnels A and B
show Michaelisa Sy 1Sy 3INJI LIK& ¥ anhdophésphor@dte8 anghlydioSylat2dfUIB8.Q
respectively. The concentration of N‘RiNase E (monomer) in each reaction wiasiM. Rates
normalised against enzyme concentration/[(E]) were calculated as described in Materials and
Methods, plotted against substrate concentratior§)[ and were fitted to the Michaelidenten
equation.

C 2 NJ {m&rSphgsghorylated LU13, values5.7 uM and 1.1 5were obtained for theky and ke,
respectively, which is in agreement with previous findilgedko et al., 2003, Kime et al., 20109r
i K S-hydgroRylated LU13, values of 0.9 mM and 35were obtained for theky and e
respectively. In contrast to previous studigang and Belasco, 2004, Garreywlet2009) the value
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of the turnover numberK.0 A& y 2 i NB RdzOS Rmnohoghodplia® group, indicatde 2 F
GKFG Sy3alr3asySyild 6A0GK GKS pQ asyad RNNbeFE2IS fact, yi2 (1 ¢
F LIS NB GKIF G A ymohoghdsphaie,dh® yumd&er aufbel is gro@nddd higher;

dzLJ& 0 NB I Y LINBriepmdpharylaged LUpXleavage could remain more tightly associated
gAGK GKS pQ aSyaz2 Nintuy Rate KfSciédd&e iy RXdsél E. dTHe Signifidant
decrease of thé{, by 156fold in thewhen there is anonophosphate groupJNB a Sy & | i G K€
G2 Y LI NB Fhydiogyl gioupp® +f a2 O2yaArAadsSyd 6AGK y-F LLI

monophosplorylatedoligonucleotidedor RNase E.

LG A& ¢2NIK y2aAYy 3defekdeni cleavidide prp8sddaboie isicsmpatible itk

the direct entry model. Some transcripts may be able to present multiple sstgdaded regions

that interact with RNas E in a cooperative manner (for further information see Section 3.2.4);
substrates that lack these direct entry requirements may be able to overcome this barrier by
LINBaSydAya || pQ Y2y2LK24LKIFGSY gKAOK O2def R L
Sy3alr3aay3a GKS pQ &aSyazNw» ¢2 SEFYAYS (GKA& FdzNI K¢
PE2Y2LIK24LIK2NEfFGSR [! Mo 6l a Y2yAi2NBR Ay (F
triphosphorylated andmonophosphorylated transcripts that are not clesl by RNase E, as shown

Ay CA 3 dzZNBEmanephosptioryiht&d3Iranscflpts were produced and confirmed using TAP and
TEX, respectively (Figure 3.2).

¢KS NI OGS 2 7F-manopSdsphiongated B3, whith acts as the reporter substrate, is
reduced oty marginally when the NFRNase E is prey Odzo I G S R -triphospKorylétédS p Q
transcripts, suggesting that these substrates cannot bind to the-Bih#ing channel of RNase E to
compete with LU13. However, the rate of cleavage of the LU13 reportedieed by 5.4and 3.3

fold when NTHRNase E is pey Odzo | (i S4RonaphospKorylgae@prfC and tig mRNA,
NBaLISOGADSt s Ayi NOZRERIANKZNE (i FH SKRKF2NRID ¢ KS ||
Y2Y2LIK2aLKFGS 3INRdzL) 4 kde ko trassriptp @ bidd SoyaacRodludefthe 2 ¢ &
FOGAGS aArAidsS 2F (GKS Syl eyvyS snerbghsphbrgedetl BUIRA Y KA 06 A (A

In contrast,thnaCY wb ! R2S&a y20 &a4SSY G2 AYyKAOAG GKS NBI
phosphorylation stais. This is probably due to the size and/or conformation of this transcript,

& dz3 3 S a i A ynaBnophdsphéate dlonegshot sufficient for interacting with RNase E and that the
major requirements for the interaction are singd&randed regions. The confrassay, using yeast

tRNA as a competitor, provides confirmation of this finding, as mature tRNA, although presenting a
Y2Y2LIK2ALKFGS +d GKS pQ SyRTE NBYFAya KAIKEE a
the RNAbinding channel.
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0.0 0 fil
No Inhibitor tnaC prfC tig tRNA

CAIdzNE odmm -NFKRDBIKAARIK2 NEFE 1S R -fndnoploosphorylddd g+ 3 S
transcripts.¢ KS (NI} yaONARLIia ¢6SNB 3ISYSNI ISR IyYyR Y2RATA
a negative control, yeast tRNA was inctgzhwith T7 RNA polymerase and purified under the same
O2yRAGAZ2Yyad t I ySt ! AK2 6 & -Rdnapbadphdnatediz2Udaiin thef S| @
presence of various transcripts. NRiNase E was piacubated with transcripts for 10 min before
addition of -mpofphosphorylatedLU13 substrate. The final substrate, transcript and enzyme
concentrations were 75 nM, 1 uM and 5 nM, respectively. Samples taken after various time points
gSNBE | yI t&asSR -nbphbsprior@lated LIASas AeEcriqeddin Fgdil, shown in the

higher panel. Gels were also stained with ethidium bromide to image transcript bands as described
in Figure 3.2, shown in the lower panel. Lan&® dontain samples taken at 0, 2, 5, 15, 60 and 120

min after the start of the reactionLanes €and G contain samples after 0 and 120 min incubation
gAGK2dzi Syl @ YS3I -phEphoniation staiSandtansarit Blentiti€s are labelled at
GKS G2L) 2F SIFOK AYI3ASd ¢KS &A i-ndoaophogphonylitd LT3 (G K S
cleavage are shown at the right of the image. Panel B shows the initial rates- of 5
monophosphorylated LU13 cleavage by RNase E in the presence of various transcripts. Initial rates of
Ot SI @I -m&opRosphary@ted LU13 were calculated by 2D densetry, whereby intensities

of product bands, normalised against the intensity of substrate bands, were compared between
Lanes 1 and 3 for each reaction. A bar chart was constructed using this information. Identities of the
additional transcripts are shlwn at the bottom of the chart. Bars coloured blue and red represent
values obtained from assays using transcripts before and after incubation with TAP, respectively.
Bars coloured grey indicate assays in which TAP treatment was not used as a comparison.
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3.3 Discussion

The work described here confirms that the T170V mutant remains the most suitable candidate for
analysing direct entry cleavagesvitrox 3IA BSy (GKFd GKS pQ aSyaz2zNl Aa
basal activity is retainede. abilityto Of S @S & dzo a G NI & S a-indegendent rpa@nery 2 y 2 |
(Figures 3.1 and 3.2). With this mutant, it has been shown that direct entry plays a major role in the
maturation of at least some tRNAs, includimgXhisRleuT-proM, which was identified as a reict

entry candidate from previous studié¢&arrey and Mackie, 20113s well asnetT-leu\-ginU-gInW-
metU-gIn\-ginXand gly\AglyXglyY.As an adequate pool of functial tRNAs is essential to bacterial

growth (Berg and Kurland, 1997, Dong et al., 1996 involvement of direct entry in this pathway

means that this mode of cleavage by RNase E is a key aspect of RNA metabolism.

Further analyses of thenet and glyV substraes has revealed that direct entry requires access to
singlestranded regions that are adjacent, but not contiguous, to regions where cleavage occurs
(Figures 3.6 and 3.9, respectively). This finding fits with the model whereby the simultaneous
interactionof two or more singlestranded RNA segments with RNase E can negate the requirement

T 2 Ndmbnoghdphate grougKime et al., 2010)The antiparallel arrangement of these two regions
flankingthe wb ! dzy A O2dzf R RSGSNINAYS GKAOK 2F (-KS Ay
trailer sequence would always engage one of the Biling channels in the same orientation as

p -Monophosphorylated LU13, it makes sense that this region is cldawNA Y3 RA NB-OlG Sy
leader sequence would engage the other RdAding channel in the opposite orientation, and
therefore may not be cleaved due to the unsymmetrical nature of the sppgasphate backbone. It

has been shown that RNase E cleaveA RbE to the cordrmation of the ribose group that engages

the RNAbinding channelRedko et al., 2003)Simple cooperative interactions of this nature have

been reported for other multimeric regulatorf&hen and Matthews, 1994, Vossen et al., 1996)
Although cooperativity may increase the affinity of the interaction, additional factors may improve

the selectivity of the site of cleavage. Dasgiaving low sequence specificiiyicDowall et al., 1994,
Kaberdin, 2003)RNase E cleaved theetT and glyV precursors rapidly at only one siten addition

to this, truncations of both substrates showed that there is a requirement for an upstream tRNA unit
atthep Q Sy R -lgaler régkors for ml€avage to occur (Figures 3.4 and 3.7). This is possibly
indicative of an additional contact wherg the upstream tRNA unit can align the substrate for
specific cleavage. This model will be investigated further in Chapter 5. The initiation of tRNA
YIFGdzNI A2y ©6& RANBOG SyGdNR Yire SEGSYR (2 2GKSN
has found conserved AU rich regions, preferred substrates for RNa@dcBowall et al., 1994,

Kaberdin, 2003)in bacteria with homologues of RNasé_Eet al., 2005)
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In addition to elucidating the mechanism of direct entry during the maturation of tRNA precursors,
GKA& 62N)] KF&a Ffaz2 LINROARSR (iofophGsprdrylags eid SE |
generated by an initial cleavage by RNase E can trigger subsetgavages (Figurg2). This ability

g1 & adza3Sad Sriknoghésphyite activify ofiRRase E was first discovévtatkie, 1998)
Cleavage by direct entry at E3 was then followed by cleavage at E5 only in reactions where RNase E
aGAftf KFER F FdzyOliA2ylf pQ &aSyaz2zNX¥ ¢KdAX KA S
entry, subsequen Of SI @I 3Sa Y ménophcSphatetidpendent jakhBay.Tiee location

2F GKS pQ asSyaz2N) Ay NBftFdAzy G2 GKS | OGA@S a
downstream products of cleavad€allagharet al., 2005a)Given that these cleavage products have
reduced singlét i N YRSR NBIA2yazr GKS pQ Y2y2LIK2aLKIFGS
increase the affinity for RNase E. The Michadisten analysis performed in this study has shown

thali (i Kr®noghdphate does not increase the catalytic activity of the enzyme and therefore
more likely increases the affinity of the substrate to the enzyme (Figure 3.10). In addition to this,
inhibitA 2y I adl @& KI @hdnophésphaty grauK daiinprdve aptrénscrip® ability to
compete with LU13 without being cleaved themselves (Figure 3.11). These findings show a large
degree of02 Y LI SY Sy (I NA (irlonopr®sphatdepéndénkaBd dire@t entry models.
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Chapter 4
Transcriptomeg A RS LINB QI f SYyOS 2F WRA
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4.1 Introduction

Although discovered in 1977 as an endonuclease involved in the maturation of rRNA precursors
(Gegenheimer et al.,, 1977, Apirion and Lassar, 19@&)er implications of RNase E in RNA
metabolism were not suggested until 12 years later when it was foundrtietthe gene encoding

RNase E, was the same geneaass (Mudd et al., 1990, Babitzke and Kushner, 1991, Melefors and
von Gabain, 1991, Taraseviciene et al., 1994)ich when mutated resulted in the stabilisation of

bulk cellular RNA i&. coli(Kuwano et al., 977, Ono and Kuwano, 197%ince then, RNase E has
been studied extensively as a major player in gieaiscriptional regulation with some interesting
findings. The degradation of several transcript&ircolis dependent on an initial cleavage by RNase

E enhanced bt KS LINB&ASYyOS 27F | Y2y 2LK2®adkd, 1998, Maikie,i K S
2000, Garrey and Mackie, 201 Qrystallographic studies of RNase E have confirmed the presence of

I -mofophosphate sensor, which contains a horseshoe of polar residues able to make multiple
hydrogen bonds with pQ Y2y 2 (CKigghahl&tlall, 2005a)More recently, an enzyme
named RNA pyrophosphohydrolase (RppH) was discovereH. inolithat is responsible for
O2y@SNIAYy3a GKS pQ SyR 2F yI a®s yidnopliodphage @med LG &
LINE A RAY 3 &dzoad NI (S a-depehdent pakthtvay pf RNageXBerdnlK atalIK | ( S
2007)

In contrast, microarraysfound that a mutation inrppH the gene encodingRppH,resulted in
stabilisation of only 2@5% of transcripts ik. coliDeana et al., 2008Complementing this finding,

Al Kra Ffaz2 oSSy F2dzyR (KFd OSftta ¢AlKGatey Ydzi |
and Mackie, 2011, Anupama et al., 201dyen though mutations that result RNase Ehactivation

are lethal(Apirion and Lassar, 1978) LYy I RRAGA 2y > Ydzi I G A AB&Ker akdy (0 K S
Mackie, 2003, Garrey and Mackie, 20@8 RppHDeana et al., 200&)o not significantly alter mRNA

stability levels compared to mutations that inactivate RNag®io and Kuwano, 1979, Kuwano et

al, 1977% ¢ KS&aS TFAYyRAy3da adz2asSad GKFd wblasS -9 Aa
independent manner. Several substrates have been found to be cleawatio andin vivoby RNase

9 AYRSLISYRSy(d 2F (KS p @ankis letinldZ20072 Kihe Btddy, P00\ Gayfdyt p
and Mackie, 2011, Kime et al,, 20®4) | 2 6 S@SNE Yz2aid 27 -odégeddét pQ
Of SI g1 3Sa3x GSNX¥SR WRANBOGQ SYdNE &aA{GarsefanKl @S
Mackie, 201%)the highly structured tRNA units may possibly force the flanking sstgiaded

regions into the correct conformational context to make multiple contacts with the multivalent
homotetramer(Kime et al., 2010, Kie et al., 2014)Howeve, given the high degree of flexibility of

RNA molecules, as well as the potential to form various structural conformations, it is possible that
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direct entry plays a major role in RNA metabolism beyond the maturation of tREAdali Direct
entry also dfers simple explanations for the observed interplay between translation and
degradation, whereby the passage of ribosomes would limit RNase E access testsamgled
regions(Braun et al., 1998)his would explain how the action of translationgpressingsmall RNAs
(Afonyushkin et al., 2005y3uboptimal ribosome loadindBardey et al., 2005)and increased RNA
polymerisation speedost and Dreyfus, 1995¢duces mRNA stability.

RNA extraction RNA extraction
rRNA depletion rRNA depletion

D D
ao————r a————
o— o—
5’end ligation 3’ polyadenylation
~ to adapter
(o S————
i Fragmentation (250bp) l cDNA synthesis
. (00 ) e —— L
l 3’ polyadenylation
D
[0
COD——m m n n 1 o—
l ¢DNA synthesis l RNase digestion
[0 5 » W—
D n
l Hybridisation
l Library amplification ‘
l Illumina sequencing Fluorescent
l scanning
Ends + processing S
) equences
mappin
Pping determined

Figure 4.1 Schematic representations of hiiroughput total RNA analyses?anels A and B show
schematic representations of the differential RN&q approach and a microarrpased method,
respectively. RNA strands are represented as blue lines, cDNA strands as grey lines, sequencing
adaptors as red lines, poly(A) sequenceslaskbdotted lines, green circles as fluorescent labels and

PQ LIK2ALKIFGSa a &8Stf2¢g OANDi(ShE®@., 804H INI Y | Rl LI
In order to determine the transcriptomeide prevalence of direct entry and identify additional
substrates for biochemical analysis, a highoughput analysis of RNase E activity on total RNA both

in vivo and in vitro was required. Methods to identify substrates that are stabilised following
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inactivation of RNase i vivohave been performed previously using microartmsed approaches

but did not provide information on the position of the corresponding cleava@ie=s et al., 2002,
Stead et al.,, 2011)Microarrays involve the construction of fluorescertdpelled cDNA libraries

from total RNA that are then hybridised to probe DNA sequences attached to a Chip, as shown in
Figure 4.1B. The microarray data output is therefore based primarily ortqustructed probe
libraries; the singlewucleotide resolution that would be beneficial for the identification of sites of
endonucleolytic activity is not achieved. The detection of the total cDNA libraries is also limited by
the reference sequences used tconstruct these probes. Furthermore, the variability of
hybridisation results in a higher degree of background noise compared to more sensitive
technologies. Finally, since products of cleavage will still hybridise, substrates \iibro analyses

are ot easily identified.

With the advent of highhroughput, lowcost sequencing, RNA sbgsed approaches have become
increasingly popular for transcriptordeased analyse¢Cho et al., 2009, Sharma et al., 2010,
Mamanova et al., 2010, Vockenhuber et al., 2011, Raghavan et al., 2012, Lin et al., 2013, Romero A.
et al., 2014) This is down to the fact that they provide a genewide perspective that allows new

factors and patterns of gene regulation to be identified, as well as the establishment of the complete
genome sequence of many major model organisms, which ultimateyRiNAseq data is aligned.

RNA seq utilises sequencing by synthesis technology, whereby each of the four nucleotides are
labelled with a different fluorophore allowing the fragments to be sequenced in real time as they are
being produced. In this work, @NA ligaselependent method adapted from a previous study to
determine transcriptional start sites . coliwas used(Sharma et al., 2010yhereby an adaptor

gra tAIIGSR 2 GKS pQ SyR 2F (GKS wb! FyR g2dz R
AaK2gYy AYy CATdzZNBE nom! @ . SOFdzaS ATl GAZ2Yy @ f e 2
produced by endonucleolytic cleavage(Misra and Apirion, 1979) specific cleavages by
endonucleases could be mapped to tke coligenome by comparison of reads from mutant and
wild-type datasets at each nucleotide position vivg or before and after enzyme incubation

datasetsin vitro.
4.2 Results

In this work, total RNA was extracted from culture€otoliN3431 (ne-3071temperaturesensitive
mutant) and N3433r6e wild-type) ncubated at 44°C, the ngpermissive temperature for thene-

3071 mutation (Apirion and Lassar, 1978RNA waslepleted of rRNAand sequenced as described
(Section 2.2.2.6) and shown in Figure 4.1A. The comparison of these two sequencing runs forms the

in vivo dataset. Total RNA was also extracted fr&mcoliculture BW25113depleted of rRNA
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G§NBI G§SR dripliogphateltoty 26/ QIK 2 & LIK | § S 3 NP dzhdhopfogphate206 S R ¢
-hydroxyl group) and incubated with T170V NRNase E for 0 and 10 min, by Louise Kirhe. TAP

CIP treatment ensured that background cleavage prodpomslucedin vivobefore RNA extraction

were effectively removed from thé vitro RNAseq data.Both samples were then sequenced as
described. The comparison of the 0 and 10 min Rbld\runs forms thén vitro dataset. While then

vittoR I GF a8d LINPGARSR (GKS oFadAra F2NJ ARSYGATFAOI GA:

and studied, then vivodataset verified the physiological relevance of these sites.
4.2.1 Confirming novel sites of cleavage down to singlecleotide reslution

To confirm the reliability of thén vivodataset, several wetlocumented sites of RNase E activity

were analysed using the UCSC Microbial Genome Browser. As can be seen in Figure 4.2A, end reads
associated with sites of cleavage involved in the indzNJ G A2y 2F (GKS pQ Syt
identified. Tracks for RNase Il and G deficient strains, SDF2E306) and GM11rfg::cal
respectively, compared with their congenic wiljghbes, SDF204r({ct) and MC1061ritg wild-type)
respectively, are alsorpvided for confirmation of the other processing siteBbsence of RNase llI
resulted in a decrease of end reads at all 3 sites associated with endonucleolytic cleavage, as well as
L'y | OOdzydzt F A2y 2F pQ SyRa |G ok ®undik & frevibug & 2 OA
study(Romero A. et al., 2014This confirms that RNase Il must make an initial cleavage at position

155 (relative to the start of the functiothanit) in order to promote subsequent cleavages by RNase

E and G. Inactivation of RNase E results in reduction of end reads at peSijasuggesting only

RNase E can cleave at this position. Absence of RNase G results in a slight reduction of ends at
position 0, as well as an accumulation of reads at posHfién This suggests that, in the absence of
RNase G, the increased steady state levels of the downstream product of RNase E cleavage may
RNA GBS G(GKS &ddzoaSljdsSyid Of S| endéah&ledsd) possibly RNiase £.yThese 0 &
findings support previous studi€¥oung and Steitz, 1978, Li et al., 1999a, Li et al., 1999c)

Another established substrate of RNase Ehis rpsT mRNA, which encodes the ribosomal S20
protein (Mackie, 1992, Mackie et al., 1997, Coburn and Mackie, 1998, Mackie, 281iBa)igh the

best described site is at position +168 (relative to start codon), it appears that positions +149 and
bMpd KIFI @S Y2NB pQ Sy RamewidiygeQas bedrSrRFigdrd 4i2B. Howe&y A
following inactivation of RNase E, eraissociated with all three of these sites are almost completely
reduced, suggesting that all three are associated with RNase E. Sites of RNase E cleavage found more
NBOSyidfe (2 s lrpéRMackie813grebakely dete@al in this dataset.
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Figure 4.2 Differential RNAeq profiles at established endoribonuclease cleavage sik@nels A, B
FYR / aK2g airAiaSa Fad GKS pQ SypBImRNA cadikidregiom, 4nd Nav b !
F 4 (K Sof the(bS BNARrecursor, respectively. The first line on each panel shows the genome
position. The top three tracks for each panel show global-B&tpdata(Romero A. et al2014) the
position of the corresponding gene, and mapped transcription start $Resnero A. et al., 2014)

The remaining tracks below show the reads obtained at eaaiteotide position from a dRNgeq
analysis of total RNA extracted from a mutant and its congenictye. For each track, the strain is
identified above and the scale of the sequencing reads is shown to the left. Arrows at the bottom of
each panel Ighlight the positions of cleavage by RNase E, Ill and G. Images were produced by
modification of screenshots taken from the UCSC Microbial Genome Brg@sser et al., 2012)

Read values obtained are positive or negative if the corresponding gene is on the forward or reverse
strand, respectively.

¢KS FTAYlIE SEIYLESS aK2é6y Ay CAIdNB n dKimandi a
Lee, 2004p ! LI2Y Ayl OGAGlIGARZY 2F wblFas$ 95 GKS YIid
significantly. However, ends are still present, probably becauseesppoboduced prior to incubation

have not been degraded to completion, given 6S RNA is relatively stable compared to other mRNA
substrategLee et al., 1978)n addition to the examples shown in Figure 4.2, sites dependemen

have been found, usingthe RRAS Ij RIF G X Fd GKS pQ | yRGwm@an8y R 2
Apirion, 1978) within the intergenic region ofyrGeno mRNA(Kime et al., 2008) G2 6 NRa (¢
end ofepdmRNA(Bardey etal.,2008) | G G(KS 0Q Sy R ZHAGurevit#t3l., 2983) wb !
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Fd dKS 0Q SyR 27T diaGARNAEdK yind Gaddh), d283f O/ RT A NU (1 KS ¢
the tmRNA precursdiLinChao et al., 1999)

4.2.2 Determining the transcriptomavide effect of RNase E inactivation

To identify a population ofne-dependent sitesn vivg as well as provide a visual overview of the
dataset, an MA scatter plot was constructed, whereby M = Jjogads for wildtype/reads for
mutant) and A = [logireads for wilétype) + log(reads for mutant)]/2. This was done for each
position in the chromosome associated with at least the lowestsuezable unit.e. 1 read (Figure
4.3). This graph is similar to a ratigensity plot used for microarray analyses, but transforms and
rescales the data so that the points become more readily comparalelethe separation of a

fourfold increase is theame as a fourfold decrease on thaxis.

The most significant observation of the-Mscatter plot for the RNaseifvivodataset is the lack of

a distinctive noise cone; the population of sites in which inactivation of RNase E has no effect should
be centred on an M value of 0. In fact, the major population appears to be a cone of points centred
on an M value of 1.8, an observation more clear in Figure 4.3B. This finding suggests that the
majority of sites of cleavage in the transcriptome Bf coliare reduced in anrne knockout,
supporting previous studies which found that the bulk of transcriptE.ircoliwere stabilised in an

RNase E mutarfKuwano et al., 1977, Ono and Kuwano, 1979)

Due to the lack of two separate populations, establishing stromgédependent sites remains
difficult and therefore two different boundaries were established. The first boundary, as shown in
Figure 4.3A, takes into account the inherent noise found &eloA values while applying less strict
criteria on sites with higher A values. This ensures a more realistic population fetddependent

sites is selected for comparison with sites dependent on other endonucléasdaga The second
boundary, as show in Figure 4.3B, was established at M value greater than or equal to 5, which
corresponds to a 32 fold decrease in peak height inrtiee3071 mutant compared to the wiltype

at the nonpermissive temperature. At this M value, even with reads equal ito the mutant, the
reads must be equal to at least 32 in the wiyghe, reducing the chances of selecting a site in the
noise arms with a positive M value due to random PCR bias between the two datasets. This ensures
that only sites with a significant chge upon inactivation ofne are selected to compare to the sites
found from thein vitro dataset. Even under this strict requirement, around 7,000 sites of cleavage

are classified as beinge dependent.

86



A
10-
0..
s
-104
0 5 10 15 0 5 10 15
A A

Figure 4.3 Scatteplot analysis of therne in vivodataset. Panels A and B show anMscatter plot

that was constructed using the dRMAQ data obtained from thene-3071 strain and its congenic
wild-type partner incubated at the nepermissive temperatte of 44°C. The A value was equal to
[logx(reads from wiletype) + log(reads from mutant)]/2 and the M value was equal to,logads

from wild-type/reads from mutant). The points coloured red in Panel A correspond to sites in the
transcriptome with Mval6 a x n 2 -RB+K.7*0)H1ddf thé eoesponding A values were <
2NJ % pPo> NI asdblauied B8 in Pabel B BoSespald koysifies in the transcriptome
GAGK a @l fdsSa x po

From the first population, several interesting features have emerged. For example, the cleavage at
posiion-no FTNRY (GKS 0Q SyR 2F mMc{ NWwb!3I gKAOK YI &

ribosomes that translate leaderless mRNXesper et al., 2011)srnedependent (Figure 4.4A).

It is interesting to note that this 4Bt region not only houses the sequence that hybridises with the
ShineDalgarno element to initiate translation of mRN&hine and Dalgarno, 1974but also
associates with the ribosomal protein §lahlberg and Dahlberg, 197%ecently it has been found

that over expression of ribosordeee S1 leads to stabilisation of several mRNo&ssiblydue to the
competition with RNase E for AU rich regiqlvillani et al., 2011)Salmonella entericatrains

with a temperaturesenstive mutation ofrne have been found to revert to a wiltype phenotype

with subsequent suppressors mutations at other regions of the genome. One of these mutations is
located in therpsAgene andresults in removal of an RN#Anding region in the ribosoai protein

S1. This could suggest that&iuld stabilise mMRNAs by blocking access of RN@sankimarlof et al.,
2015) The production of specialised ribosomes that do not require canonical ribosomal binding
sites, as well as the releaserdfosomal protein S1 which can compete and block RNase E cleavage,
could result in selective stabilisation of MRNAs and represent a complex mode of regulation of RNA

decay.
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Figure 4.4 Differential RNAeq analysis of RNase E @lage sites within ribosomal RNARanels A
andBshowdRNASIlj] LINRPTFTAfSa (261 NRa (KS 0Q SYyR 27F wmc{
The tracks and labelling are as shown in Figure 4.2. Panel C shosextimelarystructure ofE. coli

16S rRNA. Ehinset shows the sequence and structure of domain IV with the site of RNase E
cleavage marked with an arrow. Panel D showsseésondarystructure ofE. col23S rRNA. The inset
shows the sequence and structure of helix 69, loop 70, helix 71 and looph&wthe RNase E
cleavage sites are marked with arrows.

The cleavage reported at positied3 of 16S rRNA has been assigned previously to féper et

al., 2011) an endoribonuclease in the MazEF tokity G A 1 2 EA Y & & & (i Sydroxylatedi 6 S S |
downstream products of MazF cleavage would not be detected by thedeblApproach used here

(Zhang et al., 2005An addtional cleavage by MazF within the helix/loop 70 of 23S rRNA has been
reported recently inMycobacterium tuberculosi§Schifano et al., 2013, Schifano et al., 2014)
Cleavage at this region also appears to rbe dependent inE. coli as shown in Figure 4.4B.
Therefore, as suggested initially for MazF family memig8chifano et al., 2013, Schifano et al.,

2014) RNase E may also have a role in the regulation of translational activity via a mechanism that

does not involve cleavage of mRNA.

These emerging features of RNase E cleavage are not limited to rRNA. Sites reduced upon
inactivation of RNase i vivohave been found within regions associated with Clustered Regularly

Interspaced Short Palindromic Repeats (CRISPRSs), as shown in Figure 4.5.
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Figure 4.5 Differential RNAeq analysis of RNase E cleavages between CRIFRRsIs A and B
show dRNAseq profiles of CRISPR Clusters | and Il, respectively, as confirmed by theegRNA

dataset. The tracks and labelling are as shown in Figure 4.2.

CRISPRs are intergenic repeats spannirg038p in length that are separated b9-Bp long variable

spacerg(Nakata et al.,, 1989)CRISPRs are transcribed as a single unit and processed to yield small

mature CRISPR RNAs (crRNAs), which then associate with the Cas (Broplexet al., 2008)he

function of the CasrRNA complex is to protect prokaryotes agaipsetentially harmful mddile

genetic elements such gshages, plasmid and transposos (Barrangou et al., 2007, Brouns et al.,

2008, Garneau et al., 2010Hybridisation of the crRNA with a complementary sequence in the

target guides cleavage by the Cas proteins resulting in silencing of the infectious(ldgéntt al.,

2009) This process is analogous to RNA interference in eukarybdlekarova et al., 2006)

Previously it has been found that processing of-gf@NA is coordinated by proteins in the Cas

complex(Brouns et al., 2008, Carte et al., 2010, Haurwitz et al., 2Bi@®yever, several sites found

within the spacer regions of preRNA appear to bene dependentin vivoand tend to be found

R2 ¢y aiNBLl Yen®d thdi iiafure erRNA unit, as shown in Figure 4.5. In a mechanism

reminiscent of tRNA maturatiofLi and Deutscher, 2002, Ow and Kushner, 20RR)ase E coulae

involved in the initial processing of the p@&NJv b !
I RRA  (Byhs dt al. 290B)2 Y S a

GKS pQ SyR

0é

I d

iKS 0Q SyR:

a dzOK

g KA OK

a /aSo

Another interesting feature found in thene-dependent populationin vivois the prevalence of

cleavages found at sites not associated with high levels of transcription ortaiedogene

sequences, as shown in Figure 4.6. These sites are found scattered throughout the transcriptome of

E. coliand perhaps indicate a role for RNase E in removing RNA fragments produpedvasive

transcription a role attributed to RNase IIl #aphylococcus aureusioliou et al., 2012)
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Figure 4.6 Examples of pervasive transcription and RNase E cleaPagels A, B, C and D show
sites of cleavage on both strands betwegasBand tff, within the rrIH functional region, within the

tna operon, and within theleVfunctional region, respectively. The first line on each panel shows the
genome position. Fromop to bottom the tracks represent: dRNs&q reads mapped to the forward
strand in the wiletype strain; same as the first track but for thee-3071 strain; gRNAeq data
mapped to the forward strand; positions of the corresponding genes; for Panels /A ay
mapped transcription starts sites; gRNAq data mapped to the reverse strand; same as the first
track but for the reverse strand; same as the second track but for the reverse strand. The track
descriptions and scales are as described in Figurda2k and grey vertical arrows at the bottom of
each panel highlight the positions of RNase E cleavage in the forward and reverse strand,
respectively.
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It is also possible that many of these low level transcripts may act as RNA dechyt)at they can

bind to and sequester the activity of endonucleases providing another dimension for the regulation
of RNA degradation. Multayered regulatory mechanisms such as this have been suggested
previously(Hansen et al., 2013, Barnhart et al., 2018js important to note that the global RNs&®q
dataset was obtained usirg. colistrain BW2113, and therefore, to confirm the results from Figure

4.6, it would be important to perform a global Ri$8q analysis of the N3433 and N3431 strains.
4.2.3 Investigating the interplay of additional endonucleases in RNA processing and decay

Although RNase E has been established as the major endonuclease in the initiation of mMRNA decay,
many RNA processing and degradation events are mediated by other components of the RNA decay
machinery. This work presents dRiS#€q analyses of RNase Il and Gemehy total RNA was
extracted and sequenced frofia. colistrains SDF205r(c-105) and GM11rfg::caf), and compared

to total RNA sequenced from their congenic wifge strains SDF204 and MC1061, respectively.
Again, the final processed data was uploadedthe UCSC Microbial Genome Browser where

screenshots could be produced at notable sites of cleavage, as shown in Figure 4.7.

A chr: | 1297300 1297400 1297500 1297600| B chr. | 29059%00] 2906000  2906100]  2906200|

0_ global RNA-seq 0_ lobal RNA-se:
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1241 [ CEEELELELLLLLL BERER) < < <<CKCCCCCCddd h2780 < <L <L CELCCddCddK

RVS(1)-1297533 |
0_ rc wild-type control

0 me wild-type control [
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-2600 _ 0_ me-105
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Figure 4.7 Differential RNA&eq profiles at sites of RNase Ill and G cleavdggnels A and B show
sites witlh y G KS p GadhEndRINA 2ndl theliteBgenic region between thgrGeno mRNA,
respectively. The tracks and labelling are as described in Figure 4.2.

l'a OFly 06S aSSy Ay CA3Idz2NE n eas5!(raativie k3he starcalGNg 2 T
the adhEmRNA is reduced considerably in the absence of functional RNgseelthc tracks) By
Ot SI@Ay3a |G GKA&a &aAiST wblFraS LLL NBRdzOSa- GKS

Dalgarno element to translating ribosoméaristarkhov et al., 1996Previously it has been found
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that the adhEmRNA is also a substrate for RNas@U@itsuki et al., 2001, Wachi et al., 20085

shown in Figure 4.7A, a site at positiek® is reduced in the absence of RNase G, which reflects
previous findinggseerng tracks)(lto et al.,2013) The initial cleavage by RNase Ill may result in a
more singlestranded character around thewg-R S LISY RSy i aAdS FyR LINBOARS
the downstream product, both of which enhance cleavage by RNagm@dan and McDowal

2008)

TheadhE transcript is not the only example whereby sites of RNase Il and G activity are found in
Ot 248 LINRPEAYAGE D | &ends lt2pssifion-a5y(relaiive JadsheB codo® of thE  p Q
downstream gene) in theyrGenomRNA decrease substantially iretabsence of functional RNase

lll. Although this site has not been established previously, one study has found that a mutation in

has resulted in an accumulation of full lengtirGenomRNA(Kime et al., 2008)A site at position

17 decreases in the absence of fupnail RNase G. Mutations ing have been found to result in
stabilisation of theenomRNA(Kaga et al., 200&uggesting the combinealction of RNase IIl and G

on thepyrGenomRNA may serve the same purpose as withatlBEmMRNA.

A 4o i B
S 104
0+ o _
= s B
104 -10+
(3 é 110 115 210 0 5 10 15
A A

Figure 4.8 Scatter plot analyses of tmag and rnc in vivodatasets.Panels A and B are the same
analysis as Figure 4.3 except the values correspond to reads obtained frong:arat disruption

strain andrnc-105 strain, respectively, compared to their congenic syloe partners. The points
coloured red for Panel AcodieLl2 Yy R (12 (GK2A&S g A 0K -2a+QBFA))aes7af Ax  n
gl tdzSa 6SNB f 2NJ % p®pI NBALISOGAPSted ¢KS LRAY
Gt dzSa xn 2BNO.HA)MOPBPAFKk & Ol £ dzSa ¢ 2N x pPoI NBaA
As with the rne in vivodataset, an MA scatter plot for both thang and rnc in vivodatasets was
constructed as described in Section 3.2.2 (Figure 4.3A)nthie vivoM-A scatter plot showed two

OKF NI OGSNRAGAO LJI2LJzt | 042y ays2 AGKSENES o8 ai KOS yYaFNGS2RNJI!
0 and the minor coneriig-dependent population) was centred on an M value of around 2.5, as
shown in Figure 4.8A. Because of this clear separation, a boundary was drawn along the edge of the

ay2Ara8¢ O2ySal PREUBAY KA (KAE KO 2 dzygRiephiBlentsi®dBhe K A 3 K
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difference between the MA scatter plots of thene andrng in vivodatasets reflects the much more
restricted role RNase G has in RNA metabolism compared to RNase Et al., 2002, Ow et al.,
2003)

Thernc in vivoM-!' a2 OIF GGSNJ LJX 234G LINBaSydSR I flgidvivey STt G f
dataset, as shown in Figure 4.7B. However, a boundary was established by fitting a hyperbole
FTdzy OlA2y (2 (GKS 02002y SR3IS 2F (GKS ay2z2raasS¢ O
reflecting the function on the line M = 0. The larger spread of Megluo thernc in vivodataset
compared to therng in vivodataset is consistent with RNase |l having a ng@eeralrole in RNA

cleavage compared to RNas¢%¥ead et al., 2011)

With the establishment of then vivo populations dependent on each of the 3 enzymes, the

congruence of the sites was determined by using a Venn diagram as shown in Figure 4.9.

I
G

Figure 4.9 Venn diagram ahe, rng and rnc in vivo datasets.A venn diagram was constructed
whereby the frequency of each site in the thrée vivo M-A scatter plot populations was
determined.Populations from thene, rng andrnc datasets are labelled as E, G and I, respectively.
Imagewas produced using the BioVenn applicat{blulsen et al., 2008)

Although RNase G and tlfiest 470 amino acid residues of RNase E share 50% sequence similarity
(McDowall et al., 1993ps well as several structural and functional featyiesck et al., 2000, Briant

et al., 2003, Jourdan and McDowall, 2008)appears that aly 9% of therng-dependent sites are
alsorne-dependent. Even more surprisingly, there seems to be 23% overlap ohtpedependent
population with the rnc-dependent population, despite clear differences in the structural and

mechanistic homology betweelNase G and Ill. However, this overlap does not necessarily
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represent sites which are cleaved by both enzymes, but may represent cleavages by one enzyme
that are enhanced by the initial cleavage elsewhere by the othgrcleavage by RNase G in the
adhE5Q! ¢w Aa SyKIFIYyOSR o0& dzLiaristaBhoviet al 1D6 @i, a8 the &  wk
fact that some of the sites in one mutant ddibe almost completely substituted by the presence of
another enzyme, does make the analysis of ilerivodataset complex and would require further

experimentse.g.RNAseq analysis of double mutants.

One of the most striking features of thrag-dependent population is the arrangement of many of
GKS aAridSa AydG2 aOtdzaGSNRES az2YS 27 mgdededent a LI y
clusters overlap with nowoding RNA operons; the clusters tend to be confined within the 5S rRNAs
and tRNAs as shown Figure 4.10.

1 M} i

500000 1000000] 1500000 2000000| 2500000| 3000000 3500000\ 4000000 4500000|

A L 8 1111 1 A1 \IHI NIl
1 A T | HI\ | IIHIII[ LRI

2 kb} |
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PIDDIDIIDIDRDIIIIIDI2III 22D DIPDIPIDIDDRIDRDIDDIDD DD DD 22D 2222222020007

Figure 4.10 Transcriptomwide prevalence ofrng-dependent sites.In the top panel, the first line
represents the genome position. The first track shows the positions of the knowstading RNA
operons inkE. coli The second track shawhe location of theng-dependent sites, as determined in
Figure 4.7. The inset shows clustersraj-dependent sites relative to thenA operon. Sites on the
forward and reverse strands are shown as vertical lines coloured black and grey, respectively.

It is unlikely that these clusters represent an inconsistency in the experimental approach, as
analysing the capillary electrophoresis images of the RNA sampptesto fragmentationprovided
by VertisBiotechnologies(Figure 4.11) shows a substaniiesence of a band that corresponds to

tRNAs and 5S rRNA even after mRNA enrichment of the GM11 total RNA.

If these clusters are generated by the direct action of RNage v@&/q this pattern would suggest
GKLG wblad D YFa FOG 104 S OaL0ES a2 & S FANY BVETIHHS
sequentially. To test this hypothesis, total RNA was extracted from strain MC1061 and enriched for
Ywb! & ¢KS &l YLX Sa ¢ SNB -tripHosphate toNd#DhophBdRhates drouf) ¢ ! t
F2ff 26 SR -hgdbxylttoombnophpsRhate group) to ensure the majority of transcripts were
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PO Y2Yy2LK2aLK2NEfIFIGSR® ¢KS wb! 41 a8 GKSy AyOdzl
described previously. An ¥ scatter plot was constructed comparing the processed dasafat0

and 30 min incubation, as shown in Figure 4.12. A population was highlighted which represents the

sites that appear in theng-dependent populationn viva
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rnc WT
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Figure 4.11 Analysis of the integrity of the total RNSamples were separated on a Shimadzu
MultiNA electrophoresis capillary system alongside a RiboRuletigh Range RNA ladder
(ThermoFisher, US). Sample names are labelled above each lane and band sizes (nt) on the left.

These positions have very differelt-A values in the RNasei®vitro dataset; the boundary of the

L2 Lddzf F GA2y FLIISFNB (2 68 LINIfEtSE G2 GKS ay2,;
02dzy RI NBE KlI&a Fy ' @ltdsS 2F 1dpI gKAOK YSIya (K
before incubation with RNase G. Such a spread, whereby most of these points have negative M

values, is indicative of trimming activity vitro due to the majority of background products acting as

substrates and hence being reduced over time following iatiob.
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10+

-104

Figure 4.12 Scatter plot analysis of RNasén@itro dataset. An MFA scatter plot was constructed
using the dRNA S1lj Rl G 2 6-ihdndpioSpRoryBts®RNA imdbated after 0 min and 30
min with RNase G. The A valuasiequal to [logreads after 30 min) + leffeads after 0 min)}/2 and
the M value was equal to lgfgeads after 30 min/reads after 0 min). The points coloured red are
equivalent to the sites found in theng-dependent population from theng in vivascatier plot.

Additionally, 25 substrates have been identified where absence of RNaise vivo results in

I O OdzY dzt | -indn@pllosphcFylatedends up to <200 nt upstream of ends that are significantly
reduced (Table S1), suggesting a wégecad role for RNeS D Ay GKS GNRYYAy3
However, to truly confirm the mechanistic nature of RNase G on these substrates, further analyses

bothin vitroandin vivowill be required.
nduodn LRSYUGATFTE@AY3I IRRAGAZ2YIE adzmadNlIGSa 2F WRA

To determine the population of direct entry sites, anMMscatter plot was constructed for the T170V
10 minin vitro dataset in a similar manner to the in vivodataset, however M values were equal
to log(reads after 10 min incubation/reads after 0 mimcubation) and A values were equal to
[logx(reads after 10 min incubation) + ldoeads after O min incubation)}/2, as shown in Figure

4.13A.

As with therne in vivo dataset, a suitable boundary was established at an M vafue p X ¢ KA O
corresponds to a 3fold increase in peak height following incubation with T170V for 10 min.
However, the position of the noise cone was found to be centred at M valde.®@frather than 0.
{AYyO0S (KS pQ SyRa 2F (GKS YIlI22NA(G& 2hencdir&dScinggb! A
the efficiency of ligation of the sequencing adaptor, additional rounds of PCR were required to
amplifythe correct quantity otDNA librariesequiredfor sequencing. This was not the case for the

Mn YAY alb YLX ST RdzS (2 G(KS LINRPRAOGAZ2Y 2F wb! T
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with the hydrolytic TL70V NFRNase E. Therefore, noise reads would be higher at 0 min than after
10 min incubationwhich would result in negative M values and hence the shift downwards of the
noise cone. However, this would have affected all ends in this analysis similarly, and so the boundary

was shifted down from M =5 to 3.4 as shown in Figure 4.13B.

A B
10+ : 10+
= o] = o
'10 '10 T T T T
0 5 10 15
A
E (in vitro)
= D
10
<
(S
S
=
-10 T T
-10 0 10
M [10 mm] E (in vivo)

Figure 4.13 Scatter plot analysis of T17®Witro dataset.Panels A and B show anAViscatter plot

that was constructed using the dRRAS [j R (I 2 o-liytirdxyfafe® RNR MBulvateg ddter O

min and D min with NTFRNase E T170V mutant. The A value was equal tgrpads after 10 min)

+ log(reads after 0 min)]/2 and the M value was equal to{ocepds after 10 min/reads after O min).

The points coloured red in Panel A correspond to sites in theitt@mMX® LJi 2 YS 6AGK a @I
(0.8*A/[-12.95+(0.7*A)pM T A F | @It dzSa 6SNB ¢ 2N x pPdPHTZ N
tlyStft . O2NNBalLRyR (G2 airidsSa Ay GKS (NI yaONR LI 2
and the grey dottedihe is the centre of the cone of noise with M valuel=6. Panel C shows anM

M scatter plot that was constructed using M values generated from the analysis in Panel A and M
values generated from a similar analysis but using data after 30 min incubaitbriT®70V. The
LRAyGa O2f2d2NBR ofl O] NBLNBaSyd dGdKz2asS ¢A0K a
LISNF2NY | {LISFNYIYyQad NIyl O2NNBflIGA2y O2STFAOA
were not used in the statistical analysis. Pabethows a Venn diagram of the populations from the

rnein vivoand T170\in vitro datasets. The Venn diagram was constructed as described in Figure 4.9.

M values were also calculated for an additioimalvitro dataset, whereby the sequencing results

after 30 min incubation with T170V were compared to the 0 min sample. Avi Btatter plot was
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then constructed comparing the M values after 10 min incubation with T170V and the M values after
on YAY AyOdzml GA2yI | a aK2gy Aighc@fickdrMaEs caicdaed / ©  {
for the significant population.e. i KS LR AYyGa 6AGK a @I fdzSa xo®nT
remains unaffected by the obvious positive skewness of both variables. The strong correlation
coefficient of 0.82 suggests thenuch of the cleavage was completed after 10 min incubation, and

that the differential RNAeq approach provides a reproducible measure of the underlying
enzymology. This value is significant (p value < ?xdQe to the large size of the population (ove

32,000 pairs).

The congruence of thén vivo (Figure 4.3B) andn vitro (Figure 4.13B) populations was then
determined by constructing a Venn diagram, as shown in Figure 4.13D. Around 36%roé-the
dependent sitesn vivocan be recapitulated by NTRINase E T170N vitro. Additional factors, such

a4 GKS LINB&aSyOS 27 | inVidaculd &xlsir tiie 644D siteS fouimdvidg | v R
that are not foundn vitro. The intersecting population is only 5% of th&al T170Mn vitro cleavage
population, possibly due to the absenitevitro of various competing cellular factoesg. ribosomal
coverage of singkstranded regions, reflecting the broad specificity that the NRWase E potentially

has.

From thisin viro population, candidates were individually selected for analysisitro, based on
several factors such as gene annotation and M values fromirthavo dataset. Primers were
designed to extend from the known TSS to the transcription terminator whessible. If the known
transcriptional unit was too large (>1500 nt), primers were designed to hybridise to regions in the
gene not associated with strong secondary structure in the corresponding transcript using the
RNAfold web servdiHofacker, 2003)DNA templates were amplified by PCR and transciitbedro

using T7 RNA polymerase as described in Section 2.3.2 and 2.2.3, respectively. Transcripts were
incubated with NTHRNase E T170V and samples taken at several time points were analysed by

denaturing PAGE, as shown in Figure 4.14.
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CA3IdzZNB ndmn -triphoSpghadytai@S RNA by diréet entry¢ K S-triphd3phorylated
transcripts were generated kn vitrotranscription as described in Materials and Methods. The gene

to which each substrate corresponds is shown at the top of éaeaye. Final substrate and NTH
RNase E T170V concentrations were 180 nM and 20 nM, respectively. Samples were taken after
various time points upon incubation, quenched in equal volumes of 2x RNA loading dye, denatured
at 95°C, separated on 8% denaturingyaerylamide gels, and stained with ethidium bromide as
described in Chapter 2. Lane$ ontain samples taken at 0, 5, 15, 30 and 60 min after incubation

of substrate with enzyme. Lane C contains substrate incubated without enzyme for 60 min. Lane M
contains a RiboRuléY low range RNA ladder with sizes in nt indicated at the left of each image. The
sizes in nt of the substrates and cleavage products are shown at the right of each image.

Ly Odzo I (-kighgsph@ryfateg teanscripts with T170V identifieteavages as efficient as those
found in the direct entry candidatesspAand argX(Figure S1) fome, cspCuspG rnc, envZand ftsl
MRNA. Moreover, many of these sites map to sites identified in the-d&i§Aanalysis botin vivo

and in vitro from Figure 4.13D. However, a minority of these cleavages do not map to sites with
highest M values from tha vitro dataset, probably because of the fact that the boundaries of the

substrates designeth vitro were almost certainly different from thosénat were isolated fromE.
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coli. Despite this difference, these results provide evidence that direct entry pervades beyond

maturation of tRNA irkE. coli.
4.2.5 Identifying conserved features found at sites of cleavage

Although several studies have determéheghe cleavage specificity of RNase E using artificial
substrategLinChao et al., 1994, McDowall et al., 1994, Kaberdin, 20@8)e of thee studies have
been performed on a transcriptomeide scale. For both thene in vivoand T170Vin vitro
populations, the genome sequences flanking 8 nt upstream to 8 nt downstream at each site were

extracted and aligned using the Berkley WebLogo appicgEigure 4.15).

A 0.4+
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Boz- . |
=S _?QCAEL
00" 6 ~ © h M N =4 © =4 N N < 10 © ~
5’ 1 1 1 1 1 1 1 1 + + + + + + + 3’
B 06—
" E
~AAAT
= lcccc}:i
O'O_OOI\Lqu-mr\IHOﬁqu-mkDI\
1 1 1 1 1 1 1 1 + + + + + + +
5’ 3

Figure 4.15 Conserved sequence found at sites of cleavd@gnels A and B are weblogo
representations of than vivoand in vitro populations, respectively. The total height of each stack
represents the level of sequence conservation at that particular position. The height of each
individual nucleotide represents the relative frequency of that nucleotide at each position.
NucleotideL}2 8 A A2y & Ff2y3 GKS K2NARAT2y{d+tt |EA& FNB y
of cleavage (shown as a vertical arrow). Uridine residues are shown as thymine residues due to the
WebLogo software displaying final results as genome sequencagetnwere produced using the
Berkley WebLogo applicatid@rooks et al., 2004)
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Despite a 36% overlap between tlire vivoand in vitro data sets, the recurring sequence around
sites of cleavge appears to be almost identical. The apparent preference for AU rich regions around
the sites of cleavage reflects previous studiddcDowall et al., 1994, Kaberdin, 200&nd is
probably a consequence of the enzymes requirements for single strandedness. GC rich regions
within RNA not only form Watse@rick base pairs with a highef than AU rich regions, but polyG

and C repeats have also be@und to form stable motifs such as thedBadruplex(Pochon and
Michelson, 1965pnd the imotif (Gehring et al., 1993¥espectively. Compkestructures such as
these would be less likely to engage the simglanded RNA binding channel within RNase E.
Interestingly, there seems to be more bias for uracil residues compared to adenine. This could be
due to the ability of the uracil base to ent an exocyclic oxygen to a lysine residue at position 106
on the NTHRNase ECallaghan et al., 2005&)his additional contact could increase the affinity ef U

rich regions to RNase E during direct entry.

Due to numerousstudies that have found evidence for RNase E autoregulation mediated by
a0NHzZOGdzNT £ NBIA2ya ¢ A0 KDRiwa eiiak, 2000, Qiwg abhdvBelasgo, 200Ra 2
Schuck et al., 2009}he rne substrate from Figure 4.14 was chosen for further analysis of direct
entry. Using a similar method as described for thetT and glyV tRNA precursors in Chapter 3,
primers were designed to hybridise to thee gene to produce a truncateRNA ranging from the
nucleotide at position +135 to +588 (relative to the first nucleotide of the start codon AUG), as
AaK2gYy AY CAIdzZNB nodmc! @ 9@0Sy (K2dAK (GKAAa {NzyoOl
above, cleavage at site +447 and aé sib45 by T170V occurred at similar rates as found for the full

f SY3adK adzoad NI GS> Fa akKz2gy A yne QRNAdgsMBt requited for © ¢

cleavage at the two major direct entry sites found battvitro andin viva

Afurtherd NHzy OF G A2y 61 & LISNF2NNSR 2y (GKAA &adzoad NI GS
included the cleavage site at nucleotide position +545, to produce and@8bstrate that ranged

from the nucleotide at position +135 to +540, as shown in FigureA.R@moval of the +545 site

had little to no effect on cleavage at position +447, as shown in Figure 4.16B. Therefore, cleavage of
the major site at +447 by RNase E via direct entry does not involve interaction at the minor site at

position +545.
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Figure 4.16 Cleavage of truncated forms of thee substrate.¢ K Striphd3phorylated transcripts

were generated byn vitro transcription as described in Materials and Methods. Panel A shows a
schematic representation of thene substrate used in tis analysis (black line). The blue lines
represent the products of T170V cleavage at nucleotide position +447. The red lines represent the
products of T170V cleavage at nucleotide position +545. The purple line represents the additional
product after T170\¢leavage at both sites. The size of the substrate and products are shown below
each line. In addition, the boundaries of the truncated substrates are shown above in grey, with the
start and end nucleotide of each truncation located at either end. Parsbio®/s the cleavage assay
results of each substrate. The identity of each truncation is shown at the top of the image. Further
details are as described in Figure 4.14.
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To locate the secondary interaction where RNase E may make contact during direct entry,
complementary DNA oligonucleotides were hybridised to the-dD%ragment. The positions of
these DNA oligonucleotides were confirmed by RNase H di¢gsta not shown) The hybridised
samples were then incubated with T170V and analysed for cleavagef@e,bes shown in Figure

4.17. By blocking the first 20 nt (shown as b9 on Figure 4.17), the rate of cleavage at position +447
by T170V was reduced significantly. Blocking a 20 nt segment only 17 nt downstream of b9 (shown
as b10) had no effect on cleavage this site. As a control, a 22 nt segment encompassing the
cleavage site at position +447 was also blocked (shown as b11), which, as expected, prevented
access of T170V and hence abolished cleavage. Therefore, efficient cleavage at position +447 by
direct entry appears to be dependent on the accessibility of RNase E to a region between +135 and
+1565.

A further truncation of this 408t substrate was performed, whereby 57 nt were removed from the
pQ SYR (2 -hiN&Rar®dBging fromphe nucléide at position +197 to +540, as shown

in Figure 4.18A. This truncation included removal of the two regions to which DNA oligonucleotides
b9 and b10 hybridised.

MC12345C12345

1000 _
800 —

600
400 —

300 —

— 409
— 316

200 —

100 —

Figure 4.17 Cleavage of truncatede mRNA hybridised with various blocking oligonucleotides
Truncatedrne transcript ranging from nucleotide position +135 to +540 was incubated withid3

Molar excess of DNA oligonucleotides complimentary to the regions highlighted in black above the
gel image. The positions of hybridisation were confirmed®biase H digests. The sequences of the
DNA oligonucleotides are shown in Table 2.1 in Section 2.2.3.7. The hybridised samples were
incubated with T170V and cleavages were analysed as described in Figurd.igtitdr arrows
indicate cleavagéhat was reduced, but not abolished
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As shown in Figure 4.18B (second panel), the rate of cleavage at position +447 in this 352
substrate is similar to the rate seen in the 409 substrate when hybridised with the DNA
oligonucleotide b9. The residualeavage at the +447 site suggests an alternative interaction that
could occur in the 352t substrate to allow direct entry. This region must be between +192 and
+277, as removal of this segment effectively blocked cleavage at +447, as shown in FigBre 4.1
OUKANR LI yYyStoe LyGdSNBadGAaAy3atex OftSIF@rasS 4 bnnr
end encompassing the +545 nt cleavage site to produce an8frfagment as shown in Figure 4.18B

(fourth panel). Therefore, it appears that cleavaggosition +447 via direct entry can be supported

o8 | aSO2yRINE AYGSNIOiGA2Y |G SAGKSNI GKS pQ 2N
A | |
+277 315nt +588
+277 267 nt +540
I |
+192 352 nt +540
i |
+135 . +540
-362 +447 \L’ J/+545 +774
1138 nt
811 nt 327 nt
909 nt 229 nt
98 nt
B
o +135 to +540 +192 to +540 +277 to +540 +277 to +588
C12345 C12345 C12345 C12345

1000 _
800 —
600 —

400 — — 409
300 — ke — 316

— 352 —315

— 267 —272
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200 —
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Figure 4.18 Cleavage of further truncations of thee substrate.Both Panels A and B are labelled as
described in Figurd.16.

Hybridisation of the DNA oligonucleotide b11 to block the region encompassing the +447 cleavage
site had little effect on the cleavage rate at the +545 site, as shown in Figure 4.19. In addition,
hybridisation of a DNA oligonucleotide to block art@egion encompassing the +545 site (shown as

b12 on Figure 4.19) had no effect on the cleavage rate at the +447 site. This result confirms that

cleavage by direct entry at one of these sites is independent of the other.

+447 +545

arr "y s v v
: { e |
b11 b12
MC12345C12345 C12345
1000 _
800 —
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400 —
— 315
300 — — 272
200 —
— 174
100 —
— 98

Figure 4.19 Cleavage of furthettruncations of rne mRNA hybridised with blocking
oligonucleotides. Truncated rne transcript ranging from nucleotide position +277 to +588 was
incubated with 3fold molar excess of DNA oligonucleotides caanqntary to regions highlighted in
black above th@el image. Labelling is as described in Figure 4.17.

It appears that RNase E possesses flexibility with regard to the locations of unpaired regions in
MRNA substrates that it can bind to initiate direct entry cleavage. This finding is expected, given the
relative flexibility and length of mMRNA compared to tRNA precursors as well as the simple
requirements for direct entry. It is likely that these regions are brought closer together for

simultaneous interaction with NFRNase E by structural elements withie RNA.

4.3 Discussion

The work described here shows that cleavages by RNase E can be found throughout the
transcriptome ofE. coli This reinforces the evidence found previously that RNase E is the major

endonuclease involved in initiating mMRNA decat.icoliBabitzke and Kushner, 1991, Stead et al.,
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2011) However, sites dependent ame are not limited to mMRNA decay or tRNA maturation, and
have been implicated in the quality control of skbomes, processing of CRISPR RNAs, and in regions
not associated with high levels of transcription. Because of this potential involvement in various
cellular processes, the role of RNase E in fastscriptional gene regulation may extend much

further than initiating mMRNA decay by endonucleolytic cleavage.

l RRAGAZ2yLFEt&@ A0 Kra 0SSy F2dzyR GKIG GKS KIFff
monophosphate is not required for a large proportion of RNase E cleavages. Therefore, it appears
that direct enty has a major role beyond tRNA maturation and is potentially the major pathway by
which mRNA decay is initiated. In addition, these cleavages also seem to occur in the absence of the
Cterminal half, which provides the scaffold for the RNA degradosoma tlagrefore represents a
growing list of substrates that can be reconstitutad vitro using just the NTH of RNase E (For
reviews see(Carpousis et al., 2009, Mackie, 2013Bluch substrates will be of value in further
biochemical characterisation of direct entry, as well as controlthi®manalysis of the contribution of

the CTH to RNase E cleavage. Although mutations in the CTH alone do not affect cell(iedoility

et al., 2002)the CTH is indispensable in cells with a mutation in eilfgpH(Anupama et al., 2011)

2NJ (0 KS (pdrey®ty, a0BNBarrey and Mackie, 20Th)s suggests that the CTH has some
role in direct entry, possibly by providing additioriateractions with RNA via the arginimigh
domains(Taraseviciene et al., 1995, Kaberdin et al., 2@0®y localising the components of the

RNA degradosome, which may actively degrade products of cleavage that would otherwise remain

tightly bound to RNase E (for further discussion, see later chapters).

As found with themetTand glyVtRNA precursors (seehapter 3), evidence has been provided that
direct entry cleavage within thene transcript requires access to unpaired regions in addition to
those that are cleaved. The simultaneous binding of two or perhaps more regions within the
transcript to RNase Eay increase the overall affinitfkime et al., 2010, Kime et al., 2014)
addition, new evidence has found that RNase E possesses flexibility in relation to the binding of
unpaired regions. Cleavage at the +447 site in amt08ubstrate, which is abolished by rembwd
regions found upstream of the site, can be restored by subsequent addition of the region found
downstream of the site. Complementing this finding, work performed alongside this study by Louise
Kime has found that direct entry cleavages in the and uspFmRNAs are actually shifted when
blocked by DNA oligonucleotidéSlarke et al., 2014 herefore, not only can RNase E cleave at the
same site while being able to change the position which it makes an additional contadt,can

also keep hold of the additional contact while changing the site of cleavidge.flexiliity in the

position of binding and/or cleavage suggests that RNase E can bypass the inhibitory effects of high
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ribosomal traffic and transient secondarystture, which are more common in mRNAs compared to
tRNA precursord. 2 6 SOSNE AG Aa adAftf dzfrefrafderid piays In GutoNB £ S
regulation, given that it is not required for rapid cleavage by direct eintryitro. This topic wilbe

analysed further in the next chapter.

This work has also found a more limited role for cleavages by RNase G, and RNase Il to some extent,
in the decay of the RNA pool. In accordance with previous findings, the congruence between sites of
cleavage byrRNase G and RNase E is actually low despite their structural similgrdeest al., 2002,

Ow et al., 2003) More surprising, some of the results from this work have implied that the
mechanistic nature oRNase G may be very different to what has previously been suspected. The

Ot dZAGSNRAY3I 2F aArdsa G GKS pQ SyR 2F p{ NWwb! :
FNFIYSyGa FNRY (GKS pQ SyR -éxéljctSyyicinfannérfRE& fronO G A v 3
Bacillus subtilisnd other bacterial specig&ven et al., 2005, Bugrysheva and Scott, 2displays

020K 'y SyR2ydzOf S2t &iGA 0 I yMathy et . R00T)terestinglySthe2 vy dzO f
endonucleolytic function, which is homologous to RNase E activity éoli(Even et al., 2005}ends

G2 200dzNJ 2y (i NibhpsplanBradfide la ikriEdallay et g.Z2008) Only substrates

GAGK | pQ Y2y2LK23aLKIFGST ¢KAQ@dketad., 2D0D,acurddn aldS |j dz
McDowall, 2008)can be degrad®in an exonucleolytic manner by RNdgde la SierrgGallay et al.,

2008) Although this is only speculative, perhaps & Ij dZA NEYSy G F2NJ I pQ Y2y
D fAYAGA AGAa FOGAGAGE G2 pQ GNARAYYAYy3IAI G6KSNBI a
i K S-phgsghorylation status allows it to make endonucleolytic cleavages at sites central to

transcripts.
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Chapter 5

Investigating the binding capabilities of RNase E
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5.1 Introduction

As stated in the previous chapters, RNase E has a major role in controlling the cellular levels of all
classes of RNA by mediating their processing and/or turng@arpousis et al., 2009, Mackie,
2013b) Two temperaturesensitive mutations have shown that RNase E is essential for cell viability
and RNA metabolisrfApirion and Lassar, 1978, Ono and Kuwano, 19M9¢se mutations, which
result in substitutions of glycine to serine and leucine to phenylalanine at positions 66 and 68
respectively(McDowall et al., 1993)are found within the core of an Sike RNAbinding domain
(Schubert et al., 2004 omparison of the structures of the RNase E apoprotein and when bound to
oligonucleotide substrates has revealed that the S1 domain can close down onto Hse BliKde
domain (Koslover et al., 2008p form an elongated RNBinding channel tht can accommodate
singlestranded RNA(Callaghan et al., 2005aWithin this channel, two aspartate residues at
positions 303 and 346 on the DNastké domain coordinate a magnesium ion that mediates
hydrolytic attack of he adjacent phosphodiester backbone, which is aligned by the interaction of the
olLasS d GKS oQ aARS 2F (KS &dzaOSLIIAOf S-like 2y R
domain. This hydrophobic pouch consists of two phenylalanine residues at po$foasd 67,
between which the base is stacked, and the side chain of a lysine residue at positi@iazt al.,

2002, Callaghan et al., 2005&)terestingly, the 366 and leu68 residues are found buried directly
beneath the hydrophobic pockefDiwa et al., 2002)suggestinghat the temperaturesensitive
phenotypes observed with mutations in either of these two residues could be a result of disruption

on the hydrophobic binding pocket directly above.

The NTFHRNase E seifssociates to form a principle dimer, with the-lf&e domain of one protomer
forming the RNAinding channel with the DNasdike domain of the other protomer. Therefore,
the principle dimer is the minimal structural unit required for NRNase E to display
endonucleolytic activity(Caruthers et al., 2006)Two dimers can then selsociate to form a
homotetramer, which has maximum activig€allaghan et al., 2003, Caruthers et al., 2@#laghan
et al., 2005hb) Thus, the catalytic domain has the capacity to interath wp to four singlestranded
regions within four RNAinding channelgCallaghan et gl 2003) Evidence has been provided that
suggests that the simultaneous binding of two or more shsfjlanded regions could provide a
simple mechanism by which RNase E can associate with trandgtipte et al., 2010, Kime et al.,
2014, Clarke et al., 2014hlowever, in other cases interaction aftranscript with RNase E involves
0 KS NI 02 3 yhioriophdsphorgldied endMackie, 1998, Mackie, 2000, Garrey et al., 2009)
L y R S S anophosphd®e sensor, consisting of hydrophilic interactions provided by arginine and

109



threonine residues at positions 169 and 170 respectivelytha beginning of the RNBinding
channel has been located on RNag€&llaghan et al., 2005a)

Interactions between RNA and NFRiNase E are not limited to the RiNifading channel. One of the

most well characterised substies of RNase E is thee transcript, which is stabilised and expressed

in vivofollowing inactivation of RNase (Hain and Bakco, 1995)Further analysis of this substrate

found that two conserved sterh 2 2 L) & G NHzZOG dzNBaz yI YSR KIFANLIAY 0o
responsible for increasing susceptibility of the transcript to RNasediated degradation, as shown

in Figure5.1(Diwa etal.,2008) Ly LJ NLAOdzZ  NE AdG gl a F2dzyR GKI
of hp2 made direct contact with an asparagine des found at position 323, a site in the DNase |

like domain situated away from the RMWading channe(Diwa and Belasco, 2002, Schuck et al.,

2009)
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previously (Diwa et al., 2000)The brackets highlight the boundaries of each structural domain
where hp and ss are shodhd for hairpin and single strand, respectively. The numbering indicates

the relative distance from the first nucleotide in the start codon, which, alongside the -Shine
Dalgarno element, is underlined. The positions of twimor cleavage sites observed ihe dRNA

aSli RFEGF FNBY /KIFILIISNIn FNB aKz2gy A& NBR I NNRg
as a direct binding site of NTRNase E is shown as a dashed(lDi&va and Belasco, 200

Two other residues, tyrosine and glutamine at positions 25 and 36 within the RNédseddmain,
have been suggested to provide an alternative binding site for RNA withirRNEide EGo et al.,
2011, Kim et al., 2014dnterestingly, mutation of the glutamine to an arginine residue at position 36

actually resulted in a-®ld increase in activity of NFRNase E. A combination of {dkosslinking
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and mass spectrometry showed that RNA could bind to a site on the RNElse dbmain by
simultaneous interaction with the GIn36 and Tyr25 residues, and that mutation of Gln3@hactua
allowed RNA to relocate to the S1 lidemain (Kim et al., 2014)In addition, the Q36R mutation
resulted in an increase in both th& andk 4 values, suggesting that, in the wilghe NTHRNase E,
this residue may play a role imcompetitive autoregulationGo & al., 2011) Mutation of the
tyrosine to an alanine residue at position 25 resulted in afél@ decrease in activity of NTRINase

E. Further mass spectrometry analysis found that the Y25A mutation caused the RNA to bind to an
allosteric site found bisveen residues at positions 427 and 433 on the small domains ofR\Nase

E, suggesting that other regions within RNase E may have a role in allosteric regidatiost al.,
2014) In addition to this, two mutations within the RNasdiké domain of RNase G, a paralogue of
NTHRNase E that is not required for cellvility, have led to complementation in RNasddficient
cells(Chung et al., 2010Although the structure of RNase G with and without these mutations has
not been fully confirmed, it is clear that the RNasékd domain of both proteins plays an important

role in RNA degradation.
5.2 Results

In this chapter, the RNBinding abilities of RNase E will be assessed in order to further elaborate the
mechanism of direct entry. A competitiddased assay was choseo that the relative binding
affinities could be determined under the samenditions, andsothat each of the transcripts did not

have to be individually labelled. Moreover, by also incorporating direct binding assays it was possible
to determine if RNase E could interact with substrates beyond contacts made with the labelled

reporter substrate used in the competition assay.
5.2.1 RNase E can bind to oligonucleotide quadruplexes

The first step toward developing a competitidased binding assay was to identify a suitable
reporter substrate, which should have one of the lowkgvalues of any of the substrates. Using an
inhibition-based assay as described in Chapter 3, which involved titration of transcripts into RNase E
Of SI @I 3S -meéndphodphoryt&d LPI3 and determining the concentration at which the
cleavage rate waeduced by 50% G, values for several transcripts were found to be between-100

300 nM. Therefore, it was decided that a suitable reporter for competitimaing assays would

have to have & value of 100 nM or less for NTRNase E. Initially, the motle & dzo & G NJ (0 S
monophosphorylated LU1&ime et al., 2010jas suggestedgiven that it is cleaved at one of the
highestrates compared to other substrates and previous studies have shown theigages the

RNAbinding channel of RNasg€allaghan et al., 2005&)lowever, MichaeliMenten analyses from
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Chapter 3 and previous studi€Redko et al., 2003, Kime et al., 20k@s shown that theky of

wbl &S -mond@pRaspharyated LU13 is arouneb3uM. This suggests that a highncentration

of NTHwb I &S 9 ¢2dz R 0SS NEBdndambpNdphorylad L&13falzbampetiion( K S
assays, and therefore would result in an overestimation ofl@gvalues. A more suitable reporter

was identified using information from a previousizR & > ¢ KSNB A (i -hgdrodylatdd? dzy R
BR13 that was preooled, promoting formation of an intermolecularquadruplex via the string of
0§KNBS 3dz2r yAyS NBaA Rgabaround 490 aMKne ptQl., YO Be report& |
ddz0 aGNF 0S dzaSR KSNBZ GSNX¥YSR Fa .wmpX ¢gka RSaAl
end to greatly enhance the stability of the-dbadruplex(Mergny et al., 2005)In addition, the
NBYFAYAY3 &SI dzS yGhtthymted tovprevent Gleaviagiedbut re@in binding of the
substrate(Feng et al., 2002, Redko et al., 20B3y R O 2 y (i-fluargs&IR group for@letection.

BR15 was kept in conditions of 100 mM KQiramote quadruplex formatiofiMergny et al., 2005)
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Figure 5.2 Circular Dichroism spectrum of an oligonucleotide quadruplérep -fydroxylatedLU13

and BR15 substrates were synthesised by MWG operons (Eurofins, Germany). Substrates were
diluted to 7.5 uM in 25 mMis-Tris Propane (pH 8.3), 100 mM KCI, 15 mM M@C1% (v/v) Triton

X100, and 1 mM DTT. The CD spectra were obtained at 37°C. Aahelws the molar ellipticity

6w 80 NBO2NRSR G p yY ¢ @St SyadkK o<0 AyiSNDI
tension values at the same wavelengths. The closed and open circles represent the data obtained for
LU13 and BR15, respectively.

The next step was to confirm that BR15 adopted -@uadruplex conformation at 37°C. Previous

work used circular dichroism to achieve this g@ieime et al., 2010)BR15 gives the characteristic

peak at 260 nm that is indicative of parallel-dqbadruplex stacking, as shown in Figure 5.2A
Confirming this, antiparallel-Guadruplex stackingives a peak @85 nm, which is not observed in

this spectrum(Balagurumoorthy et al., 1992, Lu et al., 1992)& | O 2hydioN@ted>LU18,Q
pKAOK KFa GKS alyYS aSljdSy0S a .wmp SEOSLI GK
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replaced with an adenine residue, gave a spectrum charatie of RNA that does not form stable
intermolecular complexes. High tension values remained under 500 mV for both substrates
throughout the wavelength range used here, confirming a high signabise ratio as shown in
Figure 5.2B.

After confirming tha the reporter formed a stable quadruplex under reaction conditions, the next
step was to establish the conditions for binding to NRINase E. Optimised assay conditions for
RNase E cleavage have been used extensively as described throughout this watar@ hthese

conditions were used for binding assays, with several ionic substitutions of the reaction buffer.

5’P_LU13 5’OH'BR15
(20-Me)
Na* + - _ _
K* - + + +
Mg2* + + = +
Ca* E - + )

C123456C123456 C123456 C123456

wwwwwwsw — BR15
(Quad)
LUI3 — @ -m oo (Mono)

Product — P S S SN st

Figure 5.3 Activity of NT#RNase E under different substrate and buffer conditiorBubstrates

were synthesised by Eurofins MWG operons ascdbed previously and contain a fluorescein label

G GKS 0Q SYyR® ¢KS ARSyGAGe 2F SIFOK adzoaidNI G$S
the top of each image. Final substrate and NRMase E concentrations were 250 nM and 5 nM,
respectively.Samples were taken after various time points upon incubation, quenched in equal
volumes of 2x RNA loading dye, denatured at 95°C, separated on 8% denaturing polyacrylamide gels,
and scanned for fluorescence as described in Chapter 2. Ladesritain samfes taken at 0, 2, 5,

15, 60 and 120 min after incubation of substrate with enzyme. Lane C contains substrate incubated
without enzyme for 120 min. Thiglentities of the substrates and cleavage products are shown at

the sides of the image.

Potassium was dwstituted for sodium to maintain the stability of BR15. As shown in Figure 5.3,

Of SI @I @nSnophdephauylated LU13 is not reduced in the presence of potassium chloride
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compared to sodium chloride at the same concentration (compare first assay withdessay).

Next, calcium was substituted for magnesium to prevent cleavage of competing transcripts used in
GKS O2YLISGAGAZ2Y -meéndphodphobylated LE13@hsHSolisBed in thepresence of
calcium chloride compared to magnesium chloridehat same concentration (compared third assay

to second assay). Furthermore, cleavage of BR15 is not observed even when magnesium is present,
O2 Yy T A NX Ay 3 Onethlyl (imodifid&t®ns ddQprevent cleavage (compare forth assay with
second assay). Interesgly, even after quenching the reactions in formamide loading dye, heating

to 95°C for 3 min and separating in polyacrylamide gels containing 7 M urea, the majority of the

BR15 still appears to be in the quadruplex form.

Having obtained suitable conditisnfor the competition assays, the next step was to perform a
binding assay of the reporter, whereby fixed concentrations of BB®5 (K& RNR E&f | 4§ SRUO ¢
with increasing concentrations of NTIRNase E. BR15 was used at the lowest concentraitian
allowed detection(7.5 nM) askKy values cannot be determineaccuratelybelow the concentration

of labelled substrate. In this walfy, the concentration of free enzyme required to cause 50% of the
reporter to be bound, could be estimated from the total zZyme concentration. Two distinct
complexes were detected, as shown in Figure 5.4A. The first complex, which has been labelled 1:1
(BR15:NTHRNase E), appears to hav&;af around 8 nM, whereas the second binding state, which

has been labelled 1:2, appeato have & of around 150 nM, estimated from the double sigmoidal
binding curve shown in Figure 5.4B. The first binding event is most likely the engagement of two of
the singlestranded regions of quadruplexed BR15 with one of the two principal dinfeéRiNase E.

The second binding event could be the binding of the two remaining sitigladed regions of
guadruplexed BR15 with another molecule of RNase E. The affinity of this second interaction is

presumed to be lower because gpatialconstraints impsed by the first.

The same assay was performed under conditions with magnesium (data not shown). The migration
of the bands showed a very similar pattern to the first assay, indicating that substitution of
magnesium with calcium did not affect binding. Hawer, the separation between the unbound and

1:1 binding bands on the gel image was not as clear with magnesium. It is not known why this would
be the case. However, it did not detract from the competition assays as these used calcium unless

otherwise staed.
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Figure 5.4 Binding of BR15 to N-RiNase EPanel A shows an electrophoretic mobility shift assay
(EMSA) of the quadruplex BR15 incubated with increasing concentrations éRINd$¢ E. Reactions

were incubated at 37°C for 20 min, separated on 1% (w/v) agarose gels and scanned for fluorescence
as described in Chapter 2. Lanesl contain 7.5 nM BR15 (quadruplex) incubated with 0.3, 0.6, 1.2,
24,49, 9.8, 19.5, 39, 78.1, 156.3, 312.5, 625 nM, 1.25, 2.5, 5, and 10 pipsilNTHRNase E.

Lanes ¢ G and G contain 30 nM LU13, 7.5 nM BR15 and 1@ wild-type NTHRNase E,
respectively. The binding states of each band are shown at the right of the image. Panel B shows a
binding curve of BR15 to NI®Nase E. The proportion of BR15 in each binding state was calculated
from the band intensities by 2D dsitometry.

From the BR15 binding assays, a concentration of 20 nMRN&$e E was used in the subsequent
competition assays as this was the lowest concentration at which almost all of the BR15 was bound
by NTHRNase E. The next step was to confirm that inding of BR15 was dependent on contacts
with RNase E that were also required for the bindinghohomeric singlestranded oligonucleotide

¢KS TFANRG O2YLISGAG2N & dporbghosphorfated PU13) @venlthat if i & S R
cleaved rapidlyoy RNase E and that previous crystallographic studies confirmed it is engaged within
the RNAbinding channel of the closed conformation of RNag€&laghan et al., 2005a)s shown

in Figure 5.5, thdG,, i.e. the concentt { A 2 y¥moBophosph@rylated LU13 required to displace

50% of the labelled BR15 reporter from catalytic domain of RNase E was 154 nM. As BR15 does not
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have a5ji-monophosphate group, and LU13 does not form a G quadruplex, this result confirms that
substiates competing with BR15 are competing for contacts used in the binding of-siraheled

regions of RNA.

A C,Cy,Cs1 23 456 7 8 910111213 1415 1617 C,
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Figure 5.5 Competition between LU13 and BR15 for binding to ®Nése EPanel Ashows an
electrophoretic mobility shift assay (EMSA) of the BRT® complex incubated with increasing
concentrations of unlabelled LU13. Reactions were performed and analysed as described in Figure
5.3A. Lanes-17 contain 7.5 nM BR15 (quadruplex) andn®0 NTHRNase E incubated with 0.3, 0.6,
1.2,2.4,4.9, 9.8, 195, 39, 78.1, 156.3, 312.5, 625 nM, 1.25, 2.5, 5, 10, and 20 pM LU13, Ganes C
Gand GO2y il Ay on Y dluofedcandabes X.5 iV BR1507% nM BR15 incubated with

20 nM wildtype NTHRNase E, and 20 nM N-Riase E incubated with 20 uM unlabelled LU13. The
binding states of each band are shown at the right of each image. The top and bottom image used
p&&RNERE?2f lnibSphosphbrgate DU13 as the competitor, respectivelgnel B shows a
competition binding curve of this data. The proportion of BR15 bound to-RN&ke E compared to

the unbound state was calculated from the band intensities by 2D densitometry. The closed and
open circles represent the data obtained fromSth -y Ry 2 LIK 2 & LIK 2 NFhjdioxyl&teéd | y R
LU13, respectively.
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¢ K S-hygrdylated LU13, a substrate that has been shown using the Mici\eliten analysis
performed in Chapter 3 to occupy the active site of RNase E only at very high concentratioas, had
much greatedGo2 ¥ X HAN xaod ¢ KS KA 3K SmahophSdptdiylate?l EULD 2 Y LJ
indicates that while it competes with BR15 for contacts made with sistgéended regions, its ability

to compete is enhanced by the additional contact witle 82monophosphorylated end.

The first control lane in the competition assays (labellegdcBGntains only theLU13 substrate to
illustrate the migration distance of the neguadruplex form.The second control ¢Ccontains only
BR15 to show the migratiodistance of unbound BR15. The third contraj) ((ntainsBR15 with
NTHRNase E to show the migration distance of fully bound BR15. The fourth conjrobf{@ins

just NTHRNase E to show that this molecule does exhibit a fluorescent signal.
5.2.2 mplications for RNase E in namucleolytic control of translation

The major direct entry cleavages found in time transcript were actually located far into the coding
NEIAZ2Y 2F GKS Ywb! IyR gSNB adAiatt SOARSydG S@Sy
nod t NBOA2dza aildzRASa ridisdefuiradda? BNAse E Butotegulatios whic | ¢
destabilises the transcript and reduces translatigBiwa et al., 2000) This suggests that
destabilisation ofne @A I Ay (i SNI Ol A g cleavagé Ky dilest 8ntrypwvixhin! thie wodihg

region are two separate events during RNase E autoregulation. Given that the direct entry sites of
rne are likely blocked by high ribosomal trafiicvivq it is likely that interaction of RNase E with the

p OTR is the primary event. A Y RAY 3 2F wbl &S blockiibBsoniaKaSsociatian | ¢ w
therefore exposinghe downstreamdirect entry sites tosubsequentRNase Eleavage Cleavage

within these sites would ensurthe inactivation of the mRNA isreversible Therefore, cleavage
Faaleéa ¢6SNB LISNF2NNXSR (2 R S361SNM4yremberig isitket p Q
position with respect to the first nt in the start codon AUG) is a substrate for direct entry cleavage,

by comparing the cleage rate to those of full lengtime substrate (labelled as361 to +774) and

the codingregion fragment (labelled as +135 to +558), as shown in Figure 5.6.
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Figure 5.6 Cleavage ofie fragments by NTHRNase E T170\Panel A shows discontinuous cleavage
assays of thene T N> Y Sy (4 0 e-triphagpharyated tasSiptsow@re generated by

vitro transcription as described in Materials and Methods. The boundaries of each fragment are
shown at the t@ of the image. Final substrate and NRNase E T170V concentrations were 180 nM
and 20 nM, respectively. Samples were taken after various time points upon incubation, quenched in
equal volumes of 2x RNA loading dye, denatured at 95°C, separated on 8%uritdgna
polyacrylamide gels, and stained with ethidium bromide as described in Chapter 2. Eaucesthin
samples taken at 0, 5, 15, 30 and 60 min after incubation of substrate with enzyme. Lane C contains
substrate incubated without enzyme for 60 min.neaM contains a RiboRul&rlow range RNA
ladder with sizes in nt indicated at the left of each image. The sizes in nt of the substrates and
cleavage products are shown at the right of each image. Panel B shows a graph of the proportion of
product generate by T170V cleavage compared to substrate over time. The black, blue and red
curves represent the data obtained from thee fragments-361 to +774;361 to +134 and +135 to
+558, respectively.
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Figure 5.7 Compdion assays of thene transcript. Panel A shows an electrophoretic mobility shift
assay (EMSA) of the BRY®H complex incubated with increasing concentrationsrmaf RNA
fragments. Reactions were performed and analysed as described in Figure 5.5A. {l&nasniain

7.5 nM BR15 (quadruplex) and 20 nM NRNase E incubated with 0.3, 0.6, 1.2, 2.4, 4.9, 9.8, 19.5,
39, 78.1, 156.3, 312.5, 625 nM, 1.25, 2.5, and 5 uMNoA Ragments. Lanes, (G, G, G and G
O2y Gl Ay on v afluofesceirolabd, 7% KM BR15 T5 nM BR15 incubated with 20 nM
wild-type NTHRNase E, 7.5 nM BR15 incubated with 5 pM RNA fragments, and 20 nIRNNiEE E
incubated with 5 uM RNA fragents, respectively. The binding states of each band are shown at the
right of each image. RNA fragment boundaries are shown at the left of each image. Panel B shows
competition binding curves of this data, obtained as described in Figure 5.4B. The ruplisuttie
same as for Figure 5.5B.
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As also seen in Chapter 4, cleavage at the two major direct entry sites in the full teagitcurs at

similar rates as with the codil§B I3A 2y FTNI AYSy iz O2yFANNAYI GKI G
controloverthe € S+ @3S NI 4GS 4 GKS AyaGaSNyrt aixisSe Ly
slower rate at two minor sites and therefore would not be considered a good substrate for direct
entry cleavage. Therefore, there is a clear missing link betweemthigro data presented here and

the in vivoRI G LINBaSYydiSR LINB@gAzdzated ¢KAA Aa Yzal
ribosomesn vitro (Deana and Belasco, 2005)herefore, it appears that interaction of RNase E with

0KS pQ ! cemce offenfloniicie@ytid-cleavage, must cause this reduction in ribosomal traffic

and hence destabilisation ofie.

t NEBOA2dza 62N)] KlFIa akKz2gy GKIFG GKS | 0o inélediRits2 T
ability to interact with RNase E, and there is no evidence of major cleavages occurring as a result of
this binding (Diwa and Belasco, 2002, Schuck et al., 2008grefore, competition assays were
performed using the threene¥ NI 3YSy (G a> a4 akKz2gy Ay CATdz2NB poT
UTR fragment-861 to +134) was cleaved at a significantly slower rate compared to the eoding
region fragment (+135 to +8, it actually competes with BR15 in binding to RNase E at an even
lower concentration, with ahG, of 3.7 nM, than the codingegion fragment does, with aiG, of 36

ya® ¢KSNBEF2NBX Ad FLIWISHFNER (GKFd GKS plreldtivelw O y
high affinity, via contacts that interact with singd&randed regions, without necessarily being

cleaved efficiently.

It should be noted that the fulength rne (-361 to +774) has a very lol, of around 0.75 nM.

Under conditions of 1:1ihding, |G, values are limited to [S]/2. However, competing substrates that

can provide multiplebinding sites to the protein, which is evident with the full lengtle due to the

FLHOG GKIG 020K GKS pQ !¢w | yR K SdegeadBnlywith NS 3 A

RNase E, can have lowex, values.

¢2 FAdZNIKSNJ ARSyiGATe GKS NB3IA2ya GKFG wblasS 9 A
and analysed using competition assays, as shown in Figure 5.8. The boundaries of each dissection
coincided with the boundaries of several structural elements present inrtlep Q | ¢wx |
determined from previous studies by others and shown in Figuré@wa et al., 2000)Removal of

hairpin 1 (hpl) and sing@ G N} YRSR NB3IA2Yy ™M 6aami0 KI @S y2 S¥F-
UTR fragment to compete with BR15 (compare the right assay of the first panel and left assay of the

second panelith the left assay of the first panel, respectively).
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Figure 5.8 Competition assays of thee p Q| ®am& A shows a schematic of thep Q | ¢w | &
RSGUIAT SR Ay CAIdZNBE pomad t I ySt . LabdliRgRandeactdasy LIS ( A
conditions are as described in Figure 5.7A, except lariesdntain NTHRNase E concentrations of

156.3, 39, 9.8, 2.4, and 0.6 nM, respectively. A schematic is provided above each assay to highlight
the structure of the resulting fragments.
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Remawal of hp2 has a more apparent effect, with a moderate reduction in the ability of the
NBYFAYAY3 pQ '¢w (2 O02YLISGES 602YLI NB NRIKG | &
second panel). Previous work has found that removal of hp2 causes aasacin stability and
expression ofne (Diwa et al., 2000)In fact, a direct interaction between the "bulge" regions of hp2

and an asparagine righie at position 323 on NFRNase E has been fou(diwa and Belasco, 2002,

Schuck et al., 2009)he most significant effect comes with the subsequent removal of ss2 and hp3
FNRY GKS pQ ! ¢w 602 Y LIndRith thé Aghit adsay dflthe seeord parkls i K
Given that ss2 has been ruled out as an important region involveakeiautoregulation in previous

studies (Diwa et al., 2000)it is most likely that hp3 is required for the competition with BR15.
Similar results were previously obseniadvivoby others. Autoregulation, although diminished, was

still evident following removal of hp2, suggesting tigafi KSNJ NE3IA2ya 2F (GKS p
Removal of hp3 showed similar effects to removal of hp2, suggesting that hp3 could be one of these
other regions(Diwa et al., 2000)However, because it was less evolutionary conserved compared to

hp2, further analyses of this region were not perform@&iwa and Belasco, 2002)

The hp2 strutral element on its own does not compete with BR15 (see right assay of the third
panel), which is in accordance with previous results that suggest hp2 interacts with a region of
RNase E that is not associated with the active @tehuck et al., 2009)nd therefore on its own

would not block BR15 binding. Surprigyy the fragment encompassing ss2 and hp3 on its own
appears to show as strong competition as ss2 and hp3 with the remaining downstream region of the
PQ !'¢w 602YLINB Faale Ay F2dNIK LI ySt gAGK NR3
majority of binding between thesj UTR and the catalytic domain of RNase E is via contacts with

singlestranded regions of hp3, a region that is not cleaved and is highly structured.
5.2.3 Role of RNA structural elements in RNase E interactions

In Chapter 3 itwas confirmed that a tRNA unit presented two flanking shksfjlanded regions so

that each could interact with RNase E via contauoisde with singlestranded regionsof RNA
promoting direct entry cleavage within the downstream region. However, it wasddat a
GAaAdzLILR2 NI Ay 3¢ Gwb! dzyAld ol a Ffaz2z NBIIZANBR i (F
cleavage (Figures 3.4 and 3.7). Interestingly, hp3, a region of RNA that has been shown in this
chapter to bind to RNase E strongly without beahgaved, bears at least a superficial resemblance

to tRNA in as much as it contains three hairpins that form a cloveilikeakecondary structure.
CKSNBTF2NBzZ Al o+a RSOARSR (2 Ay@SaidtadaridsS GKS A
RNaseE.
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Figure 5.9 Competition assays of thmetT tRNA precursor.Panel A shows an electrophoretic
mobility shift assay (EMSA) of the BRIBH complex incubated with increasing concentrations of
metTRNA fragments. Reactions were performed and analysed as described in Figure 5.5A. Labelling
is as Figure 5.7A. The first, second and third panels show competition images of th&é421and

78-nt fragments, respectively. A schematic is provided forttakte fragments at the left of the
images and colour coding of the tRNA units is as described in Figure 3.4A. Panel B shows competition
binding curves of tesedata, obtained as described in Figure 5.5B. The black, blue and red curves
represent the data otained from the217-, 142- and 78-nt fragments, respectively.

Competition assays were first performed with three dissections aroundgth@/-metU units, as
shown in Figure 5.9. The first substrate was a-2flffagment that contains thgInW-metU units as
Sttt a (KS o etFthat ofiitalny tHe sk Bdieztyentrg deavage (shown in the
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top panel). The second substrate is a IFragment that contains a truncation so that thlygnw
tRNA, the unit required to promote or support cleavagerémoved (shown in the second panel).
The third substrate is a #& fragment that just consists of thginW tRNA unit (shown in third
panel). Despite the abolishment in cleavage upon removal of gheW tRNA (see Chapter 3),
competition of the 142nt fragment with BR15 is just as strong as the -BLTragment, with G,
values of 229 nM and 147 nM, respectivébpmpare second panel with first panel). Therit8
fragment on its own shows very little competition with BR15 in binding to RNase E and theresore
unlikely thatglnW itself interacts with the catalytic domain of RNase E, at least via contacts made
with singlestranded regions channel (see third panel). Competition requires the two sitrgleded

regions flankingnetU consistent with the simglst iteration of our model for direct entry.
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Figure 5.10 Competition assays of further dissections of thetT tRNA precursorLabelling and
reactions conditions are as described in Figure 5.9A, except lastescdhtain NTHRNase E
concentrationsof 39, 78.1, 156.3, 312.5, 625 nM and 1.25 uM, respectively. The left and right assay
of the top panel show competition EMSAs of the 14@d 105nt fragments, respectively. The left

and right assay of the bottom panel show competitions EMSAs of ther@b 90-nt fragments,
respectively.

To confirm that the two singlstranded regions flankingnetU are required for binding to the
catalytic domain of RNase E, competition assays were performed with further dissections of the 142
nt fragment, as showninFighr p ®mn® wSY2@lt 2F GKS frad oy yli

from Figure 3.6) had minimal effect on the ability of the remaining-dADagment to compete with
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BR15 (compare right assay on the top panel with left assay on the top panels @kisxpected, as

blocking of b3 with DNA oligonucleotides had no effect on direct entry cleavage (Figure 3.6).

wSY2@0Ft 2F GKS NBYIFAYAyYy3a metUthatilencanpasse the ceavagd t | y
site (region labelled as b2 in Figure 3.6) hachzch more significant effect on the ability of the
resulting 95nt fragment to compete with BR15 (compare left assay on second panel to right assay

on first panel). Again, this is expected given that blocking of b2 abolished cleavage by direct entry.
Rem&l f 2F GKS FTANRBRG mp yid FNRY GKS pQ SyR 6NB3;
nt downstream ofmetU encompassing the cleavage site, also showed a significant reduction in the
ability of the remaining 9@t fragment to compete with BE6 (compare right assay of second panel

G2 NARIKG Faale 2y FANBRG LIyStftod ¢KAA NBadzZ G O
f SFRSNJ I YR o0 Q nielldwikhicéhiddtsamlSdjrepdrgddod iaterattion of singlranded

RNAs with Rase E increases the affinity of the substrate for the enzyme, hence promoting direct

entry cleavage.

Given thatglnW is dispensable for binding of the 142 fragment tothe catalytic domain of RNase

E, but is required for cleavage downstream métU, ligand binding assays were performed to
establish if ginWw can interact with another region on NIRNase E (Figure 5.11). Fixed
concentrations of the 21-At fragment that is cleaved, the 14# fragment that is not cleaved, but

able to compete with BR1®f binding to RNase E, and the-@Bfragment that is not cleaved nor

able to compete with BR15 for binding to RNase E were each titrated with increasing concentrations
of NTHRNase E and binding was analysed by migration through agarose gels. The afelsldh
RNase E used in ligand binding assays had a mutation that resulted in substitution of aspartate at
position 346 in the DNaselike domain to asparagine. The D346N mutation reduces the ability of
the enzyme to chelate magnesium at the active sitende abolishing cleavage that would be
observed at high enzyme concentrations in these asgagiaghan et al., 2005a)Vork performed
alongside this study by Jonah Ciccone confirmed that the D346N mutant, while unatldave BINA
rapidly, still retains a similar affinity for BR15 compared to the-tyifb.
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Figure 5.11 Direct binding of RNase E to thetT tRNA precursorPanel A shows EMSAsmétT

RNA fragments incubated with increasing concentrations of-RNeise E D346N. The reactions were

set up and analysed as previously described in Figure 5.4, except the gels were stained with SYBR®
Gold Nucleic acid stain to visualise the RNA. Lark$ dortain 20 nM RNA fragments incubated

with 0.3, 0.6, 1.2, 2.4, 4.9, 9.8, 19.5, 39, 78.1, 156.3, 312.5, 625 nM, 1.25, and 2.5 (RNAFHE

D346N, respectively. Lanesdhd Gcontain 20 nM RNA fragments and 2.5 uM NRIMase E D346N,
respectively. The firssecond and third panels show EMSAs of the-2142 and 78nt fragments,
respectively. A schematic is provided for all three fragments at the left of the images and colour
coding of the tRNA units is as described in Figure 3.4A. Panel B shows bindagafutesedata,
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obtained as described in Figure 5.4B. The black, blue and red curves represent the data obtained
from the 217-, 142- and 78-nt fragments, respectively.

As expected from the results of Figure 5.9, the -b#2Zragment bound to RNase E wighsimilar
affinity as the 217t fragment, withKy values of 18.6 and 27.1 nM, respectively. Interestingly Khe
value for the 7&t fragment was not much higher at 56.3 nM, suggesting giawV interacts with
RNase E as well, but not using contactd theeract with singlestranded regions. ThereforginW
appears to interact with an allosteric site on NRRNase E, increasing the rate of cleavage by direct
entry without contributing to an increase in affinity between the remaining-bt#ragmentand the
catalytic domain of RNase E. Because it has been shown thafiyi¢éRNA is required for direct
SyGaNE Of St @I 3 Sgly¥(Figuie BR.B), anddhatismis reqdir€dNdr dirdct entry cleavage
2y GKS odgXKime et &.S2814)2iF possite that manytRNA units have the potential to

interact with an allosteric site on RNase E in a similar manner.
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Figure 5.12 Kinetic analyses ofetT RNA dissectionsPanel A shows a Michaeldenten graph for

the cleavage of the 21qblack circles) and 142 (open circles) RNA fragments, respectively. The
concentration of NTHRNase E T170V (monomer) in each reaction was 40 nM. Rates normalised
against enzyme concertion (vo/[ E) were calculated, plotted against substrate concentratic#) ([

and were fitted to the Michaeli#enten equation. Panel B shows a graph of the proportion of
substrate over time following incubation with T170V under siaglaover conditiors. The
concentration of substrate and NTRNase E T170V (monomer) in each reaction was 5 nM and 200
nM, respectively. Reactions were performed as in Chapter 3, except that the final gels were stained
with SYBR® Gold Nucleic acid stain to visualise thdRN# concentrations. The colouring is the
same as for Panel A.

Further kinetic analyses were then performed to determine how the interactiogl@fV with an
allosteric site on RNase E increases the cleavage rate at the site downstreaetlbfA Michaelis
Menten analysis was first performed whereby the cleavage rates of both thea27142nt RNA
fragments by NTHRNase E T170V were measured at increasing substrate concentrations, as shown

in Figure 5.12A. Values of 3.7 uM and 3.2 uM were obtained foKghef the 217 and 142nt
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