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Abstract

Transcriptionthe first step of gene expressipis accomplished in all domain of life by
the multisubunit RNA polymerase (RNARgcordinglythe RNARs an ancient enzyme
that is highly caservedin all cellular organism$&lowever, indepth bioinformatics has
led to the identification of proteinsglistantly related to the multisubunRNARsuch as
YonOand ORF6 RNAWilst being putative single subunit RNAPs, YonO and ORF6
RNAP are complely unrelated to T7 RNAP. YonO, encoded byBallus subtili§ t |
prophage hasincrediblylittle similarity to RNAP. Converse®yRF6 RNABelonging to
the Kluyveromyces lactigller systemcontains half of the conserved RNAP active
centre.YonO and ORF6 RNAP are potentralyel RNA®and thar characterisation

will give new insights intmechanisms ofranscriptionas well as the biology of the

organisms which they belong to.

Despite lackingnost ofthe conserved RNAP active centnes have shown YonO is a

very efficient DNA dependant RIR. Striking, unlike all of its multisubunit relatives,

YonO is able to initiate transcription on double stranded DNA without accessory
FLOU2NA 064adzOK | Furthernie,Ouil RokkBugdestyonCisO i SNA | 0 @
SELINBAa&4SR RdzNA Y3 WMWERMDGEH 20/2 20FNI{yf & ONIYRS FOK
potentially makes YonO the first bacteriophage single subunit RNAP that resembles the
multisubunit RNAP. On the other har@RF6 RNAWKas very poor at polymerisation,

with or without its putative accessory subit. This suggests additional, currently
unknownproteins are requiredor RNAP activity and potentially a new molecular

mechanism of RNA polymerisation.

YonO homologues exist in a wide range of bacteria including fermicutes and
cyanobacteria. YonO rements a new class of RNAP and our discoveries potentially
open up a new area of research as well as being potentially useful for biotechnology
and synthetic biology. In contrast, transcription by ORF6 RNAP is more complex than
previously thought, with altenative lines of investigation required to identify

additional factors that contribute to ORF6 RNAP activity.
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Chapter 1: Transgtion and the Multisubunit RNA Polymerase

The first step of gene expression is tenvertingof the genetic information encoded

in a DNA template into RNA. This template dependant synthesis of RNA is referred to
as transcription. In all cellularganisms, the multisubun®NA dependant RNA
polymerase RNAP) accomplishes transcription. RNAP synthesises RNA according to
the sequence of template DNA using ribonucleoside triphosphates (NTPs) as
substrates. The structure of RNAP and its mechanismatafysis are highly conserved
across all three domains of life. Such conservation implies an ancient, singular origin

for this crucial enzyme.

With the advancement of genome sequencing and bioinformatics, hypothetical
proteins with distant and unusual harstogy to RNAP have been identified.

Interestingly, these proteins appear to be related to multisubunit RNAPs, despite being
single polypeptide chains. No homology with known single subunit RNAPs has been
detected. These hypothetical proteins may be repraséives of a novel class of RNAP

with previously undescribed structures and mechanisms of catalysis.

This introduction aims to briefly describe the structure of multisubunit RNAP, the
stages of transcription and the mechanism of catalysis. Subsequ¥otiy) and ORF6
RNAP, two examples of single proteins distantly related to RNAP, will be introduced

and discussed.

1.1: Structure of RNAP

Bacteria utilise a single RNAP comprised &fdzo dzy’ A (i & W RIFQEebRay b

This is in contrast to eukaryotes in which three RNAPs (RNAP |, RNAP Il and RNAP llI)
accomplish transcription. Eukaryotic RNAPs are comprised of an increased number of
subunits. RNAP 1, Il and Il are forniydl4, 12 and 17 subunits, respectively. Over the
past decade, it has become apparent that plants utilise two additional RNAP: RNAP VI
and V (Reviewed iHaag and Pikaard (20)1Both of these RNAP, whilst residing in

the nucleus, do not function in can@al gene expression. Rather, they function in

DNA methylation and gene silenciftgaag et al., 2012Mass spectroscopy showed

that whilst they are distinct enzymes, RNAP VI and V are clearly evolved from RNAP I

(Ream et al., 2009).ike bacteria, arclea utilise a single RNAP. However this RNAP is
6



comprised of 12 subunits, resembling RNAP Il. Despite such differences, a high degree
of conservation exists in RNAP across all domains of life. The bacterial RNAP represents
a minimal set of subunits that @éonserved in eukaryotic and archaeal RNARgufel-

1). Eukaryotic and archaeal homologues for each of the five bacterial subunits have
been identified. In addition to structural conservation, all RNAPs synthesise RNA by the
same mechanism of catali. Therefore, the bacterial RNAP can be exploited as a

model for the investigation into the key principles and processes of transcription.

Unless stated, the remainder of this introduction will describe bacterial RNAP.

Archaea

Bacteria

Bacteria Archaea Eukarya
ANAPII RANAPI  RNAPIII
" AN RPB1 A190 C160 ’
# B RPB2 A135 c128
a D RPB3 AC40 AC40
@ L RPB11 AC19 AC19 C
K RPB6 RPBS RPB6 8
H RPBS RPBS APBs | @
G RPB8 RPB3 RPB8
N RPB10 RPB10  RPB10
P RPB12 RPB12  RPB12
F RPB4 A14 c17
E RPB7 A14 c25
TF

TFS RPB9 A12 c1

Figurel-1: Corservation of the multisubunit RNAP. Taken frowlerner (2008) The
crystal structures of bacterial, archaeal and eukaryotic RNAP (RNARdigvisigeare
shown to demonstrate conservation of the structure and core subunits. The bacterial
RNAP represents a minimal set of subunits which is conserved in all domains of life,
despite increased subunits in the archaeal and eukaryotic RNAPs. The legend shows
the colouring scheme of the subunits.



1.1.1: BacteriaRNAP
Bacterial RNAP has a moldar weight of approximately 400 K@zhang et al., 1999)

¢KS Gg2 I NBSadG &adzodzyrdaz i Q 6mtn Y5F0 |
SylevySe i Q yR i &dzmdzyAidGa F2N¥Y | ONXo Of |
pincer of the claw. Between the two subunits is the main channel in which

downstream dplex DNA enters the enzymEigurel-2b). On the back wall of the

main channel, towards the centre of the enzyme resides the active centre which is
F2NY¥YSR o0& FYAYy2 | OAR NB&aARdzSa 2F 620K 1 Q

catalysis occursral is discussed in section 1.1.4.

¢CKS (g2 h &adzodzyAla éenpnaldanaios tofgmisS NI OG o6&
K2ZY2RAXSNIKONI A& F2dzyR G261 NRA (GKS NBIN 2
Of 6@ ¢ KS ¥ gdimeriiskoagf ashplatiori@NI i KS  aaSyofe 2
(Zhangetal., 1999 ¢ KS . &dzodzyAd Ffaz2 FTdzyOlAz2ya A
together the Gterminal tailand Ni SNXY Ayl f R2YIFIAY 2F I Qd ¢ KA.
AYONBI aS G(GKS adGl oAt Ale tsaseemblKifio RNQP & dzo dzy A (
(Minakhin et al., 2001)



a)

d) B e)

Template
strand

6 nt RNA

15-20bp
) Downstream
zipper
, DNA Transcription
B bubble

Figurel-2: Structure and layout of bacterial RNA polymerase. a) Subunit composition of bacterial RN#Pmus thermophilusore RNAP

structure (PDB accession number 2PPB. Modelled withof)y The catalytic Mgions are coloured magenta. StructuraZions are coloured

yellow. Individual subunits are labelled and coloured. Image on the left is the profile view of RNARanNR G F § SR o0& dnb) (G2 3IAL
Entry of DNA into RNARColouring and structure is as before. RNA, Template aneteroplate DNA strands are coloured red, blue and green,
respectively. RNAP is transparent to emphasise the path of DNA. Imag&dh € STd A& | (2L) R246y QA SckddEangd NBODS
e)are



modified from Burukhov and Nudler, 2008. Structure ofThermus aquaticusore

RNAP, taken from Zhang et a., 19990nt view of core RNAP. Coloured based on
functional mdifs described in the text and shown kigureld.d) Schematic
representation of theThermus aquaticusore RNAP structureéSchematic based on

the structure presented ifrigurelc. The channels and functional motifs contacting
nucleic acid chas, as discussed in the text, are indicated. The coloured motifs match
those ofFigurelc.e) The organisation of nucleic acid chains within RNABIng the
same schematic dsigurel-2d, the pathway of DNA and RNA through the main
channel andRNA exit channel is shown, along with approximations of nucleic acid
lengths (bpg basepairs, nt nucleotides).

1.1.2: Nucleic acids within RNAP
Double stranded DNA enters RNAP through the main channel, which accommodates

12 base pairs (bp) of the dostream DNAKigurel-2b). As the downstream duplex

DNA enters RNAP, it is unwound into the template and-teonplate strands

immediately before the active centrgnatt et al., 2001, Vassylyev et al., 200 Tde
template DNA strand passes throudtetactive centre, where it directs the synthesis

of complementary RNA-{gurel-2b) (Gnatt et al., 2001)The two DNA strands reform

a duplex 11 nucleotides upstream from the active centre. The region of melted DNA is
referred to as the transcriptiobubble. A transcription bubble of 13 nucleotides is
maintained throughout transcriptiorRjgurele). During transcription, RNAP can
accommodate a-® bp RNA:DNA hybr{@ochkareva et al., 2012, Sidorenkov et al.,
1998, Vassylyev et al., 2007a, Nuddeal., 1997)Upon reaching a length greater than

@ ydzOft S2GARSas GKS pQ ylaoSyid wlFigureh & G KNJ
1.2e).

In addition to the main channel and the RNA exit channel, a third channel exists in

RNAP. The secondaryacimel is a 12 A wide channel which runs from the surface of

the enzyme to the active centig&natt et al., 2001)The opening of the funnel in the

active centre is referred to as the pore. It is thought that NTPs diffuse through the
secondary channel to exh the active centre where cognate NTPs are selected for and
AYO2NLIZ2 NI SR Ayd2 ( KBhtadaetalS306%, \EeStov& Btaly I G A
2004) However, contradictory data exists which suggests substrate NTPs arrive into

the active centre throulg the main channeglGong et al., 2005)
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Many contacts are made between RNAP and the nucleic acids running through it
(Figurel-H RO ® WSFSNNAYy3I o6F O] G2 GKS ONI o Ofl g
forms the clamp domaifCramer et al., 2001Yhe clamp is a large mobile domain that
swings on a hinge (called the switch region) during transcription initiation to narrow

the width of the main channel by 8 A, thereby increasing RNAPs hold on downstream
DNA(Chakraborty etal.,, 201®) ¢ KS Of I YLIQ&a 3INALI 2y GKS R2
the high stability and processivity of RNAP during elongation. Within the clamp,

smaller furctional motifs are present. The rudder increases the stability of the

elongating RNAP whilst the lid and zipper are loops which function in maintenance of
hybrid length and RNA displacement from the template [iEAatt et al., 2001,

Kuznedelov et al., 200¥assylyev et al., 2007a, Zenkin et al., 200B6ajthermore, the

zipper may also interact with upstream DXMuzenkova et al., 2011)

LY IRRAGAZ2Y G2 i Q3 (GKS | adzomdzyAd Ffaz2 Y-
Approximately half of the RNA exitchast ¢l €t Aa FT2NXYSR o6& @K
GKS 1 Q 1 A LALfiSgeBIsofcdntRbuling t& thé4gfmation of the RNA exit
OKIFIyyStod ¢KS i 2068 R2YlIAya [|-BplaBall2y aAi.
strand DNAKorzheva et al., 2000Jypically upstream noremplate DNA is not

included in nucleic acid scaffolds used for the crystallisation of RNAP. However, even
when present, it is not visible in electron density suggesting a flexible, mobile
conformation(Andrecka et al., 2009, Kettenbergeradt, 2004) Cross linking and

single molecule studies revealed that the Ammplate DNA passes through the
polymeraseand& | { Sa O2y 4l OG 6AGK i f206S8Sa m |yR +
(Korzheva et al., 2000, Andrecka et al., 2009)

1.1.3: Organisation of the Active centre
At the heart of the RNAP active centre are two’fgns that are essential for catalysis

(Sosunov €al., 2003) The first M§"ion, Mg I, is permanently bound in the active
centre.(Sosunov et al., 2003, Sosunov et al., 2005, Zaychikov et al., Th86)
aspartate triad motif, NADFDGD, is responsible for the strong chelation of Mg I. The
aspartate tria motif is absolutely conserved in all RNAP and substitution of the
aspartate residues results in abolishment of catalytic act(8gsunov et al., 2005,

Zaychikov et al., 1996The second Mgion, Mg Il is brought to the active centre

11



bound to each ineming substrate during elongation and is thus weakly bound in the

active centrg(Sosunov et al., 2003)

Two mobile domains contribute to the formation of the active cen&ag(rel-3).

{LI yyAy3 I ONRP&aa GKS | OGA@E AKSEI NEEZhayRIRA S
etal.,1999%p Ly Ot 248 LINREAYAGE (G2 GKS OoNAR3IS ¢
trigger loop and the bridge helix play key roles during catalysis by EBé&#ARahum et

al., 2005, Wang et al., 2006, Yuzenkova et al.02Bhang et al., 2010)

a) b)
RNA

Template
DNA

Trigger
loop

- Non-template
Downstream DNA a
DNA

Figurel-3: The active centre of RNARlade using the crystal structure ®hermus
thermophilusRNAP elongation complex (PDB accession code: 205J. From Vassylyev et
al., 2007)a) Organisation of catalytic motifs of thective centre The prominent

domains that function during catalysis are shown. The mobile domains, trigger loop
60ftdzS0 IyYyR ONAR3IS KStAE 02NIy3aSo | NB F2NJ
loop exists in two states, unfolded and folded. Here, the trigger lsa@aptured in a

folded state as it interacts with the phosphate moieties of the incoming NTP (grey).

Mg?* Il (purple) is chelated by the NTP whereas the permanent Mg2+ | is bound by the
aspartate triad (green). The NTP is base paired with the template(BIN&) and
Ll2aAdA2ySR ySEG (2 GKS o0 Qbdcalisagolmofth& S I NP
active centre within RNAPThe location of the bridge helix, trigger loop and aspartate

triad in the RNAP structure is shown. The bridge helix spans acroastihe centre

FNRY (KS i Q &adzodzyAld O60NIyaLl NByd &Sttz260
present at the centre of the enzyme, in close proximity to the catalytic residues of the
trigger loop.

12



1.1.4: Mechanism of Catalysis
The primary funton of RNAP is to synthesise RNA in a template dependant manner. It

R2Sa a2 GKNRdIzAK OFGlFrfeairyd LK2aLK2RASadS]
IANRGAY3I wb! YR (GKS h LK2aLKIGS 2F (GKS &
released as a byproduof phosphodiester bond formation. RNAP accomplishes this
reaction using Mg ions in a general two ion mechanism utilised by all nucleic acid

polymerasegSosunov et al., 2003, Steitz, 1998)

In the general two ion mechanism, Mg | and Il orient the Nifi3tsate to the optimal
LRAAGAZ2Y G2 GNRIASNI I ydzOft S2LIKAEAO Fadl O
0Q hl 2F (GKS wb! d® {LISOAFAOIffezr a3 L I Oh.
O22NRAYI GAY3 GKS &adzwadGNI S &NTP substratdk 2 & LIK | |
phosphates into the optimal spatial position for the nucleophilic attack. The catalytic
mechanism and amino acid residues involved are showigarel-4a. Together, Mg |

and Il stabilise the pentacovalent transition state, thus cimiting to the catalysis of
phosphodiester bond formatiofSosunov et al., 2003, Steitz, 1998, Steitz and Steitz,

1993)

The trigger loop plays a crucial role in catalysis. Its deletion or impediment drastically
diminishes any catalytic activity of RN@Rmiakov et al., 2005, Yuzenkova et al.,
2010)Structural studies show the trigger loop existing in an open and closed
conformation Figurel-4b) (Vassylyev et al., 2007b, Wang et al., 200&jring

catalysis, the trigger loop adopts a folded confation upon binding of the correct
NTP substrateThis is stabilised by interactions between the trigger loop M1238
residue and the base of the incoming N(WRzenkova et al., 201@ue to incorrect
hydrogen bonding with the+t1template basenon-cognatesubstratesare not

correctly positioned within the active centrit.has been proposed thgevents full
folding of the trigger loop due ta stericclashbetween the M123&f the trigger loop
and thebase of thenon-cognate substrateSince a closed off active centre is required
for efficient catalysis, the trigger loop contributes to the fidelity of transcription via an

induced fit meclanism(Yuzenkova and Zenkin, 2010)

Folding of the trigger loop positions its catalytic residues into the active centre,
bringing them in close proximity with the Mg |, Mg Il and the substrate NTP. The H1242

and R1239 residue§ (aquaticusiumbering) arecentral to the trigger loops
13



participation in catalysis. H1242 and R1239 contribute to catalysis by coordinating the
triphosphate moieties of the substrate NTP to a position optimal for transition state

stabilisation(Yuzenkova et al., 2010)

In additionto phosphodiester bond formation, RNAP is able to catalyse

pyrophosphorolysis and phosphodiester bond hydrolysis through a general metal ion
mechanism. Pyrophosphorolysis is the direct reverse reaction of phosphodiester bond
formation and results inthe3 Y2 @t 2F GKS 0Q bat 2F GKS
Mg Il is bound by the pyrophosphate, which carries out the nucleophilic attack on the
phosphodiester bond between the final and penultimate NMP of the RNA chain. The

role of Mg Il is reversed for pgphosphorolysis and hydrolysis, as this ion rather than

Mg | activates the attacking nucleoph{®osunov et al., 2003)

As with phosphodiester bond synthesis, the trigger loop also plays a crucial role in
phosphodiester bond hydrolysis. During RNAP hiydgoa A 4 = G KS o0Q bat 2
contributes to catalysing the hydrolysis of the penultimate phosphodiester bond by
reorienting in the active centre to chelate Mg Il (discussed further in section 1.4.3)

(Zenkin et al., 2006b)he trigger loop functionsy K& RNRf &@aAa o6& LJ2 &)
NMP into the active centre. As with polymerisation, H1242 of the trigger loop is central

02 KeRNRfearas ¢gA0K GKS NBAARIZSS 6SAy3a NB:
(Yuzenkova and Zenkin, 2010)

B2 Unfolded
) i
/ J

Figure 1-4: Mechanism of RNAP catalysis. a) Catalysis of phosphodiester bond
formation. Adapted from Nubkkr, 2009. The active centre is shown in schematic
representation.T. thermophiluNB & A RdzS Yy dzYo SNAYy 3 Aa dzaSR:X
0fdzS FYR i Ay 2NIy3ISod ¢KS [ALINLIFGS GNRI
permanently bind M1 (shown as Mg A in theFigurd in the active centre. Mg
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(Shown as M B) is deliveredo the active centre by substrate NTP (red).’fgns

and the trigger loop (residues in blue boxes) coordinate the phosphates of the NTP.
adub L OUGAGIGAZY 2F 0Q hl 3IANRdzZI 2y (GKS
catalyses a nucleophilic atta@surved arrows), resulting in the synthesis of a

phosphodiester bond and release of ABiFolding of the trigger loop to contact NTP
substrateTaken from Yuzenkova et al., 2010. Shown is the active centigeomus
thermophiluselongation complex (PDB?PB and 205J). When the correct NTP is

present, the trigger loop undergoes conformation change, from an unfolperple)

to folded @reen) state. In doing so, residues such as R1239 and H1242 contact the
phosphates of the NTP (orange) to cobtite to the substrate orientation.

MOMOPpY 52d2ofS - i . FNNBf 52YFAya
lylfeadard 2F GKS adNHzOGdzNB 2F (GKS 1 Q &dz

R2dzotS A I o0FNNBf F2f{R o65t. .0 ¢KS F2fR
aKSSiazx oKAOK Ay@2ft @3Sa kyOSHKSBiA & §FRoAB:
of this fold is shown ifrigurel-5a(Castillo et al., 1999Fach DPBB has two additional

(@]

dz,

Y

variable regions situated between strands 2 and 3 and strands 5 and 6. Hoopsi
SEAAG Ay GKS T2tWRE wSHyRB Syi NI MR Np YIRMR mn &
the catalytic aspartate triad is present on the second variable region which protrudes

into the active centre.

I aSO2yR 5t.. Y20AFT 6lFa ARSYUAFASR Ay (K
conservatomd S 6SSy (KS i Q FyR i 5t.. F2fRaz 6A
through visual inspection of structufgyer etal., 2003p ¢ KS i Q FyR i 5t .

directly adjacent to each other, with a cleft running between the two folds. The

aspartate triads projected into this cleftigurel-p 6 0 ® Wdza i | a i Q 5t.
Fdzy OliA2ylf NBaiaARdzSazr a2 R2S8S&a (G4KS i 5t. . o
and make contacts with the incoming NTP substfater et al., 2003)The aspartate

triad andthe Mg ion it chelates are regarded as the active centre, thus the two DPBB

folds contribute to the formation of RNAP active centre.

Along with the aspartate triad, two DPBB folds are conserved across all multisubunit
RNAPSs. This conservation highlighies substantial role the two folds play in the
structural formation of the active centre. The presence of an aspartate triad and two
DPBB folds can serve as a hallmark of RNA polymerase activity, aiding in the

identification of distantly related RNAPSs.
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Figurelp Y ¢KS (62 R2dz0tS A 1 0F NNBf o65t..0 7
fold. Modified from Castillo et al., 1999. The topology of a standard DPBB fold is
AK2gy® ¢KS | YAYy2 | OAR OKIFIAY IyR I aKSSaa
ay R O02f 2dzNBR NBR® ¢KS I aKSSda INB ydzyo SN
chain. The Mg2+ | chelating aspartate triad is shown in red above the variable loop 2,
GKSNE AG 200diNEB A YNIHrEBdzNE BT . ©0OS Qi Bt | yR i
(geSYy o FyR i 5t.. o6eStft260 INB aK24y> GAIlK
conserved lysines in pink and blue, respectively. In the structure, the triad is chelating

Mg?* I, represented by a pink sphere. The active centre is present in the ahefing

between the two DPBB folds. TRggurewas made using the crystal structure of

Thermus thermophiluRNAP elongation complex (PDB accession code: 2PPB. From
Vassylyevetal., 20000 | yR RO i Q YR i 5t.. .DPBBRa A
folds are in ribbon representation and coloured as before. The DPBB are present at the
oFO1 ¢ttt 2F GKS YL A\subthksindyhd placamemidf ek o0 & |
aspartate triad, shown chelating Mg, into the active centre by the protusion ofQ

variable loop 2 can be seen.
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1.2: Single subunit RNA polymerases

Despite multisubunit RNAP accomplishing canonical transcription in all cellular
organisms, single subunit DNA dependant RNA polymerases have been identified. The
most studied @ample is T7 RNAP of the T7 coliphage. T7 RNAP specifically transcribes
T7 genes during the late phasekfcolinfection. Comparisons of T7 RNAP with
multisubunit RNAPs have revealed the two classes of enzymes are extremely unalike,
with no sequace and structural similarities. The structure and amino acid alignments

of T7 RNAP and other related single subunit RNAPs show they resemble Pol | class DNA
polymerases and HIV reverse transcriptéSeusa et al., 1993Thus single subunit

RNAPs are menels of a discrete clade of related nucleic acid polymerases distinct to

the multisubunit RNARDelarue et al., 1990, Sousa et al., 1993, Salgado et al.,.2006)

The structure of T7 RNAP and related protein resembles a right hand, a striking
contrast to the crab claw like structure of the multisubunit RNE&#®usa et al., 1993)

The comparison to a right hand extends to the nomenclature of the T7 RNAP domains,
which include the finger, palm and thumb domains. Like multisubunit RNAPS, right
handed RNAPs perfim catalysis using a general two ion mechan{Steitz, 1998,

Steitz and Steitz, 1993 owever, the mechanics and structural domains participating

in catalysis are very different to multisubunit RNAPs. No aspartate triad is present in T7
RNAP. Instead, twaspartates (D537 and D812), 250 amino acid sequences apart on
the polypeptide chain, are responsible for chelating?Mans. The presence of the
aspartate triad motif is therefore solely characteristic of multisubunit RNAP and

further highlights the diierences between the two classes of RNAP.

1.3: The Stages of Transcription
Each round of transcription can be divided into three discrete phases: initiation,

elongation and termination. Below, each phase will briefly be discussed.

1.4: Initiation of Trarscription

For transcription to begin, RNAP is required to find and bind specific promoter double
stranded DNA sequences. Alone, RNAP cannot accomplish this task. All RNAPs require
additional proteins, transcription factors, for recruitment to specifiorpoters and

melting of the duplex DNA.
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Ly o6FOGSNRAFZ  ° FILOUG2NIoAYyRaA GKS O2NB wl
function as transcription factors by recruiting RNAP to promoters through recognising
specific DNA sequences. Once RNAP is bouR®Rt@lzo £ S a G NI yYRSR 5b! =
GKSYy NBalLkRyaAiroftS F2NJ G6KS YStdAy3a 2F GKS
ol OGSNAIFEf &aLISOASET ¢gAGK SIFOK ° FF O&E2NI NB
colz s required to initiate tradl ONA LG A 2y 2F K2dza$1 S5ty 3 =
carry out the same function across other species of bacteria. B#vdlusand

Thermusg SY SNI £ (KS K2 dz&a"|KSSS LRASy(Haidet! ednk20piici NJ A &

initiation are described below anghownin figure 16.

Core Holo enzyme Closed promoter

53— complex

linker

Open promoter
complex

DNA melted

Figure 16:. | OG SNA I f (NI y & ONX LIG'R Addiptedl fom iNidleri A 2y ¥
and Borukhov, 2008The domains oRNARare coloured as in figure-2, 6 K A &0

shown in pink. At the beginning of the transcription cyclrecRNABInds( 20

become the holoenzyme. As shownK S R 2 Y °thrgadl thraugh the active

OSYiNB 2F wb!t3x gAlK ° surfdcgbfRhe hoioenRe Thisy & 0
allows the” H | yddtnaihsrto contact the35 and-10 elementgendrcled in red)
respectively The holoenzyme bound to the double stranded DNA is referred to as the

Of 2aSR LINBY2(GSN)I O2YLX SE® | 246 S APOKDNAIZLIZ Y |
downstream ofthe -10 element, the compleRecomes known asanopen promote

complex At this stage, RNAP undergoes abortive initiatidmsis a cyclic process

where short transcripts are synthesised and released, emghtuallya nascent
transcriptenterstheavb ! S EA G &ectupigs he RNAlext channel, this

extension of RNA results in the eventual releasé Sfwhich allowsRNARo pass

through promoter clearancand enterproductive elongation.
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P48 02YLRASR 2F n O2yaSNWSR R2YlIAyay " wm=
connected by flexible linke€ampbell etal., 2008) ! LI2y oO0AYRAY3I (G2 wl
2 and 4 are solvent exposed, allowing them to recognise and bind their cognate

promoter DNA sequencé®urakami et al., 2002l ° promoters are centred around

two DNA sequences, th85 element and10 element. The35 element is 35 bp

upstream from the transcription start site (+1) and has a consensus sequence of
¢¢eD! /! GKFG AyidSNI OG20 elgnert K 10(bKupstream of R Y I A y
start site and has a consensus sequence of TATAAXthat 6 2 dzy R 06& GKS ¢
(Murakami et al., 2002aJhe holoenzyme bound to double stranded DNA is referred

G2 & GKS Ofz2asSR O2YLX SE® { dzo0 a8l dzSy i {2
triggers the melting of the DNA duplex 11 basepait& 6ite) upream from the

transcription start site (+1 sitdMurakami et al., 2002a, Juang and Helmann, 1994,
Panaghie et al., 2000)This DNA melting extends downstream and results in the

placement of the +1 transcription start site on the template strand intodhgve

centre, ready for RNAP to begin transcription. A second outcome of DNA melting is the
formation of the transcription bubble which stretches from tHel position to +2.

Holoenzyme complexed with melted DNA is referred to as the open complex due to

the open conformation of the DNA stranddost open complexes are very stable and

are capable of withstanding high ionic strength.

RNAP is not able to enter the processive elongation phase immediately after open

O2 YLX SE T2 N} stilibbuhg, RNAP hindegoes a cycle of synthesising and
releasing small RNA chains&nt in length, a process referred to as abortive

initiation® LYy | RRAGAZ2Y (2 0AYy RAYEdctionydrriny St G Ay 3
F02NIADBS AYAGAFGA2Yy® "o FYR "n R2YFAYya ||
features a loop that protrudes towards the active centidurakami et al., 2002b,
Vassylyevetal2002yp / 2NNBf [ GAy3 gAGK AGa AYASNILA2)
been shown to be required for binding the first nucleotides and the formation of the
phosphodiester bond between theliKulbachinskiy and Mustaev, 2006, Pupov et al.,

2014)

5 2 Y I A3/also faciitates promoter clearance, the event in which RNAP breaks
contact with the promoter element to enter processive elongation. After numerous

cycles of abortive initiation, RNAP eventually synthesises RNA which extends into the
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RNA exit channel KIS o ®H R2YFAY Ada LI NOGAFEf& of20]
competes with the growing RNA chgdMurakami et al., 2002b)t is thought that upon

Of FaKAYy3a gAGK GKS wb! OKFIAYyZ (KS NBY2JI f
seriesof stepswRIK  dzf GA Yl GSf & NBadz Ga Ay~Pan&iBe 6 NBI
-35 element, allowing RNAP to transcribe away from the promoter (promoter
clearance)Kulbachinskiy and Mustaev, 2006, Pupov et al., 2@4)ing promoter

Ot S NI°ig dsflaced sm RNAP. However, experimental evidence has revealed

i KS $E LidZisadt @lgat@yFor RNAP to convert into a processive elongation
complex(BarNahum and Nudler, 2001Rather, the conserved domains of RNAP,

Ay Ot dzRAY 3 1 Q Of lessSikiy by Guhtgninglihté@ratzios onitige nuclsi@ O
acid upon transitioning into the elongation pha@éassylyev et al., 2007a)

Eukaryotic transcription initiation is a complex processes, involving a multitude of
transcription factors (Reviewed in Vannand Cramer, 2012). Initiation of RNAP Il
transcription requires the assembly of the giretiation complex (PIC). Briefly, the PIC

is a complex formed by numerous transcription factors: TBP, TFIIA, TFIIB, TFIID, TFIIE,
TFIIF and TFIIH. The PIC functiomecruitment of RNAP to promoter DNA, DNA
unwinding, open complex stabilisation, transcription start site selection, and

stimulation of early polymerisation. RNAP | and Il require fewer external proteins for
initiation; the additional core subunits ®&NAP | and RNAP Il have homology to the
transcription factors utilised by RNAP Il. Archaeal transcription is reminiscent of
eukaryotic RNAP Il transcription. However, the PIC is reduced to three transcription
factors: TBP, TFB (TFIIB homologue) and HHAE @lomologug)/Verner and Weinzierl,
2005) TBP recognises the TATA box promoter element whilst RNAP is recruited to TBP
and pronoter DNA by TFB. TFE stimulates the formation of the open promoter
O2YLX SE® ¢ CP%n thaBth& ¥ B fin§ed domain which protrudes into the
active centre of the RNAP and stimulates the initial catalytic activity of RiNaARer

and Weinzierl, Q05)

Broadly speaking, the principles of transcription initiation are shared across all three

domains of life despite increased complexity in eukaryotic organisms. All multisubunit

RNAPs are dependent on transcription factors for recognition and biredipgpmoter

DNA, followed by melting of the DNA to form the open complex. This is demonstrated

08 (KS NBaSyvyoflyOS &KI NB RandBdiBsfibgdnof TEIBS * o
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and TFB in eukaryotes and archaea, respectively. All three proteinsdeatiomain

which protrudes towards the active centre and stimulates the initial catalytic activity of
RNAP. Furthermore, all three domains are displaced from the RNA exit channel by the
growing RNA chain which leads to processive transcrigioitbachinsiy and

Mustaev, 2006, Sainsbury et al., 2013, Werner and Weinzierl, 2005)

The disparity between RNAP and single subunit RNAPSs continues to transcription
initiation. T7 RNAP is able to initiate transcription independent of additional factors.
The 300 amia acid N Terminal domain (promoter binding domain) and specificity loop
of T7 RNAP are able to recognise the 17 base pair promoter sequence. Transcription
initiation by T7 RNAP is accompanied by gross conformational rearrangements
(Durniak et al., 2008, vand Steitz, 2002Puring progression to elongation, the N
terminal domain contacting the promoter DNA undergoes a large structural change to
break DNA contacts, allowing promoter clearance. The conformational change results
in the opening of the enzymi® accommodate an 8bp RNA:DNA hyl{ifth and Steitz,
2002) Prior to this structural rearrangement, T7 RNAP can only accommodate a hybrid
of 3 bp. This reflects the scale of the change in conformation. An additional outcome of
the rearrangement is the fonation of the RNA exit channel. Together, the increased
hybrid length and RNA exit channel allow for an increase in the processivity of the

enzyme.

1.5: Transcription Elongation
Unlike transcription initiation, the elongation phase of transcription isseowed

across all multisubunit RNAPs. Below, bacterial elongation will be discussed.

1.5.1: Nucleotide addition cycle
During the elongation phase of transcription, RNAP catalyses the rapid and processive

incorporation of substrate NMPs into the growingQ Sy R 2F wb! ® ¢KS L
incorporation is repeated for each position along the template DNA. This process is
referred to as the nucleotide addition cycle (NAC). The steps of the NAC are shown in

Figurel-7.

The RNAP active centrehastvdd Y RAY 3 aAGSas>s A YR Abm 6A
end of RNA and the incoming substrate NTP can occupy. At the beginning of the NAC,
elongation complexes areinape$stNI yatf 20F G6SR adldSed Ly (KA
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occupies the i site and i+1vacant. The incoming NTP arrives to the active centre and
is positioned into the i+1 site where it forms hydrogen bonds with the complementary
template base, ready for catalysis. Crystal structures, supported by biochemistry, have
revealed additional nuebtide binding sites within the active centre, notably the pre
insertion site(Kettenberger et al., 2004, Vassylyev et al., 200Th§ preinsertion site

is thought to serve as an initial binding site for substrate NTPs. If the correct NTP is
bound, the N'P repositions into the i+1 site. This is coupled to the folding of the trigger

loop which closes off the active centre to bring about catalysis.

The result of catalysis is the incorporation of substrate NMP present in the i+1 site into
0KS 0Q BNRYBDOINBIKSEDP ¢KSNBEF2NBZ FFFGSNI OF G 1
the i+1 site, leaving the complexes in a{rm@nslocated state. Translocation is the

lateral movement of the RNAP by one position on the template DNA strand. To carry
onelongation, RNA G NI} yaf 20FSa (G2 LRaAGA2Yy GKS y!
thereby freeing the i+1 site for the next NTP and returning the complexes to a post
translocated state. At any position on the DNA template, RNAP is able to oscillate from

a pretranslocated topost-translocated state due to thermal motion. In the presence

of NTPS, forward translocation and stabilisation of the fimstslocated state is

thought to occur by a Brownian ratchet mechanism as the binding of the next NTP in

the now empty i+1 site fawos the forward position of RNABarNahum et al., 2005)

1.5.2: Pausing and Backtracking
Despite primarily moving in a forward direction, occasionally RNAP can pause on the

DNA. The pausing of RNAP on the DNA is considered to control the overall §peed o
elongation and so pausing features in various regulatory mechanisms including
transcription termination and attenuation (reviewed in Landick, 2006). The pause itself

is induced by the DNA sequence, which can be recognised by (BN&#kareva et al.,

2012 Kireeva and Kashlev, 200@ne outcome of transcribing a pause sequence is

reverse movement of the RNAP along the RNA:DNA hybrid. This reverse movement is
backtracking (bottom oFigurel-70 ® C2NJ ol O1 G NI O1Ay3 G2 200
disengagse from the active centre and is fed into the secondary channel as RNAP slides
backwards along the hybrid. In addition to pause sequences, the incorporation of the
GNRPYy 3 ydzOf S20ARS 6YAAaAYO2NLIR2NI A2y 0 OFy
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no longer within the active centre, backtracking events need to be resolved before the

resumption of transcription.

Given the importance of transcription, auxiliary factors exist to modulate the rate of
elongation. Two examples of elongation factors are NusANus(5, which control

elongation speeds by promoting and suppressing RNAP pauses, respectively
(Artsimovitch and Landick, 2000, Herbert et al., 20B@)cktracking events are

NEBazf SR UKNRdzZZAK (KS NBY2@If 2F (GKS 0Q Yy
hydrolysis activity which can accomplish the removal of nascent(®NXéva et al.,

1995) Howeverjn vivg Gre proteins in bacteria and TFIIS for RNAP Il exist to cleave

the RNA and rescue backtracked RNB#&rukhov and Nudler, 2008, Cipsiealacin and
Kane,1994)

Trigger loop

Post-translocated NTP entry with
folds

Trigger Mgz" I

Templatelllll IIIII

DNA i*1 i+l

Translocation l

PPi

.@ * 4

Oscillations

[ \ TTTT11
I |\ Ll Ll
— i+l
Pre-translocated Catalysis
g\ Hydrolysis \\
W
L1 I I L1 11 111
i+l
Backtracked Post-translocated

Figurel-7: The Nucleotide addition cycléit the beginning of the cycle, the RNAP is in
aposti N} yat 20 4GSR aidlFiS® ¢KS 0Q wb! ONBRUO 7
NTP,chelating Mg 1, binds to the preinsertion site. Thegger loop (purple) folds,

positioning the NTP in the i+1 site. The folded trigger loop antf Mgs catalyse the
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formation of a phosphodiester bond. The reaction results in the release of a
pyrophosphate (PPi). After catalysis the RNAP is in-&rgmslocated state. RNAP
translocates to vacate the i+1 site, ready for another round of nucleotide addition.

RNAP can oscillate between the pre and goshslocated states, as shown by the

double headed arrow. RNAP is able to backtrack on the RNA:DNA IBdxidracked

RNAP cannot continue RNA synthesis. Through its own hydrolytic activity, or a cleavage
FLOU2NE G(GKS yIlFaoSyid oQ wb! AMaAnsiocBtedat@tS R (0 2

1.5.3: Hydrolysis and proof reading

Misincorporation, incorporatiomf the wrong nucleotide, leads to the production of
inaccurate transcripts that can have a potentially drastic effect on gene expression.
Therefore maintaining high fidelity is an important aspect of transcripfiowitro

studies have helped to delineathe determinants of transcription fidelity. The
prevention of misincorporation occurs in a multistep process during the binding of the
substrate(Yuzenkova et al., 2010)he major selection step occurs upon the binding of
the substrate and the foldingfahe trigger loop. Key residues of the trigger loop,
including the catalytic R1239 and H1242 residues, are able to discriminate against
incorrect NTPs suchasnén2 YLI SYSy (il NB 2NJ HQRS2Eéb¢t &
been positioned in the i+1 site. Ihe instance of an incorrect NTP in i+1, steric clashes
with the folding trigger loop cause catalysis to occur very slowly which favours the

expulsion of the NTP from the active cenf{duzenkova et al., 2010)

In addition to substrate discrimination NAP contributes to fidelity by removing
misincorporated NTPs through catalysing hydrolysis. In the event of misincorporation,
RNAP backtracks by one position, placing the penultimate NMP of the RNA into the i+1
aA0So 'Ly oF O NI @4 MVP B IexiblaS it i® Dt basa gaikeyg O 2 NJ
with the template DNA. The E site is an additional nucleotide binding site in the active
centre in which the incoming NTP substrate is thought to bind first. The flexibility of
0KS 0Q YA&Ay O2 NitdzbMd initReFE site artd providé chemical groups
which function in the catalysis of hydrolysis, including the stabilisation of [gmhkin

et al., 2006b) The trigger loop, in particular the H1242 residue is thought to facilitate

the positioning of s 0 Q bat A @(fuzénkouakausd Zénkirg 206i0%e result

of hydrolysis is the release of a dinucleotide and a return to the-prasislocated

state. This process is referred to as transcript assisted hydrolysis because the
misincorporated NMP aids its own removal by stimulating back tracking and

participating in the hydrolysis reactiqd@enkin et al., 2006b)
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Although RNAP possesses an intrinsic hydrolysis activity, conserved external
transcription factors exist to catalyse the hydrolysis of RiNthe event of
misincorporation or transcription arres vivo(Orlova et al., 1995 he Gre factors in
bacteria (GreA/GreB i&. colj and their eukaryotic counterparts (TFIIS for RNAP 1I,
A12.2 and C11 core subunits for RNAP | and IIl) prowi@gytic residues for hydrolysis
by protruding into the active centre through the secondary charfKettenberger et
al., 2003, Roghanian et al., 2011, Laptenko et al., 2003, Sosunova et al. |”2008)
experiments have revealed that Gre factors|ege the trigger loop when supplying
catalytic residues to chelate Mg Il and position the attacking water molecule
(Roghanian et al., 2011)

1.6: Transcription Termination

Two independent mechanisms exist in bacteria for the termination of transcription:

intrinsic termination and rhalependant termination. In intrinsic termination, RNAP
transcribes a & rich inverted repeat followed by a stretch of thymine residues. The

A:U hybrid is weak and induces a pause in transcription, allowing the transcrified G

rich inverted repeat to form an RNA hairgi@usarov and Nudler, 1999)he hairpin

extends into the main channel, rading the length of the RNA:DNA hybrid, clashing

GAGK GKS GNARIISNI f22L) | Yy REpahtdia ¢taly ZDO7TAK S |1 Q
GKS 1 Q OflYLI A4 NBalLlRyarofS TFT2NJ wb!ta adl
of the transcript and the removalf RNAP from the DNA.

The second mechanism of transcription termination requires Rho. Rho is a

homohexamer, with each subunit having the ability to perform ATP hydrolysis. During
transcription, nascent RNA is fed through the RNA exit channel and &NAP. Rho

binds to the nasent RNA, in particular to cyiite rich sequences and hydrolyses ATP

to thread the nascent RNA through its riike structure(Peters et al., 2009)
¢CKNBIFRAY3 2F wb! lfft26a wK2 (G2 Gdwargsat 2 Ol 1
the transcribing RNAP. Rho then interacts with RNAP to alter its conformation,

trapping the elongation complex in an inactive state. Release of the RNA and DNA then

ensues, thus terminating transcriptigipshtein et al., 2010)
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Termination of traneription varies for each of the eukaryotic RNAPSs, with two

mechanisms operating to terminate RNAP Il (reviewed in Kuehner et al., 2011). Protein
O2RAY3 Ywb! GNXyaONAROSR o6& wb!t LL dzy RSNJ
end during the final stagesf transcription. The termination of transcription is coupled

G2 GKS&aS o0Q SyR LINRPOSaaAy3a S@Syitaod . NRST
polyadenylation are recruited to the-t€rminal domain (CTD) of RNAP II. After the
transcription of the polyaénlyation signal, the mRNA is cleaved and polyadenylated at
ySgte SELIRASR 0Q SyYyRd ¢KS 20KSNJ) 2dzi O02YS
yIa0Syid wb! OKIAY d0AD0Q SE&YE008| &iS! © 2 day
proceeds to degrade the saent RNA which results in the removal of RNAP Il from the

DNA through a collision event. The second mechanism of RNAP Il termination applies

to the transcription of norcoding genes. This mechanism occurs through the

recruitment of the Senl helicase whiohwinds the RNA:DNA hybrid in the active

centre, leading the release of RNA and removal of RNAP Il from DNA.

RNAP | and RNAP Il termination are simpler proceksesro, a stretch of thymine
bases and the Rebl roadblock protein bound to its corredpanDNA element
downstream is sufficient to terminate RNAP | transcripfibang et al., 1994)

However, results oh vivowork has implicated preRNA processing factors in RNAP |
termination. Evidence suggests as for RNAP II, RNAP | transcriptsasiesl chgth
downstream RNA remaining bound to RNAP I. This RNA is then degraded by Ratl
exonuclease which upon contacting the RNAP |, triggers the removal of RNAP | from
DNA (reviewed in Nemeth et al., 2013)) RNAP Il termination resembles the intrinsic
termination of bacterial RNAP in that both mechanisms utilise RNA secondary
structure and a downstream poly U tra@enkin, 2014a)Jpon transcribing the poly U
tract, RNAP Il backtracks and becomes catalytically ingdieésen and Zenkin,

2013) RNAP Itranscribes structured RNA including tRNA. In a backtracked state, the
nascent RNA folds into its secondary structure which brings about the removal of the
RNAP Il from the template DNA.

It remains unclear how archaeal transcription is terminated. Thgdd experimental
evidence suggests that the mechanism is similar to that of bacterial intrinsic
termination (Santangelo and Reeve, 2006, Zenkin, 201#)iist a bacterial

termination signal featuring an RNA hairpin and a downstream thymine rich DNA
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sequence was recognised by archaeal RNAP, the RNA hairpin was shown not to be
essential for termination. Interestingly, archaeal transcription termination is influenced

by the sequence of upstream DNA but the cause of this remains to be investigated.

1.7: Bvolution of multisubunit RNA Polymerases

¢tKS i Q YR i 5t.. FT2fRa INBFE O2yaSNIWSR Ay
suggestion that the two DPBB form an ancient core from which the multisubunit RNAP
evolved(lyer et al., 2003)The two DPBB folds aoaly structurally homologous and do

not share any similarities in amino acid sequence. Despite this, it has been proposed
GKFG GKS 1 Q FyYyR i1 adzodzyAda 2NRAIAYFGS FTNR
which duplicated in the last universal common asior (LUCA). The individual DPBB

folds then underwent divergent evolution to loose sequence similarity and gain
RAFTFSNAY3I Y2G0AFazI gAGK 1 Q 5t.. 3AFAYAYy3I G
form two separate subunitglyer et al., 2003, lyaand Aravind, 2012)

Single subunit RNA dependant RNAPs (rdRNAPS) exist in a wide variety of eukaryotic
organisms. Rather than bearing homology to other single subunit RNAPs such as T7
RNAP, bioinformatics revealed a distant relationship to the multisulRINARIyer et

al., 2003) All eukaryotic rdRNAPs contain an aspartate triad and the presence of two
DPBB domains has been confirmed by the structure of one such rdRNAR, QDE

(Salgado et al., 2006, lyer et al., 200@)erefore RNAPs exist which conaik S 1 Q | y |
i 5t.. F2fR&a 2y | aAy3atsS LRfLISLIWARSD LI
to the splitting of the two DPBB into individual suburfitgeer and Aravind, 2012,

Salgado et al., 2006, lyer et al., 2003)

The presence of two DPBB foldslaan aspartate triad has been used to identify a
number of hypothetical, noitanonical RNAR#ravind et al., 2012Patterned based

PSI BLAST searches identified hypothetical bacteriophage encoded proteins with
distant homology to eukaryotic rdRNAPs andltisubunit RNAP@8yer et al., 2003)

One example is the YonO protein encoded byBheillus subtiliEJNR LIK I 3S  { t |
(discussed in the next section). Recently, the identification of two DPBB folds has
further suggested that the ORF6 protein of tkkiyveromyces lactigller system is an
RNA polymeraséRuprichRobert and Thuriaux, 201@reviously, this protein was

identified as a putative RNAP through amino acid sequence similgk¥igson and
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Meacock, 1988)urthermore when projected onto the crystal structure of RNAP I,
the amino acid homology mapped onto the two DPBHES@uggesting ORF6 RNAP
contains these characteristic RNAP fq@siprichiRobert and Thuriaux, 2010)

In the next chaptersyonO and ORF6 RNARII be discusserh more detail, including
their discoverywhat is currently known about these proteins and descriptions of the

transcription systems they are thought to operate within.
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Chapter 2: YonO: the hypothetical RNA polymerase oBtmllus subtilis
LINR LIKF &S {t]

2.1. Resident prophaes ofBacillus subtilis

Bacillus subtiligs a soil dwelling, gram positive rod bacteria. Many aspects of its
physiology have madB. subtilisa widely used model organism for the study of gram
positive bacter. TheB. subtilisL68 strain is widely regarded as a wildtype strain. The
chromosome of this strain and its many derivatives harbours two prophages and 7
prophagelike elementgWesters et al., 2003, Kunst et al., 199ophages are

genomic mtegrations of temperate bacteriophage DNA. Prophage DNA remains in the
host chromosome until induction stimulates the replication and release of the
bacteriophage particleThis life cycle of temperate bacteriophages is referred to as the
lysogenic cycldn addition to the lysogenilife cycle, bacteriophages can also replicate
by a lytic life cycle. In contrast to the temperate bacteriophages, lytic bacteriophages
begin replication immediately after the injection of their DNA into the host bacteria.
Thismakes the Iytic life cycle the quickest mode of replication, with the T7
bacteriophage producingpproximately 18@hage particles itess thar20 minutes
underoptimal conditiongNguyen and Kang, 2014)he two life cycles are outlined in

Figure2-1.

The two prophages residing in tie subtilichromosome aré . { - | (Bdamdnt |

et al., 1964, Warner et al., 197 Fpontaneous induction of the prophages can occur at

very low frequencies (Lin 8@ 2 NJ {t 1 05 NB&dzZ GAy3a Ay OSf
particles(Warner et al., 1977)induction of PBSXand$ A& O2y UNRff SR o
dependant SOS response triggered by DNA darftageanov et al., 2006)

Experimentally, the DNA crosslinker Mitomycin C is used to stimulate the induction of

the prophagegWarner et al., 1977, Seaman et al., 1964)

PBSX is @efective bacteriophage as upon its inducti@,subtilisDNA rather than the

PBSX genome is packaged into the phage particles. Furthermore, PBSX partioles do

inject their DNA into susceptib. subtiliscells. Instead, PBSX palescause the rapid

lysis of susceptiblbacteria upon adsorptiofSeaman etal., 196#) LYy O2y (i NI & i :

forms phage particles capable of lysogenising sensitive stflasner et al., 1977)
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chromosome oB. subtilisl68 strain.

Lytic Cycle

Lysis of cell and

actonooge Y o
e Nel

: | Adsorption
: O : Injection of
L .

’ bacteriophage

O

Integration into
bacterial

[&4 ’)J chromosome

« 3 L O
Induction by
DNA damage

Bacterial cell
division

Lysogenic
Cycle

genome

Bacteriophage
replication and
assembly

Figure2-1: Lifecycle of bacteriophage®8acteriophages can be classified according to
the life cycle they under take during infection of a host bacteriugtic bacteriophages
such as T7 bacteriophage replicate by the lytic life cycle. In this life cycle, the
bacteriophage directly progresses to replication and assembly of progeny phage
particles subsequent to injecting the host with its DNA. This is in contrasirtperate
bacteriophags which replicate by a lysogenlite cycle. In this cycle, the

bacteriophaye DNA integrates into the host chromosome to become a prophage. The
prophage stably resides in the chromosome and is therefore replicated during
bacterial cell division. In the event of unfavourable conditions, such as DNA damage,
the prophage is inducednd progresses to replication, particle assembly anentual

host cell lysis.
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The 7 prophagdike elements in the genome include the BSE(integrative

conjugative element) and the SKISigKintervening) element. IGL is a 2&kb mobile
element encodhg its own excisionase and integrase, allowing for its horizontal transfer
to recipient cells through conjugatidiuchtung et al., 2005, Lee et al., 200iMe

SKIN element is a 4 prophagelike element, with 3 of its operons resembling the
early, midlle and late operons of PB8ogh et al., 1996)he remaining genes of the
SKIN element are predicted to function in arsenate metabo(iBakemaru et al., 1995,
Krogh et al., 1996)An unusual property of the SKIN element is that its insertion into

the genome disrupts theigka Sy § O2 RAy 3 T 2 NUpbrksforutatiod Y F I
the SKIN element is excised from the mother cell chromosome by the action of a site
specific recombinase, which itself is encoded bygpelVCAyene on the SKIN element
(Strager et al., 1989, Sato et al., 1990, Kunkel et al., 1.9D@¢ excision results in the
reconstitution of thesigkd Sy S | y R § E NGB dirécts fafiscibffon in the
sporulating mother celfKunkel et al., 1990, Sato et al., 199Dgspite having

homology to PBSX, expression of SKIN element genes is not induced by the triggering
of the SOS response by MitomycifKZogh et al., 1996)This is in contrast to IG&],

whose expression is triggered by the SOS response or high cell def#siiésunget

al., 2005)

HPHY {ti BdRLIKILIES 2F

{ti KIa | gfeabmeflthat Bdates iotathe host genome via
NEO2YOoAYlFGA2Y RdzZNAy3 feaz23aSyed wSO2YoAYy!l
site @ttP) and theB. subtilisattachment die (attB) located towards the replication

terminus of theBacilluschromosomegFigure2-2) (Zahler et al., 1977, Lazarevic et al.,

199990 DSy SNrffex {ti NBYlFIAya adloteée AydSaN
phage. However, spontaneous esion of the phage does occur, leading to the

isolation of curedB. subtilisstrains. One such strain,Sproved invaluable for the
AYAGALFE OKI NI S NA &Idia OBYIGiA Dt St i@ fazaz3asSy
investigatorsameangt Ay @SAaGA 3L GS {ti AfNRoed&azy | YR
1977)

The whole sequence of the prophage DNA uncovered the organisation of the genome.
187 ORFs have been predicted. The majority of the proteins (~75%) encoded by the

My T hwCa Rknoyr functihgL@zarevic et al., 1999 utative functions
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have been assigned to encoded proteins based on their amino acid sequence
similarities. The ORFs have been organised into three clusters baskeelion
orientation on the genome, as shownfigure2-2. Cluster | and Ill are directed
towardsthe origin of replication. Cluster Il is transcribed in the directaay from

the origin. Cluster Il contains many short ORFs predicted to function in DNA
replication and metabolisnfLazarevic et gl1999) Therefore, it has been posited that
[ £dza0SNJ LLL O2yidlAya (GKS 2LISNRya G(NFyaONJ
contains ORFs encoding for proteins with homology to the lytic enzymes of PBSX
(Lazarevic et al., 1999dditionally, homologes of PBSX tail fibre proteins are
encoded in Cluster Il. Tail fibre proteins are structural proteins of the phage patrticle.
Tail fibre proteins are expressed at the end of phage particle maturation along with
lytic enzymes which degrade the cell wall loé thost bacterium. Therefore Cluster Il

contains the late operons.

SPB circular
genome
attP
B. subtilis chromosome _L
attB
attlL Cluster Il Clusterll Cluster| attR

Figure2-2DSy 2YS 2NBIyAal A2y 2F {ti & ¢BLIY Ly
subtilischromosome.Upon infection of 8. subtilisOSt £ = (G KS OA NDdz I NJ
integrates into the host chromosome by homologous recombination betweerattie

andattBlF G 0 OKY Sy ( & A (BSsabtilRggnomicKDMNA, fespectively. R

Clusters 1, 1l and IIl are shown in red, green and blue. In the circulariseddaster 11

is orientated in the opposite direction of Clusters | andBldittom: Genome

2NBF yA&al A2y .HBomoldgdus rechahbhatis lard Subsequent
AYGSANIGA2Y 2F {ti RdzLJ atDandafRieithérisi8e of G G OK"
{ti® 'LRY AYydSaANIrGAz2yS [/ fdzaiSNILL Aa (GKS
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Unlike Cluster Il and 1ll, Cluster | and the genes it contains are not categorised based on
gKSYy G(KS& NB SELINB&aAaSR RdNAy3I {ti AyRdz
LINEiSAyad SyO2RSR o6& {ti 5b! | N8B S<£ofINBE&as
such proteins are found encoded on ClusteBl.subtilisOSt t & K| ND 2 dzZNR y 3
the bacteriocin sublancin 16®aik et al., 1998 Sublancin 168 has bactericidal activity

on a broad range of gram positive organisms includtaphybcoccus aureus

Sublancin 168 is encoded by thenAgene in Cluster(Lazarevic et al., 1999, Paik et

al., 1998) Immediately downstream lies an operon coding for the specific sublancin

168 exporter along with the enzymes required for sublancin synth&bis ability to

kill other competing bacteria is an advantage conferreBisubtilisOSt f & o6& {t i :
explaining the continued maintenance of the large prophage inBhsubtiligenome.

Beneficial proteins are not exclusively encoded by ORFs on cluster I. The SspC protein
encoded by thesspcgene of Cluster Il has been incorptiad into the complex process

of sporulation. SspC binds to DNA and offers the spore protection against UV radiation
(TovarRojo and Setlow, 1991)

¢KS RSGFATSR YSOKIYAAY 2F {ti AYyRdzOGAZ2Y
Through transcriptome analjsa = A G KlF&a oSSy akKz2gy GKIFG A
dependent on RecA and LexA (also referred to as DiBRsubtili (Goranov et al.,

2006) RecA mediates the SOS response in bacteria. Upon DNA damage, RecA

stimulates the autocleavage @finR. DIinR is a transcriptional repressor of the SOS

regulon and binds the SOS box element to prevent transcription. The nucleotide
aSljdzSyO0S 2F {ti KIFa NBGSIFfSR (GKS 20 GA2)
genome(Lazarevic et al., 1999)he SOS sponse and cleavage of DInR may result in

0KS RSNBLINBaaAzy 2F ydzYSNRdza {ti 2LISNRYa

aeyiKSarasSR Fa I O2yaSljdzsSyoS 2F GKS {h{ |
protein, allowing the full induction of the prophagkeazaevic et al., 1999)
| LR OKSOAOKE {ti NBLINSaaz2NI oAYRAY3I airidsSa

element) are 30 bp sequences found in intragenic spaces upstream from ORFs. 8

SPBRE are present in Cluster Ill. One is present upstream of the first OlRster II.

t NB R APronSoters are located within or directly adjacent to SPBRE sequences.

lye NBLINBaazN 2F {ti AyRdzO0 A 2°pronidtee A6 A Y R
NEBLINS&Za2N 2F {ti f@0A0 AINRPSIK KHedgedeSSy Al
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LINBEGSyYy(d {ti FTNRY feaz3SyArairy3ad adzaOSLIGAOGCE
to lytic growth on susceptible strairf@varner et al., 1977) A temperature sensitive

mutation in the c gene, defined @®> | £ ft 2 6a Ay RdzO lysofeyiic @IE { t |
are shifted to a nofpermissive temperatur¢Rosenthal et al., 1979How the ¢ gene

protein regulates lytic growth is unknown. It also not known whether there is a

connection between the ¢ gene protein and the predicted SPBRE elements.

200 , 2yhz | Lilzil GA@BS wb! LRf&8YSNIrasS 27 {
Single subunit RNA dependant RNAPs (rdRNAPSs) function in post transcriptional gene
silencing across a wide variety of eukaryotic organisms. In an effort to investigate the
origins of the rdRNAP, pattern based peint data base searches (RBLAST) were
conducted to identify potential distant homologuéyer et al., 2003)in PSBLAST, the
patterns of conservation in the amino acid alignments produced by the firdBESST
query are used for the second databassarch (iteration). This process can be

repeated multiple times, with each iteration producing amino acid alignments of
increasingly distantly related proteins. Specifically, an 800 residue core common to
rdRNAPs was used as the-BEAST query sequendéne second iteration revealed

distant homology between the rdRNAP core and the protein coded by tm®©ORF of

{ t (lyer et al., 2003)Furthermore, a reciprocal RBLAST using YonO amino acid
sequence as the query resulted in the discovery of YonO hagunek. Primarily, YonO
homologues reside in firmicute bacteria includiBgcillusand Clostridiumspecies.

However, distant homologues have been also been identified in cyanobacteria

(RuprichRobert and Thuriaux, 2010, lyer and Aravind, 2012)

The homoloy between rdRNAP and YonO had a significant e value in the PSI BLAST
search. However, the two proteins are only distantly related, with amino acid

sequence similarities limited to 9 motifs and ibariantamino acidglyer et al.,

2003) Secondary struch8 LINSRA QU A2Y aK2gSR 02y aSNIDI
helices conserved across YonO and rdRNAPs. 3 of thgdriantamino acids are

those of the aspartate triad motif, which is regarded as the RNAP active centre
(RuprichRobert and Thuriaux, 2010h addition to the asartate triad, 7 of the

remaining amino acids conserved in YonO also map to the active centre of rdRNAPS.
This was shown by identifying the conserved residues in the structure oflQ®&ell

studied example of a eukaryotic rdRNAPirNeurospora crassgrigure2-3a). The
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conservation of the aspartate triad and other residues of the rdRNAP active centre
aidNRpy3Ifte adzaA3aSada . 2yh Ada Iy wb!t Fdzy Ol Aj

cycle.

The PSBLAST search also uncovered a very distant homology betveeeéh &hd

rdRNAP to the multisubunit RNAIRer et al., 2003)Amino acid sequence similarity
0S06SSY ,2yh |yR Ydzf GA&dzodzy Al wb!t A& €A
O2yaSNIBSR feaAyS IyR FaLINIFGS NBaeERdzZS 2
rdRNAPs and YonO has less conserved amino acids than the motif shared between
multisubunit RNAP, with the conserved motif being DbDGD (b represents a bulky

amino acid). In multisubunit RNAPs the conserved motikisnded to NADFDGD.

Figure2-3b shows a comparison of the aspartate triad in YonO,@DEl Y R | Q® LY

multisubunit RNAPs, the asgated NA I R A& LINBaSyid 2y | € 22L
I 5t.. F2f{R Ay (KS i QadzodzyAidd ¢KS OF f Odz |
predicted the asprtated NA F R G2 06S 0dzZNASR Ay | NBIAZ2Y

suggesting the presence of a DPBB fold. Since this initial prediction, the structure of
QDEL was solved. This confirmed that the agjate triad does indeed exist on a DPBB
fold that correspond (2 GKFG 2F GKS 1 Q &adzodzyAdo

The structure of QD also revealed the presence of the second DPBB fold
O2NNBaALRYRAY3I (2 (GKS | adzomdzyAd 5t.. F2f R
DPBB fold are extremely conserved in multisubunit RNAPs. Hoveenirg acid

sequence comparisons show that only the second lysine is present in YonO and
eukaryotic rdRNAPs. The first lysine has been substituted for an extremely conserved
arginine residudlyer et al., 2003, RuprieRobert and Thuriaux, 2010)he remaimg

YonO residues thatmaptothe QE I OG A @S OSYGNB | NB LINKaSy
further evidence that both DPBB folds are present in YonO.
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b) Predicted secondary structure B B B B B B
QDE-1 948 ESFTLLSDCD-----VLVARSP  AHFPSD-IQRVRAVFKPELHS -L:—::qusr:—'c---5;;.:-::-1.--5@&';&51{;-nwm
YonO 473 LSGSDVHCSLYD---EGYIDIL 1 SPHLFR-EHGVRWNKKNEEYE 1 WFITPGVYTSI----HDPISKLL--Q-FgNJGJ-RALIISD
B’ E. coli 350 SGRSVITVGPYLR--LHQCGLP 44 EVIREHPVLLNRAPTLHRLGI  QAFEPVLIEGKA---IQLHPLVCAAYNARHYE-QMAVEVP
B’ T. thermophilus 626 SGRSVIVVGPQLK--LHQCGLP 47 EVIHGKVVLLNRAPTLHRLGI  QAFQPVLVEGQS---IQLHPLVCEAFNARHYQE-QMAVEVP

Figure2-3: The Distant relationship between YonO, rdRNAP and the multisubunit

RNAP. a) Amino agishared between YonO and rdRNAP mapped on the structure of

QDEL. Theinvariantamino acids shared amongst YonO and rdRNAPs were identified

on the structure of the eukaryotic rdRNAP, QDI the 12 residues, 10 were present

on the two highly conservedtD. . F2f Ra® ¢KS 5t.. F2fRa 02
DPBB are coloured red and blue, respectively. The residues conserved in YonO are
coloured according to the DPBB which they map to. Those not present on DPBB folds

are coloured orangeB) Conservatiorf the aspartate triad in YonO, rdRNAP and
multisubunit RNAPs Adapted from lyer et al., 2003. Amino acid sequences
O2NNBaALRYRAY3I (2 (GKS i Q 5t.. F2ftR-AYy NRwl
fromN.crass@ & dza SR (2 NBLINBE & SisofE.NdbandT! t GKAT &
thermophiluswere used for to represent the multisubunit RNAP. The absolutely

conserved aspartate triad is shown in red. Secondary structure predictions show that

the asprtate triad of YonO and rdRNAP is embedded in aregfphNdh OK SR Ay |
These predictions are shown above the corresponding amino acid sequences.

YonO has not been investigated beyond bioinformatics and so the enzymatic activity of
this protein remains to be seen. Assuming it is an RNAP, it is not knbether YonO
would function as an RNA dependant or DNA dependant RNAP. Eukaryotic rdRNAPs
function in post transcription gene silencing. In addition to an RNAP, these complex

systems require a cohort of additional proteins to bring about gene silerflyiaget
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al., 2003) To date no homologues of these proteins have been identified in

bacteriophages, suggesting that YonO does not function as an rdRNAP in a novel

oF OGSNAIFE 3ISyS aAfSyOAy3d aeaitSvyo {ti Aa |
that, despite resemlihg RNA dependant RNAPSs, YonO utilises DNA as a template if it is
indeed an RNAP. QEIEdRNAP has been observed carrying out transcription utilising

both RNA and DNA as a template, implying that the homology shared between YonO

and rdRNAP does not preckionO from functioning as a DNA dependent RNAP

(Aalto et al., 2010, Lee et al., 2009)

RNA based bacteriophages are known to utilise rdRNAPs for gene expression and
replication. All single subunit bacteriophage RNAPs, including rdRNAPSs, resemble the
WNARIK(G KFIYyRSRQ ¢1v wb!t FyR &2 R2 y2i TSI
fold (reviewed in(FerrerOrta et al., 2006)Therefore, YonO is potentially the first

example of a single subunit bacteriophage RNAP equipped with tlatasptriad and
resembling the multisubunit RNAP.

The presence of the aspartate triad suggests that YonO carries out nucleotide
polymerisation using the same catalytic mechanism used by all RNAPs; chelating Mg
Azya yR OFiGrtearay3d ydzOt SEBKARXOwbLGlr PR
phosphate of the substrate NTP. Besides this, nothing is known regarding YonO

catalysis. According to amino acid sequence similarities, no other conserved

multisubunit RNAP motifs are present in YonO, including the trigger loopisThis

striking, as the trigger loop is critical for catalysis in multisubunit RNAPSs. It is possible

that the structure of functional motifs is conserved rather than the amino acid

sequence.

The distant relationship between YonO to other RNAPSs raises stitegeguestions
NEIFNRAY3I Ada S@2tdziAizy FyR 200dzNNBy OS A
to an rdRNAP of a particular eukaryotic organ(gyer et al., 2003)This undermines

the hypothesis that the presence of a eukaryotic related RNABatriophage is

due to recent horizontal transfer. Rather, YonO and rdRNAPs may represent an ancient
intermediate in the evolution of the multisubunit RNARgure2-2 shows the

proposed origin of YonO in relation to the evolution of the multisub®&NAP. It is

possible the ancestor of YonO and rdRNAP may have diverged from the multisubunit
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RNAP ancestor after the duplication of the DPBB folds but before the individual folds
gained differing motifs and splityer and Aravind, 2012, lyer et al., Z)@&algado et

al., 2006) An implication of this hypothesis is that the ancestral YonO/rdRNAP in LUCA
was lost in Archaea but kept in eukaryotes and certain bacteria. An alternative
hypothesis is that the YonO/rdRNAP ancestor was completely lost by LU@Asu
preserved in ancient bacteriophages and mobile eleméliyer et al., 2003)Assuming

the YonO/rdRNAP ancestor functioned in RNA metabolism in the RNA world, it would
have become redundant upon the emergence of the DNA world allowing it to be lost
over time. However, the YonO/rdRNAP could have been reintroduced at an early point

in the eukaryotic lineage by a horizontal gene transfer eybmr et al., 2003)

In summary, it appears YonO is a putative RNAP dBtisaibtilidacteriophagg t |

which is only distantly related to rdRNAP and multisubunit RNAP. The identification of
YonO led to the uncovering of eukaryotic rdRNIK® proteins previously unseen in
bacteriophages. Investigation into YonO and the transcription system it operates

within could reveal an exciting, previously undescribed RNAP utilising a novel
mechanism of catalysis. The identification of an uncharacterised single subunit RNAP is
an exciting prospect. The discovery and subsequent characterisation of T7 RNAP
opened upa whole new field within transcription, a field that that has been intensely
investigated over the past four decad@hamberlin et al., 1970Furthermore,

exploitation of T7 RNAP in gene expression has completely revolutionised molecular

biology by intralucing a tractable transcription system for the expression of proteins.
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Figure2-3: Proposed Origins of YonO and ORF6 RNB€éi3ed on Salgado et al., 2006.
Two possible explanations for the origin of the multisubunit RNAP, YonO and ORF6
RNAP arshown. The proposals are based on the conservatiowofdharacteristic

DPBB folds imultisubunit RNAP, rdRNAP, YonO and ORF6 Ry¢&Rnd Aravind,

2012, lyer et al., 2003, Salgado et al., 2006, Rujitaiert and Thuriaux, 201Q)eft)

The original DBB fold existed in a pfeUCA organism, possibly in an RNA based world.
The coding sequence for the DPBB was duplicated, giving rise to a single protein with
two DPBB foldsThis protein may have been a cofactor to a ribozyme RNAP. The two
DPBBs began tawersify (represented by changes in colour), gaining catalytic motifs
such as the aspartate triad (pink star) and conserved lysine residues (orange diamond)
over extended periods of timdn an RNA world, such a protein may have become the
primary rdRNAPreyme. At this point, it is theorised YonO and rdRNAP may have
diverged. If dRNAP and YonO were expunged from the LUCA, they may have been
preserved in ancient bacteriophages before reintroduction into the eukaryotic lineage.
Alternatively they may haveemained in LUCA and were subsequglthlst in bacteria

and archaeaThe two DPBB continued to diversify and the RNAP they constitute
became DNA dependent as the DNA world emerged. DNA dependent, single
polypeptide RNAPs with two DPBB folds such as ORHB RBybe remnants of this
ancestral RNAREventually, por to the LUCA split, the DPBB folds split to produce two

subunits which are the precursors otV
AAYATFNRGE

630658y |
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multisubunit RNAPRight)An alternative origin of RNAPs also features a duplication

of the DPBB fold. However, unlike the previous origin, the entire coding sequence of
the DPBB fold protein may have been duplicated rather thay tvd DPBB coding
sequence. This would result in a homodimeric complex rather than a single protein
with two DPBB folds. Over time, the amino acid sequences of the two DPBB may have
diversified, explaining the absence of sequence similditieoc SG6SSy 1 Q | yR
folds. Prior to further diversification, including the accretion of the functional domains
identified in the multisubunit RNAP, YonO and rdRNAPs could have arisen due to the
fusion of the two DPBB coding sequences. Between theghwvee of YonO and the
evolution of the LUCA multisubunit RNAP, a second fusion event may have occurred.
This could explain the presence of single proteins, such as ORF6 RNAP which have
increased sequence similarity to both RNAP subunits.
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Chapter 3: ORF6 RNAP of Klayveromyces lactisiller System

3.1. Killer system oKluyveromyces lactis

Killer yeast species have been identified in many yeast genera.\€itlst secrete

toxins which either kill or halt the growth of yeast competing in the same
environment. These toxins are synthesised by the killer systems (reviewed in Magliani
et al., 1997). In most cases the killer system also grants immunity to theyakhst.
Generally, the killer systems are defined as the proteins of the system, including the
toxins, and the genetic determinants encoding them. The genetic determinants of
killer systems vary across yeast species. In most cases the genetic matireakitier
system is extr&dhromosomal and has a cytoplasmic localisation. All three identified
killer systems of the weBtudiedSaccharomyces cerevisiaee encoded by three

different double stranded RNA of cytoplasmically intesf satellite virusegMagliani

et al., 1997) Another yeast with a killer system encoded by cytoplasmic nucleic acid is
Kluyveromyces lactislowever, this system is encodedtiyo cytoplasmic DNA

plasmids rather than a satelliterus.

K. lactigs a yeast species closely relatedSaccharomyces cerevisiaed is

characterised by its unusual ability to use lactose as its sole carbon source, hence its
Aaz2tr A2y FTNRBY RIANER2LBBRAzZD O aSchalFaniagds OR |
Meacock (1996) ThekK. lactiskiller system is encoded by two linear double stranded

DNA plasmids, pGKL1 and pGKL2 (discussed in section@uingg et al., 1981As

with other killer systems, pGKL1 and p@kre located in the cytoplasm and encode

GKS LINRGSAYa 2F GKS (G2EAYy® ¢KS (2EAy:Z 1 @&
10X gA0K GKS h FyR i &adzodzyAida FTdzy OGAZYyAy:
the cell wall of susceptible yeast spes(Stark and Boyd, 1986, Butler et al., 1991)e

1 AddzodzyAl 2F 1Te&Y20Ay Ot SIF@gSa GKS |yiirod2R;
arrest in cell growti{Auchtung et al., 2005)

3.2. Linear Plasmids of thi. lactisKiller System

pGKLland @KL2 are 8.8band 13.4kblong plasmids that encode the proteins of the
K. lactiskiller system(Gunge et al., 1981, Stark et al., 198#)e plasmids were first
identified and isolated during a search for novel yeast plasi@dsge et al., 198. In

addition to being associated to the killer phenotype, the first investigation into pGKL1
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and pGKL2 revealed that the plasmids have a linear structure. A subsequent study,
aimed at increasing the efficiency of plasmid purification, revealed that p@nd.
pGKL2 reside in the cytoplasmic fract{@tam et al., 1986)As the DNA replication and
transcription machinery resides in the nucleus, the cytoplasmic localisation of the

plasmids implies they are setfaintained (this is discussed below).

Further analysis of the plasmids by DNA sequencing revealed additional features. Both
plasmids are extremely AT rich, having an AT content of {AShhinuma et al., 1984,
Tommasino et al., 1988) CSNXYAY LT AYSSNISR NBLISFGa 0
of both plasmidgHishinuma et al., 1984However, the TIRs differ in sequence and in

length on each plasmid. The TIRs of pGKL1 and pGKL2 are 220 bp and 180 bp in length,
respectively. The presence of TIRs strongly suggests a protein primed mode of DNA
replication similar to that of the adenowrd |y Bacillusahdage(Mcneel and

Tamanoi, 1991 LY RSSR> (62 GSN¥YAYIFf LINRGSAYyaA o¢
of the plasmids have been observed. As with the TIRs, the two bound proteins were
different for each plasmid, with 28 KDa and 36 KRiBseins binding the TIR of pGKL1

and pGKL2, respectivgl$tam et al., 1986)

Sequencing allowed the identification of the open reading frames which encode for
the proteins of the killer systerfHishinuma et al., 1984, Stark et al., 1984, Tommasino
et al, 1988) Arrangement of the ORFs on the plasmid is very compact, with ORFs
present on both strands of the DN&unge et al., 1981)t was calculated that 997 %

of the DNA sequence codes for prot€irommasino et al., 1988nvestigating the

proteins encoded by the ORFs on pGKL1 and pGKL2 revealed a clear organisation of
the two plasmids based on the function of their encoded proteins. The ORFs encoding
the zymocin subunit localised to pGKL1. Through amino acid sequence alignments, the
hypothetical proeins of pGKL2 were given putative roles in plasmid replication and
gene expression (see belogdtark et al., 1990, Tommasino et al., 1988, Wilson and
Meacock, 1988)

3.2.1: The pGKL1 Killer plasmid
Initially, the gene encoding zymocin was linked to pGKtdugh genetic mutations

which led to a loss of the killer phenoty@@/esolowski et al., 1982p5equencing
allowed the four ORFs present on pGKL1 to be identifegli(e3-1) (Stark et al.,

1984) The amino acid sequences of proteins encoded by @QRFDRF4 bore
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similarities to the Nterminal secretion signal, leading to the conclusion that the two
ORFs encode the toxin subunits. However, further studies indicated that the toxin
O2yairaida 2F o adzodzyAday h I | ddalyfoRn '@ & ! YAY:
ddzodzyAla NBGSIESR GKFG hwCH | OldzZ tte& O2
FT2N GKS | Ol A ¢fark arl Boyd/ 1986@znmetiy studies revealed that
ORF3isrequiredforself Y Ydzy A 1 & (G2 ( KS (Tokudadzoedlzy1®87) 2 F 1
However, its mode of action has not yet been determined. The amino acid sequence of
ORF1 gives further support to the hypothesis that the killer plasmid replicate via a

protein primed replication. ORF1p (ORF1p refers to the protein encodedrByt and

unless stated otherwise, this nomenclature will be used to refer to proteins encoded

by pGKL1 and pGKL2) has been assigned as a pGKL1 specific DNA polymerase (DNAP)
based on its homology to the DNAPs operating in the prgpeimed DNA replication

2F . Hd | YR ({0ESet al.R1ISS7, FakihbHzA987)

pGKL1
DNAP Zymocin aff Zymociny
TIR
TP 2 4
3
Immunity
pGKL2
? ? Helicase SSB RNAP ? TRF1
™ ~TIR
1 11 5 | 9 D10
<Kal e
DNAP/TP cap RNAP ?

enzyme

Figure3-1: Organisation of pGKL1 and pGKL2 plasmids ofthkactiskiller system

Adapted from Schaffrath and Breunig, 2000. The organisation of the ORFs on pGKL1
and pGK2 are shown. Hypothetical or confirmed functions are displayed adjacent to
each ORF. The ORFs are coloured according to their predicted function. Regl ORFs
toxin and immunity function. Blue DNA replication. Orangetranscription. Grey

unknown. Termih £ AY PSNI SR NBLISFGa o¢Lwo dG GKS
represented as black (pGKL1) and grey (pGKL2) boxes. Terminal proteins (TP) bound to
the TIR are shown as green and yellow circles.
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3.2.2: The pGKL2 Killer plasmid

pGKL2 has been showm be essential for the maintenance of pGKL1, as pGKL1 cannot
be isolated from strains lacking pGK{@Idmmasino et al., 1988Iks localisation in the
cytoplasm, away from the nuclear replication and transcription machinery, suggested
that pGKL2 was respeible for encoding proteins which perform replication and gene
expression. Sequencing of pGKL2 confirmed this hypothesis, as in addition to allowing
the identification of 10 ORFs, it showed that the majority of these ORFs encode

proteins homologous to remlation and transcription machinery.

Initially 10 ORFs were identified on pGKL2. However, an updated search identified an
additional ORF, raising the total number of ORFs present {ddrhmasino et al.,

1988, Larsen and Meinhardt, 2000he organisatioof the pGKL2 ORFs is shown in
Figure3-1. ORFs 2 10 are essential for pGKL2 maintenance. ORF1 is dispensable and
it has not yet been determined whether or not ORF11 is requitedsen and

Meinhardt, 2000, Schaffrath et al., 1992) ORFs have beassigned putative

functions based on amino acid sequence similarities and limited experimental
evidence. The proteins can be categorised based on the two distinct processes in
which they may function. ORF2p, ORF5p and ORF10p most likely function in DNA
replication whilst ORF3p, ORF4p, ORF6p, ORF7p may carry out trans@Rptitanos

and Boyd, 1988, Tommasino et al., 1988, Wilson and Meacock, 1988, Mcneel and
Tamanoi, 1991, Schaffrath and Meacock, 1995, Takeda et al., 1996, Larsen et al., 1998,
Schaffrathand Meacock, 2001, Schaffrath et al., 1999RF1p, ORF8p, ORF9p and

ORF11p do not have sequence similarity to any known proteins.

The amino acid sequences of proteins coded by pGKL2 suggests that the killer system

utilises plasmid specific protein priddNA replication, as ORF2p of pGKL2 was shown

to be homologous to the DNAP encoded by ORF1 on p@khimasino et al., 1988)

Additional observations support the hypothesis of plasmid specific replication

YI OKAYSNE® ¢KS pQ ¢Lw caMbsedughde siilaritkIDY [ m |

(Hishinuma etal.,, 1984 CdzNJI KSNXY2NB>X GKS GSNXAYIlf LINE

TIR appear to be different. Whilst the TP bound to pGKL2 TIR has been identified as the

protein product of pGKL2 ORF2, the ORF coding foL pGR has not been identified

(Takeda et al., 1996DRF2 of pGKL2 is unusual in that it codes for the TP and a DNAP.

¢t NB dzAfA&aSR (2 LINAYS 5b! NBLIABIGAZ2Y
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subtiisb ¢ KS O2RAY3 &aS1jdzSyO0S 2F (KS . HvHd LKIF IS
sequence® (U KS . Hd AaLISOAFAO 5b!t d

If plasmid specific replication systems do exist, then ORF5p and ORF10p encoded by
pGKL2 are common to both systems. As with the other replication proteins of the killer
a2Aa0SYZ hwCpll Ad K2z2Y2f 2 Iiozhage]tBe pbsinglN2 (§ SA Yy
A0NF YR 5b! O0AYRAY3I 6{{.0 LINRPIGSAYD 5dzNAY3
single stranded DNAn vitroexperiments show that ORF5p functions similarly to p5
(Schaffrath and Meacock, 1995, Schaffrath and Meacock, 20510 encodes

Terminal recognition factor 1 (TRF1). TRF1 specifically binds to the TIR DNA of both

killer plasmids; however a binding consensus sequence was not ideriiMateel and
Tamanoi, 1991)TRF1 is possibly functionally similar to the P6 priteih . H > & KA O
also binds to TIRs. However, P6 is considerably different to TRFL1 in that it recognises
and binds a specific DNA sequence. Both P6 and TRF1 are thought to be involved in the
initiation of TP primed DNA replication.

In summary, it is clear #t pGKL1 and pGKL2 replicate independent of the nuclear
replication machinery. The replication system operating on the plasmids closely

NBEaSyofSa OGKIG 2F GANMzaASaS>S Ay LI NIAOdz | NJ

The presence of a cytoplasmic transtiop system operating on pGKL1 and pGKL2

was first hypothesised when nuclear transcription machinery failed to express the

killer toxin(Romanos and Boyd, 1988, Wilson and Meacock, 198f&) whole native

pGKL1 sequence was cloned into a circular plasrhidnilocalises to th&. lactis

nucleus. The constructed plasmid was then transformed iro lactisstrain defective

in toxin synthesis and assayed for killer activity. No killer activity was observed.
Investigating the lack of toxifleLINB & 8 A 2y NB IS £ SR G NHzy OF G SF
IyR i &adzmdzyAita 2F 1eY20Ay® ¢KS Y2ad FAGh.
independent, cytoplasmic transcription system for gene expression of pGKL1 and

pGKL2 ORKRomanos and Boyd, 1988 nay-Rougeau et al., 1990, Wilson and

Meacock, 1988)

The proteins accomplishing the transcription of pGKL1 and pGKL2 ORFs were identified
through amino acid sequence homology. ORF3p, ORF4p, ORF6p and ORF7p encoded
by their corresponding ORF on pGKL2alsamilarity with proteins of previously
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studied transcription system@Vilson and Meacock, 1988, Schaffrath et al., 1997,

Larsen et al., 1998DRF3p is a 67 KDa protein which contains conserved residues from

the three catalytic domains of the Vaccinians mRNA capping enzyr(learsen et al.,

1998 Ly S dz] mktByRyua$osire mBNA caps are necessary to stimulate
translation and prevent degradation. Vaccinia virus resides in the cytoplasm

throughout its life cycle and therefore utilises its owarscription system, including

an mRNA capping enzyme (reviewed in Moss, 1990vjtroassays demonstrated

hwColLl KId pQ wb! {NRLK?Z2A LK KTghein&n etfl.R I dzl y
2001) The third enzymatic activity required for mMRNA cappimgathyltransferase, it

was not determined if ORF3p has this activity due to the lack of a suitable assay.

However, amino acid homology suggests ORF3p is able to perform this activity.

The similarities between the Vaccinia virus and the pGKL2 transcrigytsi@m are not
limited to ORF3p. ORF4p shares amino acid sequence similarity to two individual
proteins of the Vaccinia virus, the D6R subunit of the ETF (Early Transcription Factor)
and the NPH (nhucleoside triphosphate phosphohydrolas€Sjark et al. 1990, Wilson

and Meacock, 1988Both proteins function in transcription and have DNA dependant
ATPase activit{Broyles, 2003)The ETF recruits the Vaccinia encoded RNAP to DNA. In
contrast to this, NPH | is a helicase involved in transcription tetmmaORF4p has

not been investigated experimentally and so it is unknown if it functions during

initiation or termination of transcription.

Central to any transcription system is RNAP, which catalyses the synthesis of RNA.

ORF6 of pGKL2 encodes a largyg KDa protein with significant homology to the

conserved multisubunit RNAWilson and Meacock, 198&jurthermore, the small 17

Y51 LINRGSAY LINRPRdAzOG 2F hwCt Kra | avlff |
(Schaffrath et al., 1997Therefore the cuent consensus is that ORF6p, potentially
complexed with ORF7p, is the RNAP of the cytoplasmic transcription systemkaof the
lactiskiller system. The homology between ORF6 RNAP and the multisubunit RNAP is
unusual and raises many questions abbatv the enzyme functions. ORF6 RNAP has

' YAY2 | OAR &aS1ljdzSyOS aAAYAfFINRGE (2 020K O
and RPB2 in RNAP II). However, not all of the conserved domains which operate in

RNAP during transcription appear to be presenDRF6 RNAP. This, in addition to the

absence of recognisable nuclear promoters, further implies that the killer system
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utilises a novel, previously uncharacterised transcription system featuring an unusual

RNAP.

3.3: ORF6 RNAP

ORF6 of pGKL2 erdes a 982 amino acid, 115 KDa protein. Upon searching the

protein database with the amino acid sequence of ORF6p (referred to as ORF6 RNAP),
Wilson and Meacock uncovered homology to the multisubunit R\Ron and

Meacock, 1988)Unusually, ORF6 RNARsingle polypeptide chain, has sequence

similarity to both catalytic subunits of RNAP. At the time, this was considered unique

Fa y2 20KSNJ {y26y aAiAy3at S &dzo dzy A(Starkebal.,t 0 2|
1990) Other examples of such RNAPs awe/ iknown(RuprichRobert and Thuriaux,

2010) Upon first inspection, ORF6 RNAP had three small regions of homology, one
NEIA2Y ORSY20GSR NBIA2Yy !0 K2Y2f232dza (2 |
K2Y2f232dza (2 1 Qo wS Idsgagtate liriadmotd\Rilgoin andl y & (1 K
Meacock, 1988)Iin 2010 a greater level of conservation between ORF6 RNAP and the

i Q FyR i &dzo dzRupiiceRobert and Zhairdaus NeiLS)Re homology is

now known to extend to 250 amino acids that span thegth of ORF6 RNAP. In the

2010 study, the authors defined 21 functional motifs present in the two large catalytic
ddzodzyAGa o6i QLyR i Ay oFOGSNAIO 2F |ttt Ydz
previously discussed switch region, trigger loop, keitiglix and aspartate triad (these
domains are shown schematicallyfigure3-2). The 250 amino acids shared between

ORF6 RNAP and the multisubunit RNAP corresponds to 11 of the 25 Figtiig-2)
(RuprichRobert and Thuriaux, 2010\pproaimately half of the motifs involved in

transcription in all cellular organisms are absent in ORF6 RNAP. Incredibly, the trigger
loop is absent from ORF6 RNAP. The trigger loop plays a pivotal role in all reactions
catalysed by RNAfang et al., 2006, Yemkova et al., 2010, Yuzenkova and Zenkin,

2010, Temiakovetal.,2008) LiGa Fo0oaSyoOSz Ft2y3a gAGK GKS
raises interesting questions regarding the mechanism by which ORF6 RNAP carries out
the nucleotide addition cycle and catalydisalso raises the exciting possibility that

ORF6 RNAP is a novel RNAP with a minimal architecture consisting of only the domains
absolutely essential for transcription. The minimal nature of ORF6 RNAP, including its
reduced size compared to the multisulitt RNAP, is illustrated Figure3-2.

Alternatively, the functional motifs may not be conserved in the amino acid sequence
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but may perhaps be conserved structurally. Two amino acid inserts are present in the
ORF6 RNAP polypeptide sequefRaprichRobert and Thuriaux, 2010)he residues

in these inserts may fold to structurally resemble absent conserved motifs.

Modelling the homology shared between ORF6 RNAP and multisubunit RNAP onto the
structure of RNAP Il revealed two DPBB folds, a conseeatdré of all multisubunit
RNAPg¢RuprichRobert and Thuriaux, 2010y addition to further confirming that

ORF6 encodes an RNAP, the presence of two DPBB fold led to speculation regarding
the origin of ORF6 RNAP. ORF6 RNAP may be a representativetefrandiate

ancestral RNAP, an RNAP in which the two DPBB folds had partially differentiated to
gain different functional motifs, but not split into to the individual prote{ihger and
Aravind, 2012)Splitting of the DPBB folds into two proteins, furtlderergence and

gain of motifs could account for the increase in functional motifs observed in the
multisubunit RNAP. An alternative hypothesis is that ORF6 RNAP is a result of the two
large RNAP subunits fusing together, with subsequent divergence andfltse

unessential functional motif€RuprichRobert and Thuriaux, 2010)

ORF6 RNAP remains totally uncharacterised beyond the analysis of its amino acid
sequence. However, the promoter elements driving transcription on pGKL1 and pGKL2
ORFs have been idgfied. Once it became clear that the leader sequences of pGKL1
transcripts were very short (~27 nucleotides) compared to nuclear mRNA (50
nucleotides on average), the DNA sequences upstream of each ORF were analysed
(Stark et al., 1984)A 13 bp corexrved sequence (ACT(A/T)AATATATGA), 35 bp

upstream from the translation start codon of ORF1, ORF2 and ORF3 was identified.
This DNA element is known as the upstream conserved sequence (UCS). An 11 bp UCS
with reduced conservation is present 49 bp upstreain®RF4Romanos and Boyd,

1988)
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Figure3-2: The conservation of multisubunit RNAP functional motifs in ORF6 RNAP
Adapted from RupriciiRobert and Thuriax, 2018) Conserved motifs of the

multisubunit RNAP The 21 motifs conserved motifs ¢fet two large catalytic subunits

61 Q IyYyR i Ay ol OGSNAIY wLlomM YR wLIdH Ay !
polypeptide of their subunit. The amino acid length of each subunit is shown on the

left. The approximate locations of the two DPBB foldssirown.b) RNAP motif

conservation in ORF6 RNAPhe multisubunit RNAP motifs present in ORF6 RNAP are
RAGLIX @SR Ff2y3 (GKS hwCc LRfeLISLIARS OKI .
GwLId MO YR I O6wlLIBHOD ¢KS Y2UATFadeeyYz2f 232
respectivelyc) Structural representation of RNAP motifs conserved in ORF6 RNAP

The motifs shown in b) were identified in the structure of the RNAP Il elongation

complex to demonstrate the minimal nature of ORF6 RNAP compared to the
multisubunitRNAP. The motifs conserved in ORF6 RNAP are shown in ribbon
representation and coloured as for b).
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UCSs are also present on pGKL2 but they display marked differences to their pGKL1
counterparts(Tommasino et al., 1988)GKL2 UCSs are shorter (~7 bp)disglay

greater variation with a consensus of TAJANTGA. On pGKL2, transcription starts 10

¢ 17 bp downstream of the UCSs. However, the distance between the UCS and the
translation start codon of the corresponding ORF can vary widely from 27 to 110 bp.
CKSNEF2NBZ Ay O2yUNYr ad (G2 LIDY[wmMXZ LIDY[H h
precedes every ORF on pGKL1 and pGKL2, suggesting that each ORF is transcribed
independently and not as part of an operon. Transcripts for each ORF have been
detected, confiming this(Romanos and Boyd, 1988, Stark et al., 1984, Sor and
Fukuhara, 1985)Positioning of the glucose dehydrogenase reporter gene or

kanamycin resistance cassette downstream of a UCS on the pGKL1 plasmid resulted in
detectable activity and resistanceespectivelyTanguyRougeau et al., 1990, Schickel

et al., 1996) This provided direct evidence that UCSs are genuine promoter elements

directing expression in thK. lactisiller system.

In summary, ORF6 RNAP is regarded as the enzymenssisieofor cytoplasmic gene
expression in th&. lactisiller system. Approximately half of the conserved motifs in
RNAP are not present in ORF6 RNAP according to amino acid sequence. Interestingly,
one such motif is the trigger loop. Investigatiinto ORF6 RNAP may reveal an RNAP
with a minimal architecture which updates our understanding of the basic
requirements for catalysis. Alternatively, novel functional motifs may be uncovered,
leading to the elucidation of undescribed mechanisms of gatal Furthermore ORF6
RNAP utilises UCSs, novel promoter elements to initiate transcription. The
investigation of ORF6 RNAP and UCSs may lead to the discovery of a novel
transcription system which can be exploited for the expression of AT rich ORFs. Aside
from studies which have shown ORF6 RNAP to be essential for plasmid maintenance,
no experimental investigations into ORF6 RNAP have yet been pub(Stieaffrath et

al., 1995b) Therefore a primary aim of this thesis is to begin the characterisation of

the ORF6 RNAP transcription system usinig artro approach.
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Chapter 4Materials and Methods

4.1. General Methods

4.1.1. PCR
Each 50 pl PCR reaction contained the following: 0.5 pl DNA ten{ptpteally 100 ng

™), 1 unit of Phusion DNA polymese(New England Biolabs), 0.4 mM of each primer,
200 uM dNTPS mixed in High Fidelity Buffer (New England Biolabs). Sequences of all

primers can be found ifable4-1.

Each PCR was carried out as follows:

¢ SY LIS NI { dzNJTime (s) Cycles
98 30

98 9

variable 15 30

72 30 s perkb

72 300

10 pause

4.1.2. Growth media and Strains
All bacterial and yeast strains used throughout this work are listd@bie4-2. Unless

stated otherwise, all bacterial strains were grown in Lgrigertani (IB) medium
supplemented with the required antibiotic which is stated in the relevant materials
and methods. Yeast strains were growrSynthetic Complete uracil SCURA

medium supplemented with a specific carbon source detailed in the corresponding

method. The composition of growth media can be seemable4-3.

51



Table4-1: Primers usedn this study.

_ Restriction
_ _ Annealing temperature
Oligonucleotide Sequence (5'3") © Enzyme (If
applicable)
yonO pET28 L CATATGGCTAGCTTGAAAGGAAAAABBGAC Nhel
58
yonO pET28 R GTAGTTCTCGAGCTAACGGTGGTTAATTC Xhol
yonOSDM L GCTGCTGCAGTTTGACAATAACGGGAATAAGGCCTTAATTATTTC
68
yonOSDM R GAAATAATTAAGGCCTTATTCCCGTTATTGTCAAACTGCAGCAGC
pBEST:UP L GAAATATGAAGCTTCTAGACTTGGTCTGAAAC Hindlll
60
pBEST:UR CATGTGTGGTCGACCCCCTTATTACTTTTATGC Xhol
pBEST:DOWN L GAATATGGCGGCCGCGTGCCTTGAGCCTTACTC Notl
65
pBEST:DOWN R CACACATGGGATCCCAAGCACAAAAAGGCCTTC BamHI
pPBESTdx L GATGGATCCACTATCATTTACTTTTCC
55
pBESTdx R CTCGTAAACACATTCCGGCTG
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pBEST seq L

GAGACTGCTPATTGAAGGAACTG

pBEST seq R

CTCCCTTATGACGATTATCTCC

pBEST internal seq L

GATGTGTGTCATGTCAACAGAGG

pBEST internal seq R

CCTCTGTTGACATGACACACATC

1673 L GCGACTCCAATCTAAATAAAATTAAAG
52
1673 R GTTTTGAACCCTTTAAAATCACTGG
1673 L + 50 GTTCAGGTATCTTMIATTAGTTCTTC 52
1673 R + 50 CTTCTTCATCCTCAATCGTTTTTTTG 52
VM RNAP L GCATATGGCTAGCTTGAAAGGAAAAAAGACGG Nhel
60
VM RNAP R CATATATGCTCGAGCTAAATGCTAACAACTTCTTTC Xhol
ORF8'pYES L GTACATGATCAGAGGATCCATGATCGTCTTGGACATCC BamHI
59
ORFB'pYES2 R CTATACGTGCACTCGAGTCATAAGTACATTTCGTTGC Xhol
ORF7 pET21 L GTACGTCATATGAATGAAAATATTATTTC 53 Nhel
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ORF7 pET21 R

GTAATGAACTCGAGTAAAAAGAATATTTTCTCG

Xhol
GTCGTATGCAACTAGTAACACAATGGATTACAAGGATGACGACGATAAGATCATG
ORF8'pESC L Spel
CATCCC
68
ORFB'pESC R GGAGTCGAGGAGCTCTCATAAGTACATTTCGTTGCAG Xhol
ORF7 pESC L GGATGTCGAGGGATCCAACACAATGAATGAAAATATTATTTC BamHI
60
ORF7 pESCR TGCATACGACGTCGACTAAAAAGAATATTTTCTCG Sall
ORFB'pACYC L GAAATATTGGATCCGATGATCGTCTTGGACATC BamHI
58
ORFB'pACYC R CATATATGAAGCTTT@IPACATTTCGTTG HindllI
ORF7 pACYC L GAGCTATGCATATGAATGAAAATATTATTTC Ndel
56
ORF7 pACYC R CATATATGCTCGAGTTATAAAAAGAATATTTC Xhol
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Table4-2: Strains constructed and used this study

Species Strain Genotype Reference
Kunst et
168(WT) | trpC2 al., 1997
né&2yh|trpC2n & 2:yhhd® This work
. _ Zahleret
B. subtil S
subtilis CU1065 | trpC2{ t~i al. 1977
Dorenbos
n{ti trpC2n{ t | et al.,
2002
. . . . Roberts et
B. vallismortis DV1-F-3 Wildtype isolate al.. 1996
fhuA2 lacZ::T7 genel [lon] ompT gal sulAl New
T7 R(necr-73::miniTn16-Tet)2 [dem] Enaland
Express | R(zgb210::Tn16Tefl Sy R! M n o Biogl’abs
mrr)114::1S10
FKdzl v -fplodWECMc ¢ LIK 2 | New
E. coli 51 ph |pofl O%oamp 3IT&NJ dc-1N|England
hsdR17 Biolabs
BL21 o + ,
F ompT hsd®s ms)dcm Tetgal< 059
CodonPlu > .
s (DE3) endAHte @rgu proLCam) Agilent
RIPL (argu ileY leuVbtrep/Sped
K. lactis AWJ137 |a! ¢leu2 trpl[pGKLIpGKLY ;arqurlet
INVScl KAaonmk F?" & 0 1 qR89l 1P THABK Invitrogen
S, cerevisiae ura3c¢52/ura3ch2;
. amber ochre
YPH449 MATaura3-52 lys2801 ade2101 Agilent

trpl-n ¢ 0 KH /@ -ntmS dzu

Table4-3: Compositionof growth media

Media Concentration / Component
Amount
1% Tryptone
Luria- Bertani 0.50% Yeast extract
1% NacCl
Soizizen Minimal | 1.4% K:HPQ
Salts 0.6% KHPQ
(Anagnostopoulog
and Spiizzen, 0.1% NagCsHsO;
1961)
o Spizizen minimaaltssupplemented with
MM (Minimal 1ug mit FeNHcitrate
Media) 9
0.50% Glucose
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6mM MgSQ
0.02% Casamino acids
1% Bactotryptone
0.50% Bactoyeast extract
MMB (Modified [, NaCl
M Broth) 5mM MgCh
0.1mM MnC}
0.50% Peptone
Nutrient Agar 0.30% Yeast Extract
2.00% Agar
0.50% NaCl
1x yeast nitrogen base (faredium)
SCURA 1x SCURA dropout supplement (Formedium)
2% Glucose
1x yeast nitrogen base (formedium)
SGURA agar 1x SCURA dropout supplement (Formedium)
2% Glucose
2% Agar
1x Yeast nitrogen base (formedium)
SGURA:gallraf 1x SCURA dropat supplement (Formedium)
2% galactose
1% raffinose
Spizizen minimadaltssupplemented with:
Starvation Media | 0.50% Glucose
6mM MgSQ

4.1.2. Molecular Cloning
All insert DNA fragments for cloning meegenerated through PCR (see section 4.1.1).

The Primers and restriction enzymes used can be se€abte4-1. Amplified insert

DNA was purified using the Qiagen Gel Extraction kit, following the protocol provided.
Plasmid and insert DNA were restad using the appropriate restriction enzymes (see
Table4m0 F2NI m K2dzNJ 4 ot x/ 0SF2NB o0SAy3a L
Y2t N SEOS&aa8 2F AyaSNI 5b! (2 LXI&AYAR 5b!
using T4 DNA ligase (New England Biolabs). The following day, 5 pl of ligation mix was
trana T 2NXYSR Ayid2 pn Efcolicells (Néw EmdlandBdlehs)Saeli v (i

were transformed according to the supplied protocol. Cells were plated on nutrient

agar containing the selective antibiotic, either 100 pg arhpicillin or 50 pg i

kanamycin.
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To identify positive clones, colonies were picked and grown overnight in LB
supplemented with the selective antibiotic. Plasmid DNA was isolated using the Qiagen
Mini Prep Kit and restricted using the same restriction enzymes used for theglo

The digest was resolved on a 1% agarose gel to determine which plasmids contained
the insert. Positive plasmids were then sent for sequencing. All sequencing was carried
out by GATC using their standard primers or the primers used for moleculangloni

Resultant sequences were visualised using the software Vector NTI (Invitrogen).
All plasmids used and constructed can be se€rable4.

Table4-4: Plasmids used and constructed througlit this work

Plasmid Source ALl
Marker
pBES501 Itaya et al., 1989 Kanamycin
pBEST:U:D This work Kanamycin
pET21 Novagen Ampicillin
pEF21: yonG™°P This work Ampicillin
pET28 Novagen Kanamycin
pPET28: yonO This work Kanamycin
PYES2/NT Novagen Ampicillin
PYES2/NT:ORE® This work Amprillin
pESC/URA Agilent Ampicillin
pES@JRA:08"07 This work Ampicillin
PACYDuet Noavgen Chloramphenico
pACYC:ORFBORF7 This work Chloramphenico
4.1.3. Buffers

Composition of all buffers used can be s@able4-5. All chromatographyudfers
were filtered through 0.45 pm pore PVDF filters (Helena) prior to\Wdeere available,

the compositiors of commercial buffers are listed ifable 46.
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Table4-5: Composition of buffersBuffers are listed in alphabetical order

Buffer Concerration | Component
Acetate buffer 100mM NaAcetate pH 4.8

10mM MgCh

500mM NaCl

0.10% Triton %100
Binding buffer 10mM Tris- HCI pH 6.8

100mM NaAcetate pH 4.8
10mM MgCh
50mM NaCl
Blocking buffer 200mM Tris-HCL pH 8
10mM MgQ.,
500mM NacCl
0.10% Triton %100
Breaking buffer 50mM Sodium phosphate buffer
50% Glycerol
1mM PMSF
B. subtilidysis buffer 20mM TrisHCI pH 8
2mM EDTA
1.20% Triton X100
Buffer | 10mM Tris-HCl pH 7.2
10mM MgCh
1M NacCl
0.10% Triton %100
Buffer Il 10mM Tris- HCl pH 7.2
10mM MgCh
150mM NacCl
0.10% Triton %100
Coupling buffer 100 mM NaHC@pH 8.3
10mM MgC}
500mM NaCl
0.10% Triton X100
Developing solution 235mM Sodium Carbonate
0.02% 37% wi/v Formaldehyde
Dilution buffer 10mM Tris- HCl pH 7.4
0.10% Triton %100
Elution buffer | 100 mM Glycine pH 2
0.10% Triton %100
Elution buffer Il 2M TrisHCI pH 8
Fixation solution 40% Ethanol
10% Acetic acid
Gel Filtration buffe 50mM Tris-HCL pH 7.9
500mM NacCl
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Grinding buffer 50mM TrisHCI pH 7.9
200mM NacCl
HEPES storage buffer 20 mM HEPES KOH pH 7.9
50% Glycerol
0.5mM EDTA
1mMm i YSNDI LIWG2SU0KI
Laemmli buffer 100 mM Tris- HCI pH 6.8
2% SDS
20% Glycerol
4% i -mercaptoethanol
10 mM TrisHCI pH 7.9
. 5% Glycerol
ORF6 RNAP Heparin buff 0.1 mM EDTA
0.1 mM DTT
10 mM TrisHCI pH 7.9
, .| 5% Glycerol
ORF6 RNAP Heparin eluti 01 mM EDTA
buffer
0.1 mM DTT
1M NaCl
20 mM TrisHCI pH 7.9
ORF6 RNAP Rpuffer 600 mM NacCl
5% Glycerol
20 mM TrisHCI pH 7.9
ORF6 RNAPRiglution 600 mM NaCl
buffer 5% Glycerol
200mM Imidazole pH 8
ORF7p Storage buffer 20mM Tris-HCL pH 7.9
50% Glycerol
200mMm KCI
pESC Breaking buffer 50 mM TrisHCl pH 7.4
150 mM NaCl
1mM EDTA
1% Triton %100
Sensitising solution 30% Ethanol
4.0% 5% wi/v Sodium thiosulphate
830mM Sodium acetate
Silver solution 10% 2.5% wl/v Silver nitrate
0.04% 37% w/v Formaldehyde
Transcription Buffer 20mM TrisHCI pH 8.5
40mM KCI
10mM MgCh
Tris Buffered Saline 50 mM TrisHCl pH 7
150 mM NacCl
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Western blot buffer 1X Phos_phate buffered saline
(Oxoid)
0.10% Tween
Western blocking buffer 1X Phos_phate buffered saline
(Oxoid)
0.10% Tween
5% Milk powder
Western transfer buffer 1X Tris glycine (Fisher Scientific)
0.20% SDS
20% Methanol
YonO Heparin buffer 10mM TrisHCIl pH 7.8
YonO Heparin elution 10mM TrisHCI pH 7.9
buffer
1M NacCl
YonO Nibuffer 20mM TrisHCI pH 7.9
600mM NaCl
YonO Ni" elution buffer 20mM TrisHCI pH 7.9
600mM NaCl
200mM Imidazole pH 8
YonO Storage buffer 20mM TrisHCIl pH 7.9
200mM KCI
50% Glycerol
1mM DTT
0.1mM EDTA

Table4-6: Composition ofCommerciabuffers.

Commercial Kit Buffer Concentration | Component
Qiagen P1 50 mM Tris- HCl pH 8
Miniprep Kit 10 mM EDTA
mMmnn >f YRNaseA
P2 200 mM NaOH
1% SDS
N3 5M Guanidinium chloride
0.9 M Potassium acetate pH 4.8
Qiagen Gel QG 55M Guanidine thiocyanate
Extraction Kit 20 mM Tris- HCI pH 6.6
PE 10 mM Tris-HCIpH 7.5
80% ethanol
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4.2. Proten Methods

4.2.1. Purification of YonO
DNA encoding for YonO was amplified frBasubtilisgenomic DNA using primers

yonO pET28 L and yonO pET28 R and cloned int8§d=TAn overnight culture of the

T7 expres&. colstrain (New Englad Biolals) carrying pE28:yonO was used to
Ay20dzZ 4GS mu [ 2F [. YSRALF O | ¢NofGa2 27
gl a NBIFIOKSRd !'(i GKAA LRAYyUG GKS GSYLISNI Gdz
was added to a final concentration of 1mM. Cudtsi were grown overnight before

being harvested by centrifugation using a Beckman JLA 8.1000 at 6000 rpm for 10
minutes. Cell pellets were resuspended in 120 ml of grinding buffer and sonicated on

ice by a Braun sonicator at 60% amplitude, 2 seconds se¢c@nds off for 9 minutes in

total. Lysates were clarified by centrifugation at 20 000 rpm using a JA25.50 rotor
followed by filtration through a 0.45 uM PVDF filter (MeMHRipore). Prior to FPLC,

imidazole pH 8 was added to the lysate to a final conegiun of 20 mM.

The lysate was applied to a 5 ml ttp NF*-NTA column (GE Healthcare) equilibrated
in grinding buffer at a flow rate of 5 ml mtrusing the p900 pump on the AKTA
Explorer FLPC (GE Healthcare). The column was washed fihution buffer
containing 25 mM imidazole to remove any unbound proteins. YonO was eluted by
washing the column with Rfielution buffer containing 100 mM imidazole followed
subsequently with 200 mM imidazole. SPAGE was used to determine which elution

fraction contained YonO.

The elution fraction containing YonO were pooled and applied to a 5 ml HiTrap Heparin

HP column (GE Healthcare) equilibrated in 600 mM NaCl Heparin Elution Buffer.
Contaminating proteins were eluted by washing the column with 700 mM NaCl

Heparin Elution Buffer. This was followed by elution using a shallow gradient of 700

mM to 1M NaCl in Heparin Elution Buffer over 2 hours at a flow rate of 2 rifl. filre

elution fraction containing YonO (determined by SDS PAGE) was concentrated using a
Centricon device with a 30 000 MW cut off (Metbkllipore). The concentrated

LINPGSAY 61 &a OftFNAFASR 06& OSYUNRTFdAIFGAZ2Y |
200 gel filtration column (GE Healthcare) equilibrated in gel filtration buffer. Gel

filtration buffer was run through the column at a rate of 1 ml thifithe absorbance of

the eluate at 280 nm revealed that YonO eluted after 70 ml of buffer had passed
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through the column; this was confirmed by SDS PAGE. Elution fractions which

contained YonO werpooled and concentrated as previously described.

Purified YonO intended for use in screening for crystallisation conditions was
concentrated to 10 mg rifland applied to the condition screens. For biochemistry,

purified YonO was dialysed into YonO storbg#er overnight and storedatt n x / @

4.2.2. Purification of ORF6 RNAP By INTA chromatography
The DNA sequence of ORF6 was codon optimised for expresSanaharomyces

cerevisiae The optimised sequence, denoted as OR#as synthesised by Eurogentec
and was provided cloned into pUC57. ORM&s amplified using primers ORFPYES
L and ORF6pYES R and cloned into pYES2/NT.

The construct pYES2/NT:ORRGas transformed intS. cerevisiastrain INVScl usin
the standard lithium acetate protocgGietz et al., 1992Positive transformants were
selected for by plating onto SGRA agar medium. The transformant colonies were

purified by restreaking individual colonies on-8RA agar medium.

An INVScl transfafl vy g1 & INRBgogyYy 2 SORMNYmRdIM.GThel G on  x/
overnight culture was used to inoculate 1.5 litres ofl8A which was grown until an

ODyoo Of 3 was reached. At this point, the culture was pelleted and washed-in SC
URA:gal/raf medium before beinged to inoculate 20 litres of SdRA:gal/raf media
toanORw2 F ndod / dzf GdzNBEa ¢SNBE INRBgYy G on x/
centrifugation (6000 rpm for 10 minutes in Beckman JLA8.1000 rotor) at stor8a at

x/ dzyGAf NBIjdzA NER®

The weight othe pelleted cells was measured and cells were resuspended fimks

as much pYES2 breaking buffEine resuspended cells were French pressed twice at 35
Kpsi. The lysate was clarified by centrifugation at 16 000 rpm for 20 mihuies n = x / A~
a BeckmanAR25.50 rotor The lysate was made to 5mM imidazole and 600mM NacCl

and filtered through a 8uM pore filter (Whatman) before being loaded onto a 10 ml

Ni#*- NTA column (GE Healthcare) at a rate of 5 mI'miing AKTA Explorer FLPC (GE
Healthcare)Ni** - NTA column was equilibrated in ORF6 RNAPbNffer. Once

loaded, the column was washed with ORF6 RNAReNtion buffer containing

increasing concentrations of imidazole (5 mM, 25 mM, 50 mM, 100 mM and 200 mM).

The protein content of each elution fraoti was visualised by SDS PA€adium
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dodecyl sulphate polyacrylamide gel electrophoredt®ptide mass fingerprint (PMF)
carried out by Pinnacle proteomics (Newcastle University) was used to confirm the
presence of ORF6 RNAP in the 200 mM imidazoleoaléraction. This fraction was
concentrated using a Centricon device with a 10 000 MW cut off (Mdiltioore) and

made to 50% glycerol before storage-atn x / &

4.2.3. Ceexpression and purification of ORF6 RNAP and ORE7pérevisiae
ORF6*and ORF7 DNA fragments were amplified from pUC57 and isolated pGKL2 using

primer pairs ORFEESC L + ORFPESC R and ORF7 pESC L + ORF7 pESC R
respectively. pGKL2 DNA was obtained fidionyveromyces lact&rain AWJ137 grown
overnight in YPD media. Cells were harvested and resuspended in 250 pl of buffer P1

of the Qiagen Miniprep kit. 100 ul of acid washed glass beads and vortexed for 5
YAYydziSad LIDY[H ola GKSY LHZNATFTASR | 002 NRA
instructions. The fragments were sequentially cloned into pESRA. The resulting

construct, pPESORA:ORFE6ORF7 was transformed in YPH&%erevisiastrain.

YPH499 carrying the pESRA:ORFEORF7 construct was grown and induced by SC
URA galadse as in previous section (4.2.1.1). Cells were harvested by centrifugation

in JLA 8.1000 rotor (Beckman) at 6000 rpm for 10 minutes. Pellets were weighed and
resuspended in 10 x volume of pESC breaking buffer and French pressed twice at 35
Kpsi. Lysatewere clarified by centrifugation at 16 000 rpm in a JA25.50 rotor. The

lysate was made to 600 mM NaCl and the pH was adjusted to pH 7 through gradual
addition of 1% NaOH. Lysate was filted through 0.2 uM filter (Helena Biosciences)
before 1 ml of Antg HLAG M2 (Sigma Aldrich) resin was added. The lysate and resin
GSNBE AyOdzml GSR Fd n x/ F2N pn YAydziSa oGA
paper disc (Whatman) by filtration through a Buckner flask. Resin was washed in a

total of 90 ml Tris Buéd Saline pH 7 (TBS) by resuspension followed by filtration. The
resin was resuspended in 10 ml TBS and decanted into a gravity flow column (Bio Rad).
Once the resin had settled, protein was eluted by 6 x 1 ml aliquots of glycine pH 2.
Eluate was collectethto 2 ml microcentrifuge tubes containing 25 pl gidCl pH 8.

The protein content of the eluate was visualised through SDS PAGE followed by silver

staining.
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4.2.4.Purification of ORF7p
pGKL2 DNA was used as template DNA for the amplificafi®@RF7 with primers

ORF7 pET21 L and ORF7 pET21 RIpERF7 was transformed into the T7 express

E. colistrain (New England Biolabs). All growth was done in the presence of 100'ug ml
ampicillin. An overnight culture of T7 exprdssolicarrying pER1: ORF7 was used to
Ay20dz I GS ¢ [ 2F [. YSRAF G F Nrdaz 27F |
shakinguntilanOfge2 ¥ n®n ¢l a NBI OKEBIR® M Ya Aaz2LINE
thiogalactopyranoside (IPTG, Melford) was added to cultures which werdeften

grow for a further 3 hours. Cells were harvested by centrifugation in a Beckman JLA
8.1000 rotor at 6000 rpm for 10 minutes. Isolation of ORF7 p inclusion bodies was
based on the method presented IBorukhov and Goldfarb (1993} ell pellets were
resuspended in 40 ml of grinding buffer supplemented with 0.2 niglysbzyme

(Fluka) and 0.2% sodium deoxycholate. Cells were incubated on ice for 20 minutes
before disruption by a Braun sonicator for 3 minutes (2 seconds on, 2 seconds off) at
60 % amptude. Inclusion bodies were pelleted by centrifugation in a Beckman JA25.50
NRG2NI G mMmp nnn NWY F2NJun YAydziSa Fad n
grinding buffer with 0.2 mg rllysozyme and 0.2 % O (i -B-glucopyranoside

(Sigma Aldric) and sonicated as before. After centrifugation, pelleted inclusion bodies
were resuspended in 40 ml grinding buffer with 0.2 % @ (i -B-§lucopyranoside and
sonicated. Isolated inclusion bodies were dissolved in 30 ml 8 M urea followed by
clarificationby centrifugation for 20 minutes at 15 000 rpm. Dissolved ORF7p was
subjected to syringe driven Ni NTA chromatography under denaturing conditions

(8M urea). ORF7p was loaded onto a 5 i NWTA column (GE Healthcare) pre
equilibrated with 8M ureaThe bound proteins were eluted from the column by

washing with increasing concentrations of imidazole (0 mM, 25 mM, 100 mM and 200
mM). SDSPAGE analysis revealed that ORF7p eluted at 25 mM imidazole. Therefore,
this elution fraction was diluted 16 x in 8itea and dialysed overnight against ORF7p

storage bulffer.

4.2.5. Ceexpression and purification of ORF6 RNAP and ORET7gaii
ORF6*and ORF7 DNA fragments were amplified from pUC57 and pGKL2 using primer

pairs ORFBpACYC L + ORFPACYC Rhd ORF7 pACYC L + ORF7 pACYC R,
respectively. The ORE&nd ORF7 PCR fragments were sequentially cloned into pACYC

duet vector. An overnight culture of T7 Expré&s<olicells (New England Biolabs)
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carrying the pACYC:OREG®RF7 construct was uséalinoculate 2 litres of LB
supplemented with 33 pg nlchloramphenicol. The cultures were grown with shaking
4 oT x/ eudy0id ivds relcifed,fatBwhich point the cultures were shifted to
My x/ YR 3ANBgy 2OSNYyAIKGD

Disruption of the cells anthe following Nf*-NTA chromatography were performed as
described in section 4.2.1, with the following alterations. Harvested cells were
resuspended in 40 ml of grinding buffer and the Yont)i\iffer was exchanged for
ORF6 RNAPflbuffer with a NaCl aucentration of 300 mM. According to SDS PAGE,
ORF6 RNAP was present in the 100 mM imidazole elution fraction. This fraction was
diluted 1 in 4 with ORF6 RNAP heparin buffer and subjected to Heparin affinity
chromatography. The diluted protein was loaded®@a 5 ml Heparin HiTrap column

(GE Healthcare) prequilibrated with ORF6 RNAP heparin buffer containing 100 mM
NaCl using the p900 pump on the AKTA Explorer FLPC system (GE Healthcare) at a flow
rate of 2 ml mift. Protein was eluted by washing the colamwith ORF6 RNAP heparin
elution buffer containing increasing concentration of NaCl (100 mM, 300 mM, 600 mM
and 1 M NaCl). The protein content of each elution fraction was determined by SDS

PAGE. The elution fractions were made to 50% glycerol and storeadm x / @

4.2.6.SDS PAGE
Proteins were suspended in Laemmli buffer, boiled for approximately 3 minutes and

loaded onto a precast-42% SDS PAGE gel (Expedeon). SDS PAGE gels were ran in
Rapid Run buffer (Expedoen) at 150 v for 45 minutes. Gels waned overnight with

the coomassi®lue based Instant Blue stain (Expedeon).

4.2.7. Silver stain of SDS PAGE gel
Proteins were resolved on SDS PAGE as above. Gels were incubated for 30 minutes in

fixation solution. Fixation was followed by 30 minuteuhation in sensitising solution.
The gel was washed 3 times in distilled water for a total of 15 minutes. Water was
decanted off and the gel was incubated for 20 minutes in silver solution. After a brief 2
minute wash with water, protein was visualisedaligh incubation in the developing
solution. Development was stopped after protein became visible by the removal of

developer and washing in distilled water.
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4.2.8.Western Blot
Lysates were run on al®%SDSPAGE geExpedon)as described abov@he S

PAGE gel was blotted onto Amersham HybgiRdmembrane (GE Healthcare) using
wet transfer apparatugBio-Rad) The membrane was equilibrated in transfer buffer
(1X TrisGlycine, 0.2% SDS and 20% methanol) for 10 minutes prior to blotting. The
membrane vas washed withwesternblot buffer before being left shaking imestern

0f 201 AYy3 0dzFFSNI F2NI m K2dzNJ 4 NB2Y GSYLIS|
buffer was replaced with 5 ml of fresh blocking buffer 2%k powde) containing the
primary antibody(1 in 1000 dilution fok -YonO antibody) was left incubating at room
temperature for 1 hour. The membrane was washed thoroughly with blot buffer for a
total of 20 minutes before blocking buffer (2% milk powder) containing the secondary
antibody (1 in 1000 dilution. Goat anti rabbit HRP conjugate, Sigma Aldrich) was left
shaking with the membrane for 1 hour. The membrane was washed with blot buffer
for 30 minutes. The ECL reaction (GE Healthcare) was carried out following
YIydzFl O dzNB &4 Q Josed usiNgad linage @uant gel/dBc syterhJGE

Healthcare).

nouedT @ | FFAY AYDORD Abtioohyhfirem Setumm A 2y 2 F  h
YonO was expressed and purified as above. Feminal His tag was removed using

thrombin cleavage capture kit (Novagen). Thrombin cleavage was performed following
0KS LINE JARSR ¥WlctibrzWith @ Gnitadf Bidtidtaggetl shrdmbin per 1

mg of purified YonO (10 mg in total). Cleavage reactions were incubated at room
temperature for 16 hours. Visible precipitation formed during incubation, this was
removed by centrifugation. Biotinylateétirombin was removed through

immobilisation on streptavidin agarose beads. To separate tag free @aathihal His

tag YonO, soluble YonO was loaded onto 1 AitNITA column. YonO present in the

flow through and 0 mM imidazole wash was pooled, made t&®&G§lycerol and sent to

the Eurogentec to raise antibodies. Antibodies were raised by immunising 2 rabbits
over 28 days. Serum from preimmune bleed, middle bleed (3 weeks after

immunisation) and final bleed (4 weeks after immunisation) was supplied.

Antibodies were purified by affinity chromatography witilanogen bromideGNBY)

activated sepharose coupled to YonO. YonO was purified as before excegCT psl
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7.9 was replaced with HERESH pH 7.9 in all purification buffers. Following

purification, thrombin cleavage capture kit was used to remove theefhinal His tag.

Coupling of YonO to CNBr and subsequent purification was adaptedBmoahaf et al.
(2012) 0.8g of CNBr activated sepharose (Sigma Aldrich) was poured into a gravity
flow column (Bierad) and washed with 200 ml of 1 mM HCI for 15 minutes. 4 mg YonO
was added to 10 ml coupling buffer. This was in turn incubated with the CNBr
sepharose beads overnight with mixing. Resin was washed with 25 ml coupling buffer.
The uncoupled active group$ the CNBr sepharose were blocked through overnight
incubation with 10 ml blocking buffer. The following day, the resin was washed with 20
ml of acetate buffer and 20 ml of blocking buffer. This washing was repeated a total of
three times. The column wabkén washed and stored in 5 ml binding buffer. When
required for use, the column was initially washed with 1 column volume (10 ml) of
elution buffer | to remove weakly bound YonO and prevent contamination of
subsequently eluted antibodies. Immediately aft80 ml of buffer | was flowed

through the column. 10 ml of serum from the final bleed of rabbit 2 was added to 35
ml of diluent buffer before clarification by centrifugation at 4500 rpm for 10 minutes.
Resin was decanted from the column into a 50 ml falede and incubated with

diluted serum for 20 hours with gentle mixing. Resin was transferred into the gravity
flow column and the diluted serum was allowed to flow through. Column was washed
with 20 ml of buffer | and buffer 1l. Antibodies were elutedfloyving 10 x 1 m|

aliquots of elution buffer | through the column. Eluate was collected in 2 ml
microcentrifuge tubes containing 200 pl elution buffer 11. 300 ul 100% glycerol was
added and the elution fractions were stored-gtn  x /¢®AGE4s used

determine the antibody content of each elution fraction. Elution fractioms3was

pooled and aliquoted. All antibody aliquots were storedyatn  x / &

4.2.9. Electron Microscopy
Negative stain transmission electron microscopy was performed as pré&yious

described by Prof Robin Harries of the Electron microscopy research services at
Newcastle UniversitfHarris, 1997, Harris, 2008% w/v uranyl acetate was used for
negative staining and microscopy was performed on a Zeis EM900 electron

microscope.
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4.3.Bacillus subtiligviethods

4.3.1.Transformation oB. subtilis
Transformation procedure was based on a tstep starvation procedure

(Anagnostopoulos and Spizizen, 19&00 ul of overnight culture of strain 168 grow

Ay aa YSRAIF |G onx/ o6ta Ay20dzZ SR Ayidz2 |
oTx/ F2NJ o K2dzNB o6STF2NB +y Sldat @2f dzvyS
further 2 hours of growth, 20Q 300 ng of DNA was added to 600 pl of culture and

grown for1 hour before plating onto nutrient agar containing 2 pg-kénamycin.

4.3.2. Isolation of Genomic DNA fr@nsubtilis
An overnight culture of the releva®. subtilisi G N> Ay 3INB gy Ay [ . I

in 100 and grown ad T x /  dzy ¢do&f 0.5 Way redcted. 2ml of culture was spun

down at 13 000 rpm and resuspended in 18@usubtilidysis buffer. 5 pl of lysozyme

ga I RRSR FyYyR GUKS OSfta 6SNB AyOdzoml G§SR |
was adde along with 200 pl of Buffer AL from the Qigaen DNeasy kit and incubated
F2N) on YAydziSa Fd pc x/ 6AGK aAKF{AYy3d HA.
was applied to the Qiagen column. From this point the genomic DNA was isolated as

per the instrictions of the Qiagen DNeasy Blood and Tissue Kkit.

4.3.3.Construction of 8. subtilign € 2 sfrhin
Double cross over homologous recombination was utilised to generpté & sfrhin.

Using genomic DNA from strain 168 as template DNAygsrpairs pBEST:UP L +
pBEST:UP R and pBEST:DOWN L + pBEST:DOWN R were used t&lamagidg
upstream and downstream of thgonOopen reading frame, respectively. The PCR
products were purified and cloned into the pBEST 501 plasmid. This generated th
plasmid pBEST:U:D, which contained a neomycin resistance cassette flanked by DNA
sequence homologous to the upstream and downstream region ojtm®©open

reading frame. The plasmid was transformed into strain 168. Transformants were
plated onto nutriert agar supplemented with 2ug fhkanamycin (Melford). Individual
transformant colonies were purified by restreaking onto 2pg Renamycin nutrient
agar. PCR on genomic DNA using primers pBESTdx L and pBESTdx R was used to
confirm the resistance cassettad integrated into the chromosome by double
crossover homologous recombination. Additionally, sequencing using primer pairs

pPBEST seq L + pBEST seq R and pBEST internal seq L + pBEST internal seq R was used
68



confirm the deletion ofyonQ Genomic DNA®&m then € 2 sfrhin was isolated and

used to back cross the € 2 gidtation into the parental strain twice.

4.3.4.L y RdzO (i A grophageFromBacillus subtilis
The following protocol iadapted from Molecular Biological Methods ecillus

(Harwood and Cutting, 1991QPvernight cultures of the relevaBt subtilisstrain were
ANRBs6Y G onx/ Ay aa. YSRAdzY®d ¢KSasS Odz (dz
mediumtoan ORe2 ¥ n®nuHd® ¢ KS OdzZ (dzNB & acietNBid ANR gy
log phase (approximately 0.5 @@ ® ¢ 2 Ay Rdz0OS {ti X aAildz2YeOA
to a final concentration of 0.5ug i Lysis of induced cells occurred at approximately

2 hours post induction.

4.3.5 B. subtilidysates for westar blot
B. subtiliscells were grown and induced by Mitomycin C. At the required time point,

cells were harvested by centrifugation at 9000 rpm for 5 minutes. Pellets were frozen

in liquid nitrogen and storedatt - x / @ t St £ S { an gan8imgBuffedS & dza LIS
The volume of grinding buffer was one tenth of the volume of cells harvested, typically

5 ml. Cells were then sonicated using a Braun sonicator at 60% amplitude, with 2

seconds on, 2 seconds off, for a total of 4 minutes. The lysates eleified by

centrifugation for 5 minutes at 14 000 rpm. The protein concentration of the lysates

was determined using Bradford reagent. The protein concentration was then used for
equal loading of the samples on an SDS PAGE gel. The western blotlaing pfdahe

membrane were carried out as described in section 4.2.6.

4.3.6. Isolation of total RNA froB subtilifor RNAseq
Fresh MMB media was inoculated with cultureBofsubtiliggrown in MMB media

ANRGY 2OSNYAIKG G on x/ & /-ldgiphadeNBSEey S NS
gl a NBFOKSRX I 6KAOK LRAYG GKS Odz GdzNBa
induced by the addition of Mitomycin C at final concentration &f fig mi*. The other

half of the culture was not induced. 60 minutes post induction, cultures were

harvested by centrifugation at 14 000 rpm iff abletop centrifuge and the pellets

were frozen in liquid nitrogen. To extract total RNA from cell pglide Total RNA

Plus kit (Norgen) was used as per the manufactures instructions.

To determine the quality of isolated total RNA, an RNA 6000 nano chip and Bioanalyser

2100 (Agilent) were used to the manufacture instructions. For RNAseq, total RNA was
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sent to Primbio in the United States. Once there, rRNA was depleted prior to library
construction. Sequencing was carried out using lon torrent technology (Life

technologies).

437L a2t GA2y 2F {ti LI NILAOfSa
Method adapted from Molecular Biology Methods BacillusiHarwood and Cutting,

1991 ¢ 2 LINRE RdzOS { B. subtiliSirhird168 wad ghtlvrit@0t 558 =
0STF2NBE aAdG2Y2O0AY [/ AY Rdzd)i Afteryysis2-T20 fihutes 6 & S S
after induction, the cultures were centrifuged at 13000 rpm for 2 minutes. The
supernatant, containing phage particles, was then filtered using a syringe driven 0.45

UM PVDF filter (Mercknilipore).

¢KS {ti &if KIDOAWASEDWnUGtINGig phase (0.5 Qfy). 0.3ml of

A100A culture was then incubated for 2 minutes at room temperature with 0.1ml of
Aaz2ftFrGSR {ti LI NIAOfS&ad oY 0.8Fagarmediun? @S NI |
was added before plating outnto bottom agar (MMB plus 2% agar). Plates were
AyOdzo I 1SR 20SNYAIKG d ot x/ 0SF2NB o0SAYy:

4.4. Xray Crystallography Methods

4.4.1 Initial Screening for Crystallisation Conditions
Screening for crystallisation conditismvas carried out using MRC 2 well sitting drop

96 well plates (Molecular Dimensions). 80 pl of each screen condition was dispensed
into the reservoirs of the 96 well plate using a multichannel pipette. The standard set
of crystallisation screens includd&CG, Proplex, MIDAS, Index, Morpheus, Structure
and AmS@screen. All screens except Index and Agp8€e obtained from Molecular
Dimensions. Index and Am$€§areens were purchased from Hampton Research and
Qiagen, respectively. 100 nl and 200 nl of 10migYonO was dispensed by the
Mosquito robot (TTP Labtech) into each well of the MRC 96 well plate and mixed with
100 nl of reservoir solution. All subsequent screenings were carried out with purified
YonO at a concentration of 10 mg'mbDnce dispense®6 well plates were sealed and
SljdzZAft AN GSR 2OSNYAIKG G0 wn x/ ® C2NXNIF GA;
microscope. Crystals of interest were harvested using a Hampton loop and were
cryoprotected in saturated ammonium sulphate before storagéquid nitrogen.

Harvesting of crystals was performed by our collaborator, Dr Arnaud Baslé.
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4.4.2. Determination of Crystal Quality
All harvested crystals had their diffraction tested by synchrotron radiation on thel 104

beamline at Diamond Lightsoursgnchrotron in Oxfordshire by Dr Arnaud Baslé.

4.4.3. Optimisation of Crystallisation Conditions
The conditions of the Colustom 96 well plate optimisation screen can be seen in

Figure7-1b. The screen was mixed from concentrated stock solutfdhsHEPES pH
7/7.5, 1M MES pH 6/6.5, 3M (WH504, 2M NaCl) and dispensed into a deepwell block
by an automated Biomek robot (Beckma&oultier). The custom screen was then

used as previously described (sectind.1).

4.4.4. Gel filtration calibration
Gel filtration calibration of the Superdex 200 16/60 column was carried out as

described in the High Molecular Weight Gel Filtration Calibration Kit (GE Healthcare).
Standard proteins were loaded on the column and their elution volumes recorded

Figue 4-1a). The elution volume £V the void volume of the column §yand the total

. 696
volume of the column (@ were used to calculate,kusing the formula:+a ¢ 6“6’

#-0/

Kav

values were plotted against Legf the corresponding molecular weight ofeh

standard proteins to give a calibration curve.

To calculate approximate molecular weight of YonO eluting off Superdex 200 16/60
column at 70 ml and 60 mlgj&alues were determined and the equation of the
calibration curve trend line was used to dat@ne the logo molecular weight of eluted

protein.
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Protein Elution Volume | Void Volume V, Column Volume V,_ MW Da log,, MW | Kav
Ferritin 63.52 43.95 120.00 440000.00 5.64 0.26
conalbumin 73.75 43.95 120.00 75000.00 4.88 0.39
anhydrase 87.44 43.95 120.00 29000.00 4.46 0.57
RNaseA 95.10 43.95 120.00 13700.00 4.14 0.67
aldolase 65.20 43.95 120.00 158000.00 5.20 0.28
Ovalbumin 80.40 43.95 120.00 43000.00 4.63 0.48
RNaseA 87.17 43.95 120.00 13700.00 4.14 0.70
b) 0.8
y=-0.3115x+ 1.9513
0.7 A
0.6
0.5 -
o 0.4 |
0.3
0.2 -
0.1
0

4 4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8

Log,, Molecular weight, Da

c)
yonQ Elution volume K Log,, MW MW Da
59.52 0.204733728 5.615968721 413017.7542
70.96 0.355161078 5.132279491 135606.1828

Figure4-1: Calibration of Superdex 200 gel filtration columa) Ky, values of Protein
standards.Protein standards were loaded on Superdex200 16/60 column and elution
volumes were recorded. &ion volumes were used to calculate Kav values (see text
for formula).b) Gel filtration calibration curvekK,, values of protein standards were
plotted against the log of their molecular weight. The equation of the trend line is
shown.c) Calculation ®molecular weight of elutedyonQ Gel filtration elution

volume of YonO monomer and potential oligomer were determined and used to
calculate k&, values. Using the equation of the calibration curve trend line, thed.og
molecular weight of eluted YonO westermined. From this, the molecular weights
were obtained.

4.4.5. Post crystallisation Optimisation of Crystal Diffraction

4.4.5.1. HC1 Dehydration of Crystals

Unless stated otherwise, crystals for dehydration were generated by dispensing 300 nl

and @0 nl of purified YonO into each well of an MRC 2 well plate and mixing with 300

nl of the corresponding reservoir solution. The Ga@t AMS@screens were used for
ISYSNIGA2y €FNBS ONRadGulfa oxmnn xalO F2NJ |
allowed®2 SljdzZAf AONI GS G wn x/ 2@SNYyAIKGOD

For dehydration of crystals at the Diamond Light Soute cryostream on the 104

beamline was removed and replaced by the HC1 dehumidifier. To equilibrate the HC1
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dehumidifier, the screen condition for each crystabmtested was dropped onto a
Hampton loop and loaded onto the goniometer. The HC1 relative humidity was then
increased or decreased fond the humidity which allowedbr a constant drop size, at
which point the humidifier was equilibrated. The drop si@es monitored using the

camera loaded onto the beamline and the HC1 control software.

Once the HC1 dehumidifier was equilibrated, a YonO crystal was harvested in a
Hampton loop and loaded directly onto the goniometer. The crystal was then
dehydrated bydwering the humidity for a given time, after which thdfraction was

tested.

4.45.2.In situscreening of dehydration conditions

In situscreening and testing of diffraction at Diamond Light Source was carried out by

Dr Arnaud Baslé. The method belawas based on that ddouangamath et al. (2013)

Purified YonO was dispensed into a CrystalQuicyXlate (Molecular Dimensions)

and mixed with reservoir solution at a ratio of 2:1. 200 nl and 140 nl of YonO was
dispensed in the wells of CrystalQuickay plate (Molecular Dimensions) by a

Mosquito robot and mixed with 100 nl and 70 nl of reservoir solution, respectively.
Condition G12 (100 mM MES pH 6.5, 1.8 M Ammonium sulphate) of the Ammonium
Sulphate Screen (Qiagen) was used for the reservoir. Gysggie grown by overnight
AyOdzol GA2Yy G wn x/ ® 5SK@RN}IGAZ2Y ¢l a | OK,
dehydration screen. The dehydration screen was added to the reservoirs of the
CrystalQuick plate after YonO crystals had formed and dehydrat@nallowed to

LINE OSSR 2@0SNYAIKG 0 wn x/ & ¢KS1/ NRaAGHTT v
beamline. Crystals from each dehydration condition were tested for increased

diffraction.

4.5.In vitro Transcription Methods

4.5.1. Assembled Elongation Coaxas
Assembled complexes were set up as previously desc(edheva et al., 1998,

Sidorenkov et al., 1998, Yuzenkova et al., 2010, Zenkin et al., 2@06i@actions were
set up in a final volume of 10 pl. All oligonucleotides were synthesised by IDT

technologies, sequences of which are displayed in the correspofdijuges. Template
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5b! &aiNlyRa&a 6SNB Y2RAFASR (2 o6SFNJIF o0A20.
transcription reaction 1 pmol of template DNA strand was incubated with 0.5 pmol of
conrSall2yRAY3I wb! F2N)p YAydziSa 4 np x/ Ay
Unless stated otherwise, Mg@las present in the transcription buffer at a final

concentration of 10 mM. Once formed, the DNA:RNA hybrids were allowed to cool at 4

x [ F 2 Ndes: :ipmyl BF\RNA polymerase (YonO, ORF6 RNARolicore RNAP)

ga FRRSR (2 GKS KE@ONAR FyYyR AyOdzm E&dR | i
core RNAP) for 5 minutes. If required, a 5 time excess oteroplate DNA strand was

l RRSR o6p LIY2f0 YR GKS O2YLX SESa 6SNB Ay

oT x/ @

To visualise RNA generated during the transcription reaction, the RNXRvibelled

G SAGKSNI GKS pQ 2Nl oQ SYR® C2HiPpAIP SYyR f |
(see section 4.5.2) by T4 polynucleotide kinase (Thermo Scientific) prior to assembly of
St2y3alirz2y O2YLX SES&ad ¢2 tFo6St GKS wb! |
tt26SR (2 AMYRORNLERZN2NISp YAyYydziSa 4 ot x/

immobilisation and washing.

If the assembled complexes were to be immobilised, at this point 5 pl of either
streptavidin sepharose beads (GE Healthcare) were added and the assembled
complexes were immobilised to the beads by vortexing at room temperaturb f

minutes. Prior to use, sepharose beads were equilibrated in transcription buffer.

{GONB LI GARAY &aSLIKINRaS o0SFRa AYY20Af A&ASR
the template DNA strand. Alternatively, complexes could be immobilisecd?fo Ni

sepharse beads through the His tag present on the RNA polymerase. Once

immobilised, unstable complexes and unassembled components were removed by
washing the immobilised complexes with transcription buffer containing high salt (1M

KCI) followed by washing in lasalt transcription buffer (40mM KCI).

¢CNF YAONRLIGAZ2Y NBIFIOGA2ya 6SNBE adl NISR o6& |
oT X/ ® ¢KS FAYyLf O2yOSYiGNI A2y 2F be¢ta F:
corresponding-igurealong with the incubatin time. Transcription reactions were

stopped by the addition of an equal volume of formamide containing stop buffer.

Transcription reactions were resolved by 23% denaturing (8M urea) polyacrylamide gel
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electrophoresis (PAGE). Gels were exposed and ravégléhe Phosphorimaging

system (GE Healthcare). ImageQuant software was used for any subsequent analysis.

For cleavage reactions, complexes were assembled as described but in the absence of
MgC}. Reactions were started by the addition of Mg&id wereresolved and

analysed as described above. Pyrophosphorolysis was performed using immobilised
complexes as above. Except reactions were carried out in transcription buffer pH 6.8

and initiated by the addition of 500 uM pyrophosphate.

n ®p FWP dbefliof oligonucleotides
To>?P label oligonucleotides to be used in assembled elongation complexes, 150 pmol

of RNA/ DNA oligonucleotide (sequence displayed in the correspohijngg was

mixed with 5 pl of y**PFATP and 15 units of T4 Polynuclédetkinase (PNK) in

reaction buffer A (Thermo scientific) with a final volume of 30 ul (5 uM oligonucleotide
TAYlLE O2yOSYyiGNrdA2y0d® ¢KS NBFOGAZ2Y g1 a& A
AYlFOGAGIGSR 68 KSIFIGAY3 G cp ogaMirodpih @ 32y dz
chromatography column (BNl R0 F2ft 2gAy 3 (GKS YI ydzFI O dz

To label DNA oligonucleotides used in primer extension, sequencing and to generate
2P |abelled DNA used in footprinting experiments, 12.5 pmol of DNA oligonu@eotid
was labelled in a 25 pl reaction to generate DNA oligonucleotide at a final

concentration of 0.5 uM. DNA was cleaned up as before (See above).

4.5.3. Transcription Initiation
DNA for transcription initiation experiments was generated via PCR Bsmgptilis

genomic DNA as template (for primers usseleTable4-1). Predicted start sites of
transcription, as determined by analysis of transcript profi(iNgolas et al., 2012)

were amplified with an additional 100 bp of sequence eitkiele of the predicted start

site. Each transcription reaction was carried out in a final volume of 10 pl. For each
reaction, 1 pmol of template DNA was mixed with 5 pmol of YonO in transcription

buffer. To label RNA produced during transcripti®ri,5 pMh - [*PFUTP (unless

stated otherwise) was used to start transcription along vithuM UTP500 uM ATP,

GTP, CTP. If required, heparin was added simultaneously with NTPs to a final
concentraton of 5pugriid wSF Ol A2y a 6SNB Ay Opfpedafie R | (i
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30 minutes (unless stated otherwise) by the addition of equal volume of stop buffer.

RNA was resolved using 15% PAGE and visualised as described previously.

E. colRNAP transcription from the T7A1 promoter was used to generatedRNA

known size. The T7A1 promoter was present on a 328 bp DNA fragment that was

oA2UAYR@fFTUSR 2y GKS pQ GSNXAydza 2F (KS

0

2F O2NB wb!t 4F& YAESR ¢ A 60 pMIQAUQ priBelr, ¢ T ! |

10pM! ¢t £ ngWD&ta MY R AyOdzml SR Fd o1 x/
incubation, 10 uM GTP was added and reactions were incubated for a further 2
minutes. When provided ATP and GRRAP initiatesgranscription on the T7Al
promoter and synthesises an 11RNA. Elongation complexes were immobilised to
streptavidin beads and washed once in high salt transcription buffer followed by 8
washes in low salt transcription buffer. Transcription was resumed by providing the
immobilised elongation complexes 25 uM NTReactions were incubated for 120 or
300 seconds before being stopped by the addition of an equal volume of formamide

stop buffer.

4.5.4. Primer Extension
To generate RNA for primer extension, transcription initiation reactions (deskciibe

section 4.54) were scaled up from 10 pl to 200 pl.
H xf 2F 5blasS L 61a&a FRRSR (2 NBIFIOGAZ2YA
phenol chloroform extracted and subsequently ethanol precipitated overnight.

Precipitated RNA wagsuspended in 30 ul RNafee water.

C2NJ LINAYSN) SEGSyaazys uw xf 2F wb! 41 &

(o))

T

YA

5b! LINAYSNI F2NI mn YAydziSa G cp x/ & { I YLJ

the addition of the MgGlto a final concentration of 20 mM. This, 5X firs strand
buffer, dNTPS (final concentration) agd0units of reverse transcriptase Superscript Il

(Invitrogen) were added. Primer extension was allowed to occur for 20 minutes at 37

x/ ® wSFOlA2ya ¢6SNB &a0G2LIISR o6& Gekdhd  RRA G A ;

primer extension products wenesolved by denaturing 6% PAGE and visualised using

Phosphorimaging (GE Healthcare).
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4.5.6. Potassium Permanganate DNA Footprinting
p 8P labelled DNA was generated through PCR. To specifically label the template or

noni SYLJX I S 5 b¥P labdileddprimBrvasluseg. Bnd labelled DNA was

LIJOZNA FASR dzaAy3a GKS vAl3aSy DSt 9EGNI QGAzy
SIFOK NBIOGA2yZ p LIVY2f 27F *plabglledDNA@ YAESR |
transch LIGA2Y O0dzFFSNJ YR AyOdzml G§SR F2NJ mn YAy
added to a final concentration of 5 pg hfbllowed by 5 minutes of further incubation.

DNA was modified by the addition of 5mM of KMROF A y I £ O2y OSy (G NI 0 A
The reation was allowed to proceed for 30 or 60 seconds, after which xil6imM

i -mercaptoethanol was added. 2 pl of 10 pg'rglycogen was added before the DNA

was extracted using phenol:chloroform:isoamy alcohol (25:24:1). DNA was ethanol
precipitated and éssolved in 90 ul of water. To this, 10 pl of piperidine was added and

Ay Odzo I (i SR 20minutes Piperifline WasKdmoved by chloroform and DNA

was ethanol precipitated. Pelleted DNA was resuspended in 20 pl formamide

containing stop buffer. Footpmt products were resolved on a 6% polyacrylamide

sequencing gel alongside sequencing reactions of the same DNA template.

4.5.7. DNase | Footprinting
1pmol2 T **pend labelled template DNA was incubated for 10 minutes with YonO at

room temperature. TR amount of YonO used for each reaction was varied, see
corresponding-igurefor details. For each reaction, 1 unit of DNase | (Roche) diluted in
1 X incubation buffer provided, was added. Unless stated otherwise, reactions were
incubated for 2 minugs at room temperature. To stop the reactions, an equal amount

of stop buffer was added. Cleaved DNA was resolved on 6 % sequencing PAGE gel.

4.5.8. Sanger Sequencing of DNA
For each DNA template sequenced, 4 reactions were set up. Each reaction was

comlINAASR 2F Hdp Ya ad/twuwX D2¢tlj ¥t SEA 0 dz
2P |abelled DNA primer, 0.5 units of GoTagq DNA polymerase. To each individual

reaction, a dideoxynucleotide (ddNTP) termination mix was added. Four ddNTP mixes
were used, onedr each nucleotide. ddATP, ddGTP, ddCTP and ddTTP were present in

the respective sequencing reactions at final concentrations of 0.6 mM, 80 uM, 0.3 mM

and 0.9 mM, respectively. The three remaining dNTPs had final concentrations of 10
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UM. The reactions weraded into the thermocycler and sequencing reactions were

performed with the following programme:

¢ SY LIS NI (] Time (s) | Cycles
94 120

94 30

55 30 30

72 30

72 120

10 pause

An equal volume (8 pl) of formamide containing stop buffer was added to each
sequencing reaction. The products of the sequencing reactions were resolved on a 6%

PAGE gel in denaturing conditions and visualised by phosphorimaging.
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Chapter 5: Preliminary Characterisation of YonO, a Putative RNA
LI2f @ YSNIasS 2F {ti LINRPLXKI 3

5.1. Introduction

YonO was first identified as an RNAP through distant homology to the eukaryot
rdRNARIlyer and Aravind, 2012, lyer et al., 200Bhe homology included the

aspartate triad which is essential for catalysis and conserved amongst all eukaryotic
rdRNAP and multisubun(tyer et al., 2003, Sosunov et al., 2008hilst YonO and
rdRNARshare additional conserved amino acids and motifs, the only similarity

between YonO and multisubunit RNAP is the presence of the triad and two predicted
DPBB folds. None of the additional domains that participate in transcription, including
the trigger lap, appear to be conserved in YonO. Therefore YonO has been designated
as a bacteriophage rdRNAP maintained inBhesubtilisgenome that functions in an as
@S0 dzy RSGSNXAYSR a (iyerhtd Atadind, RKLS, lyér etial., ZDO3F S O

YonO is a hypothetical protein and all current understanding of its function and
structure has been derived purely from bioinformatics analysis. It remains to be seen if
YonO possesses nucleic acid polymerisation activity. Proof YonO is a functiyméen
would raise a wide range of questions, including how it accomplishes transcription
despite an apparent lack of catalytic domains and the impact of an additional &NAP

the transcriptome oB. subtilis

5.2. Aims
The aim of this work @as to determine if YonO is a catalytically active enzyme capable
of nucleotide polymerisation. If polymerising activity is shown, we will begin the

characterisation of YonO.

5.3. Expression and purification of YonO

In order to conductn vitro characteriséion of YonO, purified YonO was required. To

this end,yonOwas amplified fronB. subtiligenomic DNA and cloned into the pEg
expression vector. Cloning into p28 introduced an Merminal His tag and allowed

for IPTG induced over expressiby T7 RNAP. Tlie coliT7 expression strain carrying

the pET28: YonO construatasgrown until mid-exponential phase and induced with 1
Ya Lt ¢D®d® LYRdAzOSR OStfa ¢SNBX INRgYy F2NI |
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harvested. From visual ipsction of the cell debris of lysed cells, it was clear expressed
YonO protein had formed inclusion bodies. To prevent inclusion body form&iam|i
OStfa 6SNBE AaKATOUSR (2 My x/ FYyR 3INRgY 230!
IPTG. Theglleted cell debris of disrupted cells showed that a decrease in temperature
for expression was successful in preventing the formation of inclusion bodies.
Expressed YonO bore a {tig allowing for its purification from lysates by"INNTA
chromatographyFigureb-1a). To elute nosspecific proteins bound to the column, the
concentration of imidazole in the chromatography buffer was increased to 25 mM. The
remaining protein bound to the RENTA column, including YonO, was eluted by 100
mM and 200 nVl imidazole. SDS PAGE analysis of the protein content of the 100 mM
and 200 mM imidazole elution fractions revealed YonO eluted off the column at both
concentrations. The majority of YonO was present in the 100 mM imidazole elution
fraction. Therefore, therotein in this fraction was concentrated and purified further

by heparin dinity chromatographyKigure5-1b). Heparin is a DNA analogue and can

be used for the affinity purification of DNA binding proteins such as RNAP. Once
loaded onto the colum, YonO bound tightly to the Heparin HiTrap column as 800 mM
NaCl was required for elution. After Heparin affinity chromatography, the purity of
YonO was etermined by SDS PAGHgYUre5-1b). This showed that after the two

chromatography steps, Yon@as purified to apparent homogeneity.

In addition toin vitro experiments, purified YonO was to be used for crystallisation
screening. Gel filtration is a common final purification step for proteins designated for
crystallisation as it increases the hogemeity of the protein sample by ensuring all
protein is of an equal molecular weight and no oligomers are present. Therefore, YonO
was loaded onto a Superdex 200 gel filtration column. The elution fractions were
pooled and concentrated. Purified YonO vdagded into two aliquots; one was

dialysed against storage buffer and usedifovitro characterisation, whilst the other

was used for crystallisation trials (see chapter 7).
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Figure5-1: Purification ofYonQ a) Nf'NTA chromatographyTheT7 exressE. coli

strain carrying the pEZ8: yonOconstructwas induced with 1 mM IPTG and grown
2OSNYAIKG G0 my x/ ® [/ Stfta 6SNB RAA&ANYzZLII SR
N#*-NTA column. The Column was washed with increasing concentrations of imidazole
to elute proteins. Primarily, YonO was eluted 9 InM imidazole and was collected

in elution fractions X 5. Protein content of elution fractions were analysed by SDS
PAGE. Lanes¢Z were loaded with 1 pl of protein. Laneg 30 were loaded with 10

pl of protein. MW refers to the molecular weighdder.b) Heparin affinity
chromatography.100 mM imidazole elution fractions (fraction) were pooled and
loaded onto 5 ml Heparin HiTrap column. The column was washed with 500 mM and
700 mM NaCl YonO heparin elution buffer to remove-specific protems. The
remainingproteins were eluted by increasing the NaCl concentration to 1M over a
gradient. The protein content of elution fractions was visualised by SDS PAGE, which
showed YonO was eluted by approximately 800 mM NacCl. All lanes were loaded with
10 pl of protein.c) Superdex 200 gel filtratianyonO in heparin elution fractions was
concentrated to 10 mg ritland loaded onto the Superdex 200 16/60 column. 2 ml
elution fractions were collected throughout gel filtration, those containing protein

were analysed by SDS PAGE. YonO eluted after 70 ml of gel filtration buffer had flown
through the column. ful of protein was loaded in all lanes.
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5.4.1n vitro characterisation of YonO

5.4.1. Artificially Assembled Elongation Complexes
Frequentlyin vitro transcription experiments are performed using elongation

complexes (EC) which were derived from transcription initiation at a well characterised
promoter such as T7Al promoter of the T7 coliphage. This technique requires prior
identification of promoterelements and detailed knowledge of transcription initiation
and so is not applicable for the investigation of a novel RNAP. These limitations can be
bypassed by the artificial assembly of elongation compléRetorenkov et al., 1998)
Artificial elongatim complexes are assembled from a single stranded RNA primer and
DNA oligonucleotided=(gure5-2). The RNA primer is complementary to template DNA
strand and so forms an RNA:DNA hybrid. RNAP is able to bind this hybrid and extend
the RNA primer upothe addition of NTPs and Mg To increase the stability and to

fully resemble promoter derived elongation complexes, the t@mplate DNA strand

fully complementary to the template strand is included in the assembly of elongation
complexes. Artificial ehgation complexes are indistinguishable from those derived

from a promoter(Sidorenkov et al., 1998, Yuzenkova and Zenkin, 2010)

The standard GA36 scaffold (scaffold refers to the oligonucleotides bound by RNAP)

used throughout this work is shown belo®A refers to the first two nucleotides to be
incorporated upon provision of NTPs and 36 denotes the length of the template DNA
strand. RNAL13, so called due to its 13 nt length, hybridises with GA36 template DNA
strand to give a hybrid of 9bp. The4nieKS pQ Sy R 2F wb! mo | NB

to GA36 to mimic the disengaged transcript.
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a) GA36

RNA13 5" AAUA
AUCGAGAGG 3'
Template 3’ TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGT 5’7
Non - Template 5" ACTTACAGCC GACACGGCGAATAGCCA 3’
ATCGAGAGG
RNA
polymerase
RNA13*
NT-DNA Q_
T-DNA Bead

Figure5-2: Artificially Assembled Elongation Complexes. a) GA36 scaffbl

sequences of the oligonucleotides in the GA36 scaffold used throughewiak is

shown. The nostemplate strand is fully complementary to the template strand. The
Transcription bubble is formed by incorporating the remplate DNAafter RNAP has

bound the hybridb) Immobilised assembled elongation compleShown is a

schamatic representation of an artificially assembled elongation complex. The
St2y3alidAa2y O2YLIX SE A& AYY20AftA&SR (2 aidNJ
biotin tag on template strand DNA.

To visualise elongation complexes and transcription, RNA1B&¥® labelled at the

pQ 2NJ Fmlab8lliARoPRNA & performed prior to complex assembly by

AyOdzo I GA2y 6AGK ¢n  t[2P-1edytdgd f oS@ GSAYRRS tYIAGYS f&fSA
| OKASOSR (KNRdJzIK [TRNVIPbySemde@BCs. G A2y 2F b

5.4.2. RNA Polymerase activity of YonO elongation complexes
Assembled elongation complexes can be immobilised onto a solid phase, such as

AONBLINF GARAY &aSLKINRaAaS 060SIFIRAXZ OGKNRdAAK |
strand DNA. Immobilisinglongatian complexesllows them to bevashed with

transcription buffer to remove unassembled oligonucleotides, RNAP and

uninc NLJ2 NJ*TPNRP The stringency of the washing is goved by the ionic

strength of the transcription buffer. Washing immobilised complexes with high ionic
strength (1M KCI) removes unstable complexes to leave only stable, specific complexes
suitablefor in vitrotranscription. As mentioned above, the noamplate DNA strand is
included during the assembly of elongation complexes to increase their resemblance

to promoter derived complexes. Furthermore, the ntamplate DNA strand is
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required for stality. When the noremplate DNA strand is omitted during assembly,

immobilised bacterial elongation complexes are destroyed by high salt conditions

(Sidorenkov et al., 1998)

To determine if YonO possesses RNAP activity, as predicted by the ctinsevf/éhe

aspartate triad, YonO was incubated with the GA36 scaffold to assemble elongation

complexes. In accordance with the length of the RNA primer (13 nucleotides),

elongation complexes assembled on the GA36 scaffold will be referred to as EC13. The

wb! Mo O2YLRYSYyil

2 %P labedl€dl toalow 1 Todlisétve RNAR

p Q

polymerisation. The assembled complexes were immobilised to streptavidin beads and

washed with either low ionic strength (40 mM KCI) or high ionic strength (1 M KCI)

transcripton buffer. The complexes were then provided with a high concentration of

b¢ta opnn xabv
a) GA36 .
RNA13 5’ AAUA
AUCGAGAGG 37
Template
Non - Template 5" ACTTACAGCC
ATCGAGAGG
b)  NTONA - + c)
Wash - +4+ - ++
o
NTP - -+ - - 28
> + + Time,s o 2R3 3
Run off - - *
RNA13 |eesems S RNA13 Pr—_,__,
1 23 456 123456

YR AyOdzol 6SR F2NJ on

YAy dzi

3’ TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGT 5’
GACACGGCGAATAGCCA 3’

D
&
Q
d) A
ép &
SR
[oNe]
[oNe]
. 0 00
Time,s ©— -

RNA13 L

123

Figure5-3: Determination ofYonORNAP activity. a) Sequence of GA36 scaffdlde

GAZ36 scaffold used to form YonO EGLB. Mo g I a

RS (i &®ldb8lIRg of K 2 dz3 K

RNAL13 (indicated by red asterisk) prior to assentijlymmobilisation of YonO
elongation complexesAssembled complexes were immobilised onto streptavidin
beads and washed with low salt (40 mM) transcriptiorfiféu Subsequently, the

O2YLX SES&a 6SNB AyOdzml G§SR

F2NJ on YAzl Sa

Kinetics of YonO RNA polymerisatiolBlongation complexes formed in the absence of
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the nontemplate DNA strand. Transcription was initiated asHigure5-3b but

reactions were allowed to proceed for the indicated length of tiheThe apartate

triad is essential for YonO RNAP activigfC13 was assembled in the absence of the
non-template DNA strand using the YonO D537N D538N mutant andatex for

mynn a4S02yR& |4 oT1x/ Ay GKS LINBaSyosS 27
formed as a control. All of the above reactions were terminated by the addition of
formamide containing stop buffer and resolved by 2886aturing PAGE.

Duringthe assembly of elongation complex@\NARSs required to prevent loss tfie

RNA primein the washing stages. In the above experim@figure 53b, lane 2)

RNA13 was not lost during washing of the immobili¥edO elongatiosomplexes

with low salt transcription buffer This shows that YonO is capable of binding the
RNA:DNA hybrid to form a stal#ngation complex, which characteristic oin

RNAP. Upon incubation with NTPs, full length (run off) transcripts were synthesised a
a result of YonO elongating RNA13 to the end of the template DNA. The inclusion of
the nontemplate DNA strand during complex assembly resulted in a small loss of
RNA13 during washingigure5-3b, compare lanes 2 and 5). However, this is also
obseaved in the formation of bacterial elongation complexes and ocduestothe
non-template DNA strandompetingwith RNA13 for the binding of the template DNA.
If the nontemplate DNA strand does succeed in hybridising to the template DNA, the
RNAL13 is sudequently lost during the washing stages of complex assermbéy.
remaining elongation complexes which have successfully incorporated the non
template DNA strand exhibit much greater stabilityd resemble promoter derived

complxes

Interestingly, the wasing of YonO EC13 comprised of only RNA13 hybridised to the
template DNA with high salt did not lead to the loss of RNA13 (not shown). This
indicates that the stability of YonO elongation complexes is not determined by the
non-template DNA. This contrasts bacterial RNAP, which does require the binding of
the nontemplate DNA strand for the assembly of highly stable elongation complexes

(Sidorenkov et al., 1998)

Previously, the immobilised YonO EC13 were allowed to transcribe for 30 minutes. As
all RNA13vas fully extended during that time, this did not provide information
regarding the speed of YonO polymerisation. Therefore, the extension of RNA13 by
YonO EC13 was followed over tinkéglure5-3 c). After 10 seconds of incubation in the

presence ob00 puM, YonO EC13 synthesised full length transcripts, revealing that
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YonO, like other RNAPs, is a rapid and processive enBgueeb-3c, lane 2). Despite

this efficient polymerisation, unextended RNA13 was present for approximately 2
minutes. Tis suggests YonO EC13 was initially paused upon assembly. The pausing of
YonO ECs appears to be a general property, as it was observed with various other
assembled elongation complexes. The synthesis of full length transcripts within 10
seconds suggestsdhonce the pause was overcome, YonO was able to rapidly

transcribe to the end of the template.

To determine if the predicted aspartate triad is catalyteo residues (D537 and

D539)of the YonCaspartate triad were mutated to asparagines by sitedied

mutagenesis. The mutatedonOwas expressed i&. coland purified via Ni - NTA
chromatography. The substitution of two aspartates greatly diministiedO

transcription as only 1-4 nucleotides were incorporated after 30 minutes of

incubath 2y 4 oT1 x/ GAGK I KAIK O2y OS8hgid NI GA2
activity ofwildtype YonO(Figure5-3d, lane 2 and Bconfirms thathe aspartate triad is
essential for the RNAP activity of Yori®e incorporation of 14 nucleotides by a

mutated YonOis similar toE. colRNAP; asparagine substitution of all three asp

residues was required to completely abolish transcriptiSosunov et al., 2005)

The above experiments confirm that YonO, despite only a distant relationshiyg to t

other known RNAPS, is a highly processive and rapid RNAP.

5.4.3. YonO is a strict DNA Dependant RNA Polymerase
The previous experiment showed thdbnOcan accomplish transcription in a DNA

dependant manner. This is contrary to the previously pubtidiieinformaticsanalysis

of YonQ which through amino acid sequence similarities predictedOfunctions as

an RNA dependant RNAP (rdRN&Pygh et al., 1996, lyer et al., 2003, lyer and

Aravind, 2012)To investigate if RNA or DNA templates are prefébyYonQ a

scaffold featuring an RNA primer (RNA10) hybridised to an RNA template (RNA21) was
used to formYonOelongation complexes (referred to as rEC10) alongside the

previously used EC13.

Upon incubation with NTP¥,0nOrEC10 extended RNA1O to thed of the RNA21
template (lane 2 and ,Figure5-4). However,YonOwas not processive on the RNA21

template. Only a minority of onOrEC10 produced full length transcripts after 10

86



minutes of incubation and the ladder pattern of resolved transsriptlicatesyonO
paused at every position on the RNA template. This was in contra&in®eC13,
whichextended RNA13 in 2 minutes and rapidly transcribed to the end of the template
with minimal pausingE. colRNAP assembled into rEC10 display@mparable activity
to YonOrEC10 (lane 5). Howevét, colrEC10 had increased processivity on the RNA
template, with more complexes transcribing to reach the end of the template.
Furthermore E. colrEC10 was quicker on an RNA templatntionQ with more
complexes extended in 2 minutes (compare lanes 3 and 6). Examites@RNAP

and RNAP Il utilising an RNA template have been reppradously(Gildehaust al.,
2007, Lehmann et al., 2007, Wassarman and Saecker,.Zl0@&pronounced
transcription on a DNA template, along with unprocessive transcription on an RNA
template comparable t&. colRNAP, strongly suggestenOis a DNA dependant
RNAP.

YonOhad a clear preference for extending RNA using a DNA template. In addition to
RNAP, DNA polymerases (DNAP) are able to extend RNA hybridised to a DNA template
through incorporation of dNMPs. To confirm thénOis not a DNAP, the ability of
YonOEC13 and rEC10 to extend RNA through incorporation of ANMPs was
investigated. As an additional experiment to determine the DNAP activitpo
complexes (dEC13) using a scaffold comprised of a DNA primer (DNA13) hybridised to
the GA3@NAtemplate strandwere assembled and provided with dNTPs or NTPs.
When supplied with a high concentration of ANTPenOdEC13 was completely

inactive. It was, however, able to utilise NTPs to extend DNA13 but the extension was
incredibly slow and unprocessivéonOEC13 gpplied with dNTPs was able to extend
RNAL13 but again, the extension was poor, with onty4/2dNMPS being incorporated

after 2 minutes of incubation. Increased incubation did not result in substantial further
incorporation of dANMPs, suggestitygnChad salled and was unable to transcribe

further along the template. An inability to efficiently extend RNA or DNA through
incorporation of dANMPs shaswonOdoes not possess DNAP activity.
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Figure5-4: Investigating the RNA dependant RNAP and DNA polyaseractivity of
YonQ a) Scaffold sequenceSequences of the RNA21, GA36 and dGA36 scaffolds are
aK2gy® 9f2y3AldAzy O2YLX SES& I y*®R lafeNdgyfd ONJ |
RNA/DNA primer (shown by red asterigk)DeterminingRNA dependant acvity of
YonQ YonO ancE. colicore RNAP rEC10 and EC13 complexes were formed with
RNA21 and GA36 scaffolds, respectively. Transcription was initiated by the addition of
500 uM NTPs and allowed to proceed for the indicated timgBeterminingDNA
polymerase activity ofYonQ YonO andk. coldEC13 complexes were formed with the
dGAS36 scaffold which gave a DNA:DNA hybrid. Transcription was initiated by addition
of 500 uM NTPs or dNTRH.ande) RNA primed DNA polymerase activity 66nQ
RNA21 and GA36 scaffolds were assembled into EC10 and EC13 as before, except
transcription was initiated by provision of 500 uM dNTPS. All reactions were
terminated by the addition of stop buffer. Transcripts were resolved on 23 % PAGE gel
and visualised ttough phosphorimaging.

88



To compareryonOto a wellstudied RNAHE. coldEC13 complexes were assembled.
UnexpectedlyE. coldEC13, when supplied wigither NTPs or dNTPs was comparable
to E. colEC13. In the presence of NTBscoldEC13 fully extended DNA13. The
reaction was quick, with all complexes extended in 2 minutes of incubdfiocoli

dEC13 extended DNA13 by incorporating 3 to 5 dNMPs. Whilst dANMP incorporation by
E. coldEC13 was slow and unmpessive, it was comparable to dNMP incorporation by
EC13. Together, these results sugdestolRNAP istae to utilise a DNA:DNA hybrid

in a similar manner tan RNA: DNA hybrid. The rapid extension of DNA through
incorporation of NMPs likely as through the DNA:DNA hybrid mimicking the
RNA:DNA hybrid sufficiently enough to be utilisedebgolRNAP. Furthermore,

through incorporation of NMPs, the DNA:DNA hybrid would transition to a RNA:DNA
hybrid. Subsequent, downstream transcriptismould resemble canonical, DNA
dependant transcriptionln vivqg E. colRNAP would ndbe recruited to a DNA:DNA
hybrid reducing the significance of this observation. It does, howesigggesthat

YonOhas increasedtringency in hybrid binding aapared toE. colRNAP.

In conclusion, through altering the nature of nucleic acid scaffolds (RNA/DNA primers
combined with RNA/DNA templates) and the substrate (NTPs/dNTPs), we have shown
YonOis a DNA dependant RNAP and not an rdRNAP or RéfkRl synthesis of full

length transcripts byyonO was strictly dependant &NAhybridised to templateDNA
hybrid and NTP substrates. Whi¥sdnOdid elongate RNA in an RNA template
dependant manner, it failed to do so in a rapid and processive manneaciieaistic of

a nucleic acid polymerase.

5.4.4. Determination of Optimum Hybrid Length
Throughout transcription, elongation complexes maintain a constant hybrid length.

The hybrid length is a determinant of the processivity and stability of the etmmga
complex. Previoushgtructural and biochemical dataere used to show a hybrid

length of 9 bp and 8 bp were maintained Bycoland T7 RNAP, respectively
(Sidorenkov et al., 1998, Temiakov et al., 2002, Bochkareva et al., 2012, Vassylyev et
al., 2007a)To investigate the hybrid lengpireferred byYonOelongation complexes,
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alternative RNA primers were used in conjunction with the GA36 template DNA strand

to give hybrids ranging from 5 to 10 bp in lendfiigure5-5a). As the templatddNA

remained constant, we were able to label all active elongation complexes through
Ay 02 N1J2 N[°R}GNePyfo nale E€14 complexes. In addition to labelling the
O2YLX SESazx

varyingthe hybrid length. To observe the influence of hybrid length on elongation,

0KS ST T ONEGNW Qculd shdw the\sftder 6f1.J2 NI { A

complexes werdurther supplied with 100 uM ATP, the next nucleotide to be

incorporated according to the DNA template.

a)

b) Hybrid Length nt

Hybrid = 5
RNA 57 AARUAAGGCAGAGG 37

T - DNA 3’ TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGT 5'

Hybrid = 6

RNA 57 AAUAAUGGAGAGG 37

T - DNA 3’ TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGT 51
Hybrid = 7

RNA 57 AAUACGCGAGAGG 37

T - DNA 3’ TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGT 5'
Hybrid = 8

RNA 57 AAUACUCGAGAGG 3’

T - DNA 3’ TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGT 5¢

Hybrid = 9
RNA 57 AAURAAUCGAGAGG 37
T - DNA 3’ TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGT 57

Hybrid = 10
RNA 57 ARGCAT
T - DNA 3" TGAATGTCGG
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Figure5-5: Influence of hybrid length orYonOelongation complexes. a) Scaffold
sequencesThe sequences of scaffolds assembled into elongation complexes are
shown. The hybrid length is shown and the sequences of the hybrid are ib)red.
Influence of the hybrid length orYonOelongation complexesYonO ET3 were

F2NNXSR

Iy R

f 1 6Stt §IGTR. TAofserzeNkizhsith, ER12 yias 2 T
incubated with 100 uM ATP for the indicated time before reactions were stopped and

transcripts resolved by 23% denaturing PAGE.
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¢KS ANBLGSal -FPOommuds dninESNHB with & hybrid fl® bp

(lanes 13; 24, Figureb-5b). However, a 10 bp hybrgromoted pausingf the

complexes as after 300 seconds, a significant percentage of complexes remained
unextended when supplied with 100 uM AT only active elongation complexes

6SNB f1 0SSttt SR (KNPEBR, theyn@RityhDEGLHE With 230 b2 T b
hybrid to extend may be indicative pausing due to an overextended hybrid upon the

incorporation oft -[*P}GTR

AhybridlessK 'y vy o6LJ f SR (2 NEBREMPRwithtedeasnl 2 NI (i A
incorporation occurring in EC13 with a 5 bp hybrid. This sugy¥est©elongation
complexegpreferan8-9 bp hybrid. Unexpectedly, incubation of EC14 with 100 uM ATP
showedYonOreadilymisincorporates. All complexes misincorporated ATP for CTP
within 5 seconds of incubation to give EC16. EC16 rapidly extdddéd &o become
EC17 through incorporation of AMP, the next nucleotide be incorporated according to
the template sequence (refeptscaffold sequences Figure5-5a). The hybrid length
appeared to influence misincorporation. Wh#re hybrid length was reduced to 7 bp

or less, additional misincorporation occurred during labelling of complexes (lanes 1, 5
and 9) and after 10 mirtes incubations (lanes 4, 8 and 12hisadditional
misincorporationmay be due tan alteration in the translocation state of the

elongation complex. Whilst a reduced hybrid is not preferred, most likely due to its
poor stability, theshortenedhybrid may cause the compleseo favour a post
translocated stat€Sidorenkowet al.,, 1998) In this state, the complexesuld possess

an increasegbropensityto both incorporate and misincorporate. As this is speculation,

additional workis required to explorehis possibilityfurther.

Together, these results suggest YonO is simil&:. twolRNAP and TRNAHN that a
hybrid length 08-10is optimal for transcription whilst suggesting YonO is an error

prone RNAP.

5.4.5.Rate of Transcription
A prominent characteristic of RNAP is the rapid rate at which it accomplishes

polymerisation. To see if YonO is comparable to a typical multisubunit RNAP in this
NEIFNRZ 9/ mn St2y3aldrzy O2YLI%PEIRbyooQ I
EC13) were allowewb transcribe in the presence of 1 uM NTPg(re5-6). In

previous experiments, saturating concentrations of NTPs were used. At this
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concentration, the rate of YonO arfifl colRNAP elongation is too high to make
informative comparisons. fuch reduced concentration of NTPs would drastically

slow the rate of polymerisation.

As mentioned previously, it appears YonO pauses on the EC14 scaffold. This conclusion
was arrived at due to the presence of unextended RNA14 at saturating NTP
concentratons, despite active ECs transcribing to the end of the template within 5
aS02yRa® 1 a 2yfeée | OGAGBS O2YLX SESEPH NB I
GTP, the unextended RNA14 suggests that upon incorporation of a single nugleotide
active YonO Epause. Upon the provision of all NTPs, the YonO ECs which overcome

the pause rapidly transcribe to the end of the template with little pausing elsewhere,

even in low NTP concentrations (1 uM). This was in contrast twlRNAP EC, which

at thisconcentration of NTPs had a tendency to pause after the extension of EC14. The
differential pausing reflects differences between the two enzymes in recognising the

template DNA sequeng@ochkareva et al., 2012)

Thepropensity forYonOto pause onartificially assembled complesprevented
accurate determinatiorof the rate of polymerisation. However, calculation of the rate
of polymerisation(Kype) of YonO EGsxhibiting pausingKo,s=0.018 &) showed that
YonO wa as fast as nepausedE. colRNARKyps=0.016 §). Asa fraction of the YonO
ECs used for the calculation gfdvere pausedthe accuraterate of YonO
polymerisation would be expected to be high&herefore, combineavith YonO
transcribingto the end of the templatethis shows YonO is more processive and

potentially fasterthan E. colRNAP
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a) RNA14 AAUA
AUCGAGAGGG*
GA36 T-DNA 3’ TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGT 5’
NT-DNA 5’ ACTTACAGCCATCGAGAGGGACACGGCGAATAGCCA 3’
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Figure5-6: YonO is a fast and processive RNAPScaffold sequence3he sequence
of the GA36 scaffold used to form the initial Yoa@l E. colEC13 complexes is shown.
DF AYRAOIGSa (i K{%IaMpb2BEC13zoNdbel RERGOmM@afsonof
YonOandE. colielongation YonO and. colEC13 complexes were assembled and
fl1 oSttt SR o0& LGt fdrrk EGLEGLA \eke intmobilised and
washed to remove unincorporated radiolabelled nucleotides. YonCEamdlEC14
O2YLX SESa 6SNB AyOdml SR 6AGK M xa bet a
were stopped by addition of stop buffer and resolved23¢6 PAGEC) Rate of YonO
elongation The observed rate{,s of elongation were calculated by ndinear
regression using Sigma Plot. The curve is the fitting of the kinetic data to a single
exponential equation.
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5.4.6. Pyrophosphorolysis activityXadnO
RNAP catalyses pyrophosphorolysis, the direct reverse reaction of phosphodiester

bond synthesis. In pyrophosphorolysis, cleavage of phosphodiestesimddpendent
on a pyrophosphate (PPi) molecule, which chelates Mg Il in addition to perforneng th
nucleophilic attack on the phosphodiester bof@bsunov et al., 2003)
Pyrophosphorolysis occurs byNRP in a préranslocated state. Howeverhé

previously used EC13 are stabilised in the fi@stslocated stateBy assembling
elongation complexes (EBjlwith an extended RA primer (RNA15}{gure5-7), RNAP

is permitted to oscillate on the template DNA between {r@nslocated, post
translocated and 1 bp back tracked sta{@®ghanian et al., 20L1BC15 complexes
were incubated in the presencd Mg”" and PPiAfter 30 minutes of incubation,

RNA15 was degraded resulting in a ladder of shortened transcripts, thus revealing

YonO is capable of catalysing pyrophosphorol§&@gures-7).

EC15
RNA1S 5’  *AAUA
AUCGAGAGGGA
T- DNA 3’ TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGT 5’
NT-DNA 5’ ACTTACAGCCATCGAGAGGGACACGGCGAATAGCCA 3’

RNAP YonO E. coli
PPi -+ + - 4+ +
Timem 0O 30 60 0 30 60

RNA15 --..».—L._-
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e
miteen
W ———
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—— anem

Figure5-7: Pyrophosphorolysis by onOelongation complexesEC15 was formed
(sequenceshow) AYY20AfAASR YR AyOdzol SR ¢6AGK
for 30 and 6minutes.Pyrophosphorolysis was visualidegp &P labelling of RNA15.
To prevent intrinsic hydrolysis activity, reactions wereférgd to pH 6.5. Reactions
were stopped, resolved on 23 % denaturing PAGE gel and visualised by
phosphorimaging.
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5.4.7. Hydrolysis by YonO
In addition to synthesising RNA, multisubunit RNAPs have been shown to catalyse the

hydrolysis of phosphodiesterb&nad | & G KS o0Q S@rRvazt®l., 190855 whb !
Zenkin et al., 2006b) his intrinsic activity contributes to the fidelity of transcription by
allowing the removal of wrongly incorporated nucleotides (misincorporation).

Hydrolysis of RNA requiretoagation complexes to be in a 1 bp backtracked state. The
previously used EC13 are stabilised in the fi@stslocated state, preventing the

backtracking of elongation complexes required for hydrolysis. By assembling

elongation complexes (EC15) with atezxded RA primer (RNA15) (séegure5-8),

RNAP is permitted to oscillate on the template DNA betweertaieslocated, post
translocated and 1 bp back tracked staf@oghanian etal., 201®) Ly 9/ mp X K¢
of RNA is complementary to the cosgonding position on the template strand DNA.

| 26 SOSNE | YAAYIFIGOK o0SG6SSy GKS 0Q bat 2°
stabilise thel bpbacktracked stateas opposed to the pre and pesanslocated

states,and stimulate hydrolysi€enkin et al., 2008). Thereforejn a parallel

experiment,the DNA sequence of the template strand was altered to introduce an A:A
mismatch upon hybridisation with RNA15 during mismagfdngationcomplex
(mEC15assembly.

To determine ifYyonQis able to perform hydrolysj assembled EC15 and mEC15 were
incubated in the presence of M After two hours of incubation, neithéfonOEC15

nor mEC15 accomplished RNA hydrolysisompaiison, E. colEC15 and mEC15
RSY2yaGNI GS GKS & A Y dzsrhaich, @it hy2rdlgisOGERMNE f & a A
after 60 seconds by theEC15The ability of RNAP to hydrolyse RNA varies between
organisms, with RNAP |l 8f cerevisiabaving very slow hydrolys{slielsen and

Zenkin, 2013, Izban and Luse, 1992, Reit@32) Despite this, the 120 minutes

incubation of EC15 and mEC15 was thought to be sufficient to detect any potential
hydrolysis byronQO Therefore, this experiment strongly suggests thiahOdoes not

possess the ability to remove misincorporated nucleotides through hydrolysis.
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EC15
RNA1S 5’ *AAUA
AUCGAGAGGGA
T- DNA 3’ TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGT 5’
NT-DNA 5’ ACTTACAGCCATCGAGAGGGACACGGCGAATAGCCA 3’

mEC15
RNA1S5 5" *AAUA A
AUCGAGAGGG
T- DNA 3’ TGAATGTCGGTAGCTCTCCCAGTGCCGCTTATCGGT 5
NT-DNA 5’ ACTTACAGCCATCGAGAGGGTCACGGCGAATAGCCA 3’

b) EC15 mEC15
RNAP YonO E. Coli YonO E. Coli
[eoNe] o o oo [eoNe]
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Figure5-8: Determination ofYonOhydrolysis activity. a) Sguences of

oligonucleotides inEC15and mEC® 9f 2y Al GA2y O2YLX BESE 6 S|

labelingof RN Mp > aK2gy o6& NBR FalSNRA]P® YO/ mp
introduced through alteration of DNA sequence Gorrect and mismatch elongation
complexes to determineronOhydrolysis activity. EC15 and mEC15 complexegre
immobilised and washed befoiacubation with 10 mM Mg for the indicated lengths

of time. Reactions were stopped by the addition of formamide stop buffer and were
resolved by 23%enaturingPAGE. Transcripts were visualised by phosphorimaging.

5.4.8. Misincorporation by YonO
Maintaining high fidelity during transcription is essential for correct gene expression.

Intrinsic hydrolysis by RNAP and the action of Gre protanaistheir S factor analogues
in eukaryotes and archaemrrects for the incorporation of the incorrect nucleae.
Prior to removal of misincorporated NMPs, the major determinant of fidelity is the
discrimination of incorrect substrates such as rammplementary NTPs or dNTPs by
RNAP during the nucleotide addition cy€feizenkova et al., 201®revious

experimens havesuggestedhat YonQOis prone to misincorporation. To investigate
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this further, YonOandE. colRNAP EC13 were assembled. Active elongation complexes
GSNBE t106SffSR (KNP JEPKGTR © §ive EF1D. TddhieNg (A 2 Y
misincorpoation, EC14 was provided with each of the 4 nucleotides (ATP, CTP, GTP
and UTP).

In EC14, the next correct nucleotide to be incorporated according to the template was
AMP. As expected,onOandE. colEC14 rapidly incorporated AMP to produce RBIA1
within 10 secondglanes 1-4, Figure5-9 b and c). After 10 minutes of incubation,
YonOmisincorporated AMP to synthesise RNA16. RNA16 was rapidly extended to
RNAL17 through the correct incorporation of AMBRane 4,Figure5-9b). For the

remaining nucleotidesyonCQdisplayed increased misincorporation comparedetacoli
EC14. Multiple misincorporation events occurred upon incubation with(Ei§Bre5-

9b, lane 13¢ 16). These events can be explained upon analysis of the &enpl
sequence. Following ATP, the next nucleotides to be incorporated are CMP, AMP and
CMP. After misincorporation of CMP to produce EC15, all EC15 complexes correctly
incorporate CMP, resulting in EC16. Misincorporation of CMP instead of AMP, followed
by wrrect incorporation of CTP is repeated again, thus explaining the synthesis of
RNAL18. Misincorporation of GTP, UTP and CTP instead of ATP does &caolby

RNAP EC14. However, the reactions are slow with only a small fraction of complexes

misincorporating after 10 minutes of incubation.

To see if misincorporation is a general characteristi¢@fQ an alternative scaffold

was used to generate a different misincorporation event. Elongation complexes were
assembled with the GC36 scaffold anddidd as before through the incorporation of

h [*P}GTP, giving EC14. The GC36 scaffold was identical to GA36 scaffold used
previously except EC15 is formed through the incorporation of CMP, rather than AMP
(refer to Figure5-9d for sequences). Upancubation with the correct NTP (CTPpnO
quickly synthesised RNA16 within 5 seconds by incorporating 2 CMP nucleotides. After
5 minutes of incubation, RNA18 was synthesised through the misincorporation of CTP
for ATP, followed by correct incorporatiah CMP. When supplied with a non
complementary nucleotide (ATP, GTP and UYT&)OEC14 misincorporated to
synthesise RNA15 (ATP and GTP) and RNA16 (UTP). Out of-toenpdementary

nucleotides, UTP had the fastest rate of misincorporation, with RNAfthesised
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within 5 seconds. Increased incubation led to further misincorporation of UTP, with all

EC14 being converted to EC15 or EC16 after 5 minutes of incubation.

The extent ofYonOmisincorporation can be seen by comparison to EhecolRNAP

EC14 supplied with each nucleotide. As witbnQ E. coliEC14 correctly incorporated
CTP to synthesise RNA16 but no further extension was observed throughout the time
course of the experiment. When incubated with nRoomplementary nucleotides.
coliEC14 only misincorporated UMP. Unli@nQ misincorporation was limited to the
extension of RNA14 by one UMP. Furthermore, misincorporation of UMP was slow as
approximately half of EC14 remaining unextended after 5 minutes of incubation. The
remaining nucleotides, ATP and GTP were misincorporatdsl bplRNAP EC14.
However, the reactions were incredibly slow with RNA15 only being detected after 5

minutes of incubation.

In conclusion, the misincorporation of n@omplementary NTPs by YO elongation
complexes shows YonO is more error prone than multisubunit RNAP. Comparing
misincorporation on the GA36 and GC36 scaffolds, it is apparent YonO is less efficient
at discriminating between differing purines and differing pyrimidines. On the6GA
scaffold, misincorporation of GTP, a purine, instead of ATP occurs at a faster rate than
misincorporation of the pyrimidines, UTP or CTP. The same observation was made
during misincorporation on the GC36 scaffold. The fastest rate of misincorporat®n wa
UTP rather than CTP. In this regard, the pattern of YonO misincorporation is

comparable tcE. colEC14, albeit at much faster rateéuzenkova et al., 2010)
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a) d)

GA36 GC36
RNA14 5’ AAUA RNA14 5’ AAUA
AUCGAGAGGG* 37 AUCGAGAGGG* 3’
GA36 T-DNA 3’ TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGT 5’ GC36 T-DNA 3’ TGAATGTCGGTAGCTCTCCCGGTGCCGCTTATCGGT 5’
NT-DNA 5’ ACTTACAGCCATCGAGAGGGACACGGCGAATAGCCA NT-DNA 5’ ACTTACAGCCATCGAGAGGGCCACGGCGAATAGCCA
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Figure5-9: Misincorporation byYonOelongation complexes. a) GA36 scaffold
Squence of GA36 oligionucleotide scaffold used to assemble EC13. Complexes were
fl1 oSttt SR (KNER dIKPIGTP GRod i rad) td foreh FOHR. T b
Misincorporation byYonOGA36 EC14&C14 was incubated with 100 puM of ATP, GTP,
¢t 2 NJ / dotthelindicated timas¢) Misincorporation byE. colicore RNAP
GA36 EC14As forFigure5-9b except complexes were assembled withcolicore

RNAPd) GC36 scaffoldSequence of GC36 oligionucleotide scaffold used to assemble
EC13Note the next NTP to be incorporated after GTP is CTP, not ATP as with GA36
scaffold. EC14 was formed as befarandf) Misincorporation byYonOand E. coli

GC36 ECl4espectively. EC14 was incubated with 100 uM ATP, GTP, UTP and CTP as
before.All reactions were stopped after the indicated time by addition of stop

solution. Transcripts were resolved on 23 % PAGE gel and visualised by
phosphorimaging.

5.5. Discussion

YonO was successfully purified by utilising aemhinal His tagDespitegreatly
facilitating the purification of recombinant proteins, there is a cbathat a His tagyill
havea detrimental effect on protein structure or function. These negative effects are
dependent on the position of the tag (N or C terminal end) enedfolding of the

protein. If the tagged Nerminal or Gterminal domain participges in a key structural
fold or is embedded in the active centre, the function of the protein may be
compromised. However, compared to other purification tags, the His tag is small (2

KDa in the case of YonO) and so is less likely to interfere with pfotding or
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function. As YonO displays proficient RNA polymerase activity with an {ieanial
(not shown) His tag, it is unlikely that the function of YonO is impeded or altered by

the presence of the His tag.

Prior to this work)YonOwas a hypotheticlbprotein only predicted to function as an
RNAP through distant homology to rdRNAP and the multisubunit RIMé&Ret al.,
2003) Through utilisation of artificially assembled elongation complexes, we have
directly shownYonOpossesses RNAP activity. Ho#ivity was dependant on chelation
of Mc?* ions revealingronQis like all nucleic acid polymerastsat conduct catalysis
through a general two metal mechanig®osunov et al., 2003, Steitz, 1998Bhe
polymerising activity o¥onOis comparable to thieof E. colicore RNAP; it is both fast
and processive. This was not expected, as the only functrondlleidentifyingYonO
as an RNAP ke aspartate triad. No otheRNAP functional domains have been
identified in the YonO amino acid sequenchkisTincludes the trigger loop, which plays
a crucial role in all reactions catalysed by RPgiakov et al., 2005, Wang et al.,

2006, Yuzenkova et al., 2010, Yuzenkova and Zenkin, 2010, Zhang et al., 2010)

Whilst the speed and processivity of YonQnsilar to that of its multisubunit
relatives, the determinants of elongation complex stability appear to differ. Unlike
bacterial RNAP, YonO complexed with only the RNA and template DNA strand
withstood high ionic conditions. In bacterial RNAPs, the hydmdithe presence of the
downstream nortemplate DNA are major contributors to the stability of elongation
complexegqSidorenkov et al., 19987 he stability of elongation complexes is also
influenced through interactions between the downstream DNA dupleck RNAP
domains such as the clamp and jaw domdderth et al., 2002, Chakraborty et al.,
2012, Gnatt et al., 2001According to amino acid sequence comparisons, these
domains are not conserved in YonO, which may explain why Yono does not depend on
the non-template DNA strad for stability. Therefore, thisises the question of how

YonO is able to maintain tight binding of the hybrid.

The catalytic activity of YonO also raises questions with regards to the mechanisms
employed by YonO for accomplishimmgnscription. These questions include how the
substrates enter and are bound by the active centre, how YonO translocates along the

template, and most interestingly: how YonO performs catalydmngation is preceded
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by initiation and followed by terminion. Thereforethe ability of YonO to transcribe
implies mechanisms of transcription initiation and termination exist, both of which

remain completely undefined.

rdRNAPSs operate in the pesanscription gene silencing (PTGS) pathwaguoring

across a wide range of eukaryotic organisms including hurfMagla et al., 2009)

Despite this, oum vitroexperiments shows processive transcription by YonO is DNA
RSLISYRIYG FYR NBIljdZANBa be¢t adzoaiNI iSaod ¢
bacteriophage, suggests YonO does not function to produce double stranded RNA
necessary for PTGS. Supporting this notion is the absence of identifiable PTGS proteins
SYO2RSR Ay (i(Ke et &lt 20035 \eEkafydtic rdRNAP related to YonO

is QDEL of Neurospora crassdnterestingly, QD& has been shown to transcribe on

single strand DNA templatékee et al., 2009, Aalto et al., 201This is in addition to

the previously observed transcription on a single stranded RNA template. Therefore,
closer similarity to rdRNAP over multisubunit RNAP does not preclude YonO from

functioning as a DNA dependant RNAP.

The use of artificial elongation complexes has revealed additional characteristics of
YonO. YonO appears not to be able to intrinsically cegallye hydrolysis of

phosphodiester bonds, even when stabilised in a 1 bp backtracked position. This is
surprising, as in multisubunit RNAPs the same active centre catalyses both
phosphodiester bond synthesis and hydrolysis. Intrinsic hydrolysis has kaen w

detailed in bacterial RNAP and has been confirmed to be performed by RNAP Il

(Nielsen and Zenkin, 2013, Yuzenkova et al., 2010, Yuzenkova and Zenkin, 2010, Zenkin
et al., 2006b)Hydrolysis activity is stimulated by misincorporation and has therefore

been linked to RNAP proof reading and fide{fgnkin et al., 2006b)¥onO was able to
NEY2@0S 0Q bat 2F wb! GKNRBdzZZK LEBNRLK2ALK?2]
proofreading. However, pyrophosphorolysis as a means of removing misincorporated
nucleotides is not probable. This notion is based on all RNAPs, whilst being able to
catalyse pyrophosphorolysis, using intrinsic hydrolysis or auxiliary factors such as Gre

factors (bacteria) and TFIIS (RNAP II) for proofreading.

YonO is analogous to T7 RNAREhat both enzymes do not possess hydrolysis activity

but are capable of pyrophosphorolyglduang et al., 2000Pyrophosphorolysis was
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ruled out as a mechanism of proof reading by T7 RNAP. Addition of PPi to stalled
elongation complexes did notresity G KS NBY2@Ff 2F +y AyO2]
resumption of transcription. It was concluded fidelity of T7 RNAP transcription was
governed solely by highly stringent substrate selectidnang et al., 2000) t | I VR
other DNA based bacteriophages that utilise their own RNAP for gene expression will
have less tolerance to decreased fidelity of transcription. Increased errors during
transcription would result in truncated or mutated proteins that would not ftioe
correctly. Ultimately, this would limit the bacteriophages abilitystacessfully

replicate. This is in contrast to RNA based bacteriophages that utilise rdRNAPs for
replication. In these circumstances, lower rates of fidelity could be toleratedet.ow
rates of transcriptional fidelity can even be advantageous, as it results in increased

variation in the genome and therefore increased rates of evolution.

Despitein vitro experiments presented here demonstrating that YonO is more error

prone thatother RNAPSs, the rate of YonO incorporation was faster compared to
misincorporation. This implies that at high substrate concentrations, YonO is able to
maintain fidelity through substrate selectivity. By testing misincorporation of each
nucleotide in plae of ATP and CTP, it does appear YonO is able to distinguish well
between purines and pyrimidines, with GTP being misincorporated instead of ATP at a
faster rate than CTP or UTPhein vivoimpact, if any of error prone YonO

transcription needs to be investigated. Despite RNAP having intrinsic proof reading
activity, transcription factors exist to perform transcript hydrolysis upon
misincorporation(Roghanian et al., 2011)o bacteriophage Gre homologuleave

0SSY NBLRNISR® | 26SOSNE 2yfeé wupr 2F GKS |
assigned putative functions. The coding of a protein either distantly homologous or
functionally analogousto Gie A {1 S FIF OG2NAR o0& {ti OFyy2i o

Thein vitroactivity of YonO reveals the presence of a second, functional RNAP existing
in the genome of the model Gram positive organBactillus subtilisThe possible

impact YonO has upon the host transcriptome remains to be investigaBiBIPAST
revealed the existence of YonO homologues across a broad range of bacteriophages
that infect other gram positive bacteria, including the medically and biotechnologically
important Clostridiumand Lactococcuspecieqlyer et al., 2003)Our work onfirming

YonO has RNAP activity provides evidence that the Yiga@omologues present in a
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wide range of gram positive bacteria may also be catalytically active enzymes. This
makes YonO an archetype of a novel class of single subunit RNAP and furtherilvo

develop this potentially new field of transcription.

As YonO is capable of RNA polymerisation, our work supports the proposal that YonO
is a descendant of an ancient enzyme that represents an intermediate stage during the
evolution of the multisbunit RNARIyer and Aravind, 2012, Iyer et al., 2003gspite
bearing closer resemblance to eukaryotic rdRNAP, YonO accomplishes transcription in
a DNA dependant manner. Speculating, the YonO ancestor may have been the

predominant transcription enzymeuring the emergence of the DNA world.
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Chapter 6: Investigation of Biological Function of YonO

6.1. Introduction

¢KS {ti LINRPLKII3IS NBaARSa gAGKAY (S 3ASy2
subtilisstrain 168. At very low frequencied {n 10 cells), the prophage can be

spontaneously induced. This results in phage development and the eventgabflysi
OStta IyR NBf SI afvamhar etflt, 1977)dductisirScantide NI A Of S &
achieved at a much greater frequency by DNA damage. Experimentally, DNA damage

can be brought about by the addition of Mitomycin C, a compound which induces the

SOS resptse by causing DNA crosslink{@pranov et al., 2006)

Sequencingofthe 13dB{ t i LINR LJKI 3S 3ISy2YS [ fft26SR T2
putative ORFs. Subsequent analysis of the orientation of the ORFs revealed that they

are arranged into three Clusterermed Cluster I, Cluster Il and Clustefldizarevic et
al.,1999% ¢KS YI22NRGe 2F (GKS LINRPGSAya SyO2R-¢
ascribed a function. The proteins which have been given a function, either through
homology or experimental evidee, have been used to categorise the Clusters based

on the temporal expression of the genes they contain.

Typically, bacteriophage operons are categorised according to the life cycle stage in

which they are expressed. The bacteriophage encoded genesssqurat the

beginning of an infection are referred to as early genes. The genes expressed at the
YARLRAYG FYR SYyR 2F AyFSOGA2y INB YARRES
KFra 0SSy LINRBLR2ASR (2 O2y il Ay (cédé&d plaii@sLIK | 3
having homology to other bacteriophage proteins known to be involved in DNA

replication. Additionally, over half of the ORFs in Cluster Ill encode for very short

proteins, a feature similar to that of the early gene operons of the lyticdvamphage

sk1, which infects the gram positive bacter@ctococcus lacti€handry et al., 1997)

Cluster | has not been categorised based on the temporal expression of its ORFs. The

23 ORFs of Cluster | encode proteins that function in apparently uedstsocesses

Ay Of dzZRAY 3 Ay S3INI G AB2syibtilRchromiogode ahd produstiSno? YS .
the sublancin 168 bacteriociihazarevic et al., 1999)he continued maintenance of
substantial 134B{ t i 3 S yB2sib8ligskofentially due to the advantages it

confers to lysogenic strains, including the synthesis of sublancin 168.
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Genes expressed during the late stage of phage development encode lytic enzymes. In

I RRA ( A 2B/ subitigsstrdirt 168%s lysogenfor PBSX, a defective prophage. In

PBSX, the lytic enzyme is aradetymuramoyiL-alanine amidase encoded by thgy/A
gene(Longchamp et al., 1994, Wood et al., 1990)is gene was shown to be part of

the late operon along with the genélB,which is thought to encode a holifWood et

al., 1990) Holins act to form pores in membranes, granting bacteriophage lytic

enzymes access to the cell widrogh et al., 1998, Wang etal.,2000) { t i / f dzA G S
contains the geneblyAandbhIiBwhich have homology tglyAandxhiBof the PBSX

late operon, respectivelyn vitro, BlyA protein was shown to have amidase activity
(Regamey and Karamata, 199B) addition toblyA the yomigene of Cluer Il

encodes CwIP. Studies have revealed that CwIP has DD endopeptidase and

muramidase activities which are capable of degradingBhsubtiliscell wall. CwliP is

also predicted to function as a bacteriophage-fdite protein(Sudiarta et b, 2010)

The protein products ofomR yomQandyomPof Cluster Il are also likely to act as-ail

fibre proteins(Lazarevic et al., 1999)he presence of genes encoding-fdite

proteins is also characteristic of late operons. PBSX follows this pattéh the tait

fibre protein genes such akdV(XkdV shares homology to Yojtieing within the

same operon aglyAandxhiBb ¢ KS &AAYAf I NAOGASAa &KINBR 0S5
suggest that Cluster Il is comprised of genes expressed at the latezstage{ t |

development.

yonQ the gene coding for the YonO RNAP is located at the beginning of Cluster II.
¢CKSNBTF2NBx Al Aa tA1S8te GKIG ,2yh Aa SEL
Typically, bacteriophage encoded RNAPs are responsible for tigctiption of the

late genes. Therefore, it is likely tigenOis transcribed by the endogeno®s subtilis

wb!t® hyOS SELINB&&ESRI ,2yh ¢2dzZ R OF NNBE 2
3SySad 5SALIAGS {ti 0SAygarmNomB being RSY GAFAS]
hypothesised to be an RNAP over 10 years ago, no work has been published which
RANBOGfE Ay@SadAalrasSa GNIXYaAONRLIIAZ2Y Ay {1
homology to the multisubunit RNAP and no homology to any previouslyitesl

single subunit RNAPs such as T7 RNAP. However, we have shown that YonO is a DNA
RSLISYRIY:G wb!'td CNRY GKA&AX Ylye [dzSadGdAz2y.

development arise including which genes, if any, are transcribed by YonO. If YonO does

105



indeed transcribe Cluster 1l genes, how does it initiate and terminate transcription and

how is it regulated? Below is our attempt to begin to answer these questions.

6.2. Aim

The aim of this study was to investigate the role YonO plays in the develdgpmen® { t |
Ly LI NIGAOdzZ I NE ¢S 6 yiSR (2 I RRNBaa gKSG
and to determine whether YonO is indeed responsible for the transcription of Cluster Il
genes. Further to this, we aimed to determine if YonO is capable of tratisorip

initiation and to elucidate potential promoters.

chPod 9ELINBa&aA2Y 2F _2yh RdNAyYy3 {ti AYyRdzO
Previously, YonO had been classified as a hypothetical protein and the only evidence of
expression came from microarray data published online in ZB8licdlas et al., 2012)

The Europeatwide Bacillus systems biology collaboration, BaSysBio, investigated the
response to environmental conditions at a transcriptomic levé.isubtiligNicolas et

al., 2012) The results were made accessibleimalin the form of a searchable

database. By searching this database, it was apparent that the greatest expression of
yonOoccurred between 45 and 90 minutes after treatment with Mitomycin C. Taking
Ayia2 | 002dzyd GKFG {ti A& 1y2ey (2yo®dS Ay R
in this condition is to be expected. As this data only shows expression at the level of
transdfNA LIJGA2Y S ¢S a2dzZaKd G2 O2y FANY GKI O | 2y

by western blot.
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Figure6-1: Expression o¥onOR dzNA y 3

{ t.iWildiypeRudOai A gl were

grown to midc log phase and treated with 0.5 pg TiVlitomycin CCells were

harvested every 20 minutes after treatmei@amplesvere disrupted by sonication

and equal amounts of lysatés ug of protein) wereresolved by SDS PAGEBNO was
detected by probing the PVDF membrane with &ntionOpolyclonal antibodies.
Expession ofYonOQ(indicated by red arrow) begins at 40 minutes, with maximum
expression occurring after 60 minutes of induction. Additional bands are due to cross
reactivity between the primary antibody and proteins presenBirsubtilidysate.

¢c2 tt29

@Gradz tAalGAazy 27

. 2YNonGELINB&AA2)

antibodies were generated by providing purified YonO to the commercial company

Eurogentec. YonO was inoculated into two rabbits over the course of 28 days, after

which the seum was collected. From the provided serum, we purified polyclonal

antibodies against YonO by affinity chromatography using cyanogen bromine activated

sepharose resin covalently crosslinked to YonO.

For a negative control for YonO expression in inducecc®s, an € 2 sfrhin was

generated. To do so, the coding regioryohOwas replaced by homologous

recombination with a neomycin resistance cassette. WTjaid2 gels were treated

with Mitomycin C and harvested every 20 minutes over a time course of 100 minutes.

t NB 6 A Yy Yon® ariifodies revealed thabiYO wasndeedpresent in the lysates

of wild type cells treated with Mitomycin onO expression begins approximately 40

minutes post induction, with maximum occurring between 40 and 60 minif@sO

expres#on is maintained throughout the remainder of the time course. At
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approximately 120 minutes after Mitomyc@treatment, cell lysi®ccurs. The

observed appearance of Yon®in agreement with thenicroarraydataof Nicolas et

al, which shows expression ydnOgene occurs between 45 and 90 minutes after
treatment with Mitomycin Nicolas et al., 2012The additional bands present on the
western blot are due to cross reactivity of the primary antibody with proteins present
in the B. subtilidysate. The bands are uniform across both wildtype angl 2 sfrhins

and are present in all time points, revealing they are YmtO degradation products.

The uniformity of the additional band allowed us to conclude the lysates were equally

loaded.

During he above experiments, we did not observe a difference in the growth of

wildtype andn € 2 sfrhins (not shown). Furthermore, both wildtype ance 2 y h

strains lysed approximately 120 minutes after treatment with Mitomycin C. Both
observations weretobeexpgcSR® 5SSt St A2y 2F {ti IyR 20K
the B. subtiliggenome was shown not to have an impact on growth or physiolo@y of
subtiliscells(Westers et al., 2003As discussed above, PBSX is also induced upon
treatment of cells with Mitomycin @vhichresults in the expression of lytic enzymes

including the XlyA amidageongchamp et al., 1994)herefore, the lysis gf € 2 gels
Oryy2i 06S dzaSR (G2 RSUSN¥YAYS AF ,2yh A& S

6.4. Requirement of ¥nh ¥ 2 Névdlopment
When induced, PBSX is capable of causing host cellSgsiman et al., 1964) his
prevented us from using lysis of Mitomycin C treated cells to determiviani© is
NBIljdZA NBR F2NJ {ti AYyRdzO¥hQigelt SYKINB T FRBII { i :
RSOSt2LIYSyld yR LKI3IS LI NIAOES NBfSFaSsz |
used. Strain 1A100 is a derivative of thé'Strain, an isolated strain spontaneously
OdzZNBR 2F {ti YR GKSNBEFT2NE &ides@dbledetaldt S G :
1977, Warner et al., 197.AVhen treated with Mitomycin C, wildtypB. subtiliscells
feasSeo 1a {ti RS@OSt2LIYSYyd Aa GNRIISNBR o8
lysates ofwildtype cells When incubated withafi t i  OdzZNBSR &G NI Ay &dzO
{ti LI NI A Of SdredtedsteguHrg jasmallSurbid §l&ques on a lawn of
curedcells.¢ KS LI I'ljdzS&a I NB F NBadzZ & 2F AYSTFTFAOX
LI NI A Of Sad ¢ KS { t ysogedisdthielc®dd Sells udd&rgodhé IytR 2y 2
life cycle.
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The lysate derived from lysis of WT cells was briefly incubated with A100A cells and
plated. After overnight growth, small turbid plaques appeared in the lawn of 1A100
OStfta |a | Nishgthebusepbld straifFighré-2)2IrAcBntrast, no

plagues were observed when lysate from induged tstrain was incubated and

subsequently plated with strain 1A100. When plated with strain 1A100, the lysate from

n e 2 sfrhin also did not pduce any plagues. The inabilityjofé 2 sfrhin to

LINE RdzOS {ti LI NILHAOEftSa OFLIofS 2F teaz23Sy.
SaasSyidAalrt F2NJ {ti LINHAOES RS@OSt2LIVYSyid ¢
bacteriophage RNAP.

Wildtype nyonO

Figure6-2: 2y h Aa SaaSyiidAalibvive ¥Vidlyden i{ tahddB R gz 0 A 2 v
strainswere induced by Mitomycin C and subsequent lysates were tested for the
LINS&ASYyOS 2F {ti LINIAOESaE OFLIotS 2F F2NJ
(Strain 1A100). Onlysates from the wildtype strain produced plaques, sisjige

YonO is required for the production §ft i Ay Ay RdzOSR OSf f a

6.5. Identification of Genes Transcribed by YonO

In vitro, YonO displays efficient RNA polymerase activity. This, in combinattorits
SELINBa&A2Y RdzZNAYy3I {ti AYyRdzOGA 2y Yoh@iRanl LILI |
{ti &ALISOAFTFAO wb!t TFdzyOlA2yAy3d RdNAyYy3I (GKS

2 KAfad ,2yh FLIISIENB G2 06S SaaSydAialf F2N ;
remain widentified. To address thidptal transcriptome analysifRNAsefjwas

performed on WT angt € 2 sfrhins. @mparison of the WT and € 2 y h

transcriptomes durindpacteriophagenduction would reveathe genes under the

control of YonO. Wildtype angh € 2 sfrhins were grown to midog phase (0.5 Qi)

YR {ti gl a AYyRdzOSR gAGK aAhlPoN@sQresgntind 2 S
2¢ OSftfta cn YAydziSa [FFOGSNI AYyRdzWOiIA2yd ! RR,
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minutes after Mitomycin C treatment in previsly publishednicroarraydata

(Goranov et al., 2006 herefore, cells were harvested 60 minutes after treatment
with Mitomycin C. In parallel, wildtype agdé 2 gels without treatment were
harvested along with biological replicates for all samples. ITRMA was extracted

from the cells andubjectedto next generation sequencinghe commercial company
PrimBio performed all subsequent handling of total RNA and RNA sequencing. Total
RNA contains rRN&hichstrongly skews RNAseq due toatsundance. Therefore, 5
and 23rRNA was depleted prior to library preparation. Library preparation involved
the ligation of adaptors and sample specific barcodes to the RNA followed by reverse
transcription and purification of cDNA. Sequencingneris hybridise to the adaptor
sequences whilst barcode sequences allow for multiplexing, the simultaneous
sequencing of multiple samples. The sequencing reads were aligned B guitilis
reference genomeand quality controlled via read mets suchasmapping qualityand
alignment scoreFor each annotated gene, a normalised expression value was
calculated. The expression of each gene in the two different strains (wildtype and

n e 2)yamd each condition (+Mitomycin C treatment) was compared, giving fold

changes in expression. This data was provided by PrimBio.

Comparing the changes in gene expression of the wild type strain, with and without
Mitomycin C treatment, the wide raying impact of Mitomycin C could be sg@&igure

6-3). Primarily, Mitomycin C treatment induces the SOS response through DNA damage
(Goranov et al., 2006Dne aspect of the SOS response is the activation of the
nucleotide excision repair machinegomprised of UvrA, UvrB and UvrC (reviewed in
Lenhart et al, 2012). Mitomycin C treatment led to an approximate 9 fold increase in
the transcription of theuvrAanduvrBgenes. A 4 fold increase urwrCwas observed.
Thepattern oflower induction ofuvrCcompared touvrAanduvrBcorrelates with

previous transcriptomic datéAu et al., 2005)

Theprominent effectof Mitomycin C treatment is the induction of resident prophages
t . {3 ¢helCHbsl yoBile element through activation of the SOS @sge
(Goranov et al., 2006, Auchtung et al., 2008)e RNAseq data correlatee!l with
previously published datgGoranov et al., 2006, Seaman et al., 1964, Warner et al.,
19770 ! LIRY aAli2Y@OAYy [/ (GNBLF (YShsligeneSwasING & & A
greatly increases shown irFigure6-3. Despite possessing homology to the late
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operon of PBSX, the SKIN element was not induced by Mitomycin C. This observation is

O2yaAraidSyid o6AGK I LINEge@odmaseactinbin i2itdiiyS R
C treated cells with lacZ fusions to the SKIN late opéfoogh et al., 1996 he 3

genes upstream of I®EL displaying increased expression in response to Mitomycin C
correspond toybfE, ybfGndybfG The proteins encoded by these genes are
uncharacerised but bioinformatics have shown that they contain peptidoglycan

binding and hydrolase domains.

[221AYy3 Of2aSNJ G GKS AYRdzO RNABef regetled{ t i
that genes ofClusterll and 11l underwent increased expressighilst Cluster | did not.

No Cluster | genes exhibited a significant fold change in expression when WT cells
treated with and without Mitomycin C were compared. Referring to the BaSysBio
database supported this observatigNicolas et al., 20125unT a represetative gene

of Cluster |, had equaixpressiorievels in cells treated with Mitomycin C for 45

minutes and the negative control.

2000 |CEb51 PBSX
o e SPB
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Genes along B. subtilis Genome

Figure6-3: Fold changes of expression across Biesubtilisgenome in response to
Mitomycin C The foldchanges in expression of individual genes indAIE, with and

without Mitomycin C treatment (blue diamond) were plotted. The KEGG BSU accession

number for each gene was used to plot along the X axis, showing the fold changes
across the genome. The fotthanges of expression between WT gné 2 gels
treated with Mitomycin C were plotted in parallel (red square). Negative values
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correspond to a decrease in egpression. The regions alprlg the genome corre§ponging, A
tot . {-%X {ti FTYR L/90am KIS 0SSy AYyRAOI US
To determine which genes are undée control ofYonQ expression levels of wildtype

andn e 2 gels treated with Mitomycin C were compared. There were no fold

changes in Cluster | and Il expressieigre6-3). The RNAseq revealed a large

disparity between the wildtype and & 2 strains with regards to the expression of

Cluster Il genes after Mitomycin C treatment, with comparisons of expression levels
revealing large fold changes. The fold changes were negative; indicating Cluster Il

genes were not expressed in the indugee@ 2 sfrain andsuggestinghat YonOis

responsible for the transcription of ClusterRurthermore, he overall strength of

YonO expression appears to be greater thiaat of the endogenous, host RNAP. This
conclusion was arrived at by comparing the normalisgpression values generated

from the RNAsegata.Using the expression gpoCo ISy S Sy O2RA yad T2 NJ
an exampleof a genehighlyexpressed by the host RNAP, this gene has a normalised
expression value of 0.56. Thésin stark contrast to the expression value of jfzenl

3SyS 2F {ti [ f dza(SNJI lLdssion \aleho®XK It iKdp@recied y 2 NJY |
the rpoCexpression value was generated from cells treated with Mitomycioells

treated by Mitomycin C are subjected to DNA damage and undergoing the SOS

respong. Therefore, additional work will be required to @agrately compare thén vivo

expression strength of YonO to other RNAPs such as the bacterial RNAP and T7 RNAP.

yonOQis predicted to be the middle gene in an operon comprisegoni, yonOand

yorN (Figure6-4) based on transcriptin profiles constructed from the high resolution
BaSysBio microarray datiicolas et al., 2012)n the transcription profiles, sudden
increases and decreases of transcription, referred to as upshifts and downshifts, were
used to define transcription urstyonP, yonOandyonNwere shown to be on the

same transcription unit which indicates they belong to a single operon, the expression
of which would be driven by a single promoter upstreanyaiN(Figure6-4). All three
genes display greatly increzt expression upon Mitomycin C treatment in the

wildtype cells. However, in € 2 gelis treated with Mitomycin C, onjyonP

expression was comparable to wild type cells. There was no expression©@énd
yonNexpression was reduced. This observation supports the prediction these three

genes belong to an operon. In tieeé 2 sfrhin, theyonOcoding sequence has been
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replaced with the kanamycin resistance cassette, which explains the complete absence

of yonOexpression in this strain. The kanamycin resistance cassette likely disrupts the
transcription of the downstreamponNgene whch would account for the reduction in
yonNexpression in thg € 2 sfrhin.yonObelonging to an operon witlionP, in

combination with the observation thatonPexpression is not lessened in thee 2 y h

strain, suggestgonOis transcribed by th®. subtilisvb ! t RdzZNAy 3 {ti RSO

Genome
. [
Annotation yon0 wond <

+
strand

Transcription
profile

strand

Transcription Trmen.ma or11em rLuswz.ma o1tem rms
units E——a u157!ﬂf41ﬂ

Figure6-4: Transcription profile ofyjonOlF Yy R | R2 OSy . Dt arkevdy a 2 F
from BaSysBio databaskop yonOand the adjacent Cluster Il genes are shown in the
GenBank annotation of the wildtyf. subtilisgenome.Middle: Transcription profiles
generated from microarray array data with a resolution of 22 bases. Profiles for both
DNA strands are shown. The individual traces represent the transcription profiles for
individual environmental condition&ottom: Transcription units were defined by
sudden upshifts and downshifts of transcription, as observed in the transcription
profiles. Upshifts and downs shifts are depicted by red triangles and red squares,
respectively. Transcription units above the genome (black line) are those on the plus
strand.Transcription units on the strand are below the genomgonPk, yonOand
yonNexist on a single transcription unit started by upshift 1672. Downstreamil,is
present in a transcription unit on the minus strand with the corresponding upshift
1673 indicate by a green arrowyonlis the sole ORF of the transcription unit and is
therefore not expressed as part of any operon on either strand of DNA.

The alignment of wildtypandn € 2 KNMAseq sequencing reads to the Cluster Il region

on the{ t genomewas used to generate a coverage map which can be seeigime

6-5. The coverage magvealed ttat the Cluster Il genes downstreamyainNwere

not transcribed in Mitomycin Gdatedn € 2 gels. This is in contrast to induced

wildtype cells, in which Cluster Il genes were expressed. Therefore, the RNAseq

indicates YonO is responsible for the transcription of Cluster 1l g&hester Il is

suggested to contain late geneswhictNB SELINB&a &SR (G261 NR&a G KS

development, including lytic enzymes adcteriophagestructural proteinsDespite
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being unrelated to any known examples, it appears YonO is similar to other

bacteriophage encoded RNAPSs in that it transcriags genes.
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DNA The sequencing reads from wildtype (WT) and 2 gels treated with

Mitomycin C were aligned to the annotat®&l subtilisgenome. The ré underlining of

annotated genes indicates those belonging to Cluster Il. Differences between the
reference sequence and read sequences are shown in red (thymine), blue (cytidine),
yellow (guanidine) and grediadenine). The number of reads svplotted onb a

logarithmic scale.
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6.6. Investigation of Transcription Initiation by YonO

6.6.1. Transcription initiation at thgonlpredicted start site
One aspect common to all RNAPSs is an ability to baégimovosynthesis of RNA on

double stranded DNA. kst all multisubunit RNAPs require transcription factors to
achieve promoter binding and DNA melting, single subunit RNAPs such as T7 RNAP can
initiate transcription independentlyWe decided to determine i¥onQOis capable of
independentlyinitiating transcription on double stranded DNA. Any transcription

initiation by YonOwould raise many interestindundamentalquestions regarding the

mechanism in which it accomplishes promoter binding and DNA melting.

RNAseq suggested transcriptionyainlis contolled byYonQ Whilst most Cluster I
genes appear to be transcribed by Yoy@nlis encoded on the minus strand and does
not belong to anyperons Figure6-4). This implies a YonO promoter could be
upstream of theyonlcoding sequence. According BaSysBio transcription profile,
upshift 1673 corresponds to a predicted transcription start site upstreayonf
Therefore, 100 bp of DNA sequence upstream and downstream of the upshift 1673
position was used as a template farvitrotranscription todetermine if YonO can

initiate transcription.

To see if YonO was able to start transcription on upshift 1673 template, YonO was
AyOdzo I SR ¢6A0GK GKS GSYLX I 4GS 5b! YR be¢t a
transcripts were labelled through incorporati@ ¥-[**P}UMP.YonO transcribed on

the 1673 template to synthesise a transcript approximately 100 nt in lefkiture6-

6). The length of the transcript asdetermined through comparison to the well

studied tr2 terminator transcript produced k. colRNAP transcription initiated on

the T7A1 template DNAvhich gives transcripts 100 nt and 157 nt in len@the length

of the transcripts indicate¥onQis initiating transcription at the centre of the 1673
DNA template, possibly at the predectyonlstart site In vitrotranscription reactions
were also performed in the presence of 5 ug'meparin which was added
simultaneously with NTPBleparin competes with DNA to bind RNAP and remove
complexes that result from neapecific interactiondetween RNAP and DNA.
Furthermore, heparin binds to free RNAP and prevents multiround transcription.
Despite high levels of potentially specific transcription, transcription on 1673 DNA by

YonOwasdiminished in the presence bieparin From this experimnt it cannot be
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determined if heparin destroyed unstable YonO complexes or restricted transcription

to a single round.

The direction of transcription on the 1673 template could not be deteediin the
previous experiment and as suchamscriptioninitiating in the vicinity of 1673 upshift
may occur in the reverse direction, away from ganlgene. Taletermine the
direction of transcription50 bp of sequence was added to either end of the DNA
template. An increase in the transcript length would revibal direction of
transcription. The addition of 50 bp the downstreamend of the template resulted in
anincrease in transcript lengtiiom 100 ntto approximatelyl50 nt(Figure6-7).
Varying the incubatiotimesfrom 30 seconds to 30 minutessiowed the transcripts
accumulatel slowly over time due to multiple rounds of transcription. As the
transcripts synthesised by YonO in 30 seconds are comparable to those produced in 30
minutes of incubation in the presence of heparin, it suggests heparincesl

transcription by restricting YonO to a single round of transcription.

The run off transcripts produced by transcription initiation in the vicinity of the 1673
upshift appear to be heterogeneous (figure’b). The differences in transcript length
aremostly likely due to YonO using multiple transcription start sites aytmg

promoter. Alternatively, the heterogeneity may be duerntinor variatiorsin the

overall length of the DNA template. These slight variations would have been

A Y G NB R dzO $Rs df the ONK @mpta®@ during PCR amplification due to errors
Fd GKS pQ SyYyR 27 ( Riesezifols Waul Ha®d b8ed intfotRuSed LINA
RdAdZNAY3I (GKS o0Q (G2 pQ aeyikKSaira 2F GKS 2f A
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The main conclusion to be drawn these two expets isthat YonO initiates

transcription on double stranded DNA in a factor independent marnhemscription
factors are obligatory for multisubunit RNAPSs to initiate transcription. To our
knowledge, YonO is the first homologue of the multisubunit Rb&dable of

transcription initiation without the need for accessory factors. This observation raises
many questions, as initiation of transcription independent of other factors implies
YonO has a previously undescribed method of recognising and meltingxdDpIA.

The experiments suggest YonO initiates transcription in the vicinity of the 1673 upshift,
the predictedyonltranscription start site. Furthermore, YonO transcribes with a
downstream direction towards thgonlcoding sequence suggesting YonO et

responsible for transcription gfonl

1673

Template: 4L| yonl

1673
<€— 100 —><— 100 —>

RNAP YonO  E. coli
Template 1673  T7A1

Heparin -+
NTPs + + -+

]
w157

¥
' w4100

Figure6-6: Transcription initiation by YonO on upshift 1673 DNIBNA containing

upshift 1673, the predictegionltranscription start site, was used as a template for

YonO transcription initiation. Yorias incubated with DNA before the addition of

NTPs (500 uM ATP, GTP, CTP, 50iMand 0.15 pM-[**P}UTP). Transcription

NEBFOlA2ya 6SNB AyOdzol SR F2NJ on YAydziSa |
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resolved by 15% denaturing PAGE. 100 nt tepts synthesised bl. colRNAP
elongation complexes terminating at the tr2 terminator on T7A1 template DNA were
used to measure the length of transcripts synthesised by YonO.

a) b)
Template 1673 +L 1673 +R 1673
1673 Times 0 410 (0 8F00 19 (PaP,0 0 (Ora®
Template! - l» II yonl

1673+1L
< 50 > €«<— 100 —><— 100 —>

Template: el .
1673+R <— 100 100 50 >
1673
Template: ﬁ [ yonl
| N L. bl

1673
<— 100 —><— 100 —>

Figure6-7: Direction of transcription on the upshifi673 template DNAa) Upshift

1673 DNA templatesUpshift 1673 template DNA was extended on either side by 50

bp to give 1673 + &and 1673 + R template§ he lengths of DNA (in bp) askown

below each template, with the additional 50 bp indicated by tlashed line.b)

Direction of YonO transcription on the 1673 templat¥onO was incubated with each
template and transcription was initiated by the addition of NTPs (500 uM ATP, GTP,
CTP, 50 uNUTP and 0.15uM-[*P}UTP). Reactions were allowed to proceed for up to
on YAydziSa a4 o1 x/ 0ST2NBE GUKS FRRAGAZ2Y
Transcripts were resolved by 15% denaturing PAGE.

6.6.2. Primer extension to confirm transcription initiation at thedactedyonlstart
site
To determinaf YonO is initiation transcription at the predictgdnlstart site,primer

extension was carried out on transcripts synthesised from 1673 templated28A y 3 p Q
2P |abelled pmer 1673 RPrimer 1673 R waomplement N2 (2 GKS o0Q Sy
transcripts produced by downstream run off trangtion, as shown irFigure6-7. In

order to calculate the DNA sequence corresponding to the transcription start sites,
dideoxy chain terminator sequencing of 1673 template DNA alsscarried out using

primer 1673 RThe site of the 1673 upshift was identified in the sequencing lanes.

According to primer extension, transcripts were produced from the initiation of
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transcription at the 1673 upshiftéd arrow inFigure6-8). However, there is not an
over-abundance of primer extension products from the 1673 upshift, despite this
transcript being the most synthesised in timevitro transcription re&tion. The primer
extension suggests transcription also started approximatelg®@ownstream from
upshift 1673 (shown by black arro#igure6-8), possibly indicating multiple start sites
are utilised for transcription ofonl According to the BaSysBio transcription profile,
there is only one transcription start site upstrearhyonl However, since the
resolution of the tiled microarray is 22 bases, an additional start site in such close
proximity to upshift 1673 may not have been identifiddradioactive signal migrating
with upshift 1673transcriptscan be seen in all laseThis signal is even present in the
absene of YonQas so idikelydue to a contaminant carried over from tlsgnthesis or

5(%P labelling of the primer.

Looking afigure6-6, In vitrotranscription on the 1673 template also produced short
transcripts. ©nsistent withthis, primer extensiorsuggests there aradditional
transcription start sites on the 1673 templatieat are near to the start codon gfonl

Theyonlstart codon is shown in the sequencing of 1673 template DN#Agiare6-8b.

In summary, the primer extension does suggest YonO initiates transcription at upshift
1673. However, the presence of additional bands indicative of transcription start sites
downstream of upshift 1673 prevent us from concluding that upshift 1673 fiaite

YonO transcription start site.
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Figure6-8: Primer extension to determingonOtranscription start sites a)

Schematic of primer extensiornhe 1673 DNA template shown, featuring the putative
yonltranscription start site was used to gere transcripts (shown in red) for primer
extension. Transcription reactions were also carried out in the presence of 5ug ml

K S LI N¥Pyabelled Brimer 1673 R (shown in black) used for extension was
complementary to all RNA produced by run off saription downstream of thgonl
promoter. b) Primer extension of 1673 derived transcriptsDNA products of primer
extension were resolved on a 6% denaturing PAGE gel alongside dideoxy terminated
DNA sequencing of 1673 using primer 1673 R. The sequehagpshoft 1673 and the
start codon ofyonlare shown. The red and black arrows indicate RNA synthesised by
transcription starting at upshift 1673 and approximately 20 bp downstream,
respectively.
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6.6.3. KMnQ@footprinting to observe DNA melting at theeglictedyonltranscription
start site
During initiation, RNAP holoenzyme binds to themoter DNA to form a closed

LINE Y2 (0SSN O2 YL SE® ' tkeNdbodriek DNA fis Seltedniidittiey 2 F
template strand is positioned into the active centre of RNAP. Melted DNA bound by
RNAP is referred to as the open promoter complex. The formatiop@h promoter
complexes can be observed by KMif@dt printing. In this technique, the thymine

bases in the melted DNA are modified by KMa@d subsequently cleaved by

treatment with piperidine. The pattern of cleaved DNA, resolved by denaturing PAGE,
can be interpreted to determine the position of open promoter complexes on the DNA

template.

Therefore, KMn@¥ootprinting of YonO incubated with the 1673 template was
performed to determine if YonO is able to melt DNA and form a stable open promoter
compkex at the predictedonltranscription start site. To detect the cleaved DNA, the

pQ Sy R673BNAGMpEte strandwadt f 6 St f SR G KRR dAK t /)
labelled pimer 1673 R

Surprisingly, given the efficient transcription on the 1673 pdaie, comparisons of
KMnQ footprints in the presence and absenceMainOrevealed no DNA melting
occurred(Figure6-9a). Heparin was added to investigate the stability of any potential
YonO open promoter complexes. Since open promoter complexes natrseen,
heparin did not alter the footprint. Thabsence of evidence for DNA melting in the
KMnQ footprint implies thatYonOopen promoter complexes are highly unstable and
transient. This characteristic vaaunexpected and is contrast to the multisbunit

RNAP which forsstableopen promoter complexethat can be observed through
KMnQ footprinting (Nechaev et al., 2000An exception to this is the RNAPTof
aquaticus KMnQ, footprinting failsto detectT. aquacticuRNAP open promoter
complexessuggesting the complexes are unstabdn@irey Kulbachinskipersonal
communication). It has also been proposed T7 RNAP open complexes are unstable,
with evidence suggesting the initiag nucleotides are needed for stabilisation of open
complexegqVillemain et al., 1997)'herefore, YonO may be similar to T7 RNAPTand

aquaticusRNAP in that its open promoter complexes are highly unstable and transient.
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Even in the absence dfonOthe DNA template was modified by KMy@esulting in
cleavage by piperidine. Thgawvebackground signamaking the identification of DNA
cleavage due to Yon@pen promoter complex formation difficullo reduce this
backgrounl in future experimentsthe modification ofmelted DNA by KMn@couldbe
probed by primer extension rather than piperidine cleavdge. $P(rimer annealed

G2 G§KS te RMn&YNBAifiddPNA strand can be extended by DNA polymerase.
However, primer extension is halted as th&lA polymerase encounters the modified
DNA. Upon resolving the primer extension products by denaturing PAGE, the site of

open promoter complex formation can be determined.

6.6.4. DNase | footprint to observe YonO closed promoter complex formation
Sincewe were unable to detect open promoter complex formatjome investigated

Yondbad oAt AGeE G2 OoOAYR GKS wmMcTo GSBLIALFGS |t
DNase | footprintingProtein bound DNA is protected from endonucleolytic cleavage

by DNase.IResolvinghe cleavage products by denaturing PAGE gives a footprint

pattern which reveals the position of protein binding on the DNA. To visualise the
cleavage products,673 template DNAwa% f 0 St f SR i GKS pQ
template strand.YonOwas incibated with 1673 template DNA at room temperate

prior to the addition of DNAse I. The incubation temperature can influence the binding

of YonOto the template DNA; a reduced temperature (room temperature) would slow

the disassociation of onOfrom the temphte and increase detectable protection

against DNase I. Titrating the concentratiorYainOrevealed a very weak protection

of the DNA from endonucleolytic cleavage. A detectable reduction in DNA cleavage

was only observed whevionOwasat a20 times excesover DNA (lane &jgure6-8b).

This shows that YonO is only capable of weakly binding to the double stranded DNA.
From this experiment alone, it cannot be concluded that this weak binding is non

specific. However, given the protection from DNas@s$ not limited to a discrete

region of the DNA template; this appears to be the case.
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Figure6-9: DNA footprinting ofYonOon upshift 1673 DNA. a) KMn@ootprint. YonO

gl & AyOdzo | (SR P faliefled onthe emphhate stranu 40 minutes at

oT X/ Ppwa¥adget and reactions were allowed to proceed for the indicated time
0 ST2NEB | Rrierkdpthethgnol 2ri piperidine treatment.onOand KmnQ@

were omitted for negative controls. Dideoxy DNA sequencing on the 1673 was

perf2 NY SR dZ& labéIRd mirer 1673 R. Reactions were resolved on 6 %
denaturing PAGE gel and visualised by phosphorimaging. Sequence of upshift 1673
(red) on the template strand is showim) DNase | footprintYonOwas incubated with
1673 DNA (labelttas before) for 10 minutes at room temperatudonOwas mixed

with 1673 DNA at a ratio of 1:1, 5:1, 10:1 and 20: 1. DNase | was added for 2 minutes
at room temperature. Reactions were stopped by addition of stop buffer and resolved
on 6 % denaturing PAGEI. To identify sites of DNA protection, dideoxy DNA

sequencing reactions were loadethe arow indicatesa preferential DNase | cleavage
site.
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6.7. Discussion

Whilst showingronQis a functional enzyma vitro experiments did not shed light on
theinvolvement ofYonOA y  { t I  Rrévivag), Y dnd yiak classified as a

hypothetical protein and the only evidence for it expression was microarray data

(Nicolas et al., 2012Here we have directly shown that YonO is expressed during
RSOSt2LIYSYy G 27F { RNA®eq GataNipdeSNISONSSeSpodsititdor

OGN YAONRLIIAZ2Y 2F GKS {ti fFGS 3ISySao ! a ;
results suggest that YonO is a novel type of bacteriophage RNAP.

Bacteriophages vary widely in their strategies used for gepeession. Many

Ol OGSNAZ2LIKIFIASE YIYyALWzZ S GKS K2aid ol OGS
and middle genes before utilising their own RNAP to express late genes. The work
LINBEaSYyiSR KSNB adzZaasSada GKIF G afes,iwithfonDf & A
0SAYy3 SYLX28SR F2NJ 6KS SELINBaarzy 2F GKS
comparable to the highly studied T7 coliphage.

An alternative method of gene expression is the total hijacking of the host RNAP for

the transcription of all beteriophage genes. T4 coliphage well-studiedexample of

a bacteriophage which does not encode its own RNAP. The biology of T4

bacteriophage is reviegd extensively in Miller et al., 2003. To enable the complete

control of the host RNAP, T4 bacteriogiesencodes a wideange of additional

proteins which target the host RNAP to the bacteriophage promoters at the correct
GAYS&Aa RAINAY3I AYyFSOlGA2yd C2NJ Ayaidl yoSsz G2
factor. However, this alone is not sufficient and so T4 encodasyrmore proteins

GKFG O2yiNAROdziS (2 GKS SELINBaarzy 27F 1 4
factors and bind the host RNAP to prevent the transcription of host genes and a DNA
clamp which facilitates in the opening of late promoter DNA duplekkis clamp itself

is loaded onto DNA by a heterodimer whose proteins are also encoded by T4. All of

this is in stark contrast to the T7 bacteriophage, which accomplishes late gene
expression by simply encoding for its own RNAP. Thisesamgl economicaiethod

of gene expression is one advantage conferred to bacteriophages by possessing their
own RNAPas the bacteriophage is not encumbered with genes coding for the host

RNAP hijacking machinery.
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Another significant advantage of encoding an RNAP is thadsyng of host RNAP
regulation. Host RNAPs are subjected to a multitude of regulations and processes that
impact on transcription. These include regulation of transcription initiation, elongation
speeds, and termination by factors such as Rho. Even ialitbence of these external
regulations, multisubunit RNAPs are impeded by events such as pausing and
backtracking that are brought about by the template DNA sequéBoetkareva et al.,
2012) As bacteriophage RNAPs are not affected by these regulatlumsate free to
rapidly transcribe long operons. Indeed, the T7 RNAP has a much greater rate of
elongation than the multisubunit RNAP of its h¢B&hirov et al., 2002Previous
experiments (shown in chapter 5) suggest YonO is also faster than multisRNAPS,
with a potentially lower Km too. If this is indeed the case, this would provide an
additional advantageas YonO could still achieve rapid transcription in low NTP

conditions.

Theconclusiorthat YonOA & SaaSy dAlf F2N {ti RBsEBIt 2LIYS
transcription is based o@lusterll not being comprised of a single operon. A single
operon under the control of one promoter upstreamyainPwould be disrupted by

the replacement ofyonOwith a kanamycin cassette, explaining the complete absence
of Clusterll gene expressioim n € 2.yfHe transcription profilecalculatedfrom the
BaSysBimicroarray data does not support this. Rather, it sugggstgis only in an
operon withyonPandyonN yonlof Cluster Il is coded on the minus stranded and does
not belong to any operon. Thelfl changes calculated froRNAseq data indicatgonl

is only expressed in wildtype cells, nopnireé 2 yhhesponse to Mitomycin dhs

further supports the condsionYonQis required forthe transcription of Clusteld

genes. However, to allow us to confirm that YonO is definitely responsible for Cluster Il
expression, a scarlegsé 2 sfrhin will be constructed. In this strain, transcription of

Cluster Il woulahot be disrupted by the insertion of a kanamycin resistance cassette.

In additionto ascarlegs@ 2 Y tizii [ Yy X GKS O2y Of dzarAzy GKI
induction andtranscription of Cluster llould also beverifiedby complementation
experiments. Irthese experimentsa copy of theyonOgeneunder the control of an

inducible promoter would be introduced intojaé 2 sfrhinthrough homologous
recombination elsewhere on the chromosomeYonO is indeed responsible for

Cluster Il transcription, the simtaneousinductionof YonOexpressiorand{ t in this
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AOGNIAY ¢2dzZ R NBadZ G Ay (GKS NBalddeNr GA2y 2°
production.The state of Cluster Il transcriptiaould be observed by analysis of the
transcriptsat either a singlgene level (Northern blodr gPCIRor at the transcriptonic

level (RNAsegFurthermore, K S LINR RdzOG A2y 2F {ti LI NI A Of
incubatingthef @ al GSa 2F (KS AYyRdzOSR OSffa 6AGK

section6.4.

It was reasoned a YonO promot&rould be upstream from theyonlcoding sequence
asyonlis independent from all other Cluster Il genes and according to RNAseq, is
transcribed by YonO. Therefore, the DNA surrounding upshift 1673, a predicted
transcription start sitevas used as template DNA to determine if YonO is able to
initiate transcription. Surprisingly, YonO was able to initiate transcription on double
stranded DNA. Furthermore, YonO initiated transcription in the vicinity of the
predictedyonland transcribedlownstream towards thegonlcoding sequencing.

Whilst supporting the notion that YonO initiates transcription at the predicted start
site, primer extension also suggested the existence of multiple start sites downstream
of upshift 1673. Therefore, furthavork is needed before it can be concluded that this

is a genuine YonO transcription start site.

As YonO is capable of initiating transcription, future work will also involve determining
the promoter sequence recognised by YonO. In addition to coifgrthat YonO is
required for expression of Cluster Il genes, future RNAseq experiments will contribute
to identifying transcription start sites and promoter elements. The first nucleotide of a
transcript retains its triphosphate moiety. Therefore, tranption start sites can be
ARSYUATASR 4AGK wb! &Sl o0& aStSOlAy3a GNIy;
construction(Sharma et al., 2010Assuming YonO transcription start sites are
identified, comparisons of the upstream DNA sequences maw d&br the

identification of promoter elements. As YonO has been observed initiating
transcription at the predictegonltranscription start site, this too can be utilised for

the identification of promoter elements. An vitroapproach allows control @r the
transcription reaction and so the DNs&quenceupstream of theyonltranscription

start site ould be modified. By observing the effects the modifications have on
transcription, theyonlpromoter may be identified. Furthermoréhesealterations to

the template DNA wuld allow us to delineate the specific sequence of the promoter.
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Given its relationship to the multisubunit RNAP, YonO initiating transcription on
double stranded DNA was not expected. As discussed previously, multisubunit RNAPs
aredependent on transcription factors for initiation. In addition to recognising and
melting promoter DNA, transcription factors are required for the binding of
nucleotides, initial catalysis and promoter escgielbachinskiy and Mustaev, 2006,
Sainsbury eal., 2013) Therefore YonO independently initiating transcription raises
many fundamental questions that will form the basis of future work. One of the major
questions to be answered is how YonO, a 100 KDa protein, is able to independently
initiate transciption whilst the 500 KDa multisubunit RNAP caniobeing able to

bind and melt duplex DNA independent of other factafenOis analogous to T7

RNAP. T7 RNAP utilises two structural mgtife specificity loop and the intercalating
hairpinto accomplsh these tasks. Residues of the specificity Iegognisethe T7
promoter DNA whilst the intercalating hairpin separates the DNA str@vitsand

Steitz, 2002, Cheetham and Steitz, 1999 possible twatructural motifsanalogous

to the specificitydop and intercalating hairpiaxist inYonO. Bioinformatics has
predicted YonO contains a zinc ribb@yer and Aravind, 2012Yinc ribbons are

utilised by many proteins that interact with nucleic acids. THemhinal domain of
0KS i Q adzodzyAld O2yidlFAya | aiayatsS TAyO NR
eukaryotes and archaea contains tflger et al., 2003)Based on itsgsition in the
structure of the RNAP holoenzyme, it has been hypothesised that this zinc ribbon
participates in promoter bindingMurakami et al., 2002a, Vassylyev et al., 2002)
Therefore, it is plausible to suggest the zinc ribbon of YonO may alsobeaattd

promoter binding.

Another potential similarity between YonO and T7 RNAP is an inability to form stable
open promoter complexes. Despite DNase | footprinting suggg¥onO binds 1673

DNA, albeit weakly, KMn@ootprinting suggested YonO doestrform stable open
promoter complexesln vitrostudies suggest that whilst DNA melting by T7 RNAP is
rapid, formation of open promoter complexes is thermodynamically unfavourable
(Bandwar and Patel, 2001, Villemain et al., 19¢tythermore, the transibn from a

closed to a stable open promoter complex by T7 RNAP is stabilised by the presence of
the NTPs complementary to the +1 and +2 positions on the template(BtdAo et al.,

2002) Speculating, YonO may be similar to T7 RNAP in transcriptiononitég rapid
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DNA melting and a requirement for the initiating NTPs would account for our inability
to detect DNA melting by Yon@lternatively, a previously unidentified transcription

factor may contribute to stabilisation of open conformation of DNA ewtbyYonO

hyte wpf: 2F LINRPGSAya SyO2RSR 2(Wazafevidet K I

al.,1999% ¢ KSNBF2NB> {ti SyO2RAy3 AlGa 2sYy

out.
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Chapter 7Attempts to Determinghe Structure of YonO

7.1. Introduction

Structural studies of RNAP have contributed greatly to the field of transcription. Since
1999, a great number of structures have been published, providing answers to many
important biological questions regarding transcription. The first high resolution
structure of the core multisubunit RNA polymerase frohmermus aquaticuszas

published in 1999 byhang et al. (1999reviously, cryoelectron microscopy had
revealed that RNAP has an overall shape similar to that of a cral{Rkrat et al.,

1989) Thehigh resolution structure, elucidated byr&y crystallographyconfirmed

this to be true(Cramer et al., 2001, Zhang et al., 1999rthermore, the structure
confirmed and explained a vast amount of previous biochemical and genetic data. One
such examm is the elucidation of the location of the active centre. In the structure,

this motif mapped to the centre of the enzyme and was shown to be chelatinga Mg
ion, thus revealing the location of the active centre within the enzyme and confirming
that the aspartate triad motif is responsible for chelating Mg@hang et al., 1999,
Zaychikov et al., 1996frurthermore, Mustaev et al utilised £daydroxyl cleavage to
ARSYUGATE ¢ RAAGAYOG aAa(MBstmevaifal, 1997MappiRg | 6 K,
of the 9 sites showed they spanned across the primary amino acid sequence of the two
subunits(Zhang et al., 1999Yhe crystal structure of RNAP revealed that the 9 sites

are within 20 A of Mg | in the ternary structure thus confirming the previous

biochemial data.

The explanation of previous biochemical data is a single example of how the structure
of RNAP has advanced the field of transcription. The structures of RNAP have provided
insights into all aspects of transcription, including initiation, elomygtsubstrate

binding, and mechanism of catalysis (for a recent reviewMaginezRucobo and

Cramer (2013). Therefore, since YonO is very distantly related to the multisubunit
RNAP and lacks most of the essential domains, we sought to elucidatedsie at

an atomic level.

7.2. Aims
The aim of this work was to determine the structureYafinOby Xray crystallography.

To this end, a collaboration was established with Dr Arnaud Baslé of the Structural
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Biology Lab (SBL) at Newcastle Univerkitjess stated otherwise, David Forrest
performed all cloning, protein expression, purification and crystallisation. Dr Baslé
provided expertise on all aspects of crystallisation, harvested crystals and performed

data collection at the Diamond Light Source@yotron.

7.3. Screening for Crystallisation Conditions

Highly purified, concentrated protein is required for crystallisation screens. The three
step purification of YonO bearing antéfminal 6x Higag by Ni*- NTA

chromatography, Heparin affinity chmmatography and gel filtration resulted in YonO

purified to near homogeneity (discussed previously in Chapter 5).

YonO was concentrated to 10 mgaind trialled for crystallisation by equilibration

against a standard set of commercial crystallisatioees. The standard set of

screens included JSCG+, Proplex, MIDAS, Index, Morpheus, Stsaotermes. Details

of these screens can be found in the material and methods. Each screen is comprised

of 96 different crystallisation conditions, with each coratitibeing dispensed into a

reservoir of a MRC 2 well sitting drop 96 well plate (the layout of an MRC 2 well sitting

drop plate is shown ifrigure7-1a). Adjacent to each reservoir on the MRC plate are

two wells into which purified YonO was dispensed mixed with the corresponding

condition from the reservoir. Two wells allow variation in the ratio of protein and

reservoir solution. In accordance with typical crystallisation screens, YonO was mixed

with reservoir solution at a ratio of 1:1 and 2:heTplates were sealed and

SlidzAft AN GA2Y 4l & 2 ¢ dpproxingatelyMEBoEEHR 2 DS
conditions were positive, giving bipyramidal crystals of varying sizes. To determine if
GKS ONRalGlfa RATTNI OO S Rforstaicture détedrdirBtorQ A Sy |
crystals were harvested by Dr Baslé. Harvested crystals were cryoprotected in

saturated (NH),SQ and flash cooled in liquid nitrogen. Typically, crystals are

cryopreserved at 100 K to reduce radiation damage during datactioh. The crystals

were tested for diffraction by loading onto the-lrouse Xray generator. All crystals

diffracted poorly, with the resolution limited to ~8 A.
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7.4. Optimisation of YonO Crystallisation

7.4.1. Optimisation of YonO screening atod
Optimisation of crystallisation conditions is routinely performed to improve the size

and diffraction quality of crystals. To allow optimisation of YonO crystallisation
conditions, the constituents of the 16 positive screening conditions were cosdp#r
was determined that Co&INaCl and (NH.SQ encouraged the formation of crystals in

pH ranging from 6.5 to 7.5.

Based on the initial crystallisation conditions, a custom optimisation screen,(CoCl
screen) was designed which varied the concatitns of the precipitant ((NHSQ),

salts (NaCl and CoeCand buffer pHKigure7-1b). The screen was mixed and

dispensed into an MRC 2 well sitting drop 96 well plate by a Beckman BioMek NX2
automation workstation. After YonO was dispensed itme MRC plate and

SlidzAif ANI GSR 2@8SNYAIKG +FG wn x/ X &AONBSya
formed in a range of conditions, a greater number of conditions in the lower right hand
quadrant of the screen (conditions E&12, F& F12, G& G12 andH6¢ H12,Figure

7-1c) resulted in large bipyramidatystals. This indicated that whilst the conditions for
YonQcrystallisation are flexible to a degree, pH 6 and the presence of QroGiotes

fewer nucleation events and therefore encourages tberfation of larger crystals. In

all positive screen conditions, the precipitant was ¢NMBQ. Therefore, the

commercial AmS{screen was also trialled. As with the custom screen, overnight
equilibration led to the formation of large bipryamidal crystalsiwide range of

conditions.
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Figure7-1: Optimisation of YonQCcrystallisation. a) MRC 2 well sitting drop 96 well
plate. Each position on the 96 well screen is comprised of a reservoir and two wells.
Protein is dispensed into the wells and nixsith the reservoir solution. YonO was
dispensed at a ratio of 1:1 (top well) and 2:1 (bottom well). The side view
demonstrates vapour diffusion between the protein and reserndmjrCoCl custom
screen.A custom screen was designed to optimise the coodg of YonO
crystallisation based on the constituents of the reservoirs from the initial
crystallisationc) OptimisedYonOcrystallisation YonO formed large bipyramidal
crystals in many of the Ce@hd AmS@screen conditions. Two examples are shown
along with the corresponding crystallisation condition and screen.

Crystals from the CoZdnd AmS@screens were harvested as previously described.

Crystals were transported to the Diamond Light Source synchrotron (DLS) for

diffraction data collectionSynchrotron radiation is more intense than that produced

by an irhouse Xray generator and can therefore provitdgher resolution diffraction
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data. Despite this, ach of the crystals diffracted with a resolution of approximatey 7

A.

7.4.2. Discoveryral crystallisation of a possible YonO tetramer
During Ni*-NTA chromatography, YonO eluted from the column at two concentrations

of imidazole (100 mM and 200 mM). The majority of YonO eluted at 100 mM imidazole
and so this elution fraction was chosen farther purification by Heparin affinity and

gel filtration. However, the YonO eluting at 200 mM imidazole durifgNWA
chromatography was also further purifiegingheparin affinity chromatography.
Interestingly, loaded YonO eluted off the Hem Hitrap column at two

concentrations of NaCl. As before, YonO eluted at 800 mM NaCl. However, SDS PAGE
revealed YonO also eluted off the column at 1M N&@ure7-2a). Based on the

heparin chromatography chromatogram, the 800 mM and 1M Nagibal fractions

are referred to as peak 1 and peak 2, respectively. This presence of peak 2 was specific
to the YonO eluted by 200 mM imidazole durin§"ITA chromatography. Peak 2
suggests a minority of YonO exists in a conformation with increasedtyaftin
heparin.Oligomerisation of YonO would explain an increased affinity. As gel filtration
resolves proteins according to themolecular weightand shape, YonO samples from
peaks 1 and 2 were independently loaded onto a SuperdeXL808D gel filtration

column. As in previous gel filtration, YonO in peak 1 eluted off the column in an elution
volume of 70 mIKigure7-2b). Peak 2 on the other hand, eluted off the column quicker
with an elution volume of 60 ml. This showed Yon@aak 2 had an increased
molecularmass Since peak 2 only contained purified YoR@\jre7-2c), the increase

in molecular weight suggests YonO is capable of oligomerisation.

To investigate the prospect of oligomerisation further, the molacweight of peak 2
YonO was calculated by gel filtration. To allow the calculation of molecular weight, the
Superdex 200 column was calibrated using the elution volumes of protein standards
with known molecular weights. The elution volumes of the stangaaleins were

used to calculate the &constant, which represents the proportion of resin pores
available to a given protein. Thg,Konstants of the standard proteins were plotted
against the log of their molecular weight to generate a calibrationeufvom the
calibration curve, it was calculated that YonO eluting off the gel filtration at 60 ml had

a molecular weight of 413 KDa. YonO has a predicted molecular weight of $800Da
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KDa with an Nerminal His tag)suggesting that YonO from peak 2 bebs as a

tetramer.

The smaller form of YonO eluting at 70 ml (peak 1) had a calculated molecular weight
of 135 KDa. The predicted molecular weight of YonO is 98 KDa. Therefore, the
calculation of molecular weight suggests that the abundant form of YtheCfprm

used previously for crystallisation amdvitro studies, is monomerid\egative stained
transmission electron microscopy was used to confirm YamOin peak lexists as a
single monomericprotein. At 130 000 x magnification, no aggregatiomlgomers

were observedFigure7-2d). The discrepancy between calculated and predicted
molecular weights of monomer YonO can be explained by the physical shape of the
YonO proteinThe passage of a protein through a gel filtration column is infleerxy

its shape. Accurate calculation of a proteins molecular weight is dependent on the
protein being globular, as the standard proteins used for the calibration are of a
globular nature. Therefore YonO not being globular would lower the accuracy of the
calculated molecular weighEurthermore, the calibration curve is not linear azaly
small variatiols canreduce the accuracy the calculated molecular weighthe N
terminal His tagnly contributes approximately 2 KDa the overall mass of YonO and
soit is unlikely this inflenced the estimation of the molecular mass of YonO and its
oligomer.Thesdimitations restricted us to only being able to estimate the molecular

weight of YonO and itgligomerised state by gel filtration.

It was thought tle YonO tetramer may form crystals with an alternative morphology to
the bipryimadal crystal seen previous{yne appoach to obtaining higher resolution
diffraction data is to alter the screening conditions to find those that allow for the
formation of dfferent crystal morphologies. In differing morphologies, the spatial
organisation of the protein within the crystal is likely to be different and diffraction
may be improved. Therefore, the tetramer was trialled for crystallisation by overnight
equilibraton against the standard set of screens, the custom £w@en and the
AmSQscreen. As with the YonO monomer, many conditions of the,Go@ken

allowed for the formation of crystal$-igure7-2e). However, the tetramer crystals
exhibited a rang®f morphologies. Crystals from the screens were harvested by our
collaborator, Dr Arnaud Baslé, and were subjected to high energy synchrotron

radiation. None of the tetramer crystals gaveay diffraction less than 7 A.
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Figure7-2: Purification and crystallisation oY onOtetramer. a) Heparin affinity
chromatography ofYonQ YonOpartially purified by Ni-NT chromatography was

applied to a heparin column. Blue trace is absorbance of eluate at 280 nm. Red trace is
NaCl concentration as a %1¥l. YonOwas eluted from the column at ~80% (800 mM)
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NaCl (peak 1) and at 100% (1M) NacCl (peak) Bel filtration of YonOheparin peaks

1 and 2 Heparin peaks 1 (blue trace) and 2 (red trace) were individually applied to a
Superdex 200 column. Chromataghy traces were overlayered. Peak 1 and 2 eluted
at ~70 ml and ~60 ml, respectivety.SDS?AGE comparison of heparin peaks 1 and 2
d) Electron microscopy of purifie¥onQ PurifiedYonOwas adsorbed on a carbon
support and negatively stained using oyhacetate. Protein was viewed at 130 000 x
magnification. Microscopy was performed by Dr Robin Haji€rystals formed by
YonOfrom heparin peak 2 After gel filtration,YonOeluted in heparin peak 2 was
concentrated and trialled for crystallisatioBrystals shown are from equilibration
against the custom Cocreen. Specific screen condition are displayed in the top
right.

7.5. Optimisation of YonO Crystal Diffraction

Many crystallography project fail due to an inability to find the correct coonlgti

which promote protein crystallisation. In this case however, despite obtaining large
6xmnn xal0 ONBalGlfax ¢S ¢S Naydfadtiantda. (2 20
There are many techniques which have been developed to address this problem, a
number of which were attempted to increase the resolution of diffraction obtained

from YonO crystals.

7.5.1. Microseeding to Produce Alternative Crystal Morphologies
The formation of a crystal occurs in two separate phases. The first step, nucleation, is

the event in which, as the conditions become supersaturating (due to vapour diffusion
against salt and a precipitant), proteins come out of solution by interacting to form a
small wellordered aggregate called a nuclei that has the potential to develop into a
crystal. For the formation of crystal, additional protein is incorporated into the nuclei
in a weltlordered manner. This growth is considered the second phase of crystal
formation. The two phases of crystal growth are often encouraged by differing
conditions. Nucleation requires a supersaturating state to bring about nucleation
events. This is in contrast to growth, which requires a reduced saturating state to
encourage protein to incorporate into a pexisting crystal in a slow ordered manner,
rather than forming new nuclei. Conditions which are too saturated result in

unordered precipitation or unusable microcrystals.

Often the separation of nucleation and crystal growth phases can be beneficial. One
condition may promote nucleation and not growth andesversa. The technique of
microseeding can address this (reviewed in Bergfors, 2003). Crystals can be grown in a

previously trialled condition, harvested and physically broken. The broken pieces of
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crystal (referred to as microseeds) can act as preformedei in new crystallisation
screens, onto which fresh protein can Ipearporated to form new crystal8ergfors,
2003, Ireton and Stoddard, 2004, D'arcy et al., 2007g use of microseeds can

bypass the nucleation stage and potentially result intedgswith different properties

such as morphology and diffraction.

To this end, monomeric YonO was purified and screened against thesCein to

produce large crystals. Crystals were crushed in the well of the 96 well plate,

suspended in the correspaling reservoir solution and broken into fragments by

vigorous vortexing with a seed bead. Crystallisation screens were set up as before

except that microseeds were added to the wells of each screen in addition to freshly
purified YonO. After overnightiedzZA f A6 NI G A2y |G wn x/ X ONEa
of the conditions. Strikingly, crystals of many different morphologies forrreglife7-

3). These were harvested and tested for diffraction using the in houag generator.

Salt crystals produca very characteristic diffraction pattertie diffraction resolution

is high and the diffraction spots are far apaM| of the microseed crystals harvested

gave diffraction patterns characteristic of salt.

Figure7-3: Microseeding of crystaibation screensMicroseeds were added to the

wells of crystallisation screens in addition to fresh YonO protein and reservoir solution.
9ljdZAf AOGNI GA2Y 41 & LISNF2NN¥SR 208SNYyA3IKG | d
crystals are shown. The condition and screen naneesaown along with the scale bar.
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7.5.2. Additive Screening
Crystallisation can be aided by the presence of an additive in the reservoir solution.

The term additive refers to any compound added which may alter the crystallisation
process of a givenrptein, with exampledeing ZnGl(salts), glucose (carbohydrates)
and ethanol (organic compoungdsAn additive may alter crystallisation by stabilising
the protein, reducing movement ahobile domains or by influencing proteprotein
interactions. It idoped that these alterations increase the order within the crystal
which would increase the resolution of the collected diffraction data. An example of
this is the addition of spermidine to the reservoir solution during crystallisation of the

distantYonOhomologue QDH (Laurila et al., 2005)

For additive screening, a single condition known to produce crystals of YonO was
chosen. This condition, G9 of the custom GsCieen (sedigure7-1b for CoGl
composition) was dispensed into every resenafia MRC 2 well 96 well plate. Each
reservoir was supplemented with an additive from the 96 well additive scréba

screen was then set up as previously described and equilibrated overnight. Many
crystals formed across the scredfiqure7-4). Havever, all crystals observed were
bipyramidal and the additives resulted in a decrease of crystal size and an increase in
nucleation events. The largest crystals were harvedtgglife7-4) and tested at
synchrotron for diffraction None of the addives had a positive effect on diffraction

resolution, with diffraction being limited to @8 A.

Figure7-4: Additive screening for improved crystal diffractiorfCondition G9 of the
custom CoGlscreen (100 mM MES pH 6, 10 mM CoCI2 and/(NH4)2S04) was
used as the reservoir solution in a 96 well screen. To each reservoir, an additive was
added prior to overnight equilibration with YonO. Small bipyramidal crystals formed in
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many conditions. Shown in thisgureare the largest grstals formed in the presence
of an additive in conditions B4 (G9 + 100mM KCI), D3 (G9 + 10 mM spermine
tetrahydrochloride), G2 (G9 + 3% hexanediol) and H11(G9 + 4%r#l|@ioethanol).

7.5.3. Removal of &&rminal His tag
Out of the purification tag available, the hexahistidine tag () is most frequently

used for protein purification. In particular, it is favoured for the purification of proteins
destined for crystallisation screens. This is due temtall size, 1 KD&hich rarely
impedeson the structure of a protein or its crystallisatig8@myth et al., 2003)
Nevertheless, it is accepted that the presence of atétiscan occasionally be
detrimental to crystallisation as their flexibility allows them to interfere with protein
protein interactions(Dale et al., 2003)Therefore, there is a possibility that the N
terminal Histag present on YonO prevented the ordered crystal packing required to

form diffracting crystals.

To address this, YonO was cloned into the expression vecte2 hEiith a TAA stop
codon preventing the inclusion of at€rminal Histag from the vector. Despite the

lack of a tag, YonO was purified to apparent homogeneity though the use of a heparin
column, for which YonO has a very high affinity, with approximat@tyr8BM NacCl

being required for elution of YonO from heparin. Western blot with-&figi tag

primary antibodies was used to confirm the purified YonO wasregy (Figure7-5a)
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Figure7-5: Crystallisation oftag free YonQ a) Westen blot to confirm absence of

Histag onYonQ Tag free YonO was expressed and purified by heparin affinity
chromatography and gel filtration. 5 and 10 pmol of purified Yaitbertag freeor

with anN-His tag were resolved by SRBAGE and transferrechto PVDF membrane.
Membrane was probed using astfiistag antibodies and visualised using HRP
conjugated antimouse antibodiesh) Tag freeYonOforms bipyramidal crystals

Purified tag free YonO was trialled for crystallisation by overnight equilibratitin

the standard set of crystallisation screens. Drop sizes of 100 nl was used with ratios of
1:1 and 2:1 (protein: reservoir). Shown are two representative conditions (displayed in
top right) which gave bipyramidal crystals.

Tagfree YonO was triallefbr crystallisation by equilibration against the standard set

of screens (see section 7.3.1), the AmSO4 screen angdscogin. As before,

bipyramidal crystals formed after overnight equilibratidgfigure7-5). The diffraction

of the crystals wasrhited to 7 A. Despite not increasing the diffraction,-fage YonO
crystals did allow us to conclude that the {tag is not responsible for the poor

diffraction observed throughout the crystallisation trials. Tag free YonO was purified to
near 100% puty without NF*-NTA chromatography. Additionally, the absence of the
Histag did not have a detrimental effect on the diffraction quality of crystals.

Therefore, all subsequent crystallisation trials were conducted using tag free YonO.
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7.5.4. Use of Artifial Transcription Scaffolds to Stabilise YonO RNAP
Despite optimisation, microseeding and additive screening, the conditions permissive

for the growth of crystals with high resolution diffraction remained elusive. A possible
explanation for this is ininsic flexibility of YonO during crystallisation. RNAPs contain
mobile domains. In the multisubunit RNAP, the clamp domain swings down to grip the
downstream DNAChakraborty et al., 2012, Cramer et al., 2000, Cramer et al., .2001)
The notion that YonO caains similarly mobile domains is plausible, as it was observed
that QDEL, a distant homologue of YonO, is able to adopt open and closed
conformations through movement of the head and slab domé&8egado et al.,
2006)Figure7-6).

Figue 7-6: Open and closed conformation of QEIETaken from Salgado et al, 2006.
The &de view of a QDE monomeris shown The slab and head domains of two
monomersbelonging tathe same homodimer were seen to be positioned at different
angles. This is repsented by double headed arrows between monomer A and
monomer B. In an independent, second dimer structure, the head and slab domains
are positioned at the same angle. Taken together this suggests the head and slab
domains have a degree of flexibility whietay correspond to the opening and closing
of QDEL.

Whilst the mobility of RNAP domains was not problematic for the growth of well

ordered, high quality crystals previously, it cannot be ruled out that potential intrinsic
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flexibility of YonO idetrimental to crystal formation. To address this potential reason
for poor crystal diffraction, we sought to crystallise YonO bound to a nucleic acid
scaffold. It was hoped that upon binding to the scaffold, YonO would adopt a stable,

rigid conformation whictwould allow for increased order within the crystal.

For the determination of th@ hermus thermophiluslongation complex structure,

RNAP was assembled with a nucleic acid scaffold prior to crystalliggasaylyev et

al., 2007a) This scaffold (denetl as scaffold 1) was obtained and used for the

assembly of YonO elongation complexes (YonO EC) (scaffatpiie7-7). To confirm

that YonO ECs were both stable and active, assembled complexes were immobilised by
GKS pQ o0A20AYy sttam FoStreptavidiydetids andwashbd with
transcription buffer containing low or high concentrations of salt. Only stable

elongation complexes are resistant to high ionic stren@itdorenkov et al., 1998)

Upon washing the immobilised complexes witgthsalt transcription buffer, nen

template DNA (NTDNA14) and RNA (RNA16) was lost, showing the YonO EC were
unstable Figure7-7, compare lane 1 against lane 2 and lane 6 against lane 7). The
assembled complexes were not destabilised by low saltemtnations, as RNA16 and
NTDNA14 were not removed after washing immobilised complexes with 40 mM KCI.
Furthermore, complexes extended RNA16 to the end of the template in the presence

of NTPsKigure7-7, compare lane 4 against lane 5 and lane 9 agdif,). However,

not all YonO elongation complexes extended RNA16. Scaffold 1 was originally designed
for form stableT. thermophiluslongation complexes that do not oscillate between

the post and preranslocated states, which would interfere with crgisation.

Therefore, the inability of all YonO complexes to extend RNAL16 in the presence of
NTPs can be explained by increased stability of complexes due to the sequence of

scaffold 1 oligonucleotide@/assylyev et al., 2007a)

Scaffold was comprisedf the minimum nucleic acid strasdequired to form a
stableelongation complexTheshort length of the scaffolivas designed toeduce the
likelihood that either RNA or DNA extrudes from the surface of Rii@nterferes

with crystal contacts during gstallisation(Kashkina et al., 2008)Vhilst bacterial

RNAP is able to form stable elongation complexes on this scaffold, YonO did not. The
non-template DNA strand is known to have a stabilising effect on elongation

complexegqSidorenkov et al., 1998 scaffold 1, the noremplate DNA strand
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(NTDNA14) was short, with the strand only annealing to the downstream region of the
template DNA strand (as seenkigure7-7). It was reasoned that a longer non

template strand may increase the stabilityYoabnO elongation complexes (referred to

as scaffold 2 which is shownkigure7-7). The noremplate strand was extended at

0KS pQ SyR o6& ¢ ydzOf S2U0ARSE& 0O0b-¢5b! HOOU D ¢ |
complementary to the template strand to mimic the trangtion bubble(Yin and

Steitz, 2002)Scaffold YonO ECs were assembled, immobilised and washed with
transcription buffer containing high or low concentrations of salt. The stability of the
complexes was improved by the presence of the longerteomplate DNA strand as

both RNA13 and NTDNA23 were present after washing scaffold 2 complexes with high
salt buffer Figure7-7, compare lanes 11 and 17 to lanes 1 and 7,). The increased

stability of scaffold 2 EC is further demonstrated by comparisons AfLRMxtension

o0& a0l FF2fR M YR H O0O2YLX SE Stmphie Strargif I 6 St
(Figure7-7, compare lane 18 to 8,). In these reactions, RNA13 extended by YonO was
fl10Sff SR (KNERdAK-[PPPKBP duyh®@oddattongtafiold2y 2 F b
resulted in increased amounts of extended RNA13 which suggests more RNA13 was

retained in assembled elongation complexes after washing with high salt buffer.

One complication with the crystallisation of YonO is the requirement of 500 mM NaCl
to maintain solubility of YonO at a concentration of 10 mg (nbt discussed or

shown). When determining the stability of scaffold 1 and 2 elongation complexes,
complexes were formed in the presence of 40 mM KCI prior to being washed by 500
mM NacCl trascription buffer.This differs to the formation of elongation complexes
intended for crystallisation screens, which would be formed in the presence of the 500
mM NaCl necessary for YonO solubility. Elongation complexes are only resistant to
high ionic stragth after assembly, makingpbssible that elongation complexes may

not form in 500 mM NacCl prior to crystallisation triégBdorenkov et al., 1998)
Nevertheless, since scaffold 2 complexes showed increased stability at high salt
concentrations, scafld 2 was incubated with YonO prior to overnight equilibration
against the standard set of crystallisation screens (see materials and methods). The
screens resulted in bipyramidal crystals, all of which, when harvested and subjected to
synchrotron radiatio, diffracted to 7¢ 8 A. It is likely that the salt concentration

prevented elongation complex formation as predicted and that¢hestals did not
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include the nucleic acid scaffol¥onO appears to not be like other RNAPS, which
require a much reducedonicentration of salt to remain soluble at 10 mgallowing
ECformation at the high protein concentrations required for crystallisat{@matt et
al., 2001, Kashkina et al., 2006, Vassylyev et al., 2007a)

To attempt to reduce the salt concentratioaquired for YonO solubility, 10 mg Tl

YonO in 500 mM NaCl buffer was incubated with scaffold 2 before undergoing serial
dialysis against buffers containing decreasing concentrations of salt. It was hoped the
presence of a nucleic acid scaffold wouldeathe solubility of YonO and allow high
protein concentrations in reduced salt concentrations. This was not the case, as with

each dialysis against a lower salt concentration, precipitation occurred.

For the crystallisation of RNAP 1l elongation comggeRNAP Il was allowed to form
elongation complexes, either through incubation with a scaffold or by transcribing on
RdzLJt SE 5b! $AGK  0oQ aAy3ftS &GN} yRSR GF A
which bypassed the need for initiation factors. Tlegsence of the downstream DNA
permitted synthesis of a 14 nucleotide RNA without incorporation of UMP. When
provided all NTPs except UTP, all active RNAP Il complexes paused upon reaching the
first Adenosine in the template DNA ensuring all RNAP |l coegplegre
homogenous(Kettenberger et al., 2004, Gnatt et al., 200h)both methods,

elongation complexes were purified and concentrated prior to crystallisation screens.
Whilst not attempted due to time constraints, one of these approaches may allow for
YonO elongation complexes to be maintained in high salt conditions. After initial
assembly in low salt and low protein concentrations, elongation complexes would be
purified by reverse heparin chromatography or gel filtration. Subsequently YonO
elongationcomplexes would be concentrated to 10 mg'rahd trialled for

crystallisation.
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Figure7-7: Determinationof optimum nucleic acid scaffold fo¥ onOelongation complex crystallisationYonO elongation complex stability and
activity with three different nucleic acid scaffolds was determined. Scaffold sequences were based on that used for the crystallisatlwactdriae
elongation complex (scaffold {yassylyev et al., 2007&caffolds are numbered, with sequences below. The scaffotdrstic indicates the
position of*?P labelling (denoted by *). RNA, template DNA and-eonplate DNA are coloured red, black and blue, respectively. Elongation
complexes were assembled and washed with a high (500 mM NacCl) or low (40 mM KCI) conceftsatiiof ranscription was initiated by the
addition of 200 uM NTPs. RNA in complexes labelled on theinfriy LJ | 0 S 5 b !
presence of 10 pM ATP and 100 uM GTP, CTP and UTP. Reactions weréligcé |
stop buffer and resolved by denaturing PAGE.
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7.5.5. Lysine methylation
In addition to flexible domains, the surface entropy of a protein also influences its

ability to assemble intavell-ordered crystals. Proteins with increased surface entropy
display greater variation on the protein surface. This added variation adds disorder to
the crystal as the proteins ability to form weltdered, repeating assemblies is

reduced. Surface lys#s have high entropy and are known to reduce the available
contacts between proteins during crystal formatiderewenda and Vekilov, 2006)
Analysis of crystallisation data confirmed this by showing lysine as the least favoured
amino acid for crystal coatts(Dasgupta et al., 1997If surface lysines are known,

point mutation can be carried out to remove these residues and improve
crystallisationLawson et al., 1991, Derewenda and Vekilov, 2006, Walter et al.,.2006)
However, if a protein is undergoiragystallisation trials for the first time, it is unlikely
surface lysines have been identified. Methylation of surface lysines offers an
alternative way of reducing entropy and improving crystallisation and diffraction
(Walter et al., 2006)In addition toreducing surface entropy, methylation increases

the available crystal contacts by introducing the possibility of hydrophobic interactions

between proteingWalter et al., 2006)

Methylation was performed to see if reducing surface entropy increaseddiitm of
YonO crystals. Purified YonO was incubated with formaldehyde and dimethylamine
borane overnight and subsequently purified by gel filtration chromatography.
Methylated YonO did not elute from the Superdex 200 column, indicating that YonO
precipitated during gel filtration. Another outcome of methylating lysines is a
reduction of solubility through the removal of the polar side chain and introducing
hydrophobicity. Often, this can be beneficial as it can increase crystallisation of highly
soluble poteins. Inspection of the amino acid composition of YonO revealed lysine to
be the most abundant. It is unknown how many of these lysines are located on the
surface of the protein. However, it has been suggested lysines are predominantly
located to the potein surfacgDerewenda and Vekilov, 200us explaining the

drastic loss of YonO solubility.

7.5.6. Twinned Date Set and Molecular Replacement
Typically, crystals are harvested and suspended in a cryoprotectant such as saturated

(NH,).SQ before beingllash cooled in liquid nitrogen. Flash cooling in liquid nitrogen
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has multiple functions: to preserve the arrangement of solvent within the crystal, to
prevent the formation of ice and to protect fromrdy radiation damage. However,

cases where the actfdlash cooling has caused a decrease in order and in diffraction
resolution due to differential freezing of the protein and solvent have been reported

(Heras and Matrtin, 2005, Juers and Matthews, 2001, Kriminski et al.,.2002)

To see if crystal disordantroduced by flash cooling responsible for the poor

RAFTFNI OGA2Y 2F ,2yh ONRaAGFfa> RAFFNI OGA2
crystal, grown from tag free YonO equilibrated with condition C2 of JCSG Il screen, was
harvested and suspended raratoneN oil. Previouslycrystals were suspended in
saturated (NH).SQ. However, at room temperature (NJ4SQ salt crystals are likely

to form leading us to use parator¥ oil Immediately after harvesting, the crystal was
tested for diffraction using the in houser&y geneator. The cryo nozzle was removed

to allow diffraction data to be collected at room temperature. Room temperature data
collection did not lead to increased diffraction, with the crystal diffracting to 8 A.

Despite this, the crystal was stored in liquidragen to be tested for diffraction using
synchrotron radiation at Diamond Light source at a later date, as the increased energy
of synchrotron radiation can improve diffraction. When exposed to synchrotron

radiation on the 104 beamline, the crystal difhictedto 3 A Figure7-8a). From this

crystal, two complete data sets were collected, data set 12rdata set 1 and 2 had

resolutions of 3 A and 3.5 A, respectively. The dataset statistics can be Seaiaii-

Dataset ‘ 1 2
Space group P,122 c222,
Twin 44% 20%
Data Collection Overall Inner Shell Quter Shell{Overall  Inner Shell Quter Shell
2.95- 8.85- 3.5- 9.90-

Resolution Range A 82.60 82.60 2.95-3.13|88.23 88.23 3.50-3.74
R perge 0.058 0.022 0.569 0.142  0.061 0.636
Total No observations 122366 4312 19829 159447 6913 28302
Total unigue observations 20789 904 3274 24132 1169 4273
Mean(l)/Standard Deviation (1) 15.9 32.4 2.7 10.8 17.3 5.2
Completeness 100 99.9 100 100 100 100
Multiplicity 5.9 4.8 6.1 6.6 5.9 6.6
Unit cell parameters
a,b,c A 87.96 87.96 240.4 124.8 124.8 241

1 B,y ° 90 90 90 90 90 90

Table7-1: Data stdistics for YonOData ses1 and 2
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Crystals are ordered repetitions of protein in three dimension space. The most basic
building block of the crystal is the asymmetric unit. In the simplest example, the
asymmetric unit contains one whole protein moléeuOften the asymmetric unit can
contain multiple protein molecules, or a fraction of a protein molecule. The
asymmetric unit is reflected, repeated and rotated in space to generate the unit cell.
Each dataset has a space group. The space group dedtrbexations and the
symmetry operators required to generate the unit cell from the asymmetric unit. The
unit cell is repeated in three dimensional space to build up the crystal. Data sets 1 and
2 were given space groupsi242 and @2 2;, respectivelyThe Matthews coefficient
predicts the number of protein molecules in each asymmetric unit by calculating the
protein content(Matthews, 1968) The coefficient predicted two YonO molecules in
each asymmetric unit. The presence of multiple protein molexuiean asymmetric

unit does not necessarily imply biological dimerization and can be a result of the

crystal contacts between protein molecules.
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Figure7-8: High resolution diffraction from a twinned YonO crystal) Diffraction

pattern of YonOdata set 2 An example of diffraction from the YonO bipyramidal JCSG
[ C2. The diffraction image is taken from data set 2. The blue rings demark the
diffraction resolutionsb) Crystallographic Wwinning. Adapted from Rupp, 2010.
Twinning involves the foration of different, overlapping domains in the same crystal.
Ly G(KA& &aAYLIXS SEFYLXSsS (G662 R2YlIAya KI @S
rotation. Upon Xray diffraction, two overlapping diffraction patterns agenerated.

For specific types of twired data, dependingn the operating space group, it is
possible to resolve the two diffraction patterns using a mathematical twin operator.
However, for the YonO data set 1 and 2, with space growps?P and C2 2;2
respectively, it was not possible.

Upon analysis of data sets 1 and 2, it was revealed that both datasets were twinned. In
a twinned crystal, the protein has arranged into two different overlapping lattices
(Figure7-8b). Upon Xay diffraction, the two different crystal organisati®mesults in

two overlapping diffraction patterns. Two overlapping diffraction patterns can prevent
149



reliable determination of the space group and result in complications in downstream
data processing. Dataset 1 had a twin value of 44%, meaning approxmhatébf the
crystal was ordered differently. This is classed as a perfect twin. Data set 2 displayed
less twinning, having a twin value of 22%. For certain space groups it is possible to
deconvolethe two overlapping diffractions using a twin operatavhich describes the
relationship between the two overlapping crystal patteriowever, for the specific

space groups formed by YonO, no such twin law exists

Despite twinning reducing the accuracy of the data set, molecular replacement was
attempted using data set 2 to solve the structure of YonO. Briefly, molecular
replacement involves using data from a previously solved structure of a homologous
protein to help determine the structure of a second protein. The data of the known
structure is rotated ad translated in three dimensional space to find a fit to the data
of the protein under investigation. The nearest homologue with a known structure is
QDEL. Molecular replacement using the program Phaser with the-@QBteucture did

not result in a fi(Mccoy et al., 2007)A less stringent molecular replacement approach
is to use individual structural domains of QDI find a fit as this would take into
account any differences in domain orientation and positioning between YonO and
QDEL. QDEL was divied into three domains: head and neck, catalytic, and slab
domains. Molecular replacement was then repeated with each domain, but again, no
solutions were found. Molecular replacement requires amino acid sequence identity of
30 % or above. The homology teten YonO and QBEis poor. Two iterations of

pattern based PSBLAST are required to identify homology between YonO andlQDE
This substantial lack of sequence homology explains the inability of molecular

replacement to solve the structure of YonO.

7.6. Dehydration of YonO crystals to Reproduce High Resolution Data Set

Twinning is thought to be stochastic; therefore we sought to reproduce the conditions
which gave a crystal diffracting to 3 A. A strategy for the consistent, reproduction of
diffractingcrystals would be a significant step forward in determining the structure of
YonO. Data sets 1 and 2 were obtained from a crystal formed through equilibration
against C2 condition of the JCSG Il screen. The crystal was preserved in piraibne
and testa for diffraction on the in house-pay generator at room temperature before

being flash cooled and transported to synchrotron. It was suggested that exposure to
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air prior to cryoprotecting in paraton#l oil resulted in the dehydration of the crystal.
Dehydration, the removal of solvent from within a crystal is a well employed method

for increasing the diffraction quality of crystglderas and Martin, 2005)

7.6.1. Dehydration by HC1 Dehumidifier
The optimisation techniques attempted previously focus daralg the crystallisation

of YonO to improve diffraction. A second, alternative approach is to improve
diffraction through postcrystallisation techniquefHeras and Martin, 2005)One of

the most investigated postrystallisation technique is crystal lajgdration.

Approximately 50% of a protein crystal is solvent; therefore solvent plays an important
role in the ordering of protein. If a crystal displays poor diffraction, it is possible to
reduce the solvent content by controlled exposure to air or vagbfiusion against
increased concentrations of a desiccant such as a salt. A potential outcome of reducing
the solvent content is an increase in crystal packing and order in the crystal (shown
schematically ifFigure7-9). This in turn can have a pidge impact on the quality of
diffraction. To reproduce the crystallisation process, crystals were harvested and
suspended in parator®l oil before being exposed to the air for a defined length of
time. The time of air exposure was not known and so it vaaged from30 ¢ 165

minutes with a crystal being flash cooled every 15 minutes to stop dehydration. The

crystals were tested for diffraction at DLS but as before, all crystals only diffracted to

~7A.
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Figure7-9: Effect of delydration on crystal packingAdapted from(Awad et al.,

2013) Shown is a crystal simplified to two dimensions comprising of a protein dimer.
Dimer subunits are coloured green and blue. For this example, the protein dimer is
QDEL (accession: 2J7($algadeet al., 2006). In a hydrated crystal, solvent exists
(white space irbetween dimers) in between repeating protein units. Dehydration of
crystals removes this solvent, increasing the crystal packing and order within the
crystal (shown by red arrows).

Accurate and reproducible dehydration can be achieved through the use of the HC1

humidity control instrument at Diamond Light Source synchro{{®anchez

Weatherby et al., 2009HCL1 features a nozzle which can be mounted into the

synchrotron beamline appatas. Once mounted, HC1 projects an airstream over the

crystal The relative humidity of the airstream can be controlled, allowing reproducible

dehydration. HC1 was installed onto the tOdeamline in place of the cryostream.

Prior to dehydrating a crystathe HC1 was equilibrated to find the relative humidity of

the reservoir solution used in crystallisation. At the relative humidity of the reservoir

solution, the hydration state of the reservoir solution drop remained constant. This

relative humidity véue was then used as the starting point for dehydration

experiments. The crystal which gave high resolution diffraction grew when YonO was

equilibrated against condition C2 of the JCSG Il screen. Since the initial diffraction from

this crystal was poor, Wwas reasoned the specific composition of this condition was

not responsible for the increased diffraction. Therefore, whilst crystals grown against

C2 JCSG Il were used for HC1 experiments, crystals formed using the CoCI2 and AmSO
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screens were also dehgated. Overnight equilibration against the Co&id AmSQ
aONBSya OzyairaiSyidte LINPRdzZOSR f I NHS xwmnn

Initially, crystals from the Cocreen were dehydrated. A crystal from A10 condition
of the CoGlscreen was mounted intthe beamline and the diffraction was tested

96 %, the equilibratedelative humidity of the reservoir solution. The crystal gave
diffraction in the region of Z 8 A. The HC1 control allows the relative humidity to be
lowered with a defined gradient. itmally, the humidity was lowered in large
increments with steep gradients. The relative humidity was lowered to 86 % with a
gradient of 2 % mih. The diffraction of the crystal remained constant ag & A

showing the dehydration did not improve diffraah. Further reductions of humidity
did not increase diffraction. At 45 % relative humidity the diffraction was completely

lost, with crystals being completely dehydrated.

The humidity at which the diffraction can be improved may have a narrow range tha
was missed bijowering the relative humidity in large incremeniherefore, cystals
from the C2 JCSG Il condition weehgdrated with small reductions in humidityhe
reduction ofhumidity from 92.5 % to 90 9id not increase the diffraction of YonO

crystals

Anadditional variable is the length of time a crystal is exposed to dehydrating
conditions. Previously, diffraction was tested upon reaching the desired relative
humidity. To determine if prolonged exposure to a given relative humidity caeaser
diffraction, crystals were exposed to a constant relative humidity before being tested
for diffraction. Crystals from the A8 condition of the AmSilate were tested for
diffraction at 93 % relative humiditff.he crystal diffracted t@ ¢ 8 A.However after 5
minutes ata constant relative humidity of®%, the diffraction was completely lost

indicating crystals deteriorated over time.

For HC1 dehydration, crystals are not suspended in cryoproteatdata collection

was carried out at room tempetare. However, they¥onQOcrystalthat previously

diffracted to 3 A was preserved in patone-N oil. Therefore, diffraction was tested on

crystals from the B4 condition of the Amgreen suspended in paratoi¢ oil.

Resuspending the crystal in parateNeal prior to testing the Xay diffraction

increased the life span of the crystals, a8 A diffraction was not lost over time. The
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crystal from which 3 A data was collected was stored in liquid nitrogen prior to data
collection at synchrotron. Therefotee B4 AmSgxrystals were removed from the
beamline, stored in liquid nitrogen and retested for diffraction when the HC1 was
removed from the synchrotron and replaced with the standard cryostream. Despite
replicating the conditions which resulted in 3lAta collection, the above efforts did

not result in the collection of high resolution data from B4 Am&¢stals.

7.6.2. Dehydration through vapour diffusion andsitudata collection
Controlled dehydration of crystals can also be achieved throaglowr diffusion

against a reservoir solution with an increased concentration of precipitant such as NacCl
or polyethylene glycalSchick and Jurnak, 1992he increased precipitant acts as a
desiccant, withdrawing the water from the crystal. Alternativelgyw salts previously

not present in the reservoir solution can be added to function as desiccants. The
dehydration is reproducible as the concentration of the desiccants can be controlled

along with the time and temperature of dehydration.

Dehydration bythe HC1 was time consuming as each crystal was mounted marioally.
situ plate screening allows for high throughput testing of crystals at the synchrainon.
situ plate screening involves the direct loading of the 96 well crystallisation plate onto
the synchrotron beamline. Multiple crystals in each condition can be rapidly tested for
high quality diffraction without harvesting or cryoprotection, both of which can be
damaging to the crystal. Recently, a 96 well plate based dehydration screen combined
with in situplate screening was describédouangamath et al., 2013y he screen
allowed for the simultaneous testing of 96 different salt concentrations to determine
the optimum concentration for dehydration. Briefly, a 96 well plate screen was set up
with only one reservoir solution known to allow for the formation of crystals. Once
crystals had formed, a dehydration screen was added to the reservoir solution. The
diffraction properties of the dehydrated crystals were then determined. The
equipment requiredor the in situdehydration screening is available at Diamond Light
Source. Therefore, our collaborator (Dr Arnaud Baslé) performed the screen using
purified tagfree YonO equilibrated againsbndition G1Xfrom the AmS@screen.
Analysis of previous cryatisation screens identified this condition as consistently
LINE RdzOAYy 3 fFNHS oxmnn xatv O0ALRNIYAREFf ONJ
comprised of four desiccants: ethylene glycol, polyethylene glycol 200 (PEG 200), LiCl
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and NaC{Wheeler et al., 2012Across the screen ethylene glycol and PEG200 was
increased from 0 to 50%, covering relative humidities of 180 % (ethylene glycol)
and 100- 90% (PEG200). Both LiCl and NaCl were increased from 0 to 2.5 M, covering
relative humidities of 10@ 95 %. Dtils of the screen can be found in materials and
methods. The screen was added to the reservoirs and dehydration was allowed to
proceed overnight. The plate was loaded onto the-I®éamline and diffraction was
tested. For each desiccant trialled a delattbn point was determined. The
dehydration point is a desiccant concentration. Above this concentration, the crystal
becomes too dehydrated and diffraction is lost. Below the dehydration point, the
desiccant does not have an effect on the hydration st#téhe crystal. Ethylene glycol
and PEG200 had a dehydration points betweer 2@.5 % and 17.§ 20 %,
respectively. LiCl and NaCl had dehydration point of 2.25 M. None of the relative

humidities across the dehydration screen increased the diffracticdhecrystals.

The dehydration thought to be responsible for increase@ydiffraction of the YonO
crystal was not controlled. Dehydration through air exposure is hard to reproduce
(Heras and Matrtin, 200%)s many variables are in operation duringeaposure

including length of exposure, humidity and temperature. Despite using two alternative
methods of controlled dehydration, we were unable to replicate the formation of

crystals with high diffraction.

7.7. Crystallisation of the YonO homologue VM RNA

Homologous proteins are a potential solution to proteins which form poorly diffracting
crystals. It is highly probable two closely related proteins are structurally very similar;
meaning the structure of a second protein homologous to YonO could pronsaghts

into the structure. Any structural variation between YonO and a homologue would
likely be restricted to the surface of the protein. This is beneficial as the surface of the
protein strongly influences the crystallisation process. A homologue m®d Ywoay make
different surface contacts leading to improved crystal packing and diffraction. BLASTp
revealed the closest homologue to YonO is a hypothetical protein Baaillus
vallismortis with the two proteins having 91% identity. The YonO homologo&epr

will be referred to as VM RNAP (Vallismortis RNAR3lysis of the hypothetical

proteins encoded alongsideWRNAP revealed the presence of phage like proteins. It

is unknown if the bacteriophage is a functioral.vallismortiss very closely retad to
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B. subtiligRoberts et al., 1996 he two species can only be distinguished through

their cell wall fatty acid composition and DNA sequence.B.hallismortistrain was
obtained from the Bacillus Genetic Stock Centre (BGSC) anérteeegcoding VM

RNAP was cloned into the pB& expression vector. VM RNAP was expressed and
successfully purified to apparent homogeneity using the purification strategy

developed for YonO, demonstrating the close similarities between YonO and VM

RNAP. VMRNAP was trialled for crystallisation using the full collection of available
commercial screens. The CpS§iireen, the custom screen developed for the

optimisation of YonO crystallisation was also trialled. The crystallisation screens were
left to equilibrate overnight. Equilibration against four conditions (E4, F4, G4 and H4)

of the PACT screen and single condition (B4) of the JCSG+ screen resulted in VM RNAP
formingsmall bipyramidal crystals. The crystals were harvested and tested for

diffraction at Damond Light Source. As with YonO, the diffraction was limited:t8 7

A. The purification, crystal morphology and diffraction resolution of VM RNAP were
extremely similar to YonO. This strongly suggests that VM RNAP maybe too close (91%
identity) to YonQo crystallise differently. Alternative homologues with reduced

sequence identity to YonO exist in other fermicutes. The reduced similarity may allow

for different crystallisation and improved diffraction.

7.8. SAXS

Whilst YonO readily crystallised, tbeganisation of the protein within the crystal did
not permit diffraction of Xrays to a sufficient resolution. Alternative methods for
determining the structure of a protein require solubilised protein rather than crystals.
However, these techniques amot suitable for YonO; YonO is too large and too small
for the determination of its structure by NMR and c¥M, respectively. Whilst it
cannot provide a high resolution structure of YonO, small anghg scattering (SAXS)
would provide the molecular erelope revealing the overall shape of YonO. Purified
YonO was supplied to our collaborator, Dr Abel GaPan of the VIB institute in

Belgium who performed SAXS analysis.

The SAXS analysis revealed YonO potentially has a ring like shape, with aaeityral
We have tentatively concluded that the cavity is the pathway in which downstream
DNA enters the enzyme. In keeping with other RNAPS, it is probable the active centre is

located at the bottom of the cavity at the centre of the enzyme. In agreemait av
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lack of amino acid sequence homology between YonO and RNAP, the domains of RNAP
compared to pincers of a crab claw appear to be absent in YonO. The molecular
envelope confirmed that YonO predominantly exists as a monomer. This is in contrast

to QDEL, the closest homologue of YonO with a determined structure, which was

shown to be a dime(Salgado et al., 2006At this low resolution, it cannot be

concluded if the overall shape of YonO is different from that of a-QBiEBnomer

(compared inFigue 7-10).

YonO

Figure7-10: SAXS analysis 8fonQ SAXS analysis of YonO was performed by Dr Abel
Garciapino. The resultant molecular envelope of YonO suggests it has a ring like
structure with a central cavity which is hypothesised®an entry channel for
downstream and the location of the active site. However, the molecular envelope is a
very low resolution structure and therefore it is possible the ring like structure is an
artefact. The surface representation of QDE shown focomparison. QD& does

not have a ring like structure and the cavity is much narrower, reflecting the increased
molecular weight of QDE (160 KDa) compared to YonO (98 KDa).

7.9. Discussion

Highly pure and concentrated YonO was obtained and trialledrigstallisation.

Through optimisation with a customised crystallisation screen and the ASt$€en,
large bipyramidal crystals were reproducibly obtainAdsufficient diffraction

resolution for structural determination is 3.5 A and beldHowever, thaliffraction of
YonO crystals was limited te87A. Low resolution diffraction often arises due to poor
packing and order of the protein within the crystal lattice during crystallisation. Many
techniques are available to increase the diffraction of crigstimitially microseeding,

additive screening and removal of the His tag were attempted to improve YonO
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