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Abstract

The Kag OE 6 O -@séo0idtdd Hétpes virus (KSHV) infects hundreds of millions
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of people worldx EAA AT 1 OOEAOOET ¢ O OEA AAOAIT T PI
most common HIVMVOAT AOAA AAT AAOQqh - OI OEAAT OOEA #/
effusion lymphoma. The prgect focused on two key proteins: KSHV SOX and KSHV

VFLIP that operate during the Iytic and latent phases of the KSHV lifgcle
respectively. KSHV SOX is a virally encoded highly conserved alkaline exonuclease
which plays a key role in the global and rapi degradation of host mMRNA in a process

termed host shutoffas well as the packaging of viral genomes into capsids following
replication. Although published (Bagneries et al., 2011) andnpublished (Lee,2015,

- AOOA 03§ dcLiyshabsEudtures of S® bound to DNA has given key insights

into the mechanism of DNA recognition and cleavage, it was unclear how RNA could

be recognised owing to the lack of canonical RNA binding motifs and therefore
uncertain whether the mechanism of cleavage proposed for ¢ exonucleolytic

cleavage of DNA substrates would apply. A combination of structural and
biochemical approaches were therefore used to address these key outstanding
guestions which are presented in this thesis. They include the first crystal structure

of OXE244S mutant bound to the KSHV preniRNA K231 which was determined

at 3.3v by molecular replacement. Analysis of this structure has revealed a distinct
AETAET C T TAA £ O 2.1 AETAET ¢ OAlI AOCEOA Ol

the G and N-terminal lobes of the SOX molecule, has an essential role in substrate



recognition. Despite these differences, endonucleolytic processing of RNA
transcripts could still be achieved by the & (biomolecular nucleophilic substitution)
mechanism originally proposed for the exonucleolytic cleavage of DNA. The results
of biochemical and bighysical assays performed on wiletype and mutant proteins
defective in host shut off further revealed that the degradation of RNA is largely
sequence nonrspecific, but requires structured elements such as stem loop or bulge
motifs. They also revealed thaimpaired host shut off activity could be explained by
impaired RNase activity against structured substrates for a subset of the mutants.
The ability of compare SOODNA and SORNA structures afforded by these studies
lead to the identification of phytic acid as a potential inhibitor of both its DNase and
RNase activities confirmed by the crystal structure of SGphytic acid complex
refined to 2.3 v. Here it is shown that phytic acid not only has the potential to
physically block the association of DNA/RNA substrates but also inhibit nucleolytic

cleavage by directly ceordinating to a catalytically important magnesium ion.

During latency, KSHV prduces a limited number of proteins essential for its survival.
One of these is the viral FLICE inhibitory proteins (VFLIPS) that directly activates the
canonical and alternative NF[B pathways resulting in increased cell proliferation,
transformation, cytokine secretion, and protection against growth factor
withdrawal -induced apoptosis. Previous studies have shown that KSHNLIP forms

a ternary complex with the transcription factor p100 and the kinase IKK for
persistent activation of the alternative pathway shown to have an important role in
cellular transformation. Although the mechanism underlying this process is unclear,

a physical interaction between KSHWFLIP and @00 has been implicated. Having
4



successfully produced all three proteins inE. Coliand baculovirus expression
systems, the nature of this complex was investigated using pull down assays and site
directed mutagenesis. From these resultst has been possible taleducethat KSHV
VFLIP interacts with residues 860900 located at the @erminal end of p100 and

does not interact with the death domain of 100.



Impact Statement
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FA Fluorescence Anisotropy also Fluorescence Polarization Anisotropy

FLICE Fasassociated death domairike interleukin-1 -converting
enzyme

FW Forward primer

G
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GFP Green Fluorescent Protein

GRK2 G protein-coupled receptor kinase 2
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HAART Highly Active Anti-Retroviral Therapy
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HIV Human Immunodeficiency Virus
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HSV Herpes Simplex Virus

HTLV Human T-lymphotropic virus
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K
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MES 2-(N-Morpholino) Ethanesulfonic Acid
MHV68 Murine Herpesvirus 68
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MIR Multiple Isomorphous Replacement
MRNA Messenger Ribonucleic Acid

MiRNA Micro Ribonucleic Acid
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SMARD Single-Molecule Analysis of Replicating DNA

SNRNA Small Nuclear Ribonucleic Acid
SOX Shutoff and Exonuclease

SsRNA Single Stranded Ribonucleic Acid
.
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TBE Tris/Borate/EDTA
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TEV Tobacco Etch Virus Protein
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TPM1 Tropomyosin 1
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Zinc finger-like domain
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Chapter 1: Introduction

1.1Human Herpesvirus es

Human herpesviruses (HHV) belong to theHerpesviridaefamily, whose members
characteristically have relatively large, doublestranded, linear DNAgenomeswithin

an icosahedral capsid surrounded by a proteinaceous tegument layer. They are
capable of encoding 100200 genes that express viral proteins important for viral
cell survival and infection of new host cells, causg various diseases in humans
(Mettenleiter, Klupp, & Granzow, 2009) TheHerpesviridaefamily can be classified
ET Oh -hy A Thérpesviruses depending on their genome sequences, tissue
OO0l PEOI AT A OEA AOOAOQEITI I £ OEA GADI EA
herpesviruses are known to primarily target mucoepithelial cells. Their
reproductive cycle is short, which leads to the development of latency in sensory
ganglia. These include herpes simplex virus 1 and 2 (HSVand HSV2, also known
as human herpesvirusl, HH\V*1, and HHV2, respectively) which predominantly
cause oral blisters and genital hters, respectively. Varicellazoster virus (VZV,
HHV-c h Al A O GHergEsvirs, caug@s shihgles and chickenpg¥Vang, Baldi,

& Gaut, 2007 Liu et al.,2007)8 ( O i-Heipesyiruses are characterised by long
replication cycles and include human cytomegalovirus (HCMV, HEB), which
mainly targets monocytes and epithelial cells and causes retinitis together with
approximately 10 % of cases of infectious mononuebsislike syndrome (Bravender,

2010; Brunson, Khoretonenko, & Stokes, 2016Roseolovirus (HHW6A), human B
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lymphotropic virus (HHV-6B) and HHVx A OA -hérpeéiiruses that mainly
target T cells and the cause of shes that are extremely commor(Brunson et al.,
2016; CruzMufioz & FuentesPanana, 20188 ( OI -Aefpesviruses include

+ ADT OE 8 Oasda@d hekpAsvirus (KSHV, HH8) and EpsteinBarr virus
(EBV, HHV4), whose main targets are lymphocytes and B cells, respectively, and are
known to cause various lymphoproliferative disoders. For instance, EBV is the main
causative agent of approximately 90% of mononucleosis and can cause Hodgkin
lymphoma, nasopharyngeal carcinomaand Burkitt lymphoma (Bravender, 2010;
Brunson et al., 2016) KSHV is the most recently identified HHV and is the main
AAOOAOEOA ACAT O T &£ +API OESO OAOA+Yelatdd j +3 Q
cancer. It is also responsible for primary effusio lymphoma (PEL,arare HIV-related
cancer arisingin body cavities) andMulticentric # AOO1 Al AT (BCD)(Ganemd A O A
2010; Kaplan, 2013) PEL is a lymphomatous effusion tumour developed from
clonally expanded malignant B cells and is mainly found in bodyavities manifested

as pleural, pericardial, and peritonealymphomatous effusions (Wen &Damania,
2010). It is an incredibly aggressive lymphoma for which there are currently no
effective treatments. On the other hand, MCD is a rare polyclonal B cell ang
lymphoproliferative disorder mainly found in the mantle zone of the lymph node
follicle (Katano et al., 2000). KS is the most common malignancy in patients after
organ transplantation, as well as the most common neoplasm in patients with
untreated AIDS, especially in men in SubSaharan Africa (Raeisi et al., 2013;
Cesarman et al., 2019). KS leads to the development of endothelial tumours and is

often characterised by skin lesions, and other damaged areas including the lungs,
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the liver, lymph nodes and tle gastrointestinal tract.

The latest KSHV associated disease identified is inflammatory cytokine syndrome,
or KICS. Patients with KICS show a subsequent increase in the level of both

interleukin -6 and high viral loads(Uldrick et al., 2010)

The Herpesviridae Family

Kaposi's Sarcoma
Associated
Herpesvirus (HIV-8)

Epstein-Barr Virus
“Mono” (HHV-4)

o e m— —— —— —— — — — — — — e e e E— E— E——

( B-herpesvirus o-herpesvirus

&HHV-7)

Cytomegalovirus
(HHV-5)

I Roseolovirus (HHV-6 I

————— —— — — — —

Figure 1.1: Classification of he Herpesviridae& A | E thergesvijuses include

Herpes simplex virus 1 and 2 (HSM and HSV2), and Varicella Zoster Virus (HHY

o ( 8hergesviruses include Roseolovirus (HHV6, HHV7), and Cytomegalovirus
(HHV-u q 8herpesviruses include EpsteirBarr Virus (HHV-t @ AT A + ADT

sarcomaassociated herpesvirus (HHWS).
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18 ¢ + ADPIT OE &SsoctatddHerpdsvirus (KSHV)

The KSHV genome consists of a ORFs flanked at each end by variable number of a
direct repeat giving a genome size of approximately 170 k@F-igure 1.2) (Rezaee et

al., 20®; Russo et al., 1996). These ORFs (ORF4 to ORF75) are responsible for
expressing 90 viral proteins whose functions for the majority are poorly understood.
Those that have been characterised, however, reveal roles in the modtiten of host-
virus interactions, the biogenesis of structural virion components and viral
replication (Yan et al., 2019)In addition, KSHV also encodes a unique set of genes
(K1-K15) that are associated with the subversion of host cellular mechanisms,
sewral long noncoding RNAs including polyadenylated nuclear RNA (PAN, 1.1kb
long) that are highly abundant in the lytic phase, and a set of viral microRNAs

(miRNASs) (Neipel et al., 1997; Russo et al., 1996; Staskus et al., 1997).
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Figure 1.2: Schematic dagram of KSHV gene maKSHV genome consists of a
unique region flanked at each end by variable number of a direct repeat giving a
genome size of approximately 170 kifFigure adapted and modified from Rezaee et
al., 2016).
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1.2.1 Infection and lifecycl e of KSHV

During infection, KSHV virions attach themselves via membrane fusipmediated by
the attachment of their viral glycoproteins such as gB, gH and gio the host cell
membrane (Figure 1.3) (Pertel, 2002; Krishnan et al., 2005 Avitabile et al., 2@9;
Veettil et al., 2014; Ya et al., 2019). Host proteins that serve as KSHV binding
OAAADPOT OO ET Al OAA EADPAOAT 0OOI ZAOAh ET OAcC
specific ICAM3-grabbing nonintegrin (DGSIGN), tyrosine protein kinase receptor
ephrin type-A receptor 2 (EPHA2),and the cystne-glutamate transporter xCT
(Hensler et al., 2014; Hahn et al., 201Rappocciolo et al., 2006). Depending on the
target cells, the modes of attachment as well as the types of receptors that KSHV
binds to varies (Jarousse et al., 2008). Fexample, KSHV can bind to integrins and
EPHAZ2 for attachment to induce macropinocytosis (fluid endocytosis resulting in a
suspension of large vesicles inside the cell) in certain cell typ€Butta et al., 2013)

In contrast, clathrin-mediated endocytosis is used to enter into human foreskin
fibroblast cells. Once KSHV enters the target cell, it deposits its viral capsid and
tegument proteins into the cytoplasm. Here, with the aid of microtubules, the capsid
is transported into the nuclear pore where it injects its doublestranded linear DNA
into the nucleus. Once inside the nucleus, the genome becomes rapidly circularised
in association with cellular histones. This ensures the protection of viral DNA ends
from nucleases that operate n host DNA damage responsenechanisms the
initiation of viral DNA replication and regulation of viral gene expressior{Uppal et

al., 2015) (Figure 1.3.
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Figure 1.3: Schematic diagram ofle novaoinfection of KSHV. Once KSHYV is attached
to the host cell,the viral capsid containing doublestranded linear DNA is deposited
into the cytoplasm. Subsequently, in association with microtubules, the viral DNA is
ejected into the nucleus where it undergoes rapid circularisation and initiates
replication and regulaton of viral gene expression. (Figure adapted and modified

from Cesarman et al., 2019).

The life cycle of KSHV is not completely understood; however, it is known to be
biphasic, consisting of a latent phase (infection phase) and a lytic phase (reactivatio
phase) (Cai et al., @1.0; Glaunsnger & Ganem, 2004. During this latent phase, the

viral genome remains circularised (as an episome) and associated with chromatin

which prevents viral replication. Replication of the viral episome, however, is
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achieved tirough expression of the virally encoded protein latencyassociated
nuclear antigen (LANA) (Lieberman, 2013). LANA physically tethers the viral
genome to host chromgomes enabling replication of the viral episomes through eo
option of host DNA polymerases and other reptation factors (Lieberman, 2013).
Detailed analysis of the proteins produced during latency revealed that many share
significant homology with those within the host and operate through deegulating
normally tightly controlled cellular mechanisms (Ballestas et al.,999; Glaunsinger
& Ganem, 2004 (Figure 1.3). It is unclear what triggers the transition from the latent
to lytic phase. Physiological stimuli and external/environmental factors such as
hypoxia and oxidative stress have been shown to disrupt the latent stagPavis et al.,
2001; Ye et al, 2011 which may lead to reactivation of viral DNA replication leading

to induction of the Iytic phase (Chen et al., 2001; Haque et al., 2003).

During the lytic phase, the majority of viral genes (~ 130 kb) encoding what are
referred to as lytic transcripts are expressed to pvduce viral proteins (Figure 1.3.
This sequence of events is tightly controlled temporally where the viral genome is
AZPOAOGOAA ET OxAOAOGOG xEAOA A@POAOOEII]
early (IE), early (E) and late (L) genes (Jenner et al., 2001). Typically, IE genes include
transcription factors and regulators such as ORF50 and OB%. They are responsible
for encoding regulatory proteins for viral replication, while L genes encode most of
the structural components of the virions. Many E genes function in assembly of the
highly conserved machinery for viral DNA replication and therefore have enzymatic
functions (ORF59). They are also involved in modulation of the immune system

(modulator of immune recognition 1/2 (MIR1/2)), regulation of gene expression,
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and mediation of RNA turnover of the host mRNA (ORF37). Upon expression of lytic

genes, virus assembly occurs in the nucleBigure 1.3) (Gradoville et al., 2000).

1.2.2 KSHV miRNAs

MicroRNAs(miRNAS) are a class of short (1223 nucleotides), singlestranded nor+
coding RNAs which function primarily in gene regulation at the postranscriptional
level by binding to target mMRNAs (Ameres &amore 2013). In KSHV, there are 25
mature miRNAsthat originate from 12 pre-miRNAs (K+12), which are important
players in cell immune responses, regulation othe KSHV life cycle and virus
induced angiogenesis (Pfeffer et al., 2005; Grundhoff et al., 2008Ylature miRNAs
are expressed during latency in KS or ®D patients (Sullivan2007). Studies have
shown that varying levels of some specific mMiRNAs are expressed at different phases
of the KSHV life cycle (Qin et al., 2017). For example, viral latency is maintained by
K12-7, K129, and K395p through inhibition of replication and downregulated
expression of thetranscription activator Rta (ORF50)(Lin et al., 2011).In addition,

the cellular G proteirrcoupled receptor kinase 2 (GRK2) is directly targeted by K3,
which subsequently initiates G-X-C Motif ChemokineReceptor 2/protein kinase B
(CXCR2/AKTY signalling induction of cell migration and invasion resulting in the
maintenance of viral latency (Hu et al., 2015; Li et al., 2016b). K3 and K11 also target

cellular factors including BCL2 associated transcriptiondctor 1(BCLAF), nuclear

AAAOT O )T qh AT A )"y O bDOITilT OA 1 AOAT A

Some KSHV miRNAs function by mimicking cellular miRNAs to target the same
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transcripts. For example, K1211 mimics host celFmiRNA 155 (Skalsky et al., 2007).

To promote longterm latency, hostimmune-surveillance mechanisms arealso

affected by KSHV miRNAs, which include Ki2p OEAO OAOCAOO ) ++
suppression of antiviral immunity in the IFN signalling pathway (Liang et al., 2011).
Additionally, K5 andK9 target the myeloid differentiation primary response protein

Yy §-9%puypq AT A OEA -1addpur2(IL-IRymsskcia®@d kinbsA O E E 1
(IRAK1), respectively, which leads to the overexpression of cellular miRNAs and
subsequently decreased levels of b6 and IL8 (Abend et al., 2012). This inhibits the

innate immune response and hence benefits the virus. K10a functions by binding to
tumour necrosis factorlike weak inducer of apoptosis receptor protein (TWEAKR),

which results in the suppression of inflanmatory cytokine (IL8) and inhibition of

TWEAK-induced apoptosis (Abend et al., 2010).

Several KSHV encoded miRNAs have been implicated in angiogeneimse KSHV
mMiRNAs include K5 and K2, which bind to tumour suppressor protein tropomyosin
1 (TPM1) resuling in the expression ofVascular Endothelial Growth Factor A
(VEGFA and tube formation that facilitates pathogenesis and angiogenesis of KSHV
(Kieffer-Kwon et al., 2015).Interestingly, miRNA K122, an RNA polymerase Il
transcript, suppresses the expresion of high molecular weight tropomyosin 1 splice
variants (HMW-TPM1) thereby regulating cytoskeletal organisation (Kieffetkwon

et al., 2015). The exact manner in which K12 does this is still unclear. However,
studies have shown that this suppressiondads to downregulated anoikis (a type of

anchorage dependent programmed cell death) which has been linked to metastasis
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in several nonviral cancers. In addition, the over expression of K2 may have an
important role in viral trafficking and it is intere sting to speculate that SOX may play
as an important contibutor in pre -miRNA maturation especially given that RNA
polymerase Il transcripts that so far appear to be the sole targets of S(séng et al.,

2012).

1.3 Mechanisms of Viral host shutoff

Severd viruses inhibit or down-regulate cellular gene expression in the host cell,
resulting in a subsequent reduction of cellular transcripts and proteins in a
phenomenon known as host shutoff (HSO). In order to promote and enhance viral
translation, upon infection, HSO functions by degrading cellular mRNAdl@awing
(Thompson & Sarnow, 2003). Consistentlyin vivo studies have suggested that HSO
plays a key role in evading immue surveillance mechanisms in host cells, which in
turn enhances viral replication (Smiley 2004; Smith et al., 2002; Strelow &L eib,

1995).

In 1965, HSO was first identified irthe | -herpesviruses HSV1 and HSV2 (Roizman
et al., 1965) and since then much work has been carried out, especially on HEV
These studies have shown that in HSY, HSOrequires the viral proteins 27 (ICP27,
encoded from unique long segment 54, UL54ndthe virion host shutoff protein vhs
(Smiley,2004). ICP27 contributes to the inhibition of splicing of cellular mRNA by
redistributing the major components of the spliceosome, the snRNfciabica, Dai,
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& SandriGoldin, 2003) In addition, ICP27 also promotes transcriptional activaon

of viral genes and mRNA export upon viral infection (SandiGoldin, 2011). vhs is
encoded by the HSM gene UL41 and acts as an mRMN#ecific RNase (Everly et al.,
2002). HSV1 vhs operates bydegrading host mRNAsthus promoting host shutoff
(Kwong & Frenkel, 1987). However, vhs does not support viral replication, as seen in
deletion mutation studies where mostwild type viral replication activity is seen in
tissue culture evenin the absence offhs (Kwong &Fenkel, 1987). On the other hand,
vhs mutants in a virusinfected mouse model have shown thait is essential for
pathogenesis and establishmenof latent infection (Strelow & Leib, 1995). This is
due to the failure of these mutants to suppress the interferon response, which
subsequently disablesth OE OOOG6 A théhbsEidrounedéspoAs@sABudrst
&-1 OOEOTTh ¢nmmtq8 OEO EO Al O Aergeévidus E 1T
AAT ET U j A O-hdrpks@iruséd) incfuding varicellazoster virus; however

their activity is not as extensive as that seen in HSY (Smiley, 2004). Interestingly,

HSOactivity had not been/El O1 AHHE {Smifey, 2004.

1.3.1( 3/ J{hdrpesviruses

(

4AEAOA AOA OEOAA EI O0-hépediaus: MA/6DCQRFETAGING Al C

SX and EBV BGLF5Jlaunsinger & Ganem 2004Rowe 2007; Covarrubias et al.,

2009). The gens encoding these host shutoff protei® A OA AT 1T OAOBGAA A/

herpesvirus family.

( 3/ -Bekpesviruses was first identified in MHV68 using microarray technology
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(Ebrahimi et al., 2003). This observation was then followed by the identification of
HSO during the lytic phase of KSHVhfected cells (Glaunsinger &Ganem 2004).
Previous studies identified ORF37 as a factor involved in the resection (DNase
activity) of viral genomes (to be furher discussed in section 1.3 following
replication. On this bais it was classified as an alkaline exonuclease that is widely
conserved amongst herpesvirusesdowever,ORF37Avas subsequently shown talso
mediate HSO resulting in the suppression of gene expression in host sell
(Glaunsinger et al.,, 2005). This additinal RNase activity ofORF37 could be
genetically separated from its DNase activityand appears to be distinct tor -
herpesviruses The fact that ORF37 possesses both host shutoff and exonuclease
activities prompted the name change to SOX (ShutOff and Exatease) (Glaunsinger

& Ganem 2003. The related EBV gene BGLRHso has host shutoffactivity (Rowe,

2007).
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1.3.2 The mechanism s of DNA and RNA turnover in BGLF5 and KSHV

SOX

A combination of structural biology, cell biology and biochemistry gavéhe first
ET OECEOO EIT O MhérpeLiruseeatiffeiecedtin the@raokssing of
DNA and RNA substrategDahlroth et al., 2009; Bagneris et al., 2011; Buisson et al.,
2009). The crystal structures of BGLF5 and KSHV SOX bound to DNA confiitrae
type ll-restriction enzyme like fold (Buisson et al., 2009; Bagneris et al., 20L.1The
crystal structure of Apo SOXPDB=3FHD)was solved to a resolution ofL..85v and
AAT AA OOAAEOEAAA ET1 OlshedstdachiflahiedCly arddqualA ET O
nOi A A O -héliges tp form a @erminal domain (amino acid residues from 7 to
pet AT A 119 OI -hdicppfari the NEdEnhin&l dgnain (@mino acid
residues from 179 to 445) (Dahlroth et al., 2009). Several structural studies have
shown that SOXcontains highly conserved motifs (Figure 1.4): Motifs-VIl, which
are homologous to the members of the type Il restriction enzyme likéamilies

(Dahlroth et al., 2009;Bagneris et al., 2011).
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Motif IV

NLS

.100

KSHV-SOX .. VASVYAACSQMNAHQRHHICCLVERATSSQSLNPVWDALRDGIISSSKFHWAVKQQNTSKKIFSPWPITNNHFVA
Bridge Loop

.180 .190 .200 .210 220 .230 .240 .250
GPLAFGLRCEEVVKTLLATLLHPDETNCLDYGFMQSPQNGIFGVSLDFAANVKTDTEGRLQFDPNCKVYSKCRFKYTF
Motif II

260 270 280 290 300 310 320 330
AKMECDPIYAAYQRLYEAPGKLALKDFFYSISKPAVEYVGLGKLPSESDYLVAYDQEWEACPRKKRKLTPLHNLIRECIL
Motif IV NLS

310 350 360 370 380 390 400 410
HNSTTESDVYVLTDPQDTRGQISIKARFKANLFVNVRHSYFYQVLLQSSIVEEYIGLDSGIPRLGSPKYYIATGFFRKRGY
Motif V Motif VI

420 430 440 450 460
QDPVNCTIGGDALDPHVEIPTLLIVTPVYFPRGAKHRLLHQAANFWSRSAK....

Figure 1.4: (A) A schematic diagram showing theseven conserved motifs of SOX,
nuclear localisation signal (NLSAT A O" OEACAd6 ET 3/88 -1 0EAE
Motif 11l (yellow), Motif IV (green), Motif V (magenta), Motif VI (blue), Motif VII

i PET EqQA6 OAAEAE 1 OAT CAQ BA3IFHD, figyr8adgptBdlahd (8
modified from Dahlroth et al., 2008).(B) The @mrresponding amino acid sequences

in these motifs. The PD(D/E)XK (D221 in motif Il, E244 and K246 in motif 1lI)

sequences are highlighted in red.
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Previous experiments have shown thathese seven motifs are crucial for their
proper nuclease activity (Bagneris et al.2011; Goldstein & Weller, 1998). In
addition, this PD(D/E)XK (D221 in motif I, E244 andK246 in motif Ill) sequence
was found in many other virally encoded proteins sug as ribonucleases (RNase)
that endonucleolytically process RNA substrates (Bujnicki & Rychlewski., 2001;
Morin et al., 2010;Yuan et al., 2009). Motif Il and Motif VI are inMved in substrate
binding and gructural studies involving SOX bound to a 20mebNA duplex have
confirmed that Motif 11l and residues K246, F249, K250 and Y373, found in Motif VI,
are involved in substrate recognition (Bagneris eal., 2011). The active sités found
AO OEA AAT OOA T &£ OEA 3/ 8 DOl OaEsubdiides A OA
the SOX structure into N and Gterminal lobes. These are spanned by an
01 OOOOAOOOAA PI 1 UPADPOEAA ETT x1T AO OEA OA«
structure is comprised of residues P164 to G180 and is positioned above the active
site. Therefore, the bridge was thought to be involved in the catalytic activity of SOX.
Other unrelated endonucleases are also found to have bridge motifs; for example,
the bacteriophage T5 flap endonucleaséridge structure shown to have an
important role in substrate binding (Nishino et al., 2006;Tomlinson et al., 2010;
AlMalki et al., 2016). A nuclear localisation signal (NLS), which is highly conserved
OEOT OCET OO OE A zHerpds duBfairily of HEV, ®4ds Alsobeen identified
between Motifs IVand V, just below the adve site (Bagneris et al., 2011; Dahlroth
et al., 2009;Buisson et al., 2009Glaunsinger et al., 2005).

Thev@& 8 1 Odciivily AIBABLF5againstDNA andsingle strandedRNAsubstrates

was found to be enhancedin the presence & Mn2+ compared to Mg?* which
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confirmed the requirement for di-valent metal ions (Buisson et al., 2009)
Interestingly, the processing of singlestranded RNA substrategequired 30 times
more protein for complete degradation relative to DNA, suggestingnuch weaker
RNase ativity (Buisson et al., 2009). In keeping with this, the fluorescence
anisotropy performed using KSHV SOXemonstrated poor affinity for single-
stranded substrates with a Ks| &£ x . Xheske resultstherefore presented the
possibility that SOXBGLF5might not be the main factor inRNAprocessingbut that
other cellular factors or viral proteins might alsoberequired (Bagnerieset al., 2011).
Curiously, severalnon-catalytic mutants that impair the DNase activity of SOX in cells
showed nostly wild-type RNase activity in vitro indicative of different
configurations associated with the binding of DNA and RNA substraté&launsinger

et al., 2005; Dahlroth et al., 2009)

1.4 The DNase activity of KSHV-SOXand its involvement in viral DNA pa ckaging

Replication of the KSHV genome results in the production of covalently linked
concatemersconsisting of multiple copies These have to be resolved into single copy
genomes prior to incorporation into capsids for the production of viable progeny
nature of the intermediatestargeted is unclear, however, evidence obtained from
HS\A1 suggests that alkaline exonuclease activity targets\8ay junctions (Martinez
et al., ©96; Severini et al., 1994; Severini et al., 1996)he newly generated, single

copy genomes are then encapsidated to form DN#led capsids (C capsids). Failure
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to achieve this results in reduced viral egress and downstream infectivity (Buisson
et al., 209). After budding through the nuclear membrane, the C capsids mature in
the cytoplasm, where they are tegumented and enveloped by the trai@olgi

network and subsequently released into the extracellular space to form a virion

(Mettenleiter, 2002).

1.5 The structural basis of DNA processing by SOX

Initially, it was hypothesised that since most of the nottatalytic residues implicated

in host shutoff are located at the Nerminal region distant from the catalytic centre,
SOX might recognise its DNA substtes as structural motifs and is not sequence
specific (Buisson et al., 2009). In 2011, the crystal structure of KSHV SDXA
complex was solved confirming this and also the involvement of the P/E)XK
motif and NLS for DNA substrate bindindBagneries & al., 2011) In this structure,
the bridge region was disordered and a role in endo or exoucleolytic cleavage
could only be speculated(Figure 1.5A). Interestingly, two magnesium ions were
identified associatedwith SOX one in a canonical position inelation to E244 and
D221 and the other, in a norcanonical position. Based on these and the position of
OEA OAOET A Al OOOGAO ETT x1T O EO1TAOCEITT EI
for cleavage was proposed consistent with a classicaln&metal nuclease
mechanism (Figure 1.9B) (Pingoud et al., 2005; Yang, 2011; Yang et al., 2006;

Bagneries et al., 2011)
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Figure 1.5: (A) Crystal structure of SOX bound to DNA (PDBPQV figure adapted

and modified from Bagneries et al., 2011 (B) Classical Sv2-metal nuclease

mechanism that involves the carboxylate groups of E244 and D221 chelated to two

divalent metal ions. (Figures adapted and mofled from Bagneries et al., 201}
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Recently, Q129 was shown to have an essential role in DNA turnov@&ippal & al.,

2019). A Q129H, mutant was reported to completely abolish the DNase activity of

KSHV SOXConsistentwith biochemical observations, it has been shown to be crucial

Al O OEA DPOT AAOGOEI C 1T &£ +3(6680 CATTI A AOOE]
In addition, using singlemolecule analysis of replicating DNA (SMARD) assays,
electron microscopy, and pulseedfield and Gardella gekhnalysis, the Q129H mutant

shows a more severe defect on the intranuclear processing of progeny virions,
compared to the apocenzyme confirming that the DNase activity of SOX is important

for viral particle maturation as well as processing and encapsidation of the viral

genome(Uppal et al., 2019).

1.6 The RNase Activity of KSHV-SOX

Several studies have beeperformed to establish the exact mechanisnunderlying
the RNase activity of KSHV SOX.ifitial cell basedexperiments, human embryanic
kidney-derived 293 (HEK293 cells expressing the mRNAGFP (green fluorescent
protein) reporter gene were transfected with active wild -type SOX (WTSOX)These
were among the first to show thatthe nuclease activity of SOX significantly
decreased he concentration of MRNAGFP inthe cytoplasm, but not in the nucleus.
This indicated that SOXmediated mMRNA degradation is more likely to occur ithe
cytoplasm (Glaunsinger et al., 2005)To investigate this further, aGFP reporter
plasmid, which allowed transcription by either RNA polymerase Il (pol 1), RNA

polymerase | (pol I) or RNA polymerase Il (pol IIl), was constructed and introduced
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into separate cells. Once SOX wasansfected, the levels of GFHMMRNA were
quantified. According to the results, the expression of SOX caused a significant
decline in poklI-mRNA transcripts, while potl-and pokllI-mRNA transcripts were
not significantly degraded (Covarrubias et al., 2011). Furthermore, the presence of
A v Bon thédnBst mRNA did not abolish SOMediated host mMRNA degradation
(Covarrubias et al., 2011)In vivo studies have demonstrated that SOX targets host
MRNA transcripts that are being adtely translated and that SOX oveexpression
causes a significant decline in polysome levels but increasghe levels of eukaryotic
ribosomes (80S) (Covarrubias et al., 2011). Moreover, it has been shown that the
MRNAs present in the cytoplasm are assoded with polysomes. These results
suggest that targeting translationally active mRNAs enhances S@¥diated
turnover as part of an efficient mMRNA degradation strategy (Hendrickson et al.,
2009).

Although it has been shown that the same catalytic site isilised for RNA and DNA
degradation by SOX, residues were identified that were capable iohibiting HSO
while having no impact on its DNase activity based on the screening of random
mutants in cell based assaysQ@launsinger & Ganem, 2004. These HSO mutast
include T24l, A61T (within the Nterminal lobe), P176S (located in the bridge
region), V369l (in close proximity to the active site region), D474N and Y477stop
(both positioned at the far Gterminus) (Figure 1.6) (Buisson et al., 2009;
Covarrubias e al.,2011; Bagneries et al.,, 2011)These mutants had differential
effects on HSO, but the most profound defects were observed for P176S and V369I.

However, the exact mechanism of how these residues contribute to the catalytic
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activity of SOX was unclear dueot their disparate nature and broad spatial

distributions (Glaunsinger et al., 2005; Bagneries et al., 2011).

Figure 1.6: Schematic diagram representing the locations of the residues involved
in non-catalytic host shutoff. (Figure adapted and modified &fm Bagneries et al.,
2011).

1.7 Evidence of structured RNA recognition by SOX

The studies performed by the Barrett Group and Buisson et al. demonstrated that
SOX is able to mediate degradation of singiranded RNA (ssRNA), but curiously,
the HSO mutantsdemonstrated near wild-type adivity against ssSRNA (Figure 1.y
(Bagneries et al., 2011) These experiments highlighted the possibility that SOX

recognises either structured mRNA or a specific nucleotide sequence as well as
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raising the prospect that it might have a more indirect role. These possibilities were
investigated by the Glaunsinger group using three distinct, fluorescently labelled
mRNAreporter genes to establish any common features associated with cleavage.
In addition to GFP, red fluorescent gtein (DsRed2) and human betaglobin (HBB)
reporter genes were analysed and the degradation products quantified (Covarrubias
et al., 2011). The results indicated that SOX binds to similar lengths of mMRNA ¢1.2
1.5kb) but cleaved each of the reportegenes nto variable lengths of mMRNA

intermediates (Covarrubias et al., 2011).

.:\T x ..'-‘ ;‘\\\ x ;“x
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Figure 1.7: TBE urea gel demonstrating that HSO mutants (SOXA61T, D474N and
Y477Stop) had near wildtype activity against the singlestranded RNA substrate.
D221S and E244S were useds negative controls (Figures adapted and modified

from Bagneris et al., 2011).

Similarly, variable lengths of cleavage product were also identified with a GAPDG
(glyceraldehyde 3 phosphate dehydrogenase) reporter geneThese effects were
similar to those observed in nonsense mediated decay (NMD) which degrades
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MRNAs that terminate translation more than 5655 nucleotides upstream of a
splicing-generated exonexon junction preventing the production of potentially toxic
truncated proteins that they encode(Maquat, 2004; Nagy &8Vlaquat, 1998) These
studies appeared to indicate that positional cues around the translation initiation
site do not regulate the accumulation of mMRNA intermediates but instead suggested
that SOXmediated mRNA degradation required biding to a specific sequence or
location in the target host mMRNA (Covarrubias et al., 2011). They further suggested
that degradation occurred via eédo but not exonucledytic cleavage. Interestingly, it
was also observed that the activities of SOX were indigient for the complete
degradation of mRNA transcripts. Xrnl, a host scavenger exoribonuclease that
functions in MRNA decay, was subsequently identified as having a key role in the
turnover of the SOX generated MRNA intermediateEhese studies thus indiate that
OEA AT AT 1T OAIl ATT1T UOEA AAOEOEOU 1T &£ 3/ 8 EIOC
followed by degradation via the exonucleolytic activity of Xrn1 (Covarrubias et al.,
2011).

To gain further insights into the requirements for mRNA cleavage, sequoce
alignments were performed by, Glaunsinger and eworkers on the GFPDsRed and
HBB reporter gene degradation products which identified a UGAAG motif 2 or 3
nucleotides upstream of the cleavage sites in atlases (Covarrubias et al., 2011,
Kronstad & Gaunsinger, 2012). When a 201 nucleotide (nt) fragment of GFRRNA
possessing the UGAAG motif was transfected into cells, nucleolytic cleavage was
observed. However, when a 25nt fragment possessing the UGAAG motif was

introduced, degradation was inhibitedsuggesting that RNA tertiary structure might
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also have an important role in cleavage(Covarrubias et al., 2011;Clyde &
Glaunsinger, 201). A more detailed, transcriptomewide analysis of targeted
transcripts and their cleavage patterns has shown that SOXiediated RNA
degradation favours substrates with two features: first, it likely recognises six

T OAT AT OEAAO AT 1 OAETET C OxI 10 OEOAA AAAI
site and second, binding is favoured by the presence of particular structuresich as

a stem loop or bulge motifs in the vicinity of the cleavage sites (Gaglia et al., 2015).
These studiedead to a more detailed computational analysis in the Barrett group by

a former PhD student (Anathe Patschull)who sequentially folded shorter &ngths of

the 201nt GFP mRNA transcript cited in the Glaunsinger studies using the RNA
folding software MGFold and MGSym to establish whether structural motifs
centred around the UGAAG sequence could be identified. From these studies, it was
possible toascertain that despite the absence of highly conserved motifs, cleavage
appeared to preferentially occur in the vicinity of loop regions (within stem loops)

or areas corresponding to unpaired basegFigure 1.8) (Lee et al., 2017)
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Figure 1.8: The predided lowest energy structures of GFP51, DsRed61 and HBB58
generated by the pipeline M&-old | MGSym. Red arrows indicate the cleavage sites
of SOX. Green boxes highlight thergerved sequence UGAAG maoitif. (Figurdapted
and modified from Lee et al., 201}

1.8 KSHV-associated antiviral therapy

The standard treatments for KS include chemotherapy, surgery, and radiation
therapy with 22 to 80 % of HIV-positive patients initially responding positively.
However, complete remission of KS is rarely achievedJfion for International
Cancer ControEML Review, 2014). In 2002, the natural product rapamycin emerged
as a novel therapeutic drug for treating patients with transplantationassociated KS

(Guba et al., 2002). Rapamycin was shown to suppress KS lesions $HK infected
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patients (Stallone et al., 2005). It also showed anéingiogenic effects in a murine
tumour model (Guba et al., 2002) and directly affectednammalian target of
rapamycin (mMTOR), which is crucial for KSHV pathogenesis (@ng &Ganem, 2013;
Royet al., 2013). Nonetheless, Rapamycin also acts as an immunosuppressive agent;
therefore, it was not selected as a standard therapeutic option for KS. The highly
active antiretroviral therapy (HAART) was introduced in 1996 for HIassociated KS
treatment in Europe and the US (Mocroft et al., 2004), which significantly reduced
the prevalence of AlDSassociated malignanciesand deaths (Cohen et al., 2005
Although HAART was able to impair the activity of HIV reverse transcriptase to
inhibit replication, it d id not have any effect on the replication cycle of KSHYV, thereby
limiting the success of KS treatment. Use of other antiviratlrugs such as
Phosphonoformic aid (PFA), Ganciclovir, and Valganciclovir, which mimic both
pyrophosphates and nucleosides, are #bto target KSHV DNA polymerase activity.
Unfortunately, these drugs, are no longer effective owing to drug resistan¢€ohen

et al., 2005).

Only a small proportion of KSHMnfected cells undergo lytic reactivation, while most
remain latently infected (Dittmer, 2003; Hosseinipour et al., 2014). Recently, several
antiviral treatment options were suggested that target lytic reactivation of KSHV
(Coen et al., 2014). However, since both the latent and lytic phases of the KSHYV life
cycle are involved in tumourgenesis, simply impairing the Iytic viral replication will

not clear KSHYV infection from the infected host.
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Until now, licensed vaccines that target KSHihduced malignancies are not
available due to the lack of scalable cell culture systems, the strggecificity of KSHV
for humans, limited development ofin vivo models, and incomplete identification
and screening of antiviral compounds(Dubich et al., 2019). These limitations

highlight the need for novel antiviral therapy and antiviral drugs for treatng KSHV.

1.9 Structure -based design of KSHWSOX inhibitors

The DNase activity of SOX was shown to be essential for the processing and
encapsidation of the viral genome(Martinez et al., 1996; Severini et al., 1994,
Severini et al., 1996; Mettenleiter, 20R). Furthermore, the RNase activity of SOX was
shown to be essential for degrading host mRNA_ee et al., 2017) Together, these
results indicate that SOX could be targeted for designing antiviral agents to block
KSHV virion production and hence the produ@on of progeny. Additionally, SOX
inhibitors may also impact on downstream latency and viral trafficking given the link

between the activities of SOX and these important processes.

1.9.1 Cancer preventive and therapeutic properties of  Phytic acid

(Inosit ol Hexaphosphate, 1P )

Interestingly, a number of oncology studies have shown that phytic acidplays an
important role in cancer prevention, and inhibition of tumour growth and

progression (Vucenik & Stains, 2010;Vucenik & Shamsuddin, 2003) For example,
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phytic acid was shown to suppress cell proliferation and promote apoptosis and
differentiation of malignantcel 1| © OEA - | B+AR1L dhd PK{VIcenik & [
Stains, 2010).Moreover, several anticancer effect of phytic acid was demonstrated

in different in vitro experimental models (Table 1.}.

Table 1.1: Antitumour effects of IP6in vitro. (Table adapted and radified from

Vucenik & Shamsuddin, 2003).

Organ or tissue Species Cell line
Blood Human Erythroleukemia
K562 cell line
Colon Human Adenocarcinoma
HT-29 cell line
Lung Rat Tracheal epithelium
Liver Human HepG2 cells
Mammary Human Adenocarcinoma
Uterin e cervix Human HelLa cells
Prostate Human Adenocarci noma
PG3 cell line
Skin Mouse JB6 cells
Soft tissue Human Rhabdomyosarcoma

Phytic acid (also known as inositol hexakisphosphate (1§), is composed of six
phosphate groups bound to each carbon to fom a ringed structure (Figure 1.9\).
Phytic acid is ubiquitous and is particularly abundant in plants, serving as a
phosphate reserve in the seeds and being the foremost inosit phosphate
discovered (Joy & Balaji, 2015). Phytic acig also found in most nammalian cells
and its lower phosphorylated forms (IR-s) play key roles in regulating vital cellular

functions (Shamsuddin et al., 1989; Shamsuddin, 2002).
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Figure 1.9: (A) Structure of phytic acid (IP6); (B) Structure of phytic acid chelated

to divalent cations.

Phytic acid can undergo dephosphorylation and phosphorylation, whose products
play different roles in mammalian cells: Lower forms of inositol phosphates (b)
act as intracellular messengers; for example, inositdl,4,5trisphosphate (1(14,5)P3)
and inositol 1,3,4,5tetrakisphosphate (IPs) are recognised as second intracellular
messengers that induce calcium sequestration involved in mitosis. Alternatively, the
higher inositol phosphates, inositol 1,3,4,54entakisphosphate (IR) and inostol
hexakisphosphate (IR), are found in higher concentrations with more recent studies
showing that IPs and IR have physiological functions in the regulation of the affinity
of avian haemoglobin for oxygen and neuronal excitation, respectively (Mennit

al., 1993).
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It has also been shown that phytic acidndergoes dephosphorylation to IR-sand 1Ps
which is involved in both intracellular functions and cellular signal transduction
(Shamsuddin, 1992). It is well known that divalent cations such as magsium ions
(Mg?*) function as important second messengers within the cell, and zinc (Z is
essential for cell division as well as DNA synthesis (Shamsuddin, 2002). Interestingly,
previous experiments have shown that phytic acignduces anticancer effect by
removing these cations (Jariwalla et al., 1988; Thompson & Zhan991). This is
based on the ability of the six phosphate groups to chete divalent cations (Figure

1.9B).

It has been demonstrated that phytic acidnhibited the cytopathic effect of he
human immunodeficiency virus (HIV) and HIVspecific antigen expression irHTLV-
I-transformed T-cell line 4 (MT-4) cells, indicating that phytic acidmay play an
important role in preventing and inhibiting HIV infection and associated HIMelated
disorders (Otake et al., 1989). Recentln silicoexperiments have demonstrated the
interactions of phytic acid with various drug targets and uncovered possible
analogues using bioinformaticso prove their drug-likeness (Joy &Balaji, 2015). It
has been also Isown that phytic acid inhibited the colony formation of KS cell lines
such as KS ¥ (AIDSrelated KS), and KS SLK {imgenic KS) in a dosedependent

manner (Tran et al., 2003).

Since phytic acidhas almost no toxic effects to the normal human celland is
naturally present in almost all plant and mammalian cellsphytic acid has received

much attention for its role in anticancer therapeutics (Vucenik &Stains, 2010)
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Although there are many studies relating phytic acid as an antiancer therapy, due
to the chelate formation and rapid eliminationinside the body it is not popular in

chemotherapeutic treatment (Arya et al., 2019).

1.10 Viral latency and the NF -[ B pathway

The expression of hundreds of genes primarily involved in immune responses are
regulated by the NF[B transcription factors. Signalling events leading to NF[B
activation constitute a major antiviral immune pathway. Viruses target these
mechanisms to replicate and persist within their hosts and as a second part of this
project, the remainder of this chapter focuseson KSHWFLIP, a protein produced
during latency that has evolved diverse strategies to evade and exploit cellular NF

/B immune signalling cascade® benefit the virus.

1.10.1 NF/[B

The nuclear factor kappa lighichain enhances of activated B cells (N " @ A OA
transcription factors that exist in virtually all cell types and play key roles in
regulating several biological processes such as apoptosis, cell development,
responses to cellular stresses, inflammation and angiogenegiBahl, 1999; Tolani et

al., 2014).The activation of NF[B is a rapid process, as the transcription factors do

not require co-activators and are upregulatedby diverse stimuli which include

growth factors, cyclins, chemokines, cytokines and adhesion moldes (Pahl, 1999).
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Activationof N[ * DAOExAUO POl i 1T OAO OEA AGPOAOOEI
are important for processes associated with cell proliferation and survival, and of

genes that both suppress and promote apoptosis and have a role in immau
responses Hayden & Ghosh, 200¢ Studies have shown that factors that are
associated with the maturation of multiple cell types and embryonic development

also lead to the activation of NF[B pathways (Hayden & Ghosh, 2004; Oeckinghaus

& Ghosh, 2009). lencederegulation of NF[B can lead to the development of cancer,

viral infection, septic shock, inflammation and autoimmune deficiencies.

The following sections will focus onthe components involved in NF[B signaling
pathways and two major NF[B signaltransduction pathways: the canonical and

non-canonical (or alternative) N[ B pathways.

1.102NF[{ " OAI AOGAA POl OAET O
Ingeneral NF[{ " OECT Al 1 ET C Dok &or pratedn familiedINFBA OE
transcription factors, the ET E E A E OT)Of@fanilyEand the) [ " + BKKA OA
complex (Zhang et al., 2017; Sun, 201Hayden &Ghosh, 2008). In resting cells, the

PR s~ oA £ s s A

YL " DBOT OAET O -(BArdhérApliod factors@nEnk cyto@asm. In order for
Al PAOExAU Oi redd todbA QdEuptdddi A h

O

OEA AATTTEA
the IKK kinase complex (a multi-subunit assembly) leading to posttranslational

modifications of O E A s lpaflihg to their degradation By contrast, activation of the
non-canonical pathwayis IKK kinase independent and instead is ge=ndent on an
upstream kinase NIK (NF[B inducible kinase)
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1.10.3 NF-{ B family

There are a total of five NF[B transcription factors that constitute the mammalian
NF{B family (Figure 1.10A). These can be divided into two classes: Class 1 includes
NF[B1 (p105/p50) encoded by the NFKB1 gene and NfB2 (p100/p52) encoded

by the NFKB2 gene; Class 2 includes RelA (p65) encoded by the gene RELA, RelB

encoded by the gene RELB, aneRel, encoded by the gene REL (Gilmore, 2006).

Different members of NF{ "  Disicéhfassociate to form 15 homoor hetero-
dimers that are either transcriptionally active or thought to have a regulatory role
Each member contains a 300 amino acid-Mrminal Rel-Homology Domain (RHD),
which is responsible for dimerisation, binding b DNA and) [ (Ghosh et al., 1998).
The Class Il family of NFfB possesses a nehomologous transactivation domain
(TAD, activated by one or more receptors) at their @rmini, which is responsible
for co-activator and repressor recruitment (Gilmore, 2006. By contrast, the Class |
family of NF[B proteins are synthesised as large precursors, p105 and pl100, in
which the inhibitor regions of p105 and p100 at the Germini are proteolytically
cleaved to generate the mature N{f B subunits, p50 and p52, respectivelyJnlike the
Rel proteins, an ankyrin repeat domain (ARD) is found at the-@rminal halves in
the p100 and pl105 precursors (Hoffmann et al., 2006Compared to p100, whose
processing is inducible and is mediated by upregulating signals, the processing of

pl105 is constitutive (Karin & Ben-Neriah, 2000; Liou et al., 1994).

Although the TADs are absent in P50 and p52 proteinthey are thought to act as

transcriptional repressors as they are still ableto bindto N * AT T OAT 6060
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DNA (Solan et al., 2002). Although transcriptionally inactive, they camoth form

hetero-dimers with cofactor-recruiting proteins such as BCL3 or oa of the TAD
containing NF{B subunits (Zhong et al., 2002; Hayden &hosh, 2008). RelB is
unique in that it contains a leucine zippetlike (LZ) motif at N-terminus, which also

plays a key role in the activation of NiJ " 8

Although almost all combinations & homo- and heterodimers of NF{ © EAOA AA/
identified in vivo, the RelA/p50 heterodimer is most commonly found in the N "

complex, in contrast to RelB, which has been shown to only form a heterodimer with

p50 and p52 Gosh & Karin, 2002 12 out of the 15 possible dimers have been
identified in various tissues, and the compositon of N " AEI AOO AADPAT A
type of cell, duration andsignalling stimulus (Sen &Smale, 2009).

Inmostcells,theNF[ " ET EEAEOI O BPOT OAET O ji[)dmed®q OAI
OANOAOOAOET ¢ OEAI ET OEA AUOiI Pl AGi 8 )"«
repeat domains (ARDs) that are required for bindingtoNg * AET AOOG8 ) [ "4
harbours sequences rich in PEST (proline (P), glutamate (E), serine (S), and
threonine (T) amino acids) domains at their @ermini which are required for

protein turnover (Figure 1.10B) (Zheng et al., 2011).
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Figure 1.10: Overview of NF[ " OAIl AOAA DOT OAET 68 4EA
in each protein isindicated on the right. (A) NF-{ "family proteins. (B) The) [ "

family proteins.
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1.104) [ +ET AOA j)++q AlipPilAQ

For activation of the canonical pathway, the Nf %) [ " AT i D1 A@GAO EA

disrupted and this process is initiated by the IKK kinase complex.

4AEA ) [" +ET Adily regllated @roteth @omplex responsible for the
phosphorylation of serine residues at the Nermini of the ) [s!" This then leads to
their rapid polyubiquitination and proteasomal degraddion (Figure 1.11). This
phosphorylation step plays a key role inactivating the NF[ " DAOEx AU

(Oeckinghaus & Ghosh 2009; Hayden &hosh, 2012.

The IKK complex is a large assemblf~700-900 kDa) composed of two enzymatic
OOADT EOOG ) Hor )y ++) +irpg+AQAAT A A OACOI AOI O
or NF{ " A O Gnhduléxér ANEMO) (Scheidereit, 2006) (Figurel.11). Due to the

large discrepancy between the molecular weights of the complex observed during

gel filtration of the IKK complex, the exact number of subunit components and the
stoichiometry have been a matte of debate. However, it is generally accepted that

the IKKcoreAT | BT A@ EO AT 1T OOEOOOAN +itfer AnwhiEW AO 1
p )++4 AOOT AEAOAO xEOE A AEIiAO T &£ . %-/h
suggested that other combinations of KK core complex can exist which include

. %-/ xEOE 10 xEOEI OO EIITAEI AOGO T &£ )++41 .

2012).

62



IKK proteins

NLS
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Figure 1.11q, ) ++4h ) ++1r AT A . %-/ A& Oi OEA AT
OAOGEAORO ET OEA ) ++ Ty phbsphorki@ell ard liighligtist. j + $ ¢
NBD: NEMGbinding domain, SDD: scaffold/dimerisation domain; HLX: helical

domain; ULD: ubiquitin-like domain; CC: coiled colil; LZ: leucingpper; HLH: helix-
loop-helix; NUB/UBAN: NEMO ubiquitin binding domain, also calledBAN.

11054 EA AAOAI UOEA OOAOI EOOG )++4 AT A )

) + HRKigure 1.12A), also known as CHUK (conserved hellmop-helix ubiquitous
kinase), was the first component of the complex to be identifiedwith a molecular

weight of 85 kDa and is a serie-threonine kinase (Polley etal., 20168 3 Ei E1 AOI U
isan 87 kDaserinefOEOAT T ET A EET AOA xEEAB B )up+p Al
) ++ 1 Al-ter@iAaEkinase domains (KD) capable of phosphorylating multiple

i AT AAOO 1T £ OEA ) [ MK iPaléyet al, S0OEp$Figlred1aB). A0 Al
In order to perform their kinase activities, the two serine residues within the
AAOEOGAOEIT 111D T /&£ OEA +3 TAAA O AA DPET (

AT A 3puyp A O Y++7rQqQ j,EO AO Ai8h c¢cmpcQqs
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I £/ AEI AOEA )
three domains: SDD; ULD; and KD. (Figure adapted and modified from Polley et al.,

2016)

y++4 AT TOAET O A DPOOAOEOGA 1 O0AI AAO IH[i*AAl EO
independent nuclearactivities (Sil et al., 2004). The recently solved crystal structure

I £ )++1r OAOAAIT AA OEAO -t@rminal KD,EaOubidultiri -l E O A A
domain (ULD) at the centre and a scaffold/dimerization domain (SDD) at the-C
terminal end. In addition, italso contairs a leucine zipper (LZ) domain and a helix
loop-helix (HLH) motif as a part of the SDD (Xu et al., 201@Higure 1.13). The SDD

bl AUO Al Ei bi OOAT O OiI 1T A ET EET AOA AAOQEOQE
when the activation loop is phosplorylated, the SDD is no longer important for

i AET OAET ET ¢ OEA EET AOA AA OE®OBESDD, ddtesings+ + 1 8
tEA OOAOOOAOA BADEAORRAQU AFIEAT AET ¢ OEA A
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i 80 AO Ai 8h c¢mppQs8 +)+ Ad | Rhib@nhd@Etapdptod ) + +
sequence (LedAsp-Trp-SerTrp-Leu) present in the nemo binding domain (NBD

(May et al., 2002).

NN, LA N Zz A N o~ o~ A o~ N

Figure 1.13: # OUOOAT OOOOAOOOA 1 AArmna Kp, UDlattieOE OA .

centre and SDD at the ®rminal end. (Figure adapted and modified from Xu et al.,
2011).

11064 EA OACOI AOT OU DPOT OAET . %-/T) ++r

) + + or NEMO), is a norcatalytic scaffold/regulatory protein of 49 kDa containing
two helical domains (HLX) at the Nlerminus flanked by coiled-coil (CC) domans,
and zinc fingerlike (ZF) domains at the @erminus together with a leucine zipper
motif (Zheng et al., 2011) The Ctermini of IKK) and IKKf interact with the N-
terminal region of NEMO (May, 2000). The LZ with adjacent CC2 domdmrms the
ubiquitin -binding domain of NEMO known agthe NEMO ubiquitin binding (NUB)

(Figure 1.14) (Bloor et al., 2008). Previous studies have suggested that the ZF motif
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of NEMO isalso required for regulating the substrateOPAAE AZEAEQOU 1 £ ) -

Yd "1 § SAEOA.RAIRAAOAO AO

Figure 1.14: Overall dimeric structure of CC2LZ domainsT £ ) ++r h 1 O

(Figure adapted and modified fran Lo et al., 2009.

1.10.7 Other IKK -associated components
) O xAO OOGCCAOOAA OEAO ADPAOO AEOEihvoNedinm f h )
formation of the active IKK complex. They include the chaperone heat shock protein
90 (HSP90), HSP70 and CDC37. Although their exact role is still unclear, it was
suggested that HSP90 in association witDC37stabilises the complex hrough
el EAT AET C /&l 1 AE Wwigdre HZP70) appearstt) havera regulatory role

through preventing the interaction between NEM AT A ) +(Ran &tal+2004).
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1.11 Activation of the Canonical NF-[ B pathway

Robust signalling in the canonical N " D A GsEnaiAlpachieved through the
AAOEOAOQET 1 i £ OEA ) ++7 OOABT EO 1T &£ OEA
DEI OPEI OUI AOAO Ox1 OAOET A OAOE-feihaénd 3 A0a0
I £ OEA ) [ " b Olddpdnieht@naniadr Hajden &shdsh 2008, 202).

NEMO is a norcatal UOEA OOAOT EO OEAO AET A0 ) ++
holocomplex and is required association with biquitin chains for activation of the

kinase (Hayden &Ghosh, 2008)4 EA PET OPET OUI AOGAA ) [ " DOI
and subjectedto ubiquitination by the ubiquitin ligase family members involving
Skpl-Culin-Roc1/Rbx1/Hrt -1-F-box (SCF/SCRF) (Beberiah, 2002). In this

POl AAOGOh OEA DPET OPEI OUI AGAA %o OAAT CT EOE
proteins are recognised and targted by & A -trgnsducing repeats-containing

b OT O A-HErCRa suhunit of the SKR&ullin-F box (SCF) ubiquitin ligase complex)

of the SCF family ubiquitin ligase comple@Vu & Ghosh, 1999; Hayden &hosh 2008,

2012). In addition, two conserved ysine acceptor sODA O T 1 ) [ " §, UO¢p
the N-terminus are in turn subjected to polyubiquitination by an E3 ubiquitin ligase

AT Uui As &i111TxETC OAENOEOET AGET T h OEA ¢o:
Y{" EO AACOABEAABLAL BAOGAA Aé dAucledL Fhis sitierd A O A £
recruited to its target promoter where it binds to the enhancer regions containing

OEA [ Ai 1T OA1T 000 AE pehdtiargcriptionQrigdie A1H.A ET EOE.
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Figure 1.15: Overview of the canonical ad non-canonical NF[ "
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p100 that processed to p52 which then initiates the transcriptional activation.
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1.12 The Non-canonical (alternative) NF -[ B pathway

The noncanonical or alternative NF{ " D A @Bctivated by a limited numberof

receptors (CD27, CD40, Fn14BAAT 1 AAOEOAOET ¢ AAAOI O O/
receptor) that belong to the Tumour necrosis factor (TNF) receptor superfamily

(Figure 1.15) (Razani et al., 2011). Although the signals that activate the non

canonical NF[ " D A @i ablk ltb activate thecanonical pathway, not all signals

activate nan-canonical pathway (Bonizzi &arin, 2004).

Unlike the canonical NF[ © D A O E x A tthnoniodt dathwiayl dppears to be

ET AAPDAT AAT O T &£ . %-/ AT A )++y1 Al A(Fokd EAO
1.15) (Senftleben et al., 2001) The key activation protein of this pathway is NfJ *

inducing kinase (NIK) whichis amember of the mitogenrassociated protein 3 kinase
(MAP3K) family (Xiao etal., 200h ¢nnt 8 ) O EO OEIT OCEO OE.
phosphorylating the two serine residues Serl76 and Ser180 at the activation loop.

)y O EAO AAAT OEIT xT OEAO OEA OOrkeradtionBvih OO O £
NIK (Figure 1.16. Thesesurfaces £l Oi A thexamer#hat, is required for the
processing of p100 b p52(Polley et al., 2016)although not detectable in cellsit has

been shown that) + +sjrecruited to p100 by NIK in a poorly understood process

where it initiates phosphorylation of the Gterminal serines 866 and 870although

there is uncertainty in the exact sites owing to discrepancies between experiments
conducted in vitro and in vivo (Polley et al., 2016) The phosphorylation of p100

initiates subsequent k48 linked phosphorylation by the -TrCp ubiquitin ligase

leading to targeted degradation byhe 26S proteasae in which only the Gterminus
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Is processedAlthough it remains unclear as to the exact manner in which processing
of p100 and formation of the p52:RelB heterodimer take place, it has been
suggested that RelB controls both p100 processingnd the formation of p52:RelB
heterodimer that in addition to p100, sequester other NF[ B transcription factors to
inhibit gene expression(Fusco et al., 2016). Also unclear is how the balance between
the transcriptional and these inhibitory activities of p100 are maintained. It is
assumed that newly synthesised p100 molecules are requiredrf p100 processing

(Yilmaz et al., 2014.

The alternative NF[B pathwaycontrols genes that are mainlyinvolved in regulating
adaptive immunity, B-cell maturation, dendritic cells (DC) maturation,

osteoclastogenesis and -Eell differentiation (Zhang et al, 2017; Sun, 2017).

Non-canonical

'?/ Signal

Ry N Activated
HEXAMER X IKK1/a

et
IKK1/a. DIMER p100 = p52

Trimer interface
Y-

Transcriptional d

activation

Figure 1.16: Schematic diagramshowing the OOE | AOEA ) + +uired 01O O £A A
interaction with NIK. (Figure adapted and modified from Polley et al., 2016).
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1.13 P100 processing and the p100 death domain (DD)

The processing of pl00 nto p52 represents another important regulatory
mechanism in the activation of N[ * DBAOExAUON EI xAOAOh OEA
which p100 processing occurs is still unclear. The presence of thet€@minal ARD in

p100 indicates that it functions similarly f  )lige"inhibitors but other factors have

also been shown tabe required (Tao et al., 2014). Thg@100 DDplays a key role in
interacts with a phosphorylated sequence in pl00 drmed the PEST region
(sequence enriched in proline (P), glutamate (E), serine (S), and threonine (T))
(Senftleben etal., 2001). - T OAT OAOh Pbpnn OAENOEOHICAOEI 1
AET AET ¢ OEOA A Odepetiddri phdsphorylation Bf)p10® 4 serines

866, 870 and possibly 872 (Liang et al., 2006). The-tdrminal Lys855 in p100 also

OA OOA O-TrérObinding site (Amir et al., 2004). Notably, p100 mutants were
observed in B and T cell ymphomas, which are caused by truncatioaDDresulting

from chromosomal translocations (Migliazza et al., 1994)These mutations led to

the reduction of p100 and resulted in the constitutive production of p52. These
studies also showed that constitutive p52 production led to an increase in the level

of p52:RdB translocation into the nucleus, resulting in the suppression of apoptosis

and aberrant growth regulation in lymphocytes, thereby promoting

lymphomagenesis(Figure 1.17)(Karin et al.,2002).
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P100/P52 ]

Death Domain

Figure 1.17: Schematic diagram of p100(A) The preaursor p100 contains an N-
terminal RHDthat is important for DNA binding anddimerization. It also contains a
CGterminal region that contains Ankyrin repeatswhich maskits nuclear localisation

motif together with the G-terminal DD. (B) Schematialiagram ofthe p100 DD.

1.14 KSHV- encoded viral flice inhibitory protein  (vFLIP)

In order to evade the host immune response, several viruses induce expression of
inhibitory proteins that suppress apoptosis and promote replication and grvival in
host cells (Thone & Tschopp, 2001). Amongt important apoptosis inhibitory

proteins is the KSHWiral FLICEinhibitory protein (vFLIPs). KSH\VFLIP isthe gene
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product of open reading frame K13 (ORF71and resembles the caspase 8/FLICH
comprising two tandem death effetor domains (DEDs)(Figure 1.18A). It is a viral
analogue of the cellular FLIFhomologueswith which it shares~33 % sequence

identity (Field et al., 2003)

Unlike the host FLIPs,studies have shown thatKSHVAVFLIP possesses the unique
ability to activate the canonicd NF-[* DAOExAU AU ET OAOAAOET ¢
the expression of a number of genes involved in cell proliferation, transformation,
cytokine secretion, and protection against growth factor withdrawalinduced
apoptosis (Field et al., 2003)Initially, it was suggested that KSHVYFLIP facilitates

IKK activation by interacting with TRAF2 via a putative TRABInding motif.
However, later reports proved that independent of TRAF2 or TRAFESHVWAVFLIP is
capable of binding to NEMO leddg to constitutive IKK complex activation (Matta et

al., 2007; Field et al., 2003). The crystal structure of KSH¥LIPboundto) + +r EAO
beendetermined which confirmed that KSHWFLIP binds to the HLX2Znotif ET ) + + r
in some wayinducing or stabilising an active conformation. In this configuration

) + + 1 7 )are persistently phosphorylated resulting in constitutive activation of

the canonicalNF[B pathway (Figure 1.18) (Bagneris et al., 2008).
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Figure 1.18: (A) Crystal structure of KSHV vFLIP containing two tandem death
effector domains (DEDs). (B) Crystal structure of the vPFLIP + + r AT | Dt A @
VFLIP highlignted i COAAT AT A )++r EECEI ECEOAA EI

modified from Bagnéris et al., 2008).
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Previous experiments, howeverhave also suggested that KSHXFLIP canactivate
the non-canonical NF{B pathway by forming a ternary complex with the
transcripOET 1 AAAOT O Ppnn Al-tArmihatend di pldOQrpArd E AT |

1.19).

.

293T —I
4 5

3

IP:0p100/p52

IB : ovFLIP ML

— p100

— p100 AC
IP: p100/p52
IB :0p100/p52

— p52

— p52 AcA/B

IB : ovFLIP — vFLIP

Vector Vector p100FL p100 p100
| AcA/B AC |

+ vFLIP

Figure 1.19: Western blot revealing that KSHWFLIP interacts with the Gterminus
of p100. 293T cells were transfected with KSHWFLIP together with the full length
p100 or mutants lacking 4 A/ | B (N-terminal helices implicated in p100 binding by
the Human T cd leukemia virus Tax) or the Gterminal region (spanning amino
acids 746900). The pl00 proteins were isolated from cell lysates by
immunoprecipitation followed by detection of KSHWFLIP by immunoblotting
(upper panel). The lysates were also subjected to immunoblotting to monitor p100
processing and expression using a p100/p52 antibody (middigpanel). The lower
panel shows KSHWFLIP expression (unpublished data reproduce from the PhD
thesis of Sofia Eflkidou).
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1.15 Aim

Endonucleolytic mRNA cleavage mediated by SOX during lytic infection with KSHV

has been linked to the degradation of cellular mRNA which playan important role

in modulating host immune responses to virainvasion and disease progression.

Thus, futher understanding of the molecular mechanisnms by which SOX induces

host shutoff will lead to insights into how KSHV evades immune responseand
establishes latency both of which are directly related to viral pathogenesis. An
additional aim was to gain insights into the mechanism of cellular trasformation
mediated by KSHWEFLIP, a virally encodedrotein that constitutively activates the
alternative N~{ " DAOExAU OEOI OCE EOO AOO1I AEAOEI
pl00 during latency. The objectives of the research reported in this thesis were

therefore:

To investigate the structural basis underlying how SOXecognizes mRNA
targets and to deduce the most likely cleavage geometry usingray
crystallography and biochemical assays coupled with sitdirected
mutagenesis given published reports of distinct binding modes for DNA and

RNA.

To establish whether the @fects in host shut off exhibited by a set of
reported mutants could be attributed to their inability to process structured

DNA elements using fluorescence anisotropy and RNase assays.

To identify potential inhibitors of SOX based on the structural studieand
the available SOXODNA complexes since impaired HSO results in attenuated
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viral trafficking and substantially reduced latent infection.

To elucidate the manner in which KSHWFLIP dysregulates the non
canonical NF{ " DAOExAU8 41 AAmR®AdAruct wé&® h
designed and attempts made to study their interactions with KSHVFLIP

and RelB using puHdown assays.

s



Chapter 2: Biophysical background theory

The aim of this chapter is to give a brief theoretical review of how -Kay
crystallography is used to determine the molecular structures of proteins, with a
particular emphasis placed on Molecular Replacement (MR), as this was the method
applied to phase the SOX complex structures. This chapter also includes theories

underlying the biophysical methods used.

2.1 X-ray Crystallography

2.1.1 Theory of Crystallisation and practical approaches.

Protein crystallisation requires the slow and controlled precipitation of proteins
from an aqueous solution where the formation of crystals degnds on the packing of
irregularly ordered protein molecules into an ordered periodic lattice. Key to this is
protein solubility and its behaviour in the presence of precipitantsCrystallisation
occurs when a protein is brought up to a state of supersatation following the
addition of certain precipitants. The crystallisation process can be described by a
phase diagram in which protein concentration is plotted as a function of precipitant
concentration (Rhodes, 2006; Rupp, 2010)Figure 2.1). This diagramconsists of
four zones. In the soluble region the protein remains in solution, whilst in the
precipitation zone, it precipitates amorphously. At the solubility line that separates
these two phases, the protein solution becomes saturated and beyond that,
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supersaturated. Supersaturation is a metastable state which can lead to the
formation of small nuclei (ordered aggregates) in the nucleation zone. These pre
crystals can then form crystals that during their growth, depletes the available
protein in the surrounding solution resulting in a reduction in protein concentration

and a transition back to the solubility line (Figure 2.1).

Metastable

Solubility
line :
1
I
o \ Precipitation Zone
= \
‘c'u' \
\
= -
o= \ = .
8 dialysis \\ . Nﬂ el?atl on
= S
8 microbatch\\
E " seeding
8 Vvapour O \\ = TTe==—o___
=] diffusion
St
(=W

Soluble

Precipitate Concentration

Figure 2.1: Crystallisation Phase DiagramThis shows the four regions (or phases)
associated with protein concentration when vaied as a functon of precipitate

concentration (Figure adapted and modified from Huub Driessen,
px17.cryst.bbk.ac.uk)
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There are several methods of producing gradual changes in protein concentration
required for the growth of successful crystal§Rhodes,2006; Rupp, 2010) In vapour
diffusion, water evaporates gradually concentrating both the protein and precipitant
in the mix which then slowly brings them to a supersaturated state resulting in the
formation of crystals. In the microbatch method, crystaléorm when protein solution
and precipitant are mixed to bring about a supersaturated state instantaneously.
Seeding caralso be used tdncrease the size of small crystals bintroducing them
into a supersaturated solutionwhere they can act as platformgor the deposition of
additional, ordered layers of protein The dialysis method relies on the protein being
separated from the supernatant by a serAqpermeable membrane that only allows
the flow of small molecules. Over time, there will be the flow of prguitants into the
protein across the membrane from higher to lower concentration (or water in the
reverse direction) until equilibrium is reached and hopefully supersaturation

leading to the production of nuclei and crystal growth(Rhodes, 2006; Rupp, 2010

Although the phase diagram shows crystallisation as a-Rarameter problem, in
reality the crystallisation process is multifactorial being also dependent on factors
such as temperature, pH, types of buffer, types of additive and crystallisation
technique. In order to supersaturate the solution, a triaknd-error variation of a
multitude of biochemical and biophysical parameters can be used to decrease the
solubility of the protein. This has been substantially aidethy commercially available
crystallisation screening kits that allow researchers to trial multiple conditions for

subsequent optimisation(Rhodes, 2006; Rupp, 2010)
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2.2 Oystal geometry

Crystals arelattices built from assemblies of repeated single units (represented by
three vector operators) (Figure 2.2). As a consequence, a basic repeat unit can be
defined that encompasses a motif/basis (generally DNA, RNA or protein) known as
aunit cell which will generate the entire lattice when repeated in three dimensions

(Rhodes, 2006; Rupp, 2010jFigure 2.2).

‘ ]Asymmetric
‘ unit

Lattice Unit cell

Figure 2.2: Crystal systems. A crystal is a symmetrical set of repeating units. Each
basic repeating unit is called the unit cell. Identical humbers of molecules are
arranged inside each unit cell and these molecules are related to each othmr
internal symmetry, generating a unit cell with multiple, symmetry related copies of

the same molecule.

Each unit cell can be characterised by six parameters: three grid length (a, b and c)

and their related three angles (,r,andr Q@ | & ECOOA ¢80(Q8
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Figure 2.3: Overview of the general geometry of a unitell.

Depending on the combination of orders of rotational symmetry within the lattice, a
crystal can be classified into 7 groups, collectively called Crystal Systemse$a are
referred to as triclinic, monoclinic, orthorhombic, trigonal, hexagonal, tetragonal
and cubic systems where the rotational axes place restrictions on the cell axes and
angles of the associated unit cells. The combination of the 7 crystal systemshithe
seven lattice centering options leads to a maximum of 14 unique lattice types, which
are referred to as the Bravais lattices. All crystals have at least a primitive Bravais
lattice (Rhodes, 2006; Rupp, 2010) (Table 2.1Yhrough different combinations of
rotational symmetry and translational symmetry, there are a total of 65 different
ways that crystals can assemble from asymmetric chiral protein molecules into
three-dimensional periodic crystals. Based on these 65 possible assemblies, the
crystal can belong to 65 chiral space groups. Space groups provide full information
on the rotational and translational elements that need to be applied to a protomer
in order to generate the crystal. Knowledge of the space group is essential for

determining the protein structure (Rhodes, 2006; Rupp, 2010)
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Table 2.1: The seven Bravais lattices and associated unit cell constraints.

Crystal System Variations Unit cell Parameters
Faces Angles
Triclinic Primitive abc 17 71 wn
Monocli nic Primitive, BaseCentred abec | B=wm) pn
Orthorhombic Primitive, Body-, Base, abec L7 7T on
and Face Centred
Tetragonal Primitive, Body- abec 17 71 wn
Centred
Trigonal Primitive abc L7 7T on
(Rhombohedral)
Trigonal/Hexagonal Primitive abec 17 Wt
T pcin
Cubic Primitive, Body-, and abc 1771 wn

FaceCentred

2.3 X-ray scatteringand " OACC6&6 O |

X-rays undergo scattering by electrons when applied to matter. When the objects

take the form of a crystal whose constituents are of a ogparable size to the incident

X-rays, the various scattered waves will undergo a process of either constructive or

destructive interference giving rise to what is known as a diffraction pattern

(Rhodes, 2006; Drenth, 2007; Rupp, 201qJFigure 2.4A).
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Constructive interference: Destructive interference:
a + b = nl (where n is an integer) a + b # ni (where n is an integer)
B
\ (3] 0 /
N\ /N
dhkl ed o
\\ 4 8 a b S

Constructive interference

Figure 2.4: (A) Constructive interference(left) in which two waves ae in phase with
one another.Destructive interference(right) in which two wave are out of phase. (B
Schematic diagram of two waves interfering constructively. In tlsi case, the path
difference is¢ £ E-, which give rise to the Bragg equation. (Figures adapted and

modified from http://px17.cryst.bbk.ac.uk).

The regions of darkness and brightness associated with the diffraction pattern will
depend on the angle of observation and the structure of the object. The conditions
that lead to constructive interference were considered by Bragg where for the
purposes of simplicity, a crystal can be thought of as being comprised of an infinite
series d parallel planes defined by where they intersect the axes of the unit cell
(defined by the lengths of the cell edges a,b and c). Each set of parallel planes is

assigned the indices hkl depending on where they intersect. Bragg showed that the
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conditions under which diffraction can occur can be considered as if arising from- X
rays reflected from these sets of parallel planes of atomgRhodes, 2006, Drenth,
2007, Rupp, 2010) This is illustrated in Figure2.4B. Furthermore, Bragg showed
that the diffraction process in the crystal can be treated as if the Xrays were refledte
by sets of parallel planes of atoms in the crystal, thereby referring the diffracted

8 OAU EIT OAT OE OE Auhen Acansid& &l ABmygh Aay Eillustréddsl in
equation 2.1) demondrates that diffraction mamixma will only be obsewed at
particular values of sirf . Thisgivesrise to a lattice in diffraction space whertaking
into accountall possible sets of parallel planegFigure 2.4B). The real and diffraction
space lattices, howeer are reciproally related leading to the diffraction space lattice
being referred to as the reciprocal lattice. The major simplification of Bragg's law is
that all atoms are assembled in planes which is not the realtity so all atoms

contribute to each dffraction maxima or reflection.
Equation2.1: " OACC86 O , Ax
¢Q OB+ ¢ _
7EAOAh | E ETAEAAT O Al cCl A
dnki = space between parallel @nes on which atoms are located

n = integer

1 = wavelength of the incident wave.
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2.4 Data collection

In order to determine the crystal structure, the diffraction pattem first has to be
collected. This is achieved using a set up silar to that shown in Figure 2.5where a
crystal is irradiated with X-rays and the diffraction pattern intercepted by an Xay
sensitive detector (Rhodes, 2006; Drenth, 2007; Rupp, 2010)A typical data
collection geometry is one in which the crystal is oscillated through 0.1 to 1.0°
(depending on the type of detector and factors such as the unit cell dimensionayer
an angular range determined by crystal symmetryThe first step is to deternine the
unit cell and likely crystal system from test images typically 480° apart to enable
sufficient sampling of reciprocal space using Software suites such as the XDS
pipeline (Kabsch, 2009 iIMOSFLM (Battye et al., 2011)and DIALS (Diffraction
Integration for Advanced Light Sources, Brewster et al., 2018) a process known as
auto-indexing. These results will determine the best parameters for data collection
influencing factors such as the amount of data that needs to be collected and optimal
oscillation angles.Once collected, the data will then undergo processing where each
reflection (diffraction spot) is assigned an indexhkl and its corresponding intensity
determined either through a process of simple integration (where intensity
contributions in each pixel are summed) or by profile fitting where the intensity is
obtained by scaling an average profile obtained from a number of a diffraction spots
in a particular region of the detector. At this stage, the crystal symmetry and space
group can be asceained by comparing diffraction spots that should be symmetry
related to establish whether theydo have similar intensities and then combining

them to produce a unique set in the event that this is the case. The final stage of the
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data collection processs truncation where the diffraction intensities are reduced to
amplitudes (known as structure factor amplitudes)given that (Inx)2= (Fi)?2, where
Ink is the diffraction spot intensity and Fw the amplitude (referred to as the

structure factor amplitude) (Rhodes, 2006; Drenth, 2007; Rupp, 2010)

Diffraction pattern
(Set of reflections)

Reflection (Fnu)

-
-
-

-
-
-
-

-
-
-

Incident X-ray -’

Crystal S ~ N

Real space Reciprocal space
(Real lattice) (Reciprocal lattice)

Figure 2.5: X-rays Crystallography eperimental set up. Upon incident Xray beam,
the crystal produces a diffraction pattern of spots. These spots are a product of the
scattering power of the individual atomswithin the unit cell that make up a crystal,

with each reflection Fw corresponding to all abms that effect the scattering.
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2.5 Structure factors and the Fourier Transform

As previously described, he diffraction pattern can be seen aghe sum of the
scattered waves of all atomsthat contribute to sets of parallel planes in the crystal
lattice. 4 E A Odflection3d are defined by where they intersect the unit cell
(coordinates h, k, and I, calledeflection indices), and, since reflections are produced
by waves, they can be characterised by three different properties: frequency (or
wavelength), amplitude and phasgRhodes, 2006; Drenth, 2007; Rupp, 2010)The
frequency is defined by the length of a single repeat/wavelength, which in turn
defines how frequently the terms F(x) are repeated. The amplitude is defined by the
minimum and maximum of the wave over thifrequency/wavelength. The phase is
specified by the position of the wave from its origin, which in turn defines the
angular position of the wave fom the origin, indicating the degree that the wave has

moved from the origin (Rhodes, 2006; Drenth, 2007; Rupp, 2010)

Each diffraction spot contains scattering contributions from each atom that can be
added vectorially and replaced by a Fourier series tproduce the structure factor
that represents the overall scatter in a direction defined by hkl &i.represented in

equation 2.2.

Equation 2.2: Structure Factor as a Fourier Sum.

0 00

Where, ("O ) is the structure factor for a particular reflecion hkl that is the sum of
the scattering contributions from all of the j atoms(fj) ranging from (1 to n) where

X;,yj and z correspond to their fractional co-ordinates.
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The structure factor ("O ) will have an associated amplitude and phasand can be

re-written as:

&EEI RKEER
It can be directly related to electron density by the electron density equation where
the structure factor and electron density are seen to be tated by a Fourier
transform. This can be visualised as electron density resulting from the summation
of waves represented by the 6 that have different amplitudes/ phasesand are
therefore analogous to the sine and cosine components of Fourier seriesed to

represent periodic functions (Rhodes, 2006; Drenth, 2007; Rupp, 2010)The

electron density equation can therefore be written as:

Equation 2.3

~ ,~

elo

Where, ” ¢huhi is the electron density at point (x,y,z)
V=volume of unit cell
"O =the structure factor amplitude
X,y and z =coordinates of unit cell

h,k,I= Miller indices

89



Frki is the complex structure factor for reflection indices h, k, | that can be written

|Fr|eE3where [fus E O OEA Al b1 E O WAl allfof thie pagaméidisA D E A

are known, the only exceptid EO OEA OOOOA Gitiod & esEfidl fofi O DE

determining the electron density This isreferred to asthe phase problem in protein

crystallography (Rhodes, 2006; Drenth, 2007; Rupp, 2010)

2.6 The Phase problem

Experimentally, all phase information is lostin a typical diffraction experiment
owing to the absence of an Xay lens that would maintain the phase relationships
between the various diffracted rays. Since calculation of electron density requires
PEAOA ET & Oi ACGET T h OEEO EO OAZEAOOAA Oi
or experimental methods need to be carried out in order to recover the missing
phases. There are three main methods to estimate thmissing phases: molecular
replacement (MR), direct methods, and experimental methods. Since MR wag
only technique used in this study, direct and experimental methods will not be

discussed in detail.

In brief, experimental methods rely on heavy atom substitution of the protein. These
include isomorphous replacemendr exploitation of the phenomenon ofanomalous
scattering for single- or multiple-wavelength anomalous dispersiogfsAD/MAD). The
incorporation of heavy atoms subsequently results in greater electron density and
scattering power, leading to significant differences between the equivalent native
and heavy atom substitited structure factors. These differences can betilised to
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obtain estimates of the missing protein phases. To generate heavy atom derivatives
of proteins, dassically, existing crystals are soakedr co-crystallised in solutions
containing heavy atoms. ldwever, binding candisrupt crystal packing leading to
changes in monomer conformationand in extreme casespace group transitions
which can all lead to the native and derivative datasets no longer being isomorphous
(Rhodes, 2006; Rupp, 2010A second mé¢hod that circumvents this problem makes
use of the phenomenon known as anomalous scatteringtoms exhibit anomalous
scattering when the incident Xrays have a wavelength near to the absorption edge
of the atoms. Part of the radiation is absorbed by thet@ms and reemitted with a
change in phase. The scattering factor for the atom can be written in terms of real

and imaginary parts:

Equation 2.4:

£ £ £ E Ec

Where,f0is the normal scattering factor away from the adsorption edgend (f' + if")

is the anomalous scattering correction.

2.7 Solving the phase problem by molecular replacement (MR)

In molecular replacement (MR), the phaserelating to the target of interest are
estimated from an existing set othomologousco-ordinates (Rhodes, 2006; Dreth,
2007; Rupp, 2010) In order to be successful, the similarity between the molecular

replacement model and the target protein structureshould be as high as possiblgt
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least more than 30 % sequence identity). Typically, the root mean squared deviation
between the alpha carbons of the target protein and the molecular replacement
model need to bdessthan 1.5v (Rhodes, 2006; Drenth, 2007; Rupp, 2010t cannot
be assumed that structures of high similarity will always be successful in molecular
replacement since they may undergo conformational changes that will have a
negative impact. There are two different approaches to MR: Pattersebased and
maximum likelihood-based MR Software such as Phaser uses maximum likelihood
for MR while other software suchas Molrep uses a Pattersoased MR(Rhodes,

2006; Drenth, 2007; Rupp, 2010)

2.7.1 Patterson -based MR

The Patterson function, Ru,v,w)is derived through multiplying electron density by
itself in a process known as autocorrelatiorfequation 2.5). Whilst the calculation of
electron density requires phases, simply squaring the electron density equation

produces one that is plase independent(equation 2.5.

Equation 2.5 : Patterson function
o ofoiy 2 0 AiO® @ ao

Where, 0 6fOR) is the Patterson function at point (u,v,w) on the Patterson map; V
is the unit cell volume; "O s the structure factor amplitude; 6fOR) are the

Patterson map coordinates and h, k, | are the three indices of tlerresponding

reflection.
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A Patterson map has coordinate of u,v,w rather than x,y,z as it has peaks
corresponding to vectors between atomsThe goal of MR is to first rotate the model
into the same orientationasthe target followed by positioning via translation to fully
superpose the model and targe(Rhodes, 2006; Drenth, 2007; Rupp, 2010rhe MR
process can therefore be simplified from a 6 dimensional problem to twehree

dimensional problemsinvolving rotation and translation as illustrated in Figure 2.6

......

.. X
X, = RX'Z +t

Figure 2.6: Schematic diagram of MR methodu =target co-ordinates, = model ce
ordinates, R =rotation matrix that when applied to x2, places it in the same
orientation as x and t the translation vector that superposes the two sets of co

ordinates.(Figures adapted and modified fromhttp://px17.cryst.bbk.ac.uk)

Traditionally, this was made possible by the fact that a protein crystal can be seen as
being comprised of atoms that are either related byntramolecular vectors (within
protomers) or intermolecular vectors (i.e.,between protomer atoms that are related
by crystallographic symmetry). This means that a rotation function can be
constructed from Pattersons generated using intramolecular vectorsaand the

translation function from those involving intermolecular vectors (Figure 2.7).
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Figure 2.7: (A) Simple 2D structure in a P2 unit cell. (B) Corresponding Patterson
map showing intramolecular vectors coloured in yellow and intermolecular vectors
coloured in orange. An example of a radius of integration set to separdtdra from
inter molecular vectors highlighted in blue dotted circle.(Figures adapted and

modified from http://px17.cryst.bbk.ac.uk)

AIOET OCE EOB8O AT i pOOAOGETT Al 1 U bés@nétadkbfA
computing structure factors for an entire macromolecule in all possible orientations
on a suitably large search grid is extremely demanding. A more computationally
efficient approach is to split the problem into two three dimensional searches, a
rotation function search, followed by a translation function searciRhodes, 2006;

Drenth, 2007; Rupp, 2010)
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2.7.1.1 Rotation function

In the rotation function, the search Patterson map is rotated incrementally around
the target Patterson map with a correlation score calculated for each angular
increment where the search Patterson map is reduced to the strongest few thousand
peaks (Rhodes, 2006; Drenth, 2007; Rupp, 2010). Therefore the overlap function
between Patterson functions (R) is the integrated (over all points u) product of the
observed crystal Patterson Pobservea (1) and search model Patterson Pmodel (R,u), with
R as the rotation matrix within a sphere of radius rmex centred on the origin and

excluding the origin peak out to a radius rmi» (Equation 2.6).

Equation 2.6: Rotation function

Tmax
RF(R) = f Pobserved (u) x Proder(R,u)du

Tmin

The results from the rotation function are scored by ranking the strongest peaks in

order of units of o above the average solution background.

2.7.1.2 Translation function

In order to correctly position a molecule in the unit cell, a set of high scoring
orientations from the rotation function are then trialled in the translation function
(Rhodes, 2006; Drenth, 2007; Rupp, 2010). Similar to the rotation function search, a
translation function is accomplished by calculating the correlation between the data

and a correctly orientated model at various points in the asymmetric unit cell
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(equation 2.7). For the translation function search the longer intermtecular vectors

are relevant.

The number of definable parameters required for the translation function varies
according to the symmetry ofthe target. For example, since therare no symmetry
elementsin a space group P1, the position of the molecule i@ the cell is arbitrary.
By considering possible multiple origins for differing space groups, different
O# EAOEEOA AiAdd thabdelindateihe ninknuri delfzolumesthat must be

searched, the size of which is proportionaio space group gmmetry.

Equation 2.7: Translation function

Where, B = observed (target) Patterson, a function of intermolecular vector

Pc = calculated Patterson, a furction of intermolecular vector

= Rotation angle(orientation matrix)

z = Translation vector

ui = Intermolecular vector
Translation functions can be scored by correlation coétients or by Ractor
(discussed in session 2.9 It is known that several MR programs also incorporate
more advanced packing function analysis and also include a penaliyr clashing

molecules.
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2.7.2 Maximum likelihood molecular replacement

Maximum likelihood (ML) methodsare based on the assumption that the most likely
model is the one with the highest probability of generating the observed data. This
allows more realistic target functions that account for incompleteness and errors in
models (Rhodes, 2006; Drenth, 2007; Rupp, 2010Key to the maximum likelihood
is conditional probability known A O " thébfed fEquation 2.8 which relates the
posterior probability (P(model:data)), to the prior (P(model)) and likelihood

(P(data:model)) probabilities.
Equation 2.8

G € QERAO A0 G € QM QO HE QQa

In MR, the maximum likelihood treatment begins with Xray data (intensities or
amplitudes) and the prior probability (P(model)), therefore the task becomes one of
selecting the model with the maimum likelihood (or highest probability). In MR,
the likelihood or probability is computed where the experimental structure factor
amplitude (Fo) servesasthe data, and the model structure factor amplitude ), the

model
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2.7.2.1 Likelihood based rota tion function

Given the lack of defined position ofthe search model at each orientation in the unit
cell, it is more difficult to apply maximum likelihood methods to the rotation
function search. The structure factor amplitudes for the whole unit cellR) cannot

be calculated as undefined positions in real space correspond to undefined phases
of the structure factars and therefore the likelihood cannot be estimated. Moreover,
since the model structure factor amplitudes remain without phassg, they cannot ke
combined directly with the symmetry related molecules(Rhodes, 2006; Drenth,

2007; Rupp, 2010)

To overcome this, contributions to the structure factor amplitudes can be
determined from each of the symmetry related molecules given that all that needs
to be known are the various atoms involve@ndthe atomic scattering factors jfwhich
can be calculated at different anglesSince the relative phase®f the various
contributions are unknown and can be anywhere in the complex plane, this is
equivalent toarandom walkwith steps of known length, but unknown direction and
can be estimated by a 2D Gaussian function where the variance is equivalent to the
sum of the squares of the individual contributionsSince a probability distribution
function can bedefined, a rotation likelihood function cannow be constructed of the
form: p(data | model) = p(Fobs | (Fm)sym), where (Fm)sym are the cotributions from
each symmetry related monomer These probability functions, howeve, are
normally based on thefull phased stucture factor Fo, SO to counteract the fact that

the phase is unknown, a relative phase between, Bnd one of the lm components is
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normally introduced. Usually, the (fm)sym that makesthe largestcontribution to the
total amplitude (Fvig) is chosen . Theremaining symmetry related contributions will
therefore be centred at its endand can be represented by a random walk but with
much sharper distribution (Figure 2.8). The variance may be inflated to account for
any addition model errors by the introduction of a factor D Final analysis involve
the phase variable between Fo) and (Fvig) being integrated out to give the
probability as a function of amplitude (Rice distribution). Since the reflections can
be assumed to be independent, the likelihood funain for the rotation search can
simply be taken as the product of all of the individual reflection likelihoodsvhich
will be computed for all possible orientations. Since the probability values are
usually very small,-log-likelihood is normally used as thetarget function (also in

translation searches)(Rhodes, 2006; Drenth, 2007; Rupp, 2010)

Fo

Fbig

Figure 2.8: A random walk is used to generate a probability function for#i as a two
dimensional Gaussian centred on dg to overcome the lack of relative phase
information in the rotation problem. The relative phase alpha betweenoFand Rig
can be integrated outby evaluating the probability at all values of phase between 0
and 360°.

99



Since this search is computationally expensive, fast Fourier transform
methodologies can be applied using a Taylor series expansion to expedite the
computation of full likelihood targets, followed by a rescoring of the top peaks using

full likelihood (Rhodes, 2006; Drenth, 2007; Rupp, 2010)

2.7.2.2 Likelihood based translation func tion

Maximum likelihood methods are straightforward to apply to the translation
function search given that the molecule has at this stage been correctly orientated
and can be positioned at some search point. Therefore, the locations of all of the
atoms areknown and the structure factor amplitude () can be easily calculated. A
sum of individual atomic structure factors (Rwm) from the model are used to
produce the structure factor for the model in the asymmetric unit. This is then
combined with any symmery relatives in the unit cell to derive the observed
structure factor amplitude for the unit cell (Fc). The likelihood function can then be
determined on a grid of search positions within the unit cell to deduce the

translational operator (Rhodes, 2006; Penth, 2007; Rupp, 2010)

Different potential solutions for a molecular replacement are compared by their log
likelihood-gain (LLG) and Zscore values. While the LLG measures hawuch better
the positioned model is for apotential solution when compared toa randomly placed
set of atoms, the Z&core measures the standard deviations above the mean of LLG
value. Generally, when a-&core is more than 5, the potential molecular replacement
solution is usually correct. If the LLG gives a negative value, thiglinates that a poor
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search model is used as it describes the target dataore poorly than a random
collection of atoms (a low signatto-noise ratio). However, the LLG can improve with
every rotation or translation step when used in the right direction deceasing the
randomness as the matching between the data and the model increases. Also, the
LLG score can be improved by maintaining the highly conserved residues between
the unknown structure and the existing modelRhodes, 2006; Drenth, 2007; Rupp,

2010).

Software, namelyPhasercan be employed to increase the probability of determining
an MR solution by using maximurlikelihood (McCoy et al., 2007)as well as
enabling the use of low homology and ensemble models which can be appropriately
weighted. This ca lead to success in difficult molecular replacement caseghere

traditional Patterson based methods falil

2.8 Electron density maps

Once a solution is found, the estimated phases from MR are then used to calculate
an electron density map in which an aimic model of the target protein can be built.
These maps are calculated using differentombinations of coefficients into the
Fourier synthesis. An Fo-Fc) difference map is generated by subtracting the
calculated structure factor amplitudes f) from the observed structure factor
amplitudes (Fo). Negative electron density map indicates regions where the model
has densitythat should be absent and is indicative of differences between the model
and target owing to conformational changes or differences in aimo acid sequence
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for example. Positive electron density indicates regions where the observed data
suggests the presence of atoms which are nobcluded in the model. o-Fc)
difference maps are commonly used in conjunction witha (2Fo-Fc) map where there
is increased weight placed on the experimental dat® E Ai®weightsédensity that

is not present in the current model(Rhodes, 2006; Drenth, 2007; Rupp, 2010)

The next step in the process is to optimize the fit between the model and the data.
This is adieved through minimising the difference between the set of observed
structure factors that were experimentally derived and those calculated from the

model.

2.9 Refinement and validation of macromolecular models

The purpose of refinement is to improve thefit between the experimental
observations and the model parameters in order to produceghe model most
consistent with the data Historically, this was performedby minimising an energy

equation of the form given below using least squaresethods:
E (Total) = E(%ray) + Estereochemical)

Where Hx-ray) corresponds to the residual W(k-F)/F o, where W is the relative
weight, and E(stereochemical), terms that include bond lengths, bond anglesd
chirality restraints, along with non-bonded interactions such a Van der Waals and
electrostatic interactions. This least squares based method of refinemeritas been

largely superseded by the application of maximum likelihood that enables errors in
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the model to be taken into account such as overall completenegRhodes, 2006;

Drenth, 2007; Rupp, 2010)

In the refinement process, the two values, fRiwor and the Rree are used as a quality
indicator to assess whether the refinement strategy was successful or not. Theackr
iIs a measurement of the agreement between thealculated structure factors from
the model and the observed structure factors from thediffraction experiment

(Equation 2.9).

Equation 2.9:

B €0 ¢ €O s

2 B SO s

Where, "O are the observed structue factors, and "O are the calculated

structure factors.

The conventional Ractor is Open to manipulation by for example sigma and resolution
cut-off, inappropriate weighting and overfitting by the introduction of more
parameters thanthe data dlow. In an ideal case, the value oftRior (Or Rwork) would
be 50 % for a molecular replacement solution and should be kept below 30 % after
several refinement Riee iS free from model bias as it is calculated using only a small
subset of the total (typgcally 5%) of the experimental reflection that are
systematically excluded fromthe refinement process.This percentage is chosen to
ensure that a sufficient number of reflectiongemain for the production of accurate

electron density.
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In the atomic modelsderived from molecular replacement or experimental phasing
all atoms have a position (% yj, Z) and a natural oscillation that is determined by the
local environment of that atom. This oscillation is denoted by the temperature factor,
B (or B-factor), and it is assumed that side chain atoms will exhibit more flexibility

than in the main chain.

There are two main aspects of refinementmaintaining the geometry of the atoms
whilst optimising the agreement between the model and the electron density. A
molecular modelling program such asCootis generally used to manually build the
residues inside the electron density and regularise the stereochemical properties of
peptides including bond lengths, bond angles and side chain rotamers (Emsley et al.,
2010) where large changes are required (such as the 4muilding of loops and
substitution of amino acid residueginclusion of solvent molecules depending on the
resolution). These models are then submitted to programs such &uster or Refmac

5 (Murshudov et al.,2011; Vagin et al., 2004) where they are refined to better fit the
diffraction data by altering the x,y,z (and Bfactor) parameters. The phase estimates
of Fc are therefore improved by these processes that iterate between model
rebuilding and program based refinement, resulting in sequentially improved
electron density maps. This is continued until convergence is reached where no

further improvements are observed.

Throughout the processes, lie geometry of the modelis continuously analysed
through calculation of a Ramachandran plot, which highlights residues of poor

geometry by plotting the relatives AT A w AT CIi A0 T &£ AAAE Al EIl
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and Sasiskharan, 1968) in programs such as MOLPROBITY (Chen et al., 2010) and

PROCHECK (Laskowski et al., 1993) addition to COOT.

2.10 Biophysical methods to probe protein -ligand interactions.

2.10.1 Fluorescence Anisotropy (FA) background theory

Fluorescence Anisotropy (FA) is a method used to determine the affinity of proteins
for their ligands (Singh et al.,2000; Shi and Herschlag, 2009). It is based on the
principle of photoselective excitation of fluorophores by polarized light. When
excited by polarized light, fluorophore molecules whose absorption transition
dipoles are parallel to the electric vector of the excitation become selectively
elevated to an excitedstate. In other words, if the fluorophores are excited by the
vertically polarized light, light is emitted in the same polarized plane, provided that
the molecule remains stationary throughout the fliorescence lifetime (time
between excitation and emission). However, in éhomogeneous solution, the
fluorophores will be oriented randomly and upon excitation, small fluorescent
molecules tumble rapidly resulting in largely depolarized emitted light{Figure 2.9.
On the other hand, a fluorescemy tagged larger molecules will undergo slower
motionsduring the fluorescence lifetimeand therefore the emitted light will remain
highly polarized. Large molecules rotate slowly/little during the excited state
resulting in high values of polarization while small molecules rotate rapidly
resulting in low levels of polarization. A spectrometer can be used to measure the
intensity of the emission (Figure 2.10.
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Figure 2.9: Fluorophores excited by vertically polarized light. The emittedlight is
in the same polarized plane, provided that the molecule remains stationary.
However if the fluorophores are randomised, they tumble rapidly upon excitation

andthe emitted light is largely unpolarised.
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Figure 2.10: Fluorescence Anisotropy Experimental setup. The sample is excited
with vertically polarized light which is oriented parallel to the vertical (z-axis) and

a polarizer is used to measure the intensity of the emitted light.
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The two intensity values, v and vy, can be obtained to calculate the anisotropyr

which is shown in equation 2.10.

Equation 2.10

0 0
‘© ¢O

Where,r is the anisotropy and VV denotes vertical excitation, vertical emission and
VH denotes vertical excitation, horizontal emission.

Theanisotropy r can be used to measure the dissociation constant{kbetween two
molecules independently of the protein concentration, given that it is a function of
the overall rotational correlation time which varies with the rotation rate of the
molecule. This has been shown to be dependent on the viscosity of the saly¢he
molecular volume and temperature and thus changes when the protein associates
with its ligand. The rotational correlation time can be directly linked to the intensity
changes of polarized light emitted by fluorophoreghat are covalently attached ©
either the protein or ligand, following irradiation (Jameson and Sawyer, 1995 he
extent of this reduction or difference in anisotropy () is dependent on the rotational
correlation time of the fluorophore,during the lifetime of fluorescenceand in the
absence of other processes that would further reduce the anisotropi, given by the

Perrin equation illustrated in equation 2.11 (Weber, 1953).
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Equation 2.11 : Perrin Equation

where, r is the observed anisotropy
rois the intrinsic anisotropy of the molecule
z EO OEA & Ol OACGAAT AA 1 EEAAOQEI A

%o s the rotational correlation time for the diffusion process

The dissociation constant (K) is determined by measuring tle change in anisotropy
for samples in a titration series where the concentration of the ligand is kept
constant, and the concentration of the pratin increased(Pollard, 2010) and can be

calculated from:

Equation 2.12 : Dissociation constantKgq

0 0
0

Where, Kq is the dissociation constant (M); [P] is the molar ®ncentration of the
Protein (M); [L] is the molar concentration of the Ligand (M);[C] is the molar

concentration of the protein-ligand complex (M).
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2.10.2 ThermoFluor Assay

The ThermoFluor assay is a temperaturdased assay that utilizes SYPRO Orange
and other chromophores that serve as a solvatochromic fluorescent dyes which have
the ability to bind to hydrophobic areaswithin proteins that stimulate fluorescence
emission (Figure 2.11). Initially, the protein is in its folded (native) state and when
the temperature increases, slowly undergoes thermal denaturation (protein
melting). When the protein starts to unfold, it exposes its hydrophobic core to SYPRO
orange that binds emiting higher levels of fluorescence. As the temperature
increases,a fluorescence maximum is reached and the protein begins to aggregate
dissociating the dye. The dye becomes unquenched and fluorescence emission
decreases. The melting temperature (#) of the protein is the inflection (mid) point

of the initial slope (Huynh & Partch, 2015. Addition of a ligand will shift the melting
temperature of the protein. Although ligand binding often produces greater stability
and positive shifts in melting temperature, it may also result in protein distortion
which can then lead to the complex being less thermally stable than the protein alone

resulting in a negative temperature shift.
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Figure 2.11: Overview of ThermoFluor analysis of protein stability and ligand

interactions. (Figure adapted and modified fromHuynh & Partch, 2015.
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Chapter 3: Materials and Methods

3.1 WTSOX Protein Expression and Purification

The details of cloning, transformation and expression of WTSOX were performed

using the same potocol from Bagneris et al., @11.

3.2 Preparation of SOX mutants: SOXE244S, SOXC247S, SOXF179A, SOXV369lI,

SOXP176S, SOXABLT, SOXD221S, SOXD474N and SOXY473Stop
3.2.1 Mutagenesis

To investigate the role othe HSO mutants in SOXhediated host mRNA degrdation,
several amino acids were mutated using the designed primers shown in Table 3.1.

All other mutants were kind gift from Dr Claire Bagneris.

Table 3.1: Primers used for SOX mutants

Mutant name Primer s equences

F179A &7 VO #' ' U #1414 4ACATAAGMEATG G ' 4
26 ULVO#H! 4' 1 4A#44) 4" 444 ## 44" loBd#! "
C247S &7 VO AV 4v gL A# N ABH HAA4

26 ULVO#'" 4!V 4l 441V g LA 4L ) 4 F
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All mutants were generated using site directed ligase independent mutagenesis
(SLIM) to introduce point mutations in WTSOX using the KAPA HiFi PCR Kit (KAPA
Biosystems). Similar to the inverse PCR mutagenesis, this technique introduces
desired point mutations into the oligonucleotide primers with complementary tails

at the opposite termini and usesamplification of the whole vector. The primers were
designed to be fully complementary to the protein sequence with the exception of
the mutation sites. The PCR reactions consisted of 2XKAPA HiFi Buffer (KAPA
Biosystems), 0.3 M Forward Primer, 0.3t M Re\erse Primer, 2 ng Template DNA and
PCRgrade water up to 501 L. For the mutagenesis reaction (PCR), the mixture was
heated to ~95 °C to fully denature the double stranded DNA template. The duration
ranged from 30 s to more than 5 mins, based on the GC bagser content of the
template. This was next followed by, 20 cycles of three successive steps:
denaturation, annealing, and extension. In the denaturation step, the temperature
was again elevated to above 9CC for strand separation. Subsequently, the
temperature was lowered to approximately 5FCto allow primer annealing onto the
target sequences. Finally, the temperature was increased to 8Dto activate the DNA

polymerase for primer extension (Table 3.2).

PCR products were treated with the restricton enzyme Dpnl at 37°C for 1 hour to

digest all methylated and hemimethylated parental DNA.
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Table 3.2: Overview of the PCR reaction

Step Temperature ( °C) Time Number of cycles
Initial denaturation 95 5 mins 1
Denaturation 98 20s
Annealing 63 15s 30
Extension 72 4.5 mins
Final extension 72 10 mins 1
Cooling 4 Hold 1

Two different types of competentE. colicells were used to either propagate plasmid
DNA or to overexpress the protein of interest. In order to obtain high quality plasmid
DNA fa sequencing purposes, SOX mutant plasmids were amplified in the NEB 5
E. colistrain. After transformation, they were plated onto solidified agar media
AT 1 OAETETI ¢ ¢uv t¢xi, 1T &£ EATAI UAET MO
overnight to produce colories similar to WT SOX. Individual colonies were picked
AT A ETTAOI AGAA ETOT v 1, 1T# ," 1TAAEA
overnight incubation at 37 C,the cultures were pelleted and the plasmids purified
using the Wizard® Plus SV Miniprep Staldp Kit (PROMEGAXRO { L of 100 ng/t L

of the purified plasmid samples were sent to GATC (Germany) for sequencing to
verify whether mutagenesis had been successful. The Expasy Translate tool
(Gasteiger et al., 2003) was used to translate the obtained seques and the

mutants were verified using BLAST2seq (NCBI).
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3.2.2 Expression and Purification of SOX mutants

The SOX mutant proteins were expressed and purified using a similar protocol as for
WTSOX with the exception that the concentrated SOX mutants wexgplied to a gel

filtration column (Superdex 200 HR 16/60), which had been previously equilibrated

with gel filtration buffer (32 mM Tris-* AOAh B( ¢8och pyYyw - . A
serum albumin (BSA), 10 mM DTT). The eluted fractions were analyzed using %40
SDSPAGE and the purest SOX mutant proteins were then concentrated to 8 mg/mL,

OADAOAOAA ETOT wuvm (z8°81 ENOT 00 AT A 0OOT OAA

3.3 Protein analysis and quantification
3.3.1Protein concentration

All purified protein concentrations were derived from the average of 3 absorbance
readings at 280 mM (Aso) using a Nano Drop spectrophotometer (Termo Scientific).

4EAU xAOA AAOAOI ET AA OOEIi ¢ OEA OAAOOAT CA/
(Equation 3.1).

Equation. 3.1:

i 0 u W

¢ = Conceltration of the protein (mg/mL)

Azso = Absorbance at 280 nm

R E I T1AO0 AgOEM®EEl T Al AEEEAEAT O
MW = molecular weight(g/mol)

| = Path length (cm)
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The molecular weight and molar extinction coefficient for protein concentration
calculation were estimaed using web resources such as ProtParam

(web.expasy.org/protparam/).

3.3.2 Sodium dodecyl sulfate (SDS)-Polyacrylamide gel electrophoresis

(PAGE)

Protein samples (10t L) were first mixed with 3t , T &£ t© 8 , $3 3AI
(NUPAGE, Invitrogen). They weréhen resolved on 412 % Bis Tris 12-well Mini-Gels
j.00!" %h )T OEOOT CAT Q8 o t, |1 solgeBarweighdbA 0 O,
markers (Invitrogen) were used for analysis SDSPAGE was performed in 1 X MOPS

buffer (NUPAGE, Novex) for 40 minutes, atd® V, and the gels were stained with

InstantBlue stain (Expedeon).

3.3.3 Western Blots

SDSPAGE gels were prepared as previously described with the omission of staining
with instant blue. Following electrophoresis, the gels were washed with MilHQ
water (Milli -Q®) and the proteins transferred onto a nitrocellulose membrane using
the Invitrogen iBlotR 7-Minute Blotting System. The membrane was blocked using 1
x TBST buffer (50 mM TrisHCI, pH 7.4, 150 mM NacCl, 0.1 % Tween20) blocking
solution containing 5 % non-fat milk powder for 1 hour at room temperature,

followed by three washes with 1 x TBST buffer (5 min each). Next, 1 x TBST
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containing 5 % nonfat milk powder and 10t L of Anti-6His antibody was added to
the membrane to give the specified 1:1000 dilubn ratio and left shaking for 1 hour
at room temperature or overnight at 4°C.The membrane was subsequently washed
5 times with 1x TBST buffer (5 minutes for each wash) at room temperaturé. was
then incubated with 1 x TBST buffer containing 5 % noifat milk powder, and Anti
Mouse IgG (FabPeroxidase Alkaline Phosphatase (SIGMALDRICH) and
incubated for 1 hour at room temperature. The membrane was next washed with 1x
TBST buffer 5 times (5 minutes for each wash) at room temperature. 5 mL of distilled
xAOAO AT 1 OBigniinBberidine {DAB) tablet (SIGMAFAST) and a
precipitating substrate Urea Hydrogen Peroxidase (SigmaAldrich) were then added

to the membrane for the detection of 6Higagged proteins.

3.4 Preparation and Annealing of RNA substrat es

The 31 nucleotide truncated form of KSHVIRNA K231 (RNA 31nt, Table3.3was
purchased from Eurogentec and annealed to give a final concentration of RNA in
excess of SOX by a factor of 1.2 for crystallization. To achieve this, the RNA was
annealedingt t, Al ENOI OO0 Al-HGhAHETESOGWMMNaCI, L mM 4 OE
EDTA and RNase and DNase free PCR water, using a PCR machine (Peglab Primus 96
Gradient PCR). For annealing, the sample was incubated at @¥Gr 1 min and the
temperature was reduced by 1 € every minute until a temperature of 4 °C was

reached

Similarly, GFP51, HBB58, GFP8ICUCU, GFPSWUGCAC, kK31A4, K231A9,
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AO$.!'uvd0 xAOA AT TAAI AA OOEIT ¢ GQERNAGOAd A 04
various sequences are provided Table 3.3.

To avoid any mtential exonucleolytic cleavage by WTSOX in assays probing
endonucleolytic processing, the RNA constructs were designed notlte conjugated

to ATU £ 01 OAGAAT O OAcCcO 10 1111 priwvwREAOA

alternatively labelled x E O E-cadbbxyfiygorescein (6-FAM).

Table. 3.3: RNA and DNA sequences.

Oligonucleotide Sequences
GFP51 L WACGGCAAGCUGACCCUGAAGUUCAUCUGCACCACCGGCAAGGUHGECECG
HBB58 VG! " "5 L ESHIE T FL L L LB gEH# 5 #H
Uo6 &! -

GFP51-UCUCU | v WACGGCAAGCUGACTUCUUUCAUCUGCACCACCGGCAAGCUGEEGRUG-

GFP51-UGCAC | u-WACGGCAAGCUGACCCUGCACUUCAUCUGGUGCACCGGCAAGGHBCLLG

K2-31 56GAUCUGAGCCAUUGAAGCAAGCUUCCAEPAN
K2-31A4 56GAUCUGAGCCAUUGAAGCAAAAAGCUUCCABAMIC
K2-31A9 56GAUCUGAGCCAUUGAAGCAAAAAAMBCUUCCAGALBG-AM
UN51 56GGCCAUCCUGUUUUUUUCCCUUUUUUUUUUUCUUUUUUUUUUUUBUUUL
3¢-AM
dsUN51 56GGCCAUCCUGUUUUUUUCCCUUUUUUUUUUUCUUUUUUUUUUUUBUUUL
3¢-AM

36CCGGUAGGUCAAAAAAAGGGAAAAAAAAAAAGAAAAAAAAAAAAAAAAABR
AOS$. ! v 6 56pGGGGATCCTCCCAGTCGAEC

33-AM-CCCCTAGGAGGATCAGGHBGG
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3.5 RNase assays using TBEUrea gel electrophoresis

The ability of WTSOX and SOX mutants to bind and degrade RNA was assessed via
RNase assays using TBBrea gel Electrophoresis. This assay was adapted from that
reported in Bagneris et al., 2012jiven that the binding conditions originally used
(1.35t M SOX, 0.2M RNA, 25 mM TrisHCL pH 9.0, 200 mM NaCl, 10 mM Mg@hd

5 mM 1 -mercaptoethanol) resulted in poor endonucleolytic cleavage. Therefore,
optimal processing conditionshad to be determined using a reaction mix containing
0.21 M RNA combined with 1.35 M SOX in a buffer comprised of 10 mM MgCb
mM BME, 25 mM TrisHClat a range of pHs between 6.0 to 9.0 and NaCl (50 to 200
mM) concentration. Maximal endonucleolytic pocessing was obtained at a pH of 9.0
and NaCl concentration of 50 mM. All RNA endonuclease assays were therefore
performed in a buffer comprising 10 mM MgGl 5 mM BME, 25 mM TrigdClpH 9.0
and 50mM NaCl. The reaction mixes comprising optimal buffer, 0;21 RNA and 1.35

t M SOX were then incubated for 1 hour at 37C. Time course assays were also
conducted in order to compare the rates of RNA processing more quantitatively
where samples were taken at 20 minute intervals for one hour. The endonuclease
reactions were halted by the addition of 7.5 L Novex TBE (Trisborate, EDTAjurea
sample buffer (Invitrogen) to 7.5t L of reaction mixture. The samples were then
heated for 3 mins at 70°C and loaded onto 15 % TBRurea gels (either precast
(Invitrogen) or genegated in-house (Table 3.4). The samples were
electrophoretically separated using a PowerPa# power supply (BioRad) using a 1

X TBE running buffer for 100 minutes at 100 V. The gels were visualized using a

FLA3000 transilluminator (FujiFilm) Imager, at anexcitation wavelength of 473 nm
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and emission wavelength of 520 nm consistent with GAM.

Table 3.4: Composition of in house 15 % Urea gels:

Name Volume
40 X Acrylamide 5.625 mL
5x TBE 3.0mL
Urea 6.39
40 % Ammonium Persulfate (APS) 30tL
Tetramethylethylenediamine (TEMED) 12tL
Distilled water (dH 20) Up to 15 mL

3.6 Fluorescence polarization anisotropy (FPA)

Fluorescence polarisation anisotropy assays were conducted using 1M
concentrations of oligonucleotides that were tagged wittb 6 & ! - ET OAOEAI
of SOX (73 M, 50t M, 33.3t M, 22.2t M, 14.8t M, 9.9t M, 6.6t M, 4.4t M, 2.9t M, 1.9

t M, 1.3t M, 0.87t M). Experiments were performed in abuffer comprising 25 mM
Tris-HCI, pH 8.5, 300 mM NaCl and 10 % glycerol to give a finallwme of 60t L.
Each sample was incubated for 30 meiand its anisotropy measured using a
fluoromax-3 spectrofluorimeter (Jobin Yvon Horiba) where the assay was
conducted at 25 °C with a slit width of 5 nm. An excitation wavelength of 492 nm
was used thatgave rise to an emission wavelength of 515 nm. The measurements
were repeated 10 times at each concentration of SOX and the affinity constants
determined following data processing in Graphpad PRISM6 where all curves were

fitted to a single site binding eqation.
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3.7 Crystallization of SOX -inhibitor complexes
3.7.1 Formation of the SOX-inhibitor complexes

Two SOX inhibitors, Pyranine and Phytic acid, were investigated for their capacity to
form complexes with SOX. Since both the inhibitors are highly acid{pH= ~5.0),
they were diluted to maintain a pH of ~7.5. SOX (8 mg/mLand was combined with
each inhibitor at a concentration 4 mM. The samples were subsequently incubated

on ice for 3 hoursprior to crystallisation .

3.7.2 Initial Crystallization trials o f SOX:Phytic acid and SOX:Pyranine

complexes.

Both SOX:Phytic acid and SOX:Pyranine complexes were initially screened using the
commercially available Proplex HTz 96 (Molecular Dimensions), JCSgGplus HT Z

96 (Molecular Dimensions), and Structure Screeh & 2 (30 Molecular Dimensions)
EEOO8 ym t, 1T &£ AAAE AT 1T AEOEIT xAO PEDPAOO
96 well MRC 2 sitting drop vapour diffusion crystallization 96 well plates (Swissci)

using a multichannel pipette. A Mosquito Crystal Liga handling robot (TTP

Labtech) was used to combine the sample (SOX complexes) and mother liquor
(precipitant) in 1 (250 nL) : 1 (250 nL) and 1 (250 nL) : 2 (500 nL) (volume/volume)

drop ratios and dispense sitting drops. The screens were then incubated 2@ °C.
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3.8 ThermoFluor Assay

In this assay, a 25{ L reaction mix was assembled in a 96 well plate format
comprising WTSOX (1 mg/mL), 1 mM Phytic acid andil of SYPRO Orange (1:1000
dilution). Each assay was repeated 3 times and perfora using the MyiQ Real Time
PCRSystem (BicRadPCR Machine). The atting temperature for each run was
10 °C increasing to 95 °dn 0.5 steps. Trials were also performed in the absence of

phytic acid for comparison along with buffer controls lacking WTSOX.

3.9 Cloning, expression and purification of p100 and IKK

In order to investigate the interaction between p100 and IKK in the non-canonical
NF[B pathway, full length p100 and IKK constructs were expressed using a

baculovirus system.

For cloning, the polymerase chain reaction (PCR) was used to amplify the full length
open reading frames of both p100 and IKKfrom existing plasmids. The appropriate
forward and reverse primers for Gibson assembly were designed using the
NEBuilder Assembly Tool (BioLabswww.nebuilder.neb.com) and were purchased

from SIGMA ALDRTH. They are listed in Table 3.5
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Table 3.5. Oligonucleotide DNA primers used to generate the p100 and IKKull

length constructs by Gibson Assembly.

Name 0O0EIi AO OANOAGAA jubd
p100 Fwd TCAGGGCGCCATGGATCCGGAATBGAGAGTTGCTACAACCC
p100 Rev TCCTCTAGTACTTCTCGACAAGCTTCAGTGCACCTGAGGCTG
Ikk 1 Fwd TCAGGGCGCCATGGATCCGGAATTCATGGAGCGGCCCCCGG!
Ikk | Rev TCCTCTAGTACTTCTCGACAAGCTTCATTCTGTTAACCAACTCCAATCA

Each PCR reaction was prepared according to the manufacturesing KAPA HiFi
Hotstart ready mix (KAPA Biosystems) and were made up to 29 using PCR grade

water (Milli -Q®) (Table 3.6.

Table 3.6 PCR Reaction composition.

Reagent Final Concentration
Template DNA 1ng/tL
Forward primer 0.4tM
Reverse primer 0.4tM
2 X KAPA HiFi Hotstart ready mix (KAPA 1X

Biosystems)

PCR grade water (Millipore) Up to 25f L

PCR reactions were carried out using the Peglab Primus 96 Gradient R@Rchine

with the program provided in Table 3.7.
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Table 3.7. The program used for PR.

Step Temperature ( °C) Time Number
of cycles
Lid heating and 96 5 min 1

Initial denaturation

Denaturation 96 1 min
Annealing Within 5 °C of the primer 15s
melting temperature 25
Extension 72 30-60 seconds per kilobase

of DNA being amplified
Final extension 72 10 min 1

Cooling 4 Hold 1

Successful amplification was confirmed using agarose gel electrophoresis. 50 mL
gels were prepared using 1 % agarose and TAE buffer (40 mM TFhase, 20mM
acetic acid, and 1 mM EDTA, pH 8.0) containing L of SYBR Safe (Invitrogen) DNA
stain. 10 {L of QuickLoad DNA Ladder (NewEngland BiolLabs) was used for
guantification and analysis. 25t L of DNA sample were mixed with 2.5 L of Gel
Loading Dye Purple (NewEngland BioLabs) prior to gel loading. Gels wete in 1

X TAE buffer for 1 hour at 80 V. Successful amplification was confirmed using a UV
transilluminator (Fisher Scientific). In order to clone p100 and IKK into the
pFASTBAC vector, the Hindlll and EcoRlI restriction sites were used. To achieve this,
restriction digests were initially performed to produce linearized vector. The

composition of the digests is providedin Table 3.8 The digestion mixture was
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incubated at 37°C in a water bath for 2 hours.
Table 3.8 Composition of Restriction Digest

P100 and IKK

Name Volume (Final Concentration)
pFASTBAC 15tL (3t ¢ q
Hind 1lI 41 ,
EcoRl 4t ,
Buffer (10X) St
ddH20 Up to 501 ,

Agarose gel electrophoresis was carried out to verify digestion of the vector and the

products were purified using a DNA extractia kit (QIAGEN).

The purified p1l00 and IKK| PCR products were then inserted into purified,
linearized pFASTBAGrector using Gibson assembly ligation. This was performed
Al111TxET ¢ OEA 1 AT OEAAOOOAOSGO ET @acmd& OET T «
listed in Table 3.9

Table 3.9 Composition of Gibson assembly reaction mixture.

Name Volume (Final concentration)
Digested pFASTBAC vector 1tL of 50 ng
Fragments 2tLof25ng
Gibson Assembly Master Mix (2X) 10tL
dH20 Up to 20t L
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The mixture was subsegently incubated in a thermocycler (Peqglab Primus 96
Gradient PCRmachine) at 50°Cfor 15 minutes. 2t L of the Gibson assembly mixture
were then transferred into 50{ L of NEB competent cells (New England Biolabs) and
incubated on ice for 30 minutes. Thealls were then heat shocked at 42Cfor 45
seconds followed by incubation on ice for 2 minutes. 25pL of SOC media (kept at
room temperature) was added to the mixture which was incubated at 37Cfor 1
hour in a shaker incubator (shaken at 250 rpm}o aid recovery of the cells 100t L
of this mixture was spread onto agar plates containing 100g/mL ampicillin and

incubated at 37°Covernight.

Plasmids were amplified from three colonies for both p100 and IKK Following
selection, each was inoculated into5 mL of LB media containing 100t g/mL

ampicillin and grown overnight at 37 °C. The plasmids were then purified using a
7EUAOA “ 0100 36 -ETEPOAD $.! DOQEAERAKOQEI
of the purified plasmids were sent to GATC (Germany) f@equencing. The Expasy

Translate tool (Gasteiger et al., 2003) was used to translate the obtained sequences

that were verified as correctusing BLAST2seq (NCBI).
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3.10 p100 and IKK ;4 Expression.

3.10.1 Transposition of pFASTBACpl100 and pFASTBAGIKK, into

bacmids.

1tL of pFASTBAE100 or pFASTBAGKK] , was transformed into 50t L of electro
competent DH10 EMBacY cells (Thermo Scientific). The cell/DNA mix was
transferred into a chilled electroporation cuvette (1 mm) and was electroporated
using the BiocRad Gene Pulser Xcéll 9501 L of SOC media was then added directly
to the cuvette and the suspension transferred to a 17mm x 100 mm rourabttom
culture tube which was incubated at 37°Cfor 6 hours with shaking at 250 rpm. 50
t, T &£ OEEO OGeddkiLB kdarl platesActntaiBing Kanamycin df
DH10Bacselection), Gentamycin(for DH10Bac selection) Tetracycline (from helper
plasmid selection antibiotic), IPTG and >Gal for blue/white colony selection. The
plate was incubated for 2 days at 37C.White colonies indicated that the transfer
vector was successfully transposed into the bacmi&ingle white colonies were then
inoculated into 3 mL of LB media containing Kanamycin, Gentamycin and
Tetracycline and grown overnight at 37°Cin 50 mL tubes wth shaking at 200 rpm.
The bacmids were then purified using a DNA purification kit (Qiagen). The DNA
concentration was determined using a NanoDrop spectrophotometer (ND 1000,

Thermo Scientific).
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3.10.2 Transfection of Insect cells and protein overexpres sion

Initially, Spodoptera frugiperda(sf9) cells (Gibco) were counted using an EVOS light
cube (Thermo Fisher Scientific) in a Countess Il FL Automated Cell Counter
(Invitrogen). The sf9 cells and the InseeXPRESS Medium +-gflutamine (Lonza)
were dispensed into a 6well plate to give 1 million cells perwell, in a total volume

of 3 mL The plate was incubated at 27Cfor 30 minutes to allow the cells to adhere.
951 L of insect cell medium, 2 g of bacmid DNA and 8L of FuGene HD transfection
reagent were gently mixed in a 1.5 mL tube and incubated at 2Cfor 15 minutes to
allow the bacmid DNA to form a complex with the FuGene. 1QQ of the transfection
complex was added dropwise into each well of a éwell plate. The plate was then
incubated at 27°Cfor 3 days in a plastic bag containing damp tissue to maintain
humidity. After 3 days, the supernatant (containing the baculovirus) was transferred
into a tube contaning 50 mL of sf9 cell (at 1 million cells per mL). This viral
suspension (termed VO0) was incubated at 27Cfor 3 days with shaking at 100 rpm.

1 million cells werethen aliquoted into a 1.5 mL tube for protein expression analysis
using SDS PAGE and thlemaining cell suspension transferred into a 50 mL tube
that was centrifuged at 2000 rpm for 5 minutes. The supernatant containing the
baculovirus (now called V1) was transferred into a darkwalled 50 mL tube and
stored at 4°C.The remaining pellet wasthen used for protein expression analysis
using SDS PAGHor large scale expression, 2 L of insect cell media were infected
with 1 % V1 (v/v). This was then allowed to incubate for 3 days at 27C. The cells

were then centrifuged at 2000 rpm for 20 minues and the pellets stored at80 °C.
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3.10.3 Expression analysis using SDS-PAGE

In order to assess protein expression, 1 million cells per mbof sf9 cellswere
aliquoted into a 1.5 mL tube and analysed by SEFAGE using 1 million uninfected
sf9 cells as a conbl. Prior to SDSPAGE, these cells were centrifuged at 13,000 rpm
for 1 minute and the resultant pellets resuspended in 50QL of 1 X PBS buffer. L
of 4X SDS loading buffer were added to 3. of cell suspension and incubated at
95 °C for 5 minutes. 2.5 L, 5t L and 10t L aliquots of this mix were loaded onto SDS

PAGE gels.

3.11 Purification of p100 and IKK

Unless otherwie stated, all purification protocols involving columns were

conducted using an Akta Explorer purifier (GE Healthcare).

pl100

Cell pellets were resuspended in 20 mL of lysis bufferomposed of Buffer A (Table
3.10) with an added EDTA free protease inhibitorcocktail tablet (Roche), using a
handheld homogeniser. Lysed cells were pelleted by centrifugation (20,000 rpm for
50 minutes at 4°C). The supernatant was loaded onto a 5 mL HisTrap HP column
(GE Healthcare) preequilibrated with Buffer A using a peristatic pump (~1 mL/min,

4 °C). Once loaded, the HisTrap column was washed with 10 column uates (CV)
of Buffer A (Table 3.10 supplemented with 5 mM imidazole to remove non

specifically bound proteins. p100 waseluted with buffer B (Table 3.1Q using a
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gradient of 5z 500 mM imidazole over 20 CV collected in 1 mL fractions. Protein
purity was determined using SDSPAGE and the fractions containing P100 at a purity
of greater than 95 % were combined. The sample was then digested with TEV
protease overnight in dalysis Buffer (25mM Tris-Base, 300 mM NaChnd 0.5mM
DTT, pH 8.5) at £Cto remove the 6Histag before concentration using a Vivaspin 10
kDa MWCO centrifugal concentrator (GE Healthcare) to a volume of approximately
2 mL. The concentrated sample was #n applied to a Superde’ S200 16/60 gel
filtration column which had been pre-equilibrated with Buffer C (Table 3.10, and
0.5 mL fractions collected. All peak fractions were analysed by SIPBGE and those
containing p100 were pooled and concentrated to @ mg/mL in a Vivaspin 10 kDa

MWCO centrifugal concentrator (GE Healthcare).

Table 3.10. Buffer compositions used for p100 purification.

Name Composition

Buffer A 20 mM Tris, pH 7.5, 250 mM NacCl, 10 %
Glycerol, 7 mM 2mercaptoethanol (BME)
Buffer B 20 mM Tris, pH 7.5, 250 mM NacCl, 500 mM
imidazole, 10 % Glycerol, 7 mM BME
Buffer C 20 mM Tris, pH 7.5, 250 mM NaCl, 10 %

Glycerol
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IKKy.

Cell pellets were resuspended in 20 mL of lysis buffer compiigy Buffer A (Table
3.11), with anadded EDTA free protease inhibitor cocktailablet (Roche),and 0.2 %
NP-40 (non-ionic polyoxyethylene surfactant) Lysed cells were pelleted by
centrifugation (14,000 rpm for 45 minutes at 4°C). All purification steps for IKK{
were carried out at 4°C owing to the lability of the protein.First, the supernatant
was loaded onto a 5 mL HisTrap HP column (GE Healthcare) prquilibrated with
Buffer A using a peistaltic pump (1 mL/min, 4 °C). Once loaded, the HisTrap column
was washed for 10 CV with Buffer A supplemented with 30 mM imidazole to remove
non-specifically bound proteins. IKK eluted using buffer B (Table 3.1)in a gradient
of 30 z 250 mM imidazole over 20 CV, where samples were collected in 1 mL
fractions. Protein purity was determined using SD®AGE and the fractions
containing the purest IKK| combined. The Nterminal 6His-tag was left intact for
pull down assays. In order to remove imidazole, theollected samples werealialysed

in Buffer C (Table 3.1) overnight at 4°C.

Table 3.11. Buffers used for IKK purification.

Name Composition

Buffer A 25 mM Tris-Base, pH 8.0, 200 mM NacCl, 10 %
Glycerol, 5 mM BME.
Buffer B 25 mM Tris-Base, pH 8.0, 200 mMlaCl, 250
mM imidazole 10 % Glycerol, 5 mM BME.
Buffer C 25 mM Tris, pH 8.0, 200 mM NaCl, 10 %

Glycerol, 5 mM BME.
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3.12 Expression and Purification of p100 short ¢ -terminal constructs

3.12.1 Expression of pETM6T1-p100 746-860 and pETM6T1-P100

746-848

Two short constructs of p100: pETM6T4p100 746-860 and pETM6T1p100 746-
848 were provided by Dr. Tracey Barrett. Both of these plasmids were transformed
into RosettaTM 2(DE3) cells (Novagen) as deribed in section 3.2.1 using
Chloramphenicol and Kanamycin r antibiotic selection. These plasmids contained
an N-terminal His-tag, followed by a TEV cleavage site and arullization substance

protein A (NusA)tag for enhanced solubilization.

Following growth on agar, colonies containing the pETM6Tp100 746-860 and
PETM6T1-p100 746-848 plasmids were selected and cultured in 100 mLof

Lysogeny broth (LB, 10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium chloridat

b( x8uvq AT 1 OAETEIC ot t CTIi , anafytiiaddwe EAT E.
grown overnight at 37 C with shaking (225 rpm, Certomat BS1 incubator) to

produce seed cultures. 10 mL of these cultures were transferred into each of 5x 2 L
flasksof LBmedaAT T OAET ET C o1 ( CX¥i, #EI laDaycEAT E/
to give a 1: 100 ratio. These expression cultures were then incubated at 3Z&nd

agitated at 225 rpm to an optical density (OE»o) of 0.8z 0.9. At this stage, 0.5 mM
isopropyl 1 -D-1-thiogalactopyranoside (IPTG; Sigma) was added to each flask to

induce the expression of pETM6TP100 746-860 and pETM6T1P100 746-848.

Once added, the cultures were incubated at 1&bvernight and the cells harvested

by centrifugation for 20 mins at 5000x g (4 “CBeckman Avanti k¥ 20 | Centrifuge).
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The resulting pellets were transferred into 50 mL centrifuge tubes and stored at

80 °C.

3.12.2 Purification of pETM6T1 -P100 746-860 and pETM6T1-P100

746-848

Both pETM6T1-p100 746-860 and pETM6T1p100 746-848 were purified using the

same protocol.Cell pellets were first resuspended in 50 mL of His Trap buffer A (25

mM Tris-HCI pH 8.5, 300 mM NacCl), supplemented with d&aDTA free protease

AT AEOAE]I ETEEAEOI O OAAT AO j21 AEAQ AHA pmn
using a sonicator (Vibra Cell) at an amplitude of 40 Watts for 1 min interspersed

with 30 s rest intervals for a total of 5 mins on ice. The lysate was then centrifuged

at 20,000 rpm at 4 Tfor 45 mins (Beckman Avanti 320 XP rotor) to separate the

soo OAlT A AZOAAOEIT1T mOI i OEA AAI1T AAAOEO AT A
(Sartorius Biotech) to remove large particulates. The supernatant (soluble protein)

was then applied to a 5 mL HisTrap FF column (GE Health Care), which had been
previously equilibrated with HisTrap column buffer A (25 mM TrisBase, pH 8.5, 300

mM NacCl). The column was then washed with 20 CV of His Trap column buffer A.
Protein samples were then eluted with 60 CVs of HisTrap column buffer B (25 mM
Tris-Base, pH 8.5, 500 mNmidazole, 300 mM NacCl) in a gradient of 39 500 mM
imidazole, where samples wee collected in 1 mL fractionsThe eluted fractions that
showed the highest concentrations of protein were confirmed as p100 short

constructs using SDSPAGE. The fractions cdaining p100 short constructs were
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collected and the NusAtag removed by TEV cleavage. 2 mg of TEV protease was
added to the p100 samples in a Pierce Snakeskin membrane (Thermofisher) and
were dialyzed overnight at 4 Tinto 4 L of dialysis buffer (25 mM Tis-Base, pH 8.5,
200 mM NacCl, 1 mM dithiothreitol (DTT)) to remove the 6HiINUSA tag. Following
dialysis, the samples were diluted to reduce the NaCl concentration to 50 mM using
dilution buffer (25 mM Tris-Base, pH 8.5). The samples were then applied 10
mL Hi Trap Q HP column (GE Health Care), which had been-aquilibrated with Q
column buffer A (25 mM TrisBase, pH 8.5, 50 mM NaCl). The bound p100 constructs
were then eluted with Q column buffer B (25 mM TrisBase, pH 8.5, 1M NaCl) using
a gradiert of 5 % to 100 % over 30 CV. The protein fractions were analyzed by SDS
PAGE and those containing the purest proteins collected and concentrated to 1 mL
using a Vivaspin (3 kDa MWCO) centrifugal concentrator (Sartorius Biotech). The
concentrated protein samples were next applied to a gel filtration column (Superdex
S75 HR 16/60), which had been previously equilibrated with geiltration buffer (25

mM Tris-HCI, pH 8.5, 250 mM NaCl). The eluted fractions were analyzed using SDS
PAGE and those containing pteins with a purity of greater than 98% concentrated

to 4 mg/mL using a Vivaspin (3 kDa MWCO) centrifugal concentrator (Sartorius
"ET OAAEQ8 #11 AAT OOAOAA OAI PI A0 xAOA OEAI

frozen in liquid nitrogen and stored atz 80 °C.
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3.12.3 Expression and Purification of p100 746 -900

The p100 746900 protein was expressed and purified using a similar protocol as
for the p100 short constructs. The eluted fractions were analyzed in 10 % SIPAGE

and the purest p100 746900 proteins were stored atz 80 °C.

3.13 Expression and Purification of KSHW-GB1-vFLIP

The pET22bGBLvVFLIP-1-188 construct was supplied by Dr Tracey Barrett.
PET22b-GBLVvFLIP-1-188 was transformed into BL21(DE3) cells (Novagen) using
100 mg/mL ampicillin (Melford) as the selection antibiotic. Coloniesrbm successful
transformations were used to inoculate 100 mL seed culture ecoprised of LB media
containing 100 mg/mL ampicillin (Melford). The seed cultures were grown
overnight at 37 °C with shaking at 220 rpm. 10 mL othesecultures were then used
to inoculate 2 X 2 L flasks of LB broth containing 100 mg/mL ampicillin and when
an ODRoo of 1.2 was reached, the cells were induced by adding isopropytD-1-
thiogalactopyranoside (IPTG) to a final concentration of 1mM. The cells were then
grown for 18 hrs at 25°C. This was followed by harvesting via centrifugation at 5000

rpm for 15 mins at 4°Cand storage atz 80 °C.

For protein production, cell pelles were resuspended in 50 mL of lysis buffer which
constituted Buffer A (25 mM TrisBase, pH 8.5, 200 mM NacCl) with an added EDTA
free protease inhibitor cocktail tablet (Roche) and DNAse | (1q g/mL final
concentration; Roche). Resuspended cells were digsted using a sonicator (Virba

Cell) at an amplitude of 40 Watts, interspersed with rest intervals of 30 s for a total
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of 2 mins and kept on ice throughout. The soluble lysate was separated by
centrifugation at 20000 rpm for 30 mins at 4°C and the superntant filtered through

a 0.45t m syringe filter (Sartorius Biotech).

For GB1XVFLIP, a twestep purification strategy was employed that involved affinity
and size exclusion chromatography.Two 5 mL HisTrap™ HP columns (GE
Healthcare) were connected in series and loaded with the clamdd lysates using a
peristaltic pump, following pre-equilibration with Buffer A (25 mM Tris-Base, pH 8.5,
200 mM NacCl). This was then washed with5 CVof buffer A supplemented with 25
mM imidazole to remove any residually bounde.coliproteins and GB1vFLIP eluted
with a 10 CVstep gradient to 100 % Buffer B (25 mM TrisBase, pH 8.5, 200 mM
NaCl, 1 M imidazole). The eluted fractions were analysed using SBSGE. Those
containing GBXvFLIP were collected and in order to prevent aggregation, buffer
exchangedinto Buffer C (25 mM TrisHCI, pH 8.5, 200 mM NaCl, 250 mM imidazole
AT A v 1T- $44q OEA CAl £EI OeybibmtedBufieraCPb A OA,
Fractions containing GBivFLIP were collected and incubated with prescission
protease at room temperatue for 3 hrs for removal of the GB1 tag. The digested
sample was next loaded onto a Superdé¥ S75 26/60 gel filtration column which
was pre-equilibrated in gel filtration buffer (25 mM Tris-HCI, pH 8.5, 200 mM NacCl).
All protein containing fractions were analysed by SD&AGE and those containing

VFLIP pooled and stored at 4C.
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3.14 Expression and Purification of untagged KSHV -vFLIP

UntaggedKSHV VFLIP was produced as described iBagneris et al, 2008

3.15 Pull Down Assays

For pull down analysis, 200t L of NkNTA resin (ThermoFisher Sceintific) was first
washed with 3 X 1 mL of distilled water followed by 3 X 1 mL Buffer A (25 mM Ttis
Base, pH 8.5, 250 mM NacCl). The washed-NITA resin was combined with the
protein sample and incubated for 1 hour at rom temperature or 4 °C to allow
binding to the resin. The mixture was then applied to a gravity flow column (Bio
Rad) and washed with 3 CVs of Buffer A, 3 CVs of Buffer B (25 mM -Bé&se, pH 8.5,
250 mM NaCl, 30 mM Imidazole) and the bound proteins elutedth 3 CVs of Elution
buffer (25 mM Tris-Base, pH 8.5, 250 mM NaCl, 500 mM Imidazole). Each fraction
was collected in separate 1.5 mL tube. The samples from the flatwough, wash,

beads and 3 X elution fractions weralso collected for analysis by SD®AGE.
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Chapter 4: Structural and Functional Analysis of the
interaction between KSHV -SOX and the pre-micro RNA
fragment K2 -31

4.1 SOXRNA processing targets stem loop or bulge motifs

Following in silico experiments as described in section 1.7, and thdentification of
potential SOX targets involving fragments of GFP51, DsRed61 and HBB58 transcripts,
none could be successfully ceorystallised with SOX. This lead to alternative
sequences from the KSHYV transcriptome (owing to its smaller size and suscéyility

to SOX cleavage published in the literature) were computationally analysed, in
particular, those containing UGAAG motifs in the vicinity of a bulge/stem loop region
similar to those in the DsRed2, GFP and HBB. From these studies, the SOX pre
microRNA K2-31 was identified by Anathe Patschull as a possible candidate and was
subsequently shown to be susceptible to SOX mediated cleavage when reduced to a
31mer fragment (Figure 4.1). As part of a subsequent Masters projefttee, 2015),

this was successfuy co-crystallised with SOX and data collected to 3.8 at the
Diamond synchrotron source (station i24). This was the starting point for the

structural studies described in this chapter.
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QO
T SOX - +
V<o K2-31 + +

Pre-miRNA K2-31
(K2)

Figure 4.1: Structure of K231 and the RNase assay of K21 treated with WT SOX.
When added, the K231 oligonucleotide degraded (Figure adapted and modified
from Lee et al., 2017).

4.2 Solving the SOXE244S:K2-31 crystal structure by molecular replacement

and Refinement

Following collection, the data were scaled, mergk and truncated to produce
structure factor amplitudes in the CCP4 program AIMLESS. The structure of the
SOXE244S:K231 complex was solved by molecular replacement using PHASER
(McCoy et al., 2007rnd the native KSHVYSOX ceordinates (PDB code 3FHD) as a
search model. Initial 2k-Fc and k-Fc electron density maps confirmed the presence
of RNA nucleotides withinthe catalytic region (Figure 4.2\). After initial molecular
replacement, the programs Nautilus and REFMASwvere used to obtain an improved
electron density map (Figure 4.B). However, although this showed evidence of

additional density it was weak and poorly ordered.
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Figure 4.2: (A) Initial 2Fo-Fc (contoured at 1A) electron density map of K231. (B)
Improved 2Fo-Fc (contoured at 1A) electron density map of K231 after several
cycles of refinement using REFMAC 5 and Nautilus (CCP4).

To improve this, AUTOBUSTER was run glL mode for ligand location which is
facilitated by placing water molecules in the &Fc electron density and removing
them in the final stages in the event that the density is large. This resulted in limited
improvements to the extent that some nucleotides in the k31 loop could be fitted,
but the remaining density was still poor. Several refinement cycles were
subsequently performed using PHENIX but no further improvements were obtained.
Re-evaluation of the original data, however, showed that it was severely anisotropic,
i.e., diffraction was Imited to only 4 v in one direction compared to ~3.2v in the
remaining two. It was therefore reprocessed to the highest resolution limit (3.2)
and submitted to the anisotropy correction server STARANISO
(http://staraniso.globalphasing.org/cgi -bin/starani so.cgi) for structure factor

amplitude correction. Using these modified structure factor amplitudes, molecular
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replacement was repeated in PHASER using the SOXocdinates alone. The
resulting density maps were significantly improvedallowing placement ofmost of

the nucleotides in the loop region (Figure 4.3).

3 <. 2 ~ S )
N-terminal lobe ™ . ¢ ,ff N/

Figure 4.3: 2Fo-Fc (contoured at 1A) electron density map of K231 after anisotropy
correction and molecular replacement using PHASERHhis significantly improved

allowing placement of most of the backbone of nucleotides in the loop region.

Refinement using AUTOBUSTER enabled the placemeha substantial number of
the missing nucleotides 20 out of the 31 bases could be unambiguously placed).
Initial analysis indicated that K231 had been partially processed in the loop region

of the stem loop given that nucleotide A19 appeared to be nsisg (Figure 4.4).
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N-terminal lobe

Figure 4.4: (A) Improved K2-31 density after several rounds of refinement. 2&Fc

map density (contoured at K q AdFA A® j AT T O1T (BYPhAimprddedo A 08
electron density superposed with the ceordinates of the final SOX2-31 model.

This significantly improved allowing placement of K231 nucleotides U3G28.(C)
Coordinates of the final SOXK2-31 model done.

Notably, the location of the RNA in the catalytic site between the-ldnd Gterminal
lobes of SOX indicated that the complex was biologically significant. Nucleotides
AT T OOEOOOET ¢ OEA AOI CA AEOAAOI U uvbdkei OE?2

due to either disorder or enzymatic processing. The overall structure of K21 is
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concomitant with the lowest energy structures predicted by M&-old and MGSym

in which A19 and A20 present at the apex of the loop are unpaired with the majority
of the remaining nucleotides stabilised by Watson Crick base pairing. The only
deviation from the predicted structure is nucleotide C26 that fails to form a Watson

Crick base pair with G6 (Figure 4.b

Figure 4.5: Schematic overview of K231 (nucleotides U3@&28). Due to the lack of

AAT OEOUh OEA ET OAOT Al 111D jo06 5uv O uvbd
modelled (red dotted line). The UGAAG sequence is highlighted in cyan. (Adapted
and modified from Lee et al., 2017).

Similar to the SOXDNA compkx, analysis of the SOK244S:K231 complex crystal

contacts revealed that crystal lattice was also stabilised by RNRNA interactions
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mediated by symmetryrelated molecules involving end nucleotides. The

nucleotides forming the crystal cortacts are disorcered (Figure 4.9.

Figure 4.6: Crystal packing diagram illustrating that key to formation of the lattice
are RNARNA interactions (cyan). Nucleotides highlighted in red forming the
interface between symmetry related monomers are poorly ordered. Protomearare

coloured green. (Adapted and radified from Lee et al., 2017).

The final model was refined to aRwork and Rree Of 20.8 % and 26.3% respectively

with Table 4.1 summarising the data collection and refinement statistics.
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Table. 4.1: Data collectionand refinement statistics for the final SOX244S:K231 model.

Crystal SOXE244S:RNA complex
Unit Cell
a, b, c(R) 198.5, 45.9, 67.6
106 90, 90.1, 90
Space Group Cc2
Resolution (A) 44-3.3 (3.33.7)
Number of Measured Reflections 30812
Number of Unique Reflections 9408
Rmerge (Outer Shell) 0.19 (0.967)
Multiplicity 3.5(4.1)
Completeness (%) 99.80 (99.8)
Mean I/ (Outer She ll) 6.4 (1.8)
Wavelength (A) 0.9686
Rpim 0.19 (0.961)
CGr 0.978 (0.673)
Refinement
Number of atoms 3232, 380, 9
Protein, Nucleic acid, Solvent
Nucleic acid atoms 380
Solvent atoms 9
Ruwork P/R free € (%) 20.8/26.3
Estimated co-ordinate error based 0 n Riee (A) 0.527

Mean B-factor (A 2)
Protein, Nucleic acid, solvent

Deviations from ideal stereochemistry

100.75, 151.23, 53.77

RMSD bonds (A) 0.008

RMSD angles () 0.95

Wilson B -factor (A 2) 83.0
Ramachandran plot analysis

Most favoured (%) 91.79

Additionally allowed (%) 6.76

Disallowed (%) 1.45

Rpim is a measure of the quality of the data after averaging the multiple measurements and
Roim'E 'ht[n/(n -1)]22 4 [li(hkD) 2I ) § E E Ina@i 1i(BKY, Avkere n is the multiplicity, other
variables asdefined for Rnerge.
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K = standard deviations of he measured intensity (I);Rmege=B) ) 7B )
where <I> is the mearintensity for all observations

Ruwork =_(|Fobsz Fcalc|y (Fobs), Fobs are the observed structure factor amplitudes, aftalc
those calculated from the model

Rfree is equivalent to Rwork but where 5% of the measured reflections have been excluded
from refinement and set asidefor cross-validation purposes.

Ramachandran plot analysis was performed using molprobity (Chen et £2010).
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4.3 Interactions between SOX and K2 -31

K2-31 interacts with residuesR248, F249, and Y373 in conserved motifs Il that in
other type Il restriction endonucleases have important rolesn substrate binding
(Figure 4.7 andsession 1.3.2. In particular, R248, F249 and Y373 at the catalytic
region mediate hydrogen bondswith A20 and G21located at the apex (Figure 4.y
and have all be shown to be involved in DNA binding in the SAXNA complex
(Bagneries et al., 2011 Speciically Y373 acts as &aydrogen bonddonor mediating

A s 9~ Az A

Al 1T OAAOOG O AT OE / p0 AT A /18 T AE£ !'¢m j xEE?Z
NR1 of R248 acts as Aydrogen bondAT T 1T O OT which&onhteE ahydrogen
bond to the carbonyl oxygen of C247. In additiona hydrogen bondis observed
between O1P of G21 and thpeptide NH group of F249AT A OEA ¢&/ ( COIl

forms a hydrogen bord with the carbonyl oxygen of C24{Figure 4.7).

Figure. 4.7: Severalkey residues in SOX form hydrogeronds with K2-31. Here,
R248, F249 and Y373orm hydrogen bonds (black dotted line) with A20 and G21
located atthe apex.
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F179, located in the bridg motif, further stabilizes the SOX2-31 complex by
forming a stacking interaction with the adenine base of A20. This interaction
appears to be favoured by a disulfide bond formed between the two cysteine
residues, C183 and C247Kigure 4.8. Interestingly, there are no specific interactions

I AOGAOOAA AAOxAAT 1 OAIl AlcCtuEalyd @ inte@dctiodd are! p w

observed between SOX and the UGAAG maotif.

/ Disulphide bond
<\ Cc183 1

X ///Mczn

Figure 4.8: A20 forms a pistacking interaction with F179 which appears to be
further stabili zed bya disulfide bond (coloured in magentg formed between C183

and C247.
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4.4 Comparison of the SOX:DNA and RNA binding modes.

Although the RNA and DNA substrates share the same catalytic site, there are
significant differences in the way in whch both are accommodatedas shown in

Figure 4.9.

Strand 2

Strand 1

Figure 4.9: Schematic diagram illustrating the SOX2-31 interactions (left) and
SOXDNA interactions (right). Hydrogen bonds are highlighted in greyn-stacking
interactions are shown in red, dashedliines and asterisks are mediated by water
molecules and unbroken lines are mediated by main or side chain groups. (Figure

modified and adapted from Lee et al., 2017; Bagneries et al., 2011).
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The differences in the DNA and RNA binding modes are highlightadhen the SOX
DNA and SORNA structures are superimposed. It islear that a 90° rotation would

be required to map the RNA cardinates onto the DNA (Figure 4.1 Interestingly,

the DNA duplex in the SOBPNA complex interacts with residues in the second
nuclear localization sequence (NLPH These interactions are absent in the SGRNA
complex where the RNA alternatively exteds into the solvent (Figure 4.10. The
differences are also reflected in the accessible surface areas buried upon DNA and

RNA bindingthat constitute 480 vZ2and 240v2respectively.

Figure 4.10: View of the SOXA:DNA complex superimposed on the SOXE244S:K2
31 complex. Both interact with the catalytic region but are highly divergent beyond.
The SOX:DNA structure is coloured in cyan and SOX:&Rin green.The DNAIn the
SOXDNA complex makes additional interactions with the nuclear localisation

sequence NLS highlighted in red). (Adapted and modified from Lee et al., 2017).
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As described previously, K231 is further stabilised by stacking interactions between
the aromatic side chain of F179, situated in the bridge region, and the adenine base
of A20 (Figure 4.11). However, this configuration is absent in the SGRENA
structure where F179 is positioned~ 5 v away from A20 relative to its position in
the SOXRNA complex along with the apo structureAs previously mentioned this
rearrangement is further stabilised by a disulphide bridge formed between the
sulphydryl groups of C247 and C183 at the f&&rminal end of the bridge motif that

is alsoabsent inthe apo and DNA bound structuregFigure 4.117).

Cc247

Figure 4.11 : Important interactions between the A20 base of K&B1 and F179 in the

bridge region (dark green). The protein ceordinates have been superposed with

those of the SOXONA structure (cyan 3POV) in which significant conformational

rearrangements were identified. The disulphide bond formed between C247 and
C183 in the SOMRNA structure is highlighted in magenta(Figure adapted and

modified from Lee et &, 2017).
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These rearrangements suggested that the bridge plays a key role in S@¥diated
endonucleolytic cleavage of RNA substrates. Therefore to investigate the roles of
these residues, both F179 and C247 were mutated to alanine and serine respectively.

The F179A and C247S mutants were tested with GFP51 as a substrate and their
activities assessed usg RNase assays. GFPSas used instead of KZ31 owing to

its previous use as a model substratelThese experiments revealed that although

C247S was only mdly defective compared to wildtype SOX, the F179A mutant was

highly impaired in endonucleolytic activity. By contrast, both mutants were able to

incise duplex DNA substituted withA v 3 DET OPEAOA , Qu@dediiy j AO

that F179A functions specificdly in the endonucleolytic cleavag of RNA substrates

(Figure 4.12).
WT SOX - 4+ - = - - - -
C2475 - - 4+ = - - - -
F179A = o = b - - - +
GFP51 o+ o+ 4 - - - -
dsDNASP - - - = + + +
b —
- - - .

Figure 4.12: SOX RNase assays using F179A and C247S mutants illustrating that
F179A is significantly impaired while C247S is largely unimpaired. Importantly, both
the F179A and C247Smb AT 00 xAOA AAI A O ET AEOA AODI
DET OPEAOA CcOI OPp jAO$.'vé0o0qh OOCCAOOET C
(Figures adapted and modified from Lee et al., 2017).
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4.5 Potential mechanism of SOX-mediated RNA degradation

Due to the wsage of high concentrations of the SOXE244S mutant and duration of the
crystallisation process, the RNA bound tthe SOXE244S mutant seemed to undergo
degradation as the density for the A19 was absent. Moreover, the lack of density for
the phosphate groupin close proximity to the catalytic residue D221 indicated that
K2-31 was being endonucleolytically processed during the crystallisation
experiment to produce a product complex. Therefore, to probe the potential
mechanismofA1T AT T QAT AT 1 UOIEGA AD AIAIGIAETA hi TAAAIGEx AO
31 by combining the ceordinates for loop residues 1822 from the lowest energy
structure prediction of K12-2 (MG Fold MGSympipeline) with the remaining stem
nucleotides from the crystal structure (Figure 4.13A). Here, the amino acid
sequences 221249 containing the PD(D/E}XK motif (D221, E244, K246
highlighted in green in Figure 4.13A) was used to define the active site with the two
magnesium ions (Mg and Mgs) derived from the SOXDNA complex (PDB: 3POV)
and the bacteriophage lambda DNA substrate complex (PDB: 3SM4) respectively
given their reported roles in catalysis. The full KZ1 RNA sequences containing
UGAAG was taken and analyzed using the NFGId | MGSym pipeline to produce
secondary and tertiary structure predictions (Parisien and Major, 2008). Using this
server, the lowest energy model generated for k31 was taken from the MG-FOLD |
MG-Sym output and its intact stem loop (nucleotides from 18 to 22) was used to
replace the cleaved loop in the K81 structure. This model was manually docked

onto the SOXE244SRNA crystal structure(Figure 4.13A).
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base

base

Figure 4.13: (A) Schematic diagram illustrating the potential cleavage geometry of
K2-31 by SOXThe scissile phosphate lfighlighted in magentg is located between
magnesium ions A (Mgderived from 3POV) and B (Mgderived from 3SM4). In this
position, K2-31 is not only able to contact with theresidues 221to 249 (highlighted
in green) but also the serine cluster fiighlighted in yellow) which is reported to be
essential for cleavagethat is conserved in a number of type Il restrictionlike
enzymes (Figure adapted and modified from Lee et al., 2017}B) Overview of the
S\2 cleavagegeometry. In this mechanism, Mg deprotonates a water molecule
resulting in the generation of a hydroxyanion attacking nucleophile and the Mdghen

act as a stabilizer allowing generation of a pentavalent transition state intermediate.
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Analysis of this intact loop model revealed the most likely cleavage geometry of SOX
mediated RNA processing to be consistent with anSN2 bimetal nuclease
mechanism(Figure 4.13B). In this mechanism, oneli-valent metal ion deprotonates

a water molecule resulting in the generation of a hydroxyanion attacking nucleophile.

The secondmetal ion could then act as a stabilizerallowing generaton of a
pentavalent transition state intermediate. This is similar to the mechanism put

forward for SOXxmediated exonucleolytic DNA processing (Bagneris et al., 2011).
Interestingly, a highly conserved residue $44 which has been shown to be essential

for cleavagein vivo, failed to make contacts with K231 in the crystal structure, but

ET OEA ETOAAO 111D i1 AAT EO Z£AOI OOAAT U b
to the scissile phosphate. This serine rédue is one of three highly conserved serine
residues (S144, S145 and S146), reported to form a serine cluster that plays an

Ei T OOAT O OI 1 A ET OEA OOAAEI EOCAOQEITT 1T £ OF
enzymes such as bacteriophage lambda, higghted in the bacteriophage lambda

DNA substrate complex (3SM4) (Bagneris et al., 2011).

Unlike the SOX:DNA complex, however, in which one of the putative catalytic metal
ions appeared in a norcanonical position, the relative juxtapositions of the catgtic
residues K246, E244 and D221 suggest that the configuration for-Ime attack
involves Mg: and Mgs in their canonical positions similar to the alignment of the
scissile phosph#&e observed in 3SM4.n this configuration, the requirement for
contacts with the binding residues of motif I, catalytic centre and serine cluster

would be fulfilled.
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4.6 SOXmediated RNA endonucleolytic cleavage appears to be sequence non
specific

As previously observedthere appear to beno interactions between either thebases

or the phosphodiester backbone of the UGAAG motif and SOX. Therefore, to
investigate whether this result might be due to a product complex binding
configuration or a specific feature of K231, the UGAAG motif in GFP51 was
substituted for UCUCU and UGAC.

The UCUCU substitution was chosen given that all purines within the motif would
be replaced by pyrimidines while in the case of UGCAC, the AAA/G sequence
reported to potentially affect substrate binding would be substituted with CAC to
maintain Watson Crick base pairing (Figure 4.1 To ensure maintenance of the
overall stem loop configuration of both GFP51 mutants, MEold was used to predict
their secondary structures. The lowesenergy structuressuggested that their folds
remained largely unchangdADA OO &£0T 1 A OI A1l AOIteA AEC
stem loop (Figure 4.14).

Using these GFP51 mutants as substrates, RNase assays showed that they were still
susceptible to degradation by SOX, suggesting that S@¥diated endonucleolytic

cleavagein vitro is not strictly sequencespecific (Figure 4.15).
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Figure 4.14: The MCFold | MGSym lowest energy secondary structure predictions
for GFP51 (left) where the UGAAG motif has been substituted for UGCAC (centre)
and UCUCU (right). The UGAAG mdiibstitutions are highlighted in blue.

SOX - + - +
UCUCU + + - -
UGCAC - - + +
-_— =
.- -

Figure 4.15: SOX RNase assays using GFP51 substitutions. Both the GRPGUCU
and GFP51UGCAC mutants did not affect the activity of WTSOX. (Figure adapted
and modified from Lee et al., 2017)

156



Also, to rule out the possibility that this failure to impair SOXxmediated RNA
cleavage could be due to the concentration of SOX used and the duration of
incubation, a time course RNase assay was carried out using GFREIUCU and
GFP51 as a control (Figre 4.16). This revealedthat WTSOX could still degrade

GFP51UCUCU as efficiently as GFP51.

WT SOX -+ 4+ + o+ - -
GFP51 + o+ 4 + o+ - - - - -
ucucu " ® = - - + $ 4 § +
Time - 0 20 40 60 - 0 20 40 60
- . —-— —
- s
- - a

Figure 4.16: Time course cleavage assays involvifgOXand the substratesGFP51
UCUCU and GFP51 illustratinghat WTSOX an still degrade GFP5I1UCUCU as
efficiently as GFP51Time is measured in 20 minute intervals(Figures adapted and
modified from Lee et al., 2017).
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4.7 Probing the importance of stem loop size

To investigate the impact of stem loop size and configuration on S@xediated RNA
turnover, four and nine additional adenines were introduced into the K231 stem
loop regions (termed A4 and A9 respectively) and these oligonucleotides tested in
RNase assays along with dsUn51, an unstructured polyadenine 51mer annealed to
its complementary polyuracil sequence to generate doue stranded RNA in the
absence of a stem loopHigure 4.17). The results revealed that SOX was able to
readily degrade both confirming that although SOX requires stem/bulge structures
for optimal endonucleolytic activity there appear to be no major limitéions on the
sizes of the loops incised. Significantly, however, the rate of turnover of these

variants is greater than observed for K231 suggesting tha they form better

substrates.
SOX - + - + - + - +
K2-31 ® ok - - - - e
K2-31A4 = = + + =
K2-31A9 = = = = + +
dsUn51 - - - - - - + +
— - -
—
| —
- - .

Figure 4.17: RNase assays using K21, K231A4 and K231A9 illustrati ng that all
are readily degraded by SOX suggesting that endonucleolytic cleavage is ron
sequence specific. The rate of turnover for K31A9 is greater than that for K231A4
suggesting that SOX favours larger loofigure adapted and modified from Lee et

al., 2017).
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4.8 Binding affinity of SOX for different RNAsubstrates

Having proved that SOXnediated RNA degradation requires stem loop/bulge
elements and is not strictly dependent on consensus sequence, the binding affinity
of SOX towards different substrges was investigated in order to establish whether
any trends in cleavage preference could be identified. To enable this, RNA
oligonucleotides corresponding to K231, GFP51, HBB58 and dsUn5&ere tested
using a Fluorescence Polarisation Assay (FPA). Thestadies revealed that WTSOX
had the highest binding affinity for GFP51 (V£ x uM),tfollowed by HBB58 (K= ~42

t M), K231 (KeE x t™Mpang the lowest affinity fordsUn51 (KiEx x &) (Figure
4.18). These results demonstrated that RNA substrates with simple stem loop
structures appear to bind preferentially although a larger pool dbsubstrates would

be required before firm conclusions can be drawn.

0.20+

o
—
g
-

GFP (K, (uM) = 5.0 + 0.68)

K2-31 (K4 (uM) = 48.9 + 22.7)
0.10+ !

HBB58 (K, (uM) = 41.6 + 17.3)

0.05+

Change in Anisotropy

dsUN51 (K, (uM) = 72.7 + 28.9)

e
o

SOX (M)

Figure 4.18: FPA binding curves obtained for WTSOX in the presence of the
substrates GFP51, K31, HBB58 anddsUN51 illustrating that WTSOX had the
highest binding affinity for GFP51followed by HBB58, K231 and the lowest affinity
for dsUn51.(Figure adapted and modified from Lee et al2017).
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49 The HSO mutants have distinct functions in SOX -mediated host mRNA

degradation

Snce structures for both SOX:RNA and SOX:DNA complexes warailable, the HSO
mutants were re-evaluated to establish whether their defects could be explained by
a failure to specifically cleave structured RNA (Bagneris et al., 2011; Gaglia et al.,
2015) given that several appeared to cluster around the RN interaction sites
(Figure 4.19). Apart from SOXT24Il, which was insoluble as previouslseported
(Bagneris et al., 201}, aliquots of the HSO mutants that constitute V3691, P176S,

A61T, D474N and Y477Stop were available from previowgtudies in the lah

Figure 4.19: Schematic diagram highlighting the location of the residues involved
in HSQP176 is found at the centre of the bridge region, V369 is found at the centre
of the Gterminal lobe, Y477 & D474 are also located at the-t€rminal lobe ~30 v
away from the catalytic site. A61 is located at the fierminal lobe and ~29 v away

from the catalytic site.
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RNase assays using GFP51 as a substrate revealed that V369l (located at the eentr
of the Gterminal lobe) and P176S (located at the cen¢ of the bridge regian) were
strongly impaired in endonucleolytic activity (Figure 4.20). This is consistent with
the previous in vivo studies where both of these mutants abolished HSO

(Glaunsinger etal., 2005).

" o U n - 3 9 §
44 R O a.r—-*mgr\t\
5 5 8 S 55 28 335
(G) > a o
— - - — — —
. . - -

Figure 4.20: SOX RNase assays using HSO mutants (AG1176S\Y369I, D474N and

Y477stop) and GFP51 as a&ubstrate illustrating that SOX mutants: V369I, P176S,
and D474N impaired RNase activity of SOX he catalytically inactive E244S and

D221S were included as negative control¢Figure adapted and modified from Lee
et al., 2017).

Similarly, P176S, located at the cerg of the bridge region close to F179, was also
highly defective. These results suggest that the P176S mutatiomght disrupt the
conformational rearrangement of F179 required for endonucleolytic procesing.

V369 is located within a small hydrophobic regiorthat is in close proximity to the
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interaction site involving A20 and the catalytic region. When mutated to isoleucine,
the larger side chain would remodel the region disrupting substrate binding and
catalysis.

By contrast, the RNase activity of botlv477Stop and D474N had significantly lower
impacts. This may be due to the fact that since these mutants are located at the C
terminus and more than 30v away from the catalytic region, they may not have a
direct impact on the endonucleolytic cleavage of RNA substrateSonsistent with
this argument are the results obtained for theA61T mutant which showed almost
WTSOX RNase activitifhis residue is also present at the NMerminus and around 29

v from the catalytic site.

4.10 Discussion

In order to survive and proliferate, viruses have evolved different strategies to
AOGAAPA OEA EIT 0060 Eii OT A OOCOOGAEI T AT AA 1 AZ
exonuclease in the KSHV family, is expressed at the Iypicase of infection to induce
ciTAAT AT A OAPEA AACOAAAOQETT T &£ ET OO0 1 2.1
E 1 Otfadsiational machinery (Glaunsinger & Ganem, 20Q8agnerieset al., 2011).

Although the method by which SOX binds to DNA had beenndenstrated, little could

be ascertained about its mode of binding to or selection of RNA targets. Despite
studies performed bothin vitro and in vivo which suggested that SOX possesses an
intrinsic RNase, the exact nature of its participation was called io question given

that knock down of the SOX gene using single interference RNA (siRNA) still resulted
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in HSO (albeit at reduced levels(Hutin et al., 2013; Clyde &Glaunsinger, 2011).
Although this could be attributed topoor affinity associated with ssRA, it could also
suggest thatHSO may alsdunction in the co-option of other factors for the efficient

degradation of mMRNA transcripts.

Sudies were therefore performed to identify the nature of the RNA elements
targeted by SOX and the variations in theisequences. Initial investigations found
that the cleavage sites appeared to be restricted to regions within, or flanked by,
unpaired nucleotides within RNA transcripts (Gaglia et al., 2015). Using this
information, studies performed in the Barret group were able to identify cleavage
elements in three transcripts known to be SOX targets corresponding to: GFP51,
HBB58 and DsRed61 which were all endonucleolytically degraded in vitro RNase
assays. Although distinct in terms of topology, all appeared to hawstem loops or
bulge motifs adjacent to or within a UGAAG motif which was reported to be a
targeting motif for cleavage. Based on this information, a unifying feature appeared
to be the requirement for a structured RNA target containing stem loops or butg
motifs. In support of this, the two RNA targets, HBB58 or GFP51 transcripts were
readily degraded by SOX while dsUn5&as resistant to processing This lead to the
identification of KSHV premiRNA K122 (31mer) fragment (K2-31) as a potential
substrate. Previous biochemical studies in which the intrinsic RNase activity of SOX
was identified (Bagneris et al., 2011; Glaunsinger et al., 2005) revealed the E244S
mutant to be catalytically inactive in both DNase and RNase assays. E244 forms part
of the highly conserved PD(D/E)XKshown to have an important catalytic role

(Bagneris et al.,2011, Glaunsinger et al., 2005). Therefore, the E244S mutant was
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used in crystallisation trials. Following the identification and confirmation of K231
as a potential target, cystallisation of a SOX E24482-31 complex was successful.
The structure was subsequently determined using molecular replacement and

refined to 3.3v.

4.10.1 Structure of SOX-K2-31 and its comparison to the SOX:DNA

complex 3POV.

Closer inspection of SOX:k31 revealed that similar to the SOXONA structure, the
RNA also binds to SOX in a configuration enabling engagement with the catalytic site
where it makes several interactions with residues (namely R248, F249 and Y373)

that are important in both DNA and RNA processing.

As one nucleotide A19 was missing in the SOX#82 structure, it appeared that a
biologically significant product complex had beenrapped where it was possible to
predict the potential mode of RNAprocessing using the 3SM4 cordinates along
with an intact loop model. These predictions point to an & type mechanism
consistent with that put forward for SOX mediated cleavage of DNA. &=l on the
position of residues important for both nucleotide binding (residues from 247 to
249 and S144) and the two conserved magnesium ions associated with the catalytic
residues D221 and E244, it is more likely that the scissile phosphate makes an
interaction with the Mgs ion in its canonical position. This is similar to other type I
restriction endonucleaselike enzymes for example, bacteriophage lambda in the
reported DNA substrate complex (3SM4) (Bagneris et a., 2011).
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The major difference betweers . | AT A 2.1 EO OEAO 2.! EAO
OEEO AAAEOQOETT Al ¢6 EUAOIT @uUl ¢cOl O6b bBiI O00AC
therefore allowing RNA to form highly stable, branched structures from the created

loops and junctions Baidya & Uhlenbeck199508 - 1 OAT OAOh OEEO OA/
group plays a critical role in proteinrRNAinteractionsin many enzymatic reactions,

such as ribonuclease A, as these proteins rely on recognition and specific binding of
OEA ¢6 EUAOT guUil ¢ OlyBalya® Uhlehbetk, (10@5prid Atia@ds.0 O A A
Inthe SOX:K231AT | D1 A@h OEA ¢ 68 E Ubbabattthe hgdéedkyOD O 1
COi 0P T &£ #¢ct1x8 2AATCIEOEITT 1T &£ OEEO ¢d8/ (
RNA.

In addition, SOXK2-31 is further stabilized by F179 which is part of the bridge
structure where mutagenesis studies have confirmed that the bridge has a function

in RNA but not in DNA processing. As previously hypothesised, this result also
confirms that during endonucleolytic processing, the bridge lays a key role in
substrate recognition or product stabilisation by associating with the nucleotide
directly adjacent to that targeted for cleavage (Horst et al., 2012). Interestingly,
differences are observed in the amino acid composition of the bridgegion which

is not strictly conserved amongst ther -herpes viruses. Particularly notable is the
repositioning of P158 (analogous to P176) as a result of a truncation involving two
upstream amino acid residueslinterestingly, differences in the cleavage patterns of

the SOX homologues have been observed (@oubias et al, 2011), which may
originate from structural differences in the bridge conformations as a direct

consequence of variations in their sequences (Gaglia et al., 2012).
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Some disulfide bonds constitute a redoactive centre and participate direcly in
redox reactions, usually via reversible oxidation of a cysteine residue leading to a
cysteine-sulfenic acid (Baker et al., 2008). For example, several disulfide bonds are
found in oxidoreductases play an important role in regulating to prevent the
accumulation of reactive oxygen species in the endoplasmic reticulum (Baker et al.,
2008). Although it was speculated that thelisulphide bond formed between C183
C247might have an essentialrole in SOX, this is not in the case of SOX as the RNase
assay result have shown that C247S mutant was only slightly able to impair the

activity of SOX.

Previous studies have shown that three serine residues, S144, S145 and S146 in
Motif | form a serine cluster with serine residue, S219, found in Motif Il (Buisson et
al., 2009; Dahlroth et al., 2009)In vivo studies have shown that when one of these
serine residues, S146, was mutated, the catalytic activity of HCMV SOX on DNA
substrates was completely abolished (Martinez et al., 1996; Goldstein and Weller,
1998) indicating that this serine cluster is also important for cleavage. More recently,
the importance of S144 in the specific context af-herpesviruses was confirmed in
RNA turnover catalysed by muSOX (the murine SOX homologue) (Mendez et al.,
2018). The fact that this residue is well placed to form hydrogen bonds with the
PDEI OPEAOA COI OP AEOAAOI U uvd -R331&QubskateOAE OC
model is indicative of an important role in substate stabilisation (Goldstein &WVeller,

1998; Mikhailov et al., 2004)
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4.10.2 SOXxmediated turnover appears not to require a targeting

sequence

Surprisingly, the UGAAG motjforiginally proposed as being an important targeting
element, does not participate in SOXRNA interactionswhere K2-31 substrate fails

to mediate additional contacts beyond the catalytic site. This lack of sequence
specificity was supported by RNase assays where the consedvUGAAG motif was
substituted by UGCAC or UCUCU in GFR@iich failed to impair cleavage. This is
also supported by the experiment conducted with DsRed61 in which the loop
structure was incised but lacked the UGAAG motif (Covarrubias et al., 2011). RNase
assays additionally showed that SOX seems to prefer RNA targets that consist of
simple stem loop structures rather than more complex loop configurations or bulge
motifs, in keeping with the higher rates of turnover observed with UCUCU and
GFP51There areother known RNA endonucleases that are nesequencespecific.
For example, Ribonuclease V1 (RNase V1) is a ribonuclease enzyme which mediate
cleavage of a doublestranded RNA in a structure specific manner, usually requiring

a substrate of at least six steked nucleotides. Similar to SOX, the RNase V1 requires
the presence of magnesium ions for cleavage (Duval et al., 201Based on RNA
assays involving K231 loop variants, larger loop sizes do not seem to havenagative
impact on RNA turnoverBy contrad, the rates of turnover of these variantsappears

greater than observed for K231 suggesting that they form better substrates.

The issue of whether SOX mediated cleavage is more structure than sequence

orientated remains to be definitively addressed. Reamnt studies byMendez et al, 2018
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indicate a 100fold difference compared to K231 in binding affinity compared to
experiments conducted with a fragment of the LIMD mRNA transcript that contains
the AAA/G sequence originally put forward as a targeting mdti Their studies
further show that this fragment is more efficiently incised. Mutation of the AAA/G
sequence results in a substantial reduction in both binding and turnover. This leads
the authors to conclude that the sequence is essential for cleavage egivthat
computational studies indicated that the mutations left the overall stem loop
configuration unchanged. Conversely, a substantial increase in turnover for assays
conducted with the K231 A4 and A9 variants detailed above favour a mechanism
independent of the UGAAG motif given its increased distance away from the loop
region in both fragments. These seemingly contradictory results can only be
resolved by a detailed analysis of a greater number of transcripts with systematic
variation of the sequencesn and around their major cleavage sites once identified

and/or further structural studies.

4.10.3 The HSO mutants have distinct roles in SOX-mediated RNA

degradation

Based on the substrate preference of S@Hediated RNA degradation, the HSO
mutants were re-evaluated to ascertain whether the failure to process structured
substrates would account for the loss of SOX activity at least for those in close
proximity to RNA binding regions. Interestingly, the RNase assays gave a range of

results that largely mirrored those reported in vivo (Glaunsinger et al., 2005). The
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two mutants, P176S and V369I, showed the greatest defects in activity, which was
most likely due to their important roles in stabilising the substrate/product. On the
contrary, A61T and Y477* hadchear wild-type activity while D474N was moderately
defective in RNase activityThis could be explained by their locations that are distant
from the catalytic region andany motifs involved in RNA binding/stabilisation. It is
possible therefore, that theHSO defects associated with these mutants may originate
from their participation in processes such as the recruitment oKrni, given thatE O 6 O
been shown that the two proteins interact (Lee et aJ2017), but alsothe ribosome

in order to target mRNA trangripts that are actively undergoing translation. This
would be consistent with its co-localisation with polysomes and translation

initiation factors (Glaunsinger et al., 200h

4.10.4 Comparison between RNase activity of EBV BGLF5 and KSHV SOX

Previous biochemical studies have shown that EBV BGLF5 has both DNase and
RNase activity and share 42 % sequence identity withKSHV SOX (Buisson et al.,
2012). Similar to KSHV SOX, BGLF5 contains catalytic residues D203 and E225 as a
part of the highly conserved PDD/E)XK (Buisson et al., 2009). Moreover, thB203S
point mutation results in severely impaired DNase and RNase activities, similar to
the E244S mutant in KSHV SOX. Although a complex of BGLF5 bound to RNA has yet
to be reported, both wild-type and E203S mtant structures has been published. In

the mutant, the bridge region of BGLF5 is ordered and comprises a-i@sidue long

(145-156) linking the N- and Gterminal lobes (Buisson et al., 2009). Whilst the
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studies in this thesis indicate that the involvement 6the bridge is an important
factor in RNA cleavage in KSHV SOX, the positioning and poterfbaconformational
flexibility suggest a similar role in BGLFb5. It has been shown, however, that SOX and
BGLF5 have different substrate preferences and pattermd cleavage BGLF5refers
unstructured and involves Manganese ions whilst SOX prefers structured substrate
and involves Magnesium ions (Buisson et al., 2009; Lee et al., 20INytably, there

is poor amino acid conservation in this region where the bridgen BGLF5 is 2 amino
acids shorter than in SOX owing to a deletion. It is interesting to speculate that these
differences maybe factors in conferring specificity, but needs to be further
investigated. It would seem however, that similar to SOX, BGLF5 alasénsufficient

to support host shut off and required the activities of a downstream exoribonuclease

and possibly other factors.
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Chapter 5. Structural Analysis of SOX bound to Phytic acid

5.1 Phytic acid and Pyranine astwo potent ial inhibitors of SOX

From the SOX:DNA and SOX:RNA structures, S©¥bserved totarget exclusively
the phosphodiester backbonef substratesandas a consequence of this nespecific
interacting mode, lacksspecialised targeting modules such as a specificity pocket
Gien the nature of these interactions potential inhibitors would therefore have to
interfere with catalysis or RNA/DNA binding more generallyin the absence of
allosteric sites. Based on this premisetwo small compounds, phytic acid and
pyranine were selected as potential inhibitors (Figure 5.1) given that bah have been
shown to chelate metal ionsand associate with nucleases with in the case of phytic
acid (Akond et al., 2011) The open nature of the KSHV catalytic site further
suggested that they couldoth be favourably accommodateghrompting preliminary

crystallisation trials.

NaO3S

Pyranine (C4gH;Naz04,S3) Phytic acid (CgH150,4P¢)

Figure 5.1: Molecular Structures of pyranine and phytic acid
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5.2 Crystallisation of SOX with Phytic acid

WTSOX was expressed and purified frofa.colias previously described(Bagneries

et al., 2011)and used in cecrystallisation trials. Whilst trials with pyranine failed to
produce crystals, nitial screening of the WTSOX:Phytic acid complex using
commercial screening kits was successful and produced multiple hits with similar
crystal morphologies after approximately 7 days of incubation at 20C (Table 5.1).

Of all the conditions screened, crystals grew best from the conditions: 0.1M MES, pH

6.5; 15% w/v PEG 6000 at 20C (Figure 5.2).

Figure 5.2: Crystals of WTSOX:Phytiacid that appeared in the optimized screen in
conditions: 0.1M MES, pH 6.5; 7% w/v PEG 6000 at 20.
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Table 5.1: Crystallization conditions of KSHYSOX (8mg/mL )/Phytic acid (4 mM)

complex screen.

Crystal conditions Temperature ( °C) Crystal morphology

0.1M MES, pH 6.5 20

15% w /v PEG550 MME

0.1M NaHEPES pH 7.0 20

15% wiv PEG 4000

0.1M Magnesium Chloride 20
0.1M NaHEPES pH7.5

10% w/v PEG 4000

0.1M MES, pH 6.5 20

15% w/v PEG 6000

0.1 M Potassium Chloride 20
0.1M NaHEPES pH 7.0

15% w/v PEG5000 MM E

These crystals were then cryo protected in mother liquor solutions supplemented
with 25% ethylene glycol and stored in liquid nitrogen prior to synchrotron data

collection.
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5.3 Structure determination of the SOX:Phytic acid complex

Data collectionwas performed on the cryecooled crystals at the Diamond Light
Source (Didcot, UK) on the microfocus beamline 124 owing to the small size of the
crystals that were typically 5{m x 10t m x 10 { m. Based on the recommended
strategy from preliminary data processing on three 0.5 oscillation images taken at

0, 45 and 90°. 3280 images were collected from a single crystal with an oscillation
of 0.1° per image and an exposure timefd0.01 s. The resulting diffraction images
were subsequently indexed and integrated using the XDS pipline (Kabsch, 2009).
The data were then scaled using the CCP4 program AIMLESS (Evans, 2006) and
structure factor amplitudes generated using TRUNCATEKench & Wilson, 1978 to
2.33 A. The structure of the potential WTSOX:Phytic acid complex was solved by
molecular replacement using PHASER (McCoy et al., 20@nd the native KSHVYSOX
co-ordinates (PDB accession code 3FHD) as a search model. Density consisisttit
phytic acid could be identified in preliminary Fo-Fc and 2k-F. maps (Figure 5.3)
within the catalytic site region of the canyonCloser inspection revealed that this
density could have been attributed to the Nerminus of a symmetry related
monomer. However when Nterminal amino acids were built into the electron
density and subjected to several rounds of refinement (Figure 5.4A), steric clashes
were observed between the peptide and neighbouring residues where only one
hydrogen bond could be observedetween the hydroxyl group of Thr4 and hydroxyl
group of Tyr373 (Figure 5.4B). Taken together, these observations were inconsistent

with the density originating from a symmetry related monomer.
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Figure 5.3: Stereoview of the initial Fo-Fc (green) and 2Fo-Fc maps(contoured at
contoured at 3 and1A respectively) consistent with phytic acidin the vicinity of the

active siteregion.

Figure 5.4: (A) Initial Fo-Fc (green) and 2k-Fc maps (contoured at contoured at &
and1X  OA O b RoANdterdidub of symmetry related monomer (B) Amino acid
residue from 2 to 7 of N-terminus of symmetry related monomer highlighted in
yellow) built into the initial electron density after several cyclesof refinement in
AUTOBUSTERA single hydrogen bond (dotted line) is observed between the

hydroxyl (OH) goup of residue Thr4 and hydroxyl (OH) group of Tyr373.
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