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Abstract

Harnessing the RNAI pathway with synthetic siRNAapotent and selective mode of
post-transcriptional gene silencing and has thertapeotential in personalised medicine;
however, the large size and negative charge of AiRMates a hurdle for intracellular
delivery that has thus far limited its developmasia therapeutic. Cell penetrating peptides
(CPPs), such as the Antennapedia homeodomain (AWtaiAd its third helix, Penetratin,
are well characterised cationic motifs used preslpto deliver covalently linked nucleic
acid cargo, such as siRN# vitro and in vivo, may offer a strategy to address this
challenge.

This thesis aimed to design, purify and charactemavel recombinant fusion proteins, that
would have broad applicability as carrier molecudt@snon-covalent siRNA delivery. The
fusion proteins were comprised of a cell penetcaeptide sequence (either AntpHD,
Penetratin, HIV-Tat or EB1) fused to either thestfidsRNA binding motif 1 (DRBM) or
the tandem motifs (DRBMx2) from human PKR, whichddsRNA with high avidity in a
sequence independent manner. A panel of constngrts cloned, expressed in a bacterial
cell system, and purified by affinity chromatogrgplnder both native and denaturing
conditions. Several of the constructs were eittmarly expressed, insoluble or prone to
precipitation during purification or dialysis; howea¥, construct C5.1 was successfully
purified and its identity confirmed by mass spettetry. Construct C5.1 bound siRNA
only at a high ratio of protein to siRNA due to t@sence of co-purifying nucleic acid,
whereas constructs C12.2 and C13.2 bound siRNAvatnholar ratios. Both C12.2 and
C5.1 were efficiently internalized in either live éixed HEK293 and HepG2 cells;
however, the proteins appeared to be sequestemttimsomes whether in the presence or
absence of cargo. Cytotoxicity of the fusion pnagein HEK293 cells increased in the
order of C12.2<C5.1<C13.2<C11.2 whereas in Hep@g,c&11.2 was significantly more
cytotoxic than C12.2; suggesting that the proteaxkibit cell type-specific cytotoxicity.
Moreover, C11.2 and C12.2 altered HepG2 cell mdag@yin the presence of SiRNA,
compared to C5.1 and C13.2. In a HEK293-dEGFPrtepoell line, a complex of C12.2
and siRNA induced a significant decrease in dEGKptession, which was not observed
with C5.1-siRNA; however, unexpectedly similar etfe were observed with C12.2-
scrambled siRNA suggesting non-specific sSiRNA daffed&ffects on PTP1B expression
were also examined with all purified proteins coexeld with the optimum molar
concentration of PTPN1 siRNA; none were able toilekPTP1B expression knockdown
at the protein level.

In this thesis, a comprehensive strategy for tha&gthe purification and testing of novel

SiRNA carriers has been developed. A number ofmdmeant siRNA carriers have been

successfully produced and characterised. The geBighlight common issues encountered
with the development CPP-based siRNA delivery usctoonetheless, the ability of C12.2
to mediate RNAi-mediated knockdown demonstratesptbtential of the development of

CPPs as non-covalent siRNA delivery vectors.
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LNA: Locked nucleic acid

LTR: long terminal repeat

MAPK: Map kinase

MID: Middle domain of Argonaute proteins
miR-122: microRNA-122

MiRNA: microRNA

MRNA: messenger RNA

N: Amino domain of Argonaute proteins

NFAR 1 and 2: Nuclear factors associated with dsRNsd 2
NMR: nuclear magnetic resonance

Nt: nucleotide(s)

PACT: protein activator of protein kinase PKR
PAZ: Piwi-Argonaute-Zwille domain

PDK1 and 2: 3-phosphoinositide-dependent proteiade 1 and 2
PEG: polyethylene glycol

Pi: Phosphate group

PI3K: phosphatidyl inositol 3 kinase

PIP3: phosphatidyl-inositol 3,4,5-triphosphate
PKB: protein kinase B

PKN3: protein kinase N3



PKR: Protein kinase R

PLK1: polio-like kinase 1

PNA: peptide nucleic acid

pre-miRNA: precursor microRNA precursor
pri-miRNA: primary microRNA

PRR: Pattern Recognition receptor

PTD: Protein transduction domain

PTGS: post-transcriptional gene silencing

PTP1B: protein tyrosine phosphatase 1B

PTPNL1: tyrosine-protein phosphatase non-receppa 1ygene
PTPN2: tyrosine-protein phosphatase non-receppa 2ygene
rasGAP: ras-GTPase-activating protein

RHA: RNA helicase A

RISC: RNA-induced silencing complex

RNA: ribonucleic acid

RNAI: RNA interference

rRNA: ribosomal RNA

RSV: respiratory syncytial virus

siRNA: short interfering RNA

SNALP: stable nucleic acid lipid particle

SPNR: spermatid perinuclear RNA binding protein
ssRNA: single stranded RNA

STATS3: Signal transducer and activator of transmip3
TAR: trans-acting response element

TCPTP: T-cell Protein Tyrosine Phosphatase
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Tm: melting temperature (°C)

TRBP: HIV-TAR RNA-binding protein from HIV
TRBP: TAR RNA binding protein

tRNA: transfer RNA

TTR: transthyretin;

UCL: University College London

UTR: untranslated region

VEGF: vascular endothelial growth factor

W: tryptophan

eNHa : four trifluoromethylquinoline-based derivatives
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List of Formulae

. Live cell count formula by the Trypan Blue methatidwed by hemocytometry:

Average cell number in 4 squares x n & 2Gumber of cells/ml

Where n=dilution factor (=5) and
10* = number oful in 1 ml.

. Molar concentration formula:

Molar concentration of protein (mmol/L)
= Concentration at Ago(mg/ml) x MW (mMol/mg) x Volume (1,000ml/L)
.+ [(mg/ml) / MW (Da)] x 1,000

Where Agp is the sample absorbance at 280nm and MW = maeeutight

. Concentration formula:

Ci (M) x V (ul) = Cf (uM) x VF (ul)

Where Ci = initial concentration, Vi = initial colme, Cf =Final concentration and
Vf = =final volume

. Beer’s Law:

Molar absorptivity is constant (and the absorbasgeoportional to concentration)
for a given substance dissolved in a given solutd eeasured at a given
wavelength.

A=egxbxC,

Where A = absorbance value,= extinction or molar absorption coefficient (L
mol* cm?), b = path length (cm), C = analyte concentration moles/litre or
Molarity

¢ Is proportional to the number of tyrosine (Y),ptgphan (W) and cycteine (C)
amino acid composition at 280nm:

¢ = (NW x 5500) + (nY x 1490) + (nC x 125)
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Chapter 1. General Introduction
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1.1  The RNAI pathway

In 1970, following the discovery of the double sttad DNA helix, Francis Crick
proposed a model describing how DNA governs prownthesis through an RNA
intermediate. This model went on to become the t@&Dogma of biology’(Crick, 1970),
describing the linear flow of genetic informatiaorh the DNA level, to RNA and finally
protein, in a hypothesis that is generally descriag ‘one gene-one ribonucleic acid chain-
one protein’. Messenger RNA (mMRNA) was subsequeatiigovered by Jacob and Monod
(1961), as the intermediate following gene tramdimn; and Crick’'s hypothesis that one
gene encodes for one protein product was rejecteshWweder and Nirenberg ‘cracked’ the
genetic code in 1964 and assigned nucleotide tsiffleodons’) to each of the 20 amino
acids (Leder and Nirenberg, 1964). The RNAi pathwags not elucidated until much

later, following the work of plant biologists witbddly enough, petunias.

In the early nineties, Napoli and Jorgensen wevestigating how to increase the purple
coloration in petunias by introducing chalcone bgse as a transgene, in an attempt to
overexpress the protein in the rate-limiting stegflavonoid biosynthesis. The resulting
petunias came out white (Napetial, 1990). This observation of gene co-suppression ha
never been reported before, although the mechaniasnnot elucidated until Firet al.
(1998) used double-stranded RNA (dsRNA) insteadingle stranded RNA (ssRNA) in

the nematod€. elegango modify gene expression.

In 2006, Craig Mello and Andrew Fire were subsedjyeawarded the Nobel Prize in
Medicine for their seminal work with RNA interferam (RNAI), which highlighted an
endogenous, evolutionarily conserved mechanisn, ithelves sequence-specific post-

transcriptional gene silencing (PTGS) with dsRNAaasfrigger, and not single-stranded
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RNA (ssRNA) as had been previously reported by &ud Kemphues (1995). According
to their proposed model, double-stranded RNA (dsRMAuld interfere with gene
expression by selectively binding to cognate mRN#l d@argeting it for degradation,

thereby attenuating protein translation from thrggamRNA.

In plants and animals, RNAI via microRNA (miRNARtrscription play an important role
in cellular processes such as gene regulationifgnation, development, tumour formation
and homeostasis (Ambros and Lee, 2004). RNAI is als innate antiviral mechanism;
viral dsRNAs are generally long and perfectly coempéntary, inducing RISC loading,
cleavage into 21-25 bp fragments (SIRNAs) and @gawpon cellular infection, inhibiting
viral replication (Umbach and Cullen, 2009). In regades and plants, the initial antiviral
response is potentiated by RNA-dependent polymgrasereasing the overall number of
siRNAs available for RISC loading (Aolaet al, 2007, Diaz-Pendort al, 2007). In
mammals, viral infection activates the interfertfi\) response via recognition by pattern-
recognition receptors (PRRsS). A systemic antivieslponse is mounted via dissemination
of the intercellular IFN response, which activadegositive feedback loop with the Janus
kinase/Signal transducer and activator of tranfionp(JAK/STAT) pathway and the
activation of RNAse-encoding genes and proteingenB (PKR) (Cullen, 1986, Umbach
and Cullen, 2009). In the context of drug discoyehe value of siRNA is based on the
assertion that drug targets, such as overexpressedgenes in cancer, or indeed the
aberrant expression of any gene, can be knocked-dmsfore it is translated into a
mutated, misfolded or overexpressed protein. Ireffoge shows great promise as a
therapeutic approach to many diseases whose umdpdsiuses are genetic aberrations. In
addition to oncologic applications, an RNAI stratdtas been investigated in infectious

diseases, such as malaria, targepfagmodium falciparuniMalhotraet al, 2002); HIV,
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against the p24, Gag, and CCR5 proteins (SuraldhiGaynor, 2002), amongst others,

with promising resultfn vitro.

RNAI in humans can be triggered by dsRNA sequef&e®5 nt in length, via two distinct
pathways: the natural and the synthetic pathwaw. [&tter occurs via the introduction of
stabilized and often chemically modified short ifigang (SiRNA) molecules, whereas the

canonical RNAI pathway is initiated by the ‘trimnginof long primary-microRNA (pri-

mMiRNA) transcripts into av70 bp stem-loop or hairpin miRNA precursors (pré&ritA)

in the nucleus, by a protein complex comprisedhef RNAselll enzyme Drosha and Di-
George syndrome critical region 8 (DGCRS8), whichllemtively make up the
Microprocessor complex (Ha and Kim, 2014). Pre-mRisl&xported from the nucleus by

exportin 5, a dsRNA binding protein, for furtheopessing by Dicer in the cytoplasm.

Once in the cytoplasm, pre-miRNA is cleaved into miRNA duplex by Dicer, an

RNaselll endonucleag@hanget al, 2004) which works in partnership with HIV-TAR
RNA-binding protein (TRBP), Drosha and the protartivator of protein kinase PKR
(PACT) (Fig. 1.1). Dicer proceeds to remove anyplatructures and cleave pre-miRNA

into shorter, 19-22 bp dsRNA duplexes with 2 nuiten(nt) 3’-hydroxyl overhangs.

Similarly, Dicer processes endogenous, long dsRk&yrsors into siRNA duplexes, 20-
25 bp in length. Endogenous siRNA precursors mesg dromtrans interactions between
gene and pseudogene transcripts, or from hairamstripts (Czech and Hannon, 2011). In
mammals, these precursors have so far been fougdnoembryonic stem (ES) cells and
mouse oocytes (Babiarz and Blelloch, 2008, Babwrzal, 2008, Tamet al, 2008,

Watanabeet al, 2008). Exogenous siRNA, procured as syntheti@20+ oligos are not
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subject to Dicer's RNAse lll action and are thisedtly loaded onto the RNA-induced

silencing complex (RISC).

Once cleaved, small dsRNAs are sorted by Dicerdasethe precursor molecule, the
structure of miRNA and siRNA duplexes, terminal leatides, thermodynamic properties

and the Argonaute (AGO) protein they are destied f

The Argonaute clade of mammals consists of eighthbses in the Ago (AGO1-AGO4),
and Piwi (PIWIL) proteins (Ross and Kassir, 201djhough only AGO1-AGO4 have
been shown to bind siRNA and miRNA indiscriminatéBurroughset al, 2011, Czech
and Hannon, 2011, Liet al, 2004, Meisteet al, 2004). These are expressed ubiquitously
in humans, although in different, tissue-speciii@portions (Reviewed by Meister, 2013)
Post-translational gene silencing is mediated bYO2Ghe only member of the AGO clade
that possesses mMRNA cleavage activity in mammalsli€s have shown that the silencing
action of siRNAs targeting the coding sequencesgérl endogenous genes is inhibited in
the absence of AGO2 in mice livers (Rugtaal, 2014). Furthermore, studies by Gregory
et al. (2005) and Maniataki and Mourelatos (2005) havawhthat small dsRNA sorting
by Dicer and AGO loading is a concerted effortJegtst in animals, whereas Jinek and
Doudna (2009) proposed that the structure of AGGtgmms mediates dsRNA loading,
unwinding and the formation of RNA induced silemcicomplex (RISC). AGO proteins
are comprised of an amino-terminal (N), a PIWI-Argate-Zwille (PAZ), a middle (MID)
and a PIWI domain. The N and PAZ domains colletyiveake up lobe 1, whereas the
MID and PIWI domains make up lobe 2. Lobesl ande2sa@parated by a flexible hinge
region that mediates the structural rearrangemeAIGD proteins upon dsRNA binding.
According to their model, the PAZ domain anchoes 3hend of small dsSRNA by bending

it into a binding pocket, whereas the MID domairclasrs the 5’end of dsRNA to a
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conserved tyrosine residue by stacking interactaons hydrogen bonds. The N domain is
required for loading and unwinding of the duplexridg RISC assembly (Kwak and
Tomari, 2012), whereas the PIWI domain in AGO pratdunctions as an endonuclease to

cleave target mRNA, following small dsRNA bindinfinek and Doudna, 2009).

Cleavage of the passenger strand and subsequembdimgv of the dsRNA duplex is
governed by the ‘Asymmetry rulev/hereby Argonaute2 (AGO2) action is guided by the
strength of base-pair binding on the 5end of tlhwplex - its thermodynamic stability
(Schwarzet al, 2003) - with the less stably paired 5’ end strpreferentially loaded onto
AGO TRBP acts as an asymmetry sensor, and alloevguide strand to be loaded onto
RISC following dicing (Nolanekt al, 2011). In order for the mature RISC to form, siRN
or miRNA transfer to AGO is mediated by heat shpoitein 90 (HSP90). HSP90 allows
AGO to remain in an open state to accommodate dsRMAydrolyzing Adenosine
triphosphate (ATP) to Adenosine diphosphate (ADR) phosphate (Pi) (lket al, 2010,
Johnstoret al, 2010). RISC is a multimeric protein complex, coisgd of Dicer, TRBP
and the ‘slicing’ enzyme AGO2 (Meistet al, 2004). Once RISC is assembled, the N-
domain of the Ago proteins unwind the complex, @lth reports by Meisteaat al. (2005)
and Guet al. (2011) support the action of RISC-associated agéis, such as RNA helicase

A (RHA) when unwinding the dsRNA helix.

In the endogenous MiRNA pathway, the ‘seed’ seqgeiecomprised of nt 2-8 within a
longer miRNA, is perfectly complementary to the watg mMRNA. Complementarity
between at least 7 bp of SIRNA-mRNA is required dfficient silencing, thus providing
some specificity to this ubiquitous mechanism (Elbaet al, 2001b). Where partial
sequence complementarity occure, where the RNA duplex contains internal loops or

bulges, translational repression occurs via RNAiisToccurs when miRNAs are loaded
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onto RISC, rather than siRNAs; RISC in this casgugled to partially complementary
sequences typically found in the 3’ untranslateglore (3° UTR) of target mRNA, leading
to translational silencing or exonuclease degraddtduntzinger and Izaurralde, 2011). In
the case of siRNAs (either endogenously generateeixogenously introduced), where
perfect Watson-Crick base pair complementarity texiRISC is directed to induce the
degradation of primary mRNA transcripts by AGO2-maged cleavage (Kinet al, 2009b,
Umbach and Cullen, 2009). Moreover, the greatemtiraber of RISCs bound to a target

transcript, the greater the inhibitory effect o# RNAi response (Doendt al, 2003).
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Figure 1.1  Mechanism of RNA interference in mammalian cellsSRNA interference
(RNAI) pathways are guided by small RNAs that imiesmall interfering RNA (SIRNA)
and microRNAs (miRNAs). The siRNA pathway beginstwdleavage of long double-
stranded RNA (dsRNA) by the Dicer enzyme compléa 81RNA, which are then
incorporated into Argonaute 2 (AGO2) and the RNAduced silencing complex (RISC).
If the RNA duplex loaded onto RISC has perfect sage complementarity, AGO2
cleaves the passenger (sense) strand so that Ré8@containing the guide (antisense)
strand is produced. The siRNA guide strand recagniarget sites to direct mRNA
cleavage. RNAI therapeutics typically involve thedidery of synthetic siRNA into the cell
cytoplasm. The microRNA pathway begins with endagesty encoded primary
microRNA transcripts (pri-miRNAS) that are tranded by RNA polymerase Il (Pol I1)
and are processed by the Drosha enzyme complegltbprecursor miRNAs (pre-
MiRNAS). These precursors are then exported toytaplasm by exportin 5 and
subsequently bind to the Dicer enzyme complex, whiocesses the pre-miRNA for
loading onto the AGO2—-RISC complex. When the RNAldy loaded onto RISC has
imperfect sequence complementarity, the passesgasé¢) strand is unwound leaving a
mature miRNA bound to active RISC. The mature miRfdéognizes target sites
(typically in the 3UTR) in the mRNA, leading to direct translatiomathibition. Binding

of miRNA to target MRNA may also lead to mRNA tdrdegradation in processing (P)-
bodies. Adapted from Kim and Rossi (2007).
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1.2 siRNA as a therapeutic drug: challenges and limitabns

SIRNA'’s high specificity for their target mMRNA, potcy and adaptability are favorable
attributes. From the pharmaceutical industry’s pective, they are easy to manufacture,
relatively cost-effective, compared to small moleanhibitors, with limited cytotoxicity,
and can be designed silico with various stabilizing modifications to complentea
specific mRNA of interest (Vaishnaet al, 2010), and avoid the elicitation of off-target
effects. Since transfected synthetic SiRNA sequeneae be used to induce RISC (Elbashir
et al, 2001a), the RNAIi pathway can be potentially hased to downregulate the
expression any disease-associated gene. MoreoR&tAgnediated RNAI has become a
routine tool for post-translational gene modifioati (Aagaard and Rossi, 2007, de
Fougerolleset al, 2007), as sequences are amenable to chemicalficatidns and
improved pharmacologic profiles. Their high spetifi may also allow targeting of
specific alleles that differ from wild-type oneslyby a few mutations. They are also less
likely to interfere with gene regulation by endoges miRNAs, as they enter the RNAI
pathway later and are not produced by cleavagemjdr dsRNA precursors by RISC
(Grimm et al, 2006, Racet al, 2009). Such is the potential of siRNA that withimee
years since its use as a gene expression modulataitured human cells was confirmed
(Elbashiret al, 2001a), antisense oligonucleotide-based thermgelidd entered clinical
studies utilizing the endogenous RNA pathway akemapeutic strategy. Many siRNA-
based formulations are still being tested at variclinical phases (Summarized in Table
1.1). The only FDA-approved RNAi-based drugs a2@t4 are fomivirsen (marketed as
Vitravene) for the treatment of cytomegalovirus imés (CMV) for HIV or
immunocompromised patients via intraocular injattiand mipomersen (Kynamro) which

targets mutated apolipoprotein B (apoB) in famitigbercholesterolemia. Both drugs were
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developed by Isis Pharmaceuticals. It is intergstm observe that both FDA- approved
drugs are composed of chemically stabilized sisglanded antisense oligos; so far there

have been no successful clinical trials with siRbhi#sed formulations.

Indeed, the development of siRNA-based therapisdban met with many challenges. As
a drug that exploits a natural pathway to meditdeaction, there is always the risk of
saturating the RNAI pathway and disturbing theaoédlular equilibriumln vivo studies
by Grimm et al. (2006) and Yiet al. (2005) have reported elevated, dose-dependent
lethality in mice tested with 49 different shortifpan RNAs (shRNASs), due to liver
toxicity. Their results suggested that the ratatlimg step to efficient RNAi was nuclear
export by exportin-5, as introduced shRNAs had k#dcthe canonical miRNA pathway.
Seminal work byElbashiet al. (2001a), showed that transfection with oligonuttk
sequences shorter than 30 bp, did not induce aimyosycity. However, the introduction
of longer £30 bp) dsRNAs has been shown to activate the immesgonse by protein
kinase R (PKR) - the first point of contact whemal/idsRNA enters a mammalian cell.
Similarly, transfection with GU-rich sequences sashthe 5’-GUCCUUCAA-3’ ‘danger
motif’ (Hornung et al, 2005), leads to the induction of the interferesponse through
activation of pattern recognition receptors (PRRagh as Toll-like receptors 3 (TLR3) on
the cell surface, and TLR7/8 upon siRNA entry. TL&®® transmembrane receptors that
are found on the cell surface of dendritic celtsthe epithelium and endothelium (Zimmer
et al, 2011) and are able to ‘sense’ unmodified siRNguemces23-33 bp in length, in a
sequence-independent, but cell-type dependent mgdKaeko et al, 2004, Reynoldt

al., 2006). Upon internalization, endocytic TLR7 andRB expressed within dendritic
cells, macrophages, or regulatory T cells (Kokkimaps et al, 2005) can also sense

internalized siRNA, in a sequence-dependent manfaoring GU-rich or AU-rich
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duplexes (Diebolcet al, 2006). Immune-mediated toxicity is thus elicitdgnlough the
induction of interferont (IFNa), IFNy and interleukin-12 (IL-12) (Robbinst al, 2009).
Another significant drawback is the unwanted siffects caused by less-than-perfect
siRNA complementarity to their target sequenceshdlgh Elbashiet al. (2001b) had
reported a short, 7 bp ‘seed’ sequence as atiiaggeature on cognate mRNA sufficed
for RNAI, microarray screening analysis by Jacksbml. (2003) showed that a sequence
as short as 11 bp could induce off-target effedte Wwxic phenotypes. A ‘seed’ sequence
is necessary for mRNA recognition, as it places tdrget’'s scissile phosphate group

directly within the slicer site of AGO2 (Parket al, 2005)

Other issues with unformulated siRNAs as a theripeauatform include poor serum
stability, degradation by RNase A- type nucleagegr bioavailability, a short half-life
(Moschoset al, 2007) or clotting effects (Bramsen and Kjems,2@ecotet al, 2011).

In addition, compared to small molecule inhibitg&MVocs), the large size of siRNA
molecules necessitate the development of stalgliZormulations that will allow the
siRNA molecules to enter cells, without activatimgtrolling macrophages or the
intracellular innate immunity protein repertoirescape from endosomes, and retain
potency and activity after loading onto the RNAiahimeryin vivo. These hurdles, as well
as the pharmacokinetic properties of siRNA, make tholecule a ‘difficult’ bioactive
drug. In addition, its small siz& L0 nm in diameter) poses serious challenges &ieByc
delivery, as it is rapidly cleared by the renalteys studies have shown that most of
intravenously administered siRNA rapidly accumigaie the kidneys (Moschost al,
2007, van de Watest al, 2006). Endosomal entrapment and subsequent degmacf
internalized siRNA formulations by lysozomal nudes, necessitate the development of

fusogenic vectors that will become protonated uacidification and allow the siRNA to
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escape unharmed from endosomes. It is still unknetwether siRNA will ever become a
universal ‘Superdrug’ that will revolutionize persdized medicine, but both academia and

industry have been working hard at elucidatingkég player in the puzzle: an efficacious

delivery vector.
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Table 1.1 SiRNA-based therapeutics currently in clinical trids (2013).Local delivery refers to ocular, pulmonary, panteand
colonic tissues; non-invasive patient administratidargeted systemic delivery refers to intraven@\§ uptake, or delivery by synthetic
carriers. RSV, respiratory syncytial virus; TTRartsthyretin; VEGF, vascular endothelial growth dacPLK1, polio-like kinase 1; PKNS3,
protein kinase N3, effector molecule in the phosiplyhinositol 3 kinase (PI3K) metastatic pathwayR-122, miRNA-122; HCV, Hepatitis C
virus; SNALP, stable nucleic acid lipid particleNA, locked nucleic acid; AMD, age-related maculagedneration; DME, diabetic macular
edema; TLR, Toll-like receptor. (Adapted from Zhedwal. (2013). Confirmed status April 2014)

Company Lead Drug(s) Target Disease Delivery Clinical TriaNumber, Trial Phase
Alnylam ALN-RSV01 Nucleocapsid RSV infection in lung transplant Local (nebulizer, NCT01065935, b (abandoned)
‘N’ gene patients and prophylaxis in intranasal spray)
healthy patients
ALN-VSPO2 VEGF Liver cancer Local NCT01158079, |
ALN-TTRO2 TTR Hereditary amyloidosis Systemic (SNALP) NCT01961921 Il (ongoing)
ALN-TTRsc TTR Hereditary amyloidosis Systemic (SNA NCT01981837, Il (ongoing)
ALN-PCS PCSK9 Severe hyper-cholesterolemia  Systemic (subcutaneous NCT01437059, | (completed)
ESC-GalNAc conjugate)
Tekmira TKM-PLK1 PLK1 Solid cancer tumors Systemic (SNALP) NCT01437007, I/l (completed)
TKM-EBOLA  Ebola viral Ebola virus (biodefenselrast- Systemic (subcutaneous NCT01518881, | (terminated)
infection tracked by the FDA, April 2014 LNA)
Arrowhead/ Atu-027 PKN3 Advanced metastatic pancreatic Systemic (Lipoplex; NCT01808638, Ib/lla (ongoing)
Silence adenocarcinoma cationic liposomes)
Opko Health Bevasiranib VEGF AMD, DME Local NCTO00306904II (terminated, low
Inc receptor (Intravitreal) efficacy)
Allergan/ AGN-211745 VEGF AMD, DME Local NCT00363714, Il (discontinued, off-
SiRNA receptor (Intravitreal) target effects)
Therapeutics
Quark / Pfizer PF-655 Proangiogenic AMD, DME Local NCT01445899, NCT00713518, I/l and

factor RTP801

Il (terminated, TLR activation)
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1.3  Engineering stabilizing modifications for SIRNA

In addition to the above challenges in the develpmof siRNA as a therapeutic
molecule, the elicitation of off-target effectsaseflection of the common RNAI pathway
between miRNA and siRNA (Doendcét al, 2003) and the competition, and ultimate
saturation, of the RNAiI machinery by both cognai®NAs and exogenously introduced
siRNAs is still a major issue (Castanottb al, 2007, Vickerset al, 2007) Chemical
engineering of SIRNA has overcome many of thesédiions, either by modifying (i) the
phosphodiester backbone, (i) the ribose sugai), tfie nucleoside base, or (iv), the
nucleotide structure itself, in order to maximizetgmcy and minimize unwanted side-
effects. Common backbone modifications includephesphorothioate (PS) (Detzefral,
2008) and boranophosphate modifications (Hllal, 2006), which improve nuclease
resistance, biodistribution and uptake by cells.d¥oeations in the furanose ring of the
ribose involve substituting the 2’-OH group withthar 2’-F or 2’-OMe structures that
confer potency, specificity and a reduction in ilmogenicity, with minimal effects on
conformation and activity (Fig. 1.2). Finally, cligss in the nucleoside base, most
commonly Uracil, are used to increase base-paifngperties either alone or in

conjunction with other stabilizing modificationsréBnsen and Kjems, 2012).

The site of modification on the double helix istical, as chemical manipulation of the
siRNA structure bias affects strand loading ontgdwaute proteins. As a general rule,
each backbone modification decreases the meltimgpeeature (Tm) of SIRNA duplexes,
increasing their thermodynamic stability by 0.3°@5per modification (Amarzguiougt
al., 2006, Harborttet al, 2003). A difference in melting temperatuel (n) of 3-5°C has
been observed in locked nucleic acid (LNA) monom@sshkin and Wengel, 1998),
nucleic acid analogues with enhanced thermodynataiuilities. By ‘locking’ the C4 and
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2’-OH groups in a ribose monomer, molecule rotati®mestricted, thereby forcing the
monomer to adopt an A-RNA structure (Kierzek al, 2009). Incorporation of LNA
modifications into siRNA molecules has been showngteatly siRNA delivery and
specificity (EImenet al, 2004) and therefore provide attractive alterrestivo SiRNA
oligos. Previous work by Chiu and Rana (2003), Suofawt al. (2003) and more recently
by Bramsenet al. (2009), has identified that siRNA is amenable toderate, but not
extensive, modifications or conjugations on theée3minus of the antisense strand, or both
5- and 3'- termini of the sense strand, with éttinfluence on its activity-related
properties. Many companies now offer custom-ma&Nai sequences with proprietary
modifications that can be used in gene-regulattadiss, although the type and extent of

such modifications are not always disclosed.
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Figure 1.2  Common chemical siRNA modifications. AStabilising modifications in

the ribose furanose ring (top panel) or in the phosliester backbone (lower panel).
B. Side chain substitutions in Uracil, the most comimatabilized base.
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1.4  siRNA Delivery Strategies

However elegant siRNA modifications have been ioreasing target specificity and
stabilization against degradation, the current lehge in SiRNA biotherapeutics
development is targeted, efficient and non-immunagelelivery to tissues of interest.
Indeed, preservation of bioactivity, biodistributjselectivity and target specificity for any
given drug is no small feat. The development dfaritsystemic or tissue-specific drug
delivery vectors has been the bottleneck for maimgebhnology companies, and the
tombstone for some of big pharma’s RNAI technolalgyisions (Novartis, for example,

has decided to shut down its RNAI R&D operationsgexision ‘driven by ongoing

challenges with formulation and delivery [...] (FoeBiotech, 2014¥ollowing Merck,

Roche, Abbott and Pfizer in 2011.

The incorporation of specificity-enhancing, steoilg modifications have, to a great

extent, minimised issues such serum degradationoffrtdrget effects encountered with

naked siRNA. Utilisation of naked siRNA in formutats is also problematic due to its

highly charged anionic nature, which hinders uptalkethe hydrophobic cell membrane.

Formulation attempts include non-viral vectorsrorease bioavailability and specificity,

and to overcome the electrostatic barrier posethéyell membrane. Such vectors involve
lipid-based formulations, including neutral liposesn cationic lipids and lipoplexes; stable
nucleic acids (SNALPs), which are PEGylated lipehaparticles for systemic delivery,

various polymers (chitosan nanoparticles, polyethgimine (PEI), cyclodextrin and

dendrimers), each with its own advantages and dimns with respect to efficacy and

toxicity. Lipid-based delivery strategies, espdgiahtionic liposomes, have been used to
deliver siRNA into mammalian cell culturesvitro (Taetzet al, 2009) but are of limited

use in anin vivo setting as they fail to release cargo and elioseddependent
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inflammation (Spagnowet al, 2004). Similarly, chitosan nanoparticles, deriviedm
natural polysaccharides, lack endosomolytic escapaperties, which limits their
bioavailability even in ain vitro setting (Wuet al, 2012). These findings further highlight
the need of effective siRNA carriers that will: @e able to protect its cargo from
nucleophilic/lysozomal degradation, (ii) be effgety internalized either specifically in
tissues of interest, or be stable for systemicvdg)i (iii) promote the cytoplasmic release
of nucleotide cargo, (iv) exhibit high biologicattavity at low concentrations and finally
(iv) possess a good biosafety profile forvivo therapeutic approaches (Vaishnatval,

2010).
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1.5 Cell Penetrating Peptides

Cell penetrating peptides (CPPs); represent a ofas®rapeutically interesting vectors for
targeted drug delivery. The classical definitionG®Ps, or protein transduction domains
(PTDs) is that of short cationic sequences (leas 80 amino acids long), rich in arginine
(Arg, R), histidine (His, H), and lysine (Lys, Kgsidues. Their highly polar amino acid
sequence allows them to cross the negatively ctdnge bilayer of the cell membrane, a
key hurdle in the delivery of macromolecules intellc Moreover, they have a low

molecular weight (<500 DgKerkis et al, 2006). Their internalisation efficiency depends
on the number of arginine (R) residues in the pleptiackbone, with R6 and R8 synthetic
repeats showing the highest, compared to other (fRRaki et al, 2001). Interactions

with the cell membrane involve binding interacBohetween key polyanions on the
external face of the cell membrane, such as hepsudate, heparin, polysialic acid, as

well as nucleic acids, and CPP (Poon and Gariepg7 R

The classification criteria for CPPs have greattpanded in the past 10 years, and now
involve different classes of molecules, that camnsghe cell membrane, including
hydrophobic protein sequences, and tissue spquifiteins identified by phage display
(Milletti, 2012). Most cell penetrating peptides @t obey Lipinski's rule of five
(Lipinski et al, 2001), and must therefore be examined on a casade basis for

efficacy.

CPPs can be categorised based on their originear ¢dlassification (Table 1.2). Classical

CPPs, such as the HIV transactivator of transcmp(TAT), the Herpes simplex virus

! Lipinski’s rule of 5: In a study 0f2000 pharmacological agents, Lipinski concluded ¢hdrug is more
likely to be cell-permeant if M\&500, lipophilicity (Log)<5, number of H-bond donofr$ and number of
H-bond acceptors10.
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protein VP22, and the Antennapedia homeodomain fbyosophila melanogasterare
considered classical CPPs. These are naturallyeteproteins, which obey the structural
rules of amphipathicity or cationic charge and ddoypu-helical structure upon interaction
with the phospholipid membrane (Oehkieal, 1997, Schelleet al, 2000). For example,
HIV-Tat’'s ability to translocate through the cellembrane is conferred by its arginine
residues whereas, Penetratin’s ability (the thetixhof the Antennapedia homeodomain),
is based on its hydrophobic core (W6, F7) (Chrstset al, 2002, Derosset al, 1996,

Magzoubet al, 2001).

Two strategies have been used so far to conjugaidAscargo to CPPs; one is covalent,
and the other non-covalent, via electrostatic atgons between protein and cargo. These
are sufficient to hold the complexed siRNA-protengether and deliver it intracellularly

(Eguchiet al, 2009, Lundbergt al, 2007).

Futakiet al. (2001) first demonstrated that poly-arginine seges were able to transduce
cargo intracellularly by virtue of bidentate hydemgbonding between the guanidinium
group in arginine and the phosphate backbone. Toeatson efficiency was thus found to
be directly proportional to the number of arginiresidues within a cationic sequence
(Tunnemanret al, 2008). A number of either natural or synthetiguences have since
been designed, containing transducing motifs iléam or combinations thereof (Abes

al., 2007, Meade and Dowdy, 2007) and tested in witith various cargoes, which have

been either covalently or non-covalently conjugadtethe peptides.

Covalent conjugation strategies include disulfa®jde, hydrazine and thiazolidine bonds
between the 3’ end of the sense strand and the B’ @rminus of the protein (Chiet al,

2004, Davidsoret al, 2004, Detzeet al, 2009, Moscho®t al, 2007, Muratovska and
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Eccles, 2004) and have been used mostly in thegeadglof oligonucleotide cargoes, such
as morpholinos, peptide nucleic acids (PNA) (Faband Gait, 2008), steric block
oligonucleotides (Abegt al, 2008) or full-length proteins (Snyder and Dow@@05),
amongst others (Dietz and Bahr, 2004). Non-covalstiategies, which rely on
amphipathic or cationic proteins with a polar anesan-polar domain, arranged either
sequentially (i.e. within the primary sequence)pgrconformation (once the protein has
adopted its three-dimensional structure in sol)ti@eshayest al, 2008), have become
increasingly popular. Electrostatic interactionsween the positively charged carrier and
its anionic cargo suffice for efficient delivery,thout necessitating the incorporation of
chemical, and often structurally-modifying, conjtigas. Simeoniet al. (2003), first
illustrated the transduction of siRNA by MRGia non-covalent conjugatiom vitro,
followed by reports with polyarginine (Kirat al, 2006), HIV-Tat (Eguchet al, 2009)

and the endosomolytic analogue of Penetratin, EBhdberget al, 2007).

Interest in CPP development as a drug deliveryovestems from their abilities to enter
most, if not all, cell types non-specifically, inding primary and difficult to transfect cell
lines (Eguchet al, 2009). They also show rapid cellular uptake amahak rely on nucleic
acid integration into the host cell genome (El-Alindasi et al., 2011, Sugita et al., 2008),
compared to viral vectors. The most commonly usB®<£are summarized in Table 1.2.
Another class of CPPs are the stapled peptide CI*lese were developed in an attempt to
circumvent issues such as proteolytic degradatiamd renal clearance (Jenssen and
Aspmo, 2008) and to provide enhanced conformatiahilgy via a,a-disubstitution and
macrocyclic bridge formation (Henchey al, 2008). By adopting such a hydrocarbon
staple, proteins are induced to foorhelices, with an increase in target affinity, tigy

providing an alternative solution to inherently taide CPPs (Verdine and Hilinski, 2012)
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Table 1.2 Examples of cell penetrating peptides that have sha efficient cargo
transduction in vitro. eNH* represents four trifluoromethylquinoline-basedidives via
a succinilated lysine tree. Polar amino acids AmginR), red; Lysine (K), blue. (Laufer
and Restle, 2008, Lukanows&nal, 2013, Regbergt al, 2012)

Cell Classification Sequence Reference

penetrating based on

peptide origin

AntpHD Classical MGRKRGRQTYTRYQT  Joliotet al. (1991a)
LELEKEFHFNRYLTRR
RRIEIAHALCLTE RQIK
WFQNRRMKWKK EN

Penetratin Classical RQIKIWFQNRRMKWK  Derossiet al. (1994)
KEN

VP22 Classical NAATAT RGRSAASRPT  Elliott and O'Hare (1997)
QRPRAPARSASRPRRP
VQ

HIV-Tat Classical GRKK RRQRRRQC Dysonret al. (2004),

Frankel and Pabo (1988)

MPGa, Classical GALFLAFLAAALSLMG  Simeoniet al. (2003)
LWSQP<KKK RKV

PepFect-6 Chimeric stesyl- El-Andaloussi et al.
AGYLLGK (eNH")INLK  (2011)
ALAALA KK IL-NH,

TP10 Chimeric AGYLLGKINLKALAAL El-Andalousskt al.
AKKIL-NH (2005)

Oligo- Classical/ R-12) Tunnemanret al. (2008)

Arginine Synthetic

Antp-MEK1 Sychnologic  RQIKIWFQNRRMKWK  Kelemenet al. (2002)

bioportide KGMPKKK PTPIQLNP
Mastoparan Rhegnylogic  INLKALAALA KK ILa Higashijimaet al. (1988),
bioportide Poogeet al. (1998)

CADY Synthetic GLWRALWRLLRSLWR  Crombezet al. (2009)
LLWRA

EB1 Synthetic- LIRLWSHLIHIWFQNRR  Lundberget al. (2007)

endosomolytic LKWKKK -amide
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1.6  HIV-Tat - a (brief) timeline

HIV’s transactivator of transcription (Tat) was tfiest CPP to be discovered. Frankel and
Pabo (1988), observed that exogenously added tiptign-transactivating (Tat) protein
from HIV-1 could enter HelLa cells unaided and Iamlin the nucleus. Mutational
analyses by site-directed mutagenesis of polar @ramds with non-polar substitutions
showed that the conserved basic domain (GRKKR)chvlaicts as a nuclear localisation
signal, was indispensable for its intracellularaligation (Haubeet al, 1989). The full-
length protein is 86 amino acids long, with a hyjgbbnserved cysteine region, which acts
as the regulatory region, and a basic region*(t3t rich in lysine and arginine residues
(Arya et al, 1985) Its function is to trans-activate transcriptidntlze viral genome from
the HIV long terminal repeat (LTR), one of the stural landmarks of the HIV ssRNA
genome (Sodroslet al, 1985). It does this by associating with the traasng response
element (TAR) RNA, as well as improving translatbrefficiency (Marciniaket al,
1990). Calnanret al. (1991) showed that the arginine-rich RNA-bindingndhin only
adopts a helical structure upon binding dsRNA, #oad this property is dependent on the
overall charge density of TAP® rather than sequence specificity. This makesaMa&NA
binding protein (Dingwallet al, 1990), and it is this characteristic which ha®rbe
exploited to effectively deliver covalently linkedacromolecular cargoes such as full-
length proteingSchwarzeet al, 1999) and non-covalently linked nucleic acids hwit

efficiency (Eguchet al, 2009).

The exact mechanism of how Tat enters cells wassitiyated by various groups at the
time. Mann and Frankel (1991), reported a non-$ige@ndocytic-dependent mechanism
of Rho-Tat internalisation in HelLa cells, by pernfing binding-kinetic time-course

experiments at 3 and 4C. The latter abolished binding to the cell membrandicating
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that an energy-dependent process may be involvegtake. Interestingly, they reported
that another, temperature-independent mechanismnwvalved in binding in a cutaneous
T lymphocyte (H9) cell line, as treatment with tsyp a serine protease which digests cell
receptors, did not affect uptake. Dextran sulfate heparin, polyanionic moieties on the
cell surface, were identified as interacting molesuorior to internalisation (Mann and
Frankel, 1991). Studies by Wad& al. (2004) and Kaplaret al. (2005), described a
macropinocytic method of Tat uptake in a numbecedf lines, confirmed later by studies
with fluorescein-labelled peptide (Fonseea al, 2009). Macropinocytosis is a non-
endocytic type of bulk-transport, triggered whent Tiateracts with HSPGs (Heparan
sulfate proteoglycans) on the cell surface (Constlal, 2003). Internalization occurs
though large vesicles that pinch off the phosphdlipembrane and form heterogeneous
vesicles, which accumulate within the cell (Wadtaal, 2004). The uptake, however of
conjugated cargo, points towards an endocytic mofleuptake, depending on the
molecular weight and transduced cell type, and cilpi resulting in endosomal
sequestration (Fonseea al, 2009). More recently, the Dowdy group have depetl a
non-covalent, Tat-based siRNA delivery vector, Wahitilizes three Tat domains separated
by a fusogenic heamgglutinin (HA) tag recombinamtkpressed with a dsRNA binding
motif (DRBM) from human PKR (Eguclet al, 2009). This recombinant protein, PTD-
DRBD, was able to carry siRNA into a range of deles, including primary HUVEC

cells, inducing potent and selective gene knockdown
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1.7 The Antennapedia homeodomain and Penetratin

Another classical CPP is the homeotic protein Ané&pedia from Drosophila
melanogasterThe Antennapedia (Antp) gene, a member of theeWmapedia Complex
(ANTP-C) is a homeotic gene that encodes for DN#dbig Transcription Factors, which
regulate segmental identity in the thordewis, 1978, Lewis et al., 1980). Dominant
mutations in the Antp gene result in the transfdaromaof antennae into legs (Wakimoto
and Kaufman, 1981). Highest levels of gene trap8an occur in the mesothorax, but not
in the head during various stages of embryogenésgis.promoters, P1 and P2, control the
major protein coding region, composed of exons ADE E (1512 nucleotides long) and
C, D & E (1727 nucleotides long), respectively. Nple AUG (start/Met) codons are

present in exons A, B and C.

The Antennapedia homeoprotein is a proline andagiute-rich, 378 amino acid (aa)
protein (43 kDa). Its evolutionarily conserved hademain (AntpHD), 60 aa long, is
found near th&€-terminus and has been shown to bind DiNA/itro andin vivo (Desplan
et al, 1985). In 1988, Ottinget al resolved the nuclear magnetic resonance (NMR)
structure of the DNA-binding homeodomain as a helix-helix motif (Ottinget al,
1988), akin to the structure of other prokaryowgulatory proteins (Ohlendosdt al,
1982). The seminal work by Alain Prochiantz’'s gradpntified that the Antennapedia
homeodomain (AntpHD) adopts a tertiary structummposed of 3-helices with &3-turn
between the last two, which allows it to bind togeate dsDNA sequence in target
promoters (Jolioket al, 1991a) (Fig. 1.3). Moreover, the group observed991 that the
evolutionarily conserved, 60 aa AntpHD could efifegly translocate into nuclei and
between neuronal cells thereby inducing differémmimand morphological changé€3oliot

et al, 1991b). Through site-directed mutagenesis stuthesthird helix of the protein (16
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aa) was identified as the minimal sequence requoettanslocation, and was duly named

‘Penetratin’ (Pen) (Derosst al, 1994).

MGRKRGRQTYTRYQTLELEKEFHFNRYLTRRRRIETAHAL CLTERQIKIWFONRRMKWKKEN

Helix 1 Helix 2 Helix 3

Figure 1.3  Secondary structure of the Antennapedia homeodomaiprotein

(AntpHD). The AntpHD exhibits a helix-turn-helix motif, comman cell penetrating
proteins. Key amino acids responsible for its higidlar charge are shown in blue.
Histidine residues, green; Methionine residuesy.gfee sequence for the third helix,
Penetratin, responsible for translocation, is showwold. Helical structures are underlined
(Modelled with RSCB PDB Protein).

The 16 amino acid sequence —RQIKIWFQNRRMKKWKK- dtslability to translocate

through biological membranes has been widely stu@die a vector for the delivery of
various cargoes, from chemical drugs, to protearg] nucleic acids (Dietz and Babhr,
2004). A comparative study between Penetratin, frafjsportan and polyarginine has
demonstrated that unconjugated, rhodamine-labdfedetratin exhibits negligible, cell
type-independent cytotoxicity at concentrationsipto 100uM and a higher magnitude of

uptake compared to Tat (Sugeh al, 2008). Moreover, Penetratin failed to co-localize
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with transferrin, a clathrin marker, but co-localizwith cholera toxin, a lipid raft marker,
indicating a lipid raft-dependent, but clathrin-gpndent mode of translocation (Jores
al., 2005). Conversely, fluorescein-labelled Penetratas found to be highly cytotoxic in
HeLa and Jurkat cells, with a dose-dependent, ¢tgtle-independent mode of

internalization, which was higher compared to Taiditaet al, 2008).

Thus far, only a handful of studies have investdaPenetratin as a siRNA carrier. The
AntpHD has as yet, not been investigated for iteepiial SiRNA transducing abilities,
possibly due to its large molecular weight and daDiNnding abilities. Penetratin was
first covalently linked to siRNA, and applied to maalian neurons, where it induced a
gene knockdown effect (Davidsaet al, 2004). In addition, covalently linked siRNA
against GFP induced a reduction in the expresdidioih stable and transient-expressing
cells (Muratovska and Eccles, 2004).itnvivo lung studies, Pen-siRNA targeted against
p38 MAPK was found to induce the innate immunitgp@nse (Moschost al, 2007)
More recently, a folate-penetratin nanocomplex sgpd by a PEGylated linker has been
used to deliver luciferase-specific SIRNA, greatlgcreasing its expression (Cheng and
Saltzman, 2011). Some examples of cargoes suctigssAnsduced by Penetratin are
summarized in Table 1.3. Other CPPs have beenaayakcomplexed with various forms
of chemically stabilized dsRNAs, such as PNA or phatinos (Abest al, 2008, lvanova
et al, 2008), 2’-O-methyl phosphorothioate dsRNA (Hagszatral, 2011), with uncharged
oligonucleotide molecules covalently linked to aRCRoiety proving to be more potent
and specific than direct conjugation to highly det sSiRNA (Julianeet al, 2008). It has
been suggested that linking siRNA directly to arppkhic CPPs leads to charge
neutralization, due to steric hindrance aggregadioa loss of transducing abilities, which

has consequently induced a shift to non-covalenjugation approaches. This strategy for
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SiRNA conjugation includes delivery into a rangecedl lines by the synthetic peptide
MPG (Nguyeret al, 2006, Simeonet al, 2003), successfully targeting Oct-4 (Zeineddine
et al, 2006) and cyclin B1 (Crombe al, 2007)in vivo. Moreover, Polyarginine (Kumar
et al, 2007) Penetratin (Lundbergt al, 2007) and Tat (Meade and Dowdy, 2007) have
also been utilized as siRNA carriers, successfithwnregulating the expression of various

targeted genes in a host of cell lines (Hettal, 2009).
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Table 1.3 Notable examples of cargo successfully transducedy bPenetratin.
Adapted from Dietz and Bahr (2004).

Cargo

Target/disease  Effect

Reference

doxorubicin

INK4a-derived
peptide

p21

SsiRNA against
p38 MAP
kinase

prAMP
(proline rich
antimicrobial
peptides)
PNA

anti-neoplastic  6-fold increase in
drug delivery uptake through the
BBB throughin situ
perfusion in rats
G1 arrest in p16-
pRB negative AsPC1 and
phosphorylation BxPC3 pancreatic cell
lines, human diploid
fibroblasts
growth inhibition in
treatment in p53 ovarian SKOV-3 and
mutated cancers IGROV-1 cells; acute
cytotoxicity in p53-
mutated cells but not
healthy ones in a
SKOV-3 nude mouse

inhibition of

in p16” cells

anti-cancer

model
p38 MRNA

inhibition of

luteus

luciferase splice B-globin splice

correction assay correction and
upregulation of the
luciferase gene in
HelLa-pLuc cells

Reduction of p38
MRNA levels in a L929
cell line; Induction of
innate immunityin vivo
increased the activity
bacterial DNaK against the Gram-
positiveMicrococcus

Rousselleet al.
(2000), Roussellet
al. (2001)

Bonfanti et al.
(1997), Fahraeust
al. (1998), Fujimoto
et al. (2000), Katoet
al. (1998)
Bonfantiet al.
(1997), Kousparoet
al. (2012)

Moschoset al.
(2007)

Hanseret al. (2012)

Lundinet al. (2008)
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1.8  Overcoming endosomal entrapment

Early studies on the uptake of CPPs on fixed dgllgitro had proposed a receptor and
energy-independent mechanism of translocationgsimtake was observed at both 37°C
and 4°C (Derossiet al, 1996). Further studies in live cells, had attrdol those
observations to fixation artefacts (Lundbeey al, 2003, Richardet al, 2003), and
proposed that CPPs enter cells by two distinct mesms, endocytosis (clathrin-
mediated, caveolae-mediated and macropinocytosi) direct translocation.The
mechanism of uptake was found to depend on thespcesor absence and type of cargo
(Lundin et al, 2008), temperature, primary protein sequencedGtamet al, 2009, Jiao

et al, 2009) and concentration. Although the exact meisinas of uptake are still elusive,
most studies point towards initial bidentate intécn of the guanidinium group in
arginine with sulfate atoms of heparin (Sakai amatild, 2003) a member of the heparan
sulfate proteoglycan family (HSPGs), and endocgtosediated uptake (Fuchs and Raines,
2004). The mode of uptake that follows varies watimcentration and the attachment of
cargo, with lower concentrations and macromolectdesring an endocytic mechanism,
whereas at concentrations above a membrane depsityfic threshold, a shift to direct
translocation is observed for a number of CPPs l@rdtet al, 2007, Kosuget al, 2008,
Rydstromet al, 2011, Tunnemanet al, 2008). For example, Penetratin has been found to
favor direct translocation only at concentratioredolv 2 uM (Guterstamet al, 2009).
Lundin et al. (2008) compared the uptake mechanism of variotisnta and amphipathic
CPP-peptide nucleic acid (PNA) complexes, conclgdihat amphipathic CPPs were
endocytosed in clathrin-coated vesicles, wheretienia ones favored macropinocytosis.
Once endocytosed, CPP-cargo complexes become drappeendosomes and are

eventually degraded; indeed, CPP concentrationsssacy to elicit a biological effect are

48



usually> 10 uM, which may be too high for therapeutic formulaso(Milletti, 2012).
Attempts to bypass endosomal sequestration of @Btsled to macromolecular cargos
have incorporated reagents such as chloroquinecdoriacubation step, as a buffer that
stops the decrease in intra-endosomal pH, whichbeaelevant in am vitro setting, but
notin vivo, as cytotoxicity is elicited in a cell-type specjfand therefore tissue-specific,
manner (Wadiaet al, 2004). Incorporation of the HAsubunit of the influenza
hemagglutinin (HA) tag at the amino terminus of GPRas been reported to aid
fusogenicity (Eguchiet al, 2009, Wadiaet al, 2004). HA adopts an alpha-helical
structure upon acidification in the endosome anmot@eds to fuse with the endosomal
membrane, allowing the release of viral nucleochpsio the cytoplasm (Bullougét al,
1994). CPP-HA fusion proteins, when co-incubated with CPP-cadrga stoichiometric
ratio, have been reported to greatly enhance thigedg of nucleic acid/peptide cargo
linked with Penetratin, Tat and transportan (El-Alogdissiet al, 2005, El-Andalousset
al., 2006, Kaplanet al, 2005, Wadiaet al, 2004). Another strategy involves the
incorporation of histidine residues, which have rbegshown to disrupt endosomal
membranes upon acidification via protonation of itsidazole ring (Midoux and
Monsigny, 1999). A seminal study by Lundbetgal (2007), compared the efficiency of
endosomal escape between EB1, a Penetratin analagfhe Histidine insertions
(LIRLWSHLIHIWFQN-RRLKWKKK), its parent peptide, Penetratin, agell as
Penetratin fused to an HAag non-covalently linked to siRNA (Table 1.2). ERelded a
substantial decrease in luciferase activity congbdcethe latter two, demonstrating that
unmodified penetratin-siRNA were effectively trapgpeithin endosomes and could not

mediate RNA..
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1.9 Double stranded RNA binding domains

Double stranded RNA (dsRNA) is ubiquitously invalven a myriad of pathogenic and
non-pathogenic cellular processes. Viral genefarmation is often in the form of dsSRNA
or ssSRNA which, upon replication, form these douidéical complexes. Moreover, there
are cellular dsRNAs in the form of mMRNA untransthtegions (UTRs), ribosomal RNAs
(rRNAS), transfer RNAs (tRNAs), as well as smalpeecursors, such as those of short
interfering RNAs (siRNA) and microRNAs (miRNA) (Mizegh et al, 2013). The diverse
group of RNAs is recognized by a large superfamofldgsRNA binding proteins (DRBPS),
which contain 1-5 dsRNA binding domains/motifs (DBE8DRBMS), zinc fingers, and
sterile a-motif (SAM) domains, amongst others (Masligh al, 2013). The double
stranded RNA (dsRNA) binding domains represent exesl viral, eukaryotic and
prokaryotic motifs within a large family of protairihat interact specifically with dsRNA.
They are usually 65-70 amino acids in length (®indtonet al, 1992) and provide a vital
means of regulating gene expression. EukaryoticNdshbinding proteins (DRBPS)
include adenosine deaminase acting on RNA 1 (ADARIanget al, 2000), spermatid
perinuclear RNA binding protein (SPNR) (Pires-de&ikét al, 2001), DICER, nuclear
factors associated with dsRNA 1 and 2 (NFAR 1 an(Saunder®t al, 2001) and reside
either in the nucleus or in the cytoplasm. The dgaal role of nuclear DRBPs is to
regulate post-transcriptional control processesh s RNA interference (RNAI), splicing,
stability, transport as well as mRNA elongation @&rashslation. They do so by binding the
5- and/or 3’- UTR of mRNA molecules (Lee and Sche&2D06). Cytoplasmic DRBPs
include PKR, TAR RNA binding protein (TRBP), Prateactivator of PKR (PACT) and

the Staufen protein frofrosophila melanogastdifable 1.4).
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DRBDs are able to interact with dsRNA in a sequandependent manner, binding RNA
sequences as short as 11 bp (Manehal, 1992). DRBD-containing proteins thereby
interact primarily with A-form helical dsRNAs, si@dheir minor groove is shallow and
broad, allowing the formation of hydrogen bondsaeein the bridging oxygen atom in the
ribose residue and the protein, but not ssRNAsNgsr dsDNA (Fierro-Monti and
Mathews, 2000, St Johnste al, 1992). Non-specific interactions between dsRNA an
DRBDs occurs by binding the 2’-OH groups and thegphodiester backbone of the
double stranded helix, rather than specific nualest pointing towards a shape-
dependent, rather than sequence-dependent mechacigstallographic studies have
shown that 11-16 base pair sequences are enougitdi@in-dsRNA binding (Ryter and
Schultz, 1998). Although the DRBP family containsrenthan 500 members, the reason
why some DRBPs have more than one DRBD has only ékeeidated in the last 20 years;
it has been suggested that different DRBDs withie $ame proteins bind dsRNA with
different avidities, thereby stabilizing dsRNA-peot complex formation and mediating
interactions with other DRBPs (Krovat and Jantsk996). Indeedseveral such protein-
protein interactions have been identified, leadintp heterodimerisation,
autophosphorylation and activation, such as theraetions between human Protein
Kinase R (PKR) and TRBP (Petegt al, 2001) NFAR (Saunderst al, 2001), SPNR

(Coolidge and Patton, 2000) and PACT (Patddl, 2000).
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Protein Number Localization Organism Molecular Cellular Function Reference
of weight
DRBMs (kDa)
PKR 2 Cytoplasmic, Human, rat 68 Antiviral defense, Galabru and Hovanessian (1987),
20% Nuclear inhibition of protein synthesis Meurset al.(1990) Levin and
London (1978)
NFAR 1,2 2 Nuclear Human 90, 110 MRNA processing, PKR  Saundert al. (2001)
interaction
TRBP 3 Nuclear, Human, 40-50 Interaction with HIV Gatignolet al. (1991), Parlet al.
Cytoplasmic mouse transactivating region (TAR) (1994)
RNA, PKR modulation
ADAR 3 Nuclear Human, rat, 150, 130, viral and brain mRNA editing O'Connellet al. (1995), Pattersoet
1,2,3 mouse, 130,120 (A—l)inthe liver al. (1995), Cheret al. (2000)
Xenopus
Staufen 5 Nuclear, Drosophila 60, 65 Localization and mRNA Ramoset al. (2000), Ferrandoat al.
Cytoplasmic  human, rat, translation (1994)
mouse
PACT 3 Cytoplasmic  Human, 35 Stress-induced PKR activatiorPeterset al. (2001), Pateét al.
mouse by autophosphorylation (2000)
RNaselll 1,2 Nuclear E. coli, 160, 153 pre-mRNA processing, Nicholson (1996), Filippoet al.
/ Drosha Human, endoribonuclease activity (2000)
Drosophila
DICER 1 Cytoplasmic  Human, 220, 215, Endoribonuclease and helicasBernsteinet al. (2001)
mouse, 210 activity in RNAI
Drosophila
Table 1.4 Examples and cellular functions of the members ohte dsRNA binding protein family (DRBPs).DRBMs, dsRNA binding

motifs. Adapted from Saunders and Barber (2003).
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1.10 Human Protein Kinase R

The human isoform of Protein Kinase R (PKR) is elstb by a single gene on
chromosome 2p21 and is a prominent member of th&M3R It has recently been
evaluated in various reports for its dsRNA bindiagilities, as part of engineered
recombinant proteins for the delivery of therapaalty relevant siRNA (Eguchet al,
2009, Geoghegaet al, 2012, Kimet al, 2009a). It is a 551 aa long interferon-induced,
dsRNA activated serine/threonine (Ser/Thr) kinds# plays a key role in the immune
response against viral infections (Rigeal, 1985, Samuett al, 1984), as well as in the
regulation of signal transduction, apoptosis, pedliferation and differentiation (Donz
al., 1995, Wu and Kaufman, 1996). It therefore plagsitécal function in allowing the cell
to rapidly respond to external stimuli by shuttidgwn its translational machinery
(Merrick, 1992, Pain, 1996). In the case of virdlection, PKR recognizes and directly
bind viral dsRNA via its twdN-terminal tandem dsRNA binding moti{f®RBMs) in a
sequential manner and induce the interferon regpomkis in turn allows the trans-
phosphorylation of various Ser/Thr and Tyrosineidwss (Ser83, Ser242, Thr88-90,
Thr255, Thr258, Thr446 and Thr451) in i&terminal kinase domain and subsequent
homodimerization of the protein (Taylat al, 2001, Zhanget al, 2001). Once the
dsRNA substrate has been correctly inserted betwieentwo DRBDs,activated PKR
proceeds to phosphorylate thesubunit of eukaryotic translation initiation fact@
(elF2o), a rate limiting component of translation, whishdocked within the catalytic
domain. elFa phosphorylation induces a dramatic arrest of pmoteanslation and the
induction of autophagy and ultimately the self-dastion of the infected host cell (Dabo
and Meurs, 2012). PKR is able to bind most formslsRNA, including aptamers with

bulges, internal and hairpin loops, and multisteimncfions (Bevilacquat al, 1998), as
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well as various viral dsRNAs, with imperfect Wats0rick complementariy, as its two
DRBMs adopt a dumb-bell shape with a canonic@Hp-3-a topology (Dzananoviet al,

2013) (Fig. 1.4).

Figure 1.4  Structure of the two dsRNA binding motifs in humanPKR that
compose its dsRNA binding domair{fDRBD). DRBML1 is shown on the left and DRBM2
on the right, linked by 22 amino acid loop. Adaptenn Nanduriet al. (1998).

Mutational analysis studies by Nandet al. (1998) identified conserved binding sites
within each DRBM, which were also confirmed by stwral studies on the Xlrbpa DRBM
from Xenopus laevi§Ryter and Schultz, 1998). These critical residt@sespond to three
regions on each DRBM; namely regiomk (N15-T16),142 loop (P36-R39) anfi3-02
loop (R58-K64) in DRBM1, and regions3 (N106-R107)B4-f5 (H125-G130) an@6-a4

(S148-K154) in DRBM2 (Nandust al, 2000).

Although PKR can non-specifically interact with fasv as 15 base pairs (Bevilacqua and
Cech, 1996, Schmeét al, 1995, Ucciet al, 2007), a minimum of 30 bp is required for
activation, homodimerization and the subsequenidtidn of immune signals, in response

to exogenous dsRNA introduction into the cell (Lemat al, 2008).
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DRBM1%"" was found to be less conformationally restricteeht DRBM2%*¢" although
similar in length (Nanduret al, 2000). This allows dsRNA binding with high aftipi
(dissociation constant, &= 3.8x10) (Schmedtet al, 1995). The binding affinity for
dsRNA is increased 100-fold by the cooperativeoactif both tandem motifs (< 4x10°)

(Geoghegaet al, 2012, Schmedit al, 1995).

A seminal report by Eguclhat al. (2009), expressed the DRBM1 from human PKR as a
fusion protein with the HIV Tat protein (PTD; Ta&ffHA-Tat), creating an engineered
PTD-DRBD siRNA delivery vector. They claimed thaetDRBM1 (DRBD) from human
PKR was sufficient in binding 21-23nt siRNA sequesiat a 4:1 molar ratio, at 90° to the
phosphate backbone and with a high enough aviditinfracellular transduction and post-

translational gene silencing in a reporter ceklin

In another study Kinet al. (2009a) engineered a recombinant protein comprideitie
entire DRBO™"’ (DRBM1 and 2) with the fusogenic peptide KALA, amcs able to
downregulate the expression of GFP by deliveringP&pecific siRNA without
endonuclease or serum degradation. A third stugyGéoghegaret al. (2012), evaluated
the DRBD as a protein platform for sSiRNA deliveand observed that the use of DRBM1
only wasinsufficient for stable binding of siRNA when fuséal various different cell
penetrating moieties (Penetratin, B2, Tat). Theafshe entire DRBD, consisting of both
DRBM1 and 2, however, yielded specific and staldBNA binding at low molar ratios.
Intracellular delivery however was hindered duégh®endosomal entrapment of the fusion
protein-DRBD/sIRNA complexes, which ultimately atmted siRNA-induced gene

knockdown.
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1.11 PTPI1B in Type 2 Diabetes: a potential target for §NA-based

intervention

Type 2 Diabetes (T2DM) is a metabolic disorder thas reached epidemic proportions
due to an increased prevalence of obesity and sagdifestyles. It accounts for 90% of
all diabetes cases that affect 3 million peoplthenUK alone (DiabetesUK, 2013). Its core
pathophysiological features include insulin resist&a and insufficientB-cell insulin
production, hyperglycemia and hyperinsulinemia, padytic lipolysis and increased
glucose resorption in the kidneys (Defronzo, 2008nhg-term complications include heart
attacks, renal failure, stroke and retinopathy. rénir monotherapies have various
limitations, highlighting a need for the developrmehnew pharmacologic agents (Carpino
and Goodwin, 2010). Current therapies include werianti-hyperglycemic agents such as
metformin, which lowers liver glucose output, butigh elicits adverse side-effects such
as lactic acidosis and renal damage, sulfyluredschwincrease insulin secretion, but
whose adverse effects include hypoglycemia, glsyideglucosidase inhibitors, which
reduce the rate of polysaccharide breakdown, thdimediones, that increase sensitivity
to existing systemic glucose levels and insulinichhs still the ‘golden standard’ when it
comes to lowering glucose levels (Mazzola, 2012he® monotherapies include insulin
secretagogues such as meglitinide, pioglitazonea alipeptidyl peptidase 4 (DPP-4)
inhibitor (Irons and Minze, 2014). All monotherapiaim to by-pass diminished signaling
by the Insulin Receptor (IR), characterized by edi@ns in molecular pathways
downstream of the IR which attenuate the signalsliabed by the activation of the
receptor upon ligand binding. These are causetidylé-phosphorylating action of a class
of Protein Tyrosine Phosphatases (PTPs). This Yaofilreceptor-like tyrosine kinases

plays an important role in the regulation of vas@ignal transduction pathways.
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Signaling through the insulin receptor (IR) is aated when endogenous insulin, secreted
by pancreati@ cells, binds to the twa-chains of the extracellular domain of the receptor
triggering the activation of the intrinsic tyrosiknase activity of its intracellulap-
subunit tyrosine residues (Tanigugdti al, 2006). Auto-phosphorylation of key tyrosine
residues (Y1146, Y1150, Y1151), results in theuiarent and phosphorylation of insulin
receptor substrates 1 and 2 (IRS1 and 2), allowiegregulatory subunit of phosphatidyl
inositol 3 kinase (PI3K) to dock. As PI3K is actied, the membrane phospholipid
phosphatidyl-inositol 3,4,5-triphosphate (PIP3) recruited and in turn, activates the
second messengers 3-phosphoinositide-dependertimpiohase 1 and 2 (PDK1 and 2),
ultimately activating protein kinase B (PKB)/Akt.kay mediator of the metabolic effects
of insulin (Guo, 2014). Akt activation leads to ghse uptake by GLUT4, protein and
glucose synthesis and gluconeogen@asiguchiet al, 2006). Growth and differentiation
via the ras-MAPK pathway is also regulated by imsulvhich elicits the GTP-dependent
activation of p-21° stimulated by Grb-SO$White, 2003). Ras-GTPase-activating
protein (rasGAP) keeps ras in an inactive statenbgracting with phosphorylated p62-
Dok. The protein tyrosine phosphatase 1B (PTP1BYy9h key role in the feedback loop
that dephosphorylates both the IR and p62 Dokna#tieng both PKB-mediated signaling
and ras inactivation, thereby leading to a prolond@APK activation. PTP1B also
attenuates Leptin signaling by dephosphorylatirggyuieed Janus-2-kinase (JAK2) on the
leptin receptor. Active JAK2 phosphorylates Signklansducer and Activator of
Transcription 3 (STAT3), which dimerizes and traasites to the nucleus to regulate gene
expression. Abolishing signaling via JAK2 inhibleptin feedback to the hypothalamus,
which would normally elicit satiation and energyagse (Koren and Fantus, 2007). Insulin

resistance occurs through perturbations in the gltmylation status of signaling

57



molecules or increased degradation and decreasdtiesys (Biddingeret al, 2008),

leading to a chronic elevated state of blood imsahd glucose levels.

PTP1B is encoded by the protein tyrosine phospbatas-receptor type 1 gene (PTPN1)
on chromosome 20q13 in humans — a region linket wisulin resistance, T2DM and
obesity in human populations (Tsou and Bence, 204I#)ough a ubiquitously expressed
protein (Hajet al, 2003), hepatic PTP1B has been implicated in #gative regulation of
insulin signaling (Ahmaet al, 1995). As a member of the large family of protigirosine
phosphatases, it is involved in dephosphorylatieg tyrosine residues on the IR and IRS
proteins (Agouniet al, 2011). As a member of the protein tyrosine phatgde
superfamily, it contains the highly conserved (MOXXGXXR(S/T) active site motif,
and is regulated by phosphorylation within keydass in its catalytic site (Barfoet al,

1994) (Fig. 1.5).

Early studies in PTP1B knockout (PTPLBO) mice showed insulin hypersensitization
with increased insulin receptor phosphorylationivier and muscle tissue, compared to
PTP1B" mice (Elcheblyet al, 1999). This was confirmed by later studies wit® Kice
that showed improved glucose homeostasis in mipaébegovicet al, 2007) and liver
(Delibegovicet al, 2009), and protection from diet-induced obestiafnanet al, 2000).
Moreover, studies in diabetidlf/dy and insulin-resistantob/o mice with PTP1B-
targeting antisense oligonucleotides (ASOs) havewsh a downregulation in the
expression of genes normally associated with lipeges in adipose tissue and liver,
improving glucose homeostasis (Wariag al, 2003) and increasing insulin-stimulated
PKB activation as well as reducing hyperinsuline(diaker et al, 2002). PTP1B-specific
antisense oligonucleotide therapyoio/obhyperglycemic mice decreased mRNA levels by

up to 50% in liver and adipose tissues (Rondiretred., 2002, Waringet al, 2003, Zinker
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et al, 2002). In addition, Isis Pharmaceuticals are in Phaséudiss with ISIS-PTP18&,

an antisense formulation that selectively target®HB, for T2DM patients that are
currently on metformin and show poor control of agise levels (clinicaltrials.gov
identifier: NCT01918865). No data has as yet beabliphed by Isis, therefore the
outcome of this work is still unclear. The develamh of potent, orally bioavailable
inhibitors for PTP1B has so far been hindered leyd#% active site identity it shares with
its closely related phosphatase T-cell PTP (TCPHAgoded by the closely related
tyrosine-protein phosphatase non-receptor typen2 geTPN2) (Tiganis, 2013). Whereas
PTP1B knockout improves insulin sensitivity, TCPKRockout mice die within eight
weeks after birth from anemia and systemic inflatoma (Barr, 2010). The highly
charged, conserved nature of its active site alsepa barrier to the development of small
molecule inhibitors (Baret al, 2009). Taken together, evidence from antisensdiest
point towards a PTPN1 gene knockdown approachedime high specificity of ASOs or
siRNAs can be used to selectively target PTP1B,noutTCPTP in T2DM patients, as a

novel therapeutic approach.
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Figure 1.5  Structural domains and PTP1B regulation Human PTP1B comprises of Blaterminal catalytic domain separated from @e
terminal endoplasmic reticulum (ER)-targeting damhby a proline (Pro)- rich domain. PTP1B is regedavia phosphorylation of tyrosine
residues (Y152,Y153) by the insulin receptor (IR)ase. Proline residues (P309-P310) interact with Grb2, Crk and p130Cas. Sumoylation
at lysine 335 (K335) inhibits its activity, whilphosphorylation at serine 352 (S352) is cell-cyldpendent. Adapted from Yad al. (2010).

60



1.12 Aims and Objectives

The cell penetrating properties of the CPP Penetmta non-cytotoxic or cell-specific
manner has been well documented. The abilitiessoparent protein, the AntpHD, have
been less well studied, although its ability torgaiargo in the form of p21 DNA into p53-
mutated tumorsn vivo has been reported (Kousparetial, 2012). Utilizing the non-
cytotoxic, cell penetrating AntpHD penetratin, asllvas the endosomolytic analogue EB1
previously developed by Lundbegg al. (2007), fused to the dsRNA binding domain(s)
from human PKR, as in the studies by Egusthal. (2009) and Geoghegaet al. (2012)
this project aims to clone, purify and charactenmgious recombinant proteins and
investigate whether they can provide an efficien-cytotoxic platform for the delivery

of therapeutically relevant siRNi vitro.
The first part of this project specifically aimed t

1. Clone, express and purify several AntpHD-DRBM1 aRdn-DRBM1 fusion
proteins. These would be produced from a syntheticplate comprised of the
cDNA sequence for the Antennapedia homeodomairttemdsRNA binding motif
1 from human PKR separated by a flexible glycimédgelinker.. Purified proteins
were characterized by proteomic and mass-spectrpmealyses.

2. Determine whether purified proteins retained th@insducing properties, and their
potential intracellular localization in a HEK293 darHepG2 cell lines by
fluorescence studies in both live and fixed cells.

3. Determine whether purified proteins retained tli=RNA binding potentials and

subsequently assess their complex formation effoies.
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4. Assess whether proteins can transduce the cell ma®bwvhen non-covalently
complexed with cargo siRNA and induce GFP-speajfeme knockdown in a

HEK293-dEGFP reporter cell line.

The primary sequence of Penetratin and the Antphtlicated that the fusion proteins may
have lacked endosomolytic abilities and were likelybe sequestered into endosomes
should uptake involve endocytosis. Moreover, tHmigf of the entire DRBD (DRBMx2)

compared to the DRBML1 only was expected to yieldngier sSiRNA binding.

The second part of this project therefore aimed to:

1. Clone and purify several EB1-DRBMx2 and DRBMx2-E&1nstructs

2. Purify the constructs Tat-DRBMx2, Penetratin-DRBMa2d DRBMx2 used in a
report by Geoghegaet al. (2012) and compare siRNA transduction between
HEK?293 and HepG2 cells.

3. Assess the efficiency of siRNA-induced knockdowraiflEK293-dEGFP reporter
cell and compare any differences in knockdown efficy to the work done by
Geoghegarmrt al. (2012) in an HPRT-expressing reporter cell line.

4. Attempt to assess PTP1B knockdown at the progsiel in HepG2 cells following
treatment with recombinant proteins non-covalentypjugated to PTPN1-specific

SIRNA.
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Chapter 2. Characterisation of
recombinant proteins comprised of the
AntpHD or Penetratin and DRBM1

from human PKR
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2.1 Introduction

In order to generate a recombinant protein thatd=diver therapeutically relevant siRNA
in vitro, several constructs were designed to incorpovatedifferent functional domains
separated by a flexible linker. The cell-penetgtmoiety was comprised of the entire
Antennapedia homeodomain (AntpHD) frdbmosophila melanogasteor its third helix,
Penetratin (Pen), whilst its dsSRNA binding moietynprised of the dsRNA Binding Motif
1 (DRBM1) from the human Protein Kinase R (PKR) p&pdix I). The Antennapedia
homeodomain has been found to effectively transtottrough the plasma membrane of
eukaryotic cells and is able to mediate transdanatifocargo molecules ranging from small
proteins to antisense oligonucleotides (Derassial, 1996, Duchardtet al, 2007).
Penetratin, the third helix in the homeodomain girots the minimal sequence required for

translocation (Joliogt al, 1991a).

PKR is a human protein involved in the immune resgoby recognizing foreign dsRNA
that has been introduced by a virus into the cilliis double-stranded RNA binding
domain (DRBD) (Riceet al, 1985, Samuett al, 1984). This domain is made up of two
distinct motifs (Ryter and Schultz, 1998), DRBMId&h Previous research by Heiniokte

al. (2009) has shown that the first motif (DRBM1) ndsRNA with higher avidity than

the second motif (DRBM2). A study by Eguddti al. (2009) has utilised a recombinant
protein (PTD-DRBD), comprised of the first DRBM &g to an HIV Tat peptide, to

effectively mask the large negative charge of siRi# prevent PTD inactivation, thereby
enhancing the cellular uptake of attached siRNAe Plotential of DRBM1 fused to a
different CPP sequence (in this case the Antennageameodomain and Penetratin) for

siRNA delivery, is investigated here.
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For this project’s purposes, the cDNA sequenceesponding to the AntpHD Isoform 1
(canonical sequence) or Penetratin, was identifiedGenBank (accession number
M14496.1),and corresponded to the amino acid sequence didimeobox (UniProt ID:
P02833-1 [amino acids 297-356]). Sequence spegifimers were designed for the
specific amplification of its third helix, Penetrgtduring subcloning by PCR. The cDNA
sequence for the DRBM1 from human PKR was obtaifiech Genbank (accession
numberM35663.1), corresponding to amino acids 9@niprot ID: P19525-1). These two
domains were separated by a small, flexible liIfkeGGGSGGGGS-; [¢5];) which was
comprised of solubility-promoting, small amino aid\raiet al, 2001, Trinhet al, 2004)
to yield several constructs encoding for bifunctibproteins with the hypothetical
properties of efficient siRNA binding and translboa through plasma membranes. A
synthetic cDNA template corresponding to the Antpliiker-DRBM1 sequence supplied
in a pBluescriptll vector was synthesized commdciéEpoch Biosciences, Missouri

City, TX, USA).

In order to facilitate expression and purificatmfrfusion proteins, oligonucleotide primers
were designed such that constructs could be PCRifeedpand inserted by restriction
enzyme cloning into a modified pET32-a, or pGEX®bBRector (Appendix Il). This
approach enabled the generation of several comstmith either anN-terminal or C-
terminal affinity tags and different protease ckge sites (as shown in Fig. 2.1), and was
used in order to maximise the likelihood of idgntif highly expressed, soluble fusion
proteins. This was done in order to provide a S:fliag from the vector with a FactonX
protease cleavage tag, or a 3-endgHey with a TEV protease cleavage tag to each
construct. Poly(His) and GST affinity tags wereradiuced to than silico design of

proteins in anticipation of increased solubilitifie@ency of refolding, improved yield, and
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minimisation of proteolytic degradation upon pwdiion (Waugh, 2005). The terminus at
which the affinity tag is attached is critical teetaforementioned parameters, however, the
effects of each solubility tag at each of the twot@in termini can only be assessed case-
by-case (Arnawet al, 2006a, Arnatet al, 2006b). Subcloning the synthetic template into
a pGEX-6P-2 vector plasmid provides a 5-end GS3 tath a downstream human
Rhinovirus 3C Protease tag (commercially sold asséssion Protease (PP), GE
Healthcare) for its removal following purificatiaffrig. 2.1). The poly(His) tags allows
purification by Immobilised Metal Affinity Chromagwaphy (IMAC) over a Nickel
nitroloacetic (Ni-NTA) column, whereas the GST tatlows purification by affinity
chromatography over a Glutathione Sepharose 4b B8dlumn. All sequences were
assembled using Vector NTI Advance v11.5.2 softw@dnwitrogen, Paisley, UK) to

construct six novel recombinant proteins:

= C1.1: Higo— AntpHD-DRBM1 with a Factor X cleavage site

= (C2.1: Higo— Pen-DRBM1 with a FactoraXcleavage site

= (C3.1: AntpHD-DRBM1 —Higwith a TEV protease cleavage site

= (C4.1: Pen-DRBM1 — Hiswith a TEV protease cleavage site

= (C5.1: GST - AntpHD-DRBM1 with a Prescission proteakeavage site

» (C6.1: GST — Pen-DRBML1 with a Prescission prote&ssvage site

A c-myc epitope tag (as a sequence correspondinghéoamino acid sequence (-
EQKLISEEDLN) was also added to tli&terminus of C5.1 and C6.1 by insert-specific
primers using C5.1 as a template (Fig. 2.2) tosassi localisation studies and

immunoblotting.
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Construct Name:

Cl1 [ [E AntpHD DRBM1

)é Factor Xa protease

C2.1 His,o Penetratin DRBM1

Factor Xa protease

C3.1 )é Hisg
TEV protease
C4.1 Penetratin DRBM1 Hisg
)é TEV protease
C5.1 GST AntpHD DRBM1
)é Prescission protease
C6.1. GST Penetratin DRBM1

)é Prescission protease

Figure 2.1  Schematic of the fusion protein constructs in a mdfled pET32-a

vector (C1.1-C4.1) or a pGEX-6P-2 vector (C5.1-C6)1They are comprised of either:
the Antennapedia homeodomain (AntpHD); PenetrétemdsRNA binding motif 1 of
human protein kinase R (DRBML1) and either an Mateal 10xHistidine tag (His10), a C-
terminal 6xHistidine tag (His6) or an N-terminalu@thione-S-transferase (GST) tag.
Protease cleavage sites for removal of affinitys tage indicated )(( ). TEV: Tobacco Etch
virus protease; Prescission Protease: Rhinovirugrd@ase. Construct domains are
separated by a flexible (G4S)2 linker.



Construct Name:

C5.1
-myc GST AntpHD
)é Prescission protease
ce.1 GST Penetratin DRBM1
-myc

)é Prescission protease

Figure 2.2  Schematic of the myc-tagged recombinant proteins ¥i an N-terminus
Glutathione S-transferase (GST) tag in a pGEX-6P-2ector. They are comprised of
either: the Antennapedia homeodomain (AntpHD); Batia; the dsRNA binding motif 1
of human protein kinase R (DRBM1); a GST affindgt and a c-myc epitope tag with a
Prescission protease cleavage site (indicatev@ JaLonstruct domains are separated by a
flexible (G4S), linker.
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2.2 Results

2.2.1 Subcloning the recombinant constructs into expressn vectors

Constructs were amplified by PCR with a Platinpfr polymerase (Invitrogen, Paisley,
UK), ligated into their corresponding plasmid vestoPurified insert/vector DNA was
used to transform the propagation strain XL1-Blle€E colonies from each plate were
screened directly for correct insert sizes by cplBd€R. C1.1-C4.1 were analysed using
insert-specific forward and reverse primers, wi@®.1 and C6.1 were amplified with a
vector-specific forward primer and an insert-sgecieverse primer (Appendix 1) and
analysed by agarose gel electrophoresis. Expetzes ®r inserts were 495 bp (C.1), 369
bp (C2.1), 480 bp (C3.1), 351 bp (C4.1), 408 bp.{f%=nd 339 bp (C6.1) and
corresponded to the bands on the gels (Fig 2.3u&&es were confirmed by sequencing
(GATC Biotech, London, UK) and analysed with SeqeerScanner v1.0 (Applied
Biosystems) and Expasy Translate (Swiss Instit@itBioinformatics, Switzerland). C5.1
was used as a template for the PCR amplificatiath@fc-myc epitope tag at the 3’-end of
pGEX-6P-2.C5.1/C6.1 with insert-specific reverseémgrs. Amplified fragments were
used to transform XL1-Blue cells and band sizesveenfirmed by colony PCR, agarose

gel electrophoresis and sequencing (Fig. 2.4).
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Figure 2.3  Insert screening by colony PCR following ligation dinsert in pET32-a
(C1.1-C4.1) or pGEX-6P-2 (C5.1-C6.1EXxpected size of bands for kjsAntpHD-
DRBML1 (C1.1), 0.49 kb; Hig-Pen-DRBM1 (C2.1), 0.37 kb. AntpHD-DRBM1-His
(C3.1), 0.48 kb; and Pen-DRBM1-Hi&C4.1), 0.35 kb. Bands at 0.4 kb and 0.34 kb
correspond to AntpHD-DRBML1 (C5.1) and Pen-DRBM1 .(Q6n pGEX-6P-2,
respectively. M: 1 kb Marker. Gels were visualizewier a UVP transilluminator.
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Figure 2.4  PCR amplification of GST - tagged C5.1 and C6.1 wlita c-myc epitope

tag. A. PCR amplification of C5.1, C6.1, C5.1-myc and Cewe. B. Colony screening by
PCR of XL1-blue colonies following transformatiorntlvpGEX-6P-2-ligated inserts. C:
Negative control template DNA (C5.1). M: 1 kb Mark&els were visualized under a

UVP transilluminator.

70



2.2.2 Recombinant protein expression on a 50ml scale amirification by affinity

chromatography

Sequenced constructs generated in section 2.2.1e wesed to transform
BL21(DE3)pRARE cells in LB broth containing 100 pd/ampicillin and 34pg/mi
chloramphenicol. Protein  production was induced hwitlsopropyl p-D-1-

thiogalactopyranoside (IPTG) and His-tagged prat&mere purified by Immobilised Metal
Affinity Chromatography (IMAC) on Nickel-Nitriloadee acid (Ni-NTA) columns charged
with 0.1M N#* under native conditions. GST-tagged proteins weueified over a
Glutathione sepharose 4B (GS4B) column. The tdtalythrough, wash and eluted

fractions were collected and analysed by polyaonida gel electrophoresis (SDS-PAGE).

Hisio-tagged C1.1 (Hisc-AntpHD-DRBM1) was found to be mostly insoluble and
expressed at low levels by the expression hosthasn by the weak bands in the total (T)
and flowthrough (FT) fractions, especially when gamed to C2.1 (Hig-Pen-DRBM1)
(Fig. 2.5).C-terminally Hig—tagged C3.1 was also insoluble, compared to Gdtiough
similarly expressed at low levels (Fig. 2.6). Thegence of protein in the eluted fractions
of C2.1 and C4.1 (E1-E3) warranted further invegtan by upscaling to purifications

from 0.5L culture purifications.

In contrast, GST-tagged proteins were expressdugaer levels compared to the His-
tagged proteins, as indicated by the differencéand intensities in the total fractions
during SDS-PAGE analysis. In this instance, GSTpAti2-DRBM1 (C5.1) is efficiently

eluted form the Glutathione sepharose 4B (GS4B)mal compared to GST-Pen-DRBM1
(C6.1) (Fig. 2.7 samples E1-E2). Isolation of thet@in in the eluted fractions by
competitive displacement with 10 mM reduced glutath provided the foundations for

further expression studies and the use of C5.heatemplate for the PCR amplification of
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the c-myc epitope tag at th@terminus of these proteins. Myc-tagged GST-AntpHD-
DRBM1 (C5.1-myc) and GST-Pen-DRBM1-myc (C6.1-mycgrev expressed at high
levels (Fig. 2.8), although faint bands by SDS-EA&halysis in the eluted fractions of
C6.1-myc indicated that the protein was isolatedeay low levels and that it is mostly

expressed as an insoluble protein.

The presence of Pen-DRBM1 constructs (C2.1 and )Oddstly in the flowthrough
fractions during purification over Ni-NTA or GS4Bolomns indicates that it is not
sufficiently binding to the column and that methofts purification need further
optimisation. To investigate whether increaseddgebf eluted C2.1 and C4.1 could be
obtained from larger scale cultures under the saonditions, there proteins were purified

from 0.5L cultures.
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Figure 2.5 Small-scale expression analysis of Higconstructs C1.1 and C2.1 by
SDS-PAGE. A.Construct C1.1B. Construct C2.1. 20l samples were analysed by SDS-
PAGE on a 12% w/v acrylamide gel. Fractions from Mi-NTA purification are shown:

T, Total fraction (in 6 M Urea); FT, Flowthrough;, Wash, E1-E3, Eluates 1-3. M,
molecular weight marker. Arrows indicate the expdaholecular weight of fusion
proteins in kDa. 1l sample loaded per well. The gel was stained ®lbmassie blue
(0.5% w/v) and visualized on a BioRad scanner.
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Figure 2.6  Small-scale expression analysis of Higonstructs C3.1 and C4.1 by
SDS-PAGE. A.Construct C3.1B. Construct C4.1. 2(l samples were analysed by SDS-
PAGE on a 12% w/v acrylamide gel. Fractions froe Mi-NTA purification are shown:

T, Total fraction (in 6 M Urea); FT, Flowthrough; ,Wash, E1-E3, Eluates 1-3. M,
molecular weight marker. Arrows indicate the expdanolecular weight of fusion
proteins in kDa. 1l sample loaded per well The gel was stained ®ilbbomassie blue
(0.5% wi/v) and visualized on a BioRad scanner.
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Figure 2.7  Small-scale expression analysis of GST-fusion constts C5.1 and C6.1
by SDS-PAGE. A.Construct C5.1B. Construct C6.1. 2Ql samples were analysed by
12% SDS-PAGE on a 12% w/v acrylamide gel. Fractfom® the Ni-NTA purification

are shown; T, Total fraction (in 6 M urea); FT Miihrough; W, Wash, E1-E2, Eluates 1-2.
M, molecular weight marker (kDa). gDsample loaded per well The gel was stained with
Coomassie blue (0.5% wi/v) and visualized on a Bi@eanner.
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Figure 2.8  Small-scale expression analysis of GST-fusion constts C5.1-myc and
C6.1-myc by SDS-PAGE. AConstruct C5.1-myd3. Construct C6.1-myc. 20l samples
were analysed by 12% SDS-PAGE on a 12% wi/v acrglargel. Fractions from the Ni-
NTA purification are shown; T, Total fraction (inNé urea); FT, flowthrough; W, Wash,
E1-E2, Eluates 1-2. M, molecular weight marker (k28 ul sample loaded per well The
gel was stained with Coomassie blue (0.5% w/v)\aswdialized on a Biorad scanner.
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2.2.3 Poly(His)- tagged protein purifications from 500 mlE.coli cultures under

native conditions

Following small scale expression tests on 50mluceli, expression testing on a 500ml
scale aimed to estimate His-tagged protein conatois at each step of the purification
process and to provide some insight as to theabéach tag with regards to solubility or
expression enhancement. Prior His-tagged proteatysis had indicated th&ntpHD-

DRBM1 (C1.1 and C3.1) was both insoluble and exg@ésat low levels, an observation
supported by purifications on 50 ml and 500 ml esalnder the same conditions for C1.1
(Fig. 2.9 A). Larger scale cultures for C3.1 we pursued due to the presence of

contaminating nucleic acids in the flowthrough fraws.

Although SDS-PAGE gel band intensities signifiedttic1.1 was well expressed, it was
mostly found in the Total (crude lysate) and thewkhrough (cleared lysate) fractions and
did not bind to the Ni-NTA column efficiently. Coexsely, Hiso-Pen-DRBM1 (C2.1),
which was expressed as a soluble fraction on a S0aié, was expressed at low levels and
at low purities under native conditions. There Ji#tte protein isolated in the eluted

fractions (Fig. 2.9 B).

C-terminus Hig-tagged Pen-DRBM1 (C4.1) was expressed at highasidethat itsN-
terminally-tagged counterpart and was successélllied from the column. However, the
banding pattern with vertical streaking in the etufraction lanes (E1-E3) pointed towards
nucleic acid contamination during purification (F&y9 C) and therefore necessitated the

addition of an extra purification step over an anéxchange column.
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Figure 2.9  Expression analysis of C1.1, C2.1 and C4.1 from Q®ultures by SDS-
PAGE. A. Construct C1.1B. Construct C2.1¢C. Construct C4.1. Samples were analysed
by SDS-PAGE on as 12% w/v polyacrylamide gel. Foast from the Ni-NTA purification
are shown; T, Total fraction (in 6 M urea); FT Miihrough; W, Wash, E1-E3, Eluates 1-3.
M, molecular weight marker (kDa). 1% sample loaded per well The gel was stained with
Coomassie blue (0.5% wi/v) and visualized on a Bic@anner.
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2.2.4 GST-tagged protein purifications from 500 miIE.coli cultures

Having successfully purified GST-tagged C5.1, Ofylc, C6.1 and C6.1-myc, from 50ml
E.coli cultures, protein purification was scaled to 500 Both C5.1 and C5.1-myc were
isolated with 80% purities following batch bindilmgd gravity flow affinity purification
over a GS4B column (Fig. 2.10). The induction ofotpm expression from
BL21(DE3)pRARE with 0.5 mM IPTG was evident in timeluced (l) fraction lanes (Fig.
2.10 and 2.11, Lane I) compared to the uninducactiom lanes (U). In the case of C5.1
and C5.1-myc, there was little protein lost in tlegvthrough (FT) and wash (W) fractions.
Both proteins were successfully eluted from the B®4lumn (E1-E3) by competitive
displacement with 10 mM reduced glutathione in G8ikion buffer (containing 500 mM
NaCl and 10 mM DTT). Pooled eluate concentratiors waalysed by Nanodrop abgh
using each protein’s predicted extinction coefiitide) and molecular weight (MW)
(Appendix 1). As a method, measuring the spectréphetric absorbance of protein at
Azgo by Nanodrop provides reliable results with 98%uaacy, provided that samples are
purified. Measurements are done based on the nuafligmptophan and tyrosine residues
and disulphide (cysteine-cycteine) bonds. Absoifytis calculated based on Beer’'s Law
(List of formulae, p18). In the case of uncharastst proteins, however, concentration
assessment by Nanodrop may not be as accurate &cdihchoninic acid (BCA) assay,

although it eliminates the necessity for standamde interpolation.

Pooled eluate concentrations for C5.1 and C5.1+wwgre 3.98 mg/ml (with a final yield of
11.7 mg) and 3.53 mg/ml (with a final yield of 10h&y), respectively (Table 2.1). In
contrast, most GST-tagged C6.1 and C6.1-myc, veesteinh the FT fractions (Fig. 2.11 A
and B). Soluble C6.1 and C6.1-myc protein boundh® GS4B column were eluted,

although with lower purities and yields in comparndo C5.1 and C5.1-myc. Pooled eluate
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concentrations for C6.1 and C6.1-myc were 0.90GA8 mg/ml, respectively. In order to
cleave the GST tag with PP at a 1:5 molar ratitotal protein, according to the protocol
developed by Barret al. (2009), pooled eluates were buffer exchanged finsd
equilibration buffer (containing 200 mM NaCl anan®1 DTT) to remove glutathione ions
and decrease the molar concentrations of DTT aitd Bais was done as they were
incompatible with enzymatic activity at 4°C. Thdsaquent decrease in the ionic strength
of the buffer resulted in a marked decrease ingmmoyields: C5.1 decreased by 19.4 %,

C5.1-myc by 24.8%, C6.1 by 57.4% and C6.1-myc hg%?(Table 2.1).

Further yield losses were observed upon tag cleabkgd’P at a 1:5 ratio to protein in GST
equilibration buffer. Protein desalting into 1xPB&sulted in further yield losses; C5.1
decreased by 51.8%, C5.1-myc by 14.9%, C6.1 by%6ahd C6.1-myc by 57.4%,

compared to yields in equilibration buffer befoag tleavage (Fig. 2.12 and 2.13).

Our multi-step purification strategy (purificatiobuffer exchange, protease cleavage and
desalting) resulted in overall losses of 61.1%0%8§.77.2% and 84.1% for C5.1, C5.1-
myc, C6.1 and C6.1-myc, respectively (Table 2.1naFyields for C5.1, C5.1-myc, C6.1

and C6.1-myc were 6.6 mg, 4.6 mg, 0.4 mg and 0.4respectively.
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Figure 2.10 Expression analysis of GST-tagged constructs C5.h& C5.1-myc from
0.5L cultures by SDS-PAGE. AConstruct C5.1B. Construct C5.1-myc. Samples were
analysed by SDS-PAGE on a 12% w/v acrylamide gelctions from the GS4B
purification are shown: U, Uninduced fraction;rduced fraction T, Total fraction (in 6 M
Urea); FT, Flowthrough; W, Wash, E1-E3, Eluates M3molecular weight marker.
Arrows indicate the expected molecular weight aida proteins in kDa. 20l sample
loaded per well. The gel was stained with Cooneaskie (0.5% w/v) and visualized on a
BioRad scanner. n=1.
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Figure 2.11 Expression analysis of GST-tagged constructs C6.he C6.1-myc from
0.5L cultures by SDS-PAGE. AConstruct C6.1B. Construct C6.1-myc. Samples were
analysed by SDS-PAGE on a 12% w/v acrylamide gelcttons from the GS4B
purification are shown: U, Uninduced fraction;dduced fraction T, Total fraction (in 6M
Urea); FT, Flowthrough; W, Wash, E1-E3, Eluates M3molecular weight marker.
Arrows indicate the expected molecular weight aida proteins in kDa. 1pl sample
loaded per well. The gel was stained with Cooneaskie (0.5% w/v) and visualized on a
BioRad scanner. n=1.
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Figure 2.12 0.5L expression analysis of C5.1 and C5.1-myc in BRBS following
GST-tag cleavage, by SDS-PAGE. AConstruct C5.1B. Construct C5.1-myc. Samples
were analysed by SDS-PAGE on a 12% w/v acrylamalergactions from the GS4B
purification and tag cleavage by Prescission pegeae shown: FT, Flowthrough; E1-E4,
Eluates 1-4, E5, Eluate 5. M, molecular weight rearlArrows indicate proteins present in
each fraction. PP, Prescission proteaseu 2ample loaded per well. Gels were stained
with Coomassie blue (0.5% w/v) and visualized @iaRad scanner. n=1.
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Figure 2.13 0.5L expression analysis of C6.1 and C6.1-myc in BRBS following
GST-tag cleavage, by SDS-PAGE. AConstruct C6.1B. Construct C6.1-myc. Samples
were analysed by SDS-PAGE on a 12% wi/v acrylaméleRgactions from the GS4B
purification and tag cleavage by Prescission psseaie shown: FT, Flowthrough; E1-E4,
Eluates 1-4, E5, Eluate 5. M, molecular weight rearlArrows indicate proteins present in
each fraction. PP, Prescission proteasei 2ample loaded per well. The gel was stained
with Coomassie blue (0.5% wi/v) and visualized @iaRad scanner. n=1.
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Table 2.1 Yield analysis of GST- tagged fusion proteins obtaed during purification from 0.5L E. coli cultures. Yield represents
the total protein found in eluted samples at eéep of the purification process. % change reprasgmnge in yield between each
purification step. Overall % change representti@nge in yield from the point of elution to thammf buffer-exchange into 1xPBS after
GST tag removal by Prescission protease. n=1.

Protein Yield in Yield following buffer- Change in yield Yield in 1XxPBS following Change in Overall % change
elution buffer exchange into in (%) tag cleavage by PP and yield (%) (Step 1> 3)
(mg) equilibration buffer (mg) desalting (mg)

C5.1 11.7 9.4 -19.4 6.6 -51.8 -61.1

C5.1-myc 10.2 7.7 -24.8 4.6 -14.9 -36.0

C6.1 1.8 0.8 -57.4 0.4 -46.6 -77.2

C6.1-myc 25 1.0 -62.6 0.4 -57.4 -84.1
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2.2.5 Large scale purifications of GST-tagged C5.1, C6:thyc, C6.1 and C6.1-myc

Loss of protein yields from 500 ml purificationsdinated that the process of purifying
GST-tagged proteins needed optimization. The loagfipation protocol adopted with
0.5L cultures, comprised of a sequential bufferhaxge to achieve GST tag cleavage and
desalting, had proved detrimental to protein yiel@$.1 and C5.1-myc, which had
exhibited fewer % losses, were up-scaled to 4lucett and purified, while C6.1 and C6.1-
myc from 3L cultures. The purification strategy veausted to reflect changes in volumes
and the slow kinetics between the GST tag andasie.rTo minimise yield losses, a batch-
binding strategy with PP and on-column cleavage adgaspted. Cleared lysates and resin
were batch-bound for at least one hour at 4°C befoey were applied to the column; the
sepharose matrix with bound protein was incubatgd ®P at a 5:1 ratio of enzyme to
estimated protein yield. Following GST tag remoyafteins were eluted from the column
by gravity flow affinity chromatography into GSTrigling buffer A final elution step with
glutathione-containing elution buffer released pinetease, cleaved tag and any uncleaved
protein that remained on the column (Fig. 2.14 arid, Lane E5). Fractions containing
purified protein (FT2, E1-E4) were pooled and butgchanged into 1xPBS. SDS-PAGE
analysis indicated that C5.1 was isolated mostliyantions E1-E4, with very little protein
being lost from the column in the FT2 fraction, {ght5.1-myc, C6.1 and C6.1-myc were
isolated mostly in the FT2-E2 fractions. Unclea@1 and C6.1 are also visible in the E5
fraction. SDS-PAGE results are representative ofd2pendent experiments (n=2). Final
yields in 1xPBS for C5.1, C5.1-myc from 4L culturegre 35.5 mg and 64.35 mg,
respectively, while final yields for C6.1 and C6yarfrom 3L cultures were 5.3 mg and

3.9 mg, respectively (Table 2.2).
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Figure 2.14 4L expression analysis of C5.1 and C5.1-myc follong GST-tag
cleavage, by SDS-PAGE. AConstruct C5.1B. Construct C5.1-myc. Samples were
analysed by SDS-PAGE on a 12% w/v acrylamide gelctions from the GS4B
purification and tag cleavage by Prescission pegeae shown: FT2, Flowthrough 2; E1-
E4, Eluates 1-4, E5, Eluate 5. M, molecular werghatker. Arrows indicate proteins
present in each fraction. PP, Prescission prot@fsd.sample loaded per well. The gel
was stained with Coomassie blue (0.5% w/v) andalized on a BioRad scanner. n=2.
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Figure 2.15 3L expression analysis of C6.1 and C6.1-myc follong GST-tag
cleavage, by SDS-PAGE. AConstruct C6.1B. Construct C6.1-myc. Samples were
analysed by SDS-PAGE on a 12% w/v acrylamide gelcttons from the GS4B
purification are shown: FT2, Flowthrough 2; E1-Edjates 1-4, E5, Eluate 5. M,
molecular weight marker. Arrows indicate proteinghe E5 fraction. PP, Prescission
protease. 2@l sample loaded per well. The gel was stained ®ilbomassie blue (0.5%

w/v) and visualized on a BioRad scanner. n=2.
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Table 2.2

Large-scale protein purification yields for C5.1,C5.1-myc, C6.1 and C6.1-mycThe GST tag was cleaved by Prescission
protease and eluates were concentrated in an Anulitoar15 column before buffer exchange into 1xPESs (v/v) glycerol. Results are
representative of 2 independent experiments (n=2).

Protein

C5.1
C5.1-myc
C6.1
C6.1-myc

Protein yields (mg) or concentrations (mg/ml) aftereach purification step

Eluates after GST Concentration in GST
cleavage in GST binding buffer

Binding buffer
(mg)

45.1
118.6
5.0
8.8

(mg)

36.4
97.4
7.5
3.0

% change in

Yield

-19.30%
-17.89%

+51.21%
-65.90%

Buffer Exchange

into 1xPBS
110% (v/v)
Glycerol

(mg)
35.5

64.4
5.3
3.9

% change in
Yield

-2.6%
-33.9%

-29.7%
+22.1%

%
Change in
Overall
Yield

-21.3%
-45.7%

+6.3%
-65.9%
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2.2.6 Cb.1 and C5.1-myc stability assessment and detextiby western blotting

In order to assess the stability of proteins paofurtherin vitro studies, purified C5.1 and
C5.1-myc in PBS were characterised by SDS-PAGErbednd after thawing. Stability
was assessed by centrifugation at 16,109 &and by immunoblot with an anti-myc
antibody (Fig 2.16). The difference in band intgndiefore and after centrifugation
indicated that at least some C5.1 and C5.1-myceprdtad precipitated, even when equal

amounts of protein were loaded on an SDS-PAGEZfe|1Q).

C6.1 and C6.1-myc were also assessed by SDS-PAfB&wing purification, but
appeared to have precipitated following buffer exae into PBS/10% (v/v) glycerol (Fig
2.16 A). SDS-PAGE and western blot analysis (Fij6ZC) of C5.1 and C5.1-myc with an
anti-myc antibody was done to confirm expressiod iategrity of the myc-epitope tag, as
well as to validate the anti-myc antibody priorstbsequent immunofluorescence studies
with C5.1-myc. Final yields were 33.8 mg, 36.6 @@ mg and 0.7 mg for C5.1, C5.1-

myc, C6.1 and C6.1-myc, respectively (Table 2.3).
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Figure 2.16 Stability analysis by centrifugation and immunoblotof purified C5.1,
C5.1-myc, C6.1 and C6.1-myc in 1xPBS. ARroteins C5.1 (Lane 1) and C5.1-myc (Lane
2) remain soluble in 1xPBS whilst C6.1 (Lane 3) &@d1l-myc (Lane 4) precipitate
following buffer exchangeB. C5.1 and C5.1-myc (Lanes 1-2) centrifuged at 16X.§0

for 30 minutes at 4°C remain stable with littledad protein. 20 ug protein were analysed
on a 12% w/v SDS-PAGE gel. M; Marke&. Immunoblot analysis on 10 pug C5.1 (Lane
1) and C5.1-myc (Lane 2) with an anti-myc primanyilaody and an HRP-conjugated
secondary antibody. 20 pg total protein loaded.dBamere detected by
chemilluminescence on a UVP Auto Chemi Darkroomdimg system.

Table 2.3 Final concentrations and yields of cleaved protein¥ields were obtained
following purification of proteins from large scataltures in 1xPBS, following
centrifugation at 4°C and 16,10@x

Protein Concentration (mg/ml) Final yield (mg)
C5.1 1.13 33.8

C5.1-myc 1.22 36.6

C6.1 0.075 0.30

C6.1-myc 0.175 0.70
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2.2.7 Mass and purity determination for C5.1 and C5.1-mg by Mass Spectroscopy

Knowledge of the exact molecular mass and bioch@mp@arameters of a potential
therapeutic molecule is crucial for pre-clinicab&ationsin vitro. Before proceeding with

localisation experiments in HEK293 cells, Matrixsésted Laser Desorption/lonization
Time-Of-Flight Mass Spectrometry (MALDI-TOF) analysvas performed after positive
ionization of the 10ug C5.1 in formic acid. The mass to charge ratiozfnspectrum

showed a dominant peak at 17,391 atomic mass \artas) (Fig. 2.17), in good

accordance to the 17,401 Da value predicted byhtmonatic analysis carried out by the
Expasy ProtParam online tool (Gasteiger E., 2083arger peak at m/z 17,620 indicated
the formation of a protein species that was appnaxtly 229 Da larger than the
predominant species. It is not known whether tpiscges the result of post-translational

modifications or nucleic acid contamination.

The intact protein mass of C5.1 and C5.1-myc wathén assessed by Electrospray
lonisation-Time-of-Flight Mass Spectrometry (ESI-QF MS). Electrospray ionisation is
known as a "soft" ionisation method as the sangpienised by the addition (or removal)
of a proton, with very little extra energy remamito cause fragmentation of the sample
ions and has a mass accuracy of 99.9%. Each ppedsents the intact protein molecule
carrying a different number of charges (in thisegdd’). The deconvoluted spectrum of
C5.1 in positive ionisation mode produced a domtirpak at 17,402.75 amu, consistent

with our predicted MW of 17,401 Da with few, largerpurities (Fig. 2.18 A).

Consistent with a predicted MW of 18,701 Da, the sgectrum for C5.1-myc produced a
dominant peak at 18,702.31 amu with smaller imm@sjtwhich could be attributed to

phosphate groups in the buffer (Fig. 2.18 B).
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MALDI-TOF was performed at the Proteomics facilityCL, while ESI-QTOF was

performed at the Structural Genomics ConsortiumGg®&niversity of Oxford.
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Figure 2.17 Intact C5.1 molecular weight assessed by MALDI-TOFThe dominant

ion peak shows the actual mass of C5.1 to be 11T)@91n good accordance with the
expected molecular mass of 17,401 Da. The m/z imtiee mass-to-charge ratio measured

in a.m.u (atomic mass units).
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Figure 2.18 Deconvoluted ESI-QTOF spectra for C5.1 (A) and C5-Inyc (B).

Purified proteins were positively ionised in fornaicid and assessed for molecular weight
and purity.A. The dominant ion peak at 17,402.75 Da represeatadtual mass of C5.1
(expected molecular mass,17,401 )C5.1-myc shows a dominant peak at 18,702.31
Da (expected molecular mass of 18,701 Da).The atia is the mass-to-charge ratio
measured in a.m.u (atomic mass units).
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2.2.8 Cb5.1-myc shows a dose-dependent intracellular logsation in HEK293 and
HepG2 cells

Following protein characterisation, it was impottemascertain whether C5.1-myc has the
potential for intracellular transduction. Localisat studies by indirect immuno-
fluorescence with an anti-myc antibody were theeefperformed. These subsequently
allowed the determination of the protein’s intr&aelr localisation upon internalisation.
For this purpose, human embryonic kidney 293 (HE}2®lls were used; their size (20-
30 um), division time (70% confluency within 48 mewf passaging), robust morphology,
as well as ease of manipulation as a transfectist, Imake them an excellent mammalian
cell vector for translocation/transduction expenmitse(Thomas and Smart, 2005). The
human hepatocellular carcinoma (HepG2) cell lingtr@nother hand, is an epithelial cell
line which endogenously expresses protein tyrogihesphatase 1B (PTP1B). PTP1B
dephosphorylates the insulin receptor (IR), thembgatively regulating IR signalling and
is a potential target for T2D (Asante-Appiah andnKedy, 2003, Chengt al, 2002,
Drake and Posner, 1998, Goldsteinal, 1998). This cell line has also been successfully

used in other cell penetrating peptide studiesAfdaloussi et al., 2011).

Purified C5.1-myc was incubated with seeded, adterells for either 2 or 24 hours at 3
different concentrations. The protein’s c-myc epé&dag was detected with an anti-myc
antibody (clone 4A6, Millipore) and a fluoresceimacyanate (FITC) - labelled secondary
antibody following fixation/permeabilisation with%g Paraformaldehyde/0.2% Triton-X.

Nuclei were stained with ToPro3. Finally, cells weisualized with a Leica SP2 confocal
microscope. Indirect immunofluorescence of C5.1-nmy¢1EK293 cells showed a dose-
dependent and time-dependent translocation attbo#points (Fig 2.19, enlarged version

in Appendix 1.4).
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Poor translocation was observed after 2-hour intbobaeven at the lowest molar
concentration assayed (0.1 uM) (Fig. 2.19 A), aslotein at this point was localized
primarily on the exterior face of the plasma membrat 1.0 uM, the protein was seen to
translocate into cells more efficiently withoutealhg cell morphology, with a mixture of
diffuse and punctate distributions (Fig. 2.19 Bjnifar distribution patterns were observed
at 10.0 puM concentrations, with cell morphology asmng unaffected following
treatment, compared to the mock control (Fig. 2A)Q Conversely, there was little
evidence of translocation at the 0.1 uM concemmna#ifter 24-hour incubation (Fig. 2.19
D), possibly due to the low protein concentratiBrotein internalization at this time-point
appeared to be dose-dependent, with translocatidnnareased extra-cellular aggregation
of the protein increasing between 1.0 uM and 10 (Rig. 2.19 E-F). Entrapment into
endosomal vesicles upon transduction was also wés$ewhich appeared to be dose-

dependent at both time-points.

Qualitative observations from indirect immunofluszence experiments with C5.1-myc at
0.1 and 1.0 uM concentrations in fixed HepG2 caftsr 2 and 24-hour incubations also
pointed towards a dose-dependent and time-depengésite mechanism. After a 2-hour
incubation, C5.1-myc at 0.1 pM concentration lagadi primarily on the outer membrane
fold (Fig. 2.20 A). Internalized protein distriboti was mostly diffuse at both 0.1 and 1.0
MM concentrations, with some evidence of endosa@nabpment (Fig. 2.20 A-B). At 24

hours, the protein was effectively translocatingpicells at both 0.1 uM and 1.0 uM
concentrations with evidence of perinuclear end@oentrapment, typical of late

endosome localization (Fig. 2.20 D-E).
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Figure 2.19 Intracellular localisation of C5.1-myc in fixed HEK293 cells is time-dependent and dose-depende@ells were incubated
with 0.1 uM, 1.0 uM or 10.0 uM protein for eithen24 hours, permeabilised, and fixed. Protein escted with an anti-myc primary
antibody and a FITC-labelled secondary antibodyis@eere visualized with a TCS SP2 Leica confocalroscope under a 63x objective.
Nuclei were counterstained with Topro&. 0.1 uM, 2 hoursB. 1.0 pM, 2 hours€C. 10.0 uM, 2 hoursD. 0.1 uM, 24 hoursE. 1.0 uM, 24
hours;F. 10.0 uM, 24 hourss. Mock control (PBS), 24 hours. Scale bar: 47.6 preetls show magnified cells on a 10 pm scale.

97



30.23 um }

Figure 2.20 Intracellular localization of C5.1-myc in fixed HepG2 cells is time-
dependent and dose-dependentells were incubated with 0.1 uM, 1.0 pM or 10.0 uM
protein for either 2 or 24 hours, permeabilized] fixed. Protein was detected with an
anti-myc primary antibody and a FITC-labelled setamy antibody. Cells were visualized
with a TCS SP2 Leica confocal microscope undenadbgective. Nuclei were
counterstained with Topro3A. 0.1 uM, 2 hoursB. 1.0 uM, 2 hoursgC. Mock control
(PBS), 2 hoursD. 0.1 uM, 24 hoursk. 1.0 uM, 24 hourd:. Mock control (PBS), 24
hours. Scale bar: 15 um (upper panels) and 47.@qwer panels) . Insets show magnified
cells on a 10 um scale.
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2.2.9 Assessing the potential of C5.1to deliver siRNA ilive HepG2 cells with a

lectin counterstain

In order to address the issue of potential artefactixed HepG2 cells and the potential of
C5.1 to effectively complex with and deliver siRNi#tracellularly, a non-specific SiRNA
oligomer fluorescently labelled with fluorescein{E) (Block-iT Fluorescent oligo, Life
Technologies) was complexed at a 1:50 molar ratth @5.1. Cells were incubated with
complexes for one hour in the absence of a memlrameterstain (Fig. 2.21) and for two
hours with a wheat germ agglutinin (WGA)-dsRed d¢etstain. WGA-dsRed is a 38 kDa
cationic lectin which selectively binds sialic axidndN-acetylglucosaminyl residues on
the cell membrane and can therefore be used cataiténg live cell localisation assays
(Wright et al, 1984a, Wrightet al, 1984b). Assuming 98% siRNA encapsulation (van
Asbecket al, 2013), C5.1 localized intracellularly followingane hour incubation with
HepG2 cells (Fig. 2.21 A), compared to the siRNAtool (Fig. 2.21 B). The somewhat
aggregated distribution around the cell membrarmesstated the use of a membrane-

specific stain.

The lack of a membrane counterstain was addressedy WGA-dsRed at a final
concentration of 1mg/ml for 30 minutes (Fig. 2.22pnfocal analysis of live HepG2 cells
indicated that WGA-dsRed localization was not ledito the membrane and that instead,
intracellular localisation occurred within distingesicular structures, possibly endosomes.
Complexed C5.1-siRNA-FITC was observed in the cgsmic compartment with a
mostly diffuse distribution interspersed with vdss; thereby demonstrating C5.1-
mediated siRNA transduction. Some overlap in th&G-tlsRed signals within cells

pointed towards a common uptake pathway.
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When cells were counterstained with 2.5 mg/ml W&GRdd for 10 minutes, the lectin
localized primarily in the perinuclear region amddistinct punctae within the cytoplasm
(Fig. 2.23). Conversely, C5.1-siRNA uptake resuitec diffuse cytoplasmic distribution
characterised by the absence of endosomal strsctwigich pointed towards a non-

endocytic mechanism of uptake (Fig. 2.23).
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Figure 2.21 C5.1-siRNA localization in live HepG2 cells in thebsence of a membrane counterstail©5.1 was co-incubated with 30
pmol siRNA-fluorescein (FITC) at a 50:1 molar rafiw one hour and applied to HepG2 cells to a fsiBNA concentration of 50 nMA. C5.1-
SiRNA-FITC, B. siRNA only. Scale bar, 22M (upper panels) and 11uM (lower panels).
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Figure 2.22 Intracellular localization of C5.1-siRNA in live HepG2 cells
counterstained with 1 mg/ml wheat germ agglutinin (WGA)-dsRed for 30 minutes.
C5.1-siRNA complexes were allowed to form by codination and incubated with HepG2
cells for one hour at 37°C. WGA-dsRed, used asuateostain localizes within distinct
vesicular structures. Cells were visualized withGS SP2 Leica confocal microscope.
Scale bar, 47.2M and 12uM (insets).
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Figure 2.23 Intracellular localization of C5.1-siRNA-FITC in li ve HepG2 counter-
stained with 2.5 mg/ml wheat germ agglutinin (WGA)dsRed for 10 minutesC5.1-
SiRNA complexes were allowed to form by co-incubatand incubated with HepG2 cells
for two hours at 37°C. WGA-dsRed, used as a cosiatier, localizes mainly around the
nucleus. Cells were visualized with a TCS SP2 Le@#ocal microscope. Scale bar, 14
uM.
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2.2.10 C5.1 shows diminished siRNA binding through the DRBI1

The transducing abilities of C5.1-myc were assess@dro, with the protein exhibiting a
time-dependent and dose-dependent translocatian HiEK293 and HepG2 cells. It
seemed essential to also assess the dsRNA binblilitgea conferred to the fusion protein
by theC-terminal DRBM1 moiety. The Electrophoretic MobjliShift Assay (EMSA) is a
sensitive method to assess protein-nucleic acierantion by observing a gel shift on
either a highly concentrated agarose gel (typicaib2o w/v) or a dilute native PAGE gel
(typically 5-6% wi/v polyacrylamide). It is based time premise that the electrophoretic
mobility shift of protein-bound nucleic acid is tethan that of free nucleic acid (Hellman
and Fried, 2007). Eguclat al. (2009), was able to show that the DRBM1 domaimfro
human PKR in the PTD-DRBD fusion protein could bRit23nt dsRNA sequences in a
sequence independent manner, with high aviditydal aatio. To test whether these results
could be replicated with C5.1, excess protein wksvad to form a complex with 1 pM
SiRNA (Stealth siRNA, Invitrogen, Paisley, UK) anous molar ratios, for 30 minutes at
4°C and assessed by EMSA on a 6% native PAGE bel g€l was stained with Ethidium
bromide (EtBr) and analysed under UV light. At & and 4:1 and 8:1 molar ratios, only a
partial gel shift was observed, indicative of irfsuént binding by the DRBM1. The
protein-siRNA complexes aggregated at the top efviklls and failed to migrate towards
the anode. Fluorescence under UV light was expemtddfor Ethidium bromide-stained
nucleic acid; instead, the negative control pro{€ls.1 only) was seen to fluoresce (Fig.
2.24). Coupled with electrophoretic mobility resubby Geoghegart al. (2012) and
recombinant proteins comprised of the DRBM1 couptesiarious CPPs, new constructs,

encompassing the tandem DRBMx2 domain were therefesigned and purified.
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Figure 2.24 Electrophoretic mobility shift assay with C5.1 andsiRNA at various
molar ratios. Complexes were allowed to form in PBS &€ 4nd analysed by
polyacrylamide gel electrophoresis with a 6% naB¥esE gel in 0.5x TBE buffer. n=3.
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2.3 Discussion

Utilization of the endogenous RNAI pathway as atj@nslational gene modification
strategy has been greatly investigated as a rotdoigo regulate gene expressitmvivo,
RNAI has the potential as a therapeutic interveniio genetic diseases, where single
nucleotide polymorphisms in mutant allele trandsrigxist (Whiteheaeét al, 2009, Wen
and Meng, 2014). Moreover, RNAIi has therapeuticeptil in viral diseases, such as
Hepatitis C, whose single stranded RNA genome ématbdes for a polyprotein is an
attractive target (Aagaard and Rossi, 2007). Thpmiurdle in the utilization of RNAI is
systemic and targeted delivery, as siRNA’s intanphysicochemical properties (large
anionic charge, susceptibility to degradation) prdgvit from crossing the cellular
membrane readily, and thus render it a poor phagotaal candidate. Viral siRNA
vectors are unsuitable for siRNA delivery, due tmeerns over immunogenicity and
insertional mutagenesis whereas lipid-based siesteq vivo have shown rapid liver
clearance and lack of tissue specificity. Cell pexteng peptides, such as the
Antennapedia homeodomain (AntpHD) and penetraéiprasent a class of protein-based
delivery vectors, whose low cytotoxicities and aite cargo-transduction have the
potential to be suitable delivery vector alternesiv Although the AntpHD has been
investigated as a dsDNA vector to restore p21 esgwa in p53-mutated cancers, with
encouraging result® vivo (Kousparouet al, 2012), its potential as a siRNA vector has
not been investigated. Penetratin, on the othed,haas been covalently linked to siRNA
(Davidsonet al, 2004, Muratovska and Eccles, 2004) inducing pogeme knockdown.
Prior to this study, non-covalent siRNA conjugat&irategies with the AntpHD have not
been investigated, whereas this strategy with Patirethas only been reported by

Lundberget al. (2007) and Geoghegat al. (2012) while a seminal study by Eguetial.
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(2009) had induced potent gene knockdown in a tyagkadherent and primary cell lines
using a recombinant construct comprised of thedbamain fused to the DRBM1 (PTD-

DRBD; Tat-Tat-HA-Tat).

This chapter therefore aimed to investigate whettherAntpHD and Penetratin, expressed
as recombinant proteins with the DRBM1 from humatRP could be used as siRNA
vectors, and whether the non-covalent strategy ashpdex formation would produce

similar results to the study by Egudhtial. (2009) in a HEK293 and HepG2 cell lines.

We have chosen to express these vectors as recamlproteins from a bacterial cell
system following heterologous protein induction TG, similar to the methodology
adopted by Eguchet al. (2009). In this case, it was important to obtamtuble protein
under native conditions by recombinant methodsadfidity chromatography, as refolding
insoluble structures back to their precise, threeedsional shape is often a lengthy
process and often leads to decreased yields (Amkdal, 2007). Affinity tags, such as
the GST or poly(His) tags often enhance the satybif recombinant proteins and aid
purification under native or denaturing conditigiiéaugh, 2005). Although Higags have
been used to purify proteins at high yields andtigst longer (Higy) tags have also been
used successfully (Grisshammer and Tucker, 199@hsttucts obtained either adw-
terminal orC-terminal Poly(His) tag (~1 kDa) (Bornhorst and EalR000) by insertion in
a modified pET32a vector, or Glutathione S-trarefer(GST) tag (26 kDa) (Smith and
Johnson, 1988) by insertion into a pGEX-6P-2 vectdor affinity chromatography
purification. The purification methodology adoptetlowed the assessment of a) the
expression state of proteins when purified unddiveaconditions from 50 mE. coli

cultures and b) the relative yield when culturesengoscaled to 500 ml.
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Expression tests on 50ml BL21DE3pRARE -cultures di@med with pET32-a/insert
plasmids indicated that the terminus at which #wg was attached, did not increase the
solubility of expressed proteins. Althoufhterminal poly(His) tags have been reported to
enhance soluble protein expression compare€-terminal ones (Busset al, 2005,
Dyson et al, 2004), in this case, both HisAntpHD-DRBM1 (C1.1) and AntpHD-
DRBM1-Hiss (C3.1) were expressed as insoluble fractions éas & the total fractions,
and not in the eluates). The low levels of expogssay signify that these proteins are
toxic to the host cell, as expression of heterolmggenes rich in codons for arginine (R),
isoleucine (1), leucine (L) and proline (P), such @1.1-C4.1, have been implicated in
translational stalling, causing protein expressmeither fail or proceed at very low levels

(Francis and Page, 2001).

Similarly, Hiso-Pen-DRBM1 (C2.1) and Pen-DRBM1-Hi{€4.1) were mostly present in
the flowthrough and total fractions, with minimahaunts of protein successfully eluted
from the columns, although higher expression levamsy signify a lesser degree of

toxicity.

Considering that recombinant protee80 kDa are usually expressed as soluble fractions
by BL21E.coli strains (Grasluneét al, 2008a, Graslundt al, 2008b), construct size may
not be the cause of insoluble expression. Franuis Rage (2001), brought forward the
hypothesis that the proportion of a protein tham®a-helices has positive effects on
refolding and soluble expression. The lack of sl@wdxpression, then, could be explained
by bioinformatic analysis of the secondary seque@amsistent with Francis and Paige’s
observations, the AntpHD-based proteins (Cl.1 argll)C adopt mostly a coiled
conformation (67.7% and 76.1%, respectively), waititly 28% and 20% of each protein in

an a-helical conformation. The presence of disordemeds, may have promoted
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aggregation (Francis and Page, 2001). Conversedyl @nd C4.1 conformations were

predominantly helical442%), which may explain the higher levels of pmotigiund in the

cleared lysate (flowthrough) fraction. Further s&gdwith C1.1 on a 0.5L scale confirmed
that this protein was expressed as an insolubttidra On the same scale, C2.1 and C4.1
were successfully purified; however, vertical sking following analysis by SDS-PAGE
signified nucleic acid contamination. This coulddi&gributed to the absence DNaselin

the lysis buffer, which would have digested anyh@&ased DNA following cell lysis by
sonication. The incorporation of a DE52 anion exgjgastep to remove endogenous
nucleic acid would have therefore been beneficgdd was incorporated as a final
purification step following GST-tagged protein pigation. Furthermore, these results
indicated that poly(His)-tagged proteins were espeel as insoluble aggregates and
needed to be purified under denaturing conditidingiould be interesting to investigate
whether the conformation adopted in solution byséhproteins, would have an effect on

their uptake efficiency by cella vitro.

The GST-tag (Smith and Johnson, 1988) was addduetN-terminus of both constructs
by ligation into a pGEX-6P-2 plasmid to yield Cafad C6.1. The incorporation of a c-
myc epitope tag at th€-terminus to yield C5.1-myc and C6.1-myc was dooe f
downstream immunofluorescence studies. Small sogdeession testing showed that the
GST-tag enhanced soluble expression of C5.1 and, @@mpared to their His-tagged

counterparts, consistent with previous observatipndammarstronet al. (2002).

The higher expression levels for all GST-taggedstoiats also signified that the GST-tag

enhanced the expression of fusion proteins and just their solubility. In 0.5L
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purifications, C5.1 was successfully eluted wit®@8purity, confirming that in this case,

the GST tag promoted solubility and effective paafion of these fusion proteins.

The GST-tag was cleaved from pooled eluates byptiogeolytic action of Prescission
protease (PP). PP is a human rhinovirus 3C prot&&3echimera, which recognizes the —
LEVLFQ/GP- internal sequence downstream of theatad) cleaves between the glutamate
and glycine residues. Tag removal was facilitatéulesthe enzyme was immobilized on
the GS4B column in a buffer formulation that lackeeduced glutathione. This
necessitated the buffer exchange of purified pnsténto an equilibration buffer that did
not include reduced glutathione. This processltesun a step-wise decrease of protein
yields, which signified that they were unstableequilibration buffer. C6.1 and C6.1-myc
decreased by 77.2% and 84.1%, respectively, with thg as a final yield in PBS/10%
glycerol. Step-wise yield calculations indicatedttkhe lengthy process of batch-binding,
purification, buffer exchange, proteolytic tag slage and a final exchange into PBS
caused both proteins to precipitate, possibly gesalt of changes in ionic strength, buffer

composition and increased handling.

Their lower levels of expression and instabilityridg manipulation, meant that an
alternative strategy, such as solid-phase synthesisld have been advantageous for these
proteins at this stage. Indeed, most studies inldbe 10 years have used chemically
synthesized proteins, and most commonly proteiepgred by solid-phase synthesis, via
an Fmoc (9H-fluoren-9-ylmethoxycarbonyl) (El-Andassi et al., 2011) or Tbhoc (tert-
butoxycarbonyl) protection strategy (El-Andaloussal, 2007b, Jonest al, 2005). This
strategy, whereby the peptide chain is sequent@lypled step-wise on a solid support,
allows the high-grade purification of proteins waith loss of stability or degradation (Hu,

2009) and the covalent conjugation of cargo (Jaeval, 2012, Coursindett al, 2012).
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It is however, very costly, and synthesis is lidite an average amino acid length of 36
amino acids. This strategy would therefore be bhela¢fonly in the development of
constructs based on the shorter, 16 amino acidtiR¢ineconstructs, rather than the longer
AntpHD. Another alternative, would have been toifyuthese constructs by IMAC
followed by fast protein liquid chromatography (FPL(GE Healthcare) on an Akta
purification system, utilizing a linear gradientrohg buffer exchange, rather than a manual
buffer exchange process, similar to the success&thodology adopted by Egucki al.

(2009).

In order to obtain sufficient amounts of all GS§dad proteins for downstream assays,
bacterial cultures were scaled up to 4L for C5.d4 @5.1-myc, and 3L for C6.1 and C6.1-
myc. To minimize the steps involved, a batch-bigdstrategy with Prescission protease
was adopted, prior to purification by affinity clmatography. Subsequent concentration
resulted in C5.1, C5.1-myc and C6.1-myc precipitatio various extents; only the
concentration of C6.1 increased by 51% during skep. Yields decreased in the order of
C6.1-myeC5.1>C6.1>C5.1-myc. Overall, C5.1 decreased by 21.3%, conaperé1.1%
previously. C6.1 showed increased stability , waer€6.1 increased by 6.3% and finally,
yields for C6.1-myc also showed improvement, wekbsl protein precipitating. These data
suggest that a streamlined purification strategsoliving batch-binding and on-column
cleavage helps minimize protein losses due to pitation duting extended handling, and

that the addition of glycerol can aid protein sditypby preventing aggregation.

The presence of the myc epitope was confirmed kbyunoblotting with an anti-myc
primary antibody. Assessment of protein stabiligydentrifugation at 16,100 g and 4°C
indicated that C5.1 was relatively stable, withiditloss in yield, whilst C5.1-myc yield

was almost halved. C6.1 and C6.1-myc on the othad ltompletely precipitated, which
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confirmed that they were unstable in PBS/10% (\gjcerol. The intact molecular
weights of C5.1 and C5.1-myc were assessed by MALOF and ESI-QTOF mass
spectroscopy, and confirmed that expected moleauaghts were in good accordance
with actual molecular weights, with small contanting ions attributed to phosphate
groups in the buffer or nucleic acids. As ESI is@ft’ ionization method, it allows the
precise interrogation of con-covalent complexesagkk et al, 2005, Sundqviset al,
2005), such as the ones between Tat and TAR RNArakd AR RNA complexes and the
antibiotic neomycin (Sannes-Lowest al, 1997). It would therefore have allowed the
interrogation of both the protein, and non-covalprdtein-nucleic acid complexes with
respect to the stoichiometry and the dissociationstants between the protein and

endogenous nucleic acid.

Localization studies in fixed HEK293 and HepG2 sdlly indirect immunofluorescence
utilized the C-terminal c-myc tag of C5.1. Indirect immunofluoresce experiments in
fixed HEK293 and HepG2 cells with C5.1-myc, indexhta dose-dependent and time-
dependent mechanism of uptake, as well as periptasrambrane aggregation at high
concentrations (1@M). Even though a large AntpHD-Rab3 (93 aa) chimesa been
successfully used in transduction studies in cleiclbryo myoblasts (Pereg al, 1992),
the distribution of C5.1-myc (161 aa) pointed todgarextra-cellular aggregation,
indicative of auto-association on the outer leafiethe cell membrane in HEK293 cells
(Eiriksdottir et al, 2010). This observation could be attributed @-specific molecular
weight cut-off point for CPP entry through cell mamnes, and may have further
implications for the delivery of macromolecular garby the homeodomain. The punctate
distribution of internalized protein at QuM and 1.0uM concentrations support uptake by

an endocytic mechanism at both timepoints, contdistéth observations by Jiaet al.
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(2009) whereas at 1QM, the diffuse distribution throughout the cytoptassupport
endocytosis and direct translocation after two koumr HEK293 cells, consistent with
MALDI-TOF analysis of penetratin at the same maancentration in CHO cells (Alves
et al, 2011). Diminished uptake after 24 hours indicateat uptake was time-dependent,
consistent with findings in other studies with Pegittn by Domet al. (2003), possibly due
to protein degradation outside of the protectivibutas environment, or sequestration into

endosomes and subsequent degradation.

Conversely, in HepG2 cells, C5.1-myc was intermaimore efficiently after 24 hours,
rather than after two hours. This difference furttenforces the notion that uptake is both
time-dependent and cell-type dependent, with endakaentrapment and aggregation
occurring at higher micromolar concentrations. Fation of early endosomes (EE) occurs
when molecules span the cell membrane and enterytiosol, by a primarily endocytic
pathway; trapped molecules are then degraded a®ritlesome matures to form late
endosomes (LE), 250-1000 nm in diameter and ara-lotnen pH range of 4.9-6.0

(Huotari and Helenius, 2011), which ultimately lead degradation.

Although other groups have provided conflictingpods with regards to the molecular

mechanisms of cell entry with Penetratin, (Ale¢sl, 2011, Drinet al, 2003, Duchardét

al., 2007), it is clear that differences in time-degemt transduction efficiencies between
cell lines are caused by differences with regandanding ligands on the cell surface, such
as the proportion of sialic acid and proteoglycg@nssent. It would be interesting to

guantitate the amounts of C5.1 or C5.1-myc by spscbpy, as this would provide new

insight as to its cell penetrating efficiency amariations between different time-points,

concentrations and cell lines, with potential irgtions as to its use as a transduction

vector in different tissues.
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Protein detection with a primary antibody agaims t-myc epitope and a FITC-labeled
secondary antibody has been widely used in the pastiucing results with enhanced
resolution by laser scanning confocal microscopyweler, indirect immunofluorescence,
involving cell fixation with paraformaldehyde andermeabilization with a non-ionic

surfactant such as Triton X-100, is a processhhatbeen widely implicated in artefactual
redistribution of protein around the plasma membéraas a result of membrane

perturbations (Greeet al, 2003, Richaret al, 2003)

Subsequently, most current methods of protein tletedn living cells involve the
covalent linking of fluorescent probes in the foraf organic dyes (fluorescein
isothiocyanate (FITC, 389 Da), rhodamine (tetraiyletmodamine isothiocyanate (TRITC,
479 Da) or biological fluorophores, such as GFP7(kRa), amongst others (Cazes, 2001,
Chalfieet al, 1994). A major drawback of covalently linked probes fardtimetry lies in
their large molecular weight or possible alteratioh biochemical characteristics,
especially when used in conjunction with bifuncabifusion proteins such as C5.1. The
methodology developed in this study therefore gbtexhto circumvent these issues whilst
assessing the siRNA-binding efficiency of the DRBMioiety via non-covalent
interactions. Complexes were allowed to form byreabation at a 50:1 ratio of protein to
siRNA-fluorescein (FITC) (Eguchet al, 2009, Geoghegaet al, 2012) in Optimem and
applied to adhered HepG2 cells. This molar ratie haen previously identified as the
optimal ratio of ~98% siRNA encapsulation by anyRCRrespective of charge or peptide
mass (van Asbeckt al, 2013). Moreover, HepG2 cells have been repodeskpresdN-
linked sialic acid on their cell surface, which reakthis cell line suitable for live
localization assays (Wet al, 2006) as previous reports have identified WH8, 8-

polysialic acid as the membrane ligand for AntpHEdoCh-Gallegoet al, 1993, Joliotet
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al., 1991b). Similarly, wheat germ agglutinin (WGA)REd, a cationic lectin labeled with
red fluorescent Alexa Fluor 594, selectively bihdacetylneuraminic and poly-sialic acids
on the cell surface and is routinely used as ansethbrane marker. Initially, we wanted to
investigate whether WGA-dsRed could be used awe dell membrane counterstain.
Unexpectedly, incubating cells with WGA at 37°C &f minutes following C5.1-siRNA
treatment for two hours, resulted in cellular ugtakto peripheral endosomes, consistent
with observations by Rauét al. (1990). We were curious then, to assess whetheAWG
dsRed uptake following C5.1-siRNA treatment wasibited, or whether WGA-dsRed
competed with C5.1 for the same plasma membrandingrsites, and by consequence,
whether this would result in diminished uptake ofGAfdsRed. Similar intracellular
localization within endosomal structures were obsér which indicated that a common
endocytic uptake mechanism may occur, althougmiterity of C5.1-siRNA appeared to
translocate directly into the cells. Finally, thobservation confirmed that C5.1 could
effectively bind and transduce siRNA cargo intradally at a 50:1 molar excess, although
results are only preliminary. Again, this obseratiwould have to be repeated using
quantitative methods such as flow cytometry to ss$ee amounts of internalized protein-
SiRNA complexes in the absence or presence of W&Red, or by MALDI-TOF
spectrometry, as previously shown by Alves al. (2011). Geoghegaet al. (2012)
reported that the DRBM1 from human PKR did not siRNA and thus did not induce a
complete gel shift at 4:1 molar ratios to siRNA,paesviously reported by Eguckt al.
(2009). His group had achieved complete encapsolatf siRNA with DRBM1 at 4:1
ratios, which in fact had been the result of noeedc interactions of the Tat-Tat-HA-Tat

penetrating moiety of PTD-DRBD.
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Results obtained using C5.1-siRNA in EMSA assays3Jrare in agreement to those of
Geoghegaret al, as siRNA binding by the DRBM1 was incomplete evér8:4 molar
ratios. In this case, aggregate formation at tipedbthe wells in the presence of EtBr
without any nucleic acid bound to the siRNA anduf@ of C5.1 to induce a gel shift when
complexed with sSiRNA was observed. This finding niseya consequence of the native
purification strategy employed, which, in the alisenf aDNasetreatment, resulted in co-
purification of endogenous nucleic acid. Consedyemucleic acid contamination may
have saturated the protein and inhibited efficeisRNA binding, but illustrates how C5.1
can efficiently bind nucleic acid. This observatias not surprising considering that the
biological function of the homeoprotein as parttloé Drosophila homeobox is to bind

DNA.

In conclusion, increased aggregation and decresigddA binding affinity at low molar
ratios render the C5.1 protein an inefficient siRli#ivery vector, at least in this study. In
addition to binding siRNA, a vector protein suilbbr delivering cargo to the cytoplasm
must also facilitate its release from endosomaicles that target it for degradation. The
fact that C5.1, in lieu of a fusogenic tag, becoseguestered in endosomes upon uptake,
affects the efficient cytoplasmic delivery of siRNI light of Geoghegan'’s findings with
Penetratin-DRBM1, proteins comprised of the DRBMérevdeemed insufficient SIRNA
vectors and new constructs were designed and @diriilomprising of the endosomolytic
EB1 penetratin analogue, fused to both tandem dwrfaom human PKR. However, the
fact that C5.1 localized intracellularly even irethresence of contaminating nucleic acid,
leaves open the possibility that C5.1 may be usedsNA delivery vector, provided that

a streamlined purification strategy is further deped to incorporate a fusogenic tag,
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allow the efficient purification from contaminatingucleic acid, and efficiently refold or

elute the protein into a suitable buffer that dizabs it.
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Chapter 3. Characterisation of
endosomolytic, cell penetrating,

dsRNA-binding fusion proteins
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3.1 Introduction

Endosomal entrapment is an intracellular proceggdred when uptake favours an
endocytic mechanism, rather than direct translonatbuchardtet al, 2007, Duchardet

al., 2009, Kosugeet al, 2008, Tunnemanet al, 2006, Tunnemanst al, 2008). Cell-
penetrating protein uptake via endocytosis has beported to occur at low micromolar
concentrations as a membrane composition-depemaectianism. Endosomal entrapment
and subsequent concomitant degradation in lysososeems to be a limiting step in the
delivery of cell penetrating proteins and theiaekted cargo. Various strategies have been
employed to promote endosomal escape, such as dbeoil sucrose, calcium and
chloroquine, or the incorporation of a fusogenimhagglutinin (HA) tag within the protein
sequence (Eguclat al, 2009); their use however, is severely limitedimn vivo setting.
Another strategy is the use of the ‘proton sporajigct, whereby histidine residues, with
an imidazole group and protonatable secondary argmoeips with a pKab.0, are
incorporated in the primary amino acid sequencedbas a proton sponge in acidic
endosomes (Midouet al, 2009). As the endosomes mature, membrane-bourkRhger
pumps recruit cytosolic protons, leading to a deseein pH. Incorporated histidines resist
this acidification. As proton influx increases, does the influx of water, leading to a
buildup of osmotic pressure, subsequent rupturendbsomes and cargo release (Boussif
et al, 1995, Paclet al, 2005). Moreover, a protein’s secondary structareritical for
endosomolysis, with an alpha helical structure &etbpby primary amphipathic and
arginine rich proteins, such as Penetratin, pramgoprotonation (Biggin and Sansom,

1999, Varkouhet al, 2011).

An elegant study by Lundbergt al. (2007) modified the amino acid sequence of

Penetratin, incorporating a shdttterminal amino acid sequence that promoted anaalph
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helix upon protonation in the endosome and histidesidues to assist in the formation of
a proton sponge. This Penetratin analogue, EB1, th&s used to non-covalently bind
siRNA and induce luciferase gene silenaingitro. It displayed high binding efficiency at

low molar ratios, and increased knockdown effeotsgared to its parent peptide.

In another seminal study by Geoghegdral recombinant proteins were comprised of a
cell penetrating peptide moiety (Penetratin, HI\Mf) fased to the tandem dsRNA binding
domains (DRBMx2). These fusion proteins exhibitéticient sSiRNA binding and gene-
specific knockdownn vitro. The DRBD (herein DRBMx2) binds siRNA with highidiy
(K= 4x10° mol/L) (Chapter 4 Introduction), compared to DRBML DRBM2 alone
(Mancheet al, 1992, Patel and Sen, 1992, Schregdtl, 1995, Tian and Mathews, 2001).
In this chapter, a set of SiRNA carrier proteingeveesigned with the aim of incorporating
domains capable of binding siRNA with high affinityaversing the cell membrane and
releasing siRNA cargo from endosomes. The endosgimdEB1 Penetratin analogue
developed by Lundbergt al. (2007) was therefore expressed as a recombinaieipr
with the tandem dsRNA binding domain from human RERBMx2) with either GST or
Hisg affinity tags, and purified under either native @gnaturing conditions to obtain
refolded protein (Fig. 3.1). To assess any effeatbinding efficiency or endosomolysis,
the EB1 sequence was placed at bothNterminal position of the resulting protein, and

the C-terminus.
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Construct name:

C7.2 EB1 DRBM1 DRBM2 Hisg

C8.2

C9.2 GST EB1 DRBM1 DRBM2
)é Prescission protease

C10.2 GST DRBM1 DRBM2 EB1

)é Prescission protease

Figure 3.1  Schematic of the EB1-based fusion proteins clonedto a modified
pPET32-a or pGEX-6P-2 vector.They are comprised of either: EB1, the endosonwlyt
analogue of Penetratin; the entire DRBD of humaRRKmprised of dsSRNA binding
motifs 1 and 2 (DRBM1-DRBM2); &-terminal 6xHistidine tag (Hi or anN-terminal
Glutathione-S-transferase (GST) tag with a dowastr@rescission protease cleavage site.
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3.2 Results

3.2.1 Subcloning EB1-DRBMx2 constructs into plasmid vects

Sequences for EB1-DRBMx2 and DRBMx2-EB1 were oladiby reverse translating the
amino acid sequence of EB1 fused to the nucleatielguence of the entire DRBD,
separated by the original linker sequencaS)sin a synthetic plasmid with a pUC
backbone (636 bp) (Epoch Biosciences). PCR-amglifragments were digested with
BamHI/Xholand subcloned into pGEX-6P-2 (C9.2 and C10.2);langi to obtain aC-

terminal Hig tag, constructs digested witkdelXhol were subcloned into a modified

pET32-a plasmid vector (C7.2 and C8.2) (Fig. 3.1).

The XL1-Blue E.coli strain was transformed and colonies were screeledttly for
inserts by colony PCR. Constructs ligated into pGEX*%2 were analysedanalysed by
colony PCR with insert-specific forward and revemeners (Fig. 3.2 A) and vector-
specific forward and reverse primers, which produfragments at 794 bp, as expected
(Fig. 3.2 B). The slightly larger amplicon size m@ponded to the PCR amplification of
pGEX-6P-2 vector sequences. Colonies corresportdiriige ‘insert + vector’ bands (794
bp) were sequenced with a pGEX-5" forward primerGATC Biotech (London) and
sequences were analysed with Sequence Scanne(Adpled Biosystems) and Expasy
Translate (Gasteiger E., 2005). C9.2 and C10.2 esems that did not contain any

mutations were used as templates to replacBaneH| site with anNdel site by PCR.

NdelXhol digested fragments, ligated into a modified pE&3@kasmid vector were used
to transform XL1-Blue cells. His-tagged proteinserev purified by denaturing

Immobilised Metal Affinity Chromatography (IMAC) ora Cobalt chloride (Co@)
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nitriloacetic (Co-NTA) column, whereas GST-taggeotpeins were purified by affinity

chromatography on a Glutathione Sepharose 4B (G8wB)x.

Direct colony screening by PCR using a T7 (vecpmedfic) forward primer and a gene-
specific reverse primer yielded ~660 bp bands wraralysed by agarose gel
electrophoresis, which were attributed to primephinsation of a short vector sequence
by the forward primer (Fig. 3.3). Screened colonsse sequenced with a T7 minusl

universal primer, as before, and used to trans®ik2il (DE3)pRARE.
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M EB1:DRBMx2 DRBMx2:EB1
A (kb)

Insert
(636 bp)

B. M EB1:DRBMx2 DRBMx2:EB1
(kb)

Insert + vector
(794 bp)

Figure 3.2 Insert screening by colony PCR following ligationm pGEX-6P-2. A.
Colony PCR with gene-specific primeB. Colony PCR with vector specific primers.
EB1-DRBMx2, C7.2; DRBMx2:EB1, C8.2. Expected siZdands; ~0.8 kb. M, 1 kb
marker.

M EB1:DRBMx2 DRBMx2:EB1

Insert + vector
(660 bp)

Figure 3.3  Insert screening by colony PCR following ligationm pET32-a, by a
vector-specific forward primer and a gene-specificeverse primer. EB1-DRBMx2,
C9.2; DRBMx2:EB1, C10.2. Expected size of bands6#&b. M, 1 kb marker.
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3.2.2 Small-scale expression optimization of His-tagged 2 and C8.2

Since GST-tagged endosomolytic fusion proteins vexaressed as insoluble fractions,
their His-tagged counterparts were expressed fronmbbacterial cultures and purified
under native conditions by IMAC on a Cobalt nitatetic sepharose matrix (Co-NTA).
This provided an estimate of both levels of expogssnd associated protein solubility,
before upscaling to 1 L cultures. Protein expassvas induced with 0.5 mM IPTG for
15 hours at either 18°C or 37°C; cultures wereepedl, lysed by sonication, purified and
fractions were analysed by SDS-PAGE electrophardssubation of cultures at 18°C
upon induction resulted in low expression of botks+#€7.2 and HisC8.2 (Fig. 3.4 A and

C, Total fractions), compared to protein levels resped at 37°C (Fig. 3.4 B and D).
Protein was lost in the flowthrough fraction, witb protein eluted from the column after
incubations at either temperature, indicating thaist of the protein was insoluble.
Moreover, vertical streaking in bands from flowthgh fractions (Fig. 3.4 B and D)
indicated nucleic acid contamination or degradatidhis necessitated purification by

denaturing IMAC.
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Figure 3.4  Optimization of Hisg-tagged C7.2 and C8.2 protein expression following
incubation at 18°C and 37°CProteins were purified from 50ml cultures by atftyni
chromatography by immobilized metal ion chromatpgsaover a Co-NTA matrix and
analysed on a 12% w/v SDS-PAGE g&lHiss-C7.2 incubated at 18°®. Hiss-C7.2;
37°C,C. Hisg-C8.2; 18°CD. Hiss-C8.2; 37°C. Expected molecular weights (MW): g-lis
C7.2, 24 kDa; HigC8.2, 24.1 kDa. T, Total (crude) lysate; FT, Flomtugh (soluble)
fraction; W, Wash; E1-E3, Eluates 1-3. M, Markeel¥were stained with 0.5%
Coomassie and visualized under a UVP transilluromat
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3.2.3 Small-scale expression optimization of GST-tagged9d22 and C10.2

Plasmid DNA from sequence-verified constructs Gth@d C10.2 in the pGEX-6P-2 vector
were used to transform the expression strain BLEB)JPRARE. In order to optimise
soluble expression from bacterial cultures, twéical conditions for recombinant protein
expression were assessed: temperature and Isofapyti-thiogalactopyranoside (IPTG)
concentration. Induction of heterologous proteipression from the lac operon occurs
with a 0.1-1.0 mM IPTG concentration (Tolia andhlgs Tor, 2006). GST-tagged protein
expression from 50 ml bacterial cultures was tlmeefoptimised by varying IPTG
concentrations at 0.5 mM and 1.0 mM concentrationse O.Roo had reached~0.7.
Proteins were then purified under native conditioms a GS4B column. IPTG
concentration had no effect on the overall levdl€£9.2 expression (Fig 3.5 A and B),
however, it appeared to increase soluble expregseen in the flowthrough fractions) at
1.0 mM concentration in comparison to 0.5 mM. Notein was observed in the eluted

fractions.

Low expression levels were observed for C10.2Wilhg induction with either 0.5 mM or
1.0 mM IPTG, with protein seen in the flowthroughdtions, but not eluted (Fig. 3.5 C
and D). Since protein levels appeared unaffectedthgy concentration of IPTG, the
induction temperature was varied for both prote®.2 and C10.2 were induced with 0.5
mM IPTG and incubated for 15 hours at either 18fG & C, followed by lysate clearing
and purification on a glutathione agarose matrixbafre. C9.2 incubated at 18°C was
expressed at low levels as inclusion bodies; pnotais visible in the crude lysate (Fig. 3.6
A, sample ‘T’), but not in the flowthrough (FT),ash (W) or any of the eluted fractions
(E1-E2). Several contaminating proteins were olexemwn the FT; similar observations

were made when the protein was purified from celuincubated at 37°C (Fig. 3.6 B).
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C10.2 was mostly expressed as insoluble protegsemt in the Total (T) fraction, with
little protein remaining in the flowthrough (FT)afition, after incubation at both 18°C and
37°C (Fig 3.6 C and D). Interestingly, a ~28 kDatpmn co-purified in the FT fractions of
both C9.2 and C10.2 from 18°C (Fig. 3.6 A and QGJt & slightly smaller protein (~24
kDa) was evident in the same fractions from 37°@uce purifications (Fig. 3.6 B and D).
No proteins were eluted successfully from the ghitene sepharose matrix under any of

the expression parameters tested.
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Figure 3.5 Optimization of GST-tagged C9.2 and C10.2 proteimxg@ression following induction with 0.5 mM and 1.0 "M IPTG.
Proteins were purified from 50ml cultures by affinity chromatography over a GS4B column and analysednoa 12% w/v SDS-PAGE gel.
A. GST-C9.2, induction with 0.5 mM IPT®, GST-C9.2; 1.0 mM IPTGZ. GST-C10.2; 0.5 mM IPT@). GST-C10.2; 1.0 mM IPTG.
Expected molecular weight (MW), 49.8 kDa. |, Indddeaction; T, Total (crude) lysate; FT, Flowthrdusoluble) fraction; W, Wash; E1-E2,
Eluates 1-2. M, Marker. Gels were stained with 0(8%) Coomassie and visualized under a UVP tramaihator. n=1.
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Optimization of GST-tagged C9.2 and C10.2 protein expression followirigduction incubation at 18°C or 37°C.Proteins

were purified from 50ml cultures by affinity chrotography over a glutathione sepharose (GS4B) matrikanalysed on a 12% w/v SDS-
PAGE gel. A. GST-C9.2 incubated at 18°C; BST-C9.2 incubated at 37°C; GST-C10.2 incubated at 18°0; GST-C10.2 incubated at
37°C. Expected molecular weight (MW), 49.8 kDaT®tal (crude) lysate; FT, Flowthrough (soluble)tian; W, Wash; E1-E3, Eluates 1-3.
M, Marker. Gels were stained with 0.5% (v/v) Coosiasnd visualized under a UVP transilluminatorl.n=
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3.2.4 Large scale purifications of C7.2 and C8.2 under deturing conditions

The expression of C7.2 and C8.2 necessitated patin under denaturing conditions and
subsequent refolding. In order to obtain C7.2 aBRGn sufficient amounts fan vitro
assays, proteins were purified from 1L BL21(DE3)g&Acultures induced with 0.5 mM
IPTG at 37°C for 15 hours. Proteins were elutedhftbe Co-NTA column in His-elution
buffer (pH 7.4) containing 6 M Guanidine-HCI (Gu-H@nd high imidazole (300 mM)
and salt concentrations (500mM NaCl). Eluates wikem pooled and refolded into 5L
refolding buffer (with a lower imidazole concentoat, 20 mM) and buffer-exchanged into
5L His-storage buffer. The stability of dialysateadtions at each step of the
refolding/buffer exchange process was assessectfiyifagation at 16,100 g and 4°C
and SDS-PAGE. Proteins were successfully eluted fite Co-NTA column, and refolded
(Fig. 3.7 A and B; (a)). However, excessive praaimn of C8.2 was observed after
centrifugation, with little loss of C7.2 (Fig. 34 and B; (b)). A second dialysis step was
included to buffer exchange proteins into His-ggerduffer. Visible precipitation within
the dialysis tubing prompted the increase of Naficentration from 50 mM to 150 mM
and the addition of 10% (v/v) glycerol as a staiily excipient, which prevented further
aggregation (Fig. 3.7 A and B; (c)). Upon centrdtign, there was complete aggregation
of C7.2, while C8.2 remained stable (Fig. 3.7 A &dd); however upon final analysis of
collected samples, C8.2 appeared to have pre@gitas it did not yield any bands on the
gel at the expected molecular weight (Fig. 3.7 A Bn(e)). Final yields for C7.2 and C8.2

were 0.7 mg and 0.9 mg, respectively.
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Figure 3.7  Analysis of purified C7.2 and C8.2 by SDS-PAGE atarious stages
during refolding and buffer exchange. Fractions fran 1L cultures were analysed by
12% w/v SDS-PAGE. A.C7.2;B. C8.2. Lanes (a) purified protein in His-refoldingfter;
(b) purified protein in refolding buffer followingentrifugation at 16,100 ¢; (c) refolded
protein following buffer exchange into His-storagédfer/150 mM NaCl/10% (v/v)
glycerol; (d) refolded protein in His-storage bufi&OmM NaCl/10% (v/v) glycerol
following centrifugation at 16,100 and (e) final protein fraction. M, Marker. n=1.
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3.3 Discussion

Experimental evidence from a number of studies supghe hypothesis that cell-
penetrating peptide uptake mechanisms vary betwgeant translocation and endocytosis
depending on protein cargo and the size of compléd®rriset al, 2001, Simeoneét al,
2003, van Asbeclet al, 2013). Due to the complexity of factors involved uptake
pathways, there is no direct correlation betweengiex formation ability and intracellular
delivery of bioactive siRNA cargo. Endosomal esceptherefore a rate-limiting step for
the delivery of macromolecules into cells; the ursobn of a fusogenic moiety has been
greatly investigated. Previous studies by Waatial. (2004), for example, had coupled a
fusogenic HA2 tag to a Tat-Cre peptide, which eibdincreased transduction efficiency
compared to Tat-Cre alone. A non-covalent strai¢gising a Penetratin analogue with
histidine modifications (EB1), managed to delivéRIMA with higher efficiency than
Penetratin-HA and Penetratin alone (Lundbeeg al, 2007). C5.1, comprised of the
Antennapedia homeodomain, lacks the ability to gsdeom endosomes by virtue of its
primary structure. In light of Lundberg’s findingse wanted to investigate whether the
Penetratin analogue EB1, expressed as recombinmaeirp with the entire DRBD
(DRBMx2) from human PKR, would show enhanced siRNiAding and transduction
efficiencies. Moreover, we aimed to compare itsoth&cal properties to those of C5.1,
which bound siRNA with low affinity, and co-purifiewith endogenous nucleic acids. This
chapter aimed to clone, purify and characterize maeel proteins comprised of EB1 as a
fusion protein with DRBM1 and 2 from human PKR (DR&), or its counterpart in
tandem (DRBMx2-EB1) as a non-covalent vector fdRN#h delivery. Since protein
stability is a critical parameter that may only dbetermined empirically, purification of

EB1-based proteins was attempted under both naink denaturing conditions. Two
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parameters, IPTG concentration and incubation teatyne, were considered. Since the
tac promoter in pGEX-6P-2 and the T7 promoter in pE&3adre under the control of
IPTG, varying its concentration can affect both tage of expression and their solubility,
by displacing théac repressor encoded by tleel® gene and inducing the overexpression
of protein (Amersham, 2013). Purifications of G&fdged C9.2 and C10.2 under native
conditions from BL21(DE3)pRARE cultures transformedth the pGEX-6P-2-insert
plasmids, revealed that both proteins were expdesséow levels, which were unaffected
by the concentration of IPTG used to induce hetgals protein production through the
lacl? system. C9.2 was expressed at marginally highaidewith 1.0 mM IPTG, rather
than with 0.5 mM. Since a lower IPTG concentratimyuld increase soluble protein
production albeit with decreased vyield (by allowihg host to fold the protein properly)
(Sorensen and Mortensen, 2005), the lower condemiravas chosen for induction
temperature optimization. Transformed host cellsewadlowed to grow at 3T until an
optical density (Oly) [0.6-0.7 was attained, which represents the logartthgrowth
phase of bacteria in batch cultures, and 0.5 mMGRias added to the inoculum. The
temperature was either kept constant or decreas&&€ for 15 hours, inducing protein
production through th&ac promoter. It has been demonstrated previouslytdmperature
is a critical factor affecting soluble protein pumtion (Wang, 2005), with lower
temperatures favouring expression into the cytopla3he often, direct correlation
between aggregation and temperature has beerugttibo the partial elimination of heat-
shock proteins produced at lower temperatures @lyes and Hipkiss, 1989, Schein,
1989). It was therefore expected that the expraseeels of C9.2 and C10.2 would be
increased by incubation at A8 rather than at 3C. Observations from 50 ml-scale

purifications, did not support this notion; low &s of insoluble protein were observed at
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both temperatures assessed for both proteins.nidysbe attributed to the large molecular
weight of both proteins (49.8 kDa); a large scalaneination by Dysomrt al. (2004) of 95
recombinant proteins identified molecular weight ascritical parameter for soluble
expression, with larger protein§40 kDa) needing a solubility enhancing tag, such as
thioredoxin, for soluble expression. A 31.5 kDapmo#ying protein in the FT fraction
may correspond td3-lactamase co-purifying, a by-product of expressioa IPTG

induction (Amersham, 2013).

In summary, since purifications of GST-tagged cartds were unsuccessful, Biagged
C7.2 and C8.2 were purified, first under nativedibans and then in the presence of 6 M

Guanidinium hydrochloride (Gu-HCI) as a chaotrope.

The addition of Gu-HCI in purification formulatiorisr insoluble proteins, is beneficial in
order to solubilize the protein. Gu-HCI| must thenrbmoved by dialysis or rapid dilution
to allow the protein to return it to its native tet§Maxwell et al, 2003). To increase the
binding selectivity while decreasing the amount o0b-purifying contaminants,
nitrilotriacetic agarose was precharged with¥Cons as 0.1 M CoG| rather than N
Temperature optimization assays at@&nd 37C on a 50 ml scale, indicated that both
proteins were expressed at higher levels aC37ather than I&. Protein was mostly
present in the crude lysate (total fraction) withmg protein seen in the cleared lysate
(flowthrough), signifying that protein must be doilized prior to purification. Vertical
streaking in the SDS-PAGE gel for C7.2 fractiondiecated co-purification of nucleic acid
or partial degradation, as these preliminary séngetests did not involv®Nasetreatment
or protease inhibitors. Since no protein was elubemn the column under native
conditions, purifications were attempted under temag conditions. The addition of
lysozyme, MgCJ, benzonase and protease inhibitor cocktail inHseresuspension and
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His-binding buffers was necessary to prevent nackeid contamination and proteolytic
degradation. Resuspension of the pellet in 1.1xhiiding buffer with a high ionic
strength (0.55M NaCl) with 6.66M Gu-HCI, and 2mtmercaptoethanol (a potent
disulfide bond and RNase denaturant) and subsegueification by gravity flow affinity
chromatography allowed the successful isolationC@f2 and C8.2 in elution buffer.
Sequential dialysis was done to remove Anayercaptoethanol and Gu-HCI ions from the
eluted proteins upon refolding. Proteins were di@tly into His-refolding buffer of high
ionic strength (500 mM NacCl) in order to prevengagpation and 20 mM imidazole,
which resulted in C10.2 precipitating. This coulel dttributed to improper folding, whilst

C9.2 remained stable, indicating a greater propomif properly folded protein.

Both proteins were lost during a second dialysep shto storage buffer. Aggregation at
this point could be explained by the decrease oicistrength (150 mM NaCl), which
causes non-specific aggregation and subsequenipipaéon of proteins even in the

presence of 10% glycerol as a stabilising excipient

In theory, these novel constructs have great pialeas non-covalent vectors of sSiRNA
delivery vectors. The EB1 proteins had exhibitdeéaive siRNA complex formation via
EMSA assays at 5:1 molar excess to siRNA, comp@ar&netratin, which shifted sSiRNA
at 10:1 molar ratios, using the non-covalent catration strategy as used by Geoghegan
et al. (2012), Eguchet al. (2009) and Lundbergt al. (2007) Moreover, EB1 proteins at
25:1 molar ratios to siRNAn vitro showed effective luciferase knockdown followin§&
hour treatment in a transiently transfected HeL&-®@ell line, even in the absence of a
dsRNA binding moiety (Lundbergt al, 2007). The siRNA binding properties of EB1
could have been further potentiated by incorpogatite DRBMx2. This in turn may have

resulted in an effective, non-covalent siRNA cargh endosomolytic abilities.
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The unsuccessful purification of recombinant prugeihowever, did not allow for
downstream analysis; this chapter shows that thdigadion strategy adopted in this
instance, under both native and denaturing condifiallowed the purification of protein,

which was however lost upon dialysis.

Obtaining functional, pure and native-state profeam bacterial expression systems has
been found to depend on solubilisation and refgldirsumotoet al, 2003). According to
Maxwell et al. (2003). With one-step dialysis, as was done irs tbhapter, the
concentration of the denaturant is decreased asatheof refolding into the native step
increases; this sometimes results in nonspecifigreggtion, even if the protein
concentration remains near-constant within theydialtubing. The exchange of a buffer
containing 6 M Gu-HCI to one with none (0 M Gu-HGhen, may have forced proteins
into a rigid structures, which, if improperly foldiecannot revert back to the native state. It
may have been beneficial to adopt a step-wise slgalyrocess, which would sequentially
refold proteins by manual exchange of buffer frome of high denaturant concentration to
one of medium and finally to one of low concentratithereby controlling the equilibrium

at each stage (Tsumotb al, 1998).

The possibility of buffer contamination despite @naest intentions during dialysis is also
another factor that affects refolded protein yiels reported by Maachupalli-Redelyal.
(1997); these include nucleic acid and contamigagiroteins that may have co-purified
along with the target protein. This is consisterthwur observations with C7.2 and C8.2
proteins in refolding buffer (Fig. 3.7, lane (aPurification optimization to isolate the
target protein with 80-95% purity, prior to refatdi, is therefore critical to efficient

refolding.
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Finally, buffer exchange via a size-exclusion chatwgraphy approach that incorporates a
flow rate suitable for protein folding kinetics mhg a suitable alternative to dialysis. The
column matrix (such as a G25 column), equilibratedan intermediate denaturant

concentration buffer, may prevent the formation raggted species, via hydrogen or
hydrophobic interactions between the column andéfi@ded protein. This approach has
been successfully used for the purification of rietekin-6 (IL-6), and is primarily

beneficial for proteins with disulphide bonds (Gygs bonds) (Ejimat al, 1999).
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Chapter 4. Characterisation of fusion
proteins containing both dsRNA

binding domains from PKR.

139



4.1 Introduction

The sequence-independent, efficient dsRNA bindimgpgrties of human PKR are
conferred by its regulatory binding domain (DRBDhe domain is comprised of two
tandem motifs, DRBM1(amino acids 6-79) and DRBM#nif@ acids 96-169), which
adopt a dumb-bell shape upon interaction with d&Ridis allows DRBM2 to ‘release’
the kinase domain, shifting the entire PKR to peroconformation and inducing PKR

autophosphorylation and activation (Nandetral, 1998, Nanduret al, 2000).

Although both DRBMs bind dsRNA, DRBM1 (K= 2.8x10° M) has a higher affinity
compared to DRBM2, potentiated by the cooperatisteoa of both tandem motifs ¢

4x10° M) (Patel and Sen, 1992, Schmetlal, 1995, Tian and Mathews, 2001).

In 2012, Geoghegaet al, reported that cell penetrating protein fusionthwhe dsRNA
binding motif 1 (DRBM1) from human PKR bind siRNAttvlow affinity, requiring a 20-
60-fold molar excess foin vitro knockdown as opposed to the 4:1 ratio as prewousl
reported with PTD-DRBD (Tat-Tat-HA-Tat-DRBM1) (Eduicet al, 2009). The 4:1 ratio
reported was the result of non-specific interadioh Tat with siRNA. The group purified
several constructs comprised of a cell penetratmgety and both dsRNA binding
domains (DRBMx2) and used them to assess siRNAifgnda electrophoretic mobility

shift assays (EMSA) and gene knockdown.

Although the utilization of the DRBMx2 yielded staband specific siRNA binding
compared to DRBML1 alone, these fusion proteins-ORBMx2 and Pen-DRBMx2)
failed to mediate gene-specific knockdown when d@tng the endogenous gene
hypoxanthine-guanine phosphoribosyl transferaséR(Fjn HelLa cells. This lack of gene

expression knockdown was attributed to the endokemaapment of the protein-siRNA
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cargo, even though efficient complex formation arahsductionin vitro was observed.
Pen-DRBMx2, yielded 60% HPRT knockdown in the pnese of chloroquine, an

endosomolytic agent (El-Sayetlal, 2009, Xiao and Samulski, 2012).

Considering that the binding efficiency of Pen-DRBMhad not been investigated by the
group via EMSA assays, we set out to investigagentblar ratio necessary to induce a gel
shift. Moreover, the transduction efficiency andotgxicity of Penetratin and Tat have
been reported to be cell-line specific (Sugtaal, 2008). Although Penetratin exhibits
enhanced cellular transduction in the HelLa cedl bompared to Tat (Muellet al, 2008),

it has also been reported to induce cytotoxicitygiga et al, 2008). With these findings in
mind, we set out to investigate whether Pen-DRBMx2 Tat-DRBMx2 may be more
effective in a HepG2 cell line, targeting the englogus expression of PTP1B, and in a
HEK293-dEGFP reporter cell line. Previous electamglic mobility shift assay
experiments with C5.1, comprised of the Antennagpdaimeodomain (AntpHD) and the
dsRNA binding motif 1 from human PKR, revealed t64&t1 co-purified with endogenous
nucleic acid, and that at the molar ratios tesis®®NA was not complexed by the protein
as previously reported (Eguckt al, 2009). These observations were in good accordance

with those made by Geoghegatral. with DRBM1.

Plasmids encoding for HiS at-dsRNA binding motifs 1 and 2 (DRBMx2) (C11.B)iss-
Penetratin-DRBMx2 (C12.2) and Bi®RBMx2 (C13.2) were obtained (a kind gift from
Professor Davidson, University of lowa) (Fig 4.The siRNA oligos used in this study
were also longer and lacked 2’-OH overhangs, coatpty those used in by Geoghegdn

al.
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Plasmids were used for protein expression studies BL21(DE3)pRARE cultures and
purifications under denaturing conditions, followeg refolding by dialysis. Purified
proteins were used to assess cytotoxicity in HEK2@8 HepG2 cells. In order to
guantitatively assess uptake and gene knockdowftotaycytometry analysis, a HEK293
reporter cell line stably expressing destabilisethamced green fluorescent protein
(dEGFP) was created. The pdl1EGFP-N1 plasmid (Gtbnt&aint-Germain-en-Laye,
France), used to transfect HEK293 cells, encodesléstabilised variant of the wild-type
GFP protein fromAequorea victorifused to a mouse ornithine decarboxylase (M&BHC
%Y with a PEST amino acid sequence which destabitise protein, with a half-life of ~2
hours, allowing knockdown analysis at 24 or 48 Bafter treatment. It also encodes for a

neomycin resistance gene, allowing the specifiecdeln of dEGFP-expressing cells from

a polyclonal culture.
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Construct Name:

C11.2 DRBM1 DRBM2 Hisg

C12.2 Penetratin DRBM1 DRBM

Cl13.2 DRBM1 DRBM2 Hisg

Figure 4.1  Schematic of fusion proteins comprised of the HIV &t; Penetratin;
DRBM1 and DRBM2; Hisg affinity tag. C11.2, Tat-DRBMx2-Hig C12.2, Pen-
DRBMx2-Hiss; C13.2, DRBMx2-His.
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4.2 Results

4.2.1 Purification and Refolding of C11.2, C12.2 and C12.

Recombinant C11.2, C12.2 and C13.2 were purifiedeurdenaturing conditions, as
purified by Geoghegaet al. (2012) with some modifications with regards to telding
strategy. C11.2 (Fig. 4.2 A) was successfully elutethe E1-E2 fractions, while C12.2
and C13.2 were present in the first eluate only),(&dth little protein loss in the FT
fractions (Fig 4.2 B-C). Eluates were sequentiaiglysed first into 5L His-refolding
buffer to eliminate Glions and then into 5L His-storage buffer in ortierrefold the
proteins into their native state. Stability wasessed by centrifugation (Fig 4.2). All three
proteins were isolated with ~90% purities (Fig. A2 C) except C12.2 (Penetratin-
DRBM2), which showed some degradation or contarunatith a smaller co-purifying
protein (Fig. 4.2 B). Concentrations of final fracis in storage buffer were analysed by
Nanodrop at Agp using the expected molecular weights (MW, kDa) axtinction
coefficients €) (Appendix I). The final yields for C11.2 (expedtenolecular weight
(MW): 21.7 kDa), C12.2 (expected MW: 24.3kDa) ari2l (expected MW: 20.4 kDa)

were isolated with yields of 0.9 mg, 4.3 mg andrc respectively (Table 4.1).

Table 4.1 Final yields for purified proteins C11.2-C13.2 from 0.5 L cultures.
Yields were calculated following purification und#gnaturing conditions and refolding by
sequential dialysis

Protein Protein concentration (mg/ml) Final yield d refolded proteins
from 0.5L purifications (mg)

C11.2 0.2 0.9

C12.2 0.7 4.3

C13.2 0.2 15
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Figure 4.2  Purification of C11.2, C12.2 and C13.2 from 0.5L beterial cultures

under denaturing conditions Left panels, purification fractions under denatgr
conditions; right panels, eluted fractions at vasigtages of the refolding proceAs.
C11.2;B. C12.2;C. C13.2. Samples were analysed on a 12% w/v SDS-P#¢EE
Purification fractions analysed; T, Total; FT, Fibwough; W1-W2, Washes 1-2; E1-E3,
Eluates 1-3 and dialysate fractions; (a) pre-gpinefolding buffer; (b) post-spin at 16,100
x g, in refolding buffer; (c) pre-spin, in storage fauf (d) pre-spin, in storage buffer /10%
(v/v) glycerol and (e) post-spin at 16,10@,Xn storage buffer /10% (v/v) glycerol. Arrows
indicate expected size in kDa. M, Marker.

145



4.2.2 Functional analysis of purified C11.2, C12.2 and CA.2

4.2.2.1 Assessment of siRNA binding abilities by EMSA

The molar concentrations required by C12.2 and Z18r effective SiRNA complex

formation, were assessed by EMSA and comparecetantiiar ratios tested with C5.1 and
dsRNA. Prior analysis by Geoghegatral. (2012) had revealed that Tat-DRBMx2 (C11.2)
bound siRNA with lower affinity that PTD-DRBD. Inuo case, these results could not be

replicated due to the low molar concentration aiffpad C11.2 (3.65 puM).

Excess C12.2, upon complex formation with SiRNA:4t 10:1, 20:1 and 40:1, produced a
gel shift at the 5:1 molar ratio, with some freRNA remaining. At a 10:1 molar ratio, a
complete gel shift was observed, followed by protaggregation and minimal migration at

the 20:1 and 40:1 molar ratios (Fig 4.3 A).

C5.1, C12.2 and C13.2 in molar excess were alldow@dmplex with 1.uM siRNA at
various molar ratios. C13.2 showed a partial gét aha 3:1 molar ratio, indicating
incomplete binding by the C13.2 protein. At a 6:dlan ratio, further complex formation
was observed, as indicated by the increased ‘shiéhsity on the gel. A third shift, or
‘supershift’ was also observed at this molar rdtlnexpectedly, a ‘supershift’ band was
also evident at a 12:1 molar ratio; free siRNA wasobserved on the gel. C13.2 was
therefore able to bind dsRNA with high specificiiyd avidity at both 6:1 and 12:1 molar
ratios. By comparison, C5.1 showed nucleic acidamimation and aggregation (Fig 4.3

B).
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Figure 4.3  Electrophoretic mobility shift assays with C12.2 (A or C5.1 and C13.2
(B) complexed with siRNA at various molar ratios. AC12.2-siRNAB. Comparison of
the DRBML1 (C5.1) and DRBMx2 (C13.2). Proteins aifRINA were incubated at 4°C for
30 minutes in PBS and analysed by polyacrylamidelgetrophoresis on a 6% (w/v)
native PAGE gel in 0.5x TBE buffer. The third ‘sugtaft’ band seen with C13.2 indicates
protein-protein interactions at higher molar ratios

147



4.2.2.2 Viability assays with purified C5.1, C11.2, C12.2nd C13.2 in HEK293

and HepG2 cells.

Having investigated the siRNA-binding capacitié<C®.1, C12.2 and C13.2 by EMSA,
the potential for cytotoxicity or other effects eell viability were investigated via the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetzalium bromide) assay in HEK293

and HepG2 cells (Mosmann, 1983).

Tetrazolium salts are composed of a positively gbdrtetrazole ring core with four
nitrogen atoms, surrounded by three aromatic phgmyps and counterbalanced with one
negatively charged sulfonate group (Fig. 4.4) (Bee et al, 2005). The tetrazole ring is
reduced by NAD(P)H-dependent oxidoreductases inntitechondria of metabolically
active (and therefore viable) cells following upgakia changes in the plasma membrane
potential (Bernas and Dobrucki, 2002, Bernas antbrxki, 2000),forming brightly
coloured formazan crystals. Cell viability, can thus be directly assessed bgsdiving
formazan crystals in an organic solvent such as DM&hd measuring the absorbance at

540-570nm (Mcet al, 2012).

Since the reduction of MTT to formazan correlataghwnetabolic activity in actively
dividing cells, decreasedsf is expected in non-dividing, or quiescent cellEK293 cells
were seeded in 96-well microplates and alloweddtwege prior to treatment with 0.1, 0.3,
1.0 or 3.3uM C5.1, C11.2, C12.2, C13.2 or mock-treated contool24 hours in low
serum media (Optimem). Since most knockdown agsayigro are performed with sSiRNA
at a final concentration of 50 nM and a proteinbfRratio of 50:1, this concentration
range provided some insight as to any potentiadtoyicity effects prior to loading with

SiRNA. Cytotoxicity was assessed by adding MTT tiinal concentration of 0.45 mg/mi
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and measuring absorbance atABackground signal was measuregigAand values were
subtracted from their respective/Avalues to remove background fluorescence caused by
non-specific interactions between the dye and @aé€Riss TL, 2013). Results shown

represent average % viability compared to mocki¢eaontrol (Optimem).

Br- NAD* NADH
y N
| _NH
—N* > N
" |
>§N Mitochondrial ~N N
dehydrogenase N \r/
e /

MTT (yellow) Formazan (purple)

Figure 4.4  Schematic of the chemical reaction of MTT reductiorto formazan,
catalyzed by mitochondrial NADH oxidoreductase MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; NADH, NADH dehydenase; NAD, oxidised
dehydrogenase. BiBromide ions.

In HEK293 (Fig. 4.5 A), C5.1, C11.2, C12.2 and lidcreased cell viability, or at least
mitochondrial activity at 0.1, 0.3 and 1.0 uM centations, compared to the mock-
treated control. At 3.3 uM, C11.2 exhibited dospeatelent cytotoxicity, with only ~60%
cell viability following a 24 hour treatment. Howay pairwise comparisons between the
0.1, 0.3 and 1 puM concentrations against the 3.3 goktentration of C12.2 were not
significant (P>0.05), indicating that C12.2 does alicit dose-dependent cytotoxicity at
the concentrations tested. For C11.2, similar gagwomparisons between concentrations
were significant (P<0.02), indicating that changescell viability are dose-dependent.

Similarly, C13.3 showed dose-dependent changeseestvihe 0.1, 0.3 and 3.3 uM
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concentrations, but not between the 1.0 and 3.3goeNtentrations. Differences in cell
viability due to protein concentration were notrsigant for C5.1 (Appendix 1l). Taken
together, these results indicate that at the cdrat@m range tested, cytotoxicity increases
in the order of C12C5.1<C13.2<C11.2 in HEK293 cells &p.05) (Fig 4.5 A). Results
represent three independent experiments (n=3).eShw cytotoxicity was evident in
HEK293 cells at the lowest molar concentrationwés omitted from HepG2 viability

assays.

Similar effects on cell viability were observed HepG2 cells treated with 0.1-3;8V
protein, with C11.2 eliciting the highest cytotakycat all three concentrations when
compared to C12.2 (Fig. 4.5 B<0.05 ). The increase in cell viability observedhwit0

UM treatment with C11.2, C12.2 and C13.2 was rgitiicant at R0.05.

Pairwise comparisons between the different conatatrs for each protein, were not
significant. Differences between each protein aheaoncentration were not significant in

HepG2 assays, either (P>0.05).

Overall, effects on cell viability were cell-typepkendent; however protein-specific results
were significant between C11.2 and C12.2, indigativat overall, C12.2 is less cytotoxic
than C11.2, at least in HepG2 cells. Results fopGie cells represent three independent

experiments with biological replicates in tripliegn=9).

Mean values were calculated for each treatmentnalised against the untreated control
cells and expressed as %. Error bars reflect zdatandeviation values (x SD) for
HEK293 cells (n=3), and + standard error of the mgaSEM) for HepG2 cells (n=9).
Statistical analysis was done with a 2-way Anovad atatistical significance was

established with p-values set at 0.05 for paires@parisons, followed by Dunnet’s post-
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hoc test. In conclusion, statistically significadgse-dependent cytotoxicity was observed
in HEK293 cells, but not HepG2 cells, which sigesfithat cell-type specific effects on

mitochondrial activity are exerted by these pratein
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Figure 4.5 Cell viability in HEK293 and HepG2 cells followinga 24 hour

incubation with increasing concentrations of C5.1C11.2, C12.2 and C13.2 is cell-line
dependent.Cells were incubated with increasing molar coneians of proteins for 24
hours and viability was assessed by the MTT redacssayA. HEK293 cell viability

with 0.1, 0.3, 1.0 and 3.3 uM proteins. n=3; elvars £SDB. HepG2 cell viability with

0.3, 1.0 and 3.3 uM proteins. n=9; error bars +SEMitistical analysis was done by 2-way
Anova followed by Dunnet’s post-hoc test of eacbt@in concentration against the highest
concentration. *P<0.05, **P<0.01. The mock-treateehicle) control was used to
normalise values.
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4.2.2.3 Qualitative assessment of protein-sSiRNA complex ugke in live

HepG2 cells with C5.1, C12.2 and fluorescent siRNA

Electrophoretic mobility shift assays with C5.1,2Z2 and C13.2 complexed with siRNA

showed that DRBMx2 binds siRNA at lower molar ratibat DRBM1 alone (Fig. 4.3 B).

In order to compare siRNA transduction efficacywestn C5.1 and C12.2, proteins were
co-incubated with 60 pmol siRNA-fluorescein at alStolar ratio (to give a final SIRNA
concentration =100 nM) and applied to adhered Heps&H2 for 2 hours. WGA-dsRed was
used as a counterstain, localising primarily in thembrane and the nucleus at a

concentration of 2.5 mg/ml (Fig. 4.6 D).

Assuming that ~98 % siRNA is complexed with protairthis molar ratio (van Asbe&k
al., 2013), C12.2 delivered siRNA to the cytoplasnadherent HepG2 cells (Fig. 4.6 A),

with comparable efficiency to the lipofectaminenséected control (Fig. 4.6 C).

The punctate distribution points towards an endoaytechanism of uptake, consistent
with results by Geoghegaat al. (2012). C5.1-siRNA, on the other hand, exhibitedmp
intracellular localization with a diffuse distriboh interspersed by distinct punctae, which

may be endosome-entrapped (Fig. 4.6 B).
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13.07 pm

Figure 4.6 Intracellular localisation of C5.1 and C12.2 compleed with 100 nM
siRNA-fluorescein in live HepG2 cellsProtein-siRNA complexes were allowed to form
at a 50:1 molar ratio and incubated with cellstfes hours at 37°C. WGA-dsRed was used
as a counterstain, translocating to the nuclau€12.2-siRNA-fluoresceirB. C5.1-
siRNA-fluoresceinC. Lipofectamine RNAiMax-siRNA-fluorescein ari?l Mock-treated
control. Arrows indicate endosome-entrapped siR8@&lls were visualized with a TCS
SP2 Leica confocal microscope. Scale bar: 47.6 um.
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4.2.2.4 Generation of a HEK293 reporter cell line

A HEK293 reporter cell line stably expressing desized enhanced green fluorescent
protein (AEGFP) was created in order to assesshehétision protein-mediated siRNA
transduction could effectively induce transient ékaown of protein expression by RNAI.
Cells were transfected with pdlEGFP-N1 plasmid DNA determine the optimal
antibiotic selection concentration a kill curve wgsnerated following a dose-response
assay with 0.4-2 mg/ml G418 for 10 days. Lethakd@®) was observed at 2 mg/ml, with
decreased viability(15%) observed at dose8.8mg/ml (Fig. 4.7). A sub-lethal dosage of
1 mg/ml G418 was therefore used as the effectitibiatic concentration for a further two
weeks. Fluorescence activated cell sorting anal¢is/CS) indicated that a range of
dEGFP levels (measured on a FITC jlpgcale) was stably expressed after auto-
fluorescence levels were normalised with untranste¢lEK293 cells. Event limits were
set at 1x10 cells. First, a population gate was set to encamphe majority of live,
healthy cells based on the forward scatter (FSdicating cell size) and side scatter (SSC,
indicating granularity) axes. Then, cell populagiat GFP log height ~¥@nd ~16 were
considered to be ‘Medium’ and ‘Highly’ — expressipgpulations and gated (R6 and R3
regions, respectively). Highly-expressing cells \R&oresented only 2.75% of the total
viable cell population, whereas the ‘medium’ expneg cells (R6) made up 12.19% of the
population (Fig. 4.8 A). The cell population (ga&sliR5) represented cells that expressed
the protein at high (f)levels. This subpopulation equated to only 4.38%ells (Fig. 4.8
B). Cells were analysed by Fluorescence-activatddsorting (FACS) following stable
selection with 1.0 mg/ml G418 into a ‘Medium’-expsing and a ‘Highly’-expressing
population with specific expression profiles (Fig9¥ Following sorting into distinct

populations on the basis of their dEGFP expressimmaintenance dosage was decreased
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to 0.5 mg/ml, which shifted both population expresdevels to a lower expression profile
(Fig. 4.10). FACS analysis was done at the Ingtitft Child Health, University College

London (ICH, UCL).

-

o

o
l

L
<

»
<

H
o
1

N
<

Viability as a % of control

l: 1 1 *
0.0 0.5 1.0 1.5 2.0

G418 concentration (mg/mL)

Figure 4.7  Cell viability of HEK293-dEGFP cells treated for 10days with
increasing concentrations of G418 following transfionation with pdEGFP-N1. Stable
clones were counted as a % of untransfected cglisebtrypan-blue assay.
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Figure 4.8 FACS analysis of stable HEK293-dEGFP clones..&-D dot plot of

1x10* HEK293 cells stably transfected with pd1-EGFP-R@, ‘medium’ expressing cells
(GFP log ~16); R3, highly expressing cells (GFP [e0°); R6, medium-expressing
viable HEK293-dEGFP cell&. Histogram of gated cell populations. R5, highly
expressing viable HEK293-dEGFP cell population.
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Figure 4.9
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4.2.2.5 Transient knockdown assays in a HEK293-dEGFP repodr cell line

In order to establish whether cell penetrating dosproteins could effectively deliver
siRNA into living cells and induce potent and sfieagene knockdown, C5.1 and C12.2
were complexed with either 10 nM or 100 nM findRBIA concentrations in low-serum
media (Optimem). 2.5 x20HEK293-dEGFP cells were seeded and adherent welle
transduced with complexes for 5 hours. Gene knoskdwas observed by flow cytometry
after either 24 or 48 hours treatment, with praopidiiodide (Pl) as a dead cell
counterstain. 10 nM siRNA as a final concentrai®the minimum concentration that is
able to induce knockdowin vitro, and therefore served as a starting point for kdoan
assays (Invitrogen, 2007). Since C5.1 and C12.R the capability to escape from
endosomes upon internalisation, they become sexjadsinto vesicles following uptake,
thereby limiting the amount of sSiRNA cargo thatlemded onto the RNAi machinery
(Geoghegaret al, 2012). To enhance endosomal escape, cells weaieett with 50 uM
chloroquine in complete growth media following tsdaction, according to the method
from Geoghegaet al. (2012). Lipofectamine RNAiMax was used as a pesitiontrol in
order to assess the efficiency of knockdown usimg s8iRNA concentration. Flow
cytometry analysis on 1xiHEK293-dEGFP cells in the presence of PI, showed t
C5.1-siRNA failed to induce GFP expression knockdoactually increasing dEGFP
expression levels (%). No knockdown was observeth WiNAiMax-transfected siRNA
(Fig. 4.11). Interestingly, C12.2-siRNA producednadest GFP expression knockdown,
whereas siRNA only treatment decreased the leveldEGFP expression by20%.
Although live cells, that have taken up Pl at adej0?, were gated, the cytotoxic or non-

specific results of this analysis cannot be exdluctempletely.
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Figure 4.11 dEGFP expression analysis following treatment witi0 nM siRNA
complexed with C5.1 or C12.2 for 48 hoursCells were treated with either C5.1 or C12.2
complexed with 10 nM GFP-specific siRNA at 50:1 aralatios. 1x1OHEK293-dEGFP
cells were analysed for GFP fluorescence by flotemmetry in the presence of propidium
iodide. Mean values for each treatment were nosedlagainst the mock-treated
HEK293-dEGFP control and expressed as a %. Ermsrriegresent £SD, n=3. Statistical
analysis was done by 1-way Anova, followed by Duisngost-hoc test against the sSiRNA
control. *P<0.05, **P<0.01.

None of the Lipofectamine-siRNA or protein-siRNA&d&tments, mediated any statistically
significant knockdown. This indicated that the sikMoncentration was insufficient for
the number of cells seeded. The assay was theredpeated with 100 nM siRNA. To
limit potential cytotoxicity elicited by a high sNBA concentration, protein-siRNA

transductions were assessed 24 hours followingntesa, rather than after 48.

A population sample of 1xf@ells was analysed by flow cytometry with a FITCHRer.

Untreated HEK293 cells were used to normalise agaanitofluorescence (FITC lag
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<10%): this cell population was excluded from furtheabysis. Cells were stained with 0.5
mg/ml PI with a logo value of>10° were also gated and excluded from analysis (R1),
therefore only live, highly expressing (FITC lggl0®) were considered when assessing
for knockdown efficiency (R3) (Fig. 4.13). Mock-ated HEK293-dEGFP cells were used
as the normalisation control.€ set to 100%). All sample % histogram values were
averaged and normalised against the untreatedotomtvo distinct subpopulations exist
within the HEK293-dEGFP reporter cell line analysaithough the selection marker G418
was used at very high concentrations (1.8mg/mgnsure high stable plasmid expression
(FITC logig>10%. This is a normal distribution of fluorescencehii a polyclonal stable
cell line; a subpopulation has lost the dEGFP piddnut is still resistant to G418 and

another is expressing the pd1-EGFP-N1 plasmidgdt levels.

As expected, mock-treated HEK293 cells showed mahifluorescence, whilst the cell
population transfected with Lipofectamine RNAiMaxosved a 40% decrease in dEGFP
expression after 24 hours. C5.1-siRNA and C5.1rsblad siRNA control failed to induce
any dEGFP knockdown. Interestingly, C12.2-siRNAatneent showed a marked decrease
(= 60%) in dEGFP expression — although treatment sattambled, non-specific SIRNA
also showed a comparable decrease. siRNA-onlyntezdtin the absence of protein or
transfection agent elicited a modest, yet signifiq20%) decrease in dEGFP expression,
which was unexpected, as negatively charged siRNkecales are usually excluded from
cells by virtue of the negatively charged membrhiayer (Fig.4.13). This observation
cannot be attributed to cytotoxic effects sincéscekpressing Pl &t log 1¢ values (and

were therefore considered dead), were omitted frother analysis.

Live (Fig. 4.12 A, R1), highly expressing cells wegated (Fig. 4.12 A, R3) and used to

normalize cell populations prior to univariate as& of overlaid treatment averages (Fig.
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4.12 B). A decrease in dEGFP expression is shows stsift in fluorescence, and was
observed for cells treated with C12.2-siRNA (yelljpW£12.2-scrambled siRNA control
(pink) and lipofectamine-siRNA (green), in comparisto expression profiles observed

with the mock-treated control (red), C5.1-siRNAuU@l and siRNA only (black).
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Figure 4.12 FACS analysis of a HEK293-dEGFP cell line followingreatment with
protein-siRNA complexes for 24 hours. AHistogram analysis of HEK293-dEGFP cells
showing the gated subpopulations of the cells ga@EGFP knockdown analysis. R1
(left panel): Live cell subpopulation of untreatdBK293-dEGFP cells (Pl lags10%). R3
(right panel): Highly expressing, live, untreateBKkR93-dEGFP subpopulation after
superimposition of the R1 gat®. Univariate analysis showing overlaid histograms
indicative of GFP knockdown. FL1: Fluorescence clefFITC). n=3. Subpopulations
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showing a decrease in dEGFP expression are shdftedsto the left; the highly
expressing HEK293-dEGFP population is shown onitite of the FL1 channel axis.
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Figure 4.13 dEGFP expression analysis following treatment witii00 nM siRNA
complexed with C5.1 or C12.2 for 24 hourXells were treated with either C5.1 or C12.2
complexed with 100 nM GFP-specific siRNA at 50:1langatios. 1x1OHEK293-dEGFP
cells were analysed by flow cytometry in the pregeof propidium iodide. Mean values
for each treatment were normalised against the rreekted HEK293-dEGFP control and
expressed as a %. Error bars represent £SD, nafisti®fal analysis was done by 1-way
Anova, followed by Dunnet’s HSD test against tHeNA control. *P<0.05, **P<0.01.
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4.2.2.6 Protein —induced morphology changes in HepG2 cells

Potential effects on the morphology of HepG2 celtse briefly assessed prior to proof-of-
principle experiments with protein-siRNA PTP1B kkdown. One of the intracellular

targets for siRNA-induced knockdown in this studgisathe protein tyrosine phosphatase
1B (PTP1B) protein, which is endogenously expressddepG2 cells and is a therapeutic

target for type 2 diabetes (T2D).

Lipofectamine RNAiMax and mock-treated HepG2 cellsre used as controls. The
SiRNA duplex used corresponded to a 21-23nt segquémcthe PTPN1 gene, which
encodes for PTP1B (Life Technologies). Protein-séRddmplexes were formed with 25
nM siRNA at a 1:50 molar ratio to proteins (Figl4). Cells were treated for 5 hours at
37°C in low-serum media and incubated for 72 hddohnsonet al, 2010, Luet al,
2008). Cell morphology was assessed by phase-sbmtriaroscopy, following treatment
Interestingly, C11.2-siRNA and C12.2-siRNA induaedrked morphological changes in
HepG2 cells, causing a shift from the typical egliti phenotype associated with
hepatocellular carcinoma cell lines, to a fibrobtasone, generally associated with
connective tissue. Morphological changes were Msits elongated, bipolar apices, rather

than the regular polygonal structures that HepGi2 adopt.

C5.1-siRNA, C13.2-siRNA and Lipofectamine RNAIMAXRNA complexes did not

cause any morphological or colony structure changesipared to the mock-treated
control. None of the proteins appeared to indudetoyicity at the molar concentration
tested with the siRNA (1.25 uM). These preliminagyalitative results did not include

siRNA-only and protein-only treatments, which wouleed to be included in subsequent
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assays in order to assess whether morphologicalgelsawere induced by the protein-

SsiRNA complexes, or the protein itself.
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Figure 4.14 Phase-contrast microscopy of HepG2 cells transduceudth 25 nM PTPN1 siRNA complexed with proteins at 50:1 molar
ratio for 72 hours. Cells were incubated with protein-siRNA complexes hours before media were changes and inculbat@’C for 72

hours before analysis by phase-contrast microséomws represent apical structure formation induleggbrotein treatment. Mock-treated
control, Optimem only.
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4.2.2.7 Protein-siRNA assessment of PTP1B knockdown

C5.1, C11.2, C12.2 and C13.2 fusion proteins hehlpreviously complexed with 25 nM
PTPN1 siRNA and incubated HepG2 cells, with C1IRN& and C12.2-siRNA had
induced morphological changes in HepG2 cells. I$ wi@l unknown, though, whether a)
these complexes had indeed transduced the cellsbamwdhether complexed PTPN1-
specific siRNA had induced a transient knockdowrthia expression levels of protein
tyrosine phosphatase 1B (PTP1B). Since HepG2 emdogéy expresses PTP1B,
knockdown assays were performed, and protein levele assessed by immunoblotting
with a PTPN1-specific antibody (Fig. 4.15 A and Bjestern blotting with an anti-PTP1B
antibody (BD Biosciences, Oxford, UK) establisheatitzody specificity at a 1:2500
dilution and 10 pg as the minimum amount of cruydate protein resolved (Fig. 4.15 A).
Preliminary transfections using lipofectamine ana tSIRNA oligonucleotide sequences
(VHS204190 and VHS204191) (Methods), correspondinthe PTPN1 gene, showed a
dose-dependent PTP1B knockdown effect with 1Gartb50 nM siRNA at 72 hours post-
transfection (Fig 4.15 B). The minimum effectivencentration required to induce
complete PTP1B expression knockdown for both siRNéquences was 25 nM.
Lipofectamine-transfected siRNA induced a complateckdown of PTP1B expression
(Fig. 4.16, lane A) By contrast, none of the fusprateins complexed with 25 nM siRNA
induced any detectable protein expression knockdawms0:1 molar ratios 72 hours post-
transduction, even when 15 pg crude protein lysateples were loaded (Fig. 4.16, Lanes

B-I).
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Figure 4.15 HepG2 cell lysate immunoblot analysis with am-PTP1B antibody. A.
Lysate amount optimization from untreated HepG&del detection by immunoblotting.
B. PTP1B knockdown efficiency analysis following tséection with lipofectamine
RNAiMax and two anti-PTPN1 siRNAs at various matancentrations. Top panel,
SiRNA oligo 1 (VHS204190); lower panel, siRNA oli@aqVHS204191)B-Actin was
used as a loading control. 15 pg protein loaded®IBT 50 kDag-Actin, 42 kDa.
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Figure 4.16 Immunoblot analysis on HepG2 cell lysates following TP1B
knockdown for 72 hours.A. Lipofectamine RNAiMax-siRNA; B. Lipofectamine
RNAiMax-scrambled control SiRNA; C. C5.1-siRNA; B12.2-siRNA; E. C11.2-siRNA,;
F. C13.2-siRNA; G. C9.2-siRNA; H. C10.2-siRNA andUntransfected controp-Actin
was used as a loading control. 15 pg protein load&&1B, 50 kDaB3-Actin, 42 kDa.
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4.3 Discussion

In this chapter, we aimed to purify and characgerescombinant proteins that contain the
entire dsRNA binding domain (DRBMx2) from human PKRg. 4.1), with the aim of
assessing their siRNA binding efficiency by eleptroretic mobility shift assays; their
ability to deliver GFP-specific SiRNA to a dEGFPpeassing HEK293 reporter cell line;
potential cytotoxicity by the MTT assay, and fiyalkhe proteins’ potential to induce

PTP1B expression knockdown, evident at the prdésiel, by immunoblotting.

Previous research from Geoghegaral, had purified Tat-DRBMx2 (C11.2), Penetratin-
DRBMx2 (C12.2) and DRBMx2 (C13.2) under denaturiognditions from bacterial
cultures by low pressure chromatography. Purifticatind refolding were done on-column,
and proteins were eluted, concentrated and buftehanged into PBS/10% glycerol
(Geoghegaret al, 2012). The approach used in this project, inedlpurification under
denaturing conditions and sequential dialysis toldeproteins into their native state.
Buffer-exchange to remove Gions and imidazole, resulted to the near-comptete of
C11.2 (final molar concentration = 3.¢8M). This protein was thereby excluded from
these analyses. To eliminate the possibility thetoirectly folded protein had been
purified, each step of the dialysis process watovi@d by a centrifugation step that
eliminated aggregated protein as a precipitaterelised precipitation with each dialysis
step was observed for all proteins, even with thditeon of 10% glycerol as an excipient,
(Arakawa and Timasheff, 1983, Arakawa and TimasHe&f84b, Arakawa and Timasheff,
1984a, Arakawat al, 2007, Frokjaer and Otzen, 2005, Gerlsma, 196@edhseret al,
2009, Taneja and Ahmad, 1994). Although the proadsdialysis is effective in the
elimination of unwanted ions from the final buffermulation, it appears to leave innately

unstable proteins, such as C11.2 susceptible tadatjon due to exogenous factors, such
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as variations in temperature during handling, alwv sbuffer exchange kinetics. An
alternative purification strategy, such as an isohange column, may have eliminated

stability-dependent aggregation.

EMSA assays with C12.2 and C13.2 yielded effeci®NA complex formation at low
molar ratios with little or no aggregation, in caanigon to C5.1. Initial EMSA assays with
fluorescent siRNA and no EtBr staining were unsaesfid, subsequent experiments
utilised an unconjugated siRNA oligonucleotide (h=R would be expected that both
C12.2 and C13.2, since they contain the same dsBhd#ing domains, would bind siRNA
with the same efficiency. SIRNA binding by C12.2Idied a complete shift at a 10:1 molar
ratio, whereas C13.2 showed a complete shift atla Ehis finding contradicts the 2:1
molar ratio observed by Geoghegatral. (2012). Since the methodology adopted was the
same, this discrepancy could be attributed to sirakt differences between the siRNA
molecules used due to the different stabilising ifications; in our case, a 25-mer siRNA
with no overhangs was used, with other propriet@yse strand modifications, whereas
the study by Geoghega al utilised 21-mer siRNAs. Although the sequence tlerig not
expected to affect binding efficiency (Bycreft al, 1995, Kharraet al, 1995, Ryter and
Schultz, 1998), (Dzananovet al, 2013), these discrepancies may be attributedetdaick

of 2’-OH overhangs, or other proprietary modificais in the siRNA used. Indeed, crystal
structure studies on the highly conserved DRBD fd¢emopus laevisshowed that RNA-
protein interactions occur through hydrogen bondmwith 2’-OH groups present in the
minor groove, in A-form dsRNA (Ryter and Schult®98). A non-equivalence of dsRNA
binding by the DRBMx2 occurs with nucleoside madhtions or the incorporation of

stabilising G-U wobble pairs (Nallagat& al, 2008, Nallagatla and Bevilacqua, 2008),
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that ultimately change the overall structure of &&rm helix (Masquida and Westhof,

2000, Weeks and Crothers, 1993).

MTT assay results pointed towards dose-dependewelsas cell-line specific effects of
unconjugated proteins on cell viability. In HEK268lls, relative cytotoxicities at 38V
were highest for C11.2 and C13.2, with C5.1 and .Ediciting the lowest (n=3).
Alhough C11.2 also showed the greatest effects et wdability at the 3.3uM
concentration in HepG2 cells, statistical analysfsthese assays (n=9) showed no
significance at p-value®.05 (Appendix 11.2), indicating that there is normelation

between our concentration range and mitochondetality in this cell line.

By comparison, pair-wise comparisons between Caad2C13.2, or between proteins and
concentrations in HEK293 cells were significanpg0.05, indicating that cytotoxicity is
indeed dose-dependent, at least for these twoipsot€ell viability differences between
C5.1 and C12.2, were not statistically significéyppendix 11.2). The observation of cell
line-specific effects on cell viability is consiatewith previous research with Penetratin by
Sugitaet al, 2008. Their group had observed Penetratin-indaegsatoxicity in HelLa, but
not HaCat and A431 cells at concentratiath®0 uM, with negligible cytotoxicities below
that concentration (Sugit al, 2008), with negligible cytotoxicity at 50 uM wabserved

in CHO cells (EI-Andaloussat al, 2007a). Our results obtained from HEK293 celbgiss
point towards dose-dependent cytotoxicity at a mlamker concentration range than
previously tested (El-Andalousst al, 2007a, Muelleet al, 2008, Sugitat al, 2008). It

is still unknown why mitochondrial activity is affeed by various concentrations of
proteins, although overestimations of mitochondigativity (and by extension, cell
numbers), are a common limitation of this assayrgyvet al, 2010). Also unknown are
the causes behind cell line susceptibilities. Ituldobe interesting to replicate these
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findings using another colorimetric assay, suchthesWST-8 assay. The WST-8 assay
involves the extracellular, rather than intraceliuteduction of water-soluble tetrazolium
salts, and thus does not require the solubilisatiep with DMSO, minimizes cytotoxicity,
can be colorimetrically assayed and provides beiteuracy with regards to cell viability
(Berridge et al, 2005). Moreover, our observations reinforce tlodiom that cell-type
specific effects should be considered when preparprotein-based therapeutic

formulations.

Morphology-specific effects, especially with nonvatently conjugated siRNA cargo,
have not been previously reported for HepG2 ceélexe, we have shown that a 72-hour
incubation of HepG2 cells with C11.2 and C12.2 clax@d with 25 nM siRNA elicit
distinct morphological changes in HepG2 cells, Wwhigere not observed by similar
treatment with Lipofectamine-siRNA, C13.3-siRNA®B.1-siRNA. Again, it is unclear as
to why Tat-DRBMx2 (C11.2) and Pen-DRBMx2 (C12.2yut mot DRBMx2 (C13.2) or
AntpHD-DRBMx2 (C5.1), have caused these changesh Pooteins appear to shift the
morphology of epithelial HepG2 cells from a wellfided, cubical morphology, to a more
fibroblastic one with apical structures extendimga bipolar manner. Assuming that
complexes are indeed taken up by the cells, it dvdod interesting to assess potential
changes on the actin cytoskeleton by phalloidimstg. Holm et al (2011) investigated
the effects of 2QuM fluorescently labelled Penetratin and its retreerso (RI) enantiomer
with the same amino acid sequence in an epithelaahmary gland adenocarcinoma cell
line (MDA-MB-231) (Holmet al, 2011). Although Penetratin did not elicit any ges to
the arrangement of the actin cytoskeleton, RI-Ratietcaused drastic changes in the
adhesive actin bundles, producing a similar phepetp the HepG2 cells treated with

C11.2 and C12.2. Absence of morphological chang@slupofectamine-siRNA treatment
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signify that siRNA is not the causative agent, hesvein the absence of a siRNA-only and
protein-only controls, these qualitative resulta caly be construed as preliminary and in

need of further investigation.

Localisation assays in live HepG2 cells with a W@#Red counterstain showed enhanced
intracellular localisation of C12.2-fluorescent KR complexes, compared to C5.1-
fluorescent siRNA and lipofectamine-transfectedsc@lhe punctate distribution observed
is consistent with previous work with unconjugatehetratin in HEK293, HeLa, MDCK
and Cos-7 cells (Muelleet al, 2008), presumably by associating with heparafasul
proteoglycans on the cell surface (Consalaal, 2003, Martyet al, 2004, Tyagiet al,
2001). Since these are qualitative results, thesthaction efficiency cannot be quantified,
and may be attributed to an enhanced complex fasmafficiency of the DRBMx2 in
C12.2 compared to the DRBML1 in C5.1, consistent wiiservations by Geoghegenal.

(2012). An alternative explanation would be duéhlack of co-purified nucleic acids.

Since C5.1 was able to transduce siRNA intracellyldhis indicates that the protein is
still able to bind siRNA, and transduce it intolsetonsistent with observation by Eguchi
et al albeit with lower affinity than intact DRBMx2 (B12). This observation could be
explained by the mode of dsRNA binding by PKR; aliph DRBM1 can effectively bind

dsRNA, DRBM2 is required to stabilise the overalinplex (Dabo and Meurs, 2012).

To quantify C5.1 and C12.2-mediated siRNA transducta dEGFP-expressing HEK293
reporter cell line was developed from a polyclorallture transformed with the
destabilised variant of GFP froAquirea victoria Stable clones were selected with a high
dose of geneticin (G418), due to the generatiameikill-curve after plasmid transfection,

and not before. However, fluorescence-activated s@iting (FACS) of stable clones
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revealed two distinct sub-populations, with the angy of cells showing stable plasmid
integration, suitable for further assays. The dgbeacentage of cells expressing dEGFP at
high levels (FITC log<10°) may be attributed to the expression of many pidsropies
within each cell. Decreasing the maintenance ddosited GFP expression levels and
decreased the number of highly expressing clonesth& attempts to increase the
proportion of highly expressing cells by increasihg antibiotic concentration did not
change the expression profile, with a large nundfecells (67%) still showing stable

plasmid integration.

Eguchi et al (2009) had reported robust dGFP expression knagkdn a lung
adenocarcinoma reporter cell line (H1299-dGFP/d3Reidh PTD-DRBD following
treatment for 24 hours, that was sustained aftehal8s. Treatment of HEK293-dEGFP
cells with either C5.1 or C12.2-siRNA at a finaRBIA concentration of 10 nM did not
elicit any effects on dEGFP expression; neither lgidfectamine-transfected SiRNA,
which indicated that the siRNA concentration wasuificient to induce knockdown.
Considering previous observations of C5.1 aggraegati.e. associating with, but not
entering the cell) at the plasma membrane of fidedG2 cells, and the work of Mueller et
al, (2008), who reported that fewer than 10% of €HP general are effectively
internalised, the possibility that an insufficiemtmber of protein-siRNA complexes were
successfully internalised remains. Since C12.2 ¢Began et al, 2012) and C5.1 lack the
ability escape from endosomes upon internalisat@mjncubation step for 24 hours in
complete GM supplemented with 50 uM chloroquin&nawn endosomolytic agent, was
performed (Geoghegaat al, 2012). In following assays (n=3), the final contcation of
siRNA was subsequently increased to 100 nM and Kkdmen was assessed after 24,

rather than 48 hours. Non-covalent complexes wit2.2-siRNA were able to decrease
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dEGFP expression significantly, which indicated t@mplexes were transduced into cells
and siRNA was able to induce RNAI. However, the sashservations occurred with the
non-specific scrambled control, which was unexmkcide possibility that a non-specific
decrease in dEGFP expression is caused by a dedreasmble cell numbers was taken
into consideration by staining cells with P1 (0.5/ml) prior to analysis and gating cells
that had appeared to be alive. However, furthekviomneeded to assess any non-specific

knockdown effects that may be caused by the scedrdmntrol siRNA.

C5.1-siRNA on the other hand, failed to mediatg d@BGFP knockdown, indicating that
the DRBML1 does not bind the siRNA sufficiently, sstent with previous observations
from EMSA assays. In contrast, Equdi al, had reported robust and specific reporter
gene knockdown with the PTD-DRBM1 protein non-cewdlly loaded with siRNA,; their
results however, were obtained with 400 nM siRNAor&bver, their observations were
attributed to non-specific interactions with the feieties within the protein, which aided
siRNA complex formation (Calnaat al, 1991, Geoghegaet al, 2012, Mujeebet al,

1994).

As a proof-of-concept experiment aimed to validatieether any of the recombinant
proteins were able to knockdown the expression T®IB in HepG2 cells, all purified
proteins were complexed with 25 nM siRNA and usedréat cells for 72 hours. This
RNA concentration was optimised with lipofectamirensfections (n=2), with evidence at
the protein level assessed by western blot. Otpgémdsation assays on untreated whole
cell lysates with an anti-PTP1B antibody identifis@lpig as the minimum amount of crude
lysate protein resolved by immunoblotting. Wholell clysate analysis following
knockdown was therefore done with 15ug crude pmotApart from the lipofectamine-

treated control, none of the recombinant protelRNg\ complexes induced knockdown. It
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would be interesting to investigate potential chenm putative primary mRNA transcript
levels instead, by RT-PCR (Reverse TranscriptioflyrRerase Chain Reaction), which

would provide more accurate information as to tfiieiency of these proteins to mediate

RNAI.
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Chapter 5. Conclusions and future

directions
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RNAI-based therapies have the potential to revohitie personal medicine by specifically
targeting aberrant gene expression - the causecofraicopia of chronic, debilitating and
fatal diseases. In theory, RNAI based therapiagetgorimary mRNA transcripts before
they are translated into aberrant or misfoldedgingtin a potent, specific, universal and
non-cytotoxic manner, as opposed to small moleciébitors (SMocs) that target the
protein product from affected DNA following trangaion and translation from its

putative mRNA (Fig. 5.1).
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Figure 5.1  Modes of action of the attenuation of protein actiity. A. Translation
inhibition by siRNA-mediated RNAIB. Inhibition of protein activity by small molecule
inhibitors (SMocs). Adapted from Weissal. (2007).

An important issue for the development of theseathies lies in their delivery; as Meade
and Dowdy wrote, ‘delivery of nucleic acid therapie the 800-pound gorilla in the room’
(Meade and Dowdy, 2009). Current nanoparticle-basteategies that include cationic
motifs, whether these are polymers, peptides asbmal formulations, aim to increaise

vivo circulation time, reduce renal clearance and avbel stimulation of the interferon
response (de Fougerolles al, 2007, Vaishnavet al, 2010). The most commonly used

approach thus far was the covalent conjugation &twcarrier and cargo, however the
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large anionic charge of the siRNA backbone is arnlen# non-covalent approaches

which may be able to release cargo intracellulaggn internalisation.

In light of recent developments in the non-covaléglivery of siRNA by incorporating a
dsRNA binding domain sequence with a cell-penetgagieptide (CPP, in this instance the
HIV-Tat protein) (Eguchet al, 2009), that exhibited potent and specific geneckdown

in a number of cell lines, we set out to investgawvhether the Antennapedia
homeodomain, a transduction domain part of a machelt protein complex fronD.
melanogastercould potentially be an efficacious siRNA deliyerector. To aid complex
formation with siRNA, we recombinantly expressed #hntpHD, as well as Penetratin,
with a dsRNA binding domain from human PKR — atsigg which has proved highly
effective in inducing potent and specific gene Kkamwvn in recent studies by Egudtial.

(2009) and Geoghegant al. (2012).

The development of peptide-based delivery vectorsy seem ideal in theory — after all,
cell penetrating peptides, or transduction domdiase been well documented in the last
20 years and indeed pose a beautiful alternativeired vectors and toxic liposomal
formulations. They are small (15-30 kDa) in sizes able to traverse the cell membrane
with generally negligent cytotoxicity, and theirnggally cationic charge allows for the
attachment of anionic cargo. In practice, their ile®’ heel lies in a formulation that
keeps the protein both stable and active followangfication from a heterologous system.
Other potential issues include endosomal entrapnf@idwing internalisation, serum
instability of SIRNA cargo, and degradation upostsynic administration (Goodirgt al,

2012).
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In the context of SIRNA delivery, proteins to beedsas vectors ought to be devoid of any
nucleic acid contamination during purification, e properly folded and retain their
biological activity; thus purified through an optsed strategy, and finally be stable in a
formulation that will allow complex formation witsiRNA. Lastly, they should be able to
bind their cargo with high affinity, transduce iitracellularly and release it into the

cytoplasm upon protein-cargo-induced release frodosomal vesicles.

We have designed various DRBM1 or DRBMx2-basedofugiroteins with various cell
penetrating moieties, cloned them, and by studhioghemical parameters such as their
molecular weight, pl and primary structure, we haueified them under both native and
denaturing conditions from a bacterial cell syst@nsuitable buffers for their isolation.
Although similar with respect to their lengths, @ed overall charge, there was no
universality in the purification process. Indeethnfi our observations using two well-
characterised affinity tags (the poly(His) and G$#igs), differences in levels of
expression, solubility, stability and final yieldere immense. Aggregation was by far the
most common problem encountered, with yield logkas prevented some proteins, such
as the Pen-DRBMx1 (C6.1 and C6.1-myc), EB1-DRBM&Z.Q, C9.2), DRBMx2-EB1
(C8.2, C10.2) and Tat-DRBM1 (C11.2), from beinglased for further analysis. Indeed,
the optimisation of critical parameters (such dtuce temperature, IPTG concentration for
induction, expression time, media choice and theiceh of purification strategy) is
necessary for streamlined protein production. Sphidse synthesis is at the moment,
prohibitive to large-scale protein production, doeosts. Time and money permitting, the
purification strategies adopted in this project Widuave been further optimised to include
a wider variety of purification methods, such as exchange chromatography, the use of

DNA-binding protein affinity chromatography, a widehoice of buffer pH and the
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development of an efficient refolding strategy thahimized aggregation and allowed for
the isolation of increased vyields of properly falderotein. Although care was taken to
address the innate instability of our proteins withffers of high ionic strength and
stabilising excipients (Frokjaer and Otzen, 200&rgdnsenet al, 2009, Wang, 2005),

further work is needed in order to successfullyegate a comprehensive purification
strategy, as critical parameters need to be adeltems a case-by-case basis (Arakava

al., 2007). Further purification steps may include exthange chromatography via fast
protein exclusion chromatography (HPLC) to remowmg Bound nucleic acid, as well as
size exclusion chromatography to remove smalletactomating protein species from the

final purified product.

Results obtained with the Antennapedia homeodorasian siRNA carrier in this thesis
highlighted the biological activity of the AntpHDsa DNA binding protein by nature
(Muller et al, 1988). This conclusion was drawn upon evaluatibthe C5.1 construct
binding with siRNA yet co-purifying with endogenod®NA. This was an important
observation that limited its use as a siRNA carinethis project and one which should be
addressed with DNAse digestion during future peatfons. Immunofluorescence and
live cell localization assays did confirm its tsalicing abilities in both cell lines tested,
however, its inefficient SiRNA complex formation desmonstrated by EMSA assays, and
the failure to induce any RNAIi-induced knockdownour reporter cell line, signified that
this particular fusion protein is not an effectidelivery vector. It would have been
interesting to investigate the outcomes of thesayasfollowing DNA-free purification of
these constructs. Endosomal entrapment upon cell eould be attributed to the lack of
endosomolytic histidines within primary amino asefjuence of C5.1 and C5.1-myc. This

could be addressed by incorporating a pH-sensltinker that improves the chances of
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successful release of the protein and its cargm femdosomes upon internalisation, as
demonstrated by Juret al. (2010) and Chest al. (2010). Fusion proteins containing the
EB1 peptide sequence were designed to addressdte of endosomolytic entrapment;
although these proteins were successfully isolatieely were subsequently lost during
refolding by dialysis. With respect to these d¢aomds, an optimised refolding strategy
that limits yield losses during the last stageseadblding and storage may be beneficial,
alternatives to sequential dialysis, as outlinedCimapter 3, may have allowed further

evaluation of these fusion proteins.

It would have been interesting to compare the siRiN#ding efficiency of these proteins
in comparison to the EB1 construct by Lundbetgal. (2007); the incorporation of the
entire DRBD may have increased the siRNA-bindingatdities, while the EB1 moiety

would have addressed the issue of endosomal seafimst

Our results with fusion proteins C5.1 (AntpHD-DRBMT11.2 (Tat-DRBMx2), C12.2
(Penetratin-DRBMx2) and C13.2 (DRBMx2) further rfeirced the notion of cell-type
specific cytotoxicity for all the proteins testemlthough C12.2 elicited significantly less
cytotoxicity than C11.2 in both cell lines. Moreoythe successful delivery of siRNA and
the induction of statistically significant GFP egpsion knockdown by C12.2 in a reporter
cell line, leaving the prospect of further devetgpPenetratin-based, rather than Tat-based

recombinant proteins, open to further investigation

C11.2-siRNA and C12.2-siRNA induced morphologicélamges in HepG2 cells, an
observation previously unreported. Further workesessary to understand the molecular
mechanisms behind the morphological changes olbdemnweHepG2 cells following

treatment with C11.2 and C12.2, as our results wahg preliminary and addressed only
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phenotypic changes. Are they signs of toxicity?hks cellular phenotype associated with
pre-apoptotic or pro-proliferative pathways? It leen shown that the AntpHD induces
neuronal differentiation (Cosgayet al, 1998, Joliotet al, 1991a), but its effects in

adherent cell lines are still unknown. Does uptiakenammalian cells induce any changes
in endogenous gene expression? These are intgrgst@stions that need to be answered if

further development of these peptides is to beyadts
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Chapter 6. Materials and Methods
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6.1 Materials

6.1.1 Bacterial Strains

Table 6.1 E.coli strains and associated genotypes
Strain Genotype Source
XL1-Blue recAl, endAl, gyrA96, thi-1, hsdR17 Stratagene (A.
supE44, relAl, lac [F proAB laclgZAMI15 Markiv, U. of
Tn10 (Teb)] Westminster)
BL21(DE3)pRARE OmpT lon, F dcm ompT hsdS§r mg ™)  SGC, Oxford
gal\(DE3)
6.1.2 Plasmids
Table 6.2 Plasmid vectors and inserts
Name Vector Insert Affinity  Cloning Proteolytic
Tag sites enzyme-
Tag removal
Cl.1 pET32-a AntpHD-DRBM1 His;g Ncol/Xhol Factor X
Cc2.1 pET32-a Pen-DRBM1 His Ncol/Xhol Factor X
C3.1 pET32-a AntpHD-DRBM1 Hisg Ndel/Xhol TEV
C4.1 pET32-a Pen-DRBM1 His Ndel/Xhol TEV
C5.1 pGEX-6P-2 AntpHD-DRBM1 GST BamHI/Xhol Prescission
protease
C6.1 pGEX-6P-2 Pen-DRBM1 GST BamHI/Xhol Prescission
protease
C5.1- pGEX-6P-2  AntpHD- GST BamHI/Xhol Prescission
myc DRBM1-myc protease
C6.1- pGEX-6P-2 Pen-DRBM1- GST BamHI/Xhol Prescission
myc myc protease
C7.2 pGEX-6P-2 EB1-DRBMx2 GST BamHI/Xhol Prescission
protease
C8.2 pGEX-6P-2 DRBMx2-EB1 GST BamHI/Xhol Prescission
protease
Ca.2 pET32-a EB1-DRBMx2 His Ndel/Xhol -

C10.2 pET32-a DRBMx2-EB1 His Ndel/Xhol
C11.2 pET11-d Tat-DRBMx2 His -
Cl2.2 pET11-d Pen-DRBMx2 His -
C13.2 pET11-d DRBMx2 His -
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6.1.3 Cloning primers

Table 6.3 Primer list for PCR amplification of constructs C1.1-C6.1
Construct  Primers Forward primer Reverse primer sequence
(F&R) sequence (55 3") (5" -3)
Cl.1 TR7.1 GATCCCATGGGCCGC GATCCTCGAGCTACGCTTTTT
TR7.2 AAACGG TGTTCAGAATTTCCACG
C2.1 TR7.3 GATCCATGGGCCGCC GATCCTCGAGCTACGCTTTTT
TR7.4 AGATTAAAATTTGGT TGTTCAGAATTTCC
TTC
C3.1 TR7.5 GATCCATATGGGCCG GATCCTCGAGGGATTGGAAGT
TR7.6 CAAACGCGG ACAGGTTCTCGGTCGCTTTTT
TGTTCAGAATTTCC
C4.1 TR7.7 GATCCATATGCGCCA GATCCTCGAGGGATTGGAAGT
TR7.6 GATTAAAATTTGGTT ACAGGTTCTCGGTCGCTTTTT
TC TGTTCAGAATTTCC
C5.1 TR7.8 GATCGGATCCGGCC GATCCTCGAGTCAACTAACTG
5&6 R GCAAACGCGG CCTTCTTTTCCTTCAGAATTTC
CACCGCCAGTTTCG
C6.1 TR7.10 GATCGGATCCCGCCA GATCCTCGAGTCAACTAACTG
5&6 R GATTAAAATTTGGTT CCTTCTTTTCCTTCAGAATTTC
TC CACCGCCAGTTTCG
C5.1-myc TR7.8 GATCGGATCCGGCC GATCCTCGAGTCAATTCAGAT
5&6_myc GCAAACGCGG CCTCTTCTGAGATGAGTTTTT
GTTCACTAACTGCCTTCTTTTC
CTTCAGAATTTCCACCGCCAG
TTTCG
C6.1-myc TR7.10 GATCGGATCCCGCCA GATCCTCGAGTCAATTCAGAT
5&6_myc GATTAAAATTTGGTT CCTCTTCTGAGATGAGTTTTT
TC GTTCACTAACTGCCTTCTTTTC
CTTCAGAATTTCCACCGCCAG
TTTCG
Table 6.4 Primer list for PCR amplification of constructs C7.2-C10.2
Construct  Forward primer sequence Reverse primer sequence
(5'-3) (5'-3)
C7.2 GATCCATATGCTGATTCG GATCCTCGAGGTCAGATTTCACTGA
CCTGTGGAGC GGTTTCTTCT
Cc8.2 GATCCATATGGCTGGTGA GATCCTCGAGTTTTTTTTCCATTTCA
TCTTTCAGCAGG GGCG
C9.2 GATCCATATGCTGATTCG GATCCTCGAGGTCAGATTTCACTGA
CCTGTGGAGC GGTTTCTTCT
C10.2 GATCCATATGGCTGGTGA GATCCTCGAGTTTTTTTTCCATTTCA
TCTTTCAGCAGG GGCG
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6.1.4 Sequencing primers

Table 6.5 Sequencing primer list

Construct Primer Primer sequence (55 3)

Cl.1 T7minusl AATACGACTCACTATAGGG

C2.1 T7minusl AATACGACTCACTATAGGG

C3.1 T7minusl AATACGACTCACTATAGGG

C4.1 T7minusl AATACGACTCACTATAGGG

C5.1 pGEX5-FP AACGTATTGAAGCTATCCC

C6.1 pGEX5-FP AACGTATTGAAGCTATCCC

C5.1-myc 586 GATCGGATCCGGCCGCAAACGCGGGATCCTCG

myc AGTCAATTCAGATCCTCTTCTGAGATGAGTTTTT

GTTCACTAACTGCCTTCTTTTCCTTCAGAATTTC
CACCGCCAGTTTCG

C6.1-myc 586 GATCGGATCCCGCCAGATTAAAATTTGGTTTCG

myc ATCCTCGAGTCAATTCAGATCCTCTTCTGAGAT

GAGTTTTTGTTCACTAACTGCCTTCTTTTCCTTC
AGAATTTCCACCGCCAGTTTCG

C7.2 T7minusl AATACGACTCACTATAGGG

C8.2 T7minusl AATACGACTCACTATAGGG

C9.2 pGEX5-FP AACGTATTGAAGCTATCCC

C10.2 pGEX5-FP AACGTATTGAAGCTATCCC

Cl11.2 pUC-FP GCCAGTGAATTCGAGCTCGG

Cl12.2 pUC-FP GCCAGTGAATTCGAGCTCGG

C13.2 pUC-FP GCCAGTGAATTCGAGCTCGG
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6.1.5 Protein purification buffers, media, solutions

6.1.5.1General Media and Antibiotics
XL1-Blue and BL21(DE3)pRare cells were grown iniauBertani broth: 1% (w/v)

Tryptone, 0.5% (w/v) NaCl, 0.5% (w/v) yeast extract

Table 6.6 Antibiotics used in bacterial cell cultures or in @ll culture

Name Stock concentration Working concentration  Source
(wiv)

Ampicillin 100 mg/ml 100ug/ml Sigma

Chloramphenicol 34 mg/mlin 80% EtOH 34 ug/ml Sigma

Kanamycin 10 mg/ml 10 pg/ml Sigma

Geneticin (G418) 50 mg/ml 0.4-2 mg/mi Sigma

Table 6.7 General buffers and solution$

Name Composition
10x SDS running buffer 250 mM Tris-base, 2.5 M glycine, 1% (w/v) SDS, in
ddHO, pH 8.3

Coomassie total protein stain 0.05% -0.1% (w/v) Coomassie Brilliant blue, 50%v{jv/
Methanol, 10% (v/v) Acetic acid in dgB

Destaining solution 7% (v/v) Acetic acid in ddkD

5x Transfer buffer 960 mM Glycine, 120 mM Tris-base in dgBi

1x Transfer buffer 20% (v/v) 5x Transfer buffer, 10% (v/v) Methanol
10x TBS 200 mM Tris-base 1.5 M NacCl, (pH 7.6) in dgM
TBS-T 10% (v/v) 10x TBS, 0.05% (v/v) Tween-20 in dgH

2 General molecular biology reagents were from FiStwentific (Loughborough, UK) unless otherwise
stated.
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Table 6.8 Reagents used in Polyacrylamide gel electrophoregiSDS-PAGE)

Reagent 12 % Resolving 15 % Resolving 4% Stacking gel
gel(x2) (ml) gel (x2) (ml) (x2) (ml)

ddH,O 4.9 4.15 3.6

1.5 M Tris-base pH 8.8 2.6 2.6 -

0.5 M Tris-base, pH 6.8 - - 0.625

10% (w/v) sodium dodecyl 0.1 0.1 0.05

sulfate

40% (w/v) Bis-Acrylamide 3.0 3.75 0.5

10% (v/v) ammonium 0.1 0.1 0.05

persulfate

TEMED 0.02 0.02 0.01

6.1.5.2Protein purification buffers

Table 6.9 Protein purification buffers used in IMAC under native conditions

Name Composition

His-Binding buffer 50 mM HEPES, 500 mM NacCl, 5 mM Imidazole, 5% (v/v)
Glycerol

His-Wash buffer 50 mM HEPES, 500 mM NacCl, 30 mM Imidazole, 5% (v/v)
Glycerol

His-Elution buffer 50 mM HEPES, 500 mM NacCl, 250 mM Imidazole, 5% Jv/v
Glycerol

Table 6.10 Protein purification buffers used in GST affinity chromatography

Name Composition

GST-Binding 50mM Tris-HCI, 500 mM NaCl, 10 mM DTT, 5% (v/v) Gigrol,

buffer pH 7.5

GST-Wash buffer  50mM Tris-HCI, 500 mM NacCl, 10 mM DTT, 5% (v/v) Gigrol,
pH 7.5

GST-Elution 50mM Tris-HCI, 500 mM NaCl, 10 mM DTT, 5% (v/v) Gigrol,

buffer 10 mM reduced glutathione pH 8.0,

GST-Equilibration  50mM Tris-HCI, 200 mM NaCl, 2 mM DTT, 5% (v/v) Glgool, pH
(cleavage) buffer 7.5

GST-Storage PBS, 10% (v/v) Glycerol, pH 7.4

buffer
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Table 6.11 Protein purification buffers used in IMAC under denaturing conditions

Name

Composition

His-Resuspension buffer

Additives (per 0.5L)

1.1x His-Guanidine
binding buffer

His-Wash buffer

His-Elution buffer
His-Refolding buffer

Storage buffer

50 mM sodium phosphate (pH 7.4)

1 tablet complete mini protease inhibitor (with&RTA),
1200 U benzonase, 30,000 U lysozyme, 2 mM MgClI

50 mM sodium phosphate, 550 mM NaCl, 22.2 mM
imidazole, 6.66 M Guanidine-HCI, 2 mptmercaptoethanol
(pH 7.4)

50 mM sodium phosphate, 550 mM NaCl, 22.2 mM
imidazole, 6.66 M Guanidine-HCI, 2 mptmercaptoethanol
(pH 7.4)

50 mM sodium phosphate, 500 mM NacCl, 150 mM
imidazole (pH 7.4)

50 mM sodium phosphate (pH 7.4), 500 mM NacCl, 20 mM
imidazole (pH 7.4)

25 mM Hepes, 150 mM NacCl, 10% glycerol (pH 7.4)
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6.2 Methods

6.2.1 Plasmids

The AntpHD-DRBML1 plasmid was obtained from Epoclodtiiences (Missouri City, TX,
USA). The pdl-deGFP-N1 plasmid was kindly provideg Drs Chang and Moore
(University of Pittsburgh). Modified pET32-a laclgithe thioredoxin (trx) tag was a kind
gift from Dr Markiv (University of Westminster). EBDRBMx2 and DRBMx2-EB1 were
from Genscript (Piscataway, NJ, USA). The Tat-DREMPen-DRBMx2 and DRBMx2

plasmids were a kind gift from Prof. Beverly (Unisity of lowa).

6.2.2 CompetentE. coli strain preparation

XL1-Blue and BL21(DE3)pRARE cells were grown in02tnl fresh LB broth inoculated
with 10 ml starter cultures in the absence of amiiiks at 37°C and 250 rpm in a shaking
incubator, until an O.Bs ~0.4 was reached. The flask was then chilled enfaz 30
minutes and 50 ml were aliquoted into pre-chilleerie centrifuge tubes. Cells were
harvested by centrifugation for 10 minutes at 4,3pfth at 4°C. Supernatants were
discarded and each pellet was resuspended in 12G1nM MgChk. Resuspended cells
were centrifuged again as before and the pellete wesuspended in 25 ml 0.1 M CacCl
Cells were incubated on ice for 30 minutes, camgetli again and the supernatant was
discarded. Pellets were resuspended in 700 pl 0.€a@L and 300 ul 50% glycerol,

before being stored as 50 pl aliquots at -80°C.

6.2.3 cDNA Cloning by PCR

For C1.1-C6.1, a synthetic cDNA template encodimg the entire Antennapedia
homeodomain (AntpHD) linked to the dsRNA bindingrdon 1 (DRBM1) from human

PKR by a small fexible linker ((3),), was obtained as &coRVfragment inserted into
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a modified pBSK plasmid lacking its MCS (Epoch Riesmces, (Missouri City, TX,
USA)and used as the template for the constructi@rew constructs, encoding for either
the AntpHD-DRBM1 or Penetratin-DRBM1. AntpHD-DRBMdAnd Pen-DRBM1 were
cloned by PCR using PlatinurRfx DNA Polymerase (Invitrogen, Paisley, UK) as
Ncol/Xhol fragments with afmN-terminus Higy tag and a Factor<X cleavage site for the
tag’s subsequent removal following purification $iHQEA-AntpHD/Pen-DRBM1,
where —HQEA- corresponds to the Factaer pfotease cleavage site). Similarly, they were
also cloned adldel/Xholfragments with &-terminus Hig tag separated from the fusion
peptide by a TEV protease cleavage site (AntpHDPRBM1-ENLYFQ(G/S)-His,
where ENLYFQ(G/S)- corresponds to the TEV cleavage). An N-terminally GST
tagged construct was generated by inserting the pi©Ruct into a vector pGEX-6P-2
(GE Healthcare, Uppsala, Sweden). Both AntpHD-DRBMd Pen-DRBM1 were cloned
as BamHI/Xhol fragments with arN-terminus Prescission protease (PP) cleavage site (-
LEVLFQGP-). The c-myc epitope tag (-EQKLISEEDLN-pgvadded to thé-terminus of
GST-AntpHD-DRBM1 and GST-Pen-DRBML1 using the amedfGST-AntpHD-DRBM1
sequence as a template. M of custom-designed oligonucleotide primers wased for
this purpose on an MJ Mini Thermal Cycler (Bioradkrtfordshire, UK). The cDNA
templates for EB-DRBMx2 and DRBMx2EB1 were obtained as synthetic plasmids with
a pUC57 backbone from Genscript (Piscataway, NA)@d sequenced with a universal
pUC57 forward and reverse prim@&tdel/Xholor BamHI/Xholcleavage sites inserted by
PCR and amplified fragments were cloned into a fredlipET32-a and pGEX-6P-2,
respectively. Thermocycler reaction conditions weimised for each construct by
varying the annealing temperature of the primecs the absence or addition of enhancer,

accordingly.
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6.2.4 Cloning into plasmid vectors

Purified target sequences with PCR-inserted résincites were double-digested with 1-2
units of appropriate restriction endonucleases JRNsw England Biolabs, Herts, UK) in
a final volume of 50ul prior to ligation with plasmid vectord\N-terminus Higg-tagged
AntpHD-DRBM1 and Pen-DRBM1 were double-digestedhwiicol/Xhol for 60 minutes
at 37C while constructs cloned with@Gterminus Hig-tag were digested witNdel/Xhol

A modified pET32-a vector plasmid, was also diggsteh eitherNcol/Xholor Ndel/Xhol
enzymes to create appropriate sticky ends foritigatConstructs to be inserted into
pPpGEX-6P-2 (GE Healthcare, Uppsala, Sweden) werestigl withBamHI/Xholunder the
same conditions are before. 2 ug of each plasnutbrvevere also digested with the same
REs. Ligations were done with a T4 DNA ligase ag pda Rapid Ligation kit (Roche,
Sussex, UK) at insert-to-vector molar ratios of arid 5:1, respectively, for 2 hours at
25°C, using a linearised plasmid vector (minimum rif) and digested insert. Their
concentration and purities assessed by a Nanodiop thicro-volume spectrophotometer

(Thermo Scientific, DE, USA) at 260 nm and 280 nm.

6.2.5 Gel extraction and ligation into plasmid vectors

For gels bands to be blind-excised and purifiechidas were run in duplicate on the same
gel, and the gel was halved prior to visualizatioder UV light, to avoid inserting

mutations.

Digested vector plasmids were isolated by gel bérdision, solubilised and eluted in 50
ul EB buffer using a QiaQuick Gel Extraction kitié@en, Crawley, UK) according to the
manufacturer’s specifications. Digested PCR fragmerere ligated into either a modified

pPET32-a vector or a pGEX-6P-2 vector using T4 DNhgase, respectively, as before, for
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5-30 minutes at Z%. The resulting ligation mixes were used to tramsfcompetent XL1-
Blue E. coli, which were then aseptically plated on dnip00 pg/ml) plates overnight at
37°C. Similarly, TatDRBMx2-His;, PenDRBMx2-Hiss and DRBMx2-Hig plasmids

ligated with pET11-d were used to transform compexd.1-Blue cells as before.

6.2.6 Transformation of competent cells

50 ul competent. coli cells were thawed on ice for 5 minutes. itplasmid DNA (1-2
ug/ul) was added, and cells were incubated on ice fairfutes. For transformation, cells
were heat-shocked for 60 seconds &CAand allowed to recuperate on ice for 5 minutes.
250 ul SOC buffer was added and cells were incubateddshaking incubator at 32 and
250 rpm for 60 minutes. Transformed cells were gglabn agar plates containing the
antibiotic corresponding to the plasmid’s resistantarker, and allowed to grow at°&7
for 16 hours. For plasmid propagation, thecoli propagation strain XL1-Blue was used.
For protein expression, the BL21(DE3)pRARE straaswsed, which is chloramphenicol
resistant. It contains plasmids with genes encodlingare codon tRNAsafgU, argW,
glyT, ileX, leuW, metT, proL, thrT, threindtyrU) for the rare codons AGA and AGG
(Arginine), GGA (Glycine), AUA (Isoleucine), CUA @ucine), AUG (Methionine), CCC
(Proline), ACA and ACC (Threonine) and UAC (Tyrasjnas well as reduced mRNA
degradation. The DE3 lysogen encodes for the Tynpedase, which is used to induce

transcription and protein expression from the Tahpoter inE. coli

6.2.7 Plasmid propagation

To obtain stock DNA, 1-1.5 ul sequenced DNESQ ng/ul) was used to transform 50 pl of
competent XL1-BluekE. coli, which were then plated on ampicillin-containingagaplates

(100 pg/ml) and incubated overnight at 37°C. 1@ Bbroth starter cultures supplemented
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with 100 pg/ml ampicillin were inoculated with 1lony from each plate and incubated
overnight at 37°C and 250 rpm on a shaking incubddA was purified from the
centrifuged cell pellet using a QiaPrep Spin Miggkit into 50.0 pl Elution buffer (EB),

according to the manufacturer’s specifications {@rg Crawley, UK).

6.2.8 Agarose gel electrophoresis

The correct size of amplicons was confirmed by @ggugel electrophoresis on 2% gels in
1XTAE Buffer. PCR-amplified sequence bands corredpa to the correct size of insert
were pooled together, and treated wiithnl endonuclease (recognition site 5-&xTC-

3’) to remove methylated/hemimethylated bases entémplate DNA strand (as DNA
isolated from mosE.coli strains isdammethylated). PCR fragments were recovered with a
QiaQuick PCR purification kit (Qiagen, Crawley, UK)50.0 pl EB buffer (10 mM Tris-
Cl, pH 8.5) according to the manufacturer’s speations. Their concentration and purity

were assessed at 260 nm and 280 nm.

2% Agarose gels were prepared by dissolving 1.2f Agarose (Fisher Scientific,
Loughborough, UK) in 60 ml 1x TAE buffer (40 mM ¥yi20 mM Acetic acid, 1 mM
EDTA) diluted from 50x stock (2 M Tris-base, 0.5 Msodium EDTA (pH 8.0), 1M
acetic acid) and heating in a microwave until alldshad dissolved . Prior to pouring, 0.6
ul SYBR Safe DNA staining dye (Life Technologie#,AJS) was added and the gel was
allowed to solidify in its gel tank. 20-25 pl samplwith 6x loading dye and 5 pl marker
(0.4 ul of 1 kb PLUS Marker (Invitrogen, PaisleyKlUdiluted into 4.0 pl 1XTAE buffer

and 1.0 pul 6x loading dye) were loaded. Gels weneat 100V for 60 minutes.
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6.2.9 DNA purifications

Following transformation of XL1-Blue cells and pieg on agar plates containing the
appropriate antibiotic, one colony was used to uete 10 ml Luria-Bertani (LB) broth
(Fisher Scientific, Loughborough, UK) supplementgth ampicillin. Cells were allowed
to grow overnight at 37°C and 250 rpm on a shakiogbator for a maximum of 16 hours.
Cells were then pelleted by centrifugation at 4,50® for 10 minutes, and purified from
silica membrane columns as per the manufacturesguctions using a QiaPrep spin
Minipep kit (Qiagen, Crawley, UK). DNA was eluted 50 pl EB buffer. Concentrations
and purity were assessed using a Nanodrop 1000ribth8cientific, DE, USA) at 260 nm

and 280 nm.

6.2.10 Validation of target sequence amplification by coloy PCR

To confirm that transformed XL1-Blue cells contairtbe gene of interest, and not empty
vector plasmids, three colonies from each plateewsed to inoculate 3 x 10 pl dg®
and colony PCR was performed on 1.0 ul template Cifvin a diluted colony using
Biotag Red DNA polymerase (Bioline, London, UK) wit0 uM gene-specific forward
and reverse primers. Amplified fragments were a®wdy on a 2% agarose gel
electrophoresis at 100V for 35 minutes and visedlimnder UV light for correct size.
Colony mixes with amplicons showing correct insres were then used to inoculate 10
ml Luria-Bertani (LB) broth starter cultures suppknted with 100 pg/ml ampicillin
overnight at 37C and 250 rpm for a maximum of 16 hours. The neyt, atells were
pelleted by centrifugation at 4,500 rpm on a betagheentrifuge for 10 minutes at 5.
Plasmid DNA was extracted and purified from thevieated pellet via alkaline lysis using
a Qiaprep Spin Miniprep kit on a bench-top ceng#yQiagen, Crawley, UK), according

to the manufacturer’s specifications and eluted 5@ pl EB buffer. Sample concentration
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was assessed with a Nanodrop, before storing &C-26r future use. To confirm that
transformed cells contained the fusion gene ofr@steand not template DNA, 1.0 pg
miniprepped DNA from each construct was digestedhwiidel/Xho] Ncol/Xhol or
BamHI/Xho| according to its amplified restriction sites, aadalysed by agarose gel
electrophoresis. Finally, 100 ng/ul purified DNAiin each sample cloned into pET32-a
was sequenced using 5 UM T7-minusl primer correlpgno the T7 promoter. In the
case of pGEX-6P-2-ligated inserts, a pGEX5’ unigkferward primer was used (GATC
Biotech, London, UK). Chromatogram files were asaly on Finch TV software (v.1.4.0,

Geospiza Inc, US).

6.2.11 Small scale purifications of C1.1-C4.1 by immobilied metal ion

chromatography (IMAC) under native conditions

Purified plasmids from XL1-Blue containing constsiof interest were used to transform
the expression strain BL21(DE3)pRARE. Cells weratgd on LB Miller agar plates
(Fisher, Loughborough, UK) containing 34 pg/ml chlmphenicol and 100 pg/ml
ampicillin and incubated overnight at 37°C. Thetraey, 10 ml LB Lennox broth (Fisher
Scientific, Loughborough, UK) supplemented with @inhp were aseptically inoculated
with one colony from each plate and incubated &C3dh a rotating shaker (250 rpm) for a
maximum of 16 hours. To assess soluble proteinessgoon on a 50 ml scale, 1 ml from 10
ml starter cultures was used to inoculate 50 mib®&h supplemented with Chl/Amp and
incubated on a Innova 43 rotating shaker (New BsigisBiosciences, CT, USA) at 37°C
and 250 rpm to an Odgy ~0.3, after which temperature was decreased t& 18ftil
0O.Dspg~0.7. Protein production was induced with 0.5 mMI@ at 18°C overnight.
Cultures were pelleted by centrifugation at 4,500 re-suspended in 5 ml His-Binding

buffer on ice and mechanically lysed by sonicafimn5 minutes at 10 second intervals
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followed by a 30 second rest period. 100 pl sugamawas collected as the ‘Total’
fraction (in 2x v/v 6 M Urea). Lysate was cleargddentrifugation at 13,000 rom and 4°C,
and His-tagged constructs were purified under eatinditions by IMAC over a nickel-
nitrilotriacetic acid (Nickel-NTA) matrix. Proteingere then purified by gravity filtration
through a 0.2 ml b.v of IMAC Sepharose 6 Fast Flesin (GE Healthcare, Uppsala,
Sweden) that had been primed with 5x column volufses of 0.2 M NiSQ*6H,O and
equilibrated with 5 ml His-Binding buffer at 4°C.h& soluble fraction was collected
(‘Flowthrough’). The resin was then washed with 3 Hhhis-Wash buffer and the
flowthrough was collected as ‘Wash’. Finally, theteins were eluted from the metal ion
matrix with 2x 200 ul Elution buffer as ‘Eluatesabhd 2'. Samples were analysed by the
method of Laemmli (1970) on 12% running and 4%lstar0.75 mm polyacrylamide gels
at 160-200 V for 45 minutes using a Mini-Proteatrd&ell (BioRad, Herfordshire, UK)

and stained with 0.5% (v/v) Coomassie Blue andailestl with 7% (v/v) acetic acid.

6.2.12 Small scale purifications of GST-tagged proteins bwffinity chromatography

GST-tagged peptides from 50 ml bacterial culturesrewpurified over glutathione-
sepharose columns using a 0.4 ml b.v. of GlutatiSepharose 4B (GS4B) resin (GE
Healthcare, Uppsala, Sweden) pre-equilibrated witml GST-Binding buffer. The cell
pellet was lysed by sonication (73mm probe, pov#6 410 second cycles) and the lysate
was cleared by centrifugation at 16,00@nd 4C. Cleared lysate was applied to the
columns and collected as ‘Flowthrough’ by gravigw. Columns were washed with 5 ml
GST-binding buffer and the flowthrough was collectes ‘Wash’. Peptides were eluted 2x

with 200 pl GST-elution buffer . All samples wemaéysed by SDS-PAGE as before.
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6.2.13 Large scale purifications of GST-tagged C5.1, C6.L5.1-myc and C6.1-myc

Glycerol stocks from BL21(DE3)pRare were used tocidate 10 ml CHIAmp* LB
starter cultures overnight, which were then tramsteto 1L LB broth in 3L Erlenmeyer
flasks (Chi/Amp"). Cultures were grown to an Qxf@~ 0.3 at 37C and then at P& until
0O.Dsoo ~ 0.7 before induction with 0.5 mM IPTG overnigiht a rotating shaker at 48
(180 rpm). The next day, cultures were transfetoe800 ml rotor flasks and spun for 30
minutes at 4,500 rpm. The supernatant was discaeshetithe pellet was again spun in 50
ml centrifuge tubes (Fisherbrand, Loughborough, {€)20 minutes at 4. Pellets were
resuspended in a total volume of 25 ml GST-Bindn§fer and sonicated for 10 minutes
on ice (73 mm probe, power 40%, 10 second cyckeg)00 ul aliquot in 200ul 6 M Urea
was collected as the ‘Total’ fraction. Lysates weleared in 80 ml round-bottom flasks by

centrifugation at 24,000 g at £C for 30 minutes.

For a bed volume (b.v) of 4 ml, 5 ml Glutathiong@Ba&rose 4B (GS4B) resin in 20 % (v/v)
ethanol (GE Healthcare, Uppsala, Sweden) was &agd at 500 g and resuspended in
5x b.v GST-binding buffer and spun again. The regas resuspended in 4 ml (1x b.v)

GST-binding buffer and kept on ice.

For batch-binding, cleared lysate was applied ¢éoréisin and incubated on a rotating mixer
for at 2 hours at€C and centrifuged at 500g«for 15 minutes or until the supernatant was
clear. The supernatant was discarded, while thien ngas resuspended in 40 ml GST-
binding buffer, and sequentially transferred asril@liquots to a 20 ml glass column and
collected as ‘Flowthrough 1'. The column was themshed 1x with 40 ml GST-binding
buffer (‘Wash 1’), and 3x with 10 ml, which wereethpooled (‘Wash 2’). For on-column

cleavage of the GST tag, Prescission protease ih I&#&ling buffer was applied to the
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resin at a 1:5 enzyme:protein ratio in a sealedroalovernight on a rotating mixer Gl
The next day, the column was mounted and the flawih (‘Flowthrough 2’) was
collected. Cleaved protein was eluted from the mwoluisequentially with 4x 8 ml GST-
binding buffer (‘Eluate 1-4’). A final elution stepith 10 ml GST-Elution buffer released
cleaved GST, Prescission protease and any unclgaegein. All samples were assessed
for purity and concentration by Nanodrop, and asedy on either 12% or 15%
polyacrylamide gels at 180V for 45 minutes. Samlestaining the cleaved protein of
interest were pooled together (FT2, E1-E4, or a lioation of the above) and
concentrated over an Amicon Ultra-15 Centrifugdtefidevice (3K MWCO) (Millipore,
MA, USA) and a fixed-angle rotor at 5,000 ¢ according to the manufacturer’s
specifications. Concentrations were assessed bypddap and concentrated samples were
buffer exchanged into either 10% (v/v) Glycerol/P&SLxPBS in 5 ml Zeba Desalt Spin
columns (Thermo Scientific, DE, USA) and analysgdNmanodrop using the expected
molecular weight (MW) and extinction coefficient) (and SDS-PAGE followed by
Coomassie staining or Western blotting. Proteinsewadiquoted into 1 ml and 200

stocks and stored at -8D for future use.

6.2.14 Denaturing cobalt IMAC purification of His-tagged proteins

1L bacterial cultures for EB1-DRBMx2-HigC7.2) and DRBMx2-EB1-His(C8.2) and
0.5L cultures for Tat-DRBMx2-His(C11.2), Pen-DRBMx2-His(C12.2) and DRBMx2-
Hiss (C13.2) were grown at either A8 or 37C. C7.2 and C8.2 were grown for 8 hours,
whereas C11.2-C13.2 for 4 hours on a shaking irtoubahe following reagents were
used on 0.5L cultures, and were doubled for 1L ucel. Cells were pelleted by
centrifugation as before. For 0.5 L cultures, fsllevere resuspended in 5 ml His-

resuspension buffer and quick-frozen at®@®or 15 minutes. Cells were then thawed and
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incubated with 1 Complete Mini Protease Inhibitablet (Roche, Manheim, Germany),
1200 U benzonase, 30,000 U rLysozyme, 2 mM Mgl ice for 30 minutes. 10 ml of
1.1x binding buffer was added and cells were lylsgdonication for 7 minutes over ice
(73 mm probe, power 40%, 20 second cycles, witlsé&tbnds rest). 35 ml chilled 1.1x
binding buffer was subsequently added with 3 ¥ercaptoethanol for a final volume
of 50 ml. Lysates were cleared by centrifugatiod&000 xg for 40 minutes at4C. The
supernatant was filtered through a 048 Millex PVDF filter (Millipore, MA, USA) and
protein was purified on nitriloacetic acid columm®-charged with 0.1 M Cogand pre-
equilibrated with 5 b.v of elution. Following elati, proteins were sequentially dialysed in
a SnakeSkin Dialysis tubing (Thermo Scientific, DES) into 5 L refolding buffer and
then into 5 L storage buffer. Dialysed protein viaefly centrifuged at 13,000 g for 2

minutes to remove any precipitated protein, aliqdaind stored at -8C.

6.2.15 Trichloroacetic Acid — Ethanol (TCA-EtOH) Protein Purification

Samples from large-scale (0.5L) purifications undiematuring conditions were isolated in
buffers containing 6-6.66 M Gu-HCI and 2 mM -m@togthanol. Gu-HCI, unlike Urea,
is not soluble in SDS and cannot be resolved by-BBSE. To remove guanidinium ions,
25 pl samples were diluted to 100 pl in d@Hand 100 pl 20% (v/v) TCA was added to
samples on ice for 20 minutes. Samples were cegedf at 13,000 rpm at 4°C for 15
minutes in a bench-top centrifuge and the supemhatas discarded. The protein pellet
was washed with 100 pul ice-cold EtOH, air-dried 30r minutes at room temperature and
resuspended in 6x Laemmli sample buffer supplendeniéh 5% (w/v) SDS. A yellow
color signified acidification by TCA and therefasamples were titrated with 1 N NaOH
until the blue color was restored. Samples wera tiwled at 95°C on a heat block for 5

minutes prior to analysis by SDS-PAGE.
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6.2.16 Polyacrylamide Gel Electrophoresis, protein transér and Western Blotting

For all experiments, proteins were resolved usireggrmethod of Laemmli (1970). Briefly,
10-40 pg protein were diluted into 6x loading Dyepglemented with 150 mM

Dithiothreitol (DTT) and heated to 95°C for 3 miastin a Biorad PCR block prior to
loading (except in the case of whole cell lysate@as, which were destined for blotting
with an anti-PTP1B antibody). Samples were therdddaon either a 12% or 15%
polyacrylamide gels with 4% stacking gels with af-Bun Pre-stained marker (Fisher
Scientific). Gels were run for 60 minutes at 18DY at 25C (RT) in a BioRad Mini

Electrophoresis tank in 1x gel running buffer (frd@x Stock; 250 mM Glycine pH 8.3,
2.5 M Tris-Base, 1% (w/v) SDS, pH 8.3) and werehaitstained with 0.5% (w/v)

Coomassie blue total protein stain, or transfen@ca PVDF membrane for Western

blotting.

For electroblotting (protein transfer), the assembassette was setup in chilled 1x
Transfer buffer while the membrane was activate@d0% (v/v) methanol for 5 minutes
at RT followed by a brief wash with dd@ and a 5 minute incubation in 1x Transfer
buffer. Proteins were transferred overnight at 3Md 4°C in a Criterion Blotter tank
(BioRad, Herts, UK). Once the proteins had tramsftgrthe cassette was disassembled and
the membranes were washed with ddHand blocked for 1 hour at 25 in 5% (w/v)
Milk/TBS (diluted to 10% (v/v) from 10x Stock TBSyith gentle shaking or 4% (v/v)
BSA/TBS for 45 minutes at RT on a shaking platfoand incubated overnight at 4°C
with primary antibody at a 1:1,000 dilution in 5%/{) Milk/TBS or 5% (v/v) BSA/TBS.
The primary antibody was then removed, and the mangbwas washed 2x with TBS
buffer for 5 minutes each, before incubation withHRP-conjugated secondary antibody

in 5% (w/v) milk/TBS for 60 minutes at RT on a shak platform. The secondary
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antibody was then washed away with 3x-6x washe& WBST buffer (TBS buffer
supplemented with 0.05% (v/v) Tween-20) for 5 m@sueach. Finally, membranes were
visualized by chemilluminescence using Labworks 4stftware (Perkin-Elmer,
Cambridge, UK) after a 3 minute incubation with MBECL reagent (SuperSignal West
Femto Chemiluminescent Substrate, Thermo Scienidfic, USA) prepared at a 1.1 (v/v)
ratio of luminol:peroxidase. For PTP1B, a®?TP1B IgG2a primary antibody from mouse
(Cat. 610140, BD Biosciences, Oxford, UK) was use8% (w/v) milk/TBS at a 1:1,000
dilution with an anti-mouse HRP conjugated 1gG vehoiolecule peroxidase at a 1:5,000
dilution (Cat. A4416, Sigma, Dorset, UK). For the/arepitope tag, a mouse anti-myc
antibody (Clone 4A6, Millipore, MA, USA) was used 5% (w/v) Milk/TBS at a 1:1,000
dilution. For the His tag, ana-His IgG1l antibody from mouse was used (Cat. 34660,
Qiagen, Crawley, UK) at a 1:1,000 dilution in 5%/N\vMilk/TBS and an anti-mouse
HRP-conjugated (IgG whole molecule peroxidase) séany antibody (Cat. A4416,
Sigma, Dorset, UK), at a 1:1,500 dilution in 5% \(Milk/TBS. For the actin loading
control, ana-Actin affinity purified primary antibody from ralitb(Cat. 2066, Sigma,
Dorset, UK) was used in 5% BSA-TBS and developdti amn HRP-conjugated whole 1gG
peroxidase secondary antibody at a 1:10,000 diutio 5% BSA-TBS. Detection by

chemilluminescence was done as before.

6.2.17 Electromobility shift assay (EMSA) with C5.1, C12.2and C13.2

The potential of fusion proteins to bind dsRNA vessessed by electrophoretic mobility
shift assay on a 6% Native PAGE gels (1.5 ml 40%wjvwBis-Acrylamide, 0.5 ml 10x
Tris-Borate EDTA buffer, 7.89 ml ddi®, 100.0 ul 10% (w/v) APS, 10 pl TEMED).
Glassware was thoroughly cleaned with 70% (v/vaBth followed by RNAse-free water.

The gel was prepared, poured, and allowed to $plidr 3 hours at 4°C. For the protein
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dsRNA coupling reaction in a 10 pl final volume, fithol of 10 uM dsRNA (Stealth
RNAiI GFP reporter control, Life Technologies, CASJJwas diluted in complexation
buffer (1xPBS for C5.1 and 25 mM HEPES (pH 7.4) for Clal C13.2. Various
amounts of protein were added to the dsRNA mix @lamconcentrations calculated from
values obtained by the BCA assay. The final dsRMAcentration was therefore 1 uM.
Protein-siRNA complex formation was allowed to med for 20 minutes on ice. 2ul
sterilized 40% (w/v) sucrose was added. Gels wameat 4°C in 0.5x TBE buffer for 60-90
minutes at 90V. Gels were then stained with 1% viZiBr for 10 minutes, washed in

ddH,O for 5 minutes and visualized under UV light.

6.2.18 Cell culture

Human Embryonic Kidney (HEK) 293 (ATCC #CRL-1573)ene a kind gift from
Professor Tinker (QMUL, London, UK). Human hepathdar carcinoma (HepG2) cells
(ATCC # HB-8065) were obtained from the American Type @tCollection (LGC
Standards, Middlesex, UK). HEK293 cells were roeiingrown in Dulbecco’s Modified
Eagle Medium (DMEM) GlutaMax (Gibco, Paisley, Ulkpplemented with 10% (w/v)
fetal bovine serum (FBS) (Sigma, Dorset, UK). tar generation of the HEK293 reporter
cell line stably expressing dEGFP, HEK293 cells eveultured in DMEM-AQ media
(4,500 mg/L glucose, L-alanyl-glutamine, and sodilmcarbonate) (D0819, Sigma,
Dorset, UK) supplemented with 1 mM Sodium Pyruvat®% FBS and penicillin-
streptomycin at a final concentration of 100 U/mdld.00 pg/ml, respectively (1x) (P4333,
Sigma, Dorset, UK) in a humidified atmosphere with CQ, to 80% confluency.
Selection was done with 0.4-2 mg/ml G418 (Sigmaysbp UK). Stably expressing
HEK293-dEGFP clones were maintained with 1.8 mga#18. HepG2 cells and grown in

DMEM (1.5 mg/L glucose, Lonza, Slough, UK), supptarted with 10% (w/v) FBS and
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2mM L-glutamine. For passaging, cells were seeded( ml complete growth media
(GM) in 75 cnf Nunc plates (Nunc, NY, USA) with 100 U/ml penitilland 100 pg/ml
streptomycin (Sigma, Dorset, UK), incubated at 3&a@ 5% CQ@ in a humidified
atmosphere and passaged bi-weekly or when 80-908flueoce was reached. For

experimental purposes, only cells of passagé were used.

For passaging, HEK293 cells were briefly trypsidise 0.25x Trypsin/EDTA from 10x

stock (Sigma, Dorset, UK) at room temperature, waeHepG2 cells were trypsinised for
5 minutes at 37°C. Trypsin was neutralised with|scamplete growth media. Cells were
centrifuged at 1,000 rpm for 3 minutes and media wemoved. The cell pellet was

resuspended in fresh media and plated at a 1:Gfadtilwith antibiotics.

6.2.19 Trypan Blue exclusion assay and hemocytometry

For experimental purposes, it was important thdy adherent (live) cells were seeded.
The trypan blue dye exclusion assay is based omprlmise that healthy cells, with an
impervious cell membrane, cannot take up the dixee tells therefore remain unstained,
and can be counted by hemocytometry in an imprdvedbauer haemacytometer. Cells
were trypsinised, pelleted for 3 minutes at 1008 gnd resuspended into 10 ml complete
growth media without antibiotics. 100 ul cell cutuwvas diluted into 150 ul sterile DPBS
and 250 pl Trypan Blue dye (Sigma, Dorset, UK),evadded at RT for 5 minutes. 10 pl
of the cell suspension in PBS/Trypan Blue were dddehe chambers and counted under
phase-contrast microscopy. The number of live fellswere established using the

formula:

Average cell number x n x“8 number of cells/ml
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wheren = dilution factor (5) and the average cell numbedeésived from the number of
cells within each counting chamber square (4),vahere 16 is the multiplication factor to

convert the chamber depth (0.1 Mo cn?.

6.2.20 Generation of a polyclonal HEK293 Reporter cell lire

A. Antibiotic Titration Curve
HEK293 cells were seeded at a density of 3xdélls/ml in a 6-well plate, in 2 ml
complete growth media without antibiotics. 24 hoaiter seeding, cells in each well were
forward-transfected with 2.5 pg pd1-EGFP-N1 ve®@dtA (Clontech, Saint-Germain-en-
Laye, France). Plasmid DNA was diluted in 250 pti@pm with 2.5 pul PLUS reagent. 5
ul Lipofectamine LTX (Life Technologies, PaisleyKWJwere diluted in 250 pl Optimem.
Plasmid DNA was then added to the Lipofectamineutsmt and Lipofectamine-DNA
complexes were allowed to form at RT for 20 minudesording to the manufacturer’s
recommendations. 16 hours post-transfection, madra replaced with 2 ml fresh media,
supplemented with G418 to the following final contrations; 0 mg/ml, 0.4 mg/ml, 0.8
mg/ml, 1.2 mg/ml, 1.6 mg/ml and 2 mg/ml. Antibietiontaining media were replaced
every 24-48 hours for a period of 10 days, anddgalbility was monitored daily under a
microscope. To establish a titration curve, medimenransferred to a 15 ml centrifugation
tube. Adherent cells were washed 1x with 1 ml Doatleés Phosphate buffered saline
(DPBS) (D8537, Sigma, Dorset, UK), trypsinised withml of 0.25x Trypsin-EDTA
(T4174, Sigma, Dorset, UK), neutralised with 1 ndmplete growth medium and
centrifuged at 1,000 rpm for 3 minutes in a beragh-tentrifuge. Live cells were then

counted by hemocytometry and counts were standatd@the G418-untreated control.
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B. Generation of stable HEK293-dEGFP cells

For the generation of the pd1EGFP-N1- expressing293 cell line, cells were seeded at
a density of 3x1®cells/ml in a 6-well plate and transfected with 1g pd1EGFP-N1
DNA by Lipofectamine LTX (Invitrogen, Paisley, UKThe next day, G418 was added at
a final concentration of 1 mg/ml, and replaced viidsh complete growth media every 48
hours for 12 days until cells becam®0% confluent. Cell viability was monitored daily b
phase-contrast microscopy. Once confluent, celleevilypsinised and seeded in a T75
Nunc plate in 10 ml complete growth medium supplet®e with 1 mg/ml G418 from 50
mg/ml stock solution prepared in DPBS. HEK293-dPGfells in a T75 Nunc plate were
prepared for FACS by removing media, washing Lkhwitml DPBS, trypsinised with 4 ml
0.25x Trypsin-EDTA at room temperature for 2 mirsyt®llowed by trypsin neutralisation
with 4 ml complete growth media. Cells were theans$ferred to a 15 ml Eppendorf tube
and centrifuged for 3 minutes at 1,000 rpm at rdemperature. Media were removed
without disturbing the cell pellet, and cells wessuspended in 10 ml FACS Analysis
buffer (1% (v/v) FBS/DPBS supplemented with 2 mMTE). Live cells were counted by
hemocytometry following the Trypan Blue Exclusiossay and diluted in FACS cell
buffer to a final density of 1xfocells/ml into 2ml aliquots. Cells were kept on ice
throughout. For fluorescence-activated cell sorticmnfluent cells were washed 1x with
PBS, trypsinised and viable cells were counted0ixglls were resuspended in 10 ml 1%
(v/v) FBS/PBS to encourage monodispersion and &rpte. 3x1®untransfected cells in
1% (v/v) FBS/PBS were used as controls to ‘nornealauto-fluorescence levels. Cells
were filtered through a 0pm filter, resuspended thoroughly by pipetting andlgsed for
fluorescence (dEGFP expression) on a MoFlo XDP Geltter (Dako, Cambridgeshire

UK) and viewed as histograms with Summit softwd&eokman Coulter, High Wycombe,
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UK) at the Wolfson Institute for Biomedical Resdai®JCL, London) at a rate of 1,300
events/sec into either medium or highly expressingulations. 1x10cells from each
population were collected into tubes containing I3100% FBS supplemented with 100
ug/ml penicillin/streptomycin on ice, and replatedoi 75 cni Nunc plates in complete
growth media supplemented with the appropriate Gddi&centration as a maintenance

dose and 10Qg/ml Penicillin/Streptomycin.

6.2.21 Cell viability assay

The MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-dgnyltetrazolium bromide) was used
in order to assess potential cytotoxicity elicited HEK293 and HepG2 by protein
treatments at various concentrations for 24 hosx$0’ HEK293 cells were seeded in a
96-well plate in 100 ul complete growth media withantibiotics and incubated at 37°C
and 5% CQin a humidified atmosphere 16 hours before treatm€11.2-C13.2 and C5.1
were thawed on ice and forward-transfect cells fatal molar concentration of 0.1, 0.3, 1
and 3.3 uM in triplicate, in 100 pl Optimem (Gibé&isley, UK). Optimem was used as a
mock control. All treatments were done in triplegh=3). For HepG2 cells, complexes
were prepared within wells at final sSiRNA concetitnas of 0.3, 1 and 3.3 uM in triplicate,
and overlaid with 7.5xT0cells in Optimem for 5 hours, at a final volumel®D pl. Media
were then aspirated and replaced with complete thromedia supplemented with
penicillin-streptomycin for 24 hours at 37°C and 8@, in a humidified atmosphere.
Results for HepG2 cells represent 3 independentrerpnts done in triplicate with
biological replicates (n=9). MTT (M5655, Sigma Det;sUK) was dissolved in DPBS at a
concentration of 5 mg/ml and 10 pl were added ® dklls in Optimem, to a final
concentration of 0.45 mg/ml for 60 minutes at 3#¥@ light-sealed environment. Media

was carefully aspirated and 100 pl dimethyl suliex(DMSO) (Sigma, Dorset, UK) were
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added to dissolve the formazan crystals. Cell litglwas assessed atA in a Versamax
microplate spectrophotometer (Molecular DevicedpONorway) and A4 to adjust for
background fluorescence. Data acquisition was doseg the SoftMax Pro Data
Acquisition and Analysis software. For analysissdvalues were subtracted froms#A
values and values were normalized against the geegreormalized mock-treated controls
and mean cell viability was expressed as a % ofkri@ated control. SD+ was calculated
based on each sample’s deviation from the meatistgtal analysis was done by two-way

Anova followed by post-hoc analysis with Dunneft‘sided test (SPSS, IBM UK).

6.2.22 Protein-siRNA complex formation

For GFP knockdown assays in the HEK reporter I8tealth GFP RNAi Reporter control
SiRNA (Cat. # 12935-145, Ambion, Life Technologi€, US) in 1x RNA Annealing
buffer (10 mM Tris-HCI, 20mM NaCl, 1 mM EDTA, pH 8&yas used. For 100 nM final
concentration, 60 pmoles were diluted into 50 uti@em. For 10 nM final concentration,
6 pmoles were diluted as before. Previous stutie®s shown that 98% encapsulation of
siRNA can be achieved with a molar excess of CP&ratio of 50:1 (Von Asbeckt al,
2013). CPPs were thus diluted at the appropriatemomncentration in 50 pl Optimem
(Life Technologies, Paisley, UK) on ice. Complexni@tion was allowed to proceed for

30 minutes on ice once the protein had been add#tk tsiRNA.

6.2.23 Transient knockdown assays in a HEK293 reporter céline

For knockdown assays, highly expressing HEK293-dE@Ells (6x10 cells/well) were
seeded in a 24-well plate in a final volume of 1aomplete growth media supplemented
with 1.8 mg/ml G418 only. HEK293 cells were alsoeded to correct for auto-
fluorescence during analysis (in triplicate). A@8@onfluency, proteisiRNA complexes
with various proteins and Stealth GFP RNAi Repodentrol siRNA were prepared as
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described previously. Cells were briefly incubate&00 pl Optimem (Life Technologies,
Paisley, UK) and 100 pl of proteBIRNA complexes at a 50:1 molar ratio were directly
added to the cells, to a final volume of 600 ul aiRINA concentration of 10 nM or 100
nM. All treatments were done in triplicate (n=3Jomplexes were incubated with the cells
for 5 hours at 37°C and 5% GOn a humidified atmosphere in Optimem (Life
Technologies, Paisley, UK). Then, media were gerabpirated and replaced with
complete growth media supplemented with 1.8 mg/dil& 50 mM chloroquine (Sigma,
Dorset, UK) and 1x penicillin/streptomycin for 24 48 hours. Lipofectamine-transfected
siRNA was used as a positive control. ScrambledNsiRStealth RNAI siRNA Negative
control (LoGC) (Cat. #12935-200), Ambion, Life Texhogies, Paisley, UK) and siRNA
only treatments were used as a negative contrdlowiog knockdown, plates were
centrifuged at 1,000 rpm for 3 minutes at 4°C. Medere aspirated to minimize cell loss

and cells prepared for flow cytometry analysis.

6.2.24 Analysis of dEGFP knockdown by flow cytometry

Following dEGFP knockdown, HEK293-dEGFP cells wegently resuspended by
pipetting and transferred to pre-chilled steril® inl Eppendorf tubes. They were then
centrifuged at 1000 rpm for 3 minutes at RT anddihgernatant was discarded. The cell
pellet was resuspended in chilled 1 ml FACS sarbpféer (1% (v/v) FBS/DPBS, 2 mM
EDTA), transferred to flow cytometry tubes and keptice. 1 mg/ml of propidium iodide
(PI) were added to cells as a live/dead counterstad analysed by flow cytometry on a

Dako Cyan ADP cytometer.

6.2.25 PTP1B knockdown assays in HepG2 cells.

In order to optimise the minimum amount of cellseded for PTP1B detection by
immunoblotting, a titration was done with varyinglicnumbers followed by the BCA
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assay on whole cell lysates. In short, either 8x2®Bx16, 5x10, 2.5x16G and 5x10 cells
were seeded in either a T75 Nunc flask, a T25 Nlask or a 6-well plate in complete
growth media and allowed to adhere overnight. Téet wlay, media were removed, and
cells were washed 1x with DPBS before treatmertt @éch of 2 ml, 1 ml or 0.25 ml Lysis
buffer, respectively. The total amount of protenegent in the sample was determined by
the BCA assay, and 10 pg protein were analysed Bywth ana-Actin primary antibody

at a 1:200 dilution in 5% non-fat dry Milk-TBS arah anti-rabbit HRP conjugated

secondary antibody and visualized by chemillumiease.

Then, in order to optimise PTP1B transfection &ficy by Lipofectamine RNAiMax, two
SsiRNA duplexes corresponding to different regionghe PTPN1 gene (VHS41296'-
CCAUAGUCGGAUUAAACUACAU-3 and VHS41291 5-GGAAAGACCCUUCU-
UCCGUUGAUAU-3’) were assessed. 6, 15 or 30 pmol eveomplexes with 5 pl
Lipofectamine RNAIMAX in 500 ul Optimem (Life Tecbfogies, Paisley, UK). Cells
were reverse-transfected inside wells by allowimgnplex formation inside wells and
overlaying with 2.5x10HepG2 cells/well in 2 ml Optimem (Life TechnologjePaisley,
UK) to yield final concentrations of siRNA of 10 nN5 nM and 50 nM, respectively.
Cells were transfected for 4 hours to allow adhegeat 37°C and 5% GGOn a humidified
atmosphere. Adherence was monitored hourly by pbastast microscopy. Once
adherence reached ~ 100%, media were removed @taced with complete growth
media and antibiotics. The cells were incubated’fbhours at 37°C to allow efficient time
for protein expression knockdown. Then, whole balates were prepared and knockdown
was analysed by western blotting 15 pg crude protgih an anti-PTP1B antibody at a
1:1,000 dilution in 5% (w/v) Milk/TBS and a secomgaHRP-conjugated anti-mouse

secondary antibody at a 1:10,000 dilution in 5%vjWilk-TBS.
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6.2.26 Whole cell lysate preparation

Whole cell lysates were prepared in Lysis buffé&s0fhM NaCl, 20mM Tris-HCI pH 7.5,
1mM EGTA, 1% Triton-X, 1% Nonidet-P40 (lgepal) slgpented with Protease
Inhibitors at a 1:1,000 dilution, 100 mM NaF, 10 niW&,P,O; (sodium pyrophosphate
tetrabasic) and 2 mM N¥eO, (sodium orthovanadate)). First, plates were ciefeid at
4°C and 1,000 rpm for 3 minutes, and media werefally removed. Cells were lysed
with 250 pl chilled lysis buffer for 15 minutes RIT. Lysed cells were then carefully
scraped and transferred to chilled 1.5 ml eppentidds and centrifuged at 13,000 rpm at
4°C for 15 minutes. The supernatant was transfaweclean, chilled 1.5 ml eppendorf

tubes and stored at -80°C for future use.

6.2.27 Localisation studies in fixed HepG2 and HEK293 ceddl

Confluent (B0%) HEK293 and HepG2 cells were trypsinised, cedifity the Trypan Blue
exclusion test on a haemocytometer and seededdansity of 6x10 cells in 2ml 10%
(v/v) FBS/IDMEM supplemented with 2 mM L-Glutamina ancoated glass coverslips in
6-well plates. Cells were allowed to adhere ovédrhig a humidified atmosphere and 5%
CO, until confluency was reached B0-80%; approximately 18 hours). Media were
replaced following a wash with 2ml filter-sterilddxPBS (C&/Mg*"). Cells were treated
with either a low (0.tM), medium (1uM) or high (10uM) dosage of C5.1-myc (from
290 uM stock in 1xPBS) in 50Qul PBS or Optimem for 2 or 24 hours at°87in a
humidified atmosphere and 5% €@0Qul sterile Dulbecco’'s PBS (G4Mg?*-free) was

also used as a control.
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Protein concentration was measured by Nanodrop@tuaing 1xPBS as a blank. Protein
concentrations and MW were used with following cension formula to calculate its

molar concentration:

Molar concentration of protein (mmol/L)
= Concentration at Ago(mg/ml) x MW (mMol/mg) x Volume (1,000ml/L)
-[(mg/ml) / MW (Da)] x 1,000

C5.1-myc to be used for either 10 uM, 1 uM or OM final molarities were calculated

using the following dilution formula:
Ci (M) XV () = Cf (UM) x VF (i)

Cell viability and confluence were assessed by @ltasmtrast microscopy prior to
treatment whilst the protein was thawed on ice.l<Celere incubated in a humidified
atmosphere and 5% Gdor either 2 or 24 hours. Following treatment, Icelvere
aspirated, gently washed with 2 ml filter-steritiz&éxPBS (C&/Mg®"). Cells were fixed
and permeabilized with fresh filter-sterilized 0.2%/v) Triton-X / 4% (vIv)
paraformaldehyde (from 36% (v/v) formalin stock1ixPBS (C&'/Mg?)) for 15 minutes at
25°C. Cells were then gently washed again 3x withrlavell filter-sterilized PBS and
coverslips (VWR, Leicestershire, UK) were transerito a 12-well plate to minimize
antibody volumes. Fixed cells were then blockechv@0Qul 10% (v/v) goat serum/PBS
(from 10x stock) supplemented with filSlRNase A and incubated with an anti-myc tag
antibody (Clone 4A6, Millipore, MA, USA) in 10% (¥y goat serum/PBS at a 1:1,000
dilution for 1.5 hours at 2&. Cells were then washed 3x with 3001xPBS (C&'/Mg?")
for 15 minutes each and incubated with a secondatiymouse FITC-labeled antibody

(Sigma, Dorset, UK) at 1:500 dilution in 3Q0 10% (v/v) goat serum/PBS for another
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hour. Nuclei were stained with 300l ToPro3 (Life Technologies, Paisley, UK) in
Dulbecco’s PBS at a 1:750 dilution, for 30 minugs25C in a light-sealed container.
Coverslips were mounted on glass slides using $betll H1000 and visualized with a
Leica TCS-SP2 spectral confocal microscope andalLe€S imaging software (described

in Section 6.2.30).

6.2.28 Localisation studies in live HepG2 cells

HepG2 cells were seeded in a 6-well plate at aiten$ 2.5x10 cells/well in 2.5ml
complete growth media without antibiotics, 16 hobefore transfection with protein-
siRNA complexes. Protein-siRNA-FITC (Block-iT fluescent oligo, Life Technologies,
Paisley, UK) complexes were allowed to form &€ 4t 50:1 molar ratios and applied to
cells in Optimem for 60 minutes at 7 at a final volume of 2.5 ml. Complexes were
removed and replaced with fresh complete growthianeithout antibiotics. Wheat germ
agglutinin-dsRed (WGA-dsRed) was added at a finatentration of 1 mg/ml for 10 or 30
minutes at RT. Media were removed and cells wemtlgenvashed 2x with PBS.
Visualisation in 2.5ml PBS was done by confocal nmscopy with a Leica SP2 laser

scanning microscope.

6.2.29 Confocal microscopy

Fixed cells were mounted on slides and visualizedaoLeica SP2 DM-RXE confocal
microscope under a 63x oil immersion lens, whetascells were analysed in 1x PBS.
Images were taken using the proprietary Leica amaifgoftware (Leica Microsystems,
Heidelberg, Germany). To-Pro3 nuclear staining aeguired with Ar/HeNe lasers at an
excitation wavelength (Ex%y of 633nM and an emission wavelength (&g of 650-720

nm. FITC was detected at 488 nM (Ex= 490 nm, Emax = 525 nm). WGA-dsRed
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(EXmax = 557 nm and Emu= 572 nm) was detected at 563 nM. Laser intensitie® 35-
60%. To minimize noise-to-signal ratios, the pirghdlameter was set to 1 Airy unit and
the speed of image lines/second when taking ha@toy-sections in scan mode was set

to 30. Cells were focused in continuous scan mode.
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[.1 Bioinformatic analysis on constructs C1.1-C6.1

Table I.1 Amino acid sequences ofonstructs C1.2-C6.1°. ¢, extinction coefficient at 280 nm measured in wataportant sequences are
highlighted; AntpHD, green; Penetratin, yellow; DRB, light blue; histidine tags, dark grey (kj®r His); GST tag, light grey; FactoroX
cleavage site, red (C1.1, C2.1); TEV protease elgawsite, purple (C3.1, C4.1); Prescission proteleserage site, dark purple (C5.1, C6.1).
Underlined amino acids correspond to restrictioryare cleavage sites following translation.

Name Protein Amino acid Sequence No. of Mw pl €
amino | (kDa) M™tem?),
acids

CL1 | His;-AntpHD- M 164 | 1925[ 103[ 1845

DRBM1 GGGGSGGGGSFEMEELNTYRQKQGVVLKQELPNSG
PPHDRRFTFQVIIDGREFPEGEGRSKKEAKNAAAKLAVEILNKKA-
Cc2.1 His,o-Pen- MGHHHHHHHHHHSSGI‘_@AGRQIKIWFQNRRMKWKKENGGGGSGGGCEFMEELN 122 13.9 10.1 14
DRBM1 TYRQKQGVVLKYQELPNSGPPHDRRFTFQVIIDGREFPEGEGRSKKEAKNWAKLAVEILN
KKA-

C3.1 | AntpHD-DRBM1-
Hisg

159 18.8 10.1 19.9
GGGGSGGGGSFEFMEELNTYRQKQGVVLKYQELPNSGPPHDRRFTFOQVGREFPEGEG

RSKKEAKNAAAKLAVEILNKKATENEYFQAL EHHHHHH-

c4.1 Pen- MRQIKIWFQNRRMKWKKENGGGGSGGGGSFFMEELNTYRQKQGVVLKYQERNSGPPH | 116 134 | 98 15.5
DRBM1-His; | DRRFTFQVIIDGREFPEGEGRSKKEAKNAAAKLAVEILNKKATENEYFQSLEHHHHHH-

3 Continued overleaf
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C5.1 GST-AntpHD- | MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGD | 376 441 9.5 61.56
DRBM1 VKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSK DFETLKVDFLSK
LPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKL VCFKKRIEAI
PQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKS HR
GGGGSGGGSFEMEKLNT
YROQKQGVVLKYLELPNSGPPHDRRFTFLVIIDGRQFPEGEGRKKKKAKNAAKLAVEILKEK
KAFI-
C6.1 GST-Pen: MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGD | 333 38.4 8.6 57.1
DRBM1 VKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSK DFETLKVDFLSK

LPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKL VCFKKRIEAI
PQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKS|HRVRZe]Elsl GSROIKIWFQTRRMKWKKE
NGGGGSGGGGSFFMEELNTYRQKQGVVLKYQELPNSGPPHDRRFTFQVIHREFPEGEGRSK

KEAKNAAAKLAVEILKEKKGVS-
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1.2

Table |

2

Bioinformatic analysis on myc-tagged constructs

epitope tag is in bold.

Amino acid sequences for constructC5.1-myc and C6..-myc”. Important sequences are highlighted as in Tablérh& myc

Name

Protein

Amino acid Sequence

No.of
Amino
acids

Mw
(kDa)

pl

&€
M*em?),

C5.1-
myc

GST-AntpHD-
DRBM1-myc

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYID
GDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAY SKDFETLKV
DFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD AFPKLV
CFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKS iLG

GGG
SGGGGSFFMEELNTYRQKQGVVLKYQELPNSGPPHDRRFTFQVIIDGREEBEGRSKKK
AKNAAAKLAVEILKEKKAVS EQKLISEEDL N-

387

451

9.0

61.56

C6.1-
myc

GST-Pen:
DRBM1-myc

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYID
GDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAY SKDFETLKV
DFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD AFPKLV

CFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKS[HaYIZelel;L GSRQIKIWF
PNRRMKWKKENGGGGSGGGGIFFMEELNTYRQKQGVVLKYQELPNSGPPHRRFTFLV
IIDGRQFPEGDGRNKKKTKNAAAKLAVEILKEKKAVS EQKLISEEDL N-

344

39.8

8.6

57.1

4 Continued overleaf
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Table 1.3

Amino acid sequences (GST-tagged construct following purification and tag cleavage by Prescion proteas:. Important
features are highlighted as in Table I.1. The npitope tag is in bold.

Name Protein Amino acid Sequence No. of| Mw pl €
Amino | (kDa) M*em?),
acids

C51 | AntpHD-DRBM1 _ 150 | 174 107 1845

GGGSGGGGSFFMEKLNTYRQKQGVVLKYLELPNSGPPHDRRFFLVI
IDGRQFPEGEGRKKKKAKNAAAKLAVEILKEKKAFI-
C6.1 Pen-DRBM1 LG_SRQIKIWFQTRRMKWKKENGGGGSGGGGSFFMEELNTYRQKQGWLKYQLP 107 12.0 10.0 14
NSGPPHDRRFTFQVIIDGREFPEGEGRSKKEAKNAAAKLAVEILKEKKGVS
C5.1-myc | AntpHD-DRBM1- LG 161 18.7 10.0 18.45
myc GGGSGGGGSFFMEELNTYRQKQGVVLKYQELPNSGPPHDRRFQVI
IDGREFPEGEGRSKKKAKNAAAKLAVEILKEKKAVS EQKLISEEDL N-
C6.1-myc | Pen-DRBM1-myc LG_SRQIKIWFPNRRMKWKKENGGGGSGGGGIFFMEELNTYRQKQGWLKYQLP 118 13.3 9.9 14

NSGPPHDRRFTFLVIIDGRQFPEGDGRNKKKTKNAAAKLAVEILKEKKAVSEQKLISE
EDLN-
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Table 1.4

Amino acid sequences cconcstructs C’-C10.z. Important features are highlighted as in TableArino acid sequences fo
constructs C7.2-C10.2. These are comprised of theietratin analogue EB1 fused to the DRBMx2, or thewverted sequence, DRBMx2-
EB1. A Hiss tag (dark grey) was conferred by cloning into a mdified pET32-a vector, and a GST tag (light grey)from the pGEX-6P-2
vector. EB1 is highlighted in yellow; DRBMx2 is shan in light blue. g, extinction coefficient

Name Protein Amino acid Sequence No. of Mw pl & x1000
Amino | (kDa) M*em
acids b,
C7.2 EB1: MLIRLXSHLIHIWFQNRRLKWKKKGGGGSGGGGSAGDLSAGFFMEELNTYRKQGVVLKYQ 215 2405 | 9.6 21.5
DRBMx2- | ELPNSGPPHDRRFTFQVIIDGREFPEGEGRSKKEAKNAAAKLAVEILNKEKAVSPLLLTTTNS
Hiss SEGLSMGNYIGLINRIAQKKRLTVNYEQCASGVHGPEGFHYKCKMGQKEYSGTGSTKQEAK
QLAAKLAYLQILSEETSVKSDLEHHHHHH-
C8.2 DRBMx2:E | MAGDLTAGFFMEELNTYRQKQGVVLKYQELPNSGPPHDRRFTFQVIIDGREPEGEGRSKKEA| 216 2414 | 9.6 27.0
Bl-Hiss | KNAAAKLAVEILNKEKKAVSPLLLTTTNSSEGLSMGNYIGLINRIAQKKRL TVNYEQCASGVH
GPEGFHYKCKMGQKEYSIGTGSTKQEAKQLAAKLAYLQILSEETSVKSDG@&GGSGGGGSLIRL
WSHLIHIWFQNRRLKWKKKLEHHHHHH-
C9.2 GST-EB1: | MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDV | 438 49.8 8.8 70.2
DRBMx2 | KLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD FETLKVDFLSKLP
EMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVC FKKRIEAIPQI
DKYLKSSKYIAWPLQGWQATFGGGDHPPKSIHEYMZelel;l GSLIRLWSHLIHIWFQNRRLKW
KKKGGGGSGGGGSAGDLSAGFFMEELNTYRQKQGVVLKYQELPNSGPPHIRETFQVIIDGR
EFPEGEGRSKKEAKNAAAKLAVEILNKEKKAVSPLLLTTTNSSEGLSMGNYIGLINRIAQKKRL
TVNYEQCASGVHGPEGFHYKCKMGQKEYSIGTGSTKQEAKQLAAKLAYLQLSEETSVKSD
C10.2 GST- MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDV | 438 49.8 8.8 70.2
DRBMx2:E | KLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD FETLKVDFLSKLP
B1 EMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVC FKKRIEAIPQI

DKYLKSSKYIAWPLQGWQATFGGGDHPPKS[NaYIFelel;L GSAGDLSAGFFMEELNTYRQK
QGVVLKYQELPNSGPPHDRRFTFQVIIDGREFPEGEGRSKKEAKNAAAKLYEILNKEKKAVS
PLLLTTTNSSEGLSMGNYIGLINRIAQKKRLTVNYEQCASGVHGPEGFHYICKMGQKEYSIGT
GSTKQEAKQLAAKLAYLQILSEETSVKSDGGGGSGGGGSLIRLWSHLIHIVFQNRRLKWKKK-
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[.3 Bioinformatic analysis on constructs C11.2- C13.

Table 1.5

Amino acid sequences for constructs C12-C13.2.These are comprised of Tat-DRBMx2, Penetratin-DREMx DRBMx2
only, respectively. A Histag (dark grey) was conferred by cloning into & pE-d vector. Important features are highlightealt, Qark blue;
Penetratin, yellow; DRBMx2, light blue.

Name Protein Amino acid Sequence No. of Mw pl €
Amino | (kDa) M™*em?),
acids

Cl1.2 Tat- | MECGRO G AGDLSAGFFMEELNT YRQKQGVVLKYQELPNSGPPHDRRFTFQVII| 194 | 21.7 | 9.7 10.56

DRBMx2 | DGREFPEGEGRSKKEAKNAAAKLAVEILNKEKKAVSPLLLTTTNSSEGLSMGNYIGLINRIA
QKKRLTVNYEQCASGVHGPEGFHYKCKMGQKEYSIGTGSTKQEAKQLAAKIAYLQILSEE
TSVKSi
C12.2 Pen- | MGRQIKXWFQNRRMKWKKGGSGGSGGSGGSGGSGGSGGSGGSGAPAGDESAMEEL | 225 | 243 | 9.7 21.56
DRBMx2 | NTYRQKQGVVLKYQELPNSGPPHDRRFTFQVIIDGREFPEGEGRSKKEAKMAKLAVEIL
NKEKKAVSPLLLTTTNSSEGLSMGNYIGLINRIAQKKRLTVNYEQCASGVHGPEGFHYKCK
MGQKEYSIGTGSTKQEAKQLAAKLAYLQILSEETSVKSIi
C13.2 DRBMx2 | MGAPAGDLSAGFFMEELNTYRQKQGVVLKYQELPNSGPPHDRRFTFQVIIBREFPEGEGR 184 | 204 | 9.1 10.6

SKKEAKNAAAKLAVEILNKEKKAVSPLLLTTTNSSEGLSMGNYIGLINRIA QKKRLTVNYE

%ZASGVHGPEGFHYKCKMGQKEYSIGTGSTKQEAKQLAAKLAYLQILSEE'SVKSI-
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.4 Figure 2.19, Enlarged
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1.1 Plasmid Vector Maps

Figure I1.1.1 Restriction map and multiple cloning site (MCS) ofthe pBSK-50518
plasmid vector.
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The AntpHD-DRBM1 synthetic gene (GS50518) was atbmeto the EcoRVdigested
pBluescript Il SK derivative lacking its multipléoning site.
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Figure I1.1.2 Restriction map and multiple cloning site (MCS) ofthe pGEX-6P-2
plasmid vector

PreScission Protease

Leu Glu Val Leu Phe GInt Gly Pro Leu Gly Ser Pro Gly lle Pro Gly Ser Thr Arg Ala Ala Ala Ser
CTG GAA GTT CTG TTC CAG GGG CCC CTG GGA TCC CCAGGA ATT CCC GGG TCGACT CGA GCG GCC GCA TCG

BamHI ECoRl - Smal 'Sall Xhol " Notl

Tth111l
Aatll

pSj10ABam7Stop7
pstl

pGEX
~4900 bp

Narl

ECORV
BssHII

Apal
pa pBR322

BstEll ori

Miul

Inserts cloned into pGEX-6P-2 downstream of theaghione-S-transferase (GST) tag
were purified by affinity chromatography. A Presom protease cleavage site allows for
the proteolytic cleavage of the tag following protpurification.
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Figure 11.1.3 Restriction map and multiple cloning site (MCS) ofmodified pET32-a
plasmid vector.

Dra 111(5658) Nsp V(268)

Msc 1(351)

Sca 1(4995)

Pvu 1(4885)
EcoN I(1056)
Pst 1(4760)
ApaB I(1205)
Bsa 1(4576)
Eam1105 1(4357)

pET-32a(+) g Miu I(1521)
(5900bp) oy Bel 1(1535)
X |/} BStE 1(1702)

Bmg 1(1730)
AIWN 1(4038) Apa 1(1732)
BssH 11(1932)
Hpa 1(2027)
BspLU11 1(3622)
Sap 1(3506) PshA 1(2366)
Bst1107 1(3393)
Tth111 1(3367) Psp5 I11(2628)
BspG 1(3148)
T7 promoter lac operator Xbal rbe
TAATACCACTCACTATACGECAATTETCAGCEEATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA
Trx-Tag Msc His-Tag

TATACATATGAGC. . .315bp. . .CTGGCCGGTTCTGGTTCTGGCCATATGCACCATCATCATCATCATTCTTCTGGTCTGGTGCCACGCGGTTCT
MetSer 1050a. . LeuhlablySerGlySerGiyHistetHisHisHisHisHisHisSerSerGlyleuValProfrghivier

ishet i
STag  NspV P 5-Tag B #%,ﬁ'ﬂ thrombin

GGTATGAAAGAAACCGCTGCTGCTAAATTCGAACGCCAGCACATGGACAGCCCAGATCTGGGTACCGACGACGACGACAAG
GlyMetlysGluThrAlcAlahlalysPhellubrgBinHisMethspSerProbspleutlyThrAsphAsphsphsplys
—_
PET-32a(+) Eagl Aval
Neol EcoRV BamH | EcoR1 Sacl  Sall  Hind Il _ Notl Xhol His-Tag

GCCATGECTGATATCGGATCCGAATTCCAGCTCCGTCEACAAGLTTGCEGLCECACTCEAGCACCACCACCACCACCACTEAGATCCGGOTECTAA
AlaMeth labspl | oG lySerG |uPhet luleubrgArgG InA lalysG | yArgThrArgh |loProProProProProleuArgSerG lyCysEnd

enterokinase

GCCATERLGATATCRGATCCBAATTCRAGC TCCETCGACAAGL TTECAELCALALTCGAGCACCACCACCACCACCACTRAGATCCERCTRLTAA  pET-32h{+]
Alabethlal leSerAspProfsnberSerSerValAsplysleudlof ol laleuGluHisHisHisHisHisHisEnd

GCCATEEGATATCTGTGEATCCGAATTCGAGCTCCATCRACAAGLTTECGRLLGLACTCBAGCACCACCACCACCACCACTRAGATCCGRLTECTAL PET-32¢(+)
AlaMetGlyTyrLeuTrpl ledrgl leArgh loProSerThrSerLeubrgProHisSerSerThreThrTheThrTheThrG lul ledrgleuleuThr

Bowl102 1 T7 terminator

CARAGCC CEAM G EAAGCTEAGT TEEC T TECCACCGLTCAGCAATAAC TAGCATAACCCCTTEEEECCTCTAAACCEETC TTEAGGEGTTTTTTG
LysProG lubrglysleuSerTrpleuleuProProlouSerdsnisnEnd

T7 terminatqr primear #6933?—:? )
pET-32a-c(+) cloning/expression region

The vector lacks part of its MCS (highlighted imlgi by restriction digestion with
Xbal/Ncol Unique restriction sites are in bold. Insertsneld into the pET32-a vector
plasmid were conferred with aiN-terminus Higy (primer-inserted) or &-terminus Hig
affinity tag (conferred by the plasmid vector).
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Figure I1.1.4 Restriction map and multiple cloning site (MCS) ofpd1EGFP-N1
plasmid

Catalog #6073-1

Asel

MCS
(591-671)

Eco0109 |
(3981)

HSVTK d1EGFP
PV pd1EGFP-N1

49 kb
Ka nr/ Svao

BsrG | (1389)

Not | (1527)
Xba I* (1537)

Afl 11 (1765)

Dra 1l (1999)

Stu |
(2704)
531 Sl.)l 511 531 631 e«:1 831 sin SZ'I P
G CTA GCG CTA CCG GAC TCA GAT CTC GAG CTC AAG CTT CGA ATT CTG CAG TCG ACG GTA CCG CGG GCC CGG GAT CCA CCG GTC GCC ACC ATG GTG
Nhel Eco47lll Bglll  Xhol Hind Il EcoR1 Pstl  Sall  Kpnl Apal BamH1 Agel
i Accl Asp7181 \ Bsp1201 Xmal
Ecl136 11 Sacll Smal

Unique restriction sites are in bold. TNt | site follows the d1EGFP stop codon. The
Xba | site is methylated in the DNA provided by BD Bimswes Clontech. This plasmid
was used to generate the dEGFP expressing HEK2@F-BEeporter cell line.
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1.2

11.2.1

Statistical Analysis of MTT assays in HEK293 and HaeG2 cells by

MTT assay in HEK293 cells (n=3)P-value limits were set &0.05.

2-way Anova (SPSS).

Table 11.2.1.1 Tests of Betwee-Subjects Effect. Important entries are in bold

Source Type 1l Sum df Mean F Significance Partial R
of Squares Square Squared
Corrected Model 11.747 19 .618 2.094 .024 499
Intercept 236.013 236.013 |799.476 .000 .952
Protein Level 3.085 771 2.612 .050 .207
Concentration Level 5.327 1.776 6.015 .002 311
Protein-Concentration| 3 335 12 278 | 041 517 220
Error 11.808 40 .295
Total 259.568 60
Corrected Total 23.555 59

R Squared = 0 .499 (Adjusted R0.261)
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Table 11.2.1.2 Pairwise comparisons between protes by z-way Anove. After mean viability at each concentration is nolisea against the

mean mock-treated value, Anova compares each ctatien for each protein with the rést

Protein Concentration Level | Concentration | Mean Difference Std. Significance.” 95% Confidence Interval for
Level Il (1-1m) Error Difference”
Lower Bound Upper
Bound
.30 .079 279 778 -484| .642
.10 1.00 237 279 401 -.327| .800
3.30 432 279 128 -131] .996
.10 -.079 279 778 -.642| .484
C5.1 .30 1.00 157 279 .575 -406| .720
3.30 .353 279 212 -210| .916
.10 -.237 279 401 -.800| .327
1.00 .30 -.157 279 .575 -720| .406
3.30 .196 279 .486 -.367| .759
10 -.432 279 .128 -996| .131
3.30 .30 -.353 279 212 -916| .210
1.00 -.196 279 .486 -759| .367
.30 .033 279 .906 -530| .596
.10 1.00 .146 279 .602 -417| .709
C13.2 3.30 701 279 .016* .138| 1.264
10 -.033 279 .906 -596| .530
.30 1.00 113 279 .687 -450| .676
3.30 668" 279 .021* 105] 1.231
.10 -.146 279 .602 -709| 417
1.00 .30 -.113 279 .687 -.676| .450
3.30 .555 279 .053 -.008] 1.118

5 Continued overleaf
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.10 -701°| 279 .016* -1.264]| -.138

3.30 .30 -668"| .279 .021* -1.231| -.105

1.00 -555| .279 .053 -1.118| .008

.30 000 279 1.000 -563| .563

.10 1.00 1.110E-016| .279 1.000 -563| .563

3.30 1.110E-016| .279 1.000 -563| .563

.10 000 279 1.000 -563| .563

.30 1.00 1.110E-016| .279 1.000 -563| .563

Mock control 3.30 1.110E-016| .279 1.000 -563| .563
.10 -1.110E-016| .279 1.000 -563| .563

1.00 .30 -1.110E-016| .279 1.000 -563| .563

3.30 .000| 279 1.000 -563| .563

.10 -1.110E-016| .279 1.000 -563| .563

3.30 .30 -1.110E-016| .279 1.000 -563| .563

1.00 .000| 279 1.000 -563| .563

.30 -267| 279 344 -830| .296

.10 1.00 -168| .279 550 -731| .395

3.30 .008| .279 726 -465| .661

.10 267 279 344 -296| .830

C12.2 .30 1.00 099 | 279 725 -464| 662
3.30 365| .279 .198 -198| .928

.10 168| 279 550 -395| .731

1.00 .30 -099| .279 725 -662| .464

3.30 266| .279 345 -297| .829

.10 -008| .279 726 -661| .465

3.30 .30 -365| .279 .198 -.928| .198

1.00 -266| .279 345 -829| .297

.30 -001| .279 .996 -565| .562

C11.2 .10 1.00 275 279 .330 -288| .838
3.30 969" .279 .001* 406 | 1.532
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.10 001| 279 .996 -562| .565
.30 1.00 276 279 328 -287| .839
3.30 970" .279 .001* 407 | 1.533

.10 -275| 279 .330 -.838| .288

1.00 .30 -276| .279 328 -839| .287
3.30 694" 279 .017* 131 1.257

.10 -969° | .279 .001* -1.532| -.406

3.30 .30 -970°| 279 .001* -1.533| -.407
1.00 -694| 279 .017* -1.257| -.131

Based on estimated marginal means.

*. The mean difference is significant at the .O%le

b. Adjustment for multiple comparisons: Least Shigaint Difference (equivalent to no adjustments).
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Table 11.2.1.3 Dunett’s post-hoc test based on observed means tlling MTT assays
in HEK293 cells. This test compares each concentration againstigiest concentration
tested, regardless of which protein is being tegieddicate dose-dependent effects.
Significance values are highlighted.

Concentration Concentration Mean Std. Error | Significance | 95% Confidence
Level | Level Il Difference Interval
(1-1m) Lower | Upper
Bound | Bound
.10 3.30 44019° | .124595 .003| .13600| .74439
.30 3.30 47134 | 124595 .001| .16715| .77554
1.00 3.30 34227 | 124595 .024 | .03807| .64646

Based on observed means.

The error term is Mean Square (Error) = .116.

*. The mean difference is significant at the .05 level.

a. Dunnett t-tests treat one group as a control, and compare all other groups against it.

11.2.2 MTT assay in HepG2 cells (n=9)

Table 11.2.1.4 Tests of Betwee-Subjects EffectsImportant entries are in bold

Source Type llI df Mean F Significance | Partial R
Sum of Square Squared
Squares
Corrected Model .158° 14 .011 .657 .811 .071
Intercept 6.338 1 6.338 368.519 .000 754
Protein Level 117 4 .029 1.704 .153 .054
Concentration Level .001 2 .000 .020 .980 .000

Protein Level *

Concentration Level .040 8 .005 .293 .967 .019
Error 2.064 120 .017
Total 8.560 135
Corrected Total 2.222 134

a. R Squared = .071 (Adjusted R Squared = -.037)
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Table 11.2.1.5 Pairwise comparisons between proteir by 2-way Anova. After mean viability at each concentration is nolise against the

mean mock-treated value, Anova was used to congaate concentration for each protein with the®rest

Protein Concentration Concentration Mean Difference Std. Error Significa 95% Confidence Interval for
Level 1 Level 2 (1-2) nce.? Difference®
Lower Bound Upper Bound
C12.2 .33 1.00 -.022 .062 728 -.144 101
3.33 .013 .062 .840 -.110 135
1.00 .33 .022 .062 728 -.101 144
3.33 .034 .062 .582 -.088 157
3.33 .33 -.013 .062 .840 -.135 110
1.00 -.034 .062 .582 -.157 .088
C11.2 .33 1.00 -.019 .062 .763 -.141 104
3.33 .025 .062 .681 -.097 .148
1.00 .33 .019 .062 .763 -.104 141
3.33 .044 .062 476 -.078 167
3.33 .33 -.025 .062 .681 -.148 .097
1.00 -.044 .062 A76 -.167 .078
33 1.00 .048 .062 437 -.074 A71
' 3.33 -.019 .062 761 -.141 .104
.33 -.048 .062 437 -171 .074
5.1 1.00 3.33 -.067 .062 .280 -.189 .055
333 .33 .019 .062 761 -.104 141
' 1.00 .067 .062 .280 -.055 .189
C13.2 .33 1.00 -.002 .062 974 -.124 120

% Continued overleaf
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3.33 012 062 849 -134 111

oo 33 1002 062 974 -120 124
3.33 -.010 062 875 _132 113

393 33 012 062 849 111 134
1.00 010 062 875 -.113 132

a3 1.00 1003 062 961 ~119 125

' 3.33 -.026 062 677 -.148 097
33 ~.003 062 961 ~125 119

Mock control 1.00 3.33 -.029 062 641 -.151 094
323 33 1026 062 677 -.097 148
1.00 029 062 641 -.094 151

Based on estimated marginal means

a. Adjustment for multiple comparisons: Least Sigant Difference
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Table 11.2.1.6 Dunett’s post-hoc analysis for each protein againsg11.2 to indicate
protein-specific effects in HepG2 cells This test compares each protein against C11.2,
regardless of which protein concentration is béesged. Significance values are
highlighted.

(I) Drug_type | (J) Drug_type Mean Std. Error | Significance. | 95% Confidence Interval
Difference (I-

J) Lower Upper

Bound Bound
C5.1 Ci11.2 .02247| .035693 .923 -.06586 .11080
C13.2 Ci11.2 .05210| .035693 .396 -.03623 .14043
Mock control |C11.2 .02810| .035693 .847 -.06023 11643
C12.2 C11.2 .08659 | .035693 .050 -.00174 17492

Table 11.2.1.7 Dunett’s post-hoc test based for each concentraticegainst the highest
concentration used to indicate dose-dependent eftsan HepG2 cells.This test compares
each concentration against the highest concentrégied, regardless of which protein is
being tested.

Concentration

Concentration Mean Std. Significance | 95% Confidence
Level 1 Level 2 Difference | Error Interval
(1-2) Lower |Upper
Bound |Bound
.33 3.33 -.00368 | .027647 .987 [ -.06557 .05820
1.00 3.33 -.00548 | .027647 972 | -.06737 .05641
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